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ABSTRACT

R Electrons have been scattered inelastically from a
hydrogarbon target containing proﬁon; polarized normal to
the scattering plane, Scattered}electrons yith energies
corresponding to the production of the 4(1236), N(1512)-
and N(1688) pion-nucleon resonances were observed. A
search was made for changes in the cross—sectibn as the
target polarizatlon was reversed, Any changes would have
been evidence of a vliolation of time reversal invarlance
in the electromagnetic inﬁeractions of the hadrons. No
.such changes were observed.

Eérly attempts at a colncldence volarizatlon exveriment

are descrilbed in the Appendix.
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‘1,1 HISTORICAL BACKGROUND

Since the discovery of the violatioh 6f CP invari-
ance in the decay of the long-lived neutral K-meson,»
intereSt has been revived in the search for vlolations
of time reVe:sal (T) invariance which must occur if the
CPT symmetry 1s to hold. Previous work? had placed a
limit of a few percent on possible T violating amplitudes
in several strong and weak interactions., Furthermore,
Quantum Electrodynamlcs, which has been so successful in

explaining the electromagnetic interactions of photens

and leptons, is a T invariant theory. Until récently,

. however, there has been no effective test of T invariance

in the electromagnetic interactlions of the strongly inter-

acting particles,

VIn 1965, Bernétein, Feinberg, and Lee? pointed out
that just such.a vioiation of T invariance in the electro-
magnetic intefaction could be responsible for the observed
violation of CP invariance, For one thing,-the magnitude

of the CP violating effect is glven by>

| MK, 7 )
, mw%—’v - r(\{sa:ﬁ“{r")

' , =3 ol .
Q-O ‘AID ~ 'ﬁ; . (1.1)

This order-of-magnitude suggeéts that a CP violating vir-

tual electromagnetic effect might be responsible for the
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observed violation,
More recent work has uncovered the corresponding neu-

tral CP vidlating decay mode wilth

] v (%, — “o.ﬁ,)
\.‘109\ ) M (K.~ )

(1.2)

Although the experimental situation regarding the value of
“Ths\remains chaotic, 1t 1s possible that, although of the

same order of magnitude

L F L

4 one of the leading possibllities

The "Superweak" Theory,
for explaining the K-decay CF violatlon, predicts ‘QW\=
\fhj . A faillure of this equality would immediately dis-
'qualify the Superweak Theory and leave the fleld open to
the standard strong, electromagnetic, and weak interactions,
If an electromagnetic amplitude 1s to accéunt for the
CP viclation, it would be of comparable size to the usual
eiéctromagnetic_amplitudes. This fact led Bernstein, Feln-
berg, and Lee to suggest a new hadronic electromagnetic
current KF which 1s even under the operation of the Time
Reversal Operator, T, Thls new current could combine with

the usual current Ju (odd under time reversal) to make up

the total hadronlc electromagnetic current S}”"



1.4

- In 1966, Cﬁrist aﬁd Lee? refined the idea of the new
current %M.' A mismatch between the time reversal operator
appropriate to the electromagnetic interaction T% and the
timé reversal operator appropriatgrto the strong inter-
action Tst was necessary in crder to retain the'"minimal |
electromagnetic interaction" principle for stronglyvinter-'
acting particles,

Indepencdent of these theoretical considerations‘reiéting
to the observed CP violation, the question of T invariance
in.the'eiectromagnetic interactions of non-leptons is
fundamehtal. In their paper, Christ and Lee suggested lep-
ton-nucleus scattering tests of T invariance. The only
stralghtforward expefimental test 1s the scattering of
unpolarized leptons from a polarized nucleon target. As is

well known,2

elastic lepton-nucleon scattering is net an
appropriate reaction for testing T invariance. For elastic
scattéring, an apparent violation of T 1nvariance would
also be a violationiof conservation of the electromagnetic
current S;“' There is no evidence for non-conservation of
Si#' Thus, Christ and_Lee suggested Inelastic scattering
of leptons from a polarized nucleon target, The work
reported here 1is just such‘an experiment, the scattering

of unpolarized electrons from a target containing polarized

" protons.



1.2 THEORETICAL FRAMEWORK

Using the helicity amplitude formalism, Christ and

Lee® defined the three amplitudes (form factors)

R TN NOR Y

(1.4)

Fz = <\P=V’~l }2(” ‘\)\N'f",3>

where )\i is the helliclty of the state i

= N (nucleon) Or
J? (some state excited from the nucleon). Then, assum-

ing Lorentz invarilance, conservation of the electromag-

etié current, single photon exchange, Quantum Electro-
dynamics for the leptonic part of the interaction, and
a vanishing'électron mass, one can express the cross

section for inelastic electron-nucleon scattering aso@

et {c;. ET, + vX&e. @y G

(175)
where
& W E . ovgl
e 5 ¢ £ [2 YT
S S I GRR AL BY I P M,m)
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O oypte ) * CeM-£- E
0..;1 :’» " \r....z.:_‘.. Yl Z In E Fz 8 (E*H E E\adrom)

| r (\bo, con't.)
with . o inlr-Te) .
and Jg =% 1s the spin of the nucleon, J, 1is the spin

or total ahgular momentum of the state [ s ﬁh is the
parity of the nucleon and T& is the parity of the
state F‘, and P 1s the pblarization of the initial nu-
cleon normal to the scattering plane, /

The statement of T invariance is that (ij = 0
8ince the F_ and F, are relatively real., The relative
reality of the F's requires that the current operators
}g}{be evaluated between particﬁlar helicity states
’)1>u In particular, the states must be eigenstates
of the sfrcng interaction Hamiltonian Hgt and an opera-

tor Ty e ;3 l.e.,

-t Tij :

HvAP X _Ts{ e T\ e Qt Nl (1.7)

where Jy is the y component of the total angular momen-

- tum operator and Yli is a phase factor independent of

the helicity of the state 1. Then, for X



T % DT =)0 | >- (1.8)

i
L}

6\ V) %3(0\ 9-‘ O \\N * V*>

<0 & %1(0\ V] \V\N’V1> |

W Ounl 0 ey
SN W ¥,

so that the phase of Fz is given by the phase factors n’l"

and \QN'

R .
E* ) rl\" rlN (109)

Simlilarly,

i+

e T Oennl gty ngm@"@’ B

-Q y <>‘F- v i]\@ (Q(o) %yfu)) v
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and

o

Fa | ¥ - "Ei B _
T qrqn O : (1.10)
.The requirement that the form factors F be evalu-
ated with eigenstates of the strong Hamiltonian corres-
ponds to the experimental requirement of,detecting inci—
dent and filnal hadron‘states which are aiso eigegstates
ofbthg strong Hamiltonian, The initial polarized proton,
which is the nucieus of a hydrogen atom inthe target,
1s, of course, an elgenstate of H,i ., If, on the other
hand, a partilcular charge mode of the excited.state were
detected, say p +77%, then the final state wouldvggg.be
-an eigenstate of Hst' The detection of all contributions
to a resonance at a given energy or of the continum states
at a glven energy would be eigenétates of Hgt. Similarly;
1f one could isoclate éll contrilbutions to a glven total
angular momentum or a glven isospin at some energy,vthen :
one would have an eigenstate of Hst' . »
The problem of isolating the contributions of a par-
‘ticulér resonance or a particular total angular momentuﬁ
state would require great experimentél and analytic capa-
bility. Howeyer,’if one agrees té sum over all outgoing
hadron states (the sums over |' in Eq. 1.6), then one will

have an elgenstate of Hgg without the complications just



-~ e J i

described; Thus, the experimentél test of time revefsal
discussed hére was a single arm measurement, Only the
scattered electrons of a given energy, E'; corresponding
to a gi?en energy of the hadron state F», were detected,
Attempts.at a coincidence experiment (which would not
have been a test of T invariande)_are discussed in fhe
Appendix. | B B |

A note 1s in ordér about the Fermi;Watson‘Final
State Theorem.6 This theorem relates the phases of sin-
gle plon electroproduction and photoproduction multipole
amplitudes to the pilon-nucleon phase shifts, ‘In so doing,'
specific basis states of 1sospin, I, orbital angular mo-
mentum, { , and total angular momentum, J, are selected.,
Since these states are elgenstates of orbital angular
momentum, they are not'relevant to the proof in this
Section, That is, 1t 1is not "by" the Fermi-Watson Theorem
that one shows the relative reality of amplitudes and the
consequent lack of an asymmetry. In fact, the Fermi-
Watson Theorem only applieé in purely elastic (single pilon
production) regions, Rather, a failure 6f time reversal
ihvariance would 1nvalldate the proof of the Fermi-Watson

Theorem.
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1.3 THE THEORETICAL ASYMMETRY AND "MAXIMAL EFFECT"

a) Introduction,

Given the cross secfion 1n Equation 1.5, one can

define an asymmetry ™ as

S (1.11)

where G;.(G;) represents the doubly differential cross
- section dU/dE'dll, with the spin of the target nucleon
parallel (antiparallel) +%o. the normal to the scattering

plane, ﬁ. Then

l—__—_'_'—“‘ 0:1- ) | o

— N EL‘FLK‘FQ\ sin S
oLz {de(e+)) — I
{ae( (AN TR 21\l (1.13)

where the sum 1s understood to apply only to states which
dohserve energy and S; is the relative phase between Ff and

‘Fz;:

b) "Maximal Effect" Model.

In order to obtain an estimate of a "maximal effect",

we make the following assumptions and definition:
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1) A single phase angle g‘is appropriate to all
terms in the sum over [ .
- 2) The hadronic helicity amplitudes F_ and F, are

related by a constant A; 1l.e.,

Q\F\ : | 1 -
PICNCRN

(1.14)

A=

3) The ratio of the scaler to the transverse amplitude

1s defined to be R so that

- ' 2 3 F
R = oo o T ’”l’"“ (1.15)
Tr PR ANY
[ad
The asymmetry can then be expressed as
N DU R Yo ; ¥ '
o= aelen) A \_‘re\::) sin (1.16)

For forward angle scattering, € 1s very near to 1. For
the angles in thls experiment, €>0,95 and we can

‘eonslder

&f QA(T;”E:) ‘MX- (1.16 )
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As can be seen from the symmetry of this expression in terms
of R and 1/R, there is little sensitivity to R for R near 1.
Furthermoré, for R, A, and.sin§"“ 1, the asymmetry is also ~

l.

¢) Other Models for a T Violation Effect.

There 1s interest in possiblé'T violation effects fof ‘
more restricted models than those in the ciass Just dis-
cussed, For example, the time reversal violation may be
.restricted to (1) resonant single pion production or (2) an
interference between the resonant and background amplitudes,
In these cases, UbT contains ohly those amplitudes which
interfere to give a T violation effect, The resultant pre-~
dicted asymmetry & 1s, therefore, smaller than 1t was for
the class of models discussed in the previous section,

One can still use Equation 1.16 to estimate the T

violating phase angle S‘, However, one must make the sub-

stitution
A > A' = A fl f2 (1.17)
where
g - LF-)Y’C:.'{'.\"‘\:,*{A and _?2 - (Fzyr.es{r;c.%e.ci

(Flewa o Ry

In these models, we again make the assumptions of the

appropriateness of a single phase angle g'and a constant A7,
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1.4 PROBLEMS OF INTERPRETATION |

Had a large asymmetfy been found, it would be diffi-
cult tp interpret it except asran evident violation of
time féVerSal invariance in the electromagnetic inter-
action, No such large asymmetry was found. The interpre-
tation of a small asymmetry is impeded by two effects; (1)
'possible non-T violation effects due to two photon exchange
and (2) lack of a compelling model for time reversal non-

invarlance 1tself.

a) Two Photon Exchange Effects.

In the derivation of the asymmetry farmuiae, the sin-
éle;photon exchange approximation (Figure A.l, except that
the final hadron state mayvcontain any number of pions)
was made, Thé-amplitude for two photonsexchange,,Mg, is
represented in Figure 1l.1b, Effects due to this.amplitude
would first appear as an interference with the.larger sin-
gle photon exchange ampllitude, My.. The bésic reason for
the surpression of.the two photon exchange amplitude is
én additional factor of (1/137) due to the extra electro-
magnetic vertides. This implies that two photon exchange
~effects are totally negligible at the level of accuracy
6btained in this experiment.' However, an enhancement

might occur in the integration over.q; implied for a
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TWO PHOTON EXCHANG_E AMPLITUDES

a) ELASTIC SCATTERING

Im (UN Mg IND =D N M| ) (ifMpftN)  (1180)
N : 2

Im

b) INELASTIC SCATTERING
Im (3T Mg IN) = ) (2T [Mg|i) (i [Mg]EN) (118b)

- FIGURES 1.1
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measureﬁentrat a given net momentum transfer; d. Then
,oné might expect to see a two photon exchange effect.
Any two photon effects visible in this experiment would
be proportional to the imaginary part of the interfer-
ence between the one and two photon exchange amplitudes.

No experiment has yet reported results on this interfer-

ence for lnelastlic scattering.
| However; one can make some extrapolations from other,
not unrelated experiments aﬁd calculatioqs to see what
would be required for a sizable two photon—éxchange con=-
tribution.

- If one accepts the real part of the interference as
a gulde, one may be conscled in that no effects have been
fouﬁdqon the two percent level 1in the ratio of positron

to electron inelastic scattering at the first resonance

at g2 = 0.2 and 0.7 (GeV/c)Z. If one further allows
elastic scattering as an indication bf inelastlc effects,
then 1t is worth noting that no real part of the inter-
' ference has been observed in e p =~ e*p scattering up to
dé = 5(GeV/c)? on the same level of precision.8

Uslng the elastic scatteringras an indlcatlon of
inelastic effects is not as unjustifiable as it may seemn,
especlally if one 1is comparing'effects due to the imagin-
Vary parts of the interferences. One.may use the unitarity

condlition to célculate the 1maginary part of the two
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- photon exchange amplitudes>for both-elastié and inelas-
tic lepton Scattering. One may:approximate the.inter-
medlate hadron states byia small number of physical
intermediate states, i; namely, the resonances, Sée'Fig;
ures 1.la and b and Eq. 1.18., Thus, half of the factors
in the amplitudes are identical and the only difference
is in the addition bf 6ne or more‘pions to tﬁe outgoing
state I « In a calculation of this type, Guérin and

9 get. a maximum elastic scattering effect of about

~0.3% for 1 GeV incident electrons andrlargé q2. The

Piketty

éxact dependence of the photon-hadron vertex functionsg
(fofm factors) appeared to be unimportant.in their calcu-
lation. Even wilith constant form factors, the contribu-
tions of the fifst and second resonances were -5% and
-0.33% respectively. These values are expected to be upper
limits on the elastic scattering asymmetry when 1t is cai-
culated using the isobaric model we haveljust discussed,
Experiments 6n recoll proton bolarization give a measure

of the imaginary part of the interference for eléstic

10 show no effect on

electron-proton scatterihg. Results
the few percent level up to g2 = 0.8 (GeV/c)?2,

Again, 1t must be noted that there 1is no experimentaln
data on the imaginary part of two photon exchange effects
in inelastic scattering. Extrapolations from the above

data are not conclusive, but do give some indication that .

‘no anomolously large effect occurs, On that basis, we
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expect any two photon éxchange asymmetry t§ be lesé than
a few percent, i.e.; at or below the uncertainty of the

final result, I . Therefore, we heglect such posslible
effects in-the interpretation of this time reversal ex-

periment;

'b) Lack of a Compelling Model,

A more serious problem of interpretation arises
from the lack of a speclific model to be tested. The
addition of the current Kp 1s a framéwork within which
it may be convenlent to define a mddel. Lee has sugges=-
ted two such models,11 but has not calculated the expec~-
ted effect of either on inelastic lepton scattering.

In suggesting a "maximal effect" (Section 3 of this
chapter), we have essentlally defined a class of crude
models. This class includ&é models in which J, ~con-
talns the purely transverse interaction and Kﬁ- contains
the non-~transverse ihteractions.. |

In essence,'we'must think of the time reversal
experiment as akseérch for T violations in the electro-
magnetic interaction more than as a test of T invarlance
-in electromagnetic interactlons, The same 1s true, of
course, for all the so-called tests of invariances which

produce null results.
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1.5‘ SELECTION OF KINEMATIC. REGIONS FOR STUDY

In any experiment which is a search for an unknown
there is a certain amount of chance‘in#olved. The exadt
nature of the unknown phenomenon, if 1t exists at all;
"may not be visible where one decides to look. However,
one can ordlnarlily make a best ¢hoice of running condi-
tions based on what knowledge does exist, Thus, it is
evident from the preceeding theoretical framework that
any effedt due to ﬁime reversal viclation ﬁéy manifest
itself in an interference between scalar and transverse
production amplitudes., It is necessary, then, to select
kinematic regions in which bothvscalar and transverse
~production amplitudes exist and are of comparable_magni-
-tude,

There is direct experimental evidence that there
'are-large scalar production amplitudes in the first
resonance regilon for momentum transfers of 3 and 6'F'2
(0.12 and 0,24 (GeV/c)z).l2'13 These scalar amplitudes
ére thought to be associated primarily with non-reso-
nant backgrounds due to such Born amplitudes as those‘
used by Mistretta, et 21.13 in attehpting to .isolate

‘ the plon form factor. The relevant diagram is
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e “' =
\ 1}
\
\
oAV
e P
- Flgure 1,2

PION FORM FACTOR BORN DIAGRAM

The resonance itself‘is dominantly transversely produced,
as is well known;l3 It 1is pqssible‘to imagine, therefdre,
a time reversal noninvariance ménifested tﬁrough an ihter;
ference between the resonant and background amplitudes,
Such an effect would be largest between the thresheld and
peak of the resonance sincerit is 1n these regions that
the scalar and'transverse ampiitudes, respective}y, are
largest, We can search for structure in the aéymmetry as
a function of energy E to;look for such behavior,

Similarly, both longitudinal and transverse contri-
butions are known to exist ih the productlon of the high-
er resonances.lu However, thé analysis of these deeper
inelastic regions 1s not as complete as it is for the
first resonance reglon,

The kinematlc reglons studied,’which were»chosen

with the aim of maximizing the longitudinal contribution

to the cross section,”®  are listed in Table 1.1,
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TABLE 1.1

KINEMATIC REGIONS STUDIED

RESONANCE W, AW ELECTRON  INCIDENT E! q§
SCATTERING ELECTRON -

REGION MeV MeV  ANGLE ENERGY GeV  (GeV/c)?
First 1229 189  7.34 3.98 3.52 .23
Second 1529 154  7.59 5.98 4.93 52
Second 1507 174 9.05 5.97 b, 85 W72
Third 1690 167  T7.59 5.98 I, 66 49
Third 1686 183 9.05 5.97 4,56 .68

. wc

mass energy in the bin width, AW

E& and q

~

i1s the central value of the pion-nucleon center-of-

are the scattered electron energy and four-momen=

tum transfer for the central energy value, Wc"
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1.6 OTHER DIRECT TESTS OF THE T INVARIANCE OF Hy.

a) Introduction.

Four other tYpes 6f experiment have been performed
relating directly to the T invariance of the electromag-
netic interactions: (1) measurements of the angular and
polarization dependence of X-fay absorption and emission

16,17 (2) searches for the electric

19,20

using Mossbauer nuclei,
dipole moment Iinteraction of the neutron, (3) measurem.
ment of the recoill deuteron vector polafization in elastic

22

electron-deuteron scattéring, and (4) a reciprocity test

in the angular distributions of the reactions Y+ d=n+ p?3’2u
Results from the first three expériments have been published
and reveal no violations of time reversal invariance., Pre-

liminary analysis of the fourth experiment are consistent

with a nearly maximal violation for part of the data.

b) Nuclear Matrix Elements,

2 noted that nuclear matrix

Bernsteiﬁ, Feinberg, and Lee
elements might contain a small T noninvariant admixture which
1s ~(10=2 - 1073) times the T 1hvariant amplitude., Two |
experiments using the M&ssbauer effect were subsequently
repbrted at this 1eve1_df accuracy. If one epresses the

lack of T invariance in terms of the relative phase N of -

interfering amplitudes, then Kistner16 obtained
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. YL? T - (1.0 +1.7) x 103

for the 90-keV Mossbauer ‘¥~ray in Ru99 and Atac, Chrisman,

Debrunner, and Frauenfelder17 obtained

0= (+ 1.1 % 3.8) x 10-3
for the 73 keV Y-ray in Ir}93, The difference in these
~angles from 0 or T represents a deviation from T invariance
in the single photon ekchange approximation. ‘ﬁore recent
investigatidn however, has dilsclosed that the single photon
: approximation.is insufficienﬁ to describe the process on
the abové level of accﬁracy. Hannon and Trammell18 noted _
that effects related to internal conversion cause an addi-
tional.phése shift.‘q which 1s totally unrelated to time
reversal noninvariance. They calculated § for the Ru and

Ir Méssbauer transitions and obtained

% (Ru)

6.5 x 1073,

X(Ir) 0.9 x 1073,

Using the Kistner data and assumlng T invariance, Hannon and

Trammell obtalned

¥ (Ru) = (=8.6 + 10.2) x 1073,
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, stilliin agreement with T invariance; but rather insensitive,
VIt is clear that further work will require}higher accuracy
and that beth !l and ‘E will have to be meaéured before any
interpretable results can be obtained. Fortunately, Hannon
‘and Trammell have pointed out an experimental means of sep=-
arating the effects of Q and E « At this point, thé results
from the Mossbauer effect experiments give only rather poor

»sénsitivity to T noninvariant effects,

¢) Neutron Electric Dipole Moment,

The electric dipole moment interaction with an external
electric field can be represented by a Hamiltoniah Hyq of the

form

Hd-‘.'"d'E

where d is the electric dipole moment and E is the external
electric field. The Hamiltonian is odd under both the
pap;ty and time reversal operations. Thus, a viol&tion of
T invarlance can only be observed when in conjunction with
vthe weak interaction which vidlates P invariance. This
provides an upper limit on the ordér of magnitude of an

- observable dipole moment, 4 for an electromagnetic vio-

max?
lation of T invariance. '

a = e Gy M = 10719 e-cm,
- max
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Various predictions for a neutron electfic'dipble moment
" have appeared in the iiterature and range from 10°19 ¢o
10~22 e~cm, Two of these predictions are specifically
meant to apply to a possible.electromagnetic breakdown

of time reversal invariance, Feinbergzla

discussed the

- order of magnetic argument given above and Salzman and
Salimanﬁbworkedrwith a model in which the hypothesized
1ntermediate'vector bosohs, wi, have electric dipole moments,
‘They obtalned a prediction of 10‘20 e-cnt for the neutron |
eiectric dipole moment. Two preliminary.expefimental re-
sults on a neuﬁron electric dipole have been reported. The

latest result®l from the experiment of Miller; Dress, Baird,

and Ramsey19 is
d= (1.6 + 1.4) x 1023 e-cm
and Shull and Nathans?? reported

d = (2.4 + 3,9) x 1022 e-cm.

- These results appear to rule out maximal type violations
in all of the models which have appeared in the literature,

including the electromagnetic breakdown predictions.
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d) Elastic Electron Deuteron Scattering.

" In elastic electron scattering from unpolarized deu~
terium, one must invoke time reversal invariance to reduce
the number of independent deuteron'form factors to three,

Prepost, Simonds and Wiik22

have reported results from an -
experiment which searched for the effect of a fourth form.
factor in the form of outgoing deuteron vector polarization.

. The resulting polarization due to possible time reversal non-

invariance for incident electrons of 1 GeV and momentum

transfers of 0.52 (GeV/c)2 was
P = 0,075 + 0.088

A maximal effect consistent with what is presently known

= 0.34, Viola-

~about elastic deuteron scattering is P .,

tions of time reversal would appear to be much less than

maximal in this electromagnetlc interaction, too.

e) Reciprocity in the Reactions y +d = n + p.

The application of time reversal invariance to recip-
rocal interactions implies the equality of differential
cross sections in equivalent coordiﬁate Systems. This
equality, in turn, implies the equality of tdtal éross sec=-
tions, Naturally, differential cross sections in appropfi-

‘ate regions may be much more sensitive to violations of~
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time reversal than the total cfoss_sections. Noting
this, Barshay23 suggested a comparison of the aﬁgular
distributions in the reactions y + d'~>h + p and |
n + p-—;y + d, The data on photodisintegration‘ofvthe"
deuterqn already existed at the time of Barshay's suggest-
tion, However, only recently have data become available
on the reciprocal reaction,

Longo and co-workers24 have scattered neutrons from
protons at energies from 470 to 720 MeV. They have made
a comparison c¢f the differential cross éection shapes‘from
their data and.éarlier ¥+ a —e—nv+ p data. This method of
analysis reduces the effect of systematic normalization
differences 1n the two différent types of experiment; Pre-
liminary analysis indicates agreement for the lowest ener-
gles, but potentially maximal violation of time reversal
invarlance at the highest energles. Why a maximal violation
of time reversal invarlance would occur for only part of the

~data 1s not known, The analysis is continuing,

f) Relatlonships Among the Various Tests.

The so-called maximal effects for each experiment have
typlcally been made in advance of experimental results and
are usually rather less than conservative. Nevertheless,

such maximal estimates do glve some gauge of the relative
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sensitivity of the wvarlous experimeﬁts. On this basis;
thellimit on time reversal violations from the neutron elec-
tric dipole moment experiment is dlearly thé most useful.
However, both the neutron electric dipole moment experi-

ment and the experiménts on the nucleaf matrix elements are
essentially low energy tests and there 1s no a priori rea-
‘son why any time reversal violation should be independent of
energy. One must have a very specific model for any vio-
lation before extrapolating from one energy region or, indeed,
vfrbm onertype of experiment to another, Such detailed models
awalt positive evidence of a violation.

| Thus, we must view the high energy tests separately

" from those at lower energy.. However, all three high energy

- tests are closely relaﬁed. The experiment reported,here ;s

a direct test of T invariance in the XNN* vertex; Barshay
invokes a maximal violation of time reversal invariance in
Just this vertex in calculating the size of any expected
effect for the Y+ de= n+p compariswn.>'And the electron
deuteron elastic scattering contains the same vertex, at least,
, in’higher order diagrams. There are, however, relevant dif-
'ferences. The phéton in the X'+ d = n + p comparison is
reai while we look for an effect which reduires that the

relevant photon be virtual, Real photons are purely trans-
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verééufields,»while we measure poséible interference betwéén
transverse and scalar components of the flelds.

What canbalready be said 1s that the time reversal is
not violated in a universally maximal fashion, even in the
restricted area of the electromagnetic interactionsrof the
hadrons. More subtle models of T violation will undoubtedly
awalt more exact éxperimental evidence and, for that mafter,

‘positive evidence of a violation of time reversal,
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2.1 INTRODUCTION

In this experiment, we measure the doubly differ-
entlal cross section de/(dR dE') (Eq. 1.5) for inelastic
electron scattering from polarized protons with both
signs of poiarization. Thus, the electrons scattered
into our angular acceptance areraéfected and momentum
analysed. The cross sections obtained aré then used to
compute the asymmetry dﬁe to ahy changes in cross section
correlated with the proton poiarization.

| Since we are making an asymmetry measurement,_sta-
biiity 1s the all important feature in thils experiment.
Furthermore, not very great ﬁrecision is fequired of the
absolute numbers which are tb be determined. The discussion
in this chapter will reflect these two characteristics

of asymmetry measuréments.

For example, the solid angle, energy bite, and detection
efficiencies need not be determined if they do not change.
Since both cross séctions in the asymmetry are measured
with the same spectrémeter and without changes 1n magnetic
fields or typical scattering trajectories, the above
factors cancel out of the asymmetry.
| In this experiment, the final asymmetries are near zero
relative to the statistical uncertainty., Thus, the

'normélization of the asymmetry is relevant to the uncertainty
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only. Since it 1s unrealistic to ask better than a 20%
-estimate of the undertainty, the absolute normalization
of the asymmetry need be no Bettér.

To put it another way, one must first determine the
existence or nonexistence of ah asymmetry. Making the
efforﬁ to get the normalization well,kndwﬁ before its
importance has been demonstrated may be a waste of time,
In this experimental effort, the goal has been to search
for a fime reversal effect as soon as posslble, Hadisuqh
an effect been found, a large experimental program wculd
have been called for to determine the nature of the effect,
Among other things, a more exact normalization would be
necessary. However,bsince'the normalization is of limited
value, we will concentrate on the stability of the aﬁparn
atus in this discussion. The normalization will be discussed
in Section 3;6. |

The parameters we have mentioned so far are those
which enter explicitly into the asymmetry dalculétion.
Most of these explicit parameters cancel out of the
asymmetry calculation if thelr value 1s stable, Another
1mportant7group of varlables are those which enter the
asymmetry calculation only through the measured cross
section, the implicit parameters. The unpolarized doubly
differential cross section is a function of three inde-

pendent varlables, We monitored the physically measur-
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able 1ncident‘and scattered electron enefgies, E'énd E',
and the electron scattering angle, 5.' Since the cross
section is a rapidly varying function of these implicit
parameters, the stabllity of the implicit pérameters mustg
"be. even greater than that demanded of the cancelling
explicit parameters, |

The discussion in this chapter will deal first with
the apparatus and explicit parameterg;rtheﬁ with the
implicit parameters, and finally with the method of data

acquisition.
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2.2 APPARATUS AND EXPLICIT PARAMETERS

a) Introduction,

Schematic views of the apparatus are shown 1in Flgures
2.1 and 2.2, |

An external electron beam (#8) of‘the Cambridge
Electron Accelerator was directed at a target containing
polarized protons. Charged particles scattered at forward.
angles to the incident eléctron beam were inomentum analysed
in a spectrcmeter consisting of a haif-quadrupole magnet
and 25‘scintillation counters, Separation of electrons
from other scattering products was accomplished with the
combined use of a:threshdld gas Cerenkov counter and a
lead-luclte shower counter. Only the scattered electrons
were detected in thls experiment. A discussion of the
attempts at coincidénce measurements can belfound in the
Appendix., |

Data were stored, event-by-event, on magnetic tape
using a PDP-1 on-line computer, which pefmitted,experi-
mental checks durlng data acquisition and detailed post-
- run analysis.' ' |

A complete description of the various elements of
the electron detection apparatus,electronic circultry and
computer system may be found in the thesis of M. Goitein.zs‘
Those elements which changed from that earlier experiment

wlll be discussed here,
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b) The Incident Electroh Bean

1) The New Beam Line. The bhysical situatidn‘in
this experimeht differed from that of others performed
vwith the same detection apparatus due to the high magnetic'
field associated with the polarized target. This magnetic
field necessitated a resteering.magnet in order to main-
‘tain the previous beam dump downstream of the‘target. See
Figure 2.3. |

in order to steer the beam into the Faraday cub (beam
dump),'a bending magnet was plaCed'upstream §f the target.
~Since the strength of the target field was fixed by the
requirements of the polarization process, the beam line
varied with the incldent electron energy. The targét wés
movable so fhaﬁ it could be positioned in the'final‘adjus-
ted beam line. |

When the external beam was first brought out of the‘
machine after a long period without beam, a standard pro=
cedure was followed., The procedure began with a request
to the machine éperations crew for a beam at the appropri-
ate energy and corresponding to an extracted intensity of
about 15 nanocamperes (which allowed for efficient use of
the beam position monitors in the extracted beam transport
system). 'The_operations crew were instructed that the
exact value of the energy was not important compared with‘

the requirement of finding a stable setting of the machine
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parameters."When the machiné wasvoperating reliably,
- however, there was no inconsistency between obtaining a
given energy and maintaining stability.

Once the stable internal beam was-obtainéd, the
beam was brought énto the floor through a transport sys-
tem (#8) céhsisting of bending and quadrupole magnets.
The beam has centered in the trénébort‘system by nulling
a series of beam posltion monitors. Thiﬁ nulling proceé
dure was designed to bring the beam onto the floor in
the same way for every series of runs. When the beam
was clean (without halo or.tails), the monitors worked
withoﬁf ambiguity., At other times locating'a null in
‘several Qf the monitors was a'problem; Eventual instal-
lation and use of beam clippers early in the transport
system aided in cleaniﬁg up the beam sufficlently to cen-
ter 1t without ambiguity.

It required about one hour to power the cryogenic
magnet of the polarized target from zero to.full field.
In,order to save machilne time,.the'cryomagnet“c and pre-
steering magnet were powered befére the start of the run.
Thﬁs, the location of the beam line had to be known in
advance, The target can was positioned so that the beam
would go through the center of the can when the beam was
first allowed 1nto the experimental area. At first, im-

proper account was taken of the difference between our
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"nominal beém line" mafked én the floor of the area ahd
the beam line as it éctually would have been wlthout fhe
cryomagnet and presteering magnet, We.were,aided in

- understanding our error by the liberéi use of scintiila-
tion screens in the beam line (FPigure 2.3). These screens
were viewed via closed clrcuit Tyxin both the-counting
room'and machine control room,

We finally redeemed the situation by observing the
shadow of a movable portioh of the target on‘the.target
flourescent screeh. A recognizable, irregular part of the
central portlion of the target was raised and lowered
thraugh the beam while-swéeping the beam wifh the magnetic
field of the presteefing magnét. An lterative procedure
of target can moves and electron shadowlng brought us to
an acceptable situation, The situation was less than per-
féct, however, due to slight differences in the emergént
beam angie from one running period.to another (probably
due to differences in the central orbit in the machine),

After one serles of runs, the mylar envelope holding
the target material was displayed with a bluf of radi-
aﬁion damage running along its center, Radiation damage
to the target materiai was also visible as a blackening
of the stilll frozen sample. |
' In the earliest funs; when confidence was lowest,
the beam was allowed into the experimental area at a re-
duced pulsing ratg to avold producing large radiation

levels on the floor, When welwere satlisfied that the
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target‘can was where it shculd be, the fulli sixty pulses
per second (or whatever fractlon of 60 we were allotted;
never less than 7/8 of the full 60 for data runé) were

used for final tuning of the beam position. Slight differ-
ences In beam position were noted as a function of pulsing
rate when we were.receiving less than half the total rate,

_ Once the beam was set up, the intéﬁsity was lowered at the
linear preaccelerator., No changes were maae to the other

machlne transport or control systems.

2) Beam Focuslng, The quadrupole maghetsvin the beam

transport system allowed a choice of focusing prOpefties for
the extracted beam. When the beam was first set up, 1t was |
focusedrhorizontally at the split-ionization chamber and’

" vertically just downstream of the target,

The choice of'horizontal focusing was aimed at (1) keep~
ing the current density low at the target in order to reduce
depolarization effects and (2).minimizing the variations in
scattering angle due to horizontal spresad in the beam and
fluctuations in the beam position at the target. See Sec-
tiéns 2.3c and 2.2c¢, respectively, for discussion of these
~ points,

| The cholce of vertical.focusing vas designed to aid the
resolution of the spectrometer system, The vertical dimen-
‘sion of the beam (beam height)  contributes 2,3% FWHM to the

resolution function per mm of beam height. Our beam helght



contributed about 3.5% in the middle of the momentum

acceptance,

3) Beam Stapility. Nowhere in the experiment does

1t appear that beam stability was a problem; Figurés

2.4 to 2.7 show the machine parameters as recorded

during the runs. See Section 3.4c for a discussion of

the corrections due to the drifts in these parameters,

The position of the beam at the split ionization
chamber 1s the best overall indication of the stabiiity
of both the d7 and ackcomponents of thé accelerator sys-~ %¥
fem (Section 2.3¢). Changes in ejection, for example,
cause a change in the 1ocatioﬁ and direction of thé emer-
gent beam, The beam is aiso sensltive to thercentral
orblt in the maéhine, Since the beam position directly
affects the scattering angle, to whlch the counting ﬁate ;

is very sensitive, 1t 1s necessary tc monltor the beanm

- positlon and correct for the effect of changes in the

‘electron scattering angle., See Section 3.4b for the

corrections and Figures 2.15 for the run to run stability
of the scattering angle,

When short losses of beazm (trip outs) occurraed, the

. policy was to restart the machine as quickly as possible,

The hope was to minimlze the drifts associated with the
trip out. Figures 2.4 to 2,7 show an apparent correl=

ation between rf trip outs and changes in the frequency
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..of the accelérator rf, VThis rf change leads directly
to a change in.the incidént energy., Fortunately, even:
at the 6 GeV energy where rf drifts were at their>wor§t,
the drifts were too small to have an effect at ouf level
~of accuracy. In addition, we did ﬁot record the rf
parameter often.enough to allow corrections to be made
to all the data., Very often thé values were only recor-
ded once between rf trip outs,

| During rf trip buts, the temperature of the acceler-
ator cavitles was maintained artificiahiy in order to
maintain the cavity quality as 1t was befére the trip out.

While at the high energy, the rf was the dominant

instability in the machine, buring'the low energy runs,
. the dc magnet offset was»not as stable as 1t should have
been. But again, the instability wés negligiblé at the

level of accuracy of the experiment,

¢) The Target

The major new feature of the apparatus for this exper-
iment was the polarized target built by J. Chen, J, Sander-

-son, ard R. V, Pound.26

The operation of the target is
described in the thesis'of J. Chen.?27 Only a very brief
description‘will be given here, |

The target material was a mixture of ethanol ﬁnd water

doped_with the paramagnetic materiai porphyrexide. The

target was codled to about 1° K with pumped liquid helium.
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A pair 6f supercénducting coils produced a uniform 25
kilogaﬁss mégnetic field at the center Qf the target.

At these low temperatures and high magnetic field, the
paramagnetic impqrity is highiy polarized (~88%). The
free protons in the target are not significantly polar-
ized since the proton magnetic moment is approximafely
1/1000 thét of the paramagnetic ééﬁtef. However, simu-
taneous'spin flipé of the free protons (tﬁose not bound
to other nucleons) ahd the paramagnetlic centers can occur.
In fact, it 1s possible to saturate the transition
causing these spin flips by applying a suitable rf Sig—
anl, Since the relaxation time of the free proton polar-
1zation 1s long compared to fhe rélaXation time of the |
_lparamagnetic centers, 1t is possible to polarize many»
protons with a single paramagnetic center, Spln exchange
among the free protons helps to propagate the effect of
a Single paramagnetic center beyohd its own locale. Free
proton polarization wés typlecally 22%‘at the beginning of
a data run., The polarizable protohs are the nuciei cf
the hydrogen atoms in the target. Those prétons in the
heavler nuclel are unpolarized @ﬁe to the difference i1n
their environment (protons paired in the heavier nuclei
result in zero net spin). The sample contalned about 92%
CoH50H and 8% H,0 so that 23% of the protons or 13% of the
nucleons were polarizable, The net target polarization

is diluted by the: unpolarizable nucleons, (See Section



3.6 for a calculation of‘the effective target polariza%
tion.) | | |

| Due to the‘radiation damage to the target, 1t was
 necessary to change frequently the section of target be-
ing irradiated. At-the same time, it was necessary to
maintain the target density for a pair of cross section
measureménts for each ésymmetry determiﬁation. Thus;
after every palr of runs, the target maﬁerial'was raised
‘or lowered by remote control. This motion required only
a few secondé apd caused no change in the scéttering
geometry. The targets were generaily operated until the
polarization was reduced to 60% of the original polari-
zation. _ | o o

The difference in polariZatioh for the spin up and
spin down cross section measurements enters the asymmetry
as a normaliza%ion factor and had to be measured.

The net target polarizatibn was.détermined (Section
3.6f) from the free protbn polarization which was measured
using the proton magnetlc resonance signal. The absolute
f:ee proton polarization was détermined by normalizing
the polarized proton signal to the thermal eguilibrium
proton signal. A dlscussion of the ffee proton.polari;
zation measurement 1s given 1in the thesié of J. Chen,

-The average frée proton polarization o&er the entire
sample was monitored., Thus, a geometrical correction
always had to be applied‘in order to determine the frac-

tion of target already‘irradiated. The average polari-
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zation 1In tﬁe irrédiated'section was calculated from
the initial and final polarizations thus obtained. The
polarization monitor had a long time constant and could
~not be used to monitor the instantaneous polarization,
even of the total sample, > |
Localized beam heatlng effects were checked by
covering the entlre target with beam at the same local
éurreht density as was uséd during the data vauisitioh.
This was accomplished by defocusing the beam and increas-
ing the beam intensity appropriately. Temporéry depolar-
izations were observed, but only at much higher current
densities than used for data acquisition, These polari-
zation effects are associlated with.heating of the target
by the beam at a rate greater thaﬂ couldvbe handled by “

the helium cooling system,

d) Detection of Scattering Events of Interest.

1) Momentum Counters. The scattering events of in-

terest are those 1n whlch an electron of abpropriate energy
~1s scattered into the angular acceptance of the‘apparatus.
The first_element of an interesting event ié a charged
particle crassing the focal plane of the half-quadrupole
magnet in the appropriate region behind the magnet. A

side view of the counters used to establish such a Cross-

1ng'is given in Figure 2.8, A combination of one or more
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of the fronﬁ "up" counters (1U, 2U, 3U, and 4U) with one
or béth of the back "down" counters (5D and 6D) indicated
the.possibility of a charged particle:crossing the focal
plane from top to bottom., Similariy,la coincidence of
one or more of the front "down" counters with one or both
of the back "up" counters indicated thé possibility of a
crossing from.under'to above therfégal plane., These two
possibilities, referred to as UD énd DU tfajectories re-
spectively, are the only possibllities since the center
of the magnet was plugged.

For every particle focused between 2U(2D) and 56(5D)
" at least fﬁb up and two down counters should firé. Thus,
the trigg;ring system 1s insensitive to'ineffiéienciés in
any one"céuntér or uncorrelated inefficlencles in several
counters, This feature was useful here to guard against
changes 1n triggering efficiencles. The acutal efficiency
of cdurse; is not particularly important, since tﬁe only
real requiremént of the system is that it select an un-
biased sample of electrons with constant gffiéiency.

TheVStability of the momentum counters was determined

from the inefficiency and overefficiency tests?S

during
'reanalysis. Inefficiencies were generally less than 1%
and overefficiencles, less than 2% except for the 3U, 4U,
5U, and 6U counters which had an extra 3% corfelated over-

efficiency due to recolling particles from scatterings of

the primary scattered electron in the earlier countefs.
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No changes were observable in the inefficiencies within the
statistics of the test and overefficiencies varied about 20
to 302, The effect of these overefficiéncies is primarily

a matter‘of momentum resolution, See Sectlon 2.3d.

An additional feature of this triggering system gilves
1t added flexibllity. If one wants to limit the size of the
momentum bite accepted, one can remove the 1U, 1D, 2U,land
2D counters from the trigger. Then, only those particles
~which cross the focal plane between‘3U(3D) and‘6U(6D) should
lead to a trigger. Thils feature of the appaﬁatus‘was usedvin
the data runs at the first fésonance region. In that case,
the scattered electrbn energy led to a larger momentum accep-
- tance than desired. When the modified trigger was used, 2.6%
ofbthe triggers fell into the reglon before the 3U(3D) counter
compared t§ 31% with the normal full trigger. Thils triggering
rate below the nominal momentum bite 1s a reflection of the
overefficignciés in the 3U(3D) and 4JU(4D) couﬁters and agrees
with the measured overefficiencles,

Of course, the redundancy of thé trigegers for particles
focused between 3U(3D) and 4U(UD) is lost for the modified
trigger. | | ' .

A more definite ldentification of thé trajectory
-can be made for those events whlich are recorded on magnetilc
" tape by the on-~line computer., A distinct pattern of coun-
ters on and off is associated with each actual tréjectorj.

A typical central trajectory is shown in Figure 5.8. A
pattern is designated by the codeAOO 1f 1t had no apparent

excess counters firing in the region where no counters
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éhouid fire and nd counters off whéfe all should‘be on.
A perfect pattern (00) except for oné appareﬁtly excess
counter firing 1s deslgnated 01 énd alperfect pattern
excépt for one apparently inefficient counter, 10.
Simllarly, the code 11 signifles one excess and one missing
counter. The momentum associated,with the lowest code is
assigned to the event, See Table 2.1 for the density of
events by momentum definition code. The data feporﬁed in
this thesis include codes 00, 01, 10, 02, and 11, A check
of the asymmetry for Just the first three codes is given
as well, See Table 4,2, 'The asymmetry is clearly’not
sensitive to fhe exact code adceptance since tﬁe low codes
contéin a reasonable sample of Scaﬁteredvelectrons. We
prefer to use codes 00 through 11 as the set least sensi-
tive to instabilities due to changes in random counts
and general system preformance while still providing a
good sample of true scattered electrons. See Figupe 2.17
‘and Table 2.1. | '
An.ambiguous identificatlion occurs when tho:different
mqmentum designations it an event equaliy well. These
e?ents were usually associated'with the bins were an ex-
cess count was observed in one or anoﬁher of the "up"
counters in the middle of the momentum bite. These events
are included in the full resonance region results, but

not in the individual bin results. To include ambiguous



TABLE 2,1
- MOMENTUM IDENTIFICATION copes?

“\\CODE 00 01 10 02 11 12% 20 21 228 TT%
Be ‘ : _
7.34 62 13 ol 6 1 4 0 0 2 7
7.59 62 10 y - 6 0 T 0 0 1 8
9,05 58 11 3 6 | 1 6 0 o K 11

+Expressed as % of all triggers above minimum Cerenkcv and shower counter
pulse helghts

¥Non-analysable events (not fitting into earlier codes).

3285% of code 12 events and 80% of code 22 events appear in the end bins which
were never used for data.

QUr'r? -
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events 1n the 1ndiv1dual‘binsvwould-féquire hand scan-
ning of each event or, at.least,'of a large fraction of
the events, Little gain in éccuraéy would have been
obtained by such scannling since the fraction of ambiguous

events in the bins involved was on the order of 10% .

2) Cerenkov and Shower Counters. The possibility of

random double colncidences causing a trigger was greatly
reduced by'the Cerenkov and shower dounter:requirements
in the trigger. These counters were used to identify the
electrons which crossed the magnet focél bléne. Figures 2.9
and 2.10 show the pulse height spectra in each of these
counters along.with the triggering pulse helght and the
pulse height required of eVents in the final analyses., Co-
incident large pulses in each of these ¢ounters serve as
a firm identification of an electron. 1In order to check
forfgiggacontamination, asymmetry analyses were carried
out for several different Cerenkov and shower counﬁer bias=
es. . No significant changes were cbserved in the asynmmetry
~ measurements. See Table 4,4,

~ From the spectrum of pulse heights in the shower counter
it 1s easy to see that slight shifts in gain would have a
significant effect on the triggering efficiency, especially
for the runs at the first resonénce. The stability of ﬁhe
- peak location and, we conclude; of the gain of the shower

counter system was about 0.5 channel over the course of an
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hour, At the first reéonancevwhere we were partidularly
intent on avoiding uéeless éOmputér.triggers, thé shower
counter éiscriminafor cut significantly into the other-
wise acceptable spectrum. From Figure 2.9a, we estimate
that over a pailr of data rﬁns, the triggering efficlency

was only stable to
(0.5 channel/hour)(% hour/run pair)(ié of events) = 0,6%/run pair

This is the largest instability‘at the first resonance
for which we do not make any correctlons. We trust to
the ordering of data acquisition (Section 2.,4) to aver=
age the effects of these efficieﬁcy drifts,

‘In the higher resonance.region runs, the discrim-
inator cut much less severely into the'spectrumrof other-
wise acceptable events, Thé stability‘was correspondingly
better; i.e., 0.13% per palr of runs, The additional
uncertainty due to instabllity of the computer bias
level is insignificant since the computer discrimination
level 1s applied to such a small fraction of the remain-
ing events, |

Although the shower counter had eight photomulti-
pliers viewing the luclte sheets, the total system was
not entirely free of dependen@e on the gain of .a single

" photomultiplier. The counter was 35.5 by 44 inches so



2.31

ﬁhat.thellight from a given shower was detécted primarily
by two of the phototubes.v Furthermore, the Signals'were
édded actively on the experimental floor. Thus, sﬁability
éheck5'on individuai phototubes was ﬁot possible.r Re~
gional checks of uniformity and stabllity were made by
looking at ﬁD (or DU) trajectoriesrwhich counted in the
right or left hand angle counters (¢ounteys ﬁlaced ih
front of the Cerenkov counter, buf not used in this expern
iment other than for the above checks).

At the high scattered energies detected in this
_experimeﬁt (3.3 to 5.1 GeV), the threshold gas Cerenkov
éounter could not be operated at near 100% efficiency for
electrons and»stili reJecf plons. ‘The electron ineffic-
iency of the Cerenkov counter at the higher energles is
clear from Figure 2,10b, Nevertheless, the Cerenkov counter
was used iIn the trigger for nearly all of the data except
at § = 7.59°, | |

| The same stabllity problem exilsts fér the Cerenkov
counter as does for the shower counter, From Filgure 2,90,
we conclude that for the first resonance reglon runs; the
,Cérenkov counter efficiency was high enough that there 1s
no problem of large numbers of pedestal counts.being gobd
events 1f included. Furthermore, the slight shifts In
gain are negligible since the diécriminatorvcut off oper-

ates on such a small fraction of the events. Thus, the:
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Vuse of the Cerenkov counter in the trigger served to_in-
sure the acceptance of only electrons without adding
significant uncertainties due to trigger‘instability. At
the higher energy rﬁns, the problem éf Cerenkov counter
instabiiity enters at the trigger 1évél,(§ = 9,05°) or
at the computer reanalysis ievel (§ = 7.590). Even if
we ignore the statistical,fluctuations caused by the'true‘
electron pedestal events and thé.random rate probability
of pedestal evénts appearing in the accepted sample, it
is difficult to estimate the size of the potential insta-
biiity. However, we believe that any instabllities are
less than 1% over the course of a pair of runs and, as
was the case for the shower countef Instabllity in fhe
lower energy runs, trust to the ordering of data acquisition
toiaverage out the effects of these efficlency drifts.
Both the shower and Cerenkov counters had considef-
ably wilder pulses than the momentum counters. However, the
randoms rates in shower and Cerenkov counters were only
about 0.3% and 3% respectively. Shifts in the randoms
. rates wére on the order of a factor of two over the course
of a weekend of data acquisition. No corrections were

applied for such shifts.

.3) Prescaling Device, During the runs in the region

of the first resonance, a prescaling device was used to re-

duce the number of potentlal triggers which reached the
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computer, EQen at the low_beam.intehsity used, the déta
rate was high ehough that the computer limited the rate
of data recording. 'Thus, the bulk of the data at the
first resonance was taken with triggers sent to the
computer only for every other potentlal computér trigger.
The reduction in statistical.uﬂéertainty wlth this method

of data acquisition i1s discussed in Section 3.2b,

e¢) Aperture and Solid Angle.

The aperture was.determined at various-places beyond
the beginning of the magnetic field of the half-quadrupole
magnet.zg' The effective géometrical aperture was deter-
mined with the use dJf a computer program (incorporating
the CERN éﬁbroutine DIFSLY4). The target field was approx;
imated by the field of a pailr of 9.92 ihch diameter Helm-
holtz coils, It was normalized to the value measured at
the center of the target. .The fesults of the ray tracing
were also used to determine phe physical scattering angle,
- This result was checked with a geometricél feconstruction
using the effectivé geometrical aperture and making a geow
metrical correction for the difference in the momenta of
the Incident and scattered eleétrons.

The reported sgattering angles, 3, are weighted aver-

ages of the scattering angle across our electron aperture,.

The Weighting function was the elastlc electron-proton
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scaptering éroés'section. The corrections in the scatfére
ing angle for each run which weré calculated from the out-
put of the split ionization chamber were applied to these
angles, g', See Table 2,2 fbr.tﬁe scattering angles before
and after weightihg. 4

For the scattered electrons, the cryomagnétic field
and the target dlsplacement caused a change in the effec-
tive aperture from that of the previous experiments with
the same spectrometer., The target displacement was parti-
cularly important in the U GeV funs. In that case; the
target was moved béyand the piane of the inside of the flux
‘ return piece of the haif-quadrupole magnet., The apefture
was reduced by 18% relative to the 6 GeV points and 21%
relative to the»same system without the extra target field
and displacement, See Table 2,2,

In spite of this senéitivity to the average position
of'the scattering cénter;'the slight run tc run changes In
beam posltion and directlon made oﬁly a negligible effect
on the solild angle acceptance and, therefore, the-measured

cross section. No corrections were made for this effect,

f)’Incident Charge.

The primary monitor of the incident charge was the
Faréday Cup (FC) which also served as the beam dump. The

charge cdllected on the Faraday Cup was discharged by



TABLE 2.2

APERTURE AND SCATTERING ANGLE PARAMETERS

-Nominal Geometric Welghted Inclident Target AQe ,
Floor Central Angle Energy Displace=- (UD + DU)

-Angle Angle e E ment ,

(degrees) (degrees) (’degrees) (GeV) (inches) (mstr.)
7.000 7.54 7.34 o 215/64 1.43
7.860 7.85 - 7.59 6 13864 1.71

9.22° 9.33 ~  9.05 6 13860 11

P,
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deposiiing known amounts of positive charge onto thé cup
to keép the voltage of the cup atrgroundQ - o ' |
Past experience with the Earaday cup.system indicates |
Athat its stability ié at least as good as 0.1% over the
period of a pair of runs. The stability of the absolute
calibration of the integrators was 0.1% over severai
months .39
The duration of each data fun was determined by the
accumulation of a preset quantity of charge ln the Fara-
~ day Cup; This was achieved by using a mechanlcal preset
register and, thus; no polarizatlon aependent bias was

introduced in the amount of incident charge accumulated

e A

for each run. However, we used the measured iﬁcident‘
charge for all asymmetry determinations.

A secondary emission monitor (SEM) was placed Just
upstream of the Faraday Cup hut. This served as a secw
ondary monitor of the Incident charge, buf was much more
sensitive to spray, beam halo, and materlal in the beam
line, Nevértheless, the stability of the ratlo of the
FC/SEM outputs may be taken as a limit on the FC stability.
Previous tests3l with negligible material in the beam
line gave étability of 0.2% for ten minute periods. In
this eXpériment, the ratid was stable to about %% over
the same period.» ’ | |

The aperture of the SEM was larger than that of the
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FC. A substantial change in the ratio FC/SEM would
have indicated changes~in the béam line, No such chan-

ges were observed from this rétio.

g) System Imﬁrovéments.

1) The Counters. Several slight changes were made

to the apparatus forbyhis experiment 1in the general pfo-
gram of system maintenance. In addition to the usual
replacement of crazed scintillators énd nolsy photo-
'multipliers, the luclte iight guldes for the momentum
cbunters were almost all replaced. The new guldes had
less than l/6ithe bulk of the former guldes and were
nearly adiabatic in mapping the scintillator edge onto
the surface of the photoﬁultiplier. The reduced mass
led to fewer conversions of photons in the guideé and
leés Cerenkov light production, Sinde the gain of each
photomultiplier was ralsed in order to be efficient in
seelng minimum ionizing parfticles at the far end of the
scintillator, the proximity of the Cerenkov light produced
in the iight guides might easily make up for the reduced
intensity of the light and §rodu¢e random gounts. Since
the amount of spray in the entire system was greater

for this experiment than for any of the earlier work
ﬁith this apparatus (see Appendix, Section A5), this

light gulde imprqvement may not have been negliglble,
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The improved light collection resulting from the im-
broved design also allowed reductlon of'the gain on
most of the phototubes., The improvement in ligﬁt
:transmission was as much as T0%. | _

. The actlve addition of the signals from thé elght
shower counter photomultipliers on the floor was another
improvement, This change from the former system of
pas;ive addition of the signals allowed’the timing to
be done correctly, reduced the impedance mismatch in the
addition, veduced the width of the summed pulse, and,

' therefore, permitted closer timing and more uniform

risetimes for the various parts of the counter.

712) The Logic Cipcuiﬁry; In order to decrease the
'1ntensity dependences in the detection apparatus, two
logic Ciréuit changes were incorporate&.. First, the
4U and 4D counters were added to the trigger as discus-

sed above (Section 2,2d). Secondly, the momentum trig-
.ger counters were actively added in Chronétics 118D
uﬁits for use in ldentifyling crossings of the magnetilc
focal plane, These units replaced the Chroneties "or"
clrcults and eliminated their dead time effects,
The use of 100 Mc scalers to monitor the trigger
rate was introduced for this experiment, This improve-

ment i1s dlscussed in Sectilon 2.3d.
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3) The Computer Program. In order to decrease the

time lost 1in data recording} néw options were written
-into.thé PDP-1 computer program which allowed reduced
analysis at the time of data acquilsition and attempﬁed
to reduce the time lost.tovrunning off tape and other
‘problems of imperfect communicafion bétween experimenter

and computer,
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2.3 IMPLICIT PARAMETERS

a) The Incident Electron Energy.

The'incideﬁt electron energy was controlled by the
'operators of the CEA. Frequent reports‘of the parameters32
which affect the incident energy were requested from the
operations engineers. In terms of these parameters, the

incident energy of the emergent beam 1s given by

ol (5T ) (- £ 31 )

H%s (140078 ATY () - L a7y () - 13 @Ry

where

T = peaking strip separation in wusec-

AT

difference from 1000 usec of T
w o= 2n 60 x 10% = 376,99 x 100 usec~?
dc = de millivolt reading from shunt
v = 475,700 Mc
Av = frequency difference from 475.700 Me

At = spill time measured from B (sec)

max

« = momentum compaction factor33

A1l these parameters except At were recorded as reported
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by the operations englneers, See Figufes 2.4 - 2.7.‘ The
Vabsolute value of the energy was calculated from the para;'
_heters as reported,.

The slight run to run gézigtions in incident energy,
however, were determined from a nearly independentrenergy'
measurement., This méasurement uses the average magnetic
field in the ring at the tiﬁe of each event and combines
the effect of the dc magnet offset and. the last parameter,
4t. One complication arose due to the fact that, for most
of the data, the field sampling unit, an intégrating device,
was triggered from Bpi, rather than from the zero field. o
Tﬁus, it was necessary to assume a vaiue for the peaking
strip separation in order to use the recorded data. We
- assumed that the peaking strip separation was a constant

1000 usec for ease of caléﬁlation. No significant error
-arose from this approximation,

The correctlions applied due to variations In the 1ncl-
dent energy as calculated from the,éverage magnetic field
and the rf frequency shifts are discussed 1n Section 3. be,
Nd'corrections were applied for the variation in the peak-

ing strip separation, See Figures 2.4 - 2.7.

b) The Scattered Electron Energy;Ef

The scattered electron energy was determined by the

half-quadrupole magnet and counter system, The regulation
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of the magnet was usually much better than 0.1% over the
course of sevéral runs, Furthermore, the spectfa were
.rélatively flat (Figures 2;11):aﬁd slight shifts in spec-
trum position 1n the counter system would not -lead to
noticeable asymmetries. No correctidns were made to the

¢ross sections due to changes in tpa scatfered electron
- o _

The spectra of Figures 2.1l make use of the energy
widths of the momentum'bins defined by the counter system.
No new calibration of the bin widths was made for this
experimeﬁt. The widths used are those of the mosf recent
calibration, A discussion of the method of caiibration
can be found in the thesis of C. Mistretta.3' The relative
uncertainties in the bln widths are aboﬁt 5%.

The 25 slat counters which determine the momentum
bins were tilted in the heorizontal plane té allow for the
variation in scattered momentum across the aperture for a
constant value of K, the equivalent photon energy. The
corrections to the calibration due to variation in the
counter bank tilt were applied to the spectra of Flgures
2,11, | |

The value of the centrally focused energy wés slight-
1y different from that of previous calibrations of the

spectrometer due to the displacement of the target. The

corrections due tb this effect were less than 0,13%.
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‘¢) Scattering Angle, 8.

1) Introduction. When the 1ﬁcident beam was set up,
it was directed through the center of the target as dis-
cussed 1In Section 2.2b, . For the 1nci&ent Beam passing
through the target'center, the scattering angle‘is deter-
mined by the target location, the center of the aperture
of the electron spectrometer, and the location of the
incident beam downstream of the target. Throughout a
given set of runs, the spedtrometer and target can were
located in fixed pésitions_on the floor. Changes in the

scattering angle can occur, however, if there are changes

in the direction of the emergent beam (even though the

beam contlnues through the target center), The location

of the beam at the target was surmised from the scintilé
lation screen just downstream of the target. The TV mon-
itor showing this screen Qas aiways in easy sight of the
data takers. Any slight’changes in beam position at the
target were corrected with the presteering magnet. Major
drifts led to a check of the transport sjstem monitors.
Thus, the position of the beam at the split fonization
ghamber'downstream of the target (Figure 2.1) was the

ohly variable,

The cholce of horizontal beam focusing (Section 2.2b)

reduced deviatlons in the horizontal component of the

scattering angle. However, the cholce of vertical

T
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focusingbwas made at a sacrifice in'sensitivity to chahges
in the verticél compohent of the scattering angle, Less
sensitivity would have been 6btéined if the beam wererfo—
cussed at the'split lonization chambér.as was the case for
the horlzontal component. Furthermore, since the focus
was between the target and the»split_ionizatioh chamber,
the signal at the split ionization ghamber_gould-be anti- -
cdrrelated with the beam position at the target, On occa-
sion, this anti-correlatiqn'was observed.3? However, the
scatterlng angle 1is not very sensitive tobits vertical
component for angles away from iero degreeé, See Section
2.3c}where we discuss corrections fbr:the'vertical angle
ignoring vertical motion of the beam at the target. Such
motion was corrected for when observed on the closed cir=-

%

cult TV view of the target fluorescent.screen.

2) The Split Ionizatlon Chamber, The split lonizs-
tion chaﬁber works on the principle illustrated in the
schematic diagrams of the chémber (Figures 2,12) and
described here, The electron beam ionizes molecules of
gas along its path in the ionization chamber. The number
of ions produced 1ls difectly propertional to the péth
length of the electron beam in the gas.l The ghémber is
divided into two 1lndependent sections, one each for deter-

mining the horizontal and vertical positions of the beam

at the chamber. A collector foll separates each section
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into two parté. Due to the eiectrostaﬁic'potentials'
applied to the divider foils, the collector foils
gather positive charge-from one part of thé section and
negative charge from the other. The collector foils
are sloped so that the position of the beam wili deter-
mine the ratlo of positive to heggtive charge collected.
There will berone position of thérﬁeam at which the
amounts of positive and negative charge wiil Just equal-
1ze. This 1s the nominal center of the chamber. For the
horizontal codrdinate, 1t was possible to lodate this
nominal éenter by moving the chamber'relative_to thé
beam. The position of the chamber was determined with
the use of a linear potentilal diviaer fixed with respect
to the flux return piece of the half-quadrupole magnet.,
The chamber was callbrated by ﬁoving'it with respect to
the beam in the horizontal direction (Figure 2.13). The
vertical positlon was not movable and the chamber ocutput
had a constant offset. The sensitlvity of the vertical
system was assumed to be identical‘to the horizontal
sensltivity except for the difference due to the differ-
ence in the two slopes (7/12 for.the hofizontal.and T7/9
for the vertical), | '

The chamber was filled with a mixture of 90% He and‘
10%'N2 at slightly above atmOSpheric pressure. The win-

dows of_the chamber weré made of 1% mil sheets of stainless
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steel andbthé fdils in the chamber were 1 mll sheets
of aluminum. | |
One wouid expect 'an ionizétion rate of 6 x 10-2
ion pairs/cm/mm Hg pressure/incident electron for the
above gas mixture at loéal flelds of 1300 volts/cm;36
For perfect collection of all iohized particles, one would

expect a sensitivity (horizontal) of
6 x 102 x 7/12 x 674 = 24 ion pairs/cem/incident electron

The measured sensltivity was 19 ion pairs/ém/incident
electron, indicating a recombination and colléction ineffic-
iency of about 20%, The chamber was operateé at + 2200 |
volts, well into the saturated collection reglon as
shown in Figure 2,14. |

~ The output of the chambér was integrated in an RC cir;
cult and the voltage across the capacitor was measured and
displayed by a digitai voltmeter, ThevSCaler photographs

taken at the end of each run include these Voltages.

3) Correctlons to the Nominal Scattering Angle, The

variations in electron scattering angle, shown in Figures
2,15, are ddminated by the horizontal component of beam
motion. The effect of the horizontal motion on the meas-
ured cross section was the same for both the UD and_DU

trajectories. However, the vertical'correctibn was
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opposite'for,the two tfajectories. Thus, separate correc-
tion factors for each trajectory for each run were appliled
to the data. See Section 3.4b for a discussion of the

corrections,

d) Sensitivity to Beam Intensity.

Beam intensity is a‘final paréﬁeter which is noﬁ a
part of the calculéted aéymmetry, but whicﬁ>may affect the
asymmetry_through its effect on the measured cross-sections,
Figures 2,16 and 2.17 show the intensity dependence of thé
- potential computer triggér rate and of the measured.bross-
section fof various momentum definition codes,

Thé/potehtiai trigger rate was monitored separately
‘on a 100 Mc and a 10 Me set of scalers, Each set scaled
separaﬁely the trigger rafes for potentlal events with the UD
and DU type tfajectories, Nyp and Npy, as well as the coin-
cidence rate, N, = Nyp ;TNDU,,and,the total trigger rate
N = Npy or Nyp. The 100 Me scalers counted the 50 Me
ocutput pulses from Chronetics 100 Séries coincidenece units
while the 10 Me scalers counted a stretched pulse, The
10 Mc scalers were, therefore, more sensitive to intensity
dependences than were the 100 M¢ scalers, We used the
100 Me séaler outputs for the analysis as described in
Section 3.2 and the comparison gf the two sets as a moni-
tor of intensity dependence problems. |

The randoms rate in the mementum définition counters
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were particularly sensitivé to beam intensiﬁy as 1mp1iedr
by Figure 2.17. However, as pointed out earlier,rineffic;
1encies in the trigger raﬁé is not a problem and the effect
of overefficiencies 1s merely to smear out the momentum
resolution slightly,

Typical intensity variations‘within.a pulse were on
'thé order of 40% while pulse to bﬁise intensity variations
were about 15%. The average intensity Bvéf the.pefiod of
a pair of rﬁns, however,rwas usually stable to 10%. We
believe that our cross-sections were independent. of intehé
slty to better than 1% and, therefore, that 1nt¢nsiby
deﬁendent 1nstabiliﬁies were less than 0.2% for a pair of
runs. No corrections to the data were applied for such

intensity'dependences.



. T T f
N {100 Mc) - N(10 Mc) ,
N {100 Mc) o _ ' "/

6% ¢

. 5°/°

T

} (Nyp+Npy) = (N+Ng)

(Nt N . 10 Mc Scalers
' ub bu

4%+

, 100 Mc Scalers
(Nyp+ Npy)

3%

ol {/

\g i I/‘/ '
. ’1./!/ ) \ |
: -~ é IIO 115 . 26 25

INSTANTANEOUS EQUIVALENT BEAM INTENSITY, "I (MICROAMPEREVS)

FIG. 2.16 INTENSITY DEPENDENCE OF POTENTIAL COMPUTER TRIGGER RATE
(DATA WAS TAKEN WITH I < 5 pAMPS)

10/0—




S0 ‘ T T

CODES 00 + 01+ 10+02+11
00+ 01 +10+02
00+ 01+ 10

00+ 01 —\

1

80

-~
(@]

(3]
o

CODE OO ONLY

Q
o

ARBITRARY UNITS
€] »H
o @)

~"CODE 77 ONLY

n
o

o

o 1 L ‘ 1 : L B
5 10 15 20 25
INSTANTANEOUS EQUIVALENT BEAM INTENSITY, I(MICROAMPERES)
FIG. 2.17 INTENSITY DEPENDENCE OF COMPUTER ANALYZED CROSS SECTIONS
(DATA WAS TAKEN WITH I < 5 pAMPS) '




2.58

2.4 ORDERING OF DATA ACQUISITION

The incident energy and eléctron scattering angle
were monitored as described earlier, Corrections dué to
changes in these variables have been applied. Hdwever,
the ﬁethod of data acquisition was designed to minimize
the need for these corrections and other cofrections
which are léss easy to estimate, .

First of all, the paired data runs were of short
duration, typically three minutes. Timc betﬁeen runs
was kept at a minimum, typically % minute, The point of
this brevity was not only to increase the amount of data
taking'ti;e, but to minimize the time available for un-
known systematic drifts in apparatus behavior;

Secondly, the ordering of runs was'designéd to can-
cel first and second order systematic dfifts. For most

Aof the data, the ordering was as represented schematically.

by
P N I 2 2 T I BN T I SRR I B

~ where one or more vertical slashes represent motion of the
- target in order to expose a new section to the beam. The
double slashes are only to ald the eye in seeing the pat-

tern. The symbol +(+) represents a cross section
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méasuremént with tﬁe spin parallel (anti—pérallel) to the
normal to the scattering plane; fi. An asymmetry was deter-
minéd'from each pair of runs between.target motions. Only
for the first part of the data taken with-a scatlering ongle
r=’Z53édid we use the less advantageous ordering represen-

ted oy
A S R S P

This ordering fails to cancel second order drifts.

Thirdly, no intentional changes in the apparatus other
than the change in polarization were ever made except when
the‘target was also being moved., If a machlne control was
noted to have drifted or 1f there were some other reason
to change a part of the apparatus, the‘change was made only
after a series of 4 or 8 runs was completed, Never was a
'change made between two runs which were to be used together

for an asymmetry measurement,

o
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3.1 INTRODUCTION

The physically meaningful asymmetry, Q, 1is due to
the scattering of electrons from 1007 polarized protons,
For g, (0_) representing the doubly differential cross

section, dU/dE'd}e, Equation 1.11 gave

"L_ o, - O- i

oL = '9 EET:?TEZ | _ ) (3.1)

The measured asymmetry, A, is due to the scattering of.

electrons from not only polarized protons, but also from
other-material. This other materialLincluded the carbon,
oxygen, doping méterial, and\target end walls. If'S+(£})
' représents the'doubly differential cross section for thé
total scattering material with net polarization positive

(negative), the raw asymmetry A is given by

A. L T2 (3.2)
SRR WS o - |

Only scattering events cofrelated with the sign of
thé proton polarization remain in the numerators of o ana
A. The two asymmetries differ, howevef, in their denomi-
nators. The denominator of A contains the eQ;nts repre-
sented by o's plus the uninteresting scattering from un-

polarized material, Given the fraction (1/k) of events
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coming from free protons, one can determine A from A,

-3

QL = _L., o6, SN Sul H E. A - 7(303)
N o :

The following sections discuss the weighted raw'asymmetry;

A, the normalization k, and the general handling of the

data. The free proton polarization, P, is discussed in

Sectlon 2.2c¢c and in detaill in the thesis of J. Chen.27
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3,2 THE RAW ASYMMETRY DETERMINATIONS, Al

The 1ndividual measurements Ai are taken from adjacent
pairs of data runs in which the polarization of the target

is reversed, i.e.,

oo N |
al = 1 X ) O (3.4)
p N++N—- :

where N4 (N_) equals the number of accépted‘counts per inci-
dent charge with the polarization vector positive (negative).
The positive polarization direction is defined the same as
for the normal to the scattering plane, Q.

The numbers N; can be ﬁaken as the number of potential
_computer triggers per incldent charge, N, This rather crude
numbér may bé further reflned by looking at the data recor-
ded on magnetic tape and determining the fraction, p, of
events which satisfy some specific criteria, ;.g.; the

probability that a given computer trigger will be acceptable,

In this case

‘N =pnN o (3.5)
R 'FOY' N.\. B.“A. N_n
The assumption inherent in thils procedure is.that the
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éomputer isrtriggefed S0 aS'to‘sample thé events randbmly.
That is, the same probability, p;nholds for the computer
sample and for the total ensemble of eveﬁts.

The value of p may be very near 1,0 if one uses a
tight triggering system for the data of interest. On the
other hand, p may be rather>smallwas in the case when lnter-
est 1is centéred on some small fraétion of the totéi mémentum
acceptance. The data is examined using N and variocus Ni,

Inrtaking data on the region of the first plon-nucleon .
resonance, a speclal attempt wasfmade to presort the triggers
with the fast‘logic circultry so as to produce a tight»com—
puter trigger for the momentum bite of interest (and p~1.0).
Only half the total momentum accepbance was used. Further,
only a fraction, £, of the potential triggers were aliowed
to reach the computer (by using an electronlc prescaler,
Section 2,2d). When takiﬁg data in the second and third
resonance reglons, the larger momentum acceptance of our
spectrometer (14%) waé used in order to take data on both
reglons at once., This procédure typically leads to smaller
~values of p. The prescaling device was not used in these
higher resonance runs. | |

The reason for thls difference in run procedures 1is
explained by the statistical uncertainty in each N1, The
basic aim of the experiment is to obtain a single value of
the asymmetry covering'a glven resonance reglon, Thus, the

values of p can be reasonably close %o 0.1. The computer
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samples fN events of which pfN are acceptable and (l-p)fN
are not. The dlstributlon of values for N is Poissonian

and for p, binomial, Thus,

(3.6)

. [P |

= =S ¥ (L
and (P N) (Nj

e [ Re P *b__f

pF N
or
X L. |

There are two limits imposed oh this uncertainty.

. One limit 1s the data recording rate, fN per unit time,
.The computer will always be a limit at some level, A
secohd limit 1s due to the maximum acceptable intensity.
Either the randoms rates or, in this experiment,kbeam
“heating effects pose a limit to the beam Intensity avall-
able, and thus, to N per unit time, When these two limits
.are fixed by the experimentai situatlon and apparatus, the
- value of f 1s determined., Figure 3,1 gives a plot of the
-squared fractional uncertainty in N1 as a function of the
usefulness of the recorded data, p, for varlous values of
f; It is clearly always an advantage to'have the recorded

data as useful as possiblej:that 1s, the closer p is to
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1,0, the less the uncértaint& for.a giveh f. Further- 
more, the closer to §=1.0, the less important is the
fraction of events samﬁled, f«. This 1s the .key to oﬁr
procedure on the first resonance runs, Table 3;1 gives
the values of the pafameters p'and f and calculates the
net uncertainty in the data as rgcgrded aﬁd via other
possibilitieé. | L

At the first resonance, we had the option of redu-
cing the intensity by a factor of two and removing the
prescaling device. However, werwould have lost dp to
30% in the uncertainty. This loss does not inclﬁde the
loss due to radiétion damage to the target, Howevef,
térget changes codld be made'in abdut»one houf,.and we
’Eould eaéily have doubled the target change rate to méinm
tain the higher average,polarization of the lower beam
Intensity method, |

Table 3.1 alsoc shows the same argument for the
double resonance runs,  There, thelgain was clearly in
favor of taking data on two useful reglions at once, ‘This
option was not available at the first resonance since the
scattered energy had to be lower for the interesting q2
and the resulting energy bite was too small to include a
second resonance or-the elastic peak,

Thus, for all our runs, the limit on statistical

uncertainty was the beam intensity. Even at the first
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resonance, we could have further reduced the fraction of
events sent to the computer and stiil reduced the statis=-

tical uncertalnty.



TABLE 3,1

AVERAGE. UNCERTAINTY IN DATA BY PROCEDURE®

0 Resonance dN. N (dN—
. Reg;ion P f (Ni) -157?;— (Ni ) Comments goI-,OSS
(b) to Method
Used
7.3 First . 5.3 5 1.05 Prescaling Device Used, -17
' : Double Target Change Rate
1 non 1 1.6 o
_ .8 53 5 1.26 Prescaling Device Used -
: ' Data Rate = N/time w
2.6 - 5
AL "ou .8 -il'i- 5 1.61 No Prescaling Device 28 -
* ' Data Rate = (N/2)/time '
759 2y s &l 1.64 1 Run with Date Rate = N/time -
N * (2 resonances) ' '
1x (2.7 x /) = 2.7/N
weoomo w8 1}'5" 5-15—6 . 2.37 2 Runs with Data Rate = 31
* = (N/2)/time per resonance .
2x(1.4 x 2/N) = 5.6/N
| . . 1 2.6 | | |
9,05 4 T3 S 1.61 1 Run with Data Rate = N/time -
. . (2 resonances)
1x(2.6 x I/N) = 2,6/N
1 " T 1 5.2 . : '
. .8 T3 N 2.28 2 Runs with Data Rate = 29
) (N/2)/time per resonance :
, 2x{1.3 x 2/N) = 5,2/N
3) Procedures Used: #'s 2 4 b, B) Token from Flgore - 31 T
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3.3 REJECTION OF DATA

Some of the data was not used in the calculétion
of the final asymmetry.due to equipment.failures.dur-
ing the runs énd various other driteria, Equipment
failures included the slow death of the power supply
to the.trigger countersland‘bad sections of magneticr
tape. Other reasons for rejecting data included the
imprdper ordering of polarization and increased cross
sections due to scattering from the target Support
hear the bottom of a target. When rejecting data due
to criteria based on the cross section instability,
the data was rejected for severallruns befofe-the
failure was noted. In general, however, the policy
was to include as much of the déta as possible, both
torincfease the statistical accuraéy of the resulﬁ ahd
to avold introducing biases in the rejection pﬁocedure.
A few pairs of data runs were also lost due to improper
transferance of information among the three computefs
which were used in the analysis. | |

Only about 1% of the data was lost due to impfdper
data transmission. About 17% of.the data was lost dué
to conditions during the data acqulsition ltself. See
Table 3.2. No extraneous asymmetries are'thought td

“have been introduced due to the rejection of data since



(1) such a'small'portion of the data was affected and
(2) since large sections of continuous runs remained

avallable for analysis,
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TABLE 3.2
" "USAGE OF DATA
) " %Pol'm # of Nominal # Runs Used - g
(free p) Data Runs in Analysis
7.34 22.5 216 170 79
7.59 14 84 76
16 38 20
18 16 o
20 ) l‘l 32
179 132 Th
19,05 7.5 94 86
16 211 184
17 12 10
18 93 80
19 2“2 198
22 161 128
813 686 84
Total 1,208 988 82 .
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‘ 3.“ REFINEMENTS OF THE ASYMMETRIES

a) Introduction.

As already indicated.in Section 3.2b, we determihed a
variety>of asymﬁetries. The crudest form of Ni used in
theée determinatlons was just the number of-potential computer
triggeré, N; The first refinement of this value 1s the set-
ting of vérious masks in the computer analyses which deter-
mined the fractional acceptances, p, The computer masks |
included minimum-pulse helghts ih the Cerenkov and shdwer_
counters and momentum acceptanées'as defined by the counter
array. The 1mportance 6f using computer refinementé to the
total trigger rate 1is shown in the chi squared values of
" Table 4.2, Once é computer refinement including momentum
definition was used, the results were insensitive to the
exact specification of thése biases (Section 4,2b), There
-are two other basic refinements wevapplied in the calculatilons
for values of N1, These are thé corrections tovthercounting
rate due to changes in?the scattering anglé, E,'and changes

in the incident electron energy, E.

b) Corrections Due to Changes in B,

The mean scattering angles were caleulated for each run
from the output of the split ionization dhamber as explained

in Section 2.3c. An angular correction factorlwas then
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applied to each run in the form Ce = (émeésured/éhdminal)n'
where the value of n was selected as described below.
At the first resonance, the angular dependence of the

: - - © 3ba
counting rate was taken from the product PT G'm  where

| -

T | E"‘ot
Feow s e lar s

oy
e’

and

Ty = (560/Abarn)(e'1‘36 qz)

For oﬁr kinemaﬁic situation, this leads to n = 6,1, For

the higher resonance reglon data, the angular depéndence of

the counting rate is not as well known, However, since the

size of the typical run to run correction due to changes in

thé scattering angle was less than 0,01%, we feel confident

that using n=0 and 7.5 give-reésonable limits on the effect

of angular drifts. VUsing n=7,5, the net effect of the angu-
lar corrections is less than 1/10th of a standard deviatlon
compared to the result with n=0 (i.e,; no angular correétioné).
We used n=4 for the final asymmetry\calculations for the

higher resonance reglons,
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c) Corrections Due to Changes in E,

Corrections due to changes in the ihcident energy, E,-
~ were applied to the counting rate for each run in the form

. _ n
of a correction factor, Cg '(Emeasured/Enominal) .

All data
was corrected with n=b, | |
The correction was‘determinéawf?om»the average accels
erator field at the time of spill as explained in Section 2.3a.
~The data-on the accelerator rf (Figures 2.4 - 2.7) did not
- permit additional run to run corréctions due to change§ in

this parameter, However, average changes in the rf corres-

ponded to ehergy changes of less than 0.05%.
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3.5 THE WEIGHTED RAW ASYMMETRY

The experiment.yiélded a lafge number of determin-
atlons of the raw asymmetry, Ai, whose precision is
dominated;étatistical errors. A weighted average of
these moderate accuracy measurements is used to obtain
‘a statistically more meaningfﬁl value of A.

For the data in this experiment, the values of N,

and N_ were independently determlned so that

() (ci:.\‘jmj ' (K\i\iﬁ\\a(g“\& | .‘3__'8’

The uncertainties §N+ and SN_ are given in Equation
3.7+ In the limiting case where p = 1,0, the formula

“reduces to

(SA2 = (1 - a5)/(N, + N) (3.9)

Since ®N, = Ny. And for Ny = N_ = N/2,

(82D = § o an
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3.6 NORMALIZATION OF THE ASYMMETRY, k

a) Introduction,

As_discussed in the‘introducﬁion to Chapter 2, the
normalization was ndt a matter of critical importance
in this experiment, We alm at a 20% value for k know-
ing that the error involved 1is insignificant dompared
to the statistical uncertainty. To get the asymmetry
for a 100% polarized free‘proton target, wé need to_cor-‘
rect for (1, the séattering from taréet material other
than free protons, (25 scattering from material other »
than the target, (3) lack of exact orthogonality of the
polarization vector and ﬁhe scattering plane, and (4) resolstion
radiative corrections, We discuss each of these in

turno

b) Fraction of Free Proton Target Scattering,

Using the impulse approximation, we conslider each
nucleon in the target to be independent of 1ts environ-
ment. Thus, each nucleon contributes incoherently to
the total scattering cross section., A diluﬁion factor,
kl,:is calculated assuming that, at the angles of interest,
éach of'the‘neutrons contributes (80 + 15)% of the cross

section due to a single proton.37 Thus,

and
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26 + (.80 + .20) x 20
ky = T = 7.0 0.7

for a target of ethanol or its equivalent,

“¢) Non-target Scattering,

Non-target materials from which electrons scattered
included the 0.3 inches of cooling helium and several
contalning walls, The total mass-thickness of this
extraneous material was 13% of the tgrget mass thickness. -
‘Thus, an additional dilution factor,lk2, ié required,

i.e.,

d) Non-orthogonality of Polarization and Scattering Plane,

The electreon spectrometer utilized a quadrupole mag-
net with its center plug at beam height., Thus, the UD
and DU apertures were respectively above and below beam
helght. This caused a tilt in the scatteriling plane rel-
ative to the horizontal plane. .The angle of tilﬁ is
called w . Since the protons in the targét were polarized
in the vertical direction, the polarization vector was not-
vorthogonal td the scattering pléne. This effect served to
further dilute the effeétive polarization. Table 3.3

gives the various dilution féctors, k3, whilch correct for
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TABLE 3.3

NORMALIZATION FACTORS

Electron Resonance kl‘ ks k. ky Kk

Scattering Region 3 ;

Angle, © ’
7.34 15t 7 1.13 1.052 1.08 8,99
7.59 ond g 3rd 7 1.13  1.051 1.14 9,47
9.05 ond g 3rd 7 1.13

1,032 1.14 9,31




this effect.

1
—
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n-°*p cos

f;, Ud Scattering Plane
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1

Ao 3o
R YR

Figure 3.2 Non-Orthogonality of Polarization Vector, p,
: and the Scattering Plane,

e) Resolution Phencomena,

Every process of Interest.has a scattered electron
energy assoclated with 1it. We detected electrons of

that energy and consider them to be an Indication of the
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process‘of inthesﬁ. However,'some bf the detected
electrons came from other processes, Events connected
with (1) the tails of the spectfometer resolution func-
tion, (2) rédiative correctibns, and (3)-the talls of
the nuclear Fermi momentum smearing function are all

of cbncérn in this fespect.

When the proéess of interest is well understdod,
corrections for the above resolution problems are usﬁal-
ly dalculable. For'example, since no polarization asym-
metry 1s expected for elastic scattering, we correct for
all elastic and quasielastlic scattering events which
appear in our acceptance dﬁe'to radiation losses and
Fermi QOentum smearing.,

Furthermore, once it is established that no asyms=
metry effects appear at ﬁhe first resonance, it 1s neces-
sary to correct for the appearance of such events in thé
deeper inelastic regions., However, instead of taking the.
view that’we,have'prdved that there are no T violation
effects at the first resonance, we assume that any T
violation effects are smoothly varying functions. Iﬁ
that case, resolution problems are less serious since
events lost and.gained have similar T violation proper=-
ties. The only differences are due to the variations in
the cross section; l.e., the difference between the num-

bers of events galined and lost In our energy bite. We
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apply a uniform 10% normalization correction;due to'ﬁhis
last resolution problem; 1.e., we lose 10% more events
than we galn, ’

Taking the‘above discussién into account and feeling
that we do not have a compelling model for a violation of
T, we apply only the correction due to elastic and quasi-
elastlc scattering and the uniform 10% resolution correc-
tlon for the deép inelastlc reglons, See Table 3.3 fof
these Corrections, ky. Any use of the data presented
here forrthe_ﬁurpose of investigatin@ a model which pre-
dlcts rapidiy varying asymmetries aé a fun6£ion of E'
must reevaluate the resolution correctlions for the specific

model.

" F) Net Taréet»Polarization

The net normalization factor, k, is just the product
of the above four factors, kj. As we have implied, it 1is
useful to view the normalization in terms of a net target
polarization dilution factor, Thﬁs, a 20%_free proton
polarization corresponds to a net (20/k)% target polari-
-zation., In this vein, our typlcal target ﬁolarization
was about 2%. Thus, all raw counting asymmetries must
be multiplied by a factor on the order of 50 in order to

‘get the physically meaningful asymmetry, o..
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3.7 SEPARATION OF UD AND DU TRAJECTORY DATA

The ccmputer’analysis distinguishes between the
' VUD and DU trajectories according to their pattern 1in
the momentum'defining counters, In addition, we scaled

the potential computer triggers for the UD and DU tra-

e s e

jectories separately, i.e., Nyp and Npy (as well as
‘their inclusive "or", N). if we knew the number of UD
and DU computer triggers, we could havé?done completeiy
independent asymmetry measurements for each"trajectory;
Early in the set up of the eiectronic.circuitry, an
appropriate pair of computer bits was reserved for this
purpose, However, before the data adquisition began,
these blts were destroyed in favor of sohe less useful
informaﬁion. .

It is poésible, nonetheless, td do separate analyses
for the UD and DU trajectories, In using thé computer
to determine the fractidn of acceptable events, p, one
merely uses the additicnal requirement that an event
ddrrespond to the appropriate trajectory, Had we inclu=-
ded a bit to 1ldentify the trigger for each event, the
appropriate number of computer triggers, Typ or Tpy,
would have been used to calculate p. Instead, we were
forced to use the total trigger rate,.T. For N, equal

the number of acceptable events for a given trajectory,
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‘we would have had

Na ) . Na
Tup Tpu

but we had to use

In the former case, p might have been close to 1,0, In
the later case, the value of p is about half what it
might have been. This distincticn is pafticularly impor-
tant at the'first,resonance as discuséed in Section 3.2.
For éll the daﬁa, using the full trigger rate leads to
less sensitivity ﬁhgn might have been obtained for the
séparate_tarjectory analyses.

Using the second method of analysis as described
above, we examined the data for UD, DU, and summed cross
sections, Asymmetrles were calculated for each of these
three types of cross section. Any differences.in the
results for the UD and DU asymmetries could be attributed
to one of two causes; (1) vertical beam motion or other
(unknown) systematic effects which affect the'trajectories
differently or (2) effects proportional to the polarization
'parallel.to the scattering plane. Both of these effects
should tend to cancel in the summed cross section asymme-
tries. Ve included corrections_due to the vertical beam |

motion as described in Sections 2.3c and 3.4, HoweVér,
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these correc¢tions Qere.negligible; The results of the

sébarate trajectory analyses are given in Section 4,2d,
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4.1 INTRODUCTION

In this chapter, we present the results of the asyme
metfy Measuremént, check the reliability of the data, and
iﬁterpret the results in terms of the two possib;e T vio;
lation models disquséed in Chapter 1.

We find that the result is insensitive to the particular
biéses selected in analyzihg the data and that there are no
statisticaily significant variations of the asymmetrj as a
function of sczttered electron energy (or hadron final state
enefgy)}in any of the resonance regions, The final results
are shown to benave as expected for data whose principal
uncertainty is statistical. ‘The asymmetry results which are
sensitive to the‘time reversal violation effect are shown to
behave simllarly to the serles of speclally constructed
asymmetries which are insensltive to such an effect,

In the final section, we show what limit is placed on the
relative phases of the scalar and transverse amplitudes in the
two models diécussed in Section 1.3.

“In the various tables of this chapter, we use the notation
deveioped In Chapters 2 and 3. Thus,’N refers to the asym-
metries whiéh have been calculated from the potential computeﬁ
trigger rate aldne; pN to the potential trigger rate correctéd
 for the.acceptability of the typical trigger. Additional
factors C9 and CE imply the aﬁplication to the counting rate

of run to run correctlons due to changes in electron scattering
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angle and incident electron energy béfbre calculation of
the\asymmetries. Chirsquared.per degree of freedbm when fhe
mean asymmetry is forced to be zero is calleq.xi.' Xi 1s the
value when the mean asymmetry is allowed to take its éalculated

value,
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'4.2 ASYMMETRY'RESULTS SENSITIVE TO T VIOLATIONS

2) Final Values and the Effect of Various Corrections,

The final values of the asymmetry are listed in Table
k,1 along with the asymmetries calculated from the data
~using Various corrections, As 1s evident from these tables,
~ the fluctuations of the incident energy and electron scaﬁter-
ing angle are néarly negligible, The effect of the angular
_énd energy corrections for run to run variations not only
tend to cancel due to thelr randomness, but_aléé are very
small compared to the dominant statistical uncertainty of
each run, These concluslons were shownvﬁo‘be insensitive to'
the exact angular and energy dependences used in correcting
the observed counting rate.

The applicatioh of computer‘analysis, however,'is gqulte
significant. Even théugh the coﬁputer triggering system had
fairly rigid requirements, sufficient latitude remained that
a significant improvement in chl squared per degree of free~-
dom»was obtained by post-run computer analysis of the recorded

data.

b) Various Computer Analysis Requirements,

] The most significant partrof the computer ana}ysis is

" the requirement of an jdentifiable singlerparticle tbajéctory
- in the momentum defining counters, (Table 4.2 and Figure 4,1.)
The standard set of biases used for the Cerenkov and showef s‘

counters contained little additional pulse helght requirements
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abéve'those of the initial tfiggéring ciréuitry‘(Figurés 2.9
and 2,10), However, an immedlate improvement in chi squared
pef degree of freedom occurs when momentum definition'is required
This improvement is insensitive to which particular set of
momentumrdefinition codes (Section 2.2d) one uses, The impor=-
tant point isrthat the effects of general spray and random" |
end bin priggers are reduced, Adding higher Cerenkov and
shower counter pulse height blases héve little effect on the
asymmetry. These effects can be understood if the.unacceptable
computer triggers are assoclated with sprayS“of)particles.
Multiple particlés with low energy can 1bok like a single high
energy particle in the Cefenkov and shower counters, but be
excluded by thelr unrecognizable pattern in the momentum defin-
ihg counters. Furthermore, the-singlés rates. In the momentum
definition counters were significantly higher in this experiment
than ih‘any prévious experiment Qith the same detection appérw
atus, The singles rates in the tfigger counters Qere on the
order of 1 Mc. To reduce the random coincidence trigger effects
only data for events with,a particle apparently focused between
the -6% and +6% counters (Figure 2,.8) were used in-the computer
analysed data,

The cause of the high singles rates in the counters was
the spray of low energy particles resulting from the large
‘magnetic field at the target. (Section A.5.) Nevertheless,

we feel that the combinatidn of momentum definitioh and Cefenkov
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Footnotes for Figures 4.1

The measurements appearing in the histograms are

(a) Final asymmetry values. _

(b) Asymmetries calculated from the potential trigger
rates, N.

(¢) Asymmetries accepting only the three lowest momentum
definition codes, 00-10. '

(d) Asymmetries calculated from the data with high
Cerenkov and shower counter biases.

The numbers in parentheses on the sides of the histograms
are the number of measurements which are beyond the
range of the part of the histogram shown.

The dashed curves are for a gaussian distribution.
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and shower counter requirements was sufficient to provide an
unbiased sample of scattered electron events. We operated at
intensitles where the detection system behaved in a generally

unambiguous and stable mode.(Figures 2.16 and 2,17).

¢) Asymmetry Spectra.

The asymmetry as a function of-scattered eléctron‘enefgy,
E', and hadron cenﬁer-of-mass energy, W, 1s given in Figures
4.2 and Tables 4.3. 1In interpreting these spectra 1t should
be,rémembéred that the scattered électron energy resolution Gwnm
was about 4%. Thus, the abrupt 1rfegu1arit1es in the middle
of the spectrum at e = 7+59° are unphysical.

' No structure is evident in these spectra and, therefore,
the resonance region asymmetrie$ are good indications of the
:iimit placed on the T violation effect.consistent with the
resolution of the detection system. Furthermore; none of the

models which inspired this experiment have rapid variation of

the asjmmetry as a function of hadron energy.

d) Trajectory Separation.

_Thérresults of the.separate analyées (Section 3.7) of
the data from the UD and DU trajectories are shown in Tablé
4.4, As is clear from the table, the UD and DU data tend to
give;opposite signs of the calculated asymmetfy. This is
particﬁlarly true for the data at the third resonance région

for the largest scattering angle,
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TABLE 4.3a
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Asymmetry Spectrum, First Resocnance Region

E* K W a S0 xg x2
(GeV) (GeV) (GeV)
'3.38 484 1337 .252 160" 1.19 1.15
3.40  L58 1318 .061 .211 0.81 0,84
3.42 440 1306 067 .209 1.24 1.24
3.44 422 1294 .202 .203 1.06 1,0l
3.45  lol 1281 241,203 0.95 0.93
- 3.48 378 1265 -.133 .140 1;08 1.07
3.52 343 1234 .092 141 1,02 1.01
3.55 | 308 1206 196 .139 1.00 0.97
3.59 272 1178 -.123 134 1,20 1,19
3.62 236 1150 -.0k6 .138 0.95 0,95
3.65 200 1121 .105 123 0.87

0.87

X SrtatismicAl Muerptamry  Owr



Asymmetry Spectrum at 8 = 7.59°
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~ TABLE 4,3b

E? K W a sa™ xg ‘xi
(GeV) (GeV) (GeV)
4,44 1281 1814 -.,000  .268 .98 .98
449 1231 1787 .091 .285 1,32 1.31
4,54 1181 1759 - .151 .279 1,20 1,19
4,59 1131 1732 .005 .279 ;‘83 .83
4.63 1081 1706  ..417 289 1,21 1.17
4,68 1030 1678 -.736 306 1,02 .93
b.73 992 1657 -617 .378 1.12 1,08
4,76 967 1643 .920 .382 .89 .80
4,78 942 1628 .238 .376 1,02 1.01
4,81 917 1614 LUhs5 .385 .89 .86
4,83 880 1591 ,010 296  1.01 1.01
4,88 830 1561  -.224 292 1,15 1,14
4,92 779 1530 =.123 294 1,07 1.07
4,97 729 1500 ~.290 .282 . .87 .86
5.02 679 1468  ~.336 .288 .90 .88
5.06 629 1435 -.630 247 1,16 1,06

¥ StaTisTicar  UncertAinTy

ONW .
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TABLE 4,3¢

Asymmetry Spectrum at -5_ = 9.050
E K W a sa” xz "

(GeV) (GeV) (GeV)

5.38 1238 1791 .069 .135 1.03 1.03
5,43 1192 1764 -.182 L14Y .93 .92
4,48 1137 1737 -.174 143 1.01 1.01
4,53 1086 1709 <194 143 1,06 1,05
4,58 1036 1680 -.098 149 1,01 1,01
4,62 985 1645 .278 162 1,10 1,09
4,67 948 1631 -.017 .193 1,01 1,01
4,69 922 1615 -.395 .197 .96 Ol
8,71 897 1601 .245 .193 1,08 1,07
4,73 872 1587 .107 .198 1,01 1,01
4,76 833 1565  .097 L1161 1.05 1,05
1,81 783 15314 -.169 156 1,13 1,12
4,86 732 1503 -.019 .159 .95 .95
1,90 681 1470 -.061 .153 1.08 1,08
4.95 631 1437 L1128 .156 1,18 1.17
5,00 580 1403 .266 .135 .99 .98
¥ Svatismicar Uneceavamty  Onix
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We have less than a 337% sensitivity to physical cbrreié;_
tions of the counting rate with thé polarization garallel' }
to»thé.scattering plane, Thus, ohr data is gonéistent with |
large oounting rate correlations, Nevertheless, ﬁhese effects’
~are not significant for the T violatlon result.

Since the UD and DU apertures are symmetric with respect
tb'the scattering plahe, the summed counting rate is potentilally
less sensitive to instabilities than either of the separate - t
trajectofy rates, However, the values of chl -squared per . |
degree of freedom sho& only small and 1nc§nsistent differences -
for the separate and summed trajebtory data, Furthermdre;
no systematic differences in the handling'of the UD and .DU
events have been discovéred. | |

Even the separate trajectory asymmetries'taken alone
~do not show significant T violation effects, Thus, we ignore
the differences and quote the summed results for our final

values,
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4,3 SYSTEMATIC CHECKS INSENSITIVE TO T VIOLATIONS

~a) Introduction,

| In order to check possible systematic biases and to see
what geﬁeral behavidf may be ascribed to the:electfon beam
and detection system, we have calculated}two’types of asym-
metry which are insensitive to thevT;violaﬁion effect, These
specially'construéted asyhmétries are made insensitive to the
T violation effect bﬁ'averaging out effects which are correla-~

ted with the sign of the target polarization.

b) Chronologically Ordered Asymmetry.

The chronologically ordered asymmefry was obtained by
taking the first minus the second créss section measurement
of each palr at a given target position. This difference
~ divided by the sum of cross sections gives an asymmetry in
which, for the pattern gilven in Section 2.4, spin correlated
- effects will average to zero., However, this asymmetry wlll

be sensitive to linear drifts in the system,

¢) Double Target Position Averaged Asymmetry.
' The double target position averaged asymmetry was .obtained
by pairing runs from adjacent target positions as indicated by

the horizontal brackets in the drawing below.

m}

Nty M\ KIS
\* Beall

The Su@ of eross sections from the paired runs was calculated,

1
|
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The first sum minus the second, divided by the sum of ali

four crosé sections, gives ah asymmetrylwhich iS'independeht

of polarization correlated effects-and, for the sequenée drawn
abd#e, linear drift effects, ﬁoo.A'Furthermo:e, this asymmetry

is moderately insenéitive to target thickness’effécts since
adjacent target positions have about 2/3 of thé.beam goingrthrough 

identical locations for both positions.

d) Conclusions,

Thelspecially constructed asymmetries_of this section
(Table 4.5) are most useful as indicators of the performance
of the experimental apparatus independent of any‘polarization
effects. Thus, the most signifiCant»conclusion of this
section is that the statistiéal behavior of the results is
indepéndent of the polarization.' For example, the somewhat
improbable chl squared per degree of ffeedom for the results
in the:first resonance reglon carry over from the T violation
asymmetry to theispecial asymmetrie; of this section, Thus,
the T violation sensitive results are essentlally indiStinguishu

able from the other asymmetries.
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4,4 POSSIBLE PION CONTAMINATION

Pion contamination of the scattered electrons is oné
possible asymmetry producling background in this experiment;’
As discussed for single plon proddction in>Sections 1.2
and A.2, a pclarization asymmetry is expected for detection
of a restricted hadron phase space associated with a given
scaftered electfon_energy. Pion contaﬁination iﬁ tﬁis exper=-
iment would be the result of such a restricted-pion acceptance,
“but would be integrated over all (undetected) scattered-
electron energles,
| As a check of neutral pion initiated~evénts (and general
spray), we took short runs wilth the polarity:of the half-quadm

rupole magnet reversed. The results are shown in Table 4.6,

TABLE 4,6

Reversed Field Runs

e Reversed Fileld Rate/Scattered Electron Rate

(degrees) N p'N pN
9.05 1.2¢ © 0.9% 0.4%

Assuming that an equal number of apparent positron and elec-

~tron events vesu\r from neutral pion decay, we find that these
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- events accountedvfcr less than 0.5% 6f the accepted,eiectroﬁ
eQents. Even for a_maximumrpolarization correlation for this
contamination,'the effect oﬁ our final result would be less -
than 1/1C of a standard deviation. A

As evidence that we were not defecting a significant
number of~chargéd plons whose intensity might be correlated
wi@h_the‘target polarization, we note the lack of significant
change 1in the resultant asymmetry when the Cerenkov and |
shower counter blas requirements were significantly railsed,
We did not perform any lead filter test: which could be |
analysed>to give a useful 1iﬁit to the charged pion éontamina—
tioﬁ of the scattered electron sample,

We take thé two evidences which we do héve as suffilcient
indication that the results of this experiment are not
affected by any possible plon contamination‘remaining in our
accepted sample.  No subtractioné cr increases in uncertainty

. were made due to possible pion contamination.



4.5 INTERPRETATION OF RESULTS

a) First Resonance Reglon,

1) Maximal Effect, Assuming that both resonant and non-

resonant amplitudes contribute to a time reversal violation
asymmetry, we obtain an estimate of the maximal éffect rossible
for this experiment, We need estimates of the A and R (Eq. 1,16)
to deterﬁine theﬁphase\angle g between the potentially inter-
fering scalar and transverse amplitudes iIn this model, Lynch,
Allaby, and Ritson3® and Bartel, Eﬁ-nél'39 havé.separated_the
scalar and transverse contributions to the cross section in

the kinematic: range of interest to us. From their values

(Table 4.7) we calculate R = (T,/Tp)1/2,

TABLE 4.7

First Resonance Reglon R Values

2 ey
a % L i (U (?-y v
2 %' o' Ref, R
(GeV/e)? Kb Kb : _
0.1 530%52 6242 38 o3 0%
0.2 bul + 13 88 + 23 ' 38
436 + 23 115 + 37 » 39
hh2 + 11 95 + 20 . Average 0.46 i‘gg
0.3 ~ 393 + 14 14k % 31 - 38
| 502 +:18 81 + 34 39
396 £ 11 1154% 23 Average 0.54 +:03
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For our q2 = 0,23, we use R = 0.5,

Since the transverse pion production amplitudes in this
region are dominated by the resonance, we use the value of A

obtalined from the resonant amplitude only., For the resonant.

magnetle dipole excitation,

F, = (3 F_ and A = 1/2,
From Eq. 1.1l6a, we get

sin g

which leads to S= (4ﬂ?'+é'

)0.

2
9

o1

2) Pure Resonant Effect. If one assumes that.a T viclation
effect ocecurs in therresanalce alone, i.2., only the resonant
part of F_ interferes wifh only the rescnant.part of . Fy, one
geﬁs a slightly less restrictive iimit on sin & o oA omaximal
effect within the confines of the purely resonant model occurs
if all the scalar amplitudé is resonant {in agreement with the

¥S
tentative results of Mistretta, et. al. for the 7°

, but not
including all parts of the pion pole contributicn for Tt pro-
ductio@, Further, we extend the result of photoproduction by

taking 75% of the transverse production as .?:esonan‘c,Lil then
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so that

siny

and

b) Second Resonance Region,

1) Maximal Effect., From a recent data compilation of
photoproduction data,? the total Yp cross section is about
125/ub in the reglion of the second resonance, if we take
this value for"@%(qz = 0) and apply a q2 dependence of the
form Gyp(q2)/Gup(0) :{1/{1 + q2/'o.71)27,, we obtain values
for the transverse cross section tTT(qe) in the regions of
our measurements, Taking the value of the total cross section
froﬁ-Cone, et. 21.%3 at q° = 0.79 (GeV/e)? and € :.72 as
_approbriate to bofh:our experlimental points, we obtain the

value of the total scalar cross section Ub from

g = G_T +€C§;
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TABLE 4.8

Second Resonance Region R Values

2 Ope?) og a, R
(GeV/c)2  (nb) () (D)

0.52 42 © 120 108 W 1.6
0.72 31 120 123 2

_The resonance does not contribute to the numerator of

A since (F ) = 0."" Thus, even a.maximaleefféct

resonance
'includes only'ihterferences of the résonant and nonresonant
scalaf amplitudes with part of the nonresonaht transverse
amplitudes, Thus, in ordér to obtain. an éstimate of the
maximal asymmetry consistent with current knbwledge, we
assume that (1)ZF£L:%£' and (2) ‘all scalar amplitudes
participate in the interference, . Thus, o

f» = 1
and from the data of Cone, et. al.,
A\;l = 0.6

0.52 (GeV/c)2

Thus, for q2
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(1.9) &

sin g. =

and : '
o | 14 .o
| B= s st

and for q2 = 0,72 (GeV/c)2

sin S. = (2,1) ™
and

S = (=0.6 % 7.6)°
2) Pure Resonant Effect. For (F—)res = 0 as dilscussed above,

there can be no purely rescnant T violation effect evident in

this experiment,

¢) Third Resonance Region,

Data on the third resonance region.ls even more sparce

. than it is for the second resonance region. Thus,; in order
to make an estimate of sin%& from our value of o, .1t 1s necesg-
sary to make some even mere unjustified extrapolatiensy From
the indications that (Fm)iggg resonance = 0,70 we assume that
the third resonance region is similar to the seecond.and take

over the maximum effect model discussed for,that.regioh. Thus,

and from the data of Cone, ggu‘gi.

A fy = 0.5,
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' , C e p 12 - '
Furthermore, we use the value of ( l_imﬁ;,) which occurred for
both - other resonance regions. Thus \

sin § = ( 2.5 ) oL

and at g2 = 0.49
Eur M yo
b= (=) & )

0.68

and at q

S a3t ong 0
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4.6 CONCLUSIONS

&

The results of this’experimeht are summarized in Table 4,9,

below.
TABLE 4.9
Summary _
Resonance ] oL Model R &
Region (degrees) (degrees)
First 7.34 035%.,043  Max, Bff, .08z 497 5%
‘Pure Res. ‘Jnat,nﬁ 53 * 14
, | .
Second 7.59 -2 124 Max, Eff. -.2bz.23% /bl
9.05  -.005 % ,0b3 Max, Eff, -o0% .32 -obilb
. Third 7.59 -, 006 2,108 Max, Eff. -.mg§ %272 -iifé
. 9.05 - D23 ¢ 084 - 05Tx 138 33118

Max. Eff.

Values of E; away from 0 implyaviolation of T invarlance,

_From these results, it 1s clear that any T violation 1s

less than maximal for the regions studied in this experiment.

Furthermore, there is no evidence of any T violation outside

the precision of thils eiperiment.

In order to explain the magnitude of the observed CP vio-

lation in the decay of the long lived neutral K meson via the

electromagnetic Hamlltonian, a nearly maximal T violation 1n

the electromagnetic Hamlltonlan was assumed. We find no such
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maximal violation evident and, therefore, no evidence for the

 hypothesized T even current K, suggested by Bernstein,

Feinberg, and Lee.2
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A.,1 TINTRODUCTION

In the early days of the Time.Reversal Experiment,
a limited effort was devoted to a coincidence experl-
ment. As explained in Section 1l.4a, the Time Reversal
;Experiment demands an integration,ovef the hadron final
states. To do otherwise, as by.dépecting some of the
recolling particles, could lead to;an as&mmetry due not
to Time Reversal non-lnvariance, but due to the nature
of the pion-nucleon interaction. The coincidence work
was ah attempt to measure this other effect, thé inter-
ference betweeh Varioué components of the single pion
electroproduction matrix.

The expéctation was that data could be'taken on line
to the PDP-1 computer triggered on the electron arm alone,
A later analysis would have separated out the coincidence
events of interest for further study.

The extent of the limitation of effort was determined
primarily by the time schedule for the Time Reversal
Experiment. When it was discovered that the additional
‘épparatus requlired to 'do the coincidence experiment
included more than simple $cintillation and plastic Cer-
enkov counters, the effort was cut out completély.

This appendix will discuss topically éome of the

thoughts and lessons which resulted from these early efforts.,
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A;Z PURPOSE OF THE COINCIDENCE EXPERIMENT AND RELATION

7O OTHER MEASUREMENTS

a) Introduction

By its very hature, a coincidence polérization asym-
metry measurement is a refined tool, Sincé it is a mea-
sure (as we shall see) of the imaginary part of an inter-
ference between different amplitudes, itbis most useful
when enough  information already exists to predict what
amplitudes are involved, To say that there is a large
polarization asymmetry may contain no more infofmation
that that there exist two‘or more amplitudes with Qiffer-
ing phases. (It is Just this sort of information which
1s of interest in the Time Reversal Expef;ment. See _'
Chapter l.) 1In this appendix we will be concerned pri-
marily with éingle\pion electroproductioﬁ'in the reglon
of the first pion-nﬁcleon resonance since it is only here
that enough is known to interpret results meaningfully.
Experimentally, this meaﬁs measuring'in kihematic regions
.where there is negligible contaminaﬁion due to multiple
pion production, typically below 1350 MeV for the pion-.

nucleon state energy in 1its own center of mass,

b) Theoretical Framework of Siqgle Plon Electroproduction,

The hotation used throughout this thesls is defined

in Figures A.l and A.2 and Table A.1l, We maintain a close
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connection with the notation of Mistretta”? who should be
consulted for a more detalled dlscussion of some of the

points which are only mentioned briefly here, Note that t{he
four-momentum of the virtual photon is q, not k, as is com-
mon in some of the 1iterature;,énd the plon momentum is f?,
not 3} Starred quantitles are evaluated in the center of mass
system of the pion=-nucleon final state and unstarred quanti-
ties, in the 1aborétory system,

In the one photon exchange approximation (Figuré ALY,
Lorentz invafiancg and conservation of the electromagnetilc
current allow the cross section to be expressed in terms of
six complex amplitudes, _BiQSl,SZ The cross section (as given
in Eqpation A.1) includes polarization effects due to targeb
nﬁcleons of polarization normal‘to the scattering plane,-?.
The selection of the particular six amplitudes above allows
one tb sepafate'out the non-transverse parts of the total
amplitude and to maintain a parallel with photoproeduction for
the four transverse amplitudes. The six ampiitudes_av; funce
tlons of q2, W, and Q:. A further decomposition of the ampli.
tudes in terms of the varibus multipole'amplitudes‘allows one
to separate out the Q: dependence and tﬁe multibole amplitudes
are functions of q2 and W.7° See Equation A.2. The advantager
of thermultipole decompositlion in this energy reglon is that
énand p Plon=nucleon partial waves have been found sufficient

to explain all but the pion pole term.23 This part of the

cross section 1s believed to be well
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deséribéd by the Born type amplitude:which'cah be reiiu‘

ably calculated, Forthermore, the phases.of the multi- -

pole amplltudes are equal to the correspénding pioﬁ—

nucleon scattering phase shifﬁs.su Near resonance, the

W dependence_of the multipole amplitudes may be isolated
in the form sin$ e18 where S(W) is tﬁe relevant pilon-

nucleon phase shift, . -
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¢) Previous Experimental Work.

Five laboratories have done coinqideﬁce experiments
in single pion electroproduction; Orsay,55 Tokyo,56’5?
DESY,58 Corne11,59’6o and CEA.61'62!63 FEach of these
laboratories has made measurements of the triplyédifferQ
ential cross section (Egq. A.1l). /Only the last two groups
obtained data on T7' production as Well_as data on T°
product%on. The CEA group have dbne the only extensive work,
on angular distributions and no work has been done on
polarization effects., Thus, only those terms which re-
main in Equation A.l when P is set.equal to zerd havé
been studied.

The w° production daﬁa have been 1nterpreted mainly
in terms of non-colncidence parameters, the X-NwN* ver-
tex form factors. The need for coincidence data to
study the form factors has been'to isolaﬁe the pT® mode
which ié known to be dominated by the intermediate N¥,
This simple interpreﬁation is notvpossible_fbr ﬁ+ pro-
duction due to the pion pole contribution., The Y-N-N¥
form factor interpretation depends on the assumption of
purely narrow-resonance production for the region studied.
Furthermore, the interpretation of data from limited
‘angular reglons in terms of integrated cross sections
has required the assumption éfvan angular .distribution,

taken to be that of the dominant M} multipole amplitude.
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Aithough these approximations are cohpatible with the
eariiest experimental accuracy, further work will demand
a more éophisticated tfeatment. there aiready exists
some evidence that the above model fof'ﬁo prbduction

is inadequate. The data of Baba, et. _a_._l.56

e

and Mistretta
et, 3&4F1'62_sh0w significant scalar contributions to the
ATO cross sections at q2 = 3vand 6 F-2, Furthermore,
there 1s a 5% ratio of the amplifudes E{/MI apparent in

64

T° photoproduction, Mistretta et, a1,61562 have detected

the continuation of this Ei amplitude into electroproduc-~

64 I addition, they interpret the magnetic Y-N-N¥

tion.
form factor, G to be due solelyrto the MI and, having -
isolated MI from EI and SI,-calculate G# from the value

of MI alone. Earlier values of G; include whatever con-
tributions these and other multipoles may have made to

the. cross section before integration over the assumed
angular distribution.

The most interesting questions in O productlion at
this point are about the smaller amplitudes., The Mistretta
identification of the non-zero scalar amplitude as SI is
not conclusive., And since the quark model predicts that
both EI and SI should not.contribute to the resonance,65
}further study of these amplitudes is warranted,

The maJor interest in the‘Tr+ production data has

been 1n determining the pion form factor, F Earlier

Tr‘,
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work on the form factor have given limips on the pion

radius,

e _y éfiﬁi?

d g* (A.4)
% %zso

71 '
The results from Mol scattering is r < 1 F and from
_ 7
T=-e scattering,b r < 3 F. If one expresses the form

factor as

F&(%ﬁ = T (A.5)

then the results of the Cornell and CEA data for Wt elec-

.troproduction combine to give63

£ (686 % o1d) F, (A.6)

Bpth the Cornell and CEA results are obtained essentially
from thelr measurements of the purely scalar part of the

cross sectlon, The Cornell group depended on theory to
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estimate the transverse part‘of the cross section in
thé»Qf = 0 difection. The CEA group used the theory
~with the plon form factor as a free parameter_iﬁ a fit
of the angular distribution. Although the effect of
the pion form factor on the scalar=transverse inter-
ference 1is large, the term 1itself 1s small due to the
relative phase between the Scalar ampiitude (nearlyrreal)
and the transverse amplitude (nearly pure imaginary at
resonance), |

Although interest in Fw'is fundamentai; an under-
sténding of the phenomenon of plon electroproduction
requlres a knowledge of six complex amﬁlitudes (such
as those in Eq. A.2). These ﬁave not received much
attention as of yet, Mistretta, et, al., did not obtain
a fit to the éngular distrib@tion for n# production as
they did for MO production. The contribution of the
plion form factor was‘thought not to be amenable to the
simplified distfibution due to s,énd p partlial waves. alone,
However, the coﬁtributions of the Born term to the par-
tial waves higher than p get successively smaller and
a good fit might well have been obtained with Jjust s

and p partial waves,
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A.3 KINEMATIC AND ISOSPIN PROPERTIES OF SINGLE PION

PRODUCTION

The two charge modes of single pion production

from hydrogen |
pTo

(hardons) —3 .

' ntt

are most easily distinguished experimentally via the
detection of the charged particle. Lue to the signifi-
cantly different masses of the protor. and pion, each
bhadron corresponds tb a kinematic situatioh different
from that of the other. Typically, thé protons are
limited to a forward cone (Qhose axis points alohg the
direction of §) while the pions can emerge in all direc-
tions, | |

' The folding forward of the proton.momenta leads

to a_Jacobian enhancement at the édge of the laboratory
cone, Furﬁhermore, it becomes conceivable to measure
the full angular phase space of the protons. If one

is studying soﬁe effeét in the N¥ production from.
hydfogen, it becomes possible to determine experimental-
ly the isoépin (I) character of the effect., The follow=-
ing considerations demonstraée the method.r

Since the decay of the N¥ is via strong interactions,
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the decay must conserve 1sospin.

Any change in isospin-

must, theréfore, come from the eléctromagnetic produc=-

.tionfof the N* which does not cons

erve 1sospin, In the

usual notation, the isospin decomposition of the singly

charged pion-nucleon modes are
o 27\3 1
‘pTT >>= K;q ‘2: 2 >>'
and

‘nﬂ+> = E % ,

If one photo- or electro-produces

. 1 1\
states from a proton, > §> y 2

lap exists., Thus, for some total

0 effect would lead

a puré AI =
1/3 of the effect in the
and
2/3 of the effect in the
Thus, E = E+ + Eo
with
E = 1/3 E and

B

i
S+

=

)

N -
N

o

either of the above
definite isospin over-
production effect, E,

to

o}
pT” mode, Ej

ntt mode, E,,

E+ = 2/3 E,



"A.18

Similarly, for a pure AI = 1 effect, we expect

Eo = 2/3E and E, = 1/3E,
Of course, a simiiar analysis is'possible for electro-
magnetic plon production from néﬁtrons. The result 1s
expressed by the same formulae above excépt that =+ —ﬁ>?".
Frequently, this additional handle is not nécessary.
When at the first pion-nucleon resonance, for exaﬁ@le,"
the 1sospin character of the resonance is known and the
non-resonant backgrounds are small, Howevéf, for the
more.complicated regions of the spectrum, ons may obtain
some sensitivity to which of compéting sources 1is contribu-
‘ting to an effect. If twé competing resonances have
different 1sospin, the ratio of the proton mode effect
to the total production effect will tell which resorance
is contributing. '
For AI = 1 effects, it is a potentially nice fea-
ture that the Jacoblan enhancement enters as an additional

enlargement to the TTop enhancement.,
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A.4 METHOD OF DATA ACQUISITION

The original intention in the coincidence exﬁefi-
ment attempts was to recordlcoincidence arm data for
every electron trigger. Later reanalysils would have
been used to separate the colncidence eventé from the”

. bulk of the data. In ﬁhis way, no extfa time would havé
béen necessary for the,coincidence work, The interest-
ing éoincidence events were expected to occur at about
one in twerity electron triggers, Rather tﬁgn waste the
triggers without coincidences, these triggers were to
-be used to record delayed coincidences. These delayed
coincldences were to be used.to make random backgrounds
cdrrections. |

Thé logic circuitry was set up to determlne 1f an
interesting coincidence had occurred for each electron
arm trigger., If not, the electronic circultry was used
to sample random coincidence event information. This was
done by applylng the series of gates to the coincldence
arm logic modules early relative to the coincidence-time
rather than at the coincidence-time. Using early gating
rather than delayed gating minimized effects-which were
truly correlated with the electron arm, l.e., non-random
backgfounds. If the gate to the coincidence arm had
been given aftér thé true coincidence time, various

effects of non-triggering "garbage" might effect later
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pulée‘discrimination. A photon shower or aperture-edge
effects might cause such interférence. K. Hanson66 has
observed such a difference in randoms rates between sys-
tems wlth pre- and post- coincidence-time gates.

None of this system was ever tested except on a
simulating pulser. The hlgh rates discussed in thé sec-
tion on backgrounds precluded any in-use tests of the

logic or other circult behavior.
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A.5 BACKGROUNDS: THE END OF THE ATTEMPT

The colncidence arm experiment was éventually drop;
ped because of the extremely high rates in the coincidence
counters,: Thé attempt to do the experiment with poorly
protected counters stemmed from two factors:

| 1) The product of target lengﬁh, beam Intensity, and
| solid angle for the coincidence arm was 1/6 of
that used in the experiment of Mistretta, EEJ_E&;?O
' 2) The field of the polarized targetvwas expectéd to
bénd away low energy charged particles, usuélly
the largest part of coincidence backgrounds. The
‘target field wlll contain charged particles with
momentum less than 85 MeV/c, This limit is more.
advantagéous than that of the Broom (sweeping
magnet) or 1/4 inch of lead, both of which were
‘used 1In previous experiments by thils group,
The inferencg from these considerations was that back-
gfounds would not be a prcblem.

This _ inference was incorrect. The'imposition of
a high magnetic fileld at the target was an essentially
different experimental situation from those of previous
efforts by our group. The sourée of backgrounds was
equally different. The backgréunds were not due to par-

ticles emerging from the target in the direction of the



~A.22

counters, buﬁ rather to particles emerging in the for;
ward beam direction, These forward particles were then
bent intoc the counters by the large magnetic field which
one had hoped would do the shielding job., A particle of
momentum 120 MeV/cHinitially going forward wili juét

be bent into the beam side of the acceptance, Lower mo;
mentum particles will bend farther away from ﬁhe beam
.direction into the acceptance, The lower limit of
accepted momenta was determined by the curling up of
particles. _ ._ / 7

The extrapblation of a calculation by K. W Robinson67
was used to estimate the real particle rate in thelmomen-
tum acceptance 85-120 MeV/c. Robinson calculated the num=-
~ ber 6f electrons and positrons produced by a 6 GeV inci-
dent electron on varlous radiation.lengths of material,
No angular distributions were included since virﬁually
all radlation is forward. |

We make the following assumptions in using the re-
sults of Robinson;

1) The numberé of low energy enectrons and positrons
1s not a sensitive function of the 1ncident energy. Most
of the low energy pafticles aré expected to be due to the
low energy bremssfrahlung which will not change much in
the rénge from 3 to 6 GeV incident energy.

2) The number of secondéry particles per enérgy bin

ig not a sensitive function of energy. See Figure A.,3.
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For a73 nanoampere 1hcident.beam, 0,1 radiation
length targét, and a 35% energy bite centered at 100
MeV/c, one would expect a positron rate of 25 Mc/sec
and an electron rate of 50 Mc/sec, For the polarity
~of target field used, we detected positrons, These par-
ticles were located at beam height in a plane perpendicu-
lar to the magnet fleld except for the small disperéion
-in the initial directions and the much larger dlspersion
caused by multiple scattering in the target. The multi;
ple scattering alone causes an RMS Qcattering angle of
1.2°9. This fills about 1/5 of the ccincidence aperture.
In an attempt to reduce this high flux of particles, a
one inch high, two inch deep tungsten plug was placed
at beam height 18 inches from the target (+ 1.6° or
1/4 of the aperture)., However, the 100 Mc Chronetics
electronic discriminators could not handle the reméining
singles rate, Later use of EG&G dc-coupled 200 Mc dis~-
criminators gave dc¢ outputs during the spill, For pul-
ses of .5 nsec; wildth, a dc output level implies.an
instantaneous rate in excess of 200 Mc, The difference
between this lower limit and that calculated for the
bending of forward particles might easily be explained
by lower energy positrons and photons which shower in

the’(Al) wall of the inside edge of the aperture.
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A.6 LIMITATIONS OF THE PRESENT TARGET

The 1imitati§ns of the present targét are thrée—
fold; (1) a iimit on beam intensity due to local beam
heating, (2) é 1imit on total charge per unit area due
to radiation damage, and (3) a 1limit on solid angle
due tq the physical size of the c&incidence aperture.
The first two of these were particular concerns of_J.
Chen and are discussed in his thesis.?! The last limi-
tation was not a problem in the single arm experiment,
butllimits the usefulness of the'present target for
‘coincidence experiments, "

The openings in the target walls were * 6 2/3 de-
grees vertically. The horizontai'apertures‘are inci-
cated in Figure A.4. The horizontal apertures are not
‘a serlous problem for any of the electron-proton scatterm
ing experiments considered to date. However, the vef_ '
ﬁical apertufe is restrictive. Two éases of this
rgStriction are given in Section A.7. The use of a
quadrupole magnet for the electron spectrometer neces-
sarlly tilts the electron scattering plane relative to
the horizontal., For small angles, where rates are
highest and the beam limitations are minimized,-the tilt
of the scattéring plane is most severe, Typicélly, thg
- coincident particles in the scattering»plane cannot be

detected, Figure A.5 gives an example of this problem.
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}Thus, when a scattering plane coincidence is desired,
a‘dipolé electron spectrometer W111 have a decided
advantage for use with the present target. On the
other hand, when the scatterihg away from the séattef-
ing plane is of 1ntere$t, the quadrupole electron
spectrometer may place the interesting solid angle in
fhe proper direction for coincident particle detection,
The region of the Jacoblan enhancement perpendicular
to the scattering plane 1is just such an 1nteresting 7
region. Tha important point.here is that the present
target apertures severely restrict the fréedom of choice
for coincidence solid angles avallable in a single

experimental set-up.
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A.7 CAN A USEFUL COINCIDENCE EXPERIMENT BE DONE?

a) Introduction,

Simplicity of'operation ané speed of implementation
had the highest priority in the coincidence expériment
attempts. ‘Having noted that these attempts were dropped
due to lack of time, 1t 1s appropriate to ask if a truly
useful experiment could have beén done given the neces-
sary time and money. | -

- We turn our attentlon in this final sectlion of the
appehdix to two classes of experiments fo see what might
be accomplished. We consider first an experiment with
elastlc scattering of elegtrons froﬁ polarized protons,
a search for two photon exchange effects. Then we-look
in some detail at the single plon productlion which has
been the main focus of this appendix and which was the
initial aim of thé early coincidence attempts. |

The discussion which follows should only ke viewed
gs speculative, What insight 1t contalns was gleaned
from the rather hurried attempts to understand and

implement a coincldence experiment;

b) Elastic Scattering Experiment,

As discussed in Section l.4a, any polarization asym-

metry in elastlc scattering would be ascribed to an inter-
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ference between the usual single photon'exchange ahd

a two photon exchange amplitude, One may, thefefore,
use a ﬁolarized-target experiment as a test of possible
two photon exchange diagrams in elastic electron-proton
scattering.

Any two photon exchange effects are not likely to
be greater than a few percent} Thus, any experiment,
-to be interesting, must produce sensitivity on this
level. This réquires even greater precision than that
obtained for the Time Reversal Experiment. Two methods
suggest themselves for increaéing the statistical accur-
acy when the beam intensity is limited. (1) Select
kinematic régions with a higher counting rate, (2) Re-
move as much as possible of the ﬁninteresting scattering
from counts entering the asymmetry measurement. We dis-
cuss the implications of each of these methods.

Highest rates are assoclated with the most forward
electron scattering., But forward scattering leads to
lower values of q2. Since two photon exchange effects
are not expected at low q°, we start with q2 = 20 F-2

as the lowest q2

of interest. At 6 BeV 1ncident energy,
- one obtains an electron scattering angle of 8.70. For
the standard weekend of data taking (defined 1in Table
'A.é), one obtains O.3Ax 106 scatterings from free hydro=-

gen, Total scattering from the hydrocarbon target would



A.28

6

be about 2 x 10° counts, For a 20% average polarization,

g

the uncertainty on the asymmetry would be

! \
e \&wwe ~ 3% oy

£ o =

2 -2

The results of the similar calculatlon for ¢ = 30 F
~are gilven in Table A.2. |

In order to reduce the 2,3% uncertainty further, one
may try to reduce the accepted scattaring from the non-
free protons in the target. The only method of doing
this wlthout a colncidence 1s to accept only the scattef-
ed electrons immediately in the region of the elastic.
peak as defined by the resolution of the system, In this
experiment, it is not necessary to accept all scattering
events in the radiative tall 6f the elastic peak. How-
ever, thls technique willl only reduce the non-free pfoton
scattering by about 1/3, giving a néw uncertainty of
+ 1.9%. It should be remembered, however, that using a
tight acceptance on a rapidly varylng spectrum gives a
Very much greater sensitivity to small changes in incident
energy and angle than was the caSe for the Time Reversal
Experiment. 7 |

A more appropriate way of reducing the uninteresfing
scattering is via the coincidence technique. Essentially
all scatfering from neutrons can be eliminated by demand=-

ing a charged particle in coincidence with the electron.
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TABLE 4,2
2 T -

a 6 E VAMF N da
(F-2) (°) (GeV) (x 10+6) (%)
20 8.7 6.0 5.8 2.39 2.3
30 10,9 6.0 4.3 46 5.2
20 20 2.8 1.’" 039 506
30 1.9 1,0 .15 9.0

30 20 3.4 1.4 : .12 10,2

30 2.4 1.0 045 16.5

_ A8
. VAMF = vertical aperture mapping factor = —PalL
| Aee,:.: vertical

N = number of counts obtained in a "standard weekend"

dfe = 1.8 mstr.
Target = 1 inch ethanol
Running time = 30 hours of data acquisition

Beam intensity = 3 nanoamperes

Sw = consequent asymmetry'uncertainty ([§1x normalization
. N
factor due to polarization < 1 and non-free hydrogen

scattering.)

‘No improvements ascribed to limiﬁed acceptances are inclu-

ded in N or 8&. (See text.)
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Once one 1s going to ﬁse a coincidencé'countér, thebneeded
sweeplng magnetic field may as well be used to gain momen=-
‘tum‘resolution on the coincidentvcharged particle., Mak-
ing the coincidénce\counters only as large as necessary

to be efficient for elastically scattered free protons,
about 30% of the quasielastically scattered protons will
not be detected., The resultant uncertalnty would be
1-1.6%; better than the energy bite restriction because

of the better discrimination against neutrons. Further-
more the spectrum of quaslelastic proton angle and energy
is much less rapidly varying than the elecfron energy spec-
trum. |

The improvements due to reductions of electron energy
acceptance and proton acceptance do not add directly since
the rejection tends to be redundant. The redundancy'is
increased at fbrward angles.

The targét used 1in the present experiment has a vertl-
cal aperture of + 6 2/3°, The centers of our electron
apertures are at vertical angles of % 2.3° relative to
the horizontal plane, The vertical aperture mapping fac-
tor (VAMF), the ratio of vertical components of the coinci-
dence and electron apertures (listed in column 4 of Table A.2)
showé that neither of the high energy elaéticbscattering
- points above could be ddne with the coincidence technique

with the present target and apectrometer, Therefore, the
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resultsvof a series éf calculations'ié presented with
VAMF's consistent with a coincidence measurement with‘the
presentapbaratus. The larger electron scattering angle
reduces the rate so that the statistical uncertainty
detracts from interest in this technique.

It 1s clear from Table A.2 that the present apparétus
is not sufficient to perform a useful experiment on the
ﬁwo photon exchange effect at the CEA, One could gain
significantly by going to higher incident electron ener-
gles and, thereby, increase the rate furtheﬁ. The lead
passes to SLAC., A polarized»target with a larger aperture
would still not be merited,

The major limitation 1s the beam celling impesed by
target depolarization, If a new material 1s found which
allows two orders of ﬁagnitude more beam, then a new era
of polariied target experiments at electron accelerators
will open. An increase in average polarization: would also
be most helpful, After zll, a polarized target exheriment
is the ideal metﬁod of doilng high q2 asymmetry measurc-
méhts. Although outgoing proton polarization 1is a measure
of the same asymmetry as 1is measured 1in polarized target
experiments, the outgolng proton momentum increases with
q2 causing a decrease in the analysing power of second
scatterings. | ‘ |

- For now, looking for second order effects like two
photon exchange 1s not inviting. We now turn our attention

to first order effects as they are found in inelastlic elec-

trdn'scattering.
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“¢) Single Pioanroduction Experihents.

1) The Asymmetry. In order to isolate a sifficiente-

ly simple term in the cross section so that a single exper-
iment can make a useful measuremént, we consider the asym-
metry near cos g = 0, i.e.,'ﬂ = 90° and 270°. This reglon
correéponds to a strip of solid angle normal to the scat-
tering plane in the § direction, For cos # = 0, the cross

section reduces to

do T | d_‘g'l‘f - d@’o .2 . dU' - ~
A€ AL E%\m; N € o € si'g R FSGE ) i%:: (A.8)

which gives an asymmetry of the form

o= 8% )"X&z;? AR LN CE RN e A
i 1 2, MK d@ d@-a‘ e A
° W\ﬁ"‘] dJ( v € L 3“}'\; - SiA Q“ IJ-'Z:_ )]

For € near 1, the remaining terms are tﬁe same as those
which contribute along the direction parallel to the g
direction, This fact will be important when;one:considers
Ht'production in an attempt to determine the pion form

factor..



Keeplng only the leading term in the transverse
amplitude and using only s and p pion-nucleon partial

waves, the numerator of the asymmetry contains

~

> v 2 V:. | ‘ ;‘ .
| ‘_13"3:* LM VR S ) Ten g\nf[@: 6525, HSJ}(A.IO)
. dR“. MK T:,‘ i \ |

Considering that the phase of the M! amplitude for the
isospin 3/2 final state goes through 90° at resonance,
one ﬁay expect a large interference with the nearly
real non-resonant amplitudes,  This is in diréét éontrast
with the situation for the real part of the scalar-trans-
verse ihterference. The real part of the interference
was too small to be used to determine the plon form fac-
tor in the éxperiment of Mistretta, et. g&.50’63 In the
ésymmetry éXperiment, an additional advantage arises in
that the contributions of the small amplitudes are redu-
ced in importance since the amplitudes are mostly real,
This is particularly important since these Smaller ampli-
-tudes are so poorly known,

Another feature of the interference term 1s the dis-
tinctly different 9:-dependence of the terms containing

‘the three scalar-amplitudes. If one can obtain a large
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enough range of angles Q?, an unambiguous identifiéation
of a dominant scalar multipole may be possible in 7w° pro-

duction. The limitation in angle e:

in the data of
Mistretta, et. al. retarded a positive idéntification

from that data.

2) Experimental Coﬁsiderations. Angle and/or Momentum.
The initial job of‘the apparatus is to distinguisﬁ events
according to charge mode and kinematic properties. Given
an electron of initial enefgy, E, scattered ét an angle 04
with energy E', one needs only one more variabie to specify
completely all the kinematic quantities of a single pion
production event., The fourth variable may be elther the
momentum of the outgolng charged hadron or its center of
mass angle, é;; . A specification of the proton angle in
the laboratory frame 1s not suff;pient to uniquely deter-
mine the kinematic properties of a pﬂo event, The foiding
forward of the backward protons leads to a double valued-
ness in the angle-momentum relation. In past experiments,
the lower energy backward protons simply did not get through
the apparatus at the angles where data were analysed, Thus,

the laboratory angle © was sufficient for complete

P
identification,

If one seleéts the momentum as the fourth varlable,

thre is no need to use 84 directly in the definition of

0 On the other hand, the two charge modes lead to

p,u°
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entirely different moﬁehtum detection situations and one
may not be able to take data on both modes simulfaneously.
For a given set of electron parameters, the W+ momenta
typlcally vary by only 15% across an aperture which includeé
the entire proton cone. The proton momenta change_by a |
factor of two and are a very rapldly varying function of
laboratory angle near the edge of the cone. Sée Figure A,6.
For momentum definition of kinematics, the nt backgrounds
can be small since the necessary momentum bite 1s so small,
The proton backgrounds can only be reduced by combining
laboratory angle with the momentum»spécification. Similar-
1y, the W' momentum should suffice to identify the ®* pro-
duction‘mode. But angle-momentum correlation will proba-
bly be required to identify a pv° event, Of course, use

of a lucite Cereﬁkov éounter wéuld be valuable, especially
as an anti-counter in ldentifying protons.

A final point about momentum definition is that a coin-
cldence experiment with the polarized target requires a
large sweeping magnetic fileld just to Set up a workable
counter, Double purpose would be served if this field were
also used for momentum definition.

If, instead of momentum, one selects the angle ep" to
define kinematics, one can do both pion and proton detection
at the same time, However, particle identification will
need to be done separately. In this connectioni one might

use the required sweeping field to separate the plons and
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protons physically without doing as precise a measurement.
of momentum as might be required by proton momentum de=-
finition of kinematics. However, a single set of Cer=-
enkov and dE/dx counters might be simpier for a sizable_
aperture. Furthermore, using these types of counters 6ne
may not be able to detect the backward protons as in the

experiment of Mistretta, et.al.
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Solid Angle (Rate) vs, Normalization Simplicity.

When the target limits the beam before the rest of the
system does, it 1is advisable to measure as large a solid
angle és possible in order to increasevthe data rate,
For Wt production, there is little complication in tak-
ing a 1érge laboratory solid anglé; But for e prbduc—
- tion, where a large laboratory solid anglé cofresponds
to a large range of momenta, one may lose in simplicity
what one gains in counting rate. In Section A.7c-1, it
is sqggested that interest should be centered on thé band
for which cos g§ = 0, There 1s still the same range of
proton momenta, but the initlal positioh aﬁd‘difection
of the protonrare then specified and a simple hodcscope
combined with a magnetic field shou;d be sufficient to
determine momenta. Of cdurse, the limitation of solld
angle to the region cos 4 = 0 is'not an easy experimental
problem, One may, in fact,.still have to determine direc-
tions far from the target rather than by apertures.nearby.
As the detection system becomes more complicated by
carefully limited acceptances, the evaluationrof the ratilo
of free hydrogen to total scattering (k in Eq. 3.3) be-
comes more difficult, Thils directly affects tﬁe normal-
ization of the asymmetry. Thus, the ratlio should be known
as well as any uncertainty in multipoleramplitudes or
theory in using the data to extract the pion form factor,

for example.
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If the final system becomes very restricted, it‘may
weli be advisable, if not mandatory, to do caiibration
runs on lliquid hydfogen and carbon. .No intensity limit
on the beam would be implied by these target materilals
and, if one 1s set up for it, the calibrationvruhs could
be lnterspersed with the data ruhSa The calibration runs
could serve to check alignment as WEll as to normalize
the asymmetry.'

As the determiﬁation-of the ratio k becomes more‘
complicated, the asymmetry measurement becomes more like
an absolute measurement, In absolute measurements, the
normalization cannot be overstressed. If on the other
hand, the sysfem remains simple, the normalization will
not be a problem and one may use other measurements of
the unpolarized angular distribution to extract absolute
yalues of‘the amplltudes and of the pion form factor
from the asymmetry measurement,

| Of course, 1f the asymmetry turns out to be near
zero; the importénce of the normalization is reduced. A
perfect example of this is the Time Reversal Experiment,
However, in cdincidence plon production experiments, one

is looking for reasbnably large asymmetries,

Resolution Questions. In order to}take full advan-

.tage of the angle-momentum relationship, one must have
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good resolution of angle and momentum, The angle 1in

question, © , will be relative to the 6 direction, a

Typ
direction which 1s itself determined from bther physical-
ly measured quantities; the electron energies E, E' and
scattering angle ee. A typlcal set of dependencies

(taken from the kinematlcs of the first resonance run

of the Time Reversal Experiment) are

I-H
Aese

-2.3%/4

;

20
e = 2373

é.?j)= 3_)4

D

Even with wire chambers to fix detected positlons quite
accurately, one must still include the effects of multi=-
ple scattering and the range of scatterling locations as
determined by the target length and beam width. In this
regard, it must be remembered that the beam cannot be
focused down to a narrow line since this would increase
radiation damage apd local heating problems in the poclar-
ized target. In the Time Reversal Experiﬁent the beam
width was 1 cm and the target length 2.5 cm. The target

length alone contributed 1,6% (FWHM) to the resolution
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of the quadrupole spectrometer in the middle of its
acceptance,

If one uses a more elaborate electron detection
system, including ray tracing thfough the analysing
‘flelds 1n order to determine momenta, one can also
obtain the scattering érigin, but this requires a
very powerful computing capability for the high sta-
tistics experiment implied by an asymmetry measurement,
Without ray tracing for forward angle scattering (the |
‘électron ), one 1s stuck with the target length effect.
For wide angls scattering (the coincident hadrons), the
beam wldth will be a limit, |

For the coincidence arm, a vertical bend would
assist in reducing sensitivity to ﬁhe target length
since the vertical coordinate will be defined well by

the beam,

3)TT+ Production, The use of an asymmetry measure-

ment to obtaln the pilon form factor, Fﬂ, has been sugges-
ted by Goryachkin and Semikos68 for low energy and.ef = 0,
Asymmetries as large as 60% have been predicted at reso-
nance using the theory of Fubini, Nambu, and Watagin69
for q2 = 3 F~2 and r, =1 F. An asymmetry at # = 90,270°
at forward scattering angles has the same‘advantages as

an experiment limlted to Qj = 0, The same multipoles and,
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~therefore, the same projections of F, énter the cross-

section, This suggests one way of increasing the inter-

esting solid angle beyond Q: = 0 for VF+ production,
Furthermore, an asymmetry 1s proportional to a

term which may be represented schematically as

F. /M

-+

while the angular distribution contains a term of the

schematic form

Celrl?+ |ut|2

The former quantity 1s clearly more sensitive to K.. And
more important, the extraction of F, <{rom an asymmetry
has a different dependance on the theory and is also
less dependent on the exact values of the smaller multil-
polé amplitudes than other eleétroproduction measurements,
| The most advantageous system for ﬂ*'production is
one in which a large solid angle 1is détected with momen-
tum definition of the kinematics. For the present target
with 1ts wilde horizontal and narrow vertical apefture,
a.vertical bending magnet to remove the plons from the
line of sight of the target 1s called for. This requires

a bend on the order of 20° for momenta around 500 MeV/c,
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‘Vthat is, 225 kgaués-inch of magnetic field. A simple
counter system 1s suggested schematically in Figure A.7.
The two multiple c&uhter arrays serve to determine the
final plon direction and, thereby, momehtum. For a
given particle, one would expect a pair of counters to
fire, A two dimensional array of tﬁe counters would
give bands of coincidences for each momentum, the posi-
tioﬁ along the band determined by the outgoing direction
and the particular band by the momentum, _Since the
pion momentum is uniform (within about :5%) only for a
. glven value of scattered energy, each scattered-energy
bin should have a different band and the bands should
move monatdnically across the 2«D arréy as one changes
the scattered eleétrbn energy monatonically.

~Although the ébove system should serve to select
the charge mode as well as the kinematics for the lower
,q2, an extra'safeguardﬂwould gensist of a plastlc Cerenkov

counter behind the last counter array. This counter would

assist in background subtractions and insure that ‘the low-

est‘ao not get confused with the plons of interest,

The decision to do a form factor asymmetry experi-
ment wlll depend on thebsmallhess of the attéinable uncer-
tainty.r To‘get an 1dea of the rate, we reportlthevresults

of a calculation fof two cases below,
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q2(Gev/e)? .05 .25

E(GeV) ' 2.0 4,0

K(GeV) .320 .320

e 6.8° 7+6°

[p¢/Gev-str) 9 x 1072 3 x 1072
] 3

Nfree H (std. 1.2 x 10 3.5 x 107

weekend) "~

ok 9% +15%

The above rates for scattering from free hydfqgen, Nenee Ho
are for the standard weekend (Table A.2) of data taking,
50 mstr, pion solid angle in the pion-nucleon center bf
mass system, 200 MeV scattered electron energy bite, and
20 Mb/str cross section for the»virtual photon lInteraction,
The values for the asymmétry uncertainties, Sm;vare calcula-
ted with a ratio of fpee hydrogen scattering to a totél
scattering = U4 and an average polarizaticn of 20%. None
‘of these input paraméters is difficult to obtain. In fact,
one might easily do twice as well on the counting rate by
working with broader acceptances which are still compati-
ble with the present apparatus,

The above results should indicate the usefulness of
a more specific design study and careful consideration of

the running parameters. It seems quite reasonable to



suppose that target improvements in the near future will
make the asymmetry method an excliting possibility for

plon form factor extraction from experiment.

)T O Production, ,Thé complications in laboratory
kinematics for W° pfoduction suggest limiting the apérture
to the cos # = 0 strip in order to select a more manageable
iaboratory momenthm-sblid—anglé,cdmbination. Since there
are typically 8 times as many protons as s in a given
g diréction, the rates for wt production can‘be taken as
lower limits for W° production after 1limiting the aperture
of the present'apparatus. Furthermore, the kinematic |
region Just suggested allows for the simplest interpreta-
tion. | | |

The v° production experiment wogld be most interestihg
with a tafget with a larger vertical aperture than that of
the present target. However, careful selection of kine-
matic regions would allow a serles of data pointé to be
examined which contaln a sizable range of Q: and<wou1d,'
thérefore, allow a determination of the dominant longitu~
dinal multipole.

A T° production asymmetry measurement contains both
rate and the potential of measuring'intéresting amplitudes.
What is required 1s a detection system capabletéf identi-
fying the events of interest, A momentum measﬁrement of

protons would obviate the need for high resolution in
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eléctfon detection, but is complicated by the broad
range of proton momenta whlch would néed to be measured,
The design of such a system is beyond the'scopé of this
work, It is, however, the point of this work to point
out that a reascnable experiment is within the grasp

of presenﬁ apparatus and interpretable with present

knowledge.
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