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Elastic p-p scattering at 8.5 Bev was studied using photographic emulsions. The geometry of
irradiation was such that the incident protons were perpendicular to the plane of the emulsion.
Sixty-six cases of elastic scattering were found. Scattering on quasi-free protons and other
background effects comprised about 2%. The elastic scattering cross section was (8.4 + 1.1)
mb. The differential cross section down to 2.5° in the ¢.m.s. was obtained. Near 0° it turned
out to be larger than would be expected on the basis of the purely absorbing proton model.

INTRODUCTION

THE study of the elastic scattering of particles
at high energy is a convenient way of studying their
structure. The optical model, which was first ap-
plied to the analysis of scattering of neutrons by
nuclei,! has been used widely to analyze experimen-
tal data on the elastic scattering of m mesons and
protons by nuclei at energies of 1 Bevand higher.z'8
Recently, several authors,? 1 employing somewhat
simplifying assumptions, carried out a phase-shift
analysis of experimental data on the elastic scat-
tering of m mesons and protons by protons at vari-
ous energies. It turned out that the available ex-
perimental results could be explained almost com-
pletely by diffraction scattering.

In the study of elastic scattering of high-energy
m mesons and protons by nucleons, one encounters
a series of experimental difficulties. Firstly, the
cross section is small (5 —10 mb). Secondly, the
corresponding experiments demand detection of
very small scattering angles (~1° in the labora-
tory system, designated 1.s.), whereas in the work
of references 2 — 8 scatterings through angles up
to 5° in the l.s. were missed, and in the work of
reference 12 the differential cross section was
measured from an angle of 2° in the l.s. (E =6.15
Bev). Thirdly, in work with photoemulsions, it is
hard to segregate cases of scattering by protons
bound in the nucleus,?:3:® since this requires a very
high accuracy in measurement of angles.

An attempt was made in this work to avoid the
difficulties indicated above.

EXPERIMENTAL ARRANGEMENT

In this work, the elastic scattering of 8.5 Bev
protons by protons was studied using photoemul-
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sions. Usually one scans along the track to find
such events. However, with this method of search,
the efficiency of detecting cases of scattering
through small angles is low.2 This is especially
so for cases in which the scattering plane makes
a large angle with the plane of the photoemulsion.
An azimuthal asymmetry is also observed in area
scanning in the case of irradiation parallel to the
plane of the photoemulsion.! Estimates using the
optical model show that at 8.5 Bev almost all the
scattering is concentrated in angles < 3° in the l.s.
Therefore, the usual type of scanning along the
track would introduce considerable distortion into
the results. Also, the accumulation of statistics

is exceedingly slow.

In studying elastic scattering at E = 8.5 Bev
using photoemulsions, it is advantageous to direct
the proton beam perpendicular to the plane of the
emulsions and carry out area scanning. Since the
recoil proton* in most cases has a small momen-
tum, directed almost perpendicular to the incident
proton, i.e., it lies almost in the plane of the photo-
emulsion, the efficiency of detecting the events of
interest is high, and does not depend on the azimuth
angle. The beam density employed in perpendicular
irradiation can be several times higher than that
used in parallel irradiation.!* This increases the
speed of accumulation of statistics. Also, with
such geometry it turned out to be possible to meas-
ure angles of the scattered proton with high accu-
racy (~3").

The enumerated advantages of such a method are
considerable, and we believe that this method can be
successfully used also at somewhat higher energies.

6

*We call the proton emitted at a large angle the recoil
proton, and the one emitted at a small angle (relative to the
incident beam) the scattered proton.
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The present work was carried out with a camera
of dimensions 10 X 10 X 2 cm? corisisting of layers
of emulsion of type NIKFI-BR of thickness 400 p,
irradiated by the internal beam of 8.5 Bev protons
from the proton synchrotron of the Joint Institute,
perpendicularly to the plane of the photoemulsion.
Analysis on hydrogen content was carried out in
control layers. It turned out that each cm? of ir-
radiated emulsion contained (2.90 + 0.06) X 10%2
atoms of hydrogen.

Area scanning was carried out with 630-fold
magnification in the central part of the layers, of
dimensions 2 X 2 cm. The mean beam density in
this zone was (1.97 + 0.05) X 10° particles/cm?.
In all, 1.53 cm® were scanned.

In order to determine the efficiency of detecting
the events of interest and the reliability of results,
the entire area was scanned twice. Approximately
9000 stars were found, including 451 two-pronged
ones. From these two-pronged ones, stars were
chosen, which looked like elastic p-p events.
These cases were broken down into two groups:

1) cases with a black recoil proton (I/Iy,in > 4,
Imin ~ 40 grains per 100u), 2) cases with a grey
recoil proton (2 < I/Iyip < 4).

The detection efficiency in the first scanning
turned out to be (68.7 + 2.9)% for events in the
first group and (34.5 + 9)% for events in the sec-
ond group. In the second scanning, the values were
(84.0 £ 2.6) and (56.5 = 12)%. The overall effi-
ciency as a result of two-fold scanning was equal
to (95 +1) and (71 + 9)% for events of the first
and second groups, respectively. Since it subse-
quently turned out that the overwhelming majority
of cases found (90%) belonged to the first group,
the efficiency of detection for events of the second
group was not investigated further. With such an
efficiency, one scanner was able to scan 12 mm?
in 6 hours, corresponding to ~ 10 m of track-
length of incident protons.

ANALYSIS OF DETECTED EVENTS AND
METHOD OF MEASUREMENT

In order to segregate cases of elastic scattering
by free hydrogen the following criteria were em-
ployed. :

1. The relation between the track length of the
recoil proton R and its angle with respect to the
incident proton ¢ should satisfy the kinematics of
elastic scattering.

2. The angle y between the direction of the pri-

mary proton and the plane defined by the secondary
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particles should be zero (condition of coplanarity).

3. The relation between the track length of the
recoil proton R and the angle ¥ of the scattered
proton with the direction of the primary particle
should satisfy the kinematics of elastic scatter-
ing.
4. At the point of scattering there should be no
nuclear recoil and no B electron.

When the recoil proton did not stop in the cam-
era and its momentum, determined from ionization
measurements, was known only with large error,
the relation between the angle of the scattered
proton and that of the recoil proton was required
to be fulfilled as in elastic scattering. The error
in measuring the track length of the recoil proton
R did not exceed 5%.

In order to determine the angle of the recoil
proton, it is necessary to know the direction of
the proton and the direction of the primary par-
ticle. Since the angular half-width of the beam
of incident particles was ~ 0.2°, the direction of
the beam was taken as the direction of the incident
particle. In order to determine this at a given
point in the emulsions, the angle of incident par-
ticles was measured from the values of projections
along x and y axes. The x and y axes were
chosen along lines marked by light, which were
parallel to these axes to within 0.1 — 0.2°. Meas-
urements at a given point were carried out in 37
layers. Because of distortion of the emulsion,
these measurements in different layers did not
reproduce the same value for the angle, and were
distributed with a half-width of ~1°. The mean
value of the angle gave the true direction of the
beam through the given point. The beam direction
was determined at five such points — on the edges
of the working zone and in the middle. The values
obtained agreed to within 0.2°, the main error in
determining the angle of the recoil proton came
from inaccuracies in measuring the angle of dip.
This error did not exceed 1 —1.5° on the average,
except for cases where the recoil proton had a

short track-length (< 500u).
Measurement of the angle ¢ of the scattered

proton was carried out in two ways: 1) by measur-
ing the angle between the mean direction of the in-
cident particles and the scattered proton. This
method gave an average accuracy of the order of
the half-width of the beam, i.e., 0.2°. 2) Near the
scattering act, at a distance of 20 —30u, one track
of a noninteracting incident proton was chosen for
calibration. To determine the scattering angle y,
four measurements of the projections along the x
and y axes in the plane of the photoemulsion of
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the line between the calibrating track and the track
undergoing scattering were carried out. Two meas-
urements were made before the scattering ~ 2000
apart (through five plates) and two, at the same
distance following the event. The projections were
measured to an accuracy of ~1u. This made it
possible to measure the scattering angle to an ac-
curacy of 2'—3’.

In determing the scattering angle i, effects of
multiple scattering can be neglected. The error
in the determination of the thickness of the layers
was also small. In order to avoid errors, inde-
pendent measurements were carried out simultane-
ously, relative to three calibrating tracks. It is
possible to determine the angle of noncoplanarity
from these measurements, knowing the direction
of the recoil proton. The error in 7y is determined
mainly by the error in the angle of the scattered
proton, and depends on the magnitude of this angle.
Thus, Ay=3° for »=1° if Ayp=3’.

Out of 451 two-pronged stars, 170 were dis-
carded, since they obviously did not satisfy the
selection criteria. For the remaining events,
measurements of the track length R and angle ¢
of the recoil proton were carried out. All meas-
urements were duplicated. Then the angle of the
scattered proton was measured in the first way.
These measurements were also duplicated. For
a final separation of the elastic scattering cases,
the angle ¢ was measured in the second way, i.e.,
to an accuracy of 2'—3’.

SELECTION OF CASES OF SCATTERING BY
FREE PROTONS

One can try to estimate the expected contribu-
tion from quasi-elastic cases which would be
counted as scattering by free hydrogen. It is well
known!® that the distribution of protons in the nu-
cleus with momentum is near to exp {— (p% +p§,
+pg )/p%} , where py corresponds to an energy of
~ 20 Mev. The distribution of the projections of
the proton momenta on an arbitrary axis will have
the same form, with a p, corresponding to ~ 7
Mev.

We consider the influence of three mutually per-
pendicular momentum components on the kinematics
of elastic scattering, if the x, y plane coincides
with the scattering plane, and x is the direction
of the initial proton. A momentum component px
causes a violation, in the main, of the first crite-
rion (R and ¢), a component py, of the third
criterion (R and ¢) and p, destroys the co-
planarity.

On Fig. 1 is shown the dependence of the angle
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¢ of the recoil proton on its momentum for elastic
proton-proton scattering, with momentum px =0,
+20, 42 Mev/c. Within the intervals 0 — 20 Mev/c
and 0 —42 Mev/c, fall 20 and 40%, respectively, of
all quasi-free protons. From the figure it is clear
that with the given accuracy of 3% in measuring the
momentum and of 1 —1.5% in measuring the angle
of the recoil proton, it is possible to segregate at
least 80% of the cases of scattering by quasi-free
protons using the first criterion. It is easy to show
that with the second and third criteria it is also pos-
sible to segregate independently ~ 80% of the cases
of scattering on quasi-free protons. Consequently,
with the given accuracies of measurement, the con-
tribution from quasi-elastic events will be on the
order of a percent in the number of cases selected.

For each case that was measured, the errors in
the measurement were estimated, and cases satis-
fying the kinematics within three standard errors
were retained. Distributions for these cases
plotted against |A¢ |, T =|y/Ay| and |Ay| are
given on Fig. 2. From Fig. 2a it was found that the
root mean square error in the measurement of the
angle ¢ was ~1.5°. From the distribution of the
selected cases with I, it is clear that the errors
in the angles of noncoplanarity were correctly es-
timated.

The distribution of cases with |Ay| is given
in Fig. 2c. For this histogram, cases were se-
lected in which the recoil proton stopped and where
the kinematics were satisfied to within three root
mean square errors in the first two criteria. Cases
of scattering on quasi-free protons with momentum
Py fall in this figure, since these cases are not
segregated by the first two criteria. A consider-
able proportion of these cases fall in the region
|Ap| > 12’ (i.e., beyond three times the half-width
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under the assumption that the differential cross
section in this interval is equal to the mean differ-
ential cross section in the interval 2.5 —6.3°. Cal-
culations show that the influence of Coulomb scat-
100 . tering on the differential cross section for angles

0

oo 1A 5'0 : 20 I“}O larger than 2.5° was negligible. To evaluate the
9’”. 4 c effect of Coulomb scattering for the angles less
than 2.5°, much better statistics would be neces-
15 - - - - sary.
by 20Mevfe ¥ 42Mev/s Hy 67Mev/e # 102 Mevjc

On the basis of estimates of the contributions

U of quasi-elastic cases, omission of cases of scat-
; tering through small angles, and efficiency of scan-
g ning, the total number of cases of elastic scatter-
0 n N . N ing on free protons turned out to be equal to 73.9
o8 s w ou o w s ow + 9.1. Thus, the cross section for elastic scatter-
lagl ing was found equal to
FIG. 2. a: distribution of cases of elastic scattering 35, = (8.4 1.1) mb.

with |AQ|, where A@ is the difference between the mea-
sured angle of the recoil proton and the angle correspond-
ing to its track length according to the kinematics; b: dis-
tribution of cases of elastic scattering with I, where

I" = |y/Ay|, y is the angle of noncoplanarity and Ay, the 40/d%2, mb/sterad

According to reference 16 the cross section

error in it; c: distribution of cases chosen by the first two [
criteria (R vs @ and coplanarity) vs |Ay|. P
of the distribution), where there are no cases of 180 +
scattering on free protons. From the number of
such cases it is possible to estimate the contribu- 80
tion of quasi-elastic cases of scattering and other wob [
cases belonging to the background in the region
| Ap| = 12’. This contribution was ~ 2%. 20t
00 v
RESULTS I
The selection criteria were satisfied, within the “ I
limits of three rms errors, in 66 cases. Of these, 60 ¢ ==_
in only two did the recoil proton leave the emulsion wl N ‘\Z\
camera. ™S -
The angular distribution in the center of mass ar s
system for the cases in which the angles were i i ; .
= 6.3° is given in Fig. 3. 0 1 4 R N
Within the range 0 —2.5° a somewhat smaller
number of cases was observed than in the neighbor- FIG. 4. Differential cross section for elastic scattering of

ing intervals. This probaf)ly resulted from the fact 8.5-Bev protons by protons in the c.m.s. The dashed line in

that some of the cases in which the path length of the first interval indicates the differential cross section with-

th il ¢ R < 10 . d in th out correction for the omission of cases at small angles. Curves
€ recoil proton . p were missed in the 1 and 2 were calculated from the optical model for a purely ab-

scanning. Therefore, in the angular interval 0 — sorbing proton and different assumptions about the dependence
2.5° a correction of 3.4 + 1 cases was introduced, of the absorption coefficient on radius.
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for elastic scattering at E = 9 Bev is equal to
(10 + 4) mb.

The differential cross section for elastic p-p
scattering in the c.m.s. is given on Fig. 4 in the
form of a histogram. The solid curve was con-
structed from the data of Barashenkov and Euang
Nen-Ning.! In their work the optical model was
employed and, for energies of the incident proton
greater than 5 Bev, the index of refraction was
assumed to be unity, and the dependence of the co-
efficient of absorption on radius was taken from
the work of Grishin.! The dashed curve was cal-
culated for the model of a purely-absorbing disc
with constant coefficient of absorption. In this,
the total proton-proton interaction cross section
was taken equal to 30 mb.!7

The differential cross section obtained cannot,
apparently, be made to agree with the model of a
purely absorbing proton. According to this model,
with neglect of spin, the differential cross section
at 0°, as obtained from the optical theorem, is

(do [ dQ)ge = (kog/ 4m)?,

where k is the wave number of the colliding pro-
tons in the c.m.s. and ot is the total cross section
for p-p interaction. For ot = 30 mb, the differ-
ential cross section at 0° is equal to 57 mb/sterad,
whereas, from Fig. 4 it can be seen that in the re-
gion near to 0° the differential cross section is
significantly greater.

Optical-model calculations can be made to agree
with experimental results if one assumes that the
index of refraction is different from unity, i.e.,
there is potential scattering. It is possible that
agreement would also be obtained if the interaction
cross section were assumed different in the singlet
and triplet states. The present work is being con-
tinued, and a more detailed analysis of the experi-
mental data will be made after better statistics
have been obtained.
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