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A high-pressure diffusion cloud chamber was employed to study the scattering of 630 Mev
protons on helium nuclei. The total, elastic, and inelastic cross sections were measured

and found to be equal to (150 = 13) x 10727 ¢cm?,

2

(24 £5) x 107%" cm?, and (126 + 14) x 107"

cm®, respectively. The angular distribution for the elastic scattering can satisfactorily be
described in terms of the optical model using a complex potential with VR = 30 Mev, Vp
=—(34 +4), and R=1.45x 10" cm. Quasi-elastic proton-proton scattering and quasi-
free proton-neutron interaction events were singled out. The cross sections for these re-
actions are (15 +2) x 107%" ¢m? and (24 + 2) x 10727 cm? per nucleon, respectively. It is
demonstrated that, in 20% of the events, either a cascade develops or the primary particle =
experiences a collision with a group of nucleons. Events involving 7~ meson production in
pn collisions were treated separately, and it was established that the cross section for this

process is (1.3 + 0.5) x 10727 cm? per neutron.

INTRODUCTION

A series of investigations devoted to the inter-
action of nucleons with the helium nucleus is being
carried out at present. These experiments pro-
gress along two main directions. The first of
these is related to the study of the structure of
the He! nucleus. Among the structural properties,
main attention is paid to the study of the nuclear
size and the intranuclear nucleon motion,1 as well
as to a search of excited states.?>™® Among re-
search along this same direction belong also the
experiments of Blankenbecler and Hofstadter on
the charge distribution in the nucleus.’ For re-
search along the second direction, one should re-
fer to the experiments devoted to the study of the
mechanism of interaction of fast particles with the
He* nucleus.®? This nucleus has a sufficiently
complex structure to exhibit the main features of
interactions of fast particles with a complex nu-
cleus in scattering processes and, at the same
time, possesses a not too large number of nucle-
ons, which makes it possible to discern easily the
details of the observed events. Information ob-
tained in such experiments can serve for creating
a basis for the momentum -approximation method
and for the optical model, which describe the inter-
action of fast particles with nucleons.

Although a large number of experiments have
been devoted to the study of the interactions between
nucleons and He* nuclei, only fragmentary data are
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available in the high-energy range (above 300
Mev). In this energy range, only two experiments
have been carried out, those of Chamberlain et al.b
and of Moulthrop.” In the first of these, the polari-
zation and the elastic scattering of 315-Mev pro-
tons were investigated, while the second dealt only
with the processes of 7~ -meson production in col-
lisions of 300-Mev neutrons with He! nuclei.

It should be noted that investigations involving
He! are more difficult as compared to those in-
volving other light nuclei, since it is not always a
simple problem to produce a target of liquid he-
lium. Up to now, only two experiments!’® have used
a liquid helium target.

In the present experiment, measurements on
630-Mev protons were carried out using a diffu-
sion chamber. The method chosen made it pos-
sible to study both the processes of elastic scat-
tering and the inelastic interactions in the same
experiment. In connection with the latter, the pos-
sibility of studying the quasi-free scattering, and
also of obtaining data on the multiple-interaction
processes in a light nucleus, is of greatest interest.

EXPERIMENTAL METHOD

Proton scattering was studied by means of a
diffusion chamber which, together with the auxil-
iary apparatus, has been described in detail in
reference 8. The diameter of the working volume
amounted to 30 cm. The height of the sensitive
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layer was 5 — 7 cm. The chamber was filled with
helium to a pressure of 15 — 20 atmospheres.

A schematic diagram of the position of the ap-
paratus during the experiment is shown in Fig. 1.

FIG. 1. Schematic diagram of the
apparatus: 1-accelerator chamber,
2 —proton beam, 3 -4 m shielding
wall, 4 —magnetic filter, 5 —addi-
tional chamber shield, 6 —diffusion
chamber, 7 —7—-meson beam.

The protons were obtained by means of the syn-
chrocyclotron of the Joint Institute for Nuclear
Research. The particles were taken out of the
accelerator chamber by means of an internal
target. In this way, it was possible at the same
time to work with another array placed in the 7~ -
meson beam emerging from the same target. How-
ever, the proton energy was somewhat lower than
the maximum obtainable in the accelerator and
amounted to (630 + 15) Mev, taking ionization
losses into account.

The proton beam intensity was attenuated in
an appropriate way so that a few tens of particles
impinged upon the diffusion chamber during one
cycle. The protons emerging from the acceler-
ator were deflected at an angle of 19° by a de-
flecting magnet, and then directed through a 3 x
10 cm collimator to the diffusion chamber. The
chamber was placed in a concrete hut with walls
of 0.5 m thickness and which was, in addition,
shielded by lead bricks to decrease the background
of spurious radiation. A photograph was taken
every 15— 20 sec. The stereoscopic camera used
had a basis of 120 mm, and the pictures were taken
from a distance of 800 mm on Panchrom-X film
with sensitivity S;.g; = 1000 GOST units.

IDENTIFICATION OF INTERACTION EVENTS

About 20,000 stereograms were taken during
the whole period of chamber exposure. Interac-
tion events were selected by triple scanning through
a stereoscopic magnifier. As the result of the
scanning, 444 events of scattering of protons on
helium nuclei were found. This number does not
contain six events which were considered as inter-
actions with C or O nuclei contained in methyl
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alcohol. The number of interactions with the nu-
clei of the admixture is roughly in agreement with
the estimated expected number of such events.

The distribution of the interaction events of
protons with helium nuclei, according to the num-
ber of prongs, is as follows:

Number of prongs 1 2 3 4 5

Number of events 0 204 228 8

Better sections of the film were used to obtain
the total interaction cross section. The number
of tracks in these was counted. Taking the neces-
sary corrections into account, the value oy = (150
+13) x 107%" cm? was obtained for the total cross
section.

The measurement of the spatial angles and also
of the length of the tracks was carried out by means
of a projector described earlier.® In several cases,
the specific ionization of the particles was esti-
mated by photometering the tracks by means of
the MPH-4 microphotometer.!?

A large number of reactions can occur on he-
lium nuclei in the scattering of 630-Mev protons.
For convenience of identification, they can be sub-
divided into separate groups according to the cri-
terions for selection and analysis (see Table I).

Reactions of the first group, with the exception
of reaction 4, represent coplanar two-prong
stars, and are recognizable from kinematic con-
ditions of the decay.

The second group of reactions also includes
two-prong stars. The majority of events in this
group consist of the quasi-elastic scattering of
protons or neutrons (reaction 1). Other events,
with the exception of reactions of types 2 and 4,
refer to quasi-free interactions of protons. In the
present experiment, it has not been possible to dis-
tinguish between reaction 1 and other reactions of
this group.

The third group of reactions consists of three-
prong stars, and includes not only the cases of
quasi-free interactions of protons with protons,
but also other processes in which a great number
of nucleons take part in the interaction.

The quasi-elastic proton-proton scattering
(reaction 1) was singled out from the reactions of
this group. The selection of quasi-elastic scatter-
ing events was effected using the corresponding
correlation of the emission angles of the particles,
and also their momenta in the final state. The se-
lection procedure of such events is analogous to
that which has been used in the identification of
quasi-elastic scattering of m mesons on protons,
and which was described in detail in reference 16.
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TABLE 1
Reactio: Serial : Numb.
gr:up " Numl:er Reaction of :ve::s
; e (1"
2 -+ He ¢
I 3 p+Het— nt 4 Heb 0
4 no + Li® 0
1 p + n + Hed
2 nt -+ n - Het l
11 3 p -+ Hed+ n+ + n + He? 1306
4 w0 4 p + Het l
5 =0 + (p, n) + He®
g p+—|—+p(:—5'r~ H; ) 88 (19)*
2 , n n, 2p
L 3 pHet— 1o L Cn, 3p) [
4 p + (2n, 2n) J
1 4 Het_y ® - P+ p+ He? 7(3)**
Vi 2 Pt P tptd 4

Note: Brackets with one star give the number of not completely
certain events out of the total number of identified events. .Brackets
with two stars give the number of events which can be interpreted as
production of a #n° meson with consecutive decay into an electronic
pair and a y ray.

The fourth group of reactions consists of

events referring to the production of =

0 mesons

in p-n collisions. These events, in contrast to
the reactions discussed above, represent four-

and five-prong stars. The results for singled-out

reactions of this group are given below.

In the interaction of 630-Mev protons with he-

lium nuclei, the paired 7 -meson production can

also occur, which can contribute to the number of

four- and five-prong stars. However, it follows

FIG. 2. Photograph of probable event
of paired 7-meson production.

from the experiments of Block and others!? that the
cross sectionfor processes of that type is very small
evenat the energy of 800 Mev, and is not greater tha:
0.8 mb pernucleon. One can assume that the contri-

bution of paired production at 630 Mev is negligibly

small, and it can be neglected in the above classifi-

cation of reaction groups. Only one event which

could be interpreted as a probable case of paired

meson production was found in analyzing the five-

prong stars. A picture of thisevent is shownin Fig. 2
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ELASTIC SCATTERING

The angular distribution of elastic scattering
is shown in Fig. 3. The minimum detection angle
amounted to 5° in the c.m.s. Without a correction
for the range of small angles, the following value
was obtained for the total cross section for elastic
scattering:

cel = (22.044.5) - 107 cm?

From the optical theorem,? one can estimate

the minimum correction to the cross section for
the range of small angles. With the correction,
the cross section amounts to og] = (24.0 £ 5.0)

x 10727 em?, or 0.16 of the total cross section for
the pHe interaction. This result shows that the
cross section of elastic scattering remains prac-
tically constant from 315 to 630 Mev. (The inte-
gration of the angular distribution obtained by
Chamberlain et al.® for 315 Mev gives ogg] = 19

x 10727 cm?.)

FIG. 3. Angular
distribution of elastic
scattering of proton on
helium. The points
represent the experi-
mental distribution at
630 Mev; curve a—ex-
perimental distribution
\ at 315 Mev;® b—angu-
0+ \ lar distribution at 630
\ Mev, calculated accord-
ing to the optical model
with the parameters
V =45 Mev, R=1.45x
10~ cm; c —angular
distribution at 315 Mev
calculated according to
the optical model with
parameters V = 17 Mev,
R =1.90 x 10~** cm.

46/d L, /'0_”cm’/sr
\t

./‘

Estimates of the Coulomb scattering have
shown that it is mainly concentrated in the range
of angles 0 — 5° and, therefore, its contribution
to the angular distribution given above is negli-
gibly small.

Calculations of the angular distribution of the
elastic scattering have been carried out within the
framework of the optical model, using the Born ap-
proximation, and neglecting the spin-orbit and
Coulomb interactions.

The scattering potential was taken as a rec-
tangular well with radius R and depth V
=V |VR[?+|V1|?. The form of the angular distri-
bution, consistent with the experimental data, is
very sensitive to the value of the radius and to the
potential. Acceptable distributions are obtained

for radii in the range (1.3 —1.55) x 10" cm. The
possible values of the depth of the potential well
amount to 40 — 50 Mev. A best fit with experimen-
tal points is obtained for the curve for which V
=45 Mev and R =1.45x 1073 cm (Fig. 3).

If we use the value of the cross section for in-
elastic processes, then, for R = 1.45 x 10718 cm,
we obtain the value Vi= - (34 +4) Mev for the
imaginary part of the potential. The real part of
the potential is then equal to VR = 30 Mev.

Analogous calculations were carried out for a
proton energy of 315 Mev. The same figure (Fig. 3)
shows the results of measurements of the elastic
scattering of polarized protons on He* nuclei, ob-
tained by Chamberlain et al.,® as well as the dis-
tribution calculated for R =1.9 x 10713 cm, and
V =17 Mev, which represents the best fit with
the experimental points. If we assume R =1.9
x 10713 cm and set the Goldberger factor y = 0.8,
then, from the total pp and pn scattering cross
section at 315 Mev, we obtain for the imaginary
part of the potential Vi= -18 Mev; i.e., VI is
almost equal to the absolute value of the total po-
tential.

A certain ambiguity is present in the choice of
v, since there is no information on the cross sec-
tion for inelastic scattering at 315 Mev. This am-
biguity, however, cannot affect the conclusion about
the small value of the real part of the potential at
this energy. This result is in agreement with cal-
culations of the real part of the central potential
carried out by Riesenfeld and Watson! from a
phase-shift analysis of nucleon-nucleon scatter-
ing. The consistency of the results at 615 Mev
may, within the framework of the accepted scheme,
indicate that at 630 Mev the picture is sufficiently
correct. Hence, we can conclude that the real part
of the potential increases with increasing energy.

It should be mentioned that, within the frame-
work of the above analysis, it is impossible to de-
scribe the angular distribution at the energies of
315 and 630 Mev with the same radius for the po-
tential well.

INELASTIC SCATTERING

Multiple collisions inside the helium nucleus.
The representation of cascade processes devel-
oped by Goldberger!® can be applied to the He'
nucleus. Cascade development at the energy under
consideration can be due to recurring collisions
both of nucleons and mesons produced in the first
collision. The incident nucleons can also collide
with a group of nucleons of the nucleus. The
ejected nucleons are then found to be in both
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bound and free final states. In the latter case,
the event can appear in such a way that it will be
impossible to determine whether a cascade has
developed, or whether a collision with a complex
of nucleons has taken place. The term plural in-
teraction will, in the following, be applied to proc-
esses of single or recurring interactions of the
incident particle with several nucleons. From the
data given above, one can estimate the contribution
of such processes.

If we denote the total number of collisions be-
tween the incident proton and the neutrons of the

nucleus by Nggc, we can write

N — Ny 4 N5, = No + Ny -+ N5+ Nb,

where Npp is the number of cases of quasi-free
interactions, Nj is the number of two-prong stars
including the elastic scattering events, N, and Njg
is the number of four- and five-prong stars, and
Ngn is the number of cases in which a multiple in-
teraction has occured. This method of writing
Nn}llc is possible only because of the fact that,
among the two-prong stars, events related to
multiple interaction processes are practially ab-
sent. Any repeated collisions will lead to an in-
crease in the number of prongs, as a result of
which a three-prong star will be detected. Ex-
ceptions to these are the reactions

p Jr He* —r° _¥_ p + He4v p + He? — =" '{’ n -+ He47

in which the development of the cascade may not
lead to an increase in the number of prongs. How-
ever, it we use the results of Moulthrop,” it can
be seen that the contribution of such reactions is
small.*

The number of three-prong stars N3 contains
not only the events of quasi-free interactions be-
tween protons and protons Np , but also the
events of plural interactions NPl and Npil.
Therefore, the number of collisions between pro-

tons and protons Nglplc can be written in the form

nuc __ ypl pl
Npp® = Npp + Npp = Ng— Npn.

It is reasonable to assume that the cross sec-
tions for quasi-free scattering of nucleons have
a ratio similar to that of the corresponding cross
sections for free nucleons. Taking this into ac-
count, it is possible to estimate the contribution of
the processes of plural interaction in the scatter-
ing of protons on He* as follows:

*At 300 Mev, the output of 7 mesons from the n + He* »
7~ + P + He* reaction amounts to less than 6% of the total
cross section for meson production.
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Npl NP! N. __]V;_V — N
_ W+ Npp)  Ns—Ny— Ny > —0.22+0.07.

©(NpEebNmEe)  Ng+ Ny Ne+ Ny

The result obtained shows the considerable role
of the plural interaction processes, even for such a
light nucleus as He®. The considerable role of such
processes has also been established in the study of
the scattering of fast 7 mesons on He.!®

Quasi-free scattering of protons. The cross
sections for various reactions singled out in the
identification of interaction events are given in
Table II. A comparison of the total cross section
for inelastic processes with the sum of nucleon-
nucleon cross sections results in a value of 0.82
for the quantity y. These results indicate that,
even for the energy of incident particle equal to
~ 600 Mev and for light nuclei, it is necessary to
know the value of vy in order to estimate the value
of the mean free path using the sum of the nucleon-
nucleon cross sections. For 970 Mev protons, the
value of vy still does not attain one, even for the
deuteron, and amounts to 0.91.1

In row 7 of Table II, the data on the quasi-free
scattering of neutrons on the neutrons of the he-
lium nucleus are given. The total cross section for
the quasi-free scattering amounts only to 0.65 of
the corresponding cross section for free nucleons,
without taking into account the processes of plural
interaction. An analogous result has also been ob-
tained for the quasi-elastic scattering of protons
on protons (row 8). Introducing the corresponding
correction for plural interaction, we obtain for vy
roughly the same value as that obtained from the
total cross section of inelastic scattering.

As can be seen from rows 5 and 6 of the same
table, the cross section for meson production in
collisions of protons with bound neutrons amounts
to (1.3 £ 0.5) x 10727 ¢cm?, which is approximately
equal to the cross section obtained in reference 17
for free neutrons.*

The angular distribution of protons emitted in
quasi-elastic scattering is shown in Fig. 4. For
a comparison, the angular distribution of elastic
scattering of protons on protons at 660 Mev is
also given in the same figure. The comparison
of the distributions shows that, in quasi-elastic
scattering, a certain number of nucleons are
ejected both at small and large (close to 90°)
angles. The observed difference is probably due
mainly to the Pauli principle.

The form of the angular distribution of protons

*The results obtained are in agreement with the data of
Dzhelepov, Kiselev, Oganesyan, and Flyagin, reported at the
1959 Kiev Conference in the paper of B. M. Pontecorvo.
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TABLE II
Cross |
Reaction Cross Cross ° - i?,t,‘.?,? y==2
section | section ONN  Icleonwith| °NN
per nu- per correction
cleus | nucleon 'l i;l;)gleu;:l.
B -27 —27 2 ! -t
B ;10 cmll 10~ cm ! | es, o
1 Inelastic scattering 126+14 — — — —_
2 p+n + He?
3 nt -+ n -+ n-4Hed 4 23+ — — -
4 |p-+He* —n®+ (p, n) +He?
5 =~ 4+p-+p-+Hel 1.320.7 | 4.1 o — — —
6 n~ -+ p+ p+p+d) 1.320.7| O
7 Total quasi-free pn
interaction 48+4 242 0.65 29+3 0.78
8 'p4+Het—>p-+p+ H? 29+3 152 0.6 18+2 0.73

J6/aQ 1~ cm?/sr
2}

FIG. 4. Angular distribution of
quasi-elastic scattering of protons
on protons: O —experimental dis-
tribution, A — distribution calcu-

{ lated by the Monte-Carlo method,

solid line —angular distribution of
(]
8

scattering of protons on free pro-
0 1 1 1 1 i

tons.
[/ 2 4w 6 w0 015

0+

was calculated by the Monte Carlo method, taking
the bond into account. In the calculation, the intra-
nuclear momentum distribution of nucleons was
taken as a Fermi distribution with a limiting mo-
mentum of 220 Mev/c. Plural interaction proc-
esses were not taken into account. Results of

the calculation are also shown in Fig. 4. It can
be seen that the angular distribution obtained ex-
perimentally is in satisfactory agreement with the
calculated distribution. Such a fit indicates that
the plural interaction processes which occur in
helium do not, in the majority of cases, strongly
distort the form of the distribution, but lead to a
practically proportional ejection of protons at all
angles.

In conclusion, the authors express their thanks
to A. G. Potekhin and V. F. Poenko for help in set-
ting up the experiment, and also to E. A. Shvanev
for help in reducing the experimental data.
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