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- SEARCH FOR T-VIOLATION IN THE INEBASTIC SCATTERING OF
ELECTRONS FROM A POLARIZED PROTON TARGET

~ Stephen Roek
Lawrenee>Radietion Leboratory
University of California
Berkeley, California 94720
| August 1970 -
| VAV}YBSTRAC’I' |
The recent discovery of a viblation of CP invariance_has led to
speculatibn on the origins and natﬁre of the symmetry violating forces.
This experiment is a search for this violation in the‘électremagnetic
interacﬁions of hadrons. We looked for_aevioietion Qf time-~reversal
invariance‘in inelastic electron scattering from a polarized proton
target., A difference in eross>sections (asymmetry) when the target
was polarlzed in opp051te directions along the normal to the scatter-
ing plane‘would mean either a tlme-reversal-lnvarlance violation or a
contribution from hlgh order (a?) effects. Data were taken using |
electron and positron beams to dlStlﬂgUlSh between the two possible
causes of an asymmetry. Scattered electrons were detected in a magnetic
spectromefer end the mass of the inferred outgoing hadronic state wae
calculeted. The target polarization was reversed frequently in order

to facilitate comparison of cross sections and to cancel random errors.

The background from heavy unpolarized nuclei only contributed to an

~overall normalization factor. This was determined by supplementary

'measurements with carbon and CH2 targets. Data were taken at SLAC

energies in the region of resonance excitation of the outgoing hadron

and at values of four-momentum transfer squared of 0.4, 0.6, and 1.0
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I. INTRODUCTION
This is a report on an experimental investigation of the space-time
symmetfy of'Tiﬁe-Reveréal Invérianée (1) performed to help elucidate the
problem of the CP violation. >Over fifty yeafs ago the diséovery of the
applicafions:of sfatistips to iéfge—scale‘phenohena and thersymmetry
under T of classical mechanics.and electrodynamics answered the gquestions

of Time Revérsal in macroscopic, ordinary phenomena. The basic questions,

' however, were left unsolved, only'relegated to the level of atomic and

nuclear sizes. Hére, as in many other branches of sciénce, we investi-
gate submicroscopic phenomensa with‘super-macrOSCOpié equipment to find
the answers to bfain-siée problems. Neither the extraalérge (but far
from econbmy size), nor the less-than-personal sizes involved should
diétract us from the physical and philosophical quéstiohs involved in
whether it'ié'possible‘to reverse processes and return them to their
original state.

Our experiment'is a test of Time-Reversal Invafiahce in the Electro-
magnetic.Interaction of Hadrons. We scafter.high energy electrons from
a polarized proton target and detect the scattered electrons in a magne-
tic spectrometer. It is shown in Section II that if thefe is a viola-
tion of Time-Reversal Invariance then there may be different cross sec-

tions when the target protons are polarized in opposite directions

‘perpendicular to the plane of scattering (an asymmetry). The experi-

mental procedure‘was to alternately measure the two cross sections by
reversing the target polarization frequently without changing any other
part of our apparatus. Corrections must be made for-theiunpolarized

portion of the target which will not contribute to an asymmetry. Special
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experimentaisefforts were made tbva§oid~systematic ana fandom erfors and
to minimiié fhé da@age‘fo the polérized target due‘to'thé_high intensity
beam. |

Part IT of this paper describes the history ana theory behind the
experimént.j Part IIf_describés'the ?henomena as they appear in our
experimenf. The next twbrsecﬁions describe partigular pafts of the
Gargantuaniappafatus, IV théxféam and detector, and Vvthe polarized_
target and associated cryogenic,équipment._ Section VI describes how
_the experimsnt ﬁas actﬁally-operéted. The Analysis of the Results
bsgins in. Section VII, whé're data\' redustion ahd possible sources of
error are discussed, and concludes in VIII wiﬁh a determination of the
: fraction_of.hydrogen in ﬁhe-tafget.

Results of this investigation and its interpretation are in ihe'
last section. We conclude that there is no evidence for a violation
of Time-Reversal Invariance in the process we have studied within our
experimeﬁfal errors. However;vthe cOmplexities of:the big bad world
are just reduced in scale, not in character, when onevstudies elemen-
tary particle phenoméﬁa. The reaction under study is so complicated
that a T-violation could have taken sanctﬁary in some phase factor or

cancellation of many terms.
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ITI. THEORY
A. History

A‘symmetry bperdtion in‘Ph&éics is a transformafion under which the
appearanée'éf the world (lawé of physics) remainlunéhangéd. Symmetries
have long been viewed with extraordinary interest by both scientists and
laymen beéause they reflect ideas of physical order, balance,\simpliciﬁy,
and beauty. .The Gieeks used the symmetry of ‘the cifcle to great advan-

tage in fheir astronomy, but clung to‘this-tnproven concept to the point

physics are invariant under space-time symmetry operations. This gave

- an important scientific basis to the belief in symmetries. Even twentieth

ééntury thSicists had assumed that space inversion was a valid symmetry

(based on a plausable and beautiful, but‘unnecessary extension of the
Lorenz group) until experimental evidence forced the opposite conclusion.
Today we are more cautious about assuming the validity of symmetries and

have more complex notions about what represents simplicity, yet high

 energy physicists are still more excited by the concepts of symmetry

- than by other recent developments. This is especially true of those

symmetries closely connected with our basic.macroscopic concepts of
space~time,
The symmetry operators C (charge conjugation or particle anti-

particle inversion), P (parity or space inversion), and T (time reversal)

~share these attractions. The symmetry of nature under the combined

-operation CPT is a consequence of special relativity and an extension

of our macroscopic ideas of causality to elementary particle inter-

a.ctions.l CPT is thus an excellent illustration of the close connection
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between_symmetry operators and our most fundamental béliefs on physical
reality. Wé belieVevthatvany physical process aﬁd its CPT éonjugate
obey the same laws of physics. The CPTvconjugafe is one.in which each
particle.ié'replacéd by its antiparticle, spatial relationships are
mirror inverted, and the process develops backward in tiﬁe._

Ex?erimental evidence on the validity of these symmetry operations
is rathéfvéxtensive now.2 In brief, C has been tested in electromagnetic.
interactions of leptons and strong inferactions of hadrons to-a few per-
cent, P hés been tested to aboﬁt 1l in lO8 in electromagneﬁic interactions‘

>

of leptbns (atomic y transitions) and 1 in 10° in strong and electro-
magnetic interactions of hadrons (nuclear y transiﬁions)and is violéted
maximally in weak interactions;. T has been tested by reciprocity to
about 1/2%. The combination CPT has been tésted to 1 in lOlu (Ki, KS
mass difference) and 1 in 106 in the gyromagnetic rqtiovof electron
versusvposifron and u+ Vs, p-. Thus CPT in all thréé inferactions and
~P-in the eiectromagnetic:and strong intefaétioné have been tested to
many orders of magnitude better then C or T.

Since these operators have direct physical meéning, as‘do.transla-
tions and_rotations, one ‘can put physical restrictions on these operators.
For example: space inversion R should co@mute with Time Translation.

In quantum mechanical terminology the Time Translation operastor = exp(iHt)
where H is the Hamiltonian and thus

R - exp(iHt) = exp(th) - R therefore [H,R] =0
or Nature is invariant under space inversion. This relationship aroﬁsed
5

no interest until 1956 when Lee and Yang

proved experimentally that parity was no longer a valid symmetry so

suggested and Wu, Amber, et al.h
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[a,P] % 0 in the weak 1nteract10ns. However if one naturally associaﬁes
= P as was normally done, a contradiction results. The ekpedient solu~

tions was to associate R = CP since'CP was;-at ﬁhat time, ¢onsidered to

be a valid symmetry and numerous tests were done to show this subh'as

studies of p —» evv. Since C has no effect on space coordinates, CP on
space is the same as P on space, therefore this v1ew seemed generally
acceptable.

However in 1964, when Christenson et al.5’discovered that CP was

‘not a valld symmetry in KL decay, the paradox reasserted itself and.

remains unexplalned. Because CPT invariance seems to.be essentlal to

) relativistically satisfactory theory we infer that the observed CP

violation means that T violations will likely appear somewhere, as we

shall now see.
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B. This Experiment

a

As of now there is no convincing explanation for the CP violation o

and the”exPériment descriﬁéq in this paper is one of the many designed
to shed light on the problem. We have made a tes£ of theitheory_of
Bernstein, Feinberg, and Lee (BFL)6 that the‘C? violation is due to the
electrdmagnetic current of hadronsAwhich has equaliy large CP>conserving
and CP violating parts (ﬁﬁkimal violation, just as the ﬁeak current has
eéually lérge P conserving and P violating pafts). The inspiration for
this is the size of the CP violating term in K decay (2 x 1'0”3 in ampli-
tude)‘which is of the order of a virtual électromégnetic correction’oyﬁ.
BFL pointed out that the experimental evidence cited above made no state-
ments as to the C and T operators in the elect:omagneticIinteractions of
hadronsq It was bostulated that each tyﬁe of interaction (strong, E &rd
M.and weak)vhas its own symmetry operator (e.g. Cst, Cy, and ka) under
which they are separately invariant; but that one type of interaction

is not necessarily invariant under the symmetry operators of another.

Thus Ps = Py from experimental evidence cited above (nuclear y transi-

t
tions) but the fact that Pst % Pwk is what is meant by thé Parity (mean-

ing P = Pst

is particle « anti-particle; Cy is charge < -charge) then there

= Py) violation in weak interactions. Similarly if CS,t % 07

(Cst

would be an apparent violation of C = Cot and CP = CstP in the electro-

magnetic interactions of hadrons. Since CPT is assumed valid to high
. _ -l -1 -1, -1 ' A
accuracy T =P =~ 1C CPT would not be the same as T =P “C_-1CPT.
st st ¥4 Y
Thus to test Bernstein, Feinberg, and Lee's theory one looks for C

or T noninvariance in the electromagnetic interactions of hadrons. This

formulation of the C, P, T‘gyﬁﬁétries limits the paradox discussed above
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by replacing H with the appropriate interaction Hamiltonian.Hi‘and R = Pi

defined by the séme interaction.

Since this suggestibn in 1965, numerous.experiments have beeri carried
out tovtest_the hypothesisl For éxample the élecﬁric dipole moment of
the neutron, which should vanish;due to T invariance has-been measured2
to be f 1Q-23 e~cm with.predicfions chaﬁging to fit the data. C non-
invariaﬁce would créaté an asymmétry ih.the momentum distribution of
n+ﬂ- in n'e ﬂ+ﬂ-ﬂo which is predicted to be a few percent7 and the
latest experimental result58 of (1.66 + 0.6%3)% are far from conclusivé;
The BFL theory had been neither confirmed nor convincingly disproved as
of this experiment.>A

Christ and Lee9 showed that én excellent test for BFL theory would
be a measurement of the asymmetry in inelastic electrén scattering.from
a polarized proton target. This asymmetry is the relative differénce
in cross sections for an éll'proton targeﬁ_polarized completely parallel
and anti~parallel to the scattering plane, i.e.

O, - 0C :
4 +

A= — (11-1)
9 +0,

Any asymmetry in this electromagnetic interaction’of hadrons would be a
violation of T invariance (in the-éne-photonéexchange_approximation)

and for maximal violafion a large polarization ~ 30% is expected. A
preliminary expefimental measufement of this asymmetry has been made

by Chen, et al.lo"Other experiments are not expected to have as large

a potential effect as this one. BFL's theory is in principle easier to
test than others becaﬁse it predicts equal CP violating and non-violating

amplitudes in electromagnetic interactions of hadrons. ther theories
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have small (< 10_5) CP violating amplitudes compared to non-violating

and hence one must do a very careful experiment to observe the violation. i

- Unfortunately most . tests of the BFL hypothesis'involve a reduction of

™

the expected violation due to kinemstical or other considerations. For
example inbthe'above mentioned 1 - 3%, 1 has J = 0 and CP = -1. The CP
conserving system has the same values of J and CP and so io the most

| probablevstate all orbital angular momenta are O and I = 1 to make the
system symmetric.‘bThe oP violating decay then goes into a CP = + 3x

system which must have at least Lot - =1 and L = 1 to have
J

JCP: ot. To be symmetric this system must be I = O. The two orbital

atn”, 70

angular momenta reduce the CP violating amplitude by an angular momentum
barrier ~ (kr)6 with an'unknown interaction radius r. Putting in a

el el 8On

reégo”abié" value of r one gets a possible charge asymmetry of oniy a
few percent despite maximal violation.ﬁ Similar‘suppressions exist in
. other poSSible tests. The e-p inelastic scatterlng is free from these
ypes of suppress1on and thus high polarizations are expected with a CP
violating electromagnetic interaction.
Tt is not obvious that Time Reversal Invariance forbids an asymmetry
(ih the one-photon-exchange approximation) and two proofs will be given
emphasizing-the specific form of the.interaction and the other the
: generality of the proof. Note that both depend on the interaction being W
first order in @« and neglecting higher order terms (Feynman diagrams).
The effect of the higher order terms will be discussed later. The only
Feynman diagram of first order is shown in Fig. la.

Theorem: There is no asymmetry in inelastic electron scattering from a

polarized proton target in the one-photon-exchange approximation, if
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initial electron spin is avéraéed and ali'final épins are summed over
and TimeeRéversal'InvarianceAholds.
Proova: 'By‘the laws of guantum electrodyﬁamics the inferécticn Hamil-
tonian represented by thé diagram of Fig. la is a product ofltwo currents
H = }ﬁ }E, where }ﬁ is the well-known leptonic electromagnetic
cﬁirent eﬁyuu =;}}ﬁ .and.)LE is the hadronic electromaghetic current
which is unknown, but can bg writtenIQOwhll in the moét general form
(consistént with special relativify) in terms 6f a priori unknown but
experimentally determinable form factofs,"The only fact important to

the proof is that both currents are of magnitudeve.and thus Ho(e2 = @

which is small. The Hamiltonian can be related to the S matrix in the

usual perturbation expansion derived from the Schrodinger equation

i %‘E"g HY (%)
and the time development operator U: |
¥(t) = U(t,t,)¥(t,)

H and U are thus related by:

. . St
U(t,t.) =1 - if H(t")Uu(t',t,.)at"
0 0’
"t '
0
and to lowest order in a:
B t ,
'U(t,to) =1 - if H(t')dt"
. ey

The S matrix is

limit U(t,t,.)
0
t = + o

P

0]
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. Feynman diagrams

¢ L

(d) ; O

(b)

e p

XBL706-3200

Fig. 1. Feynman diagrams for the process ep = el
a) The one~photon~exchange process
b) The two-photon-exchange process v
c) Radiative diagrams with photon on electron line
d) Radiative diagrams with photon on hadron line
Note that the second diagram in 1.d. can be altered to
become l.a by redefining I' to include an extra photon.
* la and 1lb interfere as do lc and 1d.
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hence
. s8=1- i'f H(t')dt"
- V =00 i
The usual expansion of S ié:
=1 % iM

where M is the transition matrix element. Since the Hamiltonian is

Hermitian so is M and thus

M.. = M*

s A &
Time Reversal invariance means that

Mes = Mitet

where the.superscript t means time-reversed state, therefore spin and
momenta are reversed. Tnus the matrix element fer a process going one
way is the same as the matrix element of the process g01ng the other
way w1th spins and momenta reversed. Combining both relations
¥ *
Mes = Mip.= Metst
and taking‘abeolute squares to éetjcross sections (and suppressing some
numerical facﬁors):
opy = M| = I 481 = ot
If one quantizes rhe spin perpendicular to the plane of the.interaction
a single rotation as shown in Fig. 2 restores the.momenta in a stafe )
jt to that of state j.without affectlng the spin. Figure 2a shows the
process it» £, Fig..2b the process:it - ft.v A rotatien of 180° about
the normal to the scattering plane restores the moments to their original

values leaving the spins, as shown in Fig. 2c. ILet a superscript s
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~ Spine
-a) Reaction: g—

b T =

C) R(|80°) Spm ®

XBL706-3202

Fig. 2. a) The reaction ep —» el’ in the laboratory, showing the
v spins and directions of the particles.
b) The reaction after the operator T has been applied.
" ¢) The reaction after a rotation of 180° about the b
normal to the scattering plane has been performed. ’
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represent the state after this process (namely just»fhe spins reversed).

" -Then

 If we sum over all fimal-state spins, the sum over T is the same as that

. s
over f~ and so

S = S
r £ ‘

Averaging dver the initial electron spins results in the equality of the
cross sections with proton spins oppositely polarized in the normal to. -
the scattering plane with all obher conditions the same.

Proof II: We use the Unitarity relation STS = 1, in the form M‘-r = Sﬂm,

-which can be expressed as

M:’- - g S:r Mhi |

where n:is any physically realizable intermediate state. To conform

- to the experimental setup described below we define a set of states G

which are restricted only by being physically realizable from the state
of incoming electron and target proﬁon and having the final electron
coming out at a fixed angle and energy. Thé states G are what we detect
experimehtally and so a sum over all states feG constitutes the cross
section we are measuring

Z M;r: FeZGnZn' Sr:r Mnt Sn'f Mf:i. )

fe &

N Z MnLM:l:Z S:-F Sn'r
| hn’ “ feis

(m-2)
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Now we use. the one-~ 7 exchange approx1mat10n to get the magnltudes of M
‘and S in order to determlne which terms can be 1gnored. Since the

electron-and proton can only 1nteract'by exchanging at least one photon

1.2 : \ . _ .
o(e ). to any physical state n. Also, since Sab = 8ab +“1Mab’

@(ez)'if a ﬁ b. The one-y-exchange approximation allows one to

ab
: o v 5
ignore all terms in the cross section of order greater than e4 or & .

M .
ni

S

To evaluate (II 2) divide the sum over n and n' into two different

categorles l) n and n eG, 2) the rest Thus

i /Z[Mmmzsﬂsg L1

Sum (2) is of order a; since one or both of the S terms is of order @
(since feG and either or both n, n'¢G) and both M. terms are of order a.

Thus we can drop sum (2). The sum over fi is almost represented by

I STS anf ne Cg-;n' Z Snf SHF+ZSA-FSn(

feG
Heﬁce; ;5vf : | - | |
Z /M;/?-: Z Mm‘ M:L :d:m' ._Z S:‘. S”.f;f
fe6 nn'eG . FEG

. L _ :
The second term is of order & for the same reason as above and hence

) ;IMrflzzé_/Mnélzzél {'c/

Now (at last) we use time-reversal invariance in the @ame form as above
=Mt .t =Mss -

Henee: Z O;és = Z o,;,‘ o - B QED,

fEG felr
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This sécond proof has the aesthetiq advantage of not using any particular
form for the interaction except that it is‘electromagnetic.

Both proofs (and in fact all proofs) depend on-1) The assumption

- of l—y.exchange, 2) Summing over final states. The first proof indi-

ates we ohly have to sum over (detect) all fihal spins of a particular
state, while the second broof, ﬁith fewer assumptions, requires a uni-
form detection of all final states with fixed electron energy and angle.
Since the decay angular distribution of" a resonance dépends on its spin
it is essential that we detect all possible directions of’the final
particies with equal efficiencies, which is easiest done by detecting
none of them, i.e. only detecting the scattered electron.

"If either (1) or (2) were violated, a n asymmetfy could exist
without violating T invariance. Luckily we can tell fhe difference
betweeh an asymﬁetry caused bj T non-invariance and one caused by higher
order corrections to the.one—bhoton;exchange diagram. As.shown'in Figs.
la and lb, the one-y-exchange diagrém has one power of e, the lepton
charge, on the lepton line. When the matrix element is squared it
becomes'eg{ independent of the charge of the lepton. However the two-
7-exchaﬁge diagraﬁ contributes most in the interference term of the
product of.one-y- and twp—y-exchange diagrams. Here there is a factor
of erwhich does change sign with leptonbcharge. Thus, doing the experi-
ment ﬁiﬁh both e and e+ and.lookiﬁg for a change in sign of asymmetry
allows one to distinguish between T violation and two-y exchange. Tﬁe
two-photon-exchange contribution is expected to be of order a < 1% and

thus not likely to show up within our experimental accuracy of about l-l/é%.
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There are other higher order diagrams which must'be considered
because of.their rather iarge effect on the cross‘secticn. These are
the "radiative".diagrams_shown in Figs. lc and 1d thch have a soft ¥
in the final state. Our detector, whichvonly accepts the electron,
cannotidistinguish between the non-radiative and radiative interactions
(no interaction is truly non-radiative since there are an infinite num-
ber of iere energy photons always emitted). Clearly in the limit of
zero phctOn energy the radiation can have no effect'on our calculations
and introduces no asymmetry. However, even though the radiative dia-
grams are higher order in & (a?) there are so many of them contributing

to different values of photon momentum that they make a eignificant

contribution to the cross section and thus might'make a contribution to

an asymmetry. Cahneand 'I'sai12 have shown that if one considers only
diagrams rhere the'bremsstrahlﬁng is.from the lepton lines, Fig. lec,
then theee do not contribute to an asymmetry if T invariance holds.
Diagraﬁsvwhere the bremsstrahlung is.from the hadron line, Fig. 14, and
interfereﬁce betweec'the two types can contribute fo an asymmetry, but
- these are very small due to the higher mass of the proton. This is
.confirﬁea cy”ﬁhe calculations of Cahn and Tsai on such an interference

which yields A << 1%,

In cross-section measurements one can correct by calculation the

measured value to eliminate the effects of the radiative diagrams. The
effect of an emitted photon is to cause the calculated missing mass of
the hadronic part to differ (be greater than) the actual missing mass.

Thus data which should be binned at missing mass M end up at missing
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M + OM. If there is an asymmetry in the cross section which is a func-
tion of miséing mass, the radiativé diagrams change that function to
another one due to the redistribution of events in missing mass. In
the simplest case, at the elastic peak in cross section (missing mass =
928 MeV), the cross seétion would be a delta function in missiﬁg mass
without fadiative diagrams and the region in missing mass between
938 MeV and the inelastic threshold of m.p +m would have no.¢Vents.-
With the radiative diagrams (acutal case, of course) the peak is smeared
so that many events fall in this “empty" region and some -even well be-
yond. The asymmetry in this "empty" region is the same as that at the
eiastic peak{ In any place M in‘the inelastic region there are both
contributiéns from events of lower real missing mass‘and loss of
asy@metryvfrom events of real mass M which are radiated off to higher
missingiﬁass. The radiative corrections were not made in our data.
Since we are looking for a time-reversal violation and any asymmetry
obseryed would bevdue to this, no matter what ité missing mass (unless
it is the.small two-y exchange) and since there are no predictions as
to wﬁaﬁ missing mass a T violation should occur at, why worry if we do
not know the radiaﬁive corrections which might shift 20% of our data
50vMeV 13:15 when our resolution is not even that good?

| It is important to note that we can ohly Observe a T violation in
inelastic scattering. An asymmetry is precluded in elastic scattering
by a cbmbination of Hermiticity and gauge invariancelllL in the one-y-
exchange approximation regardless of T invariance.

The proofs we have given, while simple, do not result in an ex-

pression for a T-violating asymmetry in terms of the three form factors
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for the process. These are F+ the two.transverse (polariied virtual
photon) and F, the longitudinal (polarized virtual photon) form factors.

9

This required_expression is given by Christ and Lee” in their notation
in the lab frame:

(w,_lg) , (w ",k') The 4 momentum of the initial and final electron

6 o | Scattering angle of electron
(E,p) : y momentum of final hadron state T
M o  Effective mass of final hadron state I'
q2 e - (4 momentum transfer)2 = (K-K’)g - (w-w')2= Mww'singe/é
v o The energy gained by the photon = w-w' = 4
§in : Spin of target protoﬁ L |
o ~KxK '

n : Normal to scattering plane ggg

The double differental cross section is:

4T=*W' Jyr (cos e){? W+ 2(ww- ?/#WE*S (k*k)(wzw)
s | T @y

where: w {//':- .._[F'}Mp
Wi { IRl E e e /i/}'"r?ﬁ’

W 2&2‘72@"( F)}m Me ¢’ P'z( -m,,) '(11.4.)

where n is a phase factor which depends on both the spin and parity of

1"

the final state I. ,
=P exp[im (- J;v)]
/f7 r
The sum over I' is over all final spin orientations. To match our experi-

mental conditions we must also include iin the summation the sum over all

outgoing total angular momenta J and all particle multiplicities at mass



L1

fu

-19-
Mp, |
The w3 term would produce a spln-dependent cross sectlon (asym-
metry). From Eq. Gﬂ}l) and (I-3) the asymmetry is.

/9" ww'sin@ (w=w)Wi = (w® W'Z cot 0/7_ V
m,, [#W, +2 (w78 W, J mg [2W 4Ty co 9/2]

It time_revefsal invariance is correct then the Ffs are relatively real
end thus_W3 = 0. For elastic scattering FZ and F_ are linear functions
of Ge andldm and F+ =0 and, as 1s well known, Ge and Gm are real from
Hermiticity._ Hence there is no‘asymmetry in the elastie 5cattering case
even if’ there is a T violation (1n the one- 7-exchange approximation).

As in all of Phy51cs, there is at least one other notatlon15 in
‘common use which will be stated here for future use.: Let ct and OL be
the cross sections for virtual tfaﬁsverse and longitudinal polarized

photons on protons and OI some cross section due to interference between

the two. In terms of the form factors:
£ *;Z"‘Zzaw@ HEW (T
4—77'10( E,,_ fo;)w W7

L
"' 22’721», (/'}_F) ?,,/7,7/:; K(“ﬁ?)y

9
3
%
o,
4M
| ‘T_"

S

where
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is the energy of a real photon that would photoproduce F; Tc; obtain the
electroproductlon cross sectlon each of these must be multiplied by an
approp;iat»e factor Pi (not to be confused with the final state I‘) repre-
senting the probability of the respective photon being emitted by the -
‘scatterlng electron. /\ , ,

do - [lor + [ F or Sih  (m-?)
where: . ' ' |

T =wk Cot ‘912
,’:*ww% | (H-Z'V?)

R

I"’ =,»<=><W'K wiw' _ cot 95
T 4-7/'2_14/?7‘ (l+7/2/?z)7/‘ .
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C. Analysis of Kinematic Factors:

There is no theory predicting the kinematical conditions in which

one might eXpect'a T-Violétionkpo‘appear in its largest form if it appears
N ) | 1

at all. Tﬁere is a‘conjecfure made‘byfboth Leejf6 and Okun~ that the T

v1olatlon in electromagnetlc interactions should’ obey a AL = 0 rule.

Lee's prbof#aéSUmes'ﬁhat”the CP-violating current transforms like its

' chargeé under Isospin rotatidns (minimal electromagnetic interactions).

18

Okun has a more general'pfOOf which-heﬁseems'tO'have restricted;- If
one believes this rule then one would not expect to find an asymmetry
at the 435(1256) resonance)whichﬁis:a-ém = 1 transition from the I = 1/2
proton. | |

Even if one assumes a max1mal T v1olat10n everywhere, there is

still great uncertalnty as to the best place to look for it.: Since the

cross sectlon _dependence on polarlzatlon of - the proton target is given

by Eg. (IE??)we can,write the Asymmety'perameter

ArEE @)

es_ @y
20z +[1(5' | I |
Expanding, we get

Al = Z?/ Cs ‘“‘W%

where’ only one term in the sym (Eq. (II 6)) has been taken and ¢ is the

phase between F and F which may be 90 for max1mal T violation. Our

ignorance is at once apparent when you realize that GL/Gt(Q‘,MF) is
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A more reasonable, ‘but, stlll crude, estlmate of ‘A can be

at the A35(1236) resonance. It dominates the cross section, is

11,20 o2
be mostly a magnetic dlpole tran51t10n , :

IFI/[/;: F]

and has o /c = 0.14 * O, 07 at q = 0.6. Thus ]A|~ 0. 05 sin 9.

lar estlmate at other mass values 1s even more uncertaln due to

obtained

known to . B
P/

A simi-

the

contrlbutlon of many other values of angular momentum and partlcle multl-

pllCltles (as,andlcated in . the sum in Eq (II 4)) 1nstead of & dominant

resonance, - Hence one can expect 1f BFL is rlght, a rather large polari-

zatlon but not with overwhelmlng confldence. This issue . is dlscussed

further in the 1nterpretat10n of the data, Sectlon IX.

g

%
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D. Running Conditions
Without theoretical guidance, we'were ffeevto_operate the experi-
ment at kinematic conditions dicfated largely by experimental feasibil-
ity. Table I gives the values- of q and MT at which we took data. The
procedure used was: |
(1) Select beam inteﬁéity so-as to damage the target in'a "rea-
sonable" time (a few hOUrs,'eee Section V on target)g.
(2) Select'energybof beam for highestvoross section (highest
enelfgy); o o | |
: (5)_ Select scattering angle so that the eOUnting rate is as
| large as we can handle comfortably (see Section IV on
_countihg rate).
| Note that the croes>eection depende sharfly on scéttering angle,
as l/b s but is not very dependent on the scatterlng momentum, or, in’
other symbols, oQq -k and © 1ndependent of m1551ng_mass.‘ This latter

. 1
fact is the surprising result of SLAC experiments. 5 These criterisa

resulted in most of our running being at w = 18 GeV and q2 Z0.6(6 = 2.51°),

with less detailed exploration at "hlgh" q (” l(GeV/E) ) and\low
q (“ O H(GeV/b) )
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TABLE I. RUNNING CONDITIONS

- Beam Scattering Missing Mass Lh-momentum Number.
Beam Energy = Angle Range ' Transfer Squared  of Events
Particle - GeV (deg) T GeV (GeV/c)?2 (x 106)
e - 18 2.48 °  elastic-1.910 .58 6L
: : ' 2.350-2.650
e 18 3.21 elastic-2.150 .96 10
e” .15 2.37 elastic-1.850 .37 15
* 3.18 1.050-1.450 h2 1L

e ' 12
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ITII.  EXPERIMENTAL DESIGN

A. >Asymmetry Formula

itfié necessary to find~thé Asymmetry A from the experimental
situation in which the target is not all free protoﬁs and those-protons
can only be partlally polarlzed._ Our target con51sts of n+(n&) free
protons with spins parallel (antiparallel) to the scatterlng plane and
ncvother nucleons (bound in various nuclel). The cross section for the

entire target is

G= (g + NGy +176) /(NN o)
where the ¢'s are the cross sections of the particular nucleons indicated.

The unpolarized cross section (when the average free proton spin ig 0)

is’

§(03+%) + e

heth, +h°

5;‘:

where n = nL + npa is the total number of free protons. Then:

oz ope G (le) - oy (Psny) (zz 1)

,+92_-<_fi.&-_m.h/z(°? ] O’[I*-APHJ

" Op+0y, - Netny

where A is defined in Eq. (II-1), P = Etig% is the polarization of the

o $ :
free protons in the target and Hf'is the fraction of the cross section
which comes from the free protons (hydrogen). The experimental procedure

is to evaluate o for opposite values of P = * p, yielding o, = oo(l x Apr).

Hence:
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where ¢ is the expériméntally_measured asymmetry in the counting rate.
,'.'Sincé we ﬁéasure only the ratio of cross sections,if ié unneces-

sary-to obtain absolute cr@Sé sections. This means itlis unnecessar&

- to Knowithe_efficiengy‘of the detection system and the normalization

of the beam monitors. However, whatever they are, fhey must remain

constant. “

The uncertainfy in A is Simply:
A ) (‘-A—-gl-r é_P?. AH‘l"
A lz (P * H :

When e is near zero (our case) and the other errors are relatively small

o)
@) > (%)
and thvs - v ' .
" AA = %i; - | (r-3) |

V It is Qleaf from this expression that the uncertainty in the
knowledge of P and Hfrwould only multiply A and the error in A by an
unknown constant and not effect what we are really interested in: is
A %‘O fd any statistical significance (see Section VII for details).

It is the uncertainty in ¢, i.e. anything which might éause an apparent

discrepancy between o, and o_ (aside from actual T noninvariance or
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two-y exchange), which is a threat to the success of the experiment. 1In

order to evaluate A to a few percent with typical values of Hf = 0.1 and

P = 0.2 we find that e must be known to a few hundredths of a percent.

For this statistical accuracy we need something of the order of ten
million eVents and, what is potentially more bothersome, we musﬁ prevent

(or at the very least know about) nonstatistical errors of this size.
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B. Errors and Target Polarization Reversals

We'expect this experiment to be relatively free of any‘systematic
error sinqe'our apparatus remains élmoét literally unchanged, unmoved,
and untouched for measurements of bothfc+-and o_. The only change is é
shift of 0.3% in migrowave frequency to alter the target polarization.
Since the microwave power does not effect the operatibns in anyIWay
exceptvchanging the target polariéation (for possible complications see
Séction'V.D), there is an inherent lack of sources of systematié érror
in this expefiment. >Nevertheless at our desired lével of accuracy the
greétest'vigilancé ié necesﬁmy if.instrumenfal,fluctﬁations are not to
effect the results.

.Cuf,procedure of taking data alternately with opposite sighs'of
targetvbolarization_divides possible nonstatistical errors into two
categories:

(1) Those distnﬁbiﬁg phenomenon which are fandom i.e. uncorre-‘

" lated with target polarizgtiqn, énd

(2) Those Whichvare cbrreiated;v
of course the best techniques totrid oneself of both classes of error is
perfect equipment and eternal vigilance, but, both being in short supply,
type-lﬁeirpis can be reduced in effect by énother technique. By revér-
sing the target polarization frequently, Ve can arrange that a random
disturbance, such as fluctuating detection efficiency or position jitter
of the beam, will tend to contribute equally tc both o, and'c_ and hence
cancel out in the asymmetry calculation. The typescof fluctuation with
which we have to deél determines how rapidly they will cancel out due

‘to polarization reversal. If the random disturbances are slow or have

4
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a lower ffequencyAthen the polarization reversal.frequengy (as, for
example, a slow drift inrcouhter'efficiéncy) thererror induced will.
decrease in&erseiy aé the reversaluffequency for a fixed total interval
of data‘faking. This is also true if the random disturbancebis a step
functién.(éﬁch as might bé due ‘to the beam'éh;fting position suddenly)

or to_any number of step functions located randomly in time. However,

*

if the disturbances are delta functions (very short in duration) or any
random combination of delta‘functions (such‘as a powér surge changing
efficiencies for a very shbrt time) or if the fluctuafioﬁs aré very
rapid.with respect to the polafization frequency (such as beam position -
jitter dﬁé to jitter in magnet power supplies), then the error .induced
is indepéndent 6f the polarization ré?ersal frequency fof a fixed total
interval:of data taking. For all cases, thé induced error will be
reducedehen one takes data for a longer interval of time T by a further
facﬁbr prébofﬁional to l/IT. FﬁrthefvdiSCussion and proofs‘of the above
statements are in A@pendix‘A. | N

The contributions of the'fluctuationé aré thus reduced signifi-
cantlj By increasing the po}arization reversal frequency and this was
our ‘' ma jor defénse against random errors. For example, inconsistancies
as high as 1% were télerated in the monitors over the time between
polarization reversals but these were found to be reduced to < 0.01%
after a few thousand reversals.

In our finite period of running all random fluctuations will not
necessafilyvcancel out. A frequency spectrum of this noise would prob-
" gbly show contributions near our polarization reversal frequency which

could induce a small error in the asymmetry. In the Analysis Section
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we déscfibe how this possible noise is measured andrshow that these
errors aféASmall éompared to normal statiéticai counting errbrs.

The error not reduced by long rﬁnning and frequent polérization
reversal is thﬁt which is due to a physical bias in our apparatus.
Possible effects include the potential of a correlation of targét den-
sity with target pblarization (varying liquid helium level, discussed‘
in Targét'Section) aﬁd the problem of a non?uniférmrtarget thiéknesé
combined with changing beam position. Most ofvthe rest of this paper
is devotéd to describing the techniques used to avoid physical bias in

our apparatus.v

L
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C. Summary
The most important experimeﬁtal features of‘this test of T invar-
ianée érevdésigned to overcome4£he probleﬁs mentiohed'aﬁove. These are:
(1) a poiarized proton targét which can.reQefsejﬁolarization
rapidly and is not too much‘damaged by high beam intensities,
_(2) A system of sweeping the beam ﬁack.énd forth over the entire
target to uniformly irfadiate.it,
:'(5) ComputerAcontrol‘over everything to insure that each count-

ing interval was handled in a standard manner.
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IV. EXPERIMENTAL. SETUP

A. Beam o , A

The experimental apparatus are. shown in Fig. 4. Electrons (br
positrons) from the SLAC 20-GeV accelerator weré momentum analyzed to
a total A@/§ of 0.2% (0.3%). This béam was éwept»left-right and up-down
by a paif of air-core Helmholtz coils under Computer_éontrol to uniform-
1y distribute radiation damage tovthe target. After each beam pulse
(lf6 usec‘long, 5ms apart ) theAmagnét current_was stepped to move the
beam l/iEIQf an inch at the target.v Arcompletevpaftern, shown in Fig. 5
covered the entire target and inclﬁded 288 épots taken in a systematic
down sweep of 12 horizontal lines.eéch with 12 points follOwed byvan
upsweep of another interlaced 12 horizdntal lines. A»completebpattern,
covering_thé entire target, took about 1-1/2 secon@s at i80 PSS (pulées
per second). |

The beam intensity was measured by two inauction toroids_e2 placed
upstréam of the target and a secondary emission quantometer25 (SEQ)
whi;h aiso acted as a beam dump‘200' behing the target. Absolute cali-
bration of the monitors was unnecessary, but we could not tolerate
fluctuations in sensitivity as this might lead to erronious asymmetries.
During running the three monitors were required tduagree with one another
to better then 4% fdr each subrun of.data taking (6 complete beam sweep
patterns, about 10 seconds) in order for the data to be included in the
analysis. | |

_The position of the beam in space was monitored in an RF cavitygu
placed upétream of the sweeping magnets. This position reading was dis-

played continuously on an oscilloscope and was helpful in detecting
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changes of beam conditions. The distribution of the beam in time was

recorded by'a Cherénkov coﬁnter placed near the target and was displayed

-on anothef-oscilloscope'as a further check on beam conditions.

Tﬁe beam, when it reached the polarized target, was about 2 - 3 mm

in diameter as observed by the darkening of glass slides placed at the

target position. When the beam was swépt by the magnets it uniformly
irradiated (to within about 10%) an area 1" x 1" corresponding to the
size of the target, again as observed by a glass slide placed in the

beam. The beam could be observed on two‘tﬁin, removable ZnS screens

" placed upstream of the target and monitored by remote TV. To avoid

radiation damaging;:the tdfget‘whilexthe beam was being tuned, we arranged
that a 30-radiation-length metal block‘could be remotely moved into the

beam in front of the target.
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B. Detection Equipment .
- Scattered electrons from the polarized proton target were detected

25

in the SLAC 20-GeV spectfometer. The small solid angle of acceptance
of~10-h~sr. and momentum acceptance -of +2% limited.our counting rate. A
ten-counter hodoscope was oriénted so that each counter subtended a com-

bination of ahgle (9) and momentum (w') corresponding kinematically to a

fixed missing Mass MT of the undetected particles. . Since:

M= mz - 4ww!'sin84) + 2(w-wW)mp |

the condition for constant MPvis;

 dMy=0= 2ww'ede -2mpd W’

Thus: : dw,: ’lee,

de | T mp
The 20-GeV spectrometer has an angle measuring foéal.plane perpendicular
té thevoptical axis of the spectrometer Qith a first-ordef optical co-
efficient  d9/ax = 6.5 X 10_4 where the scattering angle 6 is in radians
an the horizontal displacement aﬁ the focal piané x.is iﬁ cm. The
momentum measuring focal plane is tilted at an angle of h5o with respect
to the optical axis about a horizontal line. The corresponding first-
order thical coefficient is gt - ‘= 283 where y is the displacement
in cm. along the‘momentum focus in the near vertical direction. The

orientation of the missing mass hodoscope, dy/dx, is thus fixed by:

dy| - dy d_@/ QLW_’/ - _IBWE . |5
dX/MI’ o/W'Ig dXlw' d6e N
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at our typical running conditione ofvw = 18 GeV and @ = 2.50. A slope>
of 0.15 mean that the missing mass es seen in the spectrometer is much v
more sensitive to momentum plane position than angle plane. Hence our
hodoscope.was oriented in a manner 51m11ar to the momentum plane hodo-
scope except for a tilt. of about 9° (dependlng on klnematlcs) around
the optical-ax1s of the spectrometer. Each of the‘O.MS" x 0,45" x 7"
countere subtended 10% of the totei Ap/p dcceptance of‘ﬁ% of the spectro—
meter.‘p | .
| ‘ _To'differentiate electrons from other particlee uhich might be
present a l6-radiation-length lead-scintillator sandwich Total~Absorption
counterl(TA) was placed behind the hodoscope. Electrons, because of their
low mesé, will create shouers, and a large amount of light; while u's,
n's and other heavy particles will not make showers, and will leave only
a,minimum ionization energy'behind. The output from the TA counter was
pulse~height discrimineted to pick only:those particles creating large
.amounts of light. The separation from minimally ionizing particles was
quite clean, as is indicated in Fié. 6. Using the information from two
dE/ﬁx'counters which were placed behindVSteel sheets, and thus wmeasured
the initial stages of a shower,_wefWere eble to study a sample of those
events whicn might be ambiguous in the TA counter alone. Using this
additional knowledge we eStimate”the-non-elegtron contamination in our
. final ASymmetry A to bevlees then 0.2% and thus of no significance -even
if therebwere a lOO% asymmetry associated with them. A trigger counter
was placed right behind the hodoscope. A fast triple coincidence between

the TA counter, trigger counter and one of the missing-mass-hodoscope
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countefs:defined an event and advanced one of ten 100 Mckscalers. .Count
was-aléO kept of thevﬁriggers (coincidences betwéen TA and trigger coun-
lter), aééidental or change coincidénces {coincidence between TA and |
trigger counter delayed by 20 ns) and singles in Both TA and trigger
counteré; The electronics wiring is shbwn in;Fig. Te

The;time resoluﬁion of the syétem was about 7 ns, as indicéted
by delay curves and accidental ratés.(accidental rate) = (trigger rate)2
x(resoiution time), where tybical'rﬁnniﬁg condiiions were accidental rate
= 1.1% and 1.5 triggers per 1.5 usec pulse).
| The optics of the épectrometer are quite sensitive to the vertical

position of the interaction point. The vertical magnification of the

. spectrometer is about 0.9. Thus corrections must be made for the beam

position'sweep of % 1.3 cm described above. Since eaéh missing mass
counter is'lmls cm énd this is the'uitimate limiﬁafion on our Ap/b reso-
lution, ﬁe.could simply divide the data from the farget into three verti-
cal regions (calied-fop, middle, and bottom) of 0.85 cm, each of which,
when projected onto the-hodoscope plane; subtends about 0.8 cm. This
data division was accomplished by'haying the computer read the contents
of the ten miésing-mass scalers and one of the monitors every time the
beam crossed from one region to another (aboﬁt % times per second) and
keep separate totals for eachaofithe regions. After the appropriate
kinematicvcorrections of shifting top and bottom regions oﬁe bin (in
opposite'directionévof course) 12 missing-mass bins were created from
the 10 counters when the data was combined. |

The presence of ﬁhe‘polarized-target magnet at the scattering

center also necesgitated kinematic corrections to the normal spectrometer
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-43-
optics. ' The bending of.the magnet , ﬁroportional to)Bdl, was measu:ed'

by integraﬁing the chafge from a wire coil moved through the magnét and,

'independéntly, by observihg the bending bf the unscattered electron beam

withva levef arm of 200'., The méthéds agreed to better than 1% and gave
about 19'(depending on beam'énérgy). For futher details on this and
other kinematic correctidﬁs see Aépendix B;

The "hut" at the back‘eﬁd of the spécﬁrometér had been equipped
with se?éral comﬁlicated arféys‘of.hodoscopes for fine'resolution of
momenfﬁmé productién ahgle, azimuthal angle, position of the interaction
within'thé1target and partiéle identification. . This was referred fo as
the "old" or "slow" system.26 Since a slow event required reading'out
many banks of hodoscopes ffom‘flip-flops, only one could be handled by
the'computer per beam pulse; to avoid large deadtime problems only a
small fracfion of -an event/bulse could be accepted. Instead of reméving
the»slow éystém, we recorded every fiftieth "slow" event on magnetic
tape férvfuﬁure use. (The computer did rnot havé time to handle more.)
This déta'was:then used to determine Our‘resolution.(the "01d" resolution
was well known and four times bétter then ours), the non-electron con-

tamination discussed above and to give us a sense of security.
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.C. Resolution

Ideally the resolution in missing mass of our detection system

would be determined by the 0.4% momentum bite.of'each_missing-mass coun-

- ter (since,‘as shown above, the production angle is unimportént). Un-

fortunately the following distortions reduced this resolution:

@)

(2)

'('5)

The miésing-massﬂhodoscope was placedlupstream of the
momentum focus so that it would not_be behind'another :
"old"_afray Of counters. When the missing-mass hodoscope
had been temporarily located behind the angle and momeﬁtum
hodoscopes, & rays\created in theée hodoscope scintillators
had distorted the data from the missing-mass hodoscope.

The sweeping_of'the beam across the target changed the

‘kinematics of the spectrometef. Even with the division

of the farget into three kinematic regions this hurts the
resolution.
There are still & rays which cause < 10% of our events to

trigger two ofvmore counters (usually two adjacent counters).

We compared some of the data event by event in the missing~mass

hodoscope with that in the "0ld" system whose more accurate resolution

is well known. This comparison, illustrated in Fig. 8, shows that our

resolution (FWHM) = 0.6% Ap/p or about 1-1/2 cointer-width bins. This

corresponds to a missing-mass-resolution varying between 100 MeV FWHM

*
at the elastic peak to 60 MeV FWHM at the N (1688). This limits our

ability to see a rapidly varying asymmetry which crosses zero frequently.

It was a sacrifice we made to obtain a large counting rate and good

statistics by using the missing-mass hodescope.
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V. POLARTZED PROTON TARGET

A. Principles of Operation . -

The polarization of free protons in a magnetic field H and at a

temperature T is given by the Eoltzman distribution .
p. - exp(wgeHAT) | ,
| +exP(AZeHAT) ‘. (v-1)

P fank (ﬁéﬁ)

;FOr temperatures obtainable in the iarge thin-walled apparatus capable

of absqrbing:milliwétfs of energy, necéssafy for high-energy physics
experiments,f(0.5o K)iand‘forrmagﬁétic fields available (50 kG) the
polériiation amounts to only a few pefcent and ié thus_useléss for
écattering.experiments. Even if lower temperatures or'higher fieids 
éould be achieved,-hydrogen, the most desirablé substance to uselbecause
it is ali free protons could not be used because it occurs as molecules,
‘the low'enérgy‘state of which is nuélearfspin-zero and therefore un-
’polarizable. | | |

QThe technique of Dynamic Nuclear Qriéntgtion;seeks to overcome
these aif}icultiéé b&:ﬁicrowé#e pumping the pfotdné'into one of their
spip statésvand depleting the other.’ Only ééfain exotic mixtures
containing'paramagnetic substances have thg distribution of magnetic | (3

energj levels necessary for the technique. This method has the inherent

-

advahtage that the polarization can be'rapidly reveréed without changing
any part of the experimental apparatus except a small change in the micro-
- wave pumping frequency. The brute force method described above would

require a change in the direction of the magnetic field, with all the
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introduction of sysfematic errors associated with moving the rest of the
detection apparatus to compensate.

Thé-principles of Dynamic Wuclear Orientatibh have been described

by rriany'péop'leg7 "more compefent than I to extol itsvﬁheoretical.mechan-

isms. 'The central idea behind thezpfocess is that unpaired electrons
or eiecfronflike magnefié'momenté ére introduced into a target-material
éreating in ahlarge méghetic fiéld éhergy levels dependent upon both
electron.and.proton spins. Due to the electrons' large magnetic moment
the electrons are almost completely polarized in the magnetic‘field af
temperatures near lo K. The microwave power applied at appropriate
frequencies simultanecusly flips the spin‘of both a proton and an elec-
tron, pumping the protons into one state,‘while the electrons relax to.
éliéhment with thé field'through»interactions with the rest of the

material A steady state is reached in whlch the slow rate of proton

_relaxatlon (spin fllps through 1nteract10ns with the rest of the

materlal,_toward equilibrium) is matched by the microwave pumping of

fresh protons.
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B. Choice of Material

VThé polarized protdn target for this experiment had to meet mofe
strict criteria than other experiments require. These were (1) with-
stand the ionization due to the high intensity electron beam, (2) have
a comparatively high fraction of free protons (hydrogen) and (3) able
to revérse polarization rapidly. Table II gives the relevant numbers
for manyttypes of materials.

(1) Since the cross section fdf electromagnetic scattéring is so small
(~ 10-39 éme)kan'extremely intense beam of electrons is necéséary to
detect:a sufficiently large ﬁumber4of scattered particles. This ioni-
zing beam can db two different types of damage tbAthe.pgrget, (a) Des-
troy the free radical which supplies the free electrons to do the Dynamic
Orientation (b) Create paramagnetic centers in the target which engage
in spin flips with the protons, depblarizing the target. As séen from
Table II dpr typical beam of 2 x'lO:Ll eleétrons/second would totally
.destroy thé LMN crystal in a few'minﬁtes,YWhich would make a‘pleasantly
short bﬁt UHpréductive ekperimenﬁ. Figure 9 shows the buténol target
polarization as a function of total electron beam through it. The
repetition in the pattern is a consequence of our ability to anneal

out the péramagnetic centers of (b) above by raising the température to
1550 K,(above a phase transifion) for 10 minutes. This was of enormous
value in extending target life and was one of the keys to our success.
The annealing process could not reverse the losses of free electrons

(a) and thus ‘the target eventually died of electron failure.

(2) We cannot separate kinematically those events which are scatters

from free protons as opposed to those scatters from nucleons bound within
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" TABLE IT

Comparison of target materials by their figure of merit FM for

experiments where (l) free proton events are kinematically

separable (FM = Rdﬁ;) and_(2) they are not separable (FM = PHF)'

Fraction

of Free . : , ,
Protons Polarization (1) (2)
Lo : H Reversal Radiation™ Anneal- B PH

Material Polarization F Time Damage able 1Jﬁ; F
nwe? .50 .03 20 min, 1012 - .09 .015
Buty1-0 : 1k
alcohol .35 .1k 30 sec. -~ Lk x 10 yes .13 .05
Glycol>t s .10 30 sec. U x 10%% no .14  .0bS
Ethyl52 ' 1y
alcohol W22 _ 1L 5 sec. 5 x 10 ? .08 .031

\
Number of minimally ionizing particles/cm2 to decrease polarization

to 1/e of its initial value.
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nucleil‘ Because thefe'is a broad SPectrum'of missing-mass values the
presence bf Fermi momentum; while it shifts the calcﬁiated missing mass
froh the‘trﬁe value,rdoes not make the'event look different from inelastic
scatteriﬁg on a free protoﬁ. An exceptian océurs below the elastic scat-
'ferihg ?eék} where séattefingbon boﬁnd protons cén give some events that:
are kinematically diffefent from any écattering on free protOns. ‘Even

the presence of fesonahce‘peéks invthe missing-mass spectrum from hydro-
gen doeé.not help much to distinguish scattefing off hydrogen because

the resonance widths aré generally compafable to the effect of the Fermi
momentum on the calculated missing-mass value. The only releﬁant.quan-
tity-wé.caﬁ know is the fréction of the ﬁotal-deteéted events which come
from hydrogen Hf.(see Section VIIT and Eq. III-1). The counting-statis-
tics errbr‘in € is given bYNFM/N where N is the total number of events
counted and hence AA = (PHf\ﬁﬁ)-l, from Eq. ITT-3. This can be compared
to otﬁér experimenﬁé where the separation of free and bouﬁd scatters is
kinematically possible. There the number of séparable free scatters is
H.N and the hydrogen._fractio.n in Eq. III"—} is 1 for this exclusive

sample. Hence M = (P HfN -1

. PHf and P*Jﬁf are figures of merit

of targets for the two types'of experiments and are shown in Table II
(we are of course only interested in PH,. fér this experiment).

(5) To cancel possible random erfqrs frequent polarization reversals

are manditory, as was shown in Secﬁion III. Hence,. to avoid lost time
while reversing polarization, a taiget must not be sluggish when the

microwave frequency changes to initiate polarization reversal.

At the time the experiment began only IMN, ethanol and butanol
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targéts'had been developed. We chosé a butanol targetBO (95% butal alco-
hol, 5% water solution saturated with an additional 2% porphyrexide--a "
free rddical) over the others for reasons which are obvious ffom Table II.
Ethyl alcohol targgts were Judged unéatisfactory on the grouﬁds of_léw
and unreproducable polarizatiéﬂ (average 22%, max 30%) even thbugh‘they
have a slightly higher radiatiqn “resistance th;n butanol. It is not
kﬁown whether ethanol has a phase transition similar to that in butanol.

The polarizatiqn of é butanol target ié inversely proportional to
the absbluie teﬁperature at‘oﬁr low temperatures. Hence it is important
to aissipate the -heat input from the microwavesand beam.

Despite this seemingly endless list of possible targeté to choose
from, our choice, butanol, while adequate to_do the experiment, was not
the suﬁgtaﬁce that ﬁe had dreamed of as ideal. 'Only a person wishing to

‘ 55 .

be a-heimit in a large city would use it as a perfume; it is a very poor

3l

con@uctéf of heat at low temperatures” waking it essential to have a
large_éurface-to-volume ratio, i.e., small pieces no more then 2 mm in

diameter; it is a liquid at room temperatures so if is a nuisance to

prepare samples with large surface-to-volume ratio. (See Appendix C for
probleﬁs of heat input to target.) Compounding tﬂe above &ifficulties

in tayget preparation was the inability of our target to withstand more

thaﬁ one days dose of radiation, even with the benefits of annealing. ’ -
Thus thé téréet had to be replaced by a new one at least once a day. An
entire generation of graduaie students were trained in this highly useful .
art and will remember it with tears in their eyes for the rest of their

lives despite an apparent lack of job opportunities for butanol target

preparers.
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'C. Target Preparation

Tﬁe.first uses of butandl targets (in low béam intensities) did
not involvé frequent target changes and thus the expérimenters-could use
a rather‘slpw and time-consuming-méthod of preparing a iargeAsurface-tOQ
volume ratio. The_iiQuid tafgét'solution wés placed, drop byvdrop into
liéuid nitfogénvﬂ?&e it floatéd around awhile befdre freezing and drop-
ping to the bottom. About 500 drops later, the pellets were collected
and quickly poured into a pre-cooied cryostat cavity which was then put
tOgether'and cooled before the alcohol could melt. Precautions had to
be takeh_tb prévent'frost from forming on‘thé cold éryostat which @ight
clog nérrdw tubes énd fdrm a hydrogenArich unpolarized ice block which
could diétort the effective ?olarization»of the target. This proéess
has thé advantage of providing free flow of liquid helium to all parts
of the target and having little extraneous material in the beam, but is
£00 involved for'a'daily procedure. |

Insfead, small cylindrical nohhydrogenbus plastic F.E.P. bags55
were made to contain the polarizable fluid. The plaétic was made thin
(1/2 mi1) to avoid excess material in the target. 'Each bag was about
8" léng and had 8'narro% ribs Whiéh; when filled_with alcohol and séaled,
were about.E mm in diametér. The bags ﬁere folded accordion style to
form a 1" x 1" x 1/4" semi-solid block which had rarrow channels between
the ribs tQ allow liquid helium to flow through and do its qooling. Six
such bags constituted one target.r.It is a well-known facf that l/é-mil

plastic bags with 8 sealed ribs, after being loaded with 12" long hyper-
g

dermic needles by shakey-handed graduate students staggering from the
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alcohol'Stehch and rushing to'avbid deterioration of the free radical
while it ié waxrm, leék. If sﬁch a bag were to be placed in a vacuum
(normally maintained in the cryostat for reducing the vapour pressure
of the liquid He) before the alcohol froze this small leakage would turn
into a disasterous rout. To avoid this, the loaded,cryostat was cooled
to below the alcoholjfreezing'point,at,atmospheric pressure before our
big vacuum pumps were turned 6n.. Unfortunately, target preparations
‘was more of an aft than é science aﬁd we gradually concluded that
Jacques Louis David would have ﬁeen no more successful than Jackson
Polloek. . wé were-not able to evolve a prdcedurebof target mixing, rib
injectiOn'ahd cooling which gave consistant values of‘polarization from
" day to day. Polarizafi&ns varied between 55% and 25% aﬁd especially low
vpolarigations were deemed unsatisfactory necessitating a second target
change. |

_ 1 The'alcohol mixture waé pfepared.in’a relatively clean environ-
méht by dirty people. Both the aléohol aﬁd thé distilledeater were
deoxige#afed by bubbling N2 throﬁgh them. Two percent porphyrexide
was addéd to a mixture of 95% alcohol ana 5% water by weight and mixed
using,avmagnetic mixer. Undesolved lumps of porphyrexide were allowed
to settle to the bottom and the pure sparkling stinking red beverage
was then deéanted. (Lumps of porphyexide would not contribute to the
polarization and would absorb large amounts of microwave power and thus
heat up'the target.) The brew was then mainlined into the veins of the
bag witﬁ.a 12" hyperdermic needle borrowed from a friend on Telegraph
Avenue. Aside from several graduate students and one plastic bag devel-

oping hepatitis and dying, the senior researchers considered this an

effective technique.



E

-55~ |
Target Control
Once appropriate tuning was done manually;bthe target was con-

trolled during data taking by a PDP-5 computer;' On command from the

. main SDS49SOO computer to change polarization, the PDP-5 would change

the D.C. bias on the power supply of microwave generatbr, thus changing
the frequency to that appropriate to the new polarization. The PDP-5
also controlled the readout of polarization value and reported the num-

bers to the SDS and the people.
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| b. Cryostat

For the target to function, it must bevin‘a high uniform magnetic
field (25 RG) and be at an extremely low temperatUre (lo K)‘andvbe bathed
“by microwaves (70 Gﬁz),' The high’magnetic field and low temperature in~

crease the separation of the magnetic energy levels relative to the
Boltzmann energy RT and hence increase the polarizatlon. The magnetic
field of 25 kG is determined by matching to our already existing (for
IMN targets) microwave equipment and is at the upper limit of iron-core
magnet possibilities. l X is the lower practlcal limit on temperature
'u51ng liquid Heh at low pressure as the coolant | Either halving the
temperature (using HeB) or doubling the magnetic field is expected to
double the polarization of butanol and laboratories around the world
are developing such advanced targets.56

- To obtain the high magnetic field a specially'designed c magnet
named Zoltan was constructed. After shimming the cobalt-iron (Hyperco-
27) pole tlps, the magnet met the requlrements of uniform field ( l in
th) to_lnsure uniformvenergy separation over the entire target of
1" x 1? x 1.6". The'gap was 3" between the 8"-diameter tapered pole
tips.l'The open area was'2700 in the plane of the pole tips and *20
perpendicular with the cryostat mounted. This was more than adequate
for this experiment where we used only 30 and lo, respectively.

The cooling is accomplished by putting the target in a small can
filled with liquid helium and then using vacuum pumps to reduce the
vaporvpressure to a few hundred microns which corresponds to 1° k. of
course there are some problems involved in (l) insulating the‘system,

(2) pumping off 4800 cubic feet of He gas/minite, (3) refilling the can
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as the He boils aﬁay. Since liquid He is expensive, practical considera-
tions of nof wastingfits cooling power had to intrﬁde oh our pure, ab-
stract ééiéntific minds. |

An entlrely new cryostat (for our group) was used for this experi-
ment Whlch prov1ded a . contlnuous flow of helium to the can, the ability
to warm up and cool down the can rapidly (for annealing), ease of quickly
gaining‘usablé access to the can to change targets every day and minimal
nontgrgét material in the beam line. The design was basically a larger

37

version of that of Roubeau”' and is shown in Fig. 10.

The can which holds the target in the cryostat serves as a ligquid-~
- helium container, microwave‘cavity and Nuclear Magnetic Resonance (NMR)
coil. Tﬁé can is suspended in an inner cylindrical vacuum chambér at
the end of‘a cylindricaliWavé guide which brings in the 4 mm microwaves
to do the_pélarizing. This can.mustrhavetthin.windowsifoérwtheéor tiw

. paséagé'of fhe’béam, have high electrical bondubtivity s0 as not to
absorb_ﬁoo‘ﬁuch of the microwéve power, and'a top which presents no
barrier to the boil-off He gas and at the same time prevents the micro-
waves from leaking out. We used 3-mil aluminum plated with 0.2 mils
copper to make a can 1-1/4" high, 2-1/2" long, and 1.6" along-the beam
line. The target was centered in the can. The top was a 1-l/é-ﬁil—thick
copper screen with 4-mil square holes_(well bélow cut off for our L mm
microwaves but giving 35% transparency for the He gas).' Measurements
indicated no pressure drop across the screen. This screen was soldered
to the top of the can and was easily removed for the insertion and re-

moval of new targets (the half life of a screen was about 2 target

changes). To make a rectangular can into an NMR coil required an
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additional Eonducfiﬁg”fin (septum) to cérry the réturn current and also
act as a magnetié field guide. 'Thé cufrent and magnetic-field distribu-
tion afe‘shoﬁn in Fig. 11. |

| The'évaporated helium gas from ﬁhe can cools the back ends of the
cryoétat and heafrshieldstﬁﬁore it réééhesvthe pumps. Liquid helium
coming:ffbm'the dewarviﬁ a long trdnsfer‘line first enters a phase-
separating-chambefvwhere gas formed due fo heat leéks in the transfer
line is removed and used fd'cool the heat shields and back énds of the
’cryostat} ‘Thebliqﬁid then §asseé through a heat exchanger where it is
cooled by the outgding boil-off helium gas from the can. It ié cooled
well bélow fhe lamda point, to abou£ 1.60 K. Once it is superfluid the
helium easily passés tﬁrough a small needle valve into the can which is
at about 1° K and 100 microns pressure. There it boils off slowly due
to heat entéring the caﬁ‘ffom assorﬁed tuﬁes, ﬁavéguide cables, beam,
and microwavé powér.' The adjustable opening in the needle valve con-
trols the liquid helium flow.to the;cah and the heat input to the
cavity controls the boii-Off rate. It is estimated that the heat load
from other than the microwave power is very stabie, depending only on
things like room temperature.x‘Variations in microwave power, expecially
when the targetApo1aiizéti6n is reversed (change of microwave frequency),.
do occﬁr:and ére_partially compensated for-by a stabilizing'feeaback.
The more helium/:boiled off at the can the more gasvis available td cool
off the back of the cryostat and lower the temﬁefature of the heat shields
and thus feducé the heat input from other sources. We found the opera-

tion of the cryostat remarkably stable, requiring no adjustments over
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periods‘of many houre. .To insure that there was no fluctuetions in the
helium levei in the can (which would be the‘equivalent of flucfuations
in tergetvdensity--the material in the bean is 10% liquid He) we always
ran'at'e higher helium flon than'strietly necessary, with liquid presum-
ably spilliné out'over the top. Invthis mode the cryostat operated .
contlnuously all day without need for adJustment. Measurements of
hellum consuptlon with and w1thout microwave power, indlcate a heat leak
of about O 75 watt and mlcrowave'power of about O i watt.

Operatlon was monitored by several 1nd1cators. (1) The pressure
above the can was measured by a Hastings guauge. (2) The temperature
at varions places within the eryestat was monitored- by carbon-resistance
thermometers; The resistance is an exponentiél functien of l/T at very
low temperatures (our iegion‘of‘eperation) which pronides a very sensi-
tive.measurement'of temperature. The resistors,‘even when shielded in
copper.cesee, were warmed by the smell amount of nicrowane poﬁer which
leaked through the screen. 'The resietofs-were'thus useful only as a
relative.measures of temperature during polarized operation. (5)' The
gas flow from the can boil off (main flow) and the gas flow from the
phase separator were also measured. |

Table III ehows some pertinent numbers on the normal operation of
the cryesﬁet. of nete is the exceedingly large loss of helium from ﬁhe
phase separator at the end of the transfer line. This heat loss was
found to be proportional to-the‘lengfh of the transfer line. Unfor-
tunately the fixed experimental_arrangement af SLAC required an exceed-
ingly long (6-foot) transfer line and we were forced to take our loses -

~and smile.



62~ .

TABLE ITI
CRYOSTAT OPERATIONS
Definitions and constants
Flow - :1 standard ft3/min He gas = 2 liquid liters/hour

Heat of vaporization :(He at 19k) 22 J/em = 2.9 x lO3 J/liquid liter

Power input ' , :1 watt creates flow of .65 SCFM = 1.2 1l/hour
OPERATIONS

Flow (main) ' .65 SCFM (1.3 liquid liters/hour)
Flow (separator) . 2.0 scmM. (4.0 liquid liters/hour)
Pressure (can) ' 150

Temperéture (can) 1.02%

' Temperature (front heat exchangef) 1.9 %

Temperature (back heat exchanger) 2.8 °k

Temperatﬁfe (heat shield) 18 °x

Helium to cool down to room temperature ' 25 liters

‘Cool down time to stable operation - : 1-1/2 hours
Helium use per 16 hour day (including cool down) T 100 liters
Power Input: microwaves off .45 SCFM = .75 watt

microwaves on .65 SCFM = 1.1 watt

microwave power input ' .35 watt

Pumping speed . 4800 SCFM
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Almést all of the helium gas was reéovered and pumped to a liqui-

fying unit about 1/5 of & mile away.
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E. Measurement of Target Polarization

fhe‘usual technique of Nuclear Mangetic Resonance (MMR) is em-
ployed with special sophisticétion. Our target is large and it is neces-
sary to measure the average polarization of the entire target as séen by
the beam. The detection rf field must be uniform throughout the target
andnot large enough to depolarize the térget. Conseguently the signals
we deal with are quite small and carefully designed equipment is needed
to avoid noise problems. |
The NMR technique involves stimulating proton spin flips with an
applied rf magnetic field of the appropriate frequency. Let g(w) be the
lin; shape function for fhé proton resonance, i.e. thé probability that
.the traﬁSition wili.be observed with the ffequency w. glw) is thus the
distribufiqn of relatiVe préton eneréies. Therefore we normalize g(w)'
by the condition: o . |
glw)dw =1
o R ¥ . ._
An rf magnetic field applied perpendicular to the main field will

flip some protons. Let the rf field bg H = H, cos(wt) = Re(Hiexp(ﬂnt))=

1

Re(H%) Then the transition probability per unit time at frequency ® is

W= F(H) ew)

whefe 7 is the free proton gyromagnetic ratio and p(w) is the final state
density in energy = d(w) for one state. If AN(w) is the difference in
population of protons along and opposite the main field with energy
difference between afi and (o + dw)f, ana AN the total population differ-.
ence then: \

MN(w) = g(w)ANaw .
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Let N be the total number-of protons. Then the power absorbed at fre-
guency o is:

()i = Mg(o) 15 (71 )P
. where we have used 6(w)dw 1.
Rememberlng that the pola.rlzatlon P = AN}/N we cah write:

Power absorbéd = :a:n.-g- g() (y Hl)z‘thP .

The power absorbed can be related to a complex susceptability of

Il

the material X = X' - iX" where the magnetization density is given by

M =XTH.

¢ e .
y : . dwt o N

=iReM =Re‘XH :ReXH e =X'chos'a)t+x H,lsina)t‘.

Then the average power abOSrbed/un:Lt volume =

-M. dﬁ 4whH; *X'Ginwt)cos(we)), * 4wH X @'“?wt)v
=2TH X'

Thus eciuating the two expressions for the power absorbed
' ' " '
P 2X (w)
| Th b’;{w Ny

where I\Tv ate the number of protonsﬁunit volume. This iniplies that:

.-X"("\.’)/‘giéw) = constant for a given target POlarization = PC
where G35*ﬁh&N¢/4 , R
Thus : ’?("(W)f—‘ PC ?(W)

| f X{w)dw = Pc/}?w)dw= PC
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Hence

g ﬁ(lﬁ)dw '

.is proportional to;the polariéafion and independent of the line Shape
gw). |
: Sincé_the constéﬁt C ié nof egsily deﬁenminable, nor are the

normélizaﬁion parameters in the éircuit exactly known, we use a procedure
of ﬁeaéuring the ratio betﬁeen a known and unknown polafization. First
a measurement * :de of the fhermal équilibrium (TE) or natﬁral signal
is made. When there is no microwave pumping_the target is iﬁ thermal
equilibfium with the liquid He and the polarization is given by Eq. V-1
providiﬁg'care is taken to wait long enough for equilibrium to be estab-
' lished;r The température is meésured ﬁith calibrated carbon résistors.
Typically.the.tempefafure is i.OBO K and the TE polarization is aboﬁt
0.24%. Next a measuremenf of the signal is taken ﬁith the target polari-
zed and the ratio of the two NMR readings is the ratio of the two polari-
zatiOns;‘ -

To measure X"(w) we use a tuned circuit. The can containing the
target acts as a.one-turn,coil which surrounds the sample whose X"(w)
we wish to measure. An extremely quiet rfroscillator throttled by a
high imﬁedance acfs as a consﬁant current source. The rest of the
circuit is shown in Fig. 12. The cable which extends from the ca&ity
to thevrf oscillator is 2 waveleﬁgths long. Being an-infegrél nﬁmberl
of half wave lengths, this cable does not introduce any capacitance or
inductance. The R represents the effect of cable resistance (stainless

steel to avoid heat conduction) and stray resistance, L is the inductance
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of the coil‘and C is an adjustable capacitance to tune the circuit. It .
is shown iﬁ>many place529 that the absoluté value of the -impedance écross
C is |

2] = (1)%/(® + ")
where ®§ YamwLX" and 1 is the filling factor (fraction of the rf magne-
tic field energy that is within the target materlal), and w is the fre-
v'quency, assumed near the circuit resonant frequency. This relation is
true only at the circuit résonance and thus to avoid complicated correc-

tions we arrange that our readoutbelectronics58 automatically retunes the

circuit (by adjusiing évcapacitance parallel to C) as ® is changed (called

tracking). To find the polariZation which is proportional to

JXd

; R+@"
T WL

we measure

and then subtract the "background

1. R
2] (L)

by taking the same measurement with « far from the proton resonance

>

(where X" = 0). This background is about 10~ times the signal when the

polarization is 0.24% for TE signals. The area of the signal

_/ﬁ%/' 5.1) 4w

is then proportional to
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s :
J/(—j(?bq)du/,
In practiceva ;DP;5 computer takes a measurement at a given frequency fi
at prgﬁqn-resonange and background in a pattern bf‘(l) proton resonance
.fegion Riv(at fi)} (2) high freqﬁency béckgfouhd_B? (at £, + 200 kHz),
(5)"ldw frequency background.B? (at f; - 200 kHz) and (4) proton reso-
nance régibn R? (at fi){ The computer steps through the resonance in
this mﬁhner in 2-l/é.kHZ’steps. o |
| T'Z’Z [Ra’ B (8"L* Bc'h) 'LR'ZJ
i
is then proﬁortional to
B /ﬁ'(w)du/
CLen
and thus'fo P. Both background terms afe-ﬁeasured to try to cancel the
sliéht linear freqﬁéncy dependence.of the circuit. A complete readout
of_polarization fook 1,2 secondé.'

When méasﬁring very small.polariéafions this deviant behavior is
often large enough to make the inaccuracies in this.procedure a sub-
stantial fraction of the signal size. In this case we‘repeat the same
procedure with the magnetic fiel@ about 250 ¢ (1%) higher of lowér to
get entirely out, ofbthe proton resonance region. The result of this
"off field" measurement is thus a measufemenf of the circuit character-
istics which depend only on the readout frequency and not on the magnetic
field; This circuit background (which can‘be either positive of negative)
is then subtracted from the "on field" measurement ﬁo give thé actual
area of the target proton resonance. By this.procedure we can repro-

ducibly measure the thermal equilibrium signal to within 3% of itself
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at various temperatures and various times. Thié is what limits the accu-
racy with thich we know the target polarization; In this experiment, of
course, the target polariéation is a normalization factor and since we
are lookihg for a deviatioh from zero this error is negligible for our
purposes.
To convert the analog signal.(which is é voltage proportional to

the impedance V = Z IO’ IO the constant current) to a digital representa-

tion of
* N R

the Rf voltage is first amplified and then rectified by a diode. The
diode circuit has been measured to give a d.c. output linearly dependent
(to 1%) on the rf voltage within our operating region. This voltage

level output is then converted to a number proportidnal to l/V in exter-

nal éircﬁitry. As shown in Fig..la the voltage is converted to a fre-
quency. A fixéd numbef of cycles then acts;as a gate on a fasf scalér
recording signals -from a étable 100 MHz pulsé generator. Thié scaler
reading, inversely proportional to thé vOltaée as desired, is easil&
read by:the'comﬁuter. This circuitry has to be accurate to 1 part in
lO5 to.allow for the‘large gubtractions. Second-order corrections to the
measured polarization due to dispersive effects of the real part of the
. inductance has been calculated to be lesé’than 1%.

Before the experiment, when the PDP-5‘cdmputer waé not available
to control the above readout procedure, we used an oscilliscope to mea-
sure the diode output directly)with a simple circuit to simulate the

background. The size of the signal (background subtracted)was typically
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700 v fer'0.24% polarization and about 100 mV for 55%vpolarization while
the background wa.s 760 mV. - If we assumed that fhe.line shape g(w) was
independent of polafizatioﬁ then_we'could quickly obtéin the polarization
by measﬁfihg the maxiﬁﬁm’voltage‘in‘the signal. What we actually want
is: | | |

..L——-_-_ \/0'\/

e 1

12l 1z.] 1wl

o .

If V = V) + AV where AV is signal size then:
. &V I ( Av

Vv Voo V(v AV) /AR, *\7\—/
o (4
and so.knowledge of Vb and AV gives one a number proportional to the
polarization. By integrating % - %U numerically by hand we found that

*0 .
" the assumption of unchanging line shape was a valid one. (It is inter-

esting to note that the physical shape of the target with respect to
the main 25 kG field did affect the lihe shape. When the target was
eontained in small cylindrical bags aligned with the field, the polarized
protone'increased (decreased) the field that neighboring protons experi-~
enced wheﬁ the ﬁolerization was along (opposite) the magnetic field and
thus increased (decreased) the resonant frequency slightly, but clearly
noticeably.) |

A more complete descriptibn of the polarization readout system

is contained in reference 39.
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VI. RUNNING PROCEDURE

A. Beam Tune Up

It was necessary to change fargets every day and each target was
a separate individual whose physical appearance and geometry (as well as
its virtu¢ ﬁhich wés measured in % polarization) were slightly different
every day. Thus not only did we have fo refocus and stabilize the elec-
tron beam oncé a day following an 8-hour.shutdown to change targets, but
to steef it and adjust the vertical and horizoﬁtal sweep to apprbximate
by a recténgle the amofphoué creature within the cryostét (a task approxi-
mating that of squaringvof the circle or vice-versa). At the beginning
of the eXperiment the above procedure.took almost all of our allotted
16 hours Qf running a day before the beam was_passed on to less fussy .
users."Our great cohcern~with beam stability was inspired by fear that
any ihstability anywhere would introduce.a random error.

Our daily procedure began with the installation of a fresh (and
smellyj polarized targét.  While the cryOstat was cooling toward thermal
a@ﬁlibrium at 1° K, we used the movabl¢ beam dump as a tafget shield
and turried on the electron beam. .The SLAC crew did a éuperb job in
attempting to reduce the beam position jitter (due'to pulsed magnets
which were used to divert some puises to other experiments, balky
klystrons, etc.). Unfortunately much was left to the hand of God who
this summer was suffering from a mild case of Parkinson's disease. Our
very strict requirements on stability were based on a fear that mis-
directed beam pulses would go through portions of the target of different
density or miss the target completely. While we weré never completely

satisfied with the beam position stability, there is no evidence that
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any uncertalntles were introduced in our results from this cause. TO
center the beam on the target we expanded the horizontal and vertical
sweep and plotted (by our SDS 9500 computer of course) the number of
events vs. sweep position. This target profile was then used to adjust
the centering and.sweep Size. The profile shown in Flg. 1% is somewhat
atypical heving bees taken'with-special preceutions and procedures;
More typicélly, interpretation of these profiles was more art then
scienee} However the sweep size obtained was almost always very close
to the 1" nominalitarget'size and the center position varied by a few
millimeters from the nominal.central beam line. An X-ray picture of
the target by a photon beam taken during the following experiment is
shown in Fig. 1h. Uhfortunately during this centering procedure the
target's vi:tue was being compromised by the rape of radiation damage.

Two.computers were used to do the bureaucratic work required. A

PDP-5 compoter from Berkeley controlled the target as a slave of the
SLAC SDS-9300 computer. Information was massed from accumulator to
accumulator‘through two independent buffers (one for eaeh direction).
Eech computer then saw the other as a simple buffer to be filled or read

at its leisure.
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Fig. 13. Profilez of polarized target taken with electron beam.
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Fig. 1k.

XBB 6910-680k4

X-ray photograph of target taken by the SLAC photon beam.
A skilled observer will note the two teflon blocks the
target bags sit on, the vertical ribs of the target and

the MR cable at the top. The dark spot in the center
is a drop of solder.
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B. Data Taking

The'basig unit of data taking was one complete sweep of the beam
over the target. Since the target had a non-uniform density it was
essential to include equal amounts-of data from ali sectioﬁs of the
target for each sign of polarization. Six deplete sweeps, taking about
10 seconds; constituted a subrun. The beam monitors as well as ali the
scalers, were read by computer. If the monitors disagreed by more than
4% or if the target polarization readings did not meet'Criteria of magni-
tudevahdvnumber, the subrun data Were‘rejected'from‘the on~line -analysis.
After avpredeterminéd number of good subruns (typically leof'about 2
minutes, called a signrun) the SDS computer turned the beam . intensity
down to 1 pps (to avoid target radiation damage> and ordefed the“subser-
vient PDP-5 comp;ter to iniﬁiate the target poiarizétion reveféai. When
the polarization had revefsed and reachéd a preset magnitude (usuvally
20%, taking about 50 sec) the SDS computervtprned the beam back on and
reinitiated data taking. Each subrun, énd thus each signrun began and
ended.. when the sweeping beam was on the boundry’between the top and
middle target regions thus ensuring that the non-uniform target would
be sampled by the beam in the exact same manner for each segment of
data. This procedure was repeated four times to make a pattern of
polérization + -+ - or - + - + which was called a foursum (lasted
about 12 min.). The data was analyzed in terms of complete foursﬁmsato”’
try to balance out noise both for the actual asymmetry calculation and
for the "test" asymmetries described below. If a foursumr had to be

interrupted due to minor disasters such as beam drift or target failure,

a new foursum.: was begun and the incomplete one thrown out. Several foursums
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(usually 4).constiﬂutedva comblete run. It was only between runs that
human hahds‘took over ffomlthe computer and made those careful observa-
tions thaf'only man is capablé,of doing  (yawn, scratoh, and push the
start buﬁtoh). The beam position, monitors and trigger rates were then
’ checkéd, déta for the run were prinoed out“by the combutér and oarefully
stored in books, target polarizationé were‘thought about and, if neces-
sary, (every 3-l runs, about 3 hours) the target oas annealed. When a
new run was begun the starting polarization was in the opposite direction
to the starting polarization of thé previous run to try once again to can-
cel out any insidioﬁs systematic effect. Upfto-the-microsecond informa-
tion wds displé&ed by the oomputef on its oscilloscope. Calculated
asymmetries as well as missing-mass spectra, e&ent and accidental rates,
beam position, target polarization, and over a hundred other numbers
and graphs ﬁere thus available to anyoné who Was diligent enough to
look. Due to fhe large size, attractive format énd impressive array
of buttoﬁs as well‘as the impoftance of monitoring possible systematic
drifts (e.g. a misread scaler or fluctuating beam could easily»bé
detected if looked for) many of us spent continuous hours just staring

at the screen.

Typical data taking rates were:

Pulses per second:' : 180 Triggers/pulse: 1.5
Beam electrons/bulse: 1.0 x lO9 AccidentalS/%rigger: 012

Root Mean Square polarization 22

Our running day ended as the sun came over the pastureland and a

worn-out polarized target, no longer able to reach even 20% polarization,
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begged td return from whence it came and anxious,physicists on other beém
lines prepared to take over the duties. While the target was being changed,
the data taken were reanslyzed off-line, placed éﬁ summary tapes, and com-
bined with data taken earlier. 1In this way we were able to have a prelim-
inary analysis of the data to date available at all times to guide our
decisions'as to what we should do next.(electron or positron béam, beam
energy, missing mass, are there any systematic effects). At times the
énthusiasm of those working on this off-line analysis almost delayed real
data taking, which began at sunset.

* And like the sun going round the earth, this cycle was repeated for

four months.
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VII. ANALYSIS

'A. Least-Square. Fit

Froﬁ Eq. III-l‘ihe quantity A we aré attemﬁting to détermine is
the'siqpejof érlinearvrelation between the érbss section and_target
polariZatiqn,‘ The téchnique used to eitract A is té do a leasﬁ sqdares
fit. of bdr datd whiéh were essentially croéé séctions”(numbers of counts/
monitor)‘and'taréet polarizations,lto a straight 1ine intercept o, and

slope of o This yields AHf, which,'when combined with our knowledge

C0TET
of Hf discussed in the next section, gives the desired value of A. The
error is the error in the fit and includes the statistical error from '

the number of counts as wéll'as the error due to uncertainty in the

beam monitor. Possible systematic and other random errors are discussed

‘below. The solution of this least-sqaurebfit appears in many places

but somé.comments are.approﬁriate sincé ou£ problem is different in

some reébects from the one quoted in thé reference. Due to the éxtreme-
ly small size of the expectéd asymmetry; the lack of kinematic separation
of hydrogen and non-hydfogen‘scattering and thebequal time devoted to
each sign of polarization, there is a considefable simplification in the
solution. The error dué td the monitor requires separate treatment since
it is not a simple counter whose error follows Poisson statistiés. Drifts
as well as noise contribute to fluctuations which we estimaﬁe to be

&M = 1% per subrun (10 seconds) on the basis of comparison between the
monitors and also calibration circuitry on thé toroids.

The results are:
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where Pi’ Ni, aﬁd Mi are the target pblarization, number of. events and

number of beam particles in the ith subrun.

of subruns considered.

<p) Z PiM}./z M

BT A / o
&7+ (P) <P>2

oM

NSUB is the total number

.ﬁ%exavéfége polafiZation

- the mean-square polarization

the displacement from the mean

fractional monitor error in a subrun.

The two types of errors should be added in quadrature since they

are.independent.

l;rrot' =

Typically in a subrun: P,
N,

i

M.,

i

oM

( EZ(COUNTERS) t Ez(mm/ron's))'z | (m_z_)

+22%
250 counts/hissing-mass bin
2x lO12 electrons

0.01
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The averages for one of our runhing conditions were:
P ~0.1%

5 N

P (0.22)%

NSUB % 15,000

Thus the monitor error is aboﬁt 15% of the magnitude of the counter errors

and when added in quadrature changes the total statisfical error by only

a couple of percent of itself.

Equation VII-i cén be further simplified to the_form of ITI-2 if

half the subruns have polarization +P and each subrun has the same amount

of beam.

[ Ni-3 N - . J 25:”*‘125’9?
/? = "F)(zgl %;? ') =

He PE NS 1) "Ef’/,c SN SN
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B. Test Asymmetries

In making such a sensitive test (a few hundredths of a percent in
€) we cannot ignore the possibilities of random errors. To evaluate
them ﬁe éalculate asymmetries from our data which should be zero, even
if there wére a T violation. This is done by pretending, for‘the pur-
pose of caléulation, that the target polarization ié different than it
actually ié. ‘Random gyrations of the data would result in_non-zero
values of these "test" ésymmetriés. To relate tﬁe "test" asymmetry
valuesifb a possible'randbm error in our real ésymmetry requires an
assumption on'ﬁhe nature of possible random fluctuatiéns.v If the
fluctuations are random, uncorrelated with anjthing, then each "test
aéymmetry formed, no matter what sections of‘the daté,are called "posi-
tive" and which "hegétive" polarization (as long as their was no cofrela—
tion withlactual reverséls) should give similar values within counting
statistiés. The real asymmetry should also ha#e this same shift. (This
systemﬁtic:shift will of céurse.flﬁctﬁate due to statistical errors.)

We can weaken our éssumptions on the nature of the errors. Let the
actual target polarization reverse at a frequency f. We can assume

that the fourier component of the fluctuations with frequency f is the
same as that with Bf where B = l.v Then a measurement of test asymmetries
at target>reversal fféquencies Bf will give information on the random
error in the real asymmetry. In practice we take values of B of l/é,

2, 3 as well as other patterns which have phase lags of various nﬁmber
of degrees or patterns not of a single frequency. All of these patterns

include equal amounts of data of both actual signs of polarization so
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that evén ifbthe cross sections were différent; this woﬁid not effect the
test asyﬁmetries. Our data-taking paﬁtern_of'l2_subruns for‘each sign of
polarization and 2 complete cycles of + - polérization (a foursum) was
designed tonenable us to devise many test asymmetry patterns of higher
and lower reversal frequency than the actual reversdl frequency. Figure
15 shows these patterns. Most bf them use three‘subrﬁhs as thelr basic
unit of fake polarization reversal. They are all sfatiétically indepéﬁ—
dent of one anbther soiﬁhaf each one provides ne% information not con-

tained in ﬁhe others. Appendix D gives the criteria for statistical

independence of these patterns.‘-

What kinds of analysis can bé_made ffom teét asymmétries to derive
estimates of our random error? |

‘(a)‘ On-line, in real time: Five tesf asymmetries were displayed
_on.the compuier oscilloscope, each as a function of missing-
mass (12 bins), along with the X2 with respect to O and with‘
respect to the mean, the mean and the statistical érfor 6f the
mean ferlteach p&ttern. These were watched almost constantly
for significant'deviétions from their expected values of
(12, 11, 0t 2 é.d.) and data taking was stopped by the
exﬁerimenter on the rare occasions when his subjective
‘Judgment indicated the situation was deteriorating and that
we éhould withdraw. Most'often this observation led to the
discovery of the cause of the difficulty, usﬁally an erratic
shift in beam position'qr‘intehsity, énd.at the.béginning,
computer progrém bugs. Sometimes, however, no "causé" wa.s

discovered, which simply meant something strange was going on
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Fig. 15. Test asymmetry patterns. The names at left are nick-
names used only by frimnds. The first 54 False 1
through False 5 were observed on-line.
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that our moﬁitoring devices could not detect (such as a failure
bof a séalér tb'ﬁé:reéd or récord corféctly in a just barely
,Vsignificant diéit). Throwing_oﬁt data>on the Subjective test
» ésymﬁétry criteriavcoﬁld_not bias 5u£ réal asyﬁmetry results
‘sinée, as menfioned abové, the test asymﬁetries were statis-
ticélly,independent»of the‘reai asymmetry.
‘f(£)  Off-line analysis: Here, of éoﬁiée:a much more quantitaﬁi&e
. analysisvis needéd'to determiﬁe ﬁhefher the test aéymmetr&
&alues for ﬁll Ofuthe aété iﬁcludedﬁn,the‘analysis‘were con-
sisiéﬁ£ with no randoﬁ error aﬁd, if not, whét is the‘sizé of
the_raﬁdom éfror.‘ASeveral overlapping appfdaches were used;
not because they were completely independent (they were not )
but‘bécause they“emphasized.differeht aspects of any fluctua-
tions. | o | |
'Many of these téchniqueshinvolvéd making a distribution curve of
the number . of occurreﬁceé.df Vaiués of (aé&mﬁéﬁr&)/(staﬂistiéal error) =
numbefvof standard deviations-ffom.zeré. .If;there were only Statistical
errors (Eq. VII-2), this distribution would be a gaussian, centered at
zZero aﬁd of width 1 (1 standard deviation).. Any statistically signifi-
cant déViatibnvfrom this is evidence for a non-statistics- contribution

' to fhé»error.

: (15' Foursum by foursum distriﬁution:v A distribution is formed
with entries of aéymmetry/error taken from each missing-mass
bin for each foursum separately. Thus there are 12 (number
of mass bins) x No. of_foursumsg(a few hundred) x No. of test

asymmetry patterns inéluded. This tests whether the data are .
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uniformly good over time (foursums).and for each hodoscope

“element (missing-mass bin). It is possible to devise criteria

of data rejection based on throwing out éll foursums with

entries greater then N stand&rd deviations. Figure 16‘shbws

some truly typical examples. Clearly the distributions are

almost perfect gaussians.

Mass-bin-asymmetry distribution: The 'test’ asymmetries are
combined for all the data at specfied running cbhditidns
(incident energy, speétroﬁetér angle) just.as the real asym-
metry“ié. This results in 27 "test“'asymﬁetry ?lots>of asym-
metfy ve., missing mass for eaéh of our running conditions.
Some of theéé are shown in Fig. 17. As before, Xiean’ .g,
the mean and error of meah'are calculated and, together with

a skilled eye, serve as a basis for a subJjective test as to

whether the values are consistent with zero. More quantita-

tiﬁely, each mass bin of each "test’ asymmetry becomes an

entry into a distribution'of'asymmetry/érror values with

500-1000 entries. Figure 18 shoWs one these distributions.

" Again they are completely consistent with a gaussian centered

-at 0 with 1 standard deviation width, indicating no signifi-

cant nonstatistics error. This distribution, especially fﬁe
tails, is a direct test of what the fluctuétions of the real
asymmetry plot (which is our final results) might be. The
absence of nonstatistics tails is strong evidence that lafge

random fluctuations do-not oceur in the real asymmetries.
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Fig. 18. Distribution of test asymmetries. All qe¥.6. test
asymmetries, 27 spectra of asymmetry versus missing
mass with 39 mass bins for a total of 1053 entries.
Mean= -2.2x10-2 S.D., width=1.023 S.D., 67.8% of
events < 1 8.D. from O, 95.1% < 2 S.D. from O, 99.8%
< 3 8.D. from 0, 100% < 4 s.D. from O. :
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dy

Spectrum Asymmetry distribution: Eabh.of the 27 x 4 (No:‘of

" running cdnditions) plots mentioned in (2) has & mean asym-

‘metry and érror, A distribution of asymmetry/érror of these

quantities'is shown in Fig. 19. As ih all cases above, this

~ is completely consistent with the expected gaussian. This

distribution is valuable in determining any biases'or offsets.

R G S
of an entire spectrum of missing mass such as might be caused

by a defective mbnitor. Since each entry has a tiny statis-

tical error corresponding.to about a qﬁartér 6f our totai
data (6§er1160 million events for our four running condifions)
we are very sensitive here to‘vefy slight'flucfuations, not
even significanﬁ‘for each individual missing-mass bin. (e.g.
a 2 8.D. shift of the mean correspbnds to a 0.4 §.D. shiftvpef
bin for 25 missing-mass bins.) |

To get‘an'even more quantitative estimate of the total error
(systematic plus statiéticél ﬁlus-anything;élse error), the
"test” asymmefriés theméelVéskwere used to calculété:the-
error. The difference between a htest" asymmetry value and

zero is due to this total error and the appropriate average

of all 27 "test"‘asymmetries is an estimate of the total

error. We form:

i)( ;EE?[T/Qsﬂwwnejix

Ereor ¢
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Dlstrlbutlon of average asymmetrles from each of the 108
spectra of test asymmetries.
Mean=0.01 S.D., width=0.91 S.D.,. 69% of events < 1 S.D.

- from 0, 97% < 2 S.D. from o, 100% < 3 5.D. from O.
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where the sum is over all Ttest” asymmetry patterns and the
asymmetry is that for one of the missing-mass bins. fNoting
vthat the error is about the same for each fattern (since the
same number of events are involved'énd all come from the same
data) and also thét Xg should equal the nurber of degrées of

freedom (27) if the error is really the total error we have:

i 27 2 yz
A7
Torre Error = [Z'

| o7

Thus the appropriate avefage mentioned above is the root-mean-
square. If there are-no random fluctuations the total error
should equal the statistiés error. Figure 20 showsbthe tbtal
error as calculated above as well as showihg the count%ng—
statistics error asvthe bars. The average ratio of (total
.error)/(counting-statistiés errof) is also shown and is very

close to 1.00.

This “test" asymmetry ananlysis gives us confidence that any random
nonstatistical error is negligible and our true errors are accurately .

represented by the counting-statistics errors.
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From the graph

‘Total error = 0.96 x (the statistical error) when averaged.
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C. Deadtime

All of the above information on the "test aéymmetry results in-
cludesva small correction due to the deadtime in Oﬁr detection system.
This correction has almost no effect on the real asymmetry (usually less
then 0.1 S.D. but with a maximum of O.4 S.D.). The necessity for this
correétioh was discovered through analysis of the "test” asymmetries and
in particular false 5. Comparison of counté/monitor versus beam intensity
done on thé actual data of the experiment showéd a deadtime of 60 ns af-
ter eééh event (or 6% at 1-1/2 events per 1.5 usec‘pulse). While we do
not undérsfand why we have such a large deadtime, its existence through-
out our data taking is indisputable as shown in thé plot of Fig. 21. A
deadtime correction is of course rate dependent since fhe more events
the morévdéadtime to recovér from them. 'if this deadtime is combined
with a fluctuating beam intensity 2 Non-zero aéymmetry één be generated.
To see this more clearly look in Appendix E. During one month of running
there'wéé a 5% fluctuation in the‘Beam intensity‘which followed the same
patterh as false 5 resulting in a 5 S.D. shift from zero. This corre-
sponded to an increasing beam intensity from the timé the beam was turned
on after a polarization sign_change to when it was turned off to change
sign again. Other, much smaller flﬁctuations'in beam intensity were
found to follow & couple of other test" asymmetry patterns and our
deadtime correction eliminated small deviations from true gaussian dis-
tribﬁtions that had troubled us. No significant alteration of the real
asymmetry was ﬁecessary since there was fortunafeiy little correlation

between beam intensity and actual target polarization reversals.
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- Fig. 21, Deadtime. Points represent conseéutive runs at different
: beam intensity. The slope of the line is l#% change in
triggers/monitor for each increase of 1 trigger/pulse._
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D. Monitors | !

Another quantity whlch should be zero is the asymmetry of one beam
monltor with respect to another. The asymmetry 1s deflned as usual as

t he relatlve difference of monitor Ml normalized.to monitor ME:

/C) R M+/+ M/M._,
men PHF M/M+ "'M/M-‘

where‘+ and -‘represent the sién of the target‘polarization and the for-
tuitous factor PHf is included only for direct.comparison with the asym-
metrles.of the actual hodoscope counters.

The asymmetry of the number of counts with respect to monitor Ml
(VII-B)eshould be the same as the asymmetry with respect to M2 if we can
put any-faith at all in our data. This difference can be eknressed in
terms:of.A by some arithmetic‘yielding: -

[N St~ N TN N/

P fie k\f /M +N- /M T N MEN M

/\MOH

in thebapproximation that N~ N_ and Mi’e = M%’2

Table IV shows Amon.for the three monitors and four different running
conditions and compares it with the appropriate statistics errors. The
monitor asymmetry is‘always less then half the statistics error on the
combined data and less then l/iO the error for each mass bin and thus
makes little or no contribution to the uncertainty in owr results. . The

monitor asymmetries are consistent with zero when their errors are taken
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into account. The monitor.asymmetries serve as a check on the estimated
size of éur monitor errors. These errors have élreédy been included in
- our toﬁal error as shown in Section A and hence we dovnot add on these

monitor asymmetries as additional errors.
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E. Reéioﬂs
-Thé neceséity>fqr‘dividing the’aaﬁé intoitﬂé three kinematic regions

of the taiéet enabled us to ma'kre-ia checkb‘on thé absence of systema;tic
erfof;t fhére is.oné pérticuiar.£ypé_of error'which'we.ﬁeré worfied
abouﬁJSiﬁéé it was tﬁé éﬁiy oﬁerwhiéh could be ﬁhysicallyrcorrelated

with target polafizafion. This islthe liguid helium level discussed

in Seéﬁion V.D. Any systematié leering éf the helium levél during one

sign of‘polarization would result in the top target region having a

.noticéable différent asymmetry than the others, especially the bottom

region.  On one day we were actually able'to(detect such a difference
which was accompanied by uneven cryostat operation. A small hole in
the can was found to be the culprit. Aside from this (the data was

thrown out) there was no statistically significant difference between

asymmetries in the three target regions.
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Sélection of Data.

Not all the data that was recorded on magnetic tape was of uniform

quality as regard to suscetibility to systematic and random error. ERach

foursum, as a complete independent unit of data, was either accepted or

rejected from further'analysis on the basis of several cdnsisténéy require-

ments. vAmong these were:

(1) Beam stability:

was the beam intehsiﬁy éonstaﬁt e betier
then x% (usually hO%).fromvsubrun to subrun
within the foursum? See Fig. 22 for how this
cut was made. It ié typical of how the others

were done.

(2) Monitor agreement: did the three independent beam intensity

monitors agree with each other to x% (usually

6%) during each subrun. -

(3) Beam position: DidAthe beam position as monitored upstream

of the sweeping’magnets change by'a signifi-
cént fraction of its naturai high frequéncy
jitter from subrun to subrun. (After study,
no actuﬁl cut was madé based on beam posi-

tion.)

:(&) Trigger consistency: did the triggers/ﬁonitor vary by more

(5) Hodoscope:

then x S.D. (usually 4) from subrun to sub-

run.
did the events/monitor in each of the 10

hodoscope counters vary by more then x 5.D.
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(usually 5) from subrﬁn to subrun. This was
a test of wﬁether a scaler had miscounted or
been misread by fhe cbmputer, and error which
occurred 20 times out of > 10 millidn readings.

T wE Ty deal of g o others oo Ao,

(6) Accidentél rete: Did the:accidental rate change by more then

|
1
!

. _ x S.D.'(usuélly 4 s.D.) from subrun to sub-
. run. '
>(7) Target'polarizatibnil.Many checks to see if the polarization
. recorded is the sign and épproximate magni-
i ' tude ekpeéted.
(8) Test Asymmetries: Was the %% with respect to O of.each ‘test”

" asymmetry less then some huge number (100 with

12 expected). This was the last test, designed

to catch any horrendous trouble fhat slipped
VthrOugh the'othér ériferia. .
"E§éﬁ perfectly good data will bevrejeCted By thesé criteria due to

éxpecied'Statistical fluctustions of the variables and thus it may in
principle be difficult to determine what "good" 1iﬁits on these cuts
should be. In practice we found that there were certain foursums which
had‘to be thrown out due to troubles like misread écaiers and widely
differing beam monitors. If one formulated ad hoc "reasonable" (a few
percent loss due to statistical fluctuations) values of x the ciearly
bad féursums were thrown out in ah‘unbiased way (each foursum had to
meetfthe same criteria), only 15% of the total data was rejected, and

the quality of the data assumed the pristine form described above.
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Furthéf'éhecks of the validit& of the cuts were:obfained by chahging
them to_&ery strict;(rejectFSO% of data) and very loose (reject 5% of
data)kaﬁd'observing né statisticallyfsignificanﬁ change in the values
of any of the asymmetfiés,’"test" or real; We believe the always-neces-
sary‘opefation of-throwing qut:bad datavwaé accom@iished in a natural
and uhbiased mannéf.. the.of_the cuts was correlated with a  possible
-asymméfry;__The final cuts resultéd in a loss of about'iB% of the data,

making an extremely small increase in the statistical error.
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VIII. HYDROGEﬁ FRACTiONk

Since it was impossible‘to separate the small frection.(io%) of
the scatters which occurred from free poiarisebie»protons (the hydrogen
in the‘tsrget) from-the background events ffoﬁ heaVy‘nuclei,_we had to
make an independent measurenent'of.the hydrogen/backgfound ratio (called
hydrogenvfraction oi Hyfrac Hf). We expected.tnat‘Hf would be a function
of the-nissing mass of the outgoing hadronic'state; For example, elasti-~
cally scsttered electrons from free protons should.have a S function for
missing msss (ignoring spreading due to'experimentel resolution and
radiative corrections) while elastic scatters from bound nucleons which
are not at rest due to Fermi motion w1thin the nucleus (200 Mev/c momen -
tum) should have a miSSing-mass distribution about 200 MeV wide. Thus
Hf should be a maximum at the elastic scattering and a minimum between
elastic and the one-pion threshold where no scattered electrons from
free.protons should appear (again 1gnor1ng resolution and radiative
corrections). Since the resonances have w1dths comparable to the spread
due to Fermi motion we did not expect a large increase in’ Hf at the
excited'nucleon states. | |

Our determination ovaf consisted of finding the missing-mass
spectrum of hydrogen and carbon and then comparing them with the spec-
trumifrom the polarized target. We instalied cafbon or CH2 targets of
the same radiation length as the butanol end used a CH2 -C subtraction'_
to get a hydrogen spectrum. A standard carbon (hydrogen)-missing-mass”

spectrum was normalized to the amount of carbon (hydrogen) in a CHé

target of the same weight as our polarized target. A background of
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about 7% due to vacuum window, He bags, etc. was subtracted out Thus
a CH target spectrum could be fit by Ah X (standard hydrogen spectrum)
+ A X (standard carbon spectrum) where A /Ah = l;‘ The butanol spectrum
around the elastlc peak (where'ﬂmre was the most structure and most C,
H dlfference and hence the best flt) was fltted by a least square method
to a llnean combination of standard hydrogen and standard carbon spectrum.
Typlcally A /Ah = 1. 7 whlch 1nd1cates that our polarlzed target, as seen
by the beam, had less hydrogen then pure butanol (CAH9OH CH ), as is
expected. Thls is due to a background of carbon or carbon-like nuclei
assoc1ated with the target such as alumlnum can and vacuum windows and
He bag (O 2 gms/cm ) teflon bags to hold the butanol (O @5 gms/cm ) and
llqurd helium in the can (O.ﬁ&igms/bm,) and.unknown amounts of solder to
seallthe can up. ‘The‘butanol-uater target mixture wa.s approximately
2 gmsyhme.v A /Ah depended on thefslae'of the sweep'of the beam, being
larger (~ 1. 9) when the sweep was larger then the target and smaller
(~ 1. h) when the sweep was smaller than the target (m1531ng the ends -
where the density ofvplastlcvbag and liquid helium was greatest). Thus
the geometrlcal fuzziness of our target caused it to present a smaller
fraction of free protons to the beam than a large block of CH We ran
with a large beam sweep_to irradiate unlformly the entire target so that
our polarization readings would reflect the polarization. of the target
where the beam hit and we would not haye'to deal with a‘contributhn to
the polarization reading of an_unused, highly polariied (no radiation
damage) section of the target.

To calculate Hf for all values of missing mass, carbon, CH2,»and
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target-empty data were taken at all values of the missing mass and a. sub-
traction again determined the hydrogen. spectrum (N ) and carbon spectrum
(Né).v Then for the alcohol target l/Hf = (total counts)/(hydrogen counts)
= (AN, + AN /AN =1+ Ac/Ah . N_/N, where N_ and N, depend on the
cross.eecﬁiohs for dC and ep scattering. Fiéﬂre 25'shows Hf és a func-
tion of ciseing mass for fhe four valuee of q2 used in the experimenﬁ.
We estimate the uncertainty of these values to be aboct 20%,‘baéed on
repeated ﬁeasurements on different days end_a compariscn with ancther
methbdAdeecribeg below. The uncertainty is due to (a)'lackAcf absolute
calibration of the monitor (it changed‘from day to day) and (b) diffepent
targefe cn different days with varjing amcunts of'alcohcl, bag, liguid
helium and solder. Since Hf is only a normalization factor;‘and since
we are‘icoking for the significance of the devigtion of our esymmetry
froﬁizerc_(number of standard deviations) an uncertainty in H does not’
altef phe significance of our fesults.v |

An alternate method, using only a carbon target, was used to check
the accuracy of the complex fitting procedure described above. MlSSlng-
mass spectra frcm an alcohol target and a carbon target (same number of
radiation lengths) were normalized to the low;missing-mass (<.85O MeV)
tails of the spectra where none of the counts are due to free protons,
which'cut off at the nucleon mass. (Radiaﬁive.effects increase the:
missing mass.) The difference between the twovspectra is due to the

free protons in the butanol target. A typical set of spectra are shown

in Fig. 2k. The two methods agree to better than 20%.
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low the elastic peak. Below is the hydrogen fraction
calculated from these spectra. g2 % 0.6.
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IX. RESULTS

The final results of aéymmetry A asva'function of missing mass for

the foﬁr different runﬁing conditions (scattering ahgle and incident '

energy)'éfe Shown>iﬁ Fig. 25. . Tables V,vVI,'VII, and VIII show these |
same fesﬁits. Table IX shows the results éveraged over the electro-
prbducediresonanceé.  The resulﬁé of Chen and al; are shown fo: coméari-
sdn a£ the bottom ofzthe Table TX. Thé resonahce reéions ére impoftaﬁt
bécauéé thg?e one péftial wave.dOﬁinates to some éitént‘over the many
others ﬁrééent.

vTﬁefe is no S£atiétically significant deviétion»from zZero asym-
metry;::(See Appehdik'F on the épﬁérént:ésymmétry at q2_= 0.6, missing
maSs'¥‘;200 MeV.) Thus we have found:né'eQidence for a time-reversal-
invarieﬁcé?#iblatioh in tﬁié reaction. Our‘errofs:rule outkan asymmetry
greatéf'than 3 to 4% at a gls.p. (95% coﬁfidgncé 1éve15 which is far
beiow-thg 30% predicted by the naive model mentioned in Section II. It
is exfremely unlikely that a T-viplatioﬂ and a 2-7-excﬁange asymmetry
would cancel each other over the wide range of_kinematics in our data
(espebially since 2-y exchange is,ex§eéted.to be very small). The

absence of asymmetry in the positron data taken at slightly different

. kinematic conditions is a‘confifmétion that no cancellétion occurs

(they would then add for the positron data).

Uhfortunately it.is now apparent that this simple model is not
necessarily adequate to describe the compiex physical situation. Com~
plications are:

(1) a glance at the cross sections, Fig. 24, shows that the reso-
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Table V.: Asymmetry A in ep - el 1nelast1c scatterlng The error AA is .
' the statistical error.

w;s*18'Gev . =218 ¢ ® 0.6
missing mass .>, E missing masé . '
(of:T) A(%) LA(%) (of T) ' A(%) 24 (%)
1.072. 2.3 Lo 2.511 .05 12.5
1.137 5. 3.3 2.5%3 6.8 13.1
1.197 71 2 2556 2T 15.9
1.251 2.2 2.3 2.578 - =347  15.0
1.30k -1.5 2.6 2.600 -28.8 18.6
152 0 0.6 2.7 2.622 27.5 27.6
©1.400 - 5.6 2.8
1.5 5.8 3.2
S 1.485 -1.0 3.0
1.525 2.0 3.0
1.565 3.0 3.0
©1.607. 1.3 5.2
1.650 0.8 - 3.2
1.690 2.5 3.7
1730 1. k3
1.767 9.5 5.6
1.802 3.9 7.3
1.837 -16.2 11.5
1.872 b1 1k3
1.905 5.1 21.1
2,372 -17.9 20.0
2.39%6 - -22.1 - 1k
2.419 3.6 11.8
2,443 Lok 116
2,466 3.3 11.8
2

488 5.8 12.0 -
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Table VI. Asymmetry A in ep — el’ inelastic scattering. The error A4 is
~ the statistical error. :

w = 15 GeV N o = 2.37° a° ~ 0.4
missing mass (of I) A(%) 24 (%)
1.065 - -k.0 8.9
1.115 -3.0 - 9.3
1.165 9.9 6.2
1.212 -10.0 5.5
1.252 9.3 ~_ 7.0
1.290 | 2.2 5.%
1.330 mrn b7
1.370 o -6.1 L7
1.1410 5.0 . 4.8
1.450 -0.7 L7
1.488 | -0.1 b1
1.526 : b2 3.7
1.561 .2 3.8
1.594 3.0 4.0
1.627 -0.8 k.5
1.660 . -6.2 4.9
1.695 | 7.7 5.3
1.730 . | b7 6.5
1.760 -12.1 7.4
1.787 8.3 9.3
1.815 9.2 12.0
1.845 -18.1 16.6
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Table VII " Asymmetry A in ép ~ el inelastic scattering. The error M is
+. the statistical error. '

N
2

w=18¢Gev 6 =321

q 1

missing mass (of T') A A(%) 2 (%)
1.068 » | 6.0 9.6
1.130 . 5.7 1.5
1.188 . -5.5 6.1
1.2k 3.4 5.1
1.297 , 1.0 6.4
1.548 o 13.8' 8.2
1396 - 3.3 8.0
1.k 15.9 6.8
187 - | -1.9 6.1
- 1.530 S =34 6.2
1,570 -=9.3 6.3
1.612 1.6 7.0
. 1.655 . 7.3
1.692 - - -5.6 8.1
C1.7%2 | 1.8 9.1
1.772 k.9 12.3
1.807 -21.1 1.k
1.857 | | -10.5 11.4

1.922 -1.0 10.2
1.987 ' -2.1 10.7
2.050 -0.5 11.6
2.2 14,3 13.1




Table VIIIf Asymmetry A in ep — el inelastic scattering.  The error DA
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is the statistical.error.

w = 12 GeV

0 = 5.189

missingzméés (of T)

1,066
-1.166

S 1.145
1.182
1.217
1.050

1.287

1322

1355

"1}387"

1.420

3.0
-8.3
-1.0
-6.8
-1;5
-h.5
2.8
-9.2
6.2
7.5
-9.6
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Table IX. The percentage asymmetry values (A) averaged over missing-mass
bins corresponding to the resonances A(12%6), N¥(1512) and
N*(1688), using widths of 0.15, 0.12 and 0.1l GeV, respectively.
. In addition, a measurement in the deep inelastic region (mass
' 2.37 - 2.62 GeV), for Eo = 18.0 GeV and g2 = 0.54 (GeV/c)?,
found A = (-1.6 * 3.5)%. The data of Chen et al., (Ref. 10
are shown for comparison. ' _ —_

Incident .= Four- : :
electron = wmomentum : Asymmetry value, A(%)
Incident . energy, = transfer ' L '
beam = Eg © - squared qe' '

SRR GeV - (Gev/c)2 - A(12%6) W (1512) > (1688)
e’ .0 18.0 0.58% 2814 -1.3%1.T 0.8+2.1 E
S P 0.k2°  -3.01.8  --- g
e” 15.0 0.37" 2.3%2.9 1.542.2 1.2¢3.1
e~ . 18.0 0.96% -2.8+3.3 -4.8+3.6  -8.2tkh.7 E_
e 3.98 0.23° 5.85L.3 --- -—- %5

o : ; L . o
e-  : 5.97 | 0.72% S - S 3.6Eh T -0.5%4 L |$
e” . .58 0.5 _— 2.688.2 - 3.6%7.3 l?

i

@At 1.512 GeV missing mass.

Pat 1.236 GeV missing mass.
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nance reglons where a AL = O transition is poesible (N*(l512), N*(1688))
do not show any great resonance domlnance and hence there are 31gn1f1cant
contribut;ons from many partial waves. Thus the terms in the. sum over
all firal states (all values of total angulai«_momenturﬁ and different
parficle'sfates) whieh'we observe and which cdntribute te the form fac-

tors W (Eq. II-4) can cancel each other in the case of W, and probably

3
contribute in a random-walk fashion to a value small compared to the sum
of the absolute values of the terms. On the other hand, the sums in Wi

and Wé a;e justvthe sums of absolute valuee.' The»ésymmetry, qu II-5{
is therefore expected to be small_(approximatelylﬂﬁ@ if each sum is domi-
nated_by N states; each of whese.partial.cross sections are COmparable in
magnifude. (It is important to distinguish between the sum just referred
to which is forced on us by our apparatus with the sum over all orienta-.
tions efethe spin 2{: neeessary to have O aeymmeﬁry in a T-conserving

mj | ’
one- 7-exchange theory. )

(2) The tran51tion between the initial proton, I = l/é and the
N*(l512) or N (1688), T = 1/2 may be AT = o or 1 and there is no evidence
as to which, or if both centribute. Any contributioﬁ from AL = 1 would
reduce the expected asymmetry by Lee's AL = O rule.

(5) Even on the hypothesis of maximal T violation the phase between
F_ and;FZ (¢) need not be 90° since at least half the reaction amplitude
is TeCOnserving. Indeed Lee has pointed out that ) < 10° which would
reduce our expected maximum asymmetry A to < 0.2 x 30% ¥ 6%.

(4) The data on UL/Gt is quite poor in all cases and usually less

than 2 S.D. from zero. UL = 0 would mean FZ = 0 and hence no asymmetry
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even if there is.a:T:yiolatiou. |

' Desplte these qulte valid theoretlcal problems, 1t 'seems to me that
we would be very unlucky to- have seen no asymmetry ever our entlre range'
of Krnematlc parameters 1f there were afT Vlolatlon in the electromagne-
tic iuteractions of hadrons., This experlment is thus ev1dence against
(albeit far from conclu81ve) the hypothe51s of Bernsteln, Felnberg, and
Lee; | | “ |

Further research into the problem of the Ccp V1olat10n is necessary.
‘It seems unllkely thatAa reflnement of the experlment descrlbed in this
report‘can be productively used to 1llum1nate the mystery. Once the
first theoretiCai estimates have been proyed faulty, there is rarely a
lowerllimit that theorists mould not stoopvto. Almost an order of.magni-
_tudeireductiou’in'experimental errors is conceivable by doubling the
target éelarization (by using a ligquid He5 coolant) andvcollecting 10
times as:many events using a crystal detector with large solid angle.
(Between the conceptlon and the act falls the shadow of untested techno-
logy.)

I believe that scarce resources would be better spent on other
experimental approaches to the same CP wioiation. The n - ﬁ+ﬁ-ﬂo charge
asymmetry has never been satisfactorily measured down to the limits of
the‘initial theoretical estimates. Tests of possible 0.1% CP violations
in the strong and weak interactions are just reaching the required ac-
curacy and should be encouraged. (For example, one may look for a T-
violatiug term in the beta decay of nuclei.) The measurement'of Moo
must also receive priority. Why then redo once again the ep inelastic

asymmetry Just because possible techniques are available for experimental
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I began my graduate student career amld the Free Speech Movement ,

began thls experlment durlng the People's Park battles, and am writing
this the51s amid a mass, natlonwide, student strlke to end the war in
Vietnam.i The 0ld men of the phy81cs world are stlll content to listen
to gorernment experts and to obey leaderS‘they do not believe or
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in physics'and.a reader of many experts in Other fields, know their
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coupetence, which eeems.to be the only universal expertise. When the
people make the choice they may not always make the correct chcice, but
at least they know what fhe decision is andeho is responsible. There
is nolreasonbto believe a goverhment expert more £han_one who is out-
glide government. -Uniess we cease to ‘be prisohers of those who pay our

way, there will be no future.



*

-123%-

APPENDIX A -

 vCancellatggpﬁggIglﬂptﬁations'

'ih'fﬁié‘secfion the manﬁef’iﬁ which thé vafioﬁé tyﬁes'of random
fluctuétibhs édﬁcel ou£.duéﬂto target poiafization reVersals ié”discussed.
Four ééséé will be‘déalf ﬁith.' (1) The fiuéﬁuéﬁions vary slowly compared
to ta¥gét fevefsai fréquehcyﬂ .(2) Thé fluct@éfions»vary fapidly. (3)
The fluctuatlons are delta functions. (L)  The fluctuationé are step '
functions. | - | i |

‘Let us take a hypothetical situation of data acquisition with con-

secutive periods'of:data taking, each period with equal segments in wvhich

the téfgéﬁ is polarized plus and minus. Time is measured by the number
of beam particles, q, passing‘fhrough fhe’target and each of K periods
has 2Q particles (Q for each sign of polarization). Let N, be the events/

period_for each éign_of-polarization without any random fluctuations and

let f(q).be the events/(beam particle) which are due to the fluctuations.

= 2gK is the total time of our hypothetical acquisition and N = K(N+ + N )
is the total number of counts in that time; both T and N are constant for
a fiked duration of running. We wish to find values of Q and K to achieve

maximum cancellation of random érror.' The asymmetry during the ith period

of running is: +z®'
No N- /ff)o’f f/i)f/ff
f\f+4'ﬁJ— o \ 3
Averéging over the X periods:' -_' ' £+Q L4288

&
- _l__ N.,L"N- + l
/£9 K ¢=,YAJ+*1&A' K N. rﬁd_

ﬁ [ ] /ﬂ/f frf) %
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The second term is due to the fluctuations.

,,+@ v *Z&

/@W _LE [/f/?)d/f f@)@; | @,,} .

In case (1) £(q) varies so slowly that the integrals in (A-1) can
be evalu5ted by replacing f(q) by its value at the center of the interval

and henée the difference beéomes:

{(;M/z') Q- (7 3%)Q = j/;/ ch

7
v

&

The sum over all periods i can be changed to an integral §

yielé.lin‘g.-:. | K a/ ' _‘ Q ) |
_ L __ji/ . . ci%ﬁ;
/GLVUCT N - aé? L.CQ | £?ﬁ¢ df jZ

g [ro-07) - TLoe0]

A1l terms but K depend only on the length of the total run. Hence the

conﬁribution of ‘the random fluctuations to the asymmetry forva fixed é

data'ﬁaking time is proportional to l/K where K is the number of targeﬁ | %
reversal cycles.

In case (2) f(q) varies so rapidly that, on the average, it does :

not matter if we take the difference or sum of integfals in (A-1). Using |

- |

the sum we observe that the complete expression (A-1) is Just
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Jﬁﬁ% )df -

which denends only on ﬁhe length of the deta-teking interval, and not on
how we reverse the target.f

In case (3) the 1ntegral (A—l) over. the delta functions are again
random numbers depending in magnltude on the size of the disturbance and
dependlng in 51gn on the sign of the dlsturbance and on whlch of the two

integrals (A-1) is involved.  Thus, as in case (2), A

fluct is 1ndependent

of the manher in which the target polariZatien is reversed.

: In case (4) first consider the effect of.a singie step &f in f(q):
occurringvat the tineithe polerizatién is chenging from plus to minus
in one of the terms in the sum (A-1). Equation (A-1) then becomes:

e . T(EE o
gﬂw—_.-(&c)%.—. -%ﬁ)» - ()

Afluct would be smaller and averag-

ing over all possible times would introduce a numerical factor of 1/ W3

If the step occurred at another time,

into (A-2). Hence a step function fluctuation contributes to the asym-
metry in a manner proportlonal to l/k for a fixed 1nterval of data taking.
For many step functlons, m in number, the - contrlbutlon from each one adds
as in a random walk to give a resultant fluctuatlon proportlonal to.Jn.

Hence: e

d‘ T(ﬁ)
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Thus f6r a fixed m the contribution of the fluctuation is proportional
to l¢k for:many random step functions in f(q).  This last type of fluctua-
tion'isvalmost the same as case (1) sinée,»if m is very large and ®f

small, f£(q) is almost a slowly varying continuous function.
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APPENDIX B
“Kinema & He¥rections

v There are two tyﬁeS‘Qf kinematic eerrectiOns that must be made to
the uéﬁelespectrometer optics due to the‘presence of our polarized tar-
get. (l) That due to the polarlzed target magnet. and (2) that due to
materlal in the: beam. :,, |

'(l) Since the magnet.is‘et‘the target there is no significant

focuéiné-done by‘it,‘ To correct for the"bendiné of the beem and scatter-

_ - 1 1y s
ed partlcles by the magnet the relatlon 6 | espec-+ > ebend(l + w/w‘) is
used. 6 is the actual scatterlng angle, espe ~the'angle of the spectro-

the angle which the

meter Wlth respect to the 1n1t1al dlrectlon, Gb nd.

beam;bends in going through the entlre magnet and w-aﬁd w' are the beam -
and seattered electreﬁ energieé; The first‘plus sién would be minus if
the maghet were reversed to bend the‘beam toward the spectrometer. 6
rathervthen espec was used to calculate the actual missing'mass,

(2) A minimally ionizing particle will lose about 5 MeV traveling
through:OQr 2 gram/bm? target,~with approximately -equal energy loss be--
fore (Aw) and after (AM') the interaction. Thus substituting w-Aw and
w' + Aw' for the beam energy w and detected energy w' will give us the
actual missing mass (M? QMIW-AM-W -Lw') qg)L/ . Using typical values
of w =]l8.00 GeV, w' = 16.82 GeV and q2 =.0.58 Gev” this represents a
shlft of about 10 MeV. Thls correctlon, although small, is included in

ourtkinematlc calculations.
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APPENDIX C

Target Heating Effects

The polarization obtainable with butanol targets is, near 1° K, in- |

30

versely froportional to the dbsolute temperature. Thus it is important
to keép thé heat inpu£ low and the éooling efficient. The thérmal conduc-
tivity of butanol is gquite small (0.5 x ]_O"5 watt/cm -OK)5LL and so heat
deposited in the interior of'é block of butanol will raise its tempera-
ture considerably. vThis necessltates the small size of the ribs ih the
target contéining bags.

Heat input to the target can éomej11the form of bulk (uniform)
heating of the entire target or in the form of local heat input of large
amounts to small volumes within the target. The former éan bé caused- by
the microwﬁve pbwef or by thevioss of energy ofithe elecfron beam. Local
heating.éould be caused by the beam and could cause total aepolarization
of small vqiﬁmes within the target. Careful invesfigations were thus
carried out to be certain that the beam was oniy éaﬁsing buik heating.

We could control the beam heating by controlling the beam intensity
through the target and were thus able to measure the reaction of the tar-
get to heat loads. For bulk heating the expected relations are Polariza-
tion o 1/Temperature and Temperature linearly depenaent on beam intensity.
This fits our data for both 3 mm diameter bags (AB/P - -ﬁ;B%/lQ}l electrons/
sec) and 2 mm diameter bags @ﬁR/P =_?l;5%/lbll électrons/éec) és shoWn in
fig. 26. Our use of 2 mm target containing bags was forced on'us by these
results.

A further confirmation of these beam bulk heatiag effects is seen
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Fig. 26. Fractional polarlzatlon loss due to heating of the target

by the bean.
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in the reiaxation time (the fime it takes the polarization to subside to
L/e of 1ts initial value w1th microwave power off) The Raman process
of electron relaxatlon, which is believed to be the mechanlsm through
which our protons eventually relax, predicts a temperature dependence
of T-7, This is compietely consisteni with.our data:on comparison of
Polarization (@ l/T) and relaxation'time at various beam intensities.

These effects'discussed‘above are eonsistent with bulk heating of
the entire‘sample. The possible effects of instantaneous local heating
vdue to’the'small intense and short beam pulse depositing energy at the
instentaneous rate of lOLL watts was invesfigatea more eompletely. We
wanted to prove that this local heaﬁing. 414 not depolarize the small
area the beam went through Local depolarlzatlon would not be detected
in our polarlzatlon measurements since only a tlny fractlon of the target
is involved. Stepplng the beam after every pulse with the sweeping mag-
nets was one built-in insurance against such a potential disaster. It
was shill-important to investigate whether the.first part of the beam
might depolarize a spot and the remainder of the beam effectively pass
through an unpolarized target; If the T_7 behavior continued u.pto'lOO K
(the approximate instantaneous raise in temperaturej this might be a
prohlem-since the relaxation time at 1.050 K is about 300 seconds. We
know of no mechanism is the target for relaxation in'times as small as
microseconds so this possibility is remote, but eXtremely.dangerous.
Two tests proved conclusively that the target was‘not locally depolarized.

(a) A small target, the size of the beam profile was installed.

Local heating in this target was the same as bulk heating. We used a
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spec1al polarlzatlon readout whose response was faster than the 1.6 usec

- beam pulse and thus would have been able to detect any instantaneous

decline 4in polarizatlon as the beam went through the target. None was
observed.

(b) Normal Target. If we turn off the mierovave power, then any
depoleriZatlon:will'not'be restored. ;Thus-a comparison.ofhrelaxation'
time esle;function of beamfintensityl(withithe beam sweeping over the
entire'target so thet esch local volume was heated'seperetely) would

1nd1cate any. depolarlzatlon due to the beam. Local depolerizetion would

" have resulted in the target belng completely depolarlzed after one com-

plete'beam sweep.' The results are completely consistent with bulk heat-
ing With-no-local depolarization.'
The effect of microwave power and resultant heating were also

studied. The polarlzatlon increases with increasing microwave power

‘until a maximum is reached and heating effects overcome increased spin

flipping ability. We were willing to give up a little polarization mag -
nitude to take advantage of the faster.polarization reversal time which
high microwave power offered. We estimate that 10 milliwatts/em’ vas
dissipated in the interior of our target (a totalvof.about 0.25 watts)

from microwave power. This is over 60% of the total microwave power

dissipated in the cryostat.
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APPENDIX D

Statistical Independence of Test Asymmetries

_Thevcondition'for statistical independence of two different pafterns
of préfended target reversal is that there should be aé many intervals
when the»pretended polarizations are the same as when they are different.
This condition is derived from the transformation of the error matrix,

b’ from one set of varlables, x, to another, x',

ST oaXe X
xéq )%2;— Zaéguf Za)<;/ \4;2’ .

x  will be taken to be the number of counts in a subrun, Nu, while one
of the other set of variables, Xé, will be the observed test asymmetry

in pattern j. Thus x5 = xé(Nl,Ng,...Nn).' In fact, from Eq. VII-3

Xi- [N M)/ [SNrSN]

where j+(j_) represent,sums over all subruns p for which the polarization
is considered positive (negative) for asymmetry pattern j. Since the
N“,_being counts in separate subruns are statistically independent of

each:other the error matrix elements are . :
,‘ .cha |
(6%.) bun ™ Nudon

where we have used normal counting statistics for the errors. In our
case the observed asymmetry € is f 2% because of the dilution factor

HfP and hence the number of counts/subrun is a constant, N, to better
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than 4% aﬁd vw = Na. g Now:
. | | JW
| . - () 1)
- aN SN Ny (2’\‘*

where the second term 1s negllglbly small since € < 0.02 and Z{:Ni

J(u) is O (l) when p is

total counts in pattern is several thousand

(J ) Hence:

By A (ZNA)

J‘(M) + /Q(/A,)

)+ )
x Z(” )
/6(1

N O;z« = cén‘srﬂurs

Thus if k and J are two patterns in whiéh there are as many subruns in

which the pretended polarization are the .same (j(u) + k(n) even) as sub-

runs when they are opposite (Jj(p) + k(p) odd) the sum cancels itself out

to zero and the two patterns are'statistically independent of each other

(no correlation). This was the criterion used to make up these patterns.
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APPENDIX E'

Deadtime
'vﬁere T will show that a rate-dependent deadtime can introduce an
'asymmetry if there is an asymmetry in the beam intensity. An asymmetry
in the beam intensity (higher intensity during one sign éf polarization
then the other) will lead to an asymmetry in the event rate (events/second)
and hence to an asymmetry in the amount of deadtime (more deadtime during
one sign of polarization then the other).
Let D+ and D_ be the fraction of counts lost during + and - polari-
zation due to deadtime and Ni be the measured counts. Then:
o g e NelirD) b (170
P Teered N (D) + N (140

_fJ+"AJ-' + ﬁi+[2ﬁ"'ﬁ0-El
.AQ+AL;kAQLL#AL£l pJ++AL~+pq+[z_+ﬁJ_£l

For small'asymmetries (as iﬁ this experiment) N+ z'N__ ~ N

PH 'aeTea - .N{:N“ | M(D*".‘D")
p ! Net N+ N(D+D) + N(z+DiD)

For small deadtimes D, D << 1. Hence:

m - Ny-N_ .£2P—Z:L D+
PHe Aocrns = Nom z(g@)'(' D)

= PH 'Qmeawrez:! t /qu
where D = (D +D )/? and A; = (D -D )/(D +D ) is the asymmetry of the
deadtime which is the same as the asymmetry of the beam intensity. Thus
if both A. and D are nonzero a nonzero asymmetry can be introduced into

d

our results.
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APPENDIX F

The Phony Bump

This is a discussion of the apparent nonzero asymmetry in our data
atvq = O 6 centered at m1s31ng mass of 1200 MeV. The average asymmetry
over the three p01nts is (4 5+ 1. 4)% This 5 2 s.D. asymmetry has a
0. 137% chance of occurrlng in thls partlcular spot. However since our
real data contalns 107 blns there are a total of 105 adjacent sets of
o) blns which glves a 105 x O 137% 15% statistical chance for this devia-
tion to appear somewhere in our real data. .This is the equivalent to
considerably less then.2 S.D. This analysis istcohfirmed by'generating
random asymmetries ﬁsing a random numher‘generator to simulate the oounts
in our ekperiment. Three out to 25 sets of asymmetry spectra show fluc-
tuatlons of the magnltude of our actual real data, for a 12% probability.
| Analys1s of our test asymmetrles shows “the probablllty to be 30%. Hence
this data can be completely_explalned as a quite probable statlstical
fluctuation once it is-reaiizea the'large qhantity of data'we have.
Perhaps the moral is'that the more date one takes, the less signifieant
each‘part of it might be unless one knows the physics‘behind the process
well enough not to dilute data taken where a real effect might occur
with other data taken where a real effect will not occur.- We believe
the argument above to be sound as it stands,-hut we are nevertheless
inclined to point out that the.region of:missing mass‘around 1200 MeV
is a particularly uhlikely place for a real nonzero asymmetry to appear.
This is a consequence of the AT ;'o rule. A 2—7-exchange-caused asym-~

metry is extremely unlikely, due to the large size of the asymmetry .



-
compared.to the calculations of Tsai and Cahn,12 who predict 0.6%. A
large 2-y effect at this missing mass would be ha?d to reconcile with
né.dbservable 2-7-exchange asymuetry in elastic-scatteringlu at almost
the same kinematic conditions. Thus, far from diluting the q2 = 0.6,
missing @ass = 1200 MeV, data, the rest of the experimental results
are expected to be more significant, hence reinforcing our interpretation

‘of this small asymmetry as a statistical fluctuation.

v
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