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The experimental cross sections for production of the Li, Be, and B isotopes and their iso-
topic ratios have been determined for interactions produced by 70-MeV e particles with the
carbon and nitrogen nuclei of a nuclear emulsion. The cross-section values as well as the iso-
topic ratios have been fitted with the help of Rudstam' s formula; there is good agreement for
the carbon target and poor agreement for the nitrogen target.

INTRODUCTION EXPERIMENTAL TECHNIQUE

It is generally accepted that the elements Li, Be,
and B are produced in spallation reactions induced
by protons or n particles on C, N, and 0 nuclei,
rather than originating in the normal processes of
nucleosynthesis in stellar interiors. ' Knowledge
of the production cross sections of Li, Be, and B
together with their isotopic ratios will be very in-
teresting in order to confirm this hypothesis. Fur-
thermore, these quantities are also useful for cal-
culating the amount of matter traversed by cosmic
rays. The quantitative analysis of the formation
process by spallation could be carried out easily
if measured values of cross sections could be as-
sembled by means of a simple relation.

In this paper, we report the production cross
sections for Li, Be, and B in the interaction of 70-
MeV n particles with the carbon and nitrogen nu-
clei contained in a nuclear emulsion, and have ten-
tatively fitted these values with the help of Rud-
stam's formula'

o(A, Z) = exp[PA —Q -R(Z -AS)' j,

where A and Z are the atomic mass and charge of
an isotope, and P, Q, R, and S are parameters to
be determined empirically.

Several stacks of Ilford-K 600-p, -thick nuclear
emulsion were exposed to a beam of e particles at
the Karlsruhe accelerator. The flux was 2X 10'
particles per cm', and the mean energy of the par-
ticles was 98.2+ 3.0 MeV; the beam made an angle
of 45' with the plane surface of the plates. A more
detailed description of the experimental arrange-
ment was given in an earlier paper. s

The search for interaction stars was carried out
on the second plate of each stack by systematically
scanning from the top surface to the bottom. In
that way, the energy interval of the interacting n
particles extends from 60 to 80 MeV. We have
analyzed 2843 stars having a number of prongs
n&2. For every prong, we have a projected direc-
tion for the incident e particle and the emitted frag-
ment. The set of experimental values for a given
star provides the basic information to be subse-
quently treated by computer methods.

The energy and momentum conservation laws for
nuclear reactions give the kinematical constraints
to be imposed on each set of data by means of a
program that takes into account all possible com-
binations of mass and charge for the reaction prod-
ucts in the case of C, N, and 0 targets; the ener-
gy of a fragment (Z, A) is obtained from the corre-
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sponding prong length with the help of Heckmann's
relation. Only reactions with zero or one emitted
neutron have been considered.

Clearly, a reaction will be unambiguously identi-
fied by this method when a single solution is ob-
tained for the interaction under analysis. %'e ob-
served that in most of the interactions worked out

by the program having multiple solutions, the tar-
get was oxygen; for that reason we could not obtain
meaningful cross sections for fragments emitted in
reactions on the oxygen target.

Carbon
0 (mb)

Nitrogen
~ (mb)

H

H
3He

85+10
23+4
48 +7

209 +29
146 +23
209 +29

TABLE I. Cross section for production of d, t, and
He for carbon and nitrogen targets,
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FIG. 1. Total number
of fragments emitted in
the interactions on C, N,
and 0.
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RESULTS

The complete isotopic spectrum of the emitted
fragments in the interactions of o. particles with

C, N, and 0 is shown in Fig. 1; as expected, the
production is higher for the more stable isotopes.

Table I gives the experimental cross sections
for 'H, 'H, and He fragments obtained for C and
N targets. These values can be used to illustrate
the contribution to the formation of deuterons, tri-
tons, and 'He by interactions of medium-Z ele-
ments with interstellar helium.

The cross sections for production of isotopes
with A~ 6 are listed in Table II; the errors take
into account the statistics and the scanning efficien-
cy. As we did not find any ' C for the carbon tar-
get, an upper limit was estimated within the limits
of our statistical fluctuations. We remark that for
70-MeV incident n particles the cross-section val-
ues are higher than the corresponding ones for 90
MeV, ' particularly for some isotopes such as 'Li
and "C in the case of the nitrogen target.

The experimental energy spectra are shown in
Figs. 2 to 5.

RUDSTAM'S RELATION

I(
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FIG. 2. Energy spectra of fragments emitted in 0.
+ 12C reactions.

The isospin rule for the cross sections was in-
troduced by Bernas et al. ' in their analysis of pro-
ton interactions with light nuclei. This dependence
ot the cross-section values on AT3 (the isotopic-
spin difference between the initial and final nuclei)
suggested to Audouze et al. ' that the experimental

IO-

II 8

TABLE II. Cross sections for fragments with A- 6
eniitted in e + C and n + 4N at 70 MeV. IO-

IO
8

I2
N

Isotope
Carbon
0 (mb)

Nitrogen
a. (mb)

IO-

IO
Be

'He

Li
Be

'Be
"Be
10B
1 1B
128
10(

11C
12C

C
14C
12N

N
14N

N
16O

11 +3
55 +7
30 +5
26 +5
26 +5

6 +2
31 +5
16 +3
1.3+0.9
6 +2

18 +4
42 +6
16 +3

& 0.6
1.9 +1.1
5 +2
2.5 +1.3

77 +16
220 +31
102 + 19

52 +13
58 +14
33 +10

105 + 19
99 +18
2.7+ 2.7
8 + 5

102 +19
289 +37

28 + 9
14 +6
19 + 7

129 +22
110 +20
63 +14
27 + 9

g IO-
I-z
UJ

hl

IO-
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FIG. 3. Energy spectra of fragments emitted in e
+12C reactions.
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FIG. 4. Energy spectra of fragments emitted in G.

+ '4N reactions.
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FIG. 6. Cross sections of fragments emitted in a
+ 1~C reactions plotted versus 4T&.

IO-
IO

C
I5

N
TABLE III. Estimated values of the parameters
P, Q, R, and S for carbon and nitrogen targets.

10-

IO-
V)I-
Z
0W
LU

lo-
0

l2
B

II
B

IO
B

14
N

l5
N

l2
N

Parameters

p
Q
R
S

Carbon

-0.139 +0.005
-4.78 +0.01

1.65 +0.12
0.498 +0.003

Nitrogen

-0.065 + 0.005
-5.55 +0.05

2.77 +0.17
0.503 +0.003

R
UJ
CO

IO-
z

lo
Be

14
C

TABLE lV. Cross sections for fragments emitted in
~ + C reactions.

IO-

9
Be

l5
C

Isotope
Experimental

0 (mb)
Calculated

& (mb)

IO-
l2

C

20 40 20

ENERGY IN MeV

40

FIG. 5. Energy spectra of fragments emitted in e
+ ' N reactions.

'He
'Li
7Li
7Be
'Be

10B
10B
11B
10C

11C

11+3
55+7
30 +5
26+5
26 +5
6+2

31+5
16+3
6+2

18 +4

10
52
31
30
23

6
30
18

5
16
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cross sections induced by proton interactions on
C, N, and 0 could be fitted with the help of Rud-
stam's formula, in which the term exp[-R(Z —SA)']
describes the 473 dependence. Audouze et al. used
parameters different from Rudstam's to check the
results.

We applied Rudstam's relation in the case of re-
actions induced by 90-MeV e particles on C and N

targets. ' %'e found fair agreement between the ex-
perimental and calculated cross-section values.
To estimate the parameters P, Q, B, and 8, we
adapted the program MALIK' to a minimum-g' test.

As Figs. 6 and 7 show, our cross-section values
at 70 MeV depend on bT, . For this reason, we de-
cided to use Rudstam's formula to fit our values,
and following a procedure similar to that used at;

90 MeV we calculated the cross sections with the
help of the estimated parameters P, Q, R, and S
presented in Table III. For each parameter the
given error corresponds to the limits of the inter-
val in which the y';„remains constant.

Tables IV and V show the calculated cross sec-
tions compared with the experimental values ob-
tained for fragments emitted in the interactions on
C and N targets. %e find fair agreement for C,
but rather poor agreement for N.

TABLE V. Cross sections for fragments emitted in
n + N reactions.

Isotope
Experimental

a (mb)

Calculated
(T (mb)

'I-Ie
6Li
'Ll
Be

'Be
"Be
10B
fiB
12B
'"c
11(
12C

13C

14(

N

77 +16
220 +31
102 + 19

52 +13
58 +14
33 +10

105 + 19
99 +18
2.7 + 2.7
8 + 5

102 +19
289 +37

28 + 9
14 + 6
19 +7

10
174

76
87
66
10

134
57

6
10
70

118
49

5
9

Ratio
Experimental Calculated

value value

TABLE VI. Experimental and calculated values for
isotopic ratios of fragments emitted in n + C reactions.
The three last ratios are determined assuming Be de-
cay.

IO-
E

l2
C ~

6.
Li~

Li/ Li
('Li+'Be)/( He+ Li)
11B/10B
(f18+ 11C) /(10B+ 10B+lOC)

Be/Li
Be/B
Li/B

10Be decay
Be/Li
Be/B
Li/B

0.54+ 0.10
0.85 + 0.12
0.51 + 0.12
0.78 + 0.14
0.26 + 0.04
0.45 +0.08
1.70 + 0.20

0.21 +0.04
0.33 +0.06
1.56 + 0.17

0.59
0.96
0.59
0.83
0.24
0.43
1.79

0.19
0.31
1.64

TABLE VII. Experimental and calculated values for
isotopic ratios of fragments emitted in n +' N reactions.
The three last ratios are determined assuming ' Be de-
cay.

lo
Ce

Ratio
Experimental Calculated

value value

l2Be

'Li/'Li
('Li+'Be)/( He+'Li)
ifB/10B
(iiB+ ff( )/(10Be+ f0B+ 10( )
Be/Li
Be/B
Li/B

0.46 + 0.09
0.52 +0.09
0.95 +0.24
1.38 +0.25
0.20 +0.04
0.29+0.06
1.43 + 0.17

0.44
0.88
0.42
0.82
0.28
0.27
0.98

FIG. 7. Cross sections of fragments emitted in 0.
+ N reactions plotted versus 473.

' Be decay
Be/Li
Be/B
Li/B

0.13 + 0.03
0.16 + 0.04
1.29 + 0.15

0.24
0.23
0.94
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The isotopic ratios 'Li/'Li and "B/"B calculat-
ed using Rudstam's relation are shown in Tables
VI and VII, together with the experimental values
for those ratios. In fact, since 'He is a P emitter
and 'Be decays by electron capture to 'Li, we have
determined also the isotopic ratio ('Li+'Be)/('He
+'Li); such ratios are of interest for the study of
nucleosynthesis of the Li, Be, and 8 elements. In
a like manner, by assuming ' B to be the decay
product of the "Be isotope on a cosmic time scale
(T-lo' yr), and since "C and "C are P emitters,
we have determined the isotopic ratio ("B+"C)/
("Be+ "B+"C) in the case of boron.

CONCLUSION

Since the cross-section values determined for
spallation reactions with n particles in medium-
mass nuclei are greater than those values for pro-
tons, we point out that the contribution of the n
particles to the synthesis of Li, Be, and B ele-
ments is not insignificant compared with that of
protons, particularly near the threshold of forma-
tion, even though the universal abundance of heli-
um is about 10k. For that reason, it is interesting
to study the cross sections for the production of Li,
Be, and 8 elements by o. particles at different en-
ergies.
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The new method of Truelove and Nicholls for obtaining reaction matrix elements for nuclear-
structure calculations is discussed. In this method, the Bethe-Goldstone wave function is ex-
panded in terms of eigenfunctions of two interacting nucleons bound in a common potential
well. The Bethe-Goldstone equation, which is written in terms of an expansion over noninter-
acting two-particle states, is then solved iteratively. In practice, the method is most easily
applied when a harmonic-oscillator basis is used; the Pauli operator Q can then be treated
exactly. The convergence of the Truelove-Nicholls iteration scheme and of the above two ex-
pansions is investigated. It is shown that the original method is incorrect for nucleon-nu-
cleon potentials with an infinite hard core. A simple way of correcting the method is pre-
sented.

I. INTRODUCTION

Nuclear-structure calculations based on realistic
nucleon-nucleon potentials are, in general, pertur-
bation expansions involving the nuclear reaction
matrix G. The precise form of the expansion can
vary depending upon the particular nuclear proper-
ties being calculated and the model space in which
one chooses to work, but in all cases a central

task is the evaluation of the appropriate reaction
matrix elements to use in the expansion.

The defining equation for G can always be cast
in the form

G(u&)= V+ V -G(&u).
0

Here V is the nucleon-nucleon potential, the Pauli


