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The experimental data on collisions between nucleons and emulsion nuclei are compared with
the various theories of multiple production of mesons, in which the tunnel model has been

employed.

1. METHODS OF ANALYSIS OF THE INTERAC-
TIONS

IN the following discussion, a comparison is made
between the experimental data and the various
theories of multiple meson production using the
tunnel model. By ‘‘tunnel’’ we understand a cylin-
der of nuclear matter with the base equal to the
geometrical cross section of the nucleon. The idea
of such a comparison consists of the following: if
we take into account!™ the experimental data indi-
cating that, at energies E = 10!! ev, the cross sec-
tion for meson production coincides sufficiently
with the geometrical cross section of the target
nuclei?~7 and varies very little with the energy of
the producing particles, then we can calculate the
corresponding tunnel length distribution, from the
composition of the nuclei of the detector medium.
If we take into account that the matter density in-
side the nucleus is constant, it is easy to calculate
the effective mass of the tunnel n in units of the
rest mass of the nucleon. In the present experi-
ment, the IlIford G-5 emulsion served as the shower
detector. The distribution of the differential prob-
ability AN/NAn of observing a tunnel with mass n
for this emulsion is shown in Figs. 3 and 4.

On the other hand, generalizing the theory of
multiple production for the case of a collision be-
tween a nucleon and a nucleus, one can find the
variation of an expected multiplicity ng with the
primary energy and the number of nucleons in the
tunnel. If we now consider the showers observed
in the emulsion, we can estimate the energy inde-
pendently of ng for each individual case, using the
theoretical relation between them to calculate the
corresponding number of nucleons n in the tunnel
for each theory. If a sufficiently large number of
showers are available, one can construct the dis-

tribution of the relative number of showers with
respect to the values of n calculated in such a way,
and then compare it with the expected distribution
for the emulsion. From such a comparison, one
can draw conclusions about the applicability of var-
ious theories of multiple meson production to nu-
cleon-nucleus collisions within the framework of
the assumed model.

In the present paper, data of other laborator-
ies® 10 were used* in addition to the showers de-
tected in our laboratory.! Only the events with
ng = 5 shower particles, produced by neutral or
singly-charged particles, were selected. Second-
ary showers observed in the emulsion were not
taken into consideration. Since the emulsion was
exposed in the majority of cases at a high altitude,
one can assume that the showers selected in such
a way were primarily produced by nucleons. No
limitations on the number of grey and black tracks
in the stars were imposed. The Lorenz factor vy,
of the nucleon-tunnel center-of-mass system
(c.m.s.t.) was found assuming a symmetrical
emission of shower particles and the equality of
their velocities in the c.m.s.t. to the velocity of the
system itself. The latter leads to a systematical
overestimate of yc.!’>!! However, the possible ef-
fects of such an overestimate will be discussed be-
low. We then selected showers with yo = 7, which
corresponds in the laboratory system (l. s.) to
energies of E = 101 ev. The total number of such
showers was equal to 154.

We shall now discuss the various theories.

a) The hydrodynamical theory of Landau was
generalized for the nucleon-nucleus collision in the
article of Belen’kii and Milekhin!? where, in par-

*Unpublished data sent to us from the Moscow and Lenin-
grad laboratories were also used.
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ticular, a small infraction of the emission sym-
metry of produced mesons in the c.m.s.t. is shown
to exist. Generalizing the relation between the
total number of produced particles N and the en-
ergy in nucleon-nucleon (NN) collisions, we can
write for the nucleon-nucleus collision

N=(n+1)1/ for n<3,7,
N = 1,84 (n —1/,yv: for n > 3,7.

(1)
(2)

Assuming, furthermore, that only = mesons and
nucleons are among the shower particles taking
part in the collision, we find

ns=0,677%(n+1)—(n+1)/6 for n<3,7, (3)
ny=1,237"%(n—1/yh—(n+1)/6 for n>3,7. (4)

b) The energy spectrum of the produced mesons
as derived from the Heisenberg theory!® has been
widely confirmed experimentally in showers pro-
duced on light and heavy nuclei.’% 1418 1t will
therefore be useful to consider the application of
this theory to nucleon-nucleus collisions within the
framework of the assumed model. In order to ex-
plain the observed multiplicity in NN collisions,
Heisenberg considered the inelasticity factor K,
which he connected with the impact parameter of
nucleons. In spite of the fact that, as a result, it
is possible to explain the observed multiplicity,
and that, moreover, the experimental data confirm
the character of the variation of the average value
of K with the energy of colliding particles, %1117
there is also considerable discrepancy between
theory and experimental data, e.g., the absence ot
a logarithmic increase of the meson-production
cross section with the energy,!8:19

We shall therefore consider an essentially dif-
ferent scheme, in which we postulate the possibility
of an inelastic collision of the primary nucleon
with a nucleon or a nucleus, without relating it to
the impact parameter. The kinematics of such
collisions within the framework of the accepted
model is as follows (see Fig. 1): before the colli-
sion (Fig. 1a), the primary nucleon and the tunnel
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have equal and opposite momenta in the c.m.s.t.
After the collision (Fig. 1b), a strongly excited
volume of meson field A is produced in the c.m.s.t.,
from which the produced mesons are emitted. If
the symmetry of emission of these mesons in the
c.m.s.t. is conserved, the momenta of the tunnel
and of a nucleon after the collision will again be
equal. Moreover, the energy ¢ transferred to the
meson field is determined as the difference in the
total energy of the system nucleon-tunnel before
and after the collision. The inelasticity factor K
for y4 > 1 can, in analogy to an NN collision, be
determined from the equation*

e = KM (2ny. —n — 1) = 2KMny.. (5)
The scheme under consideration may be repre-
sented by the Feynman diagram (Fig. 1c), which
describes the whole process as an interaction be-
tween a virtual r meson from the cloud of the in-
cident nucleon with virtual = mesons of the nucle-
ons of the tunnel, leading to the production of a
single excited volume A. Moreover, the nucleons
are not excited, or only weakly excited.?’ It is es-
ential to note that, for large energies (yg > 1),
consecutive peripheral interactions of the primary
nucleon with each of the nucleons of the tunnel (zr
collisions with a production of real mesons ),
clearly are impossible. This follows from the fact
that, in c.m.s.t., the time of existence of a virtual
m meson belonging to the cloud of the primary nu-
cleon y; ~yo/ug is much greater than the time

Ty ~ 1/uyyc necessary for traversing the distance
between the two neighboring nucleons in the nu-
cleus.T The Heisenberg theory is fully applicable
to the description of the meson-production mech-
anism from the excited volume A. An unimportant
difference, as compared with the usual theory, con-
sists only in the determination of the maximum en-
ergy €\ of produced particles, which, in the given
case, is determined from the minimum dimensions
of the nucleon-tunnel system.

ey =~ pont, /(1 + n?). (6)

Using the relation (6) and the expression for the en-
ergy spectrum of produced mesons of the i-th
type,'® we calculate the number of mesons N; and
the energy ¢; carried away by them:1

*Here and in the following, we used a system of units in
which i=c=1.

1The author is thankful to D. S. Chernavskil for a number
of useful comments concerning the physical interpretation of
‘the discussed scheme.

tpi is the rest mass of the i-th type of mesons.
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(7)
(8)

N:= Ay (o) /s,
& = A, () (o0; = pifem),

202 4+ 1 -1 ‘/-'1—(1%
q)l(a,i)= 12 tan T
et S /g g
1+a? »——-—2— ——'al.y

l/l +a? + Vi——a? r——
1 —aj.

Vi+ad—) 1—a V (10)

Following Heisenberg,'? we put A; = gijA, where gj
is the number of possible charge states of the i-th
type of mesons (taking strangeness into account),
and A is a constant. In the case of multiple pro-
duction of 7 and K mesons, g; = 3 and gk = 4.
The ratio of the number of K* mesons to the total
number of charged K and 7 mesons can be ob-
tained, assuming charge symmetry, by means of
Eqgs. (7) and (9):
N

(Vi +N7)
In Fig. 2, this ratio is shown as a function of vy,
for NN collisions (curve 1), and for the collision
between a nucleon and a tunnel containing seven
nucleons (curve 2). The contribution of heavier
particles is small and has been neglected. The
ratio Ng/(Nk + N7) for high energies (y¢ > 30)
tends towards the value 0.2. This is in satisfactory
agreement with experimental estimates!®!6:2! of the
fraction of heavy charged particles in showers.

— oy Vl —a? tan~!
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FIG. 2. Ratio between the number of charged K mesons to
the total number of charged mesons according to the Heisen-
berg theory. Curve 1—for a NN collision, curve 2~ for a col-
lision between a nucleon and a nucleus consisting of seven
nucleons.

In order to obtain the variation of multiplicity
with the energy, we shall use the equations (5), (8),
(9), and (10), from which we shall determine the
constant A. Substituting its value into (7), and as-
suming that ng = Ny + Ng, we obtain

9, (&) + %5—1( P, (aK)J .

55
(12)

An additional unknown parameter in Eq. (12) is the
quantity K, which may be different in each shower.
In order to give an estimate of this quantity to a
roughest approximation, let us assume that it is

KM (2ny, —n—1)

ne =
8xPs (%) T 8k Po(k)
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constant for all showers with energy higher than
100 Bev. The order of magnitude of the quantity

K can be estimated from the condition that the dis-
tribution of showers with respect to the tunnel
length corresponds to the distribution of the rela-
tive differential probability of collision with the
tunnel for the detector medium.

The value of n for each shower has been calcu-
lated from the hydrodynamical theory [ (3) and (4) ]
and the Heisenberg theory (12), for various K = 0.1,
0.2, 0.3, and 0.5. The histograms of the distribu-
tion of the relative number of showers with respect
to the values of n calculated in such a way are
shown in Figs. 3 and 4.
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FIG. 3. Distribution of the relative differential density of
the number of showers AN/NAn with respect to n according
to the Landau theory (dotted line). Density of the probability
of distribution of tunnels with respect to n for the Ilford G-5
emulsion is shown by the solid line.
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FIG. 4. Distributions of the relative differential density of
the number of showers AN/NAn with respect to n (dashed
line) obtained from Heisenberg’s theory for inelasticity factor
K =0.5, 0.3, 0.2, and 0.1 respectively. The solid line repre-
sents the probable distribution of tunnels with respect to n
for the Ilford G-5 emulsion.

2. DISCUSSION OF RESULTS

1. The histogram of shower distribution with
respect to the tunnel length obtained from the hy-
drodynamical theory of Landau (Fig. 3) generally
follows the distribution expected for emulsions.
However, a considerable shift towards greater
tunnel lengths is observed. The fraction of showers
to which one has to ascribe a fictitious tunnel length
n > 7 in order to explain the observed multiplicity
amounts to 30%. This is also reflected in the ratio
of the number of showers N; produced only on
heavy nuclei (n > 3.7) to the number of showers
N, produced both on heavy and light nuclei (n
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= 3.7). For the emulsion, this ratio is equal to
0.9, while, according to the hydrodynamical theory
of Landau, it equals 1.8. The multiplicity of show-
ers to which, according to the theory, it was nec-
essary to ascribe a fictitious tunnel length (n > 7)
is great (ng > 15), and the taking into account of
the fluctuations in the angular distribution of shower
particles will therefore not lead to considerable
corrections in y,. Since the values of y¢ used? !
were systematically overestimated, one can con-
clude that the disagreement between the theory and
the actual conditions cannot be ascribed to experi-
mental errors.*

2. The modified Heisenberg theory leads, within
the framework of the accepted model, to a sharp
discrepancy between the tunnel-length distribution
of the showers and the expected distribution for
emulsion for values K = 0.5 (Fig. 4). For values
K =0.1 and 0.2, the ratio N;/N, is equal to 0.3
and 0.1. The value N;/N, = 0.9 could have been
obtained for K < 0.1. However, such a value of
inelasticity cannot be accepted, since it lies outside
the limits of estimates carried out directly for
showers with a known energy distribution of sec-
ondary particles.b>11:17 It should, however, be
noted that a systematical overestimate of y, leads
to a worse agreement between the histograms
shown in Fig. 4 (yc is found® to be overestimated
by roughly a factor of 1.5). Taking this into ac-
count, one can expect an agreement between the
present model and the experiment for values of the
~ inelasticity factor substantially smaller than unity
(K=~ 0.1—0.2). The value of K corresponding to
the Feynman diagram (Fig. 1c) is approximately
equal to u;/M = 0.15.20 For the analysis of high-
energy showers (E = 10! ev) with a known energy
distribution of secondary particles and a small
number of grey and black tracks (Np = 3, i.e.,
mainly NN interactions), the mean value of the
inelasticity factor K was found to equal 0.2 — 0.3
(references 7, 11, 17), which is not very different
from the estimate obtained above. Analogous
measurements on showers produced in interactions
of nucleons with heavy nuclei (Np > 7) are of
great interest.

For two showers with Nh > 10 (of type 20

+ 12 p and 18 + 11 p), it was found possible in our
laboratory to measure the energies of shower par-
ticlesT (reference 15).
T *Transformation to the system of equal velocities does not
lead to a greater similarity between the histograms shown in
Fig. 3.2

tThe energy of all particles was measured in the shower

20 + 12 p. In the shower 18 + 11 p, the energy of three shower
particles emitted at the greatest angle could not be measured
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For high energy (yf3 > 1) we can write*

an%';—%: S E:. (13)
i=1
In columns 1 and 2 of the table, the type of the
shower and the corresponding mean value of the
transverse momentum of shower particles are
given. In the columns 3, 4, and 5, the values of
yo» Kn and the shower energy in the l.s. E, are
given. If we assume that, in these showers, a col-
lision of a primary nucleon occurred with a tunnel
of at least average length (n =~ 3.5), then the value
K is found to be substantially smaller than unity
(K= 0.1—0.2). For K=~ 1, the quantity Kn
should amount to several units, which does not
correspond to the table. These data are a very
tentative indication that the inelasticity coefficient
should be considerably less than unity in showers
produced in the collision between a nucleon and a
heavy nucleus. The final solution of this problem
depends on a marked increase in the number of
similar showers observed.

HEEREEE
';}:g;;f pJ_/“ﬂI Ye ‘ Kn E., Bev
20+12(p)| 0.9 I 5—6 lo 8--0.6| =100
18+11(p)| 1.1 | 8—14/0.3—0.2| >100

An interesting consequence of the discussed
model of multiple meson production in nucleon-
nucleus collisions is the possibility of explaining
the appearance of a large number of grey and black
tracks in high-energy showers. According to the
usual hydrodynamical theory, the appearance of
such tracks cannot be explained without additional
assumptions, since such a large momentum is
transferred to the tunnel as a whole (for K~ 1)
that it manages to leave the nucleus before disin-
tegrating into separate particles, and the excita-
tion energy equal to the variation of the surface
energy of the nucleus is insufficient to explain the
observed number of grey and black tracks.

In the case where K «< 1, the nucleons of the
tunnel conserve high velocity in their original di-
rection after the collision with a primary nucleon.
In the l.s., their velocity B; relative to the nu-
cleus is small, and they can therefore initiate in-
tranuclear cascades. Such cascades can, in prin-

because of the small length of the track in the emulsion layer.
The energy of these particles was found by assuming that their
transverse momentum p, is equal to the value p; of all re-
maining particles.

*The energy of shower particles in the c.m.s.t. E} is mea-
sured in units of rest mass of the 7 meson.
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ciple, be calculated according to the scheme of
Goldberger.? Since the initial velocity of nucleons
of the tunnel is, in the l.s., mainly in the same
direction as the primary particle, one should expect
the appearance of anisotropy in the angular distri-
bution of recoil nucleons with the maximum in the
same direction.

A simple kinematic calculation shows that, if
we take the time of flight 7 of the primary nucleon
(without interaction) through a distance equal to
the tunnel length (7 ~ n/u;) as the time scale in
the l.s., then the fraction of nucleons An/n in the
tunnel remaining during that time inside the nu-
cleus amounts to An/n =~ (1 — B1). For a high en-
ergy (-yf3 > 1), By ~K and An/n~ (1 - K). The
mean energy of these nucleons in the l.s. is y;
~ M(1-K?)™¥2 For K g 0.5, the kinetic energy
of the tunnel nucleons is ~ 1000 Mev, which is
wholly sufficient for the ejection of recoil nucleons
from the nucleus. If we assume that the mean
transverse momentum of the tunnel nucleons p
~ M, we can estimate the opening angle 4 of the
cone in which they are collimated as tan
~ V1 — K¥K. The formulas presented are only es-
timates. However, it already follows from them
that, for K =~ 1, the development of the internuclear
cascades is impossible, since the fraction of nu-
cleons remaining in the nucleus and also the angle
of their collimation are very small. This prac-
tically coincides with the ideas of the hydrodynam-
ical theory.

c) The statistical Fermi theory? is not appli-
cable in the energy range E = 10!! ev, since, by
means of it, it is impossible to explain the aniso-
tropy in the angular distribution of the produced
mesons? without using the law of conservation of
moment of momentum. In that case, however, the
theory becomes self-contradictory even when using
it for NN collisions,? and all the more so for the
tunnel model.

CONCLUSIONS

1. An analysis of different theories of multiple
meson productions carried out on the basis of the
tunnel model shows that none of the discussed
theories in the energy range E = 10!! ev leads to
a good agreement between the tunnel-length distri-
bution of showers and the distribution expected for
photographic emulsion.

2. The comparison shows that the hydrodynam-
ical theory of Landau, and the theory of Heisenberg
extended for the case of nucleon-nucleus collisions,
lead to diametrically opposite effects. Using the
first theory, one obtains too great a number of col-
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lisions with long tunnels (N;/N, = 1.8), while the
second theory results in an excess of collisions
with short tunnels (N;/Ny =0.3) as compared with
the number expected for emulsion (N;/Ny = 0.9).
This difference is mainly determined by the value
of the inelasticity factor. The hydrodynamical
theory is applicable under the assumption that only
head-on collisions (K ~ 1) occur, while, for the
field theory, one has to expect an agreement with
the experiment assuming that only peripheral in-
teractions of a primary nucleon with nucleons of
the nucleus (leading to the production of a small
number of mesons, K ~ 0.1) occur. At the present
time, the ideas on the multiple meson production

in nucleon-nucleus collisions with a small energy
transfer to the particles produced (K « 1) should
be regarded as a model whose experimental con-
firmation requires that many more showers pro-
duced on heavy nuclei (Np > 10) be analyzed in de-
tail. Within the framework of this model, it is pos-
sible to explain, at least qualitatively, the appear-
ance of a great number of grey and black tracks in
corresponding stars.

In conclusion, the author wishes to express his
deep gratitude to Prof. Zh. S. Takibaev for propos-
ing the subject, and for his constant attention to the
present research.
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