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FQREWORD

The International Conference on Instrumentation for Colliding Beam
Physics was held at SLAC from February 17 te 23, 1982. It was the second
of a series of conferences, the firsy of which was held at Novosibirsk in
1977. This second meeting had a larger and more cosmopolitan attendance
than the first mainly due to the enormous growth in interest in colliding
beam physics in the intervening five years. During this period three new
electron ceolliders, CESR, PEr, and PETRA, were commissioned and hadron col-
lisions were begun in the SPS. Moreover, almost every center of particle
physics in the world initiated plans te build at least one new colliding
beam device; in alphabetical order, the acronyms include BEPC, CESR II,
CHEER, HERA, ISABELLE, LEP, SLC, TEVATRON I, TRISTAN, UNK, and VLEPP. The
timing of this conference brought together the first results from mew
detectors at existing facilities and the development of new ideas for
detectors for the future facilities. 1In all, 140 physicists and engineers
from 10 countries in 3 continents attended: 76 from North America, 43 from
Europe, and 21 from Asia.

Fifuy talks were presented at the Conference, 47 of which are printed
here. We regret that we did not receive the written versions of three
excellent contributions to the Conference in time to include them in these
Proceedings. These were "Recent Developments in Ring Imaging Cerenkov
Counters" by T. Ypsilantis, "Readout Metheds for Calorimeters” by V. Radeka,
and "Applicaticn cf Ceiger Mode for Calorimeters™ by W. Carithers.

An innovation at this Conference was the idea of having panel discussions
lead by a "provocateur" who was charged with summarizing the issues and
focusing the discussion. The provocateurs all took thelir assignments
seriously, proveking the speakers inte a cricical examination of their ideas.
This led to the most informative set of panel discussions that I have ever
heard. I extend the Conference's thanks to the provocdteurs for their fine
efforts: E. Gabathuler on Tracking, D. Ritson on dE/dx, D. Hartill »n Cerenkov,
Transition Radiation, and Timing, M. Breidenbach on Electronics, and S. lwata
on Calerimeters.

Finally, I wish tn extend my nersonal thanks to all of those who worked
on the Conference with diligence and enthusiasm: to the Program Committee
and the International Adviscry Cormittee whose wise selection of speakers and
topics set the tone of meeting; to Bill Ash, whose untiring efforts in
compiling these Proceedings led to their prompt publication; and to
Ruth Thor Nelson, Nina Adelman, and Ute Hayes, the Conference secretariat,
whose careful and innovative planning never ceased to amaze and delight us,

Gary Feldman
Conference Chairman

May 1982
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The conference logo is a Monte Carlo simulation of the decay of

a 2z° boson produced at rest in an e¥e™ annihilation. Twenty~four
charged tracks can be seen bending in an axial magnetic field.
The event, which shows a two-jet structure from the decay of the
2% to a dd quark-antiquark pair, is not excepticnal in its physics !
content, but it will challenge the mettle of any detector which i
attempts to recomstruct it fully., The jet compositions are !
(w p° pT 7% 1) and (®*© &** 20 p° wt 377).
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WELCOMING ADDRESS

Let me welcome you to the International Conference on Instrumentation
for Colliding Beam Physics. This 1s a sequel to the very successful
Conference on Experimental Methods for Electron-Positron Storage Rings
held at Novosibirsk in September 1977. We wish to continue the tradition
that this series of meetings should offer opportunities for the conferees
to compare their experiences and expectations in the field. As much as we
owe a debt of gratitude to our friends from Novosibirsk for having
initiated rhis series, the roots of our subject of study go even deeper.
Let me show you two quotations from old and new Chinese cultures which not
only predicted the ever-changing nature of science but also forecast the
need for large solid angle detectors which are the prircipal siubject of
this Conference.

2953 54

ane principle that can be stated carnot be the absolute principle.
2 /‘\q /é :V F )*J’ &
The pame that can bo given cannot be the perméncht pame.

A frog in a well says, “The sky is no Ligger than the mouth of a well."
That is untrue, for the sky is not just the size of the mouth of the well.
If it said, "A part of the sky is the size of the mouth of a well,"

That would be true, for it tallies with the facts.

It 1s characteristic that the most successful specialized conferences
lose their specialization in time. Let me give you an example: the series
of electron-photon conferences was amplified in time to incorporate weak
interactions, thus incorporating those two fields which became the primary
focus as a result of great recent discoveries. As a result the agenda of
that conference becare almost indistinguishable from that of the "general"
high energy physics conferences. Similarly the topic of the Novosibirsk
conference has been broadened as indicated by the change in title to
include instrumentation for all colliders. Since the relative iImportance
of colliding beam physics tends to overshadow most, although not all,
stationary target physics, there is a threat that the agenda of this
Conference will become indistinguishable from a general high energy physics
instrumentation conference!

We are pleased to welcome participants from eight countries to this
"small" conference of not guite 100 participants. I hope you exchange
most useful information and new ideas, and ahove all, have a good time,

W. K. H. Panofsky
Director, SLAC
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LIMITS ON THE ACCURACY OF DRIFT CHAMBERS AND CALIBRATION BEAMS

Bernard Sadoulet
CERN, Geneva, Switzerland

1. Introduction

A glence at the letters of intent for experiments
at LEP which have been submitted to CERX on 31 January
1982 show that drift chaabers of one type or anothetr are
still very pupular and are considered as being the main
candidate for detecting charged particles even eight
years from now. .

The understanding of intrinsic limits on the spatial
accuracy of drift chambers, and the development of new
methods for calibrating them, are therefore still zele~
vant. The presenc talk attempts to review the stata of
the art.

In order to see what are Lthe main queations to be
asked, I have summarized in Table 1 the main character-
istics of the drift-chamber detectora proposed for LEP,
These detectors fall into two classes: ,

i) Extremely accurate detectors for vertex reconstruc-
tion arcund the interaction region. Precision as

ii)

high as 30 um is looked for and rwo-parcicle reso=
lution of 200 im is claimed. In this field, com. -
tition from multi-electron silicon detectars‘, which
<ould reach 10 pm accuracy and 150 ym resolution,

is severc.

Very luzge detectors of the projection-chamber or
imaging-chamber type, where the moderate sccuracy
of individusl measurement (G, = 200 ym) 1s compan=
sated by “ha relatively large number of pointa on
each track. The mecuracy of the some.tum meagure-
ment is no longer limited by the drift-time preci-
gion but by the control of systematics at the level
of 30 ta 50 um on the sagittu.

Hence the two questions studied in this talk:

i) What sre the fundamental limits or the ateuracy and
the two-particle resclution in a ganeous drift
chamber (Section 2)? How can performances be im-
proved, by the proper choice of gas and running

Table 1

A glance &t LEP letters of datent

Collab, Detector Hethod pimensions Accuracy 1:2;2::2%::;“
Bari, ete,*) |Hinivertex | silicon
TPC 0.2<R< 1.8m |oOy < 200 1m Re¢ » 1.2-2.4 cm
1 atm, L.5 T Lebdn (gl spice pta) { z = 1.5 cm
d=2.2m
Main or
Axial wives 0.2 <R < 1.8 cm |0y S 250 pm Ry = 0,75 em
1 atm, 1.5 7 Lmdbdm (192 wires)
de & eny
OPAL Main JADE~like R<1l6m gy = 160 pm R¢ = 0.2 cm
4 aem, 1 T (160 wires)
Lund, cte.**) | iinivertex | Time expansion | 0.065 <A< 0.125 | oy = 30 1m Ré = 0.02 em
+ side wire Lm04Sm
pick ups d=3en
or silicon 0.15 <R <05 [0,=100m
d=fomm
Main (1) Flapar R«<3.Bm Qy v 250 Lm
imaging chamber | & = b m =0, $ 30 1
Electra Miniveztex | Axial drift R<0.38 0 gy = 50 um
wires fLeZn {24 wires)
Hain Conventional R<1l.2m gy = 150 ym
drift chambers |L = &5 (40 wires)
wich stereo, 1T/{d =1 cm
DELPHI Minivertex | Drift chambers |R< 03 m oy = 100 1= Ro = L mm
with cathode
rtripa
Main TPC 0,3 <R < 1.26 mwjoy = 250 um
1 atm, 1.2 T
Lotic Main JADE-like 0.1 <R<0.7m
bm2m (b4 wires)

#) Bari-CE.N-Demokritos Athena-Dorzmund-Ecole Palycechnique-Palaiseau-Edinburgh-Glasgaw~
Heidelbelg-~Lancaster=MPI Munich-Orsay~Pisa-Rucherford-Saclay-Sheffield-Trieste~Turin-
Wegtfield College London-Wisconsin Collsboratien.

)

Lund-Siegen-Max Planck Institute-NIKHEF-ETH-Geneva~Lausenne-LAPP-Frascati~Florence—

Madrid-Beijing~Hofei-Rawaii~CalTech-Oklshoma~Ohic State-Caxnegie Mellon-Princeton—

Yale-Harvard-MIT Collaboratiom.



conditions, oY by better detection uwethods
{Section 3)?

ii) Wvhat, in practice, are the limits entountered in
large detectora? Ie it posaible to limit effects
of syatematics by proper design of the detector
(Section 4)? Can X~ray and UV calibration beams be
uged (Section 5)?7 Since most of the other talks
presented 4t this conference will deasl with specific
ptactical aspects, 1 will emphaszize mainly the fun-
damental aspects And the understanding of the basic
mechanisms.

® & &

It ia clear that, in this teview, most of the quoted
results and explanations are not mine, and L profited
very much from discussions with many colleagues, I would
like to thank especially G. Charpak, E.A. Dolgoshein,

G. Rubbia, H.A. Walenta and T, Ypsilantis, from whom I
have borrowed many ideas put forward in this talk,

2. Fundamenta}l Processes in Drift Chamhera

Let us Tccall the basic processes at work in a
drift chamber?. Electrons are produced aleng charged
particle trajectories (Fig., 1). They :hen drift in ana
electric field towards a detecting cell where they ore
observed, More and more often the detection is bidimen-
sional, which together with the drift-time measurement
allows the tecumscruction in space of the extraction
point of the original electrons. Let us review cach of
the successive phases in turn.

e == &Xf1QCtON

/’

transport
t
==
/s ¥
losil _ #x
[
Fig. l. A drift chamber of the prejection or

imaging type.

2.1 Extraction and Thermalization
of the Electromns

The extraction of primary electrons by'a chatged
particle of velocity Bc is now well understood quanti-
ta:ively’ as the result of au exchauge of a virtual
photon which ionizes the gas molecule, The differentir
cross-section can be written as

= 2

do 1_

L. [ g E(E-pJ[Ez_pzcz] oG . W
Elfc

where E and p are the enecrgy and momentum transferzed

to the extracted electrenm; £(E,p) describes the
particle-photen vertex; o,.(E,p) is the off~ghell photo=
ionization of the gas molelule which can be approximated?
by the on-shell photoicnization cross-section at low

energy (shown in Fig. 2a for azgon) and the Ruthexford
cross-tection for large E where electrane are quasi-
free, The result for argon is given in Fig. 2b. The
various M, L, and X shell peaks nppear very clearly,

sgéﬁh | b)

E‘gf al.
(p=1)

1) 11

0 = A bl L
10 100 1000

Energy transfer eV

Fig. 2. a) Photoionization cross-gection for argon,
b) Differential cross-section for the extraction of
clectrons by & relativistic charge-1 particle {(Ref, 3).

The energy is deposited in a discrete way at the
macroscoplc level, For inntna ze, in argon there are
shout 30 electrons per om ext:icted from the M shell
with a typical energy of 30 ¢!, about 1.5 cm from the L
shell with 400 ov, 0.03 cm frem the K shell with a eypi-
cal energy of & keV, and 0.03 e¢m for 8-rays above 4 eV,

Then these electrons slow down by inelastic colli-
sions, through which they extract both photons and
electrons until they reach an equilibrium temperature
with the electric field and begin to drift. The total
nupber of electrons at the nnd of the thermalization
procese IS on an average proporrionsl to the deposited
energy, with & fgirly small fluctuation

AE

0, ==, (2)
T E;
For argon ny is of the oxder of 180 electrons/cm.

What matters for drift-chamber application is the
distance reached .ransversally by the slowing down elec~
trons. This practical range of their trajectories,
which are convoluted by multipie geattering, is not very
well studied either theoretically or experimentally,

The best data available to my knowledge are the meagure-
ments of abserption lengths of low-energy electrons in
gases by Lenacd®, quoted by Farr et al.®. According to
this result, in argon at atmospheric pressure one gets

a wean absorption length swaller than 0,5 ym for an M-
shell electron, about 1 pm for an i. shell electron of
400 ¢V, and 15 um for & K-shell or 8-ray slectronm of

4 keV, Extrapolations from resulcs im light materials®
give absorption lengths which ere 10 te 20 times lopger.
However, this shows that for the mor2 numercus electrons
(M and L shell electrons) tbe practical range is very
small and the half radius of the electron bleb fs usu-
ally of the order of 10 to 20 pm at most at mominal
pressure and temperature.
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2,2 The Drift Regpion

In the drift region, electrons make o randem walk
hetween the molecules. Llet us first discuss their be-
taviour in the absence of magnetic field. They are
accelerated between successive collisions in which they
lose part of their energy and their initial direction.
They can be described by the distribution F(v, cos @)
of their random velocity v and their angle € with the
electric field, In the absence of magnetic field their
drife velocity w; (much smaller than their random ve=
loeity) is then :

vy -fv cos O F(v, cos §) dv d cos 8 (3)

and their mobility is u = w, /E.

Theit fluctustion around the average position
z =z +w t (2 along the electric field) is controlled
by two diffusion coefficients Dy and Dy

dz?) -
dat ZDL
(€3]

2
disx®) _ adsy?) | n
dt dt T

DT is gived by
v
nTnle-‘(v, cos 9) ,

where £ is the wmean free path. One can also introduce
the characteristic energy

€g = eDpfh : (5)

which is tclated te the average energy of electrons.

It is bounded from below' by kT, which therefore means
that the transverse diffusion of an clectron cloud after
a drifc distance z

2D,z 2e, 2
.,/_T.,}_k_
ax cy w et ®

2kT2
a. = ay =y r (7

Figure 3 gives experimental measures of D¢ and some
theoretical estimates?. The longitudinal diffusion co-
efficient is given by a more complicated expression’,

1t is different from the transverse coefficient becasuse
electrons which have by fluctnation gone faster than the
average drift velocity are moxe energetic since the wotk
of the electric field has been bigger. They are there-
fore less affected by this field, and their drift vel-
ocity is smaller than the average one. Therefare one
expects that

is bounded by

This statement is true provided the electron momentum
transfer cross-section does nat decrease too fast and
it can ba shown on semiquantitative models’ that the
faster the cross-section increases, the smaller is the
ratio Dp/Dy.

The gain can be very significent, as shown in.
Fig. 4 for argon. At low cnergy eDy/u = eDp/u = kT
when the electrons are in thermal equilibrium with the
gas. Then the longitudinal diffusion increases faster
than the trausverse diffusion because the cross-section
decreases. At E/N = 4 % 107!? ¥/cn? the mear electron

2n0- WA

Argon

19"

- Exp.CHy =~
-
—
-
-nzlﬁﬂllbwlﬂﬂl -
78%argon  I1heoeyi

o, (cm, for Icm drift)

ExpLpHy

Exp Cy¥ly

e e e, s e
Pure isodutona (thasry)_

Lower |Imh
from temperature
IKTs 2,8md")

1 TN N S |

100 500 1000 2000
El{vsem, of laim)

Fig. 3. Transverge diffusion oy after 1 cm of drift
for varicus gases,
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Fig., &. a) Momentum transfer cross-section for argon
{e.g, Ref. 2}, b) Tranaverse and longitudinal diffu-
sgion in argon (Ref, 7).

energy reaches (.2 eV where the crosa-sectien displays
a minimm, and when the cross—section begina to increasc
Dy, drops quitc significantly to a value seven tioes
smaller than Dy.

Thie behaviour of the cross-section is also tespon—
sible? for the saturation of the drift veloeity in most
argon hydrocarbon mixtures, Theorerically one expects
therefore two situations

i) In "cool" gascs (e.g. COz) the electrons have tem-
peratures of the order of kT; Dy and are com—
pacable and low but, however, the drift velocity
is proporticnmal to the field.

ii} In mirtures with saturated drift velocity, the
electrons have higher tempecatures but Dy can be
significantly scaller than Dr.

In addition to the classical measurcments of
Wagner, Davis and Hurst®, new measurements have been_
nade recencly by variaus high-energy physies groupa® %,



As an exmmple, Fig. 5 gives the lonpitudinal diffusion
O; after 1 em of drift for various gases

Values of typically o, = 250 uulcn'A are sbtained
for an electrit Field between 500 V/em and 1 kV¥/cm at
normal pressure with argon-CO3, argon=CyHe, and argon=
Cylip, Tﬁ; valve for argon-CHy is higher around
400 pm/ca?, Pure orgeaic vapour or 0z have slgnifi-
contly smaller diffusion,

When there is & magnetiz field, electrons are not
only acceleratsd by the electric field but arc also de-
flected by the magnetic field. 7T£ the magnetde field
ig perpendicular to the electric field, electrons will
drifc at an angle ap often written as

B
R Tl T A

where wy is the so~called magnetic drift velority which
ie somewhat larger than wp in standard mixtures. The
drift velocity wy along the electrir. field ir affected
also, but usually the drift velornity along the electron
trajectories is rather constant.

When the magnetic field is parallel to the electric
field the transverse diffusion is decreased because the
electrons have m tendency to curl in betwpen collisions.
However, the reduction factor which is approximately

(8}

B?

1+
X

0w

v
is usually quite close to one.

PRELIMINARY
T T T Y T T T T T

500
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Fig. 5. longitudiual diffusion 0p after 1 cm of drift
for various gases (Ref. 12): a) Argon CpHg (50-50)}

b) argan CHy, (86-20); <) argon €02 (80-20), Circles
are rav measurements. Crosses are corrections for dig=—
persion due to the differences of electron trajectoriea,

2.3 Tha Detecting Cell

After the drift region, the electrons arrive at
the detecting cell. The usual method is to have them
ouitiply in the high-field region surrounding a thin
"sense” wive, This method has two consequences.

i) Because rhe field is cylindrical arcund the sense
wirec, some electrons exiting from the drift region
far from the sense wire will have to travel longer.
Horeover they encounter regioms of lower electric
Eield. Af a consequence the loei of equal time of
arrival en the sense wire are not planes but tather
cylinders. Therefore, cven for tracks perpendicu=
lar to the overage drift direction, extracted elec-
trons do nat arrive on the wire at the same cime,
Figure 6 shows as ua example the case of the UAl
detector in a field of 7 kG.

«

. r—ﬁ_“—_ﬁ- —— T

5

Fig, 6. Electron crajectories and loci of equal drife
time from the sensc wire in the central detector of UAl
(electric field » 1.5 kV/cm, magnetic fiald = 7 kG).

ii) The electrie pulge which is recorded on the sense
wire or on enthode pads is mainly due to the move-—
ment of th- ions in the 1/r eleerric field arowad
the wire. This gives to the electric current pulse
a long tail in 1/t which without proper shaping
limits two-particle resolution. Noté that this
tail is absent in thé detecticn by scintillation
light'?,

Parallel-plate chaobers'" where the mulciplication
cccurs in & plapar electrie field do not have rhese
problems. However, for tracks at an angle with the
electric field, it is unevoidable that the electron
clus=ers arrive in the detecting cell at differenc
times.

In order te record the original posirion of the
primary electron in space, two methods are uaed:

1) Drift-time measurement with usually a constant
threstiold discriminator. The measurement is there-
fore sensitive to the longitudinael diffusion g,.




However, the measurefieat error ¢, is smaller, In
8 system that is sensirive to the first electron

1.28 o,
g, = —, O
¥¢ 1og n

where n is the number of electzons in the cloud.
However, if the centre of gravity was detected
- '

g ===, {10}
b n

In practice, o, is smaller than o, by a factor of

2 to 3 vielding

0y 5 80-125 unfen'%

for usval argon-organie vapour mixtures and fields.

ii) Ceuntre of gravity with carhode-pad amplicude read-
out. The measurement is sensitive to the trans-
varse diffusion o, but, in the approximation where
electrons acve assumed to 4arrive at the same time,
the centre of gravity is weasured and

q,
x
Uw'—o
n

In principle, better acturacies can be achieved
with this metho@ (if the preawplifier noise is
swall enough)., However, if the track is at an
angle to the sense wire, fluctuvationy in the
primary ionization leads to substantial de-
gradation of accuracy at low p:essure's.

3. Ways to Improve the Accurac

dng to Dhtain Detter Two-Particle Resoluricns

The understanding of the various factors control-
ling acruracy and two-particle resolution is therefore
rather good. There is not much which can be gained in
the extraction mechanism of electrons. Most of the
electrons have ranges szaller than 10 or 20 um undew
nommal copditions and the few per cent of long-range
6-rays can be vejected either by pulee height or by
deviation from the fitted track.

3.1 Decrcasing Diffusion

Quite significant gaine can be achieved in prin-
ciple on rhe transverse or longitudinal diffusiom.

i} A first obvious choice is to rejece "hot" gases
such as A;~CHy mixtures where the diffusion is quite
large.

It is clear that argon-srganic vapour gives higher
diffusion and should be abandened in high-accuracy ap~
plications in favour of pure pases such as COz , CpH, 8,
and CyHyo 2.

In Cp, (Figse. 7a, b) eleccrone are practically
thermal, which means that the drift velocity is propor-
tional to the electric field. It is a bad quencher,
but adding a few per cent isobutane considerably im-
proves proportional operation °.

Ethylemne is a good candidate: electrons are mot
thermal and the drift velocity, although not saturated,
does not wvary too rapidly (Fig. 7d). It has the nice
property of having a longirudinal diffugion which is
wuch lover than the transverse diffusion and which is
only slightly higher than that of CO;. In practice, a
better guencher, such as methylall?, has to be added to
the gas.

Wich these two gases, one can reach

g, = 80-100 um/.:m% at 1 kV/cm ,

curecm Brene
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which is significantly smaller than the usual values
cbtained in argon-organic vapour mixtutes,

ii) The second parameter that we cen use is the pre-
pure P. The vatio eD/p is a function of E/P only,
Therefore increasing P and E proportionally allows
.one to decresse ¢

-2 . /1
% "VUE “VF

In practice, for non-thermal gases, ¢D/p is 2 weak func—
tion of E/P and nearly the full gain is obtained by in-
creaaing P only. 1iIn addition, the clectron statistics
are imptoveds, and through q. (3) the measurement
accuracy will be improved even further. Dolgoshein and
collaborators” " have attempted to make full use of this
property by going to extreme pressures. By geing to

0 atm in an argon {99X) + My (1%) mixture they have
reached

(E/P = const.) . {11}

g, = 10-15 m/cn'®

(meagured with scintillation light), Limits are encoun—
tered, however, in that direction. Multiple scattering
in the wall of the pressure veasel wcakens the power of
such detectors. Moteower, tuether scintillation or
electron multiplication is used for detection, only &
very small smount of quenching rolecules can be added
to the noble gas used, and the alectron temperature is
much higher than in the usual mixture.

It seems more promising to work at lower pruessure,
where these problems are simplified. Thia approach was
explored rather systematically by Farr 2t al.” and then
used by the JADE Collaboration® (whose experiment runs
at 4 atw with an argen~CHe—C4Hi¢ mixcure, which is un-
fortunately not very good having 0, = 400 ym/em* at
1 atm), Dolgoskein and eollabotators'’ have pushed
this line of research quite far. Using CO; at 5 ata
{with 0.3 atm of CuH:io), they obtain a drift mepsure-
ment accuracy of

G, - 22 wm
over a drift length of 12 mm and a drift voltage of
3.5 ¥V, Allowing only eluatera produced directly in
line with the sense wire to reach it and shaping care-
fully the pulses, the tuo~particle redclution at 50% ef-
ficiency i 70 im (the dyift velacity wy is approximacely
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5 x 10% em/s), Increasing the pressure does not cause
any improvement because of the setting up of parasitic
phenomena which are not well understaod yet (deviation
from E/P behaviour, ete.).

We are not very far from multielectrode siliecon de-
tectors with a much simpler technology!

3.2 Can One Detect Original Clusters?

Another place for imprevement ia the detection
mathod. In principle if the original clustera could be
located in apace, the measurement sccuracy will finally
be

U" -

3(s®

in gpite of the difference of trajectoties of the elec—
trons, Since the total number of electrons n is fairly
large (v 100 cm under normal conditions), improvement
by a factor as large as 3 or 5 can theoretically be
wmade on the standard methed. Moreover, cince all the
information is used magnificent two-particle resatutiun
and dE/dx accuracy can, in principle, be obttained'®,
What does cluster detection requira?

i) A caveful ghaping of the pulses with proper clip-
ping of the 1/t toil. Full widths at hall seximum
of 15-20 ns have been achieved!®,

The drift velocity should be lew ancugh so that
this width should be smallet than the aatural width
of the electron swarm thot one want to separate
into clusters. 1In order to find the centre of
gravity of the cloud, a width comparable to that
of diffusion is presumably sufficient.

In order to decreage the drift velocity,
walenta'® propnsed tc vaduce the electric field in
the gap (time expdnsion caambers}. Another methed
is to use a glow gas like CQ3. As we have geen,
superb two~particle resolution can be achieved
that wayl®,

ii

~

iii) Various mathods have been proposed in order to get
eid of the drift-time difference of clusters origi-
nating from differea: piaces along the track.

The siwplest one iz to prevent electrons with
long drift paths from reaching the sense wire,
ejcher mechanically'® (Fig. Ba) or electrestati=
cally (Fig. 8b). Of coursc one loses information.

A more ambitious approack has first been pro-~
posed, to my knewlodge, by Walenta®®?: he suggesata
measuring the angle of impact of the electron clus-
ter on the sense wire, therefore allowing the re-
construction of its trajectory and correction for
the longer path in the cylindrical region around
the wire. This can be done by analysis of the in~
duced pulses on cathade pads around the wire
(Fig. 8c) or on two pick-up wires close to the
anoda (Fig. 8d). Experimentally for X-rays an
angalar resolution of Ax » 5° FWEM has been
achieved by measuring the difference between the
twe induced pulses. For charged particles such a
difference would have to be normalized to the sum
of the two pulses.

Although zero crossing methods can be tried??, the
discrete nature of the production of electrons will
.roduce direct and induced pulses of a vast variety
of shapes which cannot really be treated by hard-
wave. It ie probably more promising to use Flash
ADCs to register directly the pulse height in bins
comparable to the clipped pulse width.

We may therefore conclude that the techmique exists
to recomstruct cluster origins with accuracy limited by
the longitudinal Jdiffusion. It has to be shown in prac-
tice that the expeeted gain in accuracy can be achieved
{in spite of local space-charge problems) and that the

iv
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Fig. B. Huw to get rid of drift time differences
between clusters originating from different places
along the track.

additional complexity is worth the effort. Note chat
this complexity is not much bigger than for cathode pads.

4. Systematiec Errors in Drift Chambers

We pow turn to more pructical problems —— encoun-
tered especially in large detectors such ac JADE, AFS,
or UAL == which arz not limited by the measuring error
of each sense wire but by systematics.

4.1 Mechanical Distortion and Stability

Tt is obvious that the bigger the detector, the
more difficult it is to position the wires with suffi-
cient accuracy. Moreover, ¢lectrostatic forces and
gravity displace the wires by significant amouncs in
their middle.

In principle, the deviations from a theoretical de-
tector are smooth and can be calibrated away. However,
it is di;ficulc to measyre these distortionms accurstely
from survey, for inatance, and they should be suffi-
ciently stable, Unfortunately, some deformationa of
large mechanical assemblies aze dua to tempersture
gradient, settlement of the supporting structure, ete,,
and vary with time,

Care has therefore to be exercised in limiting
temperature variation of structural elements (good cool-
ing of preamplifiers), in the proper design of the me-
chenics, and in the method of construction. Dynamic
positioning of detector elements has been proposed?®®,
Ultiwacely, zero-field tracks and calibration beams have
to be used (Bee next sectiom),



4,2 Knowledge and Stability of Drift
Velocity and Drift Angle

For detectors with large drift gap the knowledge
of drift velocity and drife angle is critical. 1In
order to get 100 pm accuracy over 20 cm, v has to be
known to 5 x 107",

In order not to be too sengitive to temperature
variation, distovtion in electric Eield, and variation
with gas mixture, the drift velocity should vary as
slowly as possible with these parameters. However, the
requirements are often contradictory.

In the tase of an electric field perpendicular te
the magreti~ field, a more seriopus problem is encoun-
tered with the drift angle whieh varies rapidly with
the magnetic Field and the slectric field [Eq. (8)],
One should therefore minimize its influence by reducing
it as much 88 poseible (high field, proper choice of
gas} and by arranging the detector co that pacticle
trajectories are perpandicular to drifting electron
trajectoriea. 1In that case drift-angle errors are zero
to sccond order ("cosine" error). The Bari=CERN=-
Demokritos Athens-Dortmund-Ecole Polytechnique P aipcau-—
Edinburgh-Glasgow=Heidelberg-Lancaster-MPI Munivh-
Orsay=-Pisa-Rutherford-Seclay=sheffieid-Triecte-Turin-
Westfield College London-Wisconsin Collaborarion has
proposed an original orrangement of drifc cells (Fig, 9)
for LEP which has this property for a solenoidal field,

o — FHELD WIRES
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Fig. 9. Proposal for an aximl wire drift chamber for
LEP by the Bari-CERN-Demokritos Atheng-Dortmund-Eecle
Polytechnique Palaiseau-Edinburgh-~Glasgow-Heidelberg-
Langaster-MP1 Munich-Orsay-Pisa-rRutherford-Saclay-
Sheffield-Turin-Trieste-Westfield College London~
Wisconsin Collaboration (January 1982).

As & general comment, I would like to stress thae,
instead of trying to measure and monitor all parametsrs
on which the drift velociry and drift angle depend, it
is much becter to measure them directly in the chamber.
Thig can be done vety well in two ways:

i} The chambere can be designed in such a way &s to
be "autocalibrating™, If tracks can cross dif-
feremt driit gaps, which have & comstant and known
relacionship, the requirement that they line up is
a powerful constraint on the drift velocity and
drift angle. We have found this to be extyemely
useful in the UAL detector®!. Note that this pro=-
perty is absent in normal TECs or in the JADE-AFS
bicycle~wheal structure, but present in designs
such a@s the one of Fig. 9.

A second method®? ip to use several laser beams at
fixed and known angles with respect to cach other.
The drifc velacity and drift angle have to be such
that the angles are reconstructed correccly. Thie
method 15 independent of angular correction which

make more diract methods impracticable.

ii)

Distortion pf Electric Pield

A e

4.3

In projection or imaging chembers, where the drift
gaps are fairly latge, the electric field can be com-
pared to the optics in a visual detector.

Tilting of the field direction av change in its
magnitude (which changes drift velecity and, more
serlously, drift angle) can be caused either by wrong
design (too rough shaping of the field), mechanical dis=
placement of the shaping electrodes, or charging up of
insulating material in the chamber.

To these atatic effects could be added dynamical
effects due to & popitive ion-current in the gap. If
ions ave collectsd by shaping electrodes their voltage
ghould be maintained by a divider with ‘ow encugh im-
prdance, And by their mere presence in the gap the ions
create a global space charpge which distares the electric
field?? and is ome of the most fundamental limits to the
projection~chambar idea,

One can show?® that for a given particle illumina-
tion and ar.lificatinon the disvortion gows s the cabe
of the dv..t gap. For detectors in a large backgruumd
enviroroment, gapa cannot be very large. This was, for
instance, & reason to limit the gap in the UALl central
deteccor to 18 em pince, with & uniform background of
10 arem/h, distortion of 11Q um in the eleceric field
direction (at an amplification of 1093 is already
cauvsed. The avalanche gain is decressed by asbout 5k.
Non-uniform illumination will produce stronger displace-
me 2.

Apart from decreasing the gap length, space charge
can be controlled by decressing che amplification and
the proportion of ions which come back to the drift gap.
This is difficulc because they have a tendency {in the
abgsence of magneric field) to drift back along the same
Erajectories as the original electrops. Variows pulr.d
shielding techniques, where pick~up on the sensing ele-
mencs is minimized by proper balancing, have been pro-
posed in order to tur: on che amplification omly for
interesting events. However, they reguire a triggering
device and may be difficult to implement in large
systems.

Another methed, since the main effect of gpace
charge is through the drifv angle, is to design chambers
where errors in drift angle introduce enly cosine-like
etrore

nce dall pasridle precsutions have been taken in
the design, one hay to learn how to live witl space
charge. It can be aoted that the maximum field distor—
tion occurs in the middle of the drift gap (where it is
corrected less by rharge images). This induces an ap-
parent curvature of the trajeccories in a gap. With what
we celled an "autocalibrating" chambar, where tracks



1]
usually cross several gaps, the tracks will appear as
wiggly lines and fies will partially correct the effect.
One can also {magine using a UV iLamer beanm fired
regularly or immediately after a potentially interesting
event, which would make a "photograph' of the space-
charge situation in the detector.

4.4 Presence of Other Particles

For completenesa, we should mentien a fourth effect
which makes life difficult in practical detectors, namcly
the presence of other particles ciose by the particle to
be measured, or the fact that the particle is at a large
angle to the drift direction.

An ohvious firgt effect is the confusion between
tud particles,which suppresses a certain number of points
along the trafectories and therefore degrades tha pacrern
recognicion capability and the accuracy. What we have
said on the decrease of diffusion and the improvement
of the detecting method for better two-particle resolu-
tion is relevant here.

However, more gubtle effects oceur through croas
talk, Some cross talk occurs in the chamber through the
movement of ions, which produces positive pulses on
neighbouring wirea, This can be decreased at the few
per eent level by interposing ficld wires, Their de-
coupling, however, should be good enough to prevent any
significant patential surge which by capaeitance will
induce a sipaal on the sense wires. Similarly precau-
tions hAve to be taken on the packaging and decoupling
of the electrenics in order to prevent parasitie
induction,

Another fundamental effect at work is the possi-
bility of local space charge Erom previous avalanches
disturbing the amplification of the successive electrons.
This effect is mainly present for tracks at a large ongle
to the wire planes.

Here again, in order to extract all the information
which is contained in the pulse, continucus pulse-height
recording of the sense signal should be an extrenely
powerful tool.

5, Calibrarion Beams

In the last saction, for many of the practical
problems of distortjon in large detectors, we have geen
the utility of calibration beams. Drift chambets being
by their nature analogue devicea they need fiducial
marks or becter infinite momentum tracks to be drawn in
them.

We will review briefly the status of the two sug=
gestions made in that field.

5.1 Pulsed X-ray Beams

One possibility is to use pulsed X-rays, as pro-
posed by Hoffmann and Rubbia®“. In order to penetrate a
large volume of gas, the energy has to be higher than
30 keV. At this energy, electrons are extracted by
means of two processes:

i) the photoelectric effect, which unfortunately givee
electrons of toc high energy and range,

ii) the Compton effect, which gives a continuum of
energy between 0 and 10 keV (for 50 keV X-raya).

The fact that the energy spectrum ia not well
adapted ro that of primary electrona extracted by
charged particles is partially alleviared by two effects

i) The high-energy electrons give rather flat distri-
bution in space, while the low-energy electrona
have a small range and give a peak in the observed
‘distribution of drift distance. This "Jacobian
pesk' eifect ia clearly seen in the results ob~
tained in the UAl Central Detector at zero magnetic
field (Fig. i0a).

ii) Toe magnecic field can eurl up high-energy elebé
tronn and clean up the tails (Fig. 10b). A FHHL of
1.5 mn is obtained.

Calibration with X-rays has the nice advantages
that diffusion is negligible and that there is no nced
for any special e~ ance windows in light detectors.

In addition, there is no significant deviation at the
chauwber {nterfaces. It can therefore be used to align
devices over long distances. '

On the other hand, the ienization pattern produced
is very different from that of a charged partiele. In
order not to be saturated by the predominant photoclec=
tric effect, a low enough intensity has to be used (in
UAl, 400 X-reys/beam) extracting one useful Compton elec—
tron every few cells. This Compton electron gives rise,
by thermalization, to a blob of electrons which have
properties that are very diffexent from thooe of the
electrons spread aleng a charged particle track. In
particular, they nll arrive on the scnse wire at the
same time, but [yom pulse to pulge their measurcd drift
time will fluctuate becnuse they are not created along
a locus of equal drift cime to the wire (see Fig. 6).
Thie ¢an be contrasted with charged particle tracks
where the closest primary clectron is measured,
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Fig. 10, VAl X-ray beams as geen on one wire of the
central detector. Bir width 8 na. Around 2000 shots
a) at zero magnetic field, b) at a Ficid of 2.8 kG.

Therefore the X~ray beam gives incrinsically a wide
distribution, which has to be averaged over many pulses.
The mean drift distance weasured is different from that
af 4 real track in a way which is dependent on the shape
of the loci of equal drift time to the wire and on the
magnetic Field.

Let us add that we have noticed 3 large background
of X-rays scattered in the cellimatur and In the walls
of the detector.

542 UV Laser Beam

A wuch closer simulation of a charged track can, in
principle, be mede with pulsed UV lager beams.

Direct photoionization of some impurity has not been
attempted up to now because with known substances, it was
necessery to work in the vacuum U\ region. However, the
"discovery" of the tetrakis{dimethylamine)ethylene (TMAE)
(see, for example Ref. 11) which has an ionization poten=
tial of 5.4 eV would allow the use of relatively close
UV lamps (not necessarily lasers since the needed inten-
sity ie small) ac A = 240 nm. This line of research has
not, to my knowledge, been explored yat.
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Following the work of Seilar and collaborators?®
and independently of Bourotte and Sadoulet®? all groups
jnvolved in the field have used double photon absorption
which allows une to work in the close UV region {typi-
cally 340 nm),

The basic process is shown schematically in Fig. 1la,
A first photon excites the molecule usually to a vir~
tunl state, This virtual state Lives for a time
T = 107%° g, If a second photon arrives during that
time, it can ionize rhe virtual state. The ionization
rate is, of course, quadratic with respecr to the flux.
Whea the intermediate states exist (Fig. 1ib) cross~
sections are puch larger and one epesks of dyuble-step
procesaes. One can show?® that if the latter process
is at work, at low laser energy density, the pulse-
height dependence is quadratic with the lawver intensity.
At an energy density dependent on the Eirst-step exci—
tation cross-section o, and on the ratio between the
lager pulse length and the lifetime of the intermediate
state, the first transition is saturated and the depen-
dence becomes linear.

} !
lanization threahatd
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Fig. 11  Double-phaton and double-gcep process.

This is indeed what is observed experimentally.
Recently the UAl group have been doing careful measure=
ments?®1?? (Fig. 12) with s N, laser at 337 om and &
pulse length of 300 ps, and have found the expected be-
haviour with a transition between the quadratic and the
linear region at 20 uJ/mm®.

This result was obtained without specifically add-
ing any impurity to the Ar-CsHg mixture. If interpre-
ted in terms of the gbove model, it gives a croge=
section 03 = 2 x 107'% cn? which is quite reasonsble.

This measurement significently clarifies the mys—
tery of pulses, observed by various groups?’r?° without
specifically adding any impurities, which showed linear
dependence! the laser energy density wap indeed suffi-
cient to be in the saturation region. However, the
ionizable impurity is not yet identified. This is not
surprising since with ressonable values of d; (107'% em?)
its concentration may be a8 low ag 107 12!

It is clear that, ynder these conditions, one would
like to contrel the impurity, and for substamces with
the right excitation levels and the right auto-ionization
levels, & very small concentration would be necessary to
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(Ref, 23), Squares: results of Ref. 29 obtained in
a different chasber with o less accurate measureent
aof the area,

alloy ionization by relatively small energy lasers. Up
to now, no "magic” substance has yet been identified.

Two compounds are kmown te ‘qcrease ionization. Diethyl-
aniline?’ (ionization pc. -+ _al = 7 eV) at a concentra-
tion of approximatley 10 ° and Nickelocene®*® (ionization
potential = 6.5 eV). VWe have recently used that impurity
at the level of 1.5.% 107° concentratisn and cbserved a
factor of 7 increase in the yield (Fig. 13). This is
not much, but if :helabsorption spectrum of Nickelocene
hes 2 broad maximum’’® around 337 nm (3.67 V) the photo-
ionization spectrum’’® has a dip arcund: (7.3 ev)

(Fig. 14). We have tried wiclout success other sub-
stances such as anthracene, tetracene, pentacene, o
naphthylamine and ferrocene st a comcentration of the
order of 10°°,

In order to use this method practically to cali-
brate large drift chambers, opne faces two problems: in
order to produce atraight tracks over significant dis-
tances the laser beam has te be diffractively limited
(at least in one direction; such a beam of 0.6 mm
thickness at 337 nm c¢an be used over 2 m). Unfortumately,
diffractively limited lasers in this wavelength are very
expenaive (quadrupled Neodymium Yag lasers) and even N
lasera with very poor beam qrality are net cheap.

Hilke®® made an important step forward by designing
with Neracher of Multilasers™ a double-cavity Nz laser
which is limited by diffrection in one direction,

Pollowing in the same direction, the VAL Coliabora~
tion wade a contract with Multilasers for the design of
a very small two~cavity W, laser (180 %-120 X 32 mm?),
which could be mounted directly on the chambers. The

# Multilasers, BP155, 1218 Crand-Saconnex, Ceneva,
Switzerland,
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Fig. 14, a) Absorption spectrum of Rickelocene (in
golution) around 337 mm. b) Photoionization spectrum
of Nizkelocene {from Ref. 31).

performance of the prototype is quize satisfactory. The
energy in the dense spot is 30 pJ; its d’mension as a
function of the distance is given in Fig. 15. It is
nearly diffraction limited in the parrow direction and
irs FWHM of 0.7 rm is waintained over 1 w (within

0.1 o). This shows that with an afocal system of meg-
nification 1, making the image of th:. laser st 1 m, a
straight beam (within 0.1 mm) can b achieved over 2 m.
Moreover, over the same length ita effective arca will
be constanc. This ie importent beceuse, with the laser
intensity ve have at our disposal and our requirements
to make three beams per laser, we are working im the

LASER BEAM PROFILE
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Fig. 15. Optical characteriscies of the MOPA 2000
laser (desipgned by Multilasers) used by the UAL
Collahoratioa.

quadracic region where the number of eleccrons per cm

of track is inversely proportional to the area,

The cost of the lasar components 1s suificiently

small thar we can afford to build ourselves 40 lasers
providing 120 beams in the UAL central detector,
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INTRODUCTION

For the phyaiecs of the future, at or above 100 GoV
center of mass energy, tracking devices will need: 1)
Good segmentation, since particle deneities are large.
Z) Many samples along each track for patr~rn recogni-
tion, momentum resolution, and posaibly .£/dx measure-
ment. As an example, to do a good job separating two
high momentum tracke from hadronic decay of the 2°,
angular gegmentation ~ 10 mrad is required; typical
nearest neighbor tracks of average momentum are sepa-
rated by ~ 100 mrad,’ If we nuleiply 30 mrad by 1
meter we get a track :cparvation of 1 ems Although
small this is still large enough thac the solutions to
the tracking problem developed over the past 5 yenits
are applicable. Thus the central detectors presented
in the LEP Lekters of Intent are typically outgrowths
of existing devices,

One solution to the tracking problem is to make a
chomber with many small cells; cell full-widths ~ 1 to
2 cm would be needed.’ This requires many wires and
electronica channels, however each channel is relative=
1y simple in design.

An alternative design, still of the axial type, is
to make a chamber with large cells containing acveral
sense wires per cell,® These chambers have many fewer
wires than in the cose of emoll cells, however multi-
hit electronics i1s necded. The electronics must not
only allaw recording of several hits, but also suppress
the long L/t tafl of a drift chamber pulsc so that
later hit informacion is not degraded by earlicr
pulses.® This type of chamber has the advantage that
moat of the very gnod precislon of the drift chember i
available at the pattern recognition stage of track
finding since the uniform field over moat of the drift
path makes a sinple linear spzce=time relation quite
accurate. For thia reasen a local selution of the
left-right ambiguity is possible If the wires are
slightly (~ positien resolution) staggered, and an
accurate loeal tangent vector to the track can be found
by using the times zeasured by two nearby wires, For
tracks coming from the origin this allows a local cal-
culation of the transverse momentum since the radius of
curvature 1s given by:

1 d
R=1 /ot + &,

where p and § are the cylindrical coordinates of the
track.

A third solution is provided by the TPC® and other
devices where the scnse wires are at the cad of the
drift volume. Thesc chambers have had, typically,
longer drift spaces than the others and have the advan-
tage that no left-right ambiguity exigts., I will not
discuss these since they are extensively covered in
aeveral other contributions.

GENERAL CONSIDERATIONS

Drift chasber performance can be characterized by
measuremetit precziaion for tracke, ability to eeparate
nearhy tracks, easz of pettern recognition, and dE/dx
information provided. I will discuss aspects of each
of these except for dE/dx which fs extensively covered
in other conference contributions. The choice of
including dE/dx measyrement will strongly influence the
number of track samples deaired, the choice of gas, gas
gain, and zas pressure fot the chamber.

Homentum Resolution

1¢ we ignore multiple scattering, for large N:
[ q

BPa

LTSRN TN
where: O » apatial reeolution, B & magnetic field, R =
track length, N = number of measurcmenta, As an exam=
plez 0 = 200 umy, B= 5 kG, R = 1,5 m, N = 30 glves:

Sbs o 003 Gev™’,

Py
a valuc which 1s deairable for physics at the z°.

The small cell option, taking 30 equnlly spaced
layers, cell full-width = 1.5 cm, R = 1.5 m, would zre-
quire 10,000 cells,

Since o large radius R forces the remainder of a
detector to be large and expensive, inercasing B or
decrcasing o would be advantagcous since it would allow
the aame preclsion for a smnller cadius.

Lereatz-Angle, For an axial chamber In o sole-
noidnl field, drift rakes place ot an ongle to the

electric field. This angle, 0, - ¥prast® - 15° o 20°
E

for vp g = 5 enfiisec, B = 4 kG, E « 1 kV/cm, The

Lorentz=Angle wideng the lonization arrival time
spectrum at the asense wire for tracks normally incident
on the cell, it makes the ¢ell behavior lett-right
asyremerric, and also makes it more difficult to associ=
ate hits 1in a multi-wirce cell for tracks croassing cell
boundaries.

Increasing the Lorcntz-Angle substantially beyond
20° would be detrimental co the chamber performance for
an axial drift chamber, csp-einlly one with large cells,
This weans that L{f one wants o B value >> 4 kG, it would
be good to reduce Virife ©F increase E accordingly. A

gas mixturc with small Vyrifes Saturated velocity, and

low diffusion for the drifting clertrons would be very
ugeful,” An example of the dependence of E on the cell
geometry is discussed In a later section.

Diffusion in Gases. For the large drift chambera
now fungtioning, the expeeted contribution to the res-
olution from the diffusion of fonization electrons is
rvuch smaller than the 200 ur resclution gotten in
practice, Thia implies that improvement in resolution
could be gotten if varilous systematic factors such as
wire alignment and sag, as well as an understanding of
the time to space relation were better contrelled.
Figure 1 shows a model calculation of the resolution
expected verane Iimpact parameter for several gas choices,
based an diffuaion and lanization statistics.’ We see
that 1f we are satiafied with 200 pm resslution, ~airly
large cella (~ 5 em half-width) could be used for a 1
atmosphere 50/50 Ar/Ethane mix before substantial con—
tributfons from diffusion eccur, The figure also
indicates that very good resolution can be obtained in
principle for purely organic mizes at a few atmospheres
pregssure, These gaa choices, which might be practical
for small vertex detection chambers, typicelly require
rather high voltagee (up to a factor of two compared to
Argon rich mixes at atmaspheric preesure) to get to a
reagonable gas gain.

For a configuration where E and B are parallel
(TPC configuration) the diffusion can be substantially
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Fig. 1, Model calculoticns for receclution
versus track impact parameter. Curves arc:
A = 50/50 Argon/Ethane at 1 atm,.

B - Pure Ethano at 1 aem.

C = 50/50 Argon/Ethane at 2 atm,

D - Puge Ethane at 2 atm.

E - Pure lsobutane at 3 atm,

reduced because of the magnetic fleld.®

Dual-Track Separability for a Parallel Wire Grid

The use of &4 multi-gense-wire cell allows aone to
control the ionization gampling and thus the double
track separation that ie possible in the cell. Figure 2

Sense Wires Field Wrees
Yoltage s O Vollage v Y
» L] L]
- . ™
. . .
. . . _r
¢
L] _].
radius=fy -odm-r

S

Fig. 2. Multi-sense-wire cell using parallel
wire grids,

shows a section of a pimple multd-wire cell which 18
taken as rectangulat in shape for sfuplicity, We look
at this simplest parallel wire array since it illus-
trates the essentlale of the protlem. The main param=
eters describing the cell are:

r, = rodius of a sense wire.
Te = radius of a field wire.
Eu = electric field at the surface of a
sense wire,
Ec " nearly counstant d.ift field over the
€ bilk of the cell.
a = gpacing between wires aleng the sense

wire plane (radfal direction).
W = cell half-width.

The cell height has to be > 1.5 w to get reasonably

uniform behavior for alil tho inner sense wires. 1In the
following discussion all field wires and sense wires
are assumed to be at a potentisl V and at ground re-
ppectively, To reduce crouss-talk, every mecond wice in
the aense plane can be taken to be thicker so it does
not amplify and thus is not read-out. 1In this case the
spacing between the sense wires wsed is actually = Za,
%c do not discusa here in detadl the case ©f nepative
voltage on these thicker wires, which con be uscd to
reduce V, and which can br explored as on intercsting
sdded degree of freedom,” The cnse of wo negative
voltage pives the besl dral-track resclution for a glven
spacing a.

Thim type of cell 1: sufficiently simple that its
behavior zan be thought or as follows: (for simplicity
in the discussion we chose the same radive T, for all
sense plane wires)

!, Necar each wire we have a rosghly radial ficld vary=-
1nglns 1/r, This near renlon cxtends to a radius
= &fn.

2. The rest of the cell has a ncarly constant drift
fleM B ;. Ualng Gauss® law the field on the

sense wires and E, .., are related bys

hru
Bcnll “1a Eu

Hote: E is fixed by the chamber gain for a given t
r“EH 18 ~ 250-350 volte for typical wircs, gaina and
gases, Thus for a = 1 cm we expect Ece‘l = 1 k¥/cm
vhich is a typical valuos

3, The cell dimension W enters only inte the deter-
mination of the abaolute voltage, ¥, on the field
wires. Integrating from a acnac to o ficld wire
using a 1/r field within a/n of a wire and E ol

eleevhere gives g good estimate:

V-Eccll [(u—--—-—-)-l-"in (——-)+—En (‘-—;I

4, The trajectorics of typlcal drifting jonization
electrons are shewn In Flgure 3 for the cage of ne

190
130 |- .
120 -
nof- CET —~
=
:ool— : i
L
'
Freld Wires Sensa Wires Field Wires

Fig, 3. Representative electron drifr trajecto—
ries for several normully incident tracks. Cell
liulf=-width = 3 em, wire separation = 6 mm, For
gimplicity B has been taken = Q.

magnetic field, For the inner wireg in the cell
the trejectorics are parallel straight lines till
chey reach the near region. Looking ot the figure
the maximun path difference among the ionization
electrons produced by one normally incident
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particle ia = a4f2, 1f we vant the atrival of all
ionizacion alectrons from two normally incident
particles o be saparated in time, then the two
particles aust be ircident at Impact parametors
separated by > a/2. Thus a/2 la approximately the
dual-track separation discance for the cell, Note,
the result depends on the extent of the l/r ncer
reglon, which provides the dual~-track limit for
other parallel wire srrays.

5. For incidence at an angle 6 to the normal, the

saximun path difference 1s = & (1+tan0). The dual-
track resolution is not werioiisly degraded by non=
normal incidence, provided tan® s 1/2, which occura
at 26% which 1s a large bend angle. HNote, the
Lorentz-Angle acts as an additional angle adding or
subtracting from 8 depernding on the track ovienta-
tion and thua should be minimized,

Te cheek the above characteristice quantitatively,
we have laoked at the drift ecell of Figure 3 for the
cage a = 6 om and w = 3 cm.® For this case E:ell = 1.5

kY/em. The large value of Ecell helps decreamc the

Lorentz-Angle. Using a Mente Carle program which gen-
erates and follows ionizatlon clectrons produced in the
cell, Figure 4 shows the distribution of collected

14
12 |- =
10+ =
z
£
Y
Taf .
-
g
Yel -
z
5
o
(=)
4} -
2L -
[«] L 1
0.3 0.4 0.% 0.6 c.?
vem TIME  (us0c) awrran
Fig, 4. lonizmcion electron srrival time spectra

produced by two normally incident tracks whose
impact paraméters .sre weparated by 3 mm 1n space,
Cell is that showm ir Ti1g. 3, but now with

B = 5 k6.

elecrronas from two normally incident tracks whose Im—
pact parareters differ by 3 mm. The calculation has
been done with a 5 kG field and 90/10 Ar/CH, gas. The
variation af the drift velocity with the locel electric
field, as well as the local Lorenctz-Augle, has been
included in the calculation, A dual-track separation
of 3 mm ahouid he attaimable for such a cell using
electronics which auppresses the 1/t pulee tail,

We might ask what the limit on dual-track separa-—
bilicy 1s for a parallel array if we use wtandard lead-
ing edge diecrimination only. Since wire separationa
of about 1 ta 2 mm are at the limit of what's possible
we can expect & limit ~ 1 mm 1f we stick to stendard
techniquen,

Qualiey of Informazion for Patlern Recognition

Drift chamber information is typically uscd alL two
atages, the first ts for pattern recognition whera one
would like to get good inttilol estimatcs of positions
and anglen for sorting the lefe=right ambiguity and
linking pointa ar track clements, the second is for high
peecision fitting of track parameters.

In general, pattern recognition problema will occur
for the few tracke which are close togecher in an eveut.
For a system of mingle-hie amall cells the randomization
of the wite pattern from layer to layer tends to provide
liies on some layers for cach of two trarka which are
spatially clome together. Thus if the pattern recogni-
tion program can find tracks with some missing hits it
can handle most of the close tracks.

For o multi-genac-wire cell, with multi-hit elec-
tronics, track separaticne at the few mm level are
poasible #s seen in the previcus section, In addition
the necarly uniform electric ficld allows very good
precision for certain guantities prior to angular
sorrectiona, As nn example we con look at thg solution
of the left-right ambiguity by wire staggering.

1f alternatc scnse wires are staggered by *b we can
resolve the left=right ambiguiry in ar individual cell
before patterr recognirion. Taking the example of
staggered wire triplets, the quantity

B
b= Vpeggy (T3 T 8

whare the t1 are the measured times, 18 centered at £ 28

with the Bign pgiving the side of the cell traversed.
Thus 1f 48 >> error on A we can resolve the left-right

smbiguity. Using Gy = /3 O with g, = 200 ym, gives
& = 280 pm if we want A5 = 50,. Figure 5 shows a plot

400 et =

141y
Bl

12

100 |- ' ++ ]

EVENTS/BIN

’O LN o
o Lowe! L ey Yertn,
-40 -20 2 20 a0

2-82 {rs) 420408

LI
Figs 5. Correlation of drift timep ———
inuo two peaks for a eell with three Bt;ggzted

sense wirens., Data 18 from the MARK III Drift
Chimber,

- Ea

of A for data from the MARK IIT chamber, for which § =
400 ym. The canstraint on the three rimes provided by
& allows the use of the very good resolution of the
chamber for the rejection of tpuricua hits (multi-puls~
ing, single bremsstrahlung cenversiono, poorly measured
poiats due to d~rays, confused points due to croesing
tracks in the cell) before pattern recognition begins.
Thig could be particularly useful in an environment
containing many soft photons or neutrous which might
gilve a fair number of single hits but very few valid
triplets.

To undergtand why A can be measured so accurately
we will look at the space-timwe relation for a parallel
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wire array.
an example in the previous section.

of:
1.

Fer concreteness we take the cell used as
The drift consists

Uniform drift .along the diraection given by the 1.
Lorentz-Angle for fonization produced in the far

reglon where E = Ecell'

brife aleng radius in near region, for radive < afm, 2
The velocity here can be different than in the °
uniform region, depending on the gas. We asaume

below that only ene veloeity desecribos the drift in
both regiuns. kS

The earliest arriving electron trajectorles for a track

are shown in Figure 6.

Heasuring distances along the

/ 1.
______‘ =
v
S -
Trajactory 2
o Eorligst °
elactron -
/ -
l J Loreniz Angle
\
N~
2ea2 4129448 3.
Fig. 6. Relatlon of drift distance measured and
the distance along a 1line given by the Lorentz-
Angle. In the near region: [
dy = vDrifttzlcnsB. 5.
In the far region: b
a, 1
d2 % vy etz Y GGGE — D
7.
a, 1
da® Vpryget? ¥ oicoas - 8.
9.

w ¥5 -

direction for the uniform part of the drift and taking
Yprife

t as the estimate of Lhe distance:

Corrections to the estimated distance in the near
tegion go like 1/cos(8), For norma) incidence this
is 1fcon (8, ).

The correction over moat of the c¢ell is proportional
to a/m and thus is expected to be amall for the case
a = 6 mm discussed in the previous section.

Since the angular correction is a constant for hits
not too close to the wire, several quantities for
which the correction cancela cen be calculated very
atcurately, for example:

d +4

a) --‘—2—; = dy ‘used to solve the left=right

ambiguity.

b) da = d1, which gives a numerical evaluation of
%%. the local tangent to tha track. These can
be raken at the track finding level to be accu-
rate to a few hundred microns,
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Abstract

The VAl Oentral Detector iE now taking data at the
CERN pp Collider'*?, We give a general description of
the detector and discuss the aspects that are mainly
related to its qualiby and reliability, Multi-hit elec-
tronies iy used for the readont of 6000 sense wires
unifornly distributed over 25 m'. The analeg informa-
tion, energy. and charge division, is digitized on line
every 32 ns, The high density and the precision of the
points deticied along the tracks is such that the recon-
structed events look simjlaor to bubble chamber pictures.
Resulta gobcaiuned in the Firat physics rums are presented,

1. Introduction

The UAl Central Detector is now installed and work=
ing at the CERN pp Collider {(Fig. 1). An nrtist's view
of the experimentsal set-up is shown in Fig., 2.

‘The magnet, a dipole with a nominat field value
8.7 T, has_an internal wagnetic volume uf 80 m®, of
which 25 m® around the beam pipe are accupied by the
central detector used fox teacking and womentum meas—
urement,

The complexity of the events produced by pP inter-
action st 540 GeV in the ¢.p., in terws of rates, multi-
plicity, and partiele censity, is such that a eareful
design of the detector geomelry and of the associated
eiectronics was needed, The construction of the detec-
tor and the basie features of the associated clectronica
have been dedcribed at the 1980 Vienna Conferenca on
wire Chambers®*,

We give here a general description of the detector,
concentrating on the points which, on the basis of our
experience, are fundamental Lo contributing to izs Einal
quality and reliability: i) gecmetry, ii} HV aystem,
iii) electronics, iv) calibraticn.

Geometry

The expected topologiea of pf imteraction at
540 GeV in the c.m., where mwany particles with high
energy are produced in the forward directions, suggested
the use of a long detector with a magnetic field ortho-
gonal to the beams.

The detecror is compesed of six independent half-
moonshaped chambers assembled togethey te form a self~
supporting cylinder, 6 m long and 2.2 m in diameter,
covering the €ull salid angle from 5° to 1757 with ves-
pect to the beam direetionm.

The cylinder is filled with a mixture of 60X ethane
and 40% argon at atmospheric pressurc.

The 6000 sense wires &nd the 17,000 field-shaping
wires are parallel to the magnetic field. They are
organized in horizontal planes in the four forward
modules, and vertical planes in the two central ones
{Fig. 3).

One of the most striking features of the system is
the cylindrical shell of the chambers supporting the
wires. It is a stressed honeycombed structure, 5 cm
thick, sandwiched between two Vetrenite layers, each
1.5 mn thick. The amount of prestress‘ng, which, after
wiring, is entirely counterbalanced by the tension given
to the wizes, is such that in the median plane the dis—
tance between the chamber edges is reduced by abour

2.

M. Calvetts

8 ¢m. The cylindrical shape, after wiring, deponds on
the equilibrium between the tension given to the wires
and the stresses inm the strueture,

To measure the mechanical tension of the srretched
vires, a simple, precise, ond fast merhod, bnsed on the
measurement of the patural oscillation frequency, has
been developed®,

The sense wires (Ni-Cr, ¢ 35 um) and che field-
shaping wires (Cu-Be, P 100 17u for VC-VF wires, 150 um
for cathode wives) were stretched to 80 g and 200 g,
respectively, Figuve & shows the resulrs obtained Ffor
the 1000 sense wires in a module,

The pogition of the sense wires in a plang is knoun
within 50 um, whilar the position of the "average planes"
in the 25 m” of the detector ia known to &n accuracy of
200 um.

The sense wires are purrounded by field-shaping
wires, as shown in Fig., 5. The VC volinge balances the
electrostatic forees produced by the drift electrie
field onto the cense wires, whilst VF controls the gas
amplificacion,

Electrons produced by the ionizing particles in the
detector drift through large drifr spaces (18 om) o the
gnode wires, where the individual track coordinates are
obtained by the drift time and charge-divisicon methed.
With a drift fisld of 1.5 kV/em, the drift velocity is
5.3 cmfus and the maximum dzift time 1.6 us, smaller
than the time interval between two succesdive bunch
croasings (3.8 us). When an interaction takes place,
all the ionization (electrons) produced in the previous
bunch crossing has alrcady reached the unode wires,

The sagitta in the plane orthegounl to the magneric
field is measured with the drifr time, which is far more
precise than che eharge division (twe orders of mapni-
tude), Figure 6 ahows some events and the planes struc-
ture of the detectar. The planes in the central modules
are rotated by 90° to have the drift electric Eield
arthogonal to the particle trajectories in the central
repion,

We can see howv the .letector "follows' cthe events,
maintaining a constant dundity of points along the tracks
all over the velume. These events were recorded during
the November-December 198l runs; az that time only 40%
of the electronics was operational (80% of the sensitive
volume), In particular, only one wire out of two was
instrumented. With the complete electronics, an average
of 100 points per track are recorded, each correspending
to 1 cm of gas sampling.

The high precision of the drift cime coordinate,
compared to the detector dimension, permits a good
pattern recognition in the plane orthogonal to the mag-
netic field. The charge division coordinate correspond-
ing to n specific hit is then easily reconstructed using
the time information associated with the charge coilected
on both sides of the sense wires (see the section an
Elcetrouies).

3. BV system

The drift voltage (VD) applied to the drift volume
needs to be degraded all along the edges of the drift
space in order to guarantee planar equipotential sur-
faces. This is achieved with a resistor divider thac
feeda the tracks of a pranted circuit, ealled “race-
track" (RT), with decreasing voltages {Fig. 5). These
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reaistors ere mounted inside the chambers and have a
high total resistive value (3.5 (R).

It is then clear that any leakage current 4 by
the supporting structure of the chamber, or current due
to the beam and collected by the RT, will drastically
affect the potentials determined by the resistive chain,
with an intolerable distortion of the electrie field.
It was therefore decided to connect the RT to 10 low-
output impedance power supplies, so that any leakage or
beam current would affect the electric field in only a
small local region delimited by two power supply inputs,
This is the role of the active divider®.

The active divider is basicaily a aumber of varuum
tubes used as cathode followers connected in series.

The maximum cutput current is roughly cqual to the cur-
rent flowing in the tube (1.5 mA) so that in the event
of a short eircuit the chain collapses, providing a
simple means of cyrrent limitavion, The voltages are
fixed, with a precision of 0.5%, through a resistive
divider connected to the grids,

For each dyift volume, the currents associated with
the intermediate voltages and with the field-shaping
voltages VC and VF are weasured in the power supplies,
vhilst the corresponding voltages ave meagured directlv
on the chambers, A total number of 308 currents and
308 voltages, corresponding te the 34 independent drift
volumes {WV-wise) ate continucusly menitored by a SUPER
CAVIAR camputer’ which alsa drivea the HY pover supply
and controle the interlock logic (Fig:s 7).

} The ripple of the very high VD voltages (cuthode)
and of the 4B VC-VF voltage are also monitored chrough
parallel wave-form recorders’, In case of HY troubles,
the transients in all the WY lipes are reccrded. Careful
gtudy of these data turned out to be 2s58ential in under—
standing the behaviour of a detector which is usually
inaccessidle inside the magnet 20¢ m away from the con-
rrol room.

In vase of aver-current (200 pA en VD, 50 pi an VC
and VF, integration time about 1 ms) & hardware protec-
tion system’ (Crowbar, Fig. 7) will disconnect the three
(VD, V€, VF) voltages, associated with the same drife
volume, in a few milliseconds. Furthermote, in order
to avoid direet sparks from the HV race-track onto the
wires, two HV transient suppressors (Transzorb)’” are
mounted on the chamber parallel to the first two intev—
mediate voltagea supplied by the active divider,

The VC-VF interlock system is eoxposed of a gemeral-
purpose microprocess$or controller (GPHEY ! with a
MOTOROLA 68BCC microprotessor with 64K EPROM and 2K QUAM,
which, with two special interface cards, controls the HV
oncputs and monitors the currents and voltages from che
Crowbar boxes. It also controls the thresholds for the
alarme and provides software filtering for them. The
Croubar boxes, vhere the HV relays are loceted, provide
the current weasurements through a floating current-to-
frequency convercer optocoupled ta the low-level logic.
In case of over-current, the GEMC can decide in a few
hundred microseconds, whether to swictch rhe chamber from
the HV line to a shunt resistance, It also communizats
with the SUPER CAVIAR responsible for the whaole central
derector activiey,

4, Electronics

The block diagram of the electronics for each anode
wire is shown in Fig. 8.

The two preamplifier signals at each end of the
sense vire feed the charge and time digitizer (cTD)":»'2.
In the CTD (12 channels) there are 12 analog cards con~
taining line receivers, clipping stages {32 ms), inte-
grators, and 12 digital carde where the fast amplitude=
to-digital converters (FADC, TRW-IDC10i4J} and the
memories are located. The analog chain is a,c. coupled.
In order to avoid frequency dependence of d,c¢c. offsets,
a base line restorer has been inrroduced before the
driver of the FADCs.

The twoe FADCs of each channel (six-bit accuracy,
32 n3 sampling period) are used, respectively, 49 an
analog divider to measure the ratio Q./q, {(charge divi-
sion) ‘directly, and with a non-lineartregponse for the
noasurement of the total cnorgy Q, in order ro have the
dynamic tange (more than nine bits) requirad dy landau
fluctuations. Every 32 ns the total charge collected Q
and the hit coordinate along the wire z. ave recorded.

The digital informntion is directl§ stored in aue-
cesfive memory locations in such a way that, ac any cime,
the story of the previous 4 us is recorded in the CID
memories (32 ns x 128),

The 2 coordinate ia given by the contre of mas: of
the Z;'s weighted by the energy Ej, meacured in nne

z= [[ zi-l-:.Jl[Z E.L] .

In order to have Z=2_. . an infinite integration
should be performed. In practice, a good measurement
can be obtained with a gare width between 150 and 200 ns,
depending on the pulse shape.

In the time channel there i3 a fine time=stop inter-
polator, a cthree=bit TDC of the DTR 247 type, which r.eas-
ures the drift time within a 32 ns window with an accu=-
Tacy af 4 ns.

Five CTDs arc located in ench crate together wirh
a readout processor (ROF)!3, The data-acquisition syntem
is described in another contribution to this canference
(see §. Cittolin, VAL Collaboration).

The electronics chrin has been designed in such a
way that it is limited, in the charpe division aceurany,
by the six bite of the FADC (1%), Figure 9 shows the
charge division accuracy ag a function of the total
number of electrons collected on the wire. The stochas—~
tic noise of the wire resistance and of the preamplifier
correspond to 1.2 % 10" r,u.s. electrons in a gate 150 na
long. In arder to be limited in precision by the FADC,

a total number of % &4 x 10° electrons must be collocted
in 1?0 ns (five samples), requiring a gas amplification
w 10%,

" The chorge collected on one 8ide of the wire depands
dramaticgslly on the position of the avalanche along the
wire and on the Lendau £luctuations. It is therefore
essential for the analog part of the readone olectronies
to be linear over the full dynamic range (five times a
niniuom ionizing particle), The linearity of the analog
chain has baen measured by feeding calibvaled charges
inte the presmplifier., Pigure 10 shows Zpeasured versus
Zgigulated for a total energy corresponding te a minimum
ionizing particle. The devistions from a lincar fit to
the data are always smaller than 1% all along the wire.

5. Calibracion

The central detector electronies is provided with
a calibration system (Fig. 11) whieh is able to feed into
any preamplifier 4 variable charge up to Eive cimes a
minimum ionizing particle with an accuracy of ahout 3Z.
The calibration pulse is obtained by the discharge of a
47 pf capacitor, previously charged cto a reference vol-
tage, through a 470 @ tesistance. Each preamplifier has
its own RC. :

The capacitors to be charged up are previously se-
lected, using a set of serial shifL registers HEF4O15B,
The trigger pulse, arriving at the same time on all the
detectors, closes the c-mas switch SD 5100 thus causing
the discharge of the capacitors. The shift register
chain permits the 12,000 preamplifiers to be pulsed, with
any rveguired pattern and sinulated charge division coor-
dinate, i.e. two different reference voltages can be
applied, one to the left and one to the right side.

A total of 730 pulsers, each driving 16 channels,
are mounted directly on the chambers inside the connec=
tors vhich at the same time support the preamplifiers
and feed the VC-VF voltages to the field-shaping wires.
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This flexible system, very uscful as a debugging tool
(in a few minvtes we can chack the layoui and atatus of
the electronics) is fundamental, in particular for the

charge Jdivision calibratioen. . .
The measured charge division coordinate 2, is re-
lated to the true one Z, by the following expression:

BgZe * 09/,
Z =
B (8 BT, Y8y * Opge/Ueor

vhere g, anz g, sre the left and right gains, and O :
O,y are the dyc. offsets evgntually present at the in-
puts of the two FADCa of the charge division and enerpy,
respectively,

In order to control these offsets (I mV corresponds
to about 12 in 2) and avoid energy dependence of the
charge division measurement, a set of six DACs, control-
led by the ROP, are focated on the analop card of each
wire.

Usiag the calibration pulser, it is possible to
gimulate several pasicions along the wire for different
energy losses, Tha two DACs controlling the left and
right gains and those contrelling the Og and O,,. offsets
are changed by the ROP and chosen tn have (g lg,s -1
and to minimize the offsets, Figure 12 shows the charge
division linearity obtained before and after the on-line
calibration.

Two other DACs are uvscd for the energy FADC: the
first to change the base~line (pedestal of rhe energy
FADCY, the sccond to conttol the response fupction of
the energy measurement. .

A SUPER CAVI:R computer controls the calibration
system and the 530 CTDs by means of the 125 ROPs which
are connected in series through an advanced date link
controller!™, Notice that the ADLC line can alse be
used during data taking, in spy mede, to read ROP atatis-
ties on data acquisitvien,

All the 6000 channels are calibrated in parallel.
Figure 1J shows a computer display obtained using the
calibration pulses te simulate a minimum-ionizing part~
icle in the middle of the drifr volume, The total
enetgy (full histogram) and the charge divisien {conti-
nuous line) are shown for the 12 wirea. Note how the
charge division stays wmore or less constant in the time
bins where che chayge is collected, and how it deviates
from the simulated position outside of the pulses where
the noise is dominating.

The charge divisian linearities of the channels in
a crate arc showm in Pig. 14 (five CTDs, only one wire
sut of twa was instrumented).

Other displays are used for debugging purposes.

For instance, Fig. 15 shows the drifr time, rla energy
base-line, the toral energy, and the charge diviaion ob-
tained on 4B wires. It is clear that the broken channels
can immediately be found. The relative To due to differ-
ent propagation times along the cables and to the readout
electronics are measured with an accuracy of ™ 4 us.

The energy measurewents are equalized to the 10% level,
well below the Lendau flucruations.

A second off-line calibration is then performed,
but this riue the corrections to the data are- smaller
than or comparable to cthe required accuracies.

6, Internal calibration and results

The electronics calibration cannot take into ac—
count the other parameters that contribute to chamber
precision, such as absalute Ty's, drift veloeity, drift
angle, errors in the wire positions, end the relative
positions of the six modules. To rorrect for these
errors, we have to use other methods. There are two
possibilities: either to simulate tracks in the deteetor,
using X~rays or laser beams (sec B, Sadoulet, this econ-
ference); or to use the tracks produced by real events
to fit those parameters in order tc obtain the best
reconstruction.

The X-ray guns and the lascrs of the UAl detector
are now being instatled, and we do nac have experimental
Tesults apart frok tests on prototypes. To analyse the
data Laken in the last run, we have used the second
methed.

The chamber geometry, namely the way in which the
planes are organized, is snch that the "internal" cali-
bration method can be fully exploited. This is due to
the fact that the particles usually cross several drift
volumes with different drifc direccion.

The errors in the drift angle, drift veloeity, and
absolute Ta generate inclinations and displacements of
the various track segments, It is then possible to tune
the various parameters and choosc the values that corres-
pond to the best reconstruction, Using this methed, the
drift velocity and the drift angle have becn measured
independently in the six modules of the detector with a
precision of 0.5%, and within this precision they are
equal. The measured drift velocity is 53 um/ns, whilst
the drift angle ia 22.2° {£ + 1.2 kV/cm, B = 5.6 k&),

Figure 16 shous the residuals in the drift time
coordinate obtained for differcnt track categorics:

(a) to (c) show the residuals for tracks crossing one,
two, and three drift volumes; the hiastogram (d) ccrves-
ponds to tracks crossing different modules., The increasc
in error Erom 270 um to 40 Um shows the presence, at
this stage of the analysis, of systematic errors that
will, of eourse, be corrected for.

The over-all precision obtained fer all the recon-
structed tracks in the 25 m’ of the detector, in the
presence of a 5.6 kG magnetic ficld, is shown in Fig, 17.
A 290 un accuracy is obtained.

In order to fee whether systematic effects due to
misalignment of the wire planes or wrong relative pogi=
tion of the six modules could introduce biss on the
momentum measurement, we have fitced straight tracks
(vithout magretic field), using rhe normal reconstruction
program vsed for events in o magnetic field, Any unknown
deformation of the detector geomctry is incerpreted as
curvature of the tracks; hence, in such a case, tracks
with low momentum are reconstructed. Figure 18 showa
the results. The vertical scale is the number of tracks
(arbitrary units) and the horizontal secale is the ratio
Q/p, where Q is the charge and p the momentum in GeV/c.
The histogram is aymmetric; no charge asymmetry in the
momentum measurement is found.

We have also studied particle ionization using the
dE/dX measurement'®, The data were obtained by exposing
one of the central detector modules to a 3 GeV/c muan
beam. In Fig. 19 the Landau distribucion based on
22,000 samples of energy loss measurcments is shown,

The absolute energy scale is calibrated using the

5.9 keV peak produced in Ar by an *%Fe radioactive
souree. The data are corrected for the inter—channel
cross-talk effect: 4I for the adjacent wires and 0.5%
for the next tuo.

Each track was defined by 34 measured points.
Figure 20 shows the mean ionization loss of the loweat
70% of the measuremerts on each track. The Gaussian fit
to the distribution gives 1.4 ke¥ for the average energy
logs, with 0.16 keV standard deviation, An enargy loss
resolution of 62 is expected For tracks with 100 detected
points, In Fig. 21 we show the prediction for the per-
ticle separability in units of standard deviations as a
function of the momentum for pions, kaons, #nd protona.
There is no separation between pions and kaons at
1,2 GeV/c nor between kaons and protons at 3 GeV/c.
Ahove these points the separability increases quickly,
teaching maximum values at 2-10 GeV/e and flattening out
at high momenta.

The charge division accuracy has also been measyred
in this test in the beam. The results are shown in
Fig. 22. & FYRM of 10 cm with 2.2 m long wires is found
(0 = 2% of the wire length), compstible with the preci-
sion of our calibraticn system, At this stage of the
analysis it is not possible to present definitive results
on the charge divisjon accuracy obtained in the recon-
atructed pp interactions. The data have been taken two

~ 18 -




months age and the cemplete reconstruction program was
attempted recently., We will produce these results in
the very near future.

7. cConelusions

In spite of its simplicity, the detector pgeomecry,
coupled with the magnetic field, is well adapted to the
cvent structurej drift volumes with oppesite electrie
fields provide a unique tool Ffor internal calibravion
(drift velocity, drift angle, To).

To avoid risks, & highly sophisticated HV system
has been provided. Currents and voltages are monitored,
and a hardware protection (Crowbar) must run continu=-
ously to avoid multiple sparks inside and outside the
detector, The capacitor monitors, read by the wave=
form recorders, tuened out to be the most simple and
direct way of following the HV activity of the detector.

The flexibility and completeness of the HV syntem
is cssential for the remote eontrol of such a complex
detector. Because of their complexity, all the UAl
central detector components (high voltages, low voltages,
calibrarion electronies, readout clectrouics, gas sys-
tem, egoling system of the preamplifiers, temperature
medsuTement &1l over the detector surface) are control=
led by camputer. A sophisticated and complete software
has been written.

The use af the FADC as a wave-form recorder is a
powerful and relatively simple instrument for drift
chamber readout, especially for events with a high par—
ticle density when the pulse shape has to be used to
digtinguish the various components in a narrow jet.

We have 300 um accuraey in the drift time coerdi-
nate with mapnetic field nl? over the detector volume.
An energy resolution of 6z is expeeted, using the trune=
ated mean for particles with 100 detected points. The
charge division accuracy is measured to be around 3X,
compatible with the precision of our calibration system.
No internal calibration has yet been attempted on the
charge division. The apalysis is still in a preliminary
scage and chere is room for further improvements.
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Fig. 1 Proten-satiproton intersction at 540 CeV in the centre of mass'
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Fig. 2 The UAl experimental apparatus working at the CERN pp Collider Fig, 3 The UAl Central Det»rtov. This
is composed of six indepcndent modules
ascembled to form a eylinder around the
vacuum pipe.
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Fi3. 13 calibration pulses simulating a minimum ionizing Fig. 14 Charge division linearities of the shapnels in
pa *ticle on 12 wires in a CID module. The total energy a crate (five CTDsj only one wire out to two was instru-
(fuli histogram) and the charge division (eontinuous mented).

lin:) are measured every 32 ns (32 ns/bin)., The vertical

scaie 0-83 corresponds to the six bits of the FADCs.
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pions, kaons, and protons.

1 i T
Mean of the lowest 70 %
200 B
T T T T 1
Londau distribution for "é‘
1500 21762 somples in the central 1 3 50p _
defector
T
% g /Ga..s;-a.. Lt
£ 5
21000 4 =z 100+~ -
< Theorehigal predichon
= for .3 Gewr muons
=}
3
=)
Z 500~ _ 500 _
L A 1
0 1 2 3 4 5 o | 2 3
KeV/cm Kev/cm
Fig. 19 Landau distribution of the mensured energy losses Fig. 20 Trunecatcd mean of the energy losses, i.e.
mean, from 34 samples of 1 cm each, of the 707
which are lowest in energy.
T T T PR
« .
Z RESIDUAL N
4
T~ 4cm
Saalis e —1—r T —
6 o
— 5} T-p i
4 .
5 ,
g 4 1
3 3| J Ca
S E
E 2r ] El
5 >
2ot e g
- 3
- = =
e
2-'r
d
5 -3t .
_af- i
P e e e . | ) —
.05 1 z 5 10 26 S0 100 200 500 1000 -10 0 +0 cm
p (Gevre)
Fig. 21 Expected particle separability in units of Fig. 22 cCharge division accuracy obrained at the very
standard deviations as a function of the momentum fot early stage of the amelysis. Optimization of the gas

amplification and off-line calibrarion procedure has

still to be performed.
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THE MPS 1T DRIFT CHAMRER SYSTEM"

Edward D, Platner
Broockhaven Natiopal Laboratory
Upten, New York 11973

Summar;

The MPS II detectors are narrow drift space cham=
bers designed for high positrisn resolucion in a magne-
tic field and In a wery high parcticle flux eavironwent.
Central ta this implementation was the development of
3 multi-channel custom IC's and one multi-~channel hy-
brid. The system is deadtimeless and requites no cor=-
rections on on anode-to-ancde boels. Operationol ex-
perlence and relevance to ISABELLE detectors is dis-
cussed.

The MPS II Project

The MPS

The BNL MPS (Mulciparticle Spectrometer)? is o
large 10 Kg “C" magnet shown in Fig, 1 with a» plane
view in Flg, 2. It has been in operation since 1975

Fig. 1. Brookhaven Multiparticle Spectroneter

Magnet

SCALE

DETECTORS
i
MAGHET

o 2 4 %
mitdcn

DOWHSTREAM
DETECTORS

Fig. Z Plane view of MP5 vith detectors

% Research supported by the U.S. Department of Energy
under Contract No. DE-ACO2-76CH(OO016,

ae a faeility instrumented wich magnetostrictive spark
chambera, PWC's, Bcintillator and Cerenkov hodoscopes
and a varicty of user-provided detectors including
shower counters and transition radiation devices. Howe
ever, since its inftiel operation, the prestest physies
interest has fallem into the sub-nanobarn eross section
region. Therefore, Yeplacement of the spark chombers
with detectors capable of efficicnt operation in rates
% 100 times higher becazme essentigl. 1t was also de-
sirable ro improve the pogition resolution and ebsolute
accuracy of the tracking detectors.

Charged Particle Detectar Goale

At the outset of this work a subscantlal amount of
computer simulaticn was used to help optimize detector
configurations best suited to the event reconstruction
goftware. In ndditiom, hardware "deficiencies" that
impact on computing time were to be minimized. With
this background the following set of goals was genera-
ted.

+ Tracking detector must be capable of very high
event rates - clectronics to be deadtimeless.

+ Good pealtion resolution in a magnetic field
with no or very limited position-dependent corrections.

» Minimum need to calibrate - pood system sia-
bllity as a function of channel-to-channel t,s time vs.
position slope and linearity.

« Compact and reliable -~ guitable for large de~
tectors with poor mccessibility such as ineide of a 4%
calorimeter.

Drift Chamber Design

The drift chamber design was detetmined by the
need to operate gt very high rates in a magnetic field
while minimizing any need for track position or angle-
dependent correctfons, It was also Iimportant from
event recenstruction censideratinng to attempt to re-
solve the righr~left ambiguity ond to generate 2-dimen~
gslonal vectors locally where curvatutre in the B field
18 negligible. A geometry that satisfles all these
criteria 1s shown in Fig. 3. These "X" anode, field
and cathode wires lie aleng the B field lfnes. By ar-
ranging 3 such anadeé plaaes only 1,2 cm apart, no curva~
ture 1s seen within the chamber resolution. Also by
staggering the anode position in the X3 plane resolu-
tion of the right-left ambiguity will occur in 70-80%
of the tracks locally whan firs allowing up to 2¢ devia~
tions are done.

The full module consists of the triple X anodes, a
poir of ¥ anodes, one of which 1s displaced by a drift
distance, and a U and 8 V anode plane which are 30°
1o the Y (Fig. &4). Therefore locally within a module
it 1s posaible to reconstruct 3 dimenslonal vectors of
the particle track. It should be noted that in X the
reconstruction finds one or more vectors per hit., If
more thar one vector 1s found, in general only cne is
correat. e correct vector 1s selected by matching
with the - tors io adjacent modules. In Y there are
aluays 4 vectors generated. However there inm no curva-
ture in Y go that many of the calculated vectors can
lmmedlately be discarded because the track must come
from the vicinity of the target.
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Fig, 3 Three X planes of an MPS Ilydrif:
chacber module.
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Fig. 4 Full drift chamber module wich 7
anode planes.

One of the important features of this drifc cham-
ber system is5 the eiecrronlcs developments that allow
all channel-by-channel ¢ircuit elements to be mounted
directly on the chamber frame, This circuicry is
shown in Fig. 4 and is called the ICPC, Each anode
lead is atrached to a short flat pigtail cable to the
ICPC. On the ICPC are the transresistance amplifiers,
pulse shapers, cooparatars, digital delay and reglstevs
tequired for each anode. Figure 5 is a picture of the
corplete module with ICPC's, cable harnesses and Lnter-
face electronics. Flgure 6 is a plot of drift time vas.
track position in a2 10 ¥g field. TIn this gas mixture

Fig. 5 Picture of completed drift chamber
module with TCPC's, cable harnesses
and incerface circuiery.

T T T T
B0% Ar/15% Cqtip F6% DIMETHOXYMETHANE
FiELD HIGH VOLTAGE ~ 1800 V
70 CATHODE HIGH VOLTAGE -~ 2200 v
col +166.8x-80 167.1x26.2 i
50~ .
£ a0 .
[
30 =
201 —
1or
1 i i !
0 02 04 06 0.8 1.0
x{em}
Fig. 6 Drift time vs. track posicion in a

10 Kg B fleld.

the drift velocity is fully saturated and the u.:ft
time vs. posirion in Jinear at the 130y level from the
ancde to near the fileld wire. TFigure 7 is a plot of
the HV plateau where the electronics threshold 1s 4 ua.

Electronics

The desire to bulld a system easily expandable to
ISABELLE-sfzed detectors capable to handling ISABELLE
event rates, 1.e. deadtineless electronics and reguir-
ing an abaclute minimum of wvariable parameters such as
time-to-digical conversions that are different for each
readout channel led us to develop a munber of custom
integrated eircuita and hybrids. Figure 8 is a block
diagram shewing 3 custom IC's and a hybrid. Each of
these circuics contains & channels of electronics.
amplifier specificaclona are given in Table 1.2 1t
should be noted that the rms noise Ievel s low enough
that comparator thresholds as iow as 1 pa are possible.
Figure 9 shows 1 channel of the hybrid. This shaping

The
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Fig. 7 High voltage plateau for a typical
drife chambex,

OR BUS
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Fig, B Electronics block diagram. All of
. these components are mounted on the
I1CPC,
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Fig. 9 Pulse shaping hybrid circuitry

network was hybridized to conserve speee on the ICPQ.

A discrete Implementation would be much less cupensive.
Table 2 lists relevent performance of the comparator IC.
The device was designed with & 6 mv of hysteresis to
improve the circuit stabllity in large and somewhat
noisy situations. The output level swings were deter=-
mined by the QM0S digital delay-reg‘ster drive rvequire-
wents. An alternate veraion of this comparator having
similar specifications but ECL output is availsble as
MVL 406.2

The third IC in this drift chamber electronie
asystem 18 a state-of-the-art device. It is functionally
a 4-channel, 256-bit shift register (SR} that is fabri-
cated with the CMOS silicon-on-sar~*..ce (SCS) process.>
It is capable of acquiring datm at > 330 MHz. Figure
10 18 a block diegram of the internal scructure of one
channel. To achleve the required speed, the device is
internally an 8 phase register. Thus the maximum speed
each phase runs is 330 MHz *+ B, To provide practical
external clock tisetime and amplitude levels, the clock-
ing 1s done with a 4-phase clock driver. This clock
driver then must run ac no more than 330 MHz ¢ 4 or 83
MHz, a much almpler task than clocking at up to 330 MHz.
A conslderation of great importance in a multiphase
shift regiscer is the relative delay between the clock

4 PHASE CLOCK
+ BY 2 GOUNTERS

DATA —_
L) 7 BT}

.__! 3z
REGISTER

il

GHANNEL
1 QUTRUT
CONTROL

HIN03 NIING VIV QNY NJOTD AYA 8

:

CHANNEL |
CLOCK CONTROL

Fig. 10 Single channel of the 8 phase shift
register,

pulaes and the time data is actually acquired in each
of the 8 phases. This has been measured at 250 MHz to
be 4 £ .5 ng in absclute raonge on a large number of
devices. The standard deviation of this variance, a
number of greater importance in drift chorber applica-~
tions, 1a & .3 ns.

The 4-channel SR with control (enabling) clrcuicry
is shown in Fig. 11. During data acquisition, 4 "ones"

i Br32 BIT
SHIFT REGISTER
4 PHASE €1 nCK

paTA
ot opTRUT

4 PHASE CLOGK

th 3--I ——iCL__Ir—’E
& |

m_‘:'lio_ [ +2 COUNTERS
4 PHASE +BY 2 RESET

6LOCK M-l LOGIC AND
{—P— TRI-STATE
—t CONTROL
ENABLE QUT: ENABLE IN
4 OIT ENABLE
ERABLE TER
CLOCK REGISTE!

Fig. 11 4 channel shift register with enable
cireuitry.

are in the enable register. This allows the 4-phage
clock to drive all 4 channels of the SR. The data is
acquired by running this 4 phase clock at 250/4 = 62.5
M4z, Precisely 1 us after an event of Interest has
occurred, the 4-phase clock is stopped. Channels with
data will then have a string of "ones" somewhere in the
last 32 elements in the SR, the position of the furtheat
1 being a precise measure of the drift time for that
drift chamber cell. Table 3 gives some important speci-
ficatlons for this shift register. Data is extracted

by use of the enable eircuitry which allows selection
for clocking of one channel only and gating of phe last
reglater element onte a common "OR" bus. Onee a channel
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has been sclected for readout, the 4-phnse clock is
tugned on at < 20 MH2 for 32 primary ticks and the “OR"
bus data 1s digitized by an encoder common to one whole
plane of the chamber. In this way the data from a
whole X plane {273 anades) appears on a single coax
rable. In addition, 2 cablea bring the 4-phase clock
to the plane and an additional enable-in coax and
enable-clock coax completes the communication with the
plane., Thus dota and contral for 273 {or more for
larger chambers) is compacted to 5 coax cables. It
should be noted that the enable and clock cables are
common for the wlole medule, Figure 12 is a gicture
of an ICPC containing the cleckronies for 64 channuls.

Fig, 12 64 channel ICPC with input pigtafl

Teae Results

Pulser

Eachh ICPC has a capacitively coupled strip across
the input lines ta the amplifier, To test the overall
system timing varlations, a pulsc is applied to this
strip. The rlgse time and amplitude of this pulse
simulate a drifc chamber signal of > 40 ua. With this
pulser acheme it 1s possiblc to messurc the reference
time t for each channel. With only rederate care in
componcnt selection it 1s possible tn maintain the t
varfation on a plane to within & ns. 1In anddition, one
has a quantizacion error chich for the case where the
clock is unsynchronized to the pulser or clock stop
pulses should on average produce an rrs of .34 time
bins (4 ns each) if rhere are no other sources of
timing jitter. The acrual measured rms value averaged
over a typical plane (273 wires) was .44 time bins.

Pulger data was taken over a perlod of several
veeks and the t_ 's for each channel were compared. Re
shift of more thon .25 time bins was obgserved. This
rteparkable stability 13 of course eapected. Having
noasured it, it 1S wost reassuring and would sugpgest
that operatien of mueh larger drift ~hamber systems
for ISABELLE experiments is viable.

Particle Tracks

As of this writing, 6 full modules have been
builr, tut there has not heen a beam of particles
available from the AGS. Therefore all track recon-
struction has been done from cosmic ray triggers.

Host planes will operate with a camparator threshold
of 2 uya as referred to the input, Ynder these con-
ditions lirtle pickup of the 4-phase clock is observed.
When clean single tracks (u's) are observed, the
pattern recognition already finds unamblguous point-
slope 1n 70% of the events with anly 2 modules. This

is without B finld, We cxpect similar results with 3
modules in a B field.

Relevance to ISABLLLE Detcctors

The MPS 1I preject, in additlon to ito obvigus
physics potential, may be regarded as a prototype Lost-
bed for an ISABELLE detoctor. The cveac vate loading
objectives are similar, At MPS T cthe vaw beam of 107
particles pagses through the active arca of the drift
chambers, TE this region can be rade to work efficient-
1y, as ic is designed co do, then a major step will have
been made to handling the 107 events/sec rate expected
at ISABELLE. This was a major design consideration and
should be optimized by an appre;:late amelection of the
filter network parameters because otherwise the system
is de coupled and deadtimeless,

The compoct packaging this highly integrated systom
uses would make detectors of > 102 drift wires feasible.
With propagation delay selection, ty's can be matched to
better than 2 ne so that individual channel t, correce
tions nced uot be made. The time measurementa ove doie
strictly digltally by a common clock so that only one
drift time-to-digital slope paramcter is required for
the whole system, Finally this highly integrated elec-
tronics should prove very relin! le since there is an
nverage of lcss than 1,5 active components per channel,

TABLE )
BNL TRA4OL .

AMPLIFIER CHARACTERISTICS"
Characteristics Minimum Maximum Un ts
Input Type Truc

bDiffarential
Input Nolse (RMS) 0.25 A
80 ohmg

Input Resistanee

Input Protection 1.13!10—4 J

Transfer Impedance 17 Rohms
belta Transfer
Impedance =10% +107
Galn Stabiliry 0.25 Z/°c
Cutput Impedance 50 ohms
Rise Time 4.4 nscc
Msx. Linear Output 1.2 Volts
Propagation Delay 10 asec
Pelta Propagation
Delay 1.5 nsec
Temperature Range 1] 50 °c
Supply Currents
+5.5v .1 65 mA
-2.3 V& .1 45 nA
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Characteristica

Input Resistance

Input 2 Threshold
Control

Threshold Control
Range (1:1}

Threshold Hysteresin
Threshold Hatch

Crosstalk between
Inputs of Channela

"0" Logic Level
1" Logic Level

Output Response
Time

Slewing

Double Pulse
Resolution

Input Capacitance
Propagaticn Delay

Operating
Temperature

Supply Currents
+5 Vv

TABLE 2
ANL MVLA0D
DISCRIMINATOR CHARACTERISTICS®
Hiniwum Haximum
3
1.5
1] 1.5
6 10
L)
~40
1.8
+3.5
W
3
20
6
14.5 17.5
/] 50
200
22

-3V

Units

Kohms

Kohma

Volts
oy

v

[}
Velts

Volea

nsec

nsec

nsec
113

hsec

*c

£z

TABLE 3

4 CHANNEL 256-BIT SHIFT

Clock Frequency (Effective)

Phase to Phese Delay Match

Hazinum Readout Frequency

{with 16 wvay or tie)

Power Disaipation at 25u MKz
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THE MARK T1 SECONDARY VERTEX DETECTOR™

John A. Jares
Stanford Linear iccelerator Center
stanford Universikty, Stanford, Calffornia 94305

Summa

We have added a high precision drift chamber to
the Mark I1 detector at PFP, The desisn of the device
has been optimized for measurfing vertex Lopologles as
accurately as possible., This has involved placing
wires within 10 cm of the beam line, using a beryllium
beam pipe as the inner gas wall of the chamber, and im-
proving the accuracy of the drift-time measurement.

The chamber operates reliably and efficiently and re~
cords complex hadronic events ac¢urately. Although the
currents drawn by the chamber are moderately high in
colliding beam operations, cvents are “clean," with
few spurious tracks or hite. The spatial resclution of
the chamber is BO u; this permits tracks to be extra-
polated to the interaction peint with 100 u accuracy.

Intreduction
Duripg the past year, we’! have constructed, in-

stalled, and begun data taking with a high precisien
drift chamber which has been added to the Mark I1

~= Vaown Chember
Vertes Detecier

Orett Chomber

)/‘ Timg 0! Flght
Courters
Sg'encid Coil

- Liquid Argen
Shawer Countec

Muon Proportisacl
Tubes

Flg. 1. The Mark 1I detector at PEP.
The muon detection system on the
sidea is not pictured.

Cylindrical

detector at PEP. The chamber, shown in Fig. 1, is lo-
cated between the vacuum chamber and wain Mark IT
tracking chamber. Tts purpose is to provide an accu=
rate picture of che Intersction and decay vertices
which are produced in high cnergy e*c” interactions.
Decays of hadrons containing the ¢ and b quarks and the
T lepton give rise to events with secondary vertices
within 1| om or so af the interaction point, The second-
ary vertex detector should allow uam te measure the loca-
tion of these secondary vertices accurately encugh to
determine particle lifetimes. The device may also be
useful in tagging events with charm or bottom hadrona.

The design of the chamber was optimized for vertex
detection, but it serves in several other capscities
as well, It is uged at both the primary and secondary
levels in the Mark II trigger.? Aes an adjunct to the
main tracking chamber, it improves solid angle coverage
and momentum resolution, and of course the reconstruc-
tion of KR and A decays. We hope, in the future, to
use it for pattern recopniticn in events with dense
hadren jets.

This paper discusses the mechanical design of tho
chamber and the techniques we used to enhance its per-
formance as a vertex detector. 1In mddition, it
summarizes our brief experience opersting the chamber
at PEP. It cencludes with a discuasion of the cham-
ber's performance.

Chanber Parameters

Fig. 2 shous a croas aection of the vacuum chamber,
the vertex detector, and the innermost wires of the
main drift chamber. The vertex detector 15 a cylindri-
cal drift chamber 1.2 metera long and .70 meters in
dismerer. Wires are astrung between the two 5 cm thick
end plates in two "bande,' one comprising & wire layecs
Juat outside the beam pipe, the other 3 wire layers
near the outer radius. The ehamber uses the vacuum
chambers as an inner gas seal. The cylindrical outer
shell fa made of .18 cm thick aluminum and supporta the
wire tension load on the end plates, Therc are 8235
sense wires in the entire chamber, 270 in the inner
band and 555 in the outer band. Table I gives the
radius and number of wires in each of the sense-wire
layera. All the sense wires are axial and no attempt
15 made to measure position along the wires. The drift
cell radius is 5.30 mm throughout the entite array.

The chamber and beam pipe con be operated at pressures
up to 2 atmospheres absolute.

" Aluminum Shell

r~ =4
Mork li e "
Drift Colibratio
Chamber Beryllium Vacuum Chumherf Eiacteonics
—— ot =7 N

9 1
— — e — e — e — :

Eei 1 LSy =X > L
wmitter nner Luyers Bellows
Follower E 23 Quler Loyars. l
Electeanics —

N

0

artaan

Fig. 2. Cross section of the vertex detector as installed in Hark II.
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Table X, Sense Wire Placement in Vertex Detector

Lsyer No,
Inner Band 1
2
3
4
Oucer Band 5
6
7

Vartex Detector Design
Extrapolated-Track Resolutien

The {igure of merit of a vertex detector is the
accuracy with which a track can be ektrapolated to the
vicinity of the primary interaction point. In our
chamber, there are two important contributionms to this
“extrapolated-track resolution.” The Eirst comes from
our finite measurement accuracy, Oy, and the fact that
we must extrapolate the track significantly beyond
where it is measured. In the vertex detector, this
error can be written

o, - B5 o

Multiple comlomb scattering in the beam pipe, chember
gas, and vires gives rise to the other part of the
error. The resultant angular uncertainty leads to a
position uncertainty once a track has been extra-
polated. It can be written

"

os ™ 95 1/ P {GeV/c)

for this ~hamber, These two factors, added in quad-
rature, giv: the extrapolated track remolution for
the device.

We have followed a straightforward strategy to
minimize these tracking errors. We have minimized the
distance tracks musi be extrapolated by placing the
iuner wire band as close as possible to the beam pipe.
We measure the angle of tracks as accurately as
possible by placing the outer band of wires at the
larges: pomsible radiua, And, of course we huve tried
to achieve good spatial resolution with the drift-
time measurement, Multiple secattering has been kept
to a minimum by uping a emall beam pipe radius, letting
the beam pipe deuble as the inner gas wall for the
chamber, and using low 2 materials in the construction.

Beryllium Beam Pipe

The beam pipe 15 & 1.40 7 long cylinder, 15.6 c=
in dismerer, made of 1.42 mm thick rolled baryllivm
sheet.? The central beryllium tube has been brazed
to an aluminun ring at each end, and this in tura has
been electron-beam-welded te an aliainum-stainlesa
steel transition to which the remainder of the bean
pipe is velded., The diamater of the tube was chosen
to asccommodate the swath of synchrotrom radiation fram
the insertion quadrupoles with some clearance.
Beryllium was chosen to minimize the thickneess of the
tube in radiation lengths. A 50 u thick titaniuva foil
cylinder was faserted inaide the beryllium tube and
attached with a continuons circumferential weld st each
end. Its purposz is to absorb synchrotron radia-
tion which backscatters from heavy masks located 3
peters from the interaction point. We have wrapped
the outside of the tube with a 50 y mylar sheet and
25 u of aluminum foil; the mylar isolates the beam

Radius {cm) No. of Sense Wires

10,1223 60
10,9658 65
11,8093 0
12.6528 75
30.3668 180
31.2103 185
32.0538 190

pipe from the foil, which serves as a ground shield
for the chamber. The chnmber's gas velume is sealed
off with O-rings between the beem pipe and the ood-
plates of the chamber.

High Resplution Drift Chnmber

To achieve high spotinl resolution in the vertex
detector, we have located ‘the wircs with high accuracy,
employed high resolution electronics and calibration
techniques, stabilized the gas pressure, and operated
the chamber at high gain, As scen in Fig. 3, which

T T ]
100 |-
80 [~
~ eol-
2 A et
<Efheiency
a0 |- [T
!
20 |- I’ Ethane 15 psi0
o ! L 1 1 1

20 22 24 26 28 30 3z
Hy (k) .

Fig. 3. Spatial resolution as a fuaction af high
voltaga for pure ethane at 1 atmosphere pressure,
The dotted cutve shows the efficiency as a func-
tion of higk voltage. Data arc from the verten

detector prototype.

shows spatial resolution in our prototype chamber as

a function of chamber voltage, resolurion improves
signifieantly when the chamber is operated well above
the beginning of the efficlency plateau. The use of
organic gases and higher pressure operation should
also improve the resolution; once we have nssured
ourselves that the chamber gas doesn'r polymerize in

a high baeckground environment,we nay try this approach.

Wire Pattern

Fig. & shows the wire pattern of the chamber's
inner band. The outer band is similar. Two comstants
chatactacize the entire array: one is the distance
stparating a sense wire layer from the adjacent field
wire layers {.422 cn); the ncher is the distance be-
tween gense and field wires in @ sensz-wire layer
¢.530 em). With the exception of the outermost and
irnermost layers, which we cell guard layera, all the
field wires are run at a common potential; the
gense wires sre all run at ground petential. Inter-
mediate potentials are chosen for the guard layers to
cqualize gains on all the sense wires; this alsp
serves to minimize the electrosratic deflections in

- 30 -

i
i




& FIELD Wire ¢ Sense Wie
Fig. 4. Arvangement of wires in the vertex
detector, The inner band of wires consists

of five identical sections; one half section
is pictured here.

the array, The presence of a fleld wire nearly
exaetly between the two sense wires minimizes cell-to~
cell crosstalk, We have used 20 u diameter pold-
coated tungsten wire as sense wires and 150 yu gold=
coated field wires, The field wiree in the inner band
are aluminum, chosen to minimize the multiple coulomb
seattering; we use beryllium-copper wire in the outer
band, The choice of a fixed sense wire to field wire
distance lets us characterize the entire chamber with
a single relation between drift time and drift dis-
tance., Wires are held in place with the nylon insu-
lating bushing shown in Fig. 5. By selecting the

ALUMINUM END PLATE

225, Lotating
Hole

Nylon Bushing

Ferrule

Epoxy Ges Seal
fcm
10 —_— P
Fig. 5. HNylon insulating and

positioning bushing.

bushings individually under a high power microscope
and by using high precision mechining techalques, we
have located the wires to an accuracy of better than
15 u (rms) throughout the chambey,

Electronics

The electronics associated with the chamber is
shown schematically in Fig. 6. Calibration pulses,
used to determine a common start time for the entire
array, are fanned out to each wire and are simultaneous
within 350 ps {ms). The chamber pulse is coupled to
6 m of 50 Q coax with a fast emitter-follower which
serves s an impedance matcher. We use commercial
amplifier/discriminators" to drive 17 m of twisted
pair; the time between a wire pulse and common stop
pulge 1s measured with a time-to-amplitude converter?
which is readout with a dedicated microprocessor®
(BADC) which then communicates via camze with the on-
line computer. The TAC/BADC resolution is better
than 250 ps throughout the entire system, Tha TAC
has additional outputs used in the primary and
secondary triggers. During data taking, the system
is celibrated every 8 hours.

‘3¢ C when the beams are on.

CALIBRATION
ULSE
INPUT

CHAMBER WIRE

& m
RGIT8

LECROY
= MVLIOD STOP RESET Qanah
Fig. 6. Calibration and readout

electronics.,
Operating Experience at PEP

The vertex detector was iwstalled in the Mark II
detector at PEP in September of 198l. It was apera-
tional for trigger and efficiency studies during the
month of November and was used in regular data taking
during December when an integrated luminosity of
1500 nb-l was accumulated at 29 GeV center-of-mass
energy.

We are operating the chamber at 15.5v: .05 psia
with a 50/50 mixture of argon and cthane. The high
veltage 1s set to 2,250 kV and the electronics thresh-
old 1s 400 pV at the HVL10D iaput. With stored
currents of 20 ma of both clectrons and positrons,
there is no beam pickup. Under these sawe con-
tions, we have observed a little beam pipe heating;
Lie beam pipe temperature has increased by as much as
Moderately high currents
are drawn by the chamber, especially the inner layers.
At the beginning of a fill there 18 ~ 0.2 pafuire
in the inner band; only 0.01 pA/wire is drawn in the
outer band, Despite these rather high currents, the
information from the chamber is quite "clean"; i.e.,
we see very few apurious hits or uncorrelated tracks,
and there is no noticeable "snow." Fig. 7 shows the
pattern of the wires which have been "hit" in a
typical hedronic event in the vertex detector. It
also demonstrates that cell-to-cell pickup is not a

areaiy

Hadronilc eveat in the
vertcx deteckter.

Fig. 7.
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problem. In general, adiacent cells fire only when
s track has passed near smoagh to a cell boundary
that dlonization is collectad on both wirea. Typically,

one of the drift~cimes ia very long in these inatances,
Chanber Performance at PEP
Efficlency

Fig. 8 shows the chanmber efficiency as 2 function
of high voltage for each of the four inner layera.

1.0 T e
- T s ]
L
os |- Pomt ]

06 = -
5 . -
a4 . % Inner Layer
4 v 3 -

oz | ﬁ

' L L |
1.8 1.9 20 2.1 22 23
w HY (V) s

Fig. 8. FEfficiercy va. high voltage

Note that, within the statistical errors, all the data
saem to lie on one curve., This fact confirms that the
wire gains in the four layers have been successfully
matched, The chamber is fully efficient above 2050 Vi
ve assume the observed 1 or 2 X inefficlency iz be
tracking errors, and not a true messure of chamber in-
efficlency. We run the chanber well above the knee in
the efficiency plateau in order to improve the spatiml
reselution,

Monitoring Drift Velocity

The elose packed wire array in the vertex detector
1s auto-calibrating in the following sense. A typieal
track passing through the inner layers generates 4
independent drift times. These 4 times can be alge-
breicelly related to four other quantitien: the slope
and intercept of the parcicle's trajecrory, the drift
velocity, end the rime corresponding to zero drifr
length. Thus, on a track-by-treck basis we can moniter
the drift velocity and the stability of the calibrarion
procedure, The linear apace-time reletion we aassume
in this procedure is accurate over about 8GY¥ of the
cell. The technique measures the drift veleeity with
an error of a few per ceat per track; so the drift
velocity can be monitored to hetter than L/27 in a one
or two hour run., We hope to use this technique to
study run-to-run drift velocity variacions; it will
pernit corrections to be applied on a short time-acale,
if necessary.

Resolution

We are currently studying the time-distance rela-
tion and spatial resclution in the vertex detector.
Our procedure is to assuue 1 simple form for the rela-
tion {we allow linear, quadratie, and cubic terms) and
vary the parameters to minimize the LX? for en ensemble
of tracks, Our studies to date have used the sample of
Bhabha scatters collected during the month of December.

*iork supported by the Department of Energy, contract
DE-AC03-765F00515.

Fig. 7 showa the distribution of the sum of the
squared rosiduals per track for tracks which have
pasaed throvgh the four inner layers after the time-
distance parameters have been optimized. Two track

T T T

dN eR¥Ret

o

oR!

At {107 4f) .
Fig. 9. Distribution of the sum of the

squared residuals per track, dN/dRZ.

paraneters, the slope and intercept of the trajec-
tory, are allowed to vary in the fit, so the dis-
tribution is preportional to the x° distribution
for 2 degrees of freedom. $So we con write

and the plnt lets us determine the resclution graphi-
cally. Fer this subset of the data we have achleved
a resolution of 80 u per layer. We are presently
optimizing the time-distance parametere for hadronic
events by including angle dependent terms for tracks
which pasa near the ficld wires. Assuming & measure-
ment error of 80 u, the extrapolated track resolution
for the Mark secondary vertex detector is

0?2 = yJ(70)2 + 95 G ¢
P(GeV/c)
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Abstract

With the principle of the time expansion chamber
and the pdditional meapurement of the position of the
avalanche aleng the circumfetence of the anode wire it
is possible to reconstruct the spacinl distribution of
the primary ionization Iun space. A position resolutlon
For minimum ionizing tracks of o £ 30 um im expected.
First tests and concepts for vertex detectors are pre-
sented.

Iatroduction

Particles produced in high energy pp, pp and ete”
collisiona are expected to consist of ¢, b and t quarks
and have a relatlvely long lifetime, such that they
come into the reach of identification by measuring
their decay vertex reparated from their production ver-
tex. In order kg decect these particles with n life-
time of 1 ¢ 1013 3 position tesolution of o < 30 um is
needed.

Earlier work! has shown that a drift chamber
can reach a resolution which comes close to this value,
The measurement was performed for several gases and
mixtures far increasing pressure F and as a function of
the drift length x. It was fcund that three main con-
tributiens ro the positicn reselution ¢ can be dis-
ringuished:

2

ot eal s (4% )2 + (Axdiff)z (1)

ion
The laat term is due to diffusion

2 _ 28D D 1 x
(Araed” = TE X287 575 P 2

with D the diffucion constant, y the electron mobilicy,
E tha elecerical Eield aud B a correction factor which
takes into account that a number of electrons partieci-
pate in ganerating the stop signal. This centribution
BXd4ff can he easily separated, becavse it becomes the
main contritution for large x.

dxyon 18 & contribution due to the fluctuatlon of
the primary jonlzation. Since o minimum ionizing par-
ticle leavas on its path through a gas only a few
statistically distributed clusters of ionization (i =
10 ... 40 em1) at atmospheric pressure, the track
looks wicroscopically fuzzy as can be seen from enlarged
¢loud or bubble chamber pictures. A drift chamber
meagures the position of the cluster with the shortest
drift time to the anode (leading edge discrimination of
the anode pulse) and therefore 1s sensitive tu the
random position of the cluster along the particle
track.

AX{on depends on the mean distance between
clusters A,y = 1/f with fi the nean number/cm track
length end therefore decreases proportionally with
pregsure,

»,
Now at ETH, ZUrich, Switzerlend.

The naximum of this coatribution 1s at = = O with
A%ygn = 1/2 A,y and decreases ropidly with incceasing
X, a purely geomecrical effect.

The constant contribution A was found to be inde-
pendent of pressure, but different for difFerent gases
and mixtures. Th2 lowest value A = 20 wm was found for
a mixture of CpHy — CaHg (3:1). This cffect could be
due to the rangc of the primary electrons, fluctuations
of the avalanche or resolution of the electron.es.

The apalysis of these data shows (hat it will
be very diffieult to improve the overall resolution
further but indicates the basic problems. T7Therefore,

a new type of chamber, the time expansion chamber,?

has been lnvestigated with respect to its application
as a high precision vertex chamber which, In principle,
correets the Iimitations of the standard drift chamber
described shove, giving high position resalution
already at atmospheric pressure and good double-track
resolution at the same time, This type of chamber

also opens the passibility for a position measurement
of the second coordinate with the seme high precision
as 1n drife directien.

Principle of the Vertex Ghamber

The best position resolution for the track of a
minimum fonizing particle can be achieved 1f the posi-
tion of aach primary ioniz.tion cluster can be measured
separately, and o straight (or slightly curved line in
a magnetic fleld) is fitted through these points. Then
the contribution Axj,, as introduced above can be
elininated,

Furthermore, If the position of each cluster is
reasired separately, the measurement of the center~of-
gravity of i{ts spacial distribution after diffusion
glves a preeision of o, = op//A, where o, is the dif-
fusion of a single electron and m is the number of
electrons/cluacer. If a tetal of n clusters {s mea-
sured, the toral contribution of the 3i{Ffusion will be

o=op/mn = aof/ﬁ 3

with N = m - n the number of electrons released in the
track Section under consideration., This represents a
considerable reoduction of the contribution of diffusion
as compared to the methed of leading edge discrimina-
tion. Also, the contribution A may be reduced if it im
caused by the range of the primary electrons (for
higher energy, called §-rays) by rejecting the posi-
tion measurement of "big" cluscars,or if it is caused
by fluctuations of the avalanche or the electranic
timing by increasing the relative speed of the
avalanche.

These improvements are in principle possible with
a special readout of the time expansion chamher. There
are two main features which distinguish thig chambar
from a standard drift-chamber (Fig. 1)

(a) The drift region is separated from the gas
amplificaticn region by a fine grid. The electrie
field strength and gas mixture are adjusted ro result
in a small drifr velocity (vp, = S wm/ne) as compared
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to the usual value (vp, = 50 pm/ns). The full drift
velocity 18 maintsined in the gas amplificatlon region
and therefore the anode signal can follow the fluctua-
tions of the primary lonization and even resolve
individual clusters.

{b) Two pick~up wires are placed close to the anode
wire. The difference signal is given by APW = sina
with « the angle of the fieldiine carrying the cluster
to the anode as shown In Fig., 1. Since a determines
the fieldline it also determires the coordinate y along
the track.

ta) Track

APW

{b)

A 1 I
! : Ll APW
1 | [ H I & 3ing ~~—y
(IR
IR
11y I
U |
aAPW N '
a] 4
i o
Fig. 1. Principle of time expansion chamber.

(a) Layout with pick-up wires. (%) Signals.
Therefore, a track inclined with respect to the grid by
an angle 8 (Fig. 1) will allow the meapurement of the
individual clusters In twe coordinates, ¥ by the center-
of-gravity of the drift tiwe and y by determining .
For smaller & the clusters will eventually merge and it
will be difficult to eliminate large clusters and
determine y. Still, the measurement of che cencer of
gravity will 1esult in an improved position resolution
particularly since the y coordinare has less wedght for
smaller 8. Nevertheless, one may design the chamber
layout such that a minimum angle 6 1s guaranteed (see
Fig. 13}.

A vertex detector is wost effective close to
the vertex and therefore a very gooo double-track
resolution is of ioportamce. The feature (a) of the
time expansion chamber will automatically give a high
deuble track resclution Ax only limited by the overlap
of the projected erack segments (Fig. 2) 4x = d » tané
with d the segment in y direction accepted by an indi-
vidual anode. At this point a compromise hes to be
found berween position resolution (1/¢d because of the
number of electrons N measured), a minimum B8 for
separating clusters, drift velocity and double track
resolution.

Teoch

_l Ancde
——— A
J
d /
_____ -f__— L4

1-u ana
Fig. 2. Limit of double-track resolution due to
the widtly of the projected ionizarion.

Measurements

Heasurements have first concentrated on investigat-~
ing the navel features of the time expanaion chamber
which lead to the reconstruction of the primary loniza-~
tion.

Zhe time expansion effect has been primarily intro-
duced to asccomodate the speed and reaponse of th. gas
amplificarion to the time sequence of the arriving
ifonization. Therefore, it is convenient to diaesuss the
time expansion chamber as a system (Fig. 3) consiating
of a "delay line" (the drift space) connected to an
"amplifier" (the "avalanche amplifier' plue electronic
preamplifier}. The "delay line" cransforms rhe pro-
jection of a charpe distribution p(x) into a time

1
1
P \ o
a 1 1

' 1

!
e
Drift  Gos Ariphfier  Electronic Amplifier B Filter

EQUIVALENT TO

plx}
' @
——— ——

Detay Line Gas
Amlifier

Electeonic Amphifier
a

~

N

o\

t t e

Filter

plo d pm] ]'K

EY
ol 1
r-u x

Fig. 3. The time expansien chamber and its
eleetronic analague; p(x) spacial distributioen
of charge, Q(t) signal.

,‘ Saturation "
Pl fZ
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sequence plx(t)] witn x(t) = vy, « t and the amplifier
tranasforns {t {into an electric signal Q(t) = S plx(t)]
with 8§ the amplificarion factor.

The "avalanche” amplifier and the electronic pre-
amplifier are considered ue one unit while the latter
1s assumed to cancel linear deformations of the
"avalanche" amplifier by appropriate shaping (see, for
exemple, Ref. 4).

Bandwidth of the Ampiifier

Figure 4 shows the signal of one cluster produted
by an 53Fe ¥X-ray in gain region behind the grid which
can be considered &8s the response of *he system to a
é-function p(x-xg) = pg 6{x=xp). A width of At =
10 ns (fuhm) and almost complete canecellation of the
tail has been achleved with the circult shown. Shatper
clipping reduced the giplitude without shortening the
signal indicating the high frequency limit given by the
“avalanche" amplifier.

AL A B B B B B 4

b N N I |

20ns/div

Ancde n:2ns  Tpedns

Fig. 4. Response to pointlike charge
distribution (55Fa). Grid to ancde =
1.6 pm, ¢ anode = 20 um.

Noise of the Amplifier

The noige of the "electronic" amplifier was a
typical noige spectrum with an equivalent noise charge
/ENC = 5.103 electrons (rms), a telatively high value,
With a careful design of amplifier and chamher,
better values can be achleved. The nolse of the
"ayalanche" amplifier would manifest itself in an
amplitude variation which usually 1s identified ag the
energy resolution of the counter in the pulse mode.
Also spurious signals would contribute to noise which
could be expected as "after" pulses at high gain. By
counting individual pulses in a pulse train for minimum
ionizing particles as shown in Fig. 5, a plateau was
reached for increasing gas gain, indicating that only
lonization clusters contribute to signals. The mean
nunber of measured clusters per track (the plateau-
value} a3 a function of gas pressure shows that up to
1 atm no dead-time effects can be observed, which is
interpreted as absence of sonlinear distortions
(Fig. 6).

Drift Characteristics

The drift velocity has to be adjusted to vpy =
5 um/ns, such that with the given bandwidth of the
amplifier the spacial structure of roughly 50 um of
5{x) can be recorded. This low drift velocity is
obtained by opevating with a drift field far below
saturation, the mode which usually is used in drift
chawbers. The field ig comsidered to be "low" if
it has not yet heated up the electrons considerably
and they are atill close to thermsl equilibrium. Then
in good approximaticn one obtains® for the drift
velocity
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Fig. 5. layout and signals for cluster mea-
surement. Drift gap 10 mm, maximum dyift time.
1 ps.
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Fig, 6, Number of clusters/cm in 92% Ne + 8%
methylal as a8 function of pressure.
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with N the gas density (molecules/volume}, o the mo-
mentum trunsfer cress section and v the mean electron
velacity. It can be seen that the drift velocity
increases under these conditions linearly with E/N, a
result which is also izportant for calibratdon and
atability (see below). Figure 7 shows the measured
drife velocity for Increasing concentration of methylal
in argon which shifta this linear behavicr to higher
E/N.

Methylal has a large cross section for inelastic
electron scattering and thervefore tends to keep the
electron energy in equilibrium with the gas. The
diffusion coefficient 1s given by

Jes

(5)
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Filg. 7. Drift velacity of center of gravity
(lonization from pointlike X-rays). The ad~
mixture of methylal is shown on the curves.

and together with the Einstein relation o = V2Dt =
ED/vDr ~ X ane cbtaias

02
L-2% (6

where ¢ Is the mean electran energy. For ¢ in equili-
brium with the gas az/x decreasas ideally as 1/E, as
shawn in Fig, 8 (solid line). Measurements were per=-
formed with the time expansion chamber where the anode
pulsc width 4t was recorded from photographd and the

diffusion determined by o = 0.43 vpy * 4t. The standard

drifc gas {Ar + isobutane) shows very clearly a devia-
tion from the ideal behavior (as expected’) while

CpHy, + methylal gives lower values and follows to high
E/N the diffusion data measured by different means, 8
This shows again that the anode signal follews the
structure of p{x) with a precision sufficient for the
determination of the center-of-pravity of the signal.

75 at Ar+Carg N
B » Methyial
; -
~ —
- N CaHg *
% ey Metnyial (6%
o0t - -

00! o 1o 10
E/@  (ufem Torr) arnan

Fig. 8. Diffuslon a? for a drife
length % as a function of E/P for
P = 1 atm. Ar, CgHjg, methylal
from Ref. 7. Points with error
bars measured in time expansion
chambar; dashed line measured by
Ref. 8 for CyH,.

Angular Measurement

The above mentiponed Feature (b}, 1.e., the angular
measurement, has been tested with a eylindrical chamber
without grid but with two pick-up wires close to the
anode. X-rays (8 keV} have been used to gimulate
single. lonization cluaters under a given angle a, The
difference signal has been clipped to a width of
At = 20 ns (fwhm) and its amplitude spectrum recorded
for different a (Fig, 9). The widch of this diseribu-
tien correspande to an angular reselution of Aa(rms).=
2,3°, partially due to the width of the collimation,
limited mechrnical accuracy or fluctuations in the
avalanche. The resolution expected from the nolae of
the preamplifler? im negligible, namely talrms) = 0.89,

o =0.8" letectronies)
o =2.3°(xatal}

s

Fig. 9. (a) Pulse height distribucien of
difference signal 4PW from plck-up wires fer
geveral values of a. (b) Electrode arrangement.

Double Track Resolution

An exanple of the double track resolutinn obtain-
able is shown in Fig. 10. The gignals from three wires
are displayed on the scope simultanecualy by mixing
them linearly after delaylng two of them. y-rays
(beemsgtrahlung from 106Ry) occasionally produce pairs
which are recognized by giving signals in twe scintil-
lators behind the chamber and tvo separate eignals for
the last wire. The central wire chows double signals too
and a minimum distinguishable separation of ix = 200 pm
was found, This is in agreement with the expected dif-
fusfon, ggiff = 70 um for a drift length of x = 5 m,

Readout

After amplification the anode signal (A) and the
difference signal from the pick-up wires (4PW) are
digitized with flagh ADC's in 10 ns time samples and
stored in 6 bit RAM's (lk memory)}(Fig. 11). A proto-
type 512 bits deep has been tested successfully, !0
With drift velocity wvp, » 5 um/ns the sampling speed
of At = 10 ns correspords to o = 15 um, even 1f no
center-of-gravity caiculation is performed.
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Fig. 10. (a) Signals frou three anode wires
displayed on scope, (b) Layout for measurc-
ment {Sc: scincillators).
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Fits 5ignals oy, ToHost
Camputer

Fig, 11. Readout (schematically).

A preprocessor isclates and definea single track
segments and calculates APW/A. In principle, this
information e¢sn be forwarded to the on-line computer
but it may be convenient to process the data in dedi-
cated p-processors (one per wire) to increase computing
power and Teduce the amount of data written on tape.

Diseussion

The teconseruction of the prajection of the charge
distribution p{x) by measuring the pulse train Q(r) ia
based on the assumption thar the grid acts as a virtual
amplification plane. This is achieved by a large time
expansion factor where the drift velocity vppq In the

amplification zone 1a large compared to the value in
the drift reglon vprp, such that the longer drift path
on field lines reaching the anode at large o becomes
negligible. A time expansion factor of 10 (vpr =
5 po/n8, Vpez = 50 um/ne) seems to be sufficfent, but
Jarger factors can be considered.

The fact that the chamber does pot operate at
saturated drife velecity turns out to be an advantage
For the stability. The drifc time Eor lonization in a
point P{x,y,z) ie given by

G __da
V%, v,2)

with x; the poaition of the grid, Because of the choice
of the 52s we have

Yoe = Vo E/N (7

with vy depending on the gas mixture and E/N che reduced
field strength. Furthermore, os long as the geometry of
the chamber is unchanged E(x,¥,2) = UyF(x,y,2) with Ug
the applied high voltage and F(x,y,2z) a function depend-
ing only on geometry, Therefore, one obtains

N % ds
Dy "a”o_‘; Floy,ny  © 9

Every measured drift time can be corrected with the
same factor and only one point has to be monitured once
the integral is known for eoch point from test beam
measurements.,

Anather aapect of this detector is worth being
mentioned. Once the rcluster sequence haa been mea-
sured from the anode signal, the measurcnent of the
center-of-gravity on the pick-up wires would be suf-
ficlent to determine the exact location of the track,
assuning its angle 6 13 known Erom the rough position
measurexent of other wires. This option would con-
alderably reduce the elcctyonics needed for readout.

The same principle offers the possibility of mea-
suring the second ccordinatc (along the wire) with very
high precisien. Frem signal {(Q)} to nolse (4Q) consider-
ations, it can be shown that with proper design of
amplifiers and detectors the readout of che center-of~-
gravity of induced si?nals on cathode strips (width d)
can give a resolution!!

a-—-Qd\/ Wz,

with k* d the width of the induced signal (abaut twice

fuhm). A resolucion og g ~ 15 ym should be poasible

for d = 2 mw, @ = 5.10° and the chamber geomerry of
the time expansion chamber.

However, measurements and analysia of the dapal2:1?
show that 1imits of position resvluticn for minimum
lanizing particles are derermined by the fact that the
center-of-gravity of the projected charge 1s measured
and the latter is subject to large fluertuatione. Only
for ¢ = 0 (Fig. 12) does this effect disappear.

Center of growfy Center o1 grovily
¢

Pl PI
] I I I 1
g o Troek— 1 G‘]“’
| ¥
| lp:\ Py
I

Anade Cantar
- of
1 F,’ gruui Iy
. ;I | [

. Py

Jen7 e

Fig. 12. Principle of three-dimensional center-of-
gravity mcasurement, Coordinates as in Fig. 1.
z along the anode wire.

Figure 12 also shows how the chamber described above
can correct for these effects. 4 track crossing a gap
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d and producing a charge diatribution p(s) (with s
along the track) is shown in three projections. Depend-
on the angles ¢ and 8 these projections are linear
images of each other. It follows then that the lines
of back projections of the center-of-gravicy of each
view meet in a point which is exactly on the track.

‘This figure also illustratee the need Eor time
expangion and showa twe aspeets. First, the time ex-
pansion must be large enough to allow the anode signal
to follow the ionization structure in order to be able
to determine its center-of-gravity. Second, it is the
only measurement which can give the detalled structure.
The measurement of the induced signals on the cathode
strips or the pick-up wires gives a certain mean value
which, for fine cathode etrips, is the center-of-gravicy
but for the pick-up wires is given by

ﬁ-fcy 8(y) dy

where g(y) includes the function mepping the field
lines onte the circumference of the anocde wire

(angle a) and the function APW « sine producing the
induced signals, For a not too large and careful
design of the field lines g(y) approximately equals y
and no further treatment ia needed.® If chese approxi-
mations are too coarse, the precise knowledge of py in
drift direction can be used te obtain corrections. In
this case the chamber geometry has to be arranged such
that all tracka have b # 0°,

Chamber Layout

A possible layout for a vertex detector around a
btean pipe for intersecting storage vimgs 1s shown in
Fig. 13. Here the individual cells have been tilted
by 11.3° to guarantee inclined tracks for the high
precision readout, particularly Eor the second

a13an

Fig. 13. Layout as vertex detector. Inner radius
6 cm, ocuter radius 1?7 cm; maximum drift path 2.6 em.

*
For a TPC detector, this would be s posaibility to
increage the precision of position weasurement with=
out time expansiom.

cocrdinate. It may prove, however, that the gain in
resclution is not large and then it will be more con~
venient to have the cells point to the center. This
also would iwprove the double track resolution as dis-
cusged sbove,

In order to improve the pattern recognition, the
high precision wires (with the readout of pick-up wires}
have been interspoced with a pair of "pattern recogni-
tion" wires (Fig., 14) where d* = 1 mm is relatively
small giving high double track reselution. They alse
resolve the right/left embiguity, The position resolu-
tion of these wircs will be roughly 100 um in drift
direction and 2 mm {rms) along the wires using charge
divigion.

Cathode Readoyt
Grid us Cathode Strips

T it il High Precision Wires
4' 3 Pech -up Wires PW
-3 d
o8 3 Gna
H L I»‘/\’ Patiern Recognition
{q-/ wires
1 Field | s 3
! Shoping | @' . ™ Fucly Wires F
r : L

Fig. 14. One cell of vertex detector
(schematically). Position of PW and F
not to scale. F arrang.d to give 4' =
1 mm. Double wire spacing 1 mm. Gap
width w # 3 mm, depending on d. Cathode
strips at ends of separate frames serv-
ing as grid.

The innermost and outermost high nrecision wires
are equipped with cacthode strip readout far the high
preciifon measurement aleng the wire. Since the
chanber 18 relatively short (R = 50 cm) a delay line
splic in five parts can be used in connection with the
inner high precision wires (not shown) that can be
designed for a precision of 50 um (rms).

If this detector is mainly used for vertex recon-
struction, a TPC-1ike geometry cay be favorable. With

‘a maxioum drifv length of 25 em, a time expansion

factor between 5 and 10 can be used and the three-

dimensional reconstruction described above could give
space points with typically 40 yn (zms). 1n addition,
pressure would improve this value proportional to 1/P.

Conclusion

The time expansion chamber equipped with additional
zeadout of induced signals allovs, in principle, the
reconetruction of the epacial distribution of the
ionization of minimum donizing tracks. The precision
of the reconstruction seems so far to be limited only

- 3 -



by diffusion which can be further reduced by inexessing
the fonization density, Occaslonally the cange of the
primary electrons cay limit the resolurion but little
information is available up to now. The time expansion
chamber may provide the wissing data.
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Summary

We have inveatigated the spatial resclution of the
TRIUNF time projection chamber (TPC). The dominant
effects on the resglution are diffunlon, track-ancde
crossing angle, ExB forces in the region of the anode
wire and clustering of the primary lonization. A form=
ulation of these effects has been used to determitic the
mean collision time, the diffusion constant, the Lorentz
angle in the anode wire reglion and the spatial resolu-
tion as a function of the cressing angle for a gas mix-
ture of Ar (80%), CH, (20%) at atmospheric pressure.
The minimum resolutien, o ~ 200um, occurs when the
track crossing angle equuls the Lorentz angle. As the
angle moves away from this value the resclution de-
teriorates rapidly due to the discrete nature of the
fonizatfaon process.

Introduction

Au apparstus based on the prineiple of the time
projection chamber (TEC)! has been developed to aearch
for the lepton number violating nuclear muen capture
reactions:

WL v e 2

wz - ¢t (z-2)

The TPC is a large volume drifc chamber with uniform
parallel electric and magnetic fields. Several cffects
which Influence the spatial resolution of the TPC have
beer studied. An important aspect of TPC operation is
the reduction of transverse diffusion of the loniza= _
tion electrons_in the presence of parallel electric (E)
and maghetie (B) filelds (ExB=0} iIn the drift region.

In the neighhourheod of the endecap proportional wires
there are necessarily regions where ExBRQ which signi-
ficantly affect the shape of the drifting ionizatinn
cloud in a mannet which depends on the angle at mulch
the track crossed the wire. In addicion, density fluc-
tuations and clustering of the primary ionizatinn de-
pesited by a charged particle traversing the chamber
ges are important considerations.

The TRLUNE TPC

The TRI'MF TPCZ:3 i shown in Fig. 1, Ionization
tracks of charged particles which have traversed the
chawber drift under the force of the alectric fleld
E=2530 v/cm onto proportionzl wire modules inthe endcaps.
The gas used =a mixture of Ar(B0Z) and CH,(20%) at atmo-
spheric pressure and the magnetic fleld has a maximum
operating val e of B=9.,5 kG. The drift velocity was
measured to be U=? cm/usec, The endcap modules have 12
slots separated by 2.54 cm as shown in Fig, 2. A peint
charge on the anode would induce a charge diatribution
on the segmented cathode spreading over 2-3 pads each of
width $=0.6 mm. By measuring the width of the cathode

*and University of Victoria
Tand University of British Columbia
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Fig. 1. A perspective view of the TPC. The num=-
bered elements are: 1) the magnet iron, 2) the
coil which has an inside ficld volume of 1.imx
1.2mx0.9m, 3) outer trigger scintillacors, 4)
outer trigger proportional counters, 5) endcap
suppart frame, 6) central electric field cage
wires, 7) central high voltage plane, 8) outer
electric field cage wirea, 9) inner trigger scin-
cillators, 10) inner trigger cylindrical propor—
tional wires chamber, 11) endcap proportienal wire
modules for track detection.

charg distribution the true anode charge distribution
can be determined.

Tiic :athode signal feeds a LRS TRA 510 amplifier
and its output is digitized by the LRS 2280 1Z bic ADC
system, The amplifier pulse width at the base is
1.2 paec. The noise of the cystem 1s ~2 £C and the
wire gain is ~5 x 10%. The sum of induced signals on
the pads for minimum ionizing tracks is ~ 0.2 pC.

Data Analysis

Ihe Pad Distributions

The diastributfons of charge on the cathode pads
were fitted with a function f(x) chosen to minimize
blases in the estimates of the centroids., Such blases
were found to be ag large as 200 ym for a simple
Gaussian function. The function used was




810
ALUMINUM

ANODE SIGNAL
CATHODE SIGNALS

SIS IS,

7

rors
7

o’

7

P/

[ rua

PAD READQUT

Fig. 2. Aduode wire glots, The slots are
machined out of a 19 mm thick plate. They are
19 oo wide and 17 om deep, The remaining 2 mm
has & 6.3 mm slot cut in it to allow cthe foniza-
cion access to the anode wires. The plate has

a 6.3 mm G0 back plate which supports the anode
witres in the slot and has the 6 »m wide cathode
pads etched on it, The anode is 4 wm above the
pads. The electrical conmection to the pads is
wade by pins which go through the G10,

£(x) = explp - ATI(xxg12 ],

where: p is the amplitude parameter, w is the width
parameter, ¥, is the centre of the distribucion and m
is a constant. The full width at half maximum (FWHM)
of this distribution is given by:

W 2175 Yen2(Bn2+2w)

Three important effecta contribute to the observed
width W* of the charge distribution induced on the cath-
ode plane:

1. Wi the intrineic width of the measuring system

2, Wz the width due to diffuaion, and

3. W3 the width due to the track-anode croseing

engle and lorentz forces.

The FWRM for a point source distribution is a con-

stant W3 = Cl.

[t

(¢

Diffusion

Diffusion plays an important role in spreading the
charge diwcsibution along the ancde wire. The FWRM of
diffueion normal to the drift direction in one dimen—
sion is: .

WY = 2,355

3

where P 1p the diffusion constant, & the drift length
and U the drift velocity. The diffusion constant is

*Since the distributions approximate a normal distribu-
tion it is assumed that if the wideh is due to a number
of independent contributions theu the individusl widths
can be added in guadrature. The }{ i taken to be
2.35 times the rms (root mean square) deviation,

- g2 -

reduced in the presence of a magnetic field E according
to the relation:

D(B) = DIOI/(L+u?r?) (3]
w is the electron cyclotron frequency and T is the mean

electron collision time. This diffusion width normal
to che track directfon is projected onto tha ancde wire

leading to:
ZD!OB:
\‘U(lm 14 "
The Angle [trect

In the absence of a magnetic field when the tracks
are at an angle 0 to tho normal te the anode wire slot
(Fig. Ja), the charge distribution ut the ancde wize
is a square function with width H given by:

2.35

Uz - cosf

(5

Hw L tand . (6)
Here L is the width of the slot, The observed cathede
charge distribution is broader than that induced by a
point source. The contributicn to the FWHM of a square
unifora distribution is:

2,358
22

ExB Effects in the Anode Slot

W= (7N

_ Effects of non-parallel electric (E) and magnetic
{B) ficlds arc large in the position senslng region of
the chamber. To a first approximation the average posi-
tion <. a track is unaffected gince the forees are agym=
metric about the track centre. However, thege forces
can significantly change the anode charge distribution.
In a coordinate system in which % 1a along the wire, ¥y
is normal to the wire and z is parallel to the magnetic
field, the_electrons drift with volecity vy toward the
anode, A VB force results whicli causes *he electrons
to drift at an angle 2 (the Lorentz angle) o the y
direction where
Ean o ® w1 . (8)

Electrons drifting toward the anode wire will reach
the wire with a displacement proporticnal to tan «,

Figure 3b 1llustrates the electron drift in the '
slot in the x-y plane as determined by Eq. (8)., The
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Fig. 3. Electron drift in the ancde region. a) In the

case of no wagnetic field, the electrons drift in the
y~direction and the charge is distributed along the
anode in the dashed region. b) The magnetic field is
out of the plane of the figure and the elecctrons drift
under the Lorentz force at the angle «. The charge is
spread along the anode in the dashed region. If @ =-a
the charge spread neglecting diffusion 1s zero.



Bctual electron path 1s not a straight line in the x-y
plane since T varies considerably during che drift,
patticularly in the region close to the wire. However,
the data is adequately reproduced by assuming T is con~
stant and using an average value oi tan &.

_Including the additional term which accounts for
the EXB angle «, the width of the distribution as a
function of track angle {s given by

2.35L{tand = tana)

Wy = ZSELERR N 9

Variation of Total Width

The calculated cathode charge distributien has a
FWHM which {a the gquadratic sum of the above componenta
Wy, W»> and Wy

02 = w§ +wd +wi

clz
] H 2 _ 2

ci + o526 + C3i(tanb - tanu)* .
Cl, the minimum width, includes the intrinsic width of
the cathode charge distribution plus diffusion effects
in the slot, electreonic noise and other unknown compo-

nents.
. { 2D(0)
C2 = 235y GiuD)

represents the effects due to diffusion in the drift
repion of the chamber and

L 235’
[1%3

takes into account the crossing angle and EXE effects
in the plot. Here L' is the effective slot width,

From Eq. {10) it can be sean that che width 1a symmetric
about 620 only when tana is zera, i.e, b=0., In the
case of Bf0, the minimum width occurs at &n angle 64,
vhich depends on both B and the drift distance z. By
differentiation of Eq. (10) with respect to 6 it im
found that

(10}

(11)
Cs

a2

1 1, ciz
tandnyy tans  Citana

. (13

The ninimum width oceurs at an angle Oyin which de-
creases as z increases.

Spatial Resolution

The spatial vesolution depends on the precision
with which the centraid of the charge distribution on
the anode can be determined. For e point charge the
regolution will depend en 2 number of poorly determined
factors such as electronic neise, diffusion in the slot,
fitting uncertainties and other fectors, The parametri-~
zatlon of the resolution includes all these effects in
a single parameter Cp.

As the rrack moves away from z=D the effects of
diffusion berome important, When the cressing angle
changes from the Lorentz angle the centroid oi the
charge distrivutien is affected by the charge distribu-
cion along the track. At atmospheric pressure the rms
deviation of the centroid of the distribution in domi-
nated by the clustering of the charge along the track,
The FWHM of the resolution is?
ciz  cl(tand - tanm) 2 Reosd

Nycoss * Ny

p2 = ch + (14)
where R is the ratio of the secound ta first moment of
the churge distribution depesited along the track. Nj
is the number of electrons projected onto the normal to
the slot direction. The second term is the contribu-
tion of diffusion to resolution and third term takes
into account the crogsing angle and clustering. R has
lLeen evaluated from the calculated charge distributions
of Lapique aud Puiz" to be Bn7,5. The last term in

Eq. (14) dominates the resolution at angles aignificant=-
ly different from o due to the large value of R,

Regults

Width as a Tunction of Anple

Data from cosmic ray e¢vents that went through a
single sector of the TPC were firted to Eqs, (10) and
(13) and the resultant paramctera were extracted, The
diffusion constant, wt and n have heen derived and the
resolution compared with that predicted by Eq. (14}.
Magnetic £lelds of 0, 2.3, 4.1, 5.7 and 8.5 kG vere
used, The datg have been divided inte bins of conastant
drift length z, averaged over the angle of the track to
the z-axis, and the width of the cathode charge distri-
bution plotted against the angle at which the track
crosged the wire, 8. A typical set of mcasurements is
shown in Fig. 4. It displays the main fratures of the
width variation described in the previous section., The
most important feature is the asymmetric position of the
minimum relative to 6=0 caused by the EXE effect in the
slot, The minimum accurs close to the angle o at z=
3.5 cm and it moves towarda 6=D as = ip increnscd, as
predicted by Eq. (10).

Equation {10) also prediets that o plot of the
width squared vs z at A=D will be a straight line.
Figure 5 shows such plots for various magnetic fields,
and from them the values of 02 for varying B were ob-
tained. €2 is related to the diffusion comstant D, and
the mean time between collisions in the gas, v, accor-
ding to Eq. (11}, Table I lists the observed values
of G2, D, T and wr ond the predicted value of wt, using
the equation (in Gaussian units) taken Ezom ref. 1:

Wt = BRU/(E*c) (15)
where ¢ is the velocity of light. Figure 6 is a plot
of wr versus B and shows that the relation is linecar,
as expected since 1 1a indcpendent of B.

According to Eq. (13) 1/tanfyyn 1s proportiomal to
z, and has an intercept which is related to the angle
a which describes the ExB cffects near the onode wire.
The angle @54y was determined by fitting the data to
Eq. (13} with z and B fixed. Figure 7 shows a plot »f
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Fig. 4. The measured widch of the pad distributious as

a frnetion of crossing angle for the case of B=5,74 kG.
The four curves sre for the drift distances shown and
are averaged over a 3,0 cm interval. The curves are
the result of fitcing Eq. (10) to the dsta over drift
distances from 6.5 to 27.5 cm. The x? per degree of
freedom of this fit was 1.3
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Fig. 6. Measured and caleulated value of
w1 vs magnetic field.

Table I.
B{Tesla) Cz (tam) wT wrl{Cale,) t(eec*i0-11)  D{mmZ/sce)
0,00  0.356 * v .S 0 [} - (8.0 + 0.8)10%
0.23 0,309 0,025 D.61 0.2  0.64 1.6 % 0.5 (6.1 * 1.6310°
0.41  0.255 * 0,022 1.0 +0,2 l.13 1.4 £ 0.3 (4.1 2 100)10°
0,57 0.220 = 0.006 1.3 = 0,1 1.61 1.3 + 0. (3.1 * 0.4)10°
.85 0,163 £ 0,016 1.9 +£0,3  2.38 1.3 20,2 (1.7 *0.910°
40
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Fig. 7. Plots of l/tan Opyy vs ¢. The solid Fig. 8. The measured and caleulated values
of the Lorentz angle o in the anode slot

lines ace leagt sgquares fits of 1l/tan Bpy, vs 2.
The intercepts are equal to l/tana.

1/tan ¢u4q versus z, from which the angle a was deter-
mined. Figure 8 shows the meapured and calculated
values of a.

Resciution

Using the parameters determined above, the posi-
tion resolution along the ancde wire has been calcula-
ted vaing Eq. (14) for B=8.5 kG. The data has been
plotted in Fig. 9 For short drift distances z ~ 3 cm.
The lower solid line represents the calculated resolu-
tion. Cp has been set equal to 180 uym, the value at
the minimum. The upper curve is the caleulated resolu-
tion for z=34 cm, the maximum drife distance.

The resolution deteriorates away from the minfmum
and ic asymmetric. Ar B=8.5 kG, the diffusicn has only

- 44

as a function of magnetie field.

8 small effect on the resolucion even for the longer
drift distances as can be seen by the small increase in
the widths represented by the upper curve in Fig. 9.
The variation of resclution 1s strongly ceépendent on
the value of R in the last term in Eq. (14) vhich re-
sults from the clustering of the primary ionization.
The resclution may be improved by reducing R, reducing
Cy or increasing Ny. C3 ie proportiomal to the width
of the track which 1s accepted and one may reduce this
4t the cost of redueing Ni. Increasing the pressure
would reduce R and also increase Ny.

The asymmetry of the position resolution about ¢=Q
has coneequences for the momentum vesvluticn of charged
particles traversiag the chamber. Since the present
syaten is designed to observe o limited ~70° arc of the
trajectory for particles which fire both the imner and
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Fig. 9. The reselution as a vanction of croses-
ing angle 0. The data are for 3.5 cm drifr dfs-
tance and B=8 .5 kG. The curves are produced
from Eq. (l4). The lower {upper) curve uses
z=3.5 em (34 cm).

outer trigger scintillators, negative and positive par-
ticles tend to cross the anode wires at 8 > 0° and

g < D°, respectively, TFor pwl00 HeV/c and BwB.5 kG the
wverage crossing angle {s 8 & 30° for negatively charged
particles and is F = -30° for poaitively charged ones.
This results in considerably better position resolution
and consequently is expected to result in better momen-
tum resolution for negatively charged particles, Baged
on the results of this analysls the rementun resoluticn
(VM) of the TPC expected for 100 HeV/e electrons is
oP/P ~ 4% and for 100 MeV/c positeons 4P/P -~ 6%
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Canclusions

The position resclution of the TRIUHF TPC has been
meapured for Ar=CHy, (80-20) at atmospheric pressurc at
electtic field E=250 v/cm and with magnetic field Be
8.5 kG. A formulation has been worked out which dea=
cribes the behavior of the resclution quantitatively.
The factors contributing to the reseclution involve dif-
fusion, track-ancde crosaing angle, Lorentz forces and
charge clustering of the initial fonizetion.

The resolution 13 determined by the preciaion with
which the centrofd of the charge distributfon on the
anode way be determinad. The induced charge diatribu-
tion on the cathode pads has been measured as a func-
tion of magnetic field. The diffusion constant, wt in
the drift region, nnd the Lorentz angle in the anode
reglon have been detarmined and sre in reasonalle agree-
ment with expectations,

It has been found thar the minimun resolution at
the Lorentz angle is 0 ~ 180 pm. This rapidly deterio-
rates as the angle moves away from the Lorentz angle
due to the large rms deviations of the centroid of the
track charge distribution caused by the diucrete nature
of the primary lonization.
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TRACKING WITH THE PEP~4 TPC*

A. Barbaro-Galtlerd
Laurence Berkeley Labaratory
Universlcy of California
Berkeley, Ch 94720

Summary

The TPG haa been tested with cosmi¢ raya in July
and Novenmbsr, 1981. Tt 18 now fnstalled at IRZ at
PEP and haa been opersting in 14 Gev ete
beams for about a week. Preliminaty analysis of the
commic ray data ylelds spatial resolutions of Oyy
= 260 4  and O, = G50 ¥, at 4 pressure cof 8.6
atm. Results are alao reported at 4.0 and 1.5 atm.
The operation with e*e” besma f8 good. MNo
problems with positive ions feedback in the deift
valume have been observed, so far. Events with up
te 18 tracks have been reconstructed on line.

1.0 TPC

The Time Projection Chamber is a detector that
provides 3-d!mensional information on points along e
track and, at the samé time, provides informatien on
energy loss that can be used for particle tden-
tification. A schematie drawing of the TPC used in
the PEP-4 exparimant! is shown fn Fig. I. It

TIME PROJECTION CHAMBER

patlys bigh
(3 volloge elecigds

18 difdx wires per sector
15 spatinl wires pir ypcICr

A schenmatic drawing of the TPC.

Fig. 1.

tg & 2 mater dicaeter, 2 meter lang cylinder cen-
tered on the ete~ iateraction region, The

inner redivs of the TPC 1s 20 cm, just sufficient to
housa a drift chamber, used for triggering purposes,

ard the besm pipe.

A particle traversing the cylinder volume will
produce lonization along its path in the high pres-
sure argon (80%)-methane (20X) mixture. The ioniza-
tion electrons are drifted to the fWo endcaps by the
electric field, parsilel to the heam axls, provided
by & central membrene kept at 75 XV negative poten-
tial at 8.6 atm gas pressure. A& 4 KG magpetic

FThis work was supported by the Director, Office of
Energy Research, Office of High Enargy ané Nuclear
Phyzice, Division of High Energy Physics of the
U.S. Department of Energy under Contract No.
DE-AC03-~76SFQ0098."
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field, parallel to che electrie fleld, 3s produced by
a conventional solenoidal coil. This coil will be
rveplaced by a 15 KG superconducting coil in the
Euture. In addition to providing sagitta {afarma—
tion for the momentum measurement, rhe magnetic
field {5 used to reduce the diffumlon of the ifoniza=-
tion elcctrons tn the ane meter Jdrift tro the or'cap
detectors.2

Eath endcap conslets of six proportional
chambers {sectore). Each sector conslsts of u plane
of grid wires {1 mm apuclng), o plane of 183 penot
wires (20 ¥, 4 am epacing) and Fleld wires, and a
ground plane. The total gap is 8 mm with the senas
wire plane in the middle. The ground plane has 15
rovs of pads etched in the copper, centered under 15
of the 183 sense wires. The pada are 7.5 % 7.5 mm
aquared and provide the x,y poa{tion mecasurements
at 15 points alopg the track. The z coordinate {s
given by the time needed for the fonization to drift
to the eadeaps. The £lgnal on the sense wires and
pads 1 amplified and properly nhnpnd3 before
going lnte charged coupled devices (CCDR'R) which
provide pulge height measuremonts at 100 ns Inter-
vals {bucketsa). A signal {a typlcally 5 buckets
wide. The informatien of pach bucket is digitized
and then tranaferred to buffer memories. Oo each
pad, clusters of neighboring buckers arc then made
to vecorgtruct the originnl signal sud provide the
2 coordinate. The x position ig obtalned by
finding the center of the pad clusters. The y
position {s glven by the position of the pad row
with some correction for obligue tracks. The TPC
thus provides unambiguous 3I-dimensional information.
The expected resolution in x,y is 150 us in =2
is 350 y. For tracking, the two track ragelutlon is
expected to be absut 1 em, both in xy ard in =z.

The Bense wire pulse heights are used for meas-~
uring dE/dx, the encrgy less by fonizatisn, provid-
ing 183 samples for tracks at angles greater than
45" with the beam direction. Faor the tfime baing the
wires are not used for track reconatruction. For
the 12 gectors a total of 2196 wire chanoels and
13848 pad channels mre inatrumented. Tracking with
the TPC s discussed in this ralk, dE/dx resclu-
tion 1s discussed in another contributlon ro this
conferepce.d

2.0 Data

The data used for the resolurion etudfes repor—
ted here vere taken duving the November 198l test of
the TPC. The TPC wos pliced Inalde the PEP~4
detestor that included, besides the drift chamber
arcund the beam pipe, a drifc chamber ourside the
magnet coil and many layers of wuon chambers iatec-
leavad with the iron of the eturn yoke. The ccamlic
rays used were requived to have more tham 0.6 GeV/c
nomentum. The tvs track segments were required to
be in opposite sectors with respect to the beam line
and to be collinear within 20 or.

Data were taken at 8.6 atm, the operating pres—
sure of the TPC, and also at 4.0 and 1.5 atn £o
gtudy the prespure dependence of tlie regolirtion.
Only 12 pad rows were inst-vaented for the test.
Prelimirary regults’ of the analysis of these dara
will be presented here.

Fremes
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3.0 FPosition Resalutien

Only pad information is used for tracking, at
this time. Important factors that determine the
position resolution are: electronic noise, diffu-
sion in the 1 m drift space, and ionizatien fluctua-
tions. The geometry of the sectors and the clec-
tronics design were optimfzed to provide, for a
given cost, & position resclution adeguate te
achieve a momentum resolution of dp/p2 = 0.4% for
a magnetic field of 15 KG, We will discuas below
our understanding of the sygtem at this time, More
work is needed to achleve the desired resslution.

3.1 Pad Response

For the geometry of the TPC sectors the induced

Figs 2. Sector geometry. The angle ., local
to each sector, 1s defined as the angle with the
normal to the sector lnner edpe.

cathode signal on a pad receives contributions from
the avalanches on the wire just above it and 2 more
adjacent wires at each side. The couplings of the
wires Lo the pads have been measured in a test set
up with very similar geomerry. The pad response has
been found to have a shape very close to

gaussian.6 The Op of the gaussien discribu-

tion for the present geometry is expected to be 3.5
mm, which means that a point on a track produces &
signal in 3 pads or lesa. In prder to achieve 150 1
resolution, the pulse height in the 3 pads will have
to be measured with high precision, i.e., very low
noige level and good eleckronic callbration is
degirable. A discussion of the callbration of the
system is included in ref. &.

For the sample of events analysed, 12% of the
points on tracks had signals on 3 pads, 79% had 2
pads, the recainder had 1 pad. For the 3-pad polnts
we calculate the peak and the 9 of the gauesiac.
For the 2~pad points we ecalculate the position of
the peak using the ¢ lnformation dereraimed from
the 3-pad data. The peak poaitlon provides the
coordinate along the pad row. The y coordinate is
derernined by the center of the pad row. For tracks
that traverse the pad row at an aogle, correction to
the y coordinate is ohtained by ueing the pulse
heights of the 5 wires contributing to the pad sig-
nals. This geometry, 5 wires contribute to one pad
signal, has the advantage rhat the landau ionization
fluctuations aré reduced in the pad signal.

We have parametrized the tms deviation of the
gaussian pad response as follows:

2 _ 2. 2 2 2

o = o + Op L/lmax + 9, ten @ (1)
where %5 depends only on the gecmetry of the
sector, “p 18 the contribution due to diffusion

and depends on the preesure of the TPG, L is

the drift distance (Lmyx = 1 =), and o, includes
the spreading orf the gausalan reaponse for tracks
traversing the pads at an angle, ¢, defined in Fig.
2. The o dependence is due Lo broadening of the
distributions when adding displaced gaussians for
the 5 different wires and frow Laadau fluctuations
within the collection region of each wire.

The o dependence 1s shown in Fig. 3 for the
B.6 atm data. We have not studied this effect in
detail yet, the value obtained for the data in Fig.
31is 9, = 3.74 mm. The d1ffusion teru is calcu—
lated from the dependence of ¢ on the drifr
length. This 1s shown in Fig. 4 for a run at 8.6
atm. Each data polat corresponds to an average over

RUN 1-26 (W/16]40)

C.10

-B.4 -0.2 ] .3 0.4
N+ 1554, N~ 580
TAN ALPHA

Pad Respanss, 6.8 Atm
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Fig. 4. Pad response depender-e on L, drift

distance, for 8.6 atm darta. Average value over
many tracks with the game L. A straight line
it ia also shewn.

many tracks at an average distance L from the
sectots We have done some studies on the diffusion
term and will diacuss this In the next section.

When the data are corrected for the & and L
dependence of formula (1), we get a distrlbution
for og that looks gaussian aa shown in Fig. 5.
Table I shows the values of 9g obtailned for
different pressure and magnetic £ileld conditions.
As expected the measured 99 1s independeat upon
these variablea, indicating that all the data are
internally conaistent.




PEP4 RN 2-38 (12000810

. I:‘.O l-‘- l.:ll I-Il; P;; e
cl flcm™)
Pad Regpanng, 0,0 A

Fig. 5. Distriiution of 042, the standard
deviation of the gaussian pad response, after
the L and a dependence have been corrected
according to Eq. (1).

3.2 DIiffusion

The diffusion dependence on the magnetie field,
8, and on the pressure is shown in Table I. These
values are averages over many runs, and the errors
are statigtical only. In absence of magnetic ficld
the diffusion tepm increasea with decreasing pres-
gure with the YP law, as expected. This can be
seen in the values of Op for B = 0 shown in
the last column, o _x"\fP, which are scaled to } atm.

I
Table-I. Pressure and B dopendence of
00 and GD_

E 5 %0 °p Ve
{ata) (RG) {mm) (um) {am)
8.6 0. 3.59 % 0,04 1.44 2 0,10 4.23 2 0.42
4.0 0. 3.62 * 0.03 2.05% 0,08 4.112% 0.153
1.5 Q. 3.54 £ 0.05 3.30% 0.08 4.04 2 0.10
8.6 3.9 3.59 £ 0.08 1.43 * 0.05 4.20% 0,18
4.0 3.9 3.63 £ 0,02 1.71 £.0.04 3.43 % 0.05
1.5 3.9 3.51 £ 0.03 1.%6 & 0.06 2.40% 0.07

The comparison of the Yp values for data
with and without magnetic field is alsoc of
inter~st. We expect

opB) = Op(0)/ Vi + (wii?

vhere & = eBfem and T = 1.09mv,/eE are the eyclotron
frequency of the electron and ghe mean colliaion
tion respectively, and vy 1is the drift velocity.
By taking the ratio of Op(B) and 9p{0) we
obtain measured values of wr, shown in Table II,
and can compare them with the calculated values.
Assuming wT = 1.09 v4B/Ec and using the drift
velocity measuted in this experiment we calculate
the values shown la Table II., The agrecement
between (wt)p and (wT), 18 quite good, again
showing self consiatency in the data that we are
analysing.

- g7 -

Table IL. Drift velceity and (wT), measured
in this experiment. Values of (WT), are
ashown for comparison.

? E _ d
(atm) (KV/a) vy (wtd, (calvgec)

8.5 75.0 0,10 % 0,50  0.27 4.67 * 0.08
4.0 35.0 0466 * 0.4  0.56 4&.51 * 0.09
1.5 13.2 1,36 * 0.11  1.33 4.06 * 0.08
The value of Op in Table I is the expected
value for one electron. At differant pressures we
ean egtimate the aeffective number of electrons fn
the avalanche and calculate the contributipn of
diffusion to the resclution, as Op/ YN, He
obtain the values of 135 u, 218 u, and 404 U for
3.65 4.0, and 1.5 atm respectively, for 1 metet
rift.

3.3 XY and Z Regolution

The spatial tesolution s obtained by calcula-
ting the deviation of the pad points from the fitted
track. The depandence of tmaxy on the drift
digtance L 1s shown in Fig. 6 for the 1.5 atw data.

1800
Wo uf
a0b =
a 700 [~
-
a0
: &00
w
2 0o
300
Bo0
100 ™~
eedenrdeed b1} 1
a. ¢.2 6.4 0.6 0.8 1.
Ne B2, He 787
L (meters)
Fig. 6. Dependence of rmsxy on the drifr

distance for 1.5 atam data.

Here the effect of the diffusion {s morc pronounced
than at higher pressure. The contrlhution of the
diffusion car be calculated by taking the value of
rmgxy at L = 1.0 @ and subtracting in
quadrature from it the value at L = Q. We find:

{rmaxy)p = 420 2 23u

which is in good agreement with the value of 404 ¥
calculated in the previous section from the pad res-
pouse.

The dependence of rmsxy on a for one of the
rune at 8.8 atm 1s ghown in Fig. 7. Although the
statistics 1a not large, it is evident that there is
an o dependence for |a|>1%. It 1s independent
of angle for |ao] < 10° and we can use this region to
calculate the actusl 9,y. The distribution of
rmaxy for these events fg shown in Fig. 8 for the
8.6 atm data. To calculate the resolution we rake

i
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Fig. 8. Distribution of rmsxy £for tracks

with |a]| < 10°% From it we obtain

< = 260 u.

xy

the mean of this distribution and add it in
quadrature to its standard devlation. Note that the
distribution of Fig. & ls not gaussian and that the
peak value falls well below the quoted resolutien.
At the different pressures we obtain the values
shown in Table III.

We ute a similar method te measure the 2 res-
olution. We gee litrle dependence of rmsz on L,
the drifr distance, therefore we average over all
tracks. The distribution of resz has a similar
behavior as Fig. 8, and the average 1s calculated {u
the same way as for dxy. The resultr are shown
in Table ITI.

Table II1I. Resolution in xy and z at
different pressures.

P(atm) Cxy(H) LPICH)
8.6 260 654
4.0 299 810
1.5 439 857

The xy resolution of 8.6 atm fs worse thsn the
150 ¢ wa expected to achieva. There are many
factors that can deterlovate the resclution.

(a) Electronic nolse. The nolse level at this
time is about 2.4 counts, L.e., 1% of the signal for
a4 minimum ionizing track. This is expected te
contribute 64Y to the vesolution.

(b) The electronic calibration is not
optinized, We are working on Improving the
stablliry of the system.

{c) We expect digtortions due toe E X B
effects, that is effects due to radial components
of B. We have not included these corrections in
the analysis yet. Corrections are expected to be as
large as 120 .

(d) Electrostatic distortions. The electric
field is not uniform across the deift volume. We
have observed some distortions in regions very close
ta the fnner and outer vadius of the IPC.
Corrections for these digtortions are not Lncluded.

The 2z resolutien is also worse than expected,
but again electronic noise ard unreliable calibra=
tion affect this resolution.

We expect to improve the resolution when these
effects are better understood and corrected.

4.0 Yomentum Resolution

This can be calculated by comparing the
curvature of the cosmic rays in the two track
gecticns in opposite sectorss The distribution of
the difference af curvatures for one of the data
runs at 8.6 atm Is shown in Fig. %. The rms

PEP4 RUN 2-28
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Fig- 9. Distribution of curvature difference
for the same cosmic ray in two track portioms.
The standard deviation of this dlatrihutiun
yields dp/p? = 0.081(GeV/c)~l.

deviation of this diatribution, after normalization,
gives dp/p? = 0.081 (Cev/c)~l, The resolution

we expect to achleve fora & Kﬂ field la

dp/p? = 0.016 (GeV/c)~L.
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At this time the measured resolution ia a factor
5.1 worse than expected. Part of this discrepancy
is due to the electroatatic distortions we mentioned
earlier. For this reason, a shorter track length isg
used in the fit; two inner and two outer pad rows
are not {ncluded. We are presently studying che
time stability of the distortions and hew to correct
for them.

The dp/p? resolution depends on the point
regsolution, O%y: the length of the track
measured, L, the magnetic field, and the number of
measured points, N, approximately according to the
relation:

dp/Pz & ny/(![_zﬂ)

For a 4 KG field, this dependence would predict a
deterloration of the resclution by a Factor 4.5; we
observe a factor 5.1. This indicates that the
momentun resolution we measure is mot inconsistent
with the results discussed so far. By correcting
for the known effects we expect to improve the
resolution considerably.

5.0 Performance of the TPC in et e~ Beams

The TPC has beea operating for a week at PEP in
14 GeV beams. An event with 16 prongs reconstructed
on line 18 shown 1) Fig. 10 and 11.

Figure 10 shows the projecticn of the event on
the endcaps« Only pad clusters were used for track
reconstruction. Each track found is identified by a
number or a letter. The algorirhm uged was
developed on Monte Carlo data; improvemcnts are
needed. Most clusters not assoclated with tracks
are due to electronics noise.

26, EVENT= 539

EXP= 4, Run=

Fig. 10. End view of an hadronic event observed
in 14 Gev eTe™ beams. The event was
reconstructed on line using only pad data.

FPigure 11 shows the wire information for the
tracks, found ueing pad data, in one nf the sectors;
specifically tracks one through 4. The peculiar
band with no data 1a due to a group of 16 elec—
tronics channels missing at the time the event wae
detected. Bad z calibration can be seen here by
noticing that groups of 16 channels are out of
line. There are gome unassociated clustera. One

set 1s clearly a spiraling clectron, Another aet,
in the upper corner, is due to the tail of a sat=-
urated pulse, not properly shaped. This prablen ia
now understood and being Fixed.

D === ===t o mmmmmmmt a o e mm e o
[ YCentral Membrane

z {cm)
/

100

1 Hire no. 183

Fig. 11. Wire information in one of the sectors
for 4 tracks of the event of Fig. 10.

So far, we have not detected any large effects
due to posltive lon feedback. More detailed
enalysis 16 needed, The luminoaity during -'ata
toking was 5 1030 op~2/gec or legs,
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INVESTIGATION OF THE USE OF CHARGE
COUPLED DEVICES AS HIGH RESOLUTION
POSITION SENSITIVE DETECTORS OF IONIZING RADIATION

A.

Brosg

Lawrence Berkeley Laboratory
University of California
Rerkeley, CA 94720

Iotroducilon

The use of charge~coupled devices (C€D*s) as ana-
log shift registers, optical imagers, and high densicy
memories has been successfully demonstrated during the
past tea years. CCD's are capable of very low nolse
operation (a S/H ratio of 1:1 with 10 electrons per
pixel has been demonstrated ) and, as imagers, afford
high resolution and precise image geometry and stabili-
ty. The signal charge can be electrically iajected
into the device via an input structure, can be generat-
ed internally by photoelectric processes or, a5 we
shall show, can result frowm the creation of electron-
hole paira by energetic charged particles.

Basically a CCD is a metal-~oxide-semiconductor
{M0S) structure forming an array of capacirors. The
MOS capacitors are capable of eollecting and storing in
discrete packers (bueckets) charge that has been "in=-
jected" into the device by one or more of the mechan-
isns described above. If the capacitors are packed
closely together, charge stored in a parcieular capaci-
tor {pixel) can be transferred to an adjacent pixel by
applying clocking volrages to tranafexr electrodes. In
this fashion charpge collected at any one pixel may be
moved ro an output structure on the CCD device, and an
analog signal proportispal to the charge stored at that
site may be obtained. For a complete discussion of the
CCD concept and device 1mglecen:acinn we refer the
reader to the literature,?»3

Thare are £wo basic approaches we can take in ord=-
er to utilize CCD's as particle detecrors. The firse
is to use momolithic £CD aren arrays, Commercially
available aptical CCP imagers are the moat common exam—
ple oi this technolagy, They have been fabricated in
formats as large as 800 x 800 elements with cell slzes
as small as 15 microns, The sensitive thickness of
devices of this type is limited to the depch of che
deletion region (5-10 ym) and thus limits the sigaal
that one can obtain to approximately 500-1000 electrons
per track. 1In order to increase the amount of this
signal charge, & CCD with a much chicker deplecian
depth would be required. However, the problems in-
volved in fabricating a monolithic CCD with a thick de-
pletion region {(upwards of 100 um) ara quite suhstan-
tial, and the cnr enc level of CCD rechnological exper-
tise appeard to be inadequate to develop such a device.

The second approach circumvents this problem by
introducing the use of hybrid CCD detectors, In this
scheme the detector (usually a astilicen deviece} and the
CCD multiplexer are separate devices. Charge collected
in the detector is injected intc the CCB via microscop-
ic metallic interconnects {one per CCD pixel). The ad-
vantage of this technique 1s that both the detector and
the CCD can be optimized for the desired performance
characrerisries. In this way the silicon detector can
be made relatively thick and still give excellent
charge collection efficiency throughout its volume,

Monolithic CCD Area Array Detectors

It has already been reported'—5 that cooled opti=
cal GCD's are sensitive to the passage of charged paxr-
ticles. In fact in long exposures for seome optical as-
tronomy chservatlons cosmic rays present a significant
background problem. If we assume that a minimum ioniz-
ing particle penetrates a CCD, the amount of charge
deposited within the depletion region {typically 10

microns) is:

[2.33g/cm® x 1.66 MeV/g/cm?
#1073 co x (3.81 evie-)—1]
= 1070 electrons®

A S/N ratio of 20:1 is therefore obtalnable for
ninimum ionlzing events using many commercial CCD's
provided that they are cooled,

Fairchild 202

Operational Characterfstics. We have recently
completed studles invnlving the Fairchild 202 CCD, a
100 x 100-element interline transfer area imager. (Sec
Figure 1.) The device utllizes two-phase buried
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Fig. 1. Functional Block Dizgram for Fair-
child 202, {c) 1976, Fairchild Semiconduc~
tor Components Group, Fairchild Camera amd
Instrument Gurparatinn.

channel technology in a 30 ym x 40 pym cell format, The
readout is parallel/serial to an on-chip amplifier,

The readout rate used for our wmeasurements was 100
kHz. Video pracessing consiated of a differential am-
plifier stage with a galn of 50 followed by a double
correlated sample and hold (Figure 2). An optical

Comtiaied deubie mmpls il hotd
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Fig, 2, CCD output circuit and waveform,
The correlated double sample/hold processing
functfon is also shown,
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setup projected a standard TV bar pattern resolution
chart (Figure 3) onto the CCD and was used for clock
driver opt:mization.

Fig. 3. Optical setup video display. The
line-ro-line spacing fer the smallest set of
horizontal lines is approximutely & pixels.

590 Exposureg. The CCD was mounted in a cryostat
(Figure &) and operated at temperatures between 145°

Fig. 4.

CCD Cryostat,

and 2}0°K, The 202 was then exposed to a Sr%? source
and read out continuouagly at the 100 kHz pixel rate.
Figure 5 phowa the CCD output diaplayed on a video mon-
itor showing dingle hite due to beta's from the Sr
gource. Each dot in Figure 5 represents a single pixel

Fig. 5. Single hit Video Display Events from
Sr  beta's.

with a spatial resolution of 30 pm x 40 pm., The CCD
output was also sent to a mulcichannel analyzer in ord-
er to obtain the pulse hefght spectrum fraoz the expo-
sure, The 202 has a depletion depth of 7 ym + 1 um;
therefore, for a minimum ionizing particle we would ex-
pect approximately 700 electrons., From Figure 6 the

T T T T T T T L T
- l.umr Proboble ok # 610 4:teliong
e ®r- =
; ]
® |5F E
§ L [ Meon wolue B ¢honne) 280 m BED electrors E
E 2 Cwsticw
"
-
o
O00 TI0 0 %00 500 €03 T80 850 W0 100
Chonned humber -
Fig. 6. Pulse height spectrun for Sr9¢
beta's. Effcetlve deteccor thickness a CCD de-

pletion depth = 7 microns,

most probable value for energy luss is approximately
610 electrons. The mean value {5 channel 280
corresponding to 1050 eleccrons, The spectrum oxhibits
a typieal Landau tail and has a most probable value
agreeing quite well with what we would expect for a 6
yi~8 pym depletion depth. The measured rms noise Erom
the 202/processor system was between 200 and 250 elec—
trons., A thresheld cur at channel 120 was used to ob-
tain Figure 6. The detection efficiency for the 202
system averaged over a number of runs was measured to
be 50-60%. This measurement was accomplished by
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ensking off a thick scintillator to give a 3 wm X 4 mm
window corresponding to the active (sengitive) erea of
the 202, We then ploced the scintillarer in the zame
geametric relationship to the source as was done with
the 202 and measured the counc rate {window ecpen) -
count rate (window closed)s This numher was defined as
the 100% efficient count rate to which the CCD rate was
compared. The CCD efficiency number was limited by che
relatively high noise value e obtained for this chip
which w18 due in part to cur clock driver electrounlcs
and in pa~t to a relatively high noise value for the
particular 202 chip we wvere using. An optical system
using a 202 CCD has repurted a noise figure of 30
electrons, and we belirve this number is more indica-
tive of the noise characteristics that are obtainable
with the 202,

Virtual rhase CCD

We are also beginning work using a Texas Insiru-
ments 200 % 20D element arez array based on the virtual
phase~buried chaunel technology. Virtual phase devices
function in & manner similar to a two-phase operatlon
where one of the phases 1s kept at a constaat D.C. po-
tential and the other phase clocked above and below
this level. ‘Thus in this way only a single clock is
needed to drive the €CD. Se¢e Figure 7 {(Ref, 8). In
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Fig. 7.} Two-phase CCD operation vs.

Virtual—phase operation.

the vicrtual phase device che "D.C. clock" electrode ia
not placed over the oxlde layer but is built into the
surface of the silicon by an lon implant, This blases
this "D.C. phase" of the device at the substrate poten=
tial. The directionality of the transfer is defined hy
the doping profile used to define the clocked and vir-
tual seetlons in the silicon. The advantages of the
“wirtual phase" technclogy are: 1.Simplified fabrica-
tion procedures giviny the possibility for much higher
yields and the abiliry to bulld very large devices, 2.
High reliability, 3, Low dark current, and 4, High
resistance to radiation damage. Virtual phase devices
have exhibited dark current values an order of magui~
tude better than other buried channel CCD's. It is the
fab.ication procedure ugced for VP CCD's that ylelds ox-
ide layers that have much better radiation hardness

than those obTained in multiple phase technologies.
Virtusl phaae CCD's given an exposure of 105 RAD have
shown no measureable increase in dark current (versus a
20-fold anzense for a 3-phase device at an expasure
level of 10% RAD).9 A group at the Jet Fropulaion La-
boratory working with a Texas Instruments 800 x 800 VP
CCD imuger has measured the dark current for the device
to be 0,4 nA/cm2(25 ¢) with a noise £loor of 18
e's/pinel, This device was exposed to a Sr?0 beta
source and gav: a most probable energy loss correspond-
ing ko approximately 700 electrons,

Our current plans at LBL involving the TI VP CCD's
Include device studies and characterization of dark
current, min neise floor, maximum operable clock fre-
quency and studies of possible readuut problems encoun-
tered when operating the devices in high magnetic
fields, Beam studlea jnvolving a three-plane CCD spee-
trometer are also envisloned for the near future.

These studies are needed to accurately measure CCD
tracking resolucion and efficiency. In addition, we
can study the one dimensicnal mode of CCD operation in
this environment. Normal CCD readour requires that one
Tow at a time be loadad into the output register ant
then read out, thus retaining X-Y inforcotion (Flgure
8}. Alternatively, the information Erom all the rows

Readou? registers

Fig. 8.
either one- or two-dimensional modes.

CCD Planar spectromater, operable in

in the CCD can be summed in the output regisrer, and
then this register need only be read out once instead
of many times per CCD read. Only one-dimensional in=
formation is retained, but the readout time is sub-
stantially reduced. This scheme increases the useful-
ness of monelithic CCD systems for fixed rarget ac-
celerator experimenta, since readout time for this mede
of operation can be as short os 50 uS. CCD's operated
in this manner are functionally equivalent to a miero-
strip detecror with s builr-in readout structure.

One Application = A CCD Vertex Detector for the Stan-
ford Linear Callider.

Assuming the viability of the VP CCD for HEP ex~
periments, we can visualize a vertex detector for the
SLC based on 120 ¢CD’s. The SLC 1is an ideal accelera-
tor For this system, since the propesed beam pipe for
the machine is only 1! cm in diameter, and the repeti-
tion rate of 180 pulses per second aliows for a rela-
tively loag readour time, The basic detector in this
systen would be a commercial optical CCD. The mosr
probable format would be 500 x 400 elements with a cell
gize of 15-30 pm. Using a 20 pm cell size, the systen
in Figure % uses 120 CCD’s with overlapping concentric
planes in order to get efficlent solid angle caverage.
This detector would cover 45° with respect to the beam.
Solid angle coverage could be increased, of course, by
adding additfonal CCD's, (60° coverage would require
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Fig. 9. End and gide views of CCD vertex
detector system for the SLC.

approximately 220 CCD's.) The total nuzber of elements
1s 2.4 x 107, but there arz only 120 output channels.
Readout time for the system would be on the erder of
10-15 mS. Alsn, due to the x-y nature of the CCD's,
the cracking is unaabiguous, each plane giving both x
and y coordinates. Beryllium oxide that was copper
clad and then etched could bhe used as the chip caariler,
thus providing input and ouvtput lines and a cooling
substrate. Rough estlmates on the cost of such a sys=
tem are

oCD'n 120 % §500 = $60k

Electronies 120 x $800 = $96k
(including FLASH AJC's)

carrier/Fixturing £150k?

Cur general conclusion concerning menolithic CCD's
1s that emerging commercial CCD techmolegy is producing
devices that will be able to detect minimum ionizing
particles with nearly 100Z efficiency (within the
chip's acrive ares) with pixel sizes as small as 15 um
x 15 ym and forwats as large as 800 x 800 elements. In
addicion, the radiation hardness of some of these dev-
ices appears ro make them useful as detectors for High
Energy Physies Experiments. These davices present
great promise as high resolution vertex detectors in
experiments where che cross gectional area of the CCD
ayatem does not have to be excessively large.

Hybrid CCD's

AB we mentioned above, in this approach the detec-
tor and the CCD multiplexer are separate devices. Thie
allows for great flexibility in designiag the detector,
since we are not restricted by the CCD parameters.
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Ruckwell 30311

Our current hybrid work Involves studies of the
Rockwell Internacional 30311 CCD multiplexer using o
general purpose CCD driving systen a d lowenoise corre-
lated double sample and hold processor. The CCD is a
32 x )2 element area array with 88 ;m x 88 m cell asize
using a A-phase surface chaunel structure. A diagram
of the injection scheme is shown in Figure 10, Charge

Ix<21 MTILTSR

eyt
BIFFULION
AVEARLOW

Fig. 10, Cell structure and injection scheme
€or ltockwell 30311,

collected from the detector §s injected into the CCD
via the inpur diffusien and stored under the storage
gate, Readout is accomplished by transferting the
charge under the storage gate to the CCD shifr zegls-
ters {array mux gate) to he read out in typical
parallel/serial fashion. Data rates for this device
are a maxizum of approximactely 1 MHz. The connection
between the detector and the CCD is accomplished via
microscopie indium bumps. The bump pattern applied to
the detector corresponds to the CCD input node
geometry., The CCD aad the detector are then aligned in
a microacope and cold-weld honded together, With the
use of a number of CCD mulriplexers to read out a sin-
gle detector, a bulk CCD can be fabricated, A detocror
designed in this fashion and used as an active target
in a fixed target experinent is depicted in Figure 11,

CCD X=Y multiplexars Charged
\mmduvin
d L
ik
Intarconprct ——— (= Frs-lo'mm

Neutral beam

Fig. 11. Bulk CCD Detector.

Due to the Flexthilicy of che hybrid design, this rar-
get system can ba configured to suit the requirements
of a particular experiment (segmented target etc.). In
addition, readout rates of 10 wHz are possible with
some hybrid devices, 8o a detector using fast CCD's
with a 32 x 32-element format would have a system
readout time of approximateiy 100 pS. This active tar-
get would thus be faat enocugh to provide secondary lev-
el trigger decisicns in additionm to particle tracking
data.
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Micro Needle Detectot

Another possible (but somevhat speculative) appli~
cation of hybrid CCD arrays would be their use as the
readout structure for what we have called the micry
needle detector, The operation of the w.eedle detector
has been demonstratedllbut their widespread applieation
nas been limited due to their relatively poor resolu=-
vion and by the lack of o simplified readout scheme to
be used in conjunction with the needles. What we envi-
aion 1s an Integrated approach te the "needle" design,
With the use of standard MOS integrated circuit fabri-
cation techniques the sttucture in Figure 12 could be

Mutottic Elegirads

!Illccn\

—lnpui Diftuaien

¢cD Substrale

L el-75%E

Fig. 12. Micro needle structure "bumped" to
€CD mulriplexer

produced. The "needle" detector could be fabricated on
a silicen substrote with aluminen needles grown into
ctched holes. S1licon dioxide would be used as an in-
sulator and the metallic facussing clectrode is alumi-
nuai.  This structure is very simple by IC standards,
and a 50-100 um needle spacing makes the dimensions
large compared to those typlcal in IC fabrication prac-
tices. The coupling to the CCD {shown below the needle
detector in Figure 12) would be accomplished ualng the
indium bump rechnique, as we have discussed above.
Figure 13 shows an electrostatic field calculation

21.44 .46 2% NOU BL

MWULTI-HEEMLE OETECTOR,
ZDUIPDIENTIOL PLDT

2.50 V=-LONTOURS

1.50

4 49 3%0.000
4) 420.000

.50

o w
o o
] Q

Fig. 13. Electros-atic equipotential plot
for a single cell of the micro needle detec-
tor.

ueing the needle structure shown in Figure 11. With
the proper voltage applied to the metallic electrode,
the correct field shaping can be achleved for getting
good field mapping of the active volume onto the needle
and sufficient Fleld strength near the needle in order
to start an avalaache., There are obvious advantages to
such a gas/silicon bybrid. Since the “active" volume
is gaseous it can be made very large compared to what
could be drne with a solid state device. O0Of course,
what is obtained is a two-dimensional projection of the

event onto the needle planc with the charge collected
by the needle injected into the CCD. The needle plane
would be limited iu size by the CCD structure. The
signal strength (upwards of 10f elcetrons) would make
CCD signal processing cxtremely simple, and the problem
of reading many necdle channels is, of course, solved
by the CCD,

The main questions concern eleclrostatie stabllity
and CCD survivabllity. The electrostatic stabllity of
the needle structnre would depend heavily on the fabriw
cation ateps involved in the production of the needle
devices. The simplicity of the design, however, would
help to minimize variations in the Efinal product. CCD
survivability in this environment is an open question
and can only be determluned accurately once a sultnble
needle structure has boen developed.

Conelusion

We beliave chat 100F deteccion efficiency for
minimum ionizing particles is possiblo with a number of
commercir?ly avallable ecptical CCR's ‘{within their ac-
tive area). The VP CCD technology seems to be able to
produce devices tha have the reselution, low noise and
radiation hardness qualities that will be needed to be
useful as high resolutien detectors for HEP,

Hybrid CCD detectors, using a much more sophisti-
eated technology, prisent the possibility of producipg
CCD detectora with a mueh thicker active volume with a
very small dead region. These detectors could he used
as "active" targets ot fixed-target sccelerators,
"Thick" CCD detectora, if uged Lo trock particles nor-
mal to their surface, as we have dene with optical
CCD's, could be operated without cocling and would have
very little dewd area, since bonding pad structures are
on the backside oF tic detector.

Charge Coupled Devices present great promise as
high resolution vertex detectors In experiments where
the cross sectional area of the CCD system 18 not ex-
cessively large.
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HIGH RESOLUTICN SILICON COUNTERS

. Hyatw and U. Koetz
CERN, Geneva, SvitZerland
E. Belau, R. Klanner, G. Lutz, E. Neugebauer and A. Wylie
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Sumemary

A brief description of our development of silicon
strip counters is given, with soma recent measurements
of their performance, A few comments are made on the
outlook For the uge of these devices with colliders.

Introduction

First here is a brief review of the relevant
characteristices of silicon as a detector, Wafers of
monocrystalline silicon with resistivity p Rem and
thickness t cm are doped suitably to form & diode
structure which is depleted of majoricy carriers ac a
voltage V volts (for n-type silicon)

H
T ux10tE-
v =10 )

(70 volts depletes 300 ym of 5000 flem material).

The wafer is used &g an ionization chamber which should
have a leakage current %1 pa/cm® and givea 1 electron
hole pair per 3.6 ev. energy losa, leading to a signal
of some 2,5%10" electrons per 300 um track length for a
minimum ionizavion partizle, The detector noise can be
negligible, but the presmplifier noise im nor, and
depends on the bandwidth and detector capacity.

TFor pulse-ghaping time constants of 200 nsec we
obtain an rmas emplifier noise of ~500 electrons with a
slope of 15 electrons/pf. This derermines the thick-
ness of silicon required. Typically strips on a 300 um
wafer have a peak signal/rms noiae = 30/l, In fact
280 um to 350 ym thickness are industrisl scandards and
easy to handle, Typical numbers quoced will be for 300
um material.

Physical Liuitarions toMeagsurement Accuracy

There is a spread of charge around & minimum
icnization particle's trajectory due to electron (and
hole) diffusion of some 5 ym radial width, and a much
smaller gpread due to space charge repulsion. These
introduce a negligible erzor in the position of the
centre of gravity of the charge (CGC)., For tracka
perpendicular to the counter gurface high energy knock=
on electrons give a lateral displacement of the CGC of
nS5 Pm rma but if the signal amplicude is measured, and
large signals are <ejected (or suitably weighted) track
coordinates may be weasured with an rms error of "2 um.
Por inclined tracks the amall "Lendau' fluctuations
give rise to an additional error in coordinate measure-
ment -~ approximately equel to 1/30 X counter thickness
far 45° inclination.

Design Considerations and Results

Some posaible strip configurations ave shewn in
Fig.l.

One coordinate can be read out on each atrip (a),
using charge division read ocut is culy neceasary every
nth atrip (b), counters havabeen constructed rading
cut X and y coordinates on one wafer (c).

We, & CERN,Munich c¢ollaboration, have chosen to
stert with a charge division system bestuse we want to
measure to ¢ < 10 uym for a charm vertex search at the

metallized contacts
to implanted diodes

"'300}:-(-'“

. independent rear contucrs to

. recd out 2M0 coordinate

Fig. 1.

CERN SPS. Industrial bonding wire is ar least 20 um
thick (and squashes on bonding) so although a 20 um
pitch pattern gives 7 um resolucion there is no can-
venient way to connect to each of a Iarge array of such
lines, The structure ve have chosen is shown in Fig.2.

The active area ig 24%36 mm’. On this there are
1200 strip diocdes of which 240 are bended to a fanout
card, The whole device has a leakage current of around
1 pamp (7l namp per diode)} at its working voltage.

twisted pair to moin
~ shaping "~ fgmp lifier
amplifier— i
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Although charge division will probably give ~10
um resolution acrass 120 um spacing we need to read sut
every 60 um in the forward direction where close track
resolution is required, We have found alap that
although 20 um pitch lithography is relatively easy a
c}oser pitch is technically difficult for wafers of our
size.

We have charcn cnarge~gensitive preamplifiers with
shaping time constants of 130 nsec as a compromise
between counting high fluxes and getting adequate
signal/noise to use charge division. The noise per
channcl in the set-up is "600 electrons. We plan to

use some 1200 ch ls. The arr t used is shown
in Pig.3.
-HY

: e )
iz [nenenTozn oo o iz

centre region ~ outside region

Fig. 3.

There is a capacitative divider natwork given by
the interstrip capacities. The floeting strips have to
be charged up te the full bias voltage by a resistive
layer. The resistive layer is only required to main-
tain the D,C. potential and does not enter into the
charge divieion process. Fig.4 shows the resolution
obtained in a 200 GeV beam for meagurements acroaa
strips read out every 60 ym and every 120 ym.

T T T T L} T T T _haa
x-roordmate difference belween tounters
1and 2 160
6“" readout every ‘L;Wm 4o
J “icaunter)=13um
€ 500[ ™~ 120
[Tl
o 40D ~i00
a i odoul every bk
re m - B0
"2 300- o canter®
2 LDJ 4 8
- W
100~ 2
R e .s?“".mn“ 050 w50 w00
PRt Xp-%3 R
Fig. 4.

$spd

Possibilitieg for Colliders

The devices we have made are satisfactory for high
energy external beam experiments where the particles
arc concentrated in a forward conc leaving “sideways"
free for the fanout and electronics. However, a cylin-
drical array with 10 amplifiers every millimeter is a
clumsy object. In fact & twisted paix cable fills 30
times more cross-gection than the channel it reads out,
Counters about 15 em long could be read out with a
signal/noise ratio of n30/1 but the problem of fitting
amplifiers around a 10 or 20 cmdiameter cylinder is
difficult, and the cost deterring.

For any bunched beam collider it is clear that
sequential readout is required. With on chip {(or near

chip) electronica reading, say, 10 strips in sequence
the problems of space, cost, and cooling would be
resolved, At MPI and CERN we are designing such
RysEems,

Finally it is worth remembering that high resc-
lucion counters are only useful for high energy parti-
cles, 100 um of silizon seatters as much as 10 cm of
argon (at NTP).

With a detector a distance ry from a vertex for
100 um of silicon, the secattering at r; introduces &
lateral vertex error of 5 um for 1 GeV particles with
ry » 1 em, and for L0 GeV particles with ry; = 10 ¢m.
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PROPORTIONAL CHAMBER OFCRATION AT LOW TEMPERATURES

Dty Barkov, G.A.Blinov, B.I.Hazin, V.M, Horev,

N.!f.Ryskulov, £.P.Solodov, V,W.Zeltgeyv

Institute of Fuclear Physics,
Novosibirsk 630090, USSR

1. Introduction

In order to etudy the ee” annihilation
at the storage ring fecilily VaPR-2M [1), &
cryogenic magnetic detector (CMD) (2lhas been
meade. A schemetic view of the detector is
shown in Fig.1. The six-gaps optical spark
chambor (6) is mounteu inside a suparconduci-
ing solennid (7). The solencid and the spark
chamber axes are parallel to the direction of
particle motion in the storage ring. The dis-
tingtive feature of the detector is its oper-
ation at low temperature to get a higher den-
sity of 8 gas mixture in the spark chaumber.
The chamber operation et a temperature of
180 X and pressure of 2 atm allowa e spatial
resolution of about 50 um., For triggering of
the spark chamber two cylindrical multiwire

i

AN ?
|/
Pig.1. The schematic c¢crosa section of the
detector: 1 ~ high voltage feeding, 2 -
yoke, 3 - nitrogen shell, 4 - magnetic

lens of the storage ring, 5 - compensating
solenold, 6 - spark chamber, 7 - main socle-
noid, 8 = outer M¥PC, 9 - inner MWFPC, 10 ~
optic lens, 11 - mirror,

‘\,/\
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proportional chambers {8,9) (MWPCe) operating
with the same gas mixture are used, The ab=
gence of edditional wells between the sapark
chamber and MY¥FCs decreases a multiple scat-
tering of charged particles in the datector.
The momentum resolution up/p = 0,05+ p
(GeV/c) hae been obtained at 32 kG magnetic
fleld in the centre of the detector. The solid
angle covered by the CMD is 0.6 x 4% . Two
compensating auperconducting solenolds (5)are
employed to cancel the influence of the main
golenoid field on the circulating beams. Only
charged particles are detected by the ClD,

2. EBxperiments with MWPCu at low temperatures

The operation of MVPC at low temperatures
wea etudied to find a suitable gas mixture at
‘he lowest temperatuve. Some results of these
experiments were given in Refs,3,3 . The gases
CH4 and 002 wers used as quenching edmixtures
to noble gases for normal aperation of MIVFC
at low temperature. The CH4 admixture allowe
to gperate at a temperature of 78 X (1liquid
nitrogen temperature) and for 002 this temper-
eture is about 160 X, At these temperatures
the vapour pressures oi 0H4 and CO2 ara 0,019
atm end 0.03 atm, respectively. In our detec-
tor the volume percentage of thepe greas can-
not be more than 3-5% because of the deterior-
ation of the efficiency and the spatisl reso-
lution of the epark chamber.

In those experiments the MWPC with 3 mm
gap between 28 um gold plated tungstem wire
and cathode electrodes was used. Thie gap was
chosen t¢ minimize a volume of the MWEC trig-
gering systen in the magnetic fleld of the de-
tector. The wire sopacing was 2 mm, the wire
length was 15 cm. The Ne + 0.7%0H4 + 2.3%AT
gas mixture at 78 K and a pressure of 2 atm
was used as MNWPC filling, The operating high
voltege (EV) under this condition was 1500 V,
The M¥FC pounting rate was 10% Bz per wirs
caused by the radioactive source.
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The folloving phenomena were observed
under these conditions:

a) The MJ/PC with cothode electrodes made
of metals with oxide films orn their surfaces
did not work. The copper, aluminium, titanium,
stunnum, stainless steel were teated. A few
tens of seconds after switching on a HV cur-
rent of 100 piA appeared through the chamber,
the voltage drop on the limiting resistor in-
creased that caused dacreasing of the RV on
the chamber and tlhie MJIPC lost ite sensitivity

To reduce the electric field in the vie-
inity of the cathodes, the wire spacing was
changed fiom 2 mm to 4 mm, that led to de-
creasing the electric field Trom ~3000 V/em
o ~1500 V/em, Thin gave the opportuniiy for
WWPG with sluminium cathodes te cperate dur-
ing about 30 hours., Then the sensitivity was
lost due to HV decreasing.

Tis kind of behaviour of MIPC could be
explained by an increase In tho resistivity
of the oxide Tilm on the cathode surfaces mt
low temperature, The iona built up the sur-
Tace charge on this Tilm, put out the elec=-
+rons from the cathodes und the current ap-
peored, ‘me building time of the ion surface
charge required for the appearsnce aof a cur-
rent through the chamber strongly depends on
the electric field in the vicinity of the
cathedea.

b) The MYPC with the gold plated cath-
ode and & 2 mn wire specing operated zhout
8 hours. Then the current eppearad and the
sengitivity was lost due to HV decreasing,
The temperature increase by 10-15 degrees led
1o disappezring the current through the cham-

o 5D WOHR
i —

ber for a few houra. These steps continued up
to the temperature at which CH4 could be re-
placed by GO, The non-regular dark film was
found on the surface of the cathodes which
csould be partly washed out by alcohol,

At room temperaiure the MYFU operation
with this mixture ie stable for & long time.
This behaviour could be explainad by the CH4
radicais polymerisation which increased at
low temperatures. The similar effects of our-
rent appearance in the M¥PC at room tempera-
iure was described in Refs, 5,6,7,8,9.

The noble gases with admixture of 002
are suitable for IMWPG operation at tempera=-
tures higher than 160 K,

3. The MIPC construetion and ges mixture
used in the CMD
The construetion of the MWPCp and ithe

spark chamber used in the CMD is shown in
TMg.2. The inner and onter MVPCs have been
wound with the 28 ym gold plated tungsten
wires (10) with 4 mm wire spacing, 3 + 3 mm
gaps width for outer and 3 + 4 mm gaps for in-
ner ones because of the emall radius of the
inner MYPC, The inner MYPC hag been mounted
on the vacuum pipe of the atorage ring. The
wires are soldered to the copper etrips put
on the plexiglass isolating rings (11), The
aizes of the plexiglasse rings end aluninium
cathodes (B) which had different heat expan-
gion coefficients were selected to have the
congtant wires tension with cooling.

The stainless steel pipe (7) with a 0,05
mn well thickness was ugsed as a storage ring
vacuum pipe near the beam interaction point.
Fig.2. The elements of
the spark chamber and
M¥¥o: 1,4,5 -~ is0lat-
ing ringa, 2 - outer
alectrode of the epark
chamber, 3 - foil eleo-
trode, 6 ~ aluminium
ring, 7 - vacuum pipe,
8 -~ MWIC electrode,9 -
berillivm pipe, 10 ~
sensge wire, 11 - lsol~
ating -~ing, 12 - front
wall, 13 - priems,14 -
HV electrode, 15 =
back wall,
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A beriilium pipe (9) with a wall of 1 mm
thick put inside the vacuum pipe to prevent
it from the outer pressure destruction, The
cathodes of the inmer LL/PC have been made of
0.15 mn gold plated aluminium. The total
thickness of the vacuum pipe and the elec-
trodes of the M¥PC 1s equal to 0.3 g/crn2 or
0,009 radistion length.

The mixture of Ne + BlAr + 2.5%00, was
found to be suitable st low temperature for
the sperk chamber and MiVPCs. The ciiambers op-
erate at a temperature of 180 K und a pres-
sure of 2 atm. The gas flow rate is about &
em” per minute. Under this condition the op-
erating HV of the MWECs is about 1500 V and
M#/ECe have the platesu width of about 100 V
with nearly 1005 efficlency. The if¥PCs time

resaolution is 2t = 100 ns,.

4. The operation of the M7PCa as
a_CHD tripgering system

The wires in each MYPC were ordered in
16 groups. The high voltage was applied to
the sense wires, The signals from every group
were taken throurgh a dividing cepacitors and
proceeded via 50 8 cables to the amplifiers,
which were placed outside of the detector at
a 5 m distance. The input thresheld wes ad-
justable and wap normally set at 3 ud. The
selection of the desirable coincidence was
carried out by the block of the trigger logle,
which could be changed. The triggering rate
of the detector weg legs than 1 Hz at maximum

luminoaity of the atorage ring. The inner
IA¥EC opercted at sbout 107 H2 per wire and
the outsr one operated at ~ 10 Hz per wire.
Bvery 2-:-3-104 dischargesin the spark chember
cauged the 20 V increase in the operating IV
on the MiFCs due to the gas mixture changing.
The ges mixture uged to be replaced nfter
about 105 trigmers of the spark chamher. The
MITCs operate with CI'D about four years.
There were no broken wires and no chenges in
M¥Ps' paremeters were noticed.
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RELATIVISTIC PARTICLE TDENTIFICATION BY dE/dx:

THE FRUITS OF EXPERIENCE WITH 1S1S

W.W.M. Allison
Department of Nuclear Physics,
0xford University, Oxford, UK.

Summary

The experience of ten years of studying dE/dx is
summarised. First, a helpful, if qualitative, picture
of the 2lectromapgnetic field of a relativistic particle
passing through a medium is discussed. Second, the
salient steps in a rigorous calculation of dE/dx are
outlined. Results of calculations for a variety of gas-
es and configurations are given and the weakness of the
calculation is pointed cut. In the third section the
practical experience pained from the (SIS project is
discussed. The systematic effects that have beea over-
come are listed and the status and successes achieved
with 1515] and ISIS2 to date are described.

A Qualitative Picture of the Field of a Particle in
3 Kedium

A charged particle passing through a medium carries
with it 2 pulse of electromagnetic field. To simplify
the picturc we may ignore the vector nature of the field
and pretend that we are working in two dimensions only -
x in the direction of the particle velocity v and y
transverse. The pulse is made up of a full spectrum of
frequency components. Let us consider the component of
frequency ¢ and suppose that the phase velocity of e,m,
waves of frequency w in the dispersive wedium is u (w).
This component will have a wave-vector k which must
satisfy:

m=
Y
Furthermere, since the phase of the component is statie
as seen by an observer co-moving with the charged
particle, the x-component of k must satisfy:

=y, (or w = k.v)

x*!a

~he transverse component of k is therefore given by

ve
ky =%(F' 1)!

There are two cases of interest.
If v > u, ky is real and the cogponent of frequency

w represents a real travelling wave at an angle cos™!(U/v.
This is the case of Cerenkov Radiation.

If v < u, ky is purely imaginary and the component
propagates as an’ evanescent wave in the transverse
direction:

exp i % (x -~ vt} exp - =~
Yo

where the ramge ¥, is given by

v

Yo

a

wfl

Re-expressed in terms of g' = %3 %' = [1-3‘2]_! and

- n
= = the frec wavelength over 2w, the range becomes

Yo = ¥3'y!
The transverse range of the e.n. ficld expands with e
factor 8'y' as the Cercnkov threshold is approached. It
is this expansion, normally referred to as the  lativ-
istic expansion but in reality only depending a the
wave nature of the field, whlch is responsible fer the
'‘relativistic rise' of the ionisation cross section for
a particle maving in a medium.

Relativistic X!nematies only enters through the
limit v < ¢. There are then wnwo cases of interest,
First, below the principal absorption lines and in the
optical region where the refractive index is greater
than unity, u < ¢ and the field expands as v is increas-
ed and the Cerenkov threshold may be rcached. Second,
in the u.v, and X-ray regions where the refractive index
is less than wmity, u » c and, although the field starts
to oxpand as v is increased, the Cerenkov threshold is
beyond the limit v = ¢c. The expansion therefore satur-
ates with a maximun range

2
s 4& c2,-}
Yo = X151 - 52)
Expressed in terms of the refractive index n = E~and
the familiar 8 = % and y = (1 - 82y}

Yo = %8I+ (1-n2ye2)d

which is effectively reached already when g = n. This
is the Fermi plateau region., The saturation is some-

times called the density effect because its onsel Jep-
ends on the density through n.

As an i1llustration, consider #iw = BO eV. At this
u. v, energy, the refractive index of argon at normal
pressure is about 0.95392 and the range of frec photons
is a few hundred microns. Fig. 1 shows the transverse
range of the field as a function of the velocity of the
charged particle. Fig. 2 shows the same on a vastly
exparded non-linear velocity scale including the kine-
matic limit v = c.

Range of feld component. hurato o
Arjch TR

Ronge lpm)

[LUEER

Fig. 1 Transverse range of a field conponcnt as &
function of velacity.
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Fig. 2 As Fig. 1 but with kinematic limit. Note non-
linear scale.

Of course such a crude picture, though qualitative-
1y correct, is no basis for calculation. For this we
must turn to the Plioto absorption lonisarion Medel.l

The Photogbsorptiun lonisation Model
for Calculation of dG/dx

This has been described in detail elscwhere.! Here
we point cut the five main steps involved.

Step 1

Step 1 is a4 student problem in Classical Electro-
magnetism. Ne solve Maxwell's Fquations in a medium
(D = eE, b = 1) due to a charge density p = e§?(z-Bet)
and current density j = Bep, which together describe
the charge moving with velocity Be. In the Coulomb
Gauge one obtains -

$(k,0) = 2e §(n - k.Bc)/kie
Atkw) = 20 LB =8 g1y gy

(-x2 + &2
and
B(x,t) = (T,l,]—ﬂ”[i%gcg.m - ik U,0)]
x exp i(k.r) - wt}dikdw
Step_2

lhe energy loss is due to this electric field doing
work on the particle itself.

dE_ _ eE(Bct,t).8
= T 8

Step 3

Step 3 is to point out that this energy loss, which
is expressed as an integral over Fourier components, is
not a swooth rate of energy loss but needs to be re-
interpreted, 3s in semiclassical rediation theory, as 2
probability of energy transfers hw.

Thus

dE  _ =" d20 .5 X
o = .LL NE SpS=n2da ok

ugere N is the electron density, E =, p = ik and
d*g

is the double differential cross section per elec-

dEdp
tron. Doing the implied algebra we get
d2g 20 2 52 1
atap © gz (P8 - pig) I
1 omel
pez Il
Step 4

The anly unknown in this expression is e. All we
need therefore is €(k,w), which ir vssentially the in.
elastic structure function of the medium. This involves
a modell derived from:

- detailed photoabsorption spectra and their sum
rules

- Kramers Kronig relation for the real part of ¢

- dipole approximation for the small k off-mass-shell
region of ¢

- constituent (i.e. electron) scattering and sum
rules for the large k aff-mass-shell region of e.

Step S

Invelves integrating the cross section over moment-
um transfer analytically and then folding the cross
section numerically to derive the dE/dx spectrum in a
finite thickness of gas.

A FORTRAN program is available to caiculate spectra
ete. for pgas mixtures, pressures, sample thicknesses and
velocities of interest.

Results of Calculations

We have caleunlated the 'relativistic' rise for a
nimber of gases at atmospheric pressure together with
the corresponding resolution. One must be specific
about what is being ealeulated in considering these Tes-
ults. Table I shows data Televant to dE/dx spectra in
1.5 cn samples. Rises, defined as the ratio for elec-
trans to protens at 4 GeV/c, are quoted for the peak,
the half-height paint on the low side and half-height
point on the high side of the dE/dx spectrum. The res-
olution is the FWHM figure per (metre)‘ﬁ derivable from
a maximum likelihood fit (for protons at 4 GeV/e). The
fipures show that, whereas noblc gases have the larger
rises, they also have the poorer resolutions. In large
measure these two effects offset one another. In the
last six colurms of Table I we show figures indicating
the separation of masses divided by the FWHM resolution
at 4 seV/c and 20 GeV/c., The values are remarkably in-
depenlent of the choice of gas. It is important to note
hewever that for the noble gases with their larger rise
and poorer resolution, systematic effects in practical
devices will be less important than wouid be the case
for molecular gases.

In Fig. 3 we show the effect of changing the den-
sity. The calculation is for pure argon. As the dacnsity
increases, the rise decreases due to the 'density effect’
but the resolution improves. However, the effective mass
separation does not improve much beyond 2-3 bar. The
choice of gas density depends to a certain extent on
whether separation is required at higher momenta.
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TABLE I

Calculated Performance of Different Cases

Rel. Rise % Resolution Mass Separation (FWHM) units pov metre‘)
Gas Peak Lo Point Hi Point % FWHM At 4 GeV/e: efn  n/K  K/P At 20 GeW/e: efr m/K  K/p
He 58 86 45 15 1.5 .9 .3 .3 9 .5
Ne 57 72 57 13 1.8 1.1 ) 6 1.1 6
Ar 57 66 49 12 1.6 1.1 .4 - .9 .6
Kr 63 65 6! 11 2.2 1.3 .5 .9 1.2 .7
Xe 67 76 64 13 2.2 1.2 4 1.0 1.0 .6
N2 56 59 48 11 1.8 1.3 .4 7 1.0 7
[o}} 54 54 47 ) 2.0 1.5 .8 A B | .8
co 55 56 48 11 2,0 1.3 .5 701 B
) 54 56 47 10 2,6 1.5 .5 70011 .B
Cop a8 52 41 8 2.0 1.6 .5 6 1.1 .9
Na0 48 52 41 8 2.0 1.6 .5 .7 1.1 .8
CHy 43 45 39 9 1.6 1.5 .5 .5 1.0 .8
Cally 42 46 58 8 1.7 1.5 .8 6 1.0 .8
Collg 3E 41 34 8 1.6 1.6 .5 - - -
Ciihp 23 24 21 6 1.8 1,3 .3 6 1.0 .8
Ar/20% COz 55 62 48 12 1.9 1.2 .4 - - -
a) % Rise of peak
60 b} Resolution (FWHM) per (metre)’2 for electrons
50 10
Yo
40 5
30 ) ) ) )\ ) 1 1 1 1 ]

z 4L 6 8 M 0

Pressure {atm!

2 4 [ g 10
Pressure {atm)

Separation - at 5 GeVic
Resolution (FWHM} per (metre]'?
Ay — .
g dl : Separation — at 15 GeVic
Resolution (FWHM) per (matraj'2
thk .
i
Ly ey —
hh_,—’"__—-—-_——_—--————‘_' kg
1 L 1 i d : H ] S B |
0 2z 4 6 g8 10 0 2 4 ) 8 10

Pressure (atm)

Fig, 3

Pressure (atm}

Calculated variation of relativistic rise, resolution and mass separation for 1.5 cn samples of argon s

a function of pressure (at normal temperature).

Fig. 4 shows the results of calculations on sample
size. As the sample size is increased the relativistic
rise decreases and the resolution per netre gets worse.
Both effects tell u: to sample as finely as possible,
Howevzr, below 1 cm atm thickness in argon (or equiv-
alent for ot.er gases) the dE/dx distribution is no
longer a scooth shape., 1t develops structures whose
rela=ive importance changes with velocity.3 Fitting
these, to reulise the ideal Tesolution may not be
practicable. The cffect of diffusion in generating
cross talk between fine samples is equally important in

Critical Biscussion

There have been calculations of dE/dx before. All
have been found wanting at some stage. The present
PAI Model would appear to be at least as good as pres-
ently available data. Nevertheless we summarise here
its weaker points.

First, the available photoabsorption speactra are
not beyond criticism.? However, when they are massaged
to satisfy the sum rules rvepresenting the electron den-

limiting how finely one should measure dE/dx in practicel sity and the static dielectric constant (by adding
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Resolution FWHM on 1m. (By=10)
Rel. rise

ijhulfrnux
lem T Tmae y 50

0 5 10 15 20 25
Sample size (cm)

Fig, 4 Resclution and relativistic rise as a function
of sample size for argon at normal density.

oscillator strength near threshold) they cannot be too
far wrong.

Second, the madel for the e(k,w) is very crude.
However, in very thin samples the important collisions
are largely governed by the dipole approximation anyway.
Results are therefore rather insensitive to the model.

Third, the a2ssumed linear relation between energy
deposited and number of icnisation electrons is physic-
ally implausible. The model assumes that the relatinn
helds at least statistically with the same proportion-
Aality for every type of collision. Would the momentum
of the secondary electron be a better guide to the
probability of further ionisation? I believe that this
weakness will give rise to discrepancies between theory
and experiment sooner or later. :

The Fruits of Experience with ISIS

The ISIS project for the Identification of Secon-
daries by Ionisation Sampling started ten years ago.
Those most closely involved in it have beer C.B, Brooks
(project engineer), J.H. Cobb (pioneering graduate
student) and P.D. Shield (electronics engineer). After
the initial idea in April 19725'f we built n first Im
drift prototype, ISISO, This was run in a test beam in
November 1973 and showed clear evidence beth for the
space charge problem and the separation of pions and
pratons after an 85 em drift.? After further tests
and proposals the Zm drift prototype, ISIS1, was con-
structed in 1978, Followirg successful operation in a
test beam at NIMROD® it was used in anger as part of the
European Hybrid Spectrometer at CERN in 1980 for the
NAl6 small bubble chamber charm experiment,® Since then
it has been replaced by ISIS2 which ran in a prelimin-
ary experiment in July 1981 and is now running again in
NAZ7, the second charm experiment (March 1982).

I will sketch the basic idea of ISIS first and
then enumerate the principal problems, iliustrating
the peints with data from our experience. Finally 1
will show you where we have got to.
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Fig. 5

The Ildea

ISIS i5 a pictorial drift chamber similar to the
more recent TPC but working at ambient pressure in a
Cartesian geometry at a fixed target accelerator. Ics
prime role is particle identification; tracking is a
free but impressive by-product. Fig. S shows a diagram
of the chamber in the beam plane. Track signals are
drifted to a single central wire planc perpendicular
to the diagram. Multihit electronics can record between
30 and 50 hits per event on each wire. The electronics
have been described elsewhere.!® They record the drift
time and pulse height for each hit, The third coerdin-
ate is not measured and the up-down ambiguicy is not
resolved by the chamber alone. Table 2 gives the
"vital™ statistics of ISIS1 and 1SIS2. The only impor-
tant difference is the length, i.e. the number of samples
per track,

ISIS] 15182

Acceptance 4 x 2m? 4 x 2m?
Drift distance 2 x 2m 2 x 2m
Voltage {presents 120) 100-200KY 100-200KV
Samples 60-80 320
Volume som3 120m?
Ionisation resolution, FiVHM 14% 7%

Table 2
Hazard 1  Base Line Restoration

Generally dE/dx pulse heights are measured from
a.c. coupled signals. It follows that the mean signal
is zero. In particular, if the signal occupan.v iz £%
within one a.c. coupling time constant, the baseline
will shift by f% of the pulse height. See Fig. 6. This
is an unacceptably large effect in general. It cannot
be computed from the amplitude of earlier pulses with
good confidence in software because of the uncertainties
surrounding the frequent saturating signals. The problem
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“ of the electronics,

cannot be solved with linear filters, There are two
solutions, Either you digitise tha background level
between pulses and correct in the software or you feed-
back the background signal level in the 2lectronics it-
self, We have chosen the lattor method.!® Once this
problem is solved one can achieve excellent rejection
of low frequency hum or at least its linear consequen-
ces.

Fig. 6 a.c. coupled signals

Hazard 2 _ Pulse Shape

The impulse rosponse of the gas amplifier has o
1/t tail.!! Inverting this to provide optimal clipping
without undershoot is a liiewr problem. In IS1S we do
it with 3 passive filter time constants - 2 is probably
enaugh.

Hazard 3 Shape-Independent Integration of Track

Signals

Even after filtering, track signals are not sharp
due to the combined effects of diffusion, track angle,
drift path variation as well as the finite band-width
Because these effects vary from
track to track, to measure the signal charge it is
necessary to do a proper gatad integration. The track
signal must be integrated from some time before the
discriminator fired until 99% of the shaped pulse has
arrived. This may be done in software if the whole
signal has been digitised or in hardware with 'on' and
Toff' thresholds. In ISIS we do the latter. The
strict definition of complete integration (*1%)
carries with it a conservative 2-track resolution.
Fig. 7 shows the 2-track resolution in ISIS. The 1ine
superimposed on the histogram is the expectatien of
Poisson statistics. All track hits above 12 ums are
resolved. The figures below each bin shew the mean
pulse height for the first and second hits of such
pairs. W¥e note that resolved hits above 12 mms are
unaffected by the presence of the other at the level
of 1-2%.

1515 1 1580
Dustance getween resolved brocks hils
~ 1bin=1count = 20075 = Loy
101
«1
0.5
A . s M L
et [ 2 .1 & H 6 s
It o oo el -
o, = TE 63 T 88 12 81 0 13 hoh
secend

Fig. 7 Distribution showing loss of track hits at
clese separation.

Hazard 4  Bulk Space Charge

As 8 result of cosmics, background and earlier
events the drift velume of a large device always contains
positive ions released during the gas amplification pro-
cess. 1t is usually possible to estimate roughly the
space charge density knowing the gas amplification, the
mean ionisation rate and the positive ion drift velocity
(vl cm/s/volr/em). Bulk space chayge will be a problem
for both spatial and dE/dx distortionm if

fg(;!d: s £

where the integral is the line integral of the space
charge density threugh the drift velume and o is the
drift electrode charge density per unit area, £ mst
be of order 1073, We have seen spectacular effects
from such space charge?’S.

In 1S1S we have cured it by gating the gas ampli-
fication off except during the bubble chamber sensitive
time.? We currently run in a beam of 3 x 10% s”!, gas
gain 10%, EMT 100 KV, 30 Hz x 2 ms sensitive time.

track
N
'
]
\ HiFre

wire

wire

Fig. 8 Avalanche regien for track at angle v.

Hazard 5 Local Space Charge

Consider the track shown in Fig. 8 which crosses
a number of anodes at an anpgle © to the normal. The
avalanche for this track (igroring diffusion) takes
place over a length of wire s8, The size of the ava-
lance is of order

G(gain) x P(bar) x 10(electrons/mm} x s{~m) x 1.6x0719
giving 2 Iinear density

6P 67! x 1.6 x 107!? Coulombs/mm

If this charge density is significant compared with the
charge density on the wire causing the avalanche, the
gain will be non linear. The latter is typically 12 pC/mm
for 25 pm wire. To avoid this problem at the 1° level
we need CP9™! < 2 x 10%, In ISIS we have GP = 10" so
that saturation effects should be confined to tracas at
less than 50 mrad. This may be responsible for a 2$%
lcss of measured pulse height in the beam region (6=0)
in ISIS1. Certainly this figure agrees within a factor
2 with the empirical bench test observations of local
space charge by Frehse et a1.12 No such effect has been
observed in ISIS2 where the chamber is rotated so that
no track has an angle less than SO mrad.

This prabien is serious if GP must be kept high to
get good charge division as in JADE and UAl. The prob-
lem in TPC sheuld be no worse than in ISIS. [In practice
diffusion will help a bit, The problem may be compounded
if the local rate is so high that a second track arrives
before the positive ions from the earlier one have moved
away.
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Hazard 6 Calibration

In every event in [S1S thore is both an electronic
track fed to all preamps and a false trigger trick that
samples 'zero pulse height' background, These are mon-
itored carefully. All signals are corrected for gain
and pedestal variations although the variation is now
small enough that this is unnecessary.

Hazard 7 Cross Talk 151~

Capacitative nearest ncighbour cross talk is not
serious,as shown by Monte Carle sirulation, Diffusion 10
between neighbouring gas sapples is potentially more T
serious. Becsuse the dE/dx distribution is highly skew,
cross talk can, not only change the shape of the spec- 5l
trum but actually shift the peak. This has not been
observed yet. It is a small effect.

Long range coupling between many channels whether
capacitative in the chamber or a technical problem in
the electronics can be disastrous for the resolution.!3?
Coherent pick up has the same effect.

Hazard 8  Gas Purity 30

For long drift paths and accurate pulse heights
the gas must be pure. This requires Ieak tight systems,
purification and instrunentation to measurc the oxygen 10
consartration. In our experience at purities of 1 part
per million and less the latter causes the most trouble.
in ISIS2 we »re able to measure the attenuation direci-
1y by fitting the measured pulse heights on steep tracls.
We assume that

n Pi = n mi - ati
where pj is the measured signal, w; is a sample from a
dE/d% distribution uncorrelated with t; where ty is
the drift time. Morents accumulated for & track give
a value of a. A thousand or so tracks give a distri- Fig. 9
bution of attenuation factors a which enable the loss
factor to be derermined with an error of order 1%, Our
best performance so far is about 14% loss on 2 metres.
We expect a significant improvement on this soon.

Ionisation Fitting

As described elsewhere we employ a single param~
eter maximum likelihood fit,3 Fig. 9 shows how this
works for a marticular track. The histogram of pulse
heights is fitted with 2 sliding scale parameter to a
tabulated dE/dx function. 1In this case the track was
known to be an electron from the spectrometer recon-
struction where it associated with a y conversion in
the Bubble Chamber. FEven with the modest statistics of
15181 the data clearly confirm the electron identifi-
cation., Also shown in Fig, 9 are the data for an ISIS
track whick was associated to two tracks in the spec-
trometer, The Jikelihood fit correctly found the
ISIS track to be 3 x minimum jonising although most of
the pulse heights saturated the ADC. Such a case can-
not be treated by a truncated mean method.

Kumbar of wamples per bin

Fig. 10 shows new data frem 1SIS2 on the dE/dx
distributior, The curve is the best calculation (with-
out correction for eross talk) for the Argon/20% CO,
mixture used, The data are actually fractionally
sharper than the model. (The energy axis of the data
has been scaled ro give a besc fit.}

Fig. 10
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Particle Identification with ISIS] in the NAlé
Experiment

Fig., 11 shows the layout of the Eurcpean Hybrid
Spectrometer at CERN with ISIS] downstream of the LEBC
bubble chamber as run in 1980,%°1% Fits of ISIS1 tracks
to the spectrometer gave residusls of 4 mms and 5 mrad
RMS, Samples of electrons from y conversions in the
bubble chawber and pions from K° decays in the bubble
chember were used to test the perfornance of I1S1S. Fig.
12 shows the ratio of observed to expected ionisation
for these tracks. The width of 18.6% FWHM is signifi-,
cantly worse than found previously® and predicted (14%).
The systematic discrepancy is due to varjous problems
that have been cured in 1SIS2 (see below), Nevertheless

_ 13 shows clear scparation of electrons and pions in
the two cases.

Fig. 14 shows a real case of physics interest. The
bubble chamber picture(reproduced_hcre with some diffi-
culty)contains a D°D° pair, The D® decays to K*n*n"x~.

BC 15185

GD

]
2 L) 5 ")

' metres

EHS version J fur HA 1S June 180
Fig. 11
2 SIS 1 1580
|
a 1 I} a
[] 05 10 15 2.0 25

Observed {expected wnisation

Fig. 12 Resolution of ISISl. Curve is 18.6% FWHM.
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Fig. 14 A bubble chamber photograph from NAl6é showing 2
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The ionisatisn for the K* track has a x2 of 10,1 (1d.f)
when interpreted at n*. The proper time is 4.5x10713s,
The D° decays as a 2 prong vee which does not point to
production. The positive track has a momentum of 18
GeV/c and is assoclated with a shower of this energy in
the EHS lead-glass y-detector. For this track the ISIS
ionisation x2 are 1.4 and .07 for the n* and e* inter-
pretation respectively. Although this analysis is pre-

liminary, it is interesting as a tivst cledar usc of

relativistic dE/dx for physics and a. . zlear casc of
the infrequent semileptonic decay of a D°.

Particle Identification with 15152

ISIS) was built as a prototype. For full ¢/7/K/p
separation the cxtra resolution and better systematics
of 1SI52 =-~ needed. Fig. 15 shows views of the mammoth
100m® device during construction. Fig. 16 shows the

Fig. 15a Construction of eclectrenics in Oxford for
15182,
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Fig. 15c Corner shieid of ISIS2 to provent breakdown

Fig. 155 View of IS1S82 durin; comstruction. The double
wall of fleld-shaping tubes and the epoxy im-
pregnatcd wooden frames can be scen,
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Fig. 15d View of chamber compiete except for the lower
tubes. The wire plane at 2m is just above
technician's head.
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layout of EHS more or less in it s present form. In
July 1981 a conventional diffraction experiment was run
and ISIS2 used for the first time, Fig. 17 shows a
fairly hiph muitiplicity event in which many secondaries
and decay products are scen passing through the chamber,
The tracks have sagittae nf 400 * 1000 ym over their Sm
length. Typically there are 250 good resolved spatial
points per track with 230 good pulse heights. The pulse
generator artificial track is seen at th: top of the
picture. Its mean pulse height has a variation 1.0%
IFWHM from event to event and a jitter after reconstruc-
tion of 1.2 mms and 0.2 wrad. It is reconstructed and

HOLEBC

[
i

SAD FGD
Ich M2

1)

melres

[} 5 " 1

EHS 1987) 982

Fig. 16
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Fig. 18 The measured ionisation of beam tracks in ISIS2.
‘fhe horizontal scale is chosen for convenience. The
maverick' track is at 1.4, The ‘overflew' is the only
track not plotted.

Fig. 17 Spatial data for a single event in 1SIS2.

direction.
superposed on the 1:w data.

Each point is a track hit and is associated with a measured
pulse height (not shown), The horizontal axis (512cm) is the wire number.
Tracks, low energy electrons and noise hits may be seen,

The vertical axis (2x200cm) is the drift
Track vectors reconstructed in ISIS space are
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recognised by the software in 99.85 (£15)% of evenes.

Fig. 18 shows the lonisation of out-af-time beam
tracks found within these pvents. Thesp show a res-
olution of 7.4% FWHM. There is no evidence of the sig-
nificant gain variations found in the beam repion In
ISIS1. This is attributed tc better control of space
charge effects. We expect that this resslution will be
confirmed for other tracke although this anal; sis is
‘ot yet camplete.

Conclusion

In Fig, 19 we show contours of resolution as a
function of device length and number of samples. The
resplution values are theorctical and assume o full
gnalysis by maximum likelihood ratio. These curves,
which change a tittle with gy, arc in foir agreement
with more empirical cstimates for sample thickness
greater than 1 ¢m atm. Below this the difference bet-
ween the use of a truncated mean method and a likelihood
ratio analysis is significant. Ffor this reason other
workers predict a worse reselution thap shown here. 1%
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Fig. 19 ‘The ionisation resolution (%FWHM} of a multi-
sampling detector filled with pure argom caleu-
later with the PAI model for By = 100. The
dashed lines are loci of constant sample ihick-
ness.

The ¢ross labelled '1SIS2' shows the ideal res-
olutlon for a track with 320 points. With 230 points as
realised in the analysis of 1SIS2 data after excluding
double track regions, bad channels and lost pulse heights,
the theoretical resplution js 6.8%. (Walentn predicts
7% on 300 sumples or A% on 230).!5 This is to be com-
pared with our observed resolution of 7.4%.

We consider that these figures support the view
that chere 15 no real uncertainty about calculations
of lonisation resolutlen or indeed the consequent mass
resolution, The impestant questions concern systematics.
In IS1S2 we belicve we are close to realising the full
potential of the JE/dx technique.
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DESIGN AND PERFORMANCE OF THE CLEO dE/dx SYSTEM *

R.D. Ehrlich
Laboratory of Nuclear Studies
Cornell University, Ithaca, NY 14853

Summar,;

The dE/dx particle <{dentifier described hersin is
a pressurized myulti-wire proportional chamber system of
modular construction. Residing in the outer detector
poertion of the CLEQ detector at the Cornell Electron
Strraye ning (CESR), it can separate pions, kaons and
protons in the non-relativistic region, identify
electrons with high efficiency, and provide several
standard deviation separation of kaons/pratons from
pions in *he region of relativistic rise. We will
review the most crucial features of its design and
wonstruction, and discuss the methods used to control
its electronic and gas-dynamic behavior. Finally, we
show examples of its actual performance in the CLEQ
experiment.

Histgrical Development The dE/dx Project

The CLEO collaboration comprising physicists from
Cornel1, Harvard, Rochester, Rutgers, Syracuse, and
Vanderbilt Universities, was formed in 1977 to design,
construct, and operate a magnetic experiment at the
%gggag-be—cunstructed Cornell Electron Storage Ring’

The obvious importance of charged particle identi-
ficatfon in e*e™ physics prompted an early decision
to reserve ~1 meter of radial space just outside the
central detector for either a) a threshold Cherenkov
detector or b) a sultable dE/dx system.

The potential of a dE/dx detector incorporated
within the CLEQ experiment led to 2 research investi-
gation which began with a basic experimental study of
the feasibility of dE/dx measurements, and later
concentrated on the actual design, construction, and
testing of 2 practical dE/dx detector., Tests on a
smail 17-gap chamber were performed in 1977, with &
goal of determining optimum pressure, gas fill, wire
spacing, etc. In July 1978, a prototype of the finral
design was tested in a BNL test beam, giving 3 standard
deviation separation of pions from kaons at 4 Gev/c,

In the spring of 1979, a test of a portion of the
actual system was made in a secondary electron beam
from the Cornell 12 GeV electron synchrotron. By
January, 1980, one quarter of the entire CLEQ dE/dx
system was installed and operaticnal. Data from actual
high energy physics running was takenm through July 15981
and physics results obtained. The OLED data is
described later. The entire complement of efght
octants has now been installed.

Design Considerations
CLED

The CLEC detector was designed to function use-
fully without its final particle jdentification system.
Any design for the dEfdx system musi 1ive within the
constraints impcsed by the global detector.

Figure 1 shows a cross section of the CLEC
detector perpendicular to the dirvection of the beam.
Figure 2 shews a cross section of CLED parallel to the
beam direction. While a technical description of the
CLEC detectar is available elsewhere, we will briefly
recapitulate its salient points here.

*Work supported by National Science Foundation.
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Fig. 1. View of CLEO dectector perpendicular

tr beams,

SCALE Im METLRS

gk ]]

Fig. 2. View of GLEQ along beam.

Starting from the beamline and progréssing outward
the first detector elements are cylindrical multiwire
preportional and drift chambers for precision tracking
of charged particles. These are embedded in a magnetic
field produced by a 3 meter long 2 meter diameter sole-
noidal magnet coil. At the ends of the selenvid are
shower counters to detect and measure photons at small
angles to the beam.

Qutside the magnet coil, the detector is divided
into 8 octants., FEach octant is self-contained includ-
ing its electronics and may be removed and operated
independently if need be. Within each octant are a set
of three drift chambers for measuring the exit position
of particles emerging from the magnet coil, particle
identification elements including a time-of-flight
system, and photon shower detectors consisting of
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proportional-wive tubes interleaved with lead sheets.
Beyond the ectants themselves are the rectangular iren
muok filters which completely enclose tke experiment.

Implications for dE/dx Design

The volume in each octant is ~5 m°.Our test
studies indicated that we required ~100 tanizatton
samples along the particie path as well as pressurized
operation to achieve a final resolution of ~5% in our
estimation of the "most probable energy loss." He
rejected the notion of an [5IS type chamber, with
large drift distances. as requiring excessively high
voltages and gas purity, both risky, high technology
burdens. He were left, then, with the twin problems
of very many wires and prassure containment.

When the number of wives in the total system is
considered, it turns out to be impractical to construct
a monolithic system. 1In a monclithic design, every
wire would have to be precisely located in a large
unit frame. The total number of wires in a system
with arrays of 100 proportional wires repested every
2.5 cm for ~3.0 m along the beam line is ~12,000. Thus
we find that by itself, the construction effort for
one octant's di/dx system alone would be comparable to
that for a large drift chamber. Morzover, there is no
peint in insisting on a monalithic structure.

We therefore envision 2 dE/dx module as a single
array of proportional wires complete with high voltage
foils. The modu‘es may then be stacked as necessary
10 make the comulete system., AS a position accuracy
is concerned it should suffice to know the position
of the track to ~1 cell width in either direction,
Thus, the modules do not have to be tso carefully
located with respect to one ancther. The only pre-
cisjon wire spacing necessary 15 that within a module,
and small displacements in the radial direction of
oné module’s set of wires with respect to another
module's set of wires will not be noticed.

Two additional arquments in favor of & modular
design are: 1) in principle the modules are indepen-
dent and ¢an be 1splated, thus avoiding disabling the
entire device Tn the event of & local failure, 2) Obvi-
ous mass production technigues may be used to advantage.

Mechanica) Design

The basic detecting module is shown in exploded view
in Fig. 3. The cross~section of the frames and their
method of joining them together 1s shown in Fig. 4.

The trapeznidal frame is formed from 3 mm thick extruded
aluminum channel. The cathode planes are 0.4 mm thick

Exploded view of dE/dx moodule {univs

Ftg. 3.
are cm}.

. Mees tor corvectng
Tosetewt

Neoprene " Q-ring”

T = bighes Yor wiee
leed Pwu's

woym

Fig. 4. cross section of

dE/dx octant:
aluminum U-channel {units are cm},

copper-clad circult board material (FR&). The cathode
planes are rigidly attached to the frames by means of
studs swaged inta the aluminum and by enoxy. Their
high strength gives the frames resistance against expan-
sion under pressure: they form a series of internal
struts. Gas tight seals are formed by a combination
neoprene o-rings and a layer of two-component RTY,
(General Electric RTV-77, a viscous compound.)

The S0 um gold-plated tungsten sense-wires are
strung through nylon feed-thruughs fnserted in precisely
placed holas drilled in the web of the u-channels,
There are 117 sense wires per module, spaced at ~0.6G7
cm intervals. The wires are tension to 300 grams,
fixad in place by taper pins, line up wich a straight
edge and glued 1n place, The taper pins are also used
for solder-Tree connections to the outside world.

The madules are bolted together wnile the RTY
sealant is setting by means of aluminum screws and nuts
placed at 5 cm intervals around the periphery of the
frames.

An important feature involves gluing small preci-
sion-machined Tucite blocks between the swaged studs
on the paralle) sides of the thannel. These auarantee
an accurate minimum spacing between cathode Tanes,
when the modules are compressed into the ful' assembly.

- warTon .

Fig. 5. Exploded view of dE/dx octants {units

are o).

Figure 5 shows the final assembled octant in
exploded view. The means of longitudinal pressure con-
tainment is clear. (The total fovce on the ends is
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6 x 104 1b.) We can afford to make the end pressure
plates very massive because they are located at the
edges of the CLEQ octants. They are made of 7.5 ¢m
thick trapezoidally shaped steel plates. The two end
plates are held together along their parallel sides by
two aluminum sheets. The sheet nearest the beam line
is .94 cm thick and the other sheet is .63 cm thick.
The steel end plates themselves do not come into
direct contact with the dE/dx modules. Between the
outermast dE/dx module and the pressure plate is
inserted a flat aluminum sheet. Contact between the
sheet and the end plate is made through a large number
of swivel head tensioning bolts. The tensioning bolts
are used Lo squeeze the 124 accordion like modules
down to the overall nominal dimension of 3.14 m &.3jcm.
Lucite spacer blocks are inserted between the moduies;
the tensioning bolts are adjusted until the modules
are flush against the spacer blocks. On average, the
dE/dx system presents only ~.3 radiation lengths of
material to a particle coming from the interaction
region.

Electrical Considerations

We require that our performance not be compromised
by either systematic or unacceptably large statistical
variations in the gas-amplification of the wires. Most
important has been careful control of wire diameter and
maintenance of uniform spacing (wrinkle-free) between
cathode planes. We tested several wires in each module
to eTsure gain uniformity to +4%. The 50 KeV line from
Am241 was used to fluoresce the copper clad foils. The

primary radiation easily penetrates the aluminum frames,

The same technique was used to determine empirically
tne electrostatic cross-talk between sense wires, by
ohserving the oppositely signed pulses on wires
neighboring a struck wire. This crass talk is

removed in our hardware by a resistive network which
couples the autput of all amplifiers in such a way as
to cancel the electrostatic chamyer effect, as well as
circuit board cross talk.

Ampiifier Performance

Each of the sense wires is ganged to nine neighbors
with a simple single filament daisy-chain. The result-
ant independent groups total 1400 channels per oct nt.
These are connected by ~20 ft. of coaxial cable to the
charge sensitive amplifier inputs; each circuit board
handies 60 chamnels.

The amplifiers have a charge gain of about § ADC
channge]s/fC. OQur typical signal at a gas gain of
~6 x 103 is 4( fC, The rms white noise is about 1 fC,
a negligible amount. Withcareful shieldingand filter-
ing, ncidental sources of coherent noise give less
than 1 channrel, or less than 1% of a single minimum
fonizing signal. Gains are calibrated by impressing
a small voltage pulse on ihe cezthode planes.

Gas Mixture

The gas used is a 9% CHy, 91% Argon mixture. ’ts
camposition is carefully controlled to <0.5% in the
relative CHy concentratian. This keeps gain shifts
down belaw T percent. We aiso control the density of
the 4as mixture by requiring the octant absolute
pressure to be strictly propc: tional to the measured
absolute temperature.

Fe % Wonitoring

Finally, within each octant we have placed four
small Fe>3 sources, whase spectrum as seem by repre-
sentative wires s continuously monitored.

Fig. 6 shows the appearance of events in a dE/dx
octant. The "clean" hit patterns are typical of non-
interactive hadrons and muons. The “overlapping"
patterns are indicative of interactions, overlapping
tracks, or showering electrons,

{o) i .
EXAMPLE OF
CLEAN
s
i

dEsgx

HIT PATTERNS

Y
i { \ourzn 2
DRIFT CHAMBER

N\
® = =— =
EXAMPLE OF
OVERLAPPING
HIT PATTERW I

T

Fig. 6. Examples of (a) clean hit patterns and
(h? overlapping hit patterns.

Clean tracks are internally divided into 3 segments.
They are retained for hadron identification only if the
pulse height distributions of the segments are consis-
tent. The estimate of dE/dx used is the mean of the
smallest 502 of the pulse heights (TM50). In Fig. 7,
we show the TMSO vs. raw drift chamber momentum for
~9000 clcan tracks coliected in the summer of 1987,
These events, cc”lected during the 7T(3S) running are
requirea to

1) have more than 90 hits

2) to be in the fiducial volume for uniform gain

3) to scatter by no more than 5° from the pro-

- Jjected drift-chamber extrapolation,
They are corrected for path Tength in 2 trivial way,
Clean pion, kaon, and proton bands are evident. We
stress that no hypothesis dependent manipulztion has
been performed, even though,the particles pass throuah
the solenoid coil {~30 g/cm”) at a variety of angles.
Figure B shaws the TMsp plots for particles identified
by the CLEO time-of-fYight system (TOF). The {imperfect)
agreement between the devices is quite good, though i+
is apparent that perhaps 20% of the TOF kaons are in
fact dE/fdx pions. Such centrasts between redundant
detectors are invaluible for understanding true rejection
ratios.
Resolution in Practice

Perhaps, the cleanest test of the in site capability
of the dE/dx system is provided by QED muons, Except
for occasional final state radiation, these Tow multi-
plicity non-interacting particles outght to give optimum
resolution.

Figure 9 shows the histogram of the muon tracks
plotted versus the measured TM5g pulse height, In fact,
the peak is located within 1% of the expected position,
but the width is broader than expected from test beam
performance. Both for this sample, and for pions in the
neighborhood on minimum ionization, it appears that some
systematic broadening of about 3% (in quadrature) is
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Fig. 7. TMTO versus momentum in the dE/dx device for particles identified by the CLEQ time-of-flight

system as {2) pions, (b) kaons, (c) protons.
operative. Currently we favor uncompensated variations
in gas density as an explanation, but no certain cause
has been identified. The resolution is nevertheless
adequate to do useful high momontum +/K separation.
Heretofore , running at a field of 0.4 Tesla we have
been reiuctant to trust momentum measurements; with
our current 1 Tesla field, and improved tracking and
luminosity , we expect to study the relativistic rise
region.
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PARTICLE IDENTIFICATION BY dE/dx MEASUREMENT IN Jape *

A. Wagner*
Fhysikallsches Institut der Universitdt
Heidelberg, Germany

Summar;

The jet-chamber, ugsed as the central track detec-
tor in the JADE experiment at PETRA, 1s briefly descri-
bed. The present status of the dE/dx resoluticn, xe-
sults [.on the measuremcnts and the applications of par-
ticle jdertification in the event analysis are dis=-
cugsed,

The Jet-Chamber System

For the central tracking chamber of the JADE
detector [l at the e*e~ storage ring PETRA & new type
of drift chamber, the so-called jet chamber, has beer
developed [2-4]. This chamber is capable of recerding
events of high local track density (Jets) with good
space and double track resclution and with the possi-
bility of particle identification within a solid angle
close to 4T sterad. The concept of this chamber was
developed in 1376 and data taking at PETRA has started
in 1979. Details about the jet chamber and its per-
formance have been published previcusly [5,6] . Before
discussing particle identification the principle of the
jet chamber 1s shortly described.

The sensitive volume of the jet chamber is a
cylinder surrouniing the beam pipe. The outer diameter
is 1.6 m, the inner diameter 0.4 m, the length 2.4 m.
The chamber is subdivided inte 24 modules, two of which
are shown schematically in fig. 1. Bach module contains
4 cells with 18 ancde wires each. A uni!“nrm drift field
with equipotential planes parallel to the median plane
is provided by field electrodes. The drift trajectories
are up to 8 cm lony. The gas gain (v 4.109) is adjusted
through the high voltage applied to the potentlal wires,
located ketween the anode wires. In the range of polar
angles 34° < § < 146° (measured with redpect to the
direction of the incident positrons), 48 points are
m2asured along each track. The track length im radial
direction is 57 cm. At least 8 points on a track are
obtained over a solid angle of 97% of 4m, At each paint
taoree coordinates, r, $ and z are given by the wire
position, drift time and charge division measurement.
The charge division method requires the measurement of
the integrated charge from each hit at both ends of the
anode wire. The ratio of these amplitudes determines z
and th= sum of hoth amplitudes measure: the energy loss
dE/8x% of the particle in the chamber gas. This measure-
ment of the total charge, determined up to 48 times
alonc each ¢rack, is used for particle identification
by multiply sampling.

The electronics [7] connected to each of the
153¢ wires of the detector consists of preamplifiers
on beth ends of the wire, a discriminator-integrator
and fast analeg and time memories with a capacity of
8 hits per wira. The discriminatorx pravides the signal
for the drift time measurement and the gating signal
for the charge integrators.

Different tracks within one cell do not interfere
with each other provided they are separated by drift
times g:i:ater than the sum of integration and dead

*Work supperted by the Bundesministerivm fiir
Forschung und Technologie
*Heisenberg Foundation Fellow

T i n
1 ! {
i H i
1 ! /
t {
\ |
i i
i i {
i i {
i £ H
tield g
shaping " i
electrodes i -
H
i i
equipotential “ 3 _."\"\
planes 1, !
U
i f
L i
i i
1]
Vo
¢ H
il !
i
H 3
Fig.l. Cross section through twe segments
of the jet chamber. 1 is the length of the

drift path, ¢ the Lorentz angle. The
position of the anode wires (small points)
and of the potentlal wires (large points)
are Indicated.

time (20 ns). The double track resalution can be varied
by adjustment of the integration time, which is current-
ly set to 120 ns, leading to a double tra~k resolution
of 7 mm.

A pulser system allows to inject pulses of known
charge at both ends of each anode wire. This system is
used to callbrate the gain factors of the electronic
system. The chamber is operated with an argon-methane-
iscbutane mixture (0.B87 : 0.085 : 0,.028) at a pressure
of 4 atm. This pressure is cnosen for mainly two
reasons: to lmprove the space resolution by reducing
the lonyitudinal diffusion and to enhance the effective
sample thickness in order to obtain a better dE/dx
resolution. The gas temperature irs kept constant to
0.5 degrees.

& solencld provides a magnetic field of 4.8 kG
parallel to the axis of the chamber. The magnetic
field is orthogonal to the electric drift field and
causes a rotation of the drift trajectories by a
Lorentz angle of 20 degrees.

The average values of the space resolution
achieved in the central detectc -f JADE are:

o(R,¢) = 160 pm, c{2) = L3 mm.
The average transverse momentum resolution is
APy /Py, = 2.2% - P [Gevre].
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Fig. 2 shows an example of a jet event as seen in the
central detector and the surrounding lead glass detec-

tor-
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Fig. 2. Display of a typical jet event as
seen looking along the e*e” beams.

QAB/A% Evaluation

The enexrgy loss in the chamber is caleculated from
the s™m of the integrated charges Measured at both ends
of the wire. Up to 48 ionisation samples are messured
per track, however for jet like events the mean number
of useful saeples is reduced (only 5308 of all tracks
have more than 30 useful samples). This reduced sample
size is due to tracks which leave the chamber through
the endplates and due to overlapr-ing tracks, where
hits in tl.e region of overlap have to be rejected.

The mean energy loss for a given track is calcula-
ted by taking the average of the 60% lowest pulse
heights thereby climinaring the influence of large
Landau fluctuations {method of truncated means).
Before taking an average, each individual integrated
charge has to be corrected for several effects:

1) The fcnisatiocn Is proportional to the sample thick-
ness, which is 1 ¢m normal to the Arift directlon.
The measured charge is corrected according to the
track direction.

2) The gas and electronics calibra .n differ from
wire to wire. These individual gain constants are
determined by using the electronic pulser system
angd a larpe pucher of tracks during actuwal data
taking. The leng term Stability of this calibration
was found to be better than 2%.

3) A correction for crass talk between heighktouring
wires 5 made, which improves the resolution by 10,

4) The chamber volume is disconnected frem the exter~
nal gas supply during data taking perieds.

A pressure drop of 1% per month is observed, which
causes an increase in gas amplification

AM/A = -T7.2 AP/P. This change in amplification is
corrected.

.5) 1t was found that the pulse height drops with in-

creasing drift time like exp (-a * tppyfe) due to
electron attachment in gas icpurities, where the
coefficient a depends on the time after a new gas

£111ing. The correction reaches values of up to 30%
for tprife = 1.5 ps. 4
Since che chamber 15 cperated at a gas gain of 410
the effective gas amplification depends atrongly on
the angle 8 of the track with respect to the wire and
on the drift time. This saturation effect is biggest
for tracks orthogonal to the wii2 and for short
drifttimes, when all electrens arrive nearly at the
same time at the sapme point on the wire. The amount
of saturation as Eunction of € and typ was determined
emplrically from clean tracks during data taking.

A correction which depends on the angle hetween

track and drift direction is presently under investi-
gation.

3

7

The entire calibration relies on tracks collected during
data taking. No radioactive sources or other external
calibration tools are avallable at present.

dE/dx Resolution

The dE/dx rasolution is limited by three factors:
1) Statistical fluctuations in the energy loss,
2) statistlcal fluctuations in the gas amplification,
3) systematic errcrs. The choice of gas and pressure
determines the contributions frem 1) and 2}. The dB/dx
resolution expected in the jet chamber is
gf/E = 4.5% or (10-111% FWHM, with a relativistic rise
of 1.43 [B.BJ. The observed relativistic rise is 1.48%8,
the resolution for alectrons f£rom Bhabha scattering
1s 0/E = 5.7% or (13-14}% FwrM [£1g.3].

02

trequency (arb.units)

.0 = e =
04 »o D app 400

dE/dx [kev/em)

Flg. 3. Landau distribution and truncated
pean for electrons from Bhabha scattering.

The resolution cbtained in high multiplicity events is
worse however, 0/E=9.4% or 22% FWBM. This deterioration
is partly due to shorter effective track length and partly
gue Lo the fact that the majority of tracks in jets is of
low momentum with large track inclination with respect
to the wire plane. As mentioned above the inclination -
correct’or is not yet properly taken into account.

Even in the case of high momentum electrons the
expected resclution was not reached. This discrepancy
1s due to remaining systematic errors mainly caused by
saturation corrections. If one calculates for indivi-
dual Bhabha events R = {dE(e~) -~ dE(e’))/¥Z, one ob-
tains a resolutlon which is " 20% better than the value
gquoted above and close te expectation. This can be
understood since by calculating R in this way a nuber
of syftematic errors cancel.
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Test Measurements

When the JADE experiment started no experirencul
information was avallable about dE/dx resolution in
gases at elevated pressure. For this reason and in or-
der to study sources of systematic errors, a serles of
test measurements was performed. The test chamber is
shown in fig. 4a.

a)
< o
W sl e

1 2 3 [} H [} 7 8 [] 0
dEfdxn
{arb. units}

Flg., 4a. Cross section through test chamber
4b. Distribution of the mean energy loss
{truncated mean) as cbtained by adding
three tracks.

It consists of two jet chamber cells, cut out of two
completed segments and read out with the same elec-
tronics as used in the JADE experiment. Gas and
voltage settings were also the same. The test chamber
was scanned with an electron pencil beam. Three tracks
were added in order to create tracks with 48 samples.
In the test setup it was possible to map the dE/dx
correction factors for each wirc as function of the
track angle 6 and drift time with an accuracy of < 1%.
Using these correction factors a resolution of
O/E = 4.6% or 10.8% FWHM was cbtalned for a large
varjety of track directions and drift distances
(f1g. 4b), in excellent agreement with the expected
resolution.

The test measurements therefore have shown two
things:
1) The theoretically predicted improvement of dE/dx
with pressure ls correct. 2) An accurate determination
of the correcticn factors can largely reduce the
contribution of systematic errors te the xesclution.
Encouraged by this result wc presently use the high
statistice data from fall 1981 to redo the entire
calibration of the JADE jet chamber.

Application of Particle Identification

.

Although the dE/dx reseluticn of the JADE jet
chamber has presantly not reached the theoretically
pussible performance, the identification of all par-
ticlec in an event is a very useful feature of the
experiment. Fig. 5 shows the dE/dx information for all
tracks of the event shown in fig. 2. One high momentum
track (13) is strongly ionizing. A detailed analysis
shows that thip kind of track can be explained as
complete overlap of two tracks with small azimuthal
separation ['_tu_']. Particle identification by dE/dx has
been used to scparate W, K and P in the non relati-
vistic region (where in jet events the TOF informpation 15
deteriorated by frequent double occupancy of the
counters}, for quark search IO} (fig. 6), for the
identification of baryons [11], and for the determi-

as
KEV/TH \

20 |-

15 ¢

25 o :
0.8 ¢ 1o GEv/C 1o

Fig. 5. dE/dx information of the event shown
in fig. 2. For each track the truncated mean
energy loss is plotted versus the momentum.

The curves show the expectation for e, T, K

and P.

nation of the M/{X + P) ratio [12] in the region of the
relativistic rise. Here the paviicle identification was
doneon a statistical basis rather than on an event to event
identification, due to the limited resolution (v 20 se-
paration). The GE/dx inforration was used to separate
low momentum pilors from electrans in the analysis of
the reaction ete= = ete™n' [11]. Further applications
are in progress.
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apparent momentum p/Q Gevicl .

Fig. 6. Mean energy loss as function of the
dpparent momentum P/Q. where Q is the partisle
charge.

Integration Time and Gas Gain

In ordexr to combine a good tracking gquality of the
jet chamber with a good dE/dx resolution, certain
ccmpromises had o be made in JADE:

1) Integration time: In order to avoid large fluctu-
ations in charge cellecticn one would like to work
with a long intejration time (> 200 ns). Good double
track resolution on the other hand requires short
integration time: (< 100 ns).' The 120 ns chosen in the
present electronics 1§ a compromise between both
extremes. Recently the development of a new electronics
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systew has been stacted (4] in which this problem will
be eliminated.

2} Gas gain: The accuracy of the z measurement using
charge division is determined by the signal to noise
ratio, Good z accuracy their~fore reguires high gas gain
(v 105). In order to awveld . arge systematic correctlions
due to saturation effects in the gas amplification one
would however like to operate the chamber at low gas

qain (< 109) . T™wo possible solutions exist to aveld this

problem: One 1s to run the chamber at low gas gain,
and to measure two accurate z points in separate
chambers at the inner and entar radius of the wain
chamber. The seccnd solution might be the use of
thicker anode wires where the saturaticn effect seems
to be smaller [15].

Conclusion

The combination of tracking information and par-
ticle identification has been very useful in the ana-
lysis of the events preduced in ete” annihilacions
even though the resolution presently achieved is a
factor 1.2 - 1.8 (depending on the multiplicityl worse
than expectation. Measurements with a test chamber in
an electron beam have shown that in a situatlon, where
an accurate callbration Is passible, the expected
resolution can be achieved, The observed difference
between the measured and exnected resolution is there-
fore attributed to the fact that the present cali-
bratlon aceuracy, duc to low event rates, 1s in-
sufficient to reach the lntrinsic resolutlon. We try
at present to make use of our recent high statistics
data in order to further improve the resolution.
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DE/dx MEASUREMENTS WITH ARGUS

H. Hasemann
DESY, Hamburg, FRG.

Surmary

The use of pure heavy hydrocarbons like propane or
isobutane has gome advantages for drift chambera that
measure the specific ionisation for particle identific-
arion. With a protetype of the ARGUS drift chamber
various pases were tested with a 3 GeV/c electren beam.
We found a dE/dx tesclution for propane of Fehm=10.4%
and for isobutane Fwhm = 9.9%, by a factor of = 1.6
better than that for arpgon-methane (92:8) mixture with
Fwhm = 16.4Z.

This improvement corresponds to an inerease in

effective gas length by a factor of 4 compared to

pure argon. In iscbutane and propane we found a broad-
ening of the 55Fe-pulseheight spectrum witn increasing
gas amplificatiom, showing in isobutane a clear two peak
structure for gas amplifications above =3 « 10%,
However, neither gas showed a broadening of the trunc-
ated Landau distribution for electrons.

Introdeetion

For the DORIS storage ring at DESY a new universal
magnevic detector named ARGUS! is now under con-
struction and will be installed in the beam in the
middle of this yeay, The central detector of ARGUS is
a drift chacber 2 meters long and 1.7 m in diameter,
which will serve for coordinate measurement of charged
tracks and particle identification by 4E/dx measurement.
So far mainly argon gas mixtures have been used for
detectors which are designed to measure the specific
ipnisation loss.

We Teport here on measurements with isobutane and
propane which show that rheae gases are advantagepus
for some applications.

Compared with these heavy hydrocarbous, argon has
a larger telarivistic rige of ionisation loss. which
simplifies the control of systematic mesauremert errors,
It can be used alsc under pressure to inerease the
effective gas length, but the short radiation length
then tends to spoil the momentum rescluticn of the
chamber. Tt also has & bread Landau distribution and
hence poor dE/dx resolution. Isobutaue and propane have
a long radistion length, an extremely narrow Laudau
distribution, aud low diffusien. They seem to be ideal
for use in a detector like ARGUS, designed to achieve
very pood mass and dE/dx resolution for the low mo-
pentum particles most abnndant at DORIS energies,

We will give sowe estimates of dE/dx resolution
which can be cbtained with the ARGUS chacher. Ampli-
fication saturation effects and polymerisation in iso-
bucane and propane will be discussed.

]

The ARGUS Drift Chamber

This chamber has 5940 identical drift cells of near~
ly square cross section in 36 concentric layers, filling
the whole chamer volume without dead space. The
strueture of the chamber is shown in Fig. |,
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Fig. | : Cross section of che drift chamber

showing a typical cell

The use of identical drift cells minimizes corrections,
sinplifies pattern recognition, and gives good g-anu-
larity, There is thus no need to use electronics with
muiti hic features, where the extremely short gate
length required tor double track resolution can cause
acterioration of dE/dx resclution for neiphbouring
tracks,

The isochrones calculated for a magnetic field of
0.8 Teala parallel to the sense wires, are shown in Fig.2.
They are nearly perfect circles in 80% of the cell, so
that in this regiom no angular corrections will be
necessary,

<,
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Fig. 2 : Calculated isochrones and field
lines in the ARGUS drift cell.
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The ARGUS chamber determines z-coordinates hy a
small angle stereo wire arrangement, the sequence of
stereo orientation within the 36 layers being
0,+,0,-,0 ... .

In a cylindrical geometry, the stereo wires fore
hyperboioids. The maximal saggital displacement of all
sense wires in the chaober has a constant value of lmm,
This is achieved by varying the stereo angle from
40 mrad in the innermost layer, to 80 mrad in the
outermost; and by further giving the shiclding wires be-
tween all layers a stereo angle which gives such a
shielding wire half the sozgital displacement of the
peighbouring stereo senge wire. In this wire arrange-
ment the maximum amplification varia ions along the
sense wires do not exceed 107 and can be corrected for.
The chamber has 5940 30p tnapsten sense wires and
24538 potential wires cf 7op Cu-Be.

Fig. 3 : ARGUS - chamber
during construction

Fig. 3 shows a picture of the ARGUS chamber during
construction, The light teflections indicate adjaccat
layers of wires with different stereo angles. At the
time of writing all wires are stzung and the charber ia
neariy completed,

With an expected accuvacy of 150 um for coordinate
meagurement and a magnetic flall 2 U8 T a mopentum
resolution of Ap/p = 1% at | Gel/: is expected from
Monte Carlo simulation.

58+ 4 shows a recom: =ructed Monte Carlo event in
the r-¢ plane of the ARTUS charber.

Each sense wire has a preamplifier mounted directly
on the chamber and ¢ main amplifier-discriminator after
30 meter of 50 Dhm coaxial cable. The main amplifier-
discriminator gives a stop signal for the LeCrey TDC-
system 4290 and a delayed analog signal for the Le-

Croy ADC-system 2280, The minimum signal for a 7DC

Fig, 4 : Reconstructed Moate Carle event
in the r-¢ plane of the chamber.

Thl'z circies indicate the measured
drift time,
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start ig 25 uV on 50 Ohms at the input of the preampli-
fier. This allows for pes amplifications below 10U

with 99% cell efficiency, The electranics have a dynamic
tange of 30 dB which is sufficient to peasure the
variation of dE/dx with angle and momentum of different
particles including the large fluctuations of the
Landau distribution,

Test measuraments were made with three different
chambers : a small tube with the ARGUS cell peometry,
a full lenprth prototype chamber with 16 sense wirea,
with the ARGUS wire srvangement, and a chamber wich 16
adjacent ARGUS drift cells.

Test Measureoents

Using a 55Fe X-ray source, pulsc height spectra
were taken in pure propane and isobutanc and in the argon-
methane {92:8) wixture. For low gas amplificaticns of
5 « 103 we found a line width of Pwhm » 17 in both
argon-methane aad propane, and an increased wideh of 242
in pure isobutane, Far higher pas amplificatiors of
5 « 10% we found a broadening of the line width in
propanc and a dietinct two peak structure of .the line
in iscbutanc. Such a complicated mechonism leading to
a double peak structure of the amplitude distribution
has also been obBerved in argon-isobutane-freen mixtures
and has been attributed to the appearance of secondary
photon avalanches?,

For different sense wires (20yu, 3y, and 3I7u) we
found the same hehaviour,

For 3 CeV/c clectrons we did nat sce any inccease
in the width of the Landau distiibution. We found
Fuhm 3 457 for propane and isobutane and Fwhm =-70% for
argon-wethane mixture for gas amplifications from
3+ 109 o 105,

Fig, 5 shaws the collected charge ve. sense wire
voltage for a 55Fe source and 3 GeVfe electrons with
different angles to the sense wire. Data for clectrons
are normalized ta 18 mm tracklength. Two points at the
same veltage for S5Fe indicate the double peak struc-
ture of the spectrum.

Space charge saturation leada to a deviation from
exponential behay{our and to different slopes for
electrons perpendicular and inclined to the sense wire.
This effect seens to be small in argon due to its lazger
diffusion. In iscbutane even 55Fe shows space cherge
saturation.,

T T T T
13 ( -1
V=32kY
()
o
- 10 r .
%
o
[a]
w
§ 5 o
3 ® V=305 kv B
[¥]
V=285 kv
i 1 L 1
0° Ll 0" (1)
ANGLE BETWEEN TRACK AND WIRE
Fig, 6 : Dependence between cntrance angle and

collected charge for 3 GeV/e electrons
for different voltages at the sensec
wire in isobutane. The track length
is normalized to 18 mm gas “ength.

CCLLECTED CHARGE (pC

Cellected charze vs,
sense wire voltage for
a 535Fe  X-ray source
and electrons inclined
ard, perpendicular to the
gsange wire,

Data for electrous are
notmalized to 18 mm gas
lengtl:.

Straight lines are to
guide the eye.
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Fip. 6 shows the dependence between entrance anglle
and nermalized collected charge for diffevent pas
amplifications in iscbutane.

For dE/dx measurement these saturation effects
have to be corrected for with an arcuracy better than the
dE/dx resolution, i.e. on a I~2% level. This seems to

" he only possible for gas amplifications below s,

The dE/dx rasolution for the 36 layers af the
ARGUS chamber was ostimated by applying the well known
truncation method3, wsing the corresponding number of
sianals  from a single cell. These resules were com=
pared with those chtained from the 36 cell test chamber.
We fornd good agreement shewing that correlatjons he-
tween adjacent cells and systematic errors are small.
The relative standard deviation of the truncared aver-
ape distribution was taken as the di/dx reselution. The
distribution of the truncated averape (mean of the
smallest 60Z of cach 36 cell sample) shows an approxi=
mate Gaussian form. The truneated mean approximately
coincides with the maximom of the Landau distriburion.

For 3 GeV/e clectrons we found a ratio hetween the
truncated meask of arpon-methane (92:8) wixture, prepane
and isochutane aof | 1.8 : 2.1, For rthis moasurement
the zas awplification was nnrmalized with a 55Fe-source.

The reselution dependence ow the {ractien of the
signalu used for averapinn (truncation factor) is shown
in Fig. 7. This Indicates thar, for isoburane and the
ARCUS geometry, a rruncation factor of about .6 - .7
is optimam.

Fig. 8 shows the dE/dx resolution obtained with
different gas mixturcs and different numbers of 18 mm
long drift cella. Indicated is a measuremen: in argon=
oz (80:20) mixture from Ref. 4 which shows geod apree-
ment with our measurement.

To pive some predictions we compared our rtesults
in terms of the scaling variable z/1 which wsscrvibes she
variation of ionisation loss for diffcrent gases. We
uged the formula piven by Allisen et 21.% which is an
approximation based on Monte Caxle calculations.

46 (/1) .32

LI 3.5 n

vhere n = number of layers,

1 = mean ionisation potential,
r o= 0,135 (2/A) pt  (MeV for pt in glcmz).

The solid lines in Fig. B were calculated using
this formula, They include fluctuations in enerpy loss,
but nor measurement Crrors.

From this Jur measurcment error can be estimated to
be ~ 132 for the single cell measurcmont in propane and
stightly higher in isobutane {possibly ecorrelated with
the incrcased width of the 55Fe line in iscbutane).

We can conclude that we hove chtained 30X better
dE/dx resolution in heavy hydrocarbons than in argon
under the same conditions.
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Fig. 8 : Relative dE/dx reseclution in
i . differen 5 Vs.
e e Saverans on ot 18 o ong Gk coilo uond
the fraction of sigmals used The 30114 Linas vero caoutaces
according to Raf. 5.
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The expecced dE/dx resoiution for
several detcctors which use argon is shown 100+
in Fig. 9 ccken from Ref, 6. We have added 1
a point to this figure to indicate the
expected resolution for ARGUS. It shows
that the sample size in ARGUS ia near the
opticum and dE/dx resolution would not de
increased appreciably by increasing the
number of layers at fixed gas leangth.

It ajss shows that we win a factor
of fouu in gas length compared to the
use of pure argon.

The use of heavy hydrocarbons will
provide better separation o nan-rela-
tivigtic pacticley, However, the rela-
tivistic rise of ionisatioa loss in pre-
pane is legs pronounced t'yn in arpon’.
In the momentum range abcve 3 GeV/e
only & sliphtly better pirticle scpor-
ation can be expected for heavy hydro-
Garbons and this only if systematic
2rrers ce~ be kept small.

pL (atm-m)

-
't

Polymerisation in heavy hydra-
carbons cgn ruin a drifc chacber due
to a polymer sheath on the sense wires®.
To eatimate the polymerisation for the
ARGUS chapber we irradiated a sense
wire with a 106Ru source over a length
of a few millimeters.

In an iscbutaar methylal (95:3)} mixtuve

» J-¥—-yOowsanvo

(4.4
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1515
JACE
CRISIS
JAUE
CLEQ
ua)

Yo ‘vio
1515 1
CR!SIS 2
va'vta T
R 807

ARQUS

ve found no effect after a dose of n T
3+ 10° particles/mm corresponding to 10
a colleceed charge of 2 v I1G? pC/mm.

In pure propane without math,:ail ad-

wixture we found fitst polymerisation

effects for a dose by a Factor of 10

smaller than in the isobutane methvlal

mixture, This was clearly indicated by

a broadening of the 55Fe line and a

considerable decrtease of gas amplification in the
irradiated pact of the wire.

These effects disappeared after "training" the
chamber for some time with pure argon snd opposite - vh
voltnge polavity. Even assuming & backpround rate »t
10* particles/wirersec during ARGUS opz2ration, it would
take over ren years of operation until the backgronnd
dose would exceed the dose used for the polymerisation
test in isobutane methylal mixture. For propane we
need further tests to understand the influence of
methylal admixture on polymerisacion.

Conclusions

The dE/dx resclution which can be obtained over
& fized track length is about the same for propane or
isobutane at atmospheric pressure and argon at &
pressure of 4 atm.

The advantage of propane is an 8 rimes lgrger
radiation lenpth compared te argon, which leads to an
iwproved momentum resolution for traecks with mumenta
below 1| GeVfe, Also disturbing walls of a pressure
vegssel are omitted. Haowever, due to space charge satur~
ation and polymerisation the acceptable particle rates
and gas amplification are limited. For a drift
chamber derector at the ete-storage ring DORIS, propane
seems Co be the best counting gas-
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The expected resolutinn for ARGUS is
indicated by inserting a point 2.
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ENERGY LOSS MEASUREMENTS IN TIE PER TPC

G. R, Lynch and W. J. Hadley
Lawreace Berkeley Laberatory
Unfversity of California, Berkeley, Col{fornia 94720

Summary

The Time Projection Chamber (TPC) dn the PEP-4
experiment has bean tested with tosmic ray muons in the
pust few months. These tests have shown that the TPC
ig capable of measuring the fonization of single
tracks with aa accuracy of three percent, and that the
resulcs of the small dipole TPC' hove successfully
been scaled to the full device.

Description oi the TPC

The PEF TPC' Is a cylinder cwa mecers long with a
radius of one meter filled with argon mixed with 20%
acthane. The TPC can operate at pressures from one to
10 atmospheres. When a particle traverses the TFC, the
electrons liberated by ionization Arift parallel to the
cylinder axis (a-ax{s) at about 53 cm per micresecond,
The detecror plane at cach end {5 divided into sin
sectors., each of which has 183 detectlon wires, as
shown in Fig. 1. e pulsc heiphts from these wires
are used to measure the track fonization. Tn cach
settor on the ond plane thore are 15 cows of pads, The
pad spacing is 7.5 wm, The data from rhese pads pro-
vide threc dimensional ueasurements of the track posi-
tion, For both the pads and the wvires a o-positien 1s
calculated from the dr.ft time. For the pads arn azi-
muthal position Is calculated from rhe pas pulsre
heights.

ENDCAP WIRE ARRAY

-\ M

Fig. 1. A schemaric drawing of one of the
detection end planes of the TPC. ALl six
sectors have the same construction, with 183
wires and 15 pad rows.

*This wo '« was supported by the Director, Office of
Encrgy Research, Office of High Energy and Nuclear
Fhysics, Division of High Energy Physics of the U.S.
Departpent of Energy under contract No. W-7495-ENG-48

Calibration

There are three distinct types of callbrations
“hat are needed “or lonization measurements in rhe TPC,
the wire gain maps, the elentroni¢s calibration, and
the cnd plane source calibratien.

Before the sccturs were installed, extensive meas-
urerents were made using Iron 33 sources te chlain maps
of the var’ations in wire gain alanp the wires, as
long as the sccrors arc not changed mechanjeally, these
maps are expected to be permanent properties ef the
sectors. This assumption of gain map Invariance war
demonstrated to be a good one for the two sectors that
wera used {n the cosmic ray tests in July and August.
Flpure 2 shows the gain map made for & typieal wires in
one of these scetors bufore and after that run. For
most sectord the paln variations have an RMS ef 3 to 4
percent and are not a serious problems In fact, for
the twe scecrors used In the Aupust cosmie ray tosts the
same lanization measurement resolutlon of 1.71% was ob-
toined whether or not we made these pain map corrections.

Electronics callbrarions of all of Lhe approxi-
mataly )00 TPC clectronicg channels in one of the two
vnd caps have been done and used in the analysis, We
arc still tearniag how to control the time stabillty of
the calibraction and veduce the electronic noise. e
oxpect te ipprove aur reselutien by these offorty.
However, the fonizatlon measurcements are much less sen-
sitive to these things thap are the pasltlon measure-
™ntR, OuT jonization measurements will galn lirtle
from these improvements.

z fi4
- -
R.] ()
oy Lo a0 woa v
[F-C A HiN e 0 FAM
ANGLE AMIGLE
WIRE B WIRL 47
z 1.t 2z L
Z Z
g 1,¥0 r ¥ .00
1L
oLl
.94
T IS T P S s bt
2 8t ot Q0 207
ANGLE ANGLE
YIRE 98 WIRE 99
RUN 40 5/31
Fig. 2. This fipgure shows two gain calibrations

for 4 wires in & secror thar was calibrated 4 Hoy,
taken t¢ IR-2 and used in cosmic ray tests and
then recalibrated in October. The gatin variations
of a few percent reproduced very well except very
near to the edge of the sector.
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Each TPC sector is equipped with three rows of
Iron 55 sources with a remotely controlable shutter
that arc used to make end plane source calibrations for
each wire. ‘Thege calibrations will be used [or three
purposes. They can climinate the sector to sector and
wire to wire gain variations, which are on the arder of
15%. They can be used to corvect the wire pain map for
gain variations due to temperature variations. In the
construction of the TPC sectors much care was taken to
climinate these temperature varlations and we have no
proof from our cosmiec ray data that -i:h correccions
are needed. The third use of these culibrations is to
obtain an absolute energy calibration. This end=plane
source calibration system has been operated success=—
fully. As yet these calihrations bave not been in-
corporated inte the analysis.

Track Finding in the 17C

The raw data fram the TPC arrive in the form of
pulse heights in CCD buckets that are 100 nzanoseconds,
or about 5 mm, apart. A typical track producea a
cluster of abour five such raw data words on cach wire
The flrst task of the analysis is te find these clus-
ters and detormine their peak heights and z-poaitions.
For the pnds there is an additional clustering of
adjacent pads.

In our presentanalysis system the pad data only
are used to find tracks. After the tvacke are found,
the wire clusters are associated with the tracks and a
selection is made of the wire clusters that are to be
used in the lonization measurecments. Figure 3 shows
an cxample of a set of wire clusters that have been
"sgociated with g cracl.,

Te be used in th: dE/Ux analysis, a wire cluster
has to he within one entimeter in z from the track
trajectory that was determined from the pad data. A
track crosses from 155 to 183 wires if it goes the
length of a sector. In our cosmice ray tests in No-
vegbor most sectois have about 10 missing wires, pri-
marily due to calibration probloms. Wire clusters are
rejected from the sample if there is another eluster
or another fitted track witurn three cm in z on the
same wire. This allows us to reduce the interference
from other tracks, especlally delta-raya. Wire clus=-
ters are also rejected from the sample 1f the clugters
on the track on either of the adjacent wires were so
large that the clectronics were saturated. About 27
of the wire clusters from cosmic ray muons werc re-
jected in this way.

Event Sclection for dE/dx Analyais

To study the ionizarion measureme~rs we selected
events that have one and only one track in cach of twe
opposite scctors and we required that thoy be approx-
imately colinear. This selects a fairly pure semple of
cosmic ray muons. 1In addition, we reguired that both
tracks have at least 120 wires remaining in the sample
after all rejections. Flgure 4 shows the distributlon
of the nunber of wires used in the dE/dx analysis for
the track in these events that had the fewest wires
used,

70 -

o0

L . . . . L
100 120 1150 180 180 £o0
Fa 310, He 574
Number of wires
Fig. 4. The dE/dx resolution studies sed

cvents with a coamlc ray track Found ir, twe
sectors. This figure 1 a distributio,; of
the nurber of wires used in the dE/dx
analysis for the scctor that had the fowest
number of wires used.
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Fig. 3. The wire data for a cosmic ray event in the TPC are plotted in z versus wire number
coordinates. The straight lines are the orbites obtained from the fits to the pad data.

The numbers are wire clusters that were put onto a track.
The two tracks seen here are actually one track that is seen in

were not put on a track,
two sectors.

The asterisks are clusters that

- 86 =




LE R

Figure 5 shews far onc cosmic ray run at 8.6 atr-
mospheres a dE/dx distribution for all e¢lusters In all
tracks in oue scetor in this sample. The typical

threshold for a channel is at about 0.3 x 10]. One can
sce from this plot that we have no large low pulse
height contamination and that the threshold does not
bias the distribution.

Each track has a dE/dx distribution similar to
that aof Fig. 3. ¢ choose to use as a measure of the
energy loss L mean af the lowesr 652 of the pulse
heights per unit length, The chelee of 65T for the
truncated mean was lntended as the optimum for 8.5 at-
mospheres. A larper valne for this percentape is proh-
ably buetrer at lower pressures. But, the resolutfon
is not very sensitive to this choice.

28 40
H= Baj0n, H. H81

Pulse Height Per Cenlimeter

Fig. 5. & distribution of the pulse height
(in arbitrary unles) per it length of all
cosmic vay muons that were used. The right
most bin contains all of the tracks that
overflewed the hiscogram.

Tw Yonization Measurement Resolution

To measure the resolutien for cnergy loss we
compare the two measurements of lonizatlon for a track
in the two scertors. Figure 63 shows for one 8.6 ap-
mosphere run a scatter plor of this fractional differ-
enre on the x-axis and the tangent of the angle that
the track makes with the vertical plane on the y-axis.
Figure b has the projection onto the x-axis. The o
of the Gaussian that firs this distributien, divided
by vZ 1s 3.0 * 0.2%, which is our resolution. We have
done this measurement on many runs and Fig. 6b is vyp-
ical in that the distribution fits a Gaussian rather
well, with wery few events out in the tail. Therefore,
in contrast to the spatial resolution, which has a non-
Gausslan cail, che donization resolution is fairly
straight-forward to measurc and interpret.

The fact that wa can get this pood Gaussian fit in
#ig. 6b and that the scatter plot in Fig. 6a has no
sl e Lo it shows that we are able to correct well for
electron czpture. In faet, for the run used for Fig. 6
the electron capture rate was 0.60 per meter, and a
track at the center of the TPC has a pulse height of 55%

of the pulsc height of a4 track with the same velocity at
the end of the TPC. although wo can operate with such
high vlectron capture, we intend to fix the problem

and return to the conditions of our Avgust cosmic ray
tests when the capture was consistently less than 10%

Ue have measured the dE/dx tesolution for many rums
in our November cosmic ray tests. The dE/dx resolurions
measured at the same pressure and magnetic field agree
with gne another. The results that we obtained at
three different pressures, averaged over all runs at
4 kG magnetic Fleld, were®

Prassure dE/dx resolution
{Atm) (%)
8.64 {2.80 * 0.06)
4.02 {1.56 =* D.09)
1.50 (4.65 + 0.14)

These crrors are statistieal only, We estimate that
there are systematic crrors of about 0.2% also.

PEP4 RUN 2-26

CrTTTTTTT VT
[
o

Ne 207, He 587
Tan{dip) Vs Trun. Mcan Difference

o 1 " ) . i
-0.2 [ o2 a.4
Ne 287. He 589
Truncoted Mean Difference

Fig. 6. a) A scatter plot for one 8.6
atmosphere run of the tangent of the angle
that the cosmic ray track makeg with a
vertical plane against the fractional
difference in the §53% truncated means
measured for the traek measured in Lwo
sectors, and b} a projection of this
truncated mean difference. The width of .-
the Gaussian fit corresponds to o dE/dx
resolution of 3.04.

~

Comparison with Expectaciona

The 2.8% resolution that we found at 8.6 atmos-
pheres {s better than the 3% that we set for our pgoal
at 10 atnospheres. How much better could we do? We
know that we can increase the number of wires that we
use and that we can reduce the wire gain fluctuations,
With these improvements we should be able to reduce the
2.8% to 2.6%. The Monte Carle simulations that we made
before we bullt the TPC indicated that 2.5% was the
best that we could do. If we use the dE/dx distribu-
tion that we observe (one like the ope in Fig. 5, but
with minimum fonizing tracks only) as the input to a
Monte Carlo, wa estimate that 2.4% is the best that we
can do at 8.6 atmospheres. Therefcre, the 2.8% reso~
lution that we see at 8.6 atmospheres seems to be
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within 20% of the best that we can expect teo do.

Relativistic Rise Measurements

We have measured the relativistie rise in the
energy loss distribution for our coamic ray muons.
Such a measurement is shown in Fig. 7, Plotted also
on this figure, with arbitrary normalization, is a
calculation of the most probable value? of the ion-
ization. The disagreement between the reasurement and
the calculation at high momentum is due to a presently
poor momentua resolution aad a rapidly falling mo-
mentum distribution. At present, our womentum reso-
lution is about 50 at 6 GeV.

* We characterize the relativistic rise by the ra-
tic of the k-n scparation at 3.5 GeV 1o minimum ilon-
izing, which we measure with our muons as

dE/dx (2.65 GeV) ~ dE/dx (0.25 GoV)
(4E/dstinin

k=r separatien =

Qur measurements of those values are:

Pressure k=n separation at 3.5 GeV
1.50 0.176 * 0.009
4.02 0.151 + 0.005
8.64 0.121 = b,005

These valuea of k-7 separation
tions that we made, a8 seen in

agree with the caleula-
Fig. 8, though they are

somewhat smaller than those predicted by others.®

When wo canbine our reasured resolutions with the
calculated k= scparation, we can calculate ti= nurber
of gtandard deviations of kK™n separation that we can

expect. These are
Pressure Expected Standard Dov!a:ians
of k~r Separation
1.50 3.41 = 0.16
4,02 3.76 : 0.13
8,64 3.92 =+ 0.15

Thus our findings are that chere is little pressurc
dependence for the k™1 separation in the TPC. The
separation at B.6 atmospheres is only 15 * 6% better
than at 1.5 atmospheres.

Actual Resplution

The tesoluticns that we have quoted so far in-
volve comparing a track with itmelf. A wore severe
test of the resclution is te corpare many different
tracke at the same mcmentum. The resolutions that we
get by this method are worse than rthe previously
quoted resclutions by about 35X at all three pressures.
Thie 1s true even for mininum lonizing particles For
which the momentum resolution does not seriously de-
grade out dE/dx resolution. We have not yet under-
stood this.

Particle Identification in Mulei-Track Events

The TPC has just moved into the beam at PEP and
we have, as yet no experience with its abilicy to do
particle identification in multi-track events. Our
gimulatione indicate that for Q-Qbar events at 15+15
GeV we can get reliable dEdx measurements for tracks
that are at least 3 cm eway from other tracks in z.
The effect of this is to ger good fenization ceasure-
wents for about 90% of the tracks and get poor ac-
curacy on the resr.
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Fig. 7. TPC measurements of the lonization
of coamlc ray muons at 4 actmospheres., The

data peints arc averages of 832 rruncated rmeans.

The dashed curve is a calculation {(arbltrarily

normalized) of the most probable encrgy toss.
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PARTICLE IDENTIFICATLON BY dE/dx SAMPLING IN NEOW

I. Lehraus, R. Matthewson and W. Tejessy
CERN, Geneva, Switzerland

Summnar

Systematic studies aof identification ef{ficiency Eor
e/n/p wure performed in a wariety of noble gas mixtures
and in pure hydrocarbons at pressures up to 3 atm using
a 15 GeV/c tagged beam. Neon mixtures were found to
give the best results (6.7 ¢ n/p separation at 1 atm).
Replacing the conventionally used argom b; neon woutd
permit a reduction of detector depth by almost a factor
of tus. The measurcments were carried out in a
detector with 64 pairg of 2 x 2 em’ proportional
countets and a 50 cm drift space.

Performance of the neon mixture was verified in a
longitudingl drift chamber consisting of 16 stages of
4.7 em drift each using Flash ADC with 25 na sampling
intervals. The results are similar to those obtaimcd
by eharge integration over large samples in & decrecter
of the same total length.

Lntroductios

Efficient particle identificario. by lonization
sampling in the reletivistic rise rvegion requires
resolution in the 8-9% FWHM range. This is difficult
to achieve in a compact colliding Yeam detector, in
which a cypical track length will be of the order of
1.5 m. Increasing the operating pressure improves the
resolurion, but this effece is pracrically cancelled by
a reduction of the velativistic risc slope at high
pressures. Therefore, an extensive study of a wide
variecy of gas mixtures is clearly required to
detarmine the best performance.

Furthermore, optimization of thec design parameters
of a colliding beam detector demands precision which
can only be realized in a full-size detector segment.
Indeed, a combinetion of several secondary effeccs,
which were not even noticed in che first gemeration of
colliding beam devices designed for operation below the
minimum of ionization (typical resolution abour 15%
FWHM), may now appear at a high order level.

The present experimeut was dedicated to a detailed
study of limiks of resolution and linearity of response
in various gas mixtures at pressures from 0.5 to 5 amm
with up to 50 cm of drift. In addition, a multistage
longitudinal drift chamber with fine sampling was used
and its performance compared to results obtained by
classical charge integration over large samples.

Measurements with 64 satmples of 4 em

The experimental set~up has been described in
detail in ref. 1. The detector illustrated in fig, 1
consists of 64 pairs of 2 x 2 c¢m® proportional cells,
separated by a double grid from a 50 cm drift space.
The cell structure is given in fig. 2. The HV, signal
and field wire spacing is | cm and the diskance between
che two separation grids is 0.5 e¢m. For the signal
wires 25 u diameter stainless stecl was chosen. The

gas amplification factor was kept in the 10 range to
assure linear amplitude response. The grid transparency
was optimized as ahown in the example on fig, 2 by
using the beam aligned on the boundary and adjusting
the grid potentials. Transparency was alwnys above
0.94. The charges collected by the individual call
pairs were integrated, amplified and processed by a set
of 64 ADC'a with 8-bir resaiurion. The measurements
vere performed at 15 GeV/e in a tagged beam of protons,
piocns and positrons. The beam spot size was & cm FWHH
and the momentum hite & D.252. A general description
of the measurement procedure and an elaboration of the
results for all studied gases is given in ref. 2. Here
we put the emphasis on ncon mixtures and those aspects
of their ionization behaviour that make the use of neen
attractive.

The width of the single 4 cm sample dE/dx
distribution at 1 gtm is pletted in fig. 3, taken from
our previous paper®, for noble gases and pure
hydrocarbons. Surprisingly, the resulte for neon,
drgon, krypton and xenon show practically the same
cesalution. Pure hydrocarbons have narrover
distributions which, in contrast te the noble gases,
improve with increasing mulecular weight.

For Ne + 10% C,H,, fig. & showvs an example of
truncated mean {lowest 40%) distributions from &4
samples of 4 cm at 1 atm, ecorrected for individual cell
reaponae.

iIn fig. 5 the final resolution as 2z funcrion of
pressure for 64 x 4 cm samples is shown. Ar | atm the
resolutions for Ne, Kr and Xe are all very close to
9.5% FWHM. Using neon instead of argon meens a reduc-
tion of the detector depth by & factor of 1.7. Neon
could thus replace much morae expensiva k¥ypton and
xenon. The hydrocarbons give much better resclution
but, unfortunately, their relativigtic rise is very low
and so the advantage is laost. This is apparent in
fig. & where the e/p peak ratia at 15 GeV/c is plotied
as g function of pressure. As expected, xenon has the
highest relativistic rise, fcllowed by kryptan. The
difference between neon and argon is only about 10Z.
All hydrocarbons show considerably lower values of
relativistic rise.

By expressing the distance between various particle
peaks in units of the standard deviation of the final
resolution, we obtain the reaclving power Dfo. This
is plotted in fig. 7 ms a function of pressure. At
1 atm neon, krypton and xenon have practieally the game
merits for w/p separation at about 6.5 ¢ whereas atgon
is at the 5.3 o level. Only ethylene and propane give
resulcs comparable to argon. Note that neon at 0.5 atm,
which correspouds to about 1.3 m detector depth equiv-
alent, gives (in our prrticular case) the same result
as argon at 2 atm. The e/n separation is at 2.5 o for
neon compared to 3.0 o for argon. Pure hydrecarbons
are grouped at the 1.5 o level.
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Signal ottepuation by electron artachment in
differant pgases wps mensured ower 41 cm of drift
distance and is shown in [ig. 8. Clearly, att noble
gages and methanc could be used at mederate pPressures
without problcems. Ethylenc and cthane are acceptabie
at atmaspheric pressure and propane may still be uscful
in very small semples.

Prift velocity in _meon mixturues

Drift velocity mrasuresents were made in a small
tesr chamber. As showe in fig. Y, saturated drift
velucities in the 3-4% em/ " range can be reached in
stveral nean mixturcs alread; at low £fp valucs. Low
percentages ol cither propane or isubutane seem to be
the wmost satisfactory. The aeon/argon mixturas have
the advantage that their deasity ia practically equal
o air, which is important in some applications.

Longitudinal drife and fine sampling

This method was originaily proposed at LY. A
wultistage longitudinai drift chamher was construcied
and tested using The same Duon mirtuyres, so that a
direct comparison could be made between charge integra-
tion aver large samples and finme sampling with many
small{ intervats.

The geometry ol the detector is presented schemat-
ically in fig. 10 vhere fwe stages from che total of 16
ure shown. in a)) stages the jonization deposited in
the drift space {the 4.7 cm between the 2, u thiek
aluminium-foil BV clectrode and the grid) wos drifted
along tiv narticle Lrajectory into propertional cells
af 0.8 x 0.8 cp? scction. The 15 em long HV and
tiely wires are 50 u in diameter, the signal wires
are v 10 u diameter sidver ploted tungstens  Another
foil electrode separates the adjacent stages. Unifarm
dritt field s maintained Ly a cage structure formed by
tubular Yrass alectrodes. ‘[he total detector lepgth is
85 cm withoul the pas tight box. The beam divoction was
perpendicular to the wires. The Criggering saintilla-
Lior counters were U.h cm wide, aligned on the central
celts and 3 em long, covering the middie part of the
yires. A veto scintillation counter guarding the full
detection o way used €0 remove background and
mullipie Bils.

A moditied cireuit of the original fast amplifier
developed at BN, (deseribed in ref. 4) was connected as
close as possible to the signal wire of each cell. When
axcited by an topat delta function, the shaped output
pulse had a tise time of 18 ns, fall time of 26 ns and
a FWHM of 32 ns. Single-electron cell response produced
a positive 7 nV output s5ifnal when the chomber was
operated it a gas amplification of 10 and the o gy,
was 1300 clectrons referred to the amplificr input.

The output signals were transmitted via coaxial
cables to a i6 channel é-bit FADC system which was
opurated conlinuously with a sample interval of 25 ns,
Data were stored in fagr 256-bit RAM buffers upon
receipt af the eveat logit decision. Berween consec-
utive particlas, these data were tranaferred to anm
intermediate buffer until the end of the beam spill,
and then read into the on-line computer belween
ejections. )

The 15 GeV/c beam particle flux was kept tow to
avoid space <harge from positive ions and to limit the
data transfer load {up to %000 byies of informarion per
particle). A dead-time defining veto was provided to
prevent pite“up praoblems.

4 typical example of one particle registeved in a
single stage, using a waveform recorder, is shawn in
fig. tl. fhe sampling interval was 10 ps ,and the drift

velocity in Ne + 5% C,H was 2.2 cm/us. The spike at
tho beginning corvesponds to the addition of ionization
from both sivdes of the signal wire of the track scgeent
erossing the proportional cell.

Surming up corvesponding samples from all 16 stages
and for many particles creates the familiar shape shown
in fig, 12, The sampling int*vval was 25 ns and the
drift velacity in the Ne + [0~ CyH, mixture was about
3.6 em/us so that the distance between samples was
close to G.95 mm.

The arrows on fig. 12 indicate tho 35 chasen
samples on the plateav used for the further data
analysis. Single sample distributions for 15 GeV/e
protong and positrong ave plotted in Fig, 13 wirhin the
6-bit FADCs' dynamic range.

The final distributiops of mgan of 402 smallest
values from 560 samples (16 stages of 15) for tagged
protons, pions and positrona are plotted in fig. la.
The dilferences betwecen individual stage responses and
the 2-3X droop {rom somple 16 te 50 uwere not here
corrected, The first effect has only a limited
influence on the fina)l distribution - the ionization
fluctugtions being predominant. The droep is difficulr
to correct for cvery individual track due to a
dependence on the ionization values registeced in the
preceding samples.

The results obtained in ¥e + 10X C,H, at ) atm for
560 samples of 0.9% mm interval are summarized as
follows:

P
Regolving Hean of smallest

power Dfo 102 20% [X1}4 0% 100%

elp 3.R2 4.60 b4.61 4.52 3.42

efln 1.01 1.18 1.29 1.18 1.8

p 2.81 342 3.33 3.34 2,24

Lonclusions

A new gas mixture containing ncen and a low
pereentage of hydrocarbons (C.H,, C,H, or iGH,,} 18
proposed for dEfdx sampiing applications in the
relativistic rise tegion. Y¥article idenrification
efficiency in neon was found to be aquasl to results
obtained in xeron and krypton. Note that atmaspheric
krypton is contaminated by the B-emitting **Kr ‘sotope
which prevents its use in big volume detectors. Usc of
nean instead of argon opens the possibility te reach
6u separation for w/p up to about 20 Gev/c in a
detector depth below 1.5 m and at atmospheric pressure.
At the same Yime, the radiarion length in neon is about
3 times longer than in argea.

Comparing results cbtained in identical conditions
using charge integration in &4 x 4 ¢m samples and
longitudinal drifr with fast sampling in 560 x 0.35 mm
intervals, we found similar e/w/p ionization ratios in
both cases. Qa the other hand, the resolving power Dfc
was Teduccd by a factor of two in the longitudinal
drift approach. This is in fair agreement with a
square roat of the tofal length ratio for the two
detectors. It should be remembered thar, from Lhe
tocal length of 88 cm for the longitudinal drift
chamber, only 60X (i.e. 16 stoges x 35 x 0.95 mn} ware
exploitable for ‘onization sampling, Some improvement
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of the performance of this method is certainly
possible, but there seems to be very little difference
in the depth required for either of these detecctors.
For the longitudinal drift resolution no gain is to be
expected by increasing the pressuce, since for a given
maximum sampling rate the amount of ionization deposit
betwean pamples is increased in proportion. 1n the
case of inelined and curved tracks the implications of
varying intervat length during the fine sampling are
hard to assese, cepeciaily when the average distance
between the icnization clusters is of the same order as
the diffusion in the gas and the sample interval
itself, Furthermore, for the dats acquisition and
later data analysis it should not be overlooked, that
in the longitudinal drift method the amount of data to
be processed will vastly increase in conparison to
charge integration over large samples,
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Introductfon

In a recent serics of testg! it has been shown
that the sensitivity for chargad particle identifica-
tion via the relativiscic rise {n fonization loss can
be enhanced by using longitudinal drift and fast clec-
tronice to offect very small sampling Intervals. Witk
the chamber geometry {llustrated in Fig, 1o (i,e., op~
eration in the “tize expansion™ node) clectrons from
individual ionizing collisions drift scquentinlly onto
the anode wire with a tine structure determined by the
drift velocity in the gas. After fast pulse ghaping
the resultant waveform is digivized with o flagh-encod-
ing ADC st n freyuency of 100MHz. TFor thc tests do-
scribed in Ref, 1 the smallest sampling interval was
1/4 mm, ond the pensitivity of nass {velocity) discrin-
ination was studied for 1 meter of track length with
sampling iatervals roanging from 1/4 ma/sample to 16 mm/
sample, the vpper end of thio range being typical of
conventional iomization sampling devices.

The resulta of these Initial tests are-summarized
in Fip. 2 a5 a function of the pample wize. The result
achieved with 1 meter of conveational sampling (ISIS-1,
Ref. 2) ig shown for comparison, For large sample
sizes the results are comparable to those of traditional
techniques, and a significant improvement is achieved
when the sampling frequency is increamscd by roughly an
order of magnitude. These results wer: gotten with &
saall test chamber in which mater~long tracks were sim~
ulated by plecing together many traversals of a single
drift gap. We report here on the status of further
studies to see whether this improvement in sensitivity
can be duplicated with a chamber of practical dimensions
atd many teadout channels.,

Test Configuration

For the present tests we use a multiplanc chamber
incorporating the geometyy illustrated in Fig. 1b, Here
the sense planes (anode plus field wires) are located
symaetrically between planes of cathode wires with
electrons drifting from either side. Each sense plane
is instrumented with 10 active anode wires. The wire
length 1s 20 co and the snode wire diameter ig 20 pm.
The chamber hag 10 such planes {100 active wires) for a
total depth along the bean of 40 cm., The test detector,
which was constructed by the CERN EF Division, {s shown
in Fig. 4.

All tests have been carried cut with & gas mixture
of BOZ argon/20% COp. The potentials or the cathode
and field wires are adjusted to give a drift electric
field of »~ 300V/cm and an avalanche gain (for full
*Hork supported by the U.S. Dept. of Energy.

charge collection) of & 10!‘. The drift field was chosen
to glve an clectren drife velocity of 1 em/pace, ~1/5
the saturated vrlocity in this gns mixture. The volume
ef uniform ficld (adequate for lengitudfnal drift mep-
surcients of dE/dx) extends (o within 1] mm of the sense
planc and +1 mm of the cathode planes, Hence, in prin-
ciple, 80X of the track length through a chamber of

this geometry is usable for ionization loss measure=
nents.

The readeut elcctreonies chain is illustrated in
Fig. 4. A low-noisc, common-base preamplifier is
attached directly te the end of each anode wire, fol-
lowed by a shaping and filter amplifier which consists
of a semi-Gaussian inktegrator with a pole-zero tafl
cancellation.3 The pulse width (FWHM) of the reaponse
to a single eluster of electrons {x-ray source) waa sei
to be 20 nsec. Yor theuo testo the eutputs of all pro-
amplifiers in a given plane were summed as input to a
aingle shaping amplifier. The shoped signal was digi-
tized with a 6G-bit (64 level) flosh encoder operating
at 100Miz. The digital output from each channcl was
tuffered in a 6 x 256 bit shift register operating at
the same clock speed,* allowing the storage of 2.5
usee of drift information in each channel, For the
chamber configuration of Fig, lm, and the chosen drift
veloeity, the total drift time is 1.8 usec and each 1G
ysec digirizing interval corresponds te ,27 rm of track
length,

The vesults reported here were obtained in a 3.5
GeV/e pos:tive beam at the CERN Proton Synchrotron.
Protons, ‘loms and clectrons were tagged with a padr of
threshold Cerenkov counters and a lead glass shower
counter. The besm was normally incident o: the aense
wire plaues as indicated in Fig. 1.

Test Results F3

Figure 5 shows che ADC responsc for a single track
crossing a drift cell. The first sigmil arrival at the
anode wire oceurs In bin 19, prior te which one sees &
IC off-set level of 13 counts which vaa provided in
order to study the baseline behavisr as the signal de-
velopa., Typical structure is observed, correaponding
to the sequential arrival of clusters of drifting elec-
trons. Individual clusters (i.e. the results of single
ionizing collisjons) are not resolved, but are blurred
by the effects of electron diffusion, finite pulse
shaping width, and the fact that the observed signal in
a given time interval 1s a superposition of ionization
loss from either side of the sense plane. At the be-
ginning of the pulse train the signal is characreris-
tically large, corresponding to the portfon of track
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(v 3 rm) which lies in the high-field reglon near the
sense wire plane, There the drift velocicy is cssen-
tially saturated, and the collected charge per unit
time is greater than that from the uniform dzift reglon
by a factor of about 3. For the $llustrated track this
initial pulse cxceeds the dynamic range of the ADC,

Qur procedure for evaluating the effectiveness of

‘very fine sampling intervals for particle discrimina-

tion 1s to divide cach track Into sampling intervals of
2, 4, 16 or 64 of the rudimentary time bins., The charge
1s integrated int each interval, after subtracting the
baseline, and the resultant samples used to evaluate a
parametric estimazor (e.g. the truncated mean) of the
{onization loss for the track. By spreading che loni-
zation charge over many measurements, each {nvolving a
smail signal, the lengitudinal drifr technique 15 ox-
tremely sensitive to bhe stabllity of the baselive, and
changes In the zera levei durdng the charge collectisn
rime must be corrected for. Ideally, the signal pro=-
cessing tlectironies should obvlate the need for such
corrections, The tnil-cancelling networks, for inmstance,
are designed to vomave one source of haseline shift,

For the circuitry vhich we used in thege tests another
source, with similar effect, comes into play for collec-
tion times which are long compared te the aingle-elce-
tron shaping time: the cumulavive effect of AC coupling
in tho system gove a time constant of 10 pser, vhich
Is appreciable compared to the total drift time of A2
psec. Heace the level of the baseline falls off during
the course of the pulse train at a rate which is pro-
portionnl to che sfgnal charge. To the cxtent that the
ADC data dnclude a complete time histury of the signal
on the wire, this cffect can be correctod for, on o
track-by-track basis as illustrated in Fig. 5. Figure
6 shows the signal, for jncident protons, averaged over
wany track segments. The shaded area indicates the con=-
tribution accounted for by the baseline correctfon,
whith is substantial, We stress that this off-line cor-
rection, which is necessary for the analysis of the
present data, should not be necessary in principle and
indecd is not consistent with the requircments of a
practical detector. We are presently designing circuics
which will incarporate dynamic baseline testoration in
an effectively DC coupled amplifier chain.

In Fig. 7 we show pulse height distri’hutiﬂns ob-
tained from the data for electron and proton tracks, for
both "large® and “small" sampling intervals. The 17 mu
samples (Fig. 7o) werc obrained by summing the digitized
information over proups of 64 succeasive 10 nsec time
bins, The 1/2 mm samples are similarly obtained, by
summing In proups of 2. (Two wuccessive digitizings
span 4 time interval equal to the 20 nsec width of the
shaping circuit's response to an impulsc of charge.)
The horizontai scales are in ADC counts, with 2 ADC
counts corresponding rcughly to the signal charge in-
duced by a single drifting clectron. The distributions
in Fig. 7a are consistent with results obcained from
convent ional measurements of lonizatilon loss in similar
thicknesses of gas, except that the delca ray taill ac
large pulse heights 1s somewhat suppressed in our data
by the limited dynamic range of the flash encoders.

The small samples (Fig. 7b) exhibit a more pronounced
dependence of the shape of the enerpy loss discribution
on particle velocity: both the protons (minimum loniz-
ing) and the electrons (on the Ferml plateau) have some
contribution at zero pulse height, the electrane having
a substantially broader spectrum. The relativistic
rise, as measured, e.g. by the ratio of most probable
energy loss for electrons and protons, is larger for
the smaller sample size.

To comparc the sensitivity for particle ldentifi-
cation with previpus results, we calcylate the trun-
cated mean pulse height For l-meter track lengths, At
the time of this test only 6 of the 10 planes in our
chamber were fully instrumented with readout electron-
ics, corresponding to 20 cm of usable track length for

cach incident particle. The uscful track length was
further restricted, by about a fnctor of two, by the
requirement that the initiel pulse from charge ncar the
gnode wire not exceed the rongt of the ADC, This was
necessary for the baseline reconstruction discussed
above, Hence, although one of the aimg of this test
was to investigate the performance of g device incorp-
orating many of the characteristics of & full-scale
detector, it vwas still necessary 0 zesemble l-merer
track lengths from data accutulated over soveral sue-
ecessive particle traversals,

Having assenbled an enaomble of l-meter track
lengths, each track was subdivided into various sampling
intervale ranging from small (22000 samples/meter) to
large {(n60 samples/merer) and the trupcated mean, retain-
ing the 402 smnllest pulse heights, was calculated for
ench case. The results as o function of sample size,
are shown in Fig. 8. The resolving power for distin-
guishing electrons and protons clearly improvcs ns :he
saupling frequency is {ncreased. The separation (s,
3.6) obtained with 17 mm sample size is comparable :E
that achieved with conventional JE/dx measurements over
1 meter of track length, as indicated by che point la=-
beled ISIS-I on Fig. 2. The gamé sct of tracke vhows
slgnificantly better sepnratiot as the fine-sampling
information is exploited, With the gpallest sample
s1ze (2850 samples/meter of track) the figure of merit
8pp 18 imgroved by a factor of %2 over the conventional
sampling gruiictry. The origin of this improved sensi-
tivity is made visually cleat in Fig., 8 (and is explored
in detail in Ref. 1}t the velativistic risc is enhanced
ot smoll sample mizes, with no degradation in tms width
of the truncated mean distribtuzions,

The values of S, obtained in this test fall sys-
tanat ieally below those of our prévious measureménts,
which are swwarized in Fig. 2. Ve may list scveral
reasons contributing to the difference:

1. The present mensuroments invelve a large cham-
ber, with many readout charnels. The preyious
teats cmployed a single rendout chanmel,

2. Tlonizatlon chargeg driftinyg from either side
of tha symmetrically placed anode plane are
aimultanecuely recorded in the preeent taste.
This paves space, but must cost something in
resolution,

3, wesidyal errors remain, for the present data,
after the baseline correction discussed above,
The previous tests invalved much sherter drift
times (.f, 400 ns), and no such corrections were
rvequired.

The first, and probably also the second, of these
points are endemic to a large chamber of practical
geometry utilizing this technique, We believe that er-
rors associsced with baseline stabiliry can, with modi~
fled readout electronics, be reduced to the level ar
which no off-line correction is required.

Conclusions

In our earlier work? and in new results by other
groups presented at this conference®:® one has seen the
potentisl for aignificantly improving the resolving
power of relat{vistic rise measurements by exploiting
longitudinal dritc and fast digitizing electronicy to
achleve very fine sampling of the Ionization loss,

This apens the possibiliry of cempact and uncomplicated
structures for particle detectors covering large splid
angles in colliding beam experiments, 1In the work pre-
sented here we have investigated the fine sampling tech=-
nique in a chamber of many readout channels, incoxpor-
ating electrode structures readily amenabie¢ to the con-
strustion ¢f o large detector which gptimizes the ratio
of f.lucial track length to rocal detector lemgth, We
conclude that, in terms of the separation parameter de-
fined in Fig. 2, a discrimination power corresponding
to Sep(3 5 GeU/c) 7 1a a realistic expectation for a
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full scale Jetector of 1 meter fiducial length. This
can be achieved with a detector whose total length is
X1.5m. A conventional device, Witk 1-Z cm samples,
would require 2 3 m fiducial length to achicve the same
sensitivity, {For the latbter estimate we use the caleu-
lation of Allfson & Cobb,2 which has accurately pre-
dicted the perforamnce of several lazge devices.}

We list here some of the iassues which need further
investigation before a full seale device can be feasibly
undertaken:

+ Stable control of the zero-sigmal! lcvel in the

amplifier chain, ae discussed above,

« Study of the response as a fuicclon of incident
track angle; e.g, the sensitivity teo local gain
variations due to space charge effects.

* A pystemat{c study of the monentum (velecity)
dependence of the resolution,

In the meantime, a conceptual design for imple~

menting such a detector in the envircnment of a high
energy colliding beam cxperiment is siven in Ref, 7.
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Introduction

Inprovabliliry of particie separation by Feans of
fine dE/JX sampling brings forth an iden of central
trocking detector with parcicle ideatiflcatien cupubii
1lity in the colliding beam experiment. Ludlam et al,
(hereafter referred as BNL medstrement) ot the firat
time reported thelr test results on the dE/dX reagsure-
ment with the sub-mm sampling intervals, which indica-
eed that the particle separation could be fmproved
appreciably compared to that obtained with the ordinary
gampling inte'wals (1-2 c¢m), As o result, total gas
thickness could be mueh reduced and particle separation
in the relativistic rise region could be reolized cven
with a 1 m long chamber at an atmospheric pressure,
However, for a practical application of this method,
following basic fearures have to be further investi-
gated.

The length of drift space:

With the lopRer drift gpace, the total number of sense
wives can be reduced, but partiele separation would
become worse because of the diffusion and attachment of
drifeing eleciveons.

The width of unit cell:

The linear relation between the distance of the foni-
zatlon point and the drifr time to the sense wire is
digtorted because of the eylindrical electrle field
around the sense wite, and this distortion may deterio-
rate resoluticn of dE/dX measurement for inclined
tracks agalast the drifr field.

The effoet of magnetic fleld:

The above effect would be much enhanced in the magnetlc
ficld because of the distorted trajectory of drifting
electrons.

Readout eleectronles:

Sophisticated veadeur « lectronics for signal shaping
and fast-sampling of pulae amplitudes are required.

For the large-scale application, more than 10% wires
may be used and the construction cost is dominated by
the cost of fast Flash ADC and fast shift registers.
Therefore, simpler and cheaper electronics have tc be
considered from the viewpoint of economical compromise.

Galn variation, cross talks, etc:

These effects would deteriorite particle separatlon in
a larpe-scale multi-layer detector.

With above im mind, we have investlgated the fine
dE/dX sampling method with a longitudinal drift chamber
{LTD) having a longer drift space and with simpler
readout circuirs than BML's. Here, results obtained
without magnetic field are presented.

Desexiption of the Apparatus
Leais

A series of measurements were done using electron
and plon beams of 500 MeV/e, which were obtained from
the bremsstrahlung beam at the 1.3 GeV electron synch-
rotron of Institute for Nuclear Study. At this
upmentum, dE/dX for pion 1s at i1ts minimum and chat

for 2lectron is fn the Fermi platcau reglon. So, our
results can be compared direcrcly with the BNL's.

Chapber

The LTD, as shown in Fig,l, has a drift reglon of
51 e long and rwelve ecells of 10 pom % 10 mm for gas
amplification. Applicd electric Fleld an the drife
region was about 0.8 XV/cm ond electron drife velacity
was about 35 mmfus {n the gas mixture of 90% Acv + 10X
CH;. Applied high veltage on sense wires wns 1.55 KV
which resulred in gas amplilicotion poin of about
2 %105,

?.u-n-c-o 01-]-1---atn IIIIII’I——I
E
5
[ s
LR NS
H]

T1|1‘

particle g 5E)

Fig.l. Scheme of our lengatudinal doift chamber (LTD).

Electronics

Sampling time interval of 40 ns was chosen because
of casiness to obtain commerclally available Flash ADC
(TRW TDC-10141}, and this cholce helped to simplify the
readout cireuit. As for pulsc shaping, only a long
atgnal enfl with t'me constant of gbout 200 na had te
be filtered our in our case. On the orherhand, BNL's
10 ns sampling required to suppress two signal compo-
nents with tlme constant of larger thon 10 ns. Then,

Fig.2. Input signel to FADC for the pion of 500 MeV/c.
Vertiecal secale is 200 wV/div, and-iiorizontal scale 1s
200 ns/div.

- 101 -



we uded 8 fast and low noise pre-amplifier developed
by Bole et al.2 by modifying it to match with 40 ns
sampling interval.” Only one pole-zero shortening
filter with time constant of 60-70 na was used instead
of two pole-zero's and a semi-Gaussian fntegrater in
BNL's, A seml-Gaussian integrater with time constant
of 15 ns was introduced on a particular channel to
study its effect, Observed cquivalent noise charge of
the pre-amplifier was about 4000 electrons. A limiter
was also introduced to prevent overload of succeeding
ampiifier for large pulses. Amplitudes of the signal
frewm the amplifier were sampled by 6-bir FADC with

the dynamic vange of -1.1 V and digitized data were
stored on three dual shift registers (TRW TDG-10851).
The offgset level of +100 mV was applied on FADC in
order to study the detailed behaviour of small ampli-
cude nofses. Fig.Z shows an input signai ta FADC for
the pion passing through the LTD.

Gain Moniioring

We used 55Fe X-rays irradiating a parcicular sense
wire to monitor the long texrm gain drift of the aysten.
The pulse height speetrum for X-rayp wara maasured
between the beam spill cyeles with LeCroy QVT module.
We observed gain variation of 1-2% for whole teat
period and it was corrected at the off-linz anslysis.

Analysis and Regults
Accumulated signal shape

Fig.3 shows an accumulated signal shape fer plon

events., The smaller pwlse height at the leading edge
—~ 40 T T T T T T
B
2w} |
» .
- b Ssog’snten
A0S
5 20 | 4 eensaadloprenes * . .
b .
=
s 101 ¢ .
E . Yo 1
a e LLLL
1 L L 4 [} L
0

10 20 30 40 50 60
Drife time { x 40 ns )

Fig.3 Accumulated signal shape for pions.

One horizontal bid represents the sampling time incer-
val of 40 ns and one vertical bin represents FANC
resolution of 19 mV that corresponds to dE/dX of about
15 eV, The offset of +100 aV can be seen.

compared with BNL's car be attributed to the effects
of pulse height limitation by FADC dymamic range,
different gas mixture and unndjusted timing of the
leading edge. The leng plateau region of about 1.4 us
corresponds to the drift region of 51 om in the LID.
Slow rise of the average pulee height in the plateau
is seen and this will be discussed later.

In the fu.lowing, we analyzed the samples in the
whole plateau region between the bin number 11 and 40
in Pig.3. This sampling range corresponda.to the
drifc time of about 1,2 us and to the gas thickness aof
42 mm, which occupies 70% of che total thicknresa of
our chambetr sad this percentage is guite large compared
to 31% of BNL's.

Pulse height diseributions

Pulge helght distributions for pions and ¢lectrons
with 40 ns sampling are shown in Fig.4 together with
Landau distribution functlons whose parameters were
chosen to fit the data at smallet energy loss side.
Single sample resolutien W/Ey, Where W is the FWHM of
the pulsc height distribution and E, is the most
probable cnergy loss, 1s plotted inm Fig.5. Our data
for gas thickness of 1.4 mm 1 on the linearly extra-
polated line from the wide samplings in the flgure.®
The measured Totio of the most probable energy losses
for eclectrons and plons of 500 MeV/e is 1.7 1 0.1, which
is lower than the predicted volue of 2.05.

o/E and R

A cne-mcter long track was simulated by using 720
ramples of 40 ne intervals from the successive events.

: }
o
B
-
>
v
L 9
s
M
é 9
z Pk
»
o
Puls: height ( =19 mv )
Fig.4. Pulge height distributions for plons and cleer-

rong of 500 HeV/c. BDotted curves are Landou distribu-
cion functions, +100 oV offset fg subtractoed.
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Fig.5. Single sample resolution W/E,.
{ are data polnts of our and BNL measurcments. Other

data and Allison's cutve are referred from ref.4.

Fig.6 shows the r.m.s, resolutien o/E of the crum-
cated mean energy lose for a dne-meter-long track as a
function of the sample retemtion. The reselution for
plons 18 worse than that for electrons and which might
be due to the telatively large electronlcs noilse contrl-
bution for plens. Relativistic rise R (=Ep/Eyp) is
ghewn in Fig.7.
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Fig.6. 0/E of the truncated mean encrgy loss for a
one-meter-long track 4s o funerion of the sample
retention,

#1s for plons and ¢ is for electrons.
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Fig.7. Relativistic rtisc of the energy loss V.s.
retention for 1.4 mm sampling intervals

Particle selectivity §

# figure of merit $ as n measure of particle sepa-
ration is defined as

| Ee = Eq | - Coe +on)

< g >

where <o>=(0p+0;)/2, By and oy are the mean of the
truncated energy loss for a one-meter-long track of
particle X and its standard deviation, respectively.
Fig.§ shows disctributions of truncated mean pulse
helghts for pions and electrons with the recention
rate of 60Z. ¥ig.9 is a relation between S and roten—
tion rate, where the plateau of 5 =8 can be seen at
retention rate from 40% te 90%.

§ in the narrow plateau region

The plateau reglon of the accumulated signal shape
was divided into three reglons to examine the depend-
ence of S on the drift length., Same 5 values of slout
10 was obtained over three regions. This inerement of
S value can be understocd from the fact that the
uniformity of the average pulse height is better In
the narrow reglon. Slow rise of the plateau as seen

20

* 1} 1 i L}
Number
of cvents

wr electrons °l
pions
0 L S a 1
200 300 400 500 0D 700

Truncated mean pulse heigha
{ arbitraty unirs )

Fig.8. Distributions of truncated awan pulse heights
for one-meter-long tracks with retentien of 60%, of
pions and electrens at 500 MeV/e, Dotted curves are
fltted Gaussian distributlons,
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Fig.9. Relation between S and retention rate for one-
meter-long tracks, where samples from the whele plateau
reglon werc used.

in Fig.3 contributes to make the Tesolutinn worse when
the dats in the wider region are used, The oriBin of
slow rise ¢ould be attributed to the superpasition of
remaining signal tails, because an accumulated signail
shape for SFe X-tays has shown that che tail eof 1-2%
of its peak amplitude remains at the rime 1 us afrer
the peak.

No appreciable diffetence between the cases with
and without a semi-Gaussian intergrater was observed
on every items described above.

S v.s. sample size

The relation between S and the sample size was
studied by assembling wider sample sizes with neigh-
bouring 40 ns samples. Data obtained through a
channel with a semi-Gaussian integrater were used,
because overflowed event rates from the FADC dynamie
range are very samll at this channel whose gain was
1/t of other's. Fig.i0 shows § v,s. sample size for
samples in the central plateau region from the bin
number 21 to 30 in Fig.3. Result of BNL measuremenc
with different gas mixture are alse plotted ond goad
agreement between ours and BNL's can be seen.

With 1.4 mm sampling gas thickness ( = 40 ns sampling
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time Interval), improvement of particle scparation by
a factor of 1.7 has been achieved compared with 21 mm
sumpling,

J
mES, , *$ h
BT
't I
sttt

Sample thickness (mm)

Fig.10. Relation between S and sample size for one-
meter-long tracks, where samples from the centrol
platean reglon were used.

¢ and ¢ indicate our mMeasurement with retention rote
of 40X and 60%, tespectively. ¢ and # indicate BRL
measurement with 40% and 60% retention, respectively.

FADC resolution

Effoct of FADC resnlution on § walue was examined
by tatilering the data with 3, 4 and 5 blt reselutions
at the stage of off-line analysils, where the dynamie
range of FADC was kept constant {~1.1 V). Almost .he
game 5 values were obtained at 4, 5 and 6 bit resolu-
tions, while about 15% deterioration was observed in
the case of 3 bit., MHowever, when the dynamic range
15 reduced to -300 mV, which corresponds to 60% teten=
tion for elactrons, the S walue with 6 bit resolution
is reproduced even with 3 bit FADC.

Discussions

Attoinable maximum S

We studied attaingble maximum S wvalue with 40 ne
sumpling uaing samples in the central plateau reglon.
For thia purpose, we simulated a ore-mecer-.ong track
by randomly picking up 40 ns samples from all data,
end calenlated the truncated means. S valve was much

9 T T L L f ¥ T T 1)
r + b
F 0/E(2) 1

5 + -
XIS TR

3 b -
1 i M 1 1 1 : M L. "
0 20 40 60 a0 100
Retention (%)
Fig.ll. /B v.s. retention rate, calculated from

tendomly pleked up samples. ¢ is for pions and § 18

for electrons.

{mproved to about 14.5. Resultant G/E, R and S are
plotted in Fig.11, 12 and 13, respectively. This means
that the short range correlation betwoen samples has to
be reduced to obtaln hlghet S value. The short range
correlacton may come from the excended tfonizattons,
diffusion of drifting clectrons and the alew responce
of electronics circuits. But it is nor cleonr yer ot
our present understanding.

T T T T T 7 T T T
2.0 -
b ‘ o
1.8L Y o
L R . ® . -
1.6} ¢ . -
*
1.4 i L 1 [} | L 2 I )
(] 20 40 60 86 100

Retention {%X)

Pig.12. R v.a. retentlon rate, calrulatcd from
vandomly picked up samples.

¥ ¥ T 1 T L—

5 —

10 =~ -
7 L L 1 1 i 1 . i 1

0 20 40 60 80 100

Retention (%}
F{g.13, S v.s, retention rate, calculated Erem
randomly picked up samples.

Signal eail suppression

As deseribed above, 5 value deterierates about
20%, when samples are taken from the whole plateau
region, due to contribution of remaining tails. Then,
one more pole-zero filter with time constant of about

a few us might be required for further rail suppreasion

8 ray clipping

We exanined a § ray clipping rethod, reported by
Bateman6, at the stage of off-1ine analyais. Pulse
helghts larger than a certain lavel were replaced by a
limired value, and reans were caleulared including rhe
overfloved samples. Resultant 9/E, R snd § for 40 ns
samples froa the uhole plateau reglon are shown in Fig.
14, 15 and 16, respectively. § value obtained with &
ray clipping 1s the same with the one wich the trunca-
tion method. Platesu region of S value appears in the
clipping level region between 200 eV ond 900 eV of
energy losses in gas thickness of 1.4 wm.
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Fig.l4. o/E v.s. clipping level, The latter ls
prescnted by the value of cnergy loss. Retention rate
of 50% Is corresponding to the clipping levels of about
J00 eV for plons and about 400 eV for clectrons,

# is [or pions and ¢ is for electrons.
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Fig.15. R v.s. clipping leve .
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Fig.16. S v.s. ¢lipping level.

Although & Tay clipping technique does not improve
$ value, 1t suggests a simplei scheme for readout
electronics. Essential polnts of the electronics for
the fine dE/dX sampling are on the fast and low noise
amplification, and on the sufficient signal tall
suppression both In rhe truncation and & ray clipping
method, In the Iatter ecse, clipping and integration
can be done with, for instance, a limiter and am

’

ordinary RC integrator circuits, reapectively., Then,
FADZ and shift resisters which domipnate the cost of
electronics {s not necessarily required.

Sumary

With a simpler readout electronics and a longi-
tudinol drift chamber with a longer drift aspace,
improvement of particle separation with the fine dE/dX
sampling was obtained., Signal tail suppression is
found to be essentianl to achieve good S values with
the longer drift space.

dlso it 1e suggested that the maximum S value of
14,5 would be obtainmed 1f the short range correlation
botween samples are succegsfully removed.

& ray clipping technique will make simplificacion
of the readout electronics possible without deterio-
rating the § value.

Note: A group of KEK? alse investigated the Cine
dE/dX aampling with the longitudinal drift chamber
similar to ours. They tested the performance with

the pion and proton beams of 2 and 3 GeV/¢. Their
results without the magnetic field are in good agree-
ment with ours and BNL's. In the magnetic ficld up to
5 KG, no appreciable degradation of the particla sepa-
ration has been observed, which encourages applicotion
of this method to the central tracking deteetor ar the
colliding beam experimant.
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PARTICLE IDEWTIFICATION AND TRACKING IN CENTRAL DETECTORS

Danald L. Hartfl1#
Laboratory of Nuclear Studies
Cornell University, Ithaca, NY 14853

Combining particle identification by dE/dx and
v.acking in central detectors for the coming genera-
tion of colliders, e'e” in the 100 GeV region and pp,
pp In the 200 to 1000 GeV region, places constraints
on these detectors which may force compromises on
their performance as either identifiers or tracking
devices or both, The average charged wultiplicity
for ete interactions at 100 GeV is <ncp> = 25 with
<n,> = 25, which imply & very fipe granularity for
both tracking ard identification. A typical Monte
Carlo generated Z° decay 15 shown in Figure 1 and
Figure 2 1s a histogram of the opening angle distri-
bution Letween pairs of charged particles for a large
sample of Monte Carlo generated Z° decays. The peak
of this distribution s at Bypaping ¥ 60 mrads or
6 cm at 1 meter imposing a grgnu‘agity requirement
of = 1 cm for reasonable efficiency {n both 1denti-
fication and tracking.

Ideally the chosen central detector would be a
2ero mass device with spatial resolution of better
than 100 microns in a'l coordinates and a dE/dx
rasolution of better than 1% to assure complate
tdentification of particles of all momenta with a
granularity of a few millimeters, Goupled to this
jdeal detector would be a data agguisition and Soft-
ware reconstruction system whick would regquire less
than a few seconds of VAX CPU run time te completely
reconstruct the event. Of existing detectors the
projected performance of the TPC central detector
of PEP-4 comes closest to this ideal detector. The
inftial cosnic ray test results from the TPC and the
first colliding beam runs presented ot this confer-
ence are very encouraging and hopefully their
remaining problems will be guickly overcome,

What are the alternatives tp the TPC, which has
bean a very iong and expensive development program?
The other central detectors which provide both part-
icle identification and tracking are the JADE drift
chamber at PETRA, the UA1 drift chamber at the pp
collider at CERN, the AFS drift chamber at the ISR at
CERN, the new ARGUS drift chamber at DORIS and, 1n
the near future, the CLEQ drift chamber at CESR. In
all of these detectors the dE/dx resplution
(ogE 9* < 12%) is only sufficient to providg hadron
1doc{9%:zation in the non-relativistic (1/78%) part
of the dE/dx curve and partial electron identification
for some momenta. The particle trajectories in these
detectors are measured by drifting perpendicular to
the sense wires and by either current division or
small angle stereo in the coordinate along the sense
wires.

Before comparing the performance of existing
detectors 1% s useful to recall that the momentum
resolution for a typical central detector illustrated
scheratically in Figure 3 operating in a uniform
solenoidal magnati: field of magnitude B is given by

dy _Pr %o 150,172 {n
(F) measurement .03 I?Eg (s)

where pr = Momentum transverse to 8. The units are
Gev/c, Ii]ogauss, and meters with o 4 = spatial
res§1ut1on of the detector in the p{an perpendicular
to B and N = the number of equally spaced measuring
points over the gath length L of the particle through

*Work supported by the Hational Science Foundation.
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Fig. 1. Monte Carlo generated 2° decay.
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Fig. 2. Minimum opening angle 8 between
charged particle track pairs for Monte Carlo
generated Z° decays.

the detector. In additign there is a contribution due !
the multiple scattering 1n the material of the detector
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Fig. 3. General Central Drift Chamber with N
eql.ally spaced concentric cylinders Spanning
a radial distance L.

vhich is given by
dp.

. 0.5 L L,y12
(E?I’multip1e scettering - 0+5 7g (1-43 xo) 2)

where xg = average radiation length of the detector in
meters. There is a crosscver monentun where these
two con*ributions are equal which is given by

= L 1 143 1/2
Perossover = 0019 a_r-¢ ("n v {H45)) (3)

with multiple sccttering dominating for momenta below
this value and the ¢patial resolution daminating above,
For typical central detectors at atmospheric
pressure and operating fn 2 § to 10 kilograuss field
this crassover momentum is about 1 to 2 GeV/¢. The
z-resolution {along ) of the detector comes into the
total momentum measurement via the polar angle
measurement with
P1
Ptotal = sTno (4)

To achieve good dE/dx resplution in Argen +
Ethan? with no saturation of the relativistic rise,
tests! have shown that the total charge coliected on
a sense wire should be less than 0.1 picocoulombs. A
factor of two increase in the charge collected will
decrease the velativistic rise by = 20.. In addition,
for a fixed length of gas thes? Zests show that the
dE/dx resolution improves as N-1/¢ for sample lengths
> 1 cm-atmosphere; for pressures less than = 4 172
Atmospheres the resolution improves as {pressure) .
Above 4 Atmospheres there seems to be very 1ittle
improvement in the resolution. The small coilected
charge requirement is in direct conflict with
determining the z coordinate by charge division since
the error in that determination is given by

1/2
bz . 5 5e LKTCO) {s)
z Geotat

where Cp = sense wire capacitance and Qgqnp,7 in_the
total cRarge collected. For simpie sing?e 1ev91
discriminators providing the start puise for the time«
to-digftal converters to determine the drift time,

the time slewing due to noise and pulse rise time also
argues for high gas gain operation which is agafn in
conflict with qood dE/dx resalution.
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Tha JADE central detectOrZ. which has been in
operation for over two years at PETRA, represents the
kind of performance that a combined particle identi-
fication tracking detector gives. Fiqure 4 shoys the
end view of one of the sectors {1iustrating the sense
viires and drift field shaping electrades in the chamber
which operates with Argon 903 + 10% Methane at 4
Atmospheres. All sense wires arve parallel to the 4.5
kgauss magnetic field with the z-coordinate measured

Fig. 4. End view of sector of JADE Nrift
Chamber witl. inner sense wires at r = 21 cm
and outer sense wires at r = 79 cm.

by current division. The r,d caordinate is determined
by drifting, with an averave achieved resalution of
o,y ~ 150 microns. For a gas gain of 5x10% the

2-rpsolution is z = 13 m (91) = 0.5%) and the
relatfvistic rise as measured with Bhabha electrons
conpared to minimum ionizing particles is 1.4 :0.05
wnich seems very good for this large total collected
charge on the sense wires, The dE/dx resolution for
hadronic events is ogpsdx = 9.70% and on Bhabhas is
OdE/dx = 6% Figure 5 is a scatterpiot of measured
dtfax vs momentum for events from JADE which shows a
clear proton band and pion band in the 1782 part of
tie spectrum, Figure § shows similar results from the
IFS netector3 at the ISR, The new ARGUS central
detector® presently under construction at DESY for use
in the revised DORIS storage ring will have similar
dE/dx resolution. It operates at simospheric pressure
artl uses small angle stereo for the 2z coordin:ite
reasurement and is described elsewhere in these
proceedings.

There are several operating central drift
chambers (Mark II, CLEO, TASSO, and CELLO} with
similar cell electrode configurations, with Figure 7
showing the CLEO cell structure. An interesting
question is whether or not these detectors car be
aperated so that they provide a measurement of dE/dx
which would be useful for identification of Tow energy
K's and protons and perhaps electrons. By looking
at the field lines for the cell configuration shown
in Figure 7 and ysing a 1.5 usec inteqration time the
effective collection length for the primary fanization
is about 2 cm. Using a prototype CLEO chamber with
9 Tayers (identical to a pie shaped section of the
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Fig. 5. Scatterplot of df/dx measurements
of hadrons with JADE.

CLEQ drift charber) and full length wires, the typical
pulse height distribution for normally incident minimum
1onizing particles for a sin912 layer is shown in
Figure 8. [+

used was 50% Argon + 50% Ethane.
gain uniformity was better than 10% and the variation
along the wires was also better than 10%.

The gas gain was 10% and the gas mixture

The cell <o cell

The fwhm of

16001
1400+
1200
1000
a0e
€00

NO. OF EVENTS

200

160 22+ 288
PULSE HEIGHT

o 32 96

Fig. 8, Pulse hetg,t distribution of dE/dx for
minimum 1onizing particles passing thrcugh a
single layer of CLED Drift Chamber.

this pulse helght distribution divided by the most
probable pulse height is 55%,

Using the smallest 5 of

the 9 pulse heignts the distribution narrows Ly 5 as

expected.
chamber we expect ogppdy < 12% which will be adequate
to tdentify low energy ﬁ‘

electronics to accommodate the simuitaneous timing and
pulse hejght measurement wi1) be Installed during the
fall of 1982.
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Fig, 6. Scatter plot of dE/dx measurements
with AFS,
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Fig. 7. Electrode configuration of CLED 4

Drift Chamber cell.
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ing and dE/dx in central detectors.

divisfon to measure the z coordinate is in conflict

with the 1imits on total charge collected to aveid

saturation of the relativistic rise for electrons.

The dE/dx resglution that can be achieved for an 80 ¢m

. path length with an ARGUS type chamber with as many

. wires installed as possible is probably limited to €%.

This combined with a spatial reselution of g, , ~ 15
microns and a7 = 1.5 mm (small angle stereo) p?nvides

~4 an &rcellent central detector.

ficatfon In the relativistic

which can only be obtained with a TPC like

The high pressure TPC has yet to demopsirate am r,é

spatial resolution better ‘:han o ¢ 300 u which is

about a factor of 2 worse then thé™d

chamber, and which may be a prohlem.

Extrapolating this performance to ihe CLEO

s and protons. The new

In summary it 1s possible to combine both track-
Using current

0

For particle identi-
rise region ugE/ x € 4%
ev?ce.

ADE or CLEQ type
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PARTICLE IDENTIFICATION USING TONIZATIOR SAMPLING IN THE REGION OF THE RELATIVISTIC RISE
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ABSTRACT

Fast secondary particles arising from inter~
actions of K* at 70 GeV/c in the BEBC hydrogen bubble
chamber, are identified by use of che relativiscic
rise of lonization in Argon. The jonlzation is
measured in a large multicell proporticnal eounter
system, the External Particle Identifier (EPI).
Results with fdentified tracks show the expected
separation. The resolutfon in experimental conditions
is stydied and compared to that obtained during cali-
bration runs. Individual particles, c.g., secondary
kaons are identificd at a cenfidence level of 862%.

Particle identification by lonization sampling in
the relativistle rlse reglon is illustrated by pre-
liminary results obtained with the EPI (External
Partiele ldentifier) used in conjunction with the BEBC®
hydrogen bubble chamber In a study of K'p interactlions
at 70 GeV/c. The ipecident particles from an RF
separated beam were tagged before entering the chamber
by two multiple finger heodorcopes and two threshold
Cerenkov counters. Details about the beam, the bubble
chamber and the data reduction methods were published.l

A previous publicnticnz describes the EPL design
and construction methods. It contalns results ob-
talned in a calibration run. The EPI consists,
essentially, of 4096 proportional counters (cells) of

6x6 an cross section and 1 m height, stacked in an
array of 32 chambers wide and 128 layers decp. The
gas Uscd is 952 Ar + 5% CHA' Each cell is connected

to the data acquisition system, a NORD-10 computer,
vla its individual amplifier and 8=-bit ADC, The
individual cells and corresponding electronic channels
were calibrated during a separate test run using a
high energy pion beam, A fcedback loop using a 8-
source irradizting one channel, acted upon the high
veltage supply to balance changes due to atmospheric
pressurc variations. A residual slow time dependent
decrease of gas amplification was corrected for in the
offline analysis.

The layout of the bubble chamber, the shielding
and the EPT is shown on Fig. 1, which also illugrrates
the patctern of hits in the EPI. The opening in the
shielding wall allowed for identification of forward
particles only. The low-momentum limit at about
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10 GeV/c was imposed by avnilable space and track
curvature in the 33 kG BEBC magnetie ficld.

Positive tracks reconstructed in the bubble
chamber were followed through the stray magnetic field
of the BEBC mognet to the EPI. HWire chambers were
used at approximately mid-distance and attached to the
front and back planes of the EPI (not shown on Fipg. 1)
to assist the tracking. The hit cells of the EPI werce
associated into atrings and these into tracks (over
scveral strings) by a pattern-recognition program, and
matched to the bubble chamber tracks. A local eleaning
algorithm was developed te localize the ¢ells hit by
crossing tracks or other local background (slow
electrons, &-rays, cote.)., Oversll, the ratic of the
nmumber of tracks “g found with > 50 clean cells

("good" EPI tracks) to the total number Ny of tracks

followed from BEBC, through the relatively narrow exit
window and into the EPI front plane NB was NgINB 2 0.3

for 0.15 < Xp < 1 where “F
variable. The ratio Ngle is practically independent
of PT. Ag 1llustrated by Fig. 1, the background was

due to crossing tracks arising from secondary inter-
actions in the BEBC exit windows and shielding, ond in
the EPI frame., Events with excessive baekpround were
rejected, they were largely responsible for the losses
and for the relatively low value of Ng.

is the Feynman scaling

The icnization along the reconstructed tracks was
computed from the measurements in c¢ach clean cell
(carrecred by the corresponding calibration valucs)
using the truncated (smaller 40%) meon, with the
requirement of 2 50 clean cells.

Scatter plots of the lonization versus momentum
for subsamples of krown tracke are shown on Fig. 2 and
Fig. 3. The well identified tracks of Fig. 2 are
positive tracks arising from the decay of VO cventas

identified in the bubble chamber (K° -+ ﬂ+x-, A opr,
6+ e+e-).

The tracks of Fig. 3 are mostly kaons arising from
the deeay K'° + K'n™ where the K*(890) are selected by
cuts (viz. X (K'77) > 0.8 and 0.84 < m(K*7) < 0.94),

the remaining plen contaminacion is estimated ar ~ 15%.

*
Participaclng under the terms of the 1967 Agreement between CERN and the USSR State Committee for the

Inatictute for High Energy Physies, Serpukhov, Protvino, USSR.

Inter-University Institute for High Energy Physics, Brussel, Belgium.

Physikalisches Inseirut, Aachen, Fcderal Republic of Germany,

- 109 -


file:///alue

-,
-

i -

STAING

\
)

e -

Layout of the bubble chamber, exit window in the shiclding, intermediate MWPC and EPT. A

In addicion to the tracks from the re:onstructed
cvent, background tracks and secondary intcractions are seen.
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Fig. 1. Top:
reconstructed event shows tracks follewed inte the EPI,
Bottom: Patrern of cells hit in the EPI.
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Fig. 2. Ilonlzation vs. momentum for tracks

identified by V° decays reconstructed
in the bubble chamber. The curves
are taken from the calibration

run.
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lonlzation vs. momentum for tracks
arising from K* decay (~ B5% kaons),
The curves are taken from the cali~
bration run.
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The accumulatlon of points around the expected
1ine for kaons is clearly seen.

A saaple of tracks with morc than 95 cells, taken
at.ongst all secondaries Erom interaceions in BEBC, 1a
shown on Fig. 4, The accumulation of points corre-
sponding to pions (top) and to kaons (bottom) are
vipible, ns well as the kaons arising from the elastic
and diffractien peaks at high momentun. In this plot,
wiie beam=tagging informatiou hag been used to remove
events arising from a small contaminatian of the
incident beam in protons and deuterons.

e LAB MOMENTUM  (Gev/cl e

Fig. 4. lonizarion vs. momentum for 3071 secondaries
of K*p interactions at 70 GeV/e, for tracks
with more than 95 cells. The small beam
contamination in protons and deuterons is
removed using information from the tagging
system.

The distribution of fonlzation for a sample of
tracks where the beam contaminatien was not remeved,
and laying in a chosen momentum interval is shown by
Fig. 5. 1t was fitted by three goussian distributions
Gi of the form

1
RUZRERX IS SR

where 1 = p, K. = and the Hl measures the number of

tracks attributed to che p, K, and = populations
(E:N1 = N, the number of measured tracks.)

1/1g

are

Fig. 5. Distribution of ionization for tracks in
the momentum range 22 < PraB < 28 GeV/e.

The curveas are firted gaussian distri-
butions corvespending to p, K, and w,
The ficted peak values <IIIu>i are plotted against

comentum on Fig, 6, showlng a good agreement with the
curves obtalned from the previcus callilration run.

a1l 3 n W

1 L] 0o 1990

p Gov/e -

Fig. b, Average values of lonlzation as
obtnined by the gaussian flts vs.
nerentu®. The curves correspond
to the calibration values,

The expected width of the gaussian distributions,
which gives a measure of the resolution, varies from
tratk to trock according te the number n of avallable
¢lean ce:llp, which depends Iin turn on the angle of
incideace, on the removal of cells during the cleaning
process (because of the background due to crossing
tracks, &-rays, etc.). The dependence of the resolu-

tion on n, which 1s roughly of the form n-ljz, was
determined experirentally on a sample of calibratiean
tracks. In order to estimpte the intrinsie widrh,
f.e., the valuc %1 (n=128) for an idcal track

crossing che whole length of the EPI and with foniza-
tion measurements in all 128 cells, the following
procedure was followed. For severnl subsamplas of

tracks, the expected resolution 0ag S computed by

a conveautien of the values for each track 1 expecred
from the ealibration and the value of ny. The expoct-—

cd values 9 0 WETC coppared to the observed values

9% resulting from the gaussinn fit. 1f the cxpected
O e VOTC Equal ro the obeerved 0, they would fall on
the diagonal of a scatter plot. The observed values
show a slightly degraded overall rcsolution, This
degradatlon is probably related to such experimental
clrcumstances as residual background, e.g., a not fully
efficient filtering of crossing tracks., For tracks
with 2 50 ce)ls in the momentum Tegion 22 < Piap €

60 GeV/c, the puusslan fits give o 2 3.8%,
The raties K /M with 4 =p, K, mand N = E:Nl as

defined by the gaussian fits are showm on Fig. 7 as
fucctions of momentum. TIn this plot, the proton
population was not corrected for protons arising as
secondaries from interacting beam protons, as may be
done by wvsing the tagging informatisn,

Preliminary results based on these measurements
were presented 2t the Notre Dame Confercnce.

2
For each measured track, three x° values can be
computed asg

2
2 _ (I/Io)meas B <Illo,i
Xy o{n)
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Fig. 7.
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Pes Gedit -
The populativns of p, K, and n amongst
secondarics of K'p interactions ac
70 GeV/c as a function of momentum,
determined by the gaussian fics., The
cytves arc cmpirical polynomial fiea.

where 1 = 7, K, v {(onc degrec of frecdom). The proba-
bility that the track be i is then estimared as

N
1 2
Py -TP(X )
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where Ni are defined as above., The cholce of the
highest probability Pi igolates tracks ldentificd as

ps Ry v, It is estimated, for lustance, that the
sample of identified kaons contains a contamination of
£14% of pions. Thus, the individual kaon tracks are
identified at a confidence level of 86%.

Similar results ere available for om exposure to
a RF separated XK~ beam at 110 GeV/c," A detailed
account of the methods of analygis and of the results
is in preparation.
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PREPARATION OF SILICA AEROGEL AND ITS APPLICATION IN THE TASSO CERENKOV COUNTERS

G.Poelz

11. Institut fiir Experimertaliphysik der Universitit Hamburg’
2000 Hamburg 52 = Notkestrasse 85 - Cermany

Summary

The Cercnkov counters in TASSO consist oi 3 ele~
ments. ane filled with seropel and two with Freon |14
and COy, The 1700 liters of aerogel cover an area of
11.8m2 with a thickness of 13.5 tn 18 cm. Most cells
are filled with an index of refraction between 1.013
and 1.026. In a ronning peried of 2 months after in-
stallation <N _»= 3.9 + 0.2 photoelectrons were observed.
The mean value over 17 months is <N > = 3,0 + 0.2.

The aerogel was manuvfactured ar DESY with z rate of up
to 90 1/uecek. The dimensions of the samples are
17 % 17 x 2.3 em3. The refractive index of 986 pieces
vith n around 1.025 is distribured with o_ = 0.0013,
The transmission length for light with A= 438 mm is
A= 2.64 cm with o, = 0.22 em. For |00 samples with
no=1.017, & = 2.8"with a, = 0.6 was found. In recent
investigations the rransmission lenpth for aerogel wicth
n = 1.625 could be improved tn p = 5.) cm,

ir2

The charped hadrons in the TASS50 detector at
PETRA ar. identified by time-of-flight counters and a
Cerenkov system corpined with the momentum information
of the central detector. This Cerepkov system” consists
of 3 threshold counters f{illed with 1700 liters of
aeregel, with Freon 114 and CO,. All the acrogel was
manufactured ar DESY. This papér dEscrihns the method
used for rhe production of acrogel , its perfarmance
and the properties af the Cerenkov detectors.

In acrogel small ealleidal parcicles of silica with
4 om in diaseter are linked to branched strings. They
form a porous structure with voids of about 20 to 200 um
in diameter. The index of refraction resulte from an
averape within a wavelenpth of light., It depends on the
density pfp/em?) of the aerogel by (Fig. 1)

n =1 =(0.210 + 0.002) * ¢

D6 [— T T
et & WK ]
o QESY
o
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e
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Fig. 1. Rcfrgctivity of silica aerogel produced at
DESY and Lund ™ 4% function of its density.

x Supported by the Deutsches Bundesmiuisterium fiir
Forschung und Technalogie,

Preparatiecn of acrogel

erogel for Cerenkov radiators is usually pre-
pared” out of tetramethoxisilan. Lt decomposes by
hydvolization and then cendensates to silica colloids

Si(OCHa)A + 6H20 - Si(OH)& + 4 CH3 OH

m Si(OH)4 - (SiOz)m + 2 mHD .
When grown to the ripht size (m & 700), the particle
come into contact and are bound together (Fig. 2)
forming a gel. Ib takes the same volume gs the initial
liquid mixture. If more or less methanol is added at
the beginning, gels with differont densities can be
prepared and different indices of refraction are ob~
tained.

Fig, 2. Sketeh of 2 colloidal particles bound
by a silexan tink ($i-0-Si} and by a water bond.

The speed of gelation is in gaod approximation
proportional to the concentration v {by volumes) of
the added catalyst (Nﬂacﬂ)

1 /tg=a - vc

with the gelling time t,. The coefficient g in curn
depends linearly on the concentration vg of the silan.
Erom Fig. 3 one finds that belaw v, = 0.1 no gelation
takes place avd refractive indices below n = |.01
cannot direc’ly be obtained with this =ixing procedure.

T A T — Al

0

P !
3

a2 Vi
" .

agr a0 -l

Fig. 3. Coefficient & of gelling speed 1/t as a
funcrion of the concentration vg (by volumés) of the
silan, The catalyst is a solution containing 25%
ammonia. The concentration of this solutivn in the
mixture is given by VNHAOH'
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After gelation the pores of rthe gel are still com-
pletely filled with alcohol and water, To extract
these liquids without harm co the delicate structure of
the gel they have to be trvandferved imtu the gasecous
phase (Fig. 4). The alcogel is heated in a pressure
vessel slowly beyond the critical temperature (Fig. 5)
and then the vapour is relased at constant temperature.
Now the gel can be cooled down and air penctrates the

il

lmil.;!#‘

(R0

\ ,’f’””"',"'ﬁ:
i

\,,,’,ﬁia',:',wu%
s

5
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i ﬂu
l!

v (L Mol)
m

Fig. 4. Pressure-volume-ctemperature diagram for
methanel caleulatad from the Redlich-Kwong equation
modified to p = RT/(V-b)-a/ (/T V(V+c.b)). With c =
15,97 the parametcrs a and b are almost linear
functions of the absolut temperature T. R is the
gas constant, The extraction eyele in Lhe autoclave
follows the broken line.
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Fig. S. Temperature aend pressure inside the pressuve
vessel a6 & funetion of time. The rise in temperature
and the decrease of the pressurc take cate of the
changing density and viscosity of methanmol.

Some residual methanol and water can be removed
by baking the aerogel at 400° € in normal atmosphere
for 3 hours. The optical properties of the gel ia chan-
ged simultanecusly. We find for samples with refractive
indices arocund n = 1.025
n;-n, = 0.0065-0.15 (n~1) = 0.003 for ng = 1.025

for be = 0.38cm-|

£
WyMg = 0.27-0.45 ug (cm-I) = 0.1 cm-l
The transmigsion coefficient p was measured &t a wave-

length A = 436 nm and i and £ indicate the initial and
final values.

Alsoe the OCH3 proups on the surface of the colloids
ave burned and Oif proups temain. The initianlly hydrao=
phiobic aerogel is changed to a hydrophilic anc.

The whole production eyele needs sbout 2 wecks
for samples with r = 1.025, The (reshly prepared gel
should age at room temporature (22 - 24° C) for about
10 days to strengthen the bonds between the ceolloidal
particles, The bottle-neck in the production rate is
the treatment in the pressure vessel. It takes 2 days.

At DESY we have 2 pressure vesscls with a volume
pf 50 1 each (90 cm x 26 cm #), This allows a pro~
duction rate of 100 to 14D samples per week with picces
of 17 % 17 x 2.3 cm? corresponding to 65 to 90 1/weck.

The index of rcfraction and the transmission co-
efficient of each sample is measurced. For 9B6 samples
produced under similar conditions with n arosund 1.025
n is distrihuted with o, = 0.0013. The transmission
tength A = 1/y vas found to <A> = 2,64 cm wich
ap = 0.22 em. The examination of 100 pieces with
n o 1.017 yielded <> = 3.8 cm with =, = {0 ene

The refractivity ceasured at difFerent points of
tihe 17 % 17 cm? surface of an acrogel sample is plotred
in Fig. 6. The scatter of the values of abour % 57 is
mainly due to sysiematic uncertainties of rhe measure~

ment becanse af the uncwven surface of the sample.
T L) T T 1] T U T T
B o ° ° ° 8 -
3
7 . s 1 "
2 B % . s ’ e -
» . » L] +
- » + ey
Eoul -
= * y=15cm o y=105cm
2 | t y=45cm @ y=155cm
] % yz 75cm J
0 A X ) ) 2 L ' L
¢} W r{cm} X

Fig. 6. Distribution of the refractivity in an
acrogel sacple dcross {ts surface of 17 x 17 em”,

The scattering of light shows the expected x‘
behavioutr of Rayleigh scattering (Fig. 7). The ab=-
sorption was measured by the decay time of the pheton
intensity within a diffuse reflecting box in the pre-
sence of aerogel. In the visible spectrum the ab-
sorption is smaller than the scattering. The correspon-
ding lengths differ by at least tne order of magnitude.

A (nm)

Fig. 7. Scattering length for unbaked (8) and baked
(9) aerogel and absorption length (*) measured as

a Eunction of the vave length of Elght The slope
of the fitced lines is given by ' and 15+
respectively.
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In recent exp:riments the transmission eccfficient
could ba improved by a factor of 2 (Fig. 8). With a
short gelling time t, and chemicals cooled to 1% C a
coefficient of u = 0V2 cm ~ was oltained,

— T T
a? .
Iransmission coel (A=436nm} /
ok M0 * o
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Fig. 8, Transmission coefficient u as function of
gelling rime t, ar room temperature. As catalysts
vere used ammonia, hexanethyldisilazane and
Tris(hydroxymethyl)-aminomethane. The left moet
peint was obtained with a temperature of the 1i-
quids of 19 C (t, = 12 pin). Its positien in the
plet is sealed tg room temperatyre.

All our sacples were prepared in plass moulds and
remained there also in the evapoTation cyele. The
moulds had to have rounded edges. With this shape the
gel will not break when it detaches frem the walls,

We now succecded to produce also aercgel with sharp
edges wirhout cracks. The gel is cast in a mould with
removable walls (Fig. 9) and then transferred ta a
wider dish.

Fig. 9. Mould with removable walls to aobtain aeregel
slabs with sharp edges. A thin plastic foil se-
parates the gal! from the walls.

Aerogel-Cerenkov counters

The mean number of photoelectrons <Hy> deterted
by 2 phototube like RCA gesh or XP 2041 in a Cerenkov
counter can be estimated” by

2

O " depr T M

<N > =n_ - gin
e °
with n, = 100 cm ', the Cerenkov angle 8,, the ¢ffective
thickness of aerogel d £f = AM)-exp(~d/A}), the real
thickness d, and the light collection efficiancy g
(for A see below). ¢

For the colleetion of the Cerenkov light two dif-
fereat systems are usually recormended:

With mirvors ome may obtain a high collection ei-
ficiency, a particle with wrong direction {s not
detected and the signal is prompt.

But to put the mitrors in the right position space
{s nceded and the higt -t collection ef:.ciencies
can only be reachud wi.n mirrors of complicated
shapes. The collection efficiency tends to be in-
homogenecus over the aera of the acrogel.

A is decermined by the rransmission lengeh of the
aerogel A % Apy ~ 2-5 25 ¢cm and e is lim.red
by the reflectivity of the mirrors ne < 0.9,

With diffuse reflecting walls one collects the direce
and scattered light. The counter is easy to desipn
and the collection efficicncy is homopencous. But to
obtain 2 reasonable collection a high reflectivity

is nceded (r > 0.95). Photons with many reflcceions
arrivi within longer time intervalls at the photo=
multiplicr. The counter is sensitive to all particle
directions.

Tie effective thickness of aerogel tirre derer-
nined painly by the absorption lenpth by of the gei.
hndg vt cmoand

n, " £ FJ (I-r(1-F))
vith the combined transmission of the light funnel
and the photocathode t = 0.4 and F the fractional
area of the photocathode F & aren (PM)/area (total).

In small counters a high yield is casily obtained.
The counter in Fig., 10 with dimengions of
24 x 20 x (21,5 ~ 38) cnd was Yined with millipore.
With 18 ecm of serogel 12 photoelectrons were produced
by relativistic electrons. The acrogel slabs had an
index of refractien of 1.023 and were rob baked.

e 1 ! !
0k
5 -

v RCA BAS4
i
L - 220 - :!
0 L 1 1 1
o 5 0 5 20

d l=ml

Fig. 10. Photaclectrou yield of a small countet
with diffuse reflecting walls and with different
serogel layers of thickness d. The counter was
tested in a beam of relativistic electrons.

One cell of the aerogel Cerenkov detector used in
TASSQ is sketched in Fig. 11. The area of aerogel is
about 35 x (00 cm?. The long distance between the
radiator and the photomulripliers was determined by
the adjacent detecter components. Monte Carlo compu~
tations for the different collection systems showed
that the diffuse reflection scheme should be favoured.
The total cell is lined with one layer of millipore.
The aerogel slabs were cut with a diamond saw to the
cight shape and stacked inro a drawer which is rhen
ingerted into the counter cell. The aerogel pieces
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are held in place by cotton thkeads.

Fig. 11. Sketch of a detector cell used in TASSO.
A protutype was tested in plon beams at DESY and
CERN. Fig, 12 ghows the threshold curve for 18.5 cm
of aerogel with n = 1.024. The signal below threshold
is almost due to & electrons. For the light produced
in the millipore we found 2.4 + 10 ° photoplectrons.

4 L 1 ] 1 1
L
3 d=18.5em n
s
22t -
N
1 -
0 1 1 ] 1 T |
100 1N a2 103 1.04 105
e?
Fig. 12. Threshold curve Lor a TASSO cell like
Fig. )] tested in o pion beam.

The light yield was ipvestigated in a beam of
pions with a momentum of 3.4 GeV/e (Fig. 13), The data
for different radiator thickness are Fitted with an
effective mbsorption length of ha =941 cm,

5 T T * 1 1

3
N\
[
-
A\ 2 n —~
80 1024 millip.
] 1.017  miltip.
1 o .07 Al -
o 1 L 1
0 5 0 ] 20 25
Aerogel thickness (cm)
Fig. 13. Mean number of photoelectrons vs thickness

of aerogel with n=1.024 () measured with a TASSO cell.

A pion beam of 3.4 GeV/c was used. The open point (o)
gives the mean value from 16 cells with cosmic muons
beyond 4 GeV/c. The squares are results with

n = 1,017 and cosmie muons (p > 1.4 GeVfc). The
light was collected by millipore (m) apd alu-
ninized mylar (o).

In a measurement with aersgel of n a |.017 in a
layer of 23 cm thickness and cosmic muons {p > 1.4GeV/c)
we obtained a comparable yicld of <N » = 3,9 + 0,3
(Fig, 13). The lower number of Coerenfov photons is
compensated by the higher transparency of the gel. With
aluminized mylar at the walls and an appropriately
bent foil opposite to the acrogel the vield decrcased
to 3.1 + 0.1 photoelectrons.

The assembly of the 32 cells in the Cerenkov de-
tector of TASSC is shown in Fig. 14, The Cerenkev
counters are arranged in ? horizontal arms and subtend
a solid angle of 197 of 4  (se2 Table )).

]

T

T T

§

e TASSO

Fig. 14. End and top view of the TASSO detector,

The 16 cells below the mid plane can be tested
by cosmic muons in parallel to the data taking runs.
In the first 2 months after installation a yield af
<Ng> = 3.9 + 0.2 for particles with p > 4 GeV/c was
abserved.
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Table 1 - The aerogel Cerenkov counters in TASSO

Solid angle 192 & 4z
8 = g0° 3 40°
6 = + 26°
Substtucture 32 cells
Area of aerogel 1.8 m2
Yolure of aeragel 1700 1

d = 13.5 em in 28 cells
d =~ 18.0 cm in 4 cells
n = 1.023 = 1.026 in 24 cells
n = 1.020 < 1.023 in 8 cells.

Aerogel thickness

Index af refraction

The thresheld eurve for co .ic muons averaged over
the whole tun period {(February {379 ro Jjuly {981) is
plotted in Fig. 15. The numbe: of photoelectrons here
reaches <N,> = 3.0 + 0.2, Fi;. ]6 shows the result of
the evaluation ¢f hadromic ata . The fraction of char-
ged particles sech by the aerogel ecounterg relative
to all candidates is plotted versus the particle mo-
mentum. The arrovws indicate the threshold for n-,
K-mesons and protons. The selid line is computed as-
suming constant particle ratios. The cffect of piona
and kaons are clearly seen.

T T T T T T
- ’
*
4 L}
€ T3 .
08 L] =
L] TASS0
sl ¥ cosmic muons i
04 |- 7
02 §+ R
0.0 * t 1 1 1 : o
0 1 2 3 [A 5 6 7
p (Gevie)
Fig. 15. Threshold curve for cosmic muons of all

TASSO cells below the horizental mid plane. The data
are collected during |.5 years parallel to the rums,

Nperoget/ Niy

N T

3 (GeVic)

Fij. 16. Fraction of charped headronic particles de-
tected by the TASSO acrogel counters relativ to all
candidates. The arrows indicate the respective thres-
hold, Daghed line: maxizmem limit cgused by a soft-
ware cut. A fast dropping eclectron backgreund and a
flat background from ncighbouring showers is alse
showa.

Reforences

1) TASSO Collaboration, R.Crandelik et al.,
"Properties of Hadron Final States in e’e Annihi-
lation ac 13 GeV and 17 GeV Center of Mass
Encrgiesy Phys. Lett., 83B, 261 (1979}

H.Boerner, H.M.Fischer, H.Hartmann, B.Lbhr, M.Woli-

stadt, D.G.fassel, U,Kb8rz, N.Kowolski, B.H.Wiik,

R.Fohrmann, and P.Schmilser,

"The Large Cylindrical Drift Chamber of TASSO"

Nucl, Ingtr., and Meth. 176, 151 (1980)

H.Burkhardt, P.Koehler, R.Riethmiiller, B,H.Wiik,

R.Fohrmann, J.Fran:ke, H.L.Krasemann, R.Maschuw,

G.Poelz, J.Reichardt, J.Ringel, O.R8mer, R.Rilsch,

P.Schmiser, R.van Staz, J.Freeman, P.Lecomte,

T.Meyar, Sau Lan Wu and G.Zobernig,

"“The TASSU Gas and Aerogcl Cercnkov Counters”

Nucl.Instr, and Mech. 184, 319 (1981)

G.Poelz and R.Riethmiiller,

"preparation of Silica Aerogel for Carenkov Counters”

DESY preprint 81-055, to be published in

Nuel.Instr. and Mech.

S.Henning and L.Svensson, "Production of Silicn

Aerogel”, Physico Scripta 23, 697 {1981)

M.Cantin, M.Casse, L,Koch, R.Jouan, P.Mestreau,

D.Rougsel, F.Bonnin, J.Moutel and §.J.Teichner

“Siliea Aerogels used as Cerenkov Radiators"

Nuel.Instr. and Merh. 118, 177 (1974)

) Landolt ~ Bdrnstein New Series, ed. K.-H.Hellwege,
TV, 3, p-18 (Springer-Verlag Berlin, Heidelberg,
New Yark 1975)

8) TASSO Collaboration, to be published.

2

-

3

~

4

~

5

~

[

~

- 17 -



THE HRS CERENKOV COUNTERS®

J. Chapman, N: Harnew, S. Keoijiman and D. I. Mcycr
The Universlty of Michigan
Department of Physics
Ann Arbor, MI 48309

Surmar:

He hava successfully tested an ultraviolet photo-
tonization Cerenkov Counter in = 10 GeV/c pion beam
preparatory to building o lsige system to be installed
in the HRS spectrometer, The counter has becn tested
to 11 atmospheres of pressire for use aos a %/K sopara-
tor.

Introduction

The separation of charged kaons from the more
copiously produced plons adds significantly to the
analyzing power of e*e™ detectors. Time-of-flight
techniques provide this separation uwp to aboni 1 Gev/e.
Hiowever, at PEP and PETRA energies & large proportion
of particles have momenta above this range. A useful
device to tag kacns above 1 GeV/c would be a threshold
Cerenkov counter. Due to the tight bunching of parti-
cles in Jjets, the coutter must have high segmontation.
Unfortunately the need to keep phototubes of a cenven-
tional counter outside a magnetic field makes a light
guide systen difficult 1f not impossible to dasign.

For this reason Cerenkov counters which use preportional
charbers to detect the ultraviolet Yart of the spectrun
(1150 - 1350 £) have been developed.!=? The proporticnal
chaubers are doped with a small amount of benaene.
Benzene is chosen becausce it has & high photofonization
probability in this wavelength range.

This paper describes tests of a prototype cell of
the ultraviolet thresho.d Cerenkov counter system which
is to be installed in the High Resolution Spectroroter
(HRS), a PEP detcctor. The counter will cenaist of 13
individual toril placed around the beah as showm in
Fig. 1. The design allows for high segmentation (64
cells per torus) while rhe amount of macerial concri-
buting to multipie Coulomb azattering is minimized,
Each torus is constructed of 8 flanged units which bolt
together to form a polygon of 16 segments. A group of
4 proportional chambers share a commen planar —
elliptical mirror. The Cerenkov radlator will be an
argon/nitrogen mixture at 16 atmospheres presdsure.

This gives & £ threahold ac 1.1 GeV/c and will alicve
n/K separation from 1.1 to 3.9 GeV/c. In addiriou,
time-of-Llight counters give a one srandard deviacion
geparation of w's and XK'z up ro 1.3 GeV/e,

COARRPOD

IKKER DRIFT CHAMBER

@@Q%%@o

DUTER DAIFT CHAMBER

TYPICAL END VIEW

Fig, 1. End and side view of the planned Cerenkov
counter system for the HRS.

* Supported by the U. S. Department of Energy.

Principle of Operation

The princinle of the photoionization Cerenkav
counter is much the same as that of 2 conventional gas
throgliold Cerenkov counter. The partiele traverses and
radiatecs photons In a pas, the number of photona per
unit length of the radiator is given by

%% = 370fe slnzﬁ dE
vhere £ is the particle paoth length in cm, 8 is the
Cercnxov angle, E 15 the photon echeryy in clectron volts
and ¢ i3 the photon detection efficiency. ¢ is depend-
ent on the U=V transmission o1 the proportional chamber
window (typically 45X for magnesium fluoride) and the
mirrocr rcflectance (typicably 75%), both of which vary
with photon encrgy.? The vavelength window is defined
by the photeienization efficiency of benzene which is
zero above 1350 R and approxizately 50% down to 1160 2.
C0,, which i{s used ay o quenching gas in proporticnal
chambers, is abeerbing below 1160 A. Also a radiator
gas nust be chosen which 1s transparent or nbsorbs U=V
photons only weakly.

The choice of Cerenkov rodiator was o 85Z argon,
15% nitrogen mixture, Argon is known to be tramsparent
in the wuvelength range of interest.?  Thr nitrogen was
added to quench seintillation light. Argon and nitrogen
have simllar refractive indices at thesc wavelengths;
however nitrogen is known to ohsorb ultravielet photons
wenkly.* Althouph the absorption length of nitrogen is
large (187 cm) absorption becomes significant in &
pressurized system.  Xenon and krypton are known to
transmit BV3 and have higher refractive indices than
argon, however the photon yields would be inadeguate
for the proposed HRS detectors,

Reglecting the effocts of dlspersion, tho numba.
of photons per uni. lenmgth con be simplified to

%% = HNo sinzﬂ
uhere No 1s a constant dependent on the paramcters
described above, An ¢stimation of thege parameters
ylelds an expected value of 70 for No,

Experimental Setup

A protocype of the cell geometry to be used in the

HRS was built. This geometry is shown lu Fig. 2. The
test goction consisted of a 25.4 <m diameter aluminum
tube of Q.32 cm thickness (1/8th of a complete torus).
Contained inside the tube was a 22.9 ¢m wide eylindrical
mirrar with a elliptical cross section, The proportion~
al ehamber was placed 1S cm from rhe mirrer at its first
faeug, The second focus would correspond to the ete”
intergection point, 200 cm away.

The structure of the proportional chamber is shown
in Fig. 3. The design has gone through a variety of
«tages.? The chamber was 15.2 em long and centalned
six cells, each 0.5 om wide, The dead region between
cells was 9,5 mm. A 2 mm thick MgF; window wos sealed
to the proportional chamber with an O-ring. Each cell
contained a sense wire {38 microns diameter gold-plated
tunggten) which was pesitioned 2.4 mm from the window.
The six cell structure was chosen for two reasons, The
proportienal chamber runs «t atmospheric pressure and
therefore must support the MgFp window. Also the chamber
presents a dead region since if a particle goes through
the proporticnal chamber it will £i 2 regardless of
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Fig. 2. Crosa-scctional view of the Cerenkov
counter teat vessel,

Fig. 3. Structure af the proportional (hamber.

whether the particle was ambove threshold or not. If
the chamber has discrete cells, 5/6 of the chamber is
sti1ll active for Cerenkov light when a cell is struck.
However, to reduce electronic read-out costs, pairs of
cells are grouped together.

The preamplifier is a ¢rucisl element in the sys-
ten. It must have low noise io detect single photo-
electron avalanches efficiently. Each proportional
chamber cell pair fed a separately housed low nolse FET
charge to voltage preamplifier with an 800 ns output
time constant. Since linearity is not required the
preamp can be of very simple design., The preamplifier
output was firstly RC coupled to a discriminator of
adjusrable threshold via an external amplifier and
secondly to an AODC channel with cozposite sensitivity
96 countsffemto-Coulaxb, 1In this case the readout
electronics operated at & signal to nolse of 4/1 for
signals above 0.3 fente-Coulomb.

The wmirror reflectivity has been measured to be
75% at 1216 K. The wmirroc was made of glass, 2 ™0 thick.
1t was sluymped on a graphite form which had the desiyed
elliptical curvature. The glass was then vacuum
aluminized with a MgF, overceating to prevaent oxidation,b®

The mtrrors were chocen to give one dimensional focusing
in the elliptical plane, This mesas thore is no fo-
cusing in the directfon of the magnetic {icld hend.
Beenuse the counters form a complate azimuthal ring

(see ¥ig. 1) this docs not lcad ta an cfficlency loss.

Preliminary Tests

The addirion of benzene 83 a photelonizing chenical
tends te destabilize the proportiopal charmber. When A
proportional avalanche occurz many argon atowms are
excited. The argon cnission spectrum is centered
around 1000 &, These photonz can photolonize the
benzene causing further avalanches, A suitnble
quenching agent must absorb these photons while trans-
miceing UV light in the 1156 to 1350 § region. COp has
a short absoprtien length below 1160 A& and n “window"
at the desired wavelengths.” We experimented with a
number of gas mixtures — argon with 12 Celly md v,
10%, 20%, and 30% CO3. We found that morc C0» is
needed than for a atondard prop-rticnal charber, a
uscful mixeure being 13 benzene, 207% €0z and 792 argon.
It was found thar 30X €O; raised the operating voltage
by 100 voits but did not affect the chamber stability
or improve the single photon detection cfficicucy, The
1 mole percent benzene was choscn go that there are
several ncan absorption lengths [ar the UV photona in
the chember.

An interesting feature of the proportional chamber
was its abllity to detect visible photons ns evidenced
by its sensitivity to an overhead reom light, We
acrrdbuted fhis to the photoelectric effect off the
aluminum oxide layer on the chamber walls. Silvering
the proporticnal chamber surface elimlnnted the ef fect.

Onc worry was that the proportional avalonches
would affect window tran.missiaon. The transmission of
the MgFy window was measured to be 50% using a Lymun
alphn (1216 A) hydrogen discharge lamp, The chamber
was run for t0l0 counts Just below breakdown and the
MgF; trancmigssion was remeasured, No notlceable
difference was obscrved indicating that breakdowm
products formed by counter avalanches do not degrade
the window rransmission,

S —
%N,

‘s- 4
£ o ]
£ 4 ]
E 36%N,
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0 2 4 6 8 W 12 14 16
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Fig. 4. Efficiency for detecting seintillation light
as a function of pressure and nitrogen percentage.
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Seintillation light can be produced by a particle
below its Cerenkov threshold thus deatroying the use-
fulness aof the counter for particle identificatiocan.
Tents were maded to determine the scintillation pro=-
perties of argon-nitrogen mixtures as a function of
nitrogen percentaga and pressure. The results are
showm in Figs 4 where the efficiency for detecting
scintillation light as a function of argon gas pressure
is plotted for various fractlons of mitregen, It can
be scen that an 852 argon, 15% nitrogen mixture keeps
the scintillation lighe level below 1%, We consider
this fraction to be the optimunm mixture, the addition
of more nitrogen will cause the unnecessary absorption
of Cerenkov photons.

Resgulta

The Cerenkov counter was initially tested with the
discriminator electronics in a 1D GeV/e nepative plen
beam at SLAC., The threshold behavior of the counter
is shown in Fig. 5. Here the efficiency is shown as
a function ef Cerenkov gas pressure for a 90% argon —
10% nitrogen and a 100% nitrogen radiator. The effi-
eiency rises to 9B.4% for the 20% argon — 10Z nitrogen
mixture. The umall inefficiency is consistent with the
antiproton cuntamination im the beam., Unfortunately
therc was no low energy beam available at SLAC with
vhich to measure the momentum dependence. The effect
of nitrogen absorption is clear, If the nitrogen curve
is corrected for absorption im order to agree with the
argen curve, the resulting value obtained for the
sbsorption isngth 4s within 10% of the published value."
The srgen/nitrogen pas used both liad purities of 99.553%
which was sufficient to make absorption by gas impuri-
ties undimportant. The solid curve in Fig. § 18 a fit
to the data and ehows the efficiency expected far No =
43.5 wased on Poisson statistics,

The counter waa Further tested in a 10 GeV/c et
beam using the previously described low-noisc preampli-
fier mnd ADC. ‘The performance of the test vessel was
evaluated by calculating No (frem the Cerenkov effici-
ency) for a series of ADC pulse helght cuts at a con-
gtant pressure of 3 urmospheres absolure. The results
are shown in Fig. 6. Here No is plotted as a functioen
of ADC channrel cut. The ADC pulge height spectrum is
shown in Fig. 7. ADC channel 70 is 4 standard deriva=-
tions from the mean of the widened pedestal and repre-
sencs an ohserved No of 5 (wee ¥ig. 6). Using this
value of No we can deduce the efficlency of a 16 atmo~
gphere system proposed for the HRS. Taking into account
bending in the magnetic field, finite beam crossing

'0 L T F’P —X~="%
o ¢ o o o
8r y
& B[ ;
=
L
S e, S0%A-10%N,
el 0...100%%,
%...108%N; Corrected for
2 Absorption
' .. Expected for Ng=435 |

0 2 4 6 B 10
PRESSURE {atm.)

Fig. 5. Efficiency of the counter as & function
of pressure for varisus gas mixtures.

1 _NOISE
'i’ RUN 134

HV = 1650V
GATE = 800ns

0o 300 500 700

ADC CHAN CUT

Fig. 6. The measured value of No as a function
of ADC channel cut.
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Fig. 7. The ADC pulse height spectrum showing
the pedestal representing preamplifier noilse.

size, etc. and Incorporating the geometyy of Fig, 1,
the efficlency as a function of momepntum was evaluated
using Monue Cario techniques. The results of this
study are shown in Fig. 8.

The first torus was installed in the HRS detector
during the summer of 1981 and collected data during
the fall. Construetion of the .emaining tori and
electronics 1s to proceed through the spring of 1982
with plans to install the complete aystem during thne
summer .

We would iike to extend our gratitude to R. Thun
for general advice and assistence; also to B. Cork for
his ageisrance wirh the mirrore. We would also like
to thank the SLAC Linac Operators for thelr help with
the beam.
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A TRANSITION RADIATION DETECTOR FOR LEF EXPERIMENTS™

B, Bauche, V. Commichau, M. Deutgchmann, K. Hangarter,
P. Ravelka, D. Linnhbfer, W. Struczinski ond M. Tonutti

T2I. Physikalisches Institut Technische Hochschule Aachen, Aachen Germany

Sumtery

We are planning te build a transition radiation
detector TRD for the identification of prompt electrons
in one of the proposed LEP detectors. Tests to be des=
cribed in this paper show that rather little space is
required for such a TRD to achieve a nfe rejection of
at least 20 : | at 951 acceptance for electrons with
momenta in excess of v 2 GeV/c. Combining the TRD with
an additional electromagnetiec shower calerimeter in the
LEP detector, a kotal hadron rejectien of the order of
10% ¢ 1 or betcer can be obtained.

Intraduction

Transition radiation TR is emitted when a fast
charged particle crosges the boundary between two
materials of different dielectric constants, e.g. a
dense material and a gas. Highly relativistic
particles produce these TR quanta in the x-ray-region
(typically 5 = 15 keV) in a narrow forward cone., Un—
fortunately the average energy loss per interface is
very iow: E = %‘mpy, whete g is the plasma frequency
of the dense material snd y ~ Efmc . To overcome the
small faccor of3 one needs several hundred interfaces
of alternating eslabs of materiasl (typically ~ 10 pmw
thick) and zas {e.g. air or helium » 200 um thiek) to .
produce sizesble TR signals in a subsequent xemon wire
chagber. Optimum materials for such radiators have ta
combine high electron density (large up). on one hand,
with low atomic number Z, on the other, to reduce self
sbsorption of TR guenta in the radiator, Somwe choices
of materials more or less fulfilling both conditions

are listed in Table 1.

* fork supported by rhe Bundesminister filr Forschung
und Technologie, Federal Republic of Germany

Table T
Material Mo Comments
P (availabilicy)
Li 14 best radlators
Lin 19 but safety
Be 27 problems
B kH nat available
B,C 32 in thin form
c 28 fibres, foam ete.

mylar (CgH,0,) 24
polyechylene 19

(cH,)

inexpensive but
less efficient

The_TRD model set up

Lithium as one of the best radiator materials has
been used with good success by the Willis group! in &
practical TRD at the CERN ISR, Lithium, Beryllium and
their compounds are, however, highly toxic, particu-
larly in finely distributed form. Therefore, their
spplication in large quantities, ¢f the order of tons,
in an underground hall at LEP appears to be prohibitive.
A reasonable and not too expensive compromise in
efficiency is carbon, being available in form of fibres
of 6 = 12 um diameter at densities between 1.6 and
1,85 g/em3, The radiators of the model TRD to be des-
cribed below have been produced from irregularly
stacked short cut rikres pressed to overall demsicies
between 0,06 and 0,15 g/cmd to keep mverage fibre to
Eihre distances in the 100 - 200 um range (formation
Zune in air). A problem arises from the fact that the
fibres tend to stick together to form clusters of
daligned filaments, thereby reducing the required air
gaps. The problem is worse for high density fibres
which,due to their brittlenees, can only be delivered
with a thin (rather adhasive) coating.

Fig. | shows an experimental set-up recencly tested
at DESY in an electron beam at momenta betwaen I and
6 GeV/c. The THD is composed of 5 carbon radiators,
each followed by a | em thick multiwire proportional
chasbet filled with 952 xenon plus 5% CH,, or with
90% xenon plus 10% C,H, during different parts of the
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Fig. 1. Schematic view of the test set-up showing
5 carbon radiators R1~R5, each followed by a xenon

chatber in a beam defined by counters §1-53,

run. The chambers are identical to those described in
reference 2, The radiators were not of equal length but
scaggered with 10, 6 and 3 % 5 cms for the 5 units,
respectively, giving the detector a total length of

46 cm (including gaps at the chambera), Steggering
reduces the detector length and makes average signals
in all chambers equal, since the TR produced in one of
the radiators is not fully abscrbed by the subsequent
chamber but partly added to that of the following unit.

The finger rounters S 5, and 54 defined a beam
size of | ¢m? in the chambers. In the so defined beam
region four wires in each chamber (5 mm wire spaecing)
were connected in paralliel to a fast charge sensitive
preamplifier with tuo outputs feeding two separate
channels, one for integral pulse height measuraments
and the other ~ with gharp differentation ~ for cluster
counting. Both informations were transferred via CAMAC
intc a PDP1i. The gas gain was monitored by means of
Fess soutces attached to each chasber. The electronie
atability was regularly checked with artifiecial pulses

induced on the.sense wire.
Resulta
Sestttl

Fig. 2 shows measurements of the mean (integral)
pulse height per chmmber 8s function of the electron
momentum, All erroreé {nct indicated) are of the order
to 0.2 ~ 0.4 keV and regult from uncertainties in the
pulse height calibration. The points on the central
curve (c) were obtained with &ll vadiatozs taken out
of the beam; i.e. they represent the mean ionization
loss =dE/dx and are well compatible with a Fermi
Plateau as shown by the horizontal line. Different
symbola of points represent different rypas of
radistoru andf/or of quenching geses (EE,. 34 0284)'

o ¥
dE
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X
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w 8 dE
(._DJ 5 - dx
=)
a . @ PIONS
g /
w
b
2 a0 12um
Al 7Pm} FIBRES
14 ¢ 6pm

1 2 3 4 5 6
BEAM MOMENTUM [ GEV/C]

Fig. 2. Mean pulse height lzm funetion of the baam
momentum. Point: en the curves (a) and (b) are
meaavred with radiators in the beam, these on
curve (c) withoyr radiatoxrs. Curve (d4) is taken

frem reference V.,

Covresponding points on the two upper curves (a) and
(b) were measured during neighbouring running hours
with radiators in place. Points marked "+" were taken
with the full set of 5 radiarors, whereas for all
other measurements only one radiator of 10 cm length
in each case and one chamber were used. The upper two
curves are eyeball fits through the points with
partial sdjustment to former mepsurements teken below
1 GeV/c.? The points on curve (a) are obtaimed with
our besat, radiator made of 6 ym high density (1.85
g:’:ma) fibres which, to avoid eclustering, have been
treated specially? by washing in acetone and by
blowing up in an air stream (a method prebably not
applicable in case of large quanctities). All otber
radiators ahow & very similar performance, in

-~ 123 -



spite of so different fibre diameters as 7 and 12 um,
The 12 ym fibres were however,of low density, i.e.

1.6 glcm3 a8 compared to 1.7 al:m2 in case of the 7 um
type, Other low denasity materiala like carbon foam and
hollaw spheres have also been tested and gave poar

results,?

The shape of the lower curve (d) in fig., 2 marked
"pions" is taken from measurements of Walenta et al."
of the ionization leoss in xenon at atmospheric
pressure, It has been normalized to the Fermi plateau
of our electron data (curve c¢) and will be used in
the following part to calculate the nfe dJiscrimination
{A pion beam was not available during our tests.)

S Emm
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e 1% 20
ENERGY ( KEV ]

Fig. 3. Pulge height distributions: (a) single
hits, (b) the arithmetic mean over 5 chambers.
Corresponding histograms contain equal numbers of

entriea,

Fig. 3 shous in its upper part {a) pulse height
distriburiong from measurements with and without
radiators at 6 GeV/ec electron momentum. The Landau
distribution marked "plons" originates from our
eleccron date without radiators scaled down in the
abscisea by a factor of 0.7! as obtained from the
normalization in fig. 2, The effect of cramsition
radiation by electrons is clearly seen, although the
two distributions still strongly overlap. The overlap
is reduced to abeout 5Z in the lower subfigure (b)
where the arithmetic mean over the five chambers is

plotted.

Applying simple pulse height cuts in distributions
of the type shown in fig., 3b we obtain in fig. & the
pion contamination as function of the electron
scceptance, The vertical position of both curves is
subject to aystematic errors resulting from the
above mentioned uncertainties of the pulee haight
calibration. The figure shows that e.g. at 953
electron acceptance and for momenta above 2 GeV/c the

contamination by pions ia of the ovder of 5%.

1001
L RADIATOR C - FIBRES ]
a L=46cm, 5 SETS .
z |\ « 1 GeV
- 4 2 GeV
< W0'f o 6 CeV .
= [ Fabjan et al ]
= | - clugter method
= B, 6sets 10-15 GeV)
8 | e 1
104 -
25 : ~‘h\ﬁIPCL‘r£L :
a A 4
very conservative
~ error -
1[T3 L i

A . 1 1 1
100 0.90 0.80 070
ELECTRON EFFICIENCY

Fig. 4, The pion contamination as function of the

electron aceeptance.

Fig- & algo ghows a single point from a publica-
tion of Febjan et al.5 which compares well with cur
data. It is obtained with a similar set-up but with
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the cluster method and is valid for 6 sampling units

b

at somewhat higher momenta of 18 - 15 GeV/e.

We shoyld mention that our results on electron

versus pion diserimination by means of the cluster
method are rouphly comparable to those found with the
(integral) pulse height method but show a tendency to
be somewhat inferier, We therefore do not present them

here.

Tt is inceresting tu gee which e/n discrimination
would resuly with our best radiator made of high
density fibres. Having only onc radlator available we
sinslated a set of 3, 4 and 5 sampling umits by taking
consecutive independent events. The resulk is showm

in fig. 5. Comparing with fig. 4 one sces that an

- improvement hy a factor of v 5 could be achieved.
i 10° ]
; [ RADIATOR 1Ocm-C-FJBRES.1
- L 1 GeV |
'/ o x 3 SETS simuluted4
- o 4 SETS; from
Z 1W0'F ™, 45 SETS) one set -
i [
i -2 N
- g 0 .
o r
; very conservative b
B error
. 10’3 1 1 1 i 1 i
100 0.90 0.80 0.70

ELECTRON EFFICIENCY

Fig. 5. Same as fig. 4 but from measurements
with one radiator (6 um fibres} only, simulating
3 - 5 sampling units

i The TRD for LEP Experiments

Fig. & is a schematic view of the ELECTRA detector
recently proposed® for experiments at the large
electron-positron ctorage t'mg LEP. One of the
salient features of this detector will be good lepten

identificacion and high precision in charged particle
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Fig. 6. Schematic view of one quarter of the
propoded ELECTRA detectar for LEP,

tracking and phocon measurement, The figure shows that
ingide a superconducting coil (! Tesla) 5t 4.6 meter
inner diameter two types of transition radiation de-
tectars, a barrel TRD and cwo endcap TRD's will be
arranged to e&overT Vv 857 of the full polid angle.
According to actual plans, the barrel TRD will be
arranged in form of 16 segments and each endeap TRD
will conpist of 4 quadrants. Both types of THD will be
composed of 5 sampling wnits and will be ~ 46 em thick,
i.e. most probably they will be structured according

ta our test set-up shawn in fig. 1.

The intention is to idenrify prompr electrons by
twe fully independent methods, the TRD's and the
electromagaetic shover calorimeters, whose positions
are shown in fig. 6. As the two devices are expected
to provide electron versus hadron discriminations at
the few percent level, the total hadren rejection
will be of the order of !03 : | or better.

1, J. Cubb et al., Nucl, Instr. and Meth, 140 (1977)
a1, '

2, V. Commichau et al,, Nucl. Instr, and Meth. 176
(1980) 325.
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SPARK COUNTER WITH A LOCALIZED DISCHARGE
GeVoePedotovioh, Yu.N.Pestov and
K.N.Putilin

Institute of Wuclear Physics,
630090, Hovoaibirsk 90, USSR

Summary

The principle of operation of spark co-
unter with a localized discharge are descri-
bed from the view point of the improvement
of its time characteristics. The application
resulte of these counters In the experiment
at the colliding beem facllity VEPP-2M and
status of the spark counter program in Novo-
elbirsk are discugeed.

Introduction

We see. two main application of spark
countere with a localized discharge [1] in
detectors for experiments at colliding beam
facilities: 1) precise time measurements for
the particle identification by TOF and 2) an
epplication in the electromegnetic shower
and hedron celorimeters for the energy, co-
ordinate and time measurements, The advanta-
ges of these epark counters compered ito
others gaseous detectors end seintlllation
counters are the high time resclution ( ~ 10
times better than thet for seintilletion co~
unters) and $he same accuracy in position
measurenents es that in the case of drift
chambers. The pulese smplitudes of few volis
and a rise time ~ 0.1 na simplifies the
electronics.

The operation principle of these coun=-
terse will be desoribed from the view point
of improvement of ite time characterdstics.
The results of the application of the coun-
ters in the oolliding beam experiments at
She VEPP-2X facility and the epark counter
program atatus in Novosibirsk are diecuased.

1. Spark Counter with a Locelized
soharge

The spark counter with a lecalized dls-

charge consiste of two plane - parallel elec-
trodea separated from eech other by a gas
gap. Theas elecirodee are supplied with a
constant voltage ebove the threshold value
at which the particles begin to induce dis-
ohergas between the electrodes. The sparks
digoharge & limited area of electrodes. The
rodlus of this reglon is of the order of the
epark gap size. Under these conditions the
senslilvity to the particles situmted on the
remgining counter area 1s preserved. Dischar-
ge location is achieved by ueing semiconduc-
tive 61&55 with high repistivity (109 «
+ 10W.em) for ome of the counter electro-
des and chodging a special gaes wixture which
ebsorbas photona prior to thelir travelling to
the regions of the high electric field [2].

A prineipel ley-out of the counter is
shown in Flg. 1. The anode ip made of the
gemiconductive glass and the cathode is en
ordinary gless onto which a layer of copper
18 vacuum~deposited. A typlcal gas mixture

oonalsta of a noble gas with en addition of
copper striy

cathode acyper coated glegs

[ gpacer high voltage

Flge 1 The principal lay-cut of the
localized discherge spark counter.

orgenlc gases whose total absorption spectra
cover a wide range of photon wavelengtha be=
low 225 nm: 2.5% 1.3 butadliene; 1.9%5 ethyle-
ne; 10% isobutane; end B5.6% argon under a
total pressure of 12 atmospheres (Fig. 2).

The signale propegate in both directions
of the counter elong the etrip tranemimseion
lines formed by the eathede and conduciive
ptrips 10 mm wide. These copper strips are
depaslted ento the high-resistivity electro-
de's surface opposite to the spark gap (Plg.ih
The pulse amplitude is several volts st e
load of 50 /2 . The arrival timeg of the aig—
nels from the opposite ends of the counter

¢ and 2 brovide information on the time
of partiole passage ((Ts+T32)/2) ond

[
10

-1

-y
o

absarption coefficlent, cm

NN NN N NN RN NSRSN

-3,
=
—

250
wavelength, nm
-Pige 2 Photon absorption coefficient

for gap mixture used in spark counter:
1 = red boundary of the photoeffect far copper.
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$he coordinate along the strip lines
({T,=7Ts) /2)s The transverse coordinate may
bs detertiined by using the standard procedu-
res for findj.ng the gr.'x;tra of gravity of the
alg induced on ptrips.

oign Counters have beenpconstmcted with are-
as up to 30 cm x 30 cm and with the 41,0,0.2
was achisved at a gap of O.1 mm and was

Gz = 24 pa. The accuracy of the coordinate
along the counter's sirips is mempured to be
equal to = 0.2 mm,

2, Some possible wn*a of mErovemant
[«) & _counter e, !!‘Ic 8rla ca
According to mtreamer's theory, elect-

ron in the ptromg elestrie field quicly ava=
lanches, and this process can be desoribed by

W= et 1)
where X 1g the distance from the start point
of an evalanche, and £ - the first Town-
send coetficient [3]

i = Ap EXP(- BPIE) -
whers A and B are the constants depepdig on
gas nixturs; P,E are the applied gam pressu=
re and electric field. 8

When the number of electrone A/m ~ 10
(od-X~20 ), an avalanche turns into streamer,
which quickly bridges the counter zep [3].
Henee the time deley from single slectron 1a
defined by formula

a _ 20
ty = 9 $))

where U ia the electron drift velocity.

The delay time fluctuation is defined
by the fluctuwations both of gameocus smplifi-
cation end trausition moment from avalanche
to streamer. Both of them are proportional to
the delay time and therefors, the total time
resolution 1s equal to

] 2 é

l=at,=q 2L 4

T D AU A o (4)
where 2 and £ are proportional coerficienta,

In the gas of counter relativistic par-
ticle creates on_average, A, (4/c?) of pris.
mary electrons. If the average dlistance be-
tween them im more than ths characteristic
length 7/«( whers the avalanche growth by
"e", then it 1is passible to conside: the da-
velopaent of avalanches independetly,

The situation in the counters is cloBe
to this case as

1Ny 28000 5> 1l 2 234 047

The delay time fluctuetions are deter
mined by the traneiiion moxment from the
fivgt (in time) avalanche to the atreamer, In
this case, the distribution of discharge delmy
time can be written by the formule

= M - =0 N-1
Fit) = Zen Jiof ;f{t’)g/tj -

- @WFT) di) -E,vp[fvfﬁ(z')dﬂ (5
t

where &(t) im the delay time distritution
for a single electron; A - the number of
eélectrons, with the average number of primary
¢lectrons N, which may cause the discharge in

the gap. The calculations performed for the
distribution (5) with tbe normal curve [4] for
(t) and the pame with
$(t) = 4 Exp(-121) (6

= )
vary slower compared with IN depsndence of
the delay time fluctuation on ¥ (Fig, 3).

]l
" 3
L 2
0.5p
1
O e Fe i
g 5 10 5 N

Fig. 3 The time resclution dependence on
the number of primary ilon pairs:

(1) agfal = 1//R; (2) the calculation of
Eq. (3) With £(t) = exp(-t?/2)//2r; and
(3) the same with f£(t) = exp(~[t{)¢/2.

The compariscn of time resolution fer
various number of initisl ion peirs in the
£ap was made experimentally. With the pres-
sure of & gas mixture increessd by a factor
of 1.5, the time resolution did not change
with the accuracy of 10%+s% the same overvol-
tage. With the spark gap increased by factor
of 1.85, the time resolution measpured with
the mame accurscy changed in proportion with
the time delay (4). The results of thege ex-
perimontsa show slower gompardd with depen-
dence of the deler tims fluctuation on W,

The time rosclution and delay time de-
perndences on voltage applisd to electrodes
are given in Fig. 4. Ope con see, that the
ratio of delay time ie tha'time resoluiion
is approximstely conetant and both are ohan-
glng very rapidly with the voltame increame.
However, when the high veltnge is about two
times higher than ite threshold value the
mein discharge from particle is accompaniled
by afterpulses, and their nusbsr increases
rapidly with the high voltage.

The model axplaining all cur experimsn-
tal remults consiste in the assumption that
the avalanches serie develop in the region
around the main discharge, where the alect-
ric field is small, which results in the
discharge in the region where the voltage is
above its threshold velue (Fig, 5), Accore
ding to this model the initial alcctrons,
appear from the cathode under influences of
low enargy photone (220-250 nm) where the
gas mixture has no absorption (Pig, 2). The-
88 phoiono couldn’t ionize the gas molaculsse,
since their energy is less than ionization
potential. Experimental facis explaining by
this model, conwsist in the fellowing.
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Fig. 4 The delmy time {p end time re-
solution 0% versua the voltage 2/ for
the spark counter with the 0,2 mm gap.

/ 2 3
/

Fig. 5 The model of the afterpulse:

i - the mava discharge, 2 - avalanches
serlie, 3 = the efterpulee. The curve
showa the high volitage distribution on
the distance pf the main discharge.

Us - the threghold voltage.

1. The number of afterpulses does not
increase with increaging the ebsorption com=
penent pressure { A £ 220 nm).

2. The overage delay time beiween the
main pulege and the afterpulee AT ~ 100 ns
(Fig. 6) one can explain with the time ne-
tessary for the elactron avalanches serde
creatior in o low electric Plelds

3. The afterpulse amplitude ip leas than
the main pulee amplitude, eince 1% takes pla-
ge in the electric field about threshold va=~

nes

4. The dependence of afterpulses fre-
quency on the properties of polymer film on
the electrode surface was obaerved.

-

~f0ons

Flgs 6 A mein pulse with afterpulse.

The gas mixture, usged in the counter,
has no ebsorption for the photons with the
wavelengthe ranging from 220nm to the photo-
effect red boundary for en copper cathode.
For the first turn-on of gounter after its
asgembly, the "burning-in" period s required
1o obtain the localized discherge. This ls
accomplished ueing an intense radlogctive go-
urce, angd at the same time, high voltage 1s
slowly inereaped. During thies Initisl period
of uge, the electrode surfaces are coated
with a film of polymerdized gas, changing the
vork functlon of eleclrodes and localizing
diecharge. The properties of thie film depend
on the gaa mixture. Aa was shown, the adding
of a small guantity of dlothyl ether repults
in the film formation, whici reduces the num-
ber of afterpulges and enables to reach the
higher overvoltege and hence to improve the
time resolution. The time disiributicn of
events with cosmic particles obtalned for
two counkers with 0, 1 mn spark gaps and each
9¥®11 em© in slze, ip ckown in Fige. 7. The

O = 24ps

* e
™
S =3

EVENTS/43,2 ps

>
<

-132 0 432
at, ps

Fig. 7 Distribution of the time Jif-
ference of tw0 apark coulters.
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gan mixture contained 2,5% -3 butandicne,
1,9% ethylene, 3.3% diethyl ether, 6.6% igo-
butene, 85.1% neon under the total prossure
of 12 atm. The counter time resolution of

@ = 24 pe vas obteined et an operating vol-
tage 4.5 kV, (the threshold for ionizing ra-
dation to produce discharges was Up= 1.97kV.
Obviously, the creation of film with higher
work function results in further improvement
of time resolution.

The full golution of the nroblem will be
uping the gageous admixture absorhing the pho-
tons in 220< A< 250 nm range. Our search in
this direction does not give us a poplitive
repult yet. VThen this problem will be asolved,
one can expect the improvement of counter ti-
me resolution to Cp~8 po due to Increasing
the electric field at a factor of two mbove
the previous value. It is eupﬁo,&ed that elec-
trie field strength of E = 1 M®W/em 15 sti11
too low to produce autoelectron emigpion Irom
cathode.

3. _The Measurement of the Pion
orm_iractor

The Localized-discharge spark counters
were used for the first time in the expori-
mgnte on measuring the pion form faotor near
e e — 579 reaction threshold at the
VEPP-2M fTecility (Novosibirsk) [5]. A time-
-of-flight speotrometer in Fig. 8 hag been
deaigned on the baslis of these countsrs with
0.1 mm spark gap. Two spark counters of
1MMcmx 1Y cm and 30 em x 30 ¢m in plze were
located at a distance of 12 em and 62 cm in
a vertical plexne on both sides of the beam
interaction region. They were woed for me-
aguring the time of flight and coordinates of
the collinear pairs of the produced particles.

%
=
Z

\

AW
b

T )
— : 2L
[~ 3
= —
oy TR —5
4

10¢cm
—

Mg. B General view of ilme of flight
spectrometert 5 - secintillation co-
untera; 6,7 ~ upper and lower agpark co-
unters, 8 = well of vacuun chamber of
VEPP-2M mtorage devioe.

Scintilletion countnrs were utilized ap ran-
ge counters cince the pilons stopped in an

um absorber not reaching ecintilintion
counterp 1 and 4. The event diatribution over
time delay between the possage of the colll-
near pairs through the spark countera at on
energy of 2 x 219 MeV for the narticles which
are not registered in seintillation counters
1eand 4 1a shown in Fig. 9. The delay time
between two peaks, AT ~500 psec, corregponds
to the time of flighi difference for elect-
rong and piona over the 50 em dlfferential
flight path of the svpectrometor.

N 18in ~27psee

|
15 e T s
{ | ==,
o} ~ ,...D'"ﬂ-'m—’lnnrf'—‘ﬂ [ WP
0 ¥00 800 1200 T fpeec)

Flge 9 The cvent distribuition over
time delay between operation of two
spart counters with no sipgnel from
scintillation counters 1 and 4.

For thia experiment the gas mixture men-
tioned earlier was uged. The onerpting volta-
ge was such that the rasolution Gp = 50 ps
for each counter. The specific feature of e
gpectromrter was the abmence of conventionel
traking chambers, thelr role was played by
gpark counters. In thip oxperiment the pion
form factor neer the ote™—I "I reaction
threghold was measured, an e]zectrnmae:netic >
pion moan squaere radiuas, < 75> = 0.37%0,05 f
wag found, which le an agrsement with the ree
eult <¥Z> = 0.31 £ 0.04 £< of the FNAL-Dub-
ne Jre¢ - soettering experiment /e/. The da-
ta collection for this experiment lasted for
about 60 days.

4. Status of the spark counter nropram
in Novosibirsk

The typicel sizes of detectors for lar-
ge physical devices are of 2#3 meter. Our
egfimations and experimentes have shown that
the menufacturing of spark localized-dischar-
ge counteras of such slzes secemed to be quite
realiptic. The mein difficulties confronted
are due to the preparation of the large, fi~-
ne, nondefective electrode surfaces before
agsembly of counters. Te find the principal
solution of this problem, we are currently
conatructing a counter of 90 cm long. Thia
counter will be composed of three sections
aonnected in gerles, each 11 x 30 ot in pize.

The other important problem is to find
new gas mixtures with better time cheracte-
ristice end less prone to polymerization in-
duced by the dlscharges.

The comparison of wvarlous nobel geses
influence on the counter characteristice was
made. Beon compared to A7 and X@ decreases
the threshold value and has good time reac-
lutdon. The low operating voltege should im-
rrove the gas mixture stebility. The search
of the new absorptlon admixture, according
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to the above mentioned principles, 1s in
progress NoW.

To our opinion, the advantage of theme
detectors are the high time and coordinate
resolutions in combinaticn with en ease of
signal proceseing, using time-amplitude con-
verters. MNoreover, since eech partlcie dis-
charges 8 small region of the counter, the
wignal amplitude of several particles is pro-
portional to the number of particlees This
may engble one ta degign electromagnetic pho-
wer end hadron cslorimeters on the basla of
localized dlscherge gpark countera.
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RESULTS FROM THE SLAC PSC DEVELOPMENT PROGRAM

W, B. Atwood
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94365

Planar Spark Counters (PSC's) have unique detoc-
tion properties for charged particles. These counters
have achieved the best time resolutions of any particle
detector,! This In combination with their other prop-
erties makes PSC's attractive for vse in high energy
particle physicR., At SLAC a program to develop this
technology has been in progress since 1978.¢ Last year
we tested a pair of PSC's at the PEP storage ring and
I will report on the results here.d

Provided that one can extend the P3C technology
to large devices, PSC systems could hava time resolu-
tione of 50 psec or better, In Fig. 1 ! have plotted
the monentum for 50 and 100 psec time-of=flight parti-
ele separation over a 1.7 m flight pach for various
pairs of particle. It is seen from this figure thet
such & system would nigke good inroads on the difficule
1-2 GaV momentum region, FPSC systems will have a
granularity dictated by the cost of elettronics
channels: at least an order of magnitude over con-
ventional scintillation counter systems is not unreo=-
sonable, esg., 2 cylindrical arroy of 1,000 PSC strip
lines compared to ene hundred or so seintillation
counters. This feature will reduce ambiguitics arising
from more than one particle striking a single detector
elemenr,

FAATICLE (DENTIFICATION
Flight Path: 1. ?m
btd urw TOF Resolution: 50aiec
——l >2¢
——tr e [ R
Pty K
4 I KP
i R 1 1
3] 2 4 13 8
- ! ' P iGavse) TS

Fig. 1. Time-of-flight separation
for various pairs of particle types,

As I will show later in this report, PSC's
weasure space-time points, The accuracy of the
ceordinate along the PSC atrip-line can be as good as
200 um,* wwhile the resolution of the goordinate trans-
verse to the PrFC strip will be set by its width. If
the strips are made narrow enough to have appreclsble
pulse height aharing, excellent transverse coordinate
jnformacion may be chtained. In addition, the pulse
height from the PSC ntrips provide a good indlcator
of the nuiber of particles serfkiag thac strip.

ESC Counter Details

Some details of the PSC design used at SLAC are
shown 4n Filg. 2. Most of our counters have an area of
9 cm x 9 cm with a gap dimension of 185 um. TWo to
three microns of copper deposited over ~100 R of
chromium on & substrate of ordinary window glass is
used for the cathode. Four indium plated brass washers
deteimine the gap dimension. The varlations in the
gap are required to he less than 3 microns. Semi-

conducting glass with a volume resistance of about
10'°2 cn 15 used for the anode. Copper strip lines
were vacuum deposited on the pide opposite the gap to
conduct the high frequency signals to coaxial output
cables, Coupling to the cathode is nccomplished using
a porallel plate capacitor with mylar diclectric. The
capacitance of the coupler ig aboue 180 pF.

AHO)E - RESISTNE GLASS

WETALLIC
/1"spaceu
EnrnDnE-ccPPER
N GLEES

2 > 3

FPER
gsali‘[\_m[S

SIGRAL
COUPLING BLOCK

Hy CAPACITOR
DIELECTRIC

i GAS INLET

auTPyT
CONNECTORS

Fig, 2. Exploded +lew of SLAC PSC
construction.

We have run our PSC's at gas pressures in the range
of 6-12 atmospheres. The components of the gas we uge
are 70Z argon or neon, 16% isobutane, 3,3% ethylene,
3.3% 1-3 butadiene and 7.4% hydrogen. We have also
added up to 1-1/2% ether for some runs.? The gas is
recirculated through the spark gap with a linear velo-
city of about 10 cm/ace. The only purifiers in the gas
system arve a .03 pm dust filters located 1.at in front
of the counters' gas inlets.

Using this pns mixture with argon for the noble
gas, We observe a threshold for sparks at asbout 3,500
volts acroea the spark Sap. By 4,000 volts the count:r
has plateaued with A sinzles counting rate of about
.02 Hz/cm? (consistant with the cosmic ray background).
At 7,000 volts the counting rate hag risen to about
.025 Hz/em? and then quickly increages with Further
high voltage increases. We operate aur counters just
before this rapid rise fn the eingles rateg. We attri-
bute the excess counting rate to after pulsing ir our
counterg with second sparks following the initial
discharge by up to 300 nsec. Experieace has shewn that
extended operation in this region eventually leads to
a "run-away" eituation from which the counter dees not
Trecover.

The output pulse from our P§C'e ham g rise time of
abaut 200 peec, is 1-2 volts in amplitude, and has a
width of 5-10 nsec. Our measurements of the freguency
respense of the ptrip liner i the PSC'e have shovn
them to be similer to RGl% coaxial cable and we attri-
bure the 200 psec rise time in our counters to the
limitations of the strip lines. #e have measurad the
rise-time through 80 cm of PSC strip line using & 25
psec rise time inpur pulge. A 600 psec rise time
output pulse was observed.
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In Figs. 3=5 I show typical results from ocur
9 cm % 9 cm PSC's obtained ueing cosmic rays. The
time-of -flight shown in Fig. 3 is the time difference
between the PSC's. The time for each PSC is the aver-
age of the times measured from the two cnds of the PSC
strip-line with the largest pulse height for Lhat
event, The ccordinate resolution shown in Fig, 4 is
the location of the hir in the PSC inferred from the
difference in times from the two ends of the hit strip
minus the predicted hit location determined by a drift
chamber equipped cosmic ray telescope. Our cocrdinate
resolution is consistent with the least count accuracy
of the TDC units used for measuring the times from the
PSC strip lines.

Figure 5 shows a PSC pulse height distributions
from the cosmic ray running. The PSC was opcrated at
the end of the high voltage plateau curve for this

data. The FWHM is approximately equal to 100% of the
mean. At lower voltages this distribution becomes
narrower.

T ¥ 1
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Fipg. 3. Time-of-flight distcibution
from PSC's using cosmic rays,
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Fig. 4. Spacial coordinate resolu-

tion of PSC's along the strip lines
from cosmie ray data.
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Fig. 5. TSC pulse height distri-

bution from cosmic ray data.

BSC Tests at PEP

In June of 1981 a pair of 9 cm X 9 cm PSC's were
installed and operated in IR6 at the PEP Storage Ring.
Figure 6 shows details of this instaliation. The PSC's
were mounted on the face of the DELCO luminosity moni-
tora and covered sbout 30X of one sectant on each side.
The luminopity monitor itse}f had aperture defining,
face counters (Fl and F2) backed by wave-bar read-cut,
sampling shower counters (L1 and L2). The trigger for
data taking was F1.L1.F2.L2 and had a large component
of small angle Bhabha scattering, Tha trigger rate was
about 1 Hz, Of there trigpers about 1/10 had PSC hits.
The pulse heights from Ll and L2 are shown in Fig, 7
ond the events with large, correlated pulse heights in
the two shower counters are from Bhabha scattering.

A psct —r——z.m -
ﬁnﬂp‘:f‘-\\‘\_ozsn

o]

q—j_/ \&GG mrad

PSC2 Fa )y
Fig. 6. Schematic of PSC instal-
lation in IR8 at PEP,
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Fig. 7. Scatter plot of luminosity
shower counter pulse heights, 1,1 and L2.
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The couating rates into our PSC's_in these loca~ ,
tions varied between 1 and 5 kHz/Bl1 cm?, This rate !

was a factor of 10 higher than the rates which the P.H{p3ci3>20 and RH{gsc 21>20
counters had been praviously subjected to using a Cof0 - N
source, The RC recavery time for a PSC is approximately RER RUN ta)
" equal to the product of the dielectric constant and the
volume resistivity (p) of the semiconducting glass. 0.8 k- Ggs = Argan + Ether Mint,

" \gap* 00OV

For our counters o= 3 and 6 x 10104 cm which results in
time constants of ~25 and ~50 mgec, At a 2 kMz rate
{nto our PSC's the nean time hetueen sparks in the pama 0.6 - _
local area ¢~.25 cm}S is about 150 msec, Thus we expect *
to see mome rate effects arising from partlally re- . L 2 )
covered rcglons of the spark gap. These effects may be o T
lowered by about an order of magnitude by using more 0.4 |- R 7
conductive glass (the lower limit is p ~ 10%) cm},'s3
The tate effect should woraen the kime resolution and
lower the pulse height. We observed both,

Figure § showa the pulse height distributiong from
the two PSC's for Bhabha evenrs in which both PSC's
recorded a hit (pulse height z 20 channels above .
pedestal). In both counters we observe a long tail
extending to large pulse heights. We intcerpret these
events as ones in which move than one particle struck
the P5C, 1In Fig. 9 scacter plots for L1 ws L2 are
shown for the cases (a) when both PSC's are hit and
(b} when both PSC's are hit by one particle. The cvents
which are eliminated are likely to be "apray" events
caused by electrons (positions) showering off the edges
of small angle lead masks in front of the lumincsity
<~ounters., .

The single counter time resolutions are shown in 0.4
Fig. 10 for Bhabha events. The start For the TDC was
the discriminated, beam burton, pick-up signal and the
TDC stops were the discriminated pulses from the PSC Q.2
strip lines. The cime that the PSC was hit is gotten
by mveraging the times from the two ends of the hit

Whrdsi.

o 1 1

| PrIpsc 11320 ona ampnznzoﬁ

PH, FOR L2 (x103)

P.H.pic) ) £250
(-] I

0.8 PMpse 25 200

strip, We see in che comparison of PSCl and PSC2 that 0 1 I
the counter with the higher resistive semiconducting (] 0.2 0.4 0.6
glass has a worse resolution as expected from the high PH. FOR Lt (x10%

counting rate conditions. -t Qi

Wa also observed 'albedo events' im our PSC's,

Thase are events in which the pulse hetghte from Ll and FTig. 9. GCorrelated shower counter

12 are consistant with the Bhabha aignal but only one digtributions L1 and L2 before (a;

of the PSC's registered a hit. This may arise from and after (b) requirdng PSC's Lo be
shower particles (mostly gamma raya) coming back out of hic by cne particle.

the shower counter and converting the the PSC. The

time distribution for these events is shown in Fig, L0 F j PIEP RU,:

by the shade srea, It is Bean to be on the average fo)

later end broeder than the distribution For the events 100 -
in which both PSC's were hit, consistent with the longer
and varied flight paths albedo events would have to L
follow to register in the P8C's.

Oyp 1 3B 2 psee

o
o
T
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[+]

EVENTS/200psec); for Shaded Hislograms
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{o)
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a I
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Fig, 10. Single PSC time distribu-
o tiorng using the beam crossing signal
0 300 4
° oo 200 3 o 500 for the TDC starc. Data cut on Bhabha

r CHANNEL At
events from L1 and L2 pulse heights.
Fig. 8. Pulse height distribu-

tions from PSCl and PSC2 from
small angle Bhabha scattering.
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In Fig. 11 the time difference (tpg.) of the single
counter times is plotted., Any jitter in che TDC start
signal will be correlated for tygp and drop out. Using
the single counter times (TPl and TP2) together with
trop we can estimate the contributions to the measured
time resoclutions from various scurces:

2(TP1,2) = a2{PSC1,2) + 02 (X) + 02 (BUNCH)

o (bgp? = g2 (PSCL) + o (P5C2) + 207 (BUNCH) .

The ¢'s labeled PSC1 and PSC2 are the counter vesalu-
tions, 0(x) is the contribution arising from jitter in
the start pulse for the TDC's and o(BUNCH) is the con=

tribution from the finite bunch length of the stored

beams (o(BUNCH) » 2 cm), As such
af(TP1) = 138 psec
o(TP2) = 187 psec ofescl) « 76 peec
oltpgp) = 192 psec = a(PsC2) = 148 poec
o(BUNCH) = 68 psec olty = 93 peec
T T T
BO PEP RUN =
&0 awr/fizmezzﬂsu:-
] e
a
g |
2
g ao |- .
5
[ 1
20 |- g
0 L ) s
-1000 -500 O  §00 1000
170F  f(psec)
Fig. tl. Time difference of P3Cl

and PSC2 measured on Bhabha events,

bDue to the highly collinear nature of Bhabha
scattering the locatlons of the hits in our PSC's
should be anticorrelated. The PSC strip lines were
oriented to be vertical and perpendicular to the beam
direction, We call this the Y coordinate. In Fig.
12{a) the Y coordinate is plotted for each PSC derived
from the time difference of the two measured times on
the hit strip, (The signal velocity on the PSC strip
lines is about 15 cm/nsec,) Figure 12(b) ehows the
sum of Y(PSC1) and Y(PSC2)., The width of this distri-
bution has contributions from the least count accuracy
of the TDC's {c(TDC)), radiative correction to Bhabha
scattering {o(RAD)), and variations in the vertical
position of the beam (0(BEAM) < 1 mm), We calculated
o(RAB) using a Monte Carle program and estimate it to
be ~2 mm. Using these wa estimare a(IDC) ~ 18 psec
(2.6 mm) which is not inconsistant with the IDC
accuracy due to its 50 psec bins (50 psec/v1Z =
14 psec).

A major concern was the liftime of PSC's under
storage ring condirions, Both PSCl and P5C2 were
powered up for about 150 hours with circulating beams
present. At the start of the PEP ruaning PSCI was
about 1l year old and PSC2 was 2 months old, We observed

1
@
o

11.7]

T
q
n
o
N
3
3
1
o
o

T

1
38 8
EVENTS/(4.5mm)

¥Y(PSC2 STRIP1) (xSmm}
—

-0k 4 4

-20 S 3
-10-5 0 5 0 S 015
. Y{PSC! STRIPI} (x9mm) i
Fig. 12. (a) PSCl and PSC2 ¥ coordinate corrpla-
tion for Bhabha events, and (b) sum of Y(PSC!) +
Y(P5C2) for Bhabha cvents,

20

no deterioration in these PSC's aperating characteris-
ties during or after the PEP vunning. In fact the time
resolution measured on cosmic rays shown in Fig. 3 was
taken with these PSC's after PEP had shut dowm for the
summer.

Qur conclusions from this test are:

There wer: ne surprises. PSC's perform as ether
HEP particle detectors even under high rate
conditions near the beam.

High rates degraded pulse heipght and time resolu-
tion by a factor of 2-4. The rate dependence was
due to the unnecessarily high resistance of the
semiconducting glass anodes. The ratc dependence
can be improved by a factor of 10 by using morc
conductive glass.

The correlated information of two times ond one
pulse height from each strip gives a space-time
point of good accuracy and the strip multiplicicy
for each ovent. This provides a powerful tool {or
understanding varlous event types.

PSC's can withstand harsh experimental environ-
ments.

The SLAC PSC development project is presently
bullding twe 10 cm * 120 cm counter, We are also making
a 20 layer, atmospheric pressure, eleetromagnetic shower
counter using PSC's ap the sompling detectors. And
finally, v: are investigating the use of various gemi-
conducting plastics from which to make the electrodes.

(1)

{2)

3)

)
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MICROFROCESSORS IN DETECTORS AND ANALYSIS

Eric J. siskind
[SABELLE Data Acquisition Group
Brookhaven National Laboratery

Upton, New York 11973

Introduction

The increasing need in high energy physics ex-
periménts for computation power for both online and
offline applications, coupled with the curvent
"microprocessor revolurion,” has led us Lo exanmine
the use of microproecessers in various aspects of HEP
computing. The following article is a brief (and
admittedly gomewhat biased) review of current hard-
ware products, the coats of developing and producing
herdware systems, and the costs of providing appro-
priate software suppott tools which allow one to make
effective use of physicists' time, and the applicabi-
lity of certain syotems €o the various mneeds of HEP
computing.

What is a Microprocessor?

The term “"microprocessor” is currently ugsed teo
deseribe two distiner entities which, although some-
what related, have sufficiently different charscter-
istice, costs, and optimum uses as to merit individ-
ual coasideration. The following discussion should
help elucidate the difference between a microproces-
sor and a mieroprocessor!

The First use of the term dedcribes the process-—
ing element of a microcomputer system, as distin-
guished from minicomputers, widicomputers, ete. The
hardwate is jinvariably implemented in 18I or VLSI
chipe, with & complete processor occupying cne or a
few chips or substrates. Such a processor executes
machine instructions which can be generated via as-—
sembly of a program written in a language which is
identieal for g1l examples of this processor {and
often for an entire Ffamily of processors, e.g. LSI-
I1's use of the same assembly language as all PDP-11
precessors), or which can be generated via compile-
tion of programs written in FORTRAN, PASCAL, C, ot
other higher level languages. The execution of a
aingle machine instruction typically requires more
than one basic clock cycle of the procéssor. The
machine instructicn sets typically contain integer
arithmetic, inéluding multiplicatien and division, as
well as lopical operations (e.g. bit manipulation),
and oecasionally implement flosting point operations
vich additional or even integral hardware. The exe-
cution of complicated instvuctions, implying wmultiple
clack cycles per imstruction, requires the use of
instruction decoding and execution sequencing hard-
ware within the microprocesaor. Table I liats sever-
al important characteristics of some of the micro-
processors of this type which are currently available

The other use of the term “microprocessor” de-
seribes an engine which executes microcede,! as dia-
ringuished from the uweual maerocode dinstructions.
Microcode is in some mense ''closer to the hardware,”
can have inatruction formats smd widths which differ
from application to applicatien using the same hard-

*ork performed under the auspices of the U.S5.
Department of Energy.

ware, can describe multiple operarions (in different
exccution units) in a single instruction, and typi-
cally specifies inatructions which execute in one
machine clock cycle (although the instruction may
contain & field vhich indicates that it is to be
executed multiple times in a row), with ecach instrue-
tion capable of lees powerful manipulations  than
that of macrocede, As an example, it is rare machine
of this type which can execute an integer multiply
operation without instruction repetition, although
exceptiona to this rule exist {e.g. FNAL M72), The
hardware for such machines varies quite considerably,
with the data paths often built out of MST chips with
S51 contrel gates in order to obtain 2 configuration
optimized for certain cypes of calculations. When
built in this fashion, a microprocesacr may contain
hundreds or even thousanda of integrated circuit
packages. However, LSI chipe containing a "alice"
several bits wide of either standardized dnta patha
or sequencing logic are commercially availahiz:, and
are typica:ly expandable to confipgure wmachines of
arbitrary wuord width. Such machines are referred to
as "bit-slice microprocessors,” and a sampling of
characteristics of such devices is included in Table
IT. 1t should be noted that even with the use of
such chips, the instruction format is still diccated
by the hardware designer.

Table I, Characterintics of General Purpase Micro=
Processors. Source = EDN, 11/11/81

Data Word Add.Word Pina Clock Rate Cost
Chip (Bits) (Bits) (D/A) (HHz) (100 lot)

8080 [] 16 8/16 1-3 3.70

8085 8 16 8/16 1-5 4.40

6800 8 16 B/16 1-2 4.%95-6.20
280 8 16 8/16 2-6 8.00-15.00
BG3& 16 16 16 5-10 58.50-127.40
3088 16 16 8 5 14,10

68000 32 23 16/21  $-12.5 86.00-149.00
28000 16/32 24 16 8 35.90

432 32 24 16 8 1470.00

Table I1. Characteristics of Bit-Slice Micro-
Processors. Source - EDN, 11/11/81

Widch Clock Rate Price
Chip (Bits) Family Repistecs (MHz) (100 1ot)
2901 9TTL 1% 16.67 9.95
2903 4 STTL 16 10 21.00
29203 4 STTL L6 10 ?
9116 16 STTL 32 10 ?
10800 4 ECL lOK o] 0 48.75
050z 8  ECL LOK i} 50 100.00
100226 8 ECL 100K 1 50 ?

With che natable exception of the SLAC l68/E,?
code for such machines is generaced via meta-assembly
of symbalic source code in a form which is unique to
the particular progessor, and is quite difficult to
generate. Therefore, such machines rarely empley
programs coutaining more than a few thousand
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instructions., A typical estimate is that microcode
is an nrder of magnitude more difficult to pgenerate
then Eypical machine assembly language macrocode.
This results from the need to specify multiple opera-
tione in each inatruction, timing problems associated
with different propagation delays (i.e, varying
number of transfers) amssocisted with moving data into
distinct rcegistera, the need to consider the fre-
quently pipeiined nature of microcode execution, and
the typical lack of sophisticated debugging tools.
The 168/E differs from the norm in that its microcode
is temerated by the tvanslation of the object modules
(or leoad modules) produced by the compilation of
FARTRAN programs on the hoat machine, and so Fre-
quently large volumes o¢f microcode are produced,
often wequiring overlaying in the relatively large
PTOETAR FemOTY.

< ‘hough such machines wece firet developed as a
means <t implementing the tentral processers of newer
computers with more complicated inatruction sets and
formats without proportional incredse in the amount
of hardware in such a procesror, they alpo find ap=
plications wherever special proceasing requirements
exist. Table III includes characteristics of the
central proccasors of various computer systems. Note
that Faster microprocessor clock speed does not nec-
ensarily imply faster macroinstruction execution, but
that memory access times and the presence of special
hardware or additional conmectivity in the micropro-
cessor data patha mey have far more profound effects
(e.g. the VAX-11/780 is around 5 times more powerful
than a PDP-11/34, yer the latter machine has the
faster microprocessor clock speed). Also, note that
the fastest proceesing unirs prefer the route of more
hardware rather than microcoding instructiona (e.g.
CDC 7600, Cray I and IT}. Table Iv indicares the
variety of microprocessors [yuad in 2 typieal VAX-
11/780 system, while Table V pives a sampling of
microprocessors which have heea developed for use in
high energy physics.

Teble JI1, Micromachines in Comwercial CPUs

Cycle Tine uC Width uC Length
Machine (Nanoseconda} (Bits) (Ruords)
LST-11/7 400 22 1
POP~1L/04 260 40 2.25
epe-11/34 180 a8 0.5
POP-11/45 150 64 0.25
PbP-11/60 170 48 2.5
vAX-11/750 320 g0 20
VAX-11/780 200 96 4+? (RAM)
IBM-30581 26 7 ?
CDC~7600 25 Not Microcoded

Not Microcoded
Not Microcoded

CRAY 1 12,3
CRAY I1I 4.0

Table IV, Microcoded Procesaors in a VAX-11/780
System

JC Wideh uC Length

Model  Description ALY (Bite) {Kwords)
KA-780 Central Processor J45181 96 4+1{RAN)
FP~780 Floating Point Unit 74SJ6L 48 ¢.5
DW-780 Unibua Adapter Hane 44 0.5
DR~780 [/0 Channel 2901 49 1

RX-02 Floppy Disk 2901 16 1

DMC-11 Serial I/0 Unit 745181 16 1

Table V. Microcoded Processors Developed for HEP
UC Width uC Length

Hodel  Description ALU {Bits) {Kwords)
H7< Trigger Processor 10181 64 4
BADCY Digitizer Controller 2901 48 0.5
5%  DigitIzer Controller 10181 32 1
168/E3 Muinfreme Emulator 4901 24 32
¥CC®  CAMAC Channel 2903 64 4

UPL‘ Fastbus Channel 2901 80 2
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Hardware Costs

We now turn to the costs of developing and pro-
ducing microproccasor systems. There in an implicit
assumption in the following discussion that the
microprocessor has very little in the way of private
peripherals outside of the hardware directly under
ite comtrol, but inatecad talke to humans or media via
a connection to a hoat computer. I note in passing
that if this is nat so, but instead the micro is
equipped with a complete se. of support peripherals,
including terminal, printer, floppy disks, etec., then
the coat of such a development system ias currently inm
the range of S$25K.

In developing a heardwars ceonfiguration for a
typical microcomputer such as an 8086 or 6B00D, a
standard estimate might be of order a men-year of
engineering plus prototyping costs, or a figure of
order $100K, Conaiderable design asavinga may be
effected by careful use of existing hobbyist develop-
ment cards or crate/bus systems such as S-100 or
Multibus (er wultimately Fastbus!). On the other
bkand, the engineering of a bit-elice asystem involves
somewhat higher development costs, A crude estimate
For the SLAC BADC aystem® was 3 man-ycars of engi-
neering plus S$100K of pretotype hardware construc-
tion, for a total of $250K.

The Final product board of either type of micro-
proceasor system, containing both procegsor and mem-
ory, has an estimated cost in the neighbocrhood of
$1K. ‘The estimated processing power of a current 16
bit micro is of order a few rimes 10> instructions
per second, for a cost effectiveness of order a few
hundred instructions per second per dellar, vhile the
power and rost eoffectiveness of bit-glice agystems for
those applications which can be programmed cEfec-—
tively on them is about an order of magnitude higher
thun those Eor the siagle ¢hip pracessor. For con=
pacison, note that the cost effectiveneas of the best
of the current midis or meinframes is only around 10
instrucrions per second per dellar (e.g. VAX's run
around 5100K for a epu executing around one millien
instructions per second (MIPS) while the TBM 3081
Tuné & couple of megahucks for around 15 MIPS of
procesaing power).

This set of numbers leads to two distinct con~
cluaions. The first die that microprocessors are
sufficiently more cost effective than current main-
frames to merit sericus atudy of their use in conven-
tional compute bound HEF mnplications such as offline
production and Mente Carlos. 1In addition, their cost
effectiveness will shortly bring the use of high
level crigger processors constructed from arrays of
microproceesors programmed in FORTRAN or some equive
alent language and providing instruction processing
powers of order 105 inatructions per event on data
streams of order 103 events per second into an af~
fordable regime. The second conclusion is that once
you have engineered the hardware for a system, you
should stick with the hardware umtil there is a clear
uneed to engineer a new system. As an example, given
an engineered B0E in a Fastbus crate with g cost
effectiveness of 200 instructions per second per
dollar, ome should not be tempted to develop a maore
cost effective piece of bit-slice hardware until that
enhanced cost effectiveness will offser the $250K
development, i.e. until the processing requirement
exceeds 50 MIPS (50 VAX or 5 €DC 7600 equivalentsl)
even assuming that the new hardware has infinite cost
effectiveness. In real life, there obviously may be
seme other overriding consideratien whieh necessi-
tates such & hardware development project, but it
should not be coac. Similarly, one should cypieally
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not how to the dasires of your hardware euginecr to
play with the latest new chip which is twice as Fast
as the old one (and is NOT a plug-ia replacemeut)
unless he is willing to pay the development costs out
of his pocket. This conclusion will gain eved more
strensth when one adds the costs of software support
to the hardware development.

Softuare Gosts

A number of system architectures have been pro-—
posed for multi-micreprocessor systems Ffor various
applications in high cenergy physies.?, These ar-
chitectures all have the common feature that they
contain a number of computers conn:cted by some Eorm
of bus to a common host node whick is responsible for
code developmert and some of tne If0 handlimg. Each
computer can talk to its own local memory and possi-
bly to laca! peripherals without tying up the multi-
processor bus, And in some cases can talk te othec
peripherals for I/0 putposes via the bus hut without
the aid of the host, This architecture is also that
of the oM+, ll a mulriococesor built from 50 LSI~11's
at Carnegie-Mellen Uriversily te study such configur-
ations and their operating systems. The unique Eea-
tura which HEP adds to the Ok ig the knowledge that
aither an applicatien is consgigned for all time to a
particular pruccsdor because of a need to access
peripherals that are only connected to that processor
(e.g. distributed controls systems), or else that
the campuring laad is natueally divided into "avents'
which can be distributed amomg the pracessars with a
time scale which is known to the application program~
mer, and thus the distribution of work is never han-
dlad by the rultiprocessor operating system.

Waving listed the similarities among such sys—
tems, note that such systems .1iffer in whether the
slave processors execute the same instruction sct as
tive host and in whether a particular application must
be forced into a particular slave or is free to be
located in any slave or set of slaves. The software
devalopments necersary to support tuwp particular
systems will now be described.

The first system is one in which the slave pro-
cessor is of a different type than the host, and the
application is constrained to live in a particular
slave. This 1is the classic case of micreoproccssor
support using development tools on a4 remote system.
The system in question is the controls upgrade for
the SLC linac,” whieh uses Syrek system 40 as the
multiprocessor bus. However, an essentially identi-
cal specification has been promulgated for a BNL-LBL-
SLAC cellabsrationl? which is sttempting to introduce
Fasthus as the multiprocesor bue to existing PEP
experiments, starting with rhe Mark IT. The software
specification is as follows: (1) e FORTRAN cross-
compiler inmplementing FORTRAN 77 extended to be es-
sentially compatible with VAX FORTRAN vwill be provid-
ed; {2) a suitable cross-linker and downline leader
will he provided; (3) the run~time support system at
the slave node will support FORTRAN FORMAT statements
(i.e. the programmer need know nothing sbout the
internal machine representation of £loating point
numbers), timer services (What time is it? Execute a
specified routine ar a specified time, Execute a
specified routing a specified time from now), and
connect toe interrupt services (cxecute a specified
routine whenever a specified interrupt driven event
oecurs); (4) an interactive symbolic cross-debupger
will be provided. The last item, which is definitely
the most important, will allow a proprammer sitting
at a terminal on the host machine to place break-
points in any program executing in any slave proces—
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sor, and to investigate variables in the slave pro-
gram by their symbolic names. It is estimated that
the development of such ¢ software support system
will coat bhetween $250K and $300K.

The second system is one in which the slave
processor is asgumed to have an instruction set iden-
tical ta that of the host, and in which the entire
set of slave processors is used to boost the proces-
sing capacity of the host system. An application can
be maved from the host system iato the olaves, re-
questing, at the time of the move, the use of any
number of identical slaves available in the slave
poo! maintained by the host syatem. The use of an
identieal finatruction set allews the dehugging of any
new application by developing code with the aid of
the host symholic debugper, followed by tranafer to
the slave proeeggsors with na code changes. A cross-
debugger is not provided. The software specification
allows 4any process running on the host machine to
perform the Eollowing actions: (1) allocate a clus-
ter of slave processors; (2) specify a program to run
in 2ny of its slave clusters; {3) ger the status of a
cluster; (4) wait for rhe status of a cluster to
change (e.g. wait Eor slave program execution to
cerminace}; (5) connect any logical unit {e.g.
FORTRAN device 6) oF any cluster of slaves to any
file or device on the host, to any lopical unit of
the host process which owns the cluster, or to any
logical unit of another cluster owned by the same
host process. This ayatem ia being built ar RNL to
~llow a VAX host syatem to acceas slave L8I WAX pro-
zeasors through 4 Fasthus multipracessor link, A
slight modification of this syatem may be vaed in the
Fermilab Colliding Detector Facility to allow mange-
ment of 1SI VAX processors via Fastbus for use as a
programmable trigger filter. The estimated software
development cost is of order $250K.

This seems to lend us to another pair of conclu~
sions. The first is that given a sufficient initial
software effort, it seems possible to develop support
rools which can manage microprocessors connected o a
host system to perform essentially arbitrary tasks,
as long as there is sufficient capacity on rthe pulti~
processor bus and in the host system. In particular,
it is not unreascnable to expect that after initial
development costs of $100K for hardware and $250K for
software, a $1M investment in microprocessors can add
of order 100 MHIPS of manageable processing capaciby
(e.g. 1D CDC 7600 equivalents) te any curtent online
VAX system in an experimental pit. 1In an age of $50M
experiments, rhis is not a large price to pay for
such an ocutstanding amount of computing. The second
conclusion concerns development of software support
tools such as those mentioned in the first exaople
above . In general, the $250K minimum software cost
necessary Lo support a new nicroprocessor far out~
weighs the hardware development eEfort (eatimated at
$1NDK above), and thus again it pays even more rtao
restrain your engineer from his desire to play with
the latest chip., 1n the extreme, the software devel-~
opment cost and software production cost so far ex~
ceed the hardware cost that the method of choosing
hardware is to find that hardware for which the soft=~
ware development costs will be minimized. Typically,
a reasonable additional constraint is that the aoft-
ware support system be designed so as to be immedi~
ately compatible with any new hardware relaases the
manufacturer has in mind for the next 5-10 years.

Of course, these obaervarions are not really
new. In fact, in perusing the proceedings of the
1979 Data Acquisition Conference I noted several
papers in vhich the management of arrays or networks



of cheap computers wae presented as the outstandin
problem of HEP compuring for the next decade.13,!
One 4dpeaker also indicated that all of his comments
had already been made at a conferznce ten years ear—
lier. The only new development is that a few at~
tempts to build completc integrateq hardwarefscftware
systems are finally in progress. However, I peraon-
ally find it exceedingly distresaing that, given the
exceedingly Iarge development costs for a complete
system including the neeessary support tools, so many
distinet and noncommunicating micreprocessor develop-
ment projecta exist in the varinus laboratories and
univeraities, 1In oy view, the high energy physica
community can afford (especially in the light of the
curreat budget problems) to support one 16 bit micro-
procesaor pystem, and (4t the appropriate later date)
one 32 bit microprecessor system. Given the extreme
difference in ceste between an engineer's perception
that development requires a hundred dollars or s¢ for
the cpu and a few hundred dollars at mest for memory,
and the total project costs including all overheads
and software support of many hundreds of thousands of
dollars, anyone who believes that they should start
yet ansther microprocessor development project should
be fiimly directed towards employment in the private
sector.

HEP Computing

Table VI preseats a list ¢f some of the comput-
ing tasks associated with high energy hyeics experi-
menta. Of particular importance is the column which
indicates vhether a task is proporticaal to the num-
ber of physicists on the experiment or the volume of
data taken (event size wmultiplied by trigger rate),
or to neither of these. In the last case, the magni-
tude of the problem is typically atill proportional
to the overall scale of the experiment, A summary of
microprocessor applicability to the taske follows.

Table VI. Experimental HEP Cowpubing Tasks

Task ' Scale Comp. Rgmt. for Hadron Collider
Control Keitherl0*~10> inat./sec./application
Zero Supp.®,5 pata 105 channels/event 103 eventa/s
Calibration® Data 10" channels/event 103 events/s
Trigger?, 15, 1%pata 10" analog channels/event 10%/s
Event Filter Data 105 ingt./event 107 events/sec.
Online Mon, Datsa 107 {net.fevent 137 events/sec.
Production’ Data 107 inst./event 10% events/year
Simulation Datsz  Identical to Production

Code Dev, People 105instructions/eecond/physicist
Physics People 105instructiona/second/physicist
Contrels

Control of high voltage, gas systems, cryo=
genica, etc, was onc of the first areas of experimen-
tal HEP in which single chip microprocessors were
applied. These systems are typically quite limited
in computational pover requirements, but require
special applications coding for each new usage. This
is clearly an area in which the availability of a
complete development peckage for 2 slave of identity
distinet Erom that of the host, complete with inter-
active symbolic crose-debugging aids, would be moat
hetaful.

Zera Suppression

Intelligent digitizers have now been around for
eseveral years, with the SLAC BADC* s the logienl
culminatian of attempts by commercial menufacturers
to make “smart” ADC units. Recent developments auch
as the FNAL TDS/RABBITY system have concentrated on
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improving conversion speed, channe! density, and
dynamic range, as well as adding cedundant paths for
fault talerance in applicationa with limited hardware
aceessinility. Given the need to custom design a
digitizer controller, as well as frequent constrainta
on overall speed to minimize deadrime, this has been
an area where microcoded hardware rather than general
purpeoae miccoprocesors have traditionally bece
applicd.

Calibration and Transformation

This function has ;requently (e.g, BADC) been,
but is not necessarily contrained to be, combined
with the zero suppression function. The application
cypically requires a very small algeriinm, and would
seem o be a natural for bit-slice implemcntations.
In gencral, it seems that if the functionality can be
added to an existing zero suppresaing digitizer, it
should be, but if the task requires deveiopment of an
additional microcoded calibration processor, one
should do a careful analysis to asee if the use of an
existing packaged peneral purpose microprocessor
coded in assembly language would be more cost
effective,

Event Filtering

In this categotry, | intlude procesaing which
makes a trigger cut based on consideration of an
entire event's data buffer, rather than the restrie-
ted subset used by meat trigger procassore (which may
even make their decisions before digitization of the
majority of the data has commenced}. To¢ my knowl-
edge, this type of pracesasing has yet to be attempted
in any large, high data rate experiment, probably
because the processing power requirements are so
immense, although the FNAL Colliding Detector
Facility!? is showing a atrong interest in includine
such an option. The baeic requirement here is rhe
need Lo execute & large glgorithm which is probably
coded in FORTRAN sec that personnel an shift can bath
understand the trigger and rapidly modify it E€or
changing running conditicns and physics needs. This
would scem te require an array of 32 bit general
purpose microprocessors, although a bit-slice solu-
tion along the lines of the 163/E (i.e. equipped with
FORTRAN programming tools) is alas a possibility.

Online Monitoring

This again requires the use of a FORTRAN coded
system handling large alporithms for a sampling anal=-
ysis of coamplete events. Receat modular software
techniques which divide this analysis inte a number
of cooperating independent tasks, some being parts of
a "atandard" analysis, and some being interactive
based aearches for apeeial characteristics of a re-
stricted ¢lass of events, rather than the traditional
single large "background" amalysis, might atightly
favor a uniform architecture cpu booster implcamented
in 32 bit general purpose picroprocessors, which have
extensive easily programmed I/0 capabilities, over =z
microcoded emulator approach, bur the latter alterna~
tive has the —irtues both of being a proven performer
and of heving & better cost effectivencas of the
final hardware.

Offline Data Reduction and Simulation

The offline production problem for the SLAC LASS
expeciment was the origin~1 motivation for the 168/E
development project. Again, the requicrements are
FORTRAN and largze program memories, and can be met




both by 32 bit general purpose LSI micraoprocessora or
by translated microcode bit-slice systems. Carefu)
analysis of costs is necessary to determine whether
or not the better cost efectiveness of the microcoded
aystem ia outweighed by the relative ease of program-
ming and upward compatibility with new faster hard-
ware releases of the genersl purpose microproceasor
aystems.

A fev momentg' rveflection will hopefully con-~
vince you that the vast majority of the taaks which
are proportional to the volume of data taken can be
tackled with microprocessor based solutions, leaving
only the highly interactive problems of code genera-
tion and physies results preparation for the types of
processors currently in use in the field. Given that
the volume nf data taken in HEP experineats has been
groving considerably faster than the number of physi-
cists, microprocegsors can make meeting our future
computing needs considerably less painful.

Actumlly, bit-plice microprocessors have already
found considerable use in the areas of zero suppres-
sion and data calibration, as well as in some aspecta
af trigger processing and data reduction. The next
major advance will hopefully be the harnessing of
current and future generations of complete one chip
or few c¢hip procesaors to the tasks of high level
trigger processing, online analyais, and offline data
reduction and Mgnte Carlo generstion,
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FASTBUS AT THE FRONT END

R. W. Downing
Loomis Laboratory
Oniversity of Illinois, Urbana, IL 61861

SUMMARY

A major consideration in the jpitial
design of FASTBUS was ita applicability to
front end hardvare. A number of feutures have
oeen incorporated to allow the front end

:8igner a large degree of freedom but still
aintain compatibility with the standard.

GENERAL

It jis this author's view that we are in an
era of great change in electronic equipment
for high energy physics. Microprocessors and
their “cousins, the smart controllers, being
incorporated in many designs. We are also now
seeing devices such as FPLA's, PAL's, ete.
beceming larger, faster, and more wseful in
replacing large amounts of "discrete" logic.
On our doorstep are gate~arrays of all types.

Smaller (19¢~100B gates} in ECL provide the
high speed we need; larger (1480¢-14¢,000+
gates} in slower logic families can be

designed for certain specialized computations
for physics.

All these new devices tend to be design
intensive. Mistakes cannot be repaired by
cutting plating and patching wires where
necessary. The engineer must do more careful
design checking before committing a design to
hardware, At the came time, we are living
with budgets which are not expanding. One
splution not available is to hire more people
te work on these new designs.

Where does FASTBUS fit in? Many pagpers
over the past several years have discussed
FASTBUS in terms of the bhandling and
processing of data . To accomodate the
microprocessar revolution this bus standard
was definitely needed. CABAC simply could
not provide the necessary bandwidth or
multiple control capabilities. Standard
assignment of bits in contrcl and status
registers have been made for software
compatibility. A FASTBUS diagnostic language

(FDL} is in the final stage of tesking and
will be released shortly. FASTBUS  also
provides a well defined mechanical package.

The printed boarqd specification is standard
commercial tolerances, The board itself
rides in the card guide. Front panels are not
necessary and can be eliminated if one feels
the cost savings merit it. The voltages
specified are standard. The power supplies

Work supported by pepartment of Energy,
contract DE-ACO2-T6ER0-1195

are not part of the card cage specification
50 the user may tailer them to the specific
system. FASTBUS fits all around the users
design providing standard building block and
frees the designer teo concentrate on unigue
parts of the aystem.

HARDWARE

The preliminary epecifications were
published £for the purpose of evaluating the
standard and, where necessary, fix problems
with it before the final document was
published, The review at the end of the
FASTBUS prototypling period showed that not
enough room had been alloted in the
auxlliary area for making connections. The
card size wag increased by one 'D' (1.75% in.)
and the connectors on the card repositioned,
The board outline remaina , as before,
compatible with the Eurocard system. By
maintaining this level of cempatibility some
economic gains are available to the user from
the standardization of chassis parts.

The hardware used in a FASTBUS system can
be as simple or as complex as necessary, The
things that are specified in detail are the

card s&ize, the main bus connector, and the
position of that connector on the printed
circuit board. The specification for the

chassis is that it accomodate the card and
provide the connection to the main bus. The
method of construction of the chassis and
backplane is left to the user. Obviously,
standard chassis will be sold by companies
and, although they wili contain features one
does not need for some jobs, the user must

decide Jf bhe can Jjustify the design and
prototyping cost of constructing his own
version,

Both the main bus connector and the
recommended connecter in the auxiliary area

are two piece post and box type on .1@B in.
grid. +%he mailn connector is two rows on this
+108 in, grid providing 13¢ pins. If the
user wishes, the recommended auxiliary
connector can be identical with the main
connector, These connector patterns are
symmetrical about the horizontal centerline
o the card. Figure 1 shows the essential
dimensions.

- 142 -

l
!
E
j
|
i
i

R

e ————



— OPTIONAL AUXILIARY

6.400 CONNECTOR
N .
i4.437  .400 - - - £

(336.7mm) 400 - 3
: MAIN BUS
i 6,400 CONNECTOR
|

15.748 jw—_125 FRONT PANEL

{400mm)

VIEW FROM COMPONENT SIDE

FASTBUS CARD OUTLINE
FIGURE 1.

i3 POSITIONS 13 POSITIONS
A —
o —\ - Al

} \
AUXILIARY GONNECTOR
: AREA \

i {PIN 7)+15Vj‘_ - - o -
! (PIN 9) =15V
(FIN11) OVA —_—

1
i
'
'
i

Y n
\—-ANALOG a, RETURN—/ l‘— TYPICAL

CARD
POSITION

FASTBUS BACKPLANE
ANALOG POWER DISTRIBUTION

FIGURE 2.

~ 143 -


http://7m.nl

The pins in the auxiliary area also
project in the rear of the backplane. Since
they are on ,1B8 in g:id many types of
insulation digplacement connectors may be
directly attached. By using the auxiliary

adrea as a feedthru panel, the usual mass
[mess) of cabling that is hanging in the
front of racks may be moved to the rear,

Removing these cables from the front allows
easy servicing of modules without disturbing
the cabling to the detector or elsewhere.

If the user needs some special
connectors, the rvecommended chaesis design
providea for methods of attaching trancition

printed c¢ircuit  beoards to these rear
projecting pins, The main advantage here with
the FASTBUS standard is the flexgbility the
designer has in solving cabling problems and
still work with a stzndard design,

The MARK III experiment
trigger using three prototype FASTBUS
chassis. All signals that c¢ome into the
trigger from the detector attach in the rear.
There are a total of 1280 channels (256@
connections) made with flat ribbon cable
using 34 position insulation displacement
connectors, Most of these cables loop through
the trigger giving a factor of two more
connections, The experience with this
technique has been very good. No connections

implemented the

have failed to date, About 75 prototype
FASTBUS sized cards make up this BsBystem,
Cards are easily serviced. The chance of

making a cabling error when reconnecting has
been effectively eliminated.

FASTBUS allows the user to purchase only
the power trequired for each installation by
decoupling the card cage and pover systemr in
the specification. A *standard’ package has
been described for general use. This power
supply will probably have its main use in
single chassie ingstallations or for lab test
facilities., The power supply described in
Appendix J can deliver 1589 watts on both the
+5 and the -5 volt rails. Typically, one hes
a maximum of 1588 watts total in a3 FASTBUS

chagsis. Therefare one half the power is not
being used at any one time, At $1,58 a watt
installed thig is about §2086 per power

supply that would be wasted at each chassis
in a large system. Large semiperminant
FASTBUS installations can achieve significant
cost savings by purchasing only the power
actually required,

The backplane design for standard FASTBUS
crates has tried to cptimize the distribution
of analog voltages, Figure 2 shows
schematically the +15 volt, -15 veolt, and the
@ volt return (quite qround) as implemented
in_ the G5B SLAC prototype backplanes. The +
and - 15 volt distribution is split into two
parts, each supplying power to 13 card
positions, The zero volt return Eor .
the 13 positions is brought to a single point

on the backplane, This allows the analog
-designer to use a single point (radial)
grounding technique to  eliminate ground
-loops.

What about costs of multilayer
backplanes? The current design 18 a nine

layer board. The two outer layers contain the

each of °

main bus. The inner layers, except for one
which has the 'T' pin, carry just power.
Three of the inner layers should¢ be a minimun
of four ounce copper, the rest are two ounce
copper. A backplane such as this tosts about
$388 before the connectors are inserted.
The advantage this constructjon methoa has is
that after the connectors are pres. f£it in
place both the signal and power wiring are
complete. Backplanes with only 2 layers can
be purchaseq for about $1@8 but one still has
to buy busbars and attach them. It is very
difficult to deliver 380 amperes to a card
cage and contrel the voltage drops correctly,
Large copper sheets are very effective in
delivering currents of this magnitude with
drops of 1P millivolts or leBE over the
entire backplane. The connector cost must be
added to this, lwwever, that cost is
essentially independent of the method of
mounting ang attaching to the pins. On the
average thic ¢ost will be six Lo eight cents
pet pln. The mated cost per line will be frop
fifteen to twenty cents ger line. This is
about what one pays for cdgecard connections;
remember the gold fingers are not free.

The last hardware problem moust often
encountered and least often conbBidered at the
initial design phase of a system is cooling,

FASTBUS considered the cooling problem early
in the writing of the standard, The
guidelines for chassis construction, air
flow, and heat removal in general are
detailed in the document and it5 appendices,
These should be of great help to the

designer. In addition, many internal FASTBUS
reports are available on this subject. The
designer should seriously logk at this
portion of FASTBUS early in the design phase
It is  difficult, if net irpossible te
retrofit cooling into a 15B@ watt chassis.

BUS COMPATIBILITY

The fundamental operations on the bug are
asynchronous in nature, A bus master issues
timing request signals which are expected to
be answered by timing responife lines. The
standard protocol alse has a syhchronous data
transfer operation specified, however this
probably does not gain one )y operating
speed when the communication is confined to a
single backplane.

To be compatible with standard FASTEUS
devices c¢nly a minimum pumber of lines need
to be obeyed. Ten lines are used to handle
the multimaster acbitration. The bus has tvo
lines (RB and BH) which are used to reset all
devices on the bus., Two timing lines (AS and
AK) define the master te slave lock. The tep
arbitration lines along with these four lines
must be used in a standard fashien.

The designer, if there are definite
needs, can remain physically and electrically
compatible by simply obtaining control of
the bua in the standard fashion, obevirg the
protocol on the four lines mentioned above,
and then running any protocol he desires on
the remaining 4€ bus lines.

If the user wishes <co ¢ommunicate from
gne chassis to another through standard
Segment Intercohnects two more timing lines
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must be obeyed; DS and DK. Additionally, the
directien of information flow must bhe
consistant with the direction standard
protocol would cause the Segmen® Interconnect
to point its cransceivers. The user could
then invent a private protocel on the
remaining 44 lines. .

Within the standard backplane are
additional lines for use by front end
equipment, Two sets of daisy chain linpes
along with an associated return line may be
used to sequentially scan modules. The
disadvantage of this type of readout ig& the
inability to skip bad units or remove a <card
and continue operating without patching the
daisy chain across to the next unit. These
systems are also difficult to trouble shoot
due to the inability to sit on a suspected
faulty unit and continucusly access it.

Another point needs to be made about
daisy vhain systems. A study group, early in
the devign of FASTBUS, tried to see if
significant readout speed watc gained by using
daisy chain instead of a handshake protocol
such as PASTBUS. Their conclusion was that
the daisy chain had no advantage over a
handshake proteinl. Some of the reasons in
che wpast concerrning economics of hardware I
believe are ne longer viable when one
considers the total cost including testing
and mainten.nce. A standard readout Eystem
comes out ahead.

In addition to the daisy chain lines a
'N' line type pin is avallable at each
position in the chassis. These pius are the
'T' pins, so ¢ led because they connect in a
'‘T' fashion atr each card &lot to  the
corresponding data bus line, For example, the
'T' pin at position 5§ is connected to
Rddress/Data <@5>, etc. These lines may be
used in conjunction with a control line to
either point at one position or cobtain one
bit of data from a position. Since these pins
are hooked to the 32 bit data bus, the
operation may be carried cut in parallel to
all pesitjons in the chaesis simultaneously.

Fast readecut =schemes can be conceived
using the 'T' pins. For example, the
controller does a pattern read to the entire
chassis. FEach device containing data asserts
ite '?' pin. This operation gives the
controller cards which contain data., Mext it
points at the cards which previously
indicated data present by a 'T' pin type
addreasing, or maybe converts the pattern
data to a five bit geographical address and
obtains the data in a more conventional
FASTBYS manner.

MONITORING AND TESTING

Probably the most serious electronic
problem facing large experiments, other than
design time, is the testing and mrnitoring of
the eguipment. Access to large amounts of
electronics is severely limited at colliding
beam machines. When access i5 gained, it may
be only for short periods. Thieg means that
problems must be diagnosed as much a8
poasible remotely so efficient use is made of
what access time is allotted.

FASTBUS has nrovisions in the standard ta
allew just this type of remote diaghostic
capability. Designers are encouraged to
implement control and status registers. Since
these are standardized for the more common
functions it is easy for other people
familiar with PASTBUS to check the system.
Computer readable ID numbers in modules
ingsure that parts of the system are correctly
in place. A quick computer ecan of the system
can save many houxs of lost =running due to
misplugged modules,

The asynchronous ngture of the FASTAUS
control along with the Wait (WT) 1line lets
monitoring modules &top operation, single
step the bus, and possibly control the bus if
necessary. This single stepping feature along
with a 'back door' gerial dlagnostic system
will let the FASTBUS user obtain a maximum
amount of information even if the computer
does not have access to a crate via the main
bus, SLAC has a SMGOP module under
constyuction to serve just this function. The
bus protocol is under software centrol when
it acts as a master., This allows the SNOOP to
sinulate some private protocols and serve as
a diagnostic tool for more thar just standard
FASTBUS protocol devices.

The serial system in PASTBUS is similar
to ETHERNET, although at the moment it
operates at about 180khz instead of the lBmhz
proposed for ETHERNET . When the LSI
integraced circuits become available the
serial diagnostic system will be upgraded, it
is possible that ETHERNET devices may be
coupled to FASTBUS and give the user another
method of attaching computers and pheripheral
equipment.

One issue rajsed when discussing the
additional diagnostic registers is the added
cost of the IC's. That is true; IC's and
their cost of installation are not free.
However, when acceleratar time is <¢osting
many  thousands of dollars an hour, the
savings from a few IC's soon turn into large
additional costs, = With current budgets
severely restricted, the accelerator
cperating time will become mere valuable and
force  experimenters to  use it more
efficiently.

Next lets look at FASTBUS and testing,
Dften the last thing considered when building
special systems is the design of tect
fixtures, Here again adherence to a standard
can be of help. If one assumes a standard
crate and power supply are availablc in the
lab, a portion of the test fixture is
automatically present, If one alse has a
generai pLrpose register driven FASTBUS
interface then the entire test fixture may be
present with a 1little programming. Staying
with a standard will alse provide one
automatically with extenders, test boxes with
gwitches, or a host of other devices. How
much effoxt has been wasted because a special
plece of electronice didn't have all the
toole to test it available? Following the
standard also has the advantage of giving one
the same tools away from home,

The problem is compounded when a good
design at one place is used by someone at a
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second place, The new user is now faced with
no chagssis, no teat gear, no extenders, etc.
The cycle repeats -~- the first place cannot
loan the equipment since they need it for
their own operation and don't have a spare,

CONCLUSION

The FASTBUS standard has attempted to
solve not only sophisticated communication
and data processing problems but alsc provide
a vehicle for building to a standaré systems
that were in the past only doable with
special designs. This 1s not to imply that
21l electronica for High Energy Physice will
be FASTBUS. A large amount of older equipment
in CAMAC and other packages is still useable,
Certain restricticns at the very front end
elevcronies which directly mount on  the
detector regquire special layouts. There may
also be some very fast triggers which alse
require special conrectiong =--- these may be,
however, candidates for & FASTBUS hardware
only package. It does seem te this author
that, once the signel ~»rocessing passes the
directly attached printed circuit boards that
very serious considerations wust be given

before designing hardware which does not

conform to all, or at a minimum, at leaet &
portion of a standazd,
FURTHER INFORMATION
Anyone interested in FASTBUS should

obtain a copy of the latest document from:

Louis Costrell

National Bureau of Standards
Center for Radiation Research
washington, DC 20234

Many additional internal FASTBUS
committee reports and reprints of articles
are also available, Approximately 148 such
documents are cataloged. To obtain a list
writey

Ray Larsen

SLAC

P,0. Box 4349, Bin 26
Stanford, CA 54385
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STATUS OF EVENT SELECTION PROCESSORS AT CERN

C. Verkork
Europcan Organisation for Nuclear Rescarch
(=neva~Switzerland

Surmary

A brief review is given of the uses in event seleew
tion of differemt processsrs, following the sgme elassi-
Fication scheme 25 has been used earlier, The develop-
ments which took place et CERN during the last year arc
described, The progress made with three processor
systems, namcly MICE, 168/E and FAMP will be emphasized.

Introduerion

A year ago, a wealth of information wes presented
at the Topical Confercnce oh the Use of Microprocessors
in High-Energy Physics Experimenta®). The coverage of
this field was so conplete; that it will be difficult
for some time to come to discover an aspect gf the use
of (nicro) processors in particle physics which was not
mentioned, If we try to measurc progress againat what
had been achieved already a year ago, we must admit that
apparently - as far as CERN is concerned =~ np spectac=
ular new things have scen the light. In the obsence of
real innovations however, tore solid experionce bns been
gained with a number of processors for event sclection.
A large part of the progress has been made in the new
Underpround experiments and the experience of one of
them is the subject of a separate presentation at this
conference?), The present paper will briefly roview what
has happened in the field, outside the UAL experiment,
Three processing systems will receive most of our atten~
tion MICE, 168/E and FAMP. A year ago these had juat
begun to find their way into experiments,

This brief review will be structured according to a
classification schepe?) adopted carlier and baged on the
principal use of the processor @ pre-precessing, event-
selection, monitoring and contrel, tests. Inside each
class a subdivision is made acecording to the {mplemen-
tation, which - in some camplex way - is rclated to
speed.

Pre-processing and data-acquisition

In the course of the vear, it was decided to pro-
vide a limited support for 1AB"), the Camac Booster
daveloped at Ecole Polytechnique, Paris. This is an
#nd 2500 based micropregrarmable processor, packaged as
an auxiliary crate controller. In an earlier veraiom it
was very successfully used in the real-time apalysis of
a small angle scattering experiment &t the ?5‘). Due to
its short miero-word (24 bits), microprograms for this
processor have a familiar flavour of normal assembly
language prugrams. Creoss—software for CAB is avaeilable
on CBC Cyber machines, The software which has been
developed at CERN aims at easy integration of CAB in the
standard dara-acquigition systems.

A typical example of the use of CAB is given by
experiment NA3. Three Camac branches are controlled by
one CAB each, Approximately 60 events per burst are
ctreated; the CABs perform the read-out and the compac-
tion of ADC data. Individual pedestals are subtracted
and whenever a signal above threshold is detected, the
adjacent cells are inspected znd registered even if
their signals are below threshold. The CABs are alsc
used for calibration. Dne of the processors reads out
1500 words per event, the others approximately 300 each.
The treatment takes 3 ms maximum. The events are dumped

into an external memory from where they are rcad back
and recorded during the time betwcen bursts.

Event-Selection
Harduwired Processora

It had already been remarked thnt a large differ-
ence exists between Europe and the US in the opplica-
tion of hardwired processors. In Europe hardwired
processors have been doveloped for a few experiments in
an ad-hoc manner, No serious attempt wes made to define
a sct of modules from which the physicist could build
himself complex cvent-gelection processors.

MBNIM®)gatisfies a number of the requirements and
is w¢ll suited for fast decision making with some pre-
proccssing, but it lacks 50 far the morc complex
oodules needed to perform algerithmic processca for
track finding or vertex recomstruction. A memory for
look-up purposes and an arithmetic unit are part of the
module set, but do-lpop indexera and other control-of-
flow modules do not exist vet, We are still far away
from having an ECL=Camac or a Nevis modular system at
CERN and there seems to be no great urge cither to
import those systems,

Microprogrammalle Processors

8 ES0Ps continue to be used in 4 different experi-
menks, at CERNTY, An additional processor is used in an
experiment at Saclay, The preparation of the programs
for these uy2e has shoun up a few shortcomings of ESOP
vhich make writing code rather difficult and introduce
unnecessary ovetheads in execution. An improved design,
called X0P®), ig being worked on ac present. Helped by
the experience, better ways of shuffling data - or
better avoiding to move them sround = have been inves-
tipgated. The new design has register files and allows
for nesting of loops and subroutinee. The microcode
memory will be distributed over the modules, The impor-
tant advantage ia that wodularity can be easier
achieved, but leading of programs becomes more compli-
cated. For this and other reasons an 68000 control
procegsor is foreseen, The programs will need to be
written entirely in microcode, as wae the case for ESOP,
In spite of the high gpeed of XOP, this may limit ics
future use, The buildirg of a prototype should start
this year.

Emulators ¢ MICE

Before we give some cxamples of the presemt use of
MIcE®), we recall its more important characteristics.

MICE was designed for real-time use, for those
cages where both speed and easy programming are impor-
tant, The machine emulates the PDP1] instruction set
and due to its implementation in EC.. legic reaches
three times the speed of the fastest processors in the
PDP11 family : the 11/45 and 11/70. MICE is a true
emulator : FDP1l machine code is executed by a micro-~
programmed interpreter. Progrems can therefore be
written in any language for which a compiler producing
PDP11 ecode exists. Programs written in assembler, PLL1
and Fortram tun in fact on MICE without difficulty and
always wmuch faster than on s FDPLI, except when many
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byte-oriented instructions are used.

To preserve this high speed operation, the capabi-
lities of MICE have been deliberately restrictad in
some other respects. The maximum memory alze of MICE is
thezefore limited to 20 Kwords. As programa for event
selection must be fast, thus short and simple, this is
not felt to be a perious restriction, Fixed point oulti-
plication is done by hardware in 3 cycles (315 ns), but
division is implemented in microcede, A floating-point
processor was not foreseen originally,again because we
felt it was not really needed in event-seleetion appli-
cations. Other applications way however profit from a
user wicroprogrammable fleating-point unit so that, for
ingtance, a FFT algorithm could be run at maximum speed.
Such a unit i{s being designed., MICE has a simplified
Unibus, so that simple peripherals can be attached with-
out difficulty. A Camac interfaece is provided for pro-
gram loading into MICE, for reading of results and for
debugging.

MICE has a 1 K writeable control store, 5/8 of
which is used for the emulation of the PDP1l. A unique
fearure of the machine is its user micro-programmabi-
lity. User-written microprograms can be invoked From
within FOP1l code, in a way similar to a subroutinme
call, Depending on the program, an extra factor of 2-5
in speed can be gained by microcoding. On MICE the
microcoding can be done for selected parts of the pro-
gram only, Frequently 50 % or more of a program's excc=
ution time is spent im 10 % or Iess of the code, Such a
small piece of code can then be replaced by microcode
and the overall speed increased by a factor 2 or morxe,
with a winimal effort,

It is not surprising thac these characteristics of
MICE were attractive to a number of experiments. At
present MICE has been in uce in three experiments and
three others have definitely dccided to use it.

The following three examples of the use of MICE
highlight one user-gzspect each.

MICE in Compur¢r-Aided Towography. In this appli-
cation’IMICE collects the data for every positron
annihilation and reconstruees the line of flight of the
two photons. The intersection points of this line with
twelve planes is caleulated and 2-dimensional hista-
grame built up in a number of Camac modules. These
histegrams will underge a further treatment off-line
(e.g. FFT » 1 its inverse) to produce the final tomo-
graphs.

The program running in MICE was written in PL11
and was able to handle 2500 events/second. The inmer
loop af the program was then recoded inta 20 micro-
instructions, This gave an improvement of a factor 2 in
overall speed, The rate of events that can now be
handled in real-time (5000 s™') ghould be compared with
the rate (6000 s~} at which histogramming can be done
off-line on en IBM 370/168, The rate obtained matches
the limit of both the Camac hardware and the processing
in MICE.

The microcode was designed, wrirtem and debugged
in a couple of days by an expert of MICE. It is highly
optimized in the asemse that the possibilities of pipe-
lining and parallelism of MICE mre fully exploited,
This example shows that with a wodest effort congide-
rable improvementa in speed can be obtaimed, even if a
slaw 1/0 aystem imposes constraints.

MICE in a track selection application. The WAl
neutrine experiment provides another example of the use
of MICE, Here it is used to select cosmic ray muons
which are closer than 250 mrad to the horizontal diree-
tion. These wucns, collected inthe time between

rneutrino bursts are used for calibration. MNICE reads
the data needed via a ROMULUS branch, wokes the ncces—
sary checks on wordcounts, cte. and supprcsses the zere
data words, converts the wire number inte a space co-
ordinate and stores these numbers in an array. All this
is done on the fly, by a program written in PDP11 as=
sembly langunoge. As ROMULUS delivers one word every

1.5 ps and MICE taes only 630 ne to reject a zero data
word, there is plenty of time left for treating the non~
zero-data (2 5 %). When the read-out ie finished -
after 1,6 ms - the analysis program written in Fortran
finds the horizontal track, or rejects the cvent. The
overall cvent rate is limited by the time - 50 ms = to
read an accepted event into the NORD 10 computer. The
processing time in MICE is negligible : it does not
exceed 400-500 ps on average. 40 % of all cvents are
rejected almost inmediately by applying simple criteria.
7.5 % of the total number of events are accepted after
a modeet amount of work. One third of the events are
sufficiently complicated that more work has to be done
to detect 2.5 2 of acceptable tracks amongst them,

A peculiar effect caused by the FIFO-buffers re-
sulted in a decremse (from = 100 to 64) of the total
number of eveats read during a 6 second period, but in
the critical regions of the detector ten times more
tracks are now found than before,

The example shows that MICE can be usefully cm-
pleyed with a modest programming effort, = 350 lines of
assenbly cede ond = 250 lines of FPortrean.

MICE in a SC experiment. MICE was used during one
week of daen taking in an experiment with a *2C beam.
MICE simply replaced a PDP11/04, did the Camac read-out
via its Unibus extension and sorted the cvents into
five classes, Full buffers were transferred to a
PDP11/34. An existing stand—alone program was used. It
needed adaptetion to replace the DMA trxansfers from
Camac by programmed transfers. The total effort spent
was 2 programmer days. The data taking rate was im=
proved by a factor 4.

Emulators : 168/E

Ac present the only on-line application at CERN aof
the 168/E is in the central detector of UAl. In Decem—
ber a single processor was used to test the algorithws.
The results will be given by §. Cittolin?). As far as
the hardware is concerned the present plamns are to have
2 processors installed end April. The CPUs are built at
CERN, the memory boords with incrcused capacity for data
will come fram Saclay. The event size is such that a
data memory of 128 Kwords is needed., A smert Camac
module with a programmable sequencer will read out the
5 Remus branches in parallel at 0.5 us/word, using the
S1 pulse only. The data is sorted into the appropriate
blocks and sent to one of the 168/Es for track proces=-
ging. This arrangement will also require new interfaces
to the 168/Es to adapt to an improved version of the
data bus. ’

This application of 168/Es cxploits an old idea in
event multiprocessing : a complete event is treated by
one processor and the mext event is sent to another
procegsor. The presemt plams are for two 16B/Es but
presumably later extensions are foreseem. It will be
interesting to see how such a multiprocessing scheme
behaves under resl-time conditions,

Off-line applications of 168/E, Alrhough not real=-
ly the subject of this talk, it is interesting to des-
cribe briefly the present status of off-line processing
with 168/Es. At end 1981 2.2x107 events hed been pro-
cessed, which corresponds to 2000 hours of 370/168 CPlU=-
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times. The machines are now grouped in an off~line pool,
which will eventually consisc of 7 processors ;i 2 ays-
tems with 3 machines and one system with 1 machine, A
system includes a PDP11l and the MOSTEK memories for
overlaying. The two large systems are intended for pro-
duction, the smaller for tests and software development.
Fouxr user groups use the facility at presemt : EMC, S5PM,
RB07 and Asterix. Full track reconstruction for SFM may
need upgrading of some of che machines to 64K, to make
space for the magnetic field map,

30B1/E. In May 1981 plana were presented for an
improved version of the 168/E'%, now baptized 30B1/E.
In principle an ugreement wes reached with SLAC to col-
laboxate in this development., The project should pet
off the ground after this spring.

Multi-processor Systems

Systems built from 2 number of idemtical and cheap
processors should in principle be capable of very high
throughput, if the intercommunication and Lf0 problems
can be satisfactorily solved. Many high-energy physice
experiments do use some sort of a distributed processor
system, but most of them have grown in an ad-hoc menner
by adding something to an already existing configura=-
tion. Rather few attempts have been made to design a
modular multiprocessor system which, with a medest ef-
fort, can be adapted to a variety of real-world situa-
tions.

Computer scientists recognize that multiprocessing
still presents many problens for which no general solu-
tion has yet been found, It is then probably wise to
adhere to a guiding prineiple : Simplicity. When we
manage to keep things simple, particle physice may pro-
fit from the improved price/performance ctatios of the
modern 16=bit microprecessors., Systems which do not
make conscious use of the fact that data is structured
in events - or worse, which are upset by it - will hava
little chance of success in experiments. Simplicity
also means that a multiprocessor system be configured
once and for all together with the data-acquisition
system and that no attempts be made to implement con-
cepts such as dynamic reconfiguration or dynaaic task
allocarion. They only add complications and overheads
in our environment. These remerks do mot contradict the
fact rthat multiprocessor configurations have emerged
rather naturally and without too wuch difficulty in
those cases where the tasks were restricted to data-
acquirition and pre-processing. Examples abound in
these applications.

The scene changes however when we consider event=
selection. Obvionsly the finel decipion can only be
taken by one processor aleae, For colliding beam expo-
riments, if che total task is too large to be performed
on a single processor in the time available beotween
puccessive triggers, only two possibilities are left
for implementation : a "hierarchical” system or a "eol-
legial" system. The larter is based on & mutual agree-
ment “I'll see this event through from beginning to
end; you others take care of the events that occur
while I am busy'. We saw en exsmple in UAL,

The FAMPY?) gsyscem, developed in Amsterdam, and
using Motorola M6B000s, ism a hierarchical system. Slave
processors perform subtasks and report their results to
a gupervisor via messages deposited in dual-port memo-
rieg. The supervisar can at guy moment take a decision
and stop further processing by the slaves with an inter-
rupt.

In experiment NAll a FAMP system of 1 superviaor
and 2 slaves is about ready to operate., For UAL the

implementation of a second level decigion process for
the mon chambers is well advanced. The final syatem
will consist of 6'slave processora and one supervisor,
Data from drift tubes will be used, truncated to a
limited precision, Each slave processor will scarch for
mion tracks in a part of the detector and for one pro-
jection only., The supervisor will take a decision on
the basis of the results for two projections. The pro-
grams running in the slave processors arc written in
aspembly langusge and occupy at present 2 K, They make
extensive use of large look-up tablee for the definition
of conea in which to look for tracks and for the trans=—
formation of drift times into bit patterns which can be
ANDed to detect a straight track. For the next run, the
decision time is cxpected to be a few williseconds.
This tims should be considerably reduced when more a-
priori information will become available from the first
level trigger.

Conelusion

In this review, the examples of the use of event
selection pzceessors at CERN came mainly from fixed
target experiments. What then is the relevance for col-
liding beam experiments ?

In the absence of a burst structure, events cannot
be buffered for lomg periods and the rates that cam be
handled are directly proportional te the gpeed of the
processing aystem (including dora acquipition). Proces-
sing speed is thus a very important factor, Very few
phyaicists seem however ko be ready to sacrifice every-
thing elase for the sake of speed, So easy programming,
pasy interfacing and easy adaptation to changing exper-
imental ecrnditions are equally important. The First
point, easy programming, will prevail when the events
become very corplex at higher energies. The availabi-
lity of good informaticn fraom the first level trigger
will than be a necessity. Much time ¢an be saved if n
program knows where to secarch far cracks.

When we require good prograrming ¢apagbility and
speed together, the choice of processors narrows down
considexably. In my opinion, of the systcms mentioned
in this review only three then remain : MICE, 168/E
and FAMP, The firat two seem rather expensive for usc
in large quustities hut they are very well puited when
they can handle the job alone. For multiprocessor caon-
figurations it is obviously much more attractive to use
the relatively cheap microprocesscrs. But the number of
processors that can be made to work together construc-
tively is limited, either by overheads or by the impos-
sibility to divide the job inte independent taska.

For a gimple experiment my preference still goes
to a single processor syasctem for event selcetion, but
then, are there still simple ewperiments ?
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UAl DATA-ACQUISITION SYSTEM

UAl Collaboration
CERN, Geneva, Switzerland
(Presented by §. Cictolin)

Abstract

The data-acquisition system of the UAL experiment
running at the CELN pp collider is described. The fromt-
end electroni.s generates 1.6 Mbytes of raw data for each
event, Parallel data-stream processors reduce the typi-
cal event data to 60,000 bytes in a time of less than
10 ms. Data are read out by Remus CAMAC branches, for-
mated data streams being read in parallel by buffer units
with multi-event storage capability. For test and moni=-
toring, the data flow can be accessed by local proces-
sors associated with each detector subsystem. Alterna—
tively, Lhe over-all systew can be partitioned off in a
set af indopendent subsystems running their own data ac-
quisition with or withoutr a synchromous trigger. 0On~
line functions arc assurad by a number of multi-rask and
dedicated-task 16-bIit and 32-bit computers. A wariczy
of microprocessor-based systems with autonomeus capabi-
licies control the experimental apparatus.

Introduction

The UAl cxperiment is a general-purposc detector
sysrem sesigned o provide » fyl) snlid-angle coverage
of the LSS5 intersection region at the CERN pp collider,
The apparatus is cocposed of a variety of complementary
derectars surrounding the collision region to provide
parcicle tracking, eleccromagnetic and hadron calori~
metry, muon identification, and magnetic analysis. The
aver-all detectonr structure has been described else-
where!, and the image chamber central detector is the
subjeet of a separate contribution to this eonference.

The data-acquisition system presented in this re-—
port is a Remus NAMAC recadout system with distributed
intelligance and function separatiom facilities. Its
development started at CERN in 1979, and data toking
zommenced in July 1981 during the collider tachine de-
velopment period. This report describes the general
copponents of the system and the way in which its major
functions are at present implemented,

1. Triggey Rate

Wien six protan-antiproton bunches are circulating
in the collider, a besn crossing occurs every 3.8 us,

At the ultimate lumiuoz ty of 10'% em~? s™! the expected
collision rate is abour 0 kHe,

The total number of channels in the detector {(ADC,
7DC, wires) is ahout 20,000, and the digital informa-
tion, accummlated by the front-end electronics after a
crigger, consists of 1.6 Mbytes. The majority of these
data come from the eceatral detector, where wire pulses
are sampled every 32 ns over a time of &4 us. The typical
event data are redvced to 60,000 bytes by a set of
parallel proressors at a rate of 100 Hz. The maximum
data-taking rate is limited to 10 Rz by the tape writing
speed.

The data—acquisition system is scructrred in three
distiner stages: data reduction and format/mg, data col-
leceion and filtering, and computer data-taking. Each
stage of the data acquisition runs wich its own dead-
time, s¢ corresponding levels of trigper decision are
combined in order to reduce the rate between stages.

To reduce the trigger rate from 50 kHz to 100 kHz,
two levels of trigger decision take place before the data
reduction phase is initialized. The first-leval deci~
sion i made between beam crossings: events are selected
on the basis of energy deposition in the calorimeter and
a muan parcicle idencificatior. The second=-level trigger
i only activated if 2 muon candidate is identified in

the first level. By means of microprocessors, the Muon
drift chamber information is analysed to determine, with
muve accuracy, if the muon candidate comes from the in-
teraction region.

A third-level triggcr mokes decisions bascd on the
analysis of the eveut data; it uses processors program=
mable in high-level language (168E) and it is part of the
dzta~collection stage of the system. Levels twe and
thtee are at prasent still ir a state of development and
they will not be deacribed here.

2. Data Reduction and Formating

The data reduction phase taekes place at the occur—
rence of a first-lewvel trigger (and second level if en-
abled). 1t consists of the suppression of null informa-
tion channels and data re-formating with or without
arithmetic computations.

The information coming Erom the calorimerers, the
muon chamber (without Second-level trigger), and the very
Forwatd chamber (VFC) is either already packed by the
digirizer electronies or directly treared by hard-wired
devices with a fixed and simple elgorithm such as the
LRS 2280 ADC processor. The amount of data generated
by this part of the apparatus is of the order of 20,000
tytes and the reduction rime is mare or less constant at
3 ms.

The handling of the information coming from the
central detector is more complex.

The basic principle of each sense-wire readout eiec-
tronics® is represented in Fig, L.

By means of twn six-bit faost analog-to-digital cor-—
verters (FADCs), the digitizing electronics samples the
two wire-edge pulazes every 32 ne, measuring a non-linear
function of the energy loss dE/dx and, directly, the
track position along the wire by charge division methad.
The draft time withiti the window of 32 ns is measured by
a three-bit time-to-digital (TDC) interpolator with an
accuracy of &4 ng, and an additioral bic, the time tag,
flags the sample at which a start of pulse (hit) has been
derccted.

The digital outputs of the two FADCs, the TDC, and
the time tag are then stored in 2 cireular buffer memory,
128 words deep, cf 16 bits, providing a continuous record
of the last 4 ps wire informatiorn (the maximum drift time
in the chamber is about 3.6 us).
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To rllew sll the eleetronic channels to operate
with identical performances and to obtain the maximum of
accuracy in charge division measurement, two gains and
four off-~sets in each signal processing channel are ad-
justable over a small range by means of six-hit digital~
to~analog convercers (DACa).

A four=upit CAMAC module, the charge and time digi-
tizer (CID), supplies the digitizing and control elec~
tronics for 12 wire chanrels.

The elementary system for the central detector
data reduction is a CAMAC crate containing one time-
stop interpolator, five charge and time digitizers,
and one readout processor (ROP)?. Each crate can handle
up to 60 wires, and the complete ser—up consists of
110 crates.

Given the functions ¢f the digitizing electronies,
2t the occurrence of & trigger 15,360 bytes are accumu-
lated in the CTD memories of each crate and 1.6 Mbytes
in all the system. This primary information must be re-
duced as quicklv as possible in the form of single-hit
coordinates, such as the drift time, the wire number,
the track position along the wire, the energy loss, and
the pulse duration. This is one cof the tasks of the ROP
unit.

2.1 The central detector
teadour precessoc

The ROP is a dual processor system that combines the
fast handling of the CTD data with more sophisticated
functions for monitoring and calibration of the central
detector electrenics.

The ROP is a four~unit CAMAC module containing a
data formater processor &nd & control processor (Eig. 2).

4100 DATAWAY

8x300 DAYA
FORMATER

REMUS DAQ

68800 CONTROL
PROCESSOR

o SERIAL
¢ | [, Link

D

6800 PUS EXTENSION

Fig. 2 ROP block diagram

The data formater (DF) ie based on the 8-bit Signetics
8%300 microprocassor {250 ns cycle) with imstruction
word extended to 24 bits to define bus-source and bus—
destination addresses and a few direct actions. 1Its
hardware comprises 256 24-bit control store memory loca-
tions, two 16-bit snmming registers, a 4K 12=bit look-up
table, a 1K 16-bit Remus port sutpur FiFU, and a variety
of registers Eor contypl, status, and data communicacion.
The control procesgor (CP) is based on the 68800 micro-
processor with 8K RAM, 24K EPROM, 4 DMA channela, an ad-
vanced data~link controller (ADLC) port", and --arallel
input/oupuc to communicate with the DF and the module
front-panel.

The two processors play complementary roles in the
ROP crate syatem, The DF acts as the input/output pro=
cossor for date acquisitian, while the CP supetrvises the
crate operations resting all the internal module funme-
tions, bootstrapping and contrelling the DF programs,
and monitoring the performance of the electromics, The
CP has also its own data-handling tasks in order te
evaluate the characteristic paramaters of cach electronica
channel and adjust the associated gaing and off-sets via
on-line calibration proeedures.

2.2 cCentral detector
data re-formating

During data aequisition cach ROF crate accepts
Trigger, Clear, and Read signals from rhe experimental
logic. At the occurrence of g first-level crigger, the
CTD digitizers are stopped by the beam-crossing signal
delayed by 4 us; then, if the cvent is accepted hy the
second level of decision, a Read signal starts the CTD
scanning and the data fermating process, ALL these ope-
rations are executed in parallel on all the ROP crates
under the control of rthe DF processors.

The more important daca-reduction alporithris at
present implemented im the DF softwave are the 'unpatked
data Format' and the 'packed data format’.

CTD unpacked format

The DF initializes the CTD O-skipping procedure,

A fasr search for a non-zero time tag is done by the CTD
at a rate of 4 ys per wire, For cach pulse found, &
twa~byte hit header word is created, packing the drift
time and wire address follewed by a variable length data
block containing the CTD moditle number and the current
division and dE/dx samples associated with the pulse,
the end-of-pulse being detected by a comparison of the
dE/dx sample with a given threshold.

All processed data are output inte the Remus 1K
data FIFQ and are optionally sent, together with wire
statistiea information and error flags, to the CP for
monitoring and local data sampling.

The nucher of bytes generated by each hic depends
on the pulse length and the :nosen end-of-pulse thresh-
old, The average hit length is of the order of 20 bytes.
Typical events produce up to 100 hits per crate, corres~
ponding to aboui 2000 bytes. The dead-tire of this kind
of data reduction is 200 us per hit.

TV packed format

This format is currently used during data raking.
The hit search and header word construction proceed in
the same way a3 for the unpacked format, but the pulse
information in reduced by the caleulation of the total
charges depesited at the two edges of the wire and the
pulse duration, By weans of the DF lo~k-up table, pre~
loaded with suitable eonversion parameters, the dE/dx
sample, corrected for its base lipe shift, is transiormed
by a quantity proporcional ro the wire toral charge con-
tribution of rhe sample. In the same manner the current
division measurement, weiphted with the corresponding
dE/dx samplae, gives the evaluation of che charge deposi-
ted at one adge of cthe wire, as given by the following
formulae:

attotal) = ) {B(1-A) (F;~BL) /[ (63-BL) (63-aF ]}
Qlefe) = ) {z,B(1-A)(F_-BL)/[(63-BL) (63-aF ) ]}
1 1
(sum over the pulge samples),
where Z, and ¥, are the current division and dEfdx samp-
les, A and B are fixed parameters defining the non-linear

response of the ¢E/dx FADC channel, and BL is the adjuse—
able base line of the dE/dx channel. The charge integrals
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are accumulated over the pulse samples until an end-of~
pulse is found or when a given number of samples have
been added (usually eight, correspending te 256 ns).

The totsl hit informagion produced with this format
consists of a minimum of six bytes containing the drift
time, the wire and CID wodule uumber, the Q(total) and
Q(left) charges, and the pulse length expressed in num-
ber of samples. For long pulses the charge evaluations
are repeated every eight samples, and an addjirional four
bytes are ocutput. The time needed to process a single
hit is of the ocvder of 30 to 100 s, depending on the
length of the signal. For events with up to 100 hits
per crate the reduction dead-time varies from 3 to 10 ms.

i e e e P i B a0

: 3. Data Readout

The complete UAl reacout system eonsists of about
200 crates housed in a mobile electronics control roowm
near the expryioental apparatus. All front-end data
digitizer electronics are allocated in CAMAC crates;
however, omly the celorimeters and trigper information
readout (ADC, TDC, scalers) use standard CAMAC, whilst
the central detector CID crares run che ESONE COMPEX
peotocol.

The data coilection is performed using the CERN
Romulus/Remus method of reading caMac®. This systen isg
based on wio types of CAMAC modules: the branch driver
(GERN type 243) and the crate conrroller (CERN type 244
and the ROP processer). These units connect crates
together in branches (vertical bus) organized in a tree-
like network, always terminating with a cingle branch
driver sitting in & standard CAMAC crate. The V-bus es-
sentially carries the dats stream froo the front-end to
che branch driver. Crates are read autonomously; mar=
kers and word counts are generated to format rche data,
in this way minimizing the saftware and hardware over-
heads during a computer DMA transfer.

To increase the flexibility of the system and i
prove the performance of the readout, the V-bus data
handling was extended with the addition of two auxiliary
Remus modules; the Remys Router Unit (RRU) and the Remus
Data Buffer (RDE).

: 3.1 Datd Flow and

System Partitioning

By means of a RAU the dara flew can be switched
berween two separate V~bus highways, so that the com-
plete system cam be ; artitioned off in a set of inde-
pendent data-acquisition subsystems which are synchro-
nously or asynchronously triggered.

Alternatively, one V-bus can spy the data whilst
they are being read out by the second one performing as
master. Local processors can Lhus access the data in
parasitic mode for monitoring purposes, wichowe affect—
ing data acquisicion.

This data~routing strategy is applied at two levels.
Near the frent-end elecetronies, CAVIAR miurocnmpur_ers"
are used as local processors for each individual breneh
of the detector. During the assembly and development
of che apparatus, the CAVIARs are used to perform tesc
and debugging functions, whilst during data acquisitien
they run monitoring and display programs without alter=-
. ing the front-end data in any way.

! The dats-routing technique is applied at a second
level to the collection of the complete event data in
the main control room. This dllows the various computer
! systems to sample data from a full event record simul-

. taneous'y.

3.2 parallel Readaut

The V-bus is read in an autcnomous mode, by means
of a buffer unit, and event data are temporarily stored
in a dual port wemory operaring as a FIFQO, 4K or 16K
deep. The buffer stores ail the V-bug data and cootrol

bits at the speed of 1 us per word, so many event data
blocks can be pipelined withour lesing their original
data structure, whilst the data readout continues at the
output port driven by the subsequent elements of the V-
bus tree, The input triggers are counted in each me-
mory, and the results from all memorics are compared
during output to verify that all data blocks are synchron-
ized on the same event. Through input control gignals,
the buffer can operate im single event, multievent, or
transparent mode, and further triggers are inhibited by
a Busy output signal during the upstream data reading.

The block diagram of the DAl V-bus structure is re-
presented in Fig. 3. All the digitizer ecrates ...
grouped in 30 sub-branches, each driven by a buffer
unit. The partition of the crates and the size of the
menories were chosep in such a way as to have a total
storage capacity of up to four cvents with an average
diseribution of Zata per branch of 2000 bytes for rypi-
cal events of 60,000 bytes.

At this level the data acquisition runa in paral-
lel, taking a total time of the order of 1 ms. The data
reduction time being 3 to 10 ms accoruung to the rrip-
ger, the full experiment electronics dead-time is 4 to
10 ms, allowing maximum peak rates of 200 and 100 events
per second.

The computer readout procedure and the event data
structure are not af fected by the parallel readout. The
latter can be awitched off by setting all buffer unics
in transparent mode. The dats taking e¢an continue as
before but with the experinent dead-time limited by the
full event computer reading.

uail
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U

PARALLEL DATA RECUCT(ON

PARALLEL PEAGOYT

LOCaL
DaTa SAMPLING
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R
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Fig. 3 UAl data~acquisition block diagram.
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1.3 Data Gollectien

afrer the first stage of parallel readout, data are
colleeted and mergad into five branches and Eransmitted
to the Main Contro: Room, one hundred metres away. The
long-distance tranamisgion causes a slowing down of the
data rate to 0,75 Mbyte/s per single branch (3.7 Mbyte/s
when the five branches are read in parallel). Before
terminating in the data-acquisition computer, the main
data stream goes through different levels of routers,
each one driven by a large memory buffer of 64 kbytes
operating this time in single event mode and allowing a
maximum trigger rate of 50 events per cecond, This last
stage of parallel readout allows the same event infor-
wmation to be vead by different computers (ane acting as
master and the others as spy); or, by appropriate dynami-
cal change of the router position, selected event data
can be dispatched to different dara-acquisition aystens
in order to increase the over-all experiment maximum data
rate ta more than 10 events per second and eventually to
agsociace the acquisition of different trigger types with
scpatate computers. It is planned to install the chird-
level trigger at the top of this structure. This trigger
is based on 168E preocessors’ that have parallel access to
the five main branches via a CAMAC-168E bus interface
being developed at CERK.

4. On-line Computers
4.1 The Machines

The UAl general computing support is based on the
Norsk Data ND 100/500 16~bit and 32-bit machines. 1In
addition, three ;IP21MXE minicomputers are assigned to de-
dicated functions, such as video-tape mass storage, mass
histogramming, and luminosity chamber data acquisition.
A set of CAVIAR and SUPER CAVIAR microcomputers are re-
sponsible for the control and monitoring of all the
equipment, The CERN scandard link (CERNET) provides the
comunication with the CERN cemtral computer facilicies
and with a remote Megatek interactive praphic system
driven hy a VAK11-780.

4.1.1 The NORD computers. The NQRD 100/500-type
machine is a new Norsk Data product, As its hardware and
software development fell slightly behind the evolution
of the experiment, temporary configurations were imscal~
led during the first phase of the UAl run. AL present we
are eorverging roward the final configuration, consisting
of two idenLical NORD 100/500 systems with 2 Mbyte memory,
S§TC 6250 bpi 125 ips magnetic tape units, and 75 Mbyte
disks. They are rcferenced &s RORD & and NORD B systems
and are the wain on-line computer svpport of the experi~
ment.

The NORD 100 runs the multi-user, multi-task virtual
memory operating system SINTRAN III, allowing <tandard
real-time programming and the implementation of direct
tasks associated with hardware interrupts. The NORD 500
is a powerful 32-bit proc~ssor equivaleunt to a 0.3 IBM/
370 168. Tt runs in multi-wser mode and has the NORD 100
as front-end.

A CERN-developed package (DAS) performs all the
basic operations of data taking, namely the system ini-
tialization, cthe CAMAC readout, the magnetic tape re-
cording and replay, the communication with the data
sampling programa, the error hamdling, and the production
of run summaries for the bookkeeping, The ower-all sys—
tem is fast and efficient, and its speed is essencially
limited by the hardwara.

A data base is inatalled on the two machines faor the
purpose of having 4 common mechanism Eor storing and re-
trieving the information concerning the apparatus para-
meters and the experiment running conditions.

saveral multi-video terminals (MVIT)" ; -ovide the
machine/operator interface during the expetriment. The
MVIT is a 6800 wicroprocessor terminal developed in YAl;
it conaists of a keyhoard, four alphanureric video signal

ourputs, and a touch panel. The statu. information is
presented as hirtograms on four CRTs, scrolling text in
selected frames of the screew or as horizonzal eircular
messages, whiist inputs are chosen from a menu list by
programmable touches.

4.1.2 NORD system genersl easks. The identical
confipuration of the two NORD systems and the common ac-~
cess to CAMAC allaw any task and program runping in one
machine to be, in principle, transportable %ta the other,
thus providing a eontinucus functional back-up. However,
the two systems play different roles according to the
running condition of the experiment. The function of
each machine Is defined by its task configuration. The
definition and the function assignation of &ach computer
system are still in an evolutive state, and more experi—
ence witn tie data handling and the on~line use of the
16BE processors is needed for a definitive congolidation
of the over-all system, Listed below are the ..:re gene-
ral hardware and software configurations foreseen for the
NORD computers,

Data-taking and expertiment moniior®

The NORD 100 of systers A runs DAS as master; it
reads CANAC and writes tape. Only very efficient and
consolidated tisks are activated; they provide a check of
the readout system, a monitor of the trigger and collider
performances, and 1 first data analysis based on the
energy deposition in the calorimeters, Full event analy~
sig with accumularion of physical result statistics is
done at the same time on the NORD 500 A, The NORD 100 of
system B tuns DAS in spy mode. servicing a variety of
user-developed daca-sampling programs for display, mani-
toring, alarm, and supervision of the distributed intel~
ligenee controlling the detectors' eguipment. The te-
mote VAX11-780 graphic station is serviced as well.
During rthis phase, rhe NORD B is the real host-computer
system. If one of the computers hangs up because of an
urrecoverable foilure, then all its tasks or a subset are
moved ta a single machine that will ecarry on the dats ac—
quigition but wich 2i.dred efiiciency.

High=luminosiiy, dual trigger Jdata taking

When ruaning at high luminosity it seems comvenieat
to separate the trigger into twoe classes: the "few' ctrig-
ger and the "Sany' trigger, these heing the wo trigger
delections made either at the first level of hardware
logic decision or at the level of 168E filter processors.
To increase data-taking efficiency ro the maximum, the
HORD B systex is devoted to the prior collection of the
'few'~rype events, A trigger supervisor processor con-
trols the data routing between the two computers ae—
¢ording to the incoming erigger type and moniters the
'many’ trigger dead-time in order to keep its rate lower
than the data-tecording saturation of the NORP A, thus
always allewing tree spa-e iu the parallel readout FIFOs
for the acquisitim of 't.w'~type event data.

Calibratien and maintenance

By setting the lemus Router Units, the readout can
be split into a large set of independent subgystems for
hardware maintenanc>. Calibravionwise, the DAL detector
can be divided ints rwo parts: the calorimerer and the
image chamber. At the level of computer data collection,
the over—all system is partitioned off into two indepen—
dent ones by setting the calorimeter branch router,

NORD A being used to calibrate hadron and elactromagnetic
calotvimeters and NORD B Lo calibrate the central detector
via the SUPER-CAVIAR ROP comtroller.

Off-line preprocesaing

. It is forescen that the off-line DST tape produc-
tien will rum on NORD A, using rhe NORD 500 machine and
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the 168C processors; the NORD B system is devoted to
program developnent and apparatus maintenance.

4,2 Dedicated Tasks

These functions are taken away from the main com—
puters in order to off-load their charge. They are still
activaced and ¢ontrolled by the NORD B computer, but
their execution is performed by separate processors.

4.2.1 Luminosity chamber data acquisition. The UAL
luninosity moniter runs as an experiment apart. Thz data
acquisition is performed by a CERN standard HP2I4XE sys—
tem using its own CAMAC readout and magnetic tape stor—
age. A CAMAC-to-CAMAC link provides communication bet-
ween the luminesity monicer and the host computer.

4.2.2 Histogramning machine (HM). The histogramming
and the average and sigma calculations are the simplest
toals for evaluating the performance of a data channel
such as an ADC. Histogramuing is a time- and memory-
consuming task that can become very heavy for a multi-
uscr computer syscem Such as the NORD when the nurber of
channels and events to he treated inm » short time is
high. The UAl calerimeter detectors consist of 7500 ADC
channels, and their calibration procedures need the ac—
cumulation of several hundred events takem with different
external conditions ‘simulation pulses, laser flashes,
etc.},

At the beginning of the experiment ir was thought
necessary to provide addirional histogramming facilities
in the main computers. In the case of the central de-
tector readout, these were included in the design of the
system, ond for the ADC channels a HP21MX minicomputer
(HM) with 384 kbyte memory was completely dedicated to
the task of mass histngramming.

The HM runs a software optimized for fast histogram
ming and statistics parameter evaluation, allowing the
filling of one thousand histograms at the rate of 10
events per sccond, or the first and secopd moments cal-
culation of 7500 chanmnels taking one second per event®,
The HM has only access to the calorimeter data via a RRU,
and it can operate in spy mede during dara acquisition
or in master mode during the calibration. The NORD B
system communicates with the HM via a seriai link, The
NORD initializes, books, and reads back accumulated
histograms for display and updating of rabtes of coms-
tants. The HM is treaced as a peripheral of the NORD
computer with a limited and well-defined set of func-
tions. During daca taking, the HM role is complementary
to that o1 Lie main computer, where histogramming tasks
are devoted ¢ssencially to monitoring the physical ir-
formation contained in the dara,

4.7.3 Mass storape. The data collected by the NORD
system are recorded by STC 6250 bpi 125 ips mugnetic
tape units (MiUs). Owing to the 60 kbyte event size,
the MTUs a.e sarurated by a trigger rate of i0 events
per second, which fills a reel in four minutes.

When the collider luminosity artains the design
value of 30°° em * 57!, the problem of handling over 200
tapes per day will pecome serious unless a very selec-
tive tripger is vuscd to reduce the event rate.

To provide greater capacity of high-rate data re-
cording, a digirtal video—tape system” has been instal-
led which records data at 1 million bits per square inch
by helical scanning., The system is a dual-transport de-
veloprment of a configuration which was sucecessfully em-
ployed in ISE experiments R605 and R606'" and is control-
led by an HP2IMXE compuyter. Video-tape data are vecorded
at 11,000 bpi by Miller cade in scanlines of 100 kbits.
An interleaved data structure is implemented tn avoid
requiring a fast disk fco intermediate data staging.
Scanline addressinp and the status ianformation required
te log the structure are recorded in separate longitudi-
nal tracks, which can be read at search speeds up to
400 ips.

The video~tape system records 9 Gbyte per ceecl of
tape, equivalent to 50 reels of 6250 bpi tape, and can
take data at maximum rate on a single reel for over 3.5
hours of running, It will be brought on line when dual
selective/open criggers have been implemented and stable
behaviour of the experimental appatratus has been
achieved.

4.1 Equipmzent Control
and Monitoring

Micreprocessor systems are used for the contro! of
all the equipment associated with detector functions,
such as pewer onfoff, parazeter setting, current and
voltage .wnitoring, and calibration pulse generation.

The host computer (usually the NORD) is able to in-
teract with these systems via CAMAC, to control their
operation, and to communicate with the programs they are
runaing.

4 3.1 General-purpose microprocessor control-
ler (GPMCYY,” This is a single-unit CAMAC module Based
on the 6800 microprocessor with 16K EPROM, 2K RAM, RS232
and ADLC ports, and a 6B00 bus extension to which is
connected an interfire module (IM) specific to the de-
vice to be centrolled. According to the application,
each IM replaces a well-defined electronics logic and
measuring system that would be cxpensive to implement
with srandard CAMAC and NIM modules. Different IMs were
developed in order te handle the cencral detector cali-
bration pulse generation, the very forward chamber (VFC)
electronies control, and the ceatral detector high-
volrage and current menitor. The GPMC firmware runs an
interactive moniter, processing commands coming from
CAMAC or the R5232 port, the command firmware depending
on the IM application.

4,3.2 CAVIAR and SUPER CAVIAR microcomputers.

CAVIAR is a CERN-developed stand-alone microcomputer
which is used extensively in the laborztory and associated
institutes for CAMAC system development, monitoring, and
control,

It is an intepratesd mictocumputer system based on
the 6800 microprecessor and 95311 floating-point arith-
metic and funetion processor, and the standatd wuit in-
corporates 32K RAM, 29K EPROM, a EUR 4600 CAMAC branch
driver, an IEEE 488 GPIB controller, an audio cassette
interface, two RS232 communication ports, and a raster-
scan video monitor with alphanumeric and graphic capa~
biliey.

The SUPER CAVIAR'®' enhancement includes o memory map-
ping system, 256K RAM, up to 85K #PROM, an ADLC port, and
a real-rime clack. Multipage colowr g-aphics are cur-
rently being developed.

SUPER CAVIAR firmware includes BAMBI, o high-level
interacrive programming system with a language similar
to BASIC but which uses pre—run compilation to achieve
execuiion speeds substantially faster than BASIC inter-
preters, The system incorporates a comprehensive range
of over 200 assembly-written routines for CAMAC, GPIB
and ADLC operations, graphics, histogramming, array hand-
ling and remote computér communications.

The main tontrol room CAVIARs and SUPER CAVIARs are
the primary interactive interface facilities between the
operators and the VAl experimenr complex. They allow
direct contrel and menitoring of the experimental ap=
patatus by kevyboard comcands or easily writien programs,
and operate autonowously on the equipment connected to
their CAMAC systems. However, each CAVIAR system is seen
by the host computer (Fig. 4) as a CAMAC device with
vhich it can communicate programs, data, and contral
funcrions far the supervicion of the status of all the
apparatus.

CAVIARS or SUPER CAVIARS are emploved for the fol-
lowinpg control, monitoring, and development tasks in UAL:

central detecror high-voltage, gas, and temperature;
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. -
central detector transient recorder monitor;
central detector ROP control apd calibration;
central detector eleectronics teating (four unirs);
photemulriplier power supply’®;

trigger processor concrolj

experirent and eollider status;

wagnet control;

clectronics test and development;

readout setting and control}

local data sempling and monitoring (sevea units},

In addition, the spin-off from the CAVIAR program
(MVIT, GPMC, ROP development system, electronica produc-
tion test syscem) has resulted in a semevhat unified
approach to this first large-scale application of miero-
processor systems to a complex experimencal faeiliry.

4.3.3 Local grea network. A simple and cheap serisal
data-link was developed in order tu provide an indepen-
dent contrel and data communications path co all the
distribuced intelligence asasociated with the front-end
electronics, such as the central detector ROPa and the
very forwerd detector GPMC electronics controllers.
This local area network is based on the 6854 advanced
data-link controller (ADLC)® using a date communication
protocol based on HOLC. The netwotk is organized as a
set of closed lLoops, each having a SUPER CAVIAR primary
station and up to 254 secondary stations (ROPs). Via
the ADLC link the SIPER CAVIAR can read or write vari-
able length data blocks at specified addresses in each
ROP control processor RAM or send specific coomands for
initialization, internel calibraticn, and selection of
the ROP data-acquisition mode.

5. Conclusion

The UAl experiment started taking data at the CERN
PP collider during the second half of 198l. The major
part of the basic asoftware and hardware elements of the
data acquisition system was installed and running.
During the latest data-taking peried in December 1981,
half a milliecn events were read and written onto tape.

The experience accumulated so far has shown that
microprocessor-based devices play a central role in large
and complex experiments such as UAl., Remus CAMAC read-
out enhanced by the parallel processing, buffering, and
partitioning €acilities performs satisfactorily at the
present scale of the experiment.

However, whep introducing multiprocessor facilities
Eor the third-level tripger implementation, the lack of
a wodular event data-stapging structure is felt. Inter-
mediate solutions have been adopted for the near future,
whilst FASTBUS would appear to be the most Feasible
long-tern scheme fur the event data-~collac.ion stage of
the svstem,
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TRIGGER PROCESSORS FOR HADRON (OLLIDERS*

I.

Gaines
Fermi National Accelerator Laboratory
Batavia, 1L 60510

Summary

The Collider Detactor Facility (CDF) collabora—
tion is designing and construeting a powerful,
purpose detector system for use at the Fermilab 2 TeV
center of mass energy antiproton-proton collider. The
detector will have approximately 75,000 channels of
electronics and must be abie to deal with a raw E“:B&
rate of 50 kHz, corresponding to a luminosity of 1
The muilti-level trigger processing system to be used
in this detector is described, with emphasis on the
general features of detectors at hadronic colliders
which have imposed certain architectural choices on
the (OF triggering and data acquisition System.

Introduction

A number of considerations lead one to consider
different types of triggering schemes for experiments
at hadron colliders than for those at electron-positron
colliders. Tn particular, the high event rates and
extreme camplexity of the events powerful,, yet
flexible triggers that can make relatively high level
physics decisions, are easily programmable so they can
be modified and checked, and do not contribute signifi-
cant amoints of dead time to the data acquisition pro-
oess.

Urfortunately, these three requirements are same-
what contradictory, Speed must often be traded for
flexibility and ease of progqramming. 2 well-known
solution to this problem is to provide a series of in-
creasingly oomplex triggers, each successive level of
which makes tore detailed decisions (in correspondingly
larger amounts of time) on fewer events (due to the
rejections by earlisr levels of the trigger).

This is the solution which has been adopted for
the Collider Detector Facility (CDF) at Fermilab. This
detector will be used at the Fermilab 2 TeV center of
mass energy antiproton-proton collider. The detector
design attempts to provide full coverage over the 47
solid angle aroumad the interaction reqion for particle
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tracking, fine-grained electromagnetic and hadronic
calarimetry, ard muon identification using a variety
of different detectors. Magnetic analysis is provide!
for tracks in the central region by a large supercon-
ducting solenoid, and for mxms in the antiproton dir-
ectian using iron toroidal magnets. An iscmetric view
of the detector is shown in Fig. 1.

In total, there will be approddmately 75,000 indi-
vidual signal sources incliding drift chambers, photo-
miltipliers, cathede strep chambers, and cathode pad
chambers, Further information ing the detector
can be found in the CDF Design Report.

The data acquisition system is described in Ref. 2,
It is a multi-function, distrituted inte)ligence, mea-
surement and control system which prw.ides a variety of
services in additicn to data gathering. In general
temms, the system consists of signal conditi and
digitizing front end electronics located on the detector
which are controlled remctely by a FASTRUS based net-
work of processors. The precise configuration is still
under design and will continue to evolve a: experience
is gained at Fermilab and elsewhere.

Other features of the CIF triggering systam hesides
it's multi-level character are alse dictated by general
considerations. The first of these is the relatively
long time (expected to be at least 3.5 microseconds)
between beam crossings at a proton-antiproton eoliider.
These mean that the lowest level of the trigger will
contribute no dead time as long as it makes its trigger
decision faster than this interval, and that there is
nothing to be gained by making the first level decisions
any faster than that. This allows a certain simplicity
of design and means that there is no need for uiltra
high speed elarents in the triggering system,

Finally, the overall cost of the system is another
important consideration. With the large mmber of chan-
nels needed in a general purpose detector, the cost per
channel mist be kept as low as possible, This means
that the majority of channels will have no provision
for fast read-out, as this wouid add substantially to
the cost per chamnel. A relatively small number of
channels, possibly 10 percent of the total, will be
equipped with special fast read-out electronics inde-
perdent of the standard data acquisition read-out path.
The first levels ~f the trigger will make use only of
these fast read-outs. Only after the event has passed
the first fow levels of triggering will the slow pro~
cess of ing out the entire event be initiated, and
the full event data will then be available at the
highest levels of the trigger.

Thus, general considerations of the triggering
needs for a general purpose detector for a hadron col~
lider set the basic structure of the trigger system for
CDF, ‘There will be a milti-level trigger, with the

—_———

An isametric view of the CDF detector.

Fig. 1.

*Operated by the Universities Research Asscciation
rder cantract wi.th the United States Department of
Energy.

early ges examining a portion of the event data
using a special read-cut path, but with po requirement
for any decigions faster than a few mlcmseaords
Hicher levels of the trigyer will examine the entire
event, and should allow complex physics related alge-
rithms to be used for final event selection. The de-
tails of the COF triggering system will be described
in the remainder of this paper.
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Trigoering Qverview

At the desion luminosity of 1030/m?/sec, the
inelastic interaction rate is approximately 50 kHz
which mist be r-duc~d to the tape writing rate by the
trigger system. 1he rate for writing events to mag-
netic tape is constrained to about S Hz by two inde-
pendent considerations. First, 5 events per second
is close to the maximum rate at which a standard 6250
bpi tape drive can be operated. Second, data written
at this rate for one month is estimated to require at
least one year of available off-line analysis capa-
bility, A three level hierarchical trigger strateqy
has becn chosen in which each lewel produces a rate
low enough so that the dead time introduced by the
next lewel is rot significant. Within this constraint.
the trigger requirements at each lowel are as loose
as possible, leaving meore restrictive decisions to
higher levels where more information from the detector
is available, and a ionger decision time per event is
allowed,

The Eirst two levels of the trigger system will
be used to roduca the rate from SO kHz to about 500 Hz
before digitization. Prompt signals from the detector
for these two lewels of the trigger structure are pro-
vided by the front end electronics in the form of drift
charber hit bits and analogy sums of calorimeter towers.
The level 1 trigger decisicn accurs in the time be-
tween beam crossings and so is deadtimeless. If a
candidate event is flagged Ly level 1, prompt signals
ave passed on to level 2 for a more camplex and time
censuming selection process, incurring dead time.
Level 2 is estimated to require of order 20 microsec-
onds to make its decision. Limiting the level 1 rate
to 5 kiHz then gives an acceptable dead time due to
level 2 of 10 percent. An event accepted by level 2
is digitized and stored in buffer mamory. Since the
digitization process takes approximately 1 msec, the
level 2 trigger rate is limited by deadtime considera-
tions tc about 500 Hz.

Level 3 of the trigger structure is used to re-
duce the event rate fram 500 Hz to the tape writing
rate of 5 Hz. 'This level's decision criteria should
be easily modifiable to accomodate changing physics
requirerents and increasing knowledge of both the trig-
ger and detector operation. BAccordingly, level 3 is
omfigured as a set of independent processors which
work on the entirve event record using an event analysis
and seleqtion vrogram written in a high level language.
Those events which pass the filter criteria are sent
to a data lugger to be written on magnetic tape at an
average rate of 5 events/second.

The bandwidth and processing power requirements
for the lewel 3 system are formidable, Assuming 10
percent to 20 percent detector element occupancy and
full data campacticn, an event is expected to consist
of approximately 10,000 BE—hit warGs, This requires
a bandwidth of up to 5*10° words per second ag the in-
pat to level 3. Then, assuming that about 10~ machine
instructions are needed to process an event on the .
average, level 3 must achieve the equivalent of 5*107A
instructions per second in performance.

The COF data aocjuisition system is then camposed
of two cooperating and concurrent subprocesses. The
first, or triggering and digitization subprocess, in-
volves the lower system levels, including the front end
electronics, scanners, local proocessors, and level 1
ard level 2 triggers. The second, or event selection
subprocess, employs the level 3 trigger processars to
select a subset of the digitized events far logging to
magnetic tape and/or transfexral to the host computer,
The data flow for an event in this system is shown an

Fig. 2, while a schematic diagram of the system ¢ apo-
nents and interconnection is shown in Fig. 3. Purther
details on the CDF data acquisition system besidey the

' triggoring aspects discussed here can be found in
rRef. 2, 4, and 5.
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Fig. 2. a) Data flow in the global partution, illug-
trating the process of normal data acquisiticn.

b) Data flow in a local partition, illustrating the
use of an independent subsystem for rumning diagnostics
and doing calibration. HIC stands for "Human Interface
Corputer,” There are several of these minicompurers
distributed throughout the system.

Level 1 and 2 Triggers

These triggers respond to analog signals and drift
chamber kit bits delivered directly to the trigger logic
from the front end electronicg over 5,000-10,000 dedi-
cated cables. These signals include pulse height infor-
mation frem sums of calorimeter rodules, timing signals
from muen drift chambers, hit bit latches from tracking
chambers, and current division pulse heights fram
tracking chambars. The trigger logic will be locabted
outside the shiel@ing wall. The trigger cables repre—
sent the majority of the cables for the experiment that
must penetrate the shielding wall, and these cables
must either be disconnected or manipnlated in some man-
ner when the detector is moved in and out of the inter-
action region.

The level 1 trigger makes its decision in the time
between beam crossings (roughly 3.5 microsecands) so
as to generate no dead time, This is expected to pro-
vide enough time to allow the level 1 trigger to idea-
tify all inelastic events with a transverse energy
greater than a predetermined minimum, with more than a
given murber of calorimeter cells having a trangverse
momentum deposit greater than a preset value, and to
identify events with muon candidates in either the
central muon drift chambers or the forward toroids.

Beyond that, the level 1 trigger should introduce
assnanabiasaspaﬁ'leinhothEE\B:tsaﬂPJ-E- Up
to a luninosity of 107, the level 1 trigger comld in
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fact accept every inelastic interaction without intyo-
ducing significant dzad times at later levels of the
trigger cystem. A* higher luminosities, level 1 will
be expected to select roughly 10 percent of the total
inelastic interaction rate, or about 5,000 events/
second.

A schematic outline of the level 1 legic is
show in Fig, 4, This fairly straightforward logic
should not require the development of any special pro-
cessors, but can be implemented using conventional
electronics.

The level 2 trigger makes a more scphisticated
decision based on the same data as that available to
level 1. It selects events according to the general
topology of the event, including epergy clusters in
the electromagnetic and hadronic cu.lorimeters and muons
in both the central and feorward micn detectors.

The specd requirements cn level 2 are that it not
introduce large amounts of dead time when processing as
many as 5,000 events per second, and thus the level 2
decision process can average no more than 20 micro-
seconds per event. However, since the trigger decision
can ke asynchronous and analog information is preserved
for a few milliseconds on sample and hold circuits, the
level 2 processors can take up ko several hundred micro~
seconds for a subset of events provided that the majori-
ty of events are rejected in less than 10 microseconds.
The level 2 processers must reduce the rate by at least
another factor of 10, down to roughly 500 events per
seccnd. Events passing the level 2 selection criteria
are then digitized by the normal readout process (a

Data acquisition system block diagram.
~re FASTBUS Host Interfaces.
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Fig. 4. sSchematic of the leve) 1 trigger logic.
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siow process, requiring up to 1 millisecord per event),
and the entire event will then he available for con-
sideration by the level 3 triggering systom,

The level 2 trigger processors will consist of
two major portions: a collection of processing engines
and a series af decision engines, The processing en-
gines have the job of doing the actual processing of
the input data and producing lists of mion tracks,
energy clusters in the calorimeters, and central
tracking candidates. These will be primarily hard
wired modules, programmable anly by releading memory
look=-up tables or changing a programmed logic array.
They need to work relatively rapidly to allow quick
rejection (less tian 10 mi~roseconds} for most events,
but do not need to be particularly flexible, as the
types of calculations needed can be well precdicted in
advance, New types of triggers (for instawe, se-
lecting particle types with Cerenkov couriors) will
require additions of new detectors and new triggering
cables as well as new level 2 wrocessing engines. The
initial complement of processing engines should be suf-
ficient for almost all types cf triggers which could
be formed from the information initially available for

level 2.

An example ot . . -:858ing engine is the cluster
finder shown in Fig. - and described more fully in
Ref., 6, Thig device will use analog pulse heigats and
find a growp of neighboring calorimeter modules ail
of vhich have transverse mamentum deposits above a
minimg threshold. It will prepare listg of the size,
location, total transverse momentum, and electromag-
netic or hadronic nature of each cluster.

The decision engines, on the cther hand, can be
samewhat slawer and thus more flexible. They will be
programable devices, possibly using bit-sliced micro-
processors, which will run simple programs using the
lists of ‘racks, jels, muons, and electromagnetic
showers prepared by the processing engines. A large
namber of triggering criteria based on the overall
even: topology are then possible, allowing the trigger
requirsments to be easily modified as the physics in-
terests of He erperimemt evolve.

Tha overall timing of the level 1 and 2 trigger
processers is shown .a Flg. 6, This diagram shows how
the gate and clear process is suspended by a level 1
accept decision, resuming after either a level I reject
decision, or after the full event readout following a
level 2 accept declsion.

Level 3 Trigger Processors

The level 3 txrigger processors have the task of
performing the final event selecticn, raducing the
event rata from 500/second down to about S/second. The
@vent has already been digjtized througt the standard
read-cut path, and so the level 3 processers will have
the entire event at full precision to examine.

Despite the very large total processing regquired
at level 3, as described abovs, there is no particular
gpeed required for any individual event. 'This is due
to the fact that the events are buffered, amd thus
level 3 processing produces no dead time regardless of
how long a sirgle event takes to process. provided that
the total amount of level 3 processing cun handle the
total event rate,

T..2 premium at level 3 is therefore not on pro-
cesging capability of an individual JPU, but rather on
total processing cepability per dollar. The most cost—
effective way of pruviding the large total amount of
level 3 processing power is with a large number of
small CPU's, each of which will process one event for a
relatively long time. The overall proc2ssing demands
are satisifed by many CPU's processing many events in
parallel,

However, the individual level 3 CPU's canmot get
too small. Aside fron the requirement that a single
processor be able to handle an entire event, the pro—
€essors must be programmable in high-level lanquages,
The level 3 trigger selection criteria will likely
involve catplex physics caleulations including ecten—
sive pattern ition and reconstruction of both
tracking an@ calorimetric data, and such programs can
be conveniently written only i high level languages.
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Pig. 6. Timing diagram showing the interaction between the level 1
and level 2 triggers and the trigger supervisor.

Moreover, it will ajd program development and debugging
if the level 3 processors can execute the instruction
set of same larger CPU, which can then be used to de-
velop and test the programa to be used for event selec-
tion.

Thus, the preferred implomentation for the lewvel 3
processars is a CPU that exzcutes the instruction set of
some main frame together with a large
amunt of memory, all built on a single FASTT'S card.

It is hoped that such devices will be camercially
available by the time they are needed in the CDF de-
tector; if not, we will need to develop such processors
aurselves.
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DATR DRIVEN PROCESSING

H. Cunitz, ¥, Hsiung, B. Knapp, W. Sippach
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ABSTRACT

lierein is described a very high speed
processing method. It is based on the data
driven principle, and depends on conatructing
algorithms from hardware operators that are
generally interconnectable. A set of modules
and their application to Fermilab E 605 is
discussed,

INTRODUCTION

In order to deal with the very high in-
formation rates provided by modern detectors,
we are forced to introduce some sequential
processing in the data stream. To achieve
high bandwidth, we must consider the limita-
tions of each part of the system. I. «e are
willing to treat the system as a pipeline
structure and fully buffer the data stream,
then the time for encoding the data into nu-
merical form can overlap the processing time,
By the rame token, we can distribute the pro-
ceasing in the pipeline so that only the aver-
age processing time of any section limits the
rate in the data stream, In addition, raw
data can be passed thru the structure for re-
covery to permanent starage. This view leads
to the concept of a data driven structure,
where the natural segmentation of the detector
is imposedon the data formating and huffering
arrangement, and the processing algorithm
appears in a hardware pipeline.

DATA DRIVEN CONCEP'T‘l'2

The traditional stureé pragram computer
treats computation as an ordered sequence of
operatians to be performed on a set of da..

A data driven processor is based on the prin-
ciple that any operation can proceed when its
operanda are available and the destinations
of the results are able to receive them.

The step to a hardwure processor is
quite simple, We must build a set of useful
operators that are generally interconnectable,
and then put together computation structures
that match the npatural structure of the prob-
lern. This will result in genuine concurrency
of computation, and an encrmous increase in
speed,

This structure requires no central con-
trol, except for maintenance. Data words and
blocks are aligned by the operatars, so that
quite complex systems involving nested loops
can be constructed that are completely deter-
minate and free of conflicts.

DATR _TRANSFER PRINCIFLE

The basis of this scheme is the data

transfer principle that allows generalized
interconnectability.

We define a cable with a 16 bit data
valuer field, and an B bit control field,
control field contains a bit called valid
that defines a non-empty data word for that
clock cycle, a bit called complete that de-
fines a block boundary, and 4 bits called
name that identify the data subset to which
the valid belongas. & bit called hold is pro-
duced by any destination module on the cable
that is unable to accept the data transfer,
and a bit called block reset allows data
within a bloeck boundary to be destroyed by a
downstream davice. Data transfers between
modules, and internal to modules, are regis-
ter to register, synchronous to a central
clock. The hold presents a special problem
since it propagates backvards in the sequence.
The hold is de-skewed with respect to the
clock at the output of each module, where a
normally transparent latch is provided to gpre-
vent loss of data because the output register
sees the hold one cycle too late. A register
that contains no valid data can be loaded re-
gardless of a downstream hold, effectively
blocking the hold for that cycle. The data
flow is optimally controlled in complicated
stractures, where the process of data align-
ment generates both empty words forwards and
holds backwards, that annihilate on contact,

More than one module is allowed to re-
ceive the same cable, and branches are con-~
structed by pre-programming each module to
accept a subset of the name space.

The

PROCESSING SYSTEM

A systzm includes the readout, the dara
buffering, the data transfer buses, the pro-
cessor(s) , the host, tape units, etc.
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FIG. 1 PROCESSOR SYSTEM

A property of this system is that it can
be data driven either from the readout, which
is a parallel structure, or from the data bus
where data can be written into ring buffers
from the host, or from tape. The same data
tape that is written from the data bus can be
rewound, written directly into the ring buff-
ers, und processed to produce a reduced tape.
The holds, and alignment of block boundaries
between events guarantees determinancy.

The procesior and readout have a control
hus that attaches to every module, and is
used to maintain the system and to locad fixed
data into the modules. All registers, coun-
ters, and memory locations are accessible via
this bus. The internal registers are con-
structed from shift register IC's, so that
these off line operations can be bit serial
on this bus, which reguires only one data and
one response bit (in addition to address and
control bits). For system testing, blocks of
code are sent from the host data channel inteo
the system, and output cade from the system
is independently received by an input data
channel, which interrupts the host either
when it is filled or when an interrupt word
appears in the output code, This way the
host requires no special knowledge of the
system state for transfer of data in and out,

The readout bus is based on the data
transfer principles described in the previous
section, except that it has four more control
bits in the name (address) space: a tag con-
trol bic that allows the name to be associ-
ated with the data source or to represent the
address of a destination, and a tag control
bit that defines use of the data field as a

value or as command Information. These tags
result from merging contrel and data trans-
fers onto the same physical bus. Because the
bus is synchronous, and all words are fully
specified by the name and tag fields, it is
posaible to have interleaved, autonomous com-—
munication on the bus. A small number of add-
itiornal module types allow asynchronous com-
munication to external devices, for example
the host, tape units, etc.

DROCESSCR MODULES

So far we have constructed a set of 14
modules found t¢ be useful in track following
and data organization problems, The modules
are based on ECL 10K logic and operate at a
40 Mhz clock rate. The modules can be organ-
ized into four droups; lists, sequences,
functions, relations.

The list modules are differentiated by
the way the data is organized for access.

List/Index-Data is written in sequence at the
write port, and assigned an index or word
count. This index defines the data storage
tozation, s¢ that data can be retrieved from
the read port by index value. The write com-
plete word ls held at the write port until
the road port complete is received, at which
point the words are merged to produce the
output complete word, and reset the index.

List/Counter-pata at the write port passes
thru the output port, and these data elements
that match the pre-assigned name are written
inte memery and assigned an ingdex (i.e. word
count) that defines the storage location in
memory. In order teo retrieve data via the
input port; a read index is generated by
counting data elements at this port and read-
ing from memory -hose elements that match a
pre-assigned name., This subset of the data
that entered the write port correspecnds to a
relation on the oriyinal set. It is assumed
here that all the elements that pass thru the
list counter via the write port are tested by
a processing relation and passed back to the
read port with a name assigned by the test
that indicates which elements pass the test
and therefore belong to the relation. Any
number of list counters can be connected in
series, where there are multiple neated loops
in the relation. The ocutput complete is pro-
duced when all elements sent from the module
have been counted at the read port. The in~
dex counters are reset when the output com-
plete is formed.

Buffer-This is a FIFQ that allows data align-
ment between different parts of the process-
ing structure without causing holds in the
conpnecting path. Data can be written and
read Auring the same 25 nanoiescond cycle.
pata is available at the output port whenever
the buffer is not empty and there is no hold
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on the output., Ho.ds cannot propagate te the
input port if -he average output rate is

equal to or greater than the input rate, and
the dynamic space of 128 words is not filled,

Map-This is a storage device that allows asso~
ciative data retrieval. A memory cell is
assigned for each possible write data value,
with all cells initially set to zero. Data
is retiieved via the read port by value in
the form of nine contiguous cells around the
integer part of the input value, an optional
form of the map allows lé cell access around
the integer read value, but reguires two read
cycles, The truncated parxt of the read value
is passed to the output and concatenated with
the cell data. If data is written as an or-
dered sequeace, the read hold is used to pre-
vent reads until the last write value exceeds
the value at the read port. For unordered
wiite data, a read hold mast be present until
the write complete is transferred. When both
write and read completes have been received,
the output complete is sent. and the map is
erased from an internal list contailning the
last black of cell numbers loaded into the
map.

These modules generate seguences from
the data:

Binary Index Generatoi-This module generates
the cartesian cross product of two data sets
in index pair form by counting the data ele-
ments at each of two input ports, and gener-
ating all possible index pairs at the output
port. OQutputs are produced a9 soon as two or
mare inputs are counted, under control of two
read counters and two pointer registers, No
input holds are produced except by the input
completes which are held until the full array
has been generated, at which point the ocutput
complete is sent and the index counters are
initialized.

Unary Index Generator-This module generates

all the unigue index pairs of the product of
the set on itself. The diagonal elements of
the set, that iz the elements themselves, are
generated with a different name to> distin-
guish them. No holds are produced on the in-
puc port, except by the input complete which
passes to the output when all index pairs
have been produced.

Page Generator-This module is used to copy
the Jata elements a pre-selected number of
times. oOnly data with a pre-specified name
will generate this copy sequence., all other
data elements pass directly thru in one cycle.

The folleowing modules are available for
generating functions:

Arithmetic Operator-This operator performs
any of the standard binary arithmetic and
logical operations on the output data (add,

subtraet, and, or, exclusive or, etc.) pro-
vided by the ECL 10181 ALU. A plug-in patch
allows the 20 bit name and data space to be
connected in a general way to the twa 16 bit
innuts and to the control space ol the ALU.
Alignment of data in the input registers
causes data transfer to the autput and new

data to be entered at the input registers,
under control of the holds. Alignment of
completes at the input ports produces a com-
plete at the output port.

Normalizer-The normalizer is used to give a
linear function value ax+b Of its input value
#., Two internal memories IB address bits
each) can pe preloaded with 16 bit function
values. A plug-in patch allows any 16 of the
bita of input data and name to be connected
to the two B bit address tables, and the out-
puts of the tables are added with 16 bit pre-
cision. In order to normalize 16 bit input
words, the B high order bita are patched to
the high order table, and the 8 low order
bits to the low order table. Por smaller
size values, name bits can be connected in
common to the two tables, resulting in sets
Or normallzations. Any function of Fn(xl\ +

Gn[xz) can be produced, where X, and x2 are

1
separate data fields of the input words. The
complete passes thru the normalizer without
preducing holds,

Binary Table-The table is used to give a gen-
eral function value of p(xl,xz) of its two

input values, A plug-in patch for each of
the inputs allows any part of the value, name
space of the two input words to be patched
into the 8 bit address space to produce a 16
bit function value at the output. Alignment
of data in the input vegisters causes data
transfer to the output under control of the
holds. The table can also be a test if ap-
propriate output function bits are patched
into the output name space.

Unary Table- shis is identical to the binary
table, except that only one data input is
provided.

The followiny modules are availalble for
generating relatijons involving greater than,
less than tests. M relation results in a
1ame being assigned to the cutput data de-
pnding on the test result.

Orcered Merge-This binary input module merges

two ordered data sets into a new ordered set.

The data elements at each input port are com-
pared over a selectable part of their data
fields. 'rhe larger {or smaller) word is
passed %o the output, and the other input is
held until it is larger (smaller} than the
word at the other input port. When the in-
puts are equal, either the value is passed toc
the output with a special name, or optionally
both values are passed in seguence with their
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respective names. The input completes must
be aligned before an output complete is pro-
duced.

associate-This is a unary input module where
adjacent words in a sgquence are subtracted
and their difference compared to a pre-set
number, for greater than or less than. The
result of the compare assigns a name to the
words according to this association. The
complete word passes thru without produeing a
h.!A4 {unless there is a hold on the output
port) .

Cut-This unary device compares the input
value with two preloaded 16 bit numbers and
names the data word according to whether it
is within the cut, cr above or below the cut,
only holds on the output cable affect the
data flow. All words, including the complete,
pass thru without producing held.

ALGORITHMS

Because the system is modulay, the pro-
cessing algorithm can be flexibly adapted to
the experiment., Each module and the complete
algorithm is emulated in Fortran so that the
algorithm can be pre-tested both with Monte
carlo data, and with data tapes produced by
the readout. These data tapes can be direct-
ly off loaded into the ring buffers and pro-
cessed, with no modification to the syatem.

An examyzle of a simple binary loop
structure for track finding is shown in Fig-
ure 2. This structure is designed to predict
the location of hits in wire chamber 2, all
possible pairs from champers 1 and 3, and
then generate information needed for testing
the trajectory past the magnet by using hits
1n chamber 5 to test chamber 4.

The symbols are defined as follows; a
module is indicated by a circle containing an
identifying symbol, and lines conmnecting the
modules represent the intorconnecting cables.
Inputs are of two typea, a read input, inci-
cated by an arrow, forms part of the active
processing path thru the output, while a
write input, indicated by a solid blob, di-
rectly affects only internal storage within
the meodule,

The binary index generator (I} couats
valid transmissions and generates all index
pairs over the accumulating counts. The
lists (L) seguentially store incoming data
which is later retrieved by index. The nor-
malizers (N) generate linear mappings of
their inputs which are then added to define a
projection of chamber 2. Data written into
the map from chamber 2 is retrieved in the
form of the 9 contiguous cells around the
prediction, and concatenated with the non-
integral part of the prediction. A table (T)

¥

LINSBAR COMBINATIONS OF Xl, X3
FOR DOWNSTREAM CALCULATIONS

FIG, 2 TYPICAL BINARY LOOP STRUCTURE

and reinserted into the calculation if the
test was passed. The new name is used to
look up another set of normalizations for
calculations needed in the downstream struec-
ture. The copy device (P} allows any number
of calculations to be generated in seguence
for the game index pair.

This type of structure indicates how
quite complicated loop structures can often
be decomposed inco binary struccures. Im

this example, instead of N'IXNZXN3 cycles

(where N is the number of hits), we have only

NIXN3 cycles becaunse of the use of the map.

wWhenever we re-use the structure, as in this

transforms
and a name
causges the
test to be

this data into a weighted value

is assigned to the data.

This

index pair associated with the

retrieved from the list counter

example, we create a loop. This is worth-
while here, since the test only causes infre-
quent re-use, but considerable savings in
hardware., Because the data elements are dis-
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tinguished by name, they are allowed to co-
exist in the seguence without causing con-
flicts, The computation proceeds at the
highest possible speed since the operations
take place concurrently at the 40 Mhz clock
rate, moderated only by holds and data align-
ment in the modules. Any amount of parallel-
ism can be added to the computation part of
the structure by expanding the number of nor-
malizers and other arithmetic devices, or
alternatively the structure can be re-used by
adding more nested loops where we use list
counters to close the leops. The use of a
buffer {8} at the table output allecws data
from the table to be automatically aligned
with the downstream data without producing
holds.

We can duplicate this structure for each
of 3 or 4 wire plane views, and fold them
onto each other to reduce hardware, or unfold
them to gain speed. If we consider the more
complete problem of f£inding tracks in three
views, the nested loop structure decomposes
into loops for lines in frent of the magnet,
those for tracking to the back, and those for
matching tracks found in each view  This de-
composition leads to a high degree of con-
currency, where the delay thru the structure
is irrelevant since the new events keep the
pipeline optimally filled.

TRIGGER PROCESSOR FOR FERMILAB E605

We have built a small trigger processor
for E60S. The detector configuration is
shown §{n Pigure 3. The target is in the
field of a focusing magnet which focuses high
mass pairs around a beam dump into the detec-
tor. There are two UVY MWPC charhers in
front of an analyzing magnet, and two drift
chamber stationg behind it, with staggered
pair Uyy planes., In addition to this track-
ing system, there is an imaging Cerenkov
counter between the drift chambers, and there

My
|

are electron, hadron and muon detectors in the Lo
back.
Three planes of x,y hodoscope counters
are used to define a fast trigger for gating
the readout systems. The data subset reguired i
for the trigger processor transfers thru the
ring buffers to the processor inputs.
The preliminary form of the processor
selects tracks that are consistent with the
target and constrains Py. The system modular-

ity will allow development of the trigger as
running experience accumulates.

Wire hits from the staggered pair drift
chambers are merged with ordered merge mod-
ules. Adjacent wire pairs and singles are
encoded by associator modules which assign a
low order bit to the wire number corresponding
to one-half wire space,

Wire hits from the MWPC chamhers are
written intc separate maps. A binary loop
structure, similar to the one described in the
previpus section, forms lists of the associ-~
ated signals from the two drift chambers and
generates all possible line projections for
the MWEC plane maps. Poth projections are
calculated simultaneouuly to gain speed.

A binary table transforms the output
road data from the maps into a cut. If the
test is met, a new name causes the list coun- :
ter module to retrieve the index pair for the ;
track, and the linear combinations of YB’ Y4,

for caleculating the Pz and P momentum

components are simultaneously accessed in the
normalizers (the test name is used to addresa
the appropriate pages of the normalizer
memery), Log tables are used to generate logs
of these two guantities which are subtracted
to give the log Py. A talle forms a cut on

P .
Yy

The projections on the calorimeter, mucn
detector, and counter hodoscope are also

I////I

CER e h M

7777

WC WC

FIG. 3 [E605 DETECTOR
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copied out during this pass of the loop. The
various cuts are buffered, to eliminate holds,
and concatepated to form a parametrization
for each track candidate. A unary index
generator module forms all track pairs and
singles, and a trigger cut is produced in a
binary table, The trigger outpuc word
assigns trigger identification to 12 unique
bits, and a frequency which is mateched a-
gainst an event counter in the event genera-
tor module, A match sets a flag that causes
the ring buffers to transfer the last event
in the ring to the readout. If the flag is
not set when the event boundary passes out of
the processor, the event generator causes the
last event in the ring to be skipped. The
identificavion bits are accumulated in flip-
flops and sent with the event ceount whenever
the ring buffers are read. Track parameters
from the processer are also sent, and all
data is transferred to a mega-byte

memory3, at a 10 Mhz woxd rate for pDP-11
processing during the team-off time. The
systen cdeadtime due te the trigger processing
is 1 to 2 ps.

NEW MODULES

For econcmy, we wish to vary the amount
of hardware for a particular computation to
match the desired speed of computation. For
the modules descriked so far, this can he
accomplished in an obvious but limited manner
by varying the degree to which modules are
repeated. For less frequently performed cal-
culations we use an¢ther family of modules in
which data transfer is serial rather than
parallel, i.e., rather than transmitting one
word each clock period with a 24 bit cable,
we transmit n bit words on one bit of cable
in n clock periods. Communication and com-
putation thus reguire less hardware to oper-
ate more slowly.

ancther feature of previously outlined
computations was the presence of freguent
decisions based on simple computations, which
then alter the Seguence of subseguent opera-
tions. Large computations with fixed sets of
operations permit additional optimization of
the hardware, hecauSe more operatians may be
performed in parallel.

Ah interesting arithmetic structure with
serial communication, but performing normally
distinct computaticns in parallel, is the :
module used to provide linear combipations of
several variables:

Y =fA X +A
ni i

n no

The variables X, are transmitted simultane-

ously but pbit serially on a parrow bus cable
which may have Several 3 modules. Each
transmission provides an 8 bit address for a
256 word table of sums of all constants Ani

for which the corresponding bit of the add-
ress is one. The table entry is added to a

shifting accumulator. If the B bit address
is inadequate, the computation must be dig-
tributed over more than one E module and the
results added, Bit serial addition is suffi-
ciently simple that I modules can simply be
cascaded with increased propagation delay, or
another simple module can add up to eight
pairs of numbers in parallel. Ppor large com—
putations, we can quite freely vary speed
with module count. A single I module, for
examrle, could provide B differept linear
combinations of five variables,

Examples of large computations without
branches are plentiful in the processor which
we are building to reconstruct charged parti-
cle trajectories measured in a magnetic
spectrometer, A measurement consists of one-
dimensional projections of particle trajec-
tories in 24 drift chamber plapes inside a
mederately non-uniform magnetic field. Each
of the 24 measurements of a single trajectory
is a separate nonlinear function of a single
set of 5 parameters. A mederately accurate
initial estimate of theése parameters is five
linear combinations of 6 measurements found
in the initial pattern recognition.

To accurately determine the five param-
eters with a least-square tit of 24 weasure-
ments, we generate an inatial paxameteor
estimate, using § medules to provide the
linear combinations of 6 measurements, then
carry out nine multiplications to form &
higher order products of these parameters,

An eleven term polynomial expansion of the
predicted track coordinates is then carried
out for each of the 24 planes. Generation of
the initial estimate of the 5 parameters and
the 24 measurements implied, can be performed
for a new track every 300 nanoseconds with
about 70 modules, or more slowly with corre-
sponding reduction in the number 5f modules.

READOUT MODULEL

High speed data driven processing may
well require data to be supplied in numerical
form at very high rates., Detector systems
developed at Nevis consist of several small
subsystems, each capakle of supplying encoded
measurements at tens of Mhz. By buffering
these subsystems in parallel, a single meas-
urement consisting of several hundred numbers
can be completely transferred in less than a
mizrosecond. These subsystems attach to a
control bus, so that each readout module can
be addressed from the host for testing time
and charge. Signals can be automatically
injected into modules for calibration and
testing.

The following readout modules have been
built;

MWPC System=-This is a coincidence register
system that has been in use for many years,
consisting of chamber mounted discriminators,
flat polyethylene signal delay cables to 32
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channel coincidence register cards. These
cards attach to a read bus segmented by wira
plane. A newly designed wire numbher encoder
allows sparse readout at a 20 Mhz word rate
onto our standard processor cable, where the
word forwat is the binary encoded 10 bit wire
number and crate name. The encoder also gen-
erates a word count for limiting the block
size to a pre-set number of words, and a
truncated event nunber in the complete word.

Drift chamber System-This is a single hit
time reccrding system designed for relatively
close wire spaced drift chambers, The time
is directly encoded into 6 bit gray code for
time bins greater or equal to 4 rnanoseconds,
or 5 bit code for 2.5 nanosecond time bins.
32 signal TDC cards attach to a read bus seg-
mented by wire plane. The sparse data can be
transferred to a standard processor cable
with a valid word every 25 nanoseconds, The
data word contains a 10 bit wire number, a

€ bit time, and the plane number. A word
counter in the readout allows the block size
to be limited to a pre-set number, and a
truncated event count is sent with each com-
plete word.

ADC Readcut4-This 8 channel ADC was developed
by a member of the E 605 croup for readout
into our system. The ADC has 8 bits of
square root encoding, and o digital cut for
ecach channel to sparsify the data, The
sparsified data can be transferred at a 20
Mhz rate to the processor cabla.

Unencoded Register Data-This system consists

of 16 bit fast coincidence registers. The
data is read out in an unenceded, fixed block
size form, at a 20 Mhz rate to tiie processor
cable.

SUMMARY

Data driven machines have no patural
scale association. The computation time does
not have to increase as more computation is
added, and the physical size of the system
is not constrained since there is no central-
ized communication.

The cost per opgration per second seems
to be much lower than any other method. This
is a result of the property of concurrency,
the close match of the operators to the cal-
culation, and to the simplicity of the oper-
ators.
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THE UA2 CENTRAL CALORIMETER

UAZ Collabrration (Bern-GERN-Copenhagen-Oxsay-Pavia-Saclay)
Presented by A. Clark
CERR, Geneva, Switzerland

Sumaary

The UA2 experiment’ was recently installed at the
CERN Super Proton Synchrotren {5PS) proton-antiproton
collider?, to study collisions at an energy ¥5 =540 GeV.

A major objective of this experiment ir to identify
the weak intermediate boscna (2°,W!) via their elec-
tronjie decay modes:

pp+ 2" +x"; 2" > ete”

- -1 * £ L

pp W +X ; W ~ev,

Current Lhecreticgl wodels? predict a production croes—
section % 3 % 107°) cn? and a leptonic fraction v 3%
for 2°, ~ 8% for W'.

The low expected Z°, W production rate implies
the need for gaod electron identification and energy
measurement over & maximal solid anple. The LA2 detec-
tor is instrumented over ~ 80% of the solid angle by
segnented lead/scintillator sandwich counters, provid-
ing a 2° » e*e” acceptance of ™ 63%. Ar luminosities
L 10 ew™? 57!, 4 0.15 events/n shouid be detected
with a mass resolution at the 2 peak n 1.5%Z.

Another major objective of this experiment is ro
study high-py hadron jets, For this reason, and to cn-
hance ela2ctron idemtification, segmented iron/scintil-
laror sandwich counters are installed in the central
region.

This talk desctibes the electromagnatic and had-
ronic calorimetry in the central region of the UA2
detector.

p-p experiment UA2

Experimental Apparatus

General

Figure ! is a plan view of the apparatus. At the
centre is the vertex detector, It consists of four
multiwire proportional chamberas (MWPC) with cathode
strip readout, a eylindricel scintillator hodoaseope,
and two JADE-type drift chambers" with charge division
and multi-hic readout. The detector is surrounded by
1.5 radiation lengths tungsten and a Eifth proportional
chamber (PROP5) to provide an accurate position measure~
cent of e.m. showers. This chacber allows impraved had-
Ton rejection, and rejection against everlap hackground
(2 low-pomentum hadron near a 1%, siculating an elec-
tron) in the following calorimeter.

Covering z1 rapidity units about 0, the vertex de-
tector is surrounded b electromagnetic and hadron
calorimerers,

The forward and backward directions (20° ro 37.5°,
142.5° to 160%) are each instrumented by twelve
toroidal-magnet sectors (0.38 T-m) and associated spec-
trometry, Following each sector, nine drift chamber
planes allow a momentum measurement on charged tracks.
After this, a 6 mm lead converter ard two proporticnal-
cube planes define the position of e.m. showers in a
calorimeter,

VERTEX DETECTOR

L_Im.*.{

CONVERTER
DRIFT TUBES

TOROID CONLS

CRIFT CHAMBERS

FORWARD - BACKWARD CALDRIMETER

Fig. 1. Plan view of the UA2 detector.
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calorimeter.

The 12 forward and 12 backward calorimeter sectors
are ~ach divided into ten cells (25° in ¢, 3.5° in &).
Each cell is a lead/sciceillator sandwich in two longi-
tudinal sections {24 x.1. and é r,l.). The light of
each section is collected in two phototubes via BBQ-
doped wavelength-ghifting light-guides. The calorimeter
performance is similar fo that of the ceptral region.

Central Calorimeter

The lead/scintillator electromagnetic and iron/
seintillator hadronie counters cover from 40° to 140°
in polar angle, and all azimuthal angles. A spherical
astructure, the calovimeter is segmented into 240 indi-
vidual cells {tewers) pointing to the pp inceraccion
vertex, Each cell has three longitudinal sections (plus
PROES). In addition, the last 0,35 attepuacion lengths
are separately measured to provide a tag on late had-
ronie showers. Each cell has an e.m. length ~ 17.5 r.l.
and a hadronic leagth v 4 a.1. {(Fig. 2).

The light of each section is transferred via 2 mm
thick BRG-doped light-guides to a total of seven photo-
tubes per cell (XP2008, XP2012). The scintillator is
4 oo NE104B (e.m.), and 5 om PMMA doped with 12 FBD,
0.12 POPOP, and 10% maphthalene (hadron). Wavelengih-
shifting techniques® minimize the dead-spece butween
adjacent cells (Table 1). In practice the polar dead-
space is negligible excepr for particles of mormal
incidence.

Table 1. Maximum separation between calorimeter cells
Compartment Polar Azimuth
() (zam)
EM 4.6 (light guide) [ 1 (Fe) + L mm (air)
HADRON 1 9  {light guide} | 10 (Pe)
HADRON 2 13.6 (light guide) [ 20 (Fe)

Typical cell of the UA2 central

To monitor phototube stability, a xenon lighe~
flagher is aggaciated with each azimuthal slice of ten
cells. Light (diffused and filtered to approximate the
light spectrum reaching the phototube) is passed via
plastic fibres to the light-guide of each phototube.

The net flasher stability and pulse-to-pulse varistions
in light output are monitcred by a box conteirning three
vacuum protodiodes. The relative stability of different
azimuthal slices is monitored by sending light from each
flash~tube to a box (J-BOX) containing a scintillaror
slab in front of three selected shototubes (XP2012).

The stability of these phototube: is monitored by d.c.
current measurements from °%Co and ?°Sr sources.

An identical but independent flasher on each slice

" gends light to two scintillator plates of each e.m. com=
partment. The same photodiodes monitor flash stability.

Calibrgtion Stability

An initial calibration of each ce.l was pade using
10 Gev/e electrons (e.m. compartment) and 10 GeV/fe
muons (hautonic compartments). Since inmstallatien in
November 1981, phototube gains have been monitored using
the flash-tube of each slice, normalized with respect
to the responsde ofs

i) vacuum photodindes (discarded because of gain
changes);

ii) wean e¢.wm. phototube respense: the r.m.s. spread,
for individual e.m. phototubes with respect tu the
mean, is #2,6%; the mean hadron respons is um-
changed with respect ro the e.m. phototubes, with
an r.m.s. spread for individual tubes of 37;

iii) J-BOX response: this indicates & mean change in
e.m. light response of 0.5%, with an r.m.s. spread
of 22,

A mean change of ¢ 1% (r.m.a. of ~ 0,6X) hes been
measured in e.m, response, from veriodic °°Co d.c. cur-
Tenc mcasvrements on each cell. In the extreme forward
(proton) direction, the meon change reaches 1 7%, sug-
gegting minor radiation damage.

The stability of the phototubes, between their
initial calibration and installation at the pp cellider,
is being analysed.
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Electron Response Measurements

In addition to the calibration of each e.m. cell
with 10 GeV/c electrons, data were collected between 1
and 70 GeV/c for all 5 e.m, cell types. TFigure 3 iliu-
strates the nomenclature of this section.

R Linearity and Resolution

[EE]

Figure 4 shows the normalized light response to
electrons of between 1 GeV/c and 70 GeV/c passing
through the centre of an e.m. cell, Following a non-
Linearity correction 0.977 [1.0 + 0.01 in (E+1)], the
light response can be estimated to ¢ *1Z. TFigure 5
shows the variation of o/vE (0.14) with electron momen-
tum. The beam momentum spread (% 1%Z) has uot been sub-
tracted. In each Eigure, error bars represent the
z.1.5. spread of qll measurements on ali cell types.

4o

BEQg e,

[ SR

Fig. 3. Nemenclature used im following section.
$ and x are measured with respeet to the centre
of the cell I,

BBQg = light response of small BBQ

BBQ. = light response of large BBQ
BBQg, = VBBQg-BRQL
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Fig, 4. Deviation from linearity of the light
response BBQgy as a function of incident elec-
tron energy. The superimposed curve is

« [1+0.01 ln (E+1) ].
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Fig. 5. Resolution of light response BBQgr, as
a function of incident electron energy. (o)
show data collected with tungsten converter

90 cm from the e.m. ¢alorimeter, (o) show data
eollected with tungsten comverter in final UA2
posirien.

Response Variation with Position (Normal Incidence)

Spatial scans were made for several examples of
each cell type. The r.m.s. spread of measuremeats in
different examples of the same cell type is < 1%.
Figure 6 shows the uncorrected response for cell 2 (the
second smallest) as a function of position, Similar
variations exist in other cell types. Figure 7 shows
the same data after correction a-~cording ag:

BBQ(corr) = BBQ(raw)~exp v.orr)

eort = ( Al + A2.x? + AZ.xY)
+(B1 + B2.x + B3.x? }
+(Cl + €2,x + C3.x? )

Constants A;, By, C; have been determined for each BBQ
of the five cell types. Data from muons provide a con—
gistent parametrization., For beem impacts > 5 mm from
a cell interface, the r.m.s. spread of corrected light
response for individual meagurements of a cell type is
< 1,1%. The resolukion clJE is unaffected. The ratio
BBQp = BBQg/BBQ;, provides a measure of the beam impact
pegition in the cell (0 £ 5 wm}. However, because of
differing light collection efficiencies for BBQg and
BBQp, a variation of light response exists along each
BBQp contour. TFor that small class of e.m. showers
having no associated track or PROPS signal, this varia-
tion defines the effective resolution of the e.m.
calorimeter.

Regponse Near a Cell Interface (Normal Incidence)

Tha azimut.al separation between two tells is small,
and 8 maximum response correction of 102 is required
within #2 mm of the cell interface. Few normal-incidence
electrons pass through the BBQ (smeared pp vertex). At
the BBQ interface, & 20% of electcoms are within 3 st,
dev. of the peak, and ¢/E = 0.25/v/E. The light reaponse
of remaining events is distributed below the peak
(longitudinal escape and Ceremkov light).
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Fig. 7. Data of Fig. &, after corraction for
.the pesition of beam impact in calorimeter.

Non-Norsal Bear Inpact

At the pp collider, the interaction v rtex is
amaated along the beam direction with g v 1) cu, and
data wers collected to aimulate vertices in the range
-20 < ¢ < 20 em. Por |z| > 2 cm, no deterioration of
the efficlency or resolution is measured near the BBQ
interface, and no additional response corrections are
raquired. Using the correction formulae above, the
aversge response at each vertex position chamges by
< 1.4% with respect to normal incideuce. The T.m.s,
spread of individual measurements is < 1% for each
cell typs.

Hadron Response Measurenants

Data have been collectad at 7 momenta of 1 to
70 GeV/c and 7% momenta of 1 and 2 GeV/c. Preliminery
rasulty are ¢hown for 7 data of momenta above 6 GeV/c.

The UA2 calorimeter is short (4 a.l.), 8o aignificant
long:l.cudmll escape is expected. However, high-energy
hadron Jet: should be better contained since their be-
heviour is mimilar to that of a single parcticle incer=~
acting at the calorimeter entrance. Uata exist both
for single parcicles and for simulated jets,

Event Selection

To ensure good energy containment, cuta were ap-
plied: E(hadron section 2)/E(calorimeter) < 0.8, and

E(e.m,) 2 1 GeV or EChadron section 1) 2 1.5 GeV,

The resultant event efficiency im shown in Fig. 8.
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Fig. 8, Efficiency of detection in hadron
calorimeter as a function of incident 7" cnergy.
Applied cuts are described in text.
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Fig. 9. Deviation from linearity of the lxgh:
response BBQg) ag a function of incident ™7
energy.

Lighr Response

A fit was made to normal-incidence JET and SINGLE
data to find parapeters, relating the response of each
compartment, that optimize the response linearity
{Fig. 9). The resultant resclution is shown in Fig. 10.

Responge Unifarmity

The above )light-response anulygis used available
data in the wedian plane of cach cell (¢ = 0), with
linsar attepuation correcticns, The resultant response
was uniform to < £4X for each cell type. For novmal-
incidence data near a BEQ interface, the acceptance is
reduced for SINGLE triggers, but not for JET trippers

(Fig. 11}, The resolution is not significantly affected,

as shown in Fig. 12.
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Fig. 11. Vvariation of 7~ acceptance across
cell interface of the central calorimeter.
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Fig. 12. Varistion of 7" zesolution across
cell interface of central calorimetar.

Non~Normul Incidence

Data collected at an effective vertex position of
210.4 cm shows sn average change in light response of
< 217, The tesclution is unchanged. The variation in
aperture across a LBQ interface is reduced to < 25% tor
SINGLE triggers.
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Q}L THE MAC CALORTMETENS ARD APFLICATIGAS®

HAC Collaboration:
tolorado-Frascati~Nertheaxtern=-SLAC-Utah-Wisconsint
Presented by H, 1. Ford, Colorade

Surmacy

The HAC detector at PEP features a large solid-angle
electromagnetic/hadreonic calerirceter system, augmented
by magnetic charged-particle tracking, muon analysis
and scintilletor tripgering, Its leplementatien in the
context of electron-positron annihilavion physics is
described, with emphayis on the utiliration of celeri-
metry.

Detector Description

The MAC detectr- i3 shown in Fig. 1. Charged parti-
oles produced with puisr angles betueen 17% and 1623¢
ere analyzed in the central tracking chamber, which
comprises 833 drift cells arranged as 10 layers in a
commen gas volume. Each ce'l containg a donble sense~
wire pair connected to differe..lial electronics so that
drift distance is determined withaut right-leit ambigu-

ity. The wires in four of the layers are axial: these
are interspersed uith six steres layers at plus and
minug three degrees to determine uxint pesitions, The
setting mccuracy is 200 um; with the solencidal mag-
netic field of 5.7 kG, the womentum resotution i3
Apsp = 065 p wing.

Surrounding the solenoid coil is the central shouwer
chanber (raferred to belod us SC), & calorimeter opti-
mized Jor electromagnetic mhouur analyais and composed
of 32 Tead pintes interspersed with propnrticnal wire
chambers for a total thickneas of 16 radiaticn lengths.
Each anode wire is suspended parallel to the beam at
the center of a rectangular aluminum cathode mbout 1 cm
thick X 2 cm wide, Groups of utres are combined for
readout as 192 azimuthal oectorm in each of thres tay-
ery  axtal position is determined by current divisien,
i.e.s the retio of pulse heighte measured at both ends
of the wire group through low tnput-impedance preampli-
fiers,

e

JﬂF
|

|
|
i

L

Fig. 1. HAC detector Tapout. The componenis
lTabelled in the figure mre: central) dritt
chanber (CD), ahower chamber (St), trigger/tim-
ing scintillatora {T€), central and endcap
hadron calorimeters (HG, EC), and the inner and
outer muon deift chambers (MI, MOY. Also indi-
eated are the solensid wnd forsid coils.
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The central hadron calorimeer (NC) which yurraunds
the shoutr chimber hag a very simitar siructure except
the absorbers are 24 j-inch=thick steel plates. fol-
fowed Sy three d-inch-thick plates, The three thick
plates and their assogiated proporktional chambers are
for muen tapping.

The steel plate calgrimeter is extended to small
poiar anglea by the tuo endcap seections {EC)., uhose
absorber plates stand perpendicu)ar to the beam. Each
cndeap has 28 l-inch-thick calorimeter plotes followed
by 2 d-inch-thick muon tagging layers. The endcap sam-
pling detectors are plunar proportional chambers, each
covaring a 30-degree azimuihal sector. The anode wires
run parallel to the edges of the hexagonal endcaps and
are grouped, for readout, into four radial panels.
tach calhnde is divided into three 10-degree azimuthal
wedges which are read out as well. The chambers occu-
pying the first & gaps (19 radiation [enqths) hnve
{iner segmentation Lo match them to *ue electromagnetice
shouers which are outside ihe scceptance of the central
shoder charmber. In these chambers cach Segment meas-
ures about 5° in azimuth by 5° im zenith. The endeap
signals are grouped into four layers in depth,

One tayer of scintillation counters far triggering
and time-oi-~Tlight are inserted inte one gap near the
entrance face of ithe hadrom calorimeters th the central
and bath endeap regions.  There are 144 separate scin-
tillaters.

The muen tracking uystem consisis of one central and
three endern planes of drift chasbers |ocated before
the entance faces ef the hadron enlorimeter, four tay-
ers of tlryit chazbers surrounding the calorimeier, and
six layers covering the end faces. Far momentum analy-
sic the calorimetersabsorber Steel is mdgnetized by
toreyd epils, one at the center of each sextant. The
entrance chambers, ang those undernesth the calorime-
ter. ar2 planar; the remaining exit planes are assem=
bled from J0-em-drametor tubes each containing 3 single
wire. The daires are all oriented to determine axial
position. since the torgidal fifld causes a change in
the tracks” polar angle, cxeept for the endcap planes
of whieh two lavers have horiental uires, and tWo each
have uires w! €0° and 170° respeedively.

Triggers for the experiment may be summarized, With
some simplification, as the logical OR of: (1) scintyt=
1akor opposite sextants of end quadranis: (2) scintiy-
tator hits on any 3 or more aof the & {eces ol the hex-
agonal prism with ends; (32 shouwers of at least 2 Gev
in any 2 of: G SC sextants, 2 endeaps, ar any part of
e HE: (' one or mare penetrating tracks, defined by
a string o! central drift hits within & 20° sector and
the ceree :pponding seintillatar and central hadron calo-
rimeter suxtant regystering at least 400 Mev.

galibration and Resgolutiong

The electromagnetic colorimeters have been cali-
brated with electrony from Bhabha secatiering. The
eneray response far the central shotuer counter is shoun
in Fig. 2. The observed width o! 8% (standard devia=-
tion) is greaier thon the ™% we would expect on the
basis pf earlier tests wilh one of the sextants in an
electron beam, Those tesis gave 8E/E = .204JE §rom .5
to 16 Gev. The diiference i3 largely stiributable t2
scattered nen-functioning channels uhich number about
3-7% al the total. <{(The curve accempanving the data of
Fig. 2 includes the effect of &% randomiy-distributed
nan-respanding channels.) Presumsbly the importance of
this effect is smaller at lauer energies relative to
inherent jonizaticn fluctuations. In any case, the
resolution of this device is not the lTimiting ene for
hadron ealorimetry. The directional Tesoluiion, mews-
ured by comparing ihe shoker centroid with the extrapo-

30% 1

g 20 - W
i
k4
e
10 1
a 1 1 i
< ] 0 15 20

DETECTED ENERGY  (Gev)

Fig. 2. Energy response of the central ghower
chusber to 14.5-Cey miectrans, Yhe curve ia
the predicled resolution tumation.

lateu central drift chamber track, is 0.3% in # % 1,3
in 6. The ¢ error corresponds to sbout 0.4 times the
wire group segmentation, The @ error correspands to
about 1% of the wire length {rem current division.

The eerresponding information 1or the endcep shouer
chanher i3 presented in Fig. 3, The low energy tait in
fig, 3a i3 chused by the insensitive regions ocoupied
by the frames of the proporiional chazbers, These
revions occur every 30 degrees and are wbout 10 ¢m
uwide, independent of radius, and hence have maximum
impact near the poles which are preferentially 1¥lumi=
nated by the Bhabha electrons, The directicnal resolu-
tion is 2¢ in ¢ {cmthode strips) ¥ 1.5% in & (anode
wire groupsal.

The shower detectors mlone accomplish both triyger-
ing and apalysis of ¥¥ events, {or which we show. in
rig. 4, the ngacallinearity angle distribution compared
uith the QED calcutatien,

For calibration of the response of the calorimeter
sysiem 1o hadrons. ue have only the tots) energy oi
multihadron events ay a known reference point. To pro-
duce the corr ding red total puise height, ue

[Le¢] (-f—— T T
(o)
(3

BO -

40 ~+

20} mm“*

ao

EVENTS

o] 10 20 ElY
I E [Gev} arnnay

Figd. 3. Energy resp of the end calorim=
eter to 14.5-Ge¥V electrons for (a) all azimu-
thal angles, and {b) events within fiduciml
area.
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must bring in's regicter the three separate calorime- ¢ © 0 30 a0 s o

ters i3y HC and EC1. For mamples containing a flugtu-
ating mixiure o! hadrons and gammas from aeutral piop
decay incident over a wide range of entrarce angles,

The respense to gammas per GeV will presumably us the z:girfi ,:°?:;""::?yd::IT“l:;h:d:f: 'V:?t"n1_
same as that medsured for electrons; for incident lati 9 : onte tarlo e
hadrons we expect an average of about 30-40% of the culation.

energy is lost to nuclear binding and heavily donizing

fr:gments. With these expectations in mind, we may

urite

B TOTAL CALORIMETER ENERGY (Gev) ;

8 PCSCYy + b PCHE); + & PCEC)3 = Eems

T T

. 180 I b i
where n, b, and ¢ are the factors for converting each tal
calorimeter’s pulse height, P, into energy units, and i 80 E
is tha event index. (In gensral one may treat scpa-
rately the several leyers within S, ete., a8 weil.)d 60 | N
The coefficients sre determined by a fit to all the
eyents in the multihadron sample. 40

The measured responss to multihauron events with 20 |- . i
narrad jet structurs and thrust axis pointed toward the
central calorimeter s given in Fig. 5a. For compari- o ' s !
son, Fig. 5h shows rasults of » cRlevlation using the
tonte Corlo programs €4S' and HETE? with aur geometry.

T T
]
ro} i
Both curves give AE/E = .16. He may compare this with 60 |- i
qur eariier beam tests of a model of the HC alone with !
pions of several energies at normal incidence. These 3
can be summarized as QE/E = .75A4JE, which gives .14 at a0l . !
]

EVENTS

29 Ge¥. The corresponding results for
379 & 8ihruat £ 143* which covers alt three calorime-

tera but avoids loszes near the poles, are shoun in 20
fig. 6. In this case, we get AE/E = .18: and again aur
resulis agree quite well with the calculintion.
1 |

ol o .
The directional resolution for hadrons is set by the 0O 10 20 30 a0 S0 60 f
spread of the hadronic cmscade in the calorimeters. TOTAL CALORIMETER ENERGY  [(GeV) {
One measure of thim is the mass of a hadron jet. The s . :
hadronic decays of tau leptons provide 2 sampie of
knoun, limited mass: ww { Mjet $ Mtau = 1.8 GeV. The Fig. 6. 5ame @8 Fig. 5 f 1" -
mama determined for such events by calorimetry is shoun .vzni,. o or all nan-polar

¢n the distribution of Fig. 7a- This resolutien fune-
tion is narrou compared Mith the distribution for mul-
tihadron avents ssan in rig. 7.

!
§
i
f
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Mpltthadropn Event Section

The large acteptance calorimeler sysi~m is wel)
suited to the efficient extraction of multihndron
events from single photon annihilation ¢f electrons and
pasitrons, even in the presence of copious multihadron
productien by tuo-pheten annihilation. The snlid his-
togram of Fig. & shous the rau distribution in total
visible energy of all eventis tr nyering the experiment
and having at reast five eharged prangs farming & ver
tex within the interaction voluze of the colliding
heams. for one-photon events the totil visible energy
q-vector is, except for measurement errar, very nearly
that of the initial state, i.e.. energy = 2 Enpame and
net mozentum = 0. The tua-photan cvents have tuo
{inal-state electrons carrying a substantial fraction
of energy generally outside the acceptance of the
detector (typically inside the vacuum pipe). The visi-
ble 4-vector therefore has energy less tham 2 fy... net
momentus aleng the beam direction, ond |imited momentum
perpendicular to the beam. LUe messure the net motion
of the visibie energy by the imbalance vector,

#=FcEinir L il
and the perpendicular energy by
E, = F Ejsind;,
where £ is the energy, B8; the polar angle, and n; the

unit direction vector for energy parcel i. Fig. %a and
b shou the distributions in 8 = |81 and £, respec-

indicatad cut in M (Fig. 9a) is ¢hozen to remove o sub-
stantial fraction ot background witheut reducing the
signal significantly. The eut in £, (Fig. 94) docs
teke out that fraction of the signal which is essen-
tially indistinguishable from background; it amcunts to
an acceptance loss, estimated ta be abaut S5 of ail
one-photon events, After applisation af seoveral selec~
tion criteria of which the foregoing are the most
important, the distribution in total visihle encroy s
decomposed into the signal and backgrousd parts indi-
eated by the dashed and dotted histograms in fig. 8.

An alternative analysis (meihod 2} has been por-
formed uhich accomplishes this decomposition of the
mubtihadron samplie by fitting signal and backpround
shapes to the total disiribution with ndjustable scale
factors. The parent shapes were exiraztpd by reguiring
mere than & prongs and small 8, to got ihe signal func-
tion and by taking events with large Ba to mode! the
background {see Fig. 10). The {ull disiribution was
eyt near the minimum betueen the tue peaks and the §it-
ted components used to estimate the toss of svanal and
the residual background.

The event vields which result irem these analyses
for n particular data colleetion period trepreseniing a
subset of the data »f Fig, 8) are:

H = 1839 x 45 [(Methed V)
H = 18071 & 48 (Method 2).

He expeet that uwith improveo stutisiienl precinion,
yietld meesurementa accurate umithin 2-3 percent shauld
be possible. The madel-dependent aceeptznce corrcctian
is very smal’  a precise measurement of & = Ghadron Iy
should e posuible, ussuming such factors as the lumi-
nosity, radistive correctians, ete. are piso well
understood.

EVENTS

tively, for the event samrple plotted in Fig. 3. The 390 T — T T
r i
230 T -
T T T T T T T 7 ] e I (n) 4
£ 234 - -
By
2 I
o 2 156
=
5 78
&
: a Il L 1 L 1 L
‘(‘, 0 5 10 45 20 25 30 35 40 45
Lo o : I Ey (Gev) -
il O 5 10 15 20 25 30 35 40 45 50 )
i e TOTAL CALORIMETER ENERGY (Gev) Fig. 9. (a) Imbalance and (b) E, distributions
! for all 25-prong eveats.
{ Fig. 8. TYotal everay fer all 25-prong events.

The dashed histogrem represents events passing
the selection crriteria for multihadron events;
events in the dotted histogram are the remain-
der,
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Hadrgnie Enerny Flou

A further objective of the study of multihadron
fina) atates is to map the distribution of encrgy ax a
function of production angle. For exarpie, in Fig. 11!
ue show the distribution in polar anple of the thrust
axis. The thrust T is defined by

To=max | 23 Eidcostil/lom }s

there i runs over all energy parcels, &y is the angle
betueen the thrusi nwis and parcel i, and the maximiza-
tion i8 vith respegt to the direction of the thrust
axis, The curve in Fig. 1! represeants ! + cosiD, the
distribution expected from the quark-parton madel.

Fror Fig. 11 it is clear that the regier of Jiminished
acceptance of the calorimeter system ie restricted to
loos8l > .9, and that, berring nnomelovs ropid change
uf ihe troe crozs section very near ihe poles, all but
six or seyen percent of the integral i included in the
observed distribution.

A measure of the "jettiness" of the events is the
distribution in thrust, T. shoun in Fig, 12 as inferred
both from the calorimeter and from the charged tracks

250 Y T T T T T

cos By Arheas

Fig. 1t. Acgular distribution of the thrust
axis fer multihedron events, determinad fram
calorimeter enerogy.

seen in the central drift chamber. The caluorimetric
neasurement sppesrs to give a somekhat narrousr pesk,
presumably because of the more comptefe sampling of the
energy, but one that is displaced teward smaller aver-
ege values, This may be caused by the lateral spread
af the hadronic cascades which tends to produce m mini-
mum observed jet width.

One Bphroach to the study of energy flouw in multiha-
dron events which addresses the question of tuo-jet
versus three=-jet structure has been employed by the
authars of ref, 3. A coordinate system is defined for
each event such that wien the angular distribution of
all the energy paccels is plotted for a sample of
events, the axes of tuo-jet events. and the praoductian
planes of {hrce-jet events, ets., are alignod. The
result is a set of three orthogonat projyected energy-
flou patterns as shoun in Fig. 13a for our data (see
ref. 3 for deiinitions o’ the major and minar axes: the
thrust axis is as defined above). One can see clearly
the dominant collinear tWo jet structure. In Fig. 13b
we show the "produztion plane™ view tor events selected
for maximal devintion from the tWo-jet eharacter, The
svents arpror to cenaist, on sverage, of three jets.
Hore quantitative study $s reguired to evaluate the
significahce of these features in the coentext of mod-
els.

250
200
150
[[s12]

50

T T T T T

EVENTS
o

168
126
B4
42

|3 S e s S e

a {
0.6 0.7 08 0.9 1.0

- THRUST Loaram
Fig. 12. Thrust distributien tor multifadren
events, determined from (8) calerireter energy
ond (b) chargad track momentsn,

Radius 22,0 GevV
Minor {0} Minor

Thrust Q Major

Radius = 1.0 GEV
Maojor

Mojor {e)
t

Theus

re
e

Fig. 13. (w) €nergy~flou plots for the mylti-
hadron events aligned according to the directed
thrust and major axes. (b The view normal to
the event plane for cvents having thrust £0.3
and obiatenesa 0.1 (see ref, 2).
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tugn fdentification

The calacimeter syslem serves :7so as an active 1il=
ter which in ¢omhination with the muen trocking pru-
vides excelient muan identification. Preliminacy data
have beeh presunted on callinear QL0 pp, UWY. and
11410 events. Analher example i eepy finai states in
uhich cnly thr muens are detected: we show in Tig. 14
the jnvariant mass distribution for the pairs within
certpin fiducial euts.

The inglusive muon distribution {rem multihadren
events as o funclion of the momentum perpendicular to
the thrust axis is plotted in Fig. 15. The curves show
contribultiors from deczys of knoun particles, and that
erpecicd frem a hypothetical t-guark =2f mass 10 GeV
hawing a 103 muonic branching ratia, The contributien
fram hatiranic puneh-throuah, uhich before cuts is com=
parable ta that feom a/K decay, was reduced by a factor
of & ta 1€ by excluding candidates accompanied by more
than 4 hits in *he oguter tayers of the hadron calorime-
ter,

109 [—'~‘v—r—ﬁ——[— T
’ /329Gy 1
# Doto (86 evenrs)
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s
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Fig. 14, Invariant mass distribution of p

pairs from es =+ eopnp.

0

[

z

)

>

w

rn P& (GeV) 2apn12
Fig, 15. Msmentum perpendicular te the thrust

axts far nuang in multihadron events. solid
curve: calculated contribution from w, K, ¢,
and b decay. Dashed curve: contribution of a
10-6e¥ t-quark with 10% muonic branching ratio.

0 AL

The MAC detector is operating near design periorm-
ance 2% measured n & variety of electron-pasitron
annibilation proceases at PEP, In particular, the
hodron talorimeter resolution ¢ energy and direction=
ality ngree uelY with calculations, The effectivenesa
of the large~acccptance calorimeter in detecting multi-
hadron eyents has been demonstrated and precision total
and differential cross section memsurements can be
anticipated,
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Summaty

The shouer counter system ef the TAS580-collabora~
tion consists of large lead/liquid Argon Calorimeters.
The calorimeters are subdivided inte 4 barrel= and
2 end cap counters. The highly granulated lead stacks
are composed into towers leoking onto the interaction
point of the experiment., Altogcther there are |6 000
electronic channels, which allow for a precise energy
and position measurement of high energy photons and
clectrons even in jets, A description of the design of
the calorimeters, operational experierce and perform=
ance of 2 years tunning time, together with results oa
the data taken in the TASSO experiment are presented.

Description of the calorimeters

In Fig. | cross scctional views of rhe TASSO de-
tector!) are shown, As can bo seen there are & barral
liquid Argon shower counters and two endcap counters,
while the so called hadron arms have shower counters
in lead-scintillator-sandwich technique with wave
length ghifters. Since the principal design of the cnd-
cap counters is similar to the barrel counters 1 will
concentrate here on the barrel counters only, The
barrel counters are cach 4 m long, 2 m wide and 0.5 m
high. All counters are vacuum insulated, with super-
insulation on the inner surface of the vacuum tank.
Two barrel counters on top or bottom are mechanically
coupled together in the middle, so that the vacuum
forces on the middle wall are compensated. By this,
the middle wall of the vacuum tanks can be kept rather
thin, thereby reducing the loss of sensitive area in
the center to a minimm. Each of the &4 medules have
12 feed through flanges on the back ecircular vacuum
wall, to allow for the 3000 electronic channels to be
connected to the preamplifiers sitting in crates close
to the flanges, The preamplifiers are double shielded,
the innetr shielding is connected to the imner liquid
Argon tank, while the cuter shielding is ir contact
with the vacuum tank, sitting on rails with insulated
rollers inside the large magnet yoke. These pre=
cautions have been taken to avoid ground loops and to
keep the noise level lew, The entranee face of the
vacurm tank is meade of thin stainless steel, 1.5 mm
only, equivalent to 0,085 rad. length. The inner tanks
for the liquid argon and lead atacks are made of alu=-
winum. Here, the entrance face is made from two 5 mm
Aluminum plates with 50 ram spacers inbetween, every
JODO mm repeated, The average thickness of this struc—
tural beam entrance is 0,14 rad. length. Altogether with
puperinsulation, liquid Argon and tank walls, a particle
entering the calorimeter sees approximately 0.25 r.l.
before entering the first ionizing gap, while the total
amount of material in front of the calorimeter, due to
beam pipe, proportional chamber, drift chamber and
magnetic coil is L.3 1,1,

The two base ptates of the inner tank serve as
mounting tebles for the lead stacks and carry each
gix feed through flanges made from stainless steel
wich glasg-gteel feed-throughs welded into the flanges.
The flanges are sealed with indium, while the large
mounting plates are sealed to the tank with Cefilac
seals {Spring loaded C-shaped stainless tubing covered
with soft Aluminum). This seal works fine, as long as
the hardness of the Aluminum surfaces of tank and
plates are gusranteed.

The corpection of the inner feed through flanges
to the outer feed throughs is done with multiwire flat
cable as commonly used in computer techpiques but
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instead of eopper stainless steel leads hawe been used.
This reduces the heat-conductivity by a factor of 50
compared to ropper; 50 only 50 em leng cables are
necessary. The cables are folded like an accordion
bellow, thereby acting as superinsularion.

In Fig. 2 a drowing of the lead stack is ahown.
The stack is divided into front- and beck towerz. Four
front towvers covar the face of one back tower. In-
betwean the front towers are mmersed z,7? strips,
orthogonally to each other and dE/dx strips. The strips
are made by etching copper plated fiber glass plates.
& particle entering the caloriceter first traverses a
front tower gap of 2 x 5 m liquid arpom, then rwo
dE/dx gaps, whith act also as z coordimates, then a
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¢ gap. After this approximately one rad. length of lead
front tower gaps is traversed. Then again z aud ¢
strips ace hit. Thereafter again one rad. length of
lead front touvers and again z and ¢ strips. This set up
has been chosen to have a high conversion efficiency
for photons and a good positioning of the photons in
the 20 wm wide strips. The small size of the fromt
towers (70 x 70 wm?) is valusble in scparating shower-
ing particles in a jet and for 719 messurements, The
divigion between front and back towers helps distin-
guishing hadrone from electrons. The electrical and
mechanical connection between the tower plates is dene
with bolts and insulators. These bolts are stacked up
together with the lead plates, Since all towers are
focused onto the interaction point, the stacking bolts
are in certain planes offser,

Each lead stack is 4 m long by } = wide., Two
stacks nmake up one module,

The electrical connections for the towera emerge
from connecting fiberglass~plates on the front and
back towers, while the z and ¢ strips have connectors
at the sides of the stack. Flat multiwire copper cables
teke the signals to the feedthrough flanges on the
base plate.

The lead plates are 2 mm thick. They contain 3 %
antimeny and have been hardened by heating foxr 5 hours
at 250°C. After that they were dumped into cold water
and obtained their strength within a few days due to a
recrystallization process. The surface of the plates
was cleaned from oxide layers by glassparl blasting,
This was a necessity, since otherwise small oxide
pieces would short-circuit the gaps under high voltage.
Each completed stack was tested in dry air with 5 kV
on the gaps. It was judged clean when the total leakage
current was smaller than 1 pA.

The cooling system

In Fig, 3 a drawing of the cryogenic system has
been sketched. Each module 1s ted by two
insulated lines to a recondensation vessel of about
100 1 volure. The recondensation of argon is donme with
liquid nitrogen running through a heat exchanger. The
amount of nitrogen is adjusted by the argen gas pres-
sure acting on a proportional valve. If a cool down
of a module is going to be started, argon gas is con-
densated by the nitrogen heat exchanger into the re-
condensation vessel. Since this vessel is seated /2 m
higher than the top point of the medul, liquid argen
starts flowing into the module through the sc called

spray line. The spraylng action is achieved inside the
module by Teflon tubes which have small hioles (0.7 mm}
in their walls. These tubes are mounted along the
lead stack on the sides as well as or top and

1 guid mMoQen
§ trom resarves
nirogen
(L) -
Cpartionsl Argani.
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mrﬂz proportional voive

Fig. 3: Cooling System.

bottom. The numbher of holes per unit length increases
from the entrance ro the end exponentially, to assure

a cool down with only small tewperature gradients (40°C).
What happens to the Liquid argen in the Teflon tubes

is that it evaporates due to heat taken in from the
surrounding, so that cold argon gas sprays out of the
fine holes, thereby cooling the lead and tapk. The
nucher of hales haa to ipcrease with tube length, be-—
cause with length mare gas is produced and it also warms
up more. Thie procedure goes from room temperature down

- 181 -



to =160°C. From here on also liquid argen drops out of
the holea, but this does not harm the temperature
gradient amoothness, since only 23°C are left to reach
liquid argon tampezmture. This cooling procedure laste
3 days with about 2,57C/hour cooldown speed, The
nitrogen heat exchanger needs about 3 kW cooling powsrr,
since 4°10°Wattacc have to be cooled away. When the
module has reached liquid argon temperature, it can be
filled with liquid argon from the reservolr, which
takca one nore day. The amount of 1iquid nityogen used
for cool down and filling is about 3 m' per module,
while only 200 1/day are needed per wodule to take
care of the heat losses of 250 Watts under normal
running conditions. This system works very reliably
since now about 2 years. $ince the liquid argon, once
in the module, is not in contact with the outside world,
it atays clean: the oxygen content is only 0.3 ppm; in
two years it has never been exchanged. To ger the
liquid arpon delivered with only 0,3 ppmD:, needed
some education of the pesple handling the argon at the
delivery company and ac DESY, This education was already
achieved during testruns with a smoll module and later
on with the large modules on test beams at the DESY
synchrokren.

Electronics and readout system

In Fig. 4 a block diagram of the electronics is
ghown. The signal pulse from the calorimeter is en
virtual ground, so no high voltage capacitors in the
liquid argon are used, There are alsa no transformers
for capacity matching, since our tests showed that we
could work without them, thereby avaiding shielding
problems in the stray magnetic field of the detector
and inductance matching problems due to different
cable Lengths. The preamplifier of atandard design is
however protected against high voltage breakdmwm by
diodes and a small spark gap, which short-circuits
pulses of 200 Volts or larger. This prozection works
so well that preamplifiers do not break. From the
preapplifier the pulse is send througi a shaping nee=
work and a cable driver over S50 m long double shielded

coax cubles into the readout electronics.A fast trigger
pulse (after | usec) is taken off before the second
shaper stage and main amplifier. Here 32 front towers
and 8 back towers are ganged together for a stand alone
trigger from the liquid argon caloriweter into the
general TASSO trigger logics, A trigger is produced

if in one liquid argon submodul 2 GeV arc depoaited

or 0.5 GeV in 2 rubmodules or 5 clusters of 250 MeV. A
trigger is alsc produced if one charged track and a
cluster of 250 MeV is found, or two charyed tracks in
the drife chamber. IF an cvent was found in the shower
calorimeter a clock i3 started and a 12 bic DAC produces
a voltage ramp in 4000 ateps, each | oV for 500 channels
in common. When the ramp Volipge and the sample and
hold voitage show the same size in the comparator a
lacch is produced and the addresscs of towers and the
clack value are atored in a data buffer, Pedestals ond
gain factors are then taken into the data by control
of a microprocessor and a constants wemory. The data
are than stored in an on-line computer. Pedestals and
gain factors are controlled every two weeks off line
with testpulsea. Only towers with morc than 20 MeV

true showsr energy nre stored, The noise level is only
10 McV, The amount of datn stored is rclatively small,
On average & good event has 40 datn vorda.

Repults

One of the most remarkable features of the liquid
Argon calorimeter 1s its stabilicy and reliability.
Beuides the high granularity and thercfore position ro-~
solution, good energy resolution was achloved. In Fig.5
the energy resoiution in a test beam up to £ GaV is
shown, while fig. 6 shows the enerpy tegolution at
18 G~V for Bhabha scattering. In Fig. 7 n°-production?’
ig shown , while Fig. 8 shows a 3 jet cvent with
several photons releasing energy in the liquid argem
catorimetera. Fig. 9 is a Bhabha cveut,

Table | eolleces some basic data of the barrel
Liquid argon calorimeters, Besldes the low noisc of
only 10 MeV equivalent shower energy, the small heat
loss of 250 Watrs per module only, may be worth mention-
ing.
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Table I Data collection of barrel liyuid Argon counter:

Active area
Covered solid angle
Granularity for energy measurement

Energy resolution with 1.6 rad. length
before counter due to ecoil and walls

noise
Shor er~position resolucion for y's

Number of +lectronjc ehannels
Number of towers
of that small towers
large towers
z,% and JE/dx strips

Total weight
of that lead
liquid Argon 10m?

Insulation vacuum

Cooling power per modula

Copl down speed

Temperature gradients during cool down
Heat losses per module

Consumprion if liquid Nitrogen for
6 countera + lipes and so on

Total manufacturirg costs per channel

3z o
42 X of 4
1,5 mater for the firat 6 X,

and & mster for 8 X,
1—5:?- for EY = 300 MeV
vE

JE’E--%!, |<!:Y<AC¢V
52 for B > 4 Gev

1) HeV shower energy

o = 5 mrad,

12 000
0oa
800
200
000

80 to
25 to
14 to

w0 L. 107 mar
I kW
2.5°C/h » 3 days
40%
250 Watts

[ - Y

1 m'/day
500 DH/channel
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HARP: HIGH PRESSURE ARGON READOUT FOR CALORIMEIERS
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Abstrace

Steel tubes of approximately 8 wma O,D., Eilled
with Argen gas to %200 bar, are considered as the
active alement for g charge collecting sampling calori-
weter readout system, The tubes are parmanently sealed
and cperaced in the ion chamber mode, with the charge
collection on a one=millimecer concentric anade. Ue
present the motivation for such a device, inecluding
Monte Carlo predictions of pecformsauce., The method of
construation and signal collection are discussed, with
initial results on leakage and ageing of the filling
gas., A protobtype electromagnetic calorimerer is de=~
scribed.

I. Introduction

Among the several readout techniques employed for
gampling calorimeters at colliding beams, liquid argon
gystens atand out for two important reagons:

1) They provide exeellent energy and space

regolution.
i1) They have demonstrated control of instrumental

effects (calibration and uniformity of re-
sponse) at the 1% level requited to achieve
the intrinsic precisien of calorimerric
meagurements at very high energies.

The drawback of these devices is the high fabrieation

costs of the cryogenic construction, and inevitable

dead spaces in detectors covering large solld angles.

We deseribe here a new Tead-out aystenm for calori-
meters, presently under dovelopment, in which che
active sonpling elements are sealed tubes of high pres-
gure argon gas opexating as individual ion chambera,
The motivation fer this approach i& to achieve a rela=-
tively inexpensive, well-segmented calorimeter struc-
ture of design gimilar to proportional wire devices,
with energy measurement capability and contrel of
systematics comparable to liquid argon systems.

11, The HARP Concept

Qur approach has evolved from recent studies of
a "high density" proporticnal wire calorimeter:ls? a
structure in which individual gampling channels pene-
trate bulk abserber, in contrast to the conventional
geowetty of multiwire planes sandwiched between sheets
of absorber. A test device of this type is shown in
Fig. 1. It was found that aceceptable energy resolu-
tion can be achieved with very aparse smmpling volumes,
and that the high net denaity of the device (which
limits the lateral showexr development), coupled with
a fine-grain array of sampling channels can be ex-
ploited to give ex.ellent space resolution, separation
of near-by showers and discrinination between electro-
wmagnetic and hadronic showers. In aclitiom, this type
of struccure lends itself to a number ~f interesting
opticne for construction methods. (We return to this
pelat in Sec, IV.)

Figure 2 shows thé calculated emergy resolution
of such a device for electromagnetic showers, as a

.Peruanenc addresat

Brookhaven Nationa) Laborstory, Uptom, NY 11573
Research supported by che U.5. Department of Energy
under Contract No. DE-ACO2-76C¥ 016,

function of the sampling ratio, R = sampling volume/
total volume, These repults ara obtained for argon
sampling s4s at 1 atnnaphere.z The repolution width
is dominated by Landau fluctuations, which in principle
can be reduced by increasing the gas pressure. In
Fig. 3 we show the sama calculation, comparing the

net resolution for a tange of pas preamures and for
liquid argon. The perfarmance figures of liquid ergon
are appreached at pressures which are poc difficult to
achieve in practica. fllence the concepr of HARF (High
Pressure Argon Pipes): we replace the proportional
wire sampling chennels in such a structure with sealed
tubes of argon gas pressurized to ~200 atmospheres.
For sampling channels of 25 oo cross section in an
iron structure with R = .25 (a practical packing frac~
tion for such tubes) the calculated energy resolution
for 1 GeV eslectrons is 157 at 250 atnospherss, as
compared with 137 for liquid argon, The signal charge
at this pressure {v10% electrons per GeVswof ghower
enargy) 1s sufficient Co allow operation in the ion
chapber mode, with no avalanche gaia: {.e., in nearly
exact analogy with 1iquid argen veadout.

III. Charge Collecticn in lon Tubkes

The tube conatruction which we have adepted ie
illustrated in Fig. 4. It conaists of a standard
stesl pipc with & mm outside diameter and 5.6 mm
inside diameter. The gaa tightness is achieved by
two plastic stoppera which are crimped at the two ends
of the pipe In such a way thar the gag pressure holps
ensure the gas rightneas. The stopper at one end of
the pipe serves as an insulating feed-through for the
central electrode.

These tubes are permanently sealed wit! the aim
of being operational for 3 10 years. 1In tests carried
out witn the collaboration of the CERN HS Dept. the
breaking pressure was found to be 850 atm., which
allows a safe working pressure up to 250 atwm. The
leakage reze, meapured at 200 atm., corresponds to a
maximum drop in pressure of 3% (i,e., 6 atm,) over a
partod of five years.

The thick central electrade (5 1 mn diameter) is
held in the center of the pipe by thin plastic spacers;
1t carries both the cperating voltage (3-4 kV) and the
gignal, the external wall of the pipe being grounded.
The electrical capatitance of a 1 meter long tube is
about 50 pF.

The time development of signal charge in cylin-
drieal ion rnbes Is closely enalogous to that of the
familiar parallel plare geometry used in liquid nrgon
calorimeters, This 1is illustrated in Fig., §, for a
gas mixture of 90% argon, 10% CH;, (For the illus-
trated geometry, with an applied voltage of 4 kV and
250 atm. pregpure, the reduced electric field ranges
from E/P = .25 Vfco/mm Hg at the ancde to .U5 V/om/
oo g at the cathode. In this range the small ad-
tixture of methane increases the electron drift
velocity by a factor of 5 over purge argon.)

The readout electronics requires little develop-
ment ag the needs are gimilar to those of several
other charge collection devices now in operation (e.g.,
liquid argon calorimeterz, low-gain wire chambers,
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silicon atrlp detecrors). The electronics chafn
illvstrated in Fig. & has been implemented tor inirial
tests, using exipting components, and yielda a measured
equivalent noise chatge of 350 electrons RMS.

A seriep of tests haye been initiated wich tubes
conBtructed with a~emitting radiocactive sour¢ea sealed
inside. Thase arec being kept continuously at operat-
ing voltage and the pulse-height spectrum monitered
tu lovestipate the stabllity of responae and possible
ageing effects due, e.8., to degradation of the gas
mixtures., Results to date for the two carliest tubes
are Bhown in Fig. 7. It will Le gesn zhat there is a
“conditioning” period In each case lasting for a few
days, after which the respnnse remains very much
constant . -

1V. Possible Application and Plans for
a Prototype Detecctor

Wich each tube being an independent, self-
centained deteccor, which operates &t rom temperature
and should perform well in a magnetic field, one has a
great deal of flexibility Eor configuring them in aome
matrix of absorber. We meprion two classes of
applications:

a) Pole Tip Calurimectets (see digcugsion in
Ref, 1): Here we envigage the pipes to be
ingerted inte channels drilled into the steel,
as fllustrated schematically in Fig. 8a.
Drilling of such holes in iron (B8 mo dismeter,
1 o length) can be done without great diffi-
culty, and at reysonable cost, by specialized
companies, We have evaluated test drilllings
in magnet iron and found them to bo satis~
factory, with davistions from strajghtness
& 001 @ aver 1 p lengths.

b) Large Angle gEH or Hadronir) Calorimeters:

Here a great variety of geometrics can be
realized with either magnetic or non-
magnetic materials. Fig. 7b visualizes a
close-packed arrny of hexagonal tubes, as an
example, Arrays of tubes may also be im-
bedded in molded castings. An Interesting
posslbilicy de ca considar these tubes in a
patrix of heavy metal oxides cast in
plastic.d This approach offers the posgi-
bility of uranium calotimeters using
poudered axides (which are plentifyl and
easlly cast in plastic) rather than metallic
uranium, which is difficult and axpensive to
machine.

We are presently constructiug a protatype
electromagaetic shower detector for teat beam atudies.
This davice will jncorporare 150 tubep inserted in
8 diameter holes drilled in an iron block. The
tub2p will be 20 em long, with readout electronics
as lllustrated in Fig. 6.
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Figure 1. The test calorimeter of Refs. 1, 2. The

module 1is assembled from steel plates.

Machined

slots in alternate plates form the sampling chaacels,
which are 2 m™m x 5um and 2 wu x 2 wm in crogs section,
In this 2evice, which was operated with propertional
wires, the sampling gas occupies only 10X of the

toral voluae.
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Figure 2a. Sampling geometry used for the Honte
Carlo results shoun below, Tha absorber marerial is
iron; che sampling medium is argon gas at atmospheric
pressure; the beam is parallel to the 2 directlen and
randomly distributed in ¥. For this cenfiguratien
the ratic of sampling velume to total volume is given

by
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Figure 2b. Energy resolution for incident electroms,
as a function sampling ratfo, for 5 x § mm® sampling
channels. The lowest curve corresponds to fluctua=-
tions in the number of sampled shower electrons, the
next lncorparates path length fluctuations; and the
top curve glves the net resolution (Ref. 2).
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Figure 3. The met energy resolution, calculated as
in Fig. 2, for various pressures of the sampling gas,
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Figure 4. Construction details of the lon tube.

l'ﬁ"""‘l 0

od

0 -1+] 100 150ns
— T —

lman dia. Anade

Figure 5. Time development of rthe signal charge for
a track erossing an ion tube in che illustrated
geometry, producing ionizarion charge Q,. The gas
mixture is 90 argen/10X mechane, with the central
anode at +% kV. The time (T) for full signal collec-
tion 1s 100 nsec,
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Summary

A gas sampling electycmagnetic calorimeter running
i a "Saturataed Avalanche Mode” was tested at SLAC with
positrons incident at enexgy up to 17.3 GeV, With this
new method, good energy resolution, 16 percmthE,
and good linearity were cbtained with arrays of thirty-
four 0.5 radiation length thick lead plates inter—
leaved with 34 wire counters., There was no measurable
systematic effect, Amplifiers are not needed; the
signals'a:e large enough to be cannected directly ta
the AC's.

Introduction

Gas sapling calorimeters operating in a pzopnr—
tmnalrrrﬂeha&ebeentestaﬂandmedhyse
groves » with one reported exception®,
amgyxmoluumhasbmm,xdmmferlortoﬂat
achieved with calorineters that use plastic scintilla-
tor camters. Inproved rxesolution has been demon- n
strated in a calorimeter cperated in the Gejt.zm:ﬁ 13
and may be expected also with the limited s ’
mode. Those Gevices are intrinsically different frem
propatrtional comter enevgy sapling calorimeters.
The former, in effect, use the number of tracks in the
shower, while the latter use the magnitude of total
oollected charge as measures of the energy deposited
in the gas. In this paper, we report results of tests
of gas smphngcalonnebemnmmﬁeiﬂ\erofmese
modes, but in an intermediate, partially saturated
mde. Their resolyution is oczlparable to that of plas-
tic scintillator calorimetera.

These tests were made ag part of the program to
develop calorimeter modules for the Collider Detector
Facili anappa:atusmdei_ﬂ.ctpmdmofm
intezacuomatﬂmezmevmm.dmg machine now
under construction at Fermilab. 'mepm_-.entdeszgn
calls for gus supling el and
calorimetry in the forward and backward angular
Respectably small granularity m.llbeadu.eved with
tower structures of cathode readout pads.

1Present address: Institute of HEP, Ac. Sinica,
Beljing, P. R. China.

*Operated by Universities Research Association under
Contract with the Onited States Department of Eneryy.

regicns.

Experimental Arrangements

The detector studied was a MAC pmtotypes which
was tested previously in proportional mode at SLAC,
Thus, only limlted detalls of construction will be
given herae.

The MAC protolype was camposed of 34 lead plates
of 2.B mm thickness and 34 planes of 50 um diameter
anode wires enclosed in 9.5 rm x 9.5 mm cells which are’
separated by 1.5 im thick alumimm riba, a 17.8 radia-
tion length shower detector. Fig. 1 shows the arrange-
ment and the cell structure, The anode wires of each

WAC CALQRIMETER

Fig. 1. The experirental configuration of the Mal
electramagnetic calorimeter,
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plana were connectad to a common strip, and seven such
planes were further grouped together, resulting in five
groupa to b2 read out. Most of the resulta that will
be presented in this papor were cbtained from the
total sum of these five groups, Results on the longi-
tixdinal development in the shower will be reported
later,

The comnter gas was a mixture of 49.3 percent
Argon, 49.3 percent ethane, and 1.4 percent ethyl
alcohol. Negative high voltage was applied to the
cathode tubes. Distributed high voltage capacitors
totatling 0.25 yf wore the charge storage elements.
As indicated in the figure, there was no need for
amplifiern between the wires and the ADC's, Dideed,
it was necessary to attenuate the large signals oo~
tained between 2 dh and 30 & depending an the high
voltage and gas presswre. Forty meters of RG58 coaxlul
cables carried the signals to the LeCroy 2249W ADC'S,
The ADC pedestals were determined with a linear extra-
polation of the measured variation of pulse height
with incident enerqgy.

A IST-II computer system with a SLAC program
"ATROPOS" was used for data taking and on-line display
monitering.

Beam Parameters

The detactors were tested in the 15° beam of the
Stanford Linear Accelerator which provided positrons
of 17.5 GeV maximum encrgy, SLAC ran in the SLED mode
during the entire tests with a bunch length of about
20 nsec, WM 8 nsec, and 10 bunches per second. About
95 percent of the beam at the detector was within the
2 x 2 rm area of the beam defining counter. The
intensity was, cn the average, between 1/10 and 10
positrons per bunch. The momentum spread of the beam,
b6p/p was less than 10.25 percent rms,

Eperdmental Pesults

For 10 GeV ingcident positrons, the total pulse
height distribution is shown in Fig., 2 together with
aGaussian fit to the data. Only that pertion of the
distribution within t20 of the mean were used in the
fitting procedu:e The shape of the Jistribution,
typinal of ali, is well represented by the Gaussian
function.

200 4
175
w 1507 }
E
¥ as A
-
B 1004
§ 75
50
25
0
500 600 700

ADG COUNT

Fig. 2. A typlcal pulse height distribution and
Gaussian fitted points for obtalning g and mean values
using 20 fit.

with fiwsd gas pressure, the resolution o/E varies
with high woltage as shown in Fig., 3. As the voltage
increases fram 2100 V¥, the resolution alowly decreanes
to a shallow minimum at + 2250 v and then slowly in~
creases.

7 ”‘i

:~ T I Sl +” © Gav
2 | LR T
Syl

2
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2100 2200 230D 2400 2500
MICH VOLTAGE [¥)

Fig. 3. o/E versus high wltage for 10 Gev positrons
at 0 paiqg.

Fig. 4 presents the calorimeter output as a func-
tion of incident positren energy showing no departure
fram linearity at energies up to 17.5 GeV, For this
un, the comters were xrim at 2300 V.

1200

1000

800

600

ADC COUNTS

O mig

Hy=2300
400

200

T T T T

[ 10 15 20
POSITRON ENERGY (GaV)

Fig. 4. The total pulse heigh t response of the calori-
meter as function of tue et energy for 0 puig. The
linearity ic excellent.

Higher energy response of the detector was sifmr-
lated by using multiple positrens in a single rf bucket.
This is a fair simlation since the positive ions do
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as many as 11 simdtaneous positrons the energy reso- IS

lution of the detectar is asufficiently good to resolve Y
them with clear minima between the peaks of the pulse ;
height distributions for the corresponding rimber of / ;
positrons. In fact, thie is a Polsson distribution for ’

n = 4.5. That the pulse height for the multivle posi- v
trons deviate in a smooth way from linear behavior for raud
more than 2 positren (35 GeV) shower is seen in Fig. 6. A
2n expanded view of the pulse beight distxibution tor '
10 GeV positrans is shown 'n Fig. 7. It dramatically .
shows the symmetric, Gaussian-like shapes with clean
valleys between the multiple-hit peaks. The energy
repolution as a finction of equivalent energy deposits
of miltiple 17.5 GeV positrons is shown in Fig, 8 after
correction for the non-Linear response.

1.8 Gav
Qpvig
HV2300 v

40C counTs
.

The energy resclution as a function of enerqy for
single incident pgi}s:ms ic showun in Fig, 9. o/E :
shows the usual B dependence with a constant factor ‘
of 16.2 peroent as indicated in Fig. 10. The shape of sl
the dependence of resolution on energy indicates no |

1
gystematic term since it extrapoiates to the origin. :
This is, perhaps, because there is no active device 1

(anplifier, pulse shaper, etc.) between the detector

and the ADC, and small variations among individual wire WUMIER OF PONTRONS

gain average out over the detector. [ I I

s 33 s2f 10 Wrs (03 s

The detector was rotated to make angles to tha ENERIY DERONT (Bavh

beam axis of as much as 23 with 17.5 GeV positrons

incident, the results of Fig. 1l were obtained. It is  Fig. 6. The pulse heights as a function of simultaneous

seen that the pulse height increases by a smal) amount  17.5 GeV multiple positrons fux 0 psig.

(nmd.rgun 2,3 percent}, and the O/E decreases slightly

with increasing angle. This inprovement may be due to

a better containment of energy in the effective thick-

ness of the angled calorimeter.

Saturated Avalanche Mode

We have investigated the ionization regicnl? ‘
between the proporticnal region and the self quenching )

styeamer region in detail using a 9.5 mm x 9.5 mm fube A U N -
having a 50 yn wire, a replica of one cell of the

prototype MAC detector, in order to wnderstand the

improved energy resolution of the apparatus relative

to calorimeters mumning in the proportional mode.

Fig. 7. Pulse height distributiona for 10 GeV multiple
trons.
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Fig. 5. The response of the detector to simultaneous ) 18 52.8 k] 87.8 1o
mltiple positrons of 17.5 GaV. ENERGY DERDSTT Luw}

Fig. 8. o/VE versws sizautancous maitiple 17.5 GeV
positrons after oorrection for non-linear response.
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Fig. 11. Total pulse height and ¢/E versus incident

bean angle for 17.5 GeV positrons.

A small fraction of the wire pulse was amplified
and used to form the ADC trigger, as shown in Fig. 12.
A LeCroy 2285 ADC system was used for measuring the
charge. The gaip of the ADC was 20 counts per pico-
coulamb. M%Ex-raysumwas used to measure the
wire gain as a function of high wltage. As seen in
Figs. 13a and b, the rescluticn is insufficient to
separate the 5.9 keV x-ray line and 2.9 keV argon es-
cape line when the gas gain, at 2300 V, is in the re-
gion of limited proporticnality. The gain here was
A8 x 10%. The 2,9 keV line is hidden in the left
side of the asymmetric pulse height distribution.
Fig. 14 shows the gain as a furction of the high vol-
tage. The rate of growth of the avalanche is seen to
decrease continuously as the high voltage increases
above 2200 V until the streamer thresheld is reached.
Then the gain increases very little to the point of
full streamer operation around 2650 V.

The distribution of pulse heightr recc.ded by
passage of minimum ionization tracks was also inwves-
tigated in this veltage regian using a SrP0 gesource.
A telescope made from a pair of small thin scintilla-
tion counters provided a gate pulse for the ADC's.

The discriminator thresholds were set to acceot mainly
the minimm fonizing f's, Flg. 15 shows the pulse
height distribucion cbtained at 2300 V. This histo-
gram shows that the distribution is almost symmet:ic
with a small tajl. The distribution made by the 8's
is not like a typical Landan distribution cbtained in
a gas gap of 9.5 mm thickness at atmospheric pressuce.
The tail is greatly suppressed. An view of
the histogram of Fig. 15a is shown in Fig, 15b. It
has a ratio of ¢ to mean of 34 percent. Landau fluc-
tuations clearly have been reduced, an indication that
the greater the concentration of primary icnization,
the more saturation {less gain) occurs as has beea ob—
served earlier!3,

Fram the data of Fig. 13, we find a ratic of mean
pulse heights produced by the two photons of n 1.4,
rather than the ~ 2.0 ratio of energies. Similar con-
clusions about the departure from strict linear, pro-
porticnal response follows Lrom camwparison of the sig~
nals frem the g and x-ray sources. Those ohservations
and the suppression of the Landau tail indicate partial
satwratiar of the avalanche charge at the collecting
wire. Thus, the resolution is improved camared to
that obtained when the counters operate in the propor-
tional mode, We find a rescluticn somewhat smaller
than, but not really inconsistent with that predicted
by Fischerl®, which is based on a calculatien of the
response without the effect of Landau fluctuationa.
Deterioration in resolution at voltages much higher
than 2400 V may be caused by fluctuations in gain
where streamer and saturated avalanche modes overlap
(see Fig. 14). Depending on the amount of ionizatio
deposited locally on the wire, the gain may be low
(saturated avalanche) or more than an order of magii-
tude higher (streamer).
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Abstract

We present the results of a preliminary
test on an e.m. calorimeter test medule using
Plastle Streamer Tubes with external pad read-
out. We have mcasured energy response and re-
solution between 2 and 10 GeV, and N/e discri-
mination at 10 GeV.

1. Introduction

Plastic Streamer Tube devices (PLA.S.Tu-
bea in the following) arc based on the use of
resistive cathode! and are opcrated in the 1i-
mited streamer mode2. PLA.S.Tubes have a high
resistivity cathode (f.i. graphite coated
plastics} which is tiransparent to transients
and uxternal electrodes (strips, pads, delav
lines) are used to pick-up induced pulses.This
device has heen or is beiag used in several
experiments(see £.1, ref.3'4'5)05 the sensiti-
ve divace of tracking calorimeters with simple
digizal (yrs/no) readoul of individual projec-
tive elements. The digital readout allows to
record the detailed spatial pattern and is
convenient in these experiments, such as proton

FIG. 1. Plastic¢ Streamer
Tube module.

dccay4 and neutring dctcctorss. where tracking
is of relevance. Good shower energy mecasure-
ment is limited to relatively low cnerginsﬁ.
due to track pilewup on the same rcadout ele-
ment, the limit depending on the granularity
and density of the calorimeter.

Here we present the results of a prelimi-
nary test performed with a PLA.S.Tube cnlori.-
meter with streamer charge readout by picke-up
pads, which shows its possible use as e.m.
shower calorimeter in the energy rarge of
interest for hich encrgy colliders. The idea
ol measuring shower energy by measuring the
total charge collected in a Saturated mode
device: has been already used in the Limited
Geleer eum. calorimeter of PEP-4 '. Total
charde measures the total number of elementary
discharges, which is cquivalent to count tracks
and so to meosure cnergy. The response is linear
ard resolution varies us 1/Jf. up to encrgies
{severnl Gev) for which track pile-up ocours
in the elementary Geiger cell. Limited streamer
mode sllows to operate in an analogous way.
Now the clementary cell arcae is given by the
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tube width times the streamer obscuration
length, 1.e. the length of the dead wire region
due to a single streamer. With respect to the
Limited Gelger device,the mechanics of streamer
tubes looks simpler, since they do not need &
mechanical device to localize the discharge,
and smaller elementary <ells appear feasible,
by acting on the gas mixture. The use of PLA.S.
Tubes makes possible simple construction of
both oriented tower and strip structures.

We have built the test modyle using tu-
be mcdules eof the Mont Blanc proton decay ex=—
periment. We will briefly describe theip techno=-
logy in par.2, before*discussing the e.m. ca-
lorimeter test module and the 2xperimental re«
sults.

2. Plastic Streamer Tubes

The Mont Blanc proton decay cxperiment
{Frascati, Milanoa, Torino, CERN) mnkes use of
about 50.000 PLA,.S.Tubes ecquipped with about
100.000 x and y strips, for a total pick-up
area of 3400 mZ, Details of the device structu=-
re are shown in fig.l und 2. The constructive
unit8 is an B-cell open prafile, coated with
graphite &5 x 10%1/square). The 100 M1 Be-Cu
wires are Kept in central position by PVC
spaters every half a meter. A top cover, also
coated with graphite (%10%M/square), completes
the tube structure. The tube element is
0.3 x0D.9 %350 em3. Two 8-tube units are inaert-
ed inta a PVC bitube container.

Detection planes are made by simple
juxtaposition of PLA.S.Tube modules and two=
dimensional readout is performed by 16=-strip
units®? facing the tube elements as shown in
fig.2,

Modularity, thick sense wires, uncriti-
city of the streamer mode, splitting of pick-
up and active element functien, use of thermo-
plastics and their technology. make this detec~
tor cheap and simple to build and operate.

3. Test Module Description

The test module (34 x50 em® x 50 cmdepth)
consists of 16 lead sheets 5 mm thick (0.0r.1.)
interleaved with the FLA.S5.Tub2 modules deacri-
bed before. The total depth is 14.5 r.l. and
the average distributed r.l. ia 3.3 cm. The
single element af the sandwich is shown in
fig.3. The 100 um thick wires are not
read out being simply connected to the H.V.
(fig.4).

Plastic Tubes

wsmm Lead

Jem

/5’ iz

FIG, 2, Plastic Streamer Tube module with x
and y pick-up strips.
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FIG. 3. Geometry of cne sampling layer
of the test module.
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FIG. 5. Single tube layer
efficiency as a function of
1.V. for orthogonal Lracks,

FIG. 6. A typical single streamer
pulse as detected on the wire (500
load).

. Streamer induccd pulsacs nre picked-up
by external ppds which ure 34 x 506 cm® printed
circuit bheoards, with copper on hoth Faces na
sfignal and ground electrodes. On the tube side
opposite to the readout pod, there isa ground-
ced aluminium shect. The 16 pads are connected
through linear mixers and attenuators, te ohe
or more ADC cirecuits (fig.4), to rewd out in-
duccd streamer charve.

The tubes are operated in the s “reamer
mode wilth on Argon + Isobutane {1+3) mixturc,
The worklng voltage (4.6 KV) ls about 100 Vv
above the knee of the efficiency plateau fapr
streamer production by minimum fonizing parti-
cles (fig,5)s A typieal sindle streamer pulse
us detected on wires {50 Ohm terminntion) is
shown In fig.6! the shape 18 tpiangular, with
~1 mA peak current and 40 ns durntion, Typl-
enl single and double sctreamepr pulses as de-
tected on & pad are shown in ig.?: the pulses
are integrated by the large pad capacitance
{~ 4000 pF), which discharges throuah the 50
Ohm termination with a 200 ns tlme constant,.

The indueed charge distribution on the
pad lacing one tube layer for tracks at nor-
mal inciderice, iw ahown in Clg.8. The discri-
bution is substantially duce to single strenm-
ers, It peaks at 14 pC, wlth a S0% FWHN,

4. Experimentnl Results

The test module was exposed to electron
and pion beams at CEAN-PS, at foup different
chneprgicst 2,4,7,10 GeV. In fig,9 the totnld
charge distribution collected on the pads is
shown for 10 GeV clectrons: the narpow pouk
near the origin is due to residual pions In
the clectron beam tridder.

FIG. 7. Signals on a pad due to
single and double streamers
(5061 load).
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The total ceollected charge ot the elec-
tron peak corresponds to-650 streamers: o 28
db attenuation was neccasary to match the ADC
operatian range. Making usc of transition
curves for celectron showeralq from the total
number of streamcrs we have estimated an ave-
rage numebr of ~100 atreamers on the plane nt
the depth of the shower maximum.

Tetal charge readout as a function of
electron shower energy is plotted in fig.10.
The solid line comes from the experimental
poeints, corrected for shower lasses on the
back of the caleorimeter. The linear behaviour
below 2 GeV has been somewhat arbitrarily as-
sumed. However it appears a reasonable assump-
tion from'the 1AJE behaviour of energy -esolu-
tion. This is reported also in fig.10. The ex=-
perimental points have been corrected for show-
er loss fluctuations (the maximum correction
was at 10 GeV, from 10% to 9%). The zolid line
carresponds to 261/ﬂ@i Due to tight beam sche~
dule we have not explored operationh conditions
(gas and H.V.) different from those quoted abo-
ve, wilich are the standard onea for the digi-
tal readout of the Mont Blanc detector. How-
ever in cne electron run at 10 GeV we have
operated the tubes at 4.5 KV, measuring a
spread corresponding to 26%AfE. The measured
energy resolution is equivalent to that obtain-
ed with the Limited Geiger calorimetczr quoted
above, when scaled with yt.
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FIG. 11. Scatter plet of the

charge collected on the first
threc pads vs. total charge,

for 10 GeV plons.

By comparison of non linearity at 10
GeV, betwcen our calorimeter and the Limited
Gelger one, and corrccting for different den-
sities ( Xy =3.3 and 5 cm respectively), we
have estimated a streamer obscuration length
of 1.5 mm. We have assumed a negligible ef-
fect on linearity due to the high resiptivi-
ty catheode,

The test module was exposed to a 10 GeV
pion beam, to measure /e discrimination. In
both the electron and plon tests in addition
ta the total charge, the charge collected on
the {irst three pnds was measured. The scut-
ter plot in fig.11l shows the front-radiator
vs. total charge distpribution for a sample of
300 pions. Only one event gives an amplitude
in the %0% acceptance regien {shown dashed in
the figure} for 10 GeoVv electrons.

5. Future Development

The results obtained concerning the e-
nergy response do not appear as a limit. They
can be improved by reducing the tube width
(PLA.S.Tubes down to 4 x4 mmZ have been ope-
ratedll, and the streamer obscuration length
(by inecreasing the guenching fraction in the
gas mixture, to reduce streamer charge).

Due to reduced track density in hadron
showers with respect to e.m. showers, from
the results with the e.m. calorimeter one can
inferl? g comparatively larger linear range
for PLA.S.Tube hadron calorimeters.

The PLA.S.Tube device allows simple ar-
rangement of orlented towers and strip geome-—
tries for optimal spatial information (shower
vertices and profilesfl—trackir.g through ironid),

The use of a aatuvated mode simplifies
controls and stability problems.

within the work to prepare proposals
for LEP, tests will be performed with both
e.m, and hadron calorimeter PLA.S.Tube test
modules, with fine sampling, tower and strip
arrangdement.
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INTELLIGENT TOMERS FOR ELECTROMAGNETTC SHOHERS‘

C, Bloeker, G. W. Brandenburg, R. Cavey, T. Edberg,
M. Levi, J. Olver, N. Patz, E. Sadowski, T, Schaad, R. Schwitters
Hezrvard University
Righ Energy Physics Laborarory
Cambridge, MA (2138

Gap tube calotimetry {s an attractive aiterna-
tive ta the methods entailing light collection. 1t
in possible to desipgn calorimeters with o flexible
geomotry and fine granularity for s lower cost than
those having complicated light guides and many photo-
tubes. Although the cnetyy rosolution is not as good
for tho gud tube couarers, £t le perfectly adequate
for applications In the multi~-GeV range,

¥e have desizned and tested o geas-tube calorim-
etey that Incorporaces the medularity and vower
structure of a 1ead glass block array. We combine
the signals from the individual tubas using A resist-
ive weigheing technique to obtain the transverse
moments of the energy distribution wirhin a tower or
block. ‘These moments provide excellent position and
angle information about the shower as well as nO/y
aeparation. Thie design could prove valuable in
applications where a large area electromafnetic
calorimeter is needod downstream of a high energy
intezxaction polnt. One application we have considered
15 to cover the small angle reglon In a high energy
eplliding beam cxperiment,

The basic element in sur detecror is a 54" x 5%"
x 12" {16 r.1,} shower rower contalnilng twenty alter-
nating layers of lead and proportional tubes. This
glze tower is somewhat larger than the transverse

imensions of an électromagnecic shawer and contains
862 of the loppitudinal emergy at 20 GeV. Each layer
consists af a row of fowrceen proportional tubeh with
a ! cem by 3 om cross ssction. The tubas are formed
frem an aluminum excrusion with the cells open on

one sida. The other wall ig a 3/18" thick (0.8 r.1l.)
plece of lead, which 1s specially grooved to fit over
the excrusion. BPofore the lead I3 pressed on the
extrusion, tungsten wires (2 mil.) are strung in each
of the tubee and soldered to molded electrode strips
at the enda. The resulting 54" by 54" proportional
tube planeg can be individually checked out before
they are assembled into a tower, When the planes are
stacked together, the tube directions ave alternated
to provide position information in boeth trangverse

prolectiocns.

g ap e ==y

.

e

Fig. 1. Single propottionsi tube plane with
Pb Tadiator for ope wall.

*Vuﬂt supported by US Department of Energy imder
Contract #DE-ACG2-76BRO306G.

The signals from the 2B0 tubes are brought to
the top of the tower using €10 circuit boards in 2

wanner similar to the uge of BN sheers on the sides

of Pb-scintlllater towers. Strips on the clrculk
boards gang the tubes togecther lengitudinally (along
the shoyer diveetion), The longitudinal ganging 18
done Eor rhree scparatc reglons in both transverse
projcctions ko improve the discrimination againstr
charged hadrons. Thesc regions are 6 layers, & layers,

and B layers deep, scarcing from the upstream end of

the tower. For each of these Teglons thore are four-
teen sipgnals available corresponding te the fourteen
ryapsveree tube positions. The resulting 6 x 14 = B4
aignols are Cyrther reduced to I8 or fewer per block by
a reeistive weighting tachnique described below. The
tower body is run at negative high voltage so that the
wires and the exposed strips will bo at ground petential

Pig., 2, Assembled shower tower., Electronice
ares attrached on the top.

The electronics for readout gnd digitization of
the siguale are attached to tha front {upstream) end of
sach tover. Tnis was done so that the blocks couvld be
eantilevered from o thick aveel mouncing plate,
posgibly the front layer of a hadron calorimeter.
addieion to the preamplifier, sample snd bold, aud
mulriplexed ADC clrcultry, each block has resistive
weighting networks for each or the six reglons. Rare
each of the fourteen sigrals 15 split by three parallel
resistors R, B’B' and R., All fourteen R, algrals are
hussed tuge‘éher ints a Fresmp ag are the and R
signals, The result 1s that rhree signals, SA. Sg and
sc, instead of L4 are sampled for egch reglom,

In
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Fig. 3.
io repeated for each cf the six tower reglons.

An "intelligent” ehoice of the M4 x 3 reaistors
R, , R, tust be made po that the three remaining
ségna s contain a maximum amount of information about
the transverse shower distribution. An lmportant con-
straint is that 1/R, + L/Ry + 1/R; = 1/R, = Constant
so that each tube sees the same iriput impedance, The
resistive weighting function Ei - ROIR gives the
fraction of the total charge in the 1tﬁ preamp channel.
We have chosen the following quadratic resimstive
weighting functions:

- a(x—n)z +b

R,
)
£, -2
AR,
®
fn--R-%- altxte)l + b
R,
EC-R—C--I-fA—fB x

where =7 <x <7 1s the transverse coordinate in tubes
and a ¥ ,008, b ¥ 0, ¢ ¥ 4.5. The effective input
impedance, RO‘ was 500 2, The cholce of quadratic
functions allows cne to extract the zeroth, first, and

pecond moments of the tranaverse energy diatributien
in each region; the particular cholce of constants

optimizes the resolution of these moemenis. The moments
are given by

E= SA + 5 + 5

e T

LacE
) 2)

_Z_-S +SA-¢2_|,/E

X 2ap

UZ - xz . o=2

where E is the total enmergy leposited in a reglon, X
is the centroid of the energy distribution, and o is
the half width of the distribution. *

The latter quantity %e particularly useful for
distinguishing single garmmas from %°'s, If 18 the
total energy deposited in a tower, then for téo gemma
casesg:

ikl
2 2 °x ¥ 2 ,
i Tl B il Y 3

where L is the distance to the interaction point.
However, this relationship is complicared by che
intrinsie width of a single gamma, 1In,the middle
reglon of this detector of + a2 v & em® for a

single photon, This implies tzn: nOfy separation

1s possible fer EnfL ¥ 3 GeV/m. It should be noted
that the moments can be cvontinued across tover bound-
arles for showers or pairs of showers which are not
contained in a single . tower.

We have conutructed an arvay of Eour+such showar
towers and have tested them in the SLAC e test beam,
Our primary objectives were to test che resistive
weighting readvut scheme and to investigate the
effects of the tower boundaries on the calorimeter
Tesponse. We also checked the lfinearity of the energy
response and the energy resolutien of the device,
but did not attempt to optitize these. The detector
was run in the proportional mode at 1600 volcs with a
93-7 Ar-Co2 gas mixture. Beams of 2, 4, 10 and 16 GeV
ot vere useéd, and the beam Bpot size was less than 2mmx
2mn. By running the beam at >l particle per pulse we

were also able to simulate higher enargies by observing
the multiparticle peaks, This was possible because of
the narrow time atructure and spatial width of the berm.

4.0 i n L A L " 1 Il
o 3.5 n
[
-
& 3.0 -
&
oo
R L
b
2 2.0 L
B
B o1.5- L
g
9 1.0 n
o
B
.
5 5= -

-0 e }

0 H ] 12 18

Beam Energy in GeV

Fig. 4. Energy sweep with beam centered
in block f2.

Figure 4 shows the total energy response of one
towexr (#2) where beams of 2, 4, 10 and 16 GeV were
incident at O° directly on the center of the tower. The
absence of transverse leakage can be seen from Figure &,
where the energy deposited in the remaining thrce towers
dppears aa a heavy line juet above the X axis.
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Fig. 5. Total block {2 pulee height spectrus
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The total energy specttun from a single high
intensity tun at 16 GeV 1y shown in Figure S.
positions from this run are plotted in Figure 6.

lent energy of 50 GeV,

Measured Erergy (Arbitrary Units)
o
)
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0 MBI el ey
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Effective Beam Energy in GeV

Fig. 6. Peak positioms and widths from Figure

5.

The peak
The
calerimeter begins to show saturation around am eguiva-
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Fig. 7. Energy resclukbion from Pigures 4 and
6 plotted va. 1//E.

analog (softuare) sum of all 18 tower signals.

Circles (crosses) are from

We next present the data from two position sweeps

pade with a 10 GeV beam,

In both cases the beam was

awept in half inch or smaller steps in the y direction

from the center of block #2 to the eenter of block
In one case the beam was at 0 with respect te the
towar axis, and at 20% in the other.
span the expected range for the applications being
conaidered.

#3.

These two angles

The epergy resolution, AE/E, of the calorimeter is

plotted against 1//E
sweep data of Figure 4 and the multiparticle peak data

of Figure 5.

in Figure 7 for both the evergy

Both data sets are reascasbly well
described by the relationship AEJE “ f_{;_l

+12. e

total energy signal for each tower was an analog sum
of the 18 resisrively weighted signals.

250 ~ l L
- S
. I fi
§ 1™ it f -
F]
& tH i
- i + *} | -
50— [l t 1 + § -
' [}
o ! 'x_.o" ",!_; kN
: 0 Kl o : o
Bean: Horizontal Position in Inches
Pig, B. Position (first moment) measurement
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distribution for three runs with beam position
increment 1 inch.




D e

The beam position distributions are shown in
Figure 8 fat three 0° gsta points which were separated
Eron each other in blork 3 by 1 inch. _The histo-
srammed quantity is the tirst soment, y, obtained in
the second long:tudinal regien, which lncludes shower
waximum. The standard deviarion of the peaks is 0,1
Lnch, which 1s slightly larger than the expected bean
vidth, Because we did not have an indeperndent beam
noniroer we cannot unfold cur position resolntion. The
position resciution in the fromt rezlon of the tower is
about the same as the middle, while it is about twice as
bad in the third reglon at the tall of the shower,
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Fig. 9. Firse moment vs. beam posicion for all

:2::5 tower reglons with 10 GeV beam incident

-
-

The averages of the firat moments are plotted in
Flgure 9 versus the beam position in y. The moments
from all three longitudinal regionsare superposed in
the figure. Near the bhoundary of blocks 2 and 3 at y =
5.75" the moments are aversges of the signals from bath
bloeks, An excellent shower position measurcment 1s
abtafned in all three depth Teglons at all posicions.
-he data for y in the second region is plotted by {e-
‘elF in Figure L0, The points are seen to be in
-xcellent agreement with the 45° line.
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1g. 10. First moment vs. position for region

2Y alone with 45° line superposed.

The pasilion measuccmenca fvon the 20° sweep are
ghown in Pigure 11, Here the ¥ date is eapecially
impresnive, where the points from the three regions
form offset parsllel 1lines. The offzets axe sonsistent
with tancent 20° times the longltudinsl separation of
tha regions. To calculate the offs ts exactly it would
be necessaty to know the longitudinal centrold of the
energy distribution for each region. The pointa for
raglon 3y fall off at one cnd becauce the angled beam
vas no lonper srriking region 3.
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Bean: tHorizontal Position in Inches
Fég. 11, Sawe a5 Fig. 9 with beaw incident at
20°,

We now turn to the resules on the mecond momcnts
vr transverse 3ositionul variances. Figure 12 i &
hietogram of O in rhe second longitudinal region with
the beam centered in block #3 at 0 incident angle.
The distribution of o2 in region 1 1g vary similar,
while in reglon 3 it !s much broader und is centered
above zero. From previnus shover dntno we wouid zxpect
the shower to have 52 ¥ .4 inches square for the centrad
reglon of the tower,”whereas in Figure 14 our result
lis elightly belew zero. Fowever, if the coustant b in
the resistive weighting functions of Equation (1) 1ia
Blightly adinsred, the scale of 0% will be shifted by a
conatant. We have slready adijusted the resiscive
weighting conatants a and ¢ to ensure linearity of the
firgt moments and vacriances with position; we did not
phoose to adjust b because wa have no independent
weasurement of the shower widths in our test data.

In gencial the resistive weighting conetants needed
to decode the signale differ from the "ideal" ones
given by the resistor values, but seem to be con-
sistent from region to region and block to block.
Hence they only need to be calibrated once using a
single tower.
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Fig. 12. Positien variance distributicn in
reglon 2Y with 10 GeV, 0% bean in center of
tower.

The positional dependence of the variances from
all regions with the beam at namal incidence is shown
in Figure 13, The values of o0° for longitudinal re-
glons I and 2 are constant within errgrs, while region
3 af block #3 has a larger value of o“ than block #2.
The jump in the value of ¢ for reglon 3 'is probably
the result of poorer gas gain in block #3. In general
one would only make uge of the variance meacurements
in the fromnt two regions where the shower has a
dependable profile. In these regions the uncertainty
is typically $0.2 sq. in.
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Fig. 13. Positfon variance (gecond moment) va.
position with 10 GeV beam at 0°.

As seen in Equation (3), the invariant mass for
two incident gammas {o dependent on oy + of. A histo
gram of o + ui n region 2 of block 3 is shown in
Figure 14 for the beam incident at 0°. Assuming the
same resolution for a n° and a distance L to the inter-
action point of 10 meters, we have sketched the ex-
pected peak for a 30 GeV 71° in the same figure. For
energles below 30 GevV v ‘¢ the 7° pesk moves to
higher values of og + 951 there should be ne problem
separating single gamnaa and 19's.
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Fig. 14. Sum of sum of X and Y position
varionces in region 2 with 10 GeV, 0° heam.
Darkened line shows expected signal for 30 GeV
n® decaying to two gamnas (assuming single
ganma resplution).

Finally we present the encrgy response of cur
detectar as a function of posicion. For the 0 dacu,
the totr: enetgy broken down by individual blocks 18
gshown in Figure L5. The energy in block 43 was re-
norsalized by a factor of 1.16 co balance ite gain
with that of block #2. There 13 a large dip in che
repponse of rhe calorimeter at the boundary between
two blockd. In fact at an angle of 0° it is possible
to pass the narrow beam directly down the gap. The
energy response drops practically to zero at the gap,
but there is backsplash as the beam moves into the
neighboring block.
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Fig. 15. Total energy reasponse of each tower
vs. position as 10 GeV¥, 0" beam {s swept from
block #2 to #3.
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In Figure 16 the total energies of the x direc=
tion and ¥ direction tubes are plotted separately,
The dip at the boundary is much parrower in the case
where the tubes are parallel to the Loundary,
namely the y-direction. Inefficiency due to field
inhomogeneities at the wire ends cause this. For
uniform {1lumination of the calorimeter at normal
incidence the tubes perpendicular to boundatics have
an uncorrected 20T ineffielency, while the parallel
tubes are 11X inefficlent., However, using the
accurate porition information from the resistive
welghting we can correct the energy response near
the boundaries so that the losses sre at most a
few percent., The lnsses arc considerably swaller
when the ansle of ipcidence ir finste.
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Fig, 16. Total energy tespanse ¥s., position
for tube perpendicular (1) and parallel (2) to
the boundary with 10 GeV, O° bean.

Flgure 17 shows the same quancities as Figure L6
but for the 20° incidenc angle sweep. For this case
the effect at the boundary is much smaller, In
Figure 17, the raw inefficiencies for uniform 111ymi-
nation are now 142 for rhe boundary perpendicular
tubes and 7% for the parallel ones. Here using the
accurate pasition and angle information it is pos-
sible to completely correct for the boundary losaes.

In ¢onclusion the shower towers with resistive
weighting provide excellent posicion angle infotrma-
tion on electromagnetic mhowera coupled with a widch
measurement which allows one to discriminate
betwveen n°'s and gammas. The energy response is
uniform except at the tower boundaries, but here 1t
can be corrected using the position information.
Finally becavse pf rheir modularity they can be
used in many possible configurations.
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Fig. 17, Same as 16 for 2¢° beam,
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LONG DRIFT TECHNIQUES FOR CALORIMETERS

L.E. PRICE
Argonne National Laboratory
Rroopne, IL 60439

There are several advantages that can be expected
from the use of long drift chambers as the sensitive
element in gas~-sampling calorimeters in place of close-
ly-spaced proportional cells. These advantages fn
clude a sharply reduced number of wires to read out,

4 detailed image of each shower, and the possibility
of processing the detailed signals to improve the
entrgy resclution, We report here on the development of
the thin-gap chambers,up te 50 cm long, that are needed
for calorimetry, on the results of tests of a working
drift-collection calorimeter, and on the design of a
calorimeter for use in a solenridal detector at the
SLAC Linac Collider. Operation in a magnetic field is
discussed.

Introduction

Long drift chambers have gained a prominent
position among detectors for High Emergy Physics (viz.
181§, TPC, JADE) because of the large quantity of
infurmatfon they produce about an individual event.
Typically a complete "image" of the event is formed
with the spatial coordinates. Equally important
advantages can be expected from the application of
the long drifting technique to calarimeters, i.e.,
the use of long {but now thin) drift chaabers as the
sensitive element between raciator plates in a gas-
sampling calorimeter?,

1. A time history of each signal element--wire
or cathode pad-<can be read out to provide a complete
image of the cascade.

2. Processing of the letailed map of Jonization
--gither later in a computer or Tmmediately in hard-
ware--can be used to improve the energy reselution
and regzin some of the degradation of resolution that
is normally associated with gas as a sampling medium.

3. Readout in time buckets produces a high de-
gree of segmentation while keeping the number of
fragile wives and the number of readout channels modest.

4. Along with the number of -eadout channels,
the cost is modest,

On the negative side, the long readout time will pre-
clude the use of drifting calorimeters in very high
rate environments.

Development ¢f Long Drift Chambers

The new problems that must be overcome for the
use of long drift chambers In calorimeters can be dis-
cussed in connection with Figure 1, which shows a
sketch of the 50 cm drift chambers we are developing
for a nuclear decay search?. The drift electric field
is produced by a pattern of conducting strips on an
insylating substrate which are connected to an external
resistor chain. At the end of the drift region, the
ionfzatlon electrons are amplified by an anode wire
surrounded on three sides by cathode, which can be
segmented and readout as pads to give the coordinate
along the wire. The chambers must normally be kept
thin s0 the density of the calorimeter remains high,
Thus the drifting electrons are always near the walls
?nd in danger of drifting into the walls and being

ost.

Two cffects in particular produce the loss of
electrons on the walls. The effects and our solutions
to them, are as follows:

1. With a discrete drift electrade, conductors
outside of the drift chamber can affect the field in-
side, In particular, with the applied potentials
as shown in Figure 1, the grounded radiator plates
outside the chamber distort the field in such a way
that most drifting electrons which start from the maxi-
mum drift distance drift to the walls instead of to
the anode wire. Calculated eouipotential Vines are
shown in Figs. 2a (nc grounded plates) and 2b (with
grounded plates}. We have overcome this distortionof
the drift field by covering the drift electrode--both
conducting strips and dielectric--with resistive ink
of surface resistivity approximately 101° ohm/square .
The resistive ink continues the resistive divider chain
to every point inside the chamber,so that the potential
is determined at every point on the boundary and hence
the field inside the chamber 15 completely determined.
;qe r35u1ting calculated equipotentials are shown in

g. 2c,

2. Even when the electric field inside the
chamber does not direct the drift electrons Into the
walls, some electrons will be lost by transverse dif-
fusion into the walls*, Thic loss is an inescapable
consequence of drifting in extreme aspect ratio geome-
tries. The system we have developed minimizes this
effect, however by a) using a gas with a low electron
temperature® such as 90Ar, 10Co.; and b) applying a
focussing drift electric fleld, i.e. one with a com-
ponent at the walls that will drift electrons toward
the center of the chamber. A constant angle of the
field at the walls is provided by an exponentially dis-
tributed potential®,

¢ = ¢o *+ a exp{~bz) cos{by),

where the origin of coordinztes is at the anode wire,

EXTERNAL VOLTAGE DI‘JIDEH7.

Cross-section of prototype chamber with 50
om drift length. The drift field is shaped by the
conducting strips (printed circuit 11ne5§ connected
to an external resistor chain as shown and also by

a continuous film of resistive ink (not shown) that
interpolates the potential between condicting strips.
Top and bottom conductars are connected to the same
resistor chain. Note that the vertica) and horizon-
tal scales are different,

Fig, 1.
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potentials are labeled in kilovalts.

the z axis is parallel to the drift direction, and they
axis is perpendicular to the anode wire. Since diffu-
sion is related to random thermal processes, the fo-
cussing field does not completely eliminate losses of
v elactrons, but can substantially reduce them. Equi-
‘ potentials produced by an exponential resistor chain
' in a chamber with resistive ink on the walis, areshown
in Fig. 2d.

The drifting parfarmance of a chamber built along
the lines described above is shown fn Fig. 3. The gas
used was 90Ar, 10Co, with a total applied drift poten-
tial of 10kV. With a linear resistor chain, the at-
tenuation after 50 e¢m drift is 30%--exactly what is
predicted from diffusion alone. Only 124 attenua-
| tion js found with the exponential--or focussing--
resistor chain, where the focussing parameter b was
0.03/cm. Again. this is consistent with what is
expected from diffusion.

o Electromagnetic Calorimeters

An electromagnetic calorimeter has been built
and tested using long drift gaps. Although the
aspect ratio for the drift gaps is similar to the
chambers discussed above, the dimensions are smaller:
drift gaps as small 2.4 mm were used for drift
distances up to 76 nm, As shown in Fig. 4, the cal-
orimeter was buiTt in a single gas volume, with the
electrons drifting to a PHC plane at one end of the
radiator plates. Drifting performance with non-show-
ering particle is shown in Fig. 5: the attenuatian
is 12% in a 2.4 mm qap after 76 mm dvift, with an
applied field of 350 v/cm in 90Ar, 10CH, gas. With
showering particles, the energy resolution of the
calorimeter has been measured. As shown in Fig. 6,with
1Xp sampling, the resolution corrected for variations

Relative Signal

0.4 05 08 0.7

Fig. 3.

)7 -

1.0

Q.9

08

Equipotential plots in the 50 ¢m chamber for a) linear resistor chain with discretc electrodes; b) same
with nearby grounded plates; c) linear resistor chatin with continuous electrode (resistive ink), showing
no effect from grounded plate; and d) exponential resistor chain with continupus electrode.
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Signal on sense wire as a function of driftdis-
tance for linear and exponential resistor chains.
Weasured signals have been corrected for atten-
uation from oxygen contamination and normalized
to those outTined with 4 em drift distance. Al
measurements are forVy = 10 kV.
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in the wire gain is 0.23//E. Fig. 7 shows the response
of the calorimeter as a function of energy which isseen
to be quite linear.

We have shown that the performance of the calori-
meter 1s not degraded by the use of long drift gaps as
sampling elements. Can the resalution be improved by
processing the drifting signals? 1n Fig, 8, we show
the results from the EGS Monte Carlo program of pro-
cessing the signal in the following way:

o
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Fig, 3. Attenuation of drifting signals from non-show-

ering signals 1n calerimeter with 2.4 mm drift
gap width. See text for operating conditfons.
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Energy resolution for positrens in drift col-
lection calorimeter at three energies with 1K,
sampling. After correcting for variations in
the wire gain, the resolution is 0.23/vVE.

Fig. 6.

a) The signal is digitized in 1 mm bins alongthe
drift directfon.

b) Three Tongftudinal samples are used, with
thicknesses 4X,, 6Kq, and 10Xq.

c¢) Outside 2 central core whose width in the
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Fig. 7. Response of electromagnetic calorimeter as

function of positron energy. Wo saturation is
seen.
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drift direction varies from + 2 rm at 0.6 GeV to * 6mm
at 5 Ge¥, any 1 mm bin whose signal is at least three
times the single-electron average has that signal re-
placed by the single-electron average.

As seen in Fig. B, the coefficient ap/vEL 15 improved
from 0.28 to an average of 0,20 in the erergy range
from 0.5 to 5 GeV. The slow growth of the coefficient
with increasing energy is related to the increasing
width of the core region excluded from the processing.

Lalorimeters for the SLC

A system of hadronic and electromagnetic calori-
meters has been designed for use in a solenoidal magne-~
tic detecter atthe proposed SLAC Linac Collider (SLC)®.
The very low repetition rate of the SLC allows maximum
use of drifting and of hardware processing before read-
out to a computer. The proposed calorimeter is shown
in Fig. 9. It is arranged in a projective -geome-
try, with the electromagnetic calorimeter inside the
coil and the hadronic c3lorimeter outside the ceil.
Readout is only from cathode pads in the readout gaps
(which are conical). The longitudinal and azimuthal

- segmentation of the readout is determined by the shapes

of the chathode pads. A list of parameters of the SLC
calorimeter is given in Table I. The whole calorimeter
including electromagnetic and hadronic sections in the
barrel and endcap regions is road gut with less than
25,000 electronic channels and gives segmentation of
1.5 mrad x 25 mrad.

Effect of Magnetic Fields

The calorimeter shown herehas an electromagnetic
part inside a solenoid magnet coil and tharefore in
the full mangetic field of the detector. The hadrenic

portion of the calorimeter is partly outside the coil,
where it is subjected to smaller, but less predicably
oriented magnetic fields, Cor drift-collectien ealori-
meters coexist with rcal nagnetic fields?

Two directions of drift are used: axial drift be-
tween cylindrical plates in the barrel region; and re-
dial drift between plates perpendicular te the magnet
axis in the endcap region, The solenoidal field in
which the drifting takes place is primarily axial, with
o smaller radial component, In addition, there will be
small azimuthal components arising from lack of c¢ylin-
dri~al symmetry °: the coil and flux return iron, The
motion of drifting electrons is governed by the lorentz
force F = e(E+v x B), wherc v is the instontaneous
velocity, Although the actual motion of the clectrons
is discontinuous, punctuated by frequent collisions
with gas molecules, an adequate approximation is ob-
tained by assuming a constant velocity <v> ip the dl-
rection

(E + <v> x B), (M

With this approximation, we can now discuss drift-
ing in the barrel and endcap portions of the calori-
meter. In the barrel, the large axial component of the
magnetic field is not troublesome, «< the electrons
drift along it. Further, radial fields produce an azi-
muthal component of drift, which is sti1l acceptable in
a cylindrical drift gan. It can be largely eliminated
by pitching the drift electric field so that (E + <v»>
X B? is Still axial. If the compensation is nat exact,
the result will be an azimuthal distortion of position
at the readout wires which can be corrected for. Thus
only the azimuthal component of magnetic field--which
produces radial components of drift velocity and hence
tends to lose drifting electrons on the plates--are
damaging, and they can be kept small by proper design
of the magnet,

In the endcap portion of the calorimeter, the ra-
dial component of B is along the direction of drift,
while the main axial component produces an azimutha,
component of drift velocity, which as above i toler-
able and largely correctable by the direction of the
electric field. Here again, it is the azimuthal magne-
tic field which produced drift into the plates, now
with an axial motion.

We can use the approximate direction of equation
(1) to calculate a 1imit on the azimuthal magnetic field.
The parameters shown are such that half of the drifting
charge will be lost if the angle of drift toward the
plates is 0,005 radians. We equate this angle to <v>
By /E, where B¢ is the azimuthal component of B. If we
take tzpica] values of <v> =1 x 10" m/sec and E =
2 % 10" v/m (e.g. in 30 Ar, 10 €02) we find B = 0.01
Tesla = 100 gauss. In an axial field of, say, 5 kg
this should be attainable. This analysis of drift di-
ractions agrees within about 25% with measured Jrift
ang.¢s in magneetic fields. The disagreement with
measur-qents, and indeed with a fuller analysis--are
such tnat our caleulations from (1) overestimate the
effect of azimuthal fields.

The situation 1§ improved by the yse of focussing
electric fields. In this case, the electric field at
the plates always has a component toward the center of
the drift gap, which tends to lessen the effect of azi-
muthal magnetic fields and of diffusion in the gas. In
this case, the toierable B4 can realistically be 300
gauss.

Electrodeless Drift Planes

A Manchester group has developed drift chambers
that have no drift electrodes, but charge internal
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Attenuation of drifting signals in electrode-
less chamber with same dimensions as chamber
in Fig. 1. See text for operating conditions.

dielectric surfaces to produce a drift field parallel
to the walls’. Potentials are applied so that the out~
side surface of the chamber, which 15 conducting, is
at the most negative potential. Positive ions, from
avalanches at the wire, deposit themselves on the die-
lectric surfaces until field Yines from the anode wire
no longer intersect the wall but go all the way to the
far end of the chamber, where there s a cathode inside
the chamber. If such chambers are practical, the con-
strugtion of a drift-collection calorimeter will be
considerably simplified.

He have built an electrodeless drift chamber with
the geometry of Fig. 1:we retained the local cathode on
three sides of the anode wire as shown jn Fig. 1 $o that
the wire gain could be controlled independently of the
drift field. The chamber was operated similarly to the
lucleon Decay 50 om chambers sc that a good comparisan
could be made. The gas used was again 90Ar, 10 CO2
with a drift field of 140 v/cm and the voltage between
the anode and the local cathode was set to 1.7 kV.
Drifting performance of this electrodeless chamber,
after 24 hours charging with cosmic rays, is shown in
Fig. 10. It is seen to be very similar to the attenua-
tion obtained with electrodes and resistive ink using
the linear resistor chain (Fig. 3). Further charging,
however, over a period of 10 days, produced a deterior-
ation of the drift performance. Our nitial interpre-
tation of this effect 1s that the charging of the di-
electric surfaces continued beyond the optimum point by
diffusion of the positive 1fons into the walls. IF this
is true, it may be oifficult to achieve Tong-term stable
behayior of these chambers. We are continuing to in-
vestigate these problems.
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On the positive side, we note that the automatic
charging of these chambers to the optimum field may
make possible chambers that curve around a beam pipe
or target . It may even be possible to meke chambers
that automatically compensate for magnetic fields that
would bend drifting elecirons into the walls. With
maunetic fields, however, the charging will have to be
done by electrons because the positive {ons move with
much lower velocities and therefore have Tess effect
from the magnetic field.

Summary

We have shewn rhat drift-collection calorimeters
can deliver high quality calorimetry at low cost. The
long drifting in thin gaps that is needed is shown to
be practical using resistive ink and focussing drift
fields. ETectrodeless chambers offer the possibitity
of simplified construction and perhaps compensation
for curved geometries and magnetic fields. A particu-
Tar calorimeter design for use at SLC 1s presented.

Table 1. Suggested Parameters for SLC Calorimeter

ELECTROMAGNETIC HADRONIC
Plate thickness 0.2 X, 0.2 A
Dri ft gap 3 mm 6 mm !
brift distance 30 cm 40-70 cm
Total thickness 15 Xo 5 M
Polar segmentation (drift) 1.5 mrad 1.5 mrad
Azimuthal segmentation 25 mrad 25 mrad
Longitudinal segmentat.on 3 segments 3 segments
Channels Barrel: 7509 7500
. Endeap: 4250 4250
Energy resolution x I 0.12 Fe: 0.60
_ o U: 0.35
Drift Electric Field 200 V/cm
Drift chamber zas 90% Ar, 10% CO
Drift velocity: 1 cmfusec
%; = radiatien lengths
4 = nuclear interaction lengths
References

1. L.E. Price, Physica Scripta 23, 685 (1981)

L.E, Price and I. Ambats, [EEE Trans. Nuc. Sci.
Ns-28 506 (1981)

H.G. Fischer and 0. ¥1laland, IEEE Trans. Nuc.
Sci. Ns-27, 381 (1980)
2. J. Bartelt, et al., “Soudan 2, A 1000 Ton Tracking
Calorimeter for Nucleon Decay," Univ, Minnesota Preéprint
C00-1764-410 {1981)

3.  Manufactured by Microcircuits Co,, New Buffalo,
Michigan 69117

4. L.E. Price, et al., TEEE Trans. Nuc. Sci. N5-29,
(1982)

5. P.W. Warren and J.H. Parker, Jr., Phys. Rev. 128,
2661 (1962)

6. SLC Workshop Report, SLAC (7982}

7. J. Allison, et al., U. Manchester Preprint MC81/33
(1981)

8. Ch.Becker, et al., Siegen Univ, Report 5I-82-1,
(1982)

- 211 -



PROGRESS IN HIGH DENSITY PROJECTION CHAMBERS

E. Albrecht, G. Cerutti, H.G, Fi:cher, M. Flammier, P.G. Innocenti, J.C. Legrand,
E. Lillethun , G. Mourgue and Q. Ullaland

CERN, Geneva, Switzerland

The High density Projection Chamber (HPClis a
sampling calorimeter where shower conversion and
detection is separated, 1t offers a simple and
homogeneous large volume detector with an energy
resolution of (10-11)1/7/€, an inherent resolution
transverse te the shower axis of 100 um and an
exceptionally fine granularity along the shower. The
use of this detector in a colliding beam experiment
will be discussed.

Introduction

The expected well collimated jet topclogy of the
event structure at the new colliding beaw facilities
will put new demands on the capabilities of the
detectors to separate electrons from hadrons and single
ganmas from ®* decays. The HEC! aims at giving a
uniform and fine grained coverage of the total solid
angle maintaining a good energy resolution. In contrast
to more classical devices the HPC adde fine granularity
along the shower and not only transverse to the shower
axis, a feature which is required for am excellent
discrimination between electromagnetic and hadronic
ahowers. The Tead-out of space points will in addition
simplify the pALtern recognition.

In this paper we are discussing the features of the
HPC as an electromagnetic shower detector in a
colliding beem experiment (fig, 1). The converter is a
laminated stack of grid structured lead plates. Each
plate ip electrically insulsted from its neighbour by
an epoxy cnating. This also serves as a plate-to-plate
bonding vf the stack. The gride will in this way be
auperimposed and make up long sampling slots perpendi-
cular to the incident particle trajectories (fig. 1(b}).

Fig. 1 -
of the aampling structure.

{*) On leave of absence from University of Bergen, Norway.

(») Long drift High density Projection Chsmber modules enclose a beam intersection region.
{c) Layout of the pick up chamber.

The elerrrons are then drifred along the sampling
slot/drift channel onto the active detector plane under
the influence of an electric Field built up by a simple
voltage gradient between the plates.

The detector is a single plane proportional chamber
with cathode pad read-out (fig, i{c}). The gac
unplification field and the drife field are decoupled
via a cathode wire grid, The grid ia made of LOO m
dianeter copper wires which are spaced by 1 mm
(fig. 2). The charge transparency of such a grid has
been investigated. For Echamber/Egrifr > 6 there is
full charge transmission, in agreement with previocusly
published dataZ.

The cenverter atructure with its pick up chamber is
placed inside the solenoidal field of the analyzing
pagnet. This solution mirimizes the material in front
of the calorimeter. Since the magnetic ficld is
parallel to the electric field it has no adverse effect
on the charge Ltransport.

Read-out syatem

The main components of the read-out system are
shown in fig. 3. The two projected coordinates are
given by the rathode pad size (fig. !(c)). With only
one read-out plane for a drift length of more than a
meter Lhe system facilitates ga optimization of the
granularity along and transverss to the shower axis.
The coordinate along the drift channel is given by the
drift time of the charges. 'This is done with o duplex
charge integrator system. Thr {nduced charges on cach
cathode pad are integrated in gmall time backets. One
incegrator can then be read oue and reset via a fast

Converter
Drift
shructure.

(b) Detail
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analog te digital converter, during the Lime the gther
integrator on the same line accumulates the incoming
charges, We are planning to work with time buckets
100-200 ns long. This correaponds to a few mm drift
length depending on the gas mixture and the drift
voltage.

The inherent apace resolution of this detectur 1s
about 100 mm in the tranaverse plane if we use the
centre of gravity method. Longitudinal to the shower
axis the space resolution is one sampling gap wide. It
should be pointed out that the resolytion along the
drift divection is only dependent on the length of the
time bucket and the drift velocity and does not
increase the number of electronics chaunels.

p——t
tem

Fig. 2 - Equipotential lines at the junction between
the converter s.ack and the pick-up chamber.
The points represent the 100 ym diameter
grid wires.

RESET

SELECT l STROBE

MEMORY

Pig. 3 - Schematic diagram of the HPC electronice.

Charge transport

We have previously published data on charge
tranaport in a confined geometry . Only diffuaion
inflicted charge losses play a role when the ratio
betwean the gzs gap and the step aize of the electric
field ia optimized. Artenuation lengths of 15 m have
been observed in a drift channel made up of 10 wmm gas
and 1 mm plate thickness. The gas mixture was BOX
Ar/20% CO,-

We have limited ngr choice of gas mixtures to the
onea uged by the ISIS? and the TPC* grovps. The
diffusion coefficients in 80X Ar/20% CO; and 80%
Ar/20X CH, gas mixtures st NTP have been investigated.
The characceriatic energy spectrum from a Fe'® gamma
gource is a valusble toel to determine the Lransverse
diffuzisi behaviour of a single electron. The observed
gamma apectrum has two energy lines, the escape line ac
~ 3 keV and the Auger line at ~ § keV. The charge
loases due to the diffusion of the electrons into the
walls of the drift channel result iam 2 characteristic
filling up of the valley between the two lines. A
Monte~Carlo program has been set up to simulate the
physical procasses from the gsmma canversion ko the gaa
amplification on the anode wire. It can thereby be
shoun that the ratio between the height of the Auger
peak and the valley between the two energy lines is a
meagure of the tranaverse diffusion for a single
electron (fig. 4).

\

The measurements for 20% CO, &nd 20 CH, admixture
in argon is shown in fige 5 and 6 together with other
data for transverse snd longitudinal diffusion.

CO, i8 known to be an excellent electron cooling
ga8315 Lhere the influence of the argon plays no
major role in the diffusion process. Our meagurements
are hege in excellnnt agreement with the data® from
pure CO, ataled to its partial pressure. Aleoc the
direct measurement” of the lepgitudinal diffusion in
90X Ar/20% €O, coincidea with our data points.

T T T T T T T T T

Pa¥¥apachum
R “Auger
f N '.»
o g :\- -
v | S 3
v e Sy
02 | J
[N § 4

Volley to pook rotio

0.5 10
Tronsverse diffusion {mm}

Fig. 4 - Simulation calculation of the transverse
diffusion as a function of the ratio of the
counting tate at the Auger line and the valley
between the Auger and the escape line.
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The transverse diffusion coefficient Eor 20% CH.
exhibits & much stronger dependence on the electric
field than in the case of the CO;- We Find here a
winimum at about $0 ¥/em where as it is about 450 Wem
at NTP in the gas mixture with CO;. We do not however
observe the strong deteriorations of the transverse
diEfusion by going from 20% CDp to 20% CH, admixture in
argon as reported by the TPFC group™.

We have also investigated the electron drift
efficiency upder the influence of a magnetic field. 1
can be shown’ that the deflection angle, 8, due to a
magnetic field, B, perpendiculayr to the electric field
can be written as

tge = wt = a ¥ B,

The best Eit to our data gives & = 0.27 Tesla™'.
This cortesponds to an averall charge displacement of
1 mm for 40 Gaussmeter perpendicular to the drift
direction.

Electron capturc by pesikive ionsll is not expected
to give any prablems since the electronica rhain
enables us to work at a gas amplificatien of only 4 few
thousond. The converter structure should also be
effectively shielded againat background events. Oxygen
contamination will however deteriorate the attenuation
length in & gas mixture with CO,Ll, Melhane is less
critical. For this gas, no influence on the drift
properties have been observed for 0, concentrations
smaller than 80 ppM.

The calorimeter

We have demonstrated that the charge transport
causes no problem in the converter structure. The
projected charge includes all the necessary information
for the detecctar to aperate as & fine groined
quantameter.

Two calorimeter modules with a geometry similar Lo
the one shown in fig. 1 have been built. The first omne
has 8 copper cenverter with 18 samples 2/3 X, apart.
1t was used for optimization of the drift properties
and of the charge colleccion efficiency’s It has
also been run in an Tlentrun beam to atudy ite
resolution. The EGSL} program was used to simulate
the detector. The measured and expected energy
resolution coincide (fig. 7).

The second module is a lead converter stack. The
converter plates are lead frames with 1.5 mm wide lead
bars spaced 10 mm apart. A 50 um epoxy insulator
bonding layer is deposited on the grids with a silk
screen printing technique. The stress exerted
perpendicular to the lead bars is taken up by spokes
yunning from the front of the module to the back of it
(fig. 1). Thege thin stiffening spokes aze placed
~ 30 cm apart. Further optimization of the internal
stability is under study by minimizing the nuober of
spokes without losing the self stable structure.

Energy resolution
Loergy resolution

As far as energy resolution is concerned, the HPC
performance should be superior to the omne expected for
normal multiwire proportianal quantame:eralz. This
has two main reasoms:

(a) The good grunularity ellcws the study of the three-
dimensionsl shower develepment with high
reeolution. At energies beilow about 2 CeV, simple
digital counting methods of set detector cells or
rows of such cells should yield a resalution ¢lose
to the Lower limit given by the fluctuation of the
nuaber of shower electrons®3. The additional

inforwation due to the analog charge messurement in

each drift cell, will avoid satucetion effects

close Lo the shower axis at higher energiea.
{b) The magnetic fiald orthogonal Lo the shouer axis
eliminotes most of the track length fluctuarions
which are kpown to deteriorate the encrgy
regoiution: low energy, large angle shower
electrons are quickly bent back into the lead
converter.

On the other hand, long range ionication electrons
produced in the gas, which will be trapped by the
magnetic field, can be recognized and eliminated by
their characteristic track pattern along the field
lines.

2

o
~

Dittuyionabter Tcm drilt {mmfftm)
g
.
/
o
- o
e
3
a
.
\I ]
\ "
\‘
os

400

Elacttle Fald [¥fem) ot N1p

Fig. 5 ~ Electron diffusion as ¢ functicn of the
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We are at present studying some of the posajbilirjes
indicated sbove with the EGS Monte-Carlo_routine
adapted to operation in a magnetic Eield'*. Preliminary
resulte suggest that resolutions of (10-11)%//E can be
achieved with a sampling thickness of 1/3 %, of lead
{tig. 8).

It ia however clear that the full potential of this
tew device will only reveal itself in conjunction with
powerful pittern recognition techniques. This is
especially true for an environwent like LEP where
preblems like shower overlap and hadron rejection

becose & wajor concern.

LUonclusion

The HPC is a promising calorimeznr for future
colliding beam experiments, It is a simple and stable
large volume detector with few active elements which
offers high spatial and energy resclution.

We are indebted te A. Pullia and S. Raeazzi,
University of Milano, M. Jeeabek, University of Crarow,
and P.5. Iversen, University of Bergen, for their
shower calculations, We wish to thank A. Minten for
his active interest and support. Also acknowledged is
the effort of the CERN technical services in the
realization of the converter modules.
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PROPERTIES OF BISMUTH GERMANATE AND ITS USE FOR ELECTROMAGNETIC CALORIHETEY*
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Summaty

The calorimetric and fluorescence properties of
Bismuth Gernanate are discussed and ccmpared to those
of HaI(TL). Results on the energy resolution of BGO
are presented for energies up to 50 MeV: the energy and
position resolution are studied by Montecarlos at high-
er energies. The performance of a 4" BGO e¢.m. calor-
imeter is compared to that of Nal and is epecified for
a compact fieldleas calorimeter designed for the 20
energy tegion. Cost, optical uniformity and radiation
sensitivity are areass needing further work hefore a
large BGO detector can be built.

Introduction

Latge solid angle, highly segmented sodium iodide
detectars have enmerged over the lask few yeara as 2
novel and fruitful way to measure many of the paramet-
ers of the final states produced in e*e”™ annihilation.
Two such detectors are at present sctive in e‘e” phy-
sica: the Crystal Ball, that after more than three
years of very productive existence at SPEAR ia about to
begin exploring b-quark physics at DORIS I1, and the
CUSB detector, working in the region of the ¥'s at
CESR.

Aa plans ifor detecters at the next gennration of
ete™ machines are getting wore detsiled, considerable
attention has been devoted to Bismuth Germanate (BC0)
as a possible alternarive to NaI(TR) for large solid
angle detectors that seek superior energy resolution
coupled with good angular resolution,

General and calorimetric properties of BGO

Bismuth Germanace (Bi, Ge;0,,) is a transparent,
crystalline wmaterial of high density and high atenmic
nucber with large acintillation light yield. BGO crys-
tals are grown from & melt of a 2:3 stoichicmatrie
mixture of Bismich Oxide (Biy0y) and Germanium Oxide
(Geoz). Crystal boules af up to 30 em in length and
ranging in diameter frow 5 to 10 cm are pulled from the
melt by the Czochralski method; the bouies are then
cut, machined and polished to the desired dimensions.
Crystals are presently available from at lemst two
manufacturecs.) Table ! lists the properties of BGO in
comparison to NaI(T%}.

The calorimetric properties of BGD erc of course
the main rezsen for itr emergence as & particle detee-
tor. The radiation length of BGO ia 2.3 times ghorter
than that of NaL(Tf), and the Moliere radivs (determin-
ing the scale of the lateral spread of e.m. -showers)
is a factor 1.75 less then NaL{T%). The nuclear absor-
ption lengrh, A = 23 cm, prohibits its use 4s a hadron
sbsorbez, although the ratio A/X) is marginally higher
than for HaL{TZ) and may thus improve slightly the
hadron-clectron separation.

The crystals are wechanically rugged, do not
cleave, are reasonably hard to scratch and are imper—
vious to wost chemical solvents = water in partiecular,
These latter properties are in warhed contrast to
Nal(T), that is very delicate and difficult to handle
on all these counta. On the othet hand, growing long
{220 em) crystals of uniform transparency appears to be

a challenging task, requiring high-purity starting

.*Hurk Iuppu:ted under NSF Grant PHY-8--02409 and FHY-
1 79-16461,

TABLE I
BGO = Nal(T&) COMPARISON
BGO NaI(T2)
General Properties
Specifiec Cravity 7.13 3.67
Hardoeas ~5 {goft glams) ~2 {rock sait)
Stabilicy rugged cleaves,
X ahatters easily
Chemical Stability good poor
Solubility (#,0) none very hygroscopic

Calorimeiric Properties

Radiation Length, X%, 1.12 em 2.59 em
Moliere Radiua 2.24 cm 4.4 em
dE/dx (min) ~9 MeV/cw 4.8 MeV/em
Nuclear Absorption
Length A ~23 em ~4] em
Optical and Fluorescence
Properties
Refractive Index 2.1% t.85
A naxEmission 480-~500 nm 420 nm
Fall Time 300 ns 250 nn
Photoelec-
trons/MeV 300-600{tube depn'd’t)
Light Output 16 100

materials aud carefully controlled grouth conditions.
The oprical quality of BGO crystals is not yet on a par
with that of NaI{T2), although it mst be pointed out
that the technology for BGO {g still developiag.

Optical and fluovesceace praperties

) T?e Fluorescence of BGO has becn assigned to the
By * !5y transition of the Bi*** ion. The large
Stbkes ahift betyeen the #baorption spectrum? (peaked
in the near UY) and the emisgion epectrum makes the
material highly transpareat to ite own light. The
index of refraction is about 2.i5 over the visgible
range (compared to n=1.85 for Hal(T2)). Such a high
index makes the light transfer through pbotomultiplier
windowa (typiecally n=1.46) rather Inefficient; graded
index couplings do not help significantly. Om the
other hand, the high index helps in keeping most of
the light into a long parallelepipedal erystal; in
fact, all of the ligat that is within che critical
angle for trensmission through the interfece to a PHT
is totally refiected off the sides for parallelepipedal
cryatal gecmetry, This circumstance suggests that in
parallelepipedal crystals light collection uniformity
along & erygtal could be very gaod. Scattering centers

in crystals would worsen the uniformity of light

collection; we gee examples both of macroscopic
scattering centers and of the expected e®fect in 20 cm
long cryatals we have under tesat, These issues have
been investigated in detsail by Montecarlo for smaller
crystals in view of appliceticns in positron emission
tomgrnphy.3
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The emission spectrum?** 5 peaks at 4BD to 500 um,
with a substantial tail in the green and red. It is
thus not ideally matched to the reapense curve of
bislkali photocathedes, while matching very well the
response of Silicon photodiades.

The fluorescence decay time has long bean known!®
to be about 300 ng &t room temperature. A reécent,
accurate measutement of the light pulse shape, done
with the single photon methed!®, confirms that the

‘decay time is 300 nsec 4t room temperature but shows in

addition an additional comporent decaying with a 50 ns
time constant and accounting for ~10%3 of the total
light. The risetime is measured in the same study to
be 2.8 ns and is probably deminated by light collection
time in the crystal used,

The integrated light outpur of BGD is often meas-
ured relative to Nel(TL); it depends of course onr the
PMT responge curve. Furthermare, it is very sensitive
to crystal purity and optical quality, as well as sur~
face treatment. Uping bialkali PMT's, light yields of
up to 162 of NaI(T2) have teen reported.® Wa have
weasurad the photoelectron yield using an RCA 8850
Quantscon tube on a 1 inch diameter x 1 inch long,
cylindrical erystal, with poliched eides; we ghgerve
132¢5 photoelectrons using 0.662 photons (Cs!37), with
a FWliM/peak resclution of 13:1Z, Within the errors,
the resolution is explained by photoelectron statis-
tics. On the same crystal and similar ones, but using
Hamamatsu bialkali PMT's, we ge: typical FWHM/peak
resplution of 12.5% with €s'37 gamma rays. This reso-
lution indicates a higher photoelectron yield, roughly
600 electrona/MeV.

It is knewn that the energy resolution of BGO
scales roughly like E 142 up to a few MeV.!" The reso-
lution falls more glowly for NaL{TL) crystaly; these
circumstances encouraged us to investigate the resolu-
tion of BGO ot higher energies,

Before closing thia ceview of material properties,
we note that both fluorescence decay time and inkegra-
ted pulee height of BGO decresse rapidly with tempera~
ture. Both quantities are approximately linear va.
temperature from 10°C o 55°C, with AP/P = -1%/°C at
20°C, where P is the pulse height.’ The light output
saturares ac ~200°K, where it ip ~5 times more than at
roow temparature.2 While all this may speak for cool-
ing BGO crystals, it alac demands that any Euture
detector be carefylly temperature contralled, and that
the uniformity be better than L°C across the deteckor.

Energy resclution measutements for E £ 50 Mev

Two cylindrical ceyscals, 4 inchea in diameter x 3
inches long, were grown for us by the Harshaw Chemical
Co. The size was chosen to optimize containment of
electron~induced showers up to 100 MeV using the two
crystals juxtaposed. The erystals were mildly straw
colored, of good transparency except for an axial
tegion of impurities about 1.5 inch in diameter, stact-
ing from a flac fece and tapering off towards the ather
face.

The medsurements have been described in detail
eleevhere®; only the essenrials ere summariged here.
The results are in Fig. 1. Measurements were made at
the following energies:

{a) Source vegion: 0.66 MeV phatana from call7?;

0.5T and 1.27 MeV photons, from Na2Z,

(b) Nuclear reaction region: Using the Cryatal

Ball's Van de sraaff accelerator to induce
(p,Y) reactiond aon nuclear targets, we took
data at 4.44 MeV and ac 11.67 Wev (p+pll
Cl2% 5 ¢l24y 4y, ) and at 6.13 MeV {p+F19 +
Ke20* » ng203y),

(c) Higher :rargize: We took date with the Linac

of the haval Postgraduate 5Schaol at Honterey,

The electron beam was tun at 1 particle per
pulse with erergies of 30 and 50 MeV; it had
an energy width of 0.4X.
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Fig., 1. Energy resolution measured with the 4 inch x 3

inch BGO crystel.

For sll measurements, one of the two crystals was
grease-coupled to a Hamamacsu RIG6B 5 Inch PMT.

in the Van de Graaff data, the photons were colli-
mated to impinge axially on an area of approximately 1
inch square, offset by I inch Erom the ceystal axis.
This was ta assure that the scintillation light would
neither be produced mor transmitted in the impurity
"cloud" that faced the incoming photons. BDiffevent
cloud-beam geometries gave worse resolutions than the
arrangement Seacribed. At 30 and 50 Mev, the crystal
was complemented with an array of 6 large NaI(Ti)
detectore, arranged to maximize the rolid anple viewed
feom the ceater of the BGO crystal, The grray was used
48 a veto to eliminate events in which more than 0.3
MeV of the shower energy would escape the crystal and
thus messure the incrimsic resolution of the crystal.
We note that, at these enevgies, ir is not possible re
keep the shower or itas light from the "c]oud™ in the
crystal.

The results in Fig. 1 show a gradual departure
from the E~1/2 low-energy extrapolation; we feel this
is dye to the impurity "cloud” either in light genera~-
rion or in light transmission, based on the tests done
at Van de Graaff energies. The resolutions obrained at
30 ard 50 MeV, however, compare not unfavorably with
Tesolutions obtained with Wel(T%) crystals of larger
size at similacr energies.® We conclude rhat BGO shows
some promise as a material for electromagnetic calori~
metry and discusy it further in view of large solid
angle detectors for future e'e” experiments.

Leaksge and resolution at higher energies

4s the evergy of the incident particle incresses,
total shower containment becomes impossible and the
fluctuations of energy leakage domindte the resolution,
Cost considerations and overall apparatus design con-
straints set a limit on the thickness and thus set the
scale of rear shower leskage. Back scattering and
leakage out of the side are ¢ limit even for a full
solid angle detector, since backscatcered energy or
energy deposited outside a maximm allowed volime can—
not be asaociated ta the shower they originate from if
thers is mora than one shower in the event.
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We have studied the lateral spread of showers by
Monte Carloe wsing the EGSI code.!! Fig., 2 shows Lhe
fraction of the energy escaping out of a 20 R.L, thick
cylinder of radius r with 100 MeV photons incident
along the cylinder sxis, for both BGO and Nal(Ti),
This tadial energy distribution (integrated along the
axis) is to very gnog approximation indepeandent of the
enecgy and charge (e ,v) of the incident particle.
Fig. 2 shows that r=7,5 cm is sufficient to contain
>98% of the cnergy; the analogous radius For Nal{TL) isa
about 16 cm.
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. FOR 20 R.L. DEFTH
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4
=3
Y
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e . . . . L L L
2 8 3] 1q 16 8
RADIYUS, em
Fig. 2. Fraction of energy éacaping from a BGO or Nal

cylinder 20 X, long vs. radius of cylinder for 100 MeV
photons incident on cylinder axis,

We intend to learn more about the use of BGO for
future large, mulrisegmented calorimeters by building
and instrumenting a test array of long (20 ¢m) paral-
lelepipedal cryatals. The results of Fig. 2 indicate
that a width of 15 c¢m would be sufficient to contain
more than 983 of the energy of the shower. We studied,
again by the EGS Montecarle, the expected energy reso—
lution of 5 15 ¢ x 15 cm x 20 cm BCO parallelepiped
for electrons incident at the center along the major
axig. The resolutions obtained for 10 MeV < E.-< 10
GeV are shown in Fig, 3; the calculation includesa a
photoelectron statiziics term, falling like E~1/2 and
taken to give a FWlM/pvise = 16X at the £a137 Y energy
=~ a result that we get from 20 cm .ong cryarals, It
can be seen that photuelectron staciatics dominaces the

T T Tr ——TrTrrT
af ]
af ENERGY AESOLUTION (FWHM/PEAK} J
2 FOR 13218120 ¢cmd BGO ARRAY ]
(33 1

2 Te 8 7
AN - 20¢m J

-3 ~ 56

s . g

Lo " h

= ~ -

i Nyt b SN

2,k N hi‘i-/:m {

~ -
~
 pru— N L x
e 100 Mey 16w 106w

ELECTAON ENERGY

Fig. 3. Enerwy resolution for & 15 x 15 x 20 cm’ BGO
parallelepiped v, incident electron energy.

calculated resalution up to about 50 MeV incident ener-
gy. Between 50 and 200 MeV the onset of aignificant
leakage causecs an increase in resolution; at higher
energies, the resolution falls again, with an energy
dependence close to the E™1/Y behaviour thar is often
quoted for large Nai{TE)} detecrors.

‘This Montecarlo does not include the effect of
other inevitable contributions to the resolution that
are harder to predict, such as uncertainties in the
velative caiibration of the readout elements, ov the
effect of possible nonuniformities of the materlal, or
in light collection, etu, Such effects are almost
certain to mask the curious rise of the resolutian
occurring above 50 MeV.

Position resclution

It is important to have a precise estimate of the
resolution on the antry puint of a photon in an array
of crystals of given medularity in order to optimir~
the dimensions of modules. The quickest way to cbtain
an eatimate of the entry point using as input the ener-
gy Ceposited in each module is tc form the average of
the mudules hit weighted by their energy deposit:

- ZEixi

x
El

LT coord. of che center of each wodule
This “"center of energy" method hag a bias intrinsic to
the choice of the center of each module as the average
for energy deposition in that module, The lateral
profile of ehowers ia sharp, as Fig. 2 ahows, particu=
larly in the central region; if the entry polnt is off
the center of the module hit by the incident particle,
the bias will not be cancelled by the energy distribu-
tion in the adjacent modules uniess the granularity is
very fine. To sek the scale, a L x 1 x 22,4 co? module
hit along the axis will contain approximately 55% of
the energy of the incident photon, for = 100 M-V,

This biaa can be all but eliminated by using a
different procedure that has been used extensively in
the Crystal Ball software.!! The entry point is varied
until the best fit is Eound between a Montecarlo-calcu-
lated average shower profile {which is a function of
the entry-point coordinate) and the observed shower
profile. The fundamenta} limit is set by the lateral
fluctuations of the shower energy distributione that
have a scale of 10 to 30 MeV,

Fig. 4 and 5 show the resolutions we obtain nn the
entry point of photans of chree energies for three
module sizes, using the center of energy method and the
shower profile method reapectively to determine the
shower eatry point. The lacter algorithm is obviously
superior, in particular at high energy. The results of
the gshower profile method show - as expected - that ane
does not gain resolution in direct proportion to the
number of segments, due ko the shower Fluctuations. At
the higher energiea, of course, the laccer are less
important and the resolution getsa to be 10% or less of
the module size,

Cooparing BGO and NaI(Te) for a 4% electromagnetic
calorimeter

On the basis of our experimental rasults on BGO,
the Montecarlo studies and the experience of some of us
with the Crystal Ball at SPEAR, we ¢an now attempt a
wore general comparison between the performance of two
hypothetical large calorimeters, one built with BGO and
the other with NaI(TL}.

First we can ask which one will have the best
energy reeolution. This is a4 natural question to agk
even if emergy resolution will not be the most impor-
tant parameter for the physics aima of auch detectors,
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cm, 2x2 em® and 3x3 en? segmentation vs, incident
photon energy. The enkry point is calculated with the
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since this parameter is one of the attractive charac-~
teristics of botl materials. We have seen that for RGO
energy leakape dominates photoelectron statistices as
the main cause of resclution above ~100 MeV incident
energy. We note in this context that the resolution of
the Crystal Ball's prototype!? {a cluster of 56 crys~
tals) above ! GeV is only marginally better rhan what
we ohtain from ocur Montecerlo: at l GeV, we calculate
FiliM/peak = 1.9t 0.1% and the cluster-of-54 prototype
measured 3.0%80.2%. Tt is easy to explain the differ~
ence with any of a number of instrumental effecce. The

~First conclusion is that thece seems to Ye no imtringic

difference between the ultimate vesolution of the two
kinds of detectors in the leakage-dominated region. At
lower energies we shauld compare our results with the &

“inch BGO crystal to results obtained with large Wal{Te)

crystals; here, BGO performs marginslly below Nak{Tf),
largely due to prablers of erysetal purity on which
progress has recently occurred (see below). The tenta-
tive conclusion at the present time is that we do not
expect a significant improvement in energy resolution
over Nal{T2) from a BCO detector: improvement over the
Crystal Ball's perforaance, if achieved in the future,
will rather depend on better intercalibration of the
readout elements or other material-indeperdent instru-
mental matters.

The wore impertant advantage of BGO is the fact
that the radial energy spreed ie & factor of two less
than for Mal(Tt), as car be checked using Fig. 2. We
ounly need to specify the inner radius of the e.m. cal-
orimeter to compare the performance of the alternative
approaches; we assume that this choice would not be
decermined by cost considerations only, but would have
the most crucial inpurs from the design aims of the
whole detector. It is casy then to list rhe advantages
that a BGO calorimerer would have over an NaI{TR)
calorimeter of the same inner radius.

{a) The solid angle "lit up" by e.m. showers or
nuclear interactions in BGO would be & times
less than for NaL(T%), leading to a large
reduction in overlaps of particles. The pre-
cise numbers are of course model-dependent.

(b) The angular resclution for photoms would be x2
berter for BGO.

Overlap of photons from symmetric 77 decays

would oceur abave a m’ momentum velue 2x high-

er for BGO than the corresponding momentum for

Nal(T2).

(4) 70 mass resolutian would improve (due to (b))
and the combinatorial background wosld corres—
pondingly be reduced.
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Fig. 5. Like Fig, & but with the entry point

calculated uwaing the shower profile wethed,

{e) Iuproved %0 reconstruction efficiency would
dramatically reduce the baekground in inclu-
sive photon spectra.

Lest, if the e.m. calorimeter is followed by &
hadron calerimeter, the latter would be more compact if
the e.m. part conaists of BGO. Whether this would
result or not in an overall cest saving depends on the
large quancicy cost of BGO (aee helow),

A design exercise for a compact calorimeter for Ecus ™
100 GeV

SIDE VIEW OF COMPACT GALORIMETER
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Fig. 6. Schematic diagram of Lie cowpact calorimeter
(SLC note #34) diascunsed in rext.

Some of the above considerations can be made more
precise by referring to the design of a full detector.
FPig. 6 achematically represents a compact detector
system for physics in_the region of the 20 gt the Stan-
ford Linear Collider,!3 The degign and performance
parameters are described wore in detail im the refer-
ence. The detector is based on a fieldlese electromag-
netic calorimeter using BGC, followed by a wagnetized
iron hadror caloriweter and by drift chambers for muon
momentum mesgurementa, We quote here some of the
characteristice of the electromagnetic calorimeter.

The inner radius was chosen to be 40 cm, due primarily
to cost; it is not clear, though, thar there iz much to
be gained from a larger Lomer radiua in the gbsence of
magnetic field and for any reasonsble {not too high)

calorimeter segmentation. The inner cavity wvas chosen
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to_be cylindrical, tather than spherical like the
Crystal Ball, to use optimally the limited internal
volume available. The BCO shell is 20 X, thick, and is
segmented in ~10Y modules. Projective tower geometey
was chogen to optimize solid angle megmentacion [n view
of the very high multiplicities expected. Each module
wouid have an inner side of 1.4 x 1.4 co? and an guter
side of 2.4 % 2.4 cm?, and would be vieued sxially by a
PMT in this design,

Ke liast rough estimates of some performance para-
meters referred to in the previcus section:

{n) The angular resolution far photons, based on
rig. 5, depends on energy and liee in the
rvange of 15 to 3 mr for 100 MeV < Ey < 10 GeV,

(b) The angular resolution for noninteracting
hadrons is ~10 mr.

{c) Scaling with radiation length from the Crystal
Ball experience, we estimste that we can
separate avecrlapping photons from %7 decays
for opening angles »17 mr, corresponding to
p(¥?) < 8 Lev/e.

(d) The rms resolution on 77 pass is 6X, for p(n?)
®= 1 GeV/e; it deteriorates rapidly with momen-~
tum,

Separate energy measurements for each e.m.
particle in a jet will not be possible due to
oveclaps; the situation will be helped some-
what if, &8 QCD Montecarios indicate, ~1/3 of
all particle lie in a 2200 mr core. Outside
this core, most of the shouwers should be
separable, Within the jet core e.m. ensrgy
flow measurements can be done.

~

(e

Are ve ready to build a 4nm BGD detector?

We conclude that BGO is net only an.attractive
material for electromagnetic calorimetry, but that a
BGO calorineter would be & very useful cowponent in a
41 non magnetic calorimeter. The promising Eiret
zesults on photodiode readout of BGO {presented in the
next talk)} wake the mapnetic calorimeter optian pos-
sible and very appealing., Therefore we should ask
whether we can design and construct a large BGO calor-
imeter at the present time. We feel that three prob-
lems need more work.

(2} Cost. The current cost of BGD is about
14§/c® in quantiries of a few liters, This tranglates
to 10.5x{08§ for the crystals only in the design exer-
ciee we described - and would certainly rule out more
amhitious desigus. We have lnveatigated in some detail
both the material and growing costs of the crystals,
and feel that the quoted cost would be largely unjumti-
fied for amounts of a few tone, We estimate that a
reasonable cost on this scale should not exceed 5$!cm3.
One uncertainty in the projected cost iz due to the
relative acarcity of Cermanive and the demand for it on
the world market. Ge0, dominates the price of materi-
als in BGO production; the current cost is 6008/kg in
the required purity &nd rapresent 21X of the projected
cosc of finished crystals agsuming that none of the
purchased GeD, is wasted in the production process.

, (b} Optical uniformity of crystals. A&ll designs
for future detectors are based on crystals at least 20
cm long, Obtaining such crystals with gnod transpar-
ency throughont has proved to b> & challenge. There
has heea progress io the last few months at Harshaw in
thin regsrd, aud we received in the last few weeks
crystals of muc improved quality. Thin transversal
banda of scattering centers are still vigible, though,
irregulerly distributed along the main axis of crys-
tala. We do aoc know yet whether these bande produce a
significant deterioratien of the uniformity of the
crystal respanse along its exis. We feel, though that
given the recent trend the prognasis ia this respect (e
good,

(¢) Radiation hardnecs. The raciation background
—EOAAR TR IATCREES e toa B e
at some of the future e’e” colliding facilities jiu

~
expected to be very large, and to put heavy constraints
on any fubure detector. A paper contributed to this
conference by M. Kobayashi et al working at KEK on BGO
containe encourmging results; BGOD is phowm to be more
resistant to radistion damage from low—energy photona
and high energy hadrons than NaI{TL) and Cereakev or
acintillating glaesses. The damage ia scen 4s a loss of
light tracsmission theough | cm of BGD, and, for e.m.
radigticn in particular, dizappears in a few weeks.
The typical exposure to see an effect several hours
after irrediation is 10°R for e.m. radiation and 10“%t
for hadronsa,

We have observed a loss of tranmittance in 20 cm
long crystals irradigted with DV. The effece totally
dimappears in sbout 2 weeks end may be the spme as that
obaerved by the KEK group; however, most of the trans—
mittance loas we observe decaye in a few minutes, and
we alpo observe & component that decaya in a few hours.
These effects would not have heen seen in the KEK
experiments, while our experiments would not have seen
damages that disappesr in a few seconds or less. Our
UV exposures correspond to particle fluxes mych larger

‘than what can be realistically expected.

We feel that nmore work is needed on at least the
fallawing painta: (1} a 1X lose of transmittaace/em ie
intalerable aver & 20 cm lang ctystal, Either very
precise tests on short crystals or teste on long
erystals are necessary. (2) It must be checked whether
the aptically impure parts of the presently available
crystals are mare or less senaitive to radiatien
damage. (3) The possibility of very short-duration
radiation effects mupt he investigated, probgbly down
to the 1 =8 rime scale.
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PHOTODIODE READOUT OF BGO AND NaI(T1)}*
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(Presented by Helmut Vogel)

SUMMARY

He present first results using a photodiode read-
out for BGO and NaI(Tl) crystals. The measurements
indicate that photodiodes might replace photomultiplier
tubes in electromagnetic calorimetry. Using commercial
photodiedes, & nolase equlvalent r.m.s. error of 1-2 MeV
has been obeerved using cosmic ray measurements at
T = 209 ¢, Preliminary tests at T » =259 C yleld
significantly lower values, Limitations and possible
future improvements are discussed.

IKTRODUCTION

In high energy phyrics experiments at ete” col-
liders, compact high resolution electromagnetic (e.m,)
calorimeters can be built with Bismuth Germanate (BGO),
a novel scintillator of short radiation length X, =
1.12 cm (NaI{T1): 2.6 cm). The energy resalution
should be equal or superior to that of NaI{Tl), By
now, crystals of BGO up to 18 X, lomg are grown
routinely with good uniformity. Further details on
BGD are discussed in Ref. 1, The high light output
of BGO supgests to replace the standard photomultiplier
(EM) readout by a photadiode (PD) readout. Recently
large area photodiodes of acceptshle quality became
availlable commercially. Replacing PM readout of BGQ
and Nal by PD readout is very appealing because of

(1) The high stability (short and long term) of PDs,
(11) Their large dynamic range and linearity,
(111) Simple routine monitoring and calibration, and
(iv) The possibility of operating the calorimeter in
magnetic fielde.

A compatison of the features of PDs and PMs is
glven in Table 1. Additionally some optical character-
istice versus wavelength are shown in Fig. 1. The

Table 1. Capparison of propertles of PDs versus PMs
Item by | Photodiode
<quantum efficiency>! 123 6D%
int. amplification yes no
stahilized HT ves not necessary
typical dynamical 108 108
range .
short term stability 1(.3) % <.01 %
long term srabilicy 1.3 % <,1 7
temperature coeff, <2 % /°C <2 % /%
rise time 5=50 nsec >100 nsee
{area dep,)
magn, shield complicated, unnecessary
impossible for
high flelds
neilse imuunity high low
price? >USD 50 usp ~10
price of amplifier? usp 5 ush 15

lintegrated from 450-550 nm wavelength
2estimated for very large quantities

1 1 1] T
= EXCITATION £
& ol \’n' / \EI_.UORESCENCE
i i : \.SiLIcoN
v e0f P . PHOTO
2 Pl \,  DIOOE
= 40k i Y -
- { *
3 20 BIALKALI "CATHODE -

i

2 Tij:\é‘ﬁ-_L_:\ ]

1
200 300 400 500 600 700
WAVELENGTH— ~[nm]

Fig. 1 Some spectral characteristies of BGO,
PMs, and PPs?i3

slow signal speed of PDa (<l MHz) does nat limit their
use at large ete” colliders. The basic problem using
PD rogdout is how to minimize the noilse equivalent
r.,m.8, error {NES), defined by

NES (MeV) = r.m.s. noise (PE}

signal (PE/MeV)
{where PL = no. of photoelectrona).

Under unoptimized conditions, PDs yield signal =
¢ (500 PE/MeV) and ncise = ¢ (5000 PE), thus NES = ¢
(10 MeV}. Aiming for energy resolution of & (1%) at
all energles >100 MeV, NES figures of ¢ (.3 MeV) have
to be achieved.

TESTS WITH BGO

The tests were performed wlth commercial PDs of
the type Hamamatsu S _1337 BR 1010 (high resistivicy
silicon, area = 1 cm“ per diode, plastie encapsulation),
Figure 2 ghows the basic circuit for the photodicde
readout. For low noise performance the diode ig
reverse biased. The signal is amplified by a high
quality charge sensitive preamplifier (Canberra 2003
BT} which in turn ie connected to a seeond amplifier
with a pulse shaping netwark for best signal/noise
filteving (Ortec 472, shaping time constants 2 us or
6 ue). The final unipolar output was fed into a
voltage sensitive MCA.

BIAS

LIGHT l
HECmﬂNG
peLETION RS {PULSE HEIGHT
ANALYSER)

N ,v SHAPING
LIGHT DIODE 55 S" E WP

Flg. 2 Princlpal getup for PD readout
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Thtee dlodes were coupled to a BGD erystal with
optical grease, The crystal was wrapped in white paper
and made Iight tight, The crystal had a aize of
250 x 44 x 20 mm and was vieweg through 1ts smallest
face, the area of which {7{X }“} 1s typlcal for
calorimetyry application. The external dicde case
dimensions werc 15 % 15 mm“, resulting in an area
matching factor of 0.34, An increase of 20X of the
signal was observed after painting the areas between
dicdes with white paint. The diodes were reverse
blased up to 40 velta, Increasing the voltage decteases
the diode capacitance Cg{C ~1/sqrt(U) until fully
depleted) but increases the leakage curzent I4. For
optimization the POs had to be preselected, About 50%
of rhe Pbs (normally rated for max. Up of 5 V) had
sufficiently high breakdewn voltage and acceptably low
Iq to balance the noise cantribution of the diode
capacitance Cq at Uy » 40 V, Cosmic ray muons were
used 88 test particles. They deposit by lonization
about 9 MeV per traversed cm of BGO. The passage of
a cosmic muon was sensed by two scintillation counters
mounted above and below the BGO cyystal. The faat
cojncidence signal was used to generate a gateé signal
for the pulse height analyzer, Additionally a preci-
sion pulser was connmected ko the input of the charge
sensitive preamp throvgh a 1 pF capacitance. The
pulser was used for charge calibration, linearity tests
and noise evaluation. Figure 3 shows the block diagram
of the test setup.

J, MUON

Foomo=—f———===53 BIAS

PM D oo
: e 10048
1pF

IpF

z ' TEST
PULSE
SHAPING

AMPLIFIER
F STGNALy < -

Fig. 3 Setup for PD readout used in the test

COINCIDENCE

BATE

Figure 4 shows the observed pulse helght distribu-
tion together with the distributions of both pedestal
and salibration pulses. The widrh of the snargy logs
spectrum was measured to be 33X, Correcting for the
angular acceptance af our triggering setup, the wideth
extrapolated to perpendicylar passage becomes 22 : 2%
which ig consistent with resulta obtained in a test
beam of 140 CeV pfons using PM readout. The vegults
together with that of a crystal of different dimensicos

are summarized in Table 2,

Remarks

{1} Note the improvement of the nolse figure with
increasing shaping time constant,

(11} The numbers given for low temperatures are still
preliminary since tegte are currently under
progress,

TESTS WITH NaI(Tl)

Due to the substantially higher light output of
NaI(Tl) per MeV energy deposit w.r.t. BGO, the FPD
readout of NaI{Tl) yilelds eatisfactory resulta even
under nen-optimized conditiona. At T = +25° ¢ we
measured NaI{Tl) pulese height spectra for

(1) A cryatal of size 280 x 40 » 40 wd. viewed by
three PDs through a plexiglass light guide with
a very lov area matching factor of O.16 usfng
cosmic rays,

(41} A cylindrical erystal of size & 38 x 38 mm,
viewed by four PDs, the space between the PDa
being treated with diffuse reflectar, Ig this
case, we were able to take apectra of Co 0 and
813/ aources 1n a salf triggeriag mode {soa
Fig. 5). The results are shown in Table 2 also.

<40> M‘V COSMICS

.
re-
'J

-Jt}q---J 1\a'”\hbu:13-
PEDESTAL 7510%
Fig. 4 Ohbserved energy loss spectrum of cosmic muons

in 44 mm of BGO, rogether with pedeatal and
calibration pulse distribution

Table 2. Summary of test regults vaing PD readout®

Crystal, dimensions Number of T
(oim: diodes (oC)

BGO

150 x 44 = 20! 3 +20

150 * 44 x 201 3 +20

200 * 30 x 30} 4 +20

200 % 30 = 30! 4 -12

200 x 30 x 30! 4 =25

Nal(T1)

280 * 40 x 402 k] +20

BaI(T1)

38 x 38 B 4 +20

‘ub =3ag v, 2ub =30V, 1"uh =25Y

*
area macching factor,

1 shaping Nutmber NES

__(usep) AMF* PE/MeV (MeV)
2 0,340 . 910 1.80
6 0.34%% B50 1.12
[ 0.44 860 1.15
& Q.44 1430 d.60
] 0.44 1680 0.54
2 0.16 1200 1.10
6 0.35%n 7000 0.16

*k
white reflector paint batween diodes
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Flg. 5 Spectra obtailned with a small volume crystal of |
WaI(Tl}:

(a) pedestal and calibracion pulse distribution
(k) spectrum of Cs(137) source

{e) spectrum of Co((7) source

FURTHER IMPROVEMENTS AND TRADEOFFS

The aim of this study was to establish the feasi-
biliity of the photodiode readnmut wirh acceptable low
neise. The main contribution to the noise cames from

(1) shot nolse of the preamplifier imput FET
multiplied by the diode and input parallel
capacitance,

shot noise of the dicde leakage current for
large bias voltages.

noise due to leakage current of the electrical
connections and diode p-n edge effects.

(1)

(114}

A typical example of the noise flpure versus
diode capacitance and dark current zs a funetion of
bias 1s shown In Fig. 6.

Modern charge sensitive preamplifiers have
intrinsic typileal noise values of equivalent of 300-
1080 PE and slopes of 5-10 PE per pF of detector
capacitance. For best NES values a low diode capaci-
tance is always necessary. The concribution of shot
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Fig. 6 WNES, diode leakage current, and capacitance
versus reverse bias voltage for a set of 3
parallel connected diodes of moderate quality

noise of the diode leakage current becomes only signi-
ficant above ~Z00 nA. Diode p-n edge effects or
connector leaksge currents can sometimes be quite
unpleagant and require the selection of adequatre
materials or diodes.

Compared with the described tests further
improvements of the noise figure are possible:

(1) Better area matching together with preamplifiers
with low noise for large diode capacitaneces,

(11) Improved optical coupling with high refractive
index materials, antireflex costing or BGO
surface treatment wlth diffuse reflectora.

Use of phocodiodes made of high roslscivity
Silicon and high bilas voltage, i.e., low diade
capacitance,

Cooling of the BSD will result in a subsrantial
signal increase (in first order the reduction
of 40° will result in an incrense of a factor 2).

(rid)

(iv)

The reduction of the diode capacirance can only be
achieved by increasing their depletion leyer. Thia
might have an unpleasant side effect. The photcdiodes
act as nuclear counters and traversing charged partizles
will create a sipnal of about 100 charged pairs per
micron depletion layer (minimum ionlring parcicles).
This effect is well demonstrated in a test exposing
the photodiodes to a 8 source. We observe a signal of
~10000 PE corresponding to an equivalent enerpy loss
of ~12 MeV in the BGO. For eritical applications the
diodes have to be placed Into areas of low charged
particle flux.
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TECHNIQUES FOR LONGITUDINAL POLARISATION IN ELECTRON STORAGE RINGS‘

J. Buon
Laboratpire de 1'AccElérateur Linfaire
91405 Orsay Cedex (France)

Abstract

Polarised electron and positron beams in storage
rings appear still practicable in the tens of GeV ener-
gy range. Recent results at PETRA show the possibility
of reducing depolarising effects of ring imperfections
and the poseibility of polarised beams in collision at
high energy. The main limitation comes from the large
beam energy spread at very high energy. 90° apin rota-
tore for longitudinal polarisarion are in progress.

Introduction

The physics interest of electron and positron
beams in stotage rings increases very much with energy,
due to the increasing role of electruweak interactiona.
Polariged electron and positron beams are foreseen in
both ep and eTe” new facilities.

A natural polarigarion build-up has been observed
in storage rings at lew cnergies. However it is expec=
red rhat depolarisation effects become stronger and
stronger 2s energy inereapes, This is due to the fact
thar spin rorates faaster and faster than the particle
velocity does.

The purpose of this repert is to review the feasi-
bility of palarised beams in electron storage rings at
high eenrgy, It is restricted to the use of “conven-
tional"” devices, which appear the simplest cnes at the
moment. The only polarisation mechanism studied is the
Sokoiov-Ternov® effect. One does not consider "Siberian
snakes", for reducing depolerisation effects, not easy
to use, although they may bacome necessary at very high
energiesn.

The Sokolov-Ternov polarisation mechanism is stu-
died in section ! from a practical point of view. Gene=
ralities on depelarisation effects are reviewed in aec-
tion 2. The possibilities of reducing these depolari-
sing effects are studied in section 3 as well as the
inerense of depolarisation due to large emergy spread.
In section 4 information on beam-bewa depolarisatien
is reported. Two current examples of 90° spin rotators
are discussed in secrion 5 for obtaining longitudinal
polarisation. Finally in section & the experimental
uge_ag longitudinal polarisation is atudied for ep or
e e interactions.

1.Polarisation Mechanism

The Sokolov-Ternov! polarisaticn mechanism in
electron storage rings has been widely cbaerved and is
srill the only practicable one wp to now. It is due to
a small agymmetry of the synchrorron radiation : for an
electron the radiation probability with spin-flip is
slightly greater when the electron gpin is parallel
to the bending magnetic field. The population of the
antiparallel spin state increases gradually with time
and transerve polarisation reaches a 92.4 T maximum
value in an homegeneous magnetic field. In the same
way positrons are also transversally polariged parallel
to the magnetic field, '

The characterisrtic prlarisation time T, iz inver-—
sely proportional to the photon emigsiorn rate times
the mean square relacive photon energy €/E

v o2
. L gE,
L 1 E?

and varies rapidly wich electron energy E :

3

o R
T_(sec) = 98.66 x —
P A p

{GeV)

where p is the magoet bending Tadius and R the ring
average radius,

Fig. | shows the polarisation time for high ener-
gy electron rings. Short times, less than ane hour, are
obtained in their upper energy Tange.

~PEP CESRR LEP

i~

Tp {smin)

iy

O

Fig. |. Polarisation tiwe T,k versus heam
energy E for several elec:roﬂ storage rings.

However for LEP phase I (50 GeV¥) the polarisation
time ( ~ 3 h) is too long, ond needs to be redyced.
This can be achieved using an asymmetric wiggler
(fig. 2) with a nigh field (1.25 T) central parc. A
polarisation time lese than one hour would be obtained
at the price of a ten percent inerease of synchrotron
energy loss, mainly concentrared downstream the wig-
gler, and a large increace (x 1.8) of beam energy
spread.

¥ Wor'c supported by the "Institut National de Physique Nucléaire et de Physique des Particyles"
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Fig. Z. The magnetic field versus the diastance
in an asymmetric wiggler proposed for LEP phase I.

The polarisation level will only be reduced by ten
percents due to the compencating low field of the wia-
gler in the example viven here.

One conceivable alternative® to the Sokolov-
Ternov polarisation mechanism is to collide the stored
electron beam with a circularly polarised photon beam.
The polarisation mechaniam results from the spin depen-
dence of Compton scattering and from a spin-orbit cou-
pling of the stored electron. The photen beam must ha=
ve a very long wavelength (> 100 ) and high intensity.
An adequate photon source, probably a free electron la-
ger, may become available in future,

2.Depolarisacion effects in general

Small field jmperfections always reduce the effec-
tive polarisation level’ below the 32,4 X maximum valuve.
These impetfections lead to a vertieally distorted or-
bit, and conseguently to small spin tilts from the
vertical direction. These tilts depend on the particle
energy and the amplitude of its betatron oacillatjon.
Hence depclarisation resules from the finite distribu-
tion in energy and betatyon amplitude among the parti-
cles. Moveover jumpa in cnergy and amplitude are stea-
dily generated by synchrotron phaton emission, and pro=
duces a spin diffusion. At the end &n equilibrium bet-
ween the Sokolov-Ternov effect and the apin diffusion
is reached with a polarisation level given by the ra-
tio TQ/Td of their respective charazteristic times.

92.4 1
P-
1+ T/ Ta

A large depolerisation needs a comstructive effect
of successive small spin rotations. It occurs when the
spin precession frequency coincides with some frequen-
cy of fields rotating the spin, The general gesonant
condition is given in terms of the spin tune v by :

v=k o+ kxvx + kyvy + ksvB

v

[ 3 . ‘ .
The spin tune is the apin precession number per turn:

£§-2 By
vy - G2
2 « 44065

v

vhere Yy, Vy, Vg are respectively radial, vertical and
aynchrotron tunes, and k., ki, ky, k9 are any integers,
The most important depolur¥salxun regonances due
to machice imperfections are :
i) integer resonances v = k * kgyg
including synchrotron sa:elli:ca.[ks = $1,%2,..)

ii) betatron resonances v m kS 2 v, o
where S ia the ring superperioditity. They arc
driven by hetatron oscillations around closed
orbit.

At high energies, the most important imperfections
are the vadial field errorg due to magnet gilts and
vertical mimalignments of quadrupoles.

3.Depolarisation resonances of a single beam

The integer resonances v = k are dangcrous as they
ate ordinarily strong and separated only by 440 MeV in
energy. Their depolacisation effect scales roughly li-
ke the square of the particle enmergy. For cxample cor-
responding to a 25 % polarisation at 15 GeV, cbaserved
at PETRA, one can only expect about 5 % polavisation
at 50 GeV, for CESR II and LEP, assuming aimilar orbit
distortions,

These resonances cannot be sufficiently reduced
even with a very caraful aligoment of the magnetic ele-
ments, However the harmonic comporents of cthe orbit
distortion which drive these resonantés can be cance-
ied out. Such np'harmnnic correction procedure needs
only a special programming of the correcting coils al-
ready used for reducin§ tho average orbit distortion.
A First vecent attempt' of harmonic correction mt PE-
TRA has been successful. The polariaation has been
increased from 20 7 up to 80 Z at 15 GeV, Quite simi-
larly a complete concellation of some integer resonan-
ces has been recently achieved® in the proton synchro-
tvon SATURNE. These resonances <an be crogsed during
the acceleration cycle wirhout any appreciable loss of
polarisation.

Betatron resonances ave aldo very dangerous, How-
ever iu rings with superperiodicity § larger than one,
the strongest betatron reasonances can be wade more gpa-
ced than the integer oncs. The maximum separation bet-
ween these betatron rasondnces is equal to thc super-
periodicity S in units of the spin tune. It ia obtai-
ned by choosing the betatron tunes Vy, Wy with sn in-
tegral part being a multiple of §/2. TheTefore the
depolarisation effect of betatron oscillations is
strengly reduced at energies midway between two succes=
sive betatron resonances.

At low energies (< 25 GeV), considering again the
integer resonances, their synchrotron satellites
v = k + kgvg are weak, except the first one (kE -t 1),
as the beam energy spread ia small compared to the re-—
sonance spacing (440 MeV). The preceding conclusiens
on integer resonances are not atfected, ag vy is por-
wally small (< .1).
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Howevey energy spread increases with energy
(£ig. 3). Consequently synchrotron satellites become
stronger and stronger. Unavoidably spin tune is always
in the vicinity of these satallites and the depolarisa-
tion due tc closed orbit Jistortion increases.

A30MeV

dN{dE

.
m

Fig. 3, Epergy distribution of a stored beam
in LEP at 50 GeV and at 85 GeV.

This phenomenon can be understood as follows. The
svnchtotron oscillation of energy leads to a freguency
modulation of spin precession :

¥ =y 4+ a cosv
o 5

where a is the modulation nmplitude, propertional te
the energy spread gp/E, and § is the azimuth giving
the particle location in time. The spin precession can
be looked at as a gyroscope wodulated in frequency.
Its phase angle is given by :

,
o - B .
Yor 'udd = uoe 3 sxnUBB
P -]

The frequency spectrum of such : gyroscope is a
set of satellite lines :

v+ kv
3]
The amplitude of these lines is governed by the

modulation index I = afy,y, which is in average proper
tional to the energy spread :

y
k)

1=k 2
"E ‘v
s

Above 30 GeV the modulation index becomes general-—
ly large (2 1) and several satellites are strongly ex-—
cited,

At the moment a preliminary study® indicates that
appreciable polarisation could only be achieved up teo
about 50 GeV, depending of how much the strength of the
integer resonances can be reduced by harmonic corree-
tion.

The only proposed alternative is to use double
siberian snakes’ which make the spin tune equal to 1/2,
independently of energy variations. Hovever they great-
ly complicate the ring design and could affect its per-
formances.

4.Beam-beam depolarisarion

The spin motion is perturbed by the space char-
ge ficld of an opposite beam as well as the particle
trajectory. Devolarisation resonances will be excited
by this perturbation. A theorical approach is difficulc
due to the non-linearity of the space charge field.

Experimentglly 70 % pelarisation has been observed
at SPEAR with e e colliding Leams at 7.4 GeV centre
of mass energy. This golnriantiun has been used in a
well~known experiment?, which has played an important
role in the progress of understanding high energy in-
teractions., However polarisation in colliding mode
could not be obgerved again at a later stage of SPEAR
operation.

Very recently at PETRA again“ polarisation hes
becn observed with two collidiug beams. A polarisation
level of B0 Z For the elcetron beam haos been measured
at a luminosity of 2.7 x 10%%cn™ and at 16.5 GeV ener-
gy per beam.

Pularisation in collision mode has to be more in=
vestigated in order to find good operating conditions
for experiments.

5.Longi tudinal polarisation

Assuning that transversally polariscd beams can be
obtpnined in an alectron ring, onc has still to rotate
the spin by 90" in order to obtain longitudinal polari-
sation at some interaction points,

Sevcral types of 90" spin rotators have btcen pro-
posed in the past., However they were never really op~
timized in what conuetns beam opties and polarisation.
Only recently, one has begun tu study :'.is optimisation
in particular for the ep rings HERA and for the rte”
ring CESR II.

In the cage of CESR IT an “S-bend rotator” {s stu=
dicd?, T% consists (fig.4) of vertical bends antigymma-
tric with respect to the interaccion point, At this
point the reference orbit is bent hy an angle (14 mrad
at 50 GeV) which corresponds to 90° rotatiom for the
spin, At other emergies it is necessary to maintain the
same orbit geometry for beam optical properties and for
syachrotton background, Therefore the fields in verti-
cal bends are ramped in enerpy as the fields in the no-—
rizontal magnets. Consequently the spin rotation is uot
exactly 90°. However the longitudinal component is on=
ly reduced by less than 10 T in a large cnergy range :
+ 30 %,

The antisymmetry of the S-bend rotator allows to
restore the vertical spin direction in the rest of the
ring. It avoids depolarisation that a tilted spin divece
tion in the major part of the ring would produce, as
digcussed in section 2. This is true at any emergy and
allows the S-bend spin rotator to be operated in a lar-
ge energy range,as desirable for e*e” physics.

In the case of HERA a pair of 90° spin rotators
has beecn considered!® for each interaction region.
These two rotators are symmetrically locared with res-
pect to the interaction point, between the arce and
the RF geetionma, at meve than 100 m from the interac-
tion point.

Each rotator is a "mixed rotator™ including verti-
cal bends and an horizontal bend (fig. 5). At the desi-
gned energy each vertical bend Totates the spin by 45°.
The horizontal bend, which is part of the normal radi-
al bending in the ring, rotates the spin by 180°. At
the end of each rotator the »rbit is again iu the pla-
ne of the ring.

The corresponding vertical bends in the two rota-—
tors of an interaction region are opposite. Therefore
each pair of rotators is antisymmetric in the vertical
plane with respect to the interaction point. However
the corresponding horizontel bends are identicel as
they both participate to the normal radial bending.
E:ch pailr of rotators is symmetric in the fhorizoncal
plane.
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Fig. 5. Schemstic side view of a "mixed rotaror” proposed for the HERA electron ring.

The magnetic field in these horizontally bending

te must be ped .in energy as normal magnets
in the arcs.The 180° spin rotation ig only obtained
at the designed energy (27.5 GeV for HERA). What is
more, the vertical spin direction in the arcs of the
ring is only restored at this designed energy. This
tilt of spin direction at off-energy set can be correc-
tad!!, but only in a small energy range (2 3%).

This small energy range is the main difierence of
the "mixed rotator" with the “S~bend rotator". The
pixed rotator can be sufficient for an ep facility as
the electron ring energy, much smaller than the proton
ring energy, doeas not need to be varied.

One must also mention that both types of rotators
slightly increase the synchrotron energy loss and the
vertical beam emittance, but only by & few percent.

Finally one must also minimize new depolarising
effects introduced by the rotators,

Firstly the Sokolov-Ternov polarising effect is
slightly reduced in the rotator bende &s the spin di-
rection is no more parallel to the magnetic field, Nov-
wmally this reduction of the maxirun degree of polarisa—
tion is small (a few percemt) for not toc strong ma-
gnetic fields.

Secondly, and what is wore, the rotator vertical
bende, acting ar field errors do, excite depolarisation
resonances, in partieular the betatron ones, For exam-
ple the radial betatron resonances are excited due to
the Iongitudinal spin direction in the interaction re-
gion. A particle undergoing & radial betatrom oscilla-

tion experiences a vertical field in the quadrupales of
the interaction region., This field will rotates the
epin which ia longitudinal by an angle depending on the
betatron amplitude, Consequently radial betatron reso-
nances are.strongly enhanced.

Howyever, contrary tho the usual field errors, the
rotator vertical bends are "known errors", and can be
corrected, For example one can manage that che spin
rotations, due to radial oscill.tiens in the interac—
tion region, cancel out exactly. This can be obrained
by 8 prcper phase advance of these oscillations in the
interaction region'?. One can find similar conditions!?
for other depolarisation resonances excited by the
rotator bends.

Any ring lattiee, including spin rotators, must be
designed in order to satisfy these copditiuna. Thi:
operation is called’" "spin matching". Onme must rew.i-
2e that introducing rotators inaring after complation
will need s modification of the lattice in order to
satisfy "spin matching". This modificarion may ba dif-
fieulr and expensive.

6.Experipental yse of longitudinel polarisation

In an electron ring of an ep facility one would
like to aucelerate electrons and positroms. They can
be obtained lonpitudinally polarised in the same way.
One would like also to have both helicities for each
of them. Both halicities nan only be easily obtained
by reveraing the fields of thevertically bending magnets.
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For an electron-gnsitron ting the cross-section of
e*te~ annihilation is!

do= (1 - b, P;)dc

+ o
wnpol * (PI P du’

f

according to the atandard wodel of electrowesk inte-
ractions. (P,, P; are rhe longitudinal polarisation of
positrons and electrons respectively),

Compared to the cross-section dqunp 3 with unpola-
rised beams, a new information, contatneg in the cross-
section dg,, is obtained with polarised beams,

Even striking spin effects are excepted : the an-
nihilation rate would vanish for 100 % polarised '
beams of same helieity, However this effect is reduced
for partially polarised beams.

On the contrary the rate would be increased for
opposite electron and positren helicities, but this
cannot ve casily achieved.

In fact it is much pore important and more inte-
resting to build a longitudinal pelarisation asymme-
try'$ Assuming two bunches of electrons {and also of
positrons),it can be pasily obtained by depolarising se-
lectively one of the two electron bunches (and also one
of the two positron bunches). At every interaction
point one will obaerve alternatively (fig. 6) colli-
sions of polarised electrons with wunpolarised posi-
trons, and collisions of polarised positronms with un-
polarised electrons,

. +
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Fig. 6. Collisions of two electron bunches
with two positron bunches. For each beam cne
bunch is longitudinally polarieed, and the
other bunch is unpolarised.

The obtained longitudinal polarisativn asymmetry is
linear in the beam polarisation By :
_ - dg,
ANt -Ne"h ., L4

He™ 4 + K™ 9 ool

and picke-up the parity wiolating contributions te the
crosg=section. Thia asymmetry measurement has the great
advantage to cancel out most of syatematie errors.

Conclusion

The Sokolov-Ternov pularisation mechanism allows
to obtain short pelarisation times in upper energy
range of elactron rings, However an apymmetric wiggler
is peeded for LEP at 50 GeV.

Large transerve pglarisation has been easily ob-
served in low emergy rings. However depolarising effects
increase with the emergy. At high energica it becomes
necessary to choose carefully the energy and the beta-
tron tunes for avoiding the main depolarisation reso~
nances. It becomes also necessary to correct imperfec-

tions in a similar way to the usual otbit correction, A
recent experiment on PETRA at |5 GeV shows that effi-
cient cotrection procedures exist,

The possibility of transerve pelarisatien in pre-
sence of beam-beam interaction at high lumincsity has
been investigated at SPEAR (2 x 3.7 GeV) and now at
PETRA (2 x 16,5 GeV). The results are encouraging,

However at very high energies polarisation igs ques=
tionabie due to the increase of energy apread which be=-
cowes comparable to the depolarisation resonance spa~
cing. The limit in energy for polarisation ia not yet
known. It will depend on the efficiency of correction
procedures,

The design of 90" spin rotators is presently stu-
died for mew electron rings. The conditions for cffi-
cient spinrotation have been found. They must be inclu-
ded in the lattice design.

The conventional vays to obtain polarised electron
beams, studied here, are still practicable in the tens
of GeV energy range, However one must be more and more
clever as the energy inereases.
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LONGITUDINALLY POLARIZED COLLIDING BEAMS

A, N, Skriasky
Institute of Nuclear Physics, 630050, Novosibirsk, USSR

The feasibility of experiments with the
polarized cclliding beams expands significant-
ly possibilities of getting Informatlon on
fundemental interactions. Even the use of the
transversely polarized beams enables getting
the more reliable and clear definition of
gpins for the intermediate states and final
particles,!>? as well as to Introduce the
precise absolute energy scale.3”5 But only
the use of the longitudinally polarized col-
liding beams with particles of certain heli-
cities, enables one to pet basically mnew
information, This circumstance forced us, in
Novosibirsk, commencing from 1969, to develop
the principles and structures of the storage
rings which provide at a given azimuth the
stabilicy of any spin direction needed, in-
cluding longitudinal direction®:? (see also
Refs, 8 and 9).

1. In the storage ring of "conventional
type which magnetic field along the equilibrium
closed orbit has a constant, for example, ver-
tical z-directlion (the field sign can vary)
che spin orientation conserved from turn to
turn is z-direction, 1in other werds, when
particles are moving along the equilibrium
orbit their spins precess around this direc-
tiun and the spin projection on this direction
is constant, For example, if initially the
pasticle spin has z-projection +%, this value
does not ch.:ge with time {(of course, unless
either diasipative or diffusional processes
will affeect). The projection -% will be con-
served just the same way. This statement is
valid if the precession frequency (because of
anomalous part of a particle magnetic moment)
is not resonant to the frequency of orbital
rotation along the equilibrium orbit.

The similar situation became valid also
for the case of the storage ring with arbit-
rary oriented magnetic fields.¢:7 Namely,
along any closed orbit there always is such a
unit veetor EO(B), the projection on which of
the spins of particles moving along this orbit
has a constant value, In particular, if the
particle spin is oriented along ﬁo(eo) at some

initial azimuth &,, this spin will be oriented
along (different in direction) W (0) at any
other azimuth & at any turn.

Selecting the shape of closed orbit which
curve at any azimuth unambiguously determine
the transverse magnetic field value for this
azimuth and (or) introducing the azimuthal
distribution of the longitudinal magnetic
field one can achleve the required orientation
5; for rhe necessary azimuth; this orientatiun
is the same at the sections with zeroth mag-
netic field on the closed orbit, In parti-
cular, one can achieve the longitudinal
orientation Eo at the storage ring sections
where colliding beam interactions are occurred.
In this case, Lif the means are made peclarized
one can obtaln interaction of particles with
certain helicities., Varying the polarization
sign for one or both beams one can consequent-
ly vary helicities of interacting particles.

Let us note that for studying, for exam-
ple, the interactions which do not conserve
the spaclal parity, in principle, it is enough
to have even one of interacting beams polarized
(with the contrellable level of polarization}.
Though, of course, experiments can be performed
with better purity if there is a possibility
ro control the polarization im its sign and
level for both beams.

2. Having in mind the possibility to
achieve the desired behavior of the spin along
the equilibrium orbit the first question is
to find the spin motion while the particle
motion deviates from the equilibrium one, i.e.
in the presence of energy and betatron oscil-
lations in the beam, This problem is "dynamic”
par. of the general question of conservation
af the beam polarization level in a storage
ring.

The perticle motien with deviation of
their orbital motion ﬁ(t), deterwined by ini-
tial cohditions, from the equilibrium motion
described by ﬁo[e(c)] can be presented by

tleter,e] = Ry - B Jod]
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similarly, the particle mofentum deviation
?(c) from the equilibrium PD[B(t)] can be
written down as

Blecer,c] = B<o) - F [oce)] .
The total spin motion can be described as a
precession around the unit vector ﬁ(e,?,ﬁ)
with the conserving in time of spin projection
value onto this vector. 19712

The variation of 7 at small deviations of
T and p is large in the vicinity of the pre-
cession frequency resonances sith the combined
{requencies of orbital motien (apin resonances)
and decreases with the shifting from these
resonances.,

For the stationary enerpgy deviations in
the absence of betatron oscillations this fol-
lows directly from the general statement for
closed orbits. In the case of betatron and
enerpgy osecillations the vector H(e,?,ﬁ) can be
determined with the steep transition from the
equilibrium motion to the given ome. This can
be done, for example, by intreducing the con-
dition that the spin oriented along 5(6,?,5)
at some moment of time will tend to some vector
when in a certain number of turns the values
T and p at the same azimuth 8 will be close to
initial ones.

All mentioned above can be presented in
terms of formulae, Lect us consider a particle
with the charge e, mass m, spin s and magnetic
momentum u. The vector j is related to 3 by
the equation -
Kk = g5
where g = g, +g, is the particle gyromagnetic
ratio, 8, is “ts ancmalous part (B, = e/mec) .

Then, at every given moment t the spin
precession is described by the equation:!3

"
where for the particle, moving in magnetic
field with the component ﬁl transverse to the
particle velocity v and longitudinal component
ﬁv' the value W at the particle location point
will be equal ta

-

W=

- (.T +EA)H1 -y HV
For motion along the closed orbit W= ﬁo(e).
In this case, W _(8) is determined as a period-
ical solution (eigenvector) of the equation

> - ->

&, (8) W, (8) x i (6)

ds W

For this closed oxrbit the precession frequency
will be the eigenvalue of the snrin rotation
matrix for one turn.

The slowly varying energy deviations €
will lead to "shaking" of A which depend on e
(appearance of the "“spin chromaticity"); fi(c,8)
can be found out similarly to the previous with
an account of total dependence of % on € in-
cluding the field variations on the deviated
orbit corresponding to €. This can be done
according to the perturbation theory if one
takes

fite,0) = Hy(0) + W(e,0) , w= u,+tu(e) .

Similarly, with the presence of betatron
oscillations the deviations of field {(on the
particle orbit) from their values on the equi-
librium orbit can be described by introducing
the perturbation w, which depends on the phase
and amplitude of betatron oscillatiens with an
account of the dependence on the same variables
in Aw, The calculations of such a kind confirm
that already said: deviations of the spin pre-
cession axis from the equilibrium (closed) spin
trajectory EO(B) rise with the particle pre-
cession frequency nearing the integral number
combinations of the orbital metion frequencies.
One should also take into account that even for
the equilibrium orbit of the precession fre-
quency is far from rescnances, for particles
deflected from the equilibrium motion such
resonances can occur,

3. The behavior of the averaped polariza-
tion of the beam particles injected into 2
storage ring being initially polarized along
fi,(8), will strongly depend on the certain
sitwation, If the storage ring has neither
orbital nor spin damping and diffusions, the
established polarization level can be found
out by the appropriate averaging over the
phase volume of the coasting beam. If there
are damping and diffusion, one should make the
comparison between the resulting diffusion
spin rate and the spin damping rate. In this
case, the initially injected beam can be
polarized. If the spin damping is low or
there is no damping at all, one can find out
the decrement of the beam polarization level
with time affected by the spin diffusion,

The spin damping in a storage ring (with
no loss in the beam intensity) can be dome
sufficiently effective but still only for
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electrons and positrons by using the spin
effacts at e’ radiation in the external elec-
tromagnetic fields.12:1% The spin_diffusion
can occur either as a direct result of the
cpin overturns during interactions between
particles and quanta and other particles, or
as a consequence of orbital diffusion in a
beam under influence of various factors., As

a rule, the strongest (needed most care to
overcome its influence) is the diffusion of a
second type where the spin and orbital motions
are closely interrelated, In this case, the
orbital diffusion causes the corresponding
trembling of precession axis!3:!® leading with
time to lowering rhe beam polarization level.

The orbital diffusion depending on its
nature can variously affect the spin diffusion
rate., The orbital diffusion can occur by jumps
due to quantized losses on .ynchrotron radia-
tinn or scattering. The combined action of
such jumps and the orbital friction form the
equilibrium orbital beam characteristics and
simulataneously determine the spin diffsuion
rate which is the higher the stronger are
deviation of # from i, within the equilibrium
beam emittance, and the deviations are the
larger the closer and stronger are the spin
cesonances. In this case, as a rule, the spin
resonances proceed rapidly and nonadiabati-
cally.

With a weak orbital diffusion, caused by
the stochastization of orbital motion with the
combined action of many orbital resonances,
the gspin resonances can proceed slowly, with
the total but reversible spin overturn while
intersecting, and the spin diffusion resulting
rate should be evaluated more specifically.

A speclal case for obtaining polarized
beams In a storage Ting 1s the "knock-out" of
particles mainly with undesired polarization
from the initial ronpolarized beam. The pola-
rization resulting level is determined by the
relation of the particle loss probability for
particles with desired and undesired polarity
and of the agreeable intensity loss, and also
by the spin diffusion resulting rate.

As the examples should serve the propo-
pals to obtein on storage rings the e* beams
by "knocking-out" due to the inverse Compton
effect with longitudinally polarized photens
in the section with longitudinal ﬁc andl? p

beams polarization using the difference of the
total cross sections of nuclear interaction

for opposite orientations of spin § at inter-
action with the superfine polarized target;20-21
in this case, it 1s more profitable to use the
storage ring section with stable lomgitu.inal

p polarization and similarly polarized p of

the atomic hydrogen beam.

4. With an account of all mentioned above
let us consider some versions of longitudinally
polarized electron-posirron colliding beams.

First, let us assume that in the storage
ring under consideration (until it has no
special insertion for getting the longitudinal
pelarization) the equilibriuvm level of radia-
tive polarization is sufficiently high and the
equilibrium polarization direction is vertical.
Now let us install into one of straipght sec-
tions the insertion (Fig. 1) incorporated such
sections with radial magnetic field which
enable the vertical polarization in the ring
part to transform at the collision peint into
the longitudinal polarization. If the H, dis-
tribution in the section is antisymmetric wirh
respect to collision point, the equilibrium
orbit outer of the insertion will be restored.
If, in this case, there is no lenses through
the whole section with the H, fields intro-
duced, 7 in the main part of cireumference
will not also be disturbed.

4s a rule, though at the collision sec-
tion (a,b) the arrangement of a small B-func-
tion 1s needed. To this end it is required to
install quadrupole lenses on this section. In
this case, for preservation of a perturbation
on the main part of a storage ring, it is
necessary to have zeroth vertical dispersion
on the main part of storage ring even after
introducing the special section and the parti-
cles vertically polarized at the sectior input
should be similarly polarized at the output
even in the presence of energy deviations and
betatron osegillations, This corresponds to
satisfying some conditions:

¥, (0) = v,(2) =0 ;
fg(a) = fi(b) - (2 conditions»

Satisfying these conditions will provide the
spin diffusion conservation on the main part
of circumference at the same level as befoxe
introducing the special section. An additional
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diffusion introduced by radiation in the sec-
tion itself is small and it is only connected
with radiation processes in the field Hx: con-
sequently, the H  fields should not be exces-
sively high compared to the storage ring

fields, The conrtriburion of the section into
the spin friction is zeroth in the case.

The schemes of the type considered seem
to be promising for producing longitudinally
polarized beams in storage rings at an enerpy
above 10 GeV. The H  field required do not
vary with an energy increase (for the electron
spin rotation from the vertiecal to longitu-
dinal direstion it is needed H.t = 26 kGs-m)
and the orbit vertical distortions decrease
inversely proportional to energy.

5. For producing longitudinally polarized
beams at an energy range 8 = 1.5+ 5 GeV with

1.

of the
been

an acceptable way & special structure
"two-level" storage ring (Fig. 2) has
developed. The structure of sections for
transition between Hz—magnets located at
different levels should satisfy the conditions
similar to those given in point 4. The scheme
given in Fip. 2 was adopted as an optimum for
obtalning simultaneously the high level of
equilibrium longitudinal polarization and high
luminosity. The polarization level as a func-
tion of energy at a certain given geometry is
given in Fig. 3.

6. At modcrate energlies the schemes look
quite attractive where for equilibrium polari-
zation contreol the sectieons with longitudinal
magnetic field are used (the required H, =
100 Egey kus m are reasonable to be obtained
with the superconductive solengids). Two

Lay-oub of the e¥e” etorage ricg with two inolined atraisht ses-
tions for szpsriments using lengitudinally polarized besma 1= the
DATLY rihge from 2x0.7 Up %0 2w2.5 OV,

Fig.
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schemes of such a kind are gquantitatively cone
sidered for the VEPP-4 storage ring.i2

The first scheme designed for producing
longitudinal polarization in the region of
the resonances is given in Fig. &. Radiative
polarization in the field of the mailn storage
ring is used. TIts rate might be made higher
using the H3-snakes. In the beginning of the
experimental section the vertical polsarization
is transformed into the radial one with longi-
tudinal magnetic field and subsequent vertical
fields complete the spin rotation to the
longitudinal direction. Upon passing the
eollision point all the actions with spin are
performed in the opposite order resulting in
that the spin (more precisely - magnetic mo-
ment) of the equilibrium particle turns out to
be oriented along the storage ring magnetic
field. As a final bending magnetic field in
the collision polnt region one c¢an use the
magnetic spectrometer MD-1 (Fig. 4) fleld.

Let us note two moments.

The sections with longitudinal magnetic
field couple the orbital x- and z-motiecns. In
order to avoid this parasitic effect both at

the main part of storage ring and collision
point the solenoids should be combined with
the skew-guadrupoles,?22

The finally bending magnets should not
be too large in order to prevent radiation
fluctuetions in them (a2t these sections the
spin chromaticity is large) not tooc much en-
larged the spin diffusion and heoce not to
decrease the equilibrium polarization level.
Figure 5 represents the equilibrium polariza-
tion degree f as a function of energy for ome
of versions of the experimental section strue-
ture,

7. Completely different version turned
out to be promising for producing leongitudinal
polarization on VEPP-4 at low energies down to
2 GeV., The spin diffusion due to synchrotron
radiation in this case is rather weak and
particle polarization can be achieved due to
initial radiative polarization in a booster
storage ring VEPP-3 which radius is smaller
and therefore polarization time at an energy
2 GeV turns out to be of the order of half
an hour.
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Fig.

The longitudity of the equilibrium polari-
zation of beams at the collision point is
achieved due to the section with the longitu-
dinal magnetic¢ field rotating the spin at an
angle m around the velocity direction and
occurred exactly in half a turn (along the
phase of orbital and correspondingly spin
motion).2? The storage ring structure and
behavior of the spin closed trajectory is sﬁawn
in Fig. 6. The main contribution into depol-
arization rate is put by the storage ring
o lies in the orbit
plane and the energy jumps because of quanti-
gation of synchrotron radiation make the maxi-
mum contribution intn the spin diffusion. The
depolarization rate behavior as a function of
energy is given in Fig. 7.23
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let us sote that in the case under con-
sideration the spin precession frequency is
equal to 1/2 for all energies and it is suf-

4.

ficient to achieve the abseace of resonance
effects at any energy.

The spin of injecting particles should he
directed along fi, at the injection point;
orientation adjustment of the imjecting parti-
cle spin is accomplished with placing the
solernids at the appropriate sections of in-
jeetion thannels of VEPP-3 - VEPP-4.

8. In the experiments with the proton and
antiproton colliding beams at high energies it
is impossible (yet) to use any kind of polari-
zation method during the experimental run;
particles should be injected already polarized,
The optimal method for producing the intense
proton {devteron) beams is their charge ex-
change stacking with the use of H™ beams with
polarized protons, and for producing polarized
antiprotons one should apparently use the
"knock-out' method (see point 3).

The maintenance of pt beam polarization
while their acceleration in the storage ring
during the experimental run is the problem
which is ever complicated with an energy growth.
At energies above tens of GeV one should use
the pairs of n-snakes?* rotating the spins
around various axes (longitudinal and radial).
The n-snakes, hawever, are also needed for &t
storage rings at energies of a few tens of GeV
and higher (n-snakes = "Siberian snakes™).

The use of special sections performing
longitudinal orientation of Eo at the colli-
sion sections with fulfillment of conditicms
similar to those given in point 4 does not
make in practice additional spin diffusion.
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There are no questions new in principle
with respect to those already considered while
planning ep experiments with longitudinally
polarized colliding beams.

9. In the experiments with longitudinally
polarized colliding beams it is of great im-
portance to provide the contvol of helieities
for interacting particles. At high energles
the initial particle helicities make a dramatic
effect on the cross sections of fundamental
processes.

So, the electromagnetic process cross
sections (proceeding through the single photon
channel) depend on the relative helicity of
e*: with equal helicities (the total spin is
equal to zero) this channel is completely
closed and the processes of efe™ = p*u” kind
proceed only ave to diagrs: s of higher orders
which make the total cross section of the pro-
cess sharply decreased. But namely this cir-
cumstance enables ome to hope for studying the
higher orders of QED and possibly definition
of con:iributions from other interactions.

At weak interactions proceeding via 2°,
ut bosons the absolute helicities of colliding
particles become also essential. So, the reae-
tion e¥e” + 2° will only procsed with left
heliclity of e” and ripght helicity of ef. In
other variants this process should be profound-
ly suppressed and then some other interactions
will become noticeable. The similar effects
are also characteristic for other fundamental
interaccions qtq:, e*q*, vhich will dominate
in the experiments with pp, pp. etp colliding
beams .

There could be scme various ways for the
control of helicities of interacting particles.
If there is no polarizing mechanism just in
the experiment, the beam polarizatlon is esta-
blished by injection of initially polarized
particles. For the experiments of not too high
accuracy, as was mentioned above, it is enough
to have only one beam pol. ized. The effects
connected with helicities can naturally be
found out with variation of polarization sign
of initially injected particles and the com-
parison of interactions of the polarized and
unpolarized beams. The fine and wesak effects
can be detected while war,ing the particle
polarities due to spin overturn with slow
adiabatic pass through the spin resonance with

external RF electromagnetic field (with no per-
turbation of the orbital motion). This process
has been realized at VEPP-2M without any sub-
stantial decrease in the polarization level.

The independent effect (on sign and level)
on polarization of particles circulating in the
same storage ring can be produced due to rele-
vant time modulation of RF fileld and the use
of fields propagating with the velocity of
light towards the particles to be affected.

For ! storage ring under conditions when
radiative polarization is dominant, the equili-
brium polarization is always such that the sum
of spins et and e~ equal to zero; corre-
spondingly the particle helicities are equal
at the interaction section with longitudinal
polarization. For studying interactions as
functions of helicities one has to use the
"comparison mode" with forced depolarization
of one of the beams, Greater possibliities
for independent control of helicities provide
the use of a two-~track storage ring (of the
"old" DORIS type). An example of the inter-
action section schemz providing the producticn
of et and e” with opposite helicities is glven
in Fig. 8.

With e” storage rings ar high energles
it is especlially promising teo use radiative
polarization in HF laser fields propagating
toward the polarizing beam.26:27 1In this case,
at the point of interaction with the laser
field one should have the longitudinal compon-
ent of 3M/9e high enough and the laser field
should be longitudinally polarized. This
technique enables one to establish the helici-
ties of colliding beams independently.

10. Depolarizing effect of the counter
beam coherent fields in the case of longitu-
dinal polarization at the beam collision point
1s mainly similar to that of tramsversal pol-
arization.l7+:18 Some specific feature is that
the deflecting effect on the longitudinally
polarized spin is produced by any component
(transverse to the velocity) of rhe counter
beam field., In the case of transversal spin
arientation an iafluence is caused only by che
orbical foree componert directed along the
spin. This point, which is especially sub-
stantial for the usual case of the beams flat
at the iuteraction point, should be taken intn
account while optimizing experimental conditions
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for getting high luminosity of longitudinally
polarized colliding beams.

1l1. Above was considered the steb’e longi-
tudinal pclarization at a certain section of
the starage ring from the view point of using
this for implementation of colliding beams with
pure helicities, unly. Though, there are some
other important applicaticas of storage rings
with similar structures. First of all, one
should mention application of such storage
rings in the mode.of a thin and super-thin
internal polarized target (when the orbital
diffusion processes are suppressed with appro-
priate cooling) located at the section with
longitudinal ﬁo,

Such kind of experiments can turn out to
be most promising, in particular, for studying
the deep inelastiec scattering on nucleons with
given helicities of initial particles (these
experiments are of special interest at high
energles as at storage rings PETRA, PEP and
then HERA, LEP). The attainable luminosity of
such experiments is 1050 +1032 cn'? &~

The use of the mode considered for proton
etorage rings enables one to carry out experi-
ments with the given initial helicities under
clean conditions with much higher Luminosities
(because of feasibility of higher proton cur-
rents including those polarized in comparison
with currents at superhigh energies for e*
case).

The mode considered is of special interest
for operation with polarized antiprotons. As
mention2d above, this mode is optimum for pxo-
ducing polarized p with the use of cooling
(optimal polarization energy is 1-2 GeV).2?

The resulting rate for producing polarized p
caen be only une order lower than the total
efficiency for p (now visible ultimate pos2ibi-
lities are of 108 polarized p per second).

- 238

Tealty.

L

it

Subsequent use of the considered mode at the
desired experimental energy {(generally speaking,
at the other storage ring) can provide in future
the luminosity up to 1033 em? o”

The entire different application of cyclic
storage rings with the structures, providing
longitudinal H, at the major part of the storage
ring circumference, can be the producing of
the high energy intense polarized muon beams.?9
If injecting into the track, for example,. with
two long straight sections where provided the
longitudinal and with the same sign direction
ﬁo in both straight sections the intense pion
beam with an energy of tens or hundreds of GeV,
the muons, generated by the pion decay in the
long sections with momentum direction (in the
system of. plon} along the direction of its
laboratory motion, will have nearly full enexrgy
of plona and well enough fixed laboratary heli-
The muone of the opposite helicity will
be strongly deflected in energy and can easily
be extracted from the beam.

12. New prospects for experiments with
e+e‘, ey, yy colliding beams with the given
helicities will be opened up with development
and creation of the electron-positron linear
colliding beam facility with an energy of
hundreds GeV - the VLEPP project2? (experi-
ments with electron polarized beam is envisaged
in the SLC project39).

Generation of polarized electrons and
positrons at energies above 100 GeV will be
carried out with the use of synchrotron radia-
tion of "worked-out" electrons and positrons
in the lorpg helical undulators (see Fig. 9)
with further corversion of the longitudinally
polarized y-quanta with an energy of 10 MeV
into the longitudinally polarized et and &”
and thelr further final acceleration and or-
bital radiative cooling down to the required
very small emittances,
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By controlling the direction of et spins
prior the injection into the main linear accel- 1.
erator one can provide the experiments with
any required combination of helicities with
ultimate luminesity of the VLEPP-facility (it
is designed on the level of 102 em2 57! for 3,
the whole operating range of energies /5 =
300 + 1000 GeV).

The highly effective conversion of elec-
trons on laser targets with desired helici~ 5.
ty3!'+32 can allow te carry out the experiments
with ey and yy polarized colliding beams with
luminosity nearing that of ete™.

13. Carrying out the polarization experi-
ments in high energy physics and especially 7.
the colliding beam experiments with particles
with certaiu helicities becomes very important
for development of elementary particle physics.
The results of such experiments should entirely
justify the considerable effarts necessary for 10.
their implementationm. : ’

In preparation of the report particlpated
Drs. Ya. S. Derbenev, A. M. Kondratenko, 12,
I. A. Koop, and Yu. M. Shatunov.

11.
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BACKGROUND CONDITIONS IN THE DETECTOR MD-1
WITH PERFPENDICULAR MAGNETIC FIELD

S.E<Baru, A.E.Blinov, A.E.Bondar,
V.R.Groghev, G.¥.Kolechev, S.l.Mishnev,
heP.Onuchin, V.S.Penin, I.Ya.Protopopov,

A»G.Shemov, V.A.Sldorov, A.H.Sirdinsky,
VeI.Telnov, Yu.AsTikhonov, G«M.Tumallkin,
A.IVoroblov, A.A.Zholentz

Ingtitute of Nuclear Physlcs, Siberlaen Division
of the USSR Academy of Sclences, Naovosibirsk

Summary

The magnetic field in the MD-1 is per~
pendiculer 3o the orbit plane of a storage
ring. This sllows the analysie of the partio-
leg going out sven at zero angles, that is
egpecially important feor the two=-photon pro=
cespes. The background problemas caused both
by the showers of the perticles lost in the
storage ring and by synchrotron radiation are
congldered in the paper presented here. With
the trigger conditions suffiociently weak at an
energy of 1.8 GeV the background due to sho-
wers does not exceed 1 Hz/mA. The background
coused by pynchrotron radistion in the T -
- meaon reglon 1e not essential for the beam
current up to 10 mh.

I. Introduction

The distinctive feature of the detector
¥p-1 is that its magnetio field ig perpendi-
cular to the orbit plane 1. Such e version has
the following advantages compared to the de-
tectors with the longitudinal field.

1+« There ig a poseibllity to detect
particles and to enalyze thelr momenta for
the whole range of engles 8 , including

O =0, It ig essentisl especlally for the
two-photon processes with en angular dletri-
bution of the ecattered electrons and produ-~
ced particles peaked forward.

2. It 1p convenlent to detect the ] -
- quanta going cut at zero angles - the low
background level and large aperture. This
opportunity hes been already used in the ex-
periment on the study of the Bremsstrahlung
rrocess where the interesting effect of the
cut-off ot large impect parameterp hap been
observed?.

The main dieadventage of the detactor
with the perpendlcular field is the more com=-

plicated background problems beceuse of the
particle lose in the storage ring and synch-
retron radiation. The study of the baekero-
und caused by lost partiolss hag been carri-
ed out at the VEPP-4 Inj)ection energy of

1.8 GeV. The measurement of the backsround
due to synchrotron radietion has been perfor-
med in the T -meson region.

II. The detector MD-1.

The layout of MD~1 at VEPP-4 ig shown
in Pigs. 1,2. The interaction region is insi-

Fige 7.
A «~ interaction region for the detac-
tor MD-1; B,C = interaction regions.

The layout of VEPP-4:

de the large magnet. From both sldes of the
magnet two additional megneta have been ple-
ced with seperate supplies. This allows va-
rietion of the detector field keeping the
angle of the orbit bending constent and
equal to 16°,

The electron tegging system for study-
ing the two~photon procesees 1s ingtalled
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The central interaction regioni

Mg. 2.
1 = detector MD-1; 2 - additional ben-
ding magneis; 3,4 - electron tagging end
luminoeity monitoring syatem; 5 - len~

=11 -1

between additional bending megnats end ienses.
The gystem consisgts of induction proportional
chamberg, measuring the radiel coordinate
with on accuracy @ = 100 m, usual proporti-
onal chambers and scintillation counters. The
acouracy of measuring the energy of scattered
eleatrons ie . The gystem ig pl.-ed from
the inner side of the orbit and also abave
and below the beam. The syatem engures detec~
tion of the electrons scattered at O = 0°,
with the energy loss of 15~50%. The electrons
with the beam energy are detected at the ang-~
les 8 = 124900 mrad.
The central part of the detector is shown in
TMge. 3. The magnet is a cloged-type solenoid.
The internsl slze of the coil is 2.3x2.3 m,
the copper coil thlckness is 30 em, the gaep
is 1.8 m, the maximum fleld is 16 kG. Star-
ting from the intersction region the detector
conteing & vaouum chapber, coordinate cham-
bera, scintillation counters, gas Cerenkov co-
unters and shower-range chambers. Besides
that the muon chamberp are placed beyond the
magnet winding, inside end beyond the yoke.

A trigger 1s arranged by the hierarchy

Fig. 3

Magnetic detector D=1z

1 ~ yoke, 2 ~ copper winding, 3 - va~
¢uum chamber, 4 - coordinate chambera,
5 - acintillation counters, 6 - gas
Cerenkov counters, 7,9 - shower-renge
chembera, 8 - muon chambara.

principle: primary trigger, secondary triggen
computer .

Ill. Beokground dus to the loag
of the particles in beamse

The background counting rates from the
particles losi from the beam have been studi-
ed at the injection energy of 1.8 GeV. Measu-
remaentp were carried out at the current of
Ou3¢1 mA. The large currents are restricted
by the colliaicn effecte. At these currenis
the beam lifetime was 1043 hours and determi-
ned nmainly by the Brempstrahlung radistion on
the residual gas as well as by the Touschek

effect,

Our measurements have shown the follo-
wing nsture of the background in the detec-
tor.

At first, there are particles leaving
the equilibrium orbit and performicg many
turna befors thelr ruin. The spacial density
distribution of these particles (halo) is
feirly broad snd has gherp boundsg . The
cut-off of the halo occura in the point
where the storage ring aperture is the mmal-
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legts Lf this point is near the detector, it
canses an increase In the background coun-
ting rate.

Secondly, the beam clectrons lose their
energy by the Bremastrahlung radiastion on
the residunal gas in the straight sectlon in
front of the detector and hit the detector
after bending by the megnetic field.

In Fig. 4 the vesult of the halo size
meaourement ig chown« The rroobe, placed be-

ICHKKH:AﬂA'
60f

30r

|
+
|
I
!
|
20}
]
!

Z(cm)

Fige 4. The dependence of the prima-
ry trigger :ounting rate on the poei-
tie. of the probe; solid line = no

cut-ol'f of the storag? ring mpertuore,
dotted line - with the restrlictlon of
the aperture in the injection pection.

yongd the first lens from the detector is mo-
ving in the vertical direction. The depen-
dence of the primary trigger counting rate
on the prcbe nogition was measured. The so-~
1id line shows the result when the probe ap-
Proaches the beam from below and ebove. It
ig seen that the halo size im about 4 cm.
The dotted line ghowo the result of the simi-
lar measurenent at an aperture regtriotion
in the injection section. The decrease in
the halo size can be seens

In Fig. 5 the dependence of the back-
ground counting rate of the detector on the
vertlicei position of the beam in the detec~

tor 1s presented. Curve 1 - without restric-
tion of the aperiuve, curve 2 - with the
reastri¢ction of the eperture in the injection
gectlon. It is meen that the background has
been decweased mnd the dependence on the
beam position has dlisappeared. The cut-off of
the helo in the injestion section waas perfor-
med in vertioal, radial and in both directi-
ong gimultaneously. The background counting
rate 1a practically the same in all theae
cases. Thla ghows that particles in the hale
live inany turna.

CHilxHz /mA)
2
. 1
2
L > /——_—___-—-—""

"6 08 02 0 02 Ob 06
Z [em)

Fig. 5. The dependence of the prima-
ry trigger counting rate (CH1) on ths
vertical beam displacement In the MD-1:
1 = no restriction of the aperiure,

2 = with the restriction of the aper-
ture in the injeotion section.

In Fig. & the dependence of the back-
ground counting rate on the radial displace-
ment in the detector is shown. Such a large
orbit dimplacement is poasible due to largs
slzes of the vecuum chamber in the detector
and is carried out by the variation of the
tield in the central and additional bending
magneta.

Por experiments at the energies clome
to the injection one we have chopen the ra-
dial displacement ¥ = 9 cm and heve used
the halo cut-off in the injection section.

Different chambers and counters have
highly dirferent background counting rates.
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Fig. 6. The dependence of the back-

ground counting rate of the detector

or the radial displacement of the beam
in the ¥MD-1. The restriction of the
aperture is made. 1 - counting rate of
the primery trigeger (CE1), 2 - coun~
ting rate of the seceondery trigger (M2

In the Table 1 the data for the chambers and
counters with the meximum counting rate are
rregenteds

Table I. The backgrcund for the chambers
end counters with the meximum counting rate
at E = 1.8 GeVs.

Background coun-

System ting rate, kHz/mh
1« Coordinate chamber 0.3
2+ Seintlllaticon 0.3
count4r
3+ Shower~range chamber 1
4. Tegging aystem 1

To deorease the trigger counting rate
from the background due to the Bremsstrah-
lung radiation of electrons on the siraight

sectlon in front of the detector we have ueed
scintillation oandwiches detecting the Bremsg-
strahlung y - quanta. The vacuum chember

has thin windows in these directions.s The an-
gular disiribution of these photons is feir-
ly sherp, therefore the sizes of the candwi-
ches are small (10x10 em2). The covnting ro-
tes of these counters sre shout 3 kHz/mA.
Thege counters are included in thke tripgger on
snticoincidence that leads to the reduction
of the tripgger counting rate by a factor of
243,

Upon thepe cenditions the counting ra-
te of the primary trigger via the channel of
charged particles CHY (at lemst one particle
is needed in the unlt of three coordinate
chambers and firing of =t least one scintil-
letion counter) is about 0.2 kHz/mh, and vig
the nentral channell N1 (firing of fwo of
ten chambers in the shower-range module is
required) is about 0.% kfz/mh.

The use of various combinations of the
pocondary trigger allows to reduce strongly
the number of the tepe recorded eventa., Be-
low we prepent the data cn the counting ra-
tes for gome combinations of the secondars
trigger in termn of our notetionn jargmon.

i« M1 =000D = 0 Hz/mh

Two units of the coordinate chembers
and at leaat one scintillation counter
were fired.

2. M2 = CCHD#CCUCCL* SCUL = 1 Hz/mA

Two units of the coordinete chamber vre-
re fired, one of them ip near upper (near
lower), another one is n 4istent lower (dis-
tant upper) and there ere scintillation coun~
tera below and sbove. The data on the coun-
ting raeten for these frigger conditionsa are
preaented in Flg. 6.

3. M3 = M2+SHND = Q.75 Hz/mA

Besldes the condition 2 flring of fwo
shower-renge unlte ls required.

IV._ Background due to synchrotron

radiation

The specinl paper4 ip devoted to the

goluticn of the beckground problem caused by
gynchrotron redigtion (SR) in the MD-1 de~
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tector. The basic idea of the solution oon-
piste in creation of the special vacuum cham=
ber sllowing to synchrotron radiaetion to paes
the deteotor without touching the vacuum
chamber walls (Fig. 7). Radiation recelvers
are placed at @ rather long distance from
the detector cenver, ao that only backward
scattered photons hit the deteotor. This el-
lows to reduce coneiderably the photon flux
on the central part of the vacuum chamber,
egpecially in the hard part of the spectrum
becauge at the Compion backward scattering
the pboton energy decreases end the anguler
distribution for herd photons is peaked for-
ward. The moveble collimator sllows %o choo-
pe an optimal size of the vertical aperture.
The radiatlon receivers made of copper, are
water cocled,

Pig, 7. The layout of the vacuum cham-
ber in the ceniral interactior region:
1 = eylindrical pgrt, 2 - movahle col-
limator, 3 - latch, 4 = vertlcal pro-
be, 5 = chember for SR esoape, 6 - va-
cuum pumps, T - SR receivera, 8 - ent-
rance window of the electiron tegging
syptem, 9 - electron escape for -
- quante monochromatizatlon, 10 - radi-
al probe.

Such 8 construction of the vacuum cham-
ber has reduced the photon flux et the cent-
ral part of the detector by m factor of 106.
An addlitionael attenuation is achieved by pla-
cing & thin foll at the thin cylindrical
part of the vanuum chamber and in front of

the scattered electiron tagging system. Now
the cylindricel part is of 3 mm thick
A1(/30 Xp) and 0«1 mm Tal1/20 X5) and the
tagging system window le of 0.17 mm thick
Pe{ 1/ 100 Xg) and 043 mm Sn{ 1740 X,).

The background due to gyrahrotron redi-
ation 1s esgsential only for the coordinate
chambers and for the tagging ayatem; the re-
maining elements of the detectar are proiec-
ted by a thick leyer of materisl. For simpli=-
¢ity of the event anmlyeis it ia desiradle to
have the number of wiregs fired for the one
beam pasaage leps than one.

We have performed the measurement nt
the beam energy of 4.7 GeV. The number of fi-
red wiras during cne beam passage at the cur-
rent of 1 mh wag 0«1 for the coordinate cham-
ber nearest {o the beam and 0.03 for the
most distent one. For the chamber of the
tegging system the corresponding velue is
0.01. The experimental dsta are in agreement
with calculations with an accurany of about
2.

It ia seen thet at the present conditi-
ong the background due to synchrotron radia-~
tion allows to operate at the T - mesaon
energy with the currents up to 10 mA.

The authors expresgs thelr gretitude to
the staff of VEPP-4 for a possibility to
perform the experiment.
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SUPERCONDUCTING MAGNETS FOR DETECTORS

R.D. Kephare
Fermi Naciongl Accelerataor Labaratory®
P.0. Box 500, Batavia, Illinois 60510

SUMMARY

A Fermilab/KEK/Univeraity of Tskuba, Japan
oollabaoration is designing a large superconducting
solenoid for the Fermilab Collider Detector Faallity
{CDF). A  review of tha atatus of other
superconducting solenoids built for oolliding beams
machines is presentad and progress on the design of
the CDF magnet 1s discussed. Two  types of
superconducting coils appear to be [feasible; a
bath-cooled eryostablec design or an indirsot ocoled
design using force flow helium. Advantages and
disadvantages of each deaign are pointed out. Scaling
up sucn colls to larger detectors i1s also disqussed.

History

Many of the large general purpose datectors used
at colliding beam machines rely on gas lonization
devices located in a magnetic field to measure the
angles and momenta of charged secondarles praduced in
the collisions. For most systems the position
measurezent error of the jonlzation device limlits the
moment e resolution, resulting in a resclution that
tends to degrade as the momenta of the secondarles
increase. The rezolution of such a asystem can be
improved by inareasing the track length in the
Dagnetie fileld over which the partlicle trajectories
are measyred and, within limits, by inereasing the
magnetic field strength. As the center of mass energy
of colliding beam machines has lnareased, there has
been a continuing desire to construct magneta
producing high fields over ever larger volumes.
Although such magnets can take wany forms {depending
upon the type physles one wishes to emphasize), axial
field solenoids have often been chiwsen to provide the

magnetic field for large goneral purpose deteators.
By aligning the solenold axis with the beam axis, the
magnatic field of the detector has only minimal impact
on the oirculating beama. In addition, the uniform
#ields provided by the gsolenoid simplify track
reoonatruction of complex events.

The characteristics of the SC solenuids bullt
thus far for colliding beam machines are summarized in
Table 1.7 The first sueh coil to be built Was used in
tha PLUTG detecto built for the Doris
alectron-positron storage ring at DESY. The aoil
egployed a multiple layer winding of copper atabilized
NbTi suparoondugtor imwerged 1in a Ddath of liguid
helium. Since no eleatromagnetic calorimetry is usad
outside the coil, no mttempt was mage to reduce the
amount of material used in its construction. The coil
was tested in 1972 and is atill successfully being
operated at PETRA. The 3olenoids bullt after PLUTO
bave had the additlonal constraint that thelr
Structures be as '"trensparent" as  possible ta
sgcondaries produced in beam-beam collisions. Thia
constraint 18 a result of both physios and eoconcmies.
The physies often diatates that both electrons and
bPhotons bé detected with good position and energy
resolution. In addition the number of pions
aisidentified as electraons by the deteatar should be
as swall as possible. These goals are beat achieved
with a pinizum of paterial locatsd between the bean
crossing point and the detsotor's EM calorimetry.
Thus ideally the coil that provides tha magnetic fleld
Ter tracking chambess ought to be located outside the
calorimetry. However, locating the coll outside the
calorimetry requires that both it and the return yoke
of the magnet be substantially larger and thus more
expensive. In addition, access to the calerimetry 1s

TABLE I

SUPERCONDUCTING SOLENOIDS USED FOk COLLIDING BEAM PHYSICS

YAGNET PLUTO ISR-11 CELLO TPC-LBL CLEC
PETRA/DESY CERN PETRA/DESY PEP/SLAC CESR/CORNELL
Type Pool-beiling Paol-beiling Force flow Force flow Force flow
cryoatable cryostable indirect cooled dindirect copled indixect cooled
Useful bore (m) 1.4 1.38 1.5 2 2
Winding length {(m) 1.2 1.8 3.4 - 3.4 3.15
Design central
field (T) 2.2 1.5 1.5 1.5 1,5
Tested Central
£2eld (T) 2,2 1.5 1.3 1.0
Stored energy {MJ)
at design field 4.3 3.0 7.0 10.9 9.4
Design Current (A) 1270.0 2200.0 3400.0 2230.0 2200.0
Tested Current 1270,0 2200.0 3200.0 1200.0% 1600.0
Date {1972) (1976) (1979) (1980) (1981)
Radiation Thickness (A) - 1,1 0.5 0.68 0.75

ree magnet was dzmaged during testing by an Insulation breskdown. It is currently being rewound.

*Operated by Universities Research Association, Inc.,
wnder c¢ontracc with U.S. Department of Energy.
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severely limited by the coll. A reasonable compronise
hes been to locate the coil inside the ealorimetry but
construct it in such a way that it is as thin a9
possible both In terms of radiation and absorption
lengths.

In practice this has meant uting structural
aluminum vacwum shells and radiation shields as well
as using high purity aluminum instead of copper to
stabilize the superconductor. The reasona for thia
last choice are apparent from Fig. 1. As can be saen,
the electrical resistance of high purity aluminum at a
temperature of 4¥ is substantially smaller than that
of copper. There are, hawever, several complications
encountered when using high purity aiuyminum in large
eolls. The +two most important difficulties are its
vary low yleld strength {v 1200 pal a3 compared to
7000-13000 psi for OFHC copper) and the fact that its
resistivity can increase substantially if 1t is
subjected to cyelic strains in exeess of v 0.3%
(Fig. 2). In sapite of these problems, aluminum's
8.9 om radiation length vs. 1.4 cm for copper makes it
yery attractive as a stabllizer for “thin® solennids.
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Fig. 1 Resistivity of Aluminum and copper.
5 = 1list lines include maguetoresistivity
effects

The first such magret built with this design
criterion was one cuspleted by Morpurge in 1976 for
the CCOR experiment at the CERN Intersection Storage
Rings.3 This coll like PLUTO's waa cryostable and bath
caoled., It was, however, unusual i that the bulk of
the stabilizer for the conductor was provided by
apldering a relatively small Cu-NbTi superconductor
between two iarger high purity aluminum strips’ {see
Fig- 3). The coil haa a useful bore of 1.4 meters, ls
1.8 meters long and produces a central fleld of 1.5 T.
The six layer c¢eoil and eryostat correspond to 1.1
radiation lengtns (Ap), Except for minor problems with
refrigeration and a failed epoXy fiberglass coil
supperc  member, the coil has operated very
successfully for more than five years at the ISR. The
wagnet is operating at present at the ISR.

P (42K)2 132210 N em
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2
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Fig. 2 Cyclic strain behavior of the resistivity
of high purity aluminum. Ref.5

c USED IN ISR _SOLENOID

PURE ALUMINUM({$9.9997 %)

STAINLESS
ATEEL

Cu/NBTI
SUPER CONDUCTOR

Fig. 3 Alumipum stabilized eonductor

The next "thin" solenoid waa bullt by
cEN(Saclny)IITP(Kgrlsruhe) c¢ollaboration for the CELLO
detector at PETRA®. The coll has a design central
field of 1.5 T, a 1.5 m useful bore, and is 3.4 m
long. This coll employs a aingle layar coil cooled by
helium foree [flowed in an external electrically
insulated coeling pipe. Although its conductor also
uges a Cu=NbT1 superconductor soldered to g high
purity aluminum strip, the deslign philosophy was quite
different, Both the ISR and PLUTO solencids were bath
cooled crycstable magnets. In Lthese magnets full
oryostability implies that there is sufficient liguid
helium in direct contact with the condustor such that
if a "normal zome™ 1s formed (e.g., by conducter
motion, eracking upoxy, ete), then the ohmioc heating
gen¢ratad in the conductor's stabilizer is lese than
the avallable copling power to the helium bath. As a
result, any conductor normal zone is rapidly cooled
balow the eritical temperature T of the
superconductor and the conductor refurns to the
superconducting state. Thus =¢ leng as a fully
eryostable ceoil is covared by liguid haelium it cannot
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quench. The CELLO magnet on the other hand does not
have helium directly in contact with the conducter.
For stability, the deaign reliea on the Hhigh thermal
diffusivity and apecific heat of the aluminum
stabllizer to prevent amall local heat pulses from
quanching the coil. The coil is however designed to
quench safely. During such & quench the high natural
quench velooity in the aluminua shunt causes the
energy deposited in the coll to be spread over a large
region thus avolding excessive conductur temperatures.
The CELLO magnet was tested in 1979. & defect in the
superconductor required the aoil to be repaired by
bypessing § turns. The magnet was subsequently tested
successfully, however, the operating current of the
coil was limited to a value correspending to 1.3 T by
aspontaneouas quenches presumably because of additional
conductor defects. After initial refrigeration
problems were Solved, the magnet has run very
successfully for two years, the last _continuous run
being 4500 hours without interruption.” This magnet is
particularly impressive in that Its total padlation
thickness is 0.5 A,

Two other indirectly cooled solenoids have been
built, One 1is for the TPC detector built by LBL for
PEP® and the second for the Cornell CLEO detector at
CESR?. A cross section of the CLEO coil ia shown in
Fig. 4. Both magnets have a useful bores of 2 m and
design central fields of 1.5 T. These colls differ
from CELLO primarly in their method of quench
protection. The SC winding 13 not shunted by aluminua
stabllizer. Instead, bath colls use a mandral made of
a loWw resistivity aluminum alloy to form a "shorted
gecondary™.  {(The TPC magnet uses a second low
resistivity ™shorted gecondary™ wound on the mandrel
underneath the superconductor.) These secondaries are
designed to be well coupled lnductively to the primary
winding and have time constanta that are comparable
with the primary winding/dump resistor time constant.
During a quench a portion of the primary current is
rapidly transferred from the primary winding tc the
"shorted’ sgecondaries®, Ohmic heating in the
secondaries cause the SC primary to be become naormal
faster than it would through normal 2zone propagation
alone. In addition the secondary circuit absorbs a
substantial fraction of the stored energy aveoiding
high conductor temperatures in the primary winding.
Both the TPC and CLED colla have been tested. The
Cornell eoil wes teated in 1981 up to 738 of its rated
current, but the test was terminated by a' power lead
failure. Fortunately only external damage resulted,
and the magnet was subsequently tested succesafully to
a field of 1.0 T and installed in the iron. Figwve b
shows the primery current v3. bime for a quench in the
CLE0 magnet, The current in the primary is seen to
drop quickiy from its Initlal value of 1600 A to
1040 A as current is transferrad to the magnet's bore
tube. There are currently no plans to test the magnet
up to its design fieid of 1.5 T. The magnet is in use
at 1 T at CESR and the magnet's operation has
stabilized such that during two months of recent
cperation the magnet quenched only once, 10
Unfortunately, the TPC solencid was severly damaged
during its initial testing in 1980 by an insulation
breakdown.!1 However, the magnet's oryogenle and
slectrical performance were verified up te half the
rated curcent before the fallure. The ooil lis
ourpently being rebullt at LBL.

CDF Solenoid

Next I would like to deacribe progress on the
deaign of a superconducting solencid for the Fermilab
Collider Dstector Facility. Thia will be the major
detector used at the Fermilab collider to study pp
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collisions at center of mass energles up to Vs =
2000 GeV. When the collider i3 operating, the
detactor wWill be located in an experimental hall at
the BJ aollision area. When the accelerator operates
for fixed target physica, the detector will operate in
a nearby (30 m) assewbly building for testing and
field mapping. The detector and its physics goals
have been deacribed elsewhere'<.
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The eentral detector for CDF (shown in Figa, 6
and 7} eaploys a large axial magnetlc flsld volume
instrumented with a cylindrical drift chamber and a
pair of intermediate tracking chambers. This system
will determine the trajectories, signs and momenta of
charged particles produced with polar angles batween
10 and 170 degrees. The magnetic fileld volume
required for tracking 1s approximately 4 m long and
3 m in diameter, To provide the desired Apysp. < 151
at 50 GeV/c using chambers with » 200 y resdlution the
field inside this volume shouwld be 1.57 and as
uniform as is practical to simplify track finding and
reconstruction.
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Fig. 6 CDF Central Detector (Side view)

TEEm
286
om .o
; i LN
1A T
LTER
ERD_CAP HADRON ) L
CALGRMEILR I LEwar
HEWSOHCDR A
% € 201
TG ey
243m ! umnga"zvm
.»“
\mmuv. MUDH
DETECICA
N
3 /X////

HIRE 1=

FEAS777, L //

Fig. 7. CDF ‘detecror end view,

This field will be produced by a solenoid with a
uniform linear current density of 1.2 x 100 A/m
surrounded by a partially calorimeterized iron peturn
yoke. The coil 1tself will be approximately 3 m in
diameter and 5 m long. Since both central
slectromagnetic and hadronic calorimetry are located
outside the coll, the coil must be "thin" both in
phyaical thickness and radiaticn and -absorption
lengths. In addition, because the magnet must be off
during B accumlation, and the stored P beam lifetimes
may be short initimlly, the magnet must be capable of
being charged to full field quickly {v 10 minutes).

¥We have lnvastigated the feasibility of building
a caonventional water-caoled alumlouam coil (sece Figs. 8
and 9),» HWhile such wcoils could be bullt, the
elactrical power costs wWould be enormous, exceeding
the capital cost of a comparable SC qoll inws 1 year.
Therefore we have decided the ocoll will be
superconducting. The short magnet charge time makes
TPC cor CLED type coils with low resistance bore tubea
unattractive since a 10 minute 1linear charge would
produse over 1200 watts of eddy current heating in a
low reaistivity (11000 aluminum ailoy) bore tube of
aur size. Thus we are currently conaxdering tuo
possible designs, a bath cooled coll 3 similar to
Morpurgo's ISR magnat as well as an indirestly cooled
CELLO type aoll. & summary of the characteristies of
a bath codled solencid for the CDF detector appears in
Table II. The proposed conductor for this dealgn is
shown in Fig. 18, It  consists eof a Cu/NbTi
superconductor acextrudad with a high purity (RRR 2
1200) aluminum stabilizer. The coil would be a ajngle
layer of conductor wound on an insulated structuyral
alaminum bobbin. Turn to turn insulation wWould be
provided by apoxy fiberglass Spacers, while the coil
"bursting forees™ would be contuined by high strength
aluminum  bauding wound over the conductor (see
Fig. 11). This gecmetry permits 508 of the surface
area of the conductor to ba exposed to tha Ye bath.

D_ALUMIN

T
BOWER {(Uw)

Fig. 8. DC power vs, radlation thickness for

a conventional coil.

OPERATING COST vs. AR
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40% OUTY FACTOR

AC POWER=L| X (DC POWER)

QPERATING COST PER YEAR (#10%)

] ] & ]
- 9 L3 2.0
SOIL THICKNESS (AR)

Fig. 9. Operating costs for conventicnal coil.
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TABLE II

COF FOOL BOILING MAGNET PARAMETERS

Useful Bore:
Outer Diameter:
Length:

Central Field:
Coil Diameter:
Coil Length:z
Winding Schene:

Nperating Current:
Stored Energy:

EJ

Inductances:

Max. Discharge Yoltage:

Compressive Axial Force
at Midplane:

Axial Decentering Force:

Max. Radial Decentering Force!

Est. LHe Censumption:
He Capacity of Cryostat:
* He Reservolr Capacity:

He Cryostat Pressure Rating:

Esc. LNZ
Cold Hass {(Magnet)

Consurption:

Est. Coocldown Time:

Weight of Steel Yoke:

Welght nf Central Detector:

2.86 m
3.35m
5.07 m
1.5T

2.59 o
4.79 m

Single layer helix
(870 turns)

6600 A

31 W

2 % 1623 a-3/n?
1.38 ¥

30 v {r = 300 seq)
202 v {1t = 45 sec)

86 mecric tons

15.2 wmetric tomns/cm
12.5 metrie tona/em
56 L/h (40 W)

2 800 L

1750 L

%.76 Aum

11 L/h (500 W)

7200 kg

300K to BOK < v 6 days

‘80K to 4.2K < 2 days

" 1000 metrie tong
% 2000 metric tons

The coll would he1£u11y eryostable according to the

Stekly criterion

and thus

should not be able to

quench, Nevertheless, the cross seotional area of the
stabilizer iw sized very copservatively such that sven
{f the coll should quenehr (e.g., low liquid heliun
level), then 1t could ba discharged into an external

dump resistor such that

the maximum conductor

temperatures would not exceed 250K,

The entire ¢oil would be preloaded axially and
radially to prevent conductor motion during excitation

and enclosed in an cuter aluminum shell.

This shell

would serve both as tie He containment vesssl and

provide attachment points

for supports.

A oreas

section of this proposed coll is shewn in Fig, 12,

Tne coil would be supported to its vacuum shell by 30
support members: 6 axial
12 tangentially attached

aetallia

(Inconel T718)
gupports at one end and

radial supports at each emd of the ocoil. Each support

is LN, intercepted aud equipped with

apharical

hnnrinEa to sllow for diffarential thermal contraction

of the coil during ecooldown.

The ocoil will be

surrounded with superinsulation, LN, goaled radiation

shields and an aluminum vacuum shéll.

The entire

package 1s 25 cm thick and oorresponds to 1.04
radiation lengths and 0.24 nuslear absorptlon lengths.
The ocontributions of various oomponents to the
thickness of the coil are shown in Table ITI,

I-—-——n.nm-———-l
1 T

oN\_2mm ATSmm
o

¥

7

P4 = LR
Zeufmem

ALUMINUM

Fig.10. Proposed Cu/NWbTi/Al conductor for CDF
bath cooled coil,

Conductor
Ceneral Cu/NbTL coextruded
with high purity

aluminum stabilizer

Overail dimensions: 4,25 mm x 18.8 mm

Al:Cu!Nb-TI grea ratios: 24122
Short samuie curfepc: 13.2 kA at
20T, 6,2 K

Bare conductor current denaity: 8260 Afcm2
Alupinum Stabilizer
Resldual resistivity ratio: > 1200

ALUM. BARQING

ZOBD ALUM.
BORE TUBE

Fig. 11. Proposed CD¥ bath cooled coll geometry
Electzical Insulation:
On coil bobbin:

epoxy~fiberglass with
channels

0.050" (1.25 mm) epoxy
fiberglass

Turn to turn:

Liquid helium will be supplied to the acil from a
dewar mounted on the magnet yoke through & vertioel
Ypower chimney" ocontaining the gas cooled power leads.
The estimated helium consumption for the magnet and
its transfer lines is approximately 56 1litera/hr (40
W

An indirect cooled CELLU type design for the CDF
coll is also being investigated. It i» similar in
many respects to the bath cooled design. The vacuum
shell, supports, radiation shields, conduector and bore
tube are nearly ldentical. The outer helium shell
however is replaced by a serpentine Lic cooling tube
atteched to the ¢oil banding. The banding would be
elegtrically insulated from the condustor. In
addition ths turn bo turn insulation would be thin
polyamlide-imide tape or similar material to enhance
longitudinal quenoh propagatlon (sea Fig. 13). The
overall radiation length of this ooil would be almost
the sama as the bath cooled coll since material.
ropovad by eliminating the outer He vessel and
thinnirg the bore tube is partially compensatsd for by
increaning the concuctor's Al 3tabilizer (to keep
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- Fig., 12 Crosa section of a bath cooled CDF coil

conductor temperature £ 100K during a quench) and by
the addition of the He cooling elrcuit. The physical
thickness required is also about 25 cfi.

To investigate the problems assoclated with such
a magnet a 4§ o diameter x 1 m long R&D solenoid was
constructed and bested!® in Japan by L.tachi
.td, using conductor and banding techniques similar to
that proposed for the full sized coil. The ocoil was
successfully excited to 1.6 T (70% of short ssmple)

without spontaneous quenches. Normal zone velceities
for quenches induced by a heater were measured and are
shown in Fig. 14. The eostimated velocity of the
normal zene along the eonductor length (if we assume
that the quench only spreads that way) is shown on the
lerft ordinate axis. The effective velocity along the
axis 1is shown on the right axis. These veloocities
have in turn been dinput to a oomputer quench
simulation program and used to estimate the quench
behavior of the 3 m diameter x 5 m by full sized coll,

TA

BLE III

3m DIAMETER x 5m LONG PATH COOLED SOLENOID

Radiation Absorption
Item Material cm Length length
Inner vacuum shell Aluminum 0.64 0.071 0.0170
Inner helium shell Alumipum 1.5% 0.178 0.0426
{coil bobbin)

Conductror Aluminum 1.7 0.232 0.04000

Copper

NbT1
Insulation Epoxy/fiberglasse 0.6 + spacers 0.046 0.019%
Banding Aluminum 1.5 0.169 0.0404
Quter helium shell Aluminum 0.79 G.089 0.0213
Radiation shields Aluminum 2 x 0.20 0.044 0.0106
Outer vacuum shell Aluminum 1.90 0.214 0.0512

TOTAL THICKNESS 1.04 0.242
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Fig: 13 1Indirect cooled coll & eryostat

Tha rasults indicate that such a ecoil will quench
safaly with conduucor temperature not exceeding 100K.

Both co0il alternatives arae atill under
examination. Some of the author's percelvad
advantages and disadvantages of each are summarized in
Table IV. We plan to droide which ¢oll to build and
begin final engineering design and construotion in May
of 1925 with a goal of comrleting the coil for testing
in 19B4.
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Fig. 14 Quench velocities in CDF hub coil
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TABLE IV
COMPARISON

BATS COOLED V5. IMDIRELT COOLED COILS

BATH COOLED,

INDIRECT COOLED

MO >M>a D>

Cail can'e quesch

Cail fpsonsitiva to
mail conductor
matlons, cracklng
AP0y, aC

L W‘tl’ll during
coil diacharze

He bath can abuorb
large amcuats af
wddy current heating
during charge

cycle

Insensitive to short
rafrigerazor
1nterruptionn

Smll smaunts of helivm
in zoil = no cryegenic
safsry crablems

Co1l cryogenice & leak
checking wizplov

Coil may be choapar
Taster cooldown rate

Cotl can be better
wlactrlcally 4nsulated

Lazge Lie rececveir
in coil reguices
latga vent pipes
and eafety relisfs

Hallup cryostat wore
cowplicated and
Tenaive

Laak chacking haréer

$Cooldown tekes lonmer

fio1l can quench

Must aveld conductor
motion, cracking
epoxy, ete.

Saall defects in
wupe-condyctor can
limdt maxiauws
current

Must avnid "hot spota”
in coil (e.g., at
support attmchoenea)

Recovery from quench
taken wany hoors

Bigrer voltages doting
= insulscion
mare critical

More sensitive Lo eddy
current heating during
charge cycle

Short refrigerstor
fater-upticn can
quench coil
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Largen Coils

Finalty T would like to disecuas briefly what the
prospects are for scaling up magnets of the types I
have described for future colliders. Table ¥ aontains
a 1list of the world's currently approved accelerator
projects as well as those that have been proposed
recently. With the exception of the UMK and TEVATRON
fixed target accelerators, all other approved or
uroposed machines are colliders. The loereased center
of mass energles ab these machinea will probably
result in a saveral new large detectors being built
that employ superconducting aclenoids subatantially
larger than those bullt thus far. There are no
fundamental reasons why bthe SC technology presently
applied bo solenolda at aolliders cannct be extended
to these larger colls. In addition, other new
techniques such as cryostabla force flow  colls
{pechopa uaing “eable in conduit" conductors similar
to those developed for large fuaion magnets) may be
attractive for these large colls. Tt 1s interesting
to consider what ascaling laws apply that will allow us
to extrapolata frcm exiating colls to larger vnes.

Scaling Las

Momentum Resolution

For a sclenoild whose volume is instrumentad with
a track detector with fixed position measurement errar
the resolution of the solenoid/tracking chamber system
varies as

AP P
__I = K _I__
P 2
T Boﬁ
where P = transverse momentum
B, = solenoid fleld
R = radlus of solenoid C
¥ = constant {= 0.01 for 200 p drift ¢hambers)

Taus the most effective means of improving the
deter or resolution for hizh mamentum particles is to
inerease the radius of the coll since the resolution
depends inversely on the square of this quantity.

Stored Energy of the Magnet:

The satored energy of the solenold is a useful
parameter slnee the  eonatruction costa, gquench
protection, and thickness of' SC solencids all inerease
raridly as the magnet's stored energy 1s increased.
The atored energy 1is given by

z2
E = E_ [\
2y
which for a solenold with a non-saturated iron return
yoke is approximately

2
g =5 (amfn)
2ug

where R i3 the length of the coil. A useful number i3
that 1 m3 of magnetic fleld wvolume at 1.5T
corresponds to about 0.9 HJ of storsd magnetic energy
in the coil.

TABLE V

WORLD ACCELERATOR PROJECTS

APTROVED

Europe  pp CERN 270 x 270 GeV pp

usA ISABELLE Brookhaven 440 x 440 GeV pp
TEVATRON Fermilab 1 TeV Fixed Target
pE Fermilab 1x1 Tev np

USSR UNK. Serpukhov 400 GeV Fixed Target

(3 TeV Fixed Target)

27 Gev e+e_
50 x 50 GeV oo

Japan TRISTAN RER

Europe  LEF CERN

PROPOSALS

Europe  HERA DESY 30 GeV/820 CeV p

rsa SLC SLAC 50 % 50 GeV o'e
CESR 1I  Cotnell S0 x 50 GeV e'e”
CHEER/ Fermilab 10 GeV ef1000 GeV p
Columbia

Japan TRISTAN KEK 27 GeV e/300 GeV p

Thickness of the Coil

For detectors with their EM calorimatry outside
the eoll, the coil thickness in radiation lengths is
particularly important. Although the aotual thiokness
depends on the detalls of a speaific deaign, saveral
useful scaling laws can nevertheless bo applied. Tha
main centributors to the ceil thickneas are tne cuter
vacuut tank wall, the cenductor banding and conductor
stabilizer.

Qutar Vacuum Shells

The outer vacuum shell of an SC coll must
withstand <xternal atmoapheric pressure and thus is
subject to elastie buokling fallure. If this shell is
formed out of solid sheets of aluminum alloy, then it
contributes a substantial fraction of the total aoil
thirkness (see, e.g., Table III for the CDF coil).
The collapse pressure of this shell is given by Lhe
Southwall equation

1 N3/ E 25
P, = 0.807 (—) _—
e 1-v2 2 15

whers E i3 Young's modulus, v in Polsson's ratle, and

Pn is the collapse preasurs. The &thickness required
is given by

p 2/5 g3/5 ¢2/5
t =S

1 Y310
(1-\)2/

0.918 g2/5

Note howaver that this thickness can be reduced
in several ways. Reinforeing rings can be addad
periodically to reduce £ (the unsupported length);
materials can be selected that have both high Young's
modulus and long radiation lengths (e.g., Graphita
epoxy) or honeycomb type structures can be used to
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inorease the shell thickness while adding minimal
material, Figure 15 shoWs the effects of aupport
rings or honeygomh <construction on  the radiation
thicknesa of the vaouum shell for the 3 m diameter CDF
coll. It should be pointed out however that while
such sclutlons are attractive in terms of radiatien
thinkness, they require more physical space, and may
be substantially more expensive than solid sheer
vacuum shells.

Lz4aR

LEAR
3 LaAR

2 DIAROM

™~ SOL1D ALUMINLS

-N“---—
e e e e - — Sy o - —
CGHAFHUE EPOXY HONEYCONS
’ L 1 L
40° 50° @ 10* 3 [~

© POLAR-ANILE

FPig. 15 Thickness V&. Bngle for various vacuum
shell types n = npo. of support ripgs uvsed.

Conductor Bapding

The conductor banding must eontaim the ocoll’

bursting forces. Its thickness is determinea by the
stress limit Gy in the banding material.

B2R
oy

thus the banding thickness will inecrease linearly with
radius for large colls and as the square of the field,

Conductor Stabilizer

Similarly we can determine the thickness of the
econductor's stabilizer Iif we make the pessimistic
assumption that the oonductor heats up adiabatically
wnile the ourrent 1s discharged into an external dump
resistor r with +ime _oconstant T = L/r where the
inductanee L = 2E/I?., If we further nasume that
paximum allowable voltage across the coil is limited
to a valus U, then one can demonstrate that the
required thickneéss of the atabilizer is givan by

1/2
. - B4R % ) !
T 2ngUy N F(O)T

where

_— =)ﬁ o«
Q

p(T)
and
T = the fraation of the aanductor with respact to
the whele package
@ = maximum hot spot temperature
¢ = specifin heat
p = reaistivity

Thgs *oth the stablllzer and bandlng in the coll will
inerease in théygneas = B2R while the vacuum Shell
8calen as R . An n raaalt, tho ovarall ao0ll
thicknwun  for the large "thin™ eoil will  Laeranan
nearly linearly with i1ts radius. TIndeed, as a rasult,
severgl of the largest detsectors proposed [lor LEP
Would have had coila that ware too thick to permit the
desired electromagnetic calorimeter resolution ond 7/s
3separation. As a result, these detectors have been
deaigned to put the EM cilorimetry ilnside the colils.

Figure 16 shews one representative dotecter of
those proposed for LEPT6, It would use a 1.5 T SC
solenold instrumented with a time projection chazber.
Ity indirect cooled CELLO type ¢oll would have a 5 m
bore and be 6.4 m in length, Since the detecters EM
calorimetry will be located inside the coil, the aoil
18 relatively thieck + 0.5 nuelear absorption lengths,
In addition to thls coll saveral other high field SC
Solenoids with dlameters ¥-5.5 m and lensgths of A-T m
are belng ¢onsidered for LEP. Similarly, detectora
using large 3C Solenoids have been proposed for
Tristan, Isabelle, ete.

Lonelusion

A number of S5C solenoids have been built for
colliders, and it seems likely that many mere large 5C
salenoids will be built ta the future, The salenalds
built thus far have not, however, been free of
conatruotion and operaticnal difficulties.
NHevertheless, several large S5SC saolenoids are now
ophrating rellably at Colliders, and there IS reasen

== = =)

Fig. 16 Troposed LEP derector
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to believe that new larger solenolds ocan ba
constructed using straight forward extrapolation of

existing techniques. It seems likely that
improvements in oconductors, coll technolegy and
refrigeration techniqQues will permlt their reliable

eonstruction and operation.
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