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Angular Distribution of Neutrons from the Lis(Li', n) C"
Reaction at 4.10 Mev*
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Angular distributions of neutrons from the Li'(Li', I)C" reaction have been measured at 4.t-MeV bom-
barding energy for all bound levels in C" except the ground state. The 6.39-6.41-MeV doublet was not
resolved. The angular distributions, generally, agree in relative magnitude and shape with those from analog
states in the mirror reaction Li (Li,p)B". This result is most easily understood by assuming that both
reactions proceed predominately by compound-nucleus formation. The 8.43-MeV level in C" is observed
to decay by p emission even though it is unbound to o,-particle emission by 890 keV. This retardation of
the a decay cannot be understood as being due to the Coulomb barrier alone.

INTRODUCTION

~~BARGED particle reactions induced by bombard-~ ing Lis vrith Li' have been extensively investigated
by many authors. ' Angular distributions of H', H', H',
He', and He4 have been obtained, in most cases at
several energies. No previous work on angular distribu-
tions of neutrons from this reaction has appeared.

Although some eBorts have been made to explain the
angular distributions in terms of direct reactions, ' ~ they
have been generally unsuccessful. Nor are the angular
distributions clearly interpretable as arising from a
compound nucleus (CN) reaction. Generally speaking,
the angular distributions so far obtained are rarely
isotropic, with variations in the differential cross sec-
tions by factors not exceeding about five being the rule.
Symmetry about 90' in the center-of-mass (c.m. )
system is required by the identity of the target and
beam particles and so can not be used as an argument
for a CN mechanism. Analyses in forms of Legendre
polynomials' 5 usually require orders of six or eight or
more. Also, a search has been made for high-energy
capture p rays from C" with negative results, ' and an
upper limit of 2 pb has been placed on the cross section
for this reaction. While not precluding a significant
CN contribution, this result implies either that the
particle-producing reactions from Lie+Lie are pre-
dominantly direct, or that the E1 radiation widths for
states near 30 MeV in C" are unusually small.

Since most of the work done to date has been at
bombarding energies below the Coulomb barrier, it
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might seem reasonable that the formation of the com-
pound nucleus would be inhibited by the requirement
of tunnelling three charges through the barrier. How-
ever, it would be dificult to explain on this basis the
failure of the Lis(Lis, rt)C" reaction to proceed by CN
formation. It therefore becomes of interest to investi-
gate this reaction and to compare the results to those
for the Lie(Lie, P)B" reaction involving analogous final
states. One expects the former reaction to proceed
significantly by CN formation, and correspondence of
these angular distributions with those of the latter re-
action is strong indication that the two reaction mecha-
nisms are the same.

In the present work angular distributions for the
Li'(Li rt) C" reaction have been obtained at a bombard-
ing energy of 4.10 MeV. Neutron energies were mea-
sured by a time-of-Right method. The bombarding
energy was chosen as a compromise between low yields
at lower energies and the need for better time resolution
at higher energies. Preliminary accounts of this work'
and some of the data acquisition and reduction methods'
have already been reported.

EXPERIMENTAL DETAILS

Beams of 4.1-MeV Li' ions were obtained from the
University of Iowa type CN Van de Graaff accelerator.
The ion source and the unique "Y" magnet, which
allows mass analysis before the beam is accelerated,
have been described in detail elsewhere. ' The arrange-
ment of targets and detectors is shown in Fig. 1. The
targets consisted of Lip enriched to 96%%u~ in Li evapo-
rated onto 0.002-in. thick copper foils. Target thick-
nesses were approximately 100 keV to the 4.1-MeV
Li' beam. p rays were detected by a 3-in. diam)&2-in.
Pilot 8 scintillator for the angular distribution runs
and by a 4X4 in. NaI(Tl) scintillator for the normaliza-
tion runs to be described later. In both cases the front
face of the scintillator was approximately 1 in. from the
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light pipe which had a 4 in. diam at the phototube face.
The runs were monitored by a thin (380-p) surface-
barrier detector fixed at 45' on the side of the beam
opposite to that at which the neutron detector was
placed. The solid-state detector detected n particles in
the 12—16 MeV range which were part of the continuum
from the Li6(L',n)2n reaction. Singly charged particles
in this energy range were not stopped by this detector.

The electronic arrangement used is shown in Fig. 2.
Fast pulses from the anode of the photomultiplier tube
on the neutron detector triggered a tunnel diode dis-
criminator, the output of which was the start pulse for
the time-to-amplitude converter (TAC). The dis-
criminators were of the type discussed by Whetstone
and Kounoso. ' The TAC" was used on its 125-nsec
full scale range. Fast pulses from the p-ray photo-
multiplier tube anode were delayed by 110 nsec before
triggering a tunnel diode discriminator, the output of
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channel. The tapes were then rescanned with a net addi-
tion or subtraction performed on each event according
to both pulse heights. The improvement obtained in a
typical case is illustrated by a comparison of Figs. 3
and 4. The obvious improvement in the spectra corre-
sponds to a decrease in the intrinsic time resolution
from 2.9 to 1.2 nsec. The latter figure is still somewhat
higher than the optimum value. The main residual
source of time resolution broadening results from the
use of such large volume scintillators.

Having obtained the spectra, areas under the peaks
were determined. In the case of the 4.32—4.81 MeV
doublet, a least-squares unpeeling was performed as-
suming two Gaussian peaks on a constant-slope back-
ground. For each state, corrections were made for
variations in neutron detection efficiency as a function
of neutron energy using standard techniques. "Yields
to each state were normalized at 158' using the run
made with NaI(T1) as the y-ray detector. To perform
the normalization, the eKciency for detecting a p ray
was taken as

where the sum is over all cascade and crossover p rays
that can proceed from the state in question, e(E~) is the

f.20—
FIG. 5. Angular distributions for the 2.00- and 4.32-MeV

states in C'i. The solid curve is a least-squares Legendre-poly-
nomial 6t. The dashed curve is a similar fit for the mirror states
in the Li'(Li' P)Bn reaction taken from Ref. 5.
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Since the efficiency of the plastic scintillator used to
detect p rays was not known, and since it was desired
to normalize the diGerential yields measured for each
state to each other in order to compare with the results
for 3", a separate run at 158' was taken using a
NaI(T1) crystal for the y-ray detector.

DATA REDUCTION

The analysis of the data was performed off line after
completion of the experiment. The first step was to
improve the time resolution by removing the depen-
dence of each measured time of Qight on the pulse
heights of the signals involved. ' This was possible since
both pulse heights were recorded along with the corre-
sponding time of Qight. The required correction was
determined by examining the prompt peak which re-
sulted from y-y coincidences in all reaction products
formed and therefore had excellent statistical accuracy.
The procedure consisted of scanning the tape to obtain a
two-parameter spectrum of pulse height in the p-ray
channel versus time of Qight, and thereby to determine
the number of channels that should be added or sub-
tracted to the time spectrum for each p-ray pulse height
in order that the time spectrum be independent of p-ray
pulse height. This was then repeated for the neutron
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group corresponding to the unresolved 6.35- and 6.49-MeV states
in C". See caption for Fig. 4.
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41 (1964).



ANGULAR 0 ISTRI 8UTION OF NEUTRONS 1239

1.20—

ls00—

.80—
7.50 MeV STATE

'.60
R +0
I- .40—
CP
lal
CO

.20—
EO
O

0K
0

Z
lal

lal
LL .
L,
O
hl

t.20—

I.OO—I:
.80

I t t I

IO 20 30 40 50 60 ?0 80 90
C.M. ANGLE

6.90 MeV STATE

.60

+.40—

.20—

0
0

I l t t I

IO 20 30 40 50 BO TO 80 90
C.M. ANQLE

FxG. 7. Angular distributions for the 6.90- and 7.50-MeV
states in C". See caption for Fig. 4.

efficiency for detecting a p of energy E;.The efficiencies
e(E) were taken from the Monte Carlo calculations of
Miller et rtl. 's and the branching ratios f(E) were taken
from the work of piness et al."

@ W. F. Miller, S. Reynolds, and W. S. Snow, Argonne National
Laboratory Report No. ANI~5902, 1958 (unpublished).
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RESULTS AND DISCUSSION

Angular Distributions

Angular distributions in the c.m. system are shown in
Figs. 5—7. The scales are arbitrary, but the yields for
each state are normalized to each other. The solid
curves are Legendre-polynomial 6ts to the data. The
dashed curves in Figs. 5—7 are Legandre-polynomial
fits obtained by Kiblers for the Li'(Li', p)B" reaction at
4.0 MeV. Assuming charge independence, the ratio of
total cross sections for these two reactions should equal
the ratio of mornenta of the outgoing particles. Taking
this factor into account, the two sets of data have been
normalized at the 4.32-MeV state (the 4.46-MeV state
in B").It is seen that there is good agreement between
the diGerential cross sections for the two reactions,
except for the 7.50-MeV state (and the 7.99-MeV state
in B")with respect to magnitude and for the 6.90-MeV

TABLE I. Comparison ot total neutron yields I'(I) to total
proton yields I (p) obtained in Kibler's paper. ~ The ratios in the
third column are normalized at the 4.32-MeV state and include
factors equal to the ratios of the wave numbers k of the outgoing
particles.

C" state
(MeV)

2.00
4.32
4.81

6.35/6. 49
6.90
7.50

B"state
(MeV~

2.14
4.46
5.03

6.81l6 76
7.30
7.99

k(p)F(rs)/k(rt) Y(p)

0.97&0.10
1.00 (normalized)

0.95+0.10
1.01&0.10
1.35+0.14
1.21~0.12

' Reference 5.

"L. J. B. Goldfarb, in Iectlres irt Theoretics/ PItysjcs (The
University of Colorado Press, Boulder, Colorado, 1966), Vol.
VIII C.

~6 Q. V. Din and J. L. Wiel, Nucl. Phys. 71, 641 (1965)."R.R. Carlson and D. W. Heikkinen, Phys. Letters 17, 305
(1965).

state (and the 7.30-MeV state in B") with respect to
both shape and magnitude. A comparison of the total
yields to the various states is shown in Table I. This
correspondence of differential cross sections is expected
owly in case there are no Coulomb forces acting to break
the charge symmetry. However, for the Li'+Li' en-
trance channel, the Coulomb barrier is approximately
4.8 MeV in the laboratory system, so that the beam
energy used was somewhat below the barrier. Thus
Coulomb effects are large and, in the case of the direct
reaction mode, the probabilities of transferring a Hes
and a I.i' are expected to be different. Calculations of
five-nucleon stripping cross sections including e8ects
of Coulomb distortions are unfortunately not available,
so that the nature and magnitude of these differences
remain speculative. However, the effect has been ob-
served in the conceptually similar but much simpler
case of (d,p) and (d, rt) reactions and is well understood. "
Also, it has been shown" that differential cross sections
to mirror states in C" and 8" do not correspond in the
presumably direct Be'(He', P) and Bes(Hes, st) reactions
below the Coulomb barrier. The failure of isospin con-
servation for lithium-induced reactions below the Cou-
lomb barrier has been discussed by Carlson. "

However, if the predominant reaction mechanism is
compound-nucleus formation, the observed correspon-
dence of the angular distributions is easily explained.
In this case, with a bombarding energyrof 4.1. MeV,
the excitation in C" is over 30 MeV, whereas C" is
unbound to protons and neutrons at 15.96 and 18.72
MeV, respectively. Thus, Coulomb effects are negligible
in the exit channel and isospin should be conserved in
the decay process. Kibler' has estimated on the basis
of a simple barrier-penetration calculation that the
total compound nucleus cross section for Li'+Li' should
be approximately 150 mb at 4 MeU. His measured
value for the contribution from proton decay to the
bound levels in 8" is 25 mb. Assuming the neutron
decays contribute equally, taking into account other
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Fzo. 8. Time-of-Right spectrum showing the group corresponding to the 8.43-MeV state in C". A NaI(TI) crystal was used for the
y-ray detector for this run. The lower curve is data from the same run but scanned with a higher bias level on the y-ray pulse heights
to improve the signal-to-background ratio.

decay modes, errors in the measurements and inade-
quacies of the approximate calculation, there is no
quantitative disagreement in this picture.

8.43-MeV State

In addition to the bound states, e-y coincidences
were observed corresponding to the unbound 8.43-MeV
level in C". This group was most prominantly seen in
runs using the NaI(T1) crystal for the y-ray detector
because of its higher eSciency for high-energy p rays.
A time-of-Qight spectrum clearly showing the group is
shown in Fig. 8. The y-ray spectrum obtained in co-
incidence with this group was examined, but the resolu-
tion was not adequate to allow determination of
branching ratios. However, a p ray of 8.43 MeV was
clearly observed. The group was seen only at forward
and backward angles but was generally too weak in the
angular-distribution runs to permit a meaningful angu-
lar distribution to be determined. In all cases where it

was observed, it appeared in the kinematically correct
place for the 8.43-MeV state and was clearly distin-
guishable from a possible group corresponding to the
unbound 8.10-MeU state which was not observed. The
mirror level at 8.92 MeV in 8" is also known to y
decay. "However, this level is unbound to o.-particle
emission by only 260 keV and the small o. width has
been attributed to the Coulomb barrier. " The 8.43-
MeV level is, however, unbound by 890 keV and
barrier-penetration calculations show the O.-part. ic1e
emission should clearly predominate over y decay. The
retardation of the n decay suggests that the 8.43-MeV
level in C" is a single-particle state of unusual purity
for this high an excitation.
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