SOVIET PHYSICS JETP

VOLUME 13, NUMBER 6

DECEMBER, 1961

EMULSION STUDY OF THE INTERACTION BETWEEN 8.7-Bev PROTONS AND

QUASI-FREE NUCLEONS

K. I. ALEKSEEVA, G. B. ZHDANOV, E. A. ZAMCHALOVA, M. I. TRET’YAKOVA, and

M. N. SHCHERBAKOVA

P. N. Lebedev Physics Institute, Academy of Sciences, U.S.S.R.

Submitted to JETP editor January 11, 1961

J. Exptl. Theoret. Phys. (U.S.S.R.) 40, 1625-1637 (June, 1961)

The angular and momentum distributions of protons and ™ mesons from stars produced by
8.7-Bev protons in photographic emulsion and containing no more than one gray and one
black track are investigated. It is shown that most stars of this type can be regarded as
resulting from inelastic interactions between the proton and a free or quasi-free nucleon.
Interactions of this type comprise ~ 25% of the total number of inelastic interactions with
nuclei of the emulsion. The angular and momentum distributions of the protons and me-
sons (in the nucleon-nucleon c.m.s.) are compared with the predictions of the peripherall?
and central!»1%11 interaction theories. It is shown that part of the interactions with quasi-
free nucleons (about 20%) cannot be ascribed to peripheral interactions, mainly because
of the large emission angles and large transverse momenta of the secondary protons.
Nevertheless, the characteristics of most of the cases agree with the properties expected

for peripheral interactions.

IN a previous experiment,! we studied the angular
distributions of secondary particles in stars pro-
duced by the interactions between 8.7-Bev protons
and emulsion nuclei. It was shown that an appre-
ciable part of such stars (at least 15%) are char-
acterized by a narrower angular distribution of
the particles in comparison with the predictions
of the theory of central interactions with one nu-
cleon, and even more so with several nucleons.

It was noted that these interactions are apparently
peripheral nucleon-nucleon interactions. In the
present study, we investigated the energy and an-
gular characteristics of different kinds of par-
ticles emitted in interactions of the nucleon-
nucleon type.

1. EXPERIMENTAL METHOD

In this work, we used part of an emulsion stack
(stack No. 13, NIKFI-BR emulsion) of 10 x 10 cm
pellicles exposed to the 8.7-Bev proton beam at the
Joint Institute for Nuclear Research.

The basic problem of the experiment was to
study the energy and angular distribution of sec-
ondary particles in interactions between the inci-
dent nucleon and a free or quasi-free nucleon. By
interactions with a quasi-free nucleon we have in
mind those in which only a very small part (< 2%)
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FIG. 1. Probability W of finding tracks with a minimum
length L iy in one emulsion pellicle (histogram — experimen-
tal data; solid lines — calculated results; upper curve represents
Lyin =2 mm, and lower curve Lpjn = 10 mm). Geometrical cor-
rection kg =W™*,

of the primary energy in the laboratory system is
transferred to other nucleons of the same nucleus.*

About 2000 stars were found as a result of the
scanning of the emulsion pellicles (mainly by
scanning along the tracks of the primary proton
beam and only partially by area scanning). From
these stars, we selected 330 stars of different
types which contained tracks flat enough so as to
permit accurate measurements of the particle
momentum (p) and ionization (I).

*Such a definition practically excludes not only central col-
lisions but also peripheral collisions with other nucleons.
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FIG. 2. Integral distribution of second differences of the
coordinates from measurements of primary proton beam tracks
(2) for a cell length of 2000 p. Shown for comparison are the
corresponding distributions for Coulomb scattering (1) at 9.2
Bev/c and for a group of secondary particles (3) of measured
momentum greater than 6 Bev/c.

We determined (as a function of the laboratory
space angle 61,) the geometrical correction kg
necessary for the analysis of all angular and mo-
mentum distributions (see Fig. 1). The correc-
tions for fast and slow particles were different
(curves 1 and 2, respectively). It should be men-
tioned that the very strict selection criteria as
regards the dip angle 6 of the fast tracks which
were to be measured (length L = 1 cm in one
pellicle, which corresponded, on the average, to
angles 6 =1°) were dictated by the very strong
dependence of spurious scattering on the angle 6
as was observed by us in some pellicles.

The statistical error of the momentum meas-
urements was, as a rule, 25%; spurious scattering
and ‘‘noise’’ were determined from measurements
on primary proton tracks (in the same pellicle).
The results of such measurements are shown in
Fig. 2. In the region of the greatest momentum
(=6 Bev/c), where it was difficult to take into
account spurious scattering in individual cases,
we usually resorted to a statistical treatment of
the data for a group of tracks; the mean value of
the momentum of such particles was 7.5 Bev/c.

The total error in the measurement of the rela-
tive ionization I/I; on secondary particle tracks
(with respect to primary beam tracks at the same
place in the pellicle) was estimated as ~ 2%, which
is confirmed by the spread in the values of I/I,
for m mesons in the region of the ionization curve
minimum (Fig. 3a). In all cases the measurements
were repeated. The particles were identified with
the help of the curves of Barkas.?

In the region bordering on the point of intersec-
tion of the proton and m-meson curves (pB8 =1.5—
2.5 Bev/c), where it is not possible to identify the
particles with the required accuracy, we made a
statistical analysis of the sign of the charge of the
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FIG. 3a. Results of measurements of relative ionization for
7 mesons in the region of the minimum of the ionization vs.
momentum curve (p = 0.4 — 0.8 Bev/c). Taken as the zero
value of the axis of abscissas is the theoretical value of the
ionization for # mesons at the position of the minimum.
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FIG. 3b. Results of measurements of the relative ionization
for particles of momenta pf > 2.5 Bev/c. Taken as the zero
value on the abscissa axis is the theoretical value of the ion-
ization for a proton of this momentum (also shown are the posi-
tions of the maxima of the corresponding curves for K and #
mesons).

particles based on the study of the magnetic deflec-
tion in the field of the accelerator.? We thus ob-
tained the ratio N, :N_ = 1.50 + 0.50.

As additional information, we used data obtained
by electronic methods at the Joint Institute for Nu-
clear Research* concerning the composition of a
beam of positive charged secondary particles for
the angle 61, = 1°, momentum p = 2.25 Bev/c, and
a copper target, and for 61, =3° p=2.9 Bev/c
and a beryllium target; in both cases the ratio of
the number of 7* mesons to the number of protons
was Np+:Np ~ 0.8:1. If we take into account the
values for N,:N_ and Ngp+:Np, we obtain for the
ratio of the number of mesons of both signs to the
number of protons Ny : N, =3:1.

Figure 3b shows the distribution of the relative
ionization for secondary particles of momentum
pB > 2.5 Bev/c. It is seen that in the great major-
ity of cases, m mesons are well-separated from
protons. (In the figure, the ‘‘zone of indetermi-

*The authors thank M. F. Likhachev, V. S. Stavinskii, Hsu
Yun-Ch’ang and Chan Nai-Sen for permission to use the results
of their measurements prior to publication.
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FIG. 4. Angular distribution of relathstlc or gray tracks
ncp (in lab system) for stars of type np < 1, ng < 1 (without
elastic scatters): ® — pp interactions (69 stars with even val-
ues of ng +ng), O — pn interactions (58 stars with odd values
of ng + ng). Points indicated by crosses were calculated from
the requirement of symmetry in the c.m.s. distribution with re-
spect to the angle 90° (for even values of ng + ng). Here, and
in the figures which follow, the arrow indicates the allowable
deviation for the 95% confidence level (Dy,) according to the
Kolmogorov test.

nacy’’ in which the probabilities of identifying par-
ticles as protons and m mesons differ by a factor
less than three, is shown cross-hatched.)

2. SEPARATION OF INTERACTIONS WITH
QUASI-FREE NUCLEONS

The usual procedure for separating interactions
with individual nucleons of the emulsion nuclei
(see, for example, reference 4) involves the selec-
tion of events in which the nucleus as a whole does
not experience any visible excitation (including g
decay in the case of pp interactions). Usually,
about 10% of all interactions observed in emulsion
are selected in this way. An additional, although
weak, ‘‘sifting out’’ of non-nucleon interactions is
made by the application of the modified kinematical
criterion of Birger and Smorodin® based on the laws
of conservation of energy and momentum of all par-
ticles before and after the interaction. In individual
cases, however, this criterion is a necessary con-
dition, but is far from satisfactory, owing to the
scanty information on the energy characteristics
of all the interaction products.

On the other hand, whenever we have to do with
a statistical analysis of data on a comparatively
large number of interactions, it turns out to be
possible to limit ourselves to the kinematical cri-
terion, which, under some quite natural assump-
tions, changes, generally speaking, from a neces-
sary into a necessary and sufficient condition. Ac-
tually, we assume that it is possible to find some
characteristic, in particular, a small number of
black and gray tracks, which distinguishes inter-
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actions with a ‘‘target’’ mass quite close to the
mass of a nucleon. Since there are no targets with
a mass smaller than that of a nucleon, one can then
also calculate the upper limit of a possible ‘‘con-
tamination’’ of interactions of a non-nucleon type
in the group of interactions.

The method employed by us to determine the
average mass of the ‘‘target’’ 1\7IT‘ from data on
the angular and momentum distribution of the sec-
ondary mesons and protons was based on the re-
lation

ny (EL—pic) +kon_s (EL—plo) 4+ = 1.05 Myc?, (1a)
where ny and ng+ are the numbers of secondary
nucleons and charged ™ mesons having a given
value of the quantity Ej —p%‘c, which is the differ-
ence between the total energy and the longitudinal
momentum in the laboratory system; ky, = 1.5% is
a coefficient taking into account (on the average)
neutral mesons; Mj is the nucleon mass. Here
it was assumed that the average energies and the
longitudinal momenta of the charged and neutral
nucleons (or, correspondingly, mesons) are the
same. The quantities (EL p'{lc) s (EL ch)
and ng =+ can be determined from an analysis of
the angular and energy characteristics of 7 me-
sons and protons. In order to obtain more accu-
rate angular distributions, we made use of the
data (see Fig. 4) obtained in a previous work! for
127 stars of the type np < 1 and ng =< 1 found
without any bias and not including cases which
can be regarded as elastic scattering of the pri-
mary proton (see below).

As seen in Fig. 4, the character of the angular
distribution for 69 stars with an even number of
shower (ng) and gray ( ng ) tracks is in agree-
ment with the assumption that the angular and
momentum distributions of protons and mesons
are symmetric about the angle 6, = 90° in the
nucleon-nucleon c.m.s. for pp interactions.f If
it is assumed that there is full symmetry of the
angular and momentum distributions for both pro-
tons and mesons (relative to the angle 6y = 90°),
then, after summation of symmetric particles by
pairs, relation (1a) becomes equivalent to a ¢c.m.s.
energy balance:}

*In particular, the closeness of k, to 1.5 is confirmed by
the appropriate statistical-theory calculations made by V. M.
Maksimenko for the case of central interactions.

TAt the same time, for odd values of ng + ng (pn interac-
tions) there is a very marked asymmetry evidently connected
with the asymmetry in emission of protons.*

$Omitted from relation (2) is that small part of the energy
which can be released in a nuclear disintegration in accord-
ance with the foregoing definition of a quasi-free nucleon of
the target.
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nwEop + kon_vegx = 27:Myc2. (2)

Here Eop and €;; are the mean c.m.s. energies of
the protons and mesons, respectively, which can be
determined experimentally by means of the mo-
mentum and angular characteristics of the parti-
cles in the forward cone. As will be seen from
what follows, the value of ﬁN obtained by us with
the aid of relation (2) is 2.0 = 0.2, which corre-
sponds to a possible mixture of collisions with two
nucleons (ny =3) of up to 20%.

Hence the selection of stars on the basis of a
small number of black (np = 1) and gray (ng =1)
tracks separates interactions characterized by an
average ‘‘target’’ mass close to My. The total
number of such interactions is then ~ 25% of all
interactions with emulsion nuclei. On this basis,
one can calculate that the ratio of interactions of
type pp to pn in these stars should be ~1.2. It
should be noted that for stars with ny, = 2.3 (with
ng = 1) the average mass of the target already
turns out to be significantly greater than Mp, and,
at the same time, the departure from symmetry
relative to the angle 6) = 90° in the angular dis-
tribution is quite marked.

In the analysis of stars with a small number of
particles, both slow and fast (ng +ng), a certain
role can, generally speaking, be played by a mix-
ture of cases of elastic scattering, whose cross
section® is ~ 85% of the cross section for inelastic
interactions of protons with light and heavy emul -
sion nuclei. However, only a small part of the
cases of elastic scattering (< 2%) involves a de-
flection of the proton by an angle 6, = 1.5° with
respect to the primary particle, and therefore the
discarding of all cases in which the proton is de-
flected by an angle 61, = 1.5° ensures a practic-
ally complete elimination of cases of elastic scat-
tering.

As regards weak excitation of the residual nu-
cleus associated with the presence of one black
track, and sometimes even a recoil nucleus, this
can evidently be made to agree with the obtained
target mass My (on the average) if one takes
into account the presence of internal (Fermi)
motion of the quasi-free nucleons involved in the
interactions with the primary particles. Indeed,
as a result of the interaction, the residual nucleus
should acquire a recoil momentum equal in mag-
nitude, but of opposite sign, to the momentum of
the nucleon leaving the target. For light nuclei,
the rms value of this momentum is ~ 350 Mev/c.

We compared the estimate obtained above for
the fraction of collisions with quasi-free nucleons
in emulsion nuclei (~ 25%) with existing informa-
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FIG. 5. Integral distributions of the number of charged
products per star (ncp = ng + ng). The solid-line histogram rep-
resents the experimental results of the present work; the
dashed-line histogram represents the results obtained in refer-
ence 14. Curves 1 and 2 are the theoretical results for periph-
eral®? and central!***»*? interactions, respectively.

tion on the character of the proton distribution in
nuclei.? To do this, we assumed that the distribu-
tions of neutrons and protons coincide. Further-
more, instead of the optical model usually em-
ployed for the calculation of the transparency of
nuclei, we used the rougher model of successive
collisions with nucleons encountered along a chord
of length determined by the collision parameter
(with a subsequent averaging over the collision
parameters).

On the basis of a similar model, we calculated
the cross sections for inelastic interactions and
the total cross sections for emulsion nuclei with
the aid of the corresponding cross sections for the
elementary processes: Ojno] =25 and oot = 33
mb.* The results of the calculations agree with
good accuracy (5—17%) with the corresponding
results of Barashenkov® obtained with the optical
model of the nucleus.

Using the same model for the calculation of the
number of collisions with one nucleon, we obtained
estimates of 45 and 42%, respectively, of the cross
sections ojpe] and oot (interactions with two nu-
cleons constitute ~20%). If we impose the addi-
tional condition that the secondary particles pro-
duced in the first interaction do not encounter any
nucleons in their paths, we then estimate that 30%
of the interactions take place with one nucleon.

3. ANGULAR AND MOMENTUM DISTRIBUTIONS
OF PARTICLES IN INTERACTIONS WITH
QUASI-FREE NUCLEONS

For the selected stars of type ny =1, ng <1
in which we identified and measured ~ 80 particles
and which could be considered mainly as nucleon-

*Later measurements recently made at CERN (private com-
munication) indicate that it is more correct to take the value
Oinel = 30 mb and otot = 38 mb.
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FIG. 6a. Integral c.m.s. angular distribution for protons.

Curves 1 and 2 are the theoretical distributions for peripheral*?

and central'*****? (isotropy) interactions; curve 3 is the dis-

tribution for a mixture of interactions of both types (70% Nperiph

+30% Ncentr)~
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FIG. 6b. Integral c.m.s. angular distribution for 7 mesons.
The notation is the same as in Fig. 6a.

nucleon interactions, the following characteristics
were studied: 1) the distribution of the number of
shower and gray tracks (ngp =ng + ng) per star;
2) the c.m.s. angular distribution of protons and
mesons; 3) c.m.s. total and transverse momentum
and energy distributions for protons and mesons;
4) dependence of the mean momentum of the par-

ticles on the c.m.s. angle of emission. The greater

part of these characteristics were compared with
theoretical calculations based on two extreme as-
sumptions as regards the interaction mechanism:
a) central interaction of nucleons with the forma-
tion of a single excited system with zero angular
momentum;!1%1! b) interaction of the peripheral
type characterized by the exchange of one meson
between the colliding nucleons.?

1. The integral distribution of the number of
relativistic and gray tracks ngp for ngy =2 is
shown in Fig. 5.* As seen from the figure, the
ngh distribution is not a sufficiently sensitive
characteristic for separating central and periph-
eral interactions. Along with the agreement of
the experimental data (ngp = 3.1 + 0.2) with the

*The restriction ncp 2 2 is connected with the fact that a
certain part of the stars with ncp = 1 can be related to the
process of diffraction production of 7 mesons.'* However, in
the determination of the mean value of n.p, we also included
cases with n¢p = 1.
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mean multiplicity expected in the case of central
and peripheral interactions (3.4 and 3.2, re-
spectively), it should be noted that a considerable
part of the stars with n,, > 6 (constituting 5% of
all cases) can in no way be explained by single col-
lisions, and they should probably be ascribed
chiefly to double inelastic interactions of nucle-
ons in the nucleus. Moreover, the ratio of the
number of stars with even ng,; to the number with
odd n,, 69:58 is in good agreement with the es-
timate given above for the relative numbers of pp
and pn interactions.

2. The proton and meson angular c.m.s. distri-
butions (in the forward hemisphere) are given in
Figs. 6a and 6b, respectively. In the case of the
former, the (m,p) particles, not identifiable di-
rectly, were not included because the angle 6,
was not determined for them with sufficient ac-
curacy.

It is seen from Fig. 6a that there is a consider-
able excess of protons in the small-angle region
as compared to an isotropic distribution. If it is
assumed that the observed interactions are a mix-
ture of peripheral and central collisions with an
isotropic distribution, then we can obtain satisfac-
tory agreement with experiment for a ‘‘mixture’’
in which 50 to 70% are peripheral processes,
where the ‘‘allowable’’ level of statistical fluctua-
tions is estimated on the basis of the Kolmogorov
test.* The meson angular distribution (Fig. 6b)
agrees with the view of a purely peripheral char-
acter of all interactions, although the difference
between peripheral and central collisions in this
case is very weak. At the same time, the aniso-
tropy in the proton angular distribution in this
case proves to be distinctly less than in the case
of the interactions studied (by other selection
criteria for nucleon-nucleon interactions) in the
experiment by the group at the Joint Institute for
Nuclear Research.!

It should also be noted that under selection cri-
teria permitting interactions with two and more
black tracks in a star, which is a less strict con-
dition than the criteria used by us, the extent to
which the protons and mesons tend to be emitted
forward (in the nucleon-nucleon system) again
increases, despite the appreciably greater mass
of the target as compared with the mass of a nu-
cleon.

3. The integral c.m.s. momentum distributions
for protons and m mesons (in the forward cone)

*Formulas obtained by Gnedenko and Korolyuk!® show that
this test enhances the role of statistical fluctuations if the
number of observed events is not sufficiently large.
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FIG. 7. Integral c.m.s. momentum distributions for protons
(a) and 7 mesons (b) (in units of uc, where p is the 7-meson
mass). Solid curve — theoretical distributions!* for central in-
teractions [the (7, p) particles are not included in case a.

are shown in Figs. 7a and b, respectively. Also
shown there are the results of the statistical the-
ory of central collisions. From a comparison of
experiment with theory, one can conclude that,
among the observed interactions, no more than
30 —40% are central. The mean proton momentum
is 1150 + 110 Mev/c, which is practically no dif-
ferent from the data reported by Wang Shu-Fen
et al;!* the meson momentum (340 £ 55 Mev)
proved to be approximately 25% lower. It should
be borne in mind that the data of Wang Shu-Fen
et al.!4 are based primarily on measurements of
particles in the backward cone.

Finally, Figs. 8a and 8b give the integral dis-
tributions of the proton and meson c.m.s. trans-
verse momentum p,. Also given are the theoret-
ical distributions obtained from the theory of cen-
trall 1011 5pq peripheral!? interactions.* From a
comparison of experiment with theory for the per-
centage of central collisions from the proton data,
one obtains a lower limit of ~40% and from the 7
meson data one obtains an upper limit of ~ 40%.

It should be borne in mind, however, that in this
case the meson distribution provides a more sen-
sitive criterion for estimating the percentage of
central collisions, for the latter differs from
peripheral collisions both in the larger momenta
and larger angles of emission of the mesons,
while for protons the higher momentum values
can be offset by the narrower angular distribu-
tion of the particles in the case of peripheral in-
teractions.

The latter characteristic of the proton distribu-
tions provides an additional possibility of estimat-
ing independently the percentage of peripheral in-
teractions. In fact, according to the calculations
of Chernavskii,12 70% of the recoil protons emitted
backward in the c.m.s. should be gray tracks, while
such tracks should be practically absent in the case

*It is assumed here that the angular distribution is iso-
tropic for central interactions.

of central interactions. Experiment shows that
stars with np =1, n, <1 have gray tracks at an
angle 61, = 90° in (25 £ 2.5) % of the cases; the
overwhelming majority of these are proton tracks.
If it is assumed that the number of slow recoil neu-
trons and protons is the same, one can then read-
ily calculate an upper limit of ~ 80% for the fre-
quency of peripheral interactions, while the lower
limit is 60 — 65%.

4. The connection between the mean momentum
of the particles p, and their c.m.s. angle of emis-
sion 6, has the following form:*

6o Polpc 6o polpc
Protons T 0—20° 9.8+1.8  30—90° 7.2:£0.7
7 mesons 0—20° 3.94+0.,5 20—90° 21+0.2

As seen from the data, there is a dependence
of the momentum p, on the angle 6,, which indi-
cates that the degree of anisotropy of the c.m.s.
angular distribution increases, especially for
mesons, with an increase in the momentum. It
turns out that for mesons such a dependence is
more marked in the case of low multiplicity where
Ngh < 4.1

The mean values of the quantities considered
above, with an estimate of their accuracy, and
comparison with the corresponding theoretical

‘results are given in the table.

The above-mentioned dependence of the mo-
mentum p, on the angle of emission of the particle
69, and, consequently, on 6y, is comparatively
weak; for the other investigated quantities p; and
0y the dependence on 67, is considerably stronger,
especially for protons. This leads to a situation
in which it is very important to introduce geomet-
rical corrections in the distributions of p; and 6,
and also in the calculation of the corresponding
mean values and the errors involved in their de-
termination, while for the distribution of p, the
geometrical factor has no special significance.**

*We note that, for particles with c.m.s. velocities 6, 2 0.8,
the same dependence will occur, to a good approximation, in
the laboratory system.

tWithout (=, p) particles.

A similar picture was observed'® for secondary # mesons
in a study of 7-Bev m-meson interactions with nucleons; the
anisotropic part of the c.m.s. angular distribution was due al-
most entirely to the fastest mesons (c.m.s. energy 2 0.5 Bev);
this group of particles was quite distinct mainly in stars with
a small number of prongs.

**The influence of the geometrical cotrections on the ac-
curacy of the determination of the mean values was considered
quantitatively by M. I. Podgoretski}, to whom the authors ex-
press their gratitude for acquainting them with the appropriate
formulas.
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Protons 7 Mesons
theoretical theoretical
exptl. periph. centr. exptl. periph. centr.

Mean c.m.s. emission

angle 6,, deg 245 - 57? 51 +11 46 57?
Mean c.m.s. momentum

Po/pic 8.2 +0.8 - 5.6 2.4 £0.4 - 4.0
Mean total c.m.s.

energy €,/uc 10.8 + 10% - - 2.6 +15% - -
Mean transverse

momentum FT_L /pc 4.1 £ 0.6 2.3 5.3 1.5 £0.2 - 3.15

In the analysis of the experimental data for the
mean values of momentum and energy shown in the
table, it is necessary to bear in mind the following.
First, if one carries out an averaging of the values
of py without recourse to the introduction of geo-
metrical corrections in the limits of sufficiently
wide angular intervals (6 =0—4, 4.5 —11, and
11.5 — 24°), then the mean values of the meson
and proton energies and momenta increase by only
2 and 1%, respectively, but the estimates of the
statistical errors decrease to %; — Y of their cor-
rected value. Second, the same quantities can be
averaged under the assumption (as was done in
reference 15) that all (w,p) particles not iden-
tified directly are ™ mesons; in this case, the
mean energy of the ™ mesons and protons increases
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FIG. 8a. Integral distribution of proton transverse momen-
tum. Curves 1 and 2 are the theoretical distributions for periph-
eral'? and central!»**’!* interactions; curve 3 is the distribution
for a mixture of interactions of both (60% Nperiph + 40% Ncentr)-
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FIG. 8b. Integral distribution for # mesons. The curve rep-
resents the theoretical distribution for central interactions.'»**

by another 1.5 —2%. Finally, if we also take into
account the mean number of m mesons per inter-
action, namely 2.8, and use the energy balance (2),
we can determine the mean number of secondary
nucleons per star, and thus obtain the mean mass
of the target MT and the possible percentage of
interactions with two nucleons inside a nucleus.
One must only keep in mind the fact that relation
(2) does not take into account the energy carried
off by K mesons, which constitutes, according to
rough estimates, about 10 —15% of the energy of
the m mesons.

In the end, it turns out that the experimental
data agree with a relative target mass of unity
( Mt = MN), but the experimental error permits
a value up to 1.2 My, which corresponds to a
mixture in which 20% of the interactions involve
two nucleons in a nucleus. Use of the earlier data
on the number of stars of large multiplicity
(ngp = 7) gives approximately the same estimate
of the upper limit for the number of inelastic in-
teractions with two nucleons. However, both these
estimates apparently give too high a value, since
the mean multiplicity of the stars in which the sec-
ondary proton has a large transverse momentum
(p; = 4uc) does not differ by more than 15% from
the multiplicity of the remaining stars.

Besides the value of p, for nucleons and mesons,
three quantities closely connected with it are of in-
terest: the inelasticity of the interaction in the
c.m.s. (K,) and in the laboratory system (Kp,),
and the mean fraction of the initial energy carried
away by one fast nucleon (@). For the stars of
type np = 1, ng =< 1 studied by us K, = 0.43 + 0.06,
Ky, =0.31 £ 0.04,* @ =0.55 + 0.05.

The last quantity can be compared with the mean
free path for the absorption of nucleons Ay, known

*In the determination of K, and Ky, we took into account
only the energy carried off by 7 mesons.
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FIG. 9. Integral c.m.s. momentum distribution for protons
with angles of emission 6, = 30 — 150°. Solid line — theoretical
distribution for central interactions.!

for light nuclei from cosmic-ray experiments,"
namely (Ay)ajr = 125 g/cm?. If it is considered
that for a nucleon energy spectrum of the form

E77 it is the values of a? and not the values of

a that are averaged, while the mean free path for
the interaction is Ayjp = AN(1—-a?) = 80 g/cm?.
and also that approximately 35% of the collisions
with light nuclei can have the character of two suc-
cessive collisions with one nucleon, then the agree-
ment between the value (AN)ajr and the value we
obtained for a proves to be quite satisfactory.*

4, ANALYSIS OF SOME CORRELATIONS AND
THE POSSIBILITY OF SEPARATING PERIPH-
ERAL AND CENTRAL INTERACTIONS

For the separation of nucleon-nucleon interac-
tions selected by one or another method into inter-
actions of different types, it may prove highly ad-
vantageous to study various types of correlations.

First of all, from the statistical theory of cen-
tral interactions it necessarily follows that there
is a rather high probability that a momentum close
to the value of the initial momentum of each of the
colliding nucleons is transferred to the secondary
particles. Such a transfer could lead to a situation
in which one of the nucleons changes its direction
of motion by more than 90° (in the c.m.s.) as a
result of the collision and both appear in the same
hemisphere. It should be kept in mind that the
transfer of a large longitudinal momentum to one
of the stationary nucleons of the nucleus cannot,
generally speaking, take place in the case of two
successive collisions of the peripheral type. There-
fore the observation of two high-energy nucleons in
one star can be an indication of the existence of
central interactions even when there is no doubt
as to the single-nucleon character of the colli-

*In his calculations, Grigorov'’ took Ag,ir = 60 g/cm?,
which, under additional assumptions on the character of the
distribution of the quantity o, led to the value « = 0.7 for the
interaction of a nucleon with an air nucleus.
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FIG. 10. Dependence of the mean transverse momentum of
protons on the number ng of other charged particles emitted
in the forward and backward hemispheres in the c.m.s. (the
circles indicate the experimental data and the squares, the
theoretical data). Shown separately for ng = 1 are cases with
angles of emission 6, < 20° (e — experiment, m — theory) and
angles of emission 6, > 20° (0 — experiment, O — theory).

sion. Among 140 stars of the type ng =4, ng <1
studied by us, we observed ten cases of simulta-
neous emission of two fast identified particles at
angles 6, < 90° in the nucleon-nucleon c.m.s; in
three of the cases, both particles were nucleons
and in seven cases one of the particles was a nu-
cleon and the other a ™ meson or (m,p) particle.
Since K mesons constitute only ~ 10% of the num-
ber of ™ mesons, it is unlikely that in all three
cases at least one of the particles considered to
be a nucleon was a K meson.

Comparison of various correlations with the
theoretical expectations can be carried out rather
conveniently if the theoretical results are repre-
sented in the form of ‘‘artificial stars,”’ i.e., a
set of randomly selected characteristics of stars
satisfying all the required conservation laws. !

We studied one such correlation by analyzing the
momentum distribution of protons emitted at
angles 6, = 30 —150°, since in the case of periph-
eral collisions most of the nucleons (> 80%) are
emitted at angles 6, = 30° (or 6, = 150°); it can
then be expected that, in the chosen angular inter-
val, the momentum distribution will be determined
only by central collisions. The experimental data
(see Fig. 9) agrees with what is expected, although
the large statistical fluctuations do not permit re-
liable conclusions on the relative number of cen-
tral collisions.

On the other hand, one can consider the trans-
verse momentum distribution for protons for eight
stars with one gray track (with np < 1) among
which there should be practically no central inter-
actions. It turns out that only in one case does the
value of p| exceed 2.5 uc, although among all the
stars with np < 1, protons with p; > 2.5 uc are
encountered in 60% of the cases.

Furthermore, we considered the correlation
between the proton transverse momentum p; and
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the number (and also angles of emission) of other
charged particles emitted either in the same hemi-
sphere as the proton (in the c.m.s.) or in the op-
posite hemisphere (see Fig. 10). As seenfrom the
analysis of Fig. 10, the correlation between Py and
the number of particles in one hemisphere proves
to be considerably stronger than that obtained from
the statistical theory of central collisions.

A visible correlation between the transverse or
total momentum of the proton and the number of
other charged particles (in a given angular inter-
val) has a direct bearing on the asymmetric shower
effect considered by Dobrotin et al.!® for nuclear-
active particles with a mean energy of the order of
300 Bev. Indeed, small values of the target masses
for one of the colliding nucleons should inevitably
be accompanied by a small momentum transfer to
this nucleon, while the other nucleon, producing the
basic part of the shower, can then considerably
change its initial momentum, both longitudinal and
transverse.

An asymmetry in the angular distribution of the
produced particles was also observed in the emul-
sion stars studied by us: thus, for example, among
22 stars with ngp = 5, there were six cases which
were quite distinctly characterized by an asymmet-
ric angular distribution of particles (no more than
one particle was emitted at angles 61, = 23° or
01, > 23°), while for artificial stars with six
charged particles, such an asymmetry occurred
only in two out of 21 cases, and in both cases the
c.m.s. velocities of all charged particles were
small.

Most of the correlations described above can
be explained in a natural way within the framework
of the concept of the peripheral character of the
interactions. At the same time, some characteris-
tics of the interactions, especially the presence of
secondary protons with c.m.s. angles of emission
8y < 90° can be regarded as an indication of the
existence of a certain percentage of collisions of
a central type. For the final settlement of the
question concerning the percentage of central col-
lisions, it is necessary to conduct further experi-
ments under cleaner conditions (for example, with
a hydrogen bubble chamber).

Hence, as a whole, our data indicate that among
interactions with emulsion nuclei a) a considerable
portion of the events (~25%) have characteristics
close to those of an interaction process involving
the incident nucleon and only one (quasi-free) nu-
cleon of the nucleus; b) interactions with quasi-
free nucleons are mainly of a peripheral character,
but there are indications of the existence of a small
number of central collisions (about 20%).
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