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Abstract

This thesis is about the design and construction of a charged particle tracking
telescope made up of silicon microstrip detectors (SMD’s). The device itself is a
component of the E706 spectrometer being constructed for use at Tevatron II, the new
proton accelerator at Fermilab. This detector is designed to study the production of
direct photons and the associated hadron physics. We will present a comprehensive

discussion of this effort.

A description of the physics goals in chapter I defines the physics requirements
and motivates the use of SMD’s. Chapter II introduces us to the construction and
instrumentation of this class of detectors. In order to have a working set of SMD’s,
especially in the environment of the Tevatron II, one needs a large and carefully
constructed system of electronics. This is detailed in chapters III and IV. As we will
see, theoretical predictions in this area of physics depend on Monte Carlo techniques
which have become quite sophisticated over the years. In chapter V the adaptation of
existing software to our needs is described. Finally in chapter VI, we look at the
future and discuss some additional physics goals .that can be pursued using the same

detector.
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CHAPTER L
DIRECT PHOTONS AND QCD JETS

A. A QUALITATIVE LOOK AT QCD

Quantum Chromodynamics (QCD) is by now a well established theory of sub-
nucleonic Physics. Here we will present the salient features in a qualitative fashion.
' QCD describes the interaction of constituent fermions, called quarks, through gauge
bosons, called gluons. Quarks and gluons together form all hadrons. QCD was
formulated in the early 1970’s following some breakthroughs in our understanding of
renormalizable local gauge theories. Quantum Electrodynamics (QED), which is the
local gauge theory of electromagnetic interactions, had been around for nearly two
decades at that time. The existence of quarks had been postulated in order to
understand the spectrum of elementary particles and resonances which was steadily
growing. The quarks were said to come in three different types, or flavors, called up,
down, and strange. Different products of the representations of the flavor symmetry
group SU(3)F could account for all the known hadrons’. A new quantum number
‘color’ for the quarks had been suggested in order to facilitate the anti-symmetrization
of the hadron wave-functions. Nothing was known about the dynamics of the quarks
though and they were even regarded by some as mathematical objects. QCD

incorporates them as the basic building blocks and through gluon interactions attempts

to include the dynamics required to reproduce the strong nuclear force.

The field theory of QCD is analogous to QED which describes the interaction
between charged fermions and gauge photons. The analogy stops here. Unlike QED’s
charge quantum number, QCD’s color (hence chromo-) quantum number has three

degrees of freedom —— these have been traditionally called red, blue, and green. The

* 1 2
For a formal introduction to QCD see reference and R. Peccei’s article in reference .



color symmetry group SU(3)C. which describes the transformations among colored
quarks, has eight gluons as its generators and they carry combinations of color and
anti-color of different kinds. For example, a red quark transforms into a green quark
by emitting a gluon which carries red and anti-green colors.  Since the gluons
themselves carry net color, they can emit and absorb other giuons. This is in contrast
to QED where the photon is uncharged and does not couple directly with other
photons. The inclusion of three degrees of freedom was successfully formulated in the
form of a non-Abelian gauge theory, unlike QED which is Abelian. A major break
through in this regard was the proof for the renormalizibility of a non-Abelian gauge
theory. The three vertices allowed in QCD are shown in Figure I-1. The factors that

enter at each vertex depend on the structure constants of SU(3).

Figure I-1:

Another major difference between ‘QED and QCD lies in the fact that stable
charged particles and photons are observable at all length scales and hence lend
themselves to the measurement of their charge, mass, etc. Quarks and gluons, on the
other hand, remain confined within hadrons. The discovery of the idea of asymptotic
freedom‘,’-—- that the strength of the coupling decreases with increasing momentum
transfers (Qz) .—— was a necessary ingredient in the success of QCD. This idea can be
understood if we picture a quark attempting to escape from, say, a proton. With

increasing distance it will be able to exchange gluons. with decreasing virtual masses



according to the uncertainty principle. The smaller the momentum transfer the larger
the coupling strength gets and hence the quark stays confined within the proton.
Another important advantage of this behavior of the coupling strength is that at
sufficiently high Q2 the dimesionless coupling o gets smaller than unity and hence
QCD graphs can be treated perturbatively. This allows for caiculation of some
quantities that can be measured in the high energy regime of present-day accelerators.

This is discussed in more detail in section I.B.

Three major observations provide one with overwhelming evidence for the existence
of quarks. First, a look at the spectrum of known mesons shows certain patterns in
their quantum numbers, namely mass, charge, spin, and parity, and these can be
predicted by constructing mesons out of a pair of quark and anti-quark. The quark
and anti-quark can have the same or different flavors but they always carry opposite
colors. A similar pattern is seen among baryons which are constructed out of three
quarks carrying different colors. In either method of construction the resulting hadron
is a color singlet. The list of experimentally accessible flavors has gone up to five with
the inclusion of charm and bottom and larger flavor symmetry groups and their
representations are required for making up the known spectrum. See reference6 for an
example of constructing multiplets of mesons and baryons. An overall pattern has
emerged that groups quarks and leptons into ‘families’ or ‘generations’. There is
evidence for a total of three families. Another quark, called top, is required fo
complete the third family. Experimental evidence in hadron spectroscopy is still pouring

in and adding to the firm belief in the existence of quarks.

Second, the class of experiments called deep-inelastic scattering, in which a lepton
undergoes a high energy scattering with a nucleon, shows evidence for the presence of
pointlike objects within the nucleon” ®.  This certainly rules out the possibility that the
quarks and their flavor quantum numbers are an abstract mathematical idea. Last, the
more recent observations of jets (roughly, a collection of hadrons within a cone) in
collisions of high energy hadrons are a confirmation of the prediction that quarks and
gluons coming out of such scatterings will fragment into jets. In other words, existence
of jets can be explained only by recognizing quarks as their source. Jets were first seen

in electron—positron collisions and were identified as quark jets. These were events in



which two jets appeared in directions opposite to each other. This gave evidence for
the existence of quarks but none for QCD. Later some events were seen to have three
jets and the third jet was interpreted as coming from a gluon that was radiated by a
quark. This provided the first evidence for the existence of gluons. The exotic

glueball, a bound state of only gluons, still eludes experimenters and theorists alike.

The evidence for existence of color is more indirect in that it is inferred from
measurements of cross-sections and decay rates that can be calculated with and without
counting the colors. Below we will cite the two most famous examples. Experiments
have measured the production cross-section, by a virtual photon in e -e collisions, of
hadrons normalized to u*-u' production. A meson being a quark and anti-quark pair
can be made in three different color combinations while the muons are coloriess. This
relative cross—section when calculated from QED only involves a summation over the
charge-squared of the accessible quark flavors. The answer disagrees from the
experimental results by a factor of approximately 3. This difference can be accounted
for by the existence of three colors which should have been included in the summation.
Another example is the calculated decay rate of I g— 2y. The QED calculation
involves a summation over all possible quark loops. Not counting the three color
possibilities again leads to an error by a factor of roughly 3 from the measured value.

Although this qualitative picture gives us confidence in the foundations of QCD, the

tests for the dynamics are much more complicated as we will see in the next section.

B. PARTON MODEL AND JETS

Perturbative QCD allows one to calculate differential cross—sections for the
scattering of partons (a collective name for quarks and gluons). Experiments, on the
other hand, can be done only by scattering hadrons. In order to calculate cross—
sections for hadron scattering, the QCD cross-sections have to be convoluted with
probability functions for the occurrence of the initial state partons and final state

hadrons. Figure I-2 shows an example of how the hadron scattering is pictured in the

* 9
For a detailed discussion of evidence for color see reference .



Al

beam beam

—> jet

- &

les ) et

? 8¢x,0%) \
L P jet

. - u
& - - [
: < u
beam >y‘6€ f — | :
jet & )

d

proton
target

Brar 0 (% o gaft.y = (A, dx, Fln, 6 Y 00,82 Eyar 42
*Rr X X2 A*Far

+ dthevw poss&b\e_ d'\o%mms

Figure I-2: An example of the parton model  showing the inelastic scattering
of a pion off a proton target resulting in two jets. The cross-
section is computed using the QCD cross-section for the hard
scattering of the partons and the structure functions in the initial
state. To obtain the inclusive cross-section all possible QCD diagrams
and the required structure functions have to be considered.



parton model. The particular process is the scattering of a pion beam particle from a
proton target such that two jets are seen in the final state.One QCD subprocess that
can give this final state is a quark scattering off a gluon. The cross—section given in
the figure can be broken down into distinct pieces. The functions that estimate the
probability of finding a particular parton within a particular hadron such that the
parton carries with it a fraction x of the momentum of the hadron are called structure
functions. Hence, the integrand has the QCD cross-section for the parton level process
multiplied by the structure functions of interest F* (x,Q:) and F“ﬁ (x,Qz). The
structure functions for the valence (up and down) qflarks in the nucleons have been
measured extensively in deep-inelastic scattering experiments. The results show scaling
violation, that is the structure functions depend on Qz, which is due to the contribution
from quark and anti-quark pairs appearing out of the vacuum. This also leads to
measurements of anti-quark structure functions. The gluon structure functions for the
pion are not very well known, although some experinientslo have measured them for the

nucleons.

The process chosen in Figure I-2 can be made more specific if we demand, for
example, that one of the jets in the final state contain, say, a K' meson. The
functions which describe the probability of a particular parton emerging as particular
hadrons are called fragmentation functions. Figure I-3 shows a model for
understanding this phenomenon and the cross—section for the specific process of our
example. All such modes for the fragmentation to proceed have to be considered in
order to get a number analogous to a branching ratio (g->K++....). These are essentially
not calculable since the fragmentation involves soft (low Qz) QCD processes. Some
forms for these functions have been suggested that are partially successful in describing

> The models keep improving

some of the features of jets seen in e’ -e collisions "
with experimental feed-back but they are far from arriving at analytical understanding.
There are suggestions that due to the presence of the color field of the spectator
quarks the fragmentation functions in hadronic collisions have to be quite different.
We will return to this question in chapter VI when we discuss the fragmentation of
gluons into heavy quark pairs. As mentioned earlier, the detailed knowledge of
fragmentation functions is not essential for calculating inclusive cross—sections. Hence,

to the lowest order a measurement of two-—jet differential cross-section for hadronic
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Figure I-3: A schematic representation of gluon fragmentation. All the

intermediate gluons can have very low Q2 thus making this process
incalculable in perturbation theory.

collisions is an obvious test of QCD. Direct photons, as will be suggested below,

provide a simpler and rather unique test of QCD.

C. DIRECT PHOTONS

Due to the fact that quarks can couple to both photons and gluons, for any QCD
diagram that has a final state gluon coming from a virtual quark a similar diagram can
be drawn in which the gluon is replaced by a photon. These are the prompt, or
direct, photons.’ This is shown in Figure I-4 for the only two possible second order
QCD diagrams. They are called Compton and annihilation diagrams after the similar
diagrams in electron-photon scattering. In either mode of production the final state

contains 2 jet on the away-side. Unlike the gluon, the final state photon can be

* 12
For s review of Direct Photon Physics, see referencs .



Figure I-4: Second order QCD diagrams and their analogues with a direct
photon in the final state.These are of order ¢ «.
[ s



measured directly and with it one gains access to information about the hard scattering
of the constituents. Moreover, the final state in the direct photon process as compared
1o the two-jet process is relatively simpler to deal with experimentally. The cross=
sections for this process are reduced by a factor o/ a as compared to the two-jet
process but the overall cross-section is reduced by a larger factor because there are
many more QCD diagrams that contribute to the two-jet cross—section. Diagrams of
order amaz‘ can also contribute to direct photon production. Figure I-5 shows one
such process. These are called quark bremstrahlung diagrams in analogy with QED.
Again, since there are many more such diagrams their overall contribution to direct
photon production can be substantial. They will be characterized‘ by having a jet on
the same side as well as a jet on the away-side. A calculation of all the graphs of

second order has been done by Aurenche et g".

Figure I-5: Quark bremstrahlung resulting in direct photon production.

Another factor that provides merit for the direct photon process is an ability to
infer the QCD diagram which resulted in its production. This can be achieved by
measuring the direct photon yields from different hadronic beams. For example, 2
comparison of the yields from 7" and 7 beams will enable one to extract the
annihilation diagram as the difference in the two yields once they have been properly
normalized. This is possible because of the difference in the anti-quark content of
these mesons— a 7 meson is made up of an up and an anti-down quark and a 1 is
its charge—conjugate. ~Now, an up-quark has a charge of +2/3 the electron charge
versus a down-quark which has -1/3 and hence has a higher electromagnetic coupling

strength which makes the cross-section larger. Thus, the scattering of a 7 beam off
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of a nucleon target will have a larger contribution from the annihilation diagram. This
enables one to measure the contributions of the two diagrams in statistical terms but it
does not allow the extraction of the annihilation diagram on an event to event basis. It
may be possible that at pT > 10 GeV/c the annihilation diagram dominates. These
events will provide a sample rich with gluon jets that can be used to study gluon
fragmentation. On the other hand, the yield from a 7 beam will almost entirely be
from the Compton diagram and will allow one to study the gluon structure function of
the pion. The same argument applies for a proton beam. Thus direct photons make a
very useful probe of sub-nucleonic phenomenon and along with the study of the

associated jets enable the measurement of important parion model parameters.

From an experimental point of view, the major background to direct photons is
from the decay of 1r° mesons into two photons. Figure I-6 shows these backgrounds
processes pictorially. A symmetric decay may result in the merging of the two photons
into one in the detector if the separation between the photons is less than its
resolution. This case is shown in figure I-6(a). Also, the two photons may be
asymmetric either in direction or in energy as shown in figures I-6(b) and (c)
respectively. In the former case the two photons may miss the acceptance of the
detector and its partner will appear to be a direct photon. In the latter case, the
higher energy photon will be seen as a direct photon if the lower energy photon is
absorbed in some intervening material or if its energy is below the threshold for
detector response. Similar backgrounds exist due to decays from m and 7’ mesons
although at much lower production rates. Due to the nature of the backgrounds
discussed above, a detector for direct photons needs to have (a) a high resolution, {b) a
maximum possible acceptance and (c) a large dynamic range, in order to detect photon

pairs.

Given the background due to 7° mesons, various experiments have measured the
yield of direct photons versus transverse momentum (pT) as compared to that of 1r°’s.
Figure I-7 shows the results from Experiment E629 at Fermilab Experiment R806 at
CERN. The broad band at the bottom is an estimate of the ratio as would be seen in
the absence of any direct photons, or in other words, an estimate of the fraction of

photon pairs that would be seen as single photons due the to reasons discussed above.
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decays into two photons. (a) The two photons merge into one
shower in the detector. (b) One photon misses the detector. (c) A
low energy photon is absorbed or converts before reaching the
detector.



12

The experimental points give the ratio of the single photons actually measured to fully
reconstructed 1r°’s. As can be seen, at high values of pT, there is an excess of single
photon yield. This difference is ascribed to direct photon production and after
background subtraction we can see an enhancement of the relative production. Fermilab
Experiment E706 aims at making full use of this enhancement by looking for direct
photons at high values of P It will also have a distinct advantage due to its
capability of running with various beams as discussed above. In the next section, we

describe the E706 spectrometer.

D. FERMILAB EXPERIMENT E706

The E706 spectrometer was designed primarily to study direct photons and the
associated QCD jets in the range of 128 > 5 GeV/c. In order to obtain high statistics
in the data it lays a particular emphasis on high acceptance, rate, and resolution.
" Figure I-8 shows the E706 spectrometer which will be housed in the Meson West area
of Fermilab. This area has available to it a beam of secondary protons and mesons
from a production target. Both positive and negative beams with a momentum of 800
GeV/c are expected. The main element of the spectrometer is a large liquid argon
calorimeter (LAC) which is divided into two sections. The front half is a sandwich of

lead and liquid argon with high resolution read-out planes designed to detect showers

induced by photon and electrons. This is necessary for detecting single direct photons

and also for the two photons from 1T° decays. The back half is a sandwich of steel
and liquid argon optimized for detecting showers induced by hadronic particles. In
either case, one gets a measurement of the particle energy and also, due to the high
spatial resolution, of the direction of the momentum vector. A detailed description of
the LAC is given in appendix A. The LAC has a hole of 40 cm in diameter along the
beam direction to avoid the beam particles that do not interact. This hole is covered by
a conventional calorimeter made of iron and scintillating plastic sandwich and situated

immediately downstream of the LAC.

The detectors upstream of the LAC make up a magnetic spectrometer for studying
the charged components of the jet and the beam fragments. The functions that it has

to carry out are listed below:
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1. Establish the coordinates of the primary interaction vertex.

2. Locate any secondary vertices that may be present due to secéndary
interactions and/or the decay of short lived states.

3. Measure the momenta of the charged particles.

An interaction vertex can be reconstructed by tracking the charged particles emerging
from the target and extrapolating the tracks to intersect with the initial track left by
the beam particle. This motivates the use of a tracking telescope that encloses the
target. The first two functions together imply that the ability to separate the primary
and the secondary vertices depends on the precision in locating them along the beam
direction. This in turn depends on the angular resolution of the tracking device. A
bending magnet placed behind the telescope and followed by another set of charged
particle tracking detectors can accomplish the third function. In order to have a large
acceptance for the magnetic spectrometer we need a large gap between the magnet
poles. At the same time, to keep the magnet poles from shadowing the LAC (that is,
to preserve the large acceptance of the LAC), the magnet should be placed as close to
the target as possible. This argues that the tracking device in front of the magnet
should be compact along the beam direction. Given this compactness we can see that,
for achieving comparable angular resolution in both the upstream and the downstream

detectors, we need high spatial resolution in the transverse direction for the upstream

detector. The downstream detectors are made up of four stations of Proportional Wire .

Counters (PWC's). Each station consists of four planes of PWC's with sensing wires in
four views as shown in Figure I-8. The wires are spaced at 2.5 mm and the separation
between the stations is 1.1 m. SMD’s can be made with detector elements spaced at 50
um and along with their capability to run at high rates prove to be an ideal choice for
the detector upstream of the magnet. In the next chapter we will describe the front-
énd of the E706 spectrometer and discuss these questions more quantitatively. At this

point, however, we digress briefly to introduce SMD's.



CHAPTER II.
SILICON MICROSTRIP DETECTORS

A. PIN DIODES

PIN diodes have been used as charged particle detectors in Nuclear physics for
about two decades. Figure II-1(a) shows the schematic of one such device in operation.
It is made from a very pure crystal of silicon (impurity levels of approx 10" cm_s)
which has been highly doped (approx 10" em™) with p-type impurities on one side and
n-type on the other to depths of approx 1 um. The bulk silicon (or the I region) is a
few hundred um in thickness and is usually n-type. As shown in Figure II-1(b), this
results in a sharp diode junction at one interface and a small barrier on the other. On
biasing the diode in the reverse direction, the free carriers are swept out and an
electric field is set up. Figures II-1(c) and (d) show the space charge distribution and
the electric field. The depletion layer at the junction expands into the I region to a
depth given by, d = 5.3 X 10° (pV)'?

applied voltage. Sufficient voltage is applied to deplete the entire I region. For a

, Where p is the resistivity in Q—cm and V the

resistivity of 5000 Q-cm and a thickness of 300 um the voltage required is about 70 V
resulting in an electric field strength of 2.3 X 10° V/m which is well below the

breakdown level (approx 10’ V/m).

A charged particle passing through the detector will create electron-hole (e-h)
pairs by ionizing the medium, as shown in the band diagram of Figure II-1(e). The e-
h pairs are swept out by the electric field creating a small current signal which can be
amplified. For a minimum ionizing particle (m.i.p.) the energy loss is 280 eV/um. Even
though the band gap of silicon is 1.1 eV, on the average it takes 3.6 eV to create an
e-h pair, the rest appearing as kinetic energy or lost to phonons. For a 300 um device
the signal on the p-side is approx 24,000 holes. The collection time for the charge
depends on the the strength of the electric field (E) and the mobility of the free

16
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Figure II-1: PIN diode as a particle detector. (a) The PIN structure and
detector  circuit. (b) The dopant levels. (c) Space  charge density
under reverse bias. (d) Electric field strength. (¢) Band diagram
showing the creation of electron-hole pairs.
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carriers (y) which for a p-side readout are holes. The velocity of the holes is given

by, v = W E and the collection time is t = d/v. For d = 300 um, E = 2.3 X 10° V

m" and no= 480 cm’ V' s, the collection time is 26 X 107, thus making the PIN

diode a fast device.

In 1980 J. Kemmer' adopted the planar process, used and developed by the silicon
industry for the manufacture of integrated circuits, to segment one of the electrodes
into an array of independent diodes as shown in Figure II-2. This converted the PIN

diode to a silicon microstrip detector, a powerful new tool.

P
¢
b
/
£

§ S S SOV St W S W W N, W W W W . W V. S S W W W W, W W W W R W W, Y

Figure II-2: The microstrip version of a PIN diode.

The structure can be b;,tter understood by looking at Figure II-3 which shows the face-
view of an SMD with a total of 600 diodes. The diode strips are 50 um apart and
cover an area of 3X3 cm’. The blow-up of one of the corners shows rectangular pads
on every other strip in a staggered fashion. The remaining strips have a similar pattern
on the other side. Under reverse bias the p-n—p structure of two adjacent strips ensures
a high impedance betv{reen them and hence maintains them as _independent detectors.
The lower limit on the useful pitch for SMD’s comes from considerations of the energy
loss characteristics. There is no advantage in making the pitch any smaller than the
expected shift in the centroid of the ionization charge. It has been estimated that the

probability, for a shift outside a cylinder with a diameter of 5 ym, is only 10 % for a
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300 um thick detector'®.  This puts a natural lower limit on the pitch for improving
the resolution. In section IL.B we will discuss the energy loss in more detail. In
reality, the limiting factor comes from the techniques needed to intstrument an SMD.

Detectors with 20 um pitch have been successfully made and used'.

The steps involved in the planar process are shown in Figure II-4. A wafer is
sliced from an ingot of high purity silicon and baked in an oxidizing atmosphere at
about 1100°C so that it is covered with a thin layer of silicon dioxide. Windows are
etched in the oxide using photolithographic techniques and dopant ions are introduced
on either side preferably by ion implantation. This is followed by annealing and
another stage of oxidation. Similar steps are taken to etch a pattern of windows and
deposit aluminum on top of the diodes. After some more annealing the SMD is ready.
The aluminunization allows one to ultrasonically bond a very thin aluminum wire to the
pads at the end of the diode elements on one end and a printed circuit board on the
other. In section III.C we discuss this and other techniques that are employed in a

scheme to mount an SMD and couple it with amplifiers.

It should be mentioned here that the simple description of the planar process
given above may deceive one into disregarding the complexities of the art. Very few
industrial houses and labs have the facilities and the technical expertise to successfully
carry it out. If the oxide treatment is done without utmost care certain defects and
impurity states creep in and render a wafer unusable by causing high leakage currents
to flow. As we will see in the next section, our device requires the use of SMD’s of
surface areas of 3X3 cm’ as well as 5X5 cm’. In each case the strip pitch is 50 uym
implying 600 and 1000 strips each respectively.  Hughes Ccn'p.ls was successful in
manufacturing the former based on a design provided by us. The latter kind were
obtained commercially from Micron Semiconductors”. In the next section we discuss

the design and the performance characteristics of the SMD telescope.
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Figure [1-5: The segmented target region of E706. The broken lines show the
sizes  of the wafers used while the solid lines show the

instrumented region.



23

B. THE FRONT-END OF E706

The detailed design of the SMD telescope is shown in Figure II-5. The vertical
scale has been magnified for clarity. The wafers are put in pairs with their lines
perpendicular to each other to make up X-Y modules. There are 4 modules with
| surface area of 3X3 cm® and 2 with 5X5 cm’ making up a total of 8800 strips available
for instrumentation. The thick lines on each module show the fraction of the wafer
that is actually instrumented and define the sensitive cone. This scheme uses 6600
channels of electronics. The target is segmented and varies in thickness depending on
the material used. As mentioned earlier the SMD telescope serves the dual function of
tracking charged particles before the magnet for momentum measurements and also for
reconstructing interaction vertices. Now we can evaluate the performance of this design.
Figure II-6(a) shows a simplified version of the magnetic spectrometer with only the
first and the last planes of the SMD’s and PWC's. This allows us to get an estimate of
relevant quantities without detailed analysis. The bending angle for the particle in the

magnet is given by,

6= 03 BL(eta-w)  (TT-1)
P (e V/)

implying a momentum resolution of,

NE T_D
—(39 (Z,E’ B.LD (L 2)

where A9 is the total uncertainty in the measured angle. Assuming no error in the z-
location of the planes, the main contributions to the error come from the spatial
resolutions in the tracking devices and the smearing due to multiple scattering. The
average angle due to multiple scattering, for a particle of momentum p, in a thickness

x of a medium with a collision length X, is given below.

<€>M‘5f ';;“i \O_,C. \4"%‘; (/V\Q\//C,
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For a track made from two hits in detectors with a pitch d and placed a distance D

apart the uncertainty in the measurement of the slope is given by,

(A©>E><P = V2 d .1 (L\'L*\

o D -

Figure II-6(b) shows a piot of momentum resolution over the expected range of
momenta in E706 based on the angular uncertainty from differeat sources. The overall
curve with the errors added in quadrature is also shown. A total of ‘2 mm of silicon
is used for x and multiple scattering in the PWC's is ignored. The value of 1 Tesla-
meter is used for H.L, which is the expected field strength. The angular resolution of
the SMD’s can be improved by putting them further apart but, as can be seen, it will
not improve the overall momentum resolution. Hence, in the interest of maximizing
angular acceptance, and using a maximum of 6600 channels of electronics, this angular
resolution is acceptable. Also, it can not be improved much further ﬁefore the multiple

scatiering starts to dominate.

We can also get a rough estimate on the z-resolution for locating interaction
vertices in a similar manner. Figure II-7 shows a simplified version of the SMD
telescope with a beam track conmstructed from two hits and another two hits from a
track emerging from the primary interaction vertex. The angle A@ is represents the

total uncertainty in the angle from the sources discussed above. From this picture we

gft, NZE _ A@ - ) S

= = =&
Z 4 Le>] ))/L (T-8D
o NZ = = ASY_ 7+ M.S. -
, < =SinG CC >©‘P = . N
Clearly this depends on the momentum of the particle and the angle §. Taking ¢ =

60 mr and p = 5 GeV/c, which are typical, and using the numbers for the angular
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uncertainty from above, we have Az = 3 mm. The resolution will- be improved by
taking all the available tracks and comparing them in both X and Y views. In practice
this 1s done by matching tracks with hits and finding the best fits and then matching
vertices with tracks, the entire procedure involving extensive use of computer software.
Nevertheless, the crude estimates arrived at here are very close to the answer from
sophisticated analyses. In chapter 5 we will present some results based on the software

under development.

C. INSTRUMENTATION SCHEME FOR X-Y MODULES

Here we are concerned with the problem of taking up to a thousand signal lines
originating 100 um apart on either side of an SMD to locations typically a mm apart
which is a reasonable density for discrete electronic circuits. This is usually
.accomplished with the help of printed circuit boards (PCB’s) designed to have a pattern
of traces that fan-out. Figure II-8 shows our scheme for doing this. It consists of two

distinct stages of lines going from a higher to a lower density and a third one that

S

l’\
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Figure II-8: A schematic of the three stage fan-out used for instrumenting

SMD’s. A common design serves both 3X3 cm’ and 5X5 cm’
wafers using different Inner boards.
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routes them to preamplifiers. For obvious reasons they have been called Inner, Middle
and Quter boards. There are two well defined advantages of this modular design. First,
the three boards can be easily separated into different classes of PCB technology and
hence allow for the fabrication to go on in parailel. Because of the fine lines the Inner
'~ board requires very careful processing whereas the Middle board has thicker lines and
does not need special treatment. It was found that the parameters needed in the
processing for the two different densities compete with each other and hence they are
best treated separately. The Outer board manufacture requires techniques for making
plated-through holes and wave-soldering which make it different from the others.
Although the Middle board also has plated-through holes the clearly different features
in this case are its large size and low density. Second, the design allows us to have
common Middle and Outer boards for the 3x3 cm’ and 5X5 cm’ wafers as long as we
make two different Inner boards to match the lines of the Middle board. This allows
for a greater flexibility in the design and makes future upgrades in the apparatus easy.
The design and fabrication of the Inner boards was done mostly at the University of

Pittsburgh with some steps in the processing done in industrial houses.

Figure II-9 shows the lay-out of the PCB used for instrumenting the 3X3 cm’
wafer. It is a photocopy of the actual mask used in the fabrication. It was designed
using computer graphics developed by us. The software required is not very complicated
in that it only has to generate commands that have the format understood by a
photoplotter. Photoplotters typically have a precision of 10 um and they can be used
to expose a film with a collimated light source in a pattern defined by digital
commands. The mask shown here was made on ome such machine available at Cad
Services Inc’’. The same software was later used to make the mask for the 5X5 cm’
wafer and a few other masks for various PCB's needed for the electronic circuits.
Appendix B contains the details of this effort. The steps involved in making fine-line
PCB’s are shown in Figure II-10. Copper—clad G-10 is etched on both sides so that
the copper laminate is reduced to a thickness of 10-15 um and then coated with a
photo-resist material. These two steps were done at Compunetics Inc.’’ and Kepro
2 respectively. The material is exposed to ultra-violet light through the mask and
developed to obtain the pattern reproduced in the form of hardened resist. It is baked

to further harden the resist. This is followed by the crucial step of etching the exposed
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copper with a spray of FeCls, while making sure that the copper under the resist does
not get etched. It was found, after many rounds of changing the etching time and
temperature of the etchant, that it was not possible to accomplish this with spray
ewching alone. A successful method evolved which involved partial spray etching
followed by etching by hand using cotton swabs and a weak solution of FeCla. The
resist from the etched board is stripped and the bare copper is cleaned in a weak
acidic solution. The final step in the process is electroplating the copper lines first with
a layer of nickel and then a layer of gold. The wafer fits into a window which is
machined out in the center of the Inner board. The n-side is attached to the copper
surface on the other side of the board with conducting epoxy so that it can be
connected to a dc power supply. The connection between the aluminum on the p-lines
and the gold on the PCB lines is made by a thin aluminum wire of 25 um diameter.
The wire is rubbed at ultrasonic frequencies on the aluminum surface till the locally
generated heat creates bonds between the two. A similar bond is made at the gold
surface and then the wire. is cut. All this is made posSiIﬁe using a commercial ultrasonic

bonding machine which was successfully put into operation at Pitt.

The Middle boards have lines that start with pads on locations n;xatching the pads
on the periphery of the Inner board and fan-out to edge connectors all along its own
periphéry. The OQuter boards have the female half of these connectors and they plug
into the Middle board. The boards were manufactured by Compunetics Inc. based upon
designs provided by us. We will return to the Outer boards in chapter 3 when we
discuss preamplifiers. The connection between the Inner and Middle boards can not be
done using commercially available connectors because the lines are only 750 um apart
We developed a method of soldering thin strips of copper foil between corresponding
pads using low-temperature indium solder. The speciall solder is necessary because the
copper laminate on the Inner boards does not stand up to high temperatures and the
traces come off. Patterns with a large number of 500 um wide strips at a pitch of
750 um are etched on 25 ym thick copper foil, in a process similar to PCB making, to
produce what we call a 'harness’. A thin strip of kapton tape is laid along its length to
add strength to the foil. The ends of the strips, as well as the pads on the two boards,
are tinned with indium solder. Once these harnesses are soldered to the boards the
wafer is ready for use. Figure II-11 shows a photograph of a completed X-Y module

containing two such wafers.
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We will return to the X-Y modules when we discuss the schc_z;ne fbr Lge assenibly

of the entire telescope in chapter IV.
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CHAPTER IIIL
PREAMPLIFICATION AND NOISE

A. INTRODUCTION

The signal from a minimum ionizing particle traversing 300 um of silicon is 24,000
e-h pairs appearing over about 25 ns. Unlike gas ionization detectors, in SMD's there
is no electron multiplication and hence this is the net charge in the signal. This signal
has to be amplified before it can reach the sensitivity of conventional circuits. In this
chapter we discuss the evolution of a two-stage amplification scheme. As it turns out
the first stage is the most critical and here we will present our process of arriving at a

successful solution.

B. BEAM TEST OF AN SMD

We exposed an SMD in a beam of electrons at the A-2 fest beam at Brookhaven
National Lab to test a simple scheme of amplification. The test beam consisted of
mainly 7’'s and electrons from a production target. A bending magnet could be used to
select a beam mometum in the range 3 - 8 GeV/c. The experimental set-up is shown
in figure III-1{a). The three scintillation counters were used to obtain a charged
particle trigger. In the event of a 3-fold coincidence the discriminator sent out a 60 ns
wide trigger pulse. A 5§ ms wide pulse was fed back as a veto signal to the coincidence
unit. This ensured a maximum trigger rate of 200 Hz. This scintillator telescope

enabled us to select charged particles that were perpendicularly incident on the SMD.

As shown in Figure III-1(b) the amplification scheme consists of two stages. The
first stage is a preamplifier (preamp) built by us based on a circuit shown in Figure
III-2(a). The first element at the input is a common base transistor circuit which is

followed by a common emitter amplifier. The CB circuit ensures a low input
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impedance and hence a short RC time ( few 100 picoseconds ) constant for the charge
on the SMD to decay into the amplifier. This makes the preamp a fast device. The
CE cicuit ensures a high current gain thus providing us with a fast current amplifier.
It has a line driver push-pull amplifier circuit at the output which is capable of
delivering a signal through a 100 m long cable. The next stage is a post amplifier with
a wide-band differential amplifier integrated circuit ( IC ) as its main element. The
schematic is shown in Figure III-2(b). The output of the IC is fed into a pair of RC
element networks called pole-zero cancellation circuits. These are used to restore the
tail-end of the puise to ground. A total of 48 channels of these circuits were used in
the test. The trigger was used to open a gate in the analog to digital converters
(ADC’s) that integrated the outputs from the post-amps. The gate width was 60 ns. A
LeCroy 3500M multichannel analyzer (MCA) controlled the readout and histogramming
of the digital data from the ADC's. The schemes for digital control and read-out of a
large number of channels will be discussed in more detail in chapter 4. For now,
: looking at the output of only one channel of the electronics will suffice for our

understanding of the amplification scheme.

Figure III-3 shows a histogram of the integrated charge from an ADC for a
typical strip on the SMD. This plot needs some explanation as we will discuss quite a
few similar ADC curves in the course of this chapter. The vertical line at the peak on
the right corresponds to the pulse height that would be produced by the signal from a
mip. The dotted curve around it is a Gaussian with a width of 155 electrons which is
the statistical error on 24000. In reality the amount of charge deposited by a mip is
governed by a Landau distribution for energy loss through ionization. The Landau
distribution has to be modidied for our case. The need for the modification arises
because of two reasons. First, in practice some of the ionization charge leaks out of
the detector. These are the so called §-ray electrons and they can cause fluctuations in
the amount of charge actually collected. Second, the atoms in the silicon crystal are
bound rather than free as in gas ionization detectors. The original calculations were
done by considering free atoms. The energy transfer to atoms at a large distance from
the particle’s track are affected by the structure of the electron energy levels. The
curve has been studied very thoroughly23 and the fluctuations in charge deposition have

been rneasuredu. It is shown that the effect due to charge leaking out is not
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. 6 : . . .
1mportzmtl . The dashed curve at the right is a schematic drawing of such a
distribution. Here we only want to look at its qualitative features. The width is much

broader than the expected statistical error and there is a tail due to the §-rays.

This is the curve one would expect if the amplifiers and the ADC were perfect
and one was looking only at signals from mips. However, all that the triggering
scheme discussed above guarantees is that an electron went somewhere through the
scintillation counter telescope. The ratio of the areas of one strip on the SMD and that
of the scintillators was 2.5 X 10~. This is the probability, per trigger pulse, that a
particle went through any given strip of the SMD. The peak on the left in Figure
II1-3 is the histogram of pulse heights observed for a trigger in which a particle did
not go through this particular strip. The dashed curve within this peak is obtained by
leaving the input to the ADC open and integrating for an arbitrary sequence of
triggers. This is called the pedestal and is due to the reference current source that is
present in ADC circuits and is used t'c; define the zero of any scale. - Hence at the
outset we expect that the above scheme of testing should provide us with the two
dashed curves of Figure III-3. It is seen, however, that both the observed peaks are
considerably broader than the dashed ones. This broadening is due to electronic noise.
The two dashed curves have to be folded with the noise spectrum in order to explain
the experimental data. As is apparent, successful detection of mips depends on the
ability to discriminate between the two peaks. A signal to noise (S/N) ratio is defined
as the ratio of the difference between the two peaks and the half width at half .
maximum ( HWHM ) of the noise—peak. As shown in Figure III-3 a Gaussian curve
was fitted to the noise and when calibrated it yielded a HWHM of 15.7 KeV or 4360
electrons. This is equivalent to a S/N ratio of 5.5. In the next section we look into

the physics behind the noise and discuss ways of reducing it.



C. SOURCES OF NOISE GENERATION

Noise in electronics is broadly defined as any undesired signal that is present in
the circuitry. As we will see in this section, it can be understood in statistical terms
and in most, cases it can be evaluated. Noise sources are random in npature and will
usuaily contain a large number of frequeacy components. In order to describe them we
need to define average quantities. The formal introduction to random sources cam be
found in many text-books on this subjecnu' 2 Here we will use the definitions
needed for our anmalysis. The time average of a noise source v(t) over an interval T is

defined in the usual way in eqm. (III-1).

—_— T
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Fourier transforms for random sources are not defined. Instead, an auto—correlation
function R(T) and its Fourier transform S{w) are defined as,
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S(w) is called the spectral denmsity of the random signal. From equation (III-4) the
mean square of a random signal can be defined as R(0) as in equation (III-5). Equation
(I1I-6) is called Parseval’s theorem which states that the mean square of a random

signal is the area under the spectral density.
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for noise analysis.



42

J%?C“Q}: w2 () ul. 6

If this noise source was a voltage or a current source feeding into a 1 Q resistor, S(w)

will be the power spectral density.

BAND-WIDTH LIMITED NOISE

All the integrals defined above usually do not converge. This does not matter from
a practical point of view because all measurements are in some finite time-interval or
band-width. Here we study the effect of frequency dependent circuits on noise. The
impulse response, h(t), is the output of a circuit when an impulse is fed into its input.
This is a useful function because any signal can be treated as a series of impulses with
varying amplitudes. In effect, h(t) is the Fourier transform of the transfer function of
a circuit. These are defined in equations (III-7) and shown schematically in Figure
IlI-4(@). If we want to find the output v_ of a circuit for an'input v, we have to
convolute the input with the impuise response. The convolution integrallis defined in
equation (III-8). From this we can see that the response of a circuit to a §-function

input v = §(t) is h().
' el

O h () SR
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From equations (III-7) and (III-8) we get equation (III-9) which states that a
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convolution in time-domain is equivalent to a product in frequency-domain. From
equations (I1I-3) and (I1I-9) we can see that the spectral density output can be related
to the input spectral denmsity by multiplying with the transfer function squared as in

equation (III-10)

U, (w) = h{w) Vi (wd .9

J
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The measurement of a signal is done at a point in time that is later than the time of
origin. For obvious convenience we will always measure the signal at the time where it
peaks. A weighting function w(t) is defined as h(T - 1), where T is the peaking
time. From this definition, the peak voltage v (1 ) is given by equanon (I11-11).

Vo (Twr) = 5 \3 (_t) h (T -1 AF Al

J O (2) W () atf

Figure III-4(b) shows that w(t) is a mirror image of h(t) with a time shift This picture
brings out the importance of the function w(t). The peak of the weighting function
coincides in time with the impuise. The signal from an SMD can be considered to be
QOG(t) where Qo is the total charge in the signal. The integral in equation (III-11) then
gives us the peak current at the output. If we normalize w(t) to have a height of unity,
the peak at the output is calibrated to be Qo. Now we can use w(t) to evaluate the
contribution of random noise impulses as well. The result will directly be in terms of
noise charge. Before we evaluate this charge we will discuss the physical origins of

noise.



D. PHYSICAL NOISE MECHANISMS

In a typical PIN diode detector circuit the sources of noise are, (i) the diode
itself, (ii) external resistive elements, and (iii) the input stage of the preamp. Below we
will discuss the fundamental noise generating mechanisms, and their contribution to

these three sources.

SHOT NOISE

This source of noise, associated with direct currents, is a consequence of the fact
that currents consist of discrete carriers, namely electrons. If we observe such a
current flow across a region Ax, we will see a series of current pulses with a width w,
equal to the transit time of an electron with a drift velocity v such that w = Ax/v.
The height of the pulses will be e/w so that the area under an; pulse will be equal ;O
the electron charge. These pulses will be statistically uncorrelated and now our direct
current appears to be a superposition of a large number of fast pulses. If on the
average there are 1 pulses per second, the mean square current per second is ne. The
dc current is given by, I° = ne. Hence the spectral density is given by, S(w) = el. The
physical power spectral dens?ty (psd) is defined omly in terms of positive frequecie:, and
is equal to twice of S(m).‘ The simple argument c¢an be made more rigourous by
considering square impulses instead of §-functions. From equation(III-10) this is

equivalent to a multiplication by the transfer function squared of a square filter. This is

done in equation (-12)>.

———

So(w) = eT. =wt(mwd)
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The width Ax is of the order of 1 um for p-n junctions and 1/w is in the GHz

range. Hence we can consider the shot noise to be white, that is it has the same rms
strength in any frequency interval. Figure III-5(a) shows the noise equivalent circuit
for the diode. The leakage current in the diode is a source of shot noise and is shown
as a current source in parallel with the diode capacitance and resistance. The asterisk

in the symbol represents the random nature of the source.

A2
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THERMAL NOISE

The random thermal fluctuations of the electrons in a resistive element create an
emf at its terminais. Being random in nature this emf is a source of noise. We expect
these fluctuations to be of order kT for a system in thermal equilibrium at a
temperature T. This is the so called Nyquist or Johnson noise. The spectral density is
also white, and is given by’

d8m = Sp(w) = L. 4RT .3
d

e

R

where R is the resistance, T the temperature, k the Boltzman constant, and v the rms
n

noise voltage. The equivalent circuit for a resistor can also be considered as a current

source in parallel with a noiseless resistor in Figure IIT-5(b).

1/F NOISE

The exact mechanism for this source of noise, sometimes called flicker noise, is
not understood. Nevertheless, it is observed in silicon devices and is sometimes
attributed"qto surface states at the oxide interface. As the name suggests the spectral .
density has a 1/f dependence,

(WD = A/}C o 14

where A is a parametrized constant. Since we have 4 a fast device, the associated
electronics has to have a high band width and at the frequencies of interest ( >1 MH2z)
the 1/f noise is not very important. This takes care of the noise sources other than

the preamp.

AMPLIFIER NOISE

For the purpose of noise analysis an amplifier can be represented by a noise~ free
black box of gain Av and a pair of noise generators at the input, as shown in figure
III-6. These sources can be understood by looking at the input stage transistor in the

preamp. The strength of these sources can be readily calculated for bipolar junction



Figure II1I-5: The noise equivalent circuits for shot noise(a) and thermal noise
(b).

L+

Figure II1-6: Noise equivalent circuit for an amplifier.

transistors(BJT's). As an example, below we give them for a common emitier amplifier

circuit :
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The parallel noise source, B(f), is due to the shot noise in the input dc current, which
in this case is the base current, Ia' The first term in the series noise source, A(f), is
- due to the the thermal noise in the base spreading resistance, RBB‘ , of the transistor.
The base spreading resistance is obtained by considering the actual current path through
the base region. Due to different current densities along the junction surface the
resistance is distributed and the effective resistance is less than the bulk base resistance,
RB. This becomes important for low bias currents. A simpie calculationsashows that RBB_

= RB/ 3 is a good approximation.

The term involving g needs some explanation. The quiescent level current at the

m
output of the transistor is a source of shot noise. The series noise voltage source is
equivalent to this noise when referred to the input of the preamp. For a BJT the

diode equation under forward bias for the collector current is given by

T = T cVe&kr

ImB - L = e Ic .7

The Thevenin equivalent of the resulting shot noise current source can be written in

terms of g as following :
m

Sp (W) = del, = LRT PR
Im, B

The strength of the noise sources for a junction field effect transistor(JFET) can also

be given in a similar wa};",

-1 4RT Q7
A L B

8(%) “L2eTe i\



where IG is the gate leakage current and g . the transconductance which relates the
m.,.

drain current to gate voitage.

EQUIVALENT NOISE CHARGE

Equivalent noise charge (ENC) is a useful parameter as it enables us tc determine
the S/N ratio. It is evaluated by referring ail noise sources to the signal-source. The
parallel noise source is aiready referred to the signal and we can represent noise as
rancdom impulses. The contribution from the series noise source can be evaluated at the
signal source by taking the input capacitance into account. The voltage impulses v §(t)
are equivalent to current impuises in(t) = Vn8(t) / Zi, where Zi is the input imped:nce.

In equation (II[-20) we show that this can be written as a source of impuises and

doublets, §°(t). _ .

= On G [_g_\éfl_ + SIC‘\:)] m.QO

The equivalent noise charge ( ENC ) is given by the output response of these

) . . . 13
sources. For white noise sources the ENC is given by,

(ENC) = A({)[S:i\g_f%) F WG EA%] + B f wit)dr

—

T SeR

where C and C are the detector and input capacitances and A(f) and B(f) are the
i .

sums of all parallel and series noise currents respectively.

E. NOISE EVALUATION AND CHOICE OF PREAMP

Having defined all the sources of noise in a systematic fashion, now we can
evaluate the noise level of any given circuitt We would like to inmtroduce another
circuit for a preamplifier and compare its noise.level with that of the circuit in Figure
II1-2(a). As shown in Figure III-7(a) this circuit has a JFET as the input tranmsistor

which feeds into a common emitter amplifier and is itself fed back through an RC
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Figure III-7: The circuit for a charge sensitive preamp using a JFET at the
input.
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Figure III-8: The equivalent noise circuit for a PIN diode detector.
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circuit. This is followed by a cascaded amplifier and a driver circuit at the output. The
design of the inmput stage makes it a charge sensitive ampiifier in the following way.
The current impulse from the detector charges up the feed—back capacitor and the
output of the common emitter circuil establishes a voltage v=g/c. The charge now leaks
through the feed-back resistor at a rale given by the RC time constant and the output
follows the voltage faithfully. Heacs, we have a circuit that produces a voltage at its

~ output that is proportiomal to the current impuise, or the charge, at the input

Figure III-8(a) shows a typical channei of the PIN detecror circuit. The resistor
R(3 and the capacitor Cc are used t0 ac couple the preamp to the diode. The shaping
circuit is shown as a black-box filter with a gain of unmity. Figure III-8(b) gives a
detailed equivalent circuit for the PIN diode detector circuit. where we have inciuded
all the poise sources discussed above. R is the sum of all the resistors in parallel i
is the shot noise source ._;ssociat?d wiﬂ: it iIJ 'is the detector shot moise source inp
parallel ‘with the detector capacitance CD.: Ci is the stray capacitance at the input. The

sighal from the diode is shown as a current impulse source Q §(t).

Below .we present the contributions from each term in the ENC for the the
preamplifiers in Figures III-2(a) and III-7. In order to simplify the amalysis we can
choose a triangular weighting function as showﬁ in Figure III-4(c). The integrais are
simple to evaluate and the results are shbwn in the figure. Even though we did not
have a perfectly triangular shaping for the pulse we can assume T to be the rise time
in order to get a good estimate. Folding in the values of the integrals in equations
(I11-20) and (ITI-21) we get equation (III-22) for the ENC. The second term in the
series noise can be neglected because the input time constant is much longer than the

filter time constant. The contributions to the ENC are tabulated in Figure III-9.

=l

ey = AW GTE + 20 |+ 32T, M2

The first thing we notice is that our estimate of 4725 electrons noise for the

current amplifier is in good agreement with the measured value of 4360 electrons,

considering the approximations in our treatment. The biggest contribution is from the
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Figure III-9:

input current IE. This can be reduced by using a common emitter circuit but there is a

corresponding increase due to the thermal noise in the base-spreading resistance.

Secondly, the charge sensitive preamp promises a much better performance with a noise
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of 950 electrons. This is confirmed by the ADC curve in Figure III-10 which has a
noise level of 1000 electrons. This example shows that a charge sensitive preamp with
an FET at the front end is the better choice for our application. The current amplifier

would be a better choice if the main criterion was speed.

As we can see, the biggest contribution to noise in this case comes from the input
capacitance term. Figure III-11 shows the dependence of ENC on the input capacitance
for the two preamps. The intercept is the contribution from other noise sources. For
the case of the JFET there is a contribution of nearly 10 pF from the gate to source
capacitance which can not be eliminated. The rest of the capacitance comes from the
strays at the input. A copper trace on G-10 has a capacitance of nearly 1pF/cm.
Hence in the interest of reducing the noise the trace length to a preamp should be
minimized. This in turn requires that, in order to bring the preamps as close to the
wafer as possible, the preamp’'s physical size should be miniaturized. In our présent
design, for a typical channel, the capacitance can not be made much smaller than the
present value of nearly 30 - 40 pF, which comes from the total trace length of 30 -
40 cm. For the wafers that have fewer channels it is conceivable that a design using
shorter trace lengths be used, but it is not in the interest of standardizing the design of
X-Y modules. In any case, the requirement for a miniature size calls for the use of
commercial units because industrial houses posses the necessar'y technology for such

manufacturing.

From equation (III-23) we can see that the series noise depends inversely on the
shaping time T while the parallel noise depends on it directly. Hence there exists a
unique value of T at which the ENC is a minimum. This can be obtained by
differentiating the expression for ENC with respect to T This suggests that the
preamp be followed by a shaping circuit designed to .put out a pulse of base width
equal to twice the optimum T . At this point we would like to mention the cost
factor involved in the design :f our amplification scheme. We would like to argue
that a sophisticated shaping circuit is an unnecessary expense for our needs because a
sufficiently high signal to noise ratio was achieved by using only passive filters. This is

demonstrated in the next section.
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Figure III-11: ENC versus capacitance for the two preamps.

F. TESTS WITH A RU'® SOURCE

In order to select the most suitable preamp for our purposes we tested all the
commercially available units. The criteria were low noise and small physical size. It
was not possible to do all the tests in a beam, so a Ru'” beta source was used. It has
a decay chain in which Ru'%® goes to Ro106 by emitting a gamma-ray photon. Ro'” is
short lived and decays by emitting an electron. The electron has an energy of 3.5
MeV implying an E/m of 7 which is sufficient to make it minimum ionizing. We
were able to acquire a 10 uCurie source deposited in a spot size of 1 mm. This was
quite adequate for doing our tests on noise except for one problem. A 3.4 MeV
electron has a large cross-section for large angle scattering making it impossible to
collimate them. Hence we could not ensure that they were restricted to one strip in
their passage through the wafer. This resulted in a large spectrum of pulse heights
coming out of any given strip which in turn broadened the signal peak in ADC curves.

One needs a good definition of the peak in order to calibrate the width of the noise.
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Figure III-12(a) shows the experimental set~up for testing the electronics. The post-
amplifier used here did not have pole-zero cancellation circuits because we intended to
test feasibility of running with only a differentiator for the shaping. This is provided
by the 4.7 nF capacitor and the 330 Q resistor. The simplified circuit is shown in
Figure III-12(b). Figure III-13(a) shows a pulse height spectrum obtained using this
set-up. On comparing it with the curve in Figure III-3 one can see that the signal
peak is at the same location. This confirms the fact that these electrons are minimum
ionizing. On the other hand, there is a larger population of pulse heights in between
the two peaks. These are the signatures of electrons that went through the wafer at a
large angle thereby dividing the signal strength among two or more strips. We will
refer to them as ’valley’ events in the ensuing. We tested this claim by introducing the
following selection criteria. For every trigger produced by the scintillation counters all
the channels being tested were digitized but if any two neighboring channels had a
pulse height greater than some pre-selected ’cut’ value the event was discarded. This
criteria cleaned out the valley as shown in Figure III-13(b). As we can see there is a
better definition of the signal peak now than in Figure III-13(a). The cut value used
was equal to three times the HWHM of the noise peak. All the tests that followed

and the ADC curve in Figure III-10 were done using this scheme.

Figures III-14 and III-15 show the ADC curves under similar conditions for two
commercially available charge sensitive preamps that satisfied our criteria. The post
amplifier used was the one shown in Figure III-7(b) which has no active shaping
circuits. The LeCroy HQV-810 and the Rel Labs IO-323—C are both charge sensitive
preamps with JFET’s at the input. The former is an 8-channel device housed in a DIP
while the latter is a single channel device in the form of a surface mounted hybrid
circuitt. On comparison it can be seen that the Rel Labs preamp provides the better
noise level ( 950 electrons ). Other considerations, such as the ease in replacing one
channel versus eight if one of them were to fail and the ability to group channels
~according to their gains, clearly showed it to be the most suited. In addition, as
claimed before, it provided a good enough S/N that it eliminated the need for a

sophisticated filter.



CHAPTER IV.
READ-OUT ELECTRONICS

A. INTRODUCTION

In the previous chapter we described the design of the preamplification scheme.
For the SMD system what we are interested in knowing is which strips were hit by a
particle in a particular event Digitizing a signal in an ADC and suppressing the
channels that have a value below some threshold is one way of doing it. We take the
alternate approach of discriminating the signal pulse and converting it to a logical pulse.
The logical signal can then be filtered in order to suppress all the °‘false’ data. The
event size is thereby reduced considerably to typically a few hundred ’‘true’ signals.
Electronic hardware for such a read-out system is manufactured by Nanometric Systems
(Nano)** for PWC's. This system was chosen as a common read-out scheme for both
the SMD's and the PWC's in E706, in order to standardize the required computer
hardware and software. In this chapter we describe this system and present results on
the successful interfacing of our preamps to it. Some other issues like grounding,

shielding and cooling are also addressed.

B. TESTS ON THE NANO ELECTRONICS

Figure IV-1(a) shows the schematic circuit for one channel of Nano N-277, the
first stage of the Nano system. It consists of a wide-band differential amplifier at the
input followed by a discriminating circuit. The threshold level can be set with an
external dc voltage such that 1V corresponds to one uA at the input. For signal
strength of 24,000 electrons and- a feedback capacitor of 1 pF the output of the
preamps is 3.8 mV. The peak current of our signal pulse from the preamps is
approximatately 3.8 mV/330 @ = 11.5 uA into one input. The dynamic range of the

amplifier is 0.5-20 pwA which is quite sufficient for our signal strength. If we recall the

61
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simplified version of the post amplifier from the previous chapter we will notice that it
imitates the front end of the Nano system. This was done deliberately in order to test
the preamps under conditions in which they operate.  Hence, at first glance the
interfacing of the preamps to the Nano sysiem does not pose any problems. The last
stage in the N-277 circuit is an ECL driver. It sends a logical pulse of a width equal
to the duration for which the signal stays over threshold up to a maximum of 45 ns.

For a mip signal from the preamp this circuit should respond with a 45 ns ECL pulse.

Figure IV-1(b) shows a simple set—up for testing this electronics. The experiment
involves counting ECL pulses coming out of the circuit for various settings of the
threshold voltage. As before there is a trigger circuit involving scintillation counters that
is not shown here. The trigger pulse is put in coincidence with the output of the Nano
circuit and the resulting output pulses are scaled. A plot for such an experiment is
shown in Figure IV-2, The curve can be understood in terms the curves shown in the
previous chapter for the response of an ADC. The curve in Figure IV-2 corresponds
to the area under and ADC curve. The rapid fall-off on the left is the noise .
spectrum . followed by a slowly falling region. This region is due to valley events
discussed in section III.LE. In the absence of such low pulse height events this region
would have zero slope, thus giving us a plateau. The knee on the right and the
subsequent fall-off is the integral of the minimum ionizing pulse height spectrum. The
half point on the fall-off corresponds approximately to the peak. To get 2 measure on
the knee of the noise curve we impose similar cuts as before to get rid of valley
events. The percentage of gates for which there were two or more hits was measuréd at
each threshold setting. The data points on each strip were then corrected by this
fraction. The discrimination curve using this criteria is shown in Figure IV-3. The

plateau region is now very well defined and is approximately 1.6 V wide.

This proves that the Rel Labs preamp and the Nano N-277 can provide us with a
successful scheme for discriminating mips from noise. The system also provides us with
a scheme for filtering and reading out a large number of channels. This will be
described in section IV.E. At this stage we would like to describe our instrumentation

scheme for the two stages of the electronics.
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C. ELECTRONICS INSTRUMENTATION

In section IL.B we discussed the need for an electronics board for housing a large
number of preamplifiers. Figure IV-4 shows the design of the Quter board that is
used to mount 64 preamps. It is a two sided PCB and as the design shows the area
has been efficiently used in order to have the maximum possibie density of channels.
The preamps are inserted into small sockets that are soldered to traces on the board.
At the input end sockets are provided for ac coupling in the future if the need arises
due to increased leakage currents that may cause the JFET to pinch-off. The preamps
were calibrated for their gains and groups with gain within 1% of each other are
plugged into the same board. The outputs of these preamps are carried on twisted-pair
ribbon cables to the next stage of the electronics. The assembied version of this design

can be seen in the photograph of the X-Y module in chapter II.

The N-277 circuits are provided on PC boards containing 16 channels. The number
of channels on the Outer board were chosen to be 64 so that it could couple to four
N-277 cards. We designed special a crate that contains 20 such cards. For two of the
four groups of signals coming from an Outer board the polarity of the twisted pair
gets inverted. This can be seen to be due to the symmetry of the design in Figure
IV-4. A back plane for the crates was designed to unscramble the polarities. This back
plane also provides an interface for coupling ribbon cables to the edge connectors
needed for plugging in the N-277 cards. In the design of this instrumentation scheme

we have preserved the modular nature of the overall design.

D. GROUNDING AND SHIELDING

In our treatment of noise we only considered sources of random noise. An equally
important source of interference is purely man-made — the vast jungle of radio
frequency ( rf ) signals present everywhere. These signals can be picked up by the
detector electronics, especially in our case due to the large band-width. Conducting
surfaces with large physical dimensions, such as plumbing and I-beams in buildings,
along with the earth plane, form crude wave guides along which rf signals can

propagate. They also travel along power lines that carry the 60 Hz currents. If we look
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Figure IV-4: The lay-out of the Outer board for housing 64 Rel labs
preamps.
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at a room as forming a large capacitor between the conductors in the ceiling and the
floor we can imagine high frequency potential differences existing in the environment
of a lab. Clearly, the first step in solving these pickup problems is to enclose the
electronics in a Faraday cage. Such a perfect shield can not be achieved if signals have
to come out of it and power lines have to enter it. A small amount of rf will always
be carried into shields through these conductors. This brings us to the problem of
ground loops in the circuitry that can act as feedback elements and amplify such
unwanted rf signals. The same feedback mechanism can also set up oscillations in the
amplifiers at some resonant frequency. We will deal with the problem of proper

grounding and shielding simultaneously in this section.

Let us look at Figure IV-5(a) to understand the feed back mechanism through
ground loops. For simplicity we begin by assuming a perfect shield enclosing the
amplifier and the detector. The dashed lines define the shield enclosure and all the
relevant stray capacitances are shown as dotted lines. The capacitative link A-D-C is a
feedback element and it will set the amplifier oscillating at a frequency determined by -
the capac.itances. This is shown in the equivalent diagram of Figure IV-5(b). In order
to eliminate this feedback loop the zero-reference of the signal should be tied to the
shield, that is the points B and D should be shorted. For a large number of channels
this réquirement amounts to having the ground on every preamplifier tied to the same
point on the shield. This is not too practical. Instead, simply ensuring a good
connection of every preamplifier ground to a common ground and a connection of the
shield to this common ground is sufficient. In our scheme, the X~Y modules are
mounted on a 1/4" thick aluminur'n plate which serves the purpose of the common
ground. The back-plane of the Middle and Inner boards are pressed against this plate
and the ground plane of the Outer board is connected to it through pins. The various
plates are mounted on a common support structure which is itself boited on to a steel
table. The table is a part of the shield and in this fashion we achieve a ground to
shield connection. This has to be carefully done such that there is the least amount of
ac impedance between the circuit ground and the shield. Any residual impedance will

allow the feedback of undesired potentials.

At frequencies of the order of MHz the shield stops being perfect due to
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inductive effects. Different points on the shield can be at different ac potentials and
currents can flow along the shield. In Figure IV-6 we illustrate a more realistic shield
which encloses the two stages of our amplification scheme. We also allow the shield to
have some holes at one end where the output of the N-=277 circuit exits. The blocks
A, B and C outside the shield represent external conductors that have ac potentials
present on them that are different from each other. The block F is the common
ground we discussed above and here we assume that it is perfect. The loop A-B-F-E-
D-A is one example of current flow that will result due to external potential
differences ( The path F-E is through the detector capacitance ). This unwanted
current can be eliminated by eliminating the external differences. One way of doing
this is to have a double shield arrangement and earthing the outside shield. This again
may not be too practical. The currents can instead be reduced by reducing the
capacitance CDE. Sufficient suppression can be achieved by keeping the shield far away
from signal conductors in qrder to reduce CDE. The entire SMD system is housed in a

shielded enclosure of dimensions 6’ X 4 X 4’, which enables us to do this.

Due to the reasons discussed above the second stage ambiifier needs its own
ground connection to the shield as shown in Figure IV-6 as point G. The ground
connec_tions on the N-277 were improved in order to achieve this. The circuits tended
to oscillate at a frequency of nearly 20 - 40 MHz before the modifications were made.
If we slowly lower the value of the threshold setting, we find that the oscillations set
in at some critical value. This point will vary from channel to channel because of gain
variations. With the ground modifications we were able to bring this value down to an
average of about 1.1 V. On comparing it to the noise fall-off in the curve of Figure
IV-3, we can see that this level is sufficiently below the desirable threshold level of
about 1.5 V. Notice that the wire connection G-F will have its own inductance and it
will support ac potential differences between the two ends. This leads to more ground
loops feeding back all the way to the input of the preamp. This problem can be
partially resolved by shorting points G and F using a large diameter copper conductor.

The inductance can not be reduced to zero and some feed—back will always be present.

The most direct source of rf pickup is the exposed cable at the output. The

signal at this point is digital and hence much more immune to such interference. It
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does, however, create problems as before if some of this pickup is fed back. Using
twisted pair cables reduces the strength of the pickup as they present smaller cross-
section to the electromagnetic flux. It would be impractical to not have any exposed
cable and the extent of the enclosure can be decided upon through experimental
evaluation. These cables are 50° in length and in our present design we plan to shield

about 40’ of its length.

We have not as yet included any power sources in our scheme. All the circuits
discussed above operate from dc power supplies which in turn are powered by the
commercial ac power. Linear power supplies that have very little ( <0.01% ) ripple at
their output are readily available. Using such supplies ensures that the amplifiers are
not contaminated by 60 Hz ac in the signal lines. The ac lines also bring rf along
with the 60 Hz power. The most effective solution to this problem is to put the dc
power supplies inside the shield enclosure and filter the ac lines in order to let only
the 60 Hz current through. This filtering can be achieved using an isolation transformer.

Figure IV-7 shows a schematic representation of such a device.

e

Figure IV-7: The schematic of an isolation transformer.

A thin conducting foil placed between the primary and the secondary coils does not
effect the magnetic coupling between them. If it is grounded, however, it does provide

a low impedance capacitative path to ground for the high frequency rf signals. Since
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the secondary is within the shield it only couples to the low frequency flux from the
primary and the 60 Hz signal can pass through. The design shown in Figure IV-7 will
not make a very good transformer due to high power losses and hence in practice very
complicated geometries are used to maximize the coupling. This results in some of the
' secondary coil coming out of the shield. Again a double shield could be used. As
before, the ground on the transformer should be tied to the signal reference ground 1o

eliminate effects due to shield currents.

The power for the N-277 circuits is provided through switching supplies that can
drive high current levels. These supplies have internal switches operating at nearly 40
KHz. The transients frorh these switches enter the circuitry but they are not a
problem as long as they stay at threshold values of nearly 1 V. This can be made

possible with adequate filtering of the dc output.

4

In Figure IV-8 we show the final design for the system based on all the
considerations discussed above. It shows a cross—section of the apparatus from a beam’s-
eye view. Since the preamps on the Outer board are stacked close together the space
in between them collects a dead layer of hot air. We employ ac operated fans to force
this air out. These fans are fed by the isolation transformer and hence do not present
a new source of rf inside the shield. The bulk air from the enclosure will be exchanged
continuously with dry and cool air using a compressor and filter system that is not
shown in the design. The Nano circuits are housed in crates that have an array of
fans at the bottom. This provides sufficient cooling. A blower in the racks takes care

of the intake of fresh air.

It should be mentioned that this scheme is adequate for our purposes based on lab
tests. However, an understanding of the principles does enable one to modify the design

in case the need arises due to the different environment of Fermilab.
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E. DIGITAL CONTROL AND READ-OUT

The signals from Nano N-277 circuits are purely logical and at most 45 ns in
duration. These signals in coincidence with a trigger puise provide us with the data on
any event. This coincidence is performed in the next stage of the Nano system, the
N-278 CAMAC latch modules. These modules are also capable of delaying the data
pulses internally for a maximum duration of 800 ns. The delay time can be
programmed into the latches by the user. A dedicated controller module, the N-280, is
used to control a CAMAC crate filled with these latches. It is capable of reading the
latches, filtering the data and sending the information on the hit strips. Each strip is
labeled by an address that can be defined at the beginning of a run by the user’s
software. The communication between the N-280 and an external computer is carried
out using the N-281 CAMAC interface module which in turn can be monitored by
another CAMAC controller. The data from the N-280 is received by the N-281 and
transferred to the second CAMAC controller. Finally this data can be read into the
memory of a computer for processing and storage. This scheme is shown in Figure -
IV-9 where a LeCroy 3500M system is used for the control. Built into the 3500M is a
microprogrammable CAMAC controller that employs a bit-slice processor. This provides

us with a sufficient speed to carry out the tests on the Nano system.

As shown in Figure IV-9 a fast pulse can be applied to the back of the wafer
through a 1 nF capacitor. This pulse is fed into the preamplifiers through the
capacitance of the strips which is of the order of 1 pF. This provides an alternate
made of testing the electronics without using the electron source. It also enables us to
exercise a large number of channels in the electronics simultaneously. Using this
scheme for testing we found and eliminated the faulty electronics channels. The system
was tested successfully up to trigger rates of 100 Hz and an event size of typically 500

words.



76

{f nf

Rel Labs
I0 323C

- XN-277-C
15 ft.

g
i3
y § !
P mm—fm———  (nf 50 ft.¢ s
/ L | 1 —eed Uy
— !
/ Threshold 'l
] S .
/
7 S2
St _y
e g er
Coincidence 29 >
S2
=== . ro= T T T 'a
| LRS 2323 [+—< Load Lo o ||
| [Gate Generator |- > o N~
| | Read Latch | DN [ ~ il
| [NANO N-28t z9 Z 2|
| | Interface \ | S 5 S - |
l ’ <© <
RS-422 Bus | |2 s |
| | —JcamAC Crate L,
l

l
l
L Lecrey_3500m |

Figure IV-9: The read-out scheme using the Nano system and a LeCroy
3500M microprocessor.



77

F. TESTS OF AN ASSEMBLED SMD

Figure IV-10 shows an example of the data collected using the electron source in
the scheme of Figure IV-9. It is a histogram of the number of hits on the strips uof
an SMD with a threshold setting of 1.5 V. The profile of the electron source can be
seen peaking towards the right. The shape of the profile can be understood in terms
of the geometry of the set—up. The peak is directly under the source. The strips further
away from the peak receive electrons at an angle to the normal and on the average a
certain number of tracks go through two neighboring strips. These tracks may not
register on either of the two strips because the pulse heights may fall below the
threshold due to fluctuations. This results in a reduction in the number of counts on
these strips. A small reduction also occurs because these strips present a smaller solid
angle to the source and receive a smaller number of electrons to begin with. The
histogram also shows a few strips with off-scale counts. These are channeis for which
the critical threshold level for oscillation is above 1.5 V. In further tests these circuits
get rejected. The strips with zero or nearly zero counts have different problems
associated with them. These can be understood by looking at the noise on these strips.
Figure IV-11 shows the background levels obtained by removing the electron source and
triggering the system for the same number of times. One can see that the strips that
showed nearly zero counts have normal noise levels. These are strips on which either
the bonding wire has come off during the course of testing or a trace has broken on
the Inner board. This is so because a normal ‘noise level means that the circuit is in a
working condition. Now, the channels with zero counts are still dead. These are hard
to explain and probably are due to a broken wire somewhere in the circuit. From this
histogram one can also get an estimate on the probability for a channel to give a false
hit signal. The average on this number is about 10" or .01 %. In other words, for a
1000 strip wafer, on the average we expect a noise count to occur once in about every

10 trigger gates. This is certainly a very acceptable situation.

Figure IV-12 shows the data after background subtraction. The width of the band
is considerably broader than the statistical error on the number of hits. This can be
attributed to two main causes. First, we expect the areas of the strips to vary by a

certain amount which is of the order of the tolerance in the photolithography steps in
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the planar process. An error of 1 um on either edge of a strip is equivalent to a 4%
error in the area. We expect the strips to have this variation in the solid angle that
they present to the source. Second, there is a certain amount of variation in the gain
from channel to channel in the N-277 circuits. In principle this should not affect the
counts due to mips. The much-blamed valley events do affect the counts because some
of these pulses' are at the same height as the threshold. These pulses will account for
extra counts on the channels with high gain. A channel by channel analysis was done
for a smaller number of strips. ADC curves were recorded for these strips using the
same electronics channel in each case. The differences in the number of counts above a
given point in these curves correlated very well with the differences in the counts for
the same strips in the data of Figure IV-12. This is not a direct test of the suspicions
raised above but it does rule out any suggestions of new problems that have to do with

the Nano system.

Some of these details in the performance of the SMD system will only be ironed
out in beam tests. Nevertheless, from the instrumentation point of view we can consider
this design to be successful. In the next chapter we turn to the issue of event

simulation.
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CHAPTER V.
MONTE CARLO SIMULATION

A. INTRODUCTION

In section I.B. we discussed the parton model for understanding the scattering of
hadrons. The model required the use of various probability functions to get the details
of a particular scattering event. The nature of thé fragmentation functions makes it
impossible to arrive at analytical expressions for the overall cross-sections. This makes
the use of Monte Carlo techniques imperative. They are used extensively nowadays both
for simulation of events and also for extracting results from the data. In section 2.2
we arrived at rough estimates for the performance characteristics of our design. In this
chapter we present our estimates based on Monte Carlo simulation of events. In order
to do so we used the ISAJET prograrn35 which was originally written for simulating p-p
collisions at Brookhaven National Lab. It has become more and more sophisticated
S over the years with continual feedback from experiments. Figure V-1 shows the
major components that a present day Monte Carlo simulation program like ISAJET
needs. The breakdown is based on the parton‘ model picture of Figure I-2 with a few
additional steps. The steps shown are not necessarily executed in that order. The
addition of gluon radiation, by initial and final state partons, in the program structure
brings it a step closer to reality. This, in effect, is equivalent to considering higher
order QCD graphs. The evolution of the final state partons is done using an algorithm
based on Altarelli-Parisi f unctions’. The initial state radiation is simulated using the
backward evolution scheme developed by Gottschalkss. The hadronization of the final
state partons follows the Field-Feynaman approach“. Another model for hadronization
has been developed which uses a string formulation”® but it is not used in ISAJET.
Suffice it to say here that ISAJET is regarded as a highly reliable program and the

predictions, though not exact, come close to the experimental results.

82
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B. SIMULATION OF DIRECT PHOTON EVENTS

The ISAJET program does not have a process built in for direct photon

production. However, it does have a process similar to it as shown in Figure V-2.

ol

4
,/
[ 4
g

L 4

Figure V-2:

The dashed line represents a virtual gauge boson which fragments into a pair of
leptons. It can be a photon as well as one of the massive gauge bosons W, W oor Z'
The program allows the user to select a range for the virtual mass of the gauge boson
and by choosing a range of very small masses (5-10 MeV) we can not only restrict it
to be a photon but also make it 2 nearly on-shell photon. Then by adding the four
vectors of the e —e pair and neglecting the small mass we can make this process look
like direct photon production. This method is correct except for an overall error in

the normalization of the cross-section. The error is of the order ¢ muitiplied by a
em

phase space factor for the lepton pair.* This error is not important if we want to
study the general characteristics of events. Figure V-3 shows a relative cross-section
versus p_ as estimated in this fashion for proton and anti-proton beams. The relative
cross-section can be seen to have a strong dependence on P The relative

contributions from the annihilation and Compton diagrams for both the beams is shown

* 2
The factor Q) IJTl’mY gives a result correct to within 10 %
em
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in Figure V-4. The scattering from pion beams can not be simulated as the structure
functions are not contained in the program. A comparison of the two beams as shown

in Figure V-4 does show the dominance of the annihilation diagram at high 128 for ihe

p beam and of the Compton diagram for all vaiues of P for the proton beam.

For the SMD telescope the physics of interest lies in the charged particle content
of any event. Hence the relevant event size is the total number of charged particles in
the away-side jet and in the beam fragments. Figure V-5 shows an ISAJET event
superposed on the SMD system. This is an event with a relatively high photon P of
8.22 GeV/c. The tracks are plotted for both the beam (spectator) jet and the away—
side jet. The tracks from the two sources can be seen to be not very clearly separated.
Further contribution to the charged particle content of an event is made by charged
particles coming out of any secondary interactions. To get an idea of the typical event
structure we should look at average quantities. Figure V-6 shows the average expected
multiplicities versus the photon P All the different components are plotted. Figure
V-6(a) shows the break-up of a jet into i) all charged particles, ii) photons and iii)
neutral hadrons that do not decay into photons. Figure V-6(b) shows the same thing
for beam fragments. The main source of the photons are 1r° decays. These photons
average to about 12 per event. This plays an importént role in the choice of target
materials. For a material with a large ratio of interaction length to radiation length,
more photons will convert to e'—e pairs, This can make the task of vertex
reconstruction more difficult. In E706 we plan to use a maximum of 0.1 interaction
length for the target thickness. This corresponds to 0.1 radiation length for Be, 0.2 for
C and 0.95 for Fe. These three are the materials being considered at the moment for
various reasons. Clearly, they will provide very different conditions for vertex
reconstruction. The rest of the neutral hadrons contribute very little to any event.
Hence they do not present a major source of secondary interactions that lead io
charged particle production. If we sum up the all the different components the total
multiplicity can be seen to stay unchanged over the pT range as expected from energy
conservation. However, the angular distribution of particles in any event will strongly

depend on the pT.

Figure V-7 shows the ISAJET prediction for the average angular distribution of
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charged particles for typical events with a photon pT > 7 GeV/c. The average number
of charged particles per event per milliradian is plotted against the angle in mr. For
the first X-Y module the angle subtended by one strip is approx 1 mr. Hence the plot
can be interpreted as the probability per strip for having at least one particle go
through it in any event. The probability of any strip at an angle >40 mr being hit is
not very large. This is relevant because of pile-up considerations. For a beam rate of
10’ particles per second we have on the average 100 ns between two consecutive beam
particles. For 10 % interaction length we have an interaction every us on the average.
The pulse from the front end of the Nanometric amplifier has a tail of nearly 300 ns.
From Figure V-7 we see that the central strips which are in the beam profile have a
maximum probability of about 23 % per event. The beam has a spread of about 1 cm
and for this central region we can consider 20 % to be an average probability for a
strip to be hit. From Poisson statistics we expect a probability of 0.5 % for two
interactions to occur within 300 ns of each other. This implies a pile-up probability of

0.1 %. This does not seem to present any limitations on the acceptable rate.

C. COMMENTS ON RESOLUTION

In this section we briefly mention some preliminary results on the reconstruction
of events and resolution achievable based on these ISAJET simulated events. We will
start by confirming our rough estimate on z resolution from section 1-2. Using the
formula for Az on every track in an event we find the track that gives us the best
value. In Figure V-8 we have histogrammed the angles and momenta of the best tracks
for a large sample of events. Based on the two peaks we can claim that a 60 mr irack
with a momentum of 5§ GeV/c is typical of any event. Figure V-9 shows a histogram

of Az values for these tracks. A value of Az in the range 2-4 mm can be seen to be

typical.

The resolution can be improved upon by considering all tracks and finding the
best fit for a vertex. In Figure V-10 we sl;ow some preliminary results from the
software under development. It shows an example of a reconstructed ISAJET event
The program takes the ISAJET event and introduces multiple scattering and secondary

interactions in it. Then it reconstructs tracks by correlating four hits and finds the
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Figure V-7:
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Figure V-10:

An example of a reconstructed ISAJET event.
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best ones based on a chi-square evaluation. These tracks are used to find and define a
vertex. This process is repeated for tracks from three and two hits only. The algorithm
is successful in finding the primary vertex with 95 % efficiency to within 2 mm. The
efficiency for finding secondary vertices is about 40 %. These numbers can probably be

improved upon in the future with the development of more sophisticated algorithms.



CHAPTER VI.
HEAVY QUARK PRODUCTION IN E706

A. INTRODUCTION

The existence of charm(c) and bottom(b) quarks has been experimentally established
very firmly for about a decade. Most physicists believe that the discovery of the top
quark is just around the corner. Both ¢ and b quarks were first seen in the form of
the bound states J/y (c) and T (bD. Since then a lot of data has appeared, from e —e
machines, on the production and branching ratios of the numerous other mesons
containing heavy quarks. Very little is known about the baryonic bound states because
they are not produced as often in e —e collisions. Over the last few years experiments
“ 4 have been done on photoproduction of charm which have yielded some excellent
measurements on the life-times of heavy mesons. The production process here is also
electromagnetic. The hadroproduction of heavy quarks is one area that is relatively not
so rich in data. Some experimentsu' * have been done and some others are underway.
Here one expects to see heavy baryons but the problem is one of dealing with immense
backgrounds. One way of tackling this problem is to develop some efficient triggers
based on fast reconstruction of mass from the decay products of the heavy quark.
Another approach is one of collecting all the data and using some clever ways of

sifting through it during the analysis. Here we look into the question of whether a

high pT photon can be used a trigger for studying the hadroproduction of heavy quarks.

This chapter summarizes the work which we have done to understand the heavy
quark content of the away side jet in the expected E706 direct photon data. We also
present results of a study of the heavy quark content of high pT jets in general where
one is not restricted to direct photon events. The study was motivated by the
qualitative result that massive virtual gluons can be expected to fragment into heavy

quark pairs a substantial fraction of the time. Since the annihilation diagram in direct
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photon production involves the production of a virtual gluon opposite the direct photon
as shown below, one expects that if the pT of the direct photon is large, then the
probability is enhanced that the mass of the away side virtual gluon will be large

enough to yield heavy quark pairs (co in an interesting fraction of the events.

C?

Figure VI-1: Annihilation graph for direct photon production. The
fragmentation of the virtual giuon into heavy quark pairs will
be enhanced if it has a large virtual mass.

In any case studying the fragmentation of gluon jets in the direct photon sample is
certainly well within the physics purview of E706. We will first consider the
theoretical basis on which the study rests and then present our Monte Carlo results

from ISAJET.

B. THEORETICAL FOUNDATIONS

Fortunately gluon fragmentation into heavy quark pairs (cc and heavier) has been
well studied theoretically. @A good reference is the calculation by Mueller et al
: Specifically the result from QCD is known including leading logarithmic QCD
corrections. Leading non-perturbative corrections have been shown to be extremely
small. If we define p = (number of qq pairs)/(number of gluon jets), then there exists

a unique’ and well defined QCD result (small theoretical uncertainty) for p as a

* 2
The result does depend on the charm quark mass which we bave taken to be 1.6 GeV and also on A D = 0.04 GeV
Q

which is the ISAJET value.
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function of the M = (Q)'” of the virtual gluon. This prediction is shown in Figure
VI-2. The two smooth curves correspond to a quark mass of zero (upper curve) and a

more realistic ¢ quark mass of 1.6 GeV (lower curve).

There remains the question of incorporating this physics into an appropriate Monte
Carlo program. According to F. Paige (private communication), these results have been
included in ISAJET ignoring only the mass dependence of the heavy quark which is (as
we shall see) a relatively small effect. We have performed a detailed calculational

check which we will now discuss.

For reasonably small Q2 we can interpret the parameter p at a fixed Q2 as the
probability that a starting gluon with M = Q2 will produce a cc pair after it has
completely fragmemed.* Since we can tag the Q2 of any starting gluon in the ISAJET
Monte Carlo program, it is possible to compare the ISAJET program directly with the
QCD calculéﬁon. Figure VI-2 also shows the ISAJET result for the parameter p as the
program was received from F. Paige (which ignores the mass of the. charmed quark).
As one can see the ISAJET result with this approximation is reasonable but not in
perfect agreement with the QCD result (Mc = 1.6 GeV). We decided to remove this
approximation and Fig. VI-3 shows the improved ISAJET prediction which is now in
agreement with the QCD result. This good agreement between ISAJET and the QCD
result near threshold where we are obviously going to be most sensitive to it requires
that the CUTJET parameter be set to the charm quark mass or 1.6 GeV which is well
below the usual value of 6 GeV. The CUTJET parameter is the cut off mass at which
the evolution of final state partons stops. It is similar in nature to the factorization
scale M in parton model calculations. Setting it to 1.6 GeV brings us into the regime
of very low Q2 values. This means that the program will not generate the right final
state hadron multiplicities but it can be used reliably as a means of generating the

heavy quark (cQ content of jets arising from a single gluon.

* -
We are assuming that the probability [ is small enough that only one cc pair is likely to be produced in the course of

the fragmentation process.
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C. MONTE CARLO RESULTS

For the annihilation graph, we have calculated the fraction of the events for
which the away side gluon jet contains charm. This fraction is plotted as a function of

the P of the direct photon in Fig. VI-4. These results can be folded with the

expected yield of direct photon events in the annihilation channel® to estimate the
charm sample in our data. We estimate that for 50,000 direct photon events with P
above 5 GeV/c in the annihilation channel we can expect 360 events to contain
charm.”™® If about half of the events are in the annihilation channel for 7 C running,

it would appear that we may have a small but recognizable sample of charm events.

On comparing Figures VI-3 and VI-4 one can notice that the fraction of events
containing a cc pair is smaller when plotted against the pT of the real photon than
when plotted versus the mass of the virtual gluon. This is a direct consequence of the
kinematics involved in the gluon fragmentation and also of the general problem in QCD

*** of relating the gluon Q° to its P In the absence of a priori knowledge, the usual
way is to egquate Q2 = prz, where f is a fraction between one and two. In the

program, however, one starts by putting Q2 = (energy)2 and then allowing the Q2 to

degrade in the final state evolution. In the fragmentation process, the P carried off

by the cc pair ends up being less than the original value for the gluon because part of
the energy is used up in creating the heavy quark masses. This results in the program
lowering the photon P, as well in order to conserve P This lowering implies that any
given pl_ bin in Figure VI-4 is fed by bins higher in pT. Since the production cross—
section of the photons falls very rapidly with pT, the charm fraction also falls with it.
These questions of slight differences are not too important because our intent was to
simply get a rough estimate and none of these details tend to change the numbers

drastically.

* -
The fraction of cc pairs associated with the Compton graph is approximately 0.2% for p between 5 and 10 GeV/c.
T

*%x
The number of charm events for p  between 3 and 5 GeV/c is also about 360.
T

£33 45
A suggested way of reducing the error is to minimize the effect of the free parameters in QCD . It is not clear if

2
such proceedures are valid, especially in the range of Q values we expect in E706.
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D. HIGH PT JETS

We have also considered the heavy quark content of high P jets in the general

class of two jet events. The two jet production cross section as a function of jet b

for s”2 = 40 Gev is shown in Fig. VI-5. We have broken down the contributing
processes for pp collisions in Fig. VI-6. The diagrams labeled (a) are those which
produce a qqg pair in the final state. The qq pair will occasionally be c¢ or bb
Diagrams labeled (b) correspond to two gluons either of which can make a heavy quark
pair (cd. Diagram (c) is a Compton process where the final gluon can fragment into
cc and (d) corresponds to qq scatiering where one of the quarks can be a heavy quark
(c) from the sea. Although all of these processes can make bottom, in practice only
those labeled (a) have enough energy to be important. The fraction of the time the
processes (a) and (b) have charm (bottom) is shown in Figures VI-7 and VI-8. Again

one sees that the the heavy quark content increases as the P of the jet increases.

These results may provide some physics basis for developing the triggering in the
hadron calorimeter as well as developing a more sophisticated lepton trigger. In any
case the yield of heavy quark events is clearly larger than in the direct photon case

primarily because the production cross section is larger.
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CHAPTER VIIL
CONCLUSION

The main thrust of this thesis has been the instrumentation of a Silicon Strip

. 6 . . .
Microvextex detector system4. This system will be used as the front-end in the E706
spectrometer at Tevatron II. The design, construction and testing of the system have

. 47
been successfully carried out .

Direct photons were shown to be a simple and unique test of QCD. The study of
the accompanying jets should prove to complement the existing data on QCD jets. It

was demonstrated that an SMD system was the ideal choice for the front—-end of E706.

The approach that we took was one of developing the techniques, that were
necessary for the instrumentation, in our lab at the University of Pittsburgh. A modular
design was drafted that was flexible enough to allow for the use of commercial
products as well. The final assembled version is a good mix of commercial and home-
grown components. We were successful in making fine-line PC boards that were used
for the fan-out. This effort included the development of a computer-aided design
system for making the masks. The X-Y modules were assembled with the use of

interconnection schemes developed by us.

The sources of noise in amplifiers were analyzed. The noise levels in various
circuits were evaluated and the preamp most suited for our application was selected. A
S/N ratio of > 20 was achieved. These preamps were successfully interfaced to a
digital read-out system. An instrumentation scheme for 6,600 channels of these circuits
was designed. Special care was taken to achieve immunity from rf interference. Tests
with an electron source on an X-Y module showed an efficiency of nearly 100 % and

an average background level of the order of 10™,
The ISAJET program was adapted for simulating direct photon events. Studies
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based on these events have predicted a Az rtesolution of < 2 mm with a 95 %
efficiency for finding the primary vertex. The rate capability of the system was shown
to be well above the expected rates in E706. Monte Carlo studies were also made to
estimate the production of heavy quarks in the away-side jet. The charm content was
shown to be small but not negligible. The overall production of charm should be
substantial but it requires the development of a sophisticated trigger. This is an area of

Physics that we look forward to studying in the future.



APPENDIX A. .
THE E706 LIQUID ARGON CALORIMETER

This appendix consists of a reprint of a paper pubiished in Nuclear Instruments

and Methods ( NIM ). The design of the LAC is described in detail.
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This paper describes a new liguid argon photon/hadron detector currently under construction {or Experiment E706 ai the Fermi

National Accelerator Laboratory.

Fermilab experiment E706 has its main thrust as the
measurement of direct photon yields in the pr range of
5-10 GeV /¢, with incident 7/K/p beams at 500-1000
GeV /c, as well as the study of associated jets produced
in such reactions. In addition, the experiment will mea-
sure the production of high mass (m 23 GeV) e*e”
and yy states.

Fig. | shows the overall layout of the experiment,
which is designed to cover as much of the overail solid
angle as possible. The target is surrounded by an array
of solid state strip detectors of S0 p puch. These,

0168-9002 /85 ,/503.30 ) Elsevier Science Publishers B.Y.
(North-Holland Physics Publishing Division)

together with proportional chambers downstream of the
magnet, determine the charged particle momenta: in
addition, they are used as a vertex detector, thereby
providing a degree of separation between primary and
secondary interactions in the segmented target.

A large liquid argon calorimeter (LAC) measures the
position and e¢nergy of both photons/electrons and
hadrons. It has a central hole of 40 ¢m diameter; this
area is covered by a forward steel/plastic scintillator
calorimeter, [n the ensuing, we discuss only the char-
acteristics of the LAC,
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Fig. 1. The layout of the complete £706 spectrometer showing the target surtounded by silicon strip detectors, the PW's following the

magnet. the Liquid Argon Calorimeter and the forward scintillation calorimeter.

Fig. 2. A hlowup of the photon detector. The quadrants are scparated by stainless steel plates (a); special hoards (b) connect

individual readout stnips to connectors along the circumierence.
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In a series of previous Fermilab experiments that
concerned radiative decays of mesons and direct photon
production. our group used a LAC of 0.9 X 1.4 m* area
to measure photon energies and directions {1]. Based on
this experience, we are presently constructing a larger
LAC for the detection of both photons and hadrons.
The specifications are as follows:

(i) Nearly complete coverage at laboratory angles 22
mrad < § < 160 mrad for both photons and hadrons.

At an incident momentum of 500 GeV /¢, this cor-

responds to an angular range of 40° < §_, <138°,
or ~ 77% of the towal 4= solid angie.

(ii) Energy resolution of < 15%£'73, and a positional
resolution of < 0.1 em for photons/electrons.

(iii) Good separation of isolated photons from photon
pairs from =° decay up to energies of - 250 GeV.

(iv) Hadron energy resolution of <70%Z'2, with a
position resolution of a few centimeters.

(v) Electron/hadron separation at the 10~ level.

(vi) Ability to sustain an interaction rate of 2 10° Hz

The LAC has two separate parts: a photon detector
and a hadron detector, in a common cryogenic en-
closure. The photon detector (fig. 2) is subdivided into
four mechanicaily independent quadrants. heid together
by the overall support structure. Each quadrant consists
of 66 layers in which 2 mm lead plates are separated by
2.5 mm gaps of liquid argon from G-10 readout boards.
Alternate boards are used to read out the r coordinate
and the ¢ coordinate in a polar coordinate system. The

E (beam) =510 GeV

Fraction of Azimuthal Angle Los! (percent)

1 Il

HADRONS
1 LOST

r coordinate readout consists of 256 concentric radial
strips in each octant: the strips are focused in tower-like
fashion towards a target 9 m in front of the detector.
The ¢ coordinate strips are subdivided into inner and
outer segments: each inner strip subtends an azimuthal
angie of 16.4 mrad. while each of the outer strips covers
an angular range of 8.2 mrad. The separation between
inner and outer ¢-strips corresponds to a laboratory
angie (rom the target of 56 mrad. or a c.m. angie of 85°
at an incident momentum of 500 GeV/c. Each lead
plate is connected to two 100 nF capacitors in parailel
[2]; the capacitors have a leakage current of < 10”'% A
at 9 kV, both at room and at cryogenic temperatures
(even after many cooling cycles).

The support structure of each quadrant, as well as
the additional space needed for readout connectors and
G-10 spacers (to separate the boards [rom each other
and from the lead), produce dead areas both for inci-
dent photons and hadrons. We assume that a hadron is
“lost™ (that is, its energy cannot be measured to any
reasonable accuracy) if it hits the stainless steet support
piates. A hadron going through the G-10 spacers en-
counters only ~ 1 absorption length of material and its
energy can consequently still be measured downstream,
albeit with reduced.accuracy. On the other hand, any
photon hitting the G-10 spacers (and thus missing the
lead plates) will not be detected. Fig, 3 indicates the loss
in the fractional azimuthai coverage as a function of
c.m. angle for a beam energy of 510 GeV /c.

A

30° 45° 60° 75° 90° 10%°

%0 0.5 0 -0.5
12Q° 135°150°180°

-i.0 cos8cm

fcm

Fig. 3. The azimuthal extent of the dead regions produced by the support structure for photons and hadrons.



114

F. Lobkowicz et al. / A large liquid argon photon /hadron calorimerter

~

TN TN TN I NZ N LN 7N TN LN SN ——
T Ny

ﬂ\'\/\I\/\l\(\r\l\/\;\/\/\; =
AR YA A AY I A AEAYAYE,. ]
A

R AV A AYA A YA A AYAYEAYS. |
—
Y AYAYEY AV VAVAVAVANXWAVEVAVAVEY . |
\\\\\\\\\\ YA A A A A A AY XAV ENAYENAY AT,
b‘ Y EAYAY 4 AVAVAVAYEY AV NAWAREYEAYD |
(Q) b\/\,\, EAAEYAAYAN AAYAYAVAVAWAVAYEVAYE, |
/ N
A A A A A ARV A A A AYENAWAVEREYEIG .
B‘/ \\\\\\ VAV AVAVAYXAVAVAYAVAAXYAYAVAYAYAY, |

R AY A Y AY AV AYAY AV AVAY A A A A YA |
/
A A A A AV A AY A AV A AYAYAYAYAS
/
YA AYAAYAYAVAVAYAAYAYVAVAYAVEY |
A A A AY XY AYAYEYAY AW

= VAVAVAN

Fig. 4. () A singie hadroa calorimeter readout board: (b) detail
of the readout scheme.

{a)
Sleel--| l—Sleel
Argon— |~ Strip(horiz.)
—Rib (vert.)

There are two sets of three special “ readout boards,”
one in front and one in the back of the photon detector
assembly; one of these triplets is shown in the exploded
view of fig. 2. These provide leads from the inner ¢
strips as well as from the ~ strips to the outer edge of
the detector where external cables are connected to the
detector. The first § of the detector (22 layers, 10
radiation lengths) is read out via the front readout
boards. the last § (44 lavers, 20 r.l.) is read out via the
back readout planes.

In contrast to the photon detector, the hadron detec-
tor has a tower readout structure. Each tower consists of
a series of triangular readout pads. as illustrated in fig.
4. The need to have electrical connections from each
pad to the edge of the detector necessitates the subdivi-
sion of readout pianes into pairs, one of which is shown
in fig. 4. Each of the readout planes covers one-haif of
the area with pads. leaving the space between two rows
for the readout lines. As illustrated in fig. 5. during
assembly, the readout lines are covered with horizontal
spacer strips which are glued to the readout boards and
provide mechanical stability. Since only 4 ft X 12 ft
G-10 boards are availabie commerciaily, each plane
consists of three such boards. Vertical ribs hold the
individual boards together and add to the rigidity of the
whole assembly. Each layer (fig. 5b) has in sequence a
H.V. board. a layer of horizontal strips that define the 3
mm argon gap and shadow halif of the area of the pads.

(b)

readout

\ground

| — HV

Fig. 5. One readout layer of the hadron detector: (a) a side view showing suspension system; (b) exploded view of one readout iayer.
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Suspension derqii: Top View

(70 Steet Piqtes,
70 Electronic Layers)
Fig. 6. The assembly of the hadron calorimeter. The detail shows the suspension system for individual steel plates.

.4 4 |
(DlG)@ @ “

RABOIT

<
s o
alw <!
3 =
ol
aid i
“a Q' t
-]
a .
I Al ) ! [

t
’C

Hadron

Insulation

"_—"L'T IR
oo, . e .

1.0m

Fig. 7. The overail gantry and crvostat of the LAC. The beam is incident from lhcl—cn. The region inside the cryostat in front of the
photon detector (*y ") is filled with low density matenal. :
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one pad board. a laver of vertucal ribs. the second
shifted pad board. another laver of horizontal strips.
and finally a second H.V. board. Each H.V. board
consists of three joined double-sided ;™ thick copper-
clad G-10 boards. with the outer side grounded. This
provides a blocking capacitance of 70 aF for each plate,
which minimizes crosstaik between pads.

There are 70 layers in the hadron calorimeter. each
consisting of a 3" thick steet plate and one readout
assembly, for a total of 7 absorption lengths. The read-
out of each tower is divided once in depth for a total of
2500 readout channels. Both the photon and the hadron
detector are suspended from the cover plate of a 17 ft
diameter upright cylindrical cryostat as shown in fig. 6.
The cover plate with its reinforcing beams forms the top
of a gantry which can be moved on rails perpendicularty
to the beam direction (fig. 7). This horizontal motion.
together with a beam which can be swept vertically, wiil
provide capability for sweeping the beam across any
portion of the calorimeter for calibration and testing.

For assembly and for servicing the detectors. the
foam insulated cryostat can be lowered into a special pit
inside the detector building. The cover plate has a short
vertical cylindrical attachment from which the ampii-

fier crates (RABBIT) are suspended. Each amplifier
card has 16 channels; each channel consists of a low
noise integrating amplifier, a fast output used for trigger
purpose. a2 800 ns delay line and a dual ADC
sampie/hold circuit which sampies the puise train be-
fore and after the event of interest (the amplifier and
readout system is conceptuaily identical to the system
described in ref. (3]). In addition. four neighboring
channels are added and fed into a TDC sampie/hold
circuit for timing purposes. The readout ssytem follows
the RABBIT protocol used for the Fermilab Colliding
Detector Facility [4].

The detector is presently under construction and will
start operation in the spring of 1986.
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' APPENDIX B.
MASK MAKING FOR PC BOARDS

In this appendix we describe a software system developed for designing liigh
resolution masks for PC boards. The same system was used to design other masks that
had conventional densities but required high precision in alignment. These masks also
required a large number of plated-through holes. This in turn needed software io
compute the commands for a digitally controlled drilling machine. This was also

accomplished using the same system. The programming was done entirely in FORTRAN.

High resolution PC board masks are made on digitally controlled photopiotters.
These are commercially available devices that have a movable collimated light source
which exposes a photographic film. The movements of the light source are similar to
that of an X-Y plotter using a set of stepping motors. The motors have a least
movement of typically a fraction of a milli-inch. The digital control is achieved in
terms of the number of pulses sent to a particular motor resuiting in the same number
of steps moved. Hence, each movement of the light source is in terms of incremental
X-Y coordinates. In addition to precision in movement, we need high resolution in the
pattern definition. The photoplotters support a variety of collimators that are mounted
on a rotating wheel. These can be placed under the light source using digital
commands also. These collimators allow one to expose the film with thin traces as well
as other shapes used in printed circuits. In order to obtain sharp edges on the pattern,
the intensity of the light source is controlled and a2 number of filters are used. The
movement of the source involves accelerations and deccelerations resulting in areas that
receive longer exposures. This is compensated for by dimming the intensity at a
proportional rate. A certain amount of expertise is required in achieving the desired
performance from these machines and we were fortunate in locating an industrial house

that had it.
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Figure B-2:
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As far as programming is concerned the task that it has to accomplish is putting
the commands on a tape that can be read into the computer operating the photoplotter.
This is rather simple using software packages that can convert data from one format o
another. We wrote FORTRAN programs that computed the required movements and
wrote out the data in ASCII formats. A plotting package was used along with the
program to obtain ink plots of the design that was being worked upon. In Figures B-61
and B-1 we show some examples of masks designed in this fashion. As can be seen, ihe
mask in Figure B-1 has a large number of holes and hence requires precision drilling.
A digitally controlled drilling machine is very similar to a photoplotter if we replace
the light source with drill-bits and hence the commands used to run it have a similar
format. This allowed for a simpie change in program to accomplish this function 2

well.
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