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Small-angle elastic p-p scattering at 30, 50, and 70 Gev
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A thin polyethylene target was exposed to the internal proton beam of the Serpukhov acceler-
ator at 30, 50, and 70 GeV. The wide-angle recoil protons were registered by photoemulsion
stacks and the differential cross sections of the elastic p-p scattering in the range of four-
momentum transfer squared 0.0025 ~

~t ~

~0.12 (GeV/c)2 were measured. The ratio of the real
to the imaginary part of the forward nuclear amplitude e, the slope parameter of the diffrac-
tion peak b, and the total elastic cross section o,&

were found to be as follows: at 30 GeV,
n= -0.183+0.051, b = 10.61+0.27 (GeV/c), Oei—- 7.7~0.2 mb; at 50 GeV, n= -0.068+0.040,
5 = 11.25 + 0.28 (GeV/c)

&
0'e& = 7.0 + 0.2 mb& at 70 GeV& &= —0.104 + 0.065& b = 11.21 + 0.40

(GeV/c) 2, O,i
——7.1 + 0.2 mb.

I. INTRODUCTION

During the last ten years many experiments
have been performed to study small-angle elastic
P-P scattering at the high-energy accelerators.
The differential cross sections in the range of
four-momentum transfer squared ~

t ~& 0.2 (GeV/c)'
give information about the slope of the diffraction
peak (5), as well as the ratio of the real to the
imaginary part of the forward elastic P-P nuclear
amplitude (n). The smallest ~t ~

value accessible
for measurement of the differential cross section
is an important feature of these experiments. In
the region of

~
f

~
= 0.003 (GeV/c)' the nuclear and

Coulomb amplitudes are comparable. Measuring
the differential cross sections in this region one
can observe the interference between both ampli-
tudes and one can therefore determine the mag-
nitude and the sign of n.

Various kinds of magnetic spectrometers were
used for investigations with external proton
beams' ' and with the colliding beams at CER¹' '
For the case of internal proton beams a method
was developed for detecting the wide-angle recoil
protons scattered from an internal thin polyethy-
lene target. ' ' Recently a substantial improve-
ment of this method was made. A hydrogen or
deuteron gas-jet internal target and silicon solid-
state detectors were used on-line with a computer
at the Serpukhov"'" and Batavia"'" accelerators.

The knowledge of the energy dependence of b and
u up to the highest available energies is of great
importance. The experimental data can be com-
pared to the predictions of the dispersion-relation
theory, the Regge-pole model, the quasipotential
approach, and some other models of the strong-
interaction behavior at high energies.

In this paper we report our results on the mea-
surements of the differential cross sections of

elastic P-P scattering at 30, 50, and 70 GeV in
the range of four-momentum transfer squared
0.0025&

~
t ~& 0.12 (GeV/c)'. In addition, the re-

sults for the ratio of the real to the imaginary
part of the forward nuclear amplitude, the slope
parameter of the diffraction peak, and the total
elastic P-P cross section at these energies are
given.

II. EXPERIMENTAL METHOD

The layout of the experiment is shown in Fig. 1.
An internal thin polyethylene target (T) was used
in one of the linear sections of the Serpukhov ac-
celerator. It was 10 mm wide (along the proton
beam), 20 mm long, and about 1 ij.m thick, and

was supported by 7-p.m-thick glass fibers. The
secondary particles, including the recoil protons
from the elastic P-P scattering coming out from
the target in the laboratory angle range 79 -90,
were registered by four photoemulsion stacks
(A, B, C, D). They were 3.59 m away from the
target in an evacuated channel. Three scintillation
counters (M) were used to choose the appropriate
conditions of the exposure and to monitor the in-
cident proton beam.

The small thickness of the target was chosen in
order to decrease the multiple Coulomb scattering
of the recoil protons and their energy losses in
the target. Due to the small target mass (about
10 ' g) the incident proton beam could pass through
it several thousand times. Because of that, only
a few cycles of the accelerator were enough for
a suitable exposure.

Stack A consisted of only one 200-p. m-thick
photoemulsion pellicle with a surface of 10&20
cm'. In order to increase the precision of range
measurements the pellicle was a diluted emulsion,
which after the processing had a shrinking coef-
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ficient of about k = 0.7. The stack had such a posi-
tion that it registered the secondary particles
scattered in the laboratory angle range 87'-90 .
They entered into the stack perpendicularly to the
pellicle surface. The recoil protons from the
elastic P-P scattering in this angle region have
ranges less than 150 p, m, and they all stop in the
emulsion pellicle. To determine the diff erential
cross section at a given laboratory angle a thin
strip on the emulsion surface, 2 mm wide and 5
or 10 mm long, was scanned twice by microscope
with an optical magnification of 8&& 60. All parti-
cles stopping in the emulsion were registered and
their ranges were measured. In the range dis-
tribution of the particles there is a well-pro-
nounced peak corresponding to the wide-angle re-
coil protons from the elastic P-P scattering. The
number of particles in the peak after the subtrac-
tion of the background is considered as the number
of the elastic events. The so-called combined
background was determined using the ranges out-
side the peaks, as well as the ranges measured in
strips, where particles scattered from the target
at laboratory angles greater than 90 were regis-
tered and no elastic recoil protons were present.

Stack B consisted of a few 600-p, m standard
emulsion pellicles of type NIKFI BR-I with a
surface of 10&15 cm'. The particles coming out
from the target in the laboratory angle region
85.0'-86.5' were registered. They entered stack
B perpendicular to the pellicle surface. In this
angle region the recoil protons have ranges less
than 1000 p, m; thus only the two top layers of the
stack were used for scanning and measuring the
ranges of the stopping particles.

Stacks C and D consisted of about 30 standard
photoemulsion pellicles with a surface of 5& 15

cm' and a thickness of 600 p, m. The secondary
particles entered the stacks parallel to the emul-
sion surface. They registered the particles scat-
tered from the target in the laboratory angle re-
gions 82.0 -83.7' and 79.2'-81.0, respectiveiy.
To determine the differential cross section at a
given laboratory angle the scanning was performed
on a thin strip 2~ 10 mm' along the particle ranges
and centered at the end of the recoil protons. All
secondary particles stopping in this strip were
registered and their ranges were measured.

About 20 differential cross sections were mea-
sured for each of the incident proton energies
(8—9 cross sections in stack A, 4-5 in stack 8,
4 in stack C, and 4 in stack D). The range dis-
tributions of the particles, as well as the back-
ground for some of the peaks at 30 GeV incident
proton energy, are shown in Figs. 2 and 3. Sim-
ilar distributions were obtained for 50- and 70-
GeV incident proton energies.

The background particles are due mostly to the
evaporation of the carbon nuclei of the target and
to the quasielastic scattering in these nuclei.

The widths of the peaks observed are due mainly
to the following reasons: (1) the incident proton
angle distribution, (2) the fact that the target is
not pointlike, (3) the multiple scattering of the re-
coil protons in the target, and (4) the measure-
ment errors and the straggling in the emulsion.
For the peaks of the recoil protons with ranges
less than 1000 p, m the main reason is the third
one.

The angle and momentum resolution of the ex-
periment were about 3 mrad and 3 MeV/c, re-
spectively. Because of this high resolution the
contribution of the quasielastic P-P scattering in
the carbon nuclei was estimated to be about 2~/o,
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FIG. 1.. Simplified layout

of the experimental arrange-
ment.
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which is less than the statistical error of our
experiment.

The double-scanning efficiency for the long
ranges was very high. A correction of the elastic-
event number was done only for recoil proton
ranges less than 100 p, m. It was 12% for ranges
of Jt = 30 p, m, 5% for 8 =40 p, m, and 2/o for 8
=60 p. m.

The ratio (r) of the elastic events to the back-
ground particles depends on the wide-angle re-
coil proton ranges. For instance, at 30 GeV it
changes for stackA. from r =0.7 to r =1.4, for
stack B from x = 3.6 to r = 7.9, for stack C from
x = 8.4 to x = 9.4, and for stack D from r = 6.4 to
r =6.7.
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III. EXPERIMENTAL RESULTS

The numbers of all secondary particles reg-
istered and measured and those of elastic events
found for each of the incident proton energies are
given in Table I. The statistics of the elastic
events in stack A were increased about 50% com-
pared to our preliminary results published earl-
ier "

The experimental data for the differential cross
sections in relative units were fitted to the well-
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FIG. 3. Range distributions of some peaks at 30 GeV
in stacks C and D, corresponding to I; = —0.0413, -0,0648,
-0.0873, and -0.1189 (GeV/c)2.
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where C is a normalization parameter, n
=A„(0)/AI(0) is the ratio of the real to the imagin-
ary part of the forward nuclear amplitude, A~(t)
= (v...'/16@'h')exp(-,' bt) is the imaginary part of
the nuclear amplitude, Ac(t) = (2e'v w/Pc ( t()
x&c(t) is the Coulomb amplitude and
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TABLE I. Numbers N& of the differential cross sec-
tions measured, N2 of the elastic events found, and N&

of the secondary particles registered, at each of the
incident proton energies.

50 &00 re ZOO

~ (~m)
2M (GeV) N2

FIG. 2. Range distirbutions of some peaks at 30 GeV
in stacks A and B, corresponding to t = -0.0036, -0.0049,
-0.0060, -0.0131, -0.0148, and -0.0179 (GeV/c)2.

30
50
70

21
23
21

34 545
33 240
20 696

93 587
95 324
68 318
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FIG. 4. The differential cross sections of the elastic
p-p scattering at 30, 50, 70 GeV. The solid lines are
the fits of Eq. (1) with C= 1.

is the proton electromagnetic form factor, with"
GE = 1+2.77t. The phase between the Coulomb
and the nuclear amplitude is given by"

(the value ot a is taken from Ref. 17).
The differential cross sections normalized to

the optical point are shown in Fig. 4. The curves
are the fits from Eq. (1). The normalization
parameter C, the ratio Q. of the real to the imagin-
ary part of the forward nuclear amplitude, and
the slope parameter b of the diffraction peak are
given in Table II. There are also shown the y'

values per one degree of freedom. The results

FIG. 5. The ratio & of the real to the imaginary part
of the forward p-p nuclear amplitude as a function of
the energy. The curves are dispersion-relation calcu-
lations (Ref. 13) assuming that (i} &&(pp) and. &&(pp) in-
crease as ln~(s/122), (ii) o&(pp) is constant for & & 120
GeV at 38 mb, (iii) o& (pp} becomes constant above 2000
GeV at 43.5 mb. In each case it is assumed that &&(pp)
approaches &&{pp) as &

for two other cases, where b or n were taken as
fixed parameters, are given too.

The data obtained for n along with data of other
experiments are plotted in Fig. 5 against the in-
cident proton energy. Our results are in agree-
ment within the error limits with the correspond-
ing energy points of the other experiments. The
dispersion-relation prediction for n assuming an
increase in the P-P total cross section at least up
to 2000 GeV is consistent with the experimental
data upt to 500 GeV."

Our data for b along with other data are plotted

TABLE II. Ratio (o. ) of the real to the imaginary part
of the forward nuclear amplitude and the slope of the
diffraction peak (b) of the p-p elastic scattering at 30,
50, and 70 GeV.

PV
I

CJ

(Ge V)

30 I 0.846 + 0.033
II 0.847 + 0.016
III 0.947 + 0.010

0.183 + 0.051
0.181+0.033
0 fixed

10.61 + 0.27
10.62 fixed
11.48 + 0.18

20.9/18
20.9/19
40.0/19

b

[KevA) 'j X'/D. F. -9

-8

X TH I S E X P ER IMENT
O Ref. 4
~Ref. 5
~ Ref. I 2

+ Ref. II

Q Ref. 2

50 I 1.013+ 0.027
II 0.999 + 0.014
III 1.055+ O.G11

70 I 1.008 + 0.043
II 1.025 + 0.020
III 1.066 + 0.016

0.068 + 0.040
0.085 ~ 0.028
0 fixed

0.104 + 0.065
0.081 + 0.042
0 fixed

11.25 + 0.28
11.09 fixed
11.53 + 0.19

11.21 + 0.40
11.40 fixed
11.72+ 0.27

32.6/20
32.9/21
24.8/21

27.4/18
27.6/19
30.4/19

S 20 50 t00 200 500 |000 2000 5000
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FIG. 6. Slope of the diffraction peak of the elastic P-P
scattering as a function of the square of the c.m. energy.
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in Fig. 6 against the square of the c.m. energy
(s). The results obtained for b at 30, 50, and 70
GeV are in agreement with the data of other ex-
periments. The parameter b is increasing with
s. According to the optical model the radius of
the P-P interaction is related to b, 8 = 2A&b;
therefore the radius increases with energy too.
The energy dependence of b for 8& 100 GeV' can
be parametrized with the expression

b(s) =b, +2m'ln(s/s, )

following from the one-Regge-pole model, where
u' is the slope of the Pomeron trajectory. The
fit of the experimental data" to Eq. (2) gives
b, =8.23+ 0.27 (GeV/c) ' and o. '=0.278+ 0.024
(Gev/c)-'.

The total elastic cross sections were determined
using the formula

2 - Oe 12

g, =(1+a') '"' —, exp(bt)d~ t
~

7T O

Oe81

+ exp(bt+ct')d~ t ~, (3)
Oe 12

where" c=2.5 (GeV/c) '. They turned out to be
7.7+0.2 mb at 30 GeV, 7.0+ 0.2 mb at 50 GeV, and
7.1+0.2 mb at 70 GeV.
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