VOLUME 14, NUMBER 12 PHYSICAL REVIEW LETTERS 22 MARCH 1965

%K. L. Lim and I. E. McCarthy, Phys. Rev. 133,
B1006 (1964); and private communication.

Bull. Am. Phys. Soc. 10, 121 (1965); C. Detraz, thesis,
Orsay, France, 1964 (unpublished); S. M. Austin, G. L.

3A. Goswami and M. K. Pal, Nucl. Phys. 44, 294
(1963).

‘R. W. Peelle, Phys. Rev. 105, 1311 (1957); T. Sto-
vall and N. M. Hintz, Phys. Rev. 135, B330 (1964).

5S. K. Penny and G. R. Satchler, Nucl. Phys. 53, 145
(1964).

6R. Bock, H. H. Dohm, R. Riidel, and R. Stock, Phys.

Letters 13, 151 (1964).
'W. H. Kelly, C. A. Ludemann, and C. D. Goodman,

Salmon, A. B. Clegg, K. J. Foley, and D. Newton,
Proc. Phys. Soc. (London) 80, 383 (1962); J. W, Wat-
son, F. Ajzenberg-Selove, and R. Middleton, Bull. Am.
Phys. Soc. 10, 9 (1965).

8R. J. Griffiths, A. E. McClatchie, W. R. Gibson,
S. J. Hall, A. R, Johnston, and K. M. Knight, Congrés
International de Physique Nucléaire, Paris, 1964,
3a(1)/c93 (to be published); W. R. Gibson, A. R. John-
ston, and R. J. Griffiths, to be published.

INTRANUCLEAR CASCADE AND FERMI-MODEL BREAKUP CALCULATIONS
ON THE PRODUCTION OF Li, Be, AND B ISOTOPES IN C'? BY 156-MeV PROTONS

E. Gradsztajn, F. Yiou, R. Klapisch, and R. Bernas
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(Received 11 January 1965)

A complete calculation of the cross sections
for the production of He®, Li®, Li’, Li®, Li®,
Be®, Be!’, B, B!, C¥, and C! from 156-MeV
proton-irradiated carbon has been performed
using the hypothesis of a two-step mechanism
of which the first step is the intranuclear cas-
cade initiated by the incident proton and lead-
ing to a particular excited residual nucleus,
and the second step is the breakup of the re-
sidual nucleus into various particles.

In all the following the term “residual nuclei”
will refer to excited nuclei produced by the
cascade, and ‘“final nuclei” refer to nuclei left
at the end of the two-step process.

I. The cascadzs.—We shall not describe here
the Monte-Carlo cascade calculations on C!?
which were recently discussed by Gradsztajn.!

Let us only recall that the method used involved
the possibility for any nucleon moving in the
nucleus to have a probability P of colliding
with an alpha cluster. In the present work 10000
cascades have been calculated both for P=0 (no
clusters) and for P=0.40. The frequency of
occurrence of residual nuclei after the cascade
is given in Tables I and II for P=0 and P=0.40,
respectively. In Figs. 1 and 2 are shown the
excitation energy spectra of these.

II. Breakup of highly excited residual nuclei.—
The evaporation of particles, which is usual-
ly considered as a likely process of de-excita-
tion in the case of heavy nuclei, cannot be used
here due to the small number of nucleons in
the residual nuclei. So we have applied to this
problem a different statistical approach which

Table I. Frequency of occurrence ot various residual nuclei as calculated from the cascade interaction of 156-
MeV protons on C!? (taking P= 0)., Number of incident protons: 10000.

Type of

Residual Type of Residual
cascade nucleus Number2 cascade nucleus Number2
P Ni3 0 b, 2p2n B? 158
p.n N1z 253 2,2p3n B8 10
p,on N 121 b, 2p4n BY 1
p,3n N10 15 2,3 Bel? 231
b,p cizb 604 b, 3pn Bé® 117
p,pn cHt 1550 2,3p2n Be® 31
p,pon ct 348 b,3p3n Be' 0
b,p3n c? 36 D, 4p Li® 27
2,2 Bl 1.253 b, 4n Li® 6
b, 2n B 709 b, 4p2n Li’ 1

aTotal, including the transparencies: 9777. The missing residual nuclei are produced by cascades with more
than six emitted nucleons and are not useful for the breakup calculation.

bNot including 4306 transparencies.
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Table II. Frequency of occurrence of various residual nuclei as calculated from the cascade interaction of 156-
MeV protons on ct? (taking P= 0.4). Number of incident protons: 10000.

Type of Residual Type of Residual

cascade nucleus Number? cascade nucleus Number?

p N 0 b, 2p4n} B 21

D N2 174 p,a2n

p,2on NH 21 p,3p Bel? 32

b,3n Ni0 b 3 p,3pn Be? 6

p.p ct? 499 p,3p2n 8

on ott o e } Be 1980

bp.p2n clo 48 p,3p3n .

b, pn ct 3 b apn | Be 382

2,2 B! 546 p,4p Li® 3

b, 2n B!? 112 p,4pn Li® 0

P, zpzn 9 p’ 41’2" .7

e } B 11 o Li 311
;6

b, 2P3”} 8 bp,a2pn Li 96

p,an B 126 p,a3p He® 24

27Total, including the transparencies: 9011. The missing residual nuclei are produced by cascades with more
than six emitted nucleons or more than two @ particles and therefore are not useful for the breakup calculation.

bNot including 4036 transparencies.

has been pointed out recently by Zdanov and
Fedotov? and was first introduced by Fermi®

in order to deal with the high-energy collisions
of protons with multiple production of parti-
cles. More precisely, if a large amount of
energy is suddenly released in a small region
of space, it will be rapidly distributed among
the various degrees of freedom present in the
volume, according to statistical laws. (This

is valid even for a small number of particles
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FIG. 1. Spectra of the excitation energy of residual
nuclei from 10 000 cascades with P =0, The ordinates
are expressed in fraction of the total number of the
corresponding nuclei. Transparencies are not in-
cluded in the case of C!2,

in the volume.) When the energy concentra-
tion is released by the breakup of the excited
nucleus into many particles, all possible states
will occur with frequencies proportional to their
statistical weights.

The statistical weight W for a given reaction
channel has been established by Fermi,® Lepore
and Stuart,* Rosenthal,® and more recently by
Ericson.® In the nonrelativistic case, with due
account of energy and momentum conservation
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FIG. 2. Spectra of the excitation energy of residual
nuclei from 10000 cascades with P=0.4, The ordi-
nates are expressed in fraction of the total number of
the corresponding nuclei. Transparencies are not in-
cluded in the case of C!2,
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(but with no account of angular momentum),
one finds

s{v n-1 1 T(3n-5)/2
w=3(%
(ﬁ3) @n3"1/2 rai, 1) /2)

n n 3/2
X HM/ZM, .
i=1 7

i=1 7

V is the volume of the interaction and we have
taken it to be equal to the nuclear volume with
7o=1.3 F; T is the kinetic energy released by
the breakup, T=E*-@, where E* is the ex-
citation energy of the residual nucleus and @
the @ value corresponding to a given disinte-
gration; »n is the number of emitted particles;
n
S=T1I (21.+1);
j=1 7

I]- and Mj are the spin and mass of the jth par-
ticle; G=[]n;! takes into account the indistin-
guishability of the nj identical particles j; I'
is the I' function.

If we start with the residual nuclei produced
by the cascade and take account of their ex-
citation energy spectra, we can then compute
the relative probability of occurrence of all
the energetically possible channels.

About 1000 breakup channels have been com-
puted for the 18 residual nuclei and 12 final
nuclei. We have neglected B’, C°, N'° and
N the masses of which are unknown or not
well known; but it is clear from Tables I and
II that the number of these residual nuclei is
very small. We have also neglected the chan-
nels leading to Li° and He®.

The calculations are performed as follows:
For each final nucleus j the statistical weight

Table III. Comparison of calculated and experimental absolute cross sections.

o calculated o calculated
P=0.4 o experimental P=0
Final nucleus (mb)? (mb) (mb)
Be' reference 12.1 12.1210%P 12.1
Run 1 Run 2

Bel? 1.3 1.1 1.8 £0.6C 1.6

Li® 0.007 0.004 d 0.008 or

0.038€

Lid 1.1 0.8 <1f 1.2
Li’ 8.6 6.8 7.8 £1.68 7.8
Li® 9.9 9.4 h 12.6
He® 0.7 0.5 <0.5! 0.8
Li% +He® 10.6 9.9 9.8+1.88 13.4
Li"+Be’ 20.7 18.9 19.9 £4.08 19.9
R=07/06 2.0 1.9 2.0 0.1 1.5
clo 1.1 0.9 2.6 0.3 0.8
cH 8.0 7.1 452 13.3
Be? 1.6 1.4 d 1.3
Bi0 15.8 14.3 d 12.9
Bit 8.5 9.7 d 17.8
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3Runs 1 and 2: two separate 10 000-cascade runs. The distribution given in Table II and Fig. 2 refers to Run 2.
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€0.008 mb is the cross section given by the breakup of all other nuclei. In the 10000 cascades we found one Li®
with 0<E* <5 MeV; as the levels of Li? are not known there is a possibility that this Li® will undergo only its usu-

al decay. The cross section must then be increased by 0.030 mb. Better statistics are required.
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is given by

18 n; 15

T iz1k=11=1

where W, is given by Formula (1); i, & are,
respectively, the indices of the residual nuclei
and channels, n; the number of the possible
channels for a given 7. The index ! corresponds
to the various 5-MeV intervals into which the
excitation energy spectra (Figs. 1 and 2) are
subdivided, and n; is taken directly from these.

The value of R, for each of the final nuclei,
is calculated for all levels which do not decay
by particle emission, and the corresponding
spin value J; introduced into Formula (1). Spin
values are taken from Nuclear Data Sheets’
or after James, Fergusson, and Johnson.®
The levels for which the spins have not been
measured have been attributed values of the
corresponding mirror nuclei, and a spin of
3 was attributed to Li® in accordance with the
spin-orbit coupling model and the rule for odd-
Z, even-N nuclei.

Absolute cross sections can be calculated
by this method only if all possible decays of
residual nuclei can be taken into account. As
this was not possible due to lack of experimen-
tal data, we have taken as a reference the ex-
perimentally well-determined Be’ cross sec-
tion at 156 MeV and have computed the other
cross sections relative to it, using the follow-
ing relation:

R, R,
=—J 7 -7 7
a]. R(Be o(Be )+[pj R(Be")p(Be )]oc,
where p]- is the probability that the residual
nucleus j will be produced by the cascade in

a sufficiently low excited state that it will be
stable with respect to particle emission. p]-

is taken from the spectra of Figs. 1 or 2. ¢
is the geometrical cross section of C'? (300
mb).

All the calculations have been performed
on the Remington 1107 Univac at Orsay. The
results are summarized in Table III.

We can see from the comparison with the
experimental results of various workers that
the agreement is quite satisfactory. The ex-
ception concerning the C!! values which, as
a product of a p, pn reaction would not be ex-
pected to abide too well to this type of calcula-
tion, is not surprising.

Thus we feel that this method of treating
the interaction of medium-energy protons on
light nuclei which introduces only relatively
simple assumptions may be very useful to pre-
dict cross sections of many nuclear reactions.
In particular, the values given in Table III for
Be®, B, and B will be of interest in connec-
tion with the theories on the nucleosynthesis
of the light elements.

Calculations are presently in progress on
0!¢ for 156-MeV and higher energy incident
protons.
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