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intensity starting from the time that the beam intensity
{which was reduced during polarization reversals} was
restored. When coupled with a rate-dependent dead
time, this effect introduced a deviation from zero in

one of the test asymmetries. However, this produced
a negligible correction to the real data.

~9T. Powell et al. , following Letter tPhys. Rev. Let-
ters 24, 753 I,'1970)].
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We have measured the asymmetry in the elastic scattering of electrons from a polar-
ized proton target. An interference between the imaginary part of the two-photon-ex-
change amplitude and the one-photon-exchange amplitude could produce a polarization
effect. The results indicate no asymmetry within the experimental accuracy of 1 to 2 Vo

at four-momentum-transfer-squared values of 0.88, 0.59, and 0.98 {GeV/c}'.

The customary reliance on one-photon-ex-
change calculations in electron-proton scattering
makes it important to study those processes
which could only arise from higher-order effects.
A measurement of nonzero proton polarization in
elastic electron-proton scattering would be evi-
dence for a two-photon-exchange amplitude,
since the polarization must vanish for pure one-
photon exchange. The interference between one-
photon-exchange and two-photon-exchange ampli-
tudes is expected to be smaller than the one-pho-
ton-exchange contribution by an order of n, but
it may be enhanced due to the presence of some
resonance process. '

In electron-proton elastic scattering, one-pho-
ton exchange leads to the Rosenbluth formula' for-
the differential cross section. Higher-order ef-
fects, which could show up as deviations from
the Rosenbluth form, have not been observed so
far.

The interference between the one-photon ampli-
tude and the real part of some two-photon ampli-
tudes can be obtained by comparing electron-pro-
ton and positron-proton elastic scattering. These
measurements' (after allowing for radiative
losses') have shown no evidence of two-photon ef-
fects, to an accura. cy of about the order n, up to
four-momentum-transfers squared of 5.0 (GeV/
c)a

Information relating to the imaginary part of a
different combination of two-photon-exchange
amplitudes can be measured by performing a po-

larization experiment. Two kinds of experiments
are possible. One can measure the polarization
P of the recoiling nucleon in the elastic scatter-
ing of unpolarized electrons from an unpolarized
proton target. Alternatively (as in the present
experiment), one can measure the asymmetry A
in the scattering of electrons from a polarized
proton target, defined as

A=-(7~ -0~
c~-o~ lp rlfIF'

where o~ and 0~ denote the cross sections on hy-
drogen polarized para. llel and antiparallel to the
normal (fl) to the electron scattering plane. The
quantity e is the asymmetry in the raw counts
from the polarized target, and the factors P &-

and HJ.- allow for the target proton polarization
and the fraction of hydrogen counts present in
the data, respectively. We define n a,s

Pi n POlltX

,.„Xp,, l
'

where p;„and p,„, are the momenta of the initial
and final electron, respectively.

The asymmetry A is related to the polarization
P. If only one photon is exchanged, then A =P =0
because Hermiticity and current conservation
combine to prohibit any polarization of the re-
coil proton or, equiva. lently, any dependence of
the cross section on the initial proton spin direc-
tion. ' If T invariance holds, then A =P to all or-
ders in the electromagnetic interaction. Four
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values of P have been reported' over the four-
momentum-transfer range from 0.3 to 0.8 (GeV/
c)2, and are consistent with P =0. Several theo-
retical attempts' have been made to estimate the
order of magnitude of the polarization. due to the
two-photon terms, and the predictions tend to be
less than 1%.

Incident electron beams of 15 and 18 GeV from
the Stanford linear accelerator were focused
onto a polarized butanol target. The electrons
which elastically scattered from the target were
momentum selected using the 20-GeV/c magnet-
ic spectrometer and were detected in a ten-
scintillation-counter hodoscope. For one momen-
tum setting of the spectrometer, the hodoscope
covered a missing-mass range of approximately
+200 MeV about the elastic electron-proton scat-
tering peak. Each hodoscope counter subtended
about 60 MeV in missing mass. The elastic data
were taken from a sum of the three missing-
mass bins which centered around the kinematics
for elastic electron-proton scattering. Some
runs were made with the elastic peak positioned
near one side of the hodoscope, while others
were made with the elastic peak centered on the
hodoscope. Electrons were detected by observ-
ing the pulse height in a total-absorption lead-
scintillator shower counter. An upper limit of
0.29o can be placed upon the pion contamination
in the data. The experimental details and meth-
od of analysis of this measurement were the
same as those given in the preceding Letter. '
The procedure for data-taking involved revers-
ing the sign of the target polarization once every
3 minutes and recording the number of counts
per unit beam-current charge recorded by the
monitor. As the spin reversal was effected by
applying only a small change in the frequency of
the microwave power to the target, with all
other conditions remaining fixed, systematic er-
rors tended to cancel. In all, about 15 million
events were obtained in the elastic region. As
seen in Eq. (1), the measured asymmetry e is
diluted by the target polarization (P T was about
0.02) and the fraction of counts due to hydrogen
in the target (Hz was about 0.20). Because of
this dilution, a 0.04% asymmetry in raw counts
(e) becomes a 1% asymmetry in A.

Errors can arise from the following: (1) lack
of knowledge of the ta.rget polarization, (2) un-
certainty in the determination of the hydrogen
fraction, (3) monitoring errors, (4) statistical
error in the total counts, and (5) other systemat-
ic effects.

The measurement of the target polarization
employed standard NMR techniques. ' Recent im-
provements" led us to believe that the polariza-
tion was known to within 5% (= &P r/Pr).

The hydrogen fraction H~ was determined as
function of missing mass as follows:

(1) Data were taken at the kinematics corre-
sponding to elastic electron-proton scattering us-
ing butanol, carbon, and polyethylene (CK) tar-
gets. A pure hydrogen spectrum was obtained
from a CH, -C subtraction, and the butanol spec-
trum was fitted by a linear combination of this
hydrogen spectrum and the carbon spectrum.
The prominence of the elastic peak from hydro-
gen improved the accuracy of the fit to the buta-
nol spectrum.

(2) Spectra were taken at all kinematic condi-
tions, both elastic and inelastic, using C and
CH, targets. A second CH -C subtraction was
effected, and the ratio of carbon scattering to
hydrogen scattering for CK was calculated for
each missing-mass bin. Finally, this ratio was
normalized to the butanol target using the fitting
parameters obtained in step (1).

The quantity H~ was thus determined to about
20% of its value. However, since HF is a nor-
malizing factor, its error does not seriously af-
fect the results. In Fig. j., we show the mea-
sured .pectrum obtained by scattering 15 GeV
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FIG. 1. The measured spectrum for scattering
15-Gev electrons {at 2.37' lab) from the polarized buta-
nol target, and a caIculated spectrum for scattering
from the pure hydrogen in the target (=H~&&butanol
spectrum) .
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Table I. Asymmetry values 4 for the elastic scattering of electrons from a polarized proton target. The errors
have been calculated from counting statistics which we believe represent the total errors.

Incident
electron
energy
(GeV)

Electron
scattering

angle
(deg)

Four-momentum
transfer squared

(GeV/o)'

Number
of elastic

events
(x10')

Hydrogen
fraction

SF)
Asymmetry

A

15.0
18.0
18.0

2.37
2.48
3.2i

0.38
0.59
0.98

1.8
11.6
1.5

0.02
0.16
0.21

-0.004 + 0.014
-0.005 + 0.009
-0.003 +0.018

electrons from the butanol target together with a
spectrum for pure hydrogen which was calculat-
ed by the above procedure.

The asymmetry A was calculated separately
for each of the three different beam-current
monitors which were used in the experiment.
These asymmetries agreed with one another to
within —, the size of the statistical errors. The
monitor errors, therefore, can be neglected.
From the study of "test" asymmetry values (see
Ref. 9 for the details), we believe that our sys-
tematic errors are small and that the uncertain-
ty in the measurement can be represented by the
errors calculated from counting statistics.

The final asymmetry values at three values of
four-momentum transfer squared (q2) are shown

in Table I, where the errors in A are calculated
from counting statistics only, which are believed
to be close to the total errors. Within the mea-
surement errors, the values are consistent with
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FIG. 2. The asymmetry measurements for elastic
electron-proton scattering are shown versus four-mo-
mentum transfer squared. This experiment measured
the asymmetry for scattering electrons from a polar-
ized proton target. The other values (Ref. 7) were
from analyzing the polarization of the protons recoil-
ing from an unpolarized proton target. We have changed
the sign of the latter data to be consistent with the
definition of n given in Eq. (2) of this paper.

A =0. These results are compared in Fig. 2 with
the previous measurements' of P.

From the results of this experiment and from
the measurements of Mar et al.~ on the real
part of two-photon exchange, one can conclude
that the higher-order contributions to elastic
electron-proton scattering have been found to lie
between 0 and order o., in agreement with the
theoretical estimates. "
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A semiclassical model for inelastic and elastic proton-proton scattering is presented.
A fit to recent x production counter data is made. The resulting proton-proton elastic
scattering and proton electromagnetic forxn factor are discussed. Reasonable agree-
ment vnth the data is obtained.

Sometimes very simple models are useful tools in gaining insight into limited aspects of complicat-
ed processes. Here we present a model which explains some aspects of elastic and inelastic proton-
proton scattering. The model is closely related in philosophy to one originally suggested by Lewis,
Oppenheimer, and Wouthuysen" and goes as follows. Since boson —in particular, pion —production
dominates the cross section, one assumes that the bosons are produced in states corresponding to a
field coupled to a classical source. The structure of the source is related to the structure of the col-
liding protons. The model's phenomenologieal input is the source function.

The analysis of a field coupled to a classical source~ shows that the average number of particles
produced per unit volume in momentum space is given by

~(k) =(») '(2~) 'lf(k)l',

f(k) = fd'x p (x) e

k ~ x =k ~ x—&ut, a& = (k'+m')'~',

and m is the pion mass. In a collision of two protons the source, p(x), implicitly contains a depen-
dence on the impact parameter, b~, of the protons. The average of n over b~ is directly measured in
counter experiments which determine the flux of outgoing particle in a given range of momentum and
solid angle, all other variables being ignored. The classical source model also corresponds to parti-
cles which are produced in uneorrelated states with a Poisson number distribution. Thus, the proba-
bility P, that a collision will take place with no particle production is given by

p
—n (h~)

where

n(b~) = fd'k n(k, b~).

This immediately gives the absorption disk for proton-proton elastic scattering. The elastic differen-
tial cross section is given by

=wl f db~b~(e ~ ~) ' —1)J (b~u —t)l'
el asti c


