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Inelastic interactions of 8. 7-Bev protons with photoemulsion nuclei were studied and, in 
particular, the interaction cross section, multiple production of particles and their angular 
distribution. From comparison with calculations based on the statistical theory, some con
clusions are drawn concerning the existence of interactions of peripheral (nucleon-nucleon) 
type, as well as the role of secondary interactions inside the complex nucleus. 

Tms work was carried out with a small part of TABLE I 
one of the photo-emulsion stacks irradiated with 
the primary 8.7-Bev proton beam inside the ac
celerating chamber of the proton synchrotron of 
the Joint Institute for Nuclear Research.* 

Photoemulsion layers of type NIKFI-R and thick
ness "'450 J1. were exposed without backing, and had 
a track-density of 27-30 grains per 100 J1. for rela
tivistic particles. Scanning along the track of the 
primary particles was carried out with 630-fold 
magnification. In all, about 25,000 tracks with 
total length "'300 m were scanned. 

1. INELASTIC INTERACTION CROSS SECTION 

The method of scanning along the tracks of the 
proton beam was almost 100% efficient in finding 
interactions, even in the case where the interaction 
resulted in the proton being deflected through an 
angle of 2° and greater without emission of any 
other charged particles. 

The desired mean free path A. for interaction 
with photoemulsion nuclei was determined in the 
way usually done when this method is used. 

In Table I we give the corresponding A.'s for 
two types of interactions, star production and 
"pure" scattering (for angles greater than 5° and 
between 1 o and 5°). t In the latter case, corrections 
were introduced for the efficiency of measuring 
similar scatterings and were determined by com
paring the angular distributions in the plane of the 
photo -emulsion and in the perpendicular direction. 

The value of A. for the totality of interactions 

*The error in energy determination was less than 5%. 
tin Table I and the following, {}z denotes the angle of de

flection of a fast particle relative to the direction of the pri
mary beam, the half-width of which constituted ± 0.2°. The 
analogous angle in the center-of-mass (c.m.) system is de
noted by (}0 • 
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Type of Interaction 

Star production 
Scattering through angles 

e z > s• 
Scattering through angles 

1• ~ e1 ~ s•, without cor
rection 

The same, with correction 
for counting efficiency 

.\ em 

35.0±1.3 

1750±50() 

750ct150 

500±100 

indicated in lines 1 and 2 of Table I do not differ, 
within the limits of experimental error, from re
sults in the literature,1•2 nor does the mean free 
path for star formation differ from results ob
tained for protons of energy 1 to 6 Bev. 3- 5 How
ever, to obtain the mean free path characterizing 
the inelastic interactions of protons with nuclei as 
usually defined, one must include all interactions 
other than elastic. 

For protons of a given energy, this task reduces 
basically to taking account of processes of diffrac
tion scattering by the various nuclei of the photo
emulsion, in which a few (not more than three) 
particles are "boiled off." This can be seen, in 
particular, from Table II, where we show our dis
tributions with angle e z of a single fast particle 
undergoing two types of interaction:* "pure" scat
tering without production of visible stars and stars 
of the type ns = 1, ng = 0, nb = 1-3. Table II 
shows that, within the limits of statistical error, 

*We employ the following nomenclature for the number of 
particles with different ionizing powers: ns corresponds to 
ionization J ~ 1.5Jmin' ng to J = (1.5-5)Jmin' nb to J>5Jmin. 
The boundary between "grey" and "black" tracks was less 
definite (tracks were separated visually) and corresponded, 
on the average, to an energy somewhat larger than the 30 Mev 
usually employed for protons. 
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TABLE II. Angular distributions for interactions of type 
nb = ng = 0, ns = 1 (scattering) and type 

ns=1, ng=O, nb=1-3 (stars)* 

e1, degrees I <I I 1-2 I 2-3 I 3-4 I 4-5 I 5-JO /10-30 I >30 I To~~lc~~:~er 

n 
n 

g = nb = 0 
g = 0, nb=i--3 

-
2 I 

1'' !I 8 d 

7 12 13 
I 

I 
8 J 

I 
5 2 1G 

I 1 8 10 7 co 

*Sc'atterings with angles < 1° were not counted. Cases with angles 2, 3° etc. 
were included in columns 2-3°, 3-4°, respectively, etc. 

the angular distributions for both types of inter
action were the same. 

Cronin, Cool, and Abashian6 give theoretical 
angular distributions for light ( C ) and heavy ( Pb) 
nuclei for an incident of momentum of 0.95 Bev/c 
and for various assumptions about the form factors 
of these nuclei. By extrapolating the data of these 
authors to momenta ~ 10 Bev, it is easy to see that 
the great majority (not less than 95%) of the cases 
of diffraction scattering by photoemulsion nuclei go 
through angles 8z less than 1-1.5°. From these 
considerations, we believe it possible to include 
as diffraction scattering all interactions satisfying 
the following two conditions 

a) ns = I, ng = 0, 
b) (JI < Oo = 2o. 

The resulting value for the mean free path 71. 

for inelastic interactions with photoemulsion nuclei, 
taking into account errors connected both with 
statistical fluctuations and with the uncertainty of 
how to take the diffraction scattering into account, 
is Ainel = 34 ± 2 em. 

In so far as the total geometrical cross section 
for all photoemulsion nuclei, determined from the 
relation ageom = 1r (1.38 x 10-13 cm)2 A2/ 3, corre
sponds to a mean tree path A.geom ~ 27 em, the 
value for Ainel obtained above means that the so
called transparency of the photoemulsion nuclei is, 
on the average, 20%. 

2. DISTRIBUTION ACCORDING TO THE NUM
BERS OF FAST AND SLOW PARTICLES 

The number of interactions which can be inter
preted as pure charge exchange, the incident pro
ton going into a neutron without appreciable loss 
of energy, is very small; of 520 stars, there were 
only 17 cases of type ns = 0, corresponding to a 
cross section of only 3% of the cross section for 
inelastic interaction with photoemulsion nuclei. 
In these 17 cases, the charge exchange was, ap
parently, sometimes accompanied by production 
of neutral mesons. 

N(n), "Ia 

JO 

25 

2[! -

0 z J 1 J 

FIG. 1. Distribution of interactions of various types with 
respect to the number of fast particles n8 : !!. - nb= 0 to 2, 
n =0, ii =3.0±0.15; x-nb=3to8,ng=Oor1,:Snb+ng~8, 

g _s -
n > 0, n = 3.1 ± 0.1; 0- nb + n ~ 9, n = 4.8 + 0.15. The 

g s g s -
dashed curve is the distribution summed over all stars, n5 

= 3.7 ± 0.05. 

In Figs. 1 - 3 we give the distribution of stars 
with number of fast particles ns, and with num
ber of slow particles nb and ng for interactions 
of different types. From these distributions, the 
presence of a rather noticeable correlation between 
the values of any two quantities of the three quan
tities (nb, fig• ns) is evident. Calculation of the 
corresponding coefficients of pairwise correla
tion* k leads to the following values 

II (nl!, nd = 0.60; k (nu, n,) = 0.42; 

k (ng, ns) = 0.35. 

From consideration of Figs. 1-3 it also fol
lows that the character of the distribution with 
number of particles, selected for a large number 
of fast (ns ::::: 7) or slow (ng > 1 and nb > 8) par
ticles differs essentially from the mean distribu
tions. An analogous conclusion, as will be shown 
below, follows from consideration of the angular 

*The correlation coefficients were determined by the usual 
formula k(x,y) = (xy- xY)[D(x)D(y)]-Y., where Dis the dis
persion of the quantities x and y. 
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0.35 
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0.50 

0.25 

distributions of fast particles. On the other hand, 
a large part of the interactions selected by their 
small number of fast and slow particles, differs 
in angular distribution but little from nucleon
nucleon ones. 

3. ANGULAR DISTRIBUTION OF FAST AND 
SLOW PARTICLES 

Determination of the spatial angles e z for 
relativistic particles and grey tracks was carried 
out, as a rule, from two angles e1 and e2, pro
jections of the angle e z on the plane of the photo
emulsion and on the plane perpendicular to it, go
ing through the track of the primary proton. The 
angles were determined accurate to 1 - 2°. 

In Figs. 4 - 6 the integrated angular distribu
tions of relativistic particles are given for stars, 
divided into groups in dependence on the numbers 
ns (Fig. 4), nb (Fig. 5) or ng (Fig. 6). To con
struct the curve for the case ns = 1 in Fig. 4, 
corrections for the case of diffraction scattering 
of primary protons on nuclei were introduced. 

FIG. 2. Distribution of interactions of various 
types with number of black tracks nb: D- ng = 0, 
O-n = 1, L':.-n > 1, X -n = 1(0), O-n = 2-6, g g s s 
6-n 8 ~ 7. 

FIG. 3. Distribution of interactions of various types 

with number of grey tracks ng: X-nb+ng~ 8, L':.
nb+ng > 8, O-n8 = 1(0), D-n 8 = 2-6, O-n8 ;;;, 7. 

We calculated the theoretically expected angu
lar distribution of relativistic particles (given in 
Figs. 4 - 6) in nucleon -nucleon interactions for 
isotropic emission of charged particles in the c.m. 
system of the two colliding nucleons and for the 
momentum distribution predicted by the statistical 
theory (see Figs. 7a and 7b ). In addition to this, 
analogous angular distributions were obtained 
under the assumption of collisions in a "tube" of 
nuclear matter consisting of two and four nucle
ons.* 

As can be seen from Fig. 4, and especially from 
Figs. 5 and 6, there is a rather large group of in
teractions for which the angular distribution of fast 
particles is, apparently, somewhat broader than in 
the case of "pure" interaction with the maximum 
(with respect to length) possible "tube" of nuclear 
matter in the photoemulsion. In these same inter
actions, a very large number of slow particles are 
emitted on the average. This number is signifi-

*Angular distributions for the case of a tube of two nucle
ons are not given on Figs. 4-6 because of lack of space. 
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FIG. 4. Integral angular distributions of relativistic 
particles in stars with various numbers n8 ( W is the 
proportion of stars of given ns. among the total number 
of stars): •- n8 = 1 (W"' 20%), X- n8 = 2,3 (W = 32%), 
O-n8 = 4-6 (W = 34%), O-n8 ~ 7 (W = 11%). The 
dashed curve shows the summed distribution. The 
dashed-dotted curves give the angular distributions cal
culated from the statistical theory for the interaction of / 
the primary proton with one (1) and four (2) nucleons of 
the nucleus, simultaneously. 

FIG. 5. Integral angular distributions of relativistic 
particles in stars with various numbers nb (W is the 
proportion of stars with given nb): 0- nb = 0 (W = 11%) 
X-nb = 1-3 (W = 35%), ~-nb = 4-8 (W = 30%), o-
nb = 9-12 (W = 12%), •- nb ~ 13 (W = 12%). The dashed/ 
dotted curves are calculated for cases of interaction 
with one (1) or four (2) nucleons. 

FIG. 6. Integral angular distribution of relativistic 
particles in stars with various numbers ng (W is the 
proportion of stars with given ng): o - ng = 0 (W = 46%), 
~-ng = 1 (W = 24%), X-ng = 2,3 (W = 20%), o-ng = 
4-6 (W = 8%), •- ng ~ 7 (W = 2%). Curves 1 and 2 are 
calculated for the cases of one and four nucleons, re
spectively. 

cantly larger than in stars of higher energy 
(~1012 ev). 

50 

The angular distribution of grey tracks is given 
on Fig. 8. It can be seen from this figure that the 
distribution is almost the same in stars of differ
ent types and is practically independent of the en
ergy of the particle. In addition, it practically co
incides with the angular distributions of strongly 
ionizing particles from interactions of 1.5-Bev 
1f mesons 7 with photoemulsion nuclei. 

Calculations show that if the first interaction 
of the incident nucleon is with "tubes" of nuclear 

40 50 

zo 40 flO 
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l 

matter of various dimensions, the total number 
of grey tracks should be, on the average, signifi
cantly less (at most, two), and their angular dis
tribution essentially narrower, than observed in 
the experiment. This discrepancy, in our view, 
can be explained only by taking into account the 
secondary interactions inside the nucleus of the 
1f mesons produced. In addition, a special kine
matical analysis demonstrated that even in the 
cases where there was only one grey track, the 
corresponding slow proton could not, as a rule, 
be considered as a recoil from a primary nucleon-
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TABLE III. Dependence of the width of the angular distributions 
on the number of particles ns produced 

ns I 
L I 

Exper~~=-~ c:~~';, I 
Calculation I cote,;, I 

I l I 

~.:1 ~-n 7-£1 ;>Ill 

~70''' 23° 30° 39° 47° 
-W' 2.35 1. 73 J.23 0. 9:3 

:3.0 2.15 I .67 1.4 1.15 
2 :3 I; (j 

--*-T-:-h_e_v-alues of 8 Y:z and cot 8 Y:z are those obtained after introducing correc

tions for diffraction scattering. 

M{PJI N{<~j 

ru(p) 

2.0 

!.0 

2.0 
p/Mc 

FIG. 7. Momentum spectra of particles in 8.5-Bev nucleon
nucleon interactions according to the statistical theory: a
nucleons, b- TT mesons; n is the multiplicity of meson pro
duction; M is the nucleon mass; w(p)dp gives the number 
of particles with momentum in the interval p, p+dp (normal
ized to unity). 

nucleon interaction.* 
The coincidence of the angular distribution of 

grey tracks with the analogous distribution for 
meson stars, which we noted above, appears to 
indicate that the observed particles are mainly 
recoil protons from 1r mesons having energies 
not exceeding 1.5 Bev. The assumption about the 
presence of secondary interactions of 1r mesons 
inside the nucleus allows us to give a qualitative 
explanation for the breadth of the angular distri
bution of fast particles in the group of interactions 
with a large number of fast and slow particles, and 
also the broader distribution of grey particles and 

*The curr.,sponding quantitative criteria were kindly com" 
municated to us by N. G. Birger and Yu. A. Smorodin. They 
were employed in their paper. 8 

to--------------------
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W ~ X ~ M M m M ~0 

FIG. 8. Integral angular distributions of grey particles: 

x-J = 1.4-2.0Jmin; o-J > 2Jmin; cot ez?. 3; 6-J > 2]min. 
cot 8z < 3; The continuous curve gives the distribution of 
strongly ionizing particles in stars from 1.5-Bev TT mesons 
according to the data of reference 7. 

simultaneous increase in the number of grey and 
black tracks. 

4. ANALYSIS OF THE ANGULAR DISTRIBUTIONS 

1. From the analysis of the distributions shown 
in Fig. 4, it follows first that there is a close rela
tion between the width of the angular distribution 
and the number of particles produced. If we char
acterize the width of the distribution by the median 
angle e 1; 2 and the corresponding value Yc = 

cot el/2, then we obtain the pattern displayed in 
Table III. 

In the same table we give the calculated values 
of cot e 1/2 = Ycf3c /130 ( Yc is the Lorentz factor of 
the c.m. system) for the cases of interaction of the 
incident nucleon with several nucleons of the nu
cleus ( l is the number of nucleons participating 
in the interaction) under the assumption that the 
secondary particles are emitted symmetrically 
(in the c.m. system) with mean* velocity {30 

= 0.7c; f3c is the velocity of the c.m. system. 
In comparing Table III and Fig. 4, it should 

be kept in mind that the small difference between 
experimental and calculated values of cot e 1/2 in 
Table III is somewhat accidental. It can be seen 
by comparing the calculated curve ( 1 on Fig. 4) 
with the experimental curve for ns = 2 and 3, 

*As established in the calculations referred to above, 
roughly these velocities were obtained from the statistical 
theory for the cases l = 1 and l = 4 after averaging over the 
velocities of all nucleons and mesons. 
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TABLE IV. Connection between the angular characteristic of 
stars and their distribution with number of black tracks 

Relative number of cases, in ver cent 
Oz Total numbe ns 

I I I deg nb =0,1 nb =2-5 nb =G-10 nb ;;>11 of cases 

<14 72% 151}6 
n8 = 2,3 14-24 41% 39% 

>24 20% 40% 

<14 "'50% 50% 
n5=4-6 14-24 37% 47% 

>24 14% 26% 

taking into account the non-monochromatic nature 
of the spectra of particles produced, that the agree
ment between calculations and experiment is not 
satisfactory. In addition, because of the inevitable 
fluctuations in the number of particles ns pro
duced in a given type of nuclear interaction, the 
cases, chosen only by the quantity ns, should 
certainly represent a mixture of interactions of 
the incident nucleon with various numbers of nu
cleons in the nucleus. This directs attention to 
the correspondence between the angle et/2 for 
stars with small ns (ns = 2 and 3) and the cal
culated value of the angle e 1; 2 for nucleon -nucleon 
·interactions, as well as the large (by comparison 
with the predictions of the statistical theory of a 
given nucleon-nucleon collision) number of colli
sions with production of only a few particles.* 
Both of these facts indicate that, together with col
lisions with several nucleons of the nucleus and 
with the lowering of the value of Yc· collisions 
can also take place with little inelasticity and 
larger value of Yc (i.e., Yc larger than that Yen 
which should obtain for the nucleon-nucleon inter
action ) . The latter can, apparently, be ascribed 
either to peripheral interaction9 of the incident 
nucleon with one of the nucleons of the stationary 
nucleus, or to peripheral interaction with the nu
cleus as a whole as a consequence of diffraction 
phenomena.10 In the former case, values of Yc 
either less than, equal to, or greater than Yen 
are possible; in the second case, Yc > Yen only. 
The presence of interactions with increased values 
of Yc follows also from the analysis of stars with 
ns = 1 (see Fig. 4). 

2. It is clear that the number of slow particles 
in the star, nh = nb + ng. is not a very suitable 
quantity to use in separating different types of 
nuclear interaction in the photoemulsion. In fact, 
we calculated the correlation coefficients k (nh, ~) 
and k ( ns, ~ ) between the quantities nh (or ns ) 
and the angular characteristics of individual inter
actions ~. As angular characteristic, we employed 

*This will be discussed in detail below. 

13% - 39 
16% 5% 44 
22% 19% ~6 

- - 4 
13% 3 30 
26% 34% 139 

in one calculation the mean cotangent of emission 
of fast particles ( ~ 2 = cot e z) and, in another cal
culation, the quantity l obtained by selecting stars 
by three angular characteristics - the mean cotan
gent of emission of fast particles, the mean and 
half value of the same angle. It turned out that 
in all cases the correlation coefficient lay between 
0.30 and 0.45, i.e., the degree of correlation be
tween the number of slow particles nh and the 
angular characteristics of the star ~ did not ex
ceed that for the number of fast particles ns, and 
this was not greater than the degree of correlation 
between the quantities nh and ns. 

3. It seems to us tha:t in the case of the given 
primary energy, the angular characteristics of 
the stars ( ~ ) are a more definite indicator of 
the type of interaction than the number of slow 
particles nh emitted from the nucleus, i.e., the 
degree of excitation of the nucleus, in so far as 
nh mainly characterizes the secondary processes, 
and ~ more the primary ones. 

Table IV illustrates the differing character of 
the interaction for stars with differing angular 
characteristics ~ 1 = ffz. It can be seen that for 
low values of ns, the distribution of the stars 
with angular characteristics is far from being 
invalidated by fluctuations, and has a definite 
physical meaning in the clarification of the mech
anism of nuclear interaction.* 

In the following analysis, the quantity ~ 2 is, 
in our view, a more convenient angular character
istic for the stars than ~ 1 , especially for inter
actions with large values of Yc· In fact, with an 
isotropic distribution of particles in the c .m .s., 
after transforming in the well-known way to angles 
in the laboratory system (l.s. ), 

cot 01 = .··reo ( ~c +cos 00), 
::.In 0 1>o 

(1) 

*In essence, Table IV gives only a more detailed confirma
tion of the fact that the correlation coefficient between the 
quantities nh and ~ differs from zero. An analogous picture 
is found in the analysis of stars according to the number of grey 
tracks ng and with the choice of the quantity ~2 = cot Oz as 
angular characteristic. 
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zo ~ m 5 o 

FIG. 9. Distribu
tion of stars with an
gular characteristic 
g2 = cot Oz for various 
values of the sum 

we obtain rather simple features for the function 
describing the distribution of particles with the 
quantity cot Oz. In particular a) the "half value" 
(cot e z), i.e., the value for which the integral dis
tribution S ( < cot e z) is 50%, is equal to 
y cl3c ( 1/ {30 ) , and, is determined, thus, not solely 
by the quantity Yc. but by some effective value 
of the particle velocity in the c.m. system; b) the 
mean value I; = cote[ differs from (cot 8 z h;2 
by the factor 1/sin 80 = 71"/2; c) the spread in 
angular characteristic relative to (cot 8 z h;2 is 
approximately proportional to Yc. 

In Fig. 9 we show the distributions with angular 
characteristic ~ 2 = cot e z for stars with ns ::::: 2, 
plotted iri groups depending on the number of slow 
particles emitted -more precisely, on the quantity 
nh = nb + 3ng. There the calculated (dashed) curve 
for fluctuations in the quantity ~ 2 is also plotted, 
giving somewhat of an overestimate of the role of 
these fluctuations. As can be seen from Fig. 9, for 
stars with a small number of slow particles (nh. 
:S 4) there is a rather noticeable group of cases 
for which the angular distribution is essentially 
different from that proposed by the statistical 
theory. As nh is increased, such anomalous 
cases disappear, and the center of mass of the 
distribution of stars is displaced towards smaller 
values of ~2· 

4. Starting from the model in which the initial 
proton interacts with a "tube" of nuclear matter 
of mass l (in units of the nucleon mass) we tried 
to carry out a qualitative breakdown of all observed 
stars with 4 groups. These groups are character
ized by values of l of 1, 2, 4, and also l < 1; the 
final value denotes the part of the interactions giv
ing an angular distribution narrower than the nu
clean-nucleon one.* As clarified by the following 
analysis, the quantity Yc· which can formally be 
taken to describe the angular distribution of par
ticles in this group, is equal to about 5, which cor-

*Here and in the following, in all cases with l ) 1, it will 
be assumed that all particles are distributed isotropically in 
the c.m. system. 

responds roughly to the center of mass of the inci
dent nucleon together with one of the virtual 7r 

mesons of the stationary nucleon. 
The task of breaking down the observed distri

butions into groups, each of which possesses a 
given angular distribution and, consequently, a 
given (aside from fluctuations) value of the quan
tity ~ 2 , was carried out in the following way. 
First of all, mean values of ~ 2 for each of the 
groups ( l = 1, l = 2 and l = 4) and fluctuations 
of the quantity ~ 2 about its mean values were 
calculated, using in this results of the statistical 
theory. After this, several intervals of values of 
~ 2 were chosen, namely, 

Cl 1 (~2 ) = 6 to 3; tl 2 (~~) = 3.to 1.5: tl 3 (~~) < 1.5. 

and the probability of each of the group falling 
into one or the other of intervals was determined, 
taking the corresponding fluctuations into account.* 
Assuming that none of these intervals contained 
interactions of the type l < 1, we have the follow
ing three equations for three unknowns: 

W11N 1 + W12N 2 + W11 N4 =A, 
W2 1N1 + W~,Nz + W2,1N1 = B, 
W31N1 + W3"N:! + W:IIN4 =C. (2) 

The quantities on the right-hand side are the 
number of stars known from experiments for which 
the value of ~ 2 falls in the interval .6.1, .6.2, or 
t:..3 . On the left-hand side are the calculated values 
Wik of the probability of stars of the k-th group 
( l = k) falling into the i -th interval of values of 
~ 2 . Solution of the system (2) leads to the follow
ing values of the number of interactions in each 
of the groups:t 

N 1;::::;N2::::::: N4 ~·25% N 0 , 

where No is the total number of stars. Here the 
accuracy of the evaluations of each of the quanti
ties (N1 , N2 , N4 ) was 20-25%. 

The same calculations showed that of the fluc
tuations from the remaining 25% of the stars falling 
into the "zeroth" interval of values of ~2 (~2 > 6 ), 
no more than 1/ 5 could belong to interactions of the 
type l = 1, and, consequently, % · 0.25 = 20% be
longed to the interactions of the type l < 1. 

In order to check the degree of agreement be
tween our breakdown of interactions into groups 

•'fhese fluctuations were calculated assuming isotropic 
and independent distributions of particles: protons (p) and 
mesons (rr), where for l = 1, 2, 4, stars containing, respec
tively, lp + 2rr, lp + 3rr and lp + 4rr were chosen as typical. 

tEstimates carried out by us showed that these relative 
probabilities agree satisfactorily with the existing data on the 
spatial distribution of the density of nucleons in the nucleus. 
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S(<cot 8z) 
~~---------.---------.~1.0 

cot 8zl0 J 0 

FIG. 10. Angular distributions of fast particles in inter
actions of various types. Experimental values: x- stars with 
cot 8z = 1.5 to 3.0; o- stars with cot 8z = 2.5 to 4.5. Theo
retical curves: 1- for interactions with l = 1, 2- for l = 2, and 
3-for l = 4. 

and predictions of the statistical theory, we car
ried out a supplementary analysis of the angular 
distributions of fast particles s ( < cot e l) and 
the multiplicity of production ns. In Fig. 10 we 
show the experimental data on the angular distri
butions of particles in stars for two intervals of 
~ 2 : ~ 2 = 4.5 to 2.5 and ~ 2 = 3.0 to 1.5. Also shown 
are the calculated distributions for interactions of 
type l = 1, l = 2 and l = 4. Comparison of calcu
lation and experiment shows that in the first inter
val of ~ 2 , as one would expect, there is mainly a 
mixture of interactions of type l = 1 and l = 2. 
However, in the second interval, one finds a dis
tribution which is somewhat broader (in angle ) 
than one would expect for an interaction of type 
l = 4. 

5. In a somewhat different aspect, the same 
question can be elucidated by analyzing the mean 
values of the quantity ~ 3 = ~ (sin e z) -t for vari
ous groups of stars, separated by a simpler cri
terion - according to the number of slow particles. 
Here the quantity ~ 3 is convenient in that it is 
connected in a simple way with some effective 

value of the transverse momentum of the particle 
(P1)eff, namely 

lis 

K ~PJ/ sin Ot = K (p j_)eff ~a= Eo- D.E, (3) 
i=l 

where K is the mean ratio of the total number of 
fast particles in the star to the number of charged 
particles, E is the energy of the primary proton 
and .6-E is the excitation energy of the nucleus, 
or, more precisely, the energy taken up by the 
nonrelativistic particles. 

In Table V are given the experimental and cal
culated values of I 3 and the corresponding values 
of (P1) eff for stars of various types, where we 
have taken K =% and .6-E = 1 Bev.1 From consid
eration of the lower-left half of Table V, it can be 
seen how regularly the values of (P1 )eff decrease 
with increasing ns; this is connected, apparently, 
with the fact that, for given Z, an increase in the 
number of particles ns produced leads to a de
crease in the mean momentum of each of them. 
However, the value of (p 1 )eff averaged over all 
ns turns out to be higher than the theoretical one; 
and this difference cannot be explained only by an 
admixture of interactions with small Z. It is con
siderably more likely that the transverse momenta 
of the highest energy particles increase because 
of the secondary interactions inside the nucleus. 

In so far as the upper left-hand part of the table 
is concerned, we see there that, on the contrary, 
the value of (Pl)eff is low (compared with the 
theoretical one) and does not even depend on the 
multiplicity ns. It would appear that this fact can 
be only partially explained by an admixture of in
teractions with l > 1, but mainly by an admixture 
of interactions havi'ng the anomalously narrow an
gular distribution ( l < 1 ) . 

We tried to check the assumption that the high 
value of (p 1 )eff in the former case could be ex
plained by cascade processes inside the nucleus in 
"pure" form. With this in mind, we carried out a 

TABLE V: Comparison of experimental and calculated values 
of the quantity I a and corresponding values (p 1 )eff 
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*The accuracy in the experimental data is 15% in the upper half of the table 
and 5% in the lower. 
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TABLE VI. Proportion of stars 
(percent) with different l 

for given ns 

ns l < 1 

1 
2-3 
4--!i 
~7 

: II ?3 3 
1=1 i 1=2, (l=o) 

I I ·- ·- ---------

applicability of the model of cascades inside the 
nucleus in "pure" form, it would be necessary to 
carry out more rigorous calculations using accu
rate experimental data on the characteristics of 
nucleon and 1r -meson interactions at the various 
energies. 

6. We turn now to a determination of the number 
of fast and slow particles (ns, nb and ng) in inter
actions with different values of the quantity l. 

TABLE VII. Distribution of the number of stars with ns for 
given l 
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TABLE VIII. Proportion of stars with various l for given 
nb and ng 
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very approximate calculation of this process ac
cording to the following scheme. We assumed that 
in the subsequent interactions of the primary pro
ton with each of the l nucleons in the nucleus, 
only one fast nucleon remained, carrying off 70% 
of the initial energy, and that the remaining 30% 
of the energy was distributed among the mesons, 
the number of which was determined by the value 
of Yc· according to the statistical theory.11 We 
assumed also that in the process of interaction 
with other nucleons in the nucleus, all mesons of 
energy up to 550 Mev (total energy 5 J.LC 2 ) are 
absorbed and that only mesons of energy greater 
than 550 Mev are scattered. It is easy to show 
that this way of considering the process can lead 
to a value for the multiplicity* for given l which 
is significantly higher. None the less, in the case 
of l == 4, for example, calculation with this scheme 
gives ns == 5.5, i.e., a value larger than observed 
in experiment. For a conclusive decision on the 

*Thts 1s connected, first of all, with the fact that, accord
ing to the statistical theory, appreciably less than 70% of the 
initial energy should be kept, on the average, by one fast nu
cleon. 
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Grouping all observed stars of given ns, nb or ng 
first according to the angular characteristics of the 
fast particles ( ~ 2 ), and then carrying out a regroup
ing according to l by solving the system of equa
tions (2), we obtained the results given in Tables 
VI- VIII. From Table VI it follows that interac
tions with a large number of fast particles corre
spond mainly to interaction of the incident nucleon 
with several nucleons of the nucleus. If we assume 
that the excitation energy b.E of the nucleus is 
proportional to either the quantity nb or ng, 
which, in turn, turn out to be proportional to each 
other (for given l ), then it follows from Table 
VIII that the excitation energy increases with in
creasing Z, but somewhat more slowly than Z. 
The data in Table VII shows that the model of in
teraction of the incident nucleon with a "tube" of 
nuclear matter leads to a high value for the mul
tiplicity ns. Starting from an analysis of the dis
tribution of stars with ns it thus follows that the 
interaction of nucleons in a complex nucleus has a 
character intermediate between that of the pure 
"tube" and pure cascade models. 

In order to answer the question about the simul-
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taneous or successive character of the interaction 
of the incident nucleon with the nucleons in the nu
cleus, it would be necessary to study the corre
sponding energy characteristics for mesons and 
nucleons. 

CONCLUSIONS 

1. The mean free path for inelastic interaction 
of 8.7-Bev protons with photoemulsion nuclei is 
equal to 34 ± 2 em. 

2. In the interactions discussed, in a significant 
part of the cases ( ~ 15%) stars are formed which 
can apparently be relatedto processes of peripheral 
nucleon-nucleon interactions. These stars are 
characterized by a small number of fast particles 
(ns = 1 - 2) which emerge at small angles (of the 
order of 5° on the average) relative to the direc
tion of the incident proton. 

3. Processes of "pure" charge exchange, i.e., 
processes in which fast charge particles are not 
formed, account for about 3% of all interactions 
in photoemulsions. 

4. A significant part (about 25%) of the inter
actions with photoemulsion nuclei hardly differ, in 
angular distribution and mean multiplicity of fast 
particle production, from interactions of the 
nucleon-nucleon type, calculated with the usual 
statistical theory. 

5. Th~ angular distribution of grey tracks de
pends only very weakly on the angular distribution 
of fast particles and differs little from the distri
butions found in interactions of 1.5-Bev 1r mesons 
with photoemulsion nuclei. It can be assumed that 
the origin of grey particles in this case is con
nected to a significant degree with secondary in
teractions of 1r mesons of energy "' 1 Bev. 

6. The monotonic broadening of the angular dis
tributions with increasing multiplicity of fast par
ticle production corresponds to the picture of in
teractions intermediate between the representa
tions of S\].ccessive and simultaneous interactions 
of the primary nucleon with nucleons of the com
plex nucleus. 
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