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DiBerential cross sections of the B"(He3, a) B'0 reaction leading to seven states up to 5.2-MeV excita-
tion energy have been measured at forward angles at an incident energy E(He') = 33 MeV. The angular
distributions have been analyzed in terms of the distorted-wave Born approximation on the assumption
that the direct neutron-pickup process is predominant. Relative spectroscopic factors have been extracted
and are found to be in good agreement with Cohen and Kurath's theoretical predictions and with the
results of the B" (p, d) BI' experiment at 33.6 MeV.

I. INTRODUCTION

r 1HE B"(d, t)B" reaction' at 21.6 MeV and the
~ .B"(p d) B" reaction' at 18.9 MeV have revealed

some inconsistencies in relative spectroscopic factors,
particularly for the states at 0.717 and 2.15 MeV in
B".Results for the B"(p, If) reaction' at 155 MeV and
more recently' at 33.6 MeV have yielded spectroscopic
factors in good agreement with each other and with
the theoretical predictions of Cohen and Kurath. ' The
B"(d, t)B"reaction has also been studied at 11.8 MeV
and at 20 MeV, ' the data show only poor agreement
with each other, probably because of the low energy
of the outgoing tritons at Ee 11.8 M——eV. At 20 MeV
the experiment was analyzed merely with the plane-
wave Born approximation. The B"(p, d) reaction has
been studied' at 40 MeV with poor energy resolution.
The B"(He, cr) reaction has been studied previously
at the rather low incident energies of 1.0—2.15' and
2.2-5.5 MeV Io

Although the forward peaking and oscillatory shapes
of the angular distributions seem to indicate a direct-
reaction mechanism, the relative strengths of the
transitions to the various states in 3" are in disagree-
ment with the values obtained from the (d, t) reaction
and with theory. Distorted-wave calculations are not
too meaningful for the (He', a) reaction at this low
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energy, where small contributions from compound-
nucleus processes can cause the relative cross sections
to Quctuate strongly with incident energy, even if the
shapes of the angular distributions remain oscillatory.

The (He, cs) reaction at higher incident energies,
however, is expected to proceed predominantly by a
direct neutron-pickup mechanism. This has been
shown to be the case for nuclei in the 2s1d and 1f2p
shells. The B"(He', n)B'o reaction at 33 MeV may
thus provide an independent check on the spectroscopic
information if a direct neutron-pickup mechanism is
also applicable to reactions on ip-shell nuclei.

II. EXPERIMENT

Self-supporting B" foils of thickness ~50 tsg/cms
and isotopic enrichment 92.5%%u~ were prepared by
evaporation. The 33-MeV He' beam of the Argonne
60-in. cyclotron was focused into a 60-in. scattering
chamber" by use of a magnetic analyzing system which
reduced the energy spread of the beam to approxi-
mately 30-40 keV. A single surface-barrier detector of
thickness 1000 p was used for most of the experiment,
and an over-all energy resolution of 100 keV was
obtained at forward angles. At the largest angles
studied, the kinematic energy spread across the detector
(which had an aperture size of 3.2 mm and was placed
170 mm from the target) increased the peak width to
as much as 200 keV.

A typical energy spectrum is shown in Fig. 1. All
known states" in B"below 5 MeV excitation (Fig. 2)
have been resolved. The group close to 5.1 MeV may
be due to the 5.17-MeV state with J =2+ and T =1,
the 5.11-MeV state with go=2 and T=0, or the 5.18-
MeV state with J = 1+ and T=0. In a direct reaction,
the 2 level can only be reached by pickup of a 2sid
particle and is therefore probably only weakly excited.
Excitation of the 1+ level cannot be excluded, but
according to Cohen and Kuraths the spectroscopic factor
for this transition should be only 2% of that for exci-
tation of the J =2+, T=1 state. It was assumed in the
analysis that only the 5.17-MeV level was excited. At
excitation energies greater than 2.5 MeV, contamination
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TAsr.E I. Optical-model parameters used in DWBA calculations.
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32.1 1.14 0.675 1.82 0.566 1.40

24.0 1.57 0.700 1.57 0.700 1.57

24. 1 1,38 0.604 1,60 0.488 1.58
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with oxygen and a small amount of silicon impeded
the evaluation of the energy spectra and a least-squares
Gaussian 6tting program was used to obtain angular
distributions for the states at 3.58, 4.77 and 5.17 MeV.

The absolute cross section was not measured directly.
Even the estimate was complicated by the presence of
C" impurity in the target, and the elastic scattering
due to this was not resolved from that of B"except at
laboratory angles greater than 40'. However, the
entrance-channel optical-model parameters used in
the distorted-wave Born-approximation (DWBA) cal-
culations yielded elastic-scattering cross sections which
itted the shape of the combined C" and 3" elastic-
scattering angular distribution, and both the shape and
the absolute magnitude of the C" elastic-scattering
angular distribution observed at 29.2 MeV. 13 It was
concluded that the differential cross sections due to
scattering from 8" and C" had very similar shapes at
this energy. The fraction of C~ contained in the target
was calculated from the spectra taken at angles greater
than 40', where the C' and 3"elastic-scattering peaks
were resolved. The 8" elastic-scattering cross section
was then calculated and normalized to the optical-
model prediction. The quoted error on the C"scattering
data" was +25%; from this and other uncertainties,
we estimated the error in the absolute cross section to be
+35%%u~ in the present work.

III. RESULTS

Angular distribution of the transitions to states in
B"at E,=O.O MeV ( J~=3+, T=O), 0.717 MeV (J~=
1+, T=0), 1.74 MeV (J'=0+, T= 1), 2.15 MeV (J =
1+, T=0), 3.58 MeV (J =2+, T=O},4 77 M.eV (J =
2+, T=O), and 5.16MeV (J =2+, T=1) are shown in
Fig. 3 along with the resu1ts oi distorted-wave ca1-
culations performed with the computer code Jm.rE."
The optical-model parameters used had been obtained
from elastic scattering on neighboring targets'~" and
are given in Table I.Two diferent sets of He4 potentials
have been used; the its shown in Fig. 3 were obtained
with set 3. The use of set 2 resulted in a shallower
minimum near 8, =40' and a deeper minimum near
8, =60'. However, the relative cross sections at
forward angles were almost identical for the two sets.
The depth of the imaginary volume potential of set 3
was decreased with excitation energy according to the
formula"

W, (E,) =24.1 MeV —0.5E,.
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FIG. 1.Energy spectrum of the B"(He', a) B"reaction at slurb 8
E(He') =33 MeV.
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A spin-orbit term was included in both the entrance-
channel optical potential and in the well, employed in
the calculation of the bound-state wave function. The
radial cutoff of 4.2 F, which was used in all cases, was
found to give the best fits to the locations of the maxima
and minima in the angular distributions. The radius
and diGuseness of the bound-state well were held con-
stant throughout with ro=1.25 F and a=0.65 F. A
spin-orbit interaction parameter X =25 was used.

All transitions, except that leading to the 1.74-MeV
state, are mixed; they involve p&/s and ps/s and possibly
some f-wave tranfer. The experimental angular dis-
tributions predominantly have shapes characteristic of
l =1 pickup, as seen from the DWBA fits (Fig. 3) for
both j„=~- and 2-. Only small differences were found
between the shapes of the calculated angular distribu-
tions for j„=~- and -',—;but the absolute cross sections
differed by up to 20% for the two j values.

According to Cohen and Kurath' the transitions to
the 0.717- and 3.58-MeV states should proceed mainly

by j„~=-,—pickup, while in the transitions to the 2.15-
and 5.17-MeV states, the j„=ss contribution should
be stronger. However, the shapes of the experimental
angular distributions leading to the ground state and
the excited states shown in Fig. 3 are very similar. This
indicates that there is no j dependence over the angular
range studied. The ground-state transition ( j~=3+)
shows an angular distribution in which the amplitudes
of the oscillations are somewhat smaller than in those
leading to other states, an eGect similar to that observed
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in the 3"(d, t) Il" reaction. ' This may be the result of a
spin dependence" or of a small f-wave contribution to
that transition. A 10% fr/s admixture leading to the
ground state results in a somewhat improved fit to the
data, as shown by the dotted curve in Fig. 3.

The close similarity between the angular distribu-
tions involving pure j„=~ and, according to Cohen
and Kurath, ' those involving almost pure j„=2
transfer is in rather sharp contrast to the strong j
dependence observed in (n, 1) reactions on several 1P-
shell nuclei" and in the N"(He', a)N'4 reaction at
39.8 MeV."However, what was thought to be j de-
pendence in the latter reaction is now considered to be
largely a Q-dependent effect." Apparently the j-
dependent e8ect varies more strongly with the energy
of the He' particles or tritons than with the energy of
the n particles. In the (He', rr) reaction of the present
investigation, the shapes of the angular distributions
vary only very little with the excitation energy in 8".
At lower incident energies (15 and 18 MeV) aj depend-
ence has been observed, "but it was not as pronounced
as at 39.8 MeV. It would be of considerable interest to
use a well-established j dependence to determine
fractional spectroscopic factors in mixed transitions.

Spectroscopic factors S for single-neutron pickup were
obtained as usual by comparison of experimental and
calculated distorted-wave angular distributions, i.e.,
by use of the relation

(do/Cku). xone =XCsS(do/tfro) Dw. (1)
Here S is the normalization constant and C'=
(Ts, t, Mr„M~ i

TMr)s is the Clebsch-Gordan coeffi-
cient for isobaric-spin coupling, where To, T, and t are
the isobaric-spin quantum numbers of the 8' final state,
of the 8" initial state, and of the transferred neu-
tron, respectively, and Mz, M&„and M& are their s
components.

Table II lists the spectroscopic factors for the three
neutron-pickup reactions (d, t), (p, d), and (He', n)
along with the theoretical values of Cohen and Kurath. '
For the mixed transitions to the J =1+ and 2+ states,
two values of S corresponding to the two j„values
were obtained from the JULIE code on the assumption
that the transition proceeds either by pure j„=-,'- or
pure j„')"=~ pickup. In addition, previously pub-
lished' ' values of Sobtained with the codes TsALL Y and
MACEPIELD are also shown. These codes contain no
spin-orbit potential in either the bound state or the
entrance and exit channels, and hence only one value
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of S is found for each state. To facilitate a comparison
of these figures, the values of S obtained from the yULrE
code have in all cases been used to compute a weighted
average spectroscopic factor—the weights being the
theoretical strengths for the two j„values. These
average spectroscopic factors (listed in Table II) are
to be compared with the values derived by use of the
codes MAcEPIELD and TsALLY, and with the sum of the
theoretical spectroscopic factors for the two j„values
in each case. The figures quoted in Table II for the
(He', n) reaction assume pure j„'=-', for the ground-
state transition. It is expected that higher l values will
be enhanced in (He', n) relative to the other neutron-
pickup reactions. Hence, in order to make a meaningful
comparison of relative spectroscopic factors, a correc-
tion for the possible f~/s admixture in the (He', rr)
ground-state transition must be applied. This correction
factor depends upon the relative magnitudes of
(do/doo) ow(s ) and (do/d~) nw(s ); a 10% f7/s admix-
ture means that the relative spectroscopic factors
given in Table II would be increased by approximately
14%

In view of the uncertainties in the calculations of the
overlap factor N of Eq. (1), it was considered more
appropriate to compute this from the experimental data
and the theoretical ground-state absolute spectroscopic
factor. This implied a value of X=25 if the ground-
state transition were assumed to be pure j„=-,'-, and
X=28 if the 10%fq/s contribution were included.

The relative spectroscopic factors from (He', a)
are in good over-all agreement with those from theory
and from other reactions. Particularly remarkable is
the good agreement between the (P, d) experiment at
33.6 MeV and the present (He', n) experiment. The
spectroscopic factor' for the 2.15-MeV state from (P, d)
at 18.9 MeV has the largest deviation, and Kull and
Kashy4 have suggested that the measurement may be
in error. In the case of the level at 3.58 MeU, the theo-
retical spectroscopic factor is about twice the experi-
mental values, although the latter are consistent among
themselves.

No significant diGerences between the shapes of the
angular distributions leading to T=0 and T=1 states
have been observed, and neither has a T dependence of
the spectroscopic factors. These conclusions are con-
sistent with those of Kull and Kashy for the (p, d)
reaction at 33.6 MeV.

The state at 4.77 MeV has been assumed to have
J =3+, T=0, and hence is populated by j„=-,'- and
possibly by j„=-, . This level is usually given a ten-
tative assignment'~ of J=2+, T=O; but the assump-
tion of 3+ is more consistent with theoretical calcula-
tions' of its energy and spectroscopic factor.

It appears that in the present case, at least, the
(He', n) reaction at 33.0 MeV provides a reliable basis
for the determination of relative spectroscopic factors.


