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Experiments on triple scattering of protons are described and the results of measurement of
the spin correlation coefficients Cpy for 640-MeV protons elastically scattered by protons

are presented for a number of ¢c.m.s. angles other than 90°.

On the basis of the experimental

data obtained in the present work and available in the literature, the moduli of the pp-
scattering amplitudes are qualitatively determined in a broad angular range 50° < § < 130°

and their relative contributions are given. The values of the singlet and triplet cross sec-
tions for some angles are also determined. The phase shifts for a pp-system at the indicated

energy in singlet states are estimated.
1. INTRODUCTION

THE present work is one of a set of experiments
carried out with the synchrocyclotron of the Joint
Institute for Nuclear Research in accordance with
the program for a complete experiment on np and

pp scattering 1,2 to determine the nucleon-nucleon

scattering matrix at 640 MeV. At the same time
it represents the second part of a work we did on
the measurement, at the indicated energy, of the

correlation of the normal polarization (the param-

eter Cpp) in pp scattering. In the first part of
this investigation the value of Cpn was found for

an angle 90° in the c.m.s. [3]; in the present inves-

tigation this parameter is determined for angles

54 and 72° and, accordingly, for their complementary

angles 126 and 108°.

Since this experiment completes in a certain
sense a definite stage in the program of experi-
ments on pp scattering at 640 MeV, the measure-
ment of Cp yields even now (together with other
data as will be seen later on) appreciable new in-
formation on pp scattering at this energy without
resorting to phase-shift analysis. At the same
time, since each of the values of Cpy yields,
roughly speaking, an independent relation between
the phase shifts of the waves participating in the
scattering, in a future phase shift analysis of the
entire aggregate of data on the pp scattering data
on the parameter Cpp can yield valuable informa-
tion on the scattering phase shifts, and can also
serve as a criterion for the choice of the most
probable solution.
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Experimental setup

2. EXPERIMENTAL SETUP

The setup for the measurement of the parameter
Cnn is shown in the figure. An unpolarized proton
beam with energy 640 MeV, formed by a quadrupole
lens and two collimators (20 mm in diameter),
was incident on the first target, which was a cylin-
drical vessel with liquid hydrogen (H,). The
proton flux density at the location of the target
usually amounted to (3—3.5) x 103cm2/sec; as
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Table I
ec.m.s., Threshold en'ergies Lﬁ‘tzx::éna;gé:titc;gf:’s Angles qf second
deg of telescope; MeV g/cm? scattering, deg
Ep Ep Tr TR 9 SR
54+3 270 140 Al; 38 C; 8.0 10+2.5 | 14+2.5
72+3 390 130 C 21 C; 6.0 114+2.5 | 14+2.5
Table II
Oc.m.s.: Chn (®) € (0) P ® Pp (®
deg
54 0,574+0.14 0.15+0.04 0.4040.03 0.68+0.05
72 0.65+0.15 0.224+0.03 0.55+0.07 0.62+0.07
90 0.93+0,21 [3] 0.26+0.04 0.51+0.06 0.5440.06
108 0.65+0.15
126 0,57+0.14

shown by control experiments carried out during
the preparation for each series of measurements,
the beam was sufficiently homogeneous at the
place where it struck the target.

The protons elastically scattered by the first
target passedthrough collimating slots in the local
shield, were registered by counters 1/L and 1/R,
and after being scattered by analyzer targets T,
and Tgr were detected by the counter groups
213141, and 2R3R4R- The geometry of the second
scatterings, the material, and the thicknesses of
the scatterers Ty, and TR are indicated in
Table I.

The cross connection used in the present work
of counters 1y and 1y, with the telescopes
(213141,) and (2R3R4R). as shown in the figure,
made it possible to separate the cases of elastic
pp scattering against the background of the intense
inelastic-scattering processes more effectively
than in the connection which we used earlier [3J.
The parameters of the coincidence circuits CCr1,,
CCR; and CC; remained essentially the same as
before.

3. CALIBRATION EXPERIMENT

In elastic scattering of protons by 640-MeV
protons both scattered beams have a rather large
polarization. This circumstance was used to cali-
brate the analyzing abilities of targets Tp, and TR,
which was carried out simultaneously with measure-
ment of the correlation asymmetry. The analyzing
abilities Py, and PR of the targets Ty, and TR
of second scattering were determined by the usual
method, of observing the right-left asymmetry in
the second scatterings. In calculating Py, and PR

the data on polarization in pp scattering employed
were those obtained by Meshcheryakov, Nurushev,
and Stoletov [4J. The values obtained for Py, and

PR are listed in Table II below.

4. CORRELATION ASYMMETRY AND THE
COEFFICIENT Cpp

The value of the correlation asymmetry was
determined from the known formula

;N +Npp—Nig—NpgL

TN+ NRrF Negt+Npp

where N1,1, NRR, etc. are the counting rates, cor-
rected for the background, of the coincidence cir-
cuit CC; at the corresponding positions of the tele-
scopes that measure the counting rates in the
second scatterings. The apparatus background in
the measurements of Ny, NRR, etc is determined
in the manner similar to that used in our earliest
work [37. The corrections for the random coin-
cidences in the circuit CC; were measured with a
delay line connected in one of its channels. Ran-
dom coincidences in the CC; circuit were negli-
gibly small when delays in the channels with
counters 11, or 1p were introduced, and were
disregarded in the calculations !’ In the measure-
ments of N11,, NRR: etc at different angles the
summary background determined in this manner

DIn measurement of the background of the random coin-
cidences, the lengths of the lines used for pulse delay were
chosen on the basis of the known time structure of the proton
beam extracted from the accelerator.
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fluctuated between 15 and 30 per cent of the total
counting rate of the CC; circuit.

To determine the true correlation asymmetries
€, small corrections €g5]5¢ Were introduced into
the experimentally obtained values of €’ to account
for the false correlations due to the geometry of
the setup. The values of the false correlation of
symmetry for different angles were:

Oc.m.s., deg: 54 72 90

€eatse (O): —0.014+0.01 0.0140.01  0.01+0.004

Table II lists the values of the correlation
asymmetry €(0) = €' (6) — €515 (6) and the
values of the coefficient Cp,(6), calculated from
the formula Cpp = €/PL,PR. The same table gives
the value of Cpp for the angle 6, ., o = 90°, which
we have determined previously. The values
Cnn (126°) and Cpp (108°) listed in the tables
were taken to be equal to Cpp (54°) and Cpp (72°),
respectively, in view of the symmetry properties
of the parameter Cpp ()['3 in pp scattering.

5. DISCUSSION OF RESULTS

The completion of the measurements of the
angular dependence of the parameter Cpp makes
available for analysis data from a large number of
independent experiments on pp scattering, carried
out with 640-MeV protons: o (8) [33; Cpp, P () [43;
D(6), K(0)'¥; iy (90°) L35 R(0) 18 ete. This
circumstance, and also the definite success attained
by Kazarinov and silin[®J, who made a phase-shift
analysis of data on nucleon-nucleon scattering in
the energy region below the meson production
threshold, enabled us to start a phase-shift analy-
sis of the entire aggregate of experimental data at
640 MeV (Zul’karneev, Lapidus, Silin).

However, at the present stage of the experi-
ments, on the basis of processing of the available
material and before the phase-shift analysis is
performed, it is already possible to advance in
definite fashion and to proceed to a direct deter-
mination of the amplitude of the pp scattering and
a determination of the elements of the scattering
matrix at the indicated energy. We present below
the results of the data analysis performed.

A. Determination of the values of the squares
of the moduli of the amplitudes of pp scattering.
In the Oehme representation [10]the elastic pp-
scattering amplitude is written in the form

M = +{(a+ b) + (a — b)(a:n)(e3n)+e (3,4 a)n+(c+d)
x (a;m)(a;m) + (c — d) (3:1)(a:1)}. (1)

With M so written, the experimentally measured
values of the elastic pp-scattering cross section
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o (6) and of the Wolfenstein parameters Cpp, D,
etc. are described by the following expression [1]

0 0) =5 (al* + |6 + [c + [dF + [ef),

*
Py =R

Can = g IaP — 6] —|c P + |4 + e ),

D(0) = 5 (e + [6F —[cf —[d + [e]),

K®) = sy lal? —[6F + |cF —[d + ef).

Simultaneous solution of this system of equations
using the experimental data of our work and of the
previously indicated investigations has made it
possible to calculate the square of the moduli of
the pp-scattering amplitudes and to determine
their relative contributions to the cross section at
different angles. The results of the calculations
are listed in Table III. '

It can be seen that the strongly predominant
contribution to the pp-scattering cross section in
the entire considered angle interval is made by the
terms |a|?+ |e|% where e is the term respon-
sible for the spin-orbit interaction. For 90°, the
contribution of the term e is particularly large
(on the order of 90 per cent, as was already noted
earlier (7). The contribution of the terms |d|?
at practically all angles, and of the terms |c |2 at
angles 6 = 90°, is small. This makes it possible
to determine the amplitude of the pp scattering
(1) for angles 90° = 6 = 50° approximately only
from the first three terms, which can subsequently
simplify the analysis.

B. Determination of the moduli of the matrix
elements. The available experimental data enable
us to find for certain scattering angles the moduli
of the matrix elements | Mgg(6)| of the scattering
matrix (the Stapp representation E“]) and to de-
termine at 640 MeV the cross sections of the
singlet pp-scattering og (8) = (Y4) | Mgg (6) |2
For 90° this cross section is also determined
directly from the relation og (90°)
= (Y5)[1 = Cnn (90°) lopp (90°) and amounts to

0, (S0°) = (0.07 4 0.2) 10~ cm?,
since, according to our data (Table II).
Cnn (90°) = 0,93 £ 0.21,
and
Opp (90°) = (2.1 + 0.2) -10-# cm? [°].
The cross section in the triplet is

64 (90°) = 0, (90°) — 05 (90°) = (2.0 & 0.3)-10-27 o2,
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Table III
Ocomes.r | lalz+ler [bl lep lde la—ep
deg. 26 (9) 26 (9) 26 (8) 20 (V) 26 (9)
54 0.7840.09 0.21+0.08 0.0040.08 0.00+0. 0.4240.09
72 0.66+0.07 0.19+0.07 | —0.02%+0.07 0.17+0. 0.53+0.07
90 0.9520.08 0.02%0.05 0.02-+0.05 0.02+0. 0.95+0.08
108 0.660.07 | —0.02-+0.09 0.19+0,09 0.17%0. 0.79+0.07
126 0.78+0.09 0.00+0.07 0.21+0.07 0.00+0. 1.14+0.09
We note that in a recent analysis of the experi- Table IV
mental data on pp-scattering, including measure- 5R, deg
ments of the parameter R (90°), the value ob- E., MeV
tained for | Mgg(90°)| at 640 MeV was *So *D:
(0.24 + 0.11) x 10" Bcem [8), This leads to a cross
section 40 44.5+1.9 | 1.484-0.18
R 90 29.2i1.63 1.12+1.98
%) = o .10~ 147 16.80+0.63| 7.07+0.23
05 (90%) = (0,14 £ 0.13) 10~ em’, 210 4.52+0.50| 7.14+0.19
. . . . 310 —7+1.8| 11%0.6
which agrees within the limits of error with the g40f solutional —30+7° | —7.5+5
{ 40+6.5 | 7.5%5

cross section directly obtained from Cpp (90°).

Inasmuch as in accordance with experiments Ce]
the depolarization parameter D for the angle 54°
is close to unity [D(54°) = 0.99 £ 0.25], then by
putting D (54°) = 1 in Stapp’s expression 01 for
Cpn and D in terms of the matrix elements, we
are able to estimate the value of the singlet
matrix element for this angle. Under these condi-
tions we get

| Miss (54°) P={1 — Crn (54°)}-0,p(54°).

Hence, using the value of Cpp, (54°) which we de-
termine, we get

| Mss (54°) | = (0.40 & 0.07)-10-2 cm.
This gives a singlet cross section

04(54°) =(0.4+0.14) . 10-27 s

The cross section of the pp scattering in the
triplet states for this angle amounts to

0 (54°) = (3.3 £0.2)-10-7 cm?
inasmuch as
Opp (54°) = (3.7 £ 0.2)-10-2" cm? [3].

Worthy of attention is the fact that the contribu-
tion of the singlet scattering to the total scattering
cross section at a given angle, observed as the
scattering angle decreases from 90 to 54°,
increases appreciably.

C. Estimate of singlet phase shifts. We have
further attempted to estimate the phases of the
singlet pp scattering at 640 MeV. This was done
under the assumption that the contribution of the
partial waves with I = 4 can be calculated in the
one-meson approximation. In these calculations

solutionb |

the phase shifts !S, and !G,, etc were assumed
to be real, and the modulus of the S matrix for
I = 2 was taken from the theoretical paper by
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Soroko,[n], worked out earlier in our laboratory

and devoted to the processing of data obtained in
the study of the reactions p+p— 7" +d, p +p

— 7" +n+p,and p+p— 7"+ p + p on polarized

and unpolarized proton beams. The numerical

values of the real parts of 6R of the phase shifts

of the waves S, and D, (in the notation of the
paper by Kazarinov and Silin £9] ) determined on
the basis of the previously given values of

| Mgg (6) |2 for 54° and 90° are listed in Table IV 2,

To illustrate the variation of these phases with

energy, the same table lists also their values for

energies smaller than the meson-production

threshold (set 1 from[9).

The authors are grateful to N. I. Solntsev for

help with the measurements.

Note added in proof (December 10, 1962). After the present

article went to press, Zul’karneev and Silin made a phase-shift
analysis of all the experimental data on elastic pp scattering

at 660 MeV (Preprint, Joint Inst. Nuc. Res. D-1107, 1962).

Our estimates of the singlet pp-scattering phase shifts for 640
MeV (Table IV) and the values of the parameter A(z/2) pre-

dicted in [*] agree with the values obtained by Zul’karneev

and Silin.

DA more detailed description of the procedure for calcu-

lating these phase shifts, will be presented in another paper,

devoted to an attempt at a phase-shift analysis of all the

available data on pp scattering at 640 MeV.
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