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ABSTRACT 

Electrons have been scattered inelastically from a 

hydro~arbon target containing protons polarized normal to 

the scattering plane. Scattered electrons with energies 

corresponding to the production of the 4(1236), N(l512)· 

and N(l688) pion-nucleon resonances were observed. A 

search was made for changes in the cross-section as the 

target polarization was reversed. Any changes would have 

been evidence of a violation of time reversal invariance 

in the electromagnetic interactions of the hadrons. No 

auch changes were observed. 

Early attempts at a coincidence polarization experiment 

are described in the Appendix. 
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l.2 

1.1 HISTORICAL BACKGROUND 

Since the discovery of the violation of GP invari­

ance in the decay of the long-lived neutral K-meson, 1 

interest has been revived in the search for violations 

of time reversal (T) invariance which must occur if the 

CPT symmetry is to hold. Previous work2 had placed a 

limit of a few percent on possible T violating amplitudes 

in several strong and weak interactions. Furthermore, 

Quantum Electrodynamics, which has been so successful in 

explaining the electromagnetic interac'tions of :e..s1oto~ 

and le2tons, is a T invariant thedry. Until r~cently, 

however, there has been no effective test of T invariance 

in the electromagnetic interactions of the st~ !!:!.~­

acting P~!J..~le~. 

In 1965, Bernstein, Feinberg, and Lee2 pointed out 

that just such a violation of T invariance in the electro-

magnetic interaction could be respbnsible for the observed 

violation of CP invariance, For one thing, the magnitude 

of the CP violating effect is given by3 

(1.1) 

This order-of-magnitude suggests 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 violating decay mode with 

\ ( K1. ~ Tf
0
ii

0

) 

r { Ks -4- ii 0 rr•) 
(1.2) 

Although the experimental situation regarding the value of 

\~0 ~\ remains chaotic, it is possible that. although of the 

same order of magnitude 

The "Superweak" Theory,~ one of the leading possibilities 

for explaining the K-decay CP violation, predicts \~ 00 \= 
\ O \ A failure of this equality would immed:lately dis-1 "lt· • 

qualify the Superweak Theory and leave the field open to 

the standard strong, electromagnetic, and weak interactions. 

If an electromagnetic amplitude is to account for the 

CP violation, it would be of comparable size to the usual 

electromagnetic amplitudes. This fact led Bernstein, Fein­

berg, and Lee to suggest a new hadronic electromagnetic 

current Kr which is even under the operation of the 'I1ime 

Reversal Operator, T. This new current could combine with 

the usual current Ji"- (odd under time reversal) to make up 

the total hadronic electromagnetic current ~r . 



In 1966, Christ and Lee5 refined the idea of the new 

current ~· A mismatch between the time reversal operator 

appropriate to the electromagnetic interaction TD and the 

time reversal operator appropriate to the strong inter-

action T
5

t was necessary in order to tetain the "minimal 

electromagnetic interaction" principle for strongly inter­

acting particles. 

Independent of these theoretical cortsiderations relating 

to the observed CP violation, the question of T invariance 

in the electromagnetic interactions of non-leptons is 

fundamental. In their paper, Christ and Lee suggested lep-

ton-nucleus scattering tests of T invariance. The only 

straightforward experimental test is the scattering of 

unpolarized leptons from a polarized nucleon target. As is 

well known, 2 elast!£. lepton-nucleon scattering is not an 

appropriate reaction for testing T invariance. For elastic 

scatteririg, an apparent violation of T invariance would 

also be a violation of conservation of the electromagnetic 

current ~,.... • There is no evidence for non-conservation of 

~~· Thus, Christ and Lee suggested inelastic scattering 

of leptons from a polarized nucleon target. The work 

reported here is 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 

L~e5 defined the three amplitudes (form factors): 

(1.4) 

where ~ i is the helicity of the state i = N (nucleon) or 

,.fi (some state excited from the nucleon). Then, assum­

ing Lorentz invariance, conservation of the electromag-

netic current., single photon exchange, Quantum Electro-

dynamics for the leptonic part of the interaction, and 

a vanishing electron mass, one can express the cross 

section for inelastic electron-nucleon scattering as5a 

where 

cr: ':. . 0 

_4.[._ - r \ rr r n"' . - ~ "' l: -(-1"-;-)., 0- l 
dSi~ clE. 1 - Ir \. '"'i + ~ \Jo t 'r' ...... c+ . Ci j ( 1. 5) 

a e ] .:_ot_~ 
\ + t' 

L: [_\F~l2. .. lEl2. J ~(f~ M-t'-E.~,.dro~J 
r 

~ ! . \fl\' 6{£tM-E1·E~ .. Jr.._~) . · (l. 6a) 

r 

,.. 
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with 

(l.6b) 

and JN = ~ is the spin of the nucleon, Jr is the spin 

or total angv.lar momentum of the state r , liN is the 

parity of the nucleon and Irr is the parity of the 

state r ' and p is the polarization of the initial nu-

cleon normal to the scattering plan~. 

The statement of T invariance i~. that 0-
0

T = 0 

_since the F_ and Fz are relatively real. The relative 

reality of the F's requires that the current operators 

~r be evaluated between particular helicity states 

l ~ 1). In partlcular, the states must be eigenstates 

of the strong interaction Hamiltonian H5 t and an opera­

tor Ts~ e - ilf Jy ; i • e , , 

( 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 i. Then, for 



-1 •. , 

Ts; ~ ... (o) T,,.-1 : - . ~,.lo) ( l. 8) 

1.eq Kf'- = O, 

= 

so that the phase of Fz is given by the phase factors fl,p 

and 'f'( N• 

Similarly, 

F = + -
- l 
t .l. 

(1.9) 

'1""". 
\ 



and 

-r; (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 final hadron states which are also eigenstates 
' 

of the strong Hamiltonian. The initial polarized proton, 

which is the nucleus of a hydrogen atom in the target, 

is, of course, an eigenstate of Hst• If, on the other 

hand, a particular charge mode of the excited state were 

detected~ say p +TI0 , then the final state would not be 

. an eigenstate of Hst• The detection of all contributions 

to a resonance at a given energy or of the continum states 

at a given energy would be eigenstates of Hst• Similarly, 

if one could isolate all contributions to a given t.otal 

angular momentum or a given isospin at some energy, then 

one ~ould have an eigenstate of Hst• 

The problem of isolating the contributions of a par-

ticular resonance or a particular total angular momentum 

state would require great experimental and analytic capa-

bility. However, if one agrees to sum over all outgoing 

hadron states (the sums over r in Eq. 1.6), then one will 

have an eigenstate of Hst without the complications ju~t 



described, Thus, the experimental test of· time reversal 

discussed here was a single arm measurement. Only the 

scattered electrons of a given energy, E', corresponding 

to a given energy of the hadron state r . were detected. 

Attempts at a coincidence experiment (which would not 

have been a test of T invariance) are discussed in the 

Appendix. 

A note iu in order about the Fermi~Watson Final 

State Theorem. 6 This theorem relates the phases of sin-

gle pion elcctroproduction and photoproduction multipole 

amplitudes to the pion-nucleon phase shifts. In so doing, 

specific basis states of isospin, I, orbital angular mo­

mentum, 1' and total angular momentum, J, are_selected. 

Since these states are eigenstates of orbital angular 

momentum, they are not relevant to the proof in this 

Section. That is, it is not "by" the Fermi-Watson Theorem 

that one shows the relative reality of amplitude~ and the 

consequent lack of an asymmetry, In .fact, the Fermi­

Watson Theorem only applies in purely elastic (single pion 

production) regions, Rather, a failure of time reversal 

invariance would invalidate the proof of the Fermi-Watson 

Theorem. 



l.lU 

1.3 THE THEORETICAL ASYMMETRY AND "MAXIMAL EFFECT" 

a) Introduction. 
... --· .. ··---

Given the cross section in ~quation 1.5, one can 

define an asymmetry CX. as 

ol : 
I V+ - Q"'_ -- - -· --- (1.11) 

where Cl+ (O"'_) represents the doubly differential cross 

section d~/dE'dfle with the spin of the target nucleon 

parallel (antiparallel) to. the normal to the scattering 
/\ 

plane, n. Then 

o;T -- .(1.12) 

(1.13) 

where the sum is understood to apply only to states which 

conserve energy and ~ is the relative phase between F~ and 

b) "Maximal Effect" Model. 

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

we make the following assumptions and definition: 



1) A single phase angle a is appropriate to all 

terms in the sum over r . 
2) The hadronic helicity amplitudes F and F+ are 

related by a const~nt A;~.~ •• 

A-:. (1.14) 

3) The ratio of the scaler to the transverse amplitude 

is defined to be R so that 

t. J. \F l:i. 
I' t l 

-fi\~-+ \-F. I-~) 
r" 

The asymmetry can then be expressed as 

For forward angle scattering, E is very near to 1. 

the angles in this experiment, f >-. 0.95 and we can 

consider 

(l.15) 

{I.16) 

For 
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As can be seen from the symmetry of this expression in terms 

of R and l/R, there is little sensitivity to R for R near 1. 

Furthermore, for R, A, and sin S ,...., 1 1 the asymmetry is also ,....; 

1. 

c) Other Models for a T ViolatiC2.!!, Effect._ 

There is interest in possible T violation effects for 

more restricted models than those in the class 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, cr
0

T contains only those amplitudes which 

interfere to give a T violation effect. The resultant pre­

dicted asymmetry ~ is, therefore, smaller than it 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 ~ • However, one must make the sub-

stitution 

where 

A ~ A' = A fl f2 

lF-) .,.e~t,.1c:I:~! 
( F_) ·h\i;..\ 

and 

(1.17) 

(Fl) ras-tr:c.hJ.. -· -
L rt) ·h-\;,._\ 

In these models, we again make the assumptions of the 

appropriateness ·or a single phase angle rand a .constant A'. 

v: .. , 



1.4 PROBLEMS OF INTERPRETATION 

Had a large asymmetry been found, it would be diffi­

cult to interpret it except as an evident violation of 

time rever~al 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

invariance itself. 

a) Two Photon Exchange Effects. 

In the derivation of the asymmetry formulae, the sin­

gle photon exchange approximation (Figure A.l, except that 

the final hadron state may contain any number of pions) 

was made, The amplitude for two photonexchang~,. M4, is 

represented in Figure l.lb, Effects due to th.ts amplitude 

would .first appear as a.n :tnterfe:i:'ence with the, larger sin­

gle photon exchange amplitude, M2 •. The basic reason for 

the surpression of the two photon exchange amplitude is 

an additional factor of (1/137) due to the extra electro­

magnetic vertices. This implies that two photon exchange 

effects are totally negligible at the level of accuracy 

obtained in this experiment. However, an enhancement 

might occur in the integration over. q1 implied for a 

,..~·-. 
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TWO PHOTON EXCHANGE AMPLITUDES 

N' 

.N N 

a} ELASTIC SCATTERING 

·Im (t'N' lrv14 1 ~N) = [ (f'N'jM2lt)(qM2 llN) (l.18a) 

r 

N N 

b) INELASTIC SCATTERING 

· 1rn(t'rjM4j~N) = [ (e'rlM2 ji)(tlM2JrN) (1.lSb) 
i . 

FIGURES 1.1 
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measurement at a given net momentum transfer. q. Then 

one 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 exper!~..!l.l1~s yet reported results on this interfer­

ence for inelastic sc_etteri_!2£. 

However, one can make some extrapolations fr.om other, 

not unrelated experiments and calculations to see what 

would be required for a sizable two 9hoton exchange con-

tribution. 

· If one accepts the real part of the interference as 

a guide, one may be consoled in that no effects have been 
1 

found on the two percent level in the ratio of positron 

to electron inelastic scattering at the first resonance 

at q2 = 0.2 and 0.7 (GeV/c) 2 , If one further allows 

elastic scattering as an indication of inelastic effects, 

then it is worth noting that no real part of the inter­

ference has been observed in e-p - e•p scattering up to 

q2 = 5(GeV/c)2 on the same level of precision.8 

Using the elastic scattering as an indication of 

inelastic effects is not as unjustifiable as it may seem, 

especially if one is comparing effects due to the imagin-

ary parts of the interferences. One may use the unitarity 

condition to calculate the imaginary part of the two 



photon exchange amplitudes for both elastic and inelas-

tic lepton scattering. One may approximate the inter-

mediate hadron states by a small number of physical 

intermediate states, i; namely, the resonances. See Fig-

ures l.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 of one or more pions to the outgoing 

state r . In a calculation of this type, Gu~rin and 

P1ketty9 get a maximum ela~i~ scattering effect of about 

-0.3% for 1 GeV incident electrons and large q2 • The 

exact dependence of the photon-hadron vertex function~ 

(form factors) appeared to be unimportant in their calcu-

lation. Even with cons~n! form factors, the contribu­

tions of the first and second resonances were -5% and 

--0.33% respectively. These values are expected to be upper 

limits on the elastic scatter:i.ng asymmetry when it is cal-

culated using the isobaric model we have just discussed. 

Experiments on recoil proton polarization give a measure 

of the imaginary part of the interference for elastic 

electron-proton scattering. Results 10 show no effect on 

the few percent level up to q2 = a·.8 (GeV/c)2. 

Again, it must be noted that there is no experimental 

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 



expect any two photon excha.nge asymmetry to be less than 

a few percent, i.e., at or below the uncertainty of the 

final result, 6ct... Therefore, we neglect such possible 

effects in the interpretation of this time reversal ex­

periment. 

b) Lac~ of a ComEellins..~odel. 

A more serious problem of inter~retation arises 

from the lack of a specific model to be tested. The 

addition of the current K,r is a framework within which 

it may be convenient to define a model. 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 essentially defined a class of crude 

models. This class includ.es models in which J_,... con,.. 

tains the purely transverse inter"action and Kr contains 

the non-transverse interactions. 

In essence, we must think of the time reversal 

experiment as a search for T violations in the electro­

magnetic interaction more than as a test of T invariance 

in electromagnetic interactions, The same is true, of 

course, for all the so-called tests of invariances which 

produce null results. 



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 involved. The exact 

nature of the unknown phenomenon, if it exists at ali, 

may not be visible where one decides to lOok. However, 

one can ordinarily make a best choice of running condi-

tions based on what knowledge does exist. Thus, it is 

evident from the preceeding theoretical framework that 

any effect due to time reversal violation may manifest 

itself in an interference between scalar and transverse 

production amplitudes. It is necessary, then, to select 

kinematic regions in which both scalar and transverse 

production amplitudes exist and are of comparable magni-

tude. 

There is direct experimerital evidence that there 

are large scalar production amplitudes in the first 

r~sonance region for momentum transfers of 3 and 6·F-2 

(0.12 and 0.24 (GeV/c) 2). 12 ,13 These scalar amplitudes 

are thought to be associated primarily with non-reso-

nant backgrounds due to such Born amplitudes as those 
13 used by Mistretta, ~ !.!_. in attempting to .isolate 

the pion form factor. The relevant diagram is 
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ii 
\ 

' I 
\ 

' 

.. 

~------

Figure 1.2 

p 

PION FORM FACTOR BORN DIAGRAM 

The resonance itself is dominantly transversely produced, 

as is well known. 13 It is possible to imagine, therefore, 

a time reversal noninvariance manifested through an inter-

ference between the resonant and background amplitudes. 

Such an effect would be largest between the threshold and 

peak of the resonance since it is in these regions that 

the scalar and transverse amplitudes, respective~y, are 

largest. We can search for structure in the asymmetry as 

a function of energy E' to look for such behavior. 

Similarly, both longitudinal and transverse contri­

butions are known to exist in the production of the high-
14 

er resonances. However, the analysis of these deeper 

inelastic regions is not as complete as it is.for the 

first resonance region. 

The kinematic regions studied, which were chosen 

with the aim of maximizing the longitudinal contribution 

15 to the cross section, are listed in Table 1.1 , 

r 
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TABLE 1.1 

KINEMATIC REGIONS STUDIED 

--------- -·---~-·-

RESONANCE We bW ELECTRON INCIDENT E' 2 
qw 

SCATTERING ELECTRON 
w 

REGION MeV MeV ANGLE ENERGY GeV (GeV/c)2 
~~--....... -------
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 4.85 .72 

Third 1690 167 7.59 5.98 lt.66 • lt9 

Third 1686 183 9.05 5.97 4.56 .68 

W
0 

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

mas~ energy in the bin width, ~W 

E~ and q~ are the scattered electron energy and four-momen­

tum transfer for the central energy valueJ W0 • 

. : 
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=~~HER DIRECT TESTS OF THE T INVARIANCE OF Hy• 

a) Introduction. 

Four other types of experiment have been performed 

relating directly to the T invariance of the electromag­

netic interactions: (1) measurements of the angular and 

polarization dependence of 1-ray absorption and emission 

" 16,17 ( ) using Mossbauer nuclei, . 2 searches for the electric 

dipole moment j_nteraction of the neutron,l9, 20 (3) measure-

ment of the recoil deuteron vector polarization in elastic 

electron-deuteron scatt~ring, 22 and (4) a reciprocity test 

in the angular distributions of the reactions \' + d ~ n + p~3, 24 

Results from the first three experiments 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. 
~--,,..___-.. ·-~ 

Bernstein, Feinberg, and Lee 2 noted that nuclear matrix 

elements might contain a small T noninvari.an-t admixture which 

is ~ (10-2 - io-3) times the T invariant amplitude. Two 

experiments using the MBssbauer effect were subsequently 

reported at this level of accuracy. If one expresses the 

lack of T invariance in terms of the relative phase '!\_ of 

interfering amplitudes, then Kistnerl6 obtained 
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'<t_ = If - (l.O + 1. 7) x io-3 

for the 90-keV Mossbauer ·Y-ray in Ru99 and Atac, Chrisman, 

Debrunner, and Frauenfelder17 obtained · 

'l = C+ i.1 :!: 3.8) x lo-3 

for the 73 keV ~-ray in Ir193. The difference in these 

angles from 0 or lf represents a deviation from T invariance 

in the single photon exchange approximation. More recent 

investigation however, has disclosed that the single photon 

approximation is insufficient to describe the process on 

the above level of accuracy. Hannon and Tramme1118 noted 

that effects related to internal conversion cause an addi-

tional phase shift ~ which is totally unrelated to time 

reversal noninvariance. They calculated 1 for the Ru and 

Ir Mossbauer transitions and obtained 

'rs (Ru) = 6 5 10-3. - • x "' 

'(Ir) = . 3 0.9 x lo- • 

Using the Kistner data and assuming 1 invariance, Hannon and 

Trammell obtained 

~(Ru) = (-8.6 + 10.2) x lo-3, 
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still in agreement with T invariance, but rather insensitive. 

It is clear that further work will require higher accuracy 

and that both l{_ and 'is will have to be measured before any 

interpretable results can be obtained. Fortunately, Hannon 

and Trammell have pointed out an experimental means of sep-

arating the efrects of ~ and ~ • At this point, the results 

from the Mossbauer effect experiments give only rather poor 

sensitivity to T noninvariant effects. 

c) Neutron Electric Dipole Moment~ 

The electric dipole moment interaction with an external 

electric field can be represented by a Hamiltonian Hd of the 

form 

where d is the electric dipole moment and E i.s the external 

electric field. The Hamiltonian is odd under both the 

parity and time reversal operations. Thus, a violation of 

T invariance can only be observed when in conjunction with 

the weak interaction which violates P invariance. This 

provides an upper limit on the order of magnitude of an 

. observable dipole moment, dmax• for an electromagnetic vio­

lation of T invariance. 

d = e GF M ~ io-19 e-crn. max 
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Various predictions for a neutron electric dipole moment 

have appeared in the literature and range from io-19 to 

10-22 e-cm. Two of these predictions are specifically 

meant to apply to a possible electromagnetic breakdown 

of time reversal invariance. Feinberg21adiscussed the 

order of magnetic argument given above and Salzman and 
itb 

Salzmann worked with a model in which the hypothesized 
+ intermediate vector bosons, w-, have electric dipole moments. 

They obtained a prediction of lo-20 e-cm for the neutron 

electric dipole moment. Two preliminary.experimental re­

sults on a neutron electric dipole have been reported. The 

latest result 21 from the experiment of Miller, Dress, Baird, 

and Ramsey19 is 

~ = (1.6 + 1.4) x lo-23 e-cm 

and Shull and Nathans 20 reported 

d = (2.4 + 3.9) x lo-22 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 Electro~teron Sc3l_tering. 

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 ~ith what is presently known 

about elastic deuteron scattering is Prnax = 0.34 •. Viola­

tions of time reversal would appear t6 .be much less than 

maximal in this electromagnetic interaction, too • 

.! ) Reciprocity_in the Reactions y ± d ~ n + £.!_ 

The application of time reversal invariance to recip­

rocal interactions implies the equality of differential 

cross sections in equivalent coordinate systems. This 

equality, in turn, implies the equality of total cross sec­

tions. Naturally, differential cross sections in appropri­

ate regions may be much more sensitive to violations of 
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time reversal than the total cross sections. Noting 

this, Barshay 23 suggested a comparison of the angular 

distributions in the reactions y + d ~ n + p and 

n + p ->'Y + d. The data on photodisintegration of the 

deuteron 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 of the differential cross section shapes from 

their data and earlier ~ + d -> n + p data. This method of 

analysis reduces the effect of systematic normalization 
\ 

differences in the two different types of experiment. Pre-

liminary analysis indicates agreement for the lowest ener­

gies, but potentially maximal violation of time reversal 

invariance at the highest energies. Why a maximal violation -
of time reversal invariance would occur for only part of the 

data is not known. The analysis:is contiriuing. 

f )_]elationship~ Among th_e Various Tests. 

The so-called maximal effects for each experiment have 

typically been made in advance of experimental results and 

are usually rather less than conservative. Nevertheless, 

such maximal estimates do give some gauge of the relative 
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sensitivity of the various experiments. On this basis, 

the limit on time reversal violations from the neutron elec­

tric dipole moment experiment is clearly the most useful. 

However, both the neutron electric dipole moment experi­

ment and the experiments on the nuclear matrix elements are 

essentially low energy tests and there is no ! pri6ri rea-

· son why any time reversal violation should be independent of 

energy. One must have a very specific model for any vio­

lation before ~xtrapolating from one energy region or, indeed, 

from one type tlf experiment to another. Such detailed models. 

await 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 related. The experiment reported here is 

a direct test of T invariance in the ~NN* 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 + d ~ n + p comparison. And the electron 

deuteron elastic scattering contains the same vertex, at least, 

iri higher order diagrams. There are, however, relevant dif­

ferences. The photon in the '6 + d ~ n + p comparison is 

real while we look for an effect which requires that the 

relevant photon be virtual. Real photons are purely trans-
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verse fields, while we measure possible interference between 

transverse and scalar components of the fields. 

What can already be said is that the time reversal is 

not violated in a universally maximal fashion, even in the 

restricted area of the electromagnetic interactions of the 

hadrons. More subtle models of T violation will undoubtedly 

await more exact experimental evidence and, for that matter, 

positive evidence of a violation of time reversal, 
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2.1 INTRODUCTION 

In this experiment, we measure the doubly differ­

ential cross section d~/(dRedE') (Eq. 1.5) for inelastic 

electron scattering from polarized protons with both 

signs of polarization. Thus, the electrons scattered 

into our angular acceptance are detected and momentum 

analysed. The cross sections obtained are then used to 

compute the asymmetry due to any changes in cross section 

correlated with the proton polarization. 

Since we are making an asymmetry measurement, sta­

bility is ths all important feature in this experiment. 

Furthermore, not very great precision is required of the 

absolute numbers which are to be determined. The discussion 

in this chapter will reflect these two characteristics 

of asymmetry measurements. 

For example, the solid angle, energy bite, and detection 

efficiencies need not be determined if they do not change. 

Since both cross sections in the asymmetry are measured 

with the same spectrometer and without changes in magnetic 

fields or typical scattering trajectories, the above 

factors cancel out of the asymmetry. 

In this experiment, the final asymmetries are near ze~ 

relative to the statistical uncertainty. Thus, the 

normalization of the asymmetry is relevant to the ~ncertainty 



only. Since it is unrealistic to ask better than a 20% 

estimate of the uncertainty, the absolute normalization 

of the asymmetry need be no better. 

To put it another way, one must first determine the 

existence or nonexistence of an ~symmetry. Making the 

effort to get the normalization well known before its 

importance has been demonstrated may be a waste of time. 

In this experimental effort, the goal has been to search 

for a time reversal effect as soon as possible. Had such 

an effect be~n found, a large experimental program would 

have been called for to determine the nature of the effect. 

Among other things, a more exact normalization would be 

necessary. However, since the normalization is of limited 

value, we will concentrate on the stability of the appar­

atµs 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 calculation. 

Most of these explicit parameters cancel out of the 

asymmetry calculation if their value is stable, Another 

important group of variables 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 variables. We monitored the physically measur-
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able incident and scattered electron energies, E and E' 1 

and the electron scattering angle~ Q. Since the cross 

section is a rapidly varying function of these implicit 

parameters, the stability of the implicit parameters must 

be even greater than that demanded of the cancelling 

explicit parameters, 

The discussion in this chapter will deal first with 

the apparatus and explicit parameters, then 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 in Figures 

2.1 and 2.2. 

An external electron beam (#8) of the Cambridge 

Electron Accelerator was directed ~t a target containing 

polarized protons. Charged particles scattered at forward 

angles to t.r;e incident electron beam were momentum analysed 

in a spectrometer consisting of a half-quadrupole magnet 

and 25 scintillation counters. Separation of electrons 

from other scattering products was accomplished with the 

combined use of a threshold gas Cerenkov counter arid a 

lead-lucite shower counter. Only the scattered electrons 

were detected in this experiment. A discussion of the 

attempts at coincidence measurements can be found in the 

Appendix. 

Data were stored, event-by-event, on magnetic tape 

using a PDP-1 on-line computer, which permitted experi­

mental checks during data acquisition and detailed post­

run analysis. 

A complete description of the various elements of 

the electron detection apparatus, electronic circuitry and 

computer system may be found in the thesis of M. Goitein.25 

Those elements which changed from that earlier experiment 

will be discussed here. 
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b) The Incident Electron Beam 

1) The New Beam Line. The physical situation in 

this experiment differed from that of others performed 

with 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 orde~ to steer the beam into the Farad~y cup (beam 

dump), a bending magnet was placed upstream of the target. 

Since the strength of the target field ~as fixed by the 

requirements of the polarization process, the beam line 

varied with the incident electron energy. The target was 

movable so that 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 operations crew for a beam at the appropri­

ate energy and corresponding to an extracted intensity of 

about 15 nanoamperes (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 machine was operating reliably, 

however, there was no inconsistency between obtaining a 

given energy and maintaining stability. 

Once the stable internal beam was obtained, the 

beam was brought Onto the floor through a transport sys­

tem (#8) consisting of bending and quadrupole magnets. 

The beam was centered in the transport system by nulling 

a series of beam position monitors. This nulling proce­

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 

without ambiguity. At other times locating a null in 

.several of the monitors was a problem. Eventual instal­

lation and use of beam clippers early in the transport 

system aided in cleaning up the beam sufficiently to cen­

ter it 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 machine time, .the cryomagrtet and pre-

steering magnet were powered before the start of the run. 

Thus, 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 into the experimental area. At first, im­

proper account was taken of the difference between our 
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"nominal beam line" marked on the floor of the area and' 

the beam line as it actually would have been without the 

cryomagnet and presteering magnet, We were aided in 

understanding our error by the liberal use of scintilla­

tion screens in the beam line (Figure 2,3), These screens 

were viewed via closed circuit TV in both the counting 

room and machine control room. 

We finally redeemed the situation by observing the 

shadow of a movable portion of the target on the target 

flourescent screen, A recognizable, irregular part of the 

central portion of the target was raised and lowered 

through the beam while sweeping the beam with the magnetic 

field of the presteering magnet. An iterative procedure 

of target can moves and electron shadowing brought us to 

an acceptable situation. The situation was less than per­

fect, however, due to slight differences in the emergent 

beam angle from one running period to another (pTobably 

due to differences in the central orbit in the machine), 

After one series of runs, ·the mylar envelope holding 

the target material was displayed with a blur of radi­

ation damage running along its center. Radiation damage 

to the target material was also visible as a blackening 

of the still frozen sample. 

In the earliest runs, wh~n confidence was lowest, 

the beam was allowed into the experim~ntal area at a re­

duced pulsing rate to avoid producing large radiation 

levels on the floor. When we were satisfied that the 
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target can was where it should be, the full sixty pulses 

per second (o~ whatever fraction of 60 we were allotted; 

never less than 7/8 of the full 60 for data runs) 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 intensity was lowered at the 

linear preaccelerator. No changes were made to the other 

machine transport or control systems. 

2) Beam Fo~si,n~ ~ The quadrupol~ magnets in the bea.m 

transport system allowed a choice of focusing properties for 

the extracted beam. When the beam was first set up, it was 

focused horizontally 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 spread in the beam and 

fluctuations in the beam position at the target, See Sec­

tions 2.3c and 2.2c, respectively, for discussion of these 

points. 

The choice of vertical focusing was 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 height 
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contributed about 3.5% in the middle of th~ momentum 

acceptance. 

1J. ,B_e~IT!. §..~abl.!tsf-!.. Nowhere in the experiment does 

it appear that beam stability was a problem. Figures 

2.4 ~o 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 is the best overall indication of the stability 

of both the d~ and ac components of the accelerator sys-

tern (Section 2.30). Changes in ejection, for example, 

cause a change in the location and direction of tha emer-

gent beam. The beam is also sensitive to the central 

orbit in the machine. Since the beam position directly 

affects the scattering angle, to which the counting rate 

is very sensitive, it is necessary tc monitor the beam 

position 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 beam (trip outs) occurred, the 

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

The hope was to minimize the drifts associated with the 

trip out. Figures 2.~ to 2.7 show an apparent carrel~ 

ation between rf trip outs and changes in the frequency 

i-
i 
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.of the accelerator rf. This rf change leads directly 

to a change in the incident energy, Fortunately, even· 

at the 6 GeV energy where rf drifts were at their worst, 

the drifts were too small to have an effect at our level 

of accuracy. In addition, we did not record the rf 

parameter often enough to allow corrections to be made 

to all the data. Very often the values were only recor-

ded once between rf trip outs, 

During rf trip outs, the temperature of the acceler-

ator cavities was maintained artificia:~ly in order to 

maintain the cavity quality as it was before the trip out. 

While at the high energy, the rf was the dominant 

instability in the machine, During the low energy runs, 

the de magnet offset was not as stable as it should have 

been, But again, the instability was negligible at the 

.level of accuracy of the experiment. 

c) Th~ ~~r5~! 

The major new feature of the apparatus for this exper-

iment was the polarized target built by J. Chen, J. Sander­

. son, and R. V. Pounct. 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 and water 
' 

doped with the paramagnetic material porphyrexide. The 

target was cooled to about i° K with pumped liquid helium. 
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A pair of superconducting coils produced a uniform 25 

kilogauss magnetic field at the center of the target. 

At these low temperatures and high magnetic field, the 

paramagnetic impurity is highly polarized (""88%). The 

free protons in the target are not significantly polar­

ized since the proton magnetic moment is approximately 

1/1000 that of the paramagnetic center. However, simu­

taneous spin flips of the free protons (those not bound 

to other nucleons) and the paramagnetic centers can occur. 

In fact, it is 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

ization is long compared to the relaxation time of the 

paramagnetic centers, it is possible to polarize many 

protons with a single paramagnetic center. Spin exchange 

among the free protons helps to propagate the effect of 

a single paramagnetic center beyond its own locale. Free 

proton polarization was typically 22% at the beginning of 

a data run. The polarizable protons are the nuclei of 

the hydrogen atoms in the target. Those protons in the 

heavier nuclei are unpolarized due to the difference in 

their environment (protons paired in the heavier nuclei 

result in zero net spin). The sample contained about 92% 

c2H50H and 8% H2o so that 23% of the protons or 13% of the 

pucleons were polarizable. The net target polarization 

is diluted by the'. unpolarizable nucleons. (See Section 

t:~ - . 
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3.6 for a calculation of the effective target polariza­

tion.} 

Due to the radiation damage to the target, it 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 ~ross section 

measurements for each asymmetry determination. Thus, 

after every pair of runs, the target material was raised 

or lowered by remote control. This motion required only 

a few seconds and caused no change in the scattering 

geometry. The targets were generally operated until the 

polarization was reduced to 60% of the original polari­

zation. 

The difference in polarization for the spin up and 

spin down cross section measurements enters the asymmetry 

as a normalization factor and had to be measured. 

The net target polarization was determined (Section 

3.6f) from the free proton polarization which was measured 

using the proton magnetic resonance signal. The absolute 

free proton polarization was determined by normalizing 

the polarized proton signal to the thermal equilibrium 

proton signal. A discussion of the free proton. polari-

zation measurement is given in the thesis of J. Chen. 

·The average free proton polarization over 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-

L_ 

r·· 
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zation in the irradiated 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 heating effects were checked by 

covering the entire target with beam at the same local 

current density as was used during the data aequisition. 

This was accomplished by defocusing the beam and increas-

ing the beam intensity appropriately. Temporary depolar-

izations were observed, but only at much higher current 

densities than used for data acquisition. These polari­

zation effects are associated with heating of the target 

by the beam at a rate greater than could be handled by 

the helium cooling system. 

1) Momentum Counters. The s6atterlng events of in------"""-·--·-"""-...-.--
terest are those in which an electron of appropriate energy 

is scattered into the angular acceptance of the apparatus. 

The first element of an interesting event is a charged 

particle crossing 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-

ing is given in Figure 2.8. A combination of one or more 
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of the front "up" counters (lU, 2U, 3U, and 4U) with one 

or both of the back "down" counters (5D and 6D) indicated 

the possibility of a charged particle crossing the focal 

plane from top to bottom. Similarly,_a coincidence of 

one or more of the front "down" counters with one or both 

of the back "up" counters indicated the possibility 6f a 

crossing from under to above the focal plane. These two 

possibilities, referred to as UD and DU trajectories re­

spectively, are the only possibilities since the center 

of the magnet was plugged. 

For every particle focused between 2U(2D) and 5U(5D) 

at least two up and two down counters should fire. Thus, 

the triggering system is insensitive to inefficiencies in 

any one counter or uncorrelated inefficiencies in several 

counters. This feature was useful here to guard against 

£!}an~e~ in triggering efficiencies. The acutal efficiency 

of course, is not particularly important, since the only 

real requirement of the system is that it select an un-

biased sample of electrons with constant efficiency. 

The stability of the momentum counters was determined 

from the inefficiency and overefficiency tests 28 during 

reanalysis. Inefficiencies were generally less than 1% 

and overefficiencies, less than 2% except for the 3U, 4U, 

5U, and 6U counters which had an extra 3% correlated over­

efficiency due to recoiling particles from scatterings of 

the primary scattered electron in the earlier counters. 
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No changes were observable in the inefficiencies within the 

statistics of the test and overefficiencies varied about 20 

to 30%. The effect of these overefficiencies is primarily 

a matter of momentum resolution. See Section 2.3d. 

An additional feature of this triggering system gives 

it added flexibility. If one wants to limit the size of the 

momentum bite accepted, one can remove the lU, lD, 2U 1 and 

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. This feature of the apparatus was uBed in 

the data runs at the first resonance region. In that case, 

the scattered electron energy led to a larger momentum accep-

- tance than.desired. When the modified trigger was used, 2~6% 

of the triggers fell into the region before the 3U(3D) counter 

compared to 31% with the normal full trigger. This triggering 

rate below the nominal momentum bite is a reflection of the 

overefficiencies in the 3U(3D) and 4U(4D) counters and agrees 

with the measured overefficiencies. 

Of course, the redundancy of the triggers for particles 

foc~sed between 3U(3D) and 4U(4D) is lost for the modified 

trigger. 

A more definite identification of the trajectory 

can be made for those events which are recorded on magnetic 

tape by the on-line computer. A distinct pattern of coun­

ters on and off is associated with each actual trajectory. 

A typical central trajectory is shown in Figure 2.8. A 

pattern is designated -by the code 00 if it had no apparent 

excess counters firing in the region where no counters 
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should fire and no counters off where all should be on. 

A perfect pattern (00) except for one apparently excess 

counter firing is designated 01 and a perfect pattern 

except for one apparently inefficient counter, 10. 

Similarly, the code 11 signifies 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 reported in 

this thesis include codes oo, 01, 10, 02, and 11. A check 

of the asymmetry for just the first three codes is given 

as well. See Table 4.~. The asymmetry is clearly not 

sensitive to the exact code acceptance since the low codes 

contain a reasonable sample of scattered electrons. 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 tr•ue scattered electrons. See Figure 2 .17 

and Table 2.1. 

An_ ambiguous identification occurs when two different 

momentum designations fit an event equally well. These 

events were usually associated with the bins were an ex­

cess count was observed in one or another 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 ambiguou~ 

u.··· -
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TABLE 2,1 
I 

MOMENTUM IDENTIFICATION CODES+ 

10 

4 

4 

3 

02 

6 

6 

6 

11 

1 

0 

1 

>It 
12* 

4 

7 

6 

2C 

0 

0 

0 

21 

o·· 

0 

0 

*" 22* 

2 

1 

4 

+Expressed as % of all triggers above minimum Cerenkov and shower counter 
pulse heights 

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

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

77* 

7 

8 

11 
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events in the individual bins would· require hand scan-

ning of each event or, at least, of a large fraction of 

the events. Little gain in accuracy would have been 

obtained by such scanning since the fraction of ambiguous 

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

2) Cerenk-2.,;'... and Shower Counter~ The possibility of 

random double coincidences causing a trigger was greatly 

reduced by the Cerenkov and shower counter~requirements 

in the trigger. These counters were used to identify the 

electrons which crossed the magnet focal plane. Figures 2.9 

and 2~10 show the pulse height spectra in each of these 

counters along with the triggering pulse height and the 

pulse height required of events in the final analyses. Co-

incident large pulses in each of these counters serve as 

a firm identification of an electron. In order to check 
ch!\rge.d 

for.A pion contamination, asymmetry analyses were carried 

out for several different Cerenkov and shower counter bias-

es. No significant changes were observ~d in the asy~metry 

measurements. See Table 4.~. 

From the spectrum of pulse heights in the shower counter 

it is easy to see that slight shifts in gain would have a 

significant effect on the triggering efficiency, especially 

for the runs at the first resonance. The stability of the 

peak location and, we conclude, bf 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 resonance where we were particularly 

intent on avoiding useless computer triggers, the shower 

counter discriminator cut significantly into the other-

wise acceptable spectrum. From Figure 2.9a, we estimate 

that over a pair of data runs, the triggering efficiency 

was only stable to 

1 1 . 
(0.5 channel/hour)(t) hour/run pair)(-- of events) ::.: o.6%/run pair 

15 

This is the largest instability at th1.~ first resonance 

for which we do not make any corrections. We trust to 

the ordering of data acquisition (Section 2.4) to aver­

age the effects of these efficiency drifts. 

In the higher resonance region runs, the discrim­

inator cut much less severely into the spectrum of other~ 

wise acceptable events. The stability was correspondingly 

better; i.e., 0.13% per pair of runs, The additional 

uncertainty due to instability of the computer bias 

level is insignificant since the computer discrimination 

l~~el is applied to such a small fraction of the remain-

ing events. 

Although the shower counter had eight photomulti­

plier~ viewing the lucite sheets, the total s~stem was 

not entirely free of dependenqe on the gain of .a single 

photomultiplier. The counter was 35.5 by 44 inches so 
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that the light from a given shower was detected primarily 

by two of the phototubes. Furthermore, the signals were 

added actively on the experimental floor. Thus, stability 

checks on individual phototubes was not possible. Re-

gional checks of uniformity and stability were made by 

looking at UD (or DU) trajectories which counted in the 

right or left hand angle counters (counters placed in 

front of the Cerenkov counter, but not used in this exper­

iment other than for the above checks), 

At the high scattered energies detected in this 

experiment (3,3 to 5.1 GeV), the threshold gas Cerenkov 

counter could not be operated at near 100% efficiency for 

electrons and still reject pions. The electron ineffic-

iency of the Cerenkov counter at the higher energies is 

clear fro~ Figure 2,lOb, Nevertheless, the Cerenkov counter 

was used in the trigger for nearly all of the data except 

- 0 at 9 = 7,59 • 

The same stability problem exists for the Cerenkov 

counter as does for the shower counter. From Figure 2.9b, 

we conclude that for the first resonance reg16n runs, the 

Cerenkov counter efficiency was high enough that there is 

no problem of large numbers of pedestal counts being good 

events if included, Furthermore, the slight shifts in 

gain are negligible since the discriminator cut off oper­

ates on such a small fraction of tpe events. Thus, the· 



- 2.32 

use 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 runs, the problem of Cerenkov counter 

instability enters at the trigger level Ci= q.o5°) or 

at the computer reanalysis level (i = 7.59°). Even if 

we ignore the statistical fluctuations caused by the true · 

electron pedestal events and the random rate probability 

of pedestal events appearing in the accepted sample, it 

is difficult to estimat~ the size of the potential insta­

bility. However, we believe that any instabilities are 

less than 1% over the course of a pair of runs and, as 

was the case for the shower counter instability in the 

lower energy runs, trust to the ordering of data acquisition 

to average out the effects of these efficiency drifts. 

Both the shower and Cerenkov counters had consider­

ably wider 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 were 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 ,Dev~ During the runs in the region 

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

duce the number of potential triggers which reached the 
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computer. Even at the low beam intensity used, the data 

rate was high enough 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 potential computer trigger. 

The reduction in statistical .uncertainty with this method 

of data acquisition is discussed in Section 3.2b. 

e) Aperture an.5!__§_211d Angle. 

The aperture was determined at various places beyond 

the beginning of the magnetic field of the half-quadrupole 
29 magnet. The effective geometrical aperture was deter-

mined with the use of a computer program (incorporating 
.... 

the CERN subroutine DIFSL4). The target field was approx-

!mated by the field of a pair of 9.92 inch diameter Helm-

holtz coils. It was normalized to the value mea.sured at 

the center of the target. The results of the ray tracing 

were also used to determine the physical scattering angle. 

This result was che6ked with a geometrical reconstruction 

using the effective geometrical aperture and making a geo~ 

metrical correction for the difference in the momenta of 

the incident and scattered electrons. 

The reported scattering angles, a, are weighted aver-

ages of the scattering angle across our electron aperture. 

The weighting function was the elastic electron-proton 



scattering cross section. The corrections in the scatter­

ing angle for each run which were calculated from the out­

put of the split ionization chamber were applied to these 

angles, e. See Table 2.2 for the scattering angles before 

and after weighting, 

For the scattered electrons, the cryomagnetic field 

and the target displacement caused a change in the effec­

tive aperture rrom that of the previous experiments with 

the same spectrometer. The target displacement wa.s parti­

cularly important in the 4 GeV runs. In that case, the 

target was moved beyond the plane of the inside of the flux 

return piece of the half-quadrupole magnet. The aperture 

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 sensitivity to the average position 

of the scattering center, the slight run to run changes in 

beam position and direction made only a negligible effect 

on the solid angle acceptance and, therefore, the·measured 

cr6ss section. No corrections were made for this effect. 

f) Incident Char~~ 

The primary monitor of the incident charge was the 

Faraday Cup (FC) which al~o served as the beam dump. The 

charge collected on the Faraday Cup was discharged by 



Nominal 
Floor 
Angle 

(degrees) 

7.00° 

7.86° .. 

' 9. 22° 

Geometric 
Central 
Angle 

(degrees) 

7.54 

7.85 

9.33 

TABLE 2.2 

APERTURE AND SCATTERING ANGLE PARAMETERS 

Weighted 
Angle 
e 
(degrees) 

7.34 

7.59 

9.05 

Incident 
Energy 
E 

(GeV) 

4 

6 

6 

Target 
Displace­
ment 

(inches) 

215;64 

138;64" 

138;64 

60 e 
(UD + DU) 

(mstr.) 

1.43 

1.71 . 

1.71 

c. 
(. 
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depositing known amounts of positive charge onto the cup 

to keep the voltage of the cup at ground. 

Past experience with_ the Faraday cup system indicates 

that its stability is 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 several 

months.3° 

The duration of each data run was determined by the 

accumulation of a preset quantity of charge in the Fara-

day Cup. This was achieved by using a mechanical preset 

register and, thus, no polarization aependent bias was 

introduced in the amount of incident ~harge accumulated 

for each run. However, we used the measured incident 

charge for all asymmetry determinations. 

A secondary emission monitor (SEM) was placed just 

upstream of the Faraday Cup hut. This served as a sec-

ondary monitor of the incident charge, but was much more 

sensitive to spray, beam halo, and material in the beam 

line. Nevertheless, the stability of the ratio of the 

FC/SEM outputs may be taken as a limit on the FC stability. 

Previous tests31 with negligible material in the beam 

line gave stability of 0.2% for ten minute periods. In 

this experiment, the ratio was stable to about ~% over 

the same period. 

The aperture of the SEM ·was larger than that of the 

r 
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FC. A substantial change in the ratio FC/SEM would 

have indicated changes in the beam line. No such chan­

ges were observed from this ratio. 

g) System I~rove~en!s •• 

1) The Counters. Several slight changes were made 

to the apparatus for this experiment in the general pro­

gram of system maintenance. In addition to the usual 

replacement of crazed scintillators and noisy photo­

multipliers, the lucite light guides for the momentum 

dounters were almost all replaced. The new guides had 

less than 1/6 the bulk of the former guides and were 

nearly adiabatic in mapping the scintillator edge onto 

the su~face of the photomultiplier. The reduced mass 

led to fewer conversions of photons in the guides and 

less Cerenkov light production. Since the gain of each 

photomultiplier was raised in order to be efficient in 

seeing minimum ionizing particles at the far end of the 

scintillator, the proximity of the Cerenkov light produced 

in the light guides might easily make up for the reduced 

intensiti of the light and produce random counts. Since 

the amount of spray in the entire system was greater 

for this experiment than for any of the earlier work 

with this apparatus (see Appendix, Section A5), this 

light guide improvement may not have been negligible. 



The improved light collection resulting from the im­

proved design also allowed reduction of the gain on 

most of the phototubes. The improvement in light 

transmission was as much as 70%, 

The acti~e addition of the signals from the eight 

shower counter photomultipliers on the floor was another 

improvement. This change from the former system of 

passive addition of the signals allowed- the timing to 

be done correctly, reduced the impedance mismatch in the 

addition, :::oeduced the width of the summed pulse, and, 

therefore, permitted closer timing and more uniform 

~isetimes for the various parts of the counter. 

· 2) The L£SjiC C:!._rct:1-,~Y..:.. In order to decrease the 

intensity dependences in the detection apparatus, two 

logic circuit changes were incorporated. 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 Chronetica llBD 

units for use in identifying crossings of the magnetic 

focal plane. These units replaced the Chronetics "or" 

circuits 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 is discussed in Section 2.3d. 



3)_'.!'.h! Com:e_uter Pro~ In order to decrease the 

time lost in data recording, new options were written 

into the PDP-1 computer program which allowed reduced 

analysis at the time of data acquisition and attempted 

to reduce the time lost to running off tape and other 

problems of imperfect communication between experimenter 

and computer. 
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2.3 IMPLICIT PARAMETERS 

!J. The Incide~t Elec~_o~...§rlergy. 

The incident 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 is given by 

= _<!£:_ (t t 0 0178 ~T) ( \- -1.- 6Y)'(l - Jl./lll"f JtJ_J·-)") 
b~."/55 I T 0.031 v ' -J./ •• \.. I.. 

where 

T =peaking strip separation in µsec· 

AT = difference from 1000 µsec of T 

w = 2n 60 x 106 = 376.99 x 106 µsec- 1 

de = de millivolt reading from shunt 

v = 475.700 Mc 

Av = frequency difference from 475.700 Mc 

At = spill time measured from Bmax (sec) 

a = momentum compaction factor33 

All these parameters except At were recorded as reported 



by the operatrions engineers. See Figures 2.4 - 2.7. The 

absolute value of the energy was calculated from the para­

meters as reported. 

The slight run to run variations in incident energy, 

however, were determined from a nearly independent energy 

measurement. This measurement uses the average magnetic 

field in the ring at the time of each event and combines 

the effect of the de magnet offset and the last parameter, 

tit. One complication arose due to the fact that, for most 

of the data, the field sampling unit, an integrating device, 

was triggered from Bmin rather than from the zero field. 

Ttlus, it was necessary to assume_a value for the peaking 

strip separation in order to use the recorded data. We 

assumed that the peaking strip separation was a constant 

1000 ~sec for ease of calculation. No significant error 

arose from this approximation. 

The corrections applied due to variations tn the inci­

dent energy as calculated from the. average magnetic field 

and the rf frequency shifts are discussed in Section 3.4c. 

No corrections were applied for the variation in the peak­

ing strip separation. See Figures 2.4 - 2.7. 

b) The Scattered Electron ~ner3~~s_; 

The scattered electron energy was determined by the 

half-quadrupole magnet and counter system. The regulation 



of the magnet was usually much better than 0.1% over the 

course of several runs. Furthermore, the spectra were 

relatively flat (Figures 2.11) and slight shifts in spec­

trum position in the counter system would not lead to 

noticeable asymmetries. Na corrections were made to the 

cross sections due to changes in the scattered electron 

energy. 

The spectra of Figures 2.11 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 

experiment. The widths used are those of the most recent 

calibration. A discussion of the method of calibration 

can be found in the thesis of c. ~istretta.3 4 The relative 

uncertainties in the bin widths are about 5%. 

The 25 slat counters which determine the momentum 

bins were tilted in the horizontal plane to allow for the 

variation in scattered momentum across the aperture.for a 

constant value of K, the equiv~lent photon energy. The 

corrections to the calibration due to variation in the 

counter bank tilt were applied to the spectra of Figures 

2.11. 

The value of the centrally focused energy was slight­

ly different from that of previous calibrations of the 

spectrometer due to the displacement of the target. The 

corrections due to this effect were less than 0.13%. 



~ 
-----1 . 

~--· 
pt 1<.BN.U•,\'.).C.( \:l.c~lol..I J\t(.HTl\N ct( 

--'-
3.1/ 

') 

--'-----
3,e E' CG«v> 

~\C. . .'l..11 <!. SC.P\1iERE!) El..fC."Tl\O\,\ S.~(C.Tl\\JM: E = J.j fJTi;_V, S: ? .. 3"(
0 

Doi<>.. w'i-I:'-' re.1-.1\0.<' -lrine-r , R~\a\vt. '6;" S\z.e Un!.e...A:d-.;~,-\y " 5 '% 

r-~-- . 
~~ L_,_ ___ _ 

--~-

< ~ 
1~t 'Kt!io .. 1A1-1..-.£ Rt:.,..ic;t..i A4-E!lYP.NC.lr 

__ __:_..__i __________ L. --~-

,, 3 3-, I/ 

Fl Gr, 2_,l/ b "$CAT7 E" P.E''O E t...E'C'.. iR.ON $1' H.T'~vM i £: 4 G elf ~ S -. 7, 3"/ 0 

D().-t.o.. w\-th r"l\od.;fied. -l-r'11~e..... ~~\G.'tive. ~\(I Si-ze \)flc.tr-to..'11'1+/' 5% 

' I 

~ 
f-



--.. -·'---L_ 

1(----------------< --·--------> 
a-rGI. ~0,1\(l..-v\'~ ~e-;:;1."I'\ ;z....d. Rf.S4'• n(~ '<-EjM" 

Ae-LP.p't-~~e,e_ A_c.t.~p+<'-N.'<. 

\ .. ____ ..L 
.__ __ _,,.'l·.,_...-----lf&.,,fo-----'-'l."""p1 ___ _,...'l·S· •18 

FtC. ~-1 lc Sc.AliEl<.E'U E LE"CiR.O~\ SPEC. TRu~I: E: 
R.11.\"'-.-\.1~<:. "01" w.~1;\.., l.) .... ce.r+c .. '.0\1 ":. -5% •. 

~.& E' 

f"lG. ~.ll<i. SCAl1f~£b £LfC.1kClM. SPEC.TRIJI-"\: r = b G-«..V J §-.. 9.05° 
Re.let.-''"c. ~.:... w',cl.H. v"c:e,.i<-~;"\f : 5'?J 



2.45 

c) Scatt~Ej.p~ Angle 1 e. 

1) Intr~!.2!::.:.. When the incident beam was set up, 

it was directed through the center of the target as dis­

cussed in Section 2,2b, For the incident beam passing 

through the target center, the scattering angle is deter-

mined by the target location, the center of the aperture 
I 

of the electron spectrometer, and the location of the 

incident beam downstream of the target. Throughout a 

given set of runs, the spectrometer and target can were 

located in fixed positions 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 continues through the target center). The location 

of the beam at the target was surmised from the scintil-

lation screen just downstre~~ of the target. The TV mon-

itor showing this screen was always 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 system monitors. 

Thus, the position of the beam at the split ionization 

chamber downstream of the target (Figure 2.1) was the 

only variable. 

The choice of horizontal beam focusing (Section 2.2b) 

reduced deviations in the horizontal component of the 

scattering angle. However, the choice of vertical 

' 1 -

i 

,_ 
i 
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focusing was made at a sacrifice in sensit~vity to changes 

in the vertical component of the scattering angle. Less 

sensitivity would have been obtained if the beam were fo~ 

cussed at the split ionization chamber as was the case for 

the horizontal component. Furthermore, since the focus 

was between the target and the split ionization chamber, 

the signal at the split ionization chamber could be anti­

correlated with the beam position at the target. On occa­

sion, this anti-correlation was observea.35 However, the 

scattering angle is not very sensitive to its vertical 

component for angles away from zero degrees. See Section 

2.3c where we discuss corrections for 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 Sf:Ll.it Io~tJon C1!~9er. 'I1he spli.t ioniza­

tion chamber works on the principle illustrated in the 

schematic diagrams of the chamber (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 is directly proportional to the path 

length of the electron beam in the gas. The chamber is . . 

divided into two independent sections, one each for deter­

mining the horizontal and vertical positions of the beam 

at the chamber. A collector foil separates each section 
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into two parts. Due to the electrostatic potentials 

applied to the divider foils, the collector foils 

gather positive charge from one part of the section and 

negative charge from the other. The collector foils 

are sloped so that the position of the beam will deter­

mine the ratio of positive to negative charge collected. 

There will be one position of the beam at which the 

amounts of positive and negative charge will just equal­

ize. This is the nominal center of the chamber. For the 

horizontal coordinate, it was possible to locate this 

nominal center by moving the chamber r~lative to the 

beam. The position of the chamber was determined with 

the use of a linear potential divider fixed with respect 

to the flux return piece of the half-quadrupole magnet. 

The chamber was calibrated by moving it with respect to 

the beam in the horizontal direction (Figure 2.13). The 

vertical position was not movable and the chamber output 

had a constant offset. The sensitivity of the vertical 

system was assumed to be identical to the horizontal 

sensitivity except for the difference due to the differ­

ence in the two slopes (7/12 for the horizontal and 7/9 

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 were made of l~ mil sheets of stainless 
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steel and the foils in the chamber were 1 mil sheets 

of aluminum. 

One would expect an ionization rate of 6 x lo-2 

ion pairs/cm/mm Hg pressure/incident electron for the 

above gas mixture at local fields of 1300 volts/cm.36 

For perfect collection of all ionized particles, one would 

expect a sensitivity (horizontal) of 

6 x lo-2 x 7/12 x 674 = 24 ion pairs/cm/incident electron 

The measured sensitivity was 19 ion paj.rs/cm/incident 

electron, indicating a recombination and collection ineffic­

iency of about 20%. The chamber was operated at + 2200 

volts, well into the saturated collection region as 

shown in Figure 2.14. 

The output of the chamber was integrated in an RC cir­

cuit and the voltage across the capAcitor was measured and 

displayed by a digital voltmeter. The scaler photographs 

taken at the end of each run include these voltages. 

3) Corrections to th~~nal Scatterin~~~~ The 

variations in electron scattering angle, shown in Figures 

2.15, are dominated by the horizontal component of beam 

motion. The effect of the horizontal motion on the meas­

ured cross section was the same for b,oth the UD and DU 

trajectories. However, the vertical correction was 
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opposite for the two trajectories. Thus, separate correc­

tion~factors for each trajectory for each run were applied 

to the data. See Section 3.4b for a discussion of the 

corrections. 

£2 Sensi.~ivitl_ to ~am Intensiti. 

Beam intensity is a final parameter which is not a 

part of the calculated asymmetry, but which may affect the 

asymmetry through its effect on the measured cross~sections. 

Figures 2.16 and 2.17 show the intensity dependence of the 

pot~ntial computer trigger rate and of the measured. cross­

section for various momentum d~finition codes. 

The potential trigger rate was monitored separately 

on a 100 Mc and a 10 Mc set of scalers~ Each set scaled 

separately the trigger rates for potential events with the UD 

and DU type trajectories, Nun and Nnu• as well as the coin-
.. 

cidence rate, Ne = Nun + Nous and the total trigger rate 

N = Nnu or Nun· The 100 Mc scale~s counted the 50 Mc 

output pulses from Chronetics 100 Serles coincidence units 

while the 10 Mc scalers counted a stretched pulse. The 

10 Mc scalers were, therefore, more sensitive to intensity 

dependences than were the 100 Mc scalers. We usetl the 

100 Mc scaler outputs for the analysis as described in 

Section 3.2 and the comparison of the two sets as a moni-

tor of intensity dependence problems. 

The randoms rate in the momentum definition counters 

.. 
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were particularly sensitive to beam intensity as implied 

by Figure 2.17. However, as pointed out earlier, ineffic­

iencies in the trigger rate is not a problem and the effect 

of overefficiencies is merely to smear out the momentum 

resolution slightly. 

Typical intensity variations within a pulse were on 

the order of 40% while pulse to pulse intenslty variations 

were about 15%. The average intensity over the period of 

a pair of runs, however, was usually stable to 10%. We 

believe that our cross-sections were independent of inten­

sity to better than 1% and, therefore, that intensity 

dependent instabilities were less than 0.2% for a pair of 

runs. No corrections to the data were applied for such 

intensity dependences. 
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2.4 ORDERING OF DATA ACQUISITION 

The incident energy and electron scattering angle 

were monitored as described earlier. Corrections due to 

changes in these variables have been applied. However, 

the method of data acquisition was designed to minimize 

the need for these corrections and other corrections 

which are less easy to estimate. 

First of all, the paired data runs were of short 

duration, typically three minutes. Time between runs 

was kept at a minimum, typically ~ minute. The point of 

this brevity was not only to increase the amount of data 
• 

taking time, but to minimize the time available for un-

known systematic drifts in apparatus behavior. 

Secondly, the ordering of runs was designed to can-

eel first and second order systematic drifts. For most 

of the data, the ordering was as represented schematically 

by 

••• 11+•I•+11•+I+•11;~. 

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 aid the eye in seeing the pat­

tern. The symbol t(~) represents a cross section 
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measurement with the spin parallel (anti-parallel) to the 
. /\ 

normal to the scattering plane, n, An asymmetry was deter-

mined from each pair of runs between target motions. Only 

for the first part of the data t:aken wi'th. a '3ca·t\:e.·r"\flq O.f\'j,\e. e 
0 

~. ~.63 did we use the less advantageous ordering represen-

ted by 

••• 1 + • I + • I + • 1 ••• 

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 machine control was 

noted to have drifted or if 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. 
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3.1 INTRODUCTION 

The physically meaningful asymmetry, ct, is due to 

the scattering of electrons from 100% polarized protons. 

For O"+ (er_) representing the doubly differential cross 

section, d~/dE'dne, Equation 1.11 gave 

_L 
p 

<i.v - 0: 
--..-~ --
~ + cr-_ (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 material included the carbon, 

oxygen, doping material, and.target end wallsG If~+<~-) 

represents the doubly differential cross section for the 

total scattering material with net polarization positive 

(negative), the raw asymmetry A is given by 

J... 
'P 

(3.2) 

Only scattering events correlated with the sign of 

the proton polarization remain in the numerators of ~ and 

A. The two asymmetries differ, however, in their denomi­

nators. The denominator of A contains the events repre-

sented by cr's plus the uninteresting scattering from un-

polarized material. Given the fraction (l/k) of events 



coming from free protons, one can determine CA. from A. 

: ( 3. 3) 

The following sections discuss the weighted raw asymmetry, 

A1 the normalization k 1 and the general handling of the 

data. The free proton polarization, P 1 is discussed in 

Section 2,2c and in detail in the thesis of J, Chen. 27 



3.2 THE RAW .ASYMMETRY DETERMINATIONS, Ai 

The individual measurements Ai are taken from adjacent 

pairs of data runs in which the polarization of the target 

is reversed, i.e., 

N - N_ 
1 + <---p 

) 

where N+ (N_) equals the number of accepted 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, n. 

The numbers N+ can be taken as the number of potential 

computer triggers per incident charge, N. This rather crude 

number may be further refined by looking at the data recor­

ded on magnetic tape and determining the fraction, p, of 

events which satisfy some specific criteria, !·~·• the 

probability that a given computer trigger will be acceptable. 

In this case 

N1 = p N (3.5) 

fo'f" N+ Mel \\\_. 

The assumption inherent in this procedure is that the 



. -3. 5 

computer is triggered so as to sample the events randomly. 

That is, the same probability, p, bolds for the computer 

sample and for the total ensemble of events. 

The value of p may be very near l.O if one uses a 

tight triggering system for the data of interest. On the 

other hand, p may be rather small as in the case when inter­

est is centered on some small fraction of the total momentum 

acceptance. The data is examined using N and various Ni. 

In taking data on the region of the first pion-nucleon 

resonance, a special attempt was made to presort the triggers 

with the fast logic circuitry so as to produce a tight com­

puter trigger for the momentum bite of interest (and p rvl.O). 

Only half the total momentum acceptance was used. Further, 

only a fraction, r, of the potential triggers were allowed 

to reach the computer (by using an electronic prescaler» 

Section 2.2~). When taking data in the second and third 

resonance regions, the larger momentum acceptance of oµr 

spectrometer (14%) was used in order to take data on both 

regions at once. This procedure typically leads to smaller 

. values of p. The prescaling device was not used in these 

higher resonance runs. 

The reason for this difference in run procedures is 

explained by the statistical uncertainty in each Ni. The 

basic aim of the experiment i~ to obtain a single value of 

the asymmetry covering a given resonance region. Thus, the 

values of p can be re·asonably close to O. l. The computer 

r,-.~ .. 
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samples fN events of which pfN are acceptable and (1-p)fN 

are not. The distribution of values for N is Poissonian 

and for p, binomial, Thus~ 

\~~). t¥l \- \~l (3.6) 

:. ( 1~ p) + ( ~) ?f~ 
and 

: )- ? t pf ---pf N 

or 

(3.7) 

There are two limits imposed on this uncertainty. 

One limit is the data recording rate, fN per unit time, 

The computer will always be a limit at some level. A 

second limit is due to the maximum acceptable intensity, 

Either the randoms rates or, in this experiment, beam 

heating effects pose a limit to the beam intensity avail­

able, and thus, to N per unit time. When these two limits 

ar~ fixed by the experimental situation and apparatus, the 

value of f is determined. Figure 3,1 gives a plot of the 

-squared fractional uncertainty in Ni as a function of the 

usefulness of the recorded data, p, for various values of 

f, It is clearly always an advantage to have the recorded 

data as useful as possible; that is, the closer p is to 
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i-o, the less the uncertainty for a given f. Further­

fuore, the clos~r to p=l.-O, the less important is the 

fraction of events sampled, f. This is the .key to our 

procedure on the· first resonance runs, Table 3.1 gives 

the values of the parameters p and f and calculates the 

net uncertainty in the data as recorded and via other 

possibilities. 

At the first resonance, we had the option of redu­

cing the intensity by a factor of two ~nd removing the 

prescaling device. However, we would have lost up to 

30% in the uncertainty. This loss does not include the 

loss due to radiation damage to the target. However, 

target changes could be made in about one hour, and we 

could easily have doubled the target change rate to main­

tain the higher average polarization of the lower beam 

intensity method. 

Table 3.1 also shows the same argument for the 

double resonance runs.· There, the gain was clearly in 

favor of taking data on two useful regions 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, ~he limit on statistical 

uncertainty was the beam intensity. Even at the first 



resonance, we could have further reduced the fraction of 

events sent to the computer and still reduced the statis­

tical uncertainty. 



TABLE 3.1 
" 

AVERAGE UNCERTAINTY IN DATA BY PROCEDlJRE8-

# 9 Resonance 
f 

dN 2 .fN1 (d.l'-Ji) Conments % Loss p (Ni) Region P/P0 Ni Compared 
(b) to Method 

Used 

<· 
1 1.6 1 7~34 First .8 2.3 N 1.05 ?rescaling Device Used, -17 

Double Target Change Rate 

2 II 11 " " .8 1 1.6 1.26 Prescaling Device Used 2.3 N Data Rate = N/time w . 
I-' 

1 2.6 0 
3 '"' " I! .8 1.61 No ?rescaling Device 28 1.1 N Data Rate = (N/2)/time 

4 '7 .59 2nd & ya .4 1 2.7 1.64 1 Run with Date Rate = N/time 1.5 N (2 resonances) 
1 x (2.7 x l/N) = 2.7/N 

5 Hlf " " .8 1 5.6 2.37 2 Runs with Data Rate = 31 1.5 N (N/2)/time per resonance 
2x(l.4 x 2/N) = 5.6/N 

-··--·- ... -·-'"-·-----·--·---··-·----

6 9.05 II 11 .4 1 2.6 
1.61 1 Run with Data Rate = N/time 1.3 N (2 resonances) 

lx(2.6 x l/N) = 2.6/N 

7 It" Tl " .8 1 5.2 2.28 2 Runs with Data Rate = 29 1.3 N 
(N/2)/time per resonance 

-- 2~.Ct.J __ x_UNL_=:._5_._2-LN ----------- -----·---··-··--o..) PY-oc.e. <iv .-<:..s \Jse.c\. : tf.'s a, >-1) &;,. b) To..ke..-. ~rorc~, F\~\·Jre. . 3.1. 
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3.3 REJECTION OF DATA 

Some of the data was not used in the calculation 

of the final asymmetry due to equipment failures dur­

ing the runs and various other criteria. Equipment 

failures included the slow death of th$ power supply 

to the trigger counters and 'bad sections of magnetic 

tape. Other reasons for rejecting data included the 

improper ordering of polarization and increased cross 

· sections du~ to scattering from the target support 

near the bottom of a target. When rejecting data due 

to criteria based on the cross section instability, 

the data was rejected for several runs before the 

failure was noted. In general, however, the policy 

was to include as much of the data as possible, both 

to increase the statistical accuracy of the result and 

to avoid introducing biases in the rejection procedure. 

A few pairs of data runs were also lost due to improper 

transferance of information among the three computers 

which were used in the analysis. 

Only about 1% of the data was lost due to improper 

data transmission. About 17% of the data was lost due 

to conditions during the data acquisition itself. See 

Table 3,2. No extraneous asymmetries are thought to 

have been introduced due to the rejection of data since 



3.12 

(l) such a small.portion of the data was affected and 

(2) since large sections of continuous runs remained 

available for analysis. 



TABLE 3.2 

.:-\J.ShG\; OF DATA 

-·-------· ------
e %Pol 'n # of Nominal # Runs Used % 

(free p) Data Runs in Analysis 

7.34 22.5 216 170 79 
--

7.59 14 84 76 

16 38 20 

18 16 4 

20 41 32 
-------

179 132 74 
·-----------~ 

.9.05 7.5 94 86 

16 211 184 

17 12 10 

18 93 80 

19 242 198 

22 161 128 

-
813 686 84 

-· ~ ,........,.-~~ .. -.,,..· ... ---· r~•-~---·----_,,,. __ ,,_.,._,..____.,,,,_,._.._,..,..._._,.,._,, _ _,___.,._.,_ 

T.otal 1,208 988 82 . 



3. 4 REFINEMENTS OF THE ASYMME'l'RIES 

a) Introduction. 

As already indicated in Section 3.2b, we det~rmined a 

variety of asymmetries. The crudest form of Ni used in 

these determinations was just the number of potential computer 

triggers, N. The first refinement of this value is the set­

ting of various masks in the computer analyses which deter~ 

mined the fractional acceptances, p. The computer masks 

included minimum pulse heights in the Cerenkov and shower 

counters and momentum acceptances as defined by the counter 

array. The importance of using computer refinements to the 

total trigger rate is shown in the chi squared values of 

Table 4.2. Once a computer refinement including momentum 

definition was used, the results were insensitive to the 

exact specification of these biases {Section 4.2b). There 

. are two other basic refinements we applied in the calculations 

for values of Ni. These are the corrections to the counting 

rate due to changes in the scattering angle, 9, and changes 

in the incident electron energy, E. 

!U._Corrections Due to _Ch8!1~es in 9. 

' The mean scattering angles were calculated for each run 

from the output of the split ionization chamber as explained 

in Section 2-.3c. An angular correction factor was then 
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applied to each run in the form c8 = (emeasured/enominal)n 

where the value of n was sele~ted as described below. 

At the first resonance, the angular dependence of the 

counting rate was taken from the product r T v T 

c T 
::. 

and 

'36 a. 
where 

For our kinematic situation, this leads to n = 6.1. For 

the higher resonance region data, the angular dependence of 

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

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

the scattering angle was less than 0.01% 1 we feel confident 

that using n=O and 7.5 give reasonable limits on the effect 

of angular drifts. Using n=7.5, the net effect of the angu­

lar corrections is less than l/lOth of a standard deviation 

compared to the result with n=O (i.e., no angular corrections). 

We used n=~ for the final asymmetry calculations for the 

higher resonance regions. 
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c) Corrections Due to_£han~s in E. 

Corrections due to changes in the incident energy. E, 

were applied to the counting rate for each run in the form 

of a correction factor. CE =(Emeasured/Enominal)n. All data 

was corrected with n=4 • 

. The correction was determined f~om the average accel• 

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 corrections due to changes in 

this parameter. However, average changes in th~ rf corres­

ponded to energy changes of less than 0.05%. 



3.5 THE WEIGHTED RAW ASYMMETRY 

The experiment yielded a large number of determin­

ations of the raw asymmetry, Ai, who~e precision is 
'oy 

dominatedAstatistical errors. A weighted average of 

these moderate accuracy measurements is used to obtain 

a statistically more meaningful value of A. 

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

and N_ were independently determined so that 

(3.8) 

The uncertaintie.s ~ N+ and ~ N_ are given in Equa.tion 

3.7. In the limiting case where p = 1.0, the formula 

· reduces to 

Since ~N+ = N+• And for N+ = N_ ~ N/2, 

= 1 
N" 

(3.9) 

(3.10) 
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3.6 NORMALIZATION OF THE ASYMMETRY, k 

a) Introduction. 

As discussed in tha introduction to Chapter 2, the 

normalization was not a matter of critical importance 

in this experiment~ We aim at a 20% value for k know-

ing that the error involved is insignificant compared 

to the statistical uncertainty. To get the asymmetry 

for a 100% polarized free proton target, we need to cor-

rect for (1) the scattering from target material other 

than free protons, (2) scattering from material other 

than the target, (3) lack of exact orthogonality of the 

polarization vector and the scattering plane, and ( 4) resoL.,-til>f\ al'\~ 

radiative corrections. We discuss each of these in 

turn, 

b) Fraction of Free Prot~'3;rgE;j; mS9_~-~teri~ 

Using the impulse approximation, we consider each 

nucleon in the target to be independent of its environ­

ment, Thus, each nucleon contributes incoherently to 

the total scattering cross section. A dilution factor, 

k1, is calculated assuming that, at the angles of interestJ 

each of the neutrons contributes (SO~ 15)% of the cross 

section due to a single proton,37 Thus, 



k = l 

- 3 .18 

26 + (.80 + ,20) x 20 

6 = 

for a target of ethanol or its equivalent. 

c) Non-tar~t_Scatt~..£ing. 

Non-target materials from which electrons scattered 

included the 0.3 inches of cooling helium and several 

containing walls. The total mass-thickness of this 

extraneous ~1aterial was 13% of the target mass thickness •. 

Thus, an additional dilution factor, k2 , is required, 

!·~·· 

Plane. 

The electron spectrometer utilized a quadrupole mag-

net with its center plug at beam height. Thus, th~ UD 

and DU apertures ~ere respedtively above and below.beam 

height. This caused a tilt in the scattering plane rel­

ative to the horizontal plane. The angle of tilt is 

called w . Since the protons in the target were polarized 

in the vertical direction, the polarization vector was not 

orthogonal to the scattering plane, This effect served to 

further dilute the effective polarization. Table 3,3 

gives the various dilution factors, k3, which correct for 



TABLE 3.3 

NORMALIZATION FACTORS 

----· 
Electron Resonance kl k2 k3 k4 k 
Scattering Region 
Angle, 9 

-----
7.34 1st 7 1.13 1. 052 1.08 8.99 

7.59 2nd & 3rd 7 1.13 1.051 1.11~ 9.47 

9.05 2nd & 3rd 7 1.13 1. 032 1.14 9.31 

-~-------------·---
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this effect. 

= 1 
" "' n • p 

= 1 
cos I'.>) 

Scattering Plane 
I 

/Horizontal Plane 

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

e) Resolution Phenomena. - ·-·.... - __.....-__ 

Every process of interest.has a scattered electron 

energy associated with it. We detected electrons of 

that energy and consider them to be an indication of t~e 
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process of int~rest. However, some of the detected 

electrons came from other processes. Events connected 

with (1) the tails of the spectrometer resolution func­

tion, (2) radiative corrections, and (3) the tails of 

the nuclear Fermi momentum smearing function are all 

of concern in this respect. 

When the process of interest· is well understood, 

corrections for the above resolution problems are usual­

ly calculable. For example, since no polarization asym­

metry is expected for elastic scattering, we correct for 

all elastic and quasielastic scattering events which 

appear in ot·1r acceptance due to radiation losses and 

Fermi momentum smearing. 

Furthermore, once it is established that no asym­

metry effects appear at th~ first resonance, it is neces­

sary to correct for the appearance of such events in the 

deeper inelastic regions. However, instead of taking the 

view that we have proved that there are no T violation 

effects at the first resonance, we assume that any T 

violation effects are smoothly varying functions. In 

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; 1·~·• the difference between the num­

bers of events gained and lost in our energy bite. We 
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apply a uniform 10% normalization correction due to this 

last resolution problem; 1·~·• we lose 10% more events 

than we gain. 

Taking the above discussion into acc6unt and feeling 

that we do not have a compelling model for a violation of 

T, we apply only the correction due tro elastic and quasi­

elastic scattering and the uniform 10% resolution correc­

tion for the deep inelastic regions. See Table 3~3 for 

these corrections, k4• Any use of the data presented 

here for the purpose of investigating a model which pre­

dicts rapidly varying asymmetries as a function of E' 

must reevaluate the resolution corrections for the specific 

model. 

f2 Net Target. Po!.9-riz~i£_1} 

The net normalization factor, k, is just the product 

of the above four factors, k1. As we have implied, it is 

useful to view the normalization in terms of a net target 

polarization dilution factor, Thus, a 20% free proton 

polarization corresponds to a net (20/k)% target polari­

zation. In this vein, our typical target polarization 

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 asynunetry, ~. 



3.7 SEPARATION OF UD AND DU TRAJECTORY DATA 

The computer analysis distinguishes between the 

UD and DU trajectories according to their pattern in 

the momentum defining counters. In addition, we scaled 

the potential computer triggers for the UD and DU tra--
jectories ieparately, !.~., NuD and Nou (as well as 

their inclusive "or", N). If we knew the number of UD 

and DU computer triggers, we could have done completely 

independent asymmetry measurements f~r each trajectory. 

Early in the set up of the electronic circuitry, an 

appropriate pair of computer bits was reserved for this 

purpose. However, before the data acquisition began, 

these bits were destroyed in favor of some less useful 

information. 

It is possible, nonetheless, to do separate analyses 

for the UD and DU trajectories. In using the computer 

to determine the fraction of acceptable events, p, one 

merely uses the additional requirement that an event 

~orrespond to the appropriate trajectory. Had we inclu­

ded a bit to identify the trigger for each event, the 

appropriate number of computer triggers, Tun or Tnu• 
would have been used to calculate p. Instead, we were 

forced to use the total trig~~r rate, T. For Na equal 

the number· of acceptable events for a given trajectory, 



we would have had 

p = or 
' 

but we had to use 

p = 

In the former case, p might have been close to l.O. In 

the later case 1 the value of p is about half what it 

might have been. This distinction is particularly imper-

tant at the first resonance as discussed in Section 3.2. 

For all the data, using the full trigger rate leads to 

less sensitivity than might have been obtained for the 

separate tarjectory analyses. 

Using the second method of analysis as described 

above, we examined the data for UD,. DU, and summed dross 

sections. Asymmetries 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 traj~ctories 

differently or (2) effects proportional to the polarization 

parall~l to the scattering plane. Both bf these effects 

should tend to cancel in the summed cross section asymme-

tries. We included correc~ions due to the vertical beam 

motion as described in Sections 2.3c and 3.4. However, 
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these corre¢tions were negligible. The results 0£ the 

se-parate trajectory analyses are given in Section 4.2d. 
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4.1 INTRODUCTION 

In this chapter, we present the results of the asym­

metry measurement, check the reliability of the data, and 

interpret the results in terms of the two possible T vio­

lation models discussed in Chapter 1. 

We find that the result i~ insensitive to the particular 

biases selected in analyzing the data and that there are no 

statistically significant variations of the asymmetry as a 

function of sc&ttered electron energy (or hadron final state 

energy) in any ~f the resonance regions. The final re~ults 

~re ~hown to behave 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 similarly to the series of specially constructed 

asymmetries which are insensitive 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 discussed in Section 1.3. 

In the various tables of this chapter, we use the notation 

developed in Chapters 2 and 3. Thus, N refers to the asym­

metries which have been calculated from the potential computer 

trigger rate alone; pN to the potential trigger rate corrected 

for the acceptability of the typical trigger. Additional 

factor~ c8 and CE imply the application to the counting rate 

of run to run corrections due to changes in electron scattering 
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angle and incident electron energy before calculation of 

the.asymmetries. Chi squared.per degree of freedom when the 

mean asymmetry is forced to be zero is called t~. 1~ is the 

value when the mean asymmetry is allowed to take its calculated 

value. 
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4.2 ASYMMETRY RESULTS SENSITIVE TO T VIOLATIONS 

a) Final Values and the Effect of Various Corrections. 

The final values of the asymmetry are listed in Table 

4.1 along with the asymmetries calculated from the data 

using various corrections. As is evident from these tables, 

the fluctuations of the incident energy and electron scatter­

ing angle are nearly negligible. The effect of the angular 

and energy corrections for run to run variations not only 

tend to cancel due to their randomness, but also are very 

small compared to the dominant statistical uncertainty of 

each run. These conclusions were shown to be insensitive to 

the exact angular and energy dependences used in correcting 

the observed counting rate. 

The application of computer analysis~ however, is quite 

significant. Even though the computer triggering system had 

fairly rigid requirements, sufficient latitude remained that 

a significant improvement in chi squared per degree of free­

dom was obtained by post-run computer analysis of the recorded 

data. 

p) _!9.rious 

The most significant part of the computer analysis is 

the requirement of an identifiable single particle trajectory 

·in the momentum defining counters. (Table 4.2 and Figure 4.1.) 

The standard set of biases used for the Cerenkov ahd shower · 

counters contained little additional pulse height requirements 
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above· those of the initial triggering circuitry (Figures 2.9 

and 2.10). However, an immediate improvement in chi squared 

per degree of freedom occurs when momentum definition is required 

This improvement is insensitive to which particular set of 

momentum definition codes (Section 2.2d) one uses. The impor­

tant point is that the effects of general spray and random 

end bin triggers are reduced. Adding higher Cerenkov and 

shower counter pulse height biases have little effect on the 

asymmetry. These effects can be understood if the unacceptable 

computer triggers are associated with spra.ys of pa1•ticles. 

Multiple particles with low energy ca.n look like a single high 

energy particle in the Cerenkov and shower counters, but be 

excluded by their unrecognizable pattern in the momentum defin­

ing counters. Furthermore, the singles rates in the momentum 

definition counters were significantly higher in this experiment 

than in any previous experiment with the same detection appar­

atus. The singles rates in the tr~gger counters were on the 

order of l 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 combination of momentum definition and Cerenkov 
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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. 
(c) Asymmetries accepting only the ·three lowest momentum 

definition codes, 00-10. 
(d) Asymmetries calculated from .the data with high 

Cerenkov and shuwer counter biases. 

The numbers in parentheses on the sides of the histograms 
are the number of measurements which a:re beyond the 
range of the part of the histogram shovm. 

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 

intensities where the detection system behaved in a generally 

unambiguous and stable mode.(Figures 2.16 and 2.17). 

c) Asymmetr~Spectra. 

The asymmetry as a function of scattered electron energy, 

E', and hadron center-of-mass energy, w, is given in Figures 

4.2 and Tables 4.3. In interpreting these spectra it should 

be remembered that the scattered electron energy resolution ~w~~ 

was about ~·. % • 'l'hus, the abrupt irregularities in the middle 

of the spectrum at 9 = 7~59° are unphysical. 

No structure is evident in these spectra and~· therefore, 

the resonance region asymmetries are good indications of the 

limit 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 asymmetry as a function of hadron energy. 

d) Trajectory Separation. 

The results of the separate analyses (Section 3.7) of 

the data from the UD and DU trajectories are shown in Table 

4.4. As is clear from the table, the UD and DU data tend to 

give opposite signs of the calculated asymmetry. This is 

particularly true for the data at the third resonance region 

for the largest scattering angle. 

. ... 
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TABLE 4.3a 

Asymmetry Spectrum, First Resonance Region 

---·---·-~--

* 2 2 E' K w IS a XO Xa 

(GeV) (GeV) (GeV) 

3.38 484 1337 .252 .160 1.19 1.15 

3.40 458 1318 .061 .211 o.84 o.84 

3.42 440 1306 .067 .209 1.24 1.24 

3.44 422 1294 .202 .203 1.06 1.04 

3 8 l15 40ll 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 -.046 .138 0.95 0.95 

3.65 200 1121 .105 .123 0~87 o.87 

--~~·------~--....-,.••>'·---...... ~---- ·---------··-
;.j: $ 1·A1 i~Tl Ct\L \)NCf)!TA11'<1TY 0.id 
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TABLE 4.3b 

Asymmetry Spectrum at 9 :.: 7.59° 
~·-----

E' K w oa * 2 2 
a XO • x o; 

(GeV) (GeV) (GeV) 
------------------·-------~--- ··----·-

___________ ..,... _______________ 
4.44 1281 1814 -.001 .268 .98 .98 

4.49 1231 1787 .091 .285 1.32 1.31 

lt.54 1181 1759 .. .151 .279 1.20 r.19 

4~59 ·1131 17"32 .005 .279 .83 .83 

4.63 1081 1706 .• 417 .289 1.21 1.17 

4.68 1030 1678 -.736 .306 1.02 .. 93 

4.73 992 1657 -.617 .378 1.12 l·. 08 

4.76 967 16lt3 .920 .382 .89 .so 
lt.78 942 1628 .238 .376 1.02 1.01 

4.81 917 1614 .445 .385 ~89 .86 

4.83 880 1591 .010 .296 1.01. 1.01 

4.88 830 1561 -.224 .292 1.15 1.14 

li.92 779 1530 -.123 • 291i 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 
______ _____,, ___ ~---· 

!\.; $1,c\TISTICAL Vr .. .tc.<R1A1NTY ON<.'( 
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We have less than a 33% sensitivity to physical correla­

tions of the counting rate with the polarization Earalle! 

to the scattering plane. Thus, our data is consistent with 

large counting rate correlations. Nevertheless, these effects 

are not significant for the T violation result. 

Since th~ UD and DU apertures are syn~etric with respect 

to the scattering plane, the summed counting rate is potentially 

less sensitive to instabilities than either of the separate 

trajectory rate3. However, the values of chi,squared per 

degree of freeO.om show only small and inconsistent differences 

for the separate: and summed trajectory data. Furthermore, 

no systematic differences in the handling of the UD and DU 

events have been discovered. 

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. 

I 
~-
1 

! 
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4.3 SYSTEMATIC CHECKS INSENSITIVE TO T VIOLATIONS 

a) Ihtroduction. 

In order to check possible systematic.biases and to see 

what general behavior may be ascribed to the electron beam 

and detection system, we have calculated two types of asym­

metry which are insensitive to the T violation effect. These 

specially constructed asymmetries are made insensitive to the 

T violation effect by averaging out effects which are correla-

ted with the sign of the target polarization. 

b) Chronolog1-cally Ord~red~~;t{Elmetry~ 

The chronologically ordered asymmet.ry was obtained by 

taking the first minus the second cross section measurement 

of each pair at a given target position. This difference 

divided.by the sum of cross sections gives an asymmetry in 

which, for the pattern given in Section 2.4, spin correlated 

effects will average to zero. However, this asymmetry will 

be sensitive to linear drifts in the system. 

c) Double Target Posi~on Avera£_ed Asymmetry. 

The double target position averaged asymmetry was obtained 

by pairing ruris from adjacent target positions as indicated by 

the horizontal brackets in the drawing below. 

The sum of cross sections from the paired runs was calculated. 
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The first sum minus the second., divided by the sum of all 

four cross sections, gives an asymmetry which is independent 

of polarization correlated effects and, for the sequence d~a~n 

above, linear drift effects, too. Furthermore, this asymmetry 

is moderately insensitive to target thickness effects since 

adjacent target positions have about 2/3 of the beam going through · 

identical locations for both positions. 

d) Conclusions. 

The specially constructed asymmetries of this section 

(Table 4.5) are most useful as indicators of the performance 

of tne experimental apparatus independent of any polarization 

~ffects~ Thus, the most significant conclusion of this 

section is that the statisti6al behavior of the results is 

independent of the polarization. For example, th~ somewhat 

improbable chi squared per degree of freedom for the results 

in the,first resonance region carry over from the T violation 

asymmetry to the special asymmetries of this section. Thus, 

the T violation sensitive results are essentially indistinguish­

able from the other asymmetries. 
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4. 4 POSSIBI,E PION CONTAMINATION 

Pion contamination of the scattered electrons is one 

possible asymmetry producing background in this experiment. 

As discussed for single pion production in Sections 1.2 

and A.2, a polarization asymmetry is expected for detection 

of a restricted hadron phase space associated with a given 

scattered electron energy. Pion contamination in this exper­

iment would be the result of such a restricted pion acceptance, 

but would be integrated over all (undetected) scattered 

electron energies. 

As a check of neutral pion initiated events (and general 

spray)~ we took short runs with the polarity of the half-quad­

rupole magnet reversed. The results are shown in Table lt. 6. 

9 

(degrees) 

7.59 

9.05 

TABLE 4.6 

Reversed Field Runs 

Reverseq_l'_ie1_~Rat~~~-att~r~_cL_~~Jec_~ron __ B_a.te 
N p'N pN 

7% 

l.2% 

0.7% 

0.9% 

o.4% 

o.4% 
·-------------·------·----- --- ------

Assuming that an equal number of apparent positron and elec-

tron events ~es~t from neutral pion decay, we find that these 
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events accounted for less than 0.5% of the accepted electron 

events. Even for a maximum polarization correlation for this 

contamination, the effect on our final result would be less 

than 1/10 of a standard deviation. 

As evidence that we w~re not detecting a significant 

number o~ charged pions whose intensity might be correlated 

with the target polarization, we note the lack of significant 

change in the resultant asymmetry when the Cerenkov and 

shower counter bias requirements were significantly raised .. 

We did not perform any lead filter test~ which could be 

analysed to give a useful limit to the charged pion contamina­

tion of the scattered electron sample. 

We take the two evidences which we do have as sufficient 

indication that the results of this experiment are not 

affected by any possible pion contamination remaining in our 

accepted sample. No subtractions er increases in uncertainty 

were made due to possible pion contamination. 



4.5 INTERPRETATION OF RESULTS 

l) ~~ Effec_!~ Assuming that both resonant and non­

resonant amplitudes contribute to a time reversal violation 

asymmetry, we obtain an estimate of the maximal effect possible 

for this experiment. We need estimates of the A and R (Eq. 1.16) 

to determine the ·phase angle ~ between the potentially inter­

fering scalar and transverse amplitudes in this model. Lynch, 

Allaby, and Ritson38 and Bartel, ~·. al. 39 have separated the 

scalar and transverse contributions to the cross section in 

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

(Tabl~ 4. 7) we calculate R = (Cf'0 /G'"T)ll2 • 

TABLE 4.7 

First Resonance Region R Values 

----·------
q2 e>T l~2) 

(GeV/c) 2 f-b 

\Jo (i~) 

r-b 
Ref. R 

-----·----
0.1 530 !. 52 62 + 27 - 3.8 . ·----- -~-----a:ra::o---~-----..------

0.2 444 + 13 -
436 + 23 -
442 + 11 -

0.3 393 :!:. 14 
402 + 18 

396 + 11 -

88 + 23 -
115 + 37 -· 

95 + 20 -
144 + 31 -

81 + 34 -
1154+ 23 . -

38 

39 

Average 

38 

39 

Average 

o.46 

0.54 

+~05 
-.05 

+;·05 
-.06 
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For our q 2 ~ 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 

obtained from the resonant amplitude only. For the resonant 
40 

magnetic dipole excitation 1 

= P3 F " -

From Eq. l.16a, we get 

sin~ = · .. C>l.(l ~ = 
2 A R 

which leads to S = ( J..l.C{ :_ ~·.~ )
0

• 

and A = 1/2. 

2) Pure Re.sonant Effect. If one. assumes tha.\; .a •r violation 
~ ...... ~.n=-~ .. ~~~=~-

effect oc~urs in the resonance alone~ i.e., only the resonant 

part of F_ interferes with only the resonant.part of Fz, one 
_,-

gets a slightly less restri.ctive limit on sin '.':· •. A maximal 

effect within the confines of the purely resonant model occurs 

if all the scalar amplitude is resonant (in agreement with the 
Go 2. 

tentative results of Mistretta 9 et. al. for the w0 , but not 

including all parts of the pion pole contrib~tion for n+ pro­

ductio~$ Further, we extend the result of photoproduction by 

taking 75% of the transverse production as resonant, 41 then 



and 

so that 

= 2.9 oi.. 

and 

b) Second Resonance Reg!~ 

1) Maximal Effect. From a recent data compilation of 

photoproduction data, 42 the total ~ p cross section is about 

125~b in the region of the second resonance. If we take 

this value for CJT(q 2 = 0) and apply a q2 dependence of the 
. 1 

form GMp(q 2)/GMp(O) ~ l 1/{l + q2;0.71) 2 ) • we obtain values 

for.the transverse cross section a·T(q2) in the regions cif 

our measurements, Taking the value of the total cross section 

from Cone, et. al. 43 at q2 :. 0.79 (GeV/c)2 and E.:. .72 as 

appropriate to both our experimental points, we obtain the 

value of the total scalar cross section v0 from 

0- = () T +Ec>o . 
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TABLE 4.8 

Second Resonance Region R Values 

-~--.--... 

q2 (fT(q2) () CT'o R 

(GeV/c) 2 (j't b ) (pb) Cyb) 

·--
0.52 42 120 108 1.6 

0.12 31 120 123 2 

The resonance does not contribute to the numerator of 

A since (F_)resonance = o. 44 Thus, even a maximal effect 

·includes only interferences of the resonant and nonresonant 

scalar amplitudes with part of the nonresonant transverse 

amplitudes. Thus, in order to obtain an estimate of the 

maximal asymmetry consistent with current knowledge. we 

assume that (1) lF~ = 0 and (2) all scalar amplitudes 
~v1Ji<.r0'l. 

participate in the interference. Thus. 

and from the data of Cone, et. al., 

Thus, for q2 = 0.52 (GeV/c) 2 
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sin b = (1.9) ~ 

and 

~ (-16 + 14 )0 - 15 
and for q2 = 0.12 (GeV/c) 2 

sin ?; - {2.1) ()l.. 

and 

b = (-0.6 + 7.6) 0 
-~ 

2) Pu~ Resonan~~~~_:. For (F_)res = 0 as discussed above, 

there can be no purely resonant T violation effect evident in 

this experiment. 

£l~-1'b!rd Resonance Region~ 

Data on the third resonance region.is even more sparce 

than it is for the second resonance region. Thus 5 in order 

to make an estimate of sin~ from our, value of ~t .it is ne.ces-

sary to make some even mere unjustified extrapoli-'1ticns. From 

( ) 4~ the indications that F_, l688 resonance = 0 9 :J :\'l'e. assume that 

the third resonance region is similar to the second: and.take 

over the maximum effect model discussed for that region. Thus~ 

= 1 

and from the data of Cone, ~· al. 

A f 1 = 0.5. 
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Furthermore, we use the value of T + R2 ( ) which occuI•red for 
R 

both - other resonance regions • Thus 

,-. 
sin ~ = ( :J_ • ? ) cl. 

and at q2 = o.49 

b= c - I + 14 )0 r - 17 l 
I 

I 

q2 ' 
and at = o.68 f 

b. (-3,3 !. 7.8 >0 
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4.6 CONCLUSIONS 

The results of this experiment are summarized in Table 4.9, 

below. 

Resonance 
Region 

First 

Second 

Third 

e 
(degrees) 

7.34 

7.59 

9.05 

7.59 

9.05 

TABLE 4.9 

Summary 

.D35 :t ,oi..t~ 

-,1}.).:2,. ± . IF-4 

- ,005 ':t ,Ob~ 

_. o o 1,, :!:.·. 1 oq 

-.DB t .06~ 

Model b 
(degrees) 

----.----·--·--· -----
Max. ~'?.ff. .0~8 :t, \05 .LJ.9 -t" b.~ 

- 5,q 

Pure 'Res. ,10~-:. ,\lq 5,'a + '1· z. - to. q 

Max. Eff. - ,l,/Oj:, .?.'3b -!ft> ... /If 
-15 

Max. Eff. ... , 010 :t .1'3~ -o,b ± 1. b 

Max. Eff. - . 015 j;. ,2.7Z.. 
.,.. l'i 

-I - 11 

Max. Eff. - . D5'J :l:. y, 5 -'3.3 ±7.B --- ------~------·-----·--·---··-_,..,_._,___._Y ____ , __ . ..,_.._,,...,,._.._,..,.,~-""''•''"'""'w'.._ _____ ,, __ • 

Values of ~ away from 0 imply violation of T invariance·~ 

.From these results, it is clear that any T violation is 

less than maximal for the regions studied in this experiment. 

Furthermore, there is no evidence of any T violation outside 

the precision of this experiment. 

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 Hamiltonian, a nearly maximal T violation in 

the electromagnetic Hamiltonian was assumed. We find no such 
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maximal violation evident and 1 therefore, no evidence for the 

hypothesized T even current Kjl suggested by Bernstein, 

Feinberg, and Lee. 2 
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A.2 

A,l INTRODUCTION 

In the early days of the Time Reversal Experiment, 

a limited effort was devoted to a coincidence experi­

ment. As explained in Section l.4~the Time Reversal 

Experiment demands an integration over the hadron final 

states. To do otherwise, as by detecting some of the 

recoiling particles, could lead to an asymmetry due not 

to Time Reversal hon-invariance, but due to the nature 

of the pion-nucleon interaction. The coincidence wo1•k 

was an attempt to measure this other effect, the inter-

ference between various components of the single pion 

electroproduction m~trix. 

The expectation 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 . 
·apparatus required to-do the coincidence experiment 

included more than simple scintillation and plastic Cer-

enkov counters, the erfort was cut out completely. 

T~is appendix will discuss topically some of the 

thoughts and lessons which resulted from these early efforts. 
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A.2 PURPOSE OF THE COINCIDENCE EXPERIMENT AND RELATION 

TO OTHER MEASUREMENTS 

a) Introduction 

By its very nature, a coincidence polarization asym­

metry measurement is a refined tool. Since it is a mea­

sure (as we shall see) of the imaginary part of an inter­

ference between different amplitudes, it is 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 information 

that that there exist two or more amplitudes with differ­

ing phases. (It is just this sort of information which 

is of interest in the Time Reversal Experiment. See 

Chapter 1.) In this appendix we will be concerned pri­

marily with single pion electroproduction in the region 

of the first pion-nucleon resonance since it is only here 

that enough is known to interpret results meaningfully. 

E_xperimentally, this means measuring in kinematic regions 

.where there is negligible contamination due to multiple 

pion production, typically below 1350 MeV for the pion­

nucleon state energy in its own center of mass. 

b) Theoret.~ca3:, Framework of Sing le Pion ElectroE£oductJ..on. 

The notation used throughout this thesis is defined 

in Figures A.l and A,2 and· Table A.l. We maintain a close 



connection witl1 the notation of Mistrctta50 who should b0 

consulted for a more detailed discussion of some of the 

points which are only mentioned briefly here. Note that the 

four-momentum of the ~irtual photon is q, not k, as is com-
....;i,. 

mon in some of the literature; .and the pion momentum is 'ITt 
~ 

not q. Starred quantities are evaluated in the center of mass 

system of the pion-nucleon final state and unstarred quanti­

ties, in the laboratory system. 

In the one photon exchange approximation (Figure A.l)• 

Lorentz invariance and conservation of the electromagnetic 

current allow the cross section to be expressed in terms of" 

3 51,52 
six complex amplitudes, 1 • The cross section (~s given 

in Equation A.l) includes polarization effects due to target 

nucleons of polarization normal to the scattering plane, P. 

The selection of the particular six amplitudes a.bove a11ow~3 

one to separate out the non-transverse parts of.the total 

amplitude a.ncl to maintain a parallel with photoproduct:ton for 

the four transverse amplitudes~ The six a~plitudes are func-

t-.io·,·1::: of q 2 • \·1 , a11d 0
1
*
1
•.• A fur• her d itj n c· f ··1· ~ lJ • ::; , v . G ecompos .o ' l; ·1e ump J.-·· 

tudes in terms of' the various multipole amplitudes allows one 

to separate out the e* dependence and the multipole ~mplitudes 
iT . 

are functions of q2 and w.5 2 See Equation Ao2. The advantage 

of the multipole decomposition in this energy region is that 

s and p Pion-nucleon p~rtial waves have been found sufficient 

to explain all but the pion pole tc~ne53 This part of the 

cross section is believed to be well 
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described by the Born type amplitude which can be reli-

ably calculated. Forthermore, the phases of the multi­

pole amplitudes are equal to the corresponding pion-
. 54 

nucleon scattering phase shifts. Near resonance, the 

W dependence of the multipole amplitudes may be isolated 

in the form sin~ e 1 ~ where ~(W) is the relevant pion-

nucleon phase shift. 
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Five laboratories have done coincidence experiments 

55 56 57 
in single pion electroproduction; Orsay, Tokyo, ' . 

DESY,5 8 Corne11,59,60 and CEA,6l,6 2 ,63 Each of these 

laboratories has made measurements of the triply-differ-

ential cross section (Eqs A.l). Only the last two groups 

obtained data on TT+ production as t;/elJ. as data on rr 0 

production. The CEA group have done the only extensive work, 
cc 

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 zero have 

been studied. 

The n° production data have been interpreted mainly 

in terms of non-coincidence parameters, the ~-N-N* ver-

tex form factors. The need for coincidence data to 

study the form factors has been to isolate the pTI0 mode 

which is known to be dominated by the intermediate N*. 
. + 

This simple interpretation is not possible for TI pro-

duction due to the pion pole contribution. The Y-N-N* 
form factor interpretation depends on the assumptlon of 

purely narrow-resonance production for the region studied. 

Furthermore, the interpretation of data from limited 

angular regions in terms of integrated cross sections 

has required the assumption of an angular.~istribution, 

taken to be that of the dominant M! multipole amplitude~ 
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Although these approximations are compatible with the 

earliest experimental accuracy, further work will demand 

a more sophisticated treatment. There already exists 

some evidence that the above model for n° production 

is inadequate. The data of Baba, ~ ~1.!_56 and Mistretta 

~ a1. 61 , 62 show significant scalar contributions to the 

~o cross sections at q2 = 3 and 6 F-2• Furthermore, 

there is a 5% ratio of the amplitudes E!/M~ apparent in 

TI 0 photoproduction. 64 Mistrett~ et~ al.61,6 2 have detected -·-
the continuation of this E! amplitude into electroproduc­

tion. 64 In addition, they interpret the magnetic ~-N-N* 
+ form factor, G~ to be due solely to the M1 and, having 

+ + + isolated M1 from E1 and s1 , calculate G~ from the value 

+ of M1 alone. Earlier values of G* include whatever con­m 
tributions these and other multipoles may have made to 

the.cross section before integration over the assumed 

angular distribution. 

The most interesting questions inTI 0 production at 

this point are about the smaller amplitud~s. The Mistretta 
+ 

identification of the non-zero scalar amplitude as s1 is 

not conclusive. And since the quark model predicts that 

both E! and s! should not contribute to the resonance, 65 

further study of these amplitudes is warranted. 

The major interest in the n+ production data has 

been in determining the pion form factor, Fir, Earlier 
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work on the form factor have given limits on the pion 

radius, r1T : 

(A.4) 

71 
The results from lT -C>l scattering is r < 1 F and from 

. 7D 
1f-e scatterlng, r < 3 F. If one expresses the form 

factor as 

------
' t i:z. ~-­

T 
(A.5) 

then the results of the Cornell and CEA data for rr+ elec­

. troproduction combine to give63 

(A.6) 

Both the Cornell and CEA results are obtained essentially 

from their measurements of the purely scalar part of the 

cross section. The Cornell group depended on theory to 
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estimate the transverse part of the cross section in 

the 8ir* = 0 direction. The CEA group used the theory 

with the pion form factor as a free parameter in a fit 

of the angular distribution. Although the effect of 

the pion form factor on the scalar~transverse inter­

ference is large, the term itself is small due to the 

relative phase between the scalar amplitude (nearly real) 

and the transverse amplitude (nearly pure imaginary at 

resonance). 

Although interest in F~ is fundamental, an under­

standing of the phenomenon of pion electroproduction 

requires a knowledge of six complex amplitudes (such 

as those in Eq. A.2). These have not received much 

attention as of yet. Mistretta, ~..! ~did not obtain 

a fit to the angular distribution for w+ production as 

they did for n° production. The contribution of the 

pion form factor was· thought not to be amenable to the 

simplified distribution due to s and p partial waves alone. 

However, the contributions of the Born term to the par­

~ial waves higher than p get successively smaller and 

a good fit might well have been obtained with just 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 

(hardens) ---> 

are most easily distinguished experi11entally via the 

detection of the charged particle. Due to the signifi­

cantly different masses of the proto~ and pion, each 

hadron corresponds to a kinematic situation different 

from that of the other. Typically, the protons are 

limited to a forward cone (whose axis points along the 

direction of q) while the pions can emerge in all direc­

tions. 

The folding forward of the proton momenta leads 

to a Jacobian enhancement at the edge of the laboratory 

cone. Furthermore, it becomes conceivable to measure 

the full angular phase space of the protons. If one 

is studying some effect in the N* production from 

hydrogen, it becomes possible to determine experimental­

ly the isospin (I) character of the effect. The follow­

ing considerations demonstrate the method. 

Since the decay of the N* is via strong interactions, 



the decay must conserve isospin. Any change in isospin · 

must. therefore, come from the electromagnetic produc-

tion of the N* which does not conserve isospin. In the 

usual notation, the isospin decomposition of the singly 

charged pion-nucleon modes a~e 

~ >- IT I 
and 

1 

2• 

\ 
! ! > 
2 ' 2 

If one photo- or electro-produces either of the· above 

states from a proton, }~, ~> 1 a definite isospin over­

l~p exists. Thus, for some total production effect,c E, 

a pure AI = O effect would lead to 

and 

Thus 1 

with 

1/3 of the effect in the pn° mode, E0 

2/3 of the effect in the nTI+ mode, E+• 

E = 1/3 E 
0 

and E+ = 2/3 E. 
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Similarly, for a pure ~I = 1 effect, we expect 

E = 2/3 E 
0 

and E+ = 1/3 E. 

or course, a similar analysis is possible for electro-

magnetic pion production from neutrons. The result is 

expressed by the same formulae above except that + --+ - . 

Frequently, this additional handle is not necessary. 
j~ 

When at the first p1on-nucleon reson.1.nce, for example, 

the isospin character of the resonance is known and the 

non-resonant backgrounds are small. However, for the 

more complicated regions of the spectrum, one may obtain 

some sensitivity to which of competing sources is contribu-

ting to an effect. If two competing resonances have 

different isospin, the ratio of the proton mode effect 

to the total production effect will tell which resonance 

is contributing. 

For AI = 1 effects, it is a potentially nice fea­

ture that the Jacobian enhancement enters as an additional 

enlargement to the Tr 0 p enhancement. 

. . 



A.4 METHOD OF DATA ACQUISITION 

The original intention in the coincidence experi­

ment attempts was to record coincidence arm data for 

every electron trigger. Later reanalysis would have 

been used to separate the coincidence events from the 

bulk of the data. In this way, no extra time would have 

been necessary for the coincidence work. The interest­

ing coincid~nce events were expected to occur at about 

one in twenty electron triggers. Rather than waste the 

triggers without coincidences, these triggers were to 

be used to recbrd delayed coincidences. These delayed 

coincidences were to be used to make random backgrounds 

corrections. 

The logic circuitry was set up to determine if an 

interesting coincidence had occurred for each electron 

arm trigger. If not, the electronic circuitry was used 

to sample random coincidence event information. This was 

done by applying the series of gates to the coincidence 

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, i.e., non-random 

backgrounds. If the gate to the coincidence arm had 

been given after the true coincidence time, various 

effects of non-triggering "garbage" might effect later 



pulse discrimination. A photon shower or aperture-edge 

effects might cause such interference. K. Hanson66 has 

observed such a difference in randoms rates between sys-

terns with pre- and post- coincidence-time gates. 

None of this system was ever tested except on a 

simulating pulser. The high rates discussed in the sec­

tion on backgrounds precluded any in-use tests of the 

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

The coincidence arm experiment was eventually drop-,. 

ped because of the extremely high rates in the coincidence 

counters. The attempt to do the experiment with poorly 

protected counters stemmed from two factors: 

The 

1) The product of target length, beam intensity, and 

solid angle for the coincidence arm was 1/6 of 

that used in the experiment of Mistretta, et, 21..:..50 

2) The field of the polarized target was expected to 

bend away low energy charged particles, usually 

the largest part of coincidence backgrounds. The 

·target field will contair.!,charged particles with 

momentum less than 85 MeV/c, This limit is more 

advantageous than that of the Broom {sweeping 

magnet) or 1/4 inch of lead, both of which were 

used in previous experiments by this group. 

inference from these considerations was that back-

grounds would not be a problem. 

This inference was incorrect, The imposition of 

a high magnetic field at the target was an essentially 

different experimental situation from those of previous 

efforts by our group, The source of backgrounds was 

equally different. The backgrounds were not due to par-

ticles emerging from the target in the direction of the 
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counters, but rather to particles emerging in the for­

ward beam direction. These forward particles were then 

bent into the counters by the large magnetic field which 

one had hoped would do the shielding job. A particle of 

momentum 120 MeV/c initially going forward will just 

be bent into the beam side of the acceptance. Lower mo­

mentum particles will bend farther away from the beam 

direction into the acceptance. The lower limit of 

accepted momenta was determined by the curling up of 

particles. 

The extrapolation of a calculation by K. w. Robinson67 

was used to estimate the real particle rate in the momen­

tum acceptance 85-120 MeV/c. Robinson calculated the num­

ber of electrons and positrons produced by a 6 GeV inci­

dent electron on various radiation lengths of material. 

No angular distributions were included since virtually 

all radiation is forward. 

We make the following assumptions in using the re­

sults of Robinson; 

1) The numbers of low energy enectrons and positrons 

is not a sensitive function of the incident energy. Most 

of the low energy particles are expected to be due to the 

low energy bremsstrahlung which will not change much in 

the range from 3 to 6 GeV incident energy. 

2) The number of secondary particles per energy bin 

is not a sensitive function of energy. See Figure A.3. 
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For a 3 nanoampere incident beam, 0.1 radiation 

length target, 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 field except for the small dispersion 

in the initial directions and the much larger dispersion 

caused by multiple scattering in the target. The multi-

ple scattering alone causes an RMS ~cattering angle of 

1,2°. This fills about 1/5 of the coincidence 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 remaining 

singles rate, Later use of EG&G de-coupled 200 Mc dis­

criminators gave de outputs during the spill, For pul-

ses of.5 nsec, width, a de otitput 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 limitations of the present target are three­

fold; (1) a limit on beam intensity due to local beam 

heating, (2) a limit on total charge per unit area due 

to radiation damage, and (3) a limit on solid angle 
i 

due to the physical size of the coincidence aperture. 

The first two of these were particular concerns of J. 

Chen and are discussed in his thesis. 27 The last limi-

tation was not a problem in the.single arm experiment, 

but limits the usefulness of the present target for 

coincidence experiments. 

The openings in the target walls were ~ 6 2/3 de­

grees vertically. The horizontal apertures are inci­

cated in Figure A.4. The horizontal apertures are not 

a serious problem for any of the electron-proton scatter-

ing experiments considered to date. However, the ver-

tical aperture is restrictive. Two cases of this 

restriction are given in Section A.7. The use of a 

quadrupole magnet for the electron spectrometer neces-

sarily 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 scattering plane is most severe, Typically, the 

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 dipole electron spectrometer will have a decided 

advantage for use with the present target. On the 

other hand, when the scattering away from the scatter­

ing plane is of interest, the quadrupole electron 

spectrometer may place the interesting solid angle in 

the proper direction for coincident particle detection. 

The region of the Jacobian enhancement perpendicular 

to the scattering plane is just such an interesting 

region. Th,~ important point. here is that the present 

target apertures severely restrict the freedom of choice 

for coincidence solid angles available in a single 

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

a) Introduction. 

Simplicity of operation and speed of implementation 

had the highest priority in the coincidence experiment 

attempts. Having noted that these attempts were dropped 

due to lack of time, it is appropriate to ask if a truly 

useful experiment could have been done given the neces­

sary time and money. 

· We turn our attention in this final section of the 

appendix to two classes of experiments to see what might 

be accomplished. We consider first an experiment with 

elastic scattering of electrons from polarized protons, 

a search for two photon exchange effects. Then we look 

in some detail at the single pion production which has 

been the main focus of this appendix and w&ich was the 

initial aim of the early coincidence attempts. 

The discussion which follows should only be viewed 

as speculative. What insight it contains was gleaned 

from the rather hurried attempts to understand and 

implement a coincidence experiment. 

b) Elastic Scatteri~E,eriment.!.. 

As discussed in Section l.~a, any polarization asym­

metry in elastic scattering would be ascribed to an inter-
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ference between the usual single photon exchange and 

a two photon exchange amplitude. One may, therefore, 

use a polarized 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 requires even greater p~ecision than that 

obtained for the Time Reversal Experiment. Two methods 

suggest themselves for increasing the statistical accur­

acy when the beam intensity is limited. (1) Select 

kinematic regions with a higher counting rate, (2) Re-

move as much as possible of the uninteresting scattering 

from counts entering the asymmetry measurement. We dis-

cuss the implications of each of these methods. 

Highest rates are associated 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 q2, we start with q2 = 20 F-2 

as the lowest q2 of interest. At 6 BeV incident energyJ 

one obtains an electron scattering angle of 8.7°. For 

the standard weekend of data taking (defined in Table 

A.2), one obtains 0.3 x 106 ~catterings from free hydro-

gen. Total scattering from the hydrocarbon target would 
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be about 2 x 106 counts. For a 20% average polarization, 

the uncertainty on the asymmetry would be 

(A.7) 

The results of the similar calculation for q2 = 30 F-2 

are given in Table A.2. 

In order to reduce the 2.3% uncertainty further, one 

may try to reduce the accepted scatt~ring from the non­

free protons in the target. The only method of doing 

this without a coincidence is to accept only the scatter­

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 tail of the elastic peak. How­

ever, this technique will only reduce the non-free proton 

scattering by about 1/3, giving a new uncertainty of 

t 1.9%. It should be remembered, however, that using a 

tlght acceptance on a rapidly varying spectrum gives a 

very much greater sensitivity to small changes in incident 

energy and angle than was the case for the Time Reversal 

Experiment. 

A more appropriate way ?f reducing the uninteresting 

scattering is via the coincidence technique. Essentially 

all scattering from !!.eutr.~ can be eliminated by demand­

ing a charged particle in coincidence with the electron. 

. ·-· .. J"...,.,. 
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TABLE A.2 

E 

(GeV) 

6.o 

6.o 

VAMF 

5.8 2.39 

4.3 .46 

S°ca. 

(%) 

2.3 

5.2 
--~----~. 

'1"""4r __ ...:0_........1-....,...-~-· ...,,......._..._ ... 
..~ .. --

20 20 2.8 1.4 .39 5.6 

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 ,.. __ .... _____ ___.... ___ 
.,....._ .. ""' .. ' ~ ...... ~~-~..._,,.--~·---.. -.. -

· VAMF = vertical aperture mapping factor = _...£ill A e. J 
ASe. , vertical 

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

dJle = 1.8 mstr. 

Target = 1 inch ethanol 

Running time = 30 hours of data acquisition 

Beam intensity = 3 nanoamperes 

~r.:J.. = consequent asymmetry uncertainty c[F x normalization 

factor due to polarization < 1 and non-free hydrogen 

scattering.) 

No improvements ascribed to limited acceptances are inclu­

ded in Nor Ea. (See text.) 
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Once one is going to use a coincidence counter, the needed 

sweeping magnetic field may as well be used to gain momen­

tum resolution on the coincident charged particle. Mak­

ing the coincidence 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 uncertainty would be 

t 1.6%; better than the energy bite restriction because 

of the better discrimination against neutrons. Further­

more the spectrum of quasielastic proton angle and energy 

is much less rapidly varying than the electron 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 forward angles. 

The target used in the present experiment has a verti­

cal aperture oft 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) 

shows that neither of the high energy elastic scattering 

points above could be done with the coincidence technique 

with the present target and apectrometer. Therefore, the 



~A. 31 

results of a series of calculations is presented with 

VAMF's consistent with a coincidence measurement with the 

present apparatus. The larger electron scattering angle 

reduces the rate so that the statistical uncertainty 

detracts from interest in this technique. 

It is clear from Table A.2 that the present apparatus 

is not sufficient to perform a useful experiment on the 

two photon exchange effect at the CEA, One could gain 

significantly by going to higher incident electron ener-

gies and, thereby, increase the rate further. The lead 

passes to SLAC. A polarized target with a larger aperture 

would still not be merited. 

The major limitation is the beam ceiling imposed by 

target depolarization, If a new material is found which 

allows two orders of magnitude more beam, then a new era 

of polarized target experiments at electron accelerators 

will open. An increase in average polarization.would also 

be most helpful. After all, a polarized target experiment 
? is the ideal method of doing high q- asymmetry measure-

ments. Although outgoing proton polarization is a measure 

of the same asymmetry as is measured in polarized target 

experiments, the outgoing proton momentum increases with 

q2 causing a decrease in the analysing po~er of second 

scatterings • 

. For now, looking for second order effects like two 

photon exchange is not inviting. We now turn our attention 

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

tron scattering. 
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· ·c-)' Si,.!lgle Pion Prod~Il,. Experi_me~~ 

1) The Asy~~~ry, In order to isolate a sifficient­

ly simple term in the cross section so that a single exper-

iment can make a useful measurement, we consider the asym­

metry near cos~= o, i.e., 0 = 90° and 270°. This region 

corresponds to a strip of solid angle normal to th~ scat-
...i. 

tering plane in the q direction, For cos 0 = o, the cross 

section reduces to 

which gives an asymmetry of tt;ie form 

(A.9) 

For E near 1, the remaining terms are the same as those 

which contribute along the direction parallel to the q 
direction. This fact will be im~ortant when one:considers 

+· 11· production in an attempt to determine the pion form 

factor. 



Keeping only the leading term in the transverse 

amplitude and using only s and p pion-nucleon partial 

waves, the numerator of the asymmetry contains 

. ,.. 

( ~~.)" TM~ 11~ [1 ':i: •l3J'-2)5,- , ~sjjc A.10 i 

Considering that the phase of the Mi amplitude for the 

isospin 3/2 final state goes through 90° at resonance, 

one may expect a large interference with the nearly 

real non-resonant amplitudes, This is in direct contrast 

with the situation for the real part of the scalar-trans-

verse interference. The real part of the interference 

was too small to be used to determine the pion form fac­

tor in the experiment of Mistretta, ~· ~.50, 6 3 In the 

asymmetry experiment, 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 is the dis­

tinctly different s:-dependence of the terms containing 

the three scalar amplitudes. If one can obtain a large 
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enough range of angles e:. an unambiguous identification 

of a dominant scalar multipole may be possible in ~o pro­

duction. The limitation in angle e: in the data of 

Mistretta, et. ~· retarded a positive identification 

·from that data. 

2) ExE_erimen!_a1, Co?},,sideratJ.2ns:., Angle and/or Momentum. 

The initial job of the apparatus is to distinguish events 

according to charge mode and kinematic properties. Given 

an electron of initial energy, E, scattered at an angle ee 

with energy E' 1 one needs only one more variable to specify 

completely all the kinem~tic quantities of a single pion 

production event. The fourth variable may be either the 

momentum of the outgoing charged hadron or its center of 

mass angle, e* · • A specification of the proton angle in p, 

the laboratory frame is not sufficient to uniquely deter-

mine the kinematic properties of a p1r
0 event. T.he folding 

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 ep, was sufficient for complete 

identification, 

If one selects the momentum as the fourth variable, 

thre is no need to use eq directly in the definition of° 

0 ~· On the other hand, the two charge modes lead to 
p' ,, ' 
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entirely different momentum detection situations and one 

may not be able to take data on both modes simultaneously. 

For a given set of electron parameters, the u+ momenta 

typically vary by only 15% across an aperture which includes 

the entire proton cone. The proton momenta change by a 

factor of two and are a very rapidly varying function of 

laboratory angle near the edge· or the cone. S~e Figure A.6. 

For momentum defi.nition of kinematics, the n+ backgrounds 

can be small since the necessary momentum· bite is so small. 

The proton backgrounds can only be reduced by combining 

laboratory angle with the momentum specification. Similar­

ly, the ~+ momentum should suffice to identify the~+ pro-

duction mode. But angle-momentum correlation will proba­

bly be required to identify a pTr0 event, Of course, use 

of a lucite Cerenkov counter would be valuable, especially 

as an anti-counter in identifying protons. 

A final point about momentum definition is that a coin-

cidence experiment with the polarized target requires a 

large sweeping magnetic field just to set up a workable 

c9unter. Double purpose would be served it this field were 

also used for momentum definition, 

If, instead of momentum, one selects the angle 9 to 
P,. 

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 connection, one might 

use the required sweeping field to separate the pions 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 simpler for a sizable 

aperture. Furthermore, using these types of counters one 

may not be able to detect the backward protons as in the 

experiment of Mistretta,~·~· 



Solid Ang.le J~t,e) v~ Normali~_§l.!,!on Simp:Jj._9.:..~·. 

When the target limits the beam before the rest of the 

system does, it is advisable to measure as large a solid 

angle as possible in order to increase the data rate. 

For v+ production, there is little complication in tak­

ing a large laboratory solid angle. But for lr0 produc­

tion, where a large laboratory solid angle corresponds 

to a large range of momenta, one may lose in simplicity 

what one gains in counting rate. In Section A.7c-l, it 

is suggested that interest should be centered on the band 

for which cos 0 = o. There is still the same range or 

proton momenta, but the initial position and direction 

of the proton are then specified and a simple hodoscope 

combined with a magnetic field should be sufficient to 

determine momenta. Of course, the limitation of solid 

angle to the region cos 0 = 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 

c•refully limited acceptanc~s, the evaluation of the ratio 

of free hydrogen to total scattering (k in Eq. 3.3) be­

comes more difficult. This directly affects the normal­

ization of the asymmetry. Thus, the ratio should be known 

as well as any uncertainty in multipole amplitudes or 

theory in using the data to extract the pion form factor, 

for example. 



If the final system becomes very restricted, it may 

well be advisable, if not maridatory, to do calibration 

runs on liquid hydrogen and carbon. No intensity limit 

on the beam would be implied by these target materials 

and, if one is set up for it, the calibration runs could 

be interspersed with the data runs. The calibration runs 

could serve to check alignment as well as to normalize 

the asymmetry. 

As the determination ~f the ratio k becomes more 

complicated, the asymmetry measurement becomes more li.ke 

an absolute measurement. In absolute measurements, the 

normalization cannot be overstressed. If on the other 

hand, the system remains simple, the normalization will 

not be a problem and one may use other measurements of 

the unpolarized angular distribution to extract absolute 

values of the amplitudes and of the pion form factor 

from the asymmetry measurement. 

Of course, if the asymmetry turns out to be near 

zero, the importance of the normalization is reduced. A 

perfect example of this is the Time Reversal Experiment. 

However, in coincidence pion production experiments, one 

is looking for reasonably large asymmetries. 

Resolut~on 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 in 
~ 

question. 0 will be relative to the q direction. a .. lf,p. .. 

direction which is itself determined from other physical-

ly measured quantities; the electron energies E, E' and 

scattering angle Se• A typical set of dependencies 

{taken from the kinematics of the first resonance run 

of the Time Reversal Experiment) are 

Even with wire chambers to fix detected position& quite 

accurately, one must still include the effects of multi-

ple scattering and the range of scattering 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 and local heating problems in the polar-

ized target, In the Time Reversal Experiment 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 el~ctron detection 

system, including ray tracing through the analysing 

'fields in order to determine momenta, one can also 

obtain the scattering origiri, 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 

electron ~ c>ne is stuck with the target length effect. 

For wide angle scattering (the coincident hadrons~ the 

beam width will be a limit. 

For the coincidence arm, a vertical bend would 

assist in reducing sensitivity to the target length 

since the vertical coordinate will be defined well by 

the beam. 

3) Tr+ Prod~~ The use of an asymmetry measure~ 

ment to obtain the pion form factorj Fn, has been sugges­

ted by Goryachkin and Semikos68 for low energy and e: = o. 

Asymmetries as large as 60% have been predicted at reso­

nance using the theory of Fubini, Nambu, and Watagin69 

for q 2 = 3 F-2 and rw = l F. An asy~metry at 0 = 90,270° 

- at forward scattering angles has the same advantages as 

an experiment limited to e: = o. The same multipoles and, 
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therefore 1 the same projections of F'IT enter the cross -

section. This suggests one way of increasing th~ inter­

esting solid angle beyond e; = 0 for rr+ production. 

Furthermore, an asymmetry is proportional to a 

term which may be represented'schematically as 

while the angular distribution contains a term of the 

schematic form 

The former quantity is clearly more sensitive to F~. And 

more important, the extraction of FiT' from an asymmetry 

has a different dependance on the theory and is also 

less dependent on the exact values of the smaller multi-

pole amplitudes than other electroproduction measurements. 
:+-The most advantageous system for Tr production is 

one in which a large solid angle is detected with momen-

tum definition of the kinematics. For the present target 

with its wide horizontal and narrow vertical aperture, 

a.vertical bending magnet to remove the pions from the 

line of sight of the target is called for. This requires 

a bend on the order of 20° for momenta around 500 MeV/c, 



that is, 225 kgauss-inch of magnetic field. A simple 

·counter system is suggested schematically in Figure A.7. 

The two multiple counter arrays serve to determine the 

final pion direction and, thereby, momentum. For a 

given particle, one would expect a pair of counters to 

fire. A two dimensional array of the counters would 

give bands of coincidences for each momentum, the posi­

tion along the band determined by the outgoing_ direction 

and the particular band by the momentum. Since the 

pion momentum is uniform (within about ~5%) onl1 for a 

given value of scattered energy, each scattered energy 

bin should have a different band and the bands should 

move monatonically across the 2-D array as one changes 

the scattered electron energy monatonically. 

Although the above system should serve to select 

the charge mode as well as the kinematics for the lower 

q2, an extra safeguard would ccnsist of a plastic Cerenkov 

counter behind the last counter array. This counter would 

assist in background subtractions and insure that the low­

est do not get confused with the pions of interest. 

The decision to do a form factor asymmetry experi­

ment will depend on the smallness of the attainable uncer­

tainty. To get an idea of the rate, we report the results 

of a calculation for two cases below. 
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q2(GeV/c) 2 .05 .25 

E(GeV) 2.0 4.o 

K(GeV) .320 .320 

Be 6.8° 7·.6° 

rT(/GeV-str) 9 x lo-2 3 x io-2 

Nfree H (std. 1.2 x io 4 3.5 x io3 

weekend)-1 

a-~ ±_9% ±_15% 

The above rates for scatt~ring from free hydrogen, Nrree H, 

are for the standard weekend (Table A.2) of data taking, 

50 mstr. pion solid angle in the pion-nucleon center of 

mass system, 200 MeV scattered electron energy bite, and 

20~b/str cross section for the virtual photon interaction. 

The values for the asymmetry uncertainties, Sc;;.., are calcula-

ted with a ratio of free hydrogen scattering to a total 

scattering = 4 and an average polarization of 20%. None 

of these input parameters 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 pres~nt 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 exc.iting possibility for 

pion form factor extraction from experiment. 

4)TI 0 Production. The complications in laboratory 

kinematics for ~o production suggest limiting the aperture 

to the cos 0 = 0 strip in order to select a more manageable 

laboratory momentum-solid-angle combination. Since there 

are typically 8 times as many protons as rr+'s in a given 

~ direction, the rates for~+ productlon can be taken as 

lower limits for n° production after limiting the aperture 

of the present apparatus. Furthermore, the kinematic 

region just suggested allows for the simplest interpreta­

tion. 

The ~o production experiment would be most interesting 

with a target with a larger vertical aperture than that of 

the present target. However, careful selection of kine­

matic regions would allow a series of data points to be 

examined which contain a sizable range of a; and. would, 

therefore, allow a determination of the dominant longitu­

dinal multipole. 

A w0 prodµction asymmetry measurement contains both 

rate and the potential of measuring interesting amplitudes. 

What is required is a detection system capable of identi­

fying the events of interest. A momentum measurement of 

protons would obviate the need for high resolution in 
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electron detection, but is complicated by the broad 

range of proton momenta which would need to be measured. 

The design of such a system is beyond the scope of this 

work. It is, however, the point of this work to point 

out that a reasonable experiment is within the grasp 

of present app:lratus and interpretable with present 

knowledge. 
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