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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
‘United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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SEARCH FOR POLARiZATION IN'ELASTIC‘e-p SCATTERING AT 15 AﬁD 18 Gev
| Thomas.Mabrey Powell |
Lawrence Rediation Laboratory
University of California '
Berkeley, California
August 1970
ABSTRACT
‘We have measured the asymmetfy'in the eiastic‘scattering of elec-
trons from a polarized proton terget. An interference between the ima-
ginary part of the two-photon-exchange amplitude and the one-photon-~
- exchange amplitude could'proauce a polarization effect. The results

indicate no asymmetry within the experimental accuracy of 1 to 2% at

four-momentum transfer squared values of 0.38, 0.59, and 0.98 (GeV/c)g.
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'I. INTRODUCTION
~ The customary relianee on Qne-photon-exchange‘calculaﬁions in
electfon-preton scattering makes if important to study those processes
whicﬁ eeuld only arise from higher-order effects. A measurement -of non-
zero proton pelarizétionvin elastic electron—proton'scattering would be
evidence for a two—photon-exehange amplitﬁde, since the polarization.
must vahish for pure'dne—photon exehaﬁge. The interference between
one-photon- exchange and two-photon exchange amplitudes is expected to
be smaller than the one-photon exchange contribution by, an order of
d, but it may be enhanced due to the presencevof some resonance process;l
in electron-proton elastic scattering, one-photon exchange leads‘
to the Rosenbluth formula2 for the differential cross sectidn. Higher-
order effects, which could shew up as deviations from the Rosenbluth
form, have not been observed so faf.5 )
The interferenee between tﬁe one-photoh amp;itude and the zeéi
part of some fwo-photon amplitudes can be obtained by comparing electron-
proton and p051tron-proton elastlc scatterlng These measurements (after

allowing for radiative losses5) have shown no evidence of two-photon

effects, to an accuracy of about the order «a, up to four-momentum trans-

fers squared of 5.0 (Gev/e)2.

Information relating to the imaginary part of a differeht combina-~-

tion of two-photon-exchange amplitudes can be measured by performing a

polarization experiment. Two kinds of experiments are poseible."One
can measure the polarization, P, of'the recoiling nucleon in the elastic
: .

scattering of unpolarized electrons from an unpolarized prdtOn target.

Alternatively (as in the present experiment) one can measure the asymmetry,
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A, in the scattering of electrons from a polarized proton target, defined

as

(M- of{) | | v
= oY o Y:IPEI - ' (2) |

Ay o(¥) [PglH,

where o(lxd(ﬂdenote the cross sections on hydrogen polarized parallel and
‘antiparallel to the normal (ﬁ) to the electroﬁ scaltering plane. The

quantlty € 1s the asymmetry in the raw counts from the charlzed target .

and the factors PT’ HF allow for the target proton polarization and the

fractlon of hydrogen counts present in the data, respectlvely We deflne
n, as:
Pin ¥ pou.t

>
pinx p

f - (2)
out| |
where Bin and Eéut are the momenta of the initial and final electron,
respectively;

Results of this experiment have already been publjshed6 and this
disserﬁation attempts to detail and clarify that ﬁublication. In summary,
the experiment described herein looked for s two-photon-exchange contribu-
tioﬁ to the amplitude for eléstic electron-proton scattering. None was

seen.

A
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II. SOME PHENOMENOLOGY AND THEORY OF ELASTIC ELECTRON-PROTON SCATTERLNG
Because electfons and protons have spin-oneéhalf, as far as the -
"inessential‘complicatious due to spin" are concerned, clastic eleetron;
proton scattering is exactly'the saﬁe_as elastic proton-protoﬂ scatter-
ing, except_that the parficles are not identical. Hence one can use |
such fepresentations és the WOlfehstein formalism7 or the helicity
representafion8 almost pfecisely in fhe form in which mauy have applied
them to the two-nucleon probiem; However, instead of five amplitudes‘v
(as in pp scattering) six independent amplltudes enter (in ep scattere
ing) because the partlcles are not identical, but the analysis proceeds
similarly to the two-nucleon case.
. , S

The usual Feynman prescription’ associates a factor of e (theu

electron charge) with each photon vertex; Such a single-photon exchange

diagram; as”shown in Fig. la,'has a‘multiplicative'factor of e2(=a=L/157

in units_uhere“h=c=l). Two-photon-exchange amplitudes, as shown in
Fig. 1b, thus have multiplicative factors of eLP = az{ ‘Hence, searching
for two-photoh exchange amplitudes entails‘looking for effects at the,
one-percent level, because the interference termvbetween single- and
double—photon-exchange amplitudes has an extra factor of o = i%? com~
pared to the 51ngle-photon-exchange term.

This section will first,detail the description offpolarizations
in the he}icity representation and second discuss ‘the theoretical

questions which one must consider to understand experlmental quantl—

ties in terms of the single- ~and double-~-photon exchange contrlbuilons.



Fig. 1.

FIG. 1b.

XBL 708-1775.

Single and double photon exchange in e-p
scattering.
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A, Polarization in e'p Scattering in Helicity Representation

In the elastic process

e +p - e +7p (3)
we  let
xa'-= initial electron helicity = %
Kb = initial proton helicity = # 3
%C = final electron helicity = % %
. : e . 1
%d = final proton helicity = * 5 -

~ Jacob and Wick8 have demonstrated that one can make a simple partial

wave decomposition of the amplitude for_scattefing from a fixed initial

helicity configuration to a fixed final helicity configuration thuély;
Mo\c%d) (7\a}\b) ) 55 Z(2J+l) dx“(e) <7\cl\d,T (P)!7\a7\b> (%)

where A= Aa - %b and p = Kc = Kd; 8 is the center-of-mass (c.m.) scatter-
ing angle; p the c.m. momentum; and d (9) is the matrix representation
of dimension (2J +1) of the rotation through angle 6.1° <:% A |T (p)|% Ab:>

is the transition matrix amplitude for total angular momentum J. Since

%z"’ﬁxd can each take on two values = * é, M(% N )(% xb) has 51xteen
entries. We will use parity and tlme-reversal invariance to reduce
thése>tovsix entries. |
Heiicities change sign ﬁnder the farity transformétibn? s0 if the
interaction is invariant under parity,
i TJ(p) 7t =rTJ(p) »  where

o= parity'transfdrmation on fixed helicity states,
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gA N = - A - A, then

QAT @AY = gl 2 2y = (A @)

(5)

Helicities remain unchanged under the time reversil operation,
but in taking matrix elements, one must interchange the initial and

final states. So if the interaction is time-reveral inrariant

R J | J |
O = O - (6)
We finally need some properties Qf the 4 functionn,lo namely,
J A~ J A-p T
d)\“(e) =»(']‘-) H dp)\(e) = ‘('l) : d'?\'l—l( )) (7) -

Now we chcose a definite set of helicity tasis stites.

Specifically, |gl) =+
S
&7 = (-2
&> = |- \ (8)

The first index (+ or -) refers to the electron's helicity, h(e”). The
second index (+ or -) refers to the proton's helicity, h(p).

We next write the full matrix, M

My My M My,
M

21 Mo Myz My,

M M M

51 30 55 M3y

My My Mz My,



. o

in terms of our choice of basis states.

But . 1 o -
. B DR SORGEISIEDACEY
LY @)D @)
J A
= My,

where we have used the invariance under parity (Eq. (5)) to get the second
identity. Further use of parity conservatioh and properties of the d

functions (Eq. (7)) enable one to conclude that

My = My
Mip = Mz
Ml5 = -'MLI-Q
Moy = My
Map = M55
Mys = Mgy
Moy = M3y
. B _ Further still, ‘
1 N.J 1 end , :
M, =5 Ldlo(9)<++|T (p) |+ ->(2J + 1)
ST | | .
1 J Ced .
K ORI I
T '

L Y (a0 & ) ) e v 1) =y
) _ T



where we have used time reversal invariance (Eq. (5)) to get the second
identity, and the properties of the d functions (Eg. (7)) to get the
third idehtity. We can similarly show that M13 = Mzh'

This leaves six independent amplitudes which we choose’to'be

M;l

1
i

¢

rlules) = o)
), = G- =) = oy
Myp = -l = 0y
by = (o - D=0y
" ='<++lm|+ Q.} = o

M5 =<++.|M|b—' ¥y = % - o (10) -

¢

]

M

M

The M matrix is explicitly

b5 0 0 g
M =
“bg b 05 9
by b -0 ) (11)

Ope sees that ¢l and ¢5 are amplitudes which involve no helicity
flips for either particle; ¢2 and ¢4 involve helicity :"lips for both )
particles; while ¢5 and ¢6 involve an helicity flip for one of the
particles.

The density matrix formalism is very Weli'explained elsewhere,ll

and we only quote results necessary for our purposes.
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M is our tran51t10n operator, a matrix in spin space. The density
matrlx for the flnal state, pf, is related to.the den51ty matrix for
the init%al state, pi »

po =M p, M. o (12)

For convenience, we "normalize" the initisl state density matrix
by demanding ﬁhat Tr pi = 1. | |

We define the final state scattered intensity (which is in fact .
the differentiai cross: section) by ' |

I="Trp,=TrMop, H | o (13)

Using the helicify’representation, we'construct the initial-state
density matrii out of the direct product of tﬁe initial state density
matrices.for each of the particles. . _ _

Qi(e)®pi‘(p) . ' (1)

We must remember that our choice of the helicity basis.has led us

to guantize the spin of each particle along ifs direction of ﬁotion.

Also the use of the di“(e) functions has rimplied that the normal to

the scattering plane is along the'§ direction.lo Explicitly, we

. calculate the initial-state density matrices for an unpolarized

electron state (pi(e)) and a proton state polarized to an extent

(P)).

o, (e) . lﬂ % ( \ ‘ (15)

1

' . 1 -iP
pi(P) 23l s, o) = %(1 P, l-T) (16)

Py in the ¥ direction (py

!

SO
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_ /1 -i B, O 0
1P, 1 0 0
(e) (p) _ 1
P. = P. P = :
RO T o e,
0 | 0 i PT 1 /
(17)

where the same basis as used for M is used to represent Py -
We use these resﬁlts to caleulate the final-state écattered inten-
sities.

Case I: unpolarized cross section. Here

Y

1

SO v : ..

%(.l.ﬁlz R |<1>2|2 + l¢5]2 + |¢u-!2_ + 2[¢5l’2:+ 2,‘”6'2\)

7

H
!

1 t
—Trpf.:HTr(l\/.[M)

1]

(18)

Case IT: SCattering unpolarized electrons from a polarized proton target.
Here

p; 1is given by Eq. (17) and

_ t -
I=TrMp M =I(1+P,4) N (19)
where
1 * - * * * S
A = T Im(¢l¢5 - 0,0 + ¢3¢5 +00.7) . (20)

The asymmetry A is the quantity this experiment measures; namely,
we polarize the proton target in the + ¥ direction (}) and measure (%),
then we polarize the proton target in the -§ direction and measure I(¥).

Finally,
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s 1 Ié&%-l%&g' . ‘
S (e O B

Convehtionally,'Qhé'calls the polarization @arameter, P, the polari-

4

zation>of.6n¢ of the final particlés when both initial particles are un-
polarized.  In é—p elasfic scattéfing;'if one lets unpolafized-electrons
Aimpinge on uhpolarizéd prbtons and.measuies therpolafiZatioh of the fingl
reéoiling/protonghe megsures P; This is éimply thévtime reversed situa-
tionffrom the present experiment. A gfaphic illuétfation of this state-
ment is éiyen‘Fig. 2. .If the electromagnetic interéétion, through

which the electron and proton interact, ié'time-reversal invariant, A = P.

w /
s it




CINITIALLY - \ BlY Ras
e unpoldritcl Po_ltrizaﬂon
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Fig. 2. Rotational Invariance and Time Reversal Invariance
imply A = P. '

XBL 708-1776
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B. Slngle Photon Exchange

‘Up to the present date, there has been no need to include two photon

5)4)12 The

exchange ‘terms in the description of elastlc e p scattering.
predictions of the Feymman prescription for calcﬁlating the single-photon-
exchange diagram in Fig. la are borne out By experiment 15 We note that

due to the charge density and anomalous magnetlc moment of the proton,

two arbltrary functlons, called form factors, correct the Dlrac term

' for the proton current, If the proton were purely a Dirac partlcle,

like_the'electron,.these functions would be constants, equel to unity.
Using the metric and.normalizations of Ref. 9, we write the e p scatter-

ing amplitude aslu

| | | )L
Mei = S

( e\,

b

V '» . . J.
electron - Provon

1)
P
(e)

% (3= p )" = (pP-p ™)

] ( G- .morn entum - Transfer -Y

q2 is positive in the physical region for e-p scattering.

. () (v} ren
j“)>(m, S d;-? SR

.

e
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The lines of the above diagram are labeled by their respective h-moménta;

o), 2, @ 5.(), g )

P p; are the time components of these 4-

vectors, respectlvely. J“(p), the proton current is

J“(P) - e<ﬁ(pf_(p)) l')'“ Fl(qe) 41 GpV qV_ %I:‘Fe(q?) [u(pi(P));\, _, (23)

Fl and Fe'are the arbitrary funétions, depending only on qg, which
are called fhe Dirac form factors.15 They are normalized so that

F (O) =F (O) =1. }E photon propagator (e\

» the electron current,
<<u(p ( ))]7 Iu(p (e X> 'Xi = anomalous portion of the proton s’

magnetic moment (in nuclear magnetons) = 2.79 - 1. while Mp = mass of
the proton. |

That there are only two such arbitrary functlons, and that the
proton current has precisely the above form is a Jirect consequence
of the very general requirements of Lorentz invariance, parity conserva-
tion in EM interactions, the fact that free protous and electrons satis-
fy the free particle Dirac equation, and current :onse:r'\/'f:ztion.ll’L

From this explicit form for the amplitude,'one.can tediously
calculate a cross-section. In the LAB frame where the ta#get proton
is at rest, if one neglects the electron mass, the diffefential cross-

section takes the form’

= _ '
(dc) (dc} {GE + TGy + 206" tan _9_)
S A% g 1+ 2J (24)
2
GE and GM are defined in reference 15. While 7 = g&: ; 6 is the

e
the laboratory scattering angle and (%%)  is called tle Mott-cross
NS

section,

r
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(g—g) (a\g coOs 5. . l
an 28 L g 2Eg ... 2 6
NS ‘O sin 5 1+ Mg_ s;n Gl

E, is the incident elegtron energy in the LAB frame. Equation (24) is

known as the Rosenbluth formula.2 We note three +things about the

Rosenbluth formula: first, ‘ o
- .2y 2., 28 |
(2) - (%) [a6® +sc®yten 5} o (25)
LAB NS , .

This form is only a consequence of the s1ngle—photon exchange assumptlon,

16

second, the relative sign of G and GM cannot be determined from the

Rosenbluth cross-section, because only'the squares of GE and GM enter}
third, all of the present data (except for some fécenthLAC data at the
highest energies and q2 valueSlB) can be fit with the empirical form,
o (D) - Gy(a™)  Gyla®) 1 L e
E - 2_.7_9 T+, (1 LY
’ 2
. 0 1 4" in { qu)

This is called the "dlpole flt," and no theoretical reason exists for its

excellent agreement w1th experiment over three orders of magnitude.
After this general background on the single~photon-exchange approxi-
mation, we wish to show that very genéral considerations demand that the

polarization (or the dsymmetry,‘A5 which the present experiment measured)

must vanish, in single-phbtdn~exchange'a?prokimation}
We start from the unitarity condition on the S-matrix, SS‘-!~ =‘ﬂ, One
can always write S :=ﬂ_+ iT (where TOC our M matrix). Then, sst = Cﬂ_+ iT)-

(ﬂ. - in) =ﬂ +i(T - TT) + oot . We may neglect the term 07 in this

exXpression, if we insist upon single-photon-exchange approximation. The
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TT term has an added factor of e° = ¢ =V137 » when compared with either
the T or T-r term. In this approximation, then T = Tf, or writing out
matrix elements explicitly

*

Ty = Tin - | (27)

We next assert (and relegate proof to Appendix I) that the single -
photon -exchange amplitude is explicitly time-reversal invariant. This
assertion is decidely nontrivial. Even though the full'eléctromagnetic
interaction between electron and proton.may be time-feversal invariant,
each term need not have the same symmetry préperties as the full sum.
The reason the assertion is true is the fact that current conservation
makes the form factor which multiplies the T-violating term vanish.17

We remember that the time reversal operator reverseé all momenta
and spins and inﬁerchanges initial and final states (because it is anti-.
uhitary). Hence under this operation (and the assumed T invariance), .

() = () (28)

where the states lft> .and lit> are the states lf) and |1> with spins
and momenta reversed. '

Cross sections &C|T-matrix elementslg; Thus, using Egs. (27) and
(28) | B

o l2 = Kletit|2 = opt.t

1 = KlTgy £ (29)

where K is simply a constant of proportionality, depending on kinematic
factors, etc.

Since ITftitI2 is invariant under rotations, we can relecte Ops to
Gftit{ Figure 3 shows how a rotation about the normal to the scattering

plane sets the momenta of Ift> and Iit) equal to the momenta of |f>

["!
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Fig. 3.
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and |1> . Note; especially that the spins of |[f~ » and [1 > remaiil un-
changed if these spins are normal to the plane Of scattering. This graphic

proof permits us to say that Op; = Gfti.t, where now 'ft> and {it> are

the same states as |f> and fl) except with spins reversed.

Finally, we sum over all final-state spins (toth electron and protor.
spins).in ,f> and lft> because this experiment (bserves no spins in

the final state. Because the order of summation js irrelevant,
Ll
f £t

hence as lbng as both spin states for each particle are summed over

i

[£> = ]ft> . Also we sum over the initial electron spins in both

! : -
|1 > and |1> » because we observe no initial electron spins. The

ngi = Z"fit

f ’ f

final result is

where thé spin of only the proton in |1t> is opi)osite to the spin of
only ’_ché proton in Il) . WQ note th:Ls proof is true cnly for the tar-
get proton polarized normal to the plane of scattering. Of course, for '
a target polarized in the plane of scattering, .there is no asymmetry
 because of parity conservation. | |

*  This exposition demonstrates that if One measures a number for the
cross section with the target proton polarized in one direction normal to
the sca_,t.tering plane, then reverses the direction of polarization he will
measure exactly the same number for that cross section.

The proof hinges on four assumptions: unitarity, rotational




10

invariance, current coﬁservation (or time-reversal invariance), and
singie-photop-exchange approximation;' One need not belabor the fagt
that if this éxperimeﬁt measﬁréd a‘nongzefo asymmetfy surely -one would

say that the single-photon-exchange approximation had broken down.
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C. Theoretical Questions Involved in the Search for Two-Photon Effects

1. Deviations from the Rosenbluth Formula

The most common way to look for two-photon effects is to-look for
deviations from the Rosenbluth form, Eq. (25). Explicitly, the experi-
menter measures (%%)LAB at fixed gﬁ, but varies the LAB scattering angle,
6. (He must then vary_the incident, electron energy;EO, because q2 xR

- [1+EO2 sin29/2]/[l + 2EO/M . sin2€)/2]). He then plots

(@
1 dQ AR ' 20
PCICIY: - A -
tan = L——)

2 (a0l yg

This plbt must be a straight iine if.Eq..(25) holds.

Uhfortunately, such a ﬁlot seems to be most sensitive to deviations
at quite small laboratory angles,l6 where experiments of sufficiént pre-
cision>have not been performed. Gourdin,and Griffy and Schiff}6 have
discovered the form that one expects the two-photon exchange terms will

take, by looking at exchanges in the crossed channel, e'e” - pp.

P :
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'Indeed, these authors show -

/2

Iq
N

L (dsz (q)'l+

(dQ . 1-1/4M2

mlm
Iq

(a serics expansion in [1 + (cotg'g)/(l -:q?/MME)]]/é). Thus to enhance

a small two-photon effect one must choose 6 &~ 0° tc make cot2 g Véry large.

Such effects have not'been seen. These authors furtaer explaln that if JPC

of the only exchanged particle is O (llke_a T l) then a two-photon term

can lead t0 no deviations from Eq. (25).

s
—

2. Difference’between Electron-Proton and‘Positron-Proton Cross Sections
Refefring back to Fig. 1, where the sihgle-phdton-exchange amplitude
is called a, and the sum of twd-photon4exchange amplitudes is called b,
we see that a o e, bo(eg, wﬂere e 1is the leptqn charge. Thus, for posi-
tfoh-proton scattering
c(e+)CC]a + b]2 : (%0)
while for electron-prbton scattering, | |

o(e”)eC |a - b|2 . | (31)

"Thus

_ a(e®) - o(e) ~ 2 Re b ba_
a(et) + a(e”) lal

where We have kept only lowest order terms in &. These formulas actually

w9
I

(22)

arply only in the case of spinless particles and must be modified to take
irto account all the helicity éﬁplitudeskwhich may -enter into a given
process, as in Eq. (|8 ). However, the sense of the demoﬁstration is
clear: a non-zero measuremeht of R is UneQuiVOCal proé? of a fwo-photon

exchange contribution.-
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~Because there are‘on1y Ezg form factors in the single;phcton—ex~
change amplitude, there must be only two independeﬁt helicity emplitudes
occurriﬁg in the singleQﬁhotonfexchange_term. It is easiest tc see whicl
two amplitudes (out of %he possible sii) are independent and n(n-zero in
the high—energy_limit.

At high energies the helicity 6f the eléétfon is unchanged; This
is mo;t easily seen by caléulating the electron current in thé Breit
frame of the electron18 (sée : below). 1In the elecﬁfon's Breit frame
Si(e) =V- Eée), hence the name "brick-wall frame." We denote cuantities

. **%
in this frame by two asterisks, .

'é;(c)**g _'ﬁ[.)f# - .T}Z-’(y

»

ELECTRON'S  BREIT FRAME

The electron current is,

3.9 = oGle N7, lute, Dy )

We use an explicit representation of the y-matrices and,properties of

the solutions of the free-particle Dirac equation (in this representationx9

namely,

;=(-§ g) k %o=5=(§ﬁ -})l

A

.
gt
r‘*ﬂ&* Aty s
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and fhen

- - X
E_+m o
=2 2 .32 2
R u(p) e - > |, Ep P+ m
o e g - Py .
. Eptie
where the three components of ¢ are the threc 2 X 2 Paull spin matrices
euxiﬂ_is the 2 X 2 unit matrix. u(p) is a k4-component Dirac spinor,
while X is a two component Pauli. splnor. XTK is normalized to 1, while
( Y¥¥ > (e)x* %
=1l. In the Breit frame Pi~ef S .3 thus ¢ = M vector =
—— (e )** *% : ** , *¥% *K : ’
- e wd G -
(py P (&) _ (o, -2p( %) = (0,887 - ¢ L(54)

We make explicit use of the identity (o -_K)(g'~ B) =& - B+io - (Ax B).

which is vélid for any vectors X and.ﬁ. "‘The fesult of +his evaluation is

that ‘
'( T X% | : (35)
o T 4 T
Cew o *" X%
-2 _ € =49 1 -
7= e x e (36)
3 o 2o xS _xxf % :
Since q = -4y +q = 4+ - , 3 is of order
5 .
D
hm 2
e
% % . _h
v while jo is of order 1. Since m, 5 X 10 GeV, an - high energy
experiment away from the forward direction will have
2 |
(3 e

We thus neglect jo**. Further, if we choose p (e )x* in the z-direction,
*% . ' ) ) o
J, =0. This leaves only Iy CX: oy Jy cK: T ThiS.ShOWS-that

the virtual photon is purely transverse in this frame.
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If one starts with an initial electron of'+ helicity (spin in the

a
- X% '
+2z direction, parallel to pi(e) ), then Xi = ( ) . Because the diagonal

0
1 £ f 0 l) a ORES PRI *¥ a *x n
elements of o "'(l o] an Uy = ( 5 O) vanish, j - an Jy vanis
unless Xf is of the form Xf = (g) ;> 1.e. the final electron has its spin
in the -z direction. This proves helicity conservation for the electron

because the spin of the final electron must be parallel to P

We can also use the fact that for the single photcn exchange ampli-

tude alone, an helicity amplitude ¢i,_i =1,...,6 can Te factored into
an electron helicity amplitude and a proton helicity amj litude. This is
readily seen from the current-current form of interactiin, Eq. (22).

Thus

o, = fi(e>(%a,%c)Fi(p)(xb,%d) (57)
where fi(é) depehds only upon electron heliéities and Fi(p)depends only
on proton helicities.

Neither helicity conservation nor factorization hold for
two-photon—exchange amplitudes. Factorization clearly *ails, because
to calculate an amplitude (as given by b in Fig. 1) one must do a 4-
diménsional loqp integral over all values of ., the 4-a1omentum of one
of the exchanged photons. One cannot break up this int :gral into an
electron integral and proton integral. vHelicity conser ation fails
because, within the range of this ihtegration, q; may ta e on values
such that lqlz/meel << 1, then an helicity flip at the ;ingle photon
vertex beéomes more probable than no flip (see Eq. (35),(36)).

We will use symmetry principles along with heliei .y cdnservation

and the factorization of the amplitude to eliminate all but two of the

£
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six amplitudes, Eq. (10). Immediately; ¢2, ¢), and'¢6 vanish because
in each of these amplitudes the electron's helicity chaiges. To estab-

lish another-relation‘we observe that
_ ' _ . (2) (p)
b5 = <& [M|+ -:>_ £ (+,+)F5 (-,-) .

is an invariant to which the O components contribute negligibly in the

(p)

Breit frame as long as q2>>.me2. Since the hadron current J“ is known
to bé a vector under proper and improper Lorentz transformation, it fol--

lows that under the space reflection operation 3(P) must change sign, or,
O MO

o, = - f (e)(+,+)F5<?)(+;+) = -0 .

> 73

This leaves only ¢q and.tb5 as independent helicity amplitudes in single
- photon exéhangé. |

-We.can write each helicity amplitude, ¢i’ as sum cf two contribu-

tiqns: the first, a, is a.Single—photon-exchange term; the second, bi’

is a'two-photon-exchange term. Thus,

¢l‘= ali+ bl
' 0, = b,
¢5 = - al + b3
0, =Dy,
b5 = a5 + b :
0g = by - R (28)

Using Eg. ()), we can write

.
I3

ole’) = % {lal + blle + [b2[2 + |-ay + b, |
_ -7 A
1% +2ng1% (39)

Py

2 v
+ vy, | f 2|a5 + g
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while ,
- 1 2 2 2
ole”) = 5{{8,1 - bll + |-b2|_ + |-al —b5| - e

' L2 x o
+ by |7+ 2|a5 - b5| 4+ 2] -bg| j (40)

: Rel (b, - 5, )a, + 20 %8,] |

R - U(e+)-0(e-) o Re (bl - b5 )al + ,)5 a5 (ul)

- + - ' 2 2
(e )+o(e) .Ial' + . |a5l

3. Polarization and Asymmetry Measurements

A calculation of a similar nature leads to an expression for A,

. ‘Im[a‘(b PR *)]
AN 52 1 52 . , (42)
Ty P+ T

We see that A measures the imaginary parts of amplitudes b and b

X >

while, R measures the real parts of amplitudes bl"bB’ and b5- It is a

commonly held belief that "R measures the real part of two photon ex-
change amplitudes, whilexA’meésures the imaginaqy rart of two photon
exchange amplitﬁdes." We see that the siﬁuation is considérably mofe
delicate than this simple statement. Let hs pose a hypothetical case: -
if bl,‘bB,_and b5 véhish,'but b2, bh’ and b6 ére non-zero, then A=R=0;
yet the bg,
if bl,,BBQ'and b

bh’ and b6 amplitutes might be sizeable. Indeed,

were pure imaginary, then the expression for the cross-

5

section, Eq. (40), would have correction terms of order |bi|2 i.e. only

I's

. |
of order aul All terms like Re(albl ) would vanish because a. and a

1 >

are known to be purely real (see Appendix I). There is considerable

belief that the two-photon-exchange amplitudes should be primarily
19

imaginaryQ This is because the two-photon term is related to virtual

&»
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virtual Compton

/ scqﬂ' ering

Compton Scattering.

|

!

| .

] N
|

'

L
The intermediate state in the virtual Compton diagram could be the hucleon,
* v v ' ' _ ' . o

A(1238), N (1512), etc. The real Compton cross-section is dominated by a
huge resonance at “VBOO MeV (incident 7 LAB energy) corresponding to the
A(1258). The belief is thét the virtual process i dominated by this

(or othef) resonances. The'reéonance amplitude, a Breit-Wigrer form,

T(8) = (ER-g{?i /5

is pure imaginary-at fhe resongnée enefgy, E = ER. Hencé the claim that
the virtual Compton scattering is close to beingvpure imaginar&. v
These intuitive ideas and the analysis.leadingvﬁp to Egs. (ﬁl) ahd
(42) lead one to the conclusion that looking for an asymmetry, A (Qr
Vpolarization, P), has the best chance of seeing a two-photon effect,
because @easurements éf an electron;pQSitron'differéncé, R, or devia-
tions from the Rbsenbluth form seek a réal'parffof two-photon terms,
»while'the two—photon éontribution is ﬁrobably dominated by its imaginaryv
part. T
Three theoretical calculaiioﬁs of P (and thﬁs A) exist .20 Their

predictions are that P is never'larger than l/é%. One should note that
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only one of these predicti$ns (Arafuné and Shimizu) extends above 1 Gev
incidentvelectron energy, while the experiment here reported was performed
‘at 15 and i8 GeV. |

| Four previous measurementsvpf P have been reportei.12 All four.
measurements were performed at or below 1 GeV incident electron enéfgy,
but at similar values of qe, (o.3(GeV/c)2 < 1.O(GeV/é)2). These date.,
along with data frdm the present expefiment are shown in Fig. 4. All'of
these polarizations are consistent with zero.

One might ask if some other spiﬁ éorrelation measurement could give

a combination of amplitudes which would be particﬁlarly sensitive to two-
photon exchange. Three Russian au.thors21 have derived a general forma-
lism for spin correlation experiments in which the target proton.is
polarized in the plane of scattering and either, one, the incident elec-
tron beém is polarized in thé plane of scattering,'br,_gzg, the polari-
zationlof the recoilvproton‘is ﬁéasured. These authors show that non-
Zero effécfs-are expected in single-photon-exchange approximation. It

is easy to see that the proof given in the preceding section for the
vanishiﬁévof the up-down asymmetry, A,fails for the spin correlation
experiments. That proof depénded on the fact that the pfoton's spin
wasn normal'to the ?lane of scattering and one's ability to sum over all
the othér particle's spin states. In two recent papers,22 Dombey has
shoﬁn that these spin-correlation measurements areC(LGE GM. Thus one

can megéure the relative sign of,GE and GM. Further,'one cou;d shed

more light on the speculatioﬁs that the scaling law (GE = GM/up = GM/2.79)

is violated and GE vanishes.




-29~

I T T
O FRASCATI (1965)
A ORSAY (1965)
- x STANFORD I (1968)

8

6

|  ©STANFORD I (1968) |

4 eTHIS EXPT. | ]
) |

0

2

A CL | -
= O 4 i
= -2 | | o
o A 2 -
< |
__ES — —
-8 o | | .
10 1 I B B 1 B

O 02 04 06 08 10 12
FOUR-MOMENTUM TRANSFER SQUARED (GeV/c)®

XBL 706-1081

Fig. k. See reference 12.



-30-
IIT. EXPERIMENTAL APPARATUS AND PROCEDURE
A schématic diagram and photoéraph of the experimental apparatus
used in our experiment appear in Figs. 5a, 5b. This experiment is
conceptually very simple. One lets an electron beam hit g proton.
target which is polarized in a direction normal to the plane of
scattering. One accurately measures the energy and intensity of the
electron beam. The magnitude Qf the target polarization is recorded.
After séattering off the target, the eleétron emerges into a magnetic
spectrometer where its scattering angle and momentum are measured.
From these kinematic quantities one calculates the "missing mass",

(MM), of the unobserved hadronic state. If one neglects the electron

mass
ex Rk 1-2_9_
(MM) Mi + 2M§(EO E') AEOE sin” 3 (43)
where EO = incident electron energy
‘B' = scattered electron energy
6 = electron scattering angle.

One calculates a missing-mass spectrum, i.e the experimenter calcu-

lates dﬂg ﬁM vs. (MM) for this sign of polarization. Hence for each

value of missing mass, a number o(}), is produéed where the.target is
polarized in the.(4) direction. Then the target polarization is rever-
sed and another number, o(y), is produced for this direction of polari-
zation, (*), for each value of missing mass. A raw asymmetry, e, is

calculated,
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The éxperimenter now has vaiues of ¢ for the rangevof missing-mass
- values in which he is inﬁerested,k Unfortunately, the target was not
polarized 100%, and it did not consist of pure protons. Correction
factors must_be applied to this raw asymmetry; e,'to relate it to the
aSymmetry, A, an experimeﬁter woﬁld see from’lOO%-polarized pure hydro-
gen. Indeed, if;PT is the target polarization, and HF is the fraction

of events one sees from the elemental hydrogen in the target

1 A : S
»»AA— T?En-: ﬁ; - € o _ (1)
Such a "single-arﬁ" spectrometer experiment has produced a spectrum
of A vs..(MM). This dissertation concentrates oqu on the elastic
scuttering, (MM) = Mp'= 938 MeV, while a coméanion experimentzz.details
the inelastic scattering, (MM) > MP.‘ This section will describe.the |

methods and equipment used to accumulate the data.

A. THE ELECTRON EEAM

This experiment was performed at the SLAC 20-GeV electron accelera-

torz4‘for two values of incident électfon energy, 15 GeV and 18‘GeV.

At both of fhese'energies the beam was collimated by slits down to

A@ﬁb ='Ofé%. This value of Apyp was chosen so that the error in thé
measuremeﬁt of (MM) due to.the momentum spread in the beam would be of
the same order of magnitude as the errofs:in (MM) due to errors in
measuring the scattered electron's mémentﬁm and angle. For a value of
(Mm) =~ Mp = 940 MeV, the error in (MM) due to momentum spread in the

beam waé ~ 30-40 MeV.
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Upoh reaching the polarized butanol target the beam spot was approxi-
mately circular and 2—3»mm. in diameter as observed on glass slides at
the target position. After each beam pulse, a paif of stepping coils,
similar to Helmhdltz coils, moved the beam spot to an.adjacent site
ap?roximately 2.5 mm. away from the first site, on the 1" x 1" target.
This "raster pattern" of horizontal.and vertical sweeping of the beam
appears in Fig. 6. The accelerator waé runbalmost-exclusively at 180
pulses-sec. (180 pps), with each puise having a 1.6 psec. length, hence
a complete cyclg of the 288 sites took about 1-1/2 seconds. The spot
size and sweeping péftern were designed so that the beam unifofmly
irradiated the butanql targeu; Uniform irradiation was importént be-
cause the NMR apparatus, which measures the target polarization,-samples
essentially the volume average 6ver the whole targét. If the beam were
to runrselectively through only a small portion of the target, this por-
tion would be'quickly depqlarized because of the beam's radiation démag-
ing effects (see below); but the target polarization would register as
non-zero, and no asymuetry from polarized mpmdtens, howevervlarge, could
be measured. A contour plot of how successful the attempts at uniform
irradiation were appears in Fig. 7.

To keep the radiation damage effects within limits; we ran at an
intenéity of 1-2 x lOll electrons/sec. Even at this rate,.only O.l%
of the peak SLAC intensity, we were forced to change the butanol target
once. per day, because the beam had destroyed the target's capacity'fbr
polarization. Atthese rates accidental triggers were never a problem

averaging 1.2% of our total trigger rate.
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B. EEAM MONITORS

The primary beam monitors were two ferrite toroids operated in a
resonant mod.eZS in a location upstream of the target A secondary
em1ss1on quantameter,29 200 ft. downstream of the target, was used as

a secondary monitor as well as a beam dump. Absolute calibration of
. ’ . t

each monitor is unnecessary, because in this experiment only the ratio:

-of cross-sections is needed. However, errors in the asymmetry could

arlse if the three monitors were not consistent among themselves. For
each ten ‘second period of runnlng,(acutally six complete sweeps through

the raster pattern, a period we called a "subrun"), the three monitors

were required to agree with one another to 4% or better. This assured

us that our errors due to monitors in any subrun were much less than
our purely statistical errors in the same subrun. This can b seen
guickly when one is told’that & common event rate was about one event/
pulse.‘ At 180 pps this leads to 1800 events in a. ten second subrun
dividea among ten missing-mass bins (see below) or 180 events/bin and
a random error in the total counts of some 7.5% per bim,.greater than

4% maximum disagreement we permitted among our moaitors.

C. COUNTERS AND ELECTRONICS.

Withinthe large EO—GeV/c spectrometer, two counter hodoscopes, the_
"p hodoscope” and the "o hodoscope," to measure the momentum and angle,
reséectiveiy, of a scattered electron, existed previous to the present
experiment. The logic, associated electronics, compoter interfacing,
and programs for these hodoscopes, was such that only one trlgger/bulse

could be digested by the system.' For this experlment, where up to 90%
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in the triggers come frbm unpolarized carbon and oxygen nuclei in the
butanol target, this system wus deemedbtoo inefficient 'in the low-
momentum-tfansfer region where thevcounfing rates are high. Thus, we
constructed a third hodoscope consisting of ten scintillation counters
oriented so that each counter, of dimensions 0.45" x 0.45" x 7", was
oriented along a contouf_of constant missing mass, (MM), of the unobser-
ved final hadronic stafé, A schemétic diagram of the counter system
appears in Fig. 8. We called the new missing mass hodoscope, along with
its associated electronics, etc., "the fast system"; the old 6 and ye)
hodoscopes and its mating parapherhalia became known as "the slow system."

One can see from Eq. (43) that to have the hodbscope counters
oriented along contours of constaﬁf missing mass, each counter must
cover a large range of momentum vaiues for the scattered electron (E' or
p'), and a substantial range in scattering angle (0). Thus, each counter
cannot lie purely in the vertical direction, because the spectrémeter
brings all particles with the.same scattering angle to the same vertical
line.

constTant ecounters
6 oriented

Vertically
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Neither can the hodoscope counters be oriented entirely in the:
horizental direction, because the spectrometer brings all particles

of the same momentum to the same horizontal line.

Coun ters
oriented

hcrézont‘a“y

C;hs‘(';ni/wm

Hence, the counters are oriented at some angle GMM'

We can quickly approximate &y from Eq. (4%3) knowing the dispersion

of the spectrométer in the horizontal and vertical directions. Indeed,

dp' 1
ton 6 =;(9y_) \ S &)y .
MM dx a6 (dx/3o) Ll
(m1),E, | ap’ (v1) , B, (b)
%%, =‘vertical dispersion in momentum in the momentum focal plane or

momentum dispersion = D, = 2.826 cm/% where the cm/% means cm per 1%

®

of the central spectrometer momentum. (%g) = horizontal dispersion in

scattering angle in the scattering angle focal plane or angular disper-

sion = Dy = 1.53% ™ /nr 27
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("R'ge‘l, ZLMQ e\E'- (45)
MM),EO P
where we keep (MM) and E, constént and use the small-angle approximation
in Eq. (43). At E, = 18 GeV, 6 = 2.5, O 8°. An exact calculation

gives O = 7. 65°.

It must be admitted that the (MM) hodoscoge could not be placed
exactly at the 6 and p-focal planes, because the "slow" hodoscopes \
remained at these planes. Indeed, we were anxious to check the "fast"
"system against the well-calibrated "slow" sysﬁem. This fact of being
out of the focal plane smears ouf resolution sligh%ly, but having both
systems,'ffast" and "slow",benablesrus to @ake\a "fast-slow" comparison
and gave-us great confidence in the "fést” system. Anal&sis of our
data was berformed éxpluéively‘on events taken with‘the "fast" (MM)
hodoscope. | ‘ |

A diagram of the electronicsband trigéer logic appeérs in Fig. 9.
IT'or the fast system, a coincidence between a trigger counter in the
spectrométer (TR%), an output from the totaljabsorption lead-scintilla-
tor sandwich (TA) which idenéified the electroh, and a pulse from one
of the ten missing-mass hodoscope counters generated a pulse causing
one of the ten scalers which counted outputs ffom'the ten (MM). hodo-
scope counters to advance.

The TA couﬁtef consisted.of 16 radiatidn lengths of lead sand-
wiched between scinﬁillator sheets. 1In this lead assembly, the elec~
ron emitted bremsstrahlung, the resultént y ray formed an electron-
nositron pair, thus starting é shower(whiéh produces>a“large amount

Of light. The bremsstrahlung from other particles, such as muons or
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2 x 10'h - 1077,

pions, will be down by'factors'ofb(ﬁe/hp)g or (me/hﬁ)
Hénce these particles leave only minimum ionizing radiation. One then
analyzes the pulse height comingAfrom the TA output and_rejects all
particles whose pulse height igdicates only a wminimum ioniiing parﬁicle
passed through. | |

fwo of the three dE/ax‘counters,vFigs. 8 and 9 P which were placed
behind thicknesses of steel, were read in through the "slow"-system.
' Since the on-line computer recérded every fiftieth "slow" event, we
were able to analyze in détail the contamination of our electron sample.
We found that.less than 0.2% of our events came from pions or muons.
Even 1f the processes which produced these interlopers led to a 100%

up-down asymmetry, their contribution would have an insignificant

effect on our results.

D. SPECTROMETER

The final electron's momentum and scattering angle were measured
in the SLAC QO-GeV/c spectrometerJZ¥ The instrument has an'ubward S~
- bend configuration with an intermediaté focus. There are eleven ele-
ments in the spectrometer: & bending magnets (dipoles), b focﬁssing
megnets (quadrupoles), and 3 second-order correction magneéts (séxtupoles).
The magnét arrangement appears in Fig; 10. Some of the design para-.

meters are listed below:

1. Target length Xg = * 3 cm

2. Production angle | 6, =t b5 ur
5. Target height | Vo = * 0.15 cm
4. Azimuthal angle Py =2 8 mr
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. Momentum band + 2%

Dy = 2.83 cm per % momentum

+ 0.05% (FWHM)

. Momentum dispersion

il

5
6
77.' Momentum resolution
8. Solid angle,='10-u steradians
9

. Angular dispersion De = 1.53 cm/mr

10. Angular resolution = * 0.15 mr (FWHM)

We note that the momentum focal.plane is not perpendicular'tO'the
optic axis, but ihclined at an angle of 43° to fhe axis (see Fig. 10).
The scattering ahgle focal plane is perpendicular to the optic axis and
some 50 cm upstream fromvthe mdﬁentum foca; plene.

‘The_matrix elements for the first-order spectrometer optics
appea? in Table I. The quantities #, y, 9, ¢ are defined above., =z is
the distapee along the optic axis, or path length along the central
ray. © is /p/p, i.e,v[p'— p (cent)]l/[p (cent)] where [p (cent)] is the
momentum of the central ray. Secoﬁd—order corrections, at meximum,

' correct the vertical and,horizontallpositions by less than 1/5 cm,

ﬁhich corresponds to about a quarter of the width of & missing-mass

bin (eech MM hodoscope counter is 1.1" wide).” We can safely neglect

the eecond-order corrections and calculate orbits frou first-order
optics alone.

| We' should note one very straightforward CO{feCtLOn to the spectfo-_
meter measurement of tﬁe séattering angle: the polarLzedrproﬁon target
(see below) incorporates a 25 kilogauss’megnet'witﬁ vartical field,

which bent an 18 GeV electron beam through nearly l?. Thus it also

bends the scattered electron through about l/éo,’if the electron is
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Table I(a). First order transformation matrix of the S-bend spectrometer

in the production angle measuring focal plane.

0 % Yo e %o %
x 0.000 1.53k 0.000 0.000  0.000 0.000
6 -o.65é -0.066 ~ 0.000 0.000 0.000 0.000
y 0.000  0.000 0.757 -0.054% " 0.000 2.573
® 0.000 ~ 0.000 3410 1,078 0.000 5.061
z 0.000  0.000 0.495 0.%05 1.000 0.291
5 0.000 0.000 0.000  0.000 0.000 1.000

Table I(b). First order transformation matrix of the S-bend spectrometer

in the momentum measuring focal plane.

X e Yo %o %0 ®
x 0.033 1.531 0.000 0.000 0.000 0.000
6 -0.652 -0.066  0.000 0.000  0.000 0.000
v 0.000 0.000 1.7%6 . 0.000 0.000 2.826
® 0.000 0.000 3,410 1.078 0.000 5,061
z 0.000 0.000 0.495 0.305 1.000 0.291
5 0.000 0.000 0.000 0.000 0.000 1.000

Xy ¥, 2 in cm.

6, ® in mr.
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prodﬁced roughly in the forward direétion. This correction is very
simple to measure and easily included in the kinematics since the field
df the polarized target ﬁagnét is very well'mapped.v A highly exaggefated

view of the situation appears below.

incide»{,‘t e
‘beawm

S scattered
“electren

{[~uu$caffbreﬁ e

beam

E. POLARIZED TARGET

The principles of polarized proton targets and their applicaﬁions
in high energy physics have been well detailed elsewhere.2$ Briefly and

simply, one places a substance in a high magnetic field at very low

L 24 : '
temperatures. In this particular target, we placed a mixture of 95%

1-butanol [jCH5 (cH CHEOH'] and 5% distilled water doped with 2% free

| 2>2
radical, prophyrexide [(CH5)2 cw(:0) c(:NH) NHC:NH!, in a 25.5 kilo-

gauss mangetic field at 1.050 K. The unpaired electrons in thevfree



-48-
radical act like frée electrons and are nearly 100% polarized, parallel
to the magngﬁic-field. The protons, nuéiei of hydrogen atoms in the
butanol, afel&nly slighﬁly polarized (~ 0.2%) because (proton,magnétic
moment ) 1/660 (electron_magnetic moment ). We rémember that the other
nuclei in butanol, C andvo, have spin zero and are unaffected by the
magnetic fiéld. The foufienergy levels of this two-spin system are

seen below.

\ep>
14

¥4

‘% §> forbidden . allowed
transition transiticn

The technique used to polarize the protons is to saturate the
forbidden double-spin flip transitions with intense microwave energy
at the specified ffequency. For example, let us try to polarize the
protons up, (Q). We apply microwaves at the frequency to cause the

transition [{4> > [$#4) . Then the state | 4) relaxes through an
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allowel transition back down to the state l{ ’> . In summary, dne has
tried to induce all thoée protons whose spins were initially down ({),
into a state.where théir spins‘afe up (4), and left aione all those pro-
tons whose spins were initially up;'(Q).‘ The net result is that many more
protons are left with épih up () than down, ('). Polarizatior by such

: ‘ » 29
- a technique is generally called dynamic nuclear orientation, and in

particular we used the DONKEY 23 effect to polarize our butano] mixtufe.
The above simple explanation is by no means the ﬁholevstory, ard the
reuderlis referred to more erudite references 2% for a much moie rigor-
Cous satisfactory discussion.

- The pélarized,target ﬁagnet, an irén core C-magnet with circular
pole faces, 8" in diameter made frdm‘Hyperco 27, a cobalt-iron alloy,
pfoduces a 25.5 kilogauss field within a 3" gap. The pole faées have
been shimmed to provide a field which is uniform to 1 part in lQu over
a one-inch cube situatéd at thg cénter.of the magnet gab. .In this
experiment,‘the magnet wés oriented so that the field was in the
Vertical‘direction, while the flane of scattering was horizontél.

The vessel used to produce fhese low temperatures is a scaled
up'andfsiightly modified version of a continuous-flow horizontal‘
cryostat designmed by Pierre'Roubeau.30 In this device liquid helium
at 1.69 K is introduced into a microwave cavity where the polarized
semple sits. The helium is further cooled to 1.05° K by evaporation
urder the influence of a high_speed pumping system (4800 ftB/ﬁin) which
kept the pressure above the liquid hélium around lOO.miéron. We esti-

mate that the heat input from the microwave power was ~ 0.4 watts;

N
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further, we‘believe that there ie a heat leak te thevoutside environment
‘of about.d.7 watts. Other sources of heat gain,iineluding fhe continu-
ously used transfer line for liquid helium led to a boiloff rate.bf some
5 liters/hour'during normal operafion of the polarized target.

We observed a total liquid helium consumptlon of some 100 llters/
1€ hour - " polarlzed day. 80 liters (out of 100) came from normal
operation thle the remaining 20 liters came during cooldown from reom
temperature to lOK. |

The measurement of magnetie field wa.s made with the NMR abparatus.
(cee below) we used to meaeure the target polarizafion. We sent out a
definite &oltage signal to a radio frequency oscilletor corresponding
to thevcentral frequency of that oscillator (105.5 MHZ). The oscilla-
tor drove a parallel resonant circuit (see Fig. 11) which contained the
bﬁtanol sample. We monltored the resonance signal from this circuit as

“the oscillator swept through its central frequency. We varied the magne-
tic field in which the sample sat until the center of the resonanee
signal corresponded to the eenfral frequency of fhe oscillator. Then
the magnetic gleld B was known ‘Prom the. relatlon w QuéB where w, =
central resonance (or osc1llator) frequency and “p = magnetic moment of
the proton = 2.79 nuclear magnetrons.

We measured the tempereture in the microwave cavity by measuring

the resistance across a number of carbon resistors. The resistance, R,
R

~ b

is related to the temperature, T, through the semi-empirical formula

K 2 B
XnR+nR A+T‘
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Fig. 11. .Parallel resonant circuit used in monltorlng the NMR
: signal from the polarized target
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The constants K, A, and B were determined by measﬁying the resistance
across each resistor at three points of known tembsrature: The boiling
point of N,, the boiling point of H,, and the boiling point of He
.The use Qf.the semi-empirical formula'ﬁas_cheéked by comparing temperag
- tures so_méasured with those using the vapor pressire above liquid He
as seen.by a McLeod gauge. ‘The two tempefatures were 1n excellent agree-
ment and we believe T is known to some 2% of ifself.

The thin wall copper cavity appears in Fig. 12. The top was
closed off by soft SOldering on a small meéh coppe:- screen.:az' The
screén enabiedone to pﬁmp oﬁ the 1liguid helium to educe its temperature
to l.OQO.K, and stili confine the microﬁaves to th: cavity.

As previously mentioned, thé target consist:d of a butanol-water-
porphyrexide mixture. A typiéal target weighéd 12.0 g and had a 2.5 cm
X 2.5 cm cross~-sectional area. This'mater;al.was choéen because thel
fraction of hydrogen is some 13.5%, by weight, and it retains high
resisténce‘to radiation damage. Previous targets 23 consisted.of
LaEMgB(Noﬁ')le‘QhHQO (calléd LMN) doped with 1% Nd.' They had only 3%

- hydrogen by weight. But far more serious is the radiatién damage pro-
blem. The polarization in IMN falls to l/é of its initial value after

33

some 1012 minimum ionizing particles/cm2 pass throuéh it. Thﬁs the
beam intensity at which this experiment was performed, lOll electrohs/
Seé., woﬁld suffice to destroy an IMN target in 10 sec. The butanol
target's polarization fell to l/é of its initial value after = 4 x lO14
eléctrons/bme, giving lifetimes of the order of hours. Further, in

butanol, one could anneal out many of the radiation induced impurities
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Fig. 12. Butanol in the ribbed plastic bags next to the micro-
wave cavity.
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by bringing the target to a temperature above lhOOK. At this temperature
a solid phase transition ocecurs. We systematically ran the electron
beam through a tergef making ourvmeasurements and gradually destroying
the polarization, then heated up the target to above lMOOK, and cooled
the target down again to 1% which regained most of the ilnitial target

polarizationQ In this faShion we were able to use one tirget for periods

of time up to sixteen hours and still retain cdecent pola"lzatlon. Figure

13 1llu°trates this procedure.

ILstead of freezing the sample into one solid bloeﬁ, we placed the
butanol mixture into sir ribbed bags of 12 urfhick ?.E;PéE plastic.
These six Bagsiweighed about 1. 6 g. The rlbbed bagp presented a much
larger area for the superfluld helium to cool. Hydrocarbons of the
butanol type have an extremely poor heat conductivity near lOK; and if
behooves an-experimenter to provide a very efficient cooling eystem, lest
the beam heat up the_sample and destroy any polarization.

_Thetmicrowave radiatiOn used to saturate the forbidden double-spin
flip transition was generated by a carcinotron tube (backward Wave oscil-
lator) opereting at 71 GHz. By changing the Voltege acrees the tube by
some 200 volts,‘thevoutput frequency was changed by some 0.3%. In this
way the frequency of each of tﬂe two forbidden double~-spin flip transi—
tions could be reached and the polarization of the target reversed. Tt
is thus a very simple.operation to change the sign of the target polari-
zation; one Jjust increases or decreases the voltage across the microwave
generator. It should be emphasized that no magnetic fields are reversed

and no experlmental apparatus is moved in changing from (#) to }) poleri-

zation.
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A typical target initially had a polarization of eome 33%, and one
usually‘took data with such a target until the polarization fell to
approximaﬂely 17%, at which time we annealed it (see Fig. 13).

We measured the polarization from an NMR signal. The NMR apparatus
was monitored and controlled by a small, on-line computer (PDP-5). The
sigg and magnitude of fhe polarization was sent from the PDP-5 to a much
larger” on-line computer (SDS 9300) which controlled all the remaining
experimental apparatus, except the polarized target. The measurment
technique consisted of placing fhe target in a coil of parallel resonant‘
L-C eireuit (see Fig. 11). We then observed the change in amplitude of
an aﬁplied RF field, from a radio-frequency oscillator operating at 105.5
MHz, as this frequency ie swept through the proton resonance. This mea-
surement proceeds in two steps. First, we calibrate our NMR apparatus
by observﬁhg the resonance signal from the sample at thermal‘equilibrium

(TE), with the microwaves off. The polarization, P__, of the protons in

TE

the sample is known and is given by the Boltzmann factor

’ g “NB
=
PTE tanh d%f__

where gpuN = 2.79 nuclear magnetons, B = known magnetic field, and T =
teuperature in OK. Second, we turnagithe microwaves, polarize the tar-
get, and measure the resonance signal from fhe polarized sample. ﬁsing
the known polarization associated with the ca}ibration measurement we
can relate the measured resonance curve, which was taken when the micro-
waves enhanced the sample, to the polarization of that butanol mixture
with the microwaves on. We call the resonance signal at thermal equili-

'

brium with microwaves off, "the TE signal,” and the resonance signal with
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Fig. 13. The top half of this figure shows how the target polari-
zation falls with cumulative radiation dose &nd how
" annealling regains this polarization.
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microwaves on, "the enhanced signﬁl."
ToO gnderstand how the meaéﬁred resonance signal is related to the
target 's ﬁolarization,‘one must analyze the parallel Lfb circuit (Fig.
ila) in greater detail. - The compiex impedance, Z, of a parallel L-C

circuit is given by

1 1 .
The presence of the oriented protons in the coil can be represented
by a modification of the initial inductance, LO. Indeed,

L = Lo(l + LmX) - (48)
where N = geometrical factor and X = (complex) magnetic susceptibility
introduced by the sample. We write X = X' + iX" and substitute this
expression along with Eq. (48) in Eq. (47) giving

_ 1 . ‘
Z " T, (T < hmnX R, + 10 (49)

1=

We immediately see that the term *X" acts like a series resistor, R', in
the parallel L-C circuit (see Fig. 11b). Indeed, the complex impedance

of the circuit in Fig. 11b is given by 1/2 = L/(Reff+ﬂnL) + iwC with

- 1
Reff —YRO + R,

’ 36 " ' _
Many have shown that X « m? hence‘R « PT’ or Reff = RO +G¢ PT'

One thus says that the target acts like a second series resistance

R' @ X" « Pps when he neglects the additional inductive effects of X'.

One can manipulate these quantities to show that when driven with
a constant-current source of frequeney near the resonance frequency,
T
R R,y R Ryt e((w)PT

1~ Seff - |
2~ 22 -~ 5 - 53 - (50)
wL w : w

}\7“
L L
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where V = voltage across the resonant circuit, andCKQb) = a sharply peaked
frequency—dependentlfactor‘determined by the shape of the nuclear reso-
nance.

The.measurement_proceeds thusly: One, sweeﬁ the radio frequency
oscillator across the raesonance; Two, measure l/V as a function of fre-
quency, w; Three, integrate the curve of l/V over 8ll frequenc1es in the
resonance curve (we have thus integrated out the frequency dependent
factor,ﬂi@b)). The.above integral--the area, S, under the resonance
curve of lyvh-1§naanbardgpdh®enﬂeﬁm_Bf}P%;ﬁi.e.

=L/ﬁ£ dw « P_ + const. | (51)
v T
resonance
curve
By performing the measuremenf far from the resonance frequency

@(w) X 0) one can evaluate the constant (const). One then measures

three quantities: S, =S - const(S = area under the resonance curve

TE
at thermal equilibrium with microwaves off); P (see Eq. (46)); s S ENHANCED
= 8' - const(S' = area under resonance curve with microwaves on).
' P
ENHANCED ENHANCED STE

The PDP-5 controlled this measurement process by: One, sweeping
the NMR frequency; EHQ’ measuring and digitizing the l/V signal; Three,
calculeting'the area under the curve. The full three-step measurement
of the target polarization was performed once per second. The PDP;5
also relayed the target polarization to the SDS 9300, as well as changed
the voltage across the carcinotron tube to change the sign of the polari-

zation upon command from the SDS 9500.
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It must be re-emphasized that before any sample can be polarized,
one must let thie sample reach thermal equiiibrium with nicrowave off
(v~ 1%, B~ 25 kg) and the experimenter must calcuiate Prp 0d Spr.

Then one may turn the microwaves on, polarize the sample , measure

SemiancEp’ 8nd use Eq. (52) to calculate Py = PovaNcED”

. F. COMPUTER CONTROL

As has been mentioned, two on-line-computers were used in the data
taking. A relatively large (32K memory) computer, the DS 9300, was used
to cccumulate the‘data‘frOm scalers, monitors, pulse-height analyzers,
“ete. This computer controlled the data taking, as well as sampling,
displaying, and checking'the incoming informasion. A smali computer,

a fDP-5, controlled the polarized target and calculated the poiarizetion;
The SDS 9500 was interfaced to the PDP-5 so that‘the_polarization could
be read into the SDS 9300. The PDP-5 acted purely as a passive element,
and the SDSV95OO merely updated its polarization value periodically
(about once a second) and checked for any gross irregularities. A
procedure which had each computer checking a number of 7lags ﬁas developed
so that inconsistencies could not deyelop in the passing of information
back and forth. As an example, when the SDS 9300 trans ferred one read-
ing of the target s polarization 1nto core, the SDS 9300 raised a flag.
Whea the PDP-5 updated the measurement of the target polarization, th:
PDP-5 lowered that same flag. In thlo fashion, the SDS 9300 could teLl

if the polarization reading were being updated in the aop01nted fashion.
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G. RUNNING CONDITIONS

| We were forced to - replace the polarized target daily due to the
radiation damage problem (see above), hence each running day began with
a new Lutanol target. The beam was then tuned for size, shape, posi-
tion, and uniformity in time. During tuning the beam buried itself
into a beam dump in order not to damage the target unnecéssarily.
Only the final position adjustment involved running the beam into the
butanol target while not taking data. |

When we were prepared to fake aata, the beam was positioned at

one edgévof the target using.the stepping coils. After each pulse,
the beam was stepped to a new position in thé raster pattern (seé
Fig. 6). A full sweep through the raster pattern, 288 sites and thﬁé .
288 pulses, took approximately l-l/é seconds at the usﬁal beam rate of
180 pps. Six full sweeps through raster pattern (® 10 sec) wés'a data-~
taxing uniﬁ we called a subrun. Typically, affer twelve subruns
(2 mih),vthe SDS 9500 sent a command to lower the beam rate to 1Apps,
and a second command to the PDP-5 to change the sign of the target

polarization. The PDP-5 complied by changing the voltage on the carcino-

tron, thus changing the sign of the polarization. After approximately

one minute, the target polarization had reached sufficient_size (but
different sign) to resume counting at 180 pps. We called the twelve
subruns of data, all taken with thé same sign of target polarization,
a sign run. We continued in this pattern until foﬁr sign runs of data’
had been accumulated. We called the four sign rums a foursum. One

notes, of course, that there are gqual amounts of data for each sign of
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polarizetion in a foursum. The-foufsum thus becomes the basic ﬁnit for.
data analysis, because it contains as much data for one sign of target
polarization (4) as the other (¥). Usually, a run consisted of four
foursumé,_and took some 50-60 minutes to complete. One sees that the
targét polarization has Been féversed-l6 times during each rung this
large nmumber of reversals.helbed cancel out any asymmeffies which might
havé arisen due to random effects. All during the run, an experimenter
could sclect a scope display (from the SDS 9300) which sampled the data |
and was continually being updated. In this way, the experimentér‘could
keep a very close check on his apparatus to see that it was performirg
properly. ~After three to four runs (3-4 hours), the electron beam had
sufficiently damaged the butanol target that we were‘forced toﬁénneal
(see'above). The heating up of the target through a resistor near the
cavity and the subsequent cooldown to 1OK took séme 30-40 minutes. Most
oftenléneAcould anneal a target three or four times befofe the maximum
polarizdtion became too low for useful countiﬂg. At this point we
turned the beam off and replaced the butanol target. One sees that

each térget lasted for some sixteen hours of every running day..

One facet of the data hanaling that has been omitted so far is.
the division of the target (for data géthering purposes) into 3 equal
regions,: top, middle, and bottom. The interpretatidn of‘the electron
trajectdry in the counter afray at the end of.the spectrometer is
dpendent upon the beam height. When the beam had been swept verti-
cally by 1/3 inch the target image (in'a certain momentum) had moved

by one counter width, so the scalers were read and recorded at that
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point in time. The counts.wére thus separately recorded for the three
target régions and the final —esolution in missing mass was that obtain-
able from a target only 1/3 inch high. | B
In summary, we caﬁ see thé relations among these units of data
symbolically: Subrun < signrun‘< foursum < run < runﬁing day. The
notation "subrun_< signrun".means,that a signrun consists of a number

of subruns.

H. FRACTION OF EVENTS FROM HYDROGEN

Close to 7/8 (by weight) of the_butanol target consists of nuclei
like C and O, different from the pblarized protons; Roﬁghly, then, cne
expects 7/8 of his counts to come from these unpolarized heavy nucled.
One must dévise a method of éeparating the electrons which were scaftered
by the polarized protons from those electrons which weré scatteréd by the
heavy elements in the target. >if € is the raw asymmétry in counts from
the whole butanol target, we will show that the_asymmetryvin'counts f'rom
the polarized protons isve/ﬁF (see Eq. (l)), where Hy is the fraction
of the to£al counts from the butanol target due to polarized protons.
Indeed,

M- () M) - (9)-n ()
QSR ORERORSORSOEAS)

(53)

€

where NT(f) = total counts from butanol for the target polarized up %;
NH(*) = counts from protons for target polarized up (4); NB(4) = back-
ground counts from the unpolarized heavy elements in the target. Analo-
gous relations exist for the target polarized down (§). Since NB(+) =

NB(¥)’ because the heavy nuclei are unpolarized, we immediately have:
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() -1, (9)

ezH?_. Ny ()1, o -

.. where

N (?)+N =)
N

We havelused the fact that N (Q)+N (‘) =N (f) and N (4)+N (*) = N‘($).

(55)

The 1mportant point to noteln the above derivation is the multiplicative

nature of the relatlon, Eq (k4), or Eq (1). If one is searching for a -
null effect, then a'moderate prec1sion in the knowledge of a multiplica-
tive facfor 'canhet change th: significance‘ef anvaﬁswer. In this experi—
ment we measured difectiybthe raw astmefry, e. If e were found to be
51gn1f1cantly non-zero (whlch, in fact, it is not), then one could cute-
gorncally say that two-photon effects .had been seen. If one were asked
how large was the asymmetry, A, then knowledge of the error in the multi-
plicative factor, the normglizing constant (normalizing to -a pure hydro-
gen target), is»vital'ﬁo the ealculation of the error in A. The errors
in ¢ are-virtuaily a;l statisfical, except for a very slight correction
'for errers in the monitors. We saw‘no evidence for'two-photon effects,
hernce we quote our errors as the statistical errors in e,mulfiplied by
AHF(and Pi, of course, from Eq. (i)). The error in H, (which wa.s calied‘
HXTRAC) is some 20% of itself, much.larger than any statistical or syste-
matic erfors in this experiment; but ﬁF'is only a ecaie factor and can
lead to no false ciaims'that A is non-vanishing.

The measurement of HF is indirect and proceeds in two efeps fer each

individual kinematic condition.

1. One sets the spectrometer so that the elastic peak falls well
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within the aperture of the micsing-mass hodoscope. One takes data with
three targets: butanol (unpolarized), carbon (C), and polyethylene (CHQ).

The thicknesses of the €and CH, targets were matched to that of the

2
butanol target by making each of the three targets have the same numlber
of radiation lengths and the results then normalized appropriately. One
performs a CHé - C subtraction to get a hydrogen spectruh of gounts VS .
(MM) at, and around, the eLas%ic peak. One now hag three spectra:
NBU(MM), the‘buténol spectrum. is the counts/monitor'taken'Qith the
butanol target as a function of missing mass»(MM)g NC(MM),.the carbcn
spectrum, is the counts/ﬁonitur taken with a C target as a function of
(MM); and Nﬁ(MM), the hydrogen spectrum, is the counts/monitor gotten

from the CH, - C subtraction as a function of (MM). Over the missing

mass bins which cover only the elastic peak, one fits

Ny (M04) = AN (48) + AN, (M) (56)

namely, one makes the best (in a leasﬁ squarés sense) choice of constants

AH and Ab sO that the butanol spectrum is a linear combination of the

”,

carbon and hydrogen spectra, as taken from C and CH, targets at the

2
elastic peak. The rationale behind this fit is that all heav& elements

in the beam's path, whether they be Al, Cu, He, O, or, as is mostly the
case, C, are simulated by the carbon spectrum; the target protons are
simulated by the hydrogen spectrum. | |

2. For all kinematic conditions of interest, both elastic and

inelastic ((MM) > 940 MeV), one takes a C spectrum, N., and CH spectrum,

C 2

and performs a CH2 - C subtraction to get a hydrogen spectrum, NH' One

now calculates the ratio, Né(MM)/NH(MM) for all values of (MM); this is
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the rdﬁé of'counte/honitor for carbon to hydrogen. ;To,relate this ratio
to a butanol Larget,rwe multiply by the factor AO/A ‘- gotten from fitting
around the _elastic peak. Indeed, _ - 7
N, (1) /A, (1) » (57)
is‘the ratio of events from_heavy"elements from our butanol target set-up |
to that of events fromﬁprotons in the butanol Setibp; Finally,

Al (480) AN (MM) N, (5%)
AHNH(M) | A}gvﬁ(m R °%

C
that AC/AH would be unity for a pure CH, target. Il fact, A /AH

Some comments are in order. The normalization of"N and NH is such

because there were Al beam w1ndows and walls of the cav1ty, liquld He
cooling;the butanol, some O in the butanol itself, ‘tc.

One expects HF to be a functlon of (MM) beca ;e the spectrum from

hydrogen ie dlfferent from the spectrum from heavy slements. For example,

the spectrum from the bound protons in the carbon uclei will be a broad
' 3%

'_bump dne to those protons’ Fermi nomentum within the carbon nucleus.

In fact, H, ¥ 0.25 near the elastic peak, H, ~ 0.0 between the elastic
peak and MM ® 1238 MeV. Figure 14 shows a typical butanol spectrum and
a hydrogen:spectrum (= Hp x butanol spectrum).

‘ The errors in HF are some iO.2.HF, i.e. 20% f itself, as measured

- by the consistency of the measurements from day to day. Each day the

elastic data from butanol were taken after the target's polarization hsad

fallen below a useful level. Fromfthese data, plus subsidiary running

with C and CH » the constants AH and AC could be calculated for each

c give rise
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to the 20% errorvin HF; - » _

The fitting was done at tﬁe elastic peak becéuse at (MM) X 940 MeV,
the C and Cﬁg spectra should differ by fhe greatest amount. This led to -
the most accuraterCH2 - C subtraction. _'Noneﬁheless; the 20% error ob- |

tained. In a subsequent exi>erimfent38 modifications of this method

brought errors down to the 7% level.
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XV. DATA ANALYSIS

A. Least Squares Fitting of Polarized Data

The'actual calculation of A = T_—Tﬁ; (see Eq. (1)) proceeds by
T : '

making a least squares fit to Eq. (19). The detailed derivation of the

39

fitting equations exists elsewhere and only the salient points will be

touched upon here.

Let Ni(qu) be the number of counts in the 0th missing mass bin during

the ith subrun. Equation (19) tells one that

I>\]:i.(1‘41‘4<'06) - MiIo(M%J) [1 + PiA(Mn;)]+ Bi(M%%> (59)

M monitor reading during the ith subrun.

i

P.
i

target polarizétion during the ith subrun.

I (MMd) = number of hydrogen counts per unit monitor -for the particular
target when unpolarized dependent upon differential cross sec-
tion, target thlckness, solid angle of counter MM, ete.

A(MMa) = Asymmetry from pure hydrogen 100% polarized.

Bi(MMa) the background from heavy.elethents in the target durlng the ith
subrun in the Gth missing mass bin.

One assumes ‘that B (qu) = b(Mnx)Mi?where b(M%x) background counts
per unit monltor in the ath mass bin. From now on we will drop the M%x
dependean and restrict our attention to only one (MM) bin.

One tries to fit

g =t | (60)

= number elastic scatters/unit monitor to the form of Eq. (19),

namely, 10(1 + PiA)° Hence, we use the monitor reading as weight function

and make a least squares fit to Eq. (60). That is, we find the best values

of Io and A so that
2

: g = 5; M, [Hi - 1 (1 + PiA)}
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is a minimum. This means that BS/BIO = 8S/B£IOA)~= 0. sThese.conditidns:
leadhtontheréQuations: N
(N - B ) _ _
i 1 17 _
gi-ii_f__f =1+ ;0 A (PT) (61a)
i

F (N - B )P,
XM,
i

=1 (B) + IOA(PTE) . (61b)

where

N

Generous use has been made of Eq. (60) to reach Egs. (61a) and (61D).

One can solve (61la) and (61B) quickly and find

e . . .
where -
EECAER B0
e = >

(@) = (v - B )
and

Q =P - (P
so that

(@) = (2.2) - (2%

Equation (63) can be simplified by noting that T B vanishes because the
, i

19
background is unpolarized (most of the heavy nuclei have spin zero). -Finaily '
we remember that our defihition of HYFRAC, Hy (Eq. (55)), implies that
HN, = N, - B, so that
| MY
o, (@) N,)
i 1

e

(64)

and A is given by Eq. (62).
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Equations (62) and (64) can be brought into the form of Eq. (1) by

remembering that half of the subrumns in a foursum were taken with target
polarization + P (1~), while the remaining half of the subruns had
target polarization - PT(év). If the same beam intensity existed for both

(¢ ) and (%f) polarization, (PT) =~ 0; then Eq. (62) becomes:

A~e. - '_ (65)

Further Q =~ P;, so that Eq. (64) becomes
>:N( ) - BN (é)
A~ e = %—,. 1 ° ? . (66)

Pp o Hp o LN (§)+ZN )

This is the desired reduction to the form of Eq. (1). We emphasize that
the exact expressions, Eqs. (62)and (64) , are used to calculate the
quantlty A.

Errors are analyzed by .using,

(Y - (gg) e +f - T{m >) (61
L P e (68)

= e + .
(1 - (e - ‘3(1’& ' |

One can negiect the second term QQ{A(PT))E s Which is very small because

e and (PT)_are small. Hence the error in A; AA, involves only the calcu-
lation of Ae. Errors in e can arise from.any of four_quantities: Ni (total
counts in a subrun), M, (totgl monitors in a subrun), P, (the-tgfget polar-
ization in a subrum), or H, (see Eqs. (63), (64))). Note that Eq. (66)
shows that the target pglarization, PT, and hydrogen fraction, HF’ enter

only as multiplicative factors. These normalization constants can add no

false non-vanishing asymmetry as emphasized above. We thus quote only

errors due to the monitors, Mi’ and statistical errors-due to the total
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number of counts, Ni° Errors in HF and PT will be quoted as normalization
errors only.

Using the facts that e =~ 0, and (PT) ~ 0, the error in A due only to

the gtatistical erxrror in the«numbér-df counts is given by

i?%‘} - o (70)

In Egs. (69) and (70), AA ; AA(qu) 18 the error in A in the Oth

missing mass bin for a given foursum. v = numbers of subruns in this
foursum. AM/(M) = average fractional error in the monitors for a subrun.

From Eqs. (69) and (70), one sees that in any foursum
1/2 '
¥ N

% [1—15 ((-7) o (71)

AAStat

We estimate thaﬁ.AM/éM) ~ 19 in a subrun due to measurements of
the toroids' drifts and cbmparisons among the three monitors. This
esimate is reinforced by prévious detailed studies of the toroids.eﬂ Each
foursum contained 48 subruns (see abové) and some 10” counts. 'Thus
DA /AAS tat 15%, and when BA, and DA, a.r.e added in quadrature,
AAMbn makes only a 3% correction to AABtat

following section) contain the errors d&e to the monitors, but our

The results quoted (in the

conclusions is that in@the absence of sttematic erroms; virtually all of

-the error in this experiment is statistical.
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B. Test Asymmetries

As a means of determining whether the accuracy of the data was
commensurate with the statistical errors, 2% "test" asymmetries were
calculated. These were based on the same daté as ﬁhe real‘asymmetry,
but were calculated by pretending that the sign of the target polari-
zation followed a pattern in time different from the real one. These
patterns were chosen SQ that they should give a zero test asyﬁmetry,
even if the real asymmetry did not Vﬁnish.> The time pattérns of the
real asymmetry énd five of thevtésf asymmetries are shown in Fig. 1%.
Note that in each of thé test asymmetries shown there are equal amounts
of polarizafion up (#) and polarization down (§). Due priﬁarily to
statistics, each ofbthese test asymmetries has an error assigned to
ituﬁyrthe procedure outlined above. |

The test asymmetries were designed to give a measure Of randow
errors. Complex electroﬁic devices can, upon oécasion, misbehave.
A moni£or could develop an. altered sensitivity, or, a scaler could
miscount. By constfucting ﬁanyltest asymmetries we could obtain good
evidence of the extent of random errors. Sinée some of the test asym-
metries had time patterns with higher frequencies and some with lower
frequencies than the actual polarization reversal frequency, it becomes
hard to conceive of a random error that does not affect the tést asym-
metries.  We hoped that the :im.Ss average of the test asymmetries
would differ from zero only.to the extent expected from the well
known statistical errors.

To use the test-asymmetry data és a measure of random errors we

calculated a sum over 24 missing-mass regions and over 27 test asym-
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Fig. 15. Patterns in time of the real asymmetry (REAL) and
five test asymmetries (FLSl, etc.).
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metries as follows:

2k 2
(test asymmetry)ka-o

7
c =% -
v T2k 27v§z (error),

For all the data at q2 = 0.6,7we found C = 1.01. We expect C = l.OQ +
0.04 if the random errors are eﬁtirely statistical. We conclude fhat
random errors are exceedingly well given by purely statistical errors.
o Even though the test asymmetries were designed as a measure of
the réndom errors, it is possible thﬁt a:systematic error may show it-
self there. One such systématic éffect was unearthed through the analy-
sis of tﬁe test asymmetries. The experimenters were unaware of a 60
nanosecond deadtime in the "fast" system. The source of this déadtime
remains unclear to the present day. Further, by looking carefully at
the monitor réte during a sign run, we.discovered that the beam inﬁen—
sity increased by 3% from thé beginning of the sigh run to the end.
Physicaliy, the beam inténsity‘increase is no doubt associated with the
fact that the beam had beeﬁlat 1 pps during the time the target polari-
zatlon was reversing. When the sign run began the beam was immediately
Jumped to a rate of 180 pps. There must have been some. "warm-up" pro-
blem in the accelerator itself in going from 1 pps to 180 pps.
Regardless of the causes,‘consideration of the pattern labeled
"FLS5" inlfig. 16 coupled with the deadtime and increase in beam inten-
sity shows that a significant effect can be produced. More monitors
willbeeread in the second half of the sign run than the first (beam
intensity inérease); but fewer counts/monitor in the.second half of

the sign run than the first (dead time). All the counts which occur
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Aduring‘thé.sécond half of each sign run are 1abelédvas coming from
+ (qp,’b)jbolariiatibn when considering the "FLS5" pattern (see Fié. 16).
Thus there’will be systémaﬁically fewer cqunts/ﬁonitor for.+ (*)‘éolari-
»zation, than - (ﬁ); ‘Such an effectlwasvindeed seen when the overall
average (for 108 counts) of the test-asymmetry; "FLS5," was shown to be
- aboﬁt five sténdard deviations from‘zero.r All the data presentéd iﬁ'the
following‘section were corrected for this deadtime effect, and then all

-

- the test-aéymmetries wefe very reasonable, as outline above;
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C. Two Specific Systematic Checks

Checking on all systematic effects becomes a Sisypheari effort.
'However, two checks we‘méde are noteworthy because they are simpleland
obvious.

We calculated the’asymmefry, A, first using one toroid as a monitor,
then the other toroid aé é monitor. The difference betWeen the two values
of A so garnered was less than one-fifth of the statlstlcal error in A.
Because DA already contalns the ‘(small) monitor error, we do not add this
1ns1gn1ficant discrepancy to JAUE

As noted above, data from the three target regions, top, middle,
and bottom was taken separately. An asymmetry, A, was calculated for
all three regions. These three asymmetries differed by amowrts which
were insignificant when compared with the statistical errors in each.
This check is of interest because the level of iiquid helium might have
been lower iﬁ the micréwavé cavity for one éign of polariiation than the
other. Such a difference of liquid helium level would lead to a differ-
ent asymmefry from the tbp targetvregion than from the middle or bottom
regions. We were concerned that such a level difference might occur if
differing amounts of microwave power ifradiated the sample for each sién
of target polarization. To guard against this possibility, we adjusted
variable attenustors in the wave guide leading to the targét to equalize
the power ievels for PT(f) and PT(§) and ve assured ourselves that the
liguid helium supply rate was sufficient to overflow constantly.

The inevitable conclusion we draw from these two checks is that
our errors are purely random errors, and that, as determined from the

test asymmetries, the random errors are equal to the statistical errors

only.
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D. Normaiization Errors

s thevprevious sectidns have emphasized, errors due to the target
polarization’(PT in Eq. (1)) and hydrogen fraction (HF_= HYFRAC in

Eq. (1)) enter only as errors in normalizatiOn. These can never lead

‘one to believe that a non-venishing asymmetry; A, exists, if the raw

asymmetry, e, is consistent with zero.
' We beiiéve that the target polarization is known to less than 5%
of itself. The thermal equilibrium calibrations (TE's, see ajove) are

consistént to within 2%. Other effects within the ciréuitry ind sampling

apperatus are not well known, but can be shown to be less thai 3 - %%.uo

We thus write » .
o Bp = F@Tméa§ﬁ£éd5(m‘°°>i 0.05) . (13)

We believe that Hy is known only to some 20% of itselfA(see ﬁbove),
because the determinations of Hﬁ‘were consistent only within the 20% |
range. One might check the values of HF by comparing (HF X butanol
spectrum) with measured values of do/dQ for elastic e p scattering.

Unfortunately,vto meke this comparison of cross sections one must

- consider in detail the radiative corrections to scattering from butanol,

carbon, and.CH2 targets; further one must take into account the radiative
effects,éf:the Al, Cu, liquid'He, and other material which the beam
traverses. We have opted not to make this determinatioan and remain

content in claiming that

Hp ='Bf(ie§§&%eé)@l2°® % O.éo)_ . . ‘(74)

It is apﬁropriate to broach the'sﬁbject of_radiative corrections

at this point;bxcz¢Me corrects an experimental cross éection, a(exp),gﬁ}~
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3] . - xat
by a normalization factor, e ; thus, o(ideal) = e  o(exp). ® depends
on the kinematic conditions at hand and the experimental resolution ci
the scattered electron's ener;;y. We find that no radiative corrections
are necessary and a detalled discussion of this point is deferred to

Section VI.-A.
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E. Selection of Data

Each erperlmenter has his own idea about Whl(h data are 'good";and
which are 'bad. _ Trivial checks, such as seeing ttat the target polari-
zation‘has the.correctjsign and reasonahie magnitude ( < lOO%), or‘check-
ing that scelers are heing read correctly, catchvmany annoying and per-
sistent apparatus malfﬁnctions. Many'such safegnalds, too numerous td,‘
mention, were 1ncorporated at all levels of the data taking. |

When the experimental apparatus is not obv101sly misbehav1ng the
line between good" and "bad" data becomes more obs cure. The general

tactic for ‘discarding data was to focus on an expezlmental parameter

(1ike the accidental coincidences) and calculate tle average value of

this parameter for each foursum.’ Programs then-plptted (parameter's

'average-valne)/(parameter's>error) for every foursim at a given kinematic

setting and'calCUlated'the'mean and standard deviaiion (sD) from.the mean
for this'distribution, One conld choose to delete any foursum which lay
beyond a certain number ofJSD'sffrom the mear. For' example, by setting
the cut.on accidental colncidences at 2.§Qi§?lany T'oursum whose calcu-
lated value of (number of‘accidental coincidences)/(statistical error

in the number of ac01denta1 coincidences) which 1a} greater than 5 SD's

from the mean was deleted from the caleulaticn of .

We list the me jor parameters on which we mad‘ cuts in the fashion

described above, and in selected cases list the nunerical cutoff.

1. A cut was made on resdings from the two toroids and the SEQ so
. that all three monitors lay within 6% of their respect1Vc mean
- .values.

2.- The beam position was monitored with an RF.cavity, and a cut
was made on the output from this cavity.
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The number of triggers in the fast system was required to lie
within 4 BB's of the mean.

Accidental coincidences - 5 SD's.

Each (MM) scaler was made to lie within 5 SD's of the mean over
all foursums. This cut checked the scale:: for readirg errors
(occasionally, 102 or 106 counts were add:d to a (MM' bin
through a read error).

Each test asymmetry was required to be within 10 SD of zero and

. the combined X2 based on 5 test asymmetri:s, each collected over

12 missing-mass bins, was required to be 10 more than three
times its statistically expected value. '

With these and other less important deletions, our final cuts

removed some 15% of the foursums from the data collected before calcu-

lation of A. The art of choosing just the right cut remains obscure.

We reanalyzed the data under very strict criteria (50% of the foursums

were deleted) and also under rather loose criteria (5% of the four sums

were removed). The values of A calculated with both very strict a.d

rather loose cuts and the value of A calculated with our final doice

of cuts differ by less than one standard deviation. This evidence

makes us believe that our choice of.data cuts is reasonable, if still

érbitrary. The date analyzed ﬁnder these_cfiteria aﬁpe&r in the next

section.
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V.. Results

The results of the @easuremeht of A appear in Table IL »Two poiats

-should be made about these data;k first, each value of A should be multi-

plied by the normalizing factors (1.oo¢o.05)(1.ooio;2o), as described ih
the prévious section;néecond,‘we are -confident that litile contamination
of the data occurs due to inelastic scatfers becauser;ll»data are well
below the one-pion threshold (MM % 1080 MeV). ‘The effects of radiatﬁve
corrections on these data are discussed in the fbllowiﬁg secticn.
Table'II[shows the data summed over the bins given in Takle X (see

Fig. 15). To sum these asymmetries we use

ZAi/(A“ )2

l/(‘“) J Zl/(AA )2

and

ZN(MMQ@FM

.i -
Z N(MMi)

i

{8p) =

where (Hﬁ) is the value of H?~qﬁoted in Table II.

Using Eq. (1), A = ¢/|P,, lﬂf, and AA ® /P, fHF, where 2e ~ 1/

hrkTotal counts) = the statistical error only, one ‘can qulckly calculate

M to wake a rough check'onfthe-formulae of the preceding section. - In-

deed, consider the data for q2 X 0.6 in Table III. Throughout'the run-

ning PT' X 0.22, while Hp = 0.16, and ,\[(total counts) R 3.4 x :_L03. Then
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v 111 B oo
M~ 53 56t 5.n X 10 0.00i5k

which is very close to 0.009, the quoted error.

wé quote as our finél resulfs the data of Table III. A éraph of
these data as a function of qzi(bUt not EO) appears in Fig. 4. This graph
compareé;our data (A), with 6thef experiments (P, the leérization of the

recoil nucleon).
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Table II. Data fdr each missing mass bin.

Ey = 15.0 GeV; 6 = 2.37.0; a2 = 0.38 (Gev)®

- Counts H : ‘
(Ger) Gay O F . asm
0.860 <MM < 0.925 0.500  0.26 - ‘0.024 £ 0.02¢
0.925 <MM < 0.980 0.684 0.24 . -0.015 * 0,02,
0.980 < MM < 1.040 0.661 0.11 -0.074% * 0.0k~
E, = 18.0 GeV; 6 = 2.48°%; a° = 0.59 (gev)?
0.3%0 < MM < 0.900 | 1.9% 0.16 © - -0.608 * 0.021
0.900 <MM < 0.975 b7 0.21 ~ -0.003 * 0,011
0.975 <MM < 1.040 5.22 ' 0.11 -0.009 '+ 0.020
By = 18.0 GeV; 6 = 3.21% q° = 0.98 (Gev)?
0.820 < MM < 0.900 0.349 0.17 © -0.067 % 0.050
0.900 < MM < 0.98k 0.585 1 0;29 . : -0.020 * 0.022
0.965,5 MM < 1.037 0.60% . 0.16 0.068 =

0.039

————

it
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VII. DISCUSSION OF RESULTS

A. Radiative Corrections

As mentioned‘abore,'no radiativebcorrections_have been mace to the
data on the up- down asymmetry, A. Some”Justification of this hust be
giVen, since crosgs=- section measurements are often radlatlvely corrected
by factors of two around the elastic peak in some klnematlc reglons.‘

2 < l.O(GeV/c)2 and 15 GeV < Ey

However, in this region, O.h(GeV/b) f a
<18 GeV, around the elaetic‘peak (MM ® 9ho MeV) the equations of Meister
and X"ennie‘,‘-1 give correotioﬁs of about 2%: Still a 2% correction is
twice the error of the most precise p01nt which this experiment reports
(at q ~ 0.6 (GeV/E) and - By = 18 GeV).

In fact, preliminary results from the inelastic seatteriq; from
the poierized t_e.rget23 led Cahn and Tsai 4 tobconsider all'the second
“order terme in detail and see what, if any;‘upfdown asymmetry could be

attributed to the second order (two-photon) diagrams. All 1st and ond

order diagrams appear in Fig 16.

() (x)

Diagram a‘,’merely renormallzes ‘the photon mass and a5 >1mply

renormalizes the e-y-e vertex. Diagram a< ), 1ndlst1ngu1shable from
ays renormalizes the p-y-p vertex and presumably can be handled well
enough by assumming that the intermediate state'protons are on their

respective mass shells. a£r) is thus a 2nd order correction to the

proton form factors. We thus feel free to lump together aq» a£r) ’ aér),

and agr) and call them

'a_=rao_+ air) + aér) + egr)

a is the renormelized single-photon exchange amplitude. We further call
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Fig. 16. All 15t and 2nd order diagrams in e-p scattering.
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d = do + dex’ C.=Cq + Coys and-b f bo + bex’ |
We_calculaté the cross-sections for proton spin up (#) and spin
, dovmn (§).

o8) = [a(®) + bW 4 [c®) +a®® a
“and a similér expression for o(*).' Finally one remembers that

a(h1® = la(®)1% so that

g - 0

_A Tod) + o 4

R

S 2Reln () - vl + D) - )] 4 tld(é)_l? - la@h1®1

2|al

+2 Rele@)a (d) - c(§) T (§)]

Cahn and Tsai ' were able to show that the terms involving lc(f)lg,
’°(+)|2:,]d(*)|2’ and Id({)IQ could not contribute to any up-down asymt:
metry. This.left only two interferehce terms: the proton bremsstrahlung-
electron4bfemsstrahlung’term aﬁd ﬁhe single photbn-double phbton,contrik
bution. The above.twb authors attempted to e&aluate both of these terms:
in the feéibn 1080 MeV EZ(MM):S 1238 MeV. In the case of the proton |
breméstrahlung-electron bremsstrahlung ferm, 2Relc(}) d*(}) - c(*)d*(i)] ,
their calculation shdwed this contribution to be»utterly negligible.

Cahn and Téai‘s calcuiation can ﬁe applied-without-alteration to the |
elasticvcase ((mm) = Mp)’ so one feels confident in neglecting this
bremsétrahlung-breﬁsétr&hlung interféréncé term. Only the single photon-

double photon interference term remains, and no bremsstrahlung or radia-

tive corrections to the up-down asymmetry, A.

Cahn and Tsai pointed out one interesting fact about the two-photon
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exchange diagram. Only diagram bO (see Fig. |7 ) has an imaginary part,
whilé diagram beX has only a real part. This unexpected_vanishing of the
Im(bex) occurs because of the unitarity relation, i(T - TT) = o', Indeed,

. S s . _ X *
i(r -7 )fi is related to Im(Tfi), while (TT )fi = LTfn T, ,» where the
' n

sum is over all real, on the mass shell, intermediate states, |n:>. bex

(in Fig. |7 ) is a diagram ih which no intermediate state is kinematically'

possible, hence Im(bex) = 0. Thus only the interference térm between b,

and a need be calculated.

B. Other Experiments

- From fhe results of this experihent and from the meaéurements of
Mar et g}.,u on the real part of two-photon exchange amplitudes, one
can conclude thatlthe higher-ordef,éontributions to elastic electron-
proton scattering have been found to lie between O and order o, in
agreement with the theoreﬁical estimates.
A further experiment has been performed near this kiﬁematic region

to look for‘two-photon-exchange contributions to elastic muon-proton

i
scattering. 3 This experiment looked for a difference between c(u+p)
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and c(p-p), i.e. measured the real part of two photon ekuhange contribu-
-tions to u=p séattering. The. experimenters found fhat ofufp) = o(u-p),
consistent with their experimental errors of 2%;~'No experiment has been
performed thch might look for the 1ﬁnginary.part of two photon exchange
with & pélarization or ﬁp-down asymmetry-@eaSMrement in,aip scattering.
No such experiment has e&en'been remotely éonsidered,.because the coﬁnt~
ihg rates would be much too low for a signifiéant tést with the present

intensity of muon beams.
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APPENDIX I
The purpose of this appendix is to formalizeAthe argument that cur-

rent conservation insures a time-reversal -invariant amplitude for elastié
scéttering if the intergétion occurs purely through?a single photon ex-
change.hu The develoément is rather formal and a byief outline of the
steps in the proof may help the reader through the maze of Dirac algebra.
First, one uses invariaqce principles to conétruct the most .general
~form bfvﬁhe proton current operator. :This involves three form factors.
Second , éne uses hermiticity to prove that'all the fbrm‘factors‘so

defined are real. Third, one uses time reversal invariance and rotation-
|

al propéf%iéshbf‘éome ﬁifac matrix elemeﬁ%s‘taishow that one of these
same form factors must be pure imaginary. Fourﬁh, one draws the conclu-
sion from the above demonstrations that if a physicist wants a time-

reversal invariant, hermitién current then the form factor which is to

be simultaneously pure real and pure imaginary must vanish. Clearly;

if the fOrm factor in question did not vanish, it would have to be real
(hermiticity), and thus violate time-reversal invariance. The final
step in the proof is the realization that current conservééidn QOuld
make thisitime—reversal violating form factor vanish anyway for elastic
scattering.

To construct the most genefal vector to represent the proton cur-
rent, one uses the available vectors and Dirac matrices. This construc-
tion is quite familian?’9 so we reproduce only the necessary results.

The matrix element, <<pf(P)fJu(p)1pi(p)> , can depend only on

(») _ (p)

scalars formed from P s Py s and Dirac matrices. The only indepen-

dent scalar is qg = (pf(p) - pi<p>)2 = (4-momentum transfer)e.

i




_95-

.- The only véctof which satisfies the éonétraints of Lorentz 1n§ari-
ance and ﬁafity conservationA(which the electromaénetic current must obey)
is. - o | . |

'ﬁ(Pf(pbfAl(qz)yp +'A2(q2“)Pu +1 A3(q2)Qp]u(pi(P)) C(aa)
-We have used the fact'mﬁﬁ free_pérticie proton stafes satisfy the free
particle Dirac equation.vai, Ays and A5.are thé three form faétors.
P, = (bf(p) + pi(p))u:a'm'i'qu = (?f(p) - pi(p))ﬁ. The use of the free
particle Dirac equation permits one to use two idertities which_are
useful in the derivation of Eq. (A.1):

a(pf(P))[i oy Pv]u(pi(p)) _ ﬁ(pf(P))[_ qu]u(pigp))' (A.?):

; ﬁ(pf(p))[i 9y qv]ﬁ(pi(P)) =Aﬁ~(p'f(p)‘)_[2Mp7p - P“]u(pi(p)) (A.B).
w9

Equation (A.3) is known as the "Gordon decomposition of the current
_ i . ..
and o, = sy, =770 |
We return to Eq.'(A.l) and use the fact that the proton current.
(p) o
J
i

operator,

s is Hérmitiah. Then, taking pr as an =xample,

=

ﬁ(pi (p))[Al*'yo '+‘ Ae* P, . i A’B*qolu(pf(p))

(p))[Alyo + APy + 1 Ao lu(py

u(p,

(P))*

(® - (0 - -
E, E, ** : *
ﬁ ﬁp <(Pf|Jb(p)|P;>>

D

g (@) 5 (@) o

g i)

5 A f

]

e, ®)layyy + 4, Bg + 1 Agggdule, @) )
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We have called P! = (p, ® +=pf(P))“; P while q :_(pi(P).;.pf(P)11= - q-
2 2 * * e
Hence, '~ = q , so that Al = Ay, A2 = A2, and A5 = A3 or Al, A2, and

A, are pure real, because d (p) is Hermitian. The above prqof hinges ¢tn

P —
the fact that y, = 7of (because 7, = (B, BA)) and the careful attentior

paid to the definition of q in Eq. (a.1).
Let us now apply the time reversal operator,ij, to‘Eq. (A1), We

take, for example, the space components of Jﬁ(p), p=1,2,3

:7Jk(P):7-‘= - Jk(P) k = 1,2,3 (A.5)

if the electromagnetic interaction of hadrons ié time reversal invariart.
Instead of applying simply’:] B wé find the manipulations simpler if

we apply the combination Rﬁi}, whére Rﬁ is the rotation dperator througsh

angle n about an axis perpendicular to the plane of scattering (ﬁ = normal

to plane of scatterlng is parallel to p ( ) x pf(p)) We note that

k

(p) -1 (p) |
®RDFR DT =40 (.6)
if the kTP direction is not along ﬁ; also
R Jua(®) = wy(p) oA
if ux(p) is'a state of fixed helicity \,(A =G : p), because a) g - p
is rotationally invariant as well as time reversal invariant b) :7

reverses 5, but Rjt returns 3 to its original direction. Then
(p) ' |

el I»5 )

u%f(Pf)[A17k AR 4+ AzquUxiQP;2

ﬁxf(Pf)[(an)-l(Rﬁj)][Aly + AP+ 1 A LR D 7)]% (2,)

!
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<pflJ @)y, >

%%{@%%&Mﬁ+mﬂm7)}#w
u% (pf)R §:7[A17k + A P + A3qk]t7 «§ . 7\i(l»i)

_ U_‘?\f(pf)Rn{ -y 7 + Ay By - 1 A ‘qk]R'n _"b\-i(Pi)

]

where the last line follows'because 17 is antiunitary and the fact that
-1'_ 9

:77%;7 = = Yen Finally, we use the fact that u% (pf)'yk A (pi) trans-

forms llke a vector under rotations. Thus, "

=1 _ :

oy (pg )R, 7 Ry pxi(pi) = uxf(ff)yk “7\1(1’1) |
because v

uy (pe)y, v, (py)

£ i

vanishes if the ktB direction is along n. Thus

- % * _ 1._ %

u‘)\f(Pf)[Al 7k + Ag Pk - 1A5 qk]u)\i(pi) .'

= ?\f(pf)[Alyk + A P +1 A.jqk]u%i(pi) . (A.8)

Finally we see that Al = Al, A2 = A2, as before, but A5 = - AB;Ihence

A, is purely imaginary and purely real at the same time. ‘Thus A5 must

3
vanish ifJﬁ(P) is to be both Hermitian and time reversal invariant.

All of this Dirac algebra would have been uhnecessary had one

‘known about current conservation, Bqu(p) = 0. Indeed,

0 = a?\f(p)[Alquy + qu P o+ 1 A5q ]u7\ (p ) : : (A.9)
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First, using the Dirac equation,
u)\f(pf)qu7uu7\i(pi) = u}f(pf)[Mp - Mp]u)\i(pi) =0.

Second,

il

- - 2 2
u%f(pf)unqui(pi) uxf(pf)[Mﬁ - Mi ]uxi(pj) =0 .

This leaves

0 =% ()la 5Ty () - (a0

Hence A3(q2) =0 for all q2 # 0, and one can show that AB(O) = 0 also.’

This completes the lengthy proof that current-conéervation causes any
time-reversal violating form factor to vanish as long‘as the proton

remains on its mass shell (elastic scattering).
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