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The azimuth angle distributions of secondary particles produced in interactions of high-energy
nucleons have been investigated by the angular correlation method. It has been found that the
azimuth angle distribution is almost isotropic. The azimuth angle distribution of secondary
particles in cosmic ray ‘‘jet’’ showers is analyzed to test the validity of a model in which an
intermediate excited state is produced, and of the ‘‘fireball’’ model. The conclusion is that

if the fireball model is valid, the direction of motion of the fireball coincides with that of the
colliding particles. The model of an intermediate excited state (with a large angular momen-
tum ) disagrees with an isotropic azimuth angle distribution.

1. METHODS OF INVESTIGATING THE AZIMUTH
ANGLE DISTRIBUTION

/

THE present article is devoted to the study of the
azimuth angle distribution of secondary particles
produced in the collisions of 101~ to 10'%-eV pro-

FIG. 1. Azimuth (¢,,,)
and polar (8,, J,) angles of
emission of secondary pat-

tons with nucleons and nuclei. A direct determi- ticles P, and P,. SO di-
nation of the shape of the azimuth angle distribu- rection of motion of the
tion F (@) of the secondary particles is in prac- primary particle, €—rela-
tice impossible, since it would require the knowl- tive azimuth angle between
edge of the position of the origin of each interac- the particles P, and P,.

tion. This is statistically inaccurate due to the
relatively small number of secondary particles

per interaction. In the present work we have there-
fore used the method of pair angular correlations,
i.e., we have studied the distribution of azimuth
angles € between pairs of secondary particles

(see Fig. 1), which is independent of a physical have W(e) = const also. If we represent F(¢) by
point of reference and, consequently, has the ad- a series:
vantage that the distributions W(e) for separate
interactions can be added together. Other methods F(g) = 1 ( 1+ § a; CoS kq>> , (2)
of studying the azimuth distribution of secondary 2 —t
particles suitable for an analysis of the data on then, according to Eq. (1), we have
many interactions were proposed by Stern, (1]
Chudakov, 1) and Friedlaender. [ W(e) — _1_(1 X i a—icos ke> ) (3)
The azimuth angles € between the particles lie T 2 2
in plane Q (Fig. 1) and are determined as €ji = ¢j If F(p) is symmetric,
—@k. The distribution W(e€) of the azimuth angles
between the particles is related to the function Fl@ £ m1) =F (@), 4)
F(¢) in the following way: then series (2) and (3) contain only terms with even
A values of k. As a first approximation, in order to
W(e) = S F () [F(@+e) +F(p —e)ldy, estimate the azimuth angle anisotropy of F(¢),
0 let us put k = 2; we have then
0<e<m 0<<ep<<2n. (1)
From Eq. (1) it follows that for F(¢) = const we f@) = %;(1 + a cos 2¢) (5)
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and, consequently
o(e) :ni(l—[—%cos&z). (6)

In order to find a value of a which determines the
degree of asymmetry of F(¢) [see Eq. (5)] we
shall introduce the experimentally determined
quantity
W exp (0 --70/4; 3t/4 ~— 1) — w exp (/4 -~ 311/4)
T Wexp (0--1/4; 34 —m) +w exp (/4 — 311/4)

where wexp(O—n/4; 3n/4—n) and wexp(n/4—37r/4)
are the numbers of particle pairs with angles €
= (0—45°; 135—180°) and € = (45—135°), respec-
tively.

From Eq. (6) it follows that

R=a%/mn, i.e., a=)=aR. (8)

The accuracy of the quantity a is determined by
the error 6R:6a = m6R/2a. In order to determine
the statistical error 6R we have carried out a
Monte Carlo calculation of the quantities R for
‘“‘showers’” having distribution (5). The calcula-
tion showed that the error 6R in the determination
of R depends on the degree of anisotropy a, on
the number of shower particles per interaction ng,
and the number of interactions r:

6R:f(a: ns)/V’—'

However, the analysis of numerous variants of the
Monte Carlo calculation for different values of a,
ng, and r, shows that the statistical spread OR
can be very satisfactorily interpolated by the re-
lation 6R ~ VN, where N = rng(ng—1)/2

(i.e., N is the total number of pairs in the group
of interactions under consideration) and « is the
factor reflecting the dependence of 6R on a.
Moreover,

o (7)

a= 0 02 04 0.9
a=80RVN= 1 15 2 3

The errors of the experimental values of R
and a were determined according to the results
of this calculation for the mean value of a for
the whole shower group.

The distribution of the form (5), having the
property (4), leads to a distribution w(e) which
is symmetrical about the angle € = 1/2. The ex-
perimental proof of this fact will thus indicate
the absence in (2) and (3) of terms with odd k.
We shall characterize the symmetry of these
quantities about the angle € = 7/2 by the experi-
mental quantity
Wexp (0-—T/2) — Wexp (/2 —m)

A= : :
wexp(o~n/z)+wexp(n/2——n) ’

&)

where the notation is the same as for (7).
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The errors in the quantity A were also deter-
mined by a Monte Carlo calculation. It was shown
that A is independent of a. As will be shown in
the following, the magnitude of A is nearly zero
for all types of interactions, which indicates that
W(e) is symmetric about the angle € = 7/2 and,
consequently, that F(¢) is symmetric about the
angle ¢ = .

2. EXPERIMENTAL RESULTS

We have analyzed the azimuth angle distribution
of secondary particles in: 1) interactions of 9-BeV
protons with the emulsion nuclei, 2) pp interactions
at 9-BeV incident proton energy, and 3) interac-
tions of cosmic-ray protons with energies of 1010
—101% eV with the emulsion nuclei.

The analysis was carried out by studying the
distribution W(e€) with respect to the pair azimuth
angle €. The number of angles € found in the anal-
ysis of N interactions of a given group is

1 N
5 Inst (s — ),
i=1

where ngj is the number of relativistic secondary
particles in the i-th interaction. In the study of
interactions of protons with the emulsion nuclei,
we have separated the interactions with the num-
ber of strongly ionizing particles (np + ng) =5,
and thus could consider the events as represent-
ing collisions of protons with peripherical nucle-
ons of the nuclei.

Interactions of 9-BeV protons with the emul-
sion nuclei. The emulsion stack 5 cm x 10 cm
x 20 cm in dimension was irradiated using the
Joint Institute for Nuclear Research synchrotron.
In the area scanning of the emulsion layers we
have selected, among 180 interactions with ng
= 5, 46 interactions with (np + ng) <5, and 134
with (np +ng) > 5. The obtained experimental

distributions w(e€) are shown in Fig. 2 where it
can be seen that the distributions are isotropic
within the limits of experimental errors. The
experimental values are, respectively,

R =0.027

4+ 0.061 for interactions with (n, + ng) <5,
R =0.010

4 0.031 for interactions with (n, 4+ ng) > 5.

pp interactions at 9 BeV. In the analysis of the
distribution w(s), for this group of interactions
we have used the experimental data on the emis-
sion angles of secondary particles supplied by




AZIMUTH ANGLE DISTRIBUTION OF SECONDARY PARTICLES

1 i 4 L 1 ¢ ! '

¥ ]

200} -

ey

FIG. 2. The distri-
bution w(€) of second-
ary particles produced
in the interaction of 9
BeV protons with emul-
sion nuclei (ny +ngy —
number of black and
grey tracks in a given
interaction).
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I. M. Gramenitskii (JINR).! We have analyzed

48 events with ng = 6.8, and 167 events with ng

= 2.4. From the distribution w(e€) given in Fig. 3
we can see that for the emission of a small num-
ber of secondary particles (ng =2.4), the number
of particle pairs with angles ¢ close to 180° is
considerably greater than the number of pairs with
small €. Such an anisotropy of the distribution
w(€) can be explained by the momentum conser-
vation law which leads to a fully determined angu-
lar correlation. Thus, for the elastic pp scatter-
ing where only two particles are produced, the
azimuth angle of the pair is w. The distribution
w(e) for ng = 6.8 is practically isotropic (R
=0.020 + 0.061).

Interactions of cosmic ray protons of 10103013
eV with the emulsion nuclei. Experimental data on
the emission angles of secondary particles in this
group of interactions were obtained in our and other
laboratories.?? For the analysis of the azimuth
angle distribution of secondary particles we have

DThe method of selecting the pp interactions in the emul-
sion is described in [*],

DWe have used the data from the laboratories of J. Pernegr
(Prague), M. Miesowicz (Cracow), and A. P. Zhdanov (Lenin-
grad), which have been kindly supplied by the authors.
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selected 78 interactions produced by protons with
nsg = 5 for (nh +ng) =< 5.

The distributions w(¢) were considered as de-
pending on the primary energy E;, the number of
shower particles ng, and the shape of the angular
distribution f(¢) (two-center and non-two-center
distributions ).

a) The dependence w(e€) on the shower energy
E, is given in Fig. 4.

The quantities R and A, characterizing these
distributions, are given in Table I. The quantity A
characterizes the symmetry of the distribution
w(€) about the angle € =7/2. The increase in the
number of events with angles € > 7/2 (A < 0) seen
in Fig. 3 follows from the momentum conservation
law, and is apparent for interactions with a small
number of secondary particles. The increase in
the number of events with angles € < 7/2 (A > 0)
indicates that the shower axis differs from the
direction of the primary particle. To avoid errors
in this respect, we did not consider the showers
produced by neutral particles that have an unknown
direction of motion.

b) The dependence of the distribution w(e€) on
the multiplicity ng is illustrated by the values of
R and A given in Table II. Analyzing these inter-

FIG. 4. The distribu-
tion w(€) of secondary
particles produced in

cosmic ray showers of Mo__ - £>10"ev 1900
different energies E, for - il _’___gr__} ™
(np +ng) 5. The num- - b=

ber of events N for the 400} £ =" 1pPurico0

_—L_d-—1_r—.__li\_,—

[0:/011_ m/lev

solid curves is indicated
at the left, and for the

dashed one at the right. ZMW/W
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Table I. Values of R and A for cosmic-ray
showers of various energies E,

Number of
Number of|secondary
Eq, eV showers | particle R a
pairs

10101012 33 2052 -+0.00740.033 | +0.023+0.022
1011--1012 27 3012 —+0.0224+0.027 | +-0.0024+0.018
>1012 17 2379 —+0.017+0.031 | 4-0.026+0.021
Any E; 77 7443 —+0.01740.018 | +0.003+0.012
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Table II. Values of R and A for cosmic-ray
showers with various numbers of
secondary particles

Num- Number of|
ng ber of secogdary R A
show-| particle
ers pairs
ng <10 40 1440 -+0.01740.039] —0.068+0.026
10<ns <25 34 3701 +0.0154-0.024 4-0.023+0.016
ng >25 3 2302 +0.01940.031| +4-0.014+0.021
Shower Ne 1 1 666 -+0.3104+0.15 | 40.006+0.04
(ng =37,
T, = 12.6)

actions, we have found an anomalous shower (No. 1
Table II) with a very anisotropic distribution w(e)
which is shown separately in Fig. 5. This interac-
tion is clearly statistically different from the re-
maining 77 showers and, therefore, shower No. 1
is not included in the data of Tables I and II. The
errors in the quantity R and a for shower No. 1
were determined according to a Monte Carlo cal-
culation for a =1 (R =0.31).

.

100 i

FIG. 5. The distri-
1 | bution w(€) for shower
50} No. 1.
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c) The dependence of the distribution w(e) on
the shape of the angular distribution of secondary
particles is illustrated in Fig. 6 and Table III
which gives the values of the quantities R and A

for showers with a two-center angular distribution.
The latter were selected according to the shape of

Table III. Values of R and
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FIG. 6. The distribu-
tion w(¢€) for showers with
two-center angular distri-
bution of secondary par-

- ticles.
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the angular distribution of shower particles in the
variables In[F/(1-TF)] = £f(r), 5] where A
=1n tan 4 and F is the integral angular distribu-
tion.

From the data given in Tables I—III and in
Figs. 4 and 6, it is clear that the distribution w(e¢)
is almost isotropic for all types of interactions,
excluding shower No.1l. A certain deviation from
isotropy is revealed by two-center showers with a
small number of secondary particles (ng < 10)
for which R =0.180 + 0.111; however, the statis-
tical certainty of this conclusion is small. The
values of a, characterizing the anisotropy of the
azimuth angle distribution (5), calculated accord-
ing to formula (8), are as follows:

Character of the showers

Two-center showers 039_‘—_812?
Non-two-center showers 0-17i8:}§
All showers 0.23%4:5
Shower No. 1 0.99i8:§:3

3. DISCUSSION OF RESULTS

The anisotropy of the azimuth angle distribu-
tion of secondary shower particles may possibly
be explained by two models of multiple particle
production; 1) the model of an intermediate ex-
cited state with a large angular momentum, and
2) the model of production of secondary particles
from two excited centers (the fireball model ).[8'“]

A for two-center showers for

various energies E( and numbers of secondary particles ng

Num- |Number of
ber of |secondary
Eo, eV s show-!| particle R A
ers l pairs
10101011 3 239 —0.029+0.098 | —0.038+0,065
1011—1012 } Any ng 5 275 -+0.12+70.090 | +0.029+0.060
>101 9 960 +-0.1464+0.048 | 40,00140.032
A E { ng < 10 5 183 -+0.180+0.111| —0.049+4-0.074
n
v R 10<nS < 25| 12 1291 -+0.0304+0.042| +0.02140,028
All two-center 17 1474 +0.0494-0.039 | +0.012+0.,026
showers
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The pronounced anisotropy of the c.m.s. polar
angle distribution of shower particles observed in
the experiments (especially at E; > 1012 eV)[i’z’m:|
can be attributed within the framework of the model
of an intermediate excited state to a large angular
momentum. It follows from such a model, however,
that the shower particles should possess a simi-
larly strongly anisotropic azimuth angle distribu-
tion. The absence of a considerable azimuth angle
anisotropy of secondary particles in showers of
all primary energies E,, found in the present ex-
periment, contradicts then the model of an inter-
mediate excited state with large angular momen-
tum.

Let us now consider the fireball model. Accord-
ing to this model, secondary particles are isotrop-
ically emitted by two excited centers in the rest
system of each fireball. The model predicts a
possible azimuth angle anisotropy in the angular
distribution of secondary particles in the case
where the two fireballs are emitted in directions
differing by an angle « from the direction of mo-
tion of the primary particle. The degree of aniso-
tropy increases with increasing « and with the
velocity of motion of the fireballs. We have cal-
culated the azimuth angle distributions F(¢) of
secondary particles emitted isotropically from
the fireballs for different magnitudes of the angle
a, of the Lorentz factor of the fireball in the c.m.s.
and of the secondary particle momentum p. It was
found that a change of the momentum p within the
limits p = 0.2—2.0 BeV/c (in the rest system of
the fireball) has little effect on the magnitude of
the azimuth angle anisotropy. In calculating the
distributions W(¢) for different values of the
angle a and energy 7y of the fireballs in the
c.m.s., we have assumed therefore a mean value
of the secondary particle momentum p = 0.5 BeV/c
in the rest system of a fireball.

The values of Rggle characterizing the calcu-
lated distributions W(e) of particles emitted
from fireballs for different values of o and vy
are given in Table IV. The values of y were as-
sumed equal to the c.m.s. Lorentz factors of the
nucleon at l.s. energies E, = 10%, 10!, and 10!% eV.
Evidently, v depends on the degree of inelasticity
of the collision, and cannot be directly correlated
with the value of vy, of the colliding nucleons.
However, vy can be determined experimentally
from the relation v ~ (y; +7v,)/2Vy , where v,
and vy, are the Lorentz factors of the first and
second fireballs, determined from the angular
distribution in the variables In[F/(1-F)] and
A for two-center showers. The mean value of vy
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Table IV. Calculated values of
R and A, for different values
of ¥y and «

Y «, deg Rcalc A1 calc
5 0.0002 0.028
2.34 10 0.006 0.107
30 0.148 0.493
5 0.032 0.251
7.1 10 0.202 0.665
30 0.815 1.000
5 0.463 0.928
22.4 10 0.858 1.000
30 1.000 1.000

for two-center showers given in Table III was
found to be (y) = 2.05. The azimuth angle distri-
bution of secondary particles emitted from the
fireballs is furthermore characterized by the fact
that the angular distribution of shower particles
emitted from one fireball for o = 0 is asymmet-
ric about the angle ¢ = m. Small angles ¢ pre-
dominate therefore in the distribution wy(e) for
one fireball, i.e., Ay > 0. The calculated values
Ajcale which characterize the distributions wy(€)
for different values of y and « are also given in
Table IV. The calculated values Rggle and Aqcale
given in Table IV should be compared with the ex-
perimental values R and A, for two-center show-
ers. The latter are given in Tables III and V.
From the data of Table V it is clear that the ex-
perimental values Ajexp do not, within the limits
of statistical errors, differ from zero: Ajexp

= —0.031 + 0.039 for all two-center showers

({v) =2.05); A1exp =0 £ 0.058 for two-center
showers with vy > 1.9 ((y) =2.7) and Ajexp

= 0.012 + 0.055 for shower No.1l (v = 2.56). The
values Ajcgle calculated for y =2.34 which is
close to the mean values (y) = 2.05 and (y) = 2.7
found for two-center showers in the experiment
increase rapidly with increasing angle «, as can
be seen in Table IV (thus, Ajggq]1c = 0.107 for «
=10°). The comparison of the values A;gxp and
Aqcalc shows that the fireball model agrees with
the azimuth angle distribution of secondary par-
ticles only if we assume that o < 5°. This con-
clusion would be even more definite if we used

all the data available at present on the angular
distribution of secondary particles in two-center
showers. The comparison of the values R and
Rcale is in this respect less revealing because

of the large error in the experimental value of R;
the total value of R for all two-center showers is
(see Fig. 3) R =0.049 + 0.039. This value of R,
as follows from Table IV, also does not contradict
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Table V. Experimental values of R; and Ay, character-
izing the distributions wy(¢€) for two-center shower
particles emitted from one fireball ({y) =2.05)

Num- Number
Shower energy E,, eV ber of of sec- R, A
show- | ondary
ers part‘icle
pairs
{010—1 01 3 87 —0.126+0.160 -+0.057+0,107
1011—1012 5 115 -+0.200+0.130] —0,0094-0.087
>1012 9 446 -+0.029+0.071] —0.0544-0.047
All two-center showers 17 648 -+0.039+0.058; —0.03140.039
Shower No. 1 1 330 -+0.250+0.165 +0.0124-0.055
Two-center showers with 9 294 -+0.0274-0.087 040.058
cYy>1.9 K1y =2.7)

the two-center model of shower production only
for sufficiently small angles a.

It should be noted that the estimate of the angle
a is of great interest since it permits us to deter-
mine experimentally the magnitude of the momen-
tum transfer to the fireballs:

cp, =~ Mysina,

where M is the fireball mass.
If we assume that

M =E; 15n/2 ~12.0.5 = 6.0 BeV

(1.5ng /2 = 12 is the mean number of charged and
neutral ™ mesons emitted from one fireball, and
Eq =~ 0.5 BeV is the mean energy of m mesons in
the rest mass of the fireball) then for (y) =2 and
a=5, (pc)| ~1BeV.

CONCLUSIONS

The following results have been obtained in the
present investigation:

1. A method of investigating the azimuth angle
distribution of secondary particles produced in
multiple-production interactions has been pro-
posed, consisting in studying the distribution W(e¢)
of the azimuth angles € between particle pairs.

2. It has been shown that the distribution W(e¢)
of secondary particles produced in the interaction
of 9 BeV protons with protons and nuclei is iso-
tropic. From the isotropy of W(e) there follows

the isotropy of the azimuth angle distribution F(¢).

An exception are the events of production of a
small number of secondary particles (ng =2.4)
in pp collisions, where the function F(¢), and
consequently W(e), are considerably affected by
the momentum conservation law.

3. It has been shown that the distributions W(¢)
of secondary particles in cosmic ray showers with
energies E; = 101—10!% eV are also almost iso-
tropic. A relatively large anisotropy of the dis-
tribution W(e€) is found for so-called two-center

showers, although the statistical certainty of such
a conclusion is not great. The corresponding mag-
nitudes of the coefficient a characterizing the azi-
muth angle distribution (5) for different showers
are given in Sec. 2. The anisotropy W(e) re-
mains small, independently of the shower energy
E, and the number of shower particles ng.

4. Out of 78 analyzed cosmic-ray showers, one
interaction (shower No.1) has been found to pos-
sess a markedly anisotropic azimuth angle distri-
bution. This interaction clearly differs from the
remaining 77 showers. Shower number No.1 is a
two-center one.

5. The small anisotropy of the azimuth angle
distribution of the secondary particles, and the
accompanying pronounced anisotropy of the polar
angle distribution in the c.m.s., contradict the
model of secondary particle production via an in-
termediate excited state with large angular mo-
mentum.

6. The distribution Wi(€) of pair azimuth
angles of secondary particles emitted from one
fireball of two-center showers was found to be
isotropic. From the isotropy of Wi(e) follows
that the direction of motion of separate fireballs
(if we assume that the model corresponds to real-
ity ) coincides in the c.m.s. to within 5° with the
direction of motion of the colliding particles.
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