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Results are presented on the elastic scattering of photons by protons. The incident photon
energy ranged from 0.55 GeV to 4.5 GeV, and the four-momentum transfer t ranged from
0.12 to 1.0 (GeV/c)2. The data at large angles, 60'& 8* &115', are characterized by a pro-
nounced excitation of the D&3(1518) resonance, a shoulder in the 1688-MeV mass region, and
a precipitous drop thereafter in the cross section as a function of incident energy. The low-
t data are characterized by a diffraction slope of 5 (GeV/c) 2. The data. are inconsistent with
the predictions of the vector-dominance model if the latter is restricted to p, ~, and P
vector mesons.

I. INTRODUCTION

We report a series of experiments on the elastic
scattering of photons by protons conducted at the
Cornell and Cambridge Electron Accelerators.
The incident photon energy ranged from 0.55 to
4.5 GeV and the four-momentum transfer from
0.12 to 1.0 (GeV/c)'. The experiments fall into
two groups:

(i) "Large-angle" experiments with incident

photon energy &2.5 GeV and the center-of-mass
angles in the range 60 &0*&115. The main moti-
vation here was to search for resonance structure
in the differential cross section.

The data exhibit a decrease of two orders of
magnitude in the cross section in going from 0.5
to 2.5 GeV in the incident momentum. We vrere
therefore limited by counting rate in extending
these large-angle experiments to higher energies.
A similar precipitous drop in cross section is
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observed in hadron-hadron collisions.
(ii) "Small-angle" experiments with incident

photon energy up to 4.5 GeV and small center-of-
mass scattering angles in the range 15 &0*&35',
the four-momentum transfer interval being 0.14
&-t & 0.41 (Gev/c)'. The main motivation here
was to study the diffraction slope of the differen-
tial cross section, and to compare the forward
extrapolated cross section with the optical-the-
orem limit provided by the total photon-hadron
absorption measurements. Again, we find that
the Compton process exhibits a behavior similar
to that observed in hadron-hadron collision.

Each group of measurements consisted of sev-
eral data runs. Table I summarizes the entire
series of measurements.

The overlap between the series was made delib-
erately to check for internal consistency in ab-
solute normalization of the data.

The data for run A. I have already been published'
and are included here for completeness.

The elastic scattering of electrons and photons
on protons has played a unique role in elucidating
the structure of the proton. The former measures
the charge and the magnetic moment distribution
whereas the latter —referred to as the proton
Compton effect hereafter —measures the electric
and magnetic polarizabilities of the proton, The
development of dispersion techniques in strong-
interaction physics put these notions on a quanti-
tative footing —the first application of these tech-
niques was to the proton Compton effect. ' A re-
view of the theoretical and experimental situation
of the proton Compton effect below 400 MeV, with
a fairly complete list of references, is given in
Ref. 2. In the neighborhood of the D»(1518) and
below, the isobar model provides an adequate
description. ' At higher incident photon energies,
the number of parameters inherent in such a mod-
el and the difficulty of taking into account multi-
pion exchange contributions make this model quite
unwieldy. The vector-dominance model" (VDM)
provides an alternative framework for phenomen-
ologically relating the Compton effect to photo-
production of p', u&, and P mesons —for incident
photon energies high enough that the effects of the
vector-meson masses are not important. In the
absence of a fundamental theory exhibiting the
dependence of the matrix elements on the masses
of these mesons, the lower-energy limit at which
this model ceases to be valid cannot be specified.
Moreover, a precise confrontation with the vector-
dominance model is difficult because of the follow'-

ing fact: The major contribution to the VDM pre-
diction comes from the p photoproduction cross
section which has to be extracted from the experi-
mentally determined dipion photoproduction cross

section. The p' resonance has a large width and
its excitation function does not show a simple
Breit-Wigner form —so that the p' production is
accompanied by a sizeable coherent dipion contin-
uum production in the same mass region. " Hence
the extracted magnitude of p' photoproduction is
strongly model-dependent. Nonetheless, the dis-
crepancies reported here are sufficiently large to
suggest that VDM in its present form is not valid.
The bearing of additional vector mesons, like p',
on this discrepancy will be discussed in Sec. V.

Preliminary reports' on part of the data given
here have been presented earlier. Published data
appear in Refs. 9 to 14 and will be referred to in
the discussion of our results.

In Sec. II we discuss first the rationale of the
experimental strategies employed, and then the
kinematic relations and phase-space diagrams.
Section III gives details of the apparatus while
Sec. IV discusses the data reduction. Section V
gives the results and conclusions.

II. nESIGN OF EXPERIMENTS

The principal experimental problem in these
measurements is the separation of the elastic
scattering process

r+P-r+P

from the much more probable single pion produc-
tion

P+P 7T +P
y+y

and, to a lesser extent, from other, inelastic pro-
cesses.

We identified the recoil particle as a proton by
measuring dE/dx and range, or bending in a mag-
netic field, dE/dx and time of flight. In order to
establish the electromagnetic nature of the scat-
tered particle, we measured the total Cerenkov
light produced in lead glass blocks. Its neutral
character was ascertained by observing the origin
of the ionizing shower produced in a multiplate
optical spark chamber. During some of the ex-
periments we also used a veto counter in front of
the shower detector. With the target proton at
rest and with the nature of the secondary particles
identified, process (1) can be completely recon-
structed from six independent combinations of the
nine momentum components, e.g., the directions
only of k, k', and p, the momenta of the incident
and scattered photons and the recoil proton, re-
spectively; or the magnitude and direction of k
and k'. However, the differential cross sections
for process (2) are typically 30 times as large as
those for process (1) in the kinematic regions
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covered. The kinematics of the decay favors
emission of one y ray nearly satisfying the con-
ditions for process (1). Therefore, the background
accidentally satisfying the one-constraint fit is
quite large with the achievable resolution and at
least one additional constraint is required. We
have chosen to measure the angles of both second-
ary particles and the energy of the recoil proton.
The direction of the incident photon was, of
course, known. With this additional constraint
the background due to single p production is toler-
able, although it still contributes significantly to
the final error. In addition, a rough (+20/o) mea-
surement of the energy k' serves to suppress
other background processes.

The choice of track detection technique was de-
termined by the following considerations. The
differential cross sections measured are as low
as 10 " cm'/sr. The detector must therefore sub-
tend a reasonably large solid angle. Discrimina-
tion against inelastic processes requires good
spatial and time resolution. Finally, the q3etector
must support the background of electrons and

photons encountered with bremsstrahlung beams.
By far the most economical technique satisfying
these requirements is the use of spark chambers.
When these experiments were planned, the only
practical recording method for spark chambers
was photography.

The proton angle was measured by two thin-foil
optical spark chambers facing the hydrogen tar-
get. The angle of k' was found from the shower
origin in a chamber with lead or tantalum plates
(SC) and from the reaction vertex reconstrucred
by the intersection of the incident beam with the
recoil track.

The recoil proton energy varied between about
'10 and 370 MeV (Fig. 1). We used an optical spark
chamber with 30 aluminum plates of graded thick-
ness to measure the proton range for the lower
energies and a simple deflecting magnet for the ex™
periments w'ith larger momentum transfer. The
energy of the scattered y ray, k', was determined
from the pulse height in a total absorption Ceren-
kov counter (C). An attempt was made to account
for the shower energy lost in the two radiation
lengths of the spark chamber SC. Corrections
based on the starting point of the shower and on

spark count yielded only marginal improvement of
the resolution and were abandoned.

Because of the wide range of c.m. momentum
and angle covered in these experiments, the para-
meters determining the acceptance of the appara-
tus varied considerably among the runs. One de-
sign aim w'as to limit the aperture in one arm
(proton or photon) for all accepted events and to
make the aperture of the other arm sufficiently
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FIG. 1. Typical phase-space acceptance of the
apparatus. (a) Small-angle measurements utilizing the
range techniq ue (b) large-angle measurements utilizing
the magnetic spectrometer.

large to allow reliable extrapolation of the back-
ground to the Compton kinematic peak.

When the range chamber was used, the azimuthal
(vertical) aperture was limited by a lead collima-
tor in front of the shower detector, except in runs
D2 to D7 (see Table I). When the magnetic spec-
trometer was used the azimuthal aperture was de-
fined in the chambers T1 and 72 so that no parti-
cles could strike physical obstructions.

The acceptance limits in the reaction plane are
more complicated. Figure 1(a) illustrates the
situation in one typical. small-angle run, using the
range chamber. For protons with kinetic energy
in the range 80&T&170 MeV [i.e., 0.15&t&0.32
(GeV/c)'] the acceptance for events at all target
points is entirely determined by the physical aper-
ture of the shower detector. The range of angles
accepted in the proton arm depends on the posi-
tion of the reaction vertex in the hydrogen target.
For example, for 7= 200 MeV only about 50% of
the target is effective. Some data from this re-
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TABLE I. List of experiments with kinematic details and nonmenclature used in describing
them. Column 6 refers to Cornell Electron Synchrotron and the Cambridge Electron Acceler-
ator.

Time
(hours) Runs

Recoil energy
measurement

Data
series

-80
30

240
160

Al —A.3
B

Cl-C3
D 1-D7

0.55 to 0.9
0.8 to 1.3
0.7 to 2.7
1.3 to 4.5

65'-115.
~ 65o

65'
15'-30'

Range technique
Range technique
Magnetic spectrometer
Range techIU. que

Cornell (1962-1963)
CEA (1964-1965)
CEA (1966-1967)
CEA (1968-1969)

gion are included in our results and the probable
error of these points is increased by the uncer-
tainty in target volume and background subtrac-
tion. Figure 1(b) illustrates a typical large angle
run, using the magnetic spectrometer. Here the
situation is reversed: For incident y-ray energies
1250& k&1560 MeV the acceptance is mainly de-
termined by the geometric aperture of the spec-
trometer. (The angular position of this aperture
varies slightly with proton energy because it is
limited after the magnetic deflection. ) For 1080
& k & 1250 MeV and 1560 & k & 1680 MeV the bound-
aries of the shower detector eliminate events
from part of the target. For the highest and low-
est of these energies about V0% of the target is
effective. Again, some data in these regions are
included in our results.

Beyond these energies, the boundaries of the
magnet pole pieces impose limits on the accep-
tance and this is indicated in Fig. 1(b} by nominal
limiting momenta.

Approximately 10' photographs were processed
in the course of the measurements reported here.
About one-third of these required complete mea-
surement of track and shower coordinates and geo-
metric reconstruction. The effort of manually en-
coding this number of events seemed excessive
for the results expected. Therefore we designed
and assembled a fully automatic film scanning
and measuring system, SPASS, using the display
CRT of a PDP-1 computer as a program-controlled
flying-spot scanner. " The film transport was a
TRAID cameraof the same type used to obtain the
photographs. As far as we know this was the first
operational, fully automatic scanning and mea-
suring system for spark-chamber photographs.
We designed computer programs for longitudinal
and stereo track linking, for shower recognition,
and for the encoding of digital information recorded
on the film. Although developed specifically for
the experiments reported in this paper, the SPASS

system was used successfully for several other
experimental progr ams.

We monitored the operation of the system on a
slave CRT in order to detect scanning and mea-

suring failures and, whenever possible, eliminated
them by program modifications. Statistical cor-
rections for the remaining failures were deter-
min d primarily by inspecting the original photo-
graphs for events in which the computer indicated
difficulties, e.g., inconsistencies between the two
views. This was found to be more efficient than
the more usual procedure of comparing a large,
unselected sample of automatically processed data
with results of independent hand scanning. The
rate of processing events through SPASS was about
one-half of the rate of data acquisition. Allowing
for film-processing time, it was possible to mon-
itor the results of an ongoing experiment with a
delay of about 36 hours.

The signals from the several scintillation and
Cerenkov counters provided information used to
identify valid events (refer to Sec. IVB). This in-
formation was digitally encoded on the film by
means of "data lights. " During series D these data
were also registered on magnetic tape, later
merged with the tapes produced by SPASS. Histo-
grams of selected pulse-height and time distribu-
tions were monitored during data acquisition to
verify proper operation of the apparatus.

Trigger conditions were chosen as loose as con-
sistent with an acceptable rate of film use (about
0.6 events per second} with the beam intensity as
high as possible consistent with a tolerable cham-
ber background and accidental coincidence rates.
For example, coincidence resolving times in the
trigger circuits were substantially longer than
the time resolution of the detectors. The effective
timing cut was applied to the recorded output of
time-to-amplitude converters which also yielded
an estimate of accidental coincidences from the
wings of the timing curves.

III. APPARATUS

Figure 2 shows a plan view of the apparatus
used. In series A. , B, and 0, the magnetic spec-
trometer was replaced by a range chamber. In
the following sections, we discuss the various
parts of the apparatus in detail.
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FIG. 3. Beam configuration for experimental runs in series D.

data by a factor 1.4 in order to bring the set of
data in line w'ith all others. This is traced to
quantameter malfunction in the early stages of
CEA operation and there exists evidence from
other independent experiments —using the same
beam line at that time —to substantiate this cor-
rection.

B. Hydrogen Target

The typical target used was a cylinder 5.1 cm
in diameter and 5.1 cm in length when empty. The
end caps bellied out an additional 3.2 mm at each
end when the target was full. The cylinder walls
were of 0.19-mm aluminized Mylar; the end caps
were of 0.13-mm aluminized Mylar and overlapped
the cylinder walls by 7.9 mm at each end. The
axis of the cylinder lay on the beam line in series
D; in all other runs it was at right angles to the
beam line. The pressure was essentially atmos-
pheric, giving a density of 0.0'7 g/cm'.

The evacuated scattering chamber mhich con-
tained the target was a cylinder whose vertical
axis approximately coincided with the target cen-
ter. The walls mere of 0.25-mm Mylar, stretched
between two 17.8-cm hoops held apart by 1.11-cm-
diameter hollow upright rods which were located
by holes in the 22.8-cm-diameter aluminum base
plate. The rods were positioned so as to clear the
incident beam, the recoiling protons, and the scat-
tered photons.

C. The Proton Arm

The proton arm consisted of two thin "tracking"
chambers to determine the initial trajectory of the
recoil proton, followed by the energy measuring
device —range chamber or deflecting magnet —and
scintillation counters to provide a trigger signal
and to measure dE/dx and time of flight.

Table II lists the characteristics of the counters

and chambers used in the several runs. The main
trigger and identification function was performed
by the counters $1 and 81, placed either in front
of the range chamber or behind the deflecting mag-
net. A coincidence $1@$2was always part of the
trigger requirement. The pulse height in these
counters was required to correspond to dE/dx de-
duced from the measured proton energy in the data
analysis. In series C and D, the thin counter $5
was added to reduce the accidental trigger rate
due to stray particles in $1 and $2. $5 and $2
provided the signals for proton velocity measure-
ment. The veto counter $6, used only in series
D, reduced the trigger rate due to particles with
excessive range —mostly pions and electrons.

A small permanent magnet CM1 with bending
power =2500 gauss-cm located between the hydro-
gen target and the first tracking chamber proved
very valuable in removing soft Compton electrons
from the chambers.

The dipole bending magnet "Karen" had a useful
aperture of 30 cm x 10 cm. The length of the pole
piece was 91 cm. The magnet field was measured
in tmo planes; the field plots were then used to
compute an aperture over which, by the use of an
effective-length approach, the computed particle
momentum differed at most by 1% from the value
one would obtain by tracing the particle trajectory
through the field. We found that this approach
simplified our data reduction enormously and the
accuracy matched quite well the other sources of
errors in obtaining the particle momentum.

Two perpendicular views of all chambers were
photographed through plastic field lenses by a sin-
gle 35-mm camera (TRAID). The images of the
several chambers mere collected by a system of
proton arm. A number of fiducial lights was
mounted ~iear the chambers in both views and their
position in the laboratory surveyed precisely. Lin-
ear interpolation between their positions as mea-
sured by SPASS was sufficient to correct distortions
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in the photographic and measuring optics and in
the CRT used for SPASS. The precise position of
the chambers themselves was not critical.

D. Shower Arm

The principal components of the shower arm are
the total absorption Cerenkov counter C and the
shower chamber SC. Counter C consists of an
array of 15-cm cubes of lead glass (Schott SF6)
each viewed by a photomultiplier (RCA V046). Six
blocks were used in series A. and B, eight blocks
in series C and D. SF6 glass consists of approxi-
mately VO'P& Pb0„30% SiO, . The 15-cm block re-
presents approximately seven radiation lengths.
Light absorption in this glass is quite severe.
This, together with fluctuations of the energy loss
in the shower chamber (approximately 2 radiation
lengths) limits the energy resolution, especially
for low-energy showers. The pulse from each
photomultiplier was split: One half was integrated
and stored on a capacitor for pulse-height encoding;
the other half was routed to a linear adder to form
a total shower pulse. This was again split: One
half, passing through a discriminator, was used
for the trigger logic; the other half was integrated
and encoded as total shower pulse height.

In the small-angle experiment, series D, two
scintillation counters 84 and Sv were added to the
trigger logic, to form a shower signal Cx54xgV.
,S4, located between the chamber and counter C,
restricted triggers to photons forming showers in
the chamber. SV vetoed charged particles coming
from the target or shielding. Granted that the in-
formation from these counters becomes redundant
once the shower-chamber photograph is available
for analysis, these counters served to reduce the
background trigger rate at the cost of small con-
nections for absorption and dead time. The in-
clusion of 54 also permitted the use of a shorter
coincidence-resolving time. The scintillation coun-
ter S3 (Fig. 2) was not part of the trigger logic
but was used for test and calibration of counter C.

The shower chamber contained 19 aluminum-
clad lead (or tantalum) electrodes of about 0.1 ra-
diation length each and six thin aluminum elec-
trodes located to form "guard gaps" in front and
back of the chamber. The front guard gaps served
to eliminate charged particles. The rear guard
gaps helped identify showers produced in the last
heavy plates.

Two perpendicular views of the shower chamber
were photographed in the same manner as the
chambers in the proton arm.

A permanent magnet CM2, with bending power
=9100 gauss-cm helped eliminate charged particles
originating at the target.

E. Electronics

The electronic circuits providing the trigger
signal were located close to the detection equip-
ment in order to minimize the delay of the high-
voltage pulse on the spark chambers. Since the
experimental area was not accessible during op-
eration, the diagnostic and digitizing circuits were
located in the counting room, 30 m distant. The
trigger logic in the configuration of series D is
illustrated in Fig. 4. Analog signals from the
counters and logic signals from all discriminators
and coincidence units were carried to the counting
room. The counting-room logic is illustrated in
Fig. 5. Digitization of all pulse height and time
signals was carried out by a samplehold system
PANSY. The analog pulses were stored on capac-
itors and presented successively to the analog-
digital converter of a RIDL 400-channel pulse-
height analyzer. The eight-bit digital output was
stored in a 96-bit shift register, displayed on
data lights, and photographed with the spark cham-
bers. During series D, the bits were also record-
ed on magnetic tape, later merged with the SPASS
output tape. The pulse-height analyzer could be
programmed to sort simultaneously information
from any four of the sixteen available channels.
All pulse-height distributions were thus monitored
in rotation.

The over-all dead time, set by digitization, illu-
mination of data and fiducial lights, and by film
transport, was about 0.3 sec. During this time the
electron beam of the synchrotron was deflected
away from the radiation target by a "busy" signal
so that no photon beam entered the experimental
area. There remained a small (=1%) correction
for multiple events occurring during the same ma-
chine cycle.

All relevant counting rates were recorded on
scaling circuits. Remote switching of trigger logic
circuits allowed periodic testing of circuit opera-
tion. Spark-chamber operation was monitored on
closed- circuit television.

IV. DATA REDUCTION

A. Track and Shower Reconstruction

The photographs of the proton and shower arms
were processed separately by SPASS. Since 90'
stereo photography was used, we followed the
strategy of reconstructing the entire proton tra-
jectory separately in each view and using com-
parisons between the two views only to resolve
multiple track ambiguities. Reconstruction started
with the chamber (other than the range chamber)
farthest from the hydrogen target since it rarely
contained background tracks. For every track
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with an acceptable angle the intersection with the
next chamber was calculated and the region in the
vicinity of this coordinate was searched for ac-
ceptable tracks. If a track was found it was pre-
sumed to be part of the same trajectory, and a new

prediction was made for the next chamber, using the
coordinates already measured. Prediction across
the bending magnet was made with the assumption
of straight line segments intersecting in the mid-
plane of the magnet. Appropriate limits were im-
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posed on the acceptable deviations in position and

angle of the several tracks linked in a recon-
structed trajectory. An acceptable proton trajec-
tory required a properly linked track in every
chamber. If more than one acceptable trajectory
was reconstructed in both views, the event was
rejected as ambiguous. If one view contained a
single trajectory but the other view contained more
than one, stereo identification was attempted, pri-
marily by matching missing gaps. Any difficulty
encountered was encoded with the coordinates for
later statistical evaluation. The number of doubt-
ful events never exceeded 5/g and visual inspec-
tion of a sample showed that the program resolved
most cases correctly. In the range chamber
tracks were not followed past large-angle scatter-
ing points and the range found in the two views
was required to agree within one gap. This pro-
cedure is consistent with the correction for nu-
clear collision loss applied to the cross-section
results.

Shower reconstruction was more complex and
evolved as the experiments progressed. Here
also, the two views were treated separately un-
less ambiguities arose. The first gap following
the guard gaps were searched for sparks. For
each spark found, a zone in the next few gaps was
examined for a track. If at least three consecutive
sparks were found, subsequent gaps were scanned
in expanding zones designed to include the main
cone of the developing shower. A record was kept
of the total number of sparks encountered and of
any empty gaps. A valid shower required a mini-
mum number of sparks, depending on the number
of plates in which the shower developed. In addi-
tion the shower had to contain some sparks in the
rear guard gaps. If no acceptable shower origi-
nated in the first gap, further gaps were searched
for shower origins. Sparks previously linked in
an abortive shower reconstruction were not ac-
cepted as shower origins but could be included in
the later shower development. The search was
continued through 16 gaps, if necessary, until a
valid shower was found. When a shower w'as found
to originate in the first or second lead plate, the
guard gaps were examined to determine whether
it originated from a charged particle. Soft elec-
trons in the guard gaps sometimes occurred ac-
cidentally near the start of a shower and appropri-
ate algorithms were designed to minimize the loss
of real photon showers due to this effect.

We have developed fairly elaborate routines for
the reconstruction of events with multiple showers
in another experiment. " It was found that these
contributed little to the recovery of valid events
in the present experiment.

Substantially, the entire reconstruction of the

proton trajectories and showers was carried out

by SPASB interacting with the photographic image.
The output tape contained only the coordinates and
angles of the accepted tracks and showers, the
shower size, codes identifying any special prob-
lems such as multiple tracks, and the digital in-
formation encoded on the film.

8. Event Reconstruction and Selection

The results of the track and shower reconstruc-
tion were processed further, using the PDP-1
Computer, with a program BORT which performed
the transformation to laboratory coordinates, the
kinematic calculations, and the multidimensional
event sorting. The general strategy of event re-
construction first rejected spurious events in each
arm separately. For example, protons were re-
jected if the energy loss in the scintillation coun-
ters or the time of flight was inconsistent with the
measured energy or measured momentum; or if
the trajectory did not pass through the hydrogen
target and the incident photon beam; or if the in-
cident photon energy, calculated with the assump-
tion of Compton scattering or single-pion produc-
tion, fell outside the kinematically possible range.
Showers were rejected primarily if the pulse
height in the shower counter was too low and, with
certain additional restrictions, if the guard gaps
indicated a charged particle origin of the shower.

%'ith these criteria the rejections in the two arms
were highly correlated, indicating they were not
due to mismeasurement of a single parameter but
involved a sample of events of a nature different
from the accepted events. Further cuts were made
after a kinematic fit of the complete event.

The interpretation of showers which appeared to
contain particles in the initial guard gape (veto
gape) caused some difficulty. We present an out-
line of the analysis of this problem as an illustra-
tion of the considerations leading to our values for
the detection efficiency and errors. A significant
fraction of showers starting in the first or second
lead plates mere apparently accompanied by one or
more nearby sparks in the guard gaps. This num-
ber exceeded the number of background tracks.
We conjecture that this phenomenon, also observed
by other experimenters, is due to atomic x-rays
and other soft radiation emitted in the backward
direction. Figure 6 shows the pulse-height distri-
bution in counter $4 for showers starting in the
first and last useful lead plates and for all "par-
ticles" with sparks in the guard gaps. Manifestly,
the latter represent a different type of event. When
we applied all cuts to the recoil protons and re-
quired that the coordinates satisfy Compton or n

kinematics with high probability, the pulse-height
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spectrum approached that for showers in gap 3.
Pulse-height spectra of the shower counter showed
similar behavior. The distribution of starting gaps
for showers in "good" events followed the expected
exponential attenuation in the shower chamber ex-
cept for a deficiency of showers starting in the
first or second lead plate. With the appropriate
cuts, this deficiency was very nearly compensated
by the remaining "particle" -initiated showers.
Within rather poor statistics of the latter sample,
its kinematic distribution agreed with that of the
accepted events. We therefore decided to ignore
the evidence of the guard gaps in these events.

The separation of the Compton events from the
background —primarily single p photoproduction-
proceeded as follows. Each event was recon-
structed from the proton energy and angle alone,
assuming a Compton encounter. The event vertex
was assumed to lie in the intersection of the pro-
ton trajectory and a vertical plane including the
beam line. We then recorded the angular devia-
tion, in the scattering angle and in the azimuth,
of the line connecting this vertex with the observed
shower origin from the predicted momentum vec-
tor of the scattered photon. Figure 7 shows a typi-
cal scatter plot of the events in one run. The elon-
gated peak centered at zero deviation contains the
Compton events. Figure 8 shows that the azimuthal
spread aP, which measures the deviation from
coplanarity, is substantially smaller —typically a
factor of three —than the spread in the kinematic
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FIG. 7. Scatter plot for events in the shower chamber.

angle b, j9. The latter contains errors in energy
determination and vertex position in addition to the
errors of the position measurement. Very similar
distributions are found if the event is reconstructed
from both observed angles and the deviation of the
observed photon energy or the missing mass is
plotted on the abscissa.

Various procedures were used to interpolate the
background under the pe&, generally with con-
cordant results. The dashed line in Fig. 8 was ob-
tained by generating an uncorrelated sample of
proton and shower data representative of the actual
geometric situation. This was done by combining
the shower data of each event with the proton data
of the preceding event. The Jacobian of the w' de-
cay does not vary significantly for the very small
variation in P. The deviation of the sample from
randomness due to the small number of Compton
events was found to be negligible. Thus the ran-
domized distribution represents the variation of
the background due to geometric factors alone and
its shape was used to interpolate under the Compton
peak. The distribution in 8 (Fig. 8) is asymmet-
ric, showing a tail corresponding to proton energies
below that expected from a Compton event. This
is typical of data obtained with the range chamber.
Some of these events represent errors in range
measurement of one or at most two gaps. Larger
deviations correspond primarily to protons which
are stopped by nuclear interactions before reaching
the end of their range. We obtained good agree-
ment between the observed number of such events
and the known nuclear interaction cross sections.
Many of these events were eliminated by the dis-
crepancy between counter pulse height and range.
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We generally included these events with deviations
not exceeding that due to a loss of two gaps and
applied a correction to the data for the remaining
losses.

Finally, we compared the observed number of
events in the assumed g' background with the photo-
production cross sections and found agreement
within the experimental uncertainties.

C. Cross-Section Calculation, Correction Factors,
and Error Analysis

The cross section at a given f (the four-momen-
tum transfer) and given s (the square of the center-
of-mass energy) is given by

dv
dt ' (at)f '

terval ~k. In series C, the interval b, t is given by
6t=(dt/dQ, )AQ, . In all other runs, i is direct-
ly given from the range-chamber information.

(ay) (ah)f=Ns~y~, ~n~g, 2 lo'Ox'
h amia

N: Number of protons/cm' in the hydrogen tar-
.H

get.
Conversion efficiency in the shower cham-y'

ber.
Shower detection efficiency. Accounts for

losses by interactions in counter SV and for scan-
ning losses due to background tracks or anomalous
shower development.

Proton chamber efficiency. Accounts for
scanning losses, mainly in 7.'1 and in range cham-
ber.

Counter dead-time correction.
Azimuthal acceptance, as discussed in Sec.

B.
pp Correction for nuclear interactions in the

proton counter telescope.
q,: Correction for nuclear interactions in the

range chamber, when applicable. Derivation of
qp and q, is discussed in Ref. 9.

Q: Number of equivalent quanta for the given
run. This involves calibration and correction for
misscanned, otherwise lost events.

hk: Incident y-ray energy bin.
h: Mean energy in bin (h).

Miscellaneous efficiency factor containing
corrections for bremsstrahlung shape function,
for the efficiency of the proton range- or momen-
tum-measuring system, and for losses from the
proton geometrical cutoff near either end of the
acceptance.

Values for these quantities are given in Table III.
The following are the major uncertainties in the

above quantities, grouped into three categories:
(a) Statistical errors, primarily in N, the num-

ber of Compton events. These include the statisti-
cal uncertainity in the subtracted background. The
statistical uncertainty of a typical point is +15%.

(6) Systematic normalization errors zohich affect
all points in a given run by the same factor. The
following are typical examples:

N: +3%,

q: +2% (but cf. discussion

of run B in Sec. III A),

where the various factors are defined as follows:

Observed number of Compton events occurring
at the four-momentum transfer t in the interval
bt and averaged over the appropriate energy in-

ay: +0.5%.

We estimate that the normalization error of an
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individual run is about +7% with a common over-
all scale uncertainty of about +10/o.

(c) Other systematic errors, affecting individual
cross -section values.

(i} The incident photon spectrum is of the form

N(k) 6k= QS(k) hk/k,

S(k) =0.9 within a few percent, in all cases. Cal-
culated values of S(k) are included in the factor
e „and are believed to be reliable to +1% in most
cases.

(ii} Nuclear interactions in the range ch-amber

plates were assumed to reduce the number of pro-
tons by a factor q,=exp( nR-), where o.=8.9x10 '
cm'/g Al and R is the residual range of the pro-
tons when entering the range chamber. The uncer-
tainty in the factor (l-qog, ) is estimated to be +3%.

(iii) The main uncertainty in the scanning effi-
ciency for protons arose in occasional failure of
SPASS to follow a track to the end of its range.
There could be a correlation of this failure with
range and angle. We estimate the error in g to
be about +3%. (About 10/o of the valid shower
pictures could not be measured because of back-
ground tracks We es. timate the uncertainty in c
to be about ~3%.)

(iv) The uncertainty in background subtraction is
discussed separately, in Sec. IVH.

very precise total cross-section measurements of
Ref. 17 in this energy range also show the same
features —except that the structure at 1 GeV is
slightly more pronounced.

We also show, for reference and comparison,
the forward Compton cross section calculated
from the total cross section measurements of Ref.
1V, and the use of the optical theorem for the
imaginary part of the forward amplitude, and the
dispersion relation of Gell-Mann, Goldberger, and
Thirring' for the real part.

7l
0

—.If.(k) I'.do cr' Ref '
w

dt, 0 16m Imf i
k'

The high-energy total cross section was paramet-
rized" by o„-91.0+VI.4(k) 't' pb, and f„ the high-
energy spin-dependent amplitude, was set to zero.
See also Ref. 18.

2. Comparison uritP Vector-Dominance Model

According to VDM, Compton scattering and vec-
tor-meson photoproduction are related by

do(y P-yP) r «do'
2 dt (XP ~P)

V. RESULTS

Our results are summarized in Table III. Each
entry in the table includes data for a kinematic in-
terval, typically ~k/k=0. 2, b, t =0.04 (GeV/c)'. The
indicated uncertainty is the expected standard
deviation, including systematic errors, of the in-
dividual points. It does not include the common
normalization uncertainty„

A. Large-Angle Measurements

The low-energy data in series B and C were
collected at fairly constant center-of-mass angles,
65', 90', and 115', respectively, so that any res-
onant structure in the differential cross section
would be evident. These are plotted in Fig. 9. We
have also included data in the same energy range
from Refs. 9 and 10.

1. General Eeatures

It is evident that the second resonance D»(1520)
stands out quite clearly. In contrast the third res-
onance F»(1688) is not pronounced. It appears
more like a, shoulder at approximately 1-GeV in-
cident kinetic energy. The differential cross sec-
tion thereafter continues to fail quite steeply. The

where dor/dt is the cross section for transversely
polarized vector mesons V(p', &o, P) and y„ is the
photon-vector-meson coupling constant. This re-
lation is an uPper limit, corresponding to maxi-
mum constructive interference between the vec-
tor-meson production amplitudes. The coupling
constants y~ are those obtained in the storage-
ring experiments. " The photoproduction data are
from the OESY Bubble Chamber group. ' Inade-
quate statistics forced that group to bin their data
in very large incident energy intervals (1.4& k& 1.8
GeV and 1.8 &k&2.5 GeV) and in very large angular
interval 0.25&cos8«0.5. Hence, until better photo-
production data become available, it is not possible
to make a precise statement about agreement be-
tween this experiment and VDM. Columns 3 and
4 of Table IV show, however, that VDM underesti-
mates the Compton cross section by a factor of
almost 2 to 3. We remark that question of how one
extracts the p photoproduction from the observed
two-pion photoproduction is important for the above
comparison since the various alternatives sug-
gested' can make an almost 50% difference. While
more accurate p" photoproduction data and more
reliable methods of analyzing them are necessary
to make the disagreement quantitative, it seems to
us that the role of the vector-meson masses in
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FIG. 9. (a) Zero-degree cross section calculated using dispersion relations (see text); (b)-(d) large-angle cross
section do/dt as a function of incident energy. 9*=scattering angle in c.m. frame.

VDM comparisons must be reexamined. %e shall
reinforce this conclusion in the next section, where
possible p' contribution is discussed.

8. Small-Angle Measurements

The data points are shown in Fig. I0 and are
averages, over the energy intervals indicated, of
the entries in Table III.

~. Geneva/ I'eatuxes

A least-squares fit to the data, for 0=3.2+0.6
GeV, of the form do/dt=A. exp(Bt) )rieids

A= "(35+93 nb/(GeV/c)',

B=4.6+0.4 (GeV/c) '.
A represents the forward cross section. Following
the procedure in Sec. VIA, we calculated the ex-

TABLE IV. Comparison of large-angle experimental
results with the vector-dominance model {VDM) predic-
tions.

k {GeV) cos Oc
I cm~/{GeU/c)2 I

Experiment

1.6~ 0.2 0.4+0.1 {65+13)x 10 "
2.2 ~ O.3 0.4+ 0.1 {2O+4) x 1a-"

VDM prediction

{27~12)x10 33

{7+5)x10"

pected" forward cross section to be (990+100)
pb/GeV/c)' at 0= 3.2 GeV. This is consistent with
the value of A. we obtain above.

Since the constant A is determined so poorly in
the Compton experiment, we found it advisable to
obtain the best value of the slope B by making a
one-parameter least-squares fit to the data of the



PROTON COMPTON SCATTERING AT 0.55- TO-4. 5-GeV. . . 3845

form do/dt=(990+100)exp(Bt). The value of the
slope we obtain is B= 5.0+0.3 (GeV/c) '.

We followed the same procedure for the small-
angle data for k= 2.0~0.5 GeV. The one-parameter
least-square fit used is

—= (1250+125)exp(Bt )dt

where the value of the expected forward cross
section was calculated as above. " The best value
of 8 we obtain is

5.3+0.5 (GeV/c) '.
Figure 10 also shows the large-angle data for the
same energy range from run C. These data can be
fitted with an exponential form having a slope
parameter B=4.5+0.4 (GeV/c) '. lt is remarkable
that B is so close to the diffraction slope B, and
this calls for further theoretical analysis.

The data for 0&4 GeV fall significantly below
the values for the lower energies at the same mo-
mentum transfers, and are consistent with the val-
ues obtained by the DESY Group. "

Recent data reported by the Daresbury group"
in the energy range 0.65 to 1.35 GeV are in agree-
ment with our results.

I I

N

)
CD

JD

I,5 & k(2.5
2.8 s k &5.8
4. I & k &4.6

Z. Comparison avith Vector-Dominance Model

It is of interest to compare the diffraction slope
in Compton scattering with corresponding values
for vector-meson production. As Table V shows,
results on p photoproduction indicate a slope

I I I I I I I I I I I

0.2 0.4 0.6 0.8 N.O

, (GeV/c)2

FIG. 10. Small-angle results plotted as do/dt vs t. See
Table VI for parametrization of the data.

TABLE V. Compilation of vector-meson photoproduction results used in calculating VDM

predictions in Table VI.

Reaction k (GeV) t range (GeV) A (pb GeV ) b (GeV ) Model Ref.

V+& -u'+P
2.0-2.5
2.5-3.0

2.8
3.0

2.5-3.5
3.0-3.7
3,7-4.7

4.7

0.05-0.5
0.06-0.4
0.06-0.4
0.02-0.4

0.05-0.5
0.06-0.4
0.06-0.4
0.02-0.4

135+ 15
134+20
177~26
138+8
156+12
147+ 13
124 + 20
101+ 12
94+6

5.6+ 0.5
6.4+ 0.8
8.8 + 1.1
6,6+ 0.3

6.9+ 0.4
7.5~ 1.2
6.5+ 0.5
5.9+ 0.3

Ross-Stodolsky
Soding
Soding
Soding
Boss-Stodolsky
Ross-Stodolsky
Soding
Soding
Soding

ABBHHM
SWT ~

SWT
SBT6
Desy-MIT
ABBHHM
SWT
SWT ~

SBTG

y+p co +P 1.8-2.5
2,8
2.8

37 + 8.1
34~4
13+4

5.4 + 1.0
6.2 + 0.7
5.5 + 1.6 Natural parity

exchange

ABBHHM7
SBT8

25+3
15+4

8.0 + 0.8 SBT~
7.5 + 1.5 Natural parity SBT6

exchange
V+P -0'+P 1.6-2.5

2.5-5.8
1.1 + 0.7
1.6~ 0.6

2.7 + 1.1
3.5 + 0.9

ABBHHM7
ABBHHM

SLAC-Weizmann-Tel-Aviv Collaboration, in Proceedings of the International Sy mposium
on Electron and Photon Interactions at High Energies, edited by N. B. Mistry (Ref. 5).
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TABLE VI. Parametrization of the Compton small-angle results in the form do/dt = Ae ~~

and comparison with predictions of the VDM model (y& /4m'=0. 64+0.06; y~ /4@=4.6+0.5;
yg /4m=2. 9+ 0.2).

(GeV)
t range
(GeV/c)'

Experiment
A. b Ref.

VDM prediction

1.5-2.5
2.2-2.7

2 y7 3y2

2.6-3.8
3 y2 307
3.7-4.2

0.1-0.25
0.1-0.4
0.1-0.4

0,15-0.4
0,1-0.4
0.1-0.4

1.25 + 0.13
1.26 + 0.13
1.14+0,11

0.99 + 0.10
1.24 + 0„11
1.02 + 0.14

5.3 + 0.5
5.2 ~ 0.5
5.7+ 0.4

5.0 + 0.3
6.2 ~ 0.4
5.3 + 0.5

Present exp. 0.60
Ref. 13 0.50
Ref. 13 0.74

0.45
Present exp. 0.48

Ref. 13 0.50
Ref. 13 0.40

SLAC-Weizmann-Tel-Aviv Collaboration, in Proceedings of the International SymPosium
on E/ection and Photon Interactions at High Energies, edited by N. B. Mistry (Ref. 5).

ranging from 5.6 to 8.8 (GeV/c) '. It is seen that
even experiments employing substantially the same
model to treat the nonresonant background report
conflicting values. The slope for w photoproduc-
tion through natural parity exchange seems to be ap-
proximately 6 (GeV/c) ' in this energy range. We
are forced to conclude that until the p' photopro-
duetion data become more definitive the compari-
son of diffraction slopes is not meaningful.

Comparison of the extrapolated cross section at
t = 0 also shows a contradiction with naive VDM.
Table VI summarizes these results and also gives
a comparison of our experimental data with those
of Buschhorn et al ." It emphasizes once again
the consistency of the experimental data on
Compton scattering from the various laboratories.

Our conclusions are not altered by the recent re-
ports about the 4~=1 enhancement p' in the four-
pion mass spectrum in e'-e annihilation" and
photoproduction experiments" "at approximately
1.6-GeV/c' mass. While there is good evidence
for the bump, the values of the coupling constant,

r, '/4m, and the p' photoproduction cross section
are still uncertain. The upper limit for the ratio

'. ~q(r-p') ~q(rw)

is of the order of 0.12. R has- to be of the order of
0.5 before the discrepancies reported in Tables
V and VI can be explained.

The series of experiments reported here must
be viewed in the context of other Compton-effect
and photoproduction experiments at higher ener-
gies' where deviations from the predictions of the
vector-dominance model have been also been ob-
served.
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