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Total angular momenta for each star of the reaction C!? + C!> — 6, which has been studied
previously (1], are determined on the basis of the statistical model of direct nuclear decay. A
mechanism is indicated which differs from that of direct nuclear decay and which also leads
to total disintegration of carbon atoms into « particles. Corrections to the statistical model

of direct nuclear decay are discussed.
1. INTRODUCTION

AS is well known, the properties of a whole series
of nuclei agree well with the assumption that
they contain groups of strongly bound nucleons of
the a-particle type. The total disintegration into
a particles is observed experimentally when heavy
nuclei collide, and is well described by the statis-
tical model of the direct nuclear disintegration {11,
The statistical model of direct nuclear decay is
based on the assumption that when two nuclei col-
lide their kinetic energy is instantaneously re-
leased in a small effective volume surrounding
these nuclei, and is then statistically distributed
among the « particles of which the initial nuclei
consist, and not among the individual nucleons.
This model is constructed in analogy with the
Fermi model for multiple production of pions €21,
The intermediate system of o particles usually
has a large angular momentum (frontal collisions
of the nuclei have low probability ) and can be de-
scribed in the c.m.s. by a Boltzmann distribution

dn = C (2nh) 3e—aw+Bmxdp dr, (1)

where the colliding nuclei move in the direction

of the z axis, the total angular momentum of the
system is directed along the x axis, C is a nor-
malization factor, w and my are the ‘energy and
x-component of the angular momentum of the o
particle, and dpdr is the element of phase volume.
The constants C, o, and B are chosen so as to
cause the total number of particles N, the total
energy E, and the total angular momentum M to
have the obtained experimental values.

The Boltzmann distribution (1) makes it pos-
sible to obtain the angular and energy distributions
of the o particles which are produced upon com-
plete disintegration of two nuclei, if the total en-

ergy E and the total angular momentum M of the
intermediate system are known.

Since the total angular momentum M is not
known directly from experiment, and furthermore
M differs for different stars, and since the colli-
sions between two nuclei occur every time with
different impact parameters, one can choose for
M the mean value of the total angular momentum.
The mean value of the total momentum can be es-
timated, for example, from geometrical consider-
ations which do not depend on the model of the

direct nuclear disintegration[ﬂ.

2. SEPARATION OF THE TOTAL NUCLEAR
DISINTEGRATION MECHANISMS

The total disintegration of nuclei into o par-
ticles is observed experimentally in emulsions,
in the form of multiprong stars. The calculation
of the kinematics of such stars makes it possible
to determine practically all the principal charac-
teristics of the reactions involved in total disinte-
gration. These characteristics include the total

‘number of particles N produced as a result of the

reaction, the total c.m.s. energy E of the colliding
nuclei, the energy w and momentum p of each
emitted particle, the polar and azimuthal angles
¢ and x of each particle. However, the kinematic
calculation of the star does not make it possible to
determine the total angular momentum of the reac-
tion M without making certain assumptions con-
cerning the mechanism of the nuclear reaction.
The Boltzmann distribution (1) makes it pos-
sible to find the total angular momentum of the
star M as a function of N, E, and u = mB*R%/2a
(m —mass of emitted « particle, R —radius of
the intermediate volume ):
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M = (4mNER?) AT (35 ,u)/T(}/s, u)}"
X [1-—-T (5/2 »u)/uF (3/2’ u)l,

where I'(a,b) is the incomplete I' function.

The value of the momentum M can be deter-
mined if one knows the value of u from experi-
ment. The value of u can be related with the aid
of the Boltzmann distribution (1) to the mean square
of the cosine of the azimuth angle x by the relation

@)

U Vu
cos™ = [ (3%, u) g (e — 1) dt,
0

@)

where the azimuth angle x is reckoned from the
direction of the total angular momentum M.

The direction of the total angular momentum M
can be determined from the condition that the quan-
tity

2‘, (p:sin §; cos y;)? (4)
i .
be minimal in the plane perpendicular to the direc-
tion of motion of the colliding nuclei; the summa-
tion is over all the emitted a particles. Thus, by
finding cos? y from experiment, we can determine
with the aid of expressions (2) and (3) the total an-
gular momentum M for each star separately. Ob-
viously, the momentum M cannot exceed M ..

The maximum momentum My, 5« can be esti-
mated from the energy conservation law, Mmax
= Y 2IE , where I is the moment of inertia of the
nucleus. This value of My, is more exact than
that previously obtained [1] from geometrical con-
siderations, where the nuclei were regarded as
spheres of radius R. The moment of inertia I of
the nucleus can be estimated independently. If
formulas (2) and (3) lead to values M > My %, it
must be assumed that such a star occurred, not
as a direct nuclear disintegration, but as a result
of some other mechanism, to which the description
with the aid of the distribution (1) cannot be applied.

We have analyzed from this point of view the
experimental data on the total disintegration of
carbon nuclei into o particles, C!? + C12 — 6q,

- which were published previously (see [!J). This
reaction was observed in the form of six-prong
stars in emulsions bombarded in the heavy-ion
linear acceleration of the Khar’kov Physico-tech-
nical Institute with 115-MeV carbon ions.

We have calculated 70 stars and found the polar
and azimuth angles. For each star we found the
total angular momentum M. In the total disinte-
gration of the carbon nuclei into « particles with
an incident ion energy of 100 MeV in the labora-
tory system (l.s.), the maximum possible value
of the total angular momentum is My, 5« = 201,

‘bution of a particles for M %
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FIG. 1. Distribution of stars with respect to the mag-

nitude of the total angular momentum, on the basis of the
statistical model of direct nuclear disintegration.

dnfeisin U2 d
20t
" '\%\HM
1 1 1 1 1
0 0 60 0 20 150 180
J deg

FIG. 2. Angular distribution of the ¢ particles produced
as a result of the direct nuclear disintegration (M < 19 %
in Fig. 1).
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if the moment of inertia I of the nucleus is as-
sumed equal to that of a rigid sphere Irig
= 2mNR?/5. Actually the moment of inertia of the
nucleus is smaller than Irjg, and Mmax is some-
what smaller than 20h.

Figure 1 shows the distribution of the stars
relative to the total angular momentum. For M
> Mmax, the momenta calculated in accordance
with the statistical model of the direct nuclear
disintegration do not correspond to the true values
and have a purely arbitrary character. The stars
for which the total angular momentum M obtained
with the aid of Formulas (2) and (3) exceeds My, %,
cannot be described by the statistical model and
apparently are the result of other mechanisms for
the total disintegration of the carbon nuclei into
six a particles. The values M > My,5x shown
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in Fig. 1 undoubtedly do not coincide with the true
total momenta of the corresponding stars, but these
arbitrary values are essential in order to distin-
guish the direct nuclear disintegration from the
other mechanisms of total disintegration of nuclei
into a particles.

In separating the stars according to the direct
nuclear disintegration and to other mechanisms of
total nuclear disintegration, it is convenient to con-
sider all their characteristics separately. We ex-
clude here from consideration the intermediate re-
gion 19h < M < 257, shown shaded in Fig. 1, so as
to separate more clearly the differences between
the disintegration mechanisms of the two carbon
nuclei into six « particles.

Figure 2 shows the angular distribution of the
o particles produced in the direct nuclear disinte~
gration (M < 19h in Fig. 1). The continuous curve
has been calculated from the corresponding formula
of the previous paper[ﬂ (the formula was obtained
from the Boltzman distribution). The angular dis-
tribution of Fig. 2 is characterized by preferred
emission of the o particles in the forward and
backward directions, something which does not
occur for the almost isotropic distribution of the
a particles from the stars produced as a result
of mechanisms other than direct nuclear disinte-
gration (see Fig. 3). The errors indicated in
Figs. 2 and 3 are statistical.

The difference in the mechanisms of the reac-
tion C!2 + C¥2 — 6q is even more pronounced if
the distributions of the « particles with respect
to the angle 6 between the directions of emission
of the two « particles are plotted—the angular
correlations between the particle emission direc-
tions. For each star the number of such angles is
equal to the number of combinations of prongs taken
two at a time (for a six-prong star the number is
15). Such distributions are shown in Fig. 4 (region
M < 19h of Fig. 1) and Fig. 5 (region M > 25h).
Figure 4 corresponds to the direct nuclear disin-
tegration. The dashed curve represents the a-

FIG. 4. Angular correlation of a parti-
cles produced as a result of direct nuclear
disintegration (M < 191 in Fig. 1).

FIG. 5. Angular correlation of a parti-
cles for M > 251 in Fig. 1.
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particle distribution in the case of zero total an-
gular momentum, M = 0. The difference between
the distributions shown in Figs. 4 and 5 also shows
that there exists a disintegration mechanism other
than the direct one, leading to a total disintegra-
tion of the two carbon nuclei into « particles. This
mechanism is apparently connected with the disin-
tegration of the carbon nuclei into @ particles in
the case of grazing (or nearly grazing) collisions
between nuclei, as is confirmed by the presence

of maxima at angles 6 = 0 and 6 = 7 in the angular
correlations (Fig. 5).

3. CORRECTIONS TO THE STATISTICAL MODEL
OF THE DIRECT NUCLEAR DISINTEGRATION

In the earlier analysis () of a system consist-
ing of o particles, the system was assumed to be
classical and was accordingly described by a Boltz-
mann distribution, while the intermediate volume
was assumed spherical, so that good qualitative
agreement was obtained with the experimental data.
We are considering here corrections to the Boltz-
mann distribution (1), connected with the Bose-
Einstein statistics and with the non-sphericity of
the intermediate volume.

An exact description of the «a-particle system
can be made with the aid of a Bose-Einstein dis-
tribution, which, however, leads to definite mathe-
matical difficulties. Since the deviations from the
Boltzmann distribution cannot be large, it is con-
venient to seek corrections to all the quantities
obtained with the aid of the distribution (1). Put-
ting e®" = C (u — chemical potential of the sys-
tem ), we can represent the Bose-Einstein distri-
bution in a power series in C (the chemical po-
tential u, as can be seen from our earlier data (1]
is negative and is not very close to zero, u = —-1.1
MeV):

dn = %\ Che-tawrkBmadp dr.

k=1
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The first term in the sum of (5) is the Boltzmann
distribution, and all the other terms are the cor-
responding corrections. The constants C, o, and
B should now be determined from

(o]
2 CFe* T (32, ku)
Vg (o) # '

(o0
u O\ CREFUT (13, ku)

E=—
V’anshs Pt k3

’

4u
M= yaem 2

[r Cfey ) — U] (6)

The angular and energy distributions of the
emitted a particles will now be given by

9] ku
dn 1 c* 2 2 Y,
Q= m 217; g explx (1 — sin® ¥ cos?y)] x"dx,(7)

= 0
dn dau < C’z -kaw (P . (8)
dw — AR 2 % (kV sin x) cos? x dx,

0

where

e = 1/2mpR2.

It is seen from (7) and (8) that the angular and
energy distributions experience no essential
changes when the corresponding corrections are
taken into account. Inclusion of the first few terms
in (7) and (8) is important if the experimental ac-
curacy and the number of considered stars is in-
creased, as will occur at higher energies. The
numerical estimates show that an account of the
second term in (6) and (7) reduces the angular dis-
tribution (7) in the direction of 4 = 0 by approxi-
mately 16%.

In the calculation of the angular and energy dis-
tributions by the statistical model of direct nuclear
disintegration it was assumed that the intermedi-
ate volume is in the form of a sphere of radius R[1J.
All the calculations can be made by assuming that
the intermediate volume has the form of an ellip-
soid, the major semiaxis of which lies in the plane
perpendicular to the direction of the total angular
momentum, if the ellipsoid does not differ strongly
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from a sphere. If the eccentricity € of the ellip-
soidal volume is small compared with unity (e

= v1-R2/b2, b —half the symmetry axis, R —
radius of maximum circular cross section), then
we obtain for the angular distribution averaged
over all orientations of the ellipsoid, in the plane
perpendicular to the direction of the total angular
momentum, the expression '

dn _ Ne @
2nsin®dd " Y 2ar (35,u)

x {ro+% [(3

ul’ (U, u)

__F("/Tu)> F3,(8) + 2 cos*OFs,(9)

+sinto(F30)—Fi o)) |1 ©)
where the functions FJ*(#) are defined as
u/2
Fp @)= extsooso[, (rsin?®)xdx.  (10)

Numerical calculations show that for sensible
values of € (€ ~ 0.4) the angular distribution in-
creases in the direction of ¢4 = 0 by approximately
20%. The corrections connected with the Bose-
Einstein distribution and the non-sphericity of the
intermediate volume are of opposite signs and
therefore cancel each other.

The authors are grateful to Professor A. G.
Sitenko for interest in the work and for valuable
discussions.
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