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The breakup of colliding carbon nuclei into « particles (C12 +Cl2 — 6¢) is studied by irra-
diating nuclear emulsions with 115-MeV carbon ions. The angular and energy distributions of
the a particles and the excitation function are compared with calculations based on the statis-

tical model of direct nuclear breakup.
1. INTRODUCTION

MANY light nuclei can be regarded as consisting
of subgroups of strongly bound nucleons such as «
particles. In some nuclei these subgroups are only
weakly bound to each other, so that these nuclei are
more likely to decay by emitting subgroups than by
ejecting individual nucleons. Collisions between
these nuclei can produce three or more particles
resulting from the partial or complete breakup of
the system into « particles. The present work is
an experimental and theoretical investigation of
one such reaction, C!2 + C!2 — gq.[1]

2. EXPERIMENTAL RESULTS

Nuclear emulsions were irradiated with 115-
MeV carbon ions from the linear accelerator of
multicharged ions at the Khar’kov Physico-tech-
nical Institute. Among the various nuclear reac-
tions induced by the heavy ions in the emulsions
we detected a considerable number of reactions
with light nuclei, in which a system consisting of
an incoming ion and a target nucleus breaks up
completely into particles possessing more than
one unit of charge. A typical multipronged star
is seen in Fig. 1.

Complete measurements of the star param-
eters were possible on the discriminative emul-
sions (NIKFI type D) 300—400 u thick used in this
work. Measurements and calculations were per-
formed on 100 stars. The kinematics of the inter-
acting particles supported the hypothesis that the
observed reaction was a complete breakup of the
system into « particles.

Our experimental procedure was unchanged
from that used in other work.[] The angular dis-
tribution of o« particles in the center-of-mass
system is shown in Fig. 2, where the abscissas
are the angles 4 of particle emission and the or-
dinates are the numbers of « particles per unit
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FIG. 2. Angular distribution of a particles from the reac-
tion C** + C** > 6a.

solid angle. The statistical errors are indicated.
The distribution is symmetric around 4 = 90°,
which was to be expeeted in collisions between par-
ticles having equal masses.

The histogram in Fig. 3 is the c.m. energy dis-
tribution of o particles in all the measured six-
pronged stars. The spectrum is seen to be con-
tinuous.

We also measured the excitation function (Fig. 4)
from the threshold (denoted by a triangle) to 115
MeV. The cross section increases steeply far
above the threshold, attaining 10% of the geometric
cross section at 100 MeV. Our theoretical inves-
tigation was based on the direct breakup model.

3. STATISTICAL MODEL OF DIRECT NUCLEAR
BREAKUP

The theoretical account of direct breakup is
analogous to Fermi’s treatment of the multiple
production of mesons. (2] When two nuclei collide
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FIG. 3. Energy distribution of a particles from the reaction
C'? + C" > 6a.

!O,mb
|
|
!
1

UUI‘
! FIG. 4. Cross section for

the reaction C** + C'? » 6a as
a function of carbon ion energy

50t in the laboratory system.

J20 0 60 80 165 170
E; . MeV

their kinetic energy is instantaneously released
into a relatively small effective volume surround-
ing the nucleus and is divided statistically among
groups of strongly bound nucleons rather than
among individual nucleons. The breakup param-
eters, such as the angular and energy distributions
of the products, will obviously depend on the sta-
tistical distribution of energy, momentum, and
angular momentum among the particles within the
effective volume. The statistical description of
breakup reactions improves in accuracy with an
increasing total number N, of produced particles.

Two colliding nuclei ordinarily form a system
possessing high angular momentum, since rigo-
rously central collisions are of low probability.
The angular-momentum conservation law requires
that the entire angular momentum be distributed
among the outgoing « particles. As a result of
the fact that angular momentum is conserved in
addition to energy, the c.m. angular distribution
of « particles is not spherically symmetric.

The number of particles in an element dpdr of
phase space is given by

dn = C (2ah) 2 e ™ "2 dpdr,
dp = prsin0dpdide, dr = 27 R* — o2 ndpdy, (1)

where the z axis is perpendicular to the plane of
the reaction; C is a normalizing constant; w

= p?/2u is the a-particle energy; m, = pp sin 6
cos ( — @) is the angular momentum of an «
particle; 6 and ¢ are the angles of the momentum
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vector p; p lies in the reaction plane; the effective
volume is taken to be a sphere of radius R. The
coordinate angles are represented in Fig. 5; the
colliding nuclei move along the y axis in the c.m.
system. Equation (1) differs from the correspond-
ing formula given by Fermi; (2] pecause of the rela-
tively low energies the Bose-Einstein distribution
is here replaced by a Gibbs distribution, and the
effective volume is considered as a sphere since
Lorentz contraction is not involved.
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FIG. 5

The constants C, o, and 8 were selected to
make the total number N, of particles, the total
energy E;, and the total angular momentum M,
fit the experimental values. In the given coordi-
nate system these quantities are defined by

) . .
Ny :Sdn, Ey = Swdn, M, :'\mZ dn. (2)

Calculating N, from (2), we obtain
C =V aN,p*rPe— 2T (*/;, u), @)

where u = uB’R%/2a, u is the a-particle mass,
and the incomplete gamma function is defined by
b
I (a,b) = \e—»vxa—ldx.
0

From (1), (2), and (3) we obtain

Noul' (Y2, u 2Ngu |
W(—(/T)) Mo =5 [1 N
Equation (4) defines the relationship between the
constants a and (8, the total number N, of par-
ticles, the total energy E,, and the total angular
momentum M,.

We now obtain the energy distribution of a par-
ticles resulting from the complete breakup of the
colliding nuclei. Noting that the angle ¢ measured
from the direction of nuclear motion is related to
the angle 6 measured from the normal to the reac-
tion plane (Fig. 5) by the formula sin? 9 = 1 —sin? &
cos® x and that for the solid angle element dg,¢)
= dﬂ(‘g,x), we obtain from (1) an expression for

Eo _ I (32, u) } ) ()

ul’ (3/s, u)
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the number of o particles emitted in a solid angle
element dﬂ(&’x) = sin $dddy:
Sexp {x (1l — sin®9 cos®*y)} x> dx. (5)

0

dn _ Nge™*
Wy 0 T o)

This result shows that the angular distribution of
« particles exhibits maxima in the forward and
backward directions (4 =0 and 7) and is sym-
metric around the angle ¢ =7/2. If u <1 (low
angular momentum ) the right-hand side of (5) is
independent of the angles.

A comparison with experiment is facilitated by
averaging (5) over y. The angular distribution of
a particles is then given by

dan

o Noe—lt
27 sin 9d9%

V 2al (e, u)

u/2
X S exp {x (1 + cos? 9)} 1, (x sin? 0)x* dx.

0

(6)

If u> 1 (high angular momentum) the right-hand
side of (6) is proportional to sin™! #.

The energy distribution of o particles is ob-
tained by integrating (1) over the angles and over
p, replacing momentum with energy (p = v 2uw ):

w2
9 - . o
_;% = ﬁ_ﬂ%.—) e—ow \ sh (]/ ? sin x | cos® xdx,
1 , U o /
? (7)*

where € = 1/4 au. If u < 1 (low angular momen-
tum) the « particles have the Maxwellian distri-
bution dn/dw ~ wi/2e=0W,

4. COMPARISON OF EXPERIMENT WITH THEORY

The constants « and u appear in the angular and
energy distributions and are determined from (4) if
Ny, Ey, and My are known. The energy is E; = E;

+ Ey — Q, where E; and E, are the c.m. kinetic
energies of the colliding particles and Q is the re-
action energy. The angular momentum M, is
evaluated as follows. In a collision of two nuclei
with the impact parameter p the system possesses
the angular momentum pp, where the momentum
of one of the nuclei is

= [2mym, (my + my) ™ (Ey + E; — B)1's,

m,; and m, are the masses of the two nuclei, and
B is the Coulomb barrier height. The probability
that in a collision of two nuclei having radii Ry
and R, the impact parameter is between p and

p + dp is given by

dw = 2 (Ry + R,)™® pdp.
The average of M, is given by

(8)

*sh = sinh.
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MO = ppdw . (9)
i}

From (8) and (9) we obtain

Mo = 2 (Ry -+ Ry) [2mmmy (my + mo) (Ey + E, — B)J",
(10)

For the reaction C!2+ C!2 — 6q the constants
have the following values: Ny =6, E; = 36 MeV,

M, ~ 151, and R =5F. From (4) we obtained 1/«
=2.3 MeV, 1/8=1.2H, and u = 2. The curve in
Fig. 2 was computed from (6) for the given values

of @ and u. The experimental points at the angles
4 = 30° and 150° do not fit the angular distribution
(6), and can possibly indicate minima of the angular
distribution associated with another reaction mecha-
nism.

In Fig. 3 the experimental histogram is accom-
panied by the a-particle energy distribution com-
puted from (7) for the same values of @ and u.
Figures 2 and 3 indicate that there is qualitative
agreement between the experimental results and
the theory.

The excitation function was calculated from
Sachs’ formula 3 for the cross section as a func-
tion of energy and the number of outgoing particles.
For the breakup of an excited system into six par-
ticles this relation has the form

(W) =KW (1 — QW) (ro+ah [V 2mW )2, (11)

where W = E, + E, is the total kinetic energy of
the colliding particles, ry, and a are constants
characterizing the interaction volume, and K is
a constant. The interaction volume, following (4],
has the form V = 4/3119c(R +ax)?, where  is the
wavelength of one of the colliding nuclei in the
c.m. system.

Figure 4 shows a curve computed from (11) for
ro=1.06F and a = 0.85. Satisfactory agreement
with experiment is seen in the investigated energy
region.

The experimental points agree with calculations
based on the theory of direct breakup. However,
the same qualitative results can be obtained from
a suitably modified compound-nucleus model in
which « particles replace the elementary par-
ticles. This latter model seems very artificial,
although it cannot be rejected decisively on the
basis of the experimental results. A model could
be selected uniquely on the basis of an experiment
investigating a reaction between non-a-correlated
nuclei (e.g., N + BY — 6a). A comparison of
the reaction cross section with that for C!2 + C!?
— 6a would enable us to determine whether nu-
cleons regroup to form « particles at the instant
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of collision or whether the breakup into « par-
ticles is due to the «a-particle structure of the
colliding nuclei.

In conclusion the authors wish to express their
gratitude to Prof. A. G. Sitenko for valuable sug-
gestions and discussions. They are also indebted
to A. A. Sirotinskaya for developing and preparing
special type-D emulsions, to L. I. Bolotin for sug-
gesting that the experiment could be performed
with the heavy-ion accelerator, and to Yu. F.
Kulygin, G. M. Skoromnyi, and O. A. Fedorov for
operation of the accelerator. We must also ex-
press gratitude for the large amount of work done
on the emulsions by the microscopists K. P. Ski-
benko and V. N. Orden.
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