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Differential cross sections for the reactions ~ B(n, LOBBe&, and B(n, Li) Be2 & have
been measured in the angular range from 9 to 25' (lab system) in 1 steps at E~=46 MeV.
The shapes of the angular distributions are typical of a direct reaction, and the pickup pro-
cesses are analyzed in distorted-wave approximations on the basis of an extreme cluster
model, i.e. , on the assumption that a deuteron is picked up from the target nucleus B. Cal-
culations using proper two-particle form factors are also performed, and the results agree
with the former method. From the ratio of the experimental to the theoretical cross section,
a relative spectroscopic factor ( Be-core-plus-deuteron-cluster parentage) is obtained and

compared with two-particle fractional-parentage coefficients calculated in intermediate

coupling.

1. INTRODUCTION

The increasing evidence for the cluster struc-
ture of bound states among the light nuclei has
come primarily from direct stripping and pickup
reactions and from high-energy "knock-out" re-
actions. " In the present study of the ' B(o, Li)
reactions to the ground state and 2.9-MeV state
of Be, the selections rules' on angular momen-
tum, parity, and isospin restrict the transferred
neutron-proton pair to an S =1, T=O state. Con-
sequently, the reaction might be viewed as deuter-
on transfer. In many cases, the (n, BLi) reaction
would seem to be preferable to other possible deu-
teron-transfer reactions such as (d, n) because
of severe angular momentum mismatch in the lat-
ter. Futhermore, since the structure of 'Li is to
a considerable extent of the form (a+d), the

(n, 'Li) reaction should be particularly suited to
yield information about the coherent two-nucleon
(i.e., deuteron) nature of the target ground state.
In thjs context, the reaction B+ ty Be+ Li would
more graphically be written

('Be+d)+ a-'Be+ (n+d) .

The results of a plane-wave Born-approxima-
tion analysis of several (o. , eLi) angular distribu-
tions on targets of "C and "N at E~= 42 MeV seem
to support the assumption of deuteron-cluster pick-
up in (o.', Li) reactions. The other existing ex-
perimental (o., 'Li) data~ have not been interpreted
theoretically.

The principal objective of the present study is
to determine whether the cross section for reac-
tion (I) can be understood within the spirit of the
various aspects of the cluster model. We have
measured this reaction at an a-particle bombard-
ing energy E = 46 MeV, at which we expect the
reaction to proceed predominantly via a direct-
interaction mechanism. The model used to de-

scribe the process is identical to the one of Drisko
Satchler, and Bassel' in which [in the notation of
Eq. (I)] the incident n particle picks up the deu-
teron cluster from the target nucleus "B. Such
a description, being equivalent to an extreme clus-
ter model for the target nucleus, would be mean-
ingful only if the deuterons were preferentially
picked up from the nuclear surface. This assump-
tion is probably reasonable because of the strong
surface absorption of the +particles in the en-
trance channel. However, it can be checked with

properly calculated two-particle form factors. '
Finally, from the ratios of the experimental to
the theoretical cross sections, one can obtain rel-
ative spectroscopic factors that reflect the 'Be-
core-plus-deuteron parentage in the ' B ground
state. In this spirit of two-nucleon parentage, the
spectroscopic factors can also be compared with
the two-particle fractional-parentage coefficients
that Cohen and Kurath' calculated in intermediate
coupling. In addition, attempts are being made
currently to understand some of the states in "B
by a refined cluster calculation' in which states of
maximal orbital symmetry are constructed.
These states correspond to the states of a 'Be
core and an extra deuteron (both in its triplet and
singlet state).

2. EXPERIMENTAL PROCEDURE

The measurements, performed in an 18-in. scat-
tering chamber, ' utilized the 46-MeV abeam of
the Argonne 60-in. cyclotron. The ' B target (en-
riched to 96% in "B)was self-supporting and had
an approximate thickness of 75 pg/cm2. The de-
tection system used is similiar to that previously
developed for use in (d, 'He) reactions. Through
the use of time pickoffs (modified ORTEC Model
No. 260) between the detectors and associated
preamplifiers, fast-logic signals (operating on the
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FIG. 1. I i spectra from the n-particle bombardment
of i B. The peaks marked by the heavy line correspond
to the ground state and first excited state (2.9-MeV)
transition of Be. The arrow points to the location of
the "ghost" state seen in various other reactions (Refs.
13—16).

nsec time scale) are genera. ted to gate the slower
(psec scale) electronics handling the analog sig-
nals. Inasmuch as the high capacitance of the ~
detector resulted in unreliable operation of its
pickoff unit, the usual requirement of a fast signal
from ~was eliminated. Since a thin ~detec-
tor (34 p, ) was used, however, this elimination
caused no problem.

The detector telescope consisted of a series of
totally depleted Si surface-barrier detectors of
thickness 34, 300, and 500 p, as the 4E, E, and
anticoincidence (AC) detectors, respectively. The
fast system generated a gate signal which opened
the early linear gates in the slow system when E
fired and AC did not. The appropriate product
(~MZ') of the gated hE and E analog signals was
formed electronically. The output of a single-
channel analyzer was fed back into the fast system
when the particles fell into the desired mass
range. The fast system, whose logic includes
pileup rejection and dead-time correction, then
triggers the delayed gates of the slow system to
allow both the total energy and the particle-iden-
tification signals to be recorded on the two-pa-
rameter analyzer, and thus yields an energy spec-
trum for each particle of interest. In the present
paper only the data. from the 'OB(o.', 'Li) reaction

are reported, since the results of the (n, 'Li) and

(o!,7Be) reactions, for which data were obtained
simultaneously, have already been published. "
Typical spectra at L9&,b =13 and 16' are shown in
Fig. 1. The ground state of 'Be is well resolved
from the broad 2.9-MeV first excited state. For
the extraction of the area under the excited-state
peak, a, proper theoretical shape (based on the

subsequent decay of that state into two @parti-
cles'') would normally be desirable. However,
the low counting rate led us to adopt the simpler
procedure of integrating the continuum yield from
the onset of the apparent low-energy background up
to the ground-state group. A suitable background
was subtracted, and the estimated error inherent
in this procedure was incorporated in the total
errors. Angular distributions measured between
lab angles of 9 and 25' are shown in Fig. 2. The
cross section for the excited state should be con-
sidered as an upper limit and could be slightly
smaller because of a possible underestimate of
the unknown continuum contribution. The +20%
uncertainty in the absolute cross section is large-
ly due to uncertainty in the target thickness. The
shapes of the angular distributions are very simi-
liar to each other and both are forward-peaked,
characteristic of a direct process. Neither angu-
lar distribution has an apparent L= 0 component-
in agreement with theory (as discussed in Sec. 3).
Several spectra, such as the one at 8&,b =16' dis-
played at the bottom in Fig. 1, show an anomaly
about 0.8 MeV above the 'Be ground state. This
anomaly could be the "ghost" of the Be ground
state, seen in various other reactions. "" The
small number of counts in the present experiment,
however, does not allow us to study the behavior
of this anomaly as a function of angle.

3. ANALYSIS AND RESULTS

Since the ground state of "Bhas J"=3', angular
momentum selection rules for two-particle pickup
from ' B leading to Be allow L=2 and 4 for pop-
ulation of the ground state and L=O, 2, and 4 for
population of the 2+ first excited state of Be.
However, L=4 is not allowed if the pickup is re-
stricted to 1P -shell nucleons. Futhermore, mi-
croscopic calculationsv predict that L=O will not
contribute to the population of the 2+ state. Thus
both states are reached via L = 2, S = 1, J=3.

The distorted-wave calculations were performed
with the IBM-7094 version of the computer code
JULIE. ' The optical-model parameters in the en-
trance (' B+n) channel were taken from an analy-
sis of "B(o., n) elastic scattering at the same
bombarding energy. " These parameters have al-
ready been used successfully to approximate the
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TABLE I. Optical-model parameters used in distorted-wave analysis of the B(n, 6Li) Be reaction.

Channel
Vo

(MeV)
W

(Mev) (F) (F) (F) (F) &So Ref.

Transferred
particle 1.26 0.60 A, =25

"B+e
'Li+'Be

194

65
65.5
65.5

8.2
15.5
31

1.38

1.42
1.48
1.48

0.60

0.80
0.41
0.41

1.60

2.78
1.48
1.43

0.60

0.56
1.48
1.48

b

b
b, c

~See Ref. 18.
"See Ref. 20.

The imaginary potential was doubled to take account of the difference in energy.
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FIG. 2. Angular distributions for the B(n, 6Li) re-
action leading to the ground state and first excited state
of Be. The error bars include only the errors due to
statistics and background subtraction. The curves are
the results of DWBA calculations as discussed in the
text.

' B+e scattering wave functions in a distorted-
wave Born-approximation (DWBA) treatment of
the "B(He, n)' B reaction. ' For the exit-channel
('Li+ Be) interaction, a variety of Li optical-
model parameters were tried. Most of these were
taken from the recent work of Bethge, Fou, and
Zurmuhle. " However, all the 'Li parameters
gave uniformly poor fits to the present reaction
data —even after correcting the absorption poten-
tial to allow for the higher energy in the present
reaction. Table I lists the entrance-channel opti-
cal-model potential and some of the potentials that
were tried for the exit channel.

For the form factor of the transferred "deuteron"
cluster, two completely separate ideas were test-
ed. First, a bound-state wave function having L= 2

and no nodes was calculated for the case of a clus-
ter with I=2, Z= 1 bound to an 'Be core. In this
calculation with the bound-state part of the code

JULIE, the potential was represented by a real
Woods-Saxon well and the binding energy was tak-
en to be the energy to separate a deuteron from
the ground state of ' B (6.03 MeV to form the
ground state of Be, and 8.93 MeV to form the
2.90-MeV state of Be). Such an extreme "lump"
approximation is, of course, highly suspect. For
this reason, a second type of form factor was ob-
tained; the wave functions in a Woods-Saxon po-
tential were calculated for a neutron and for a pro-
ton bound to a 'Be core. The binding energies for
the proton and neutron were taken to be identical
and equal to one-half the deuteron separation en-
ergy. From these two single-particle wave func-
tions, a "realistic" form factor (a deuteron wave
function representing the c.m. motion of the two
nucleons about the 'Be core) was obtained by the
procedure of Bayman. "

The particular choice of identical neutron and
proton binding energies (with a total B. E. equal to
the "deuteron" binding energy) had the effect of
making the "realistic" and "lump" form factors
identical in shape in the external region. As an in-
dependent check on the recoupling procedure, it
was noted that the relative magnitudes of the two

types of form factors were identical for the two
states of 'Be. Of course, in neither case does the
absolute magnitude have any meaning for an
(n, 'Li) reaction.

The results of the form-factor calculations are
displayed in Fig. 3. The "realistic" form factor
has been normalized to the JULIE form factor at
large distances. It can be seen that the "lump"
form factor is much more localized in the inter-
ior of the nucleus. This is understandable, since
this form factor corresponds not only to a more
massive particle, but also has twice the binding
energy of each of the individual nucleon form fac-
tors. From the large value of the "lump" form
factor in the interior region, it is obvious that the
interior will make an unnaturally large contribu-
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tion to the cross section if no lower cutoff is used
in the radial integration. Thus, for this form fac-
tor a lower cutoff radius of 4 F was used in the

radial integrals. This completely eliminates the
interior of the nucleus. Outside this radius the
two form factors are virtually identical. Test cal-
culations with the "realistic" form factor gave
very nearly identical results for lower cutoffs at
0 and 4 F. Thus, in this case at least, using a
"lump" form factor and a large cutoff radius has
much the same effect as using a realistic form
factor and no cutoff.

All of the calculated angular distributions that
possessed appreciable structure were out of phase
with the data, . It was not felt worthwhile (or mean-
ingful) to spend much time varying the aLi opti-
cal-model parameters in order to fit the data.
Figure 2 displays the data for the two final states
of 'Be studied, together with typical results of
DWBA calculations. It can be seen that the cal-
culations reproduce the general trend of the data
and indicate that the process is one of direct pick-
up. Furthermore, it is of interest to compare
the extracted "spectroscopic factors" with theo-
retical expectations. Even though the ratio of ex-
perimental to theoretical values varied consider-
ably for different 'Li potentials, the ratio of the
ratios

ff —(+exp~oth)g. s.
(&-p&«i )a.ac

O.I—

O.OI—

was relatively insensitive to the details of the cal-
culations. The extracted value was R = 0.24. This
is to be compared with the ratio R, &

=0.324 be-
tween the theoretical two-particle spectroscopic
factors Cohen and Kurath7 calculated for these
two states. Considering the crudeness of the mod-
el presently available for the analysis of (n, sLi)
reactions together with the restricted range of
the measured angular distributions, these two
numbers are in virtual agreement. Therefore,
the results of the present experiment agree with
Cohen and Kurath' s description of the two-parti-
cle configuration of the ground state of "B.
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Differences in the decay constant of Be in various states of chemical combination were mea-
sured using the differential-ionization-chamber technique. The results are:

X(BeO) -1(BeF2)~~«&h = (1.130 +0.058) x10 A. (Be),

X(BeO)-X(Be40(CHBCOO) 8) = (—0.724 +0.057) x10 1(Be),

A(Beo) -X(BeBr2) = (1.472 +0.063) x10 3A. (Be),

A(Be40(CHSCOO)&)-X(BeF2), ~«&h
——(1.852+0.082) x10 A(Be),

)I.(BeO) -A(Be(C&H$2) = (0.795+0.074) xl0 ~A. (Be),

A (Beo) -A(Be~ "(OH2) 4) = (-0.374 +0.077) x10 3A, (Be),

A(Be{C5H5)2-A(Be2+(OH2)&) = (—1.169 +0.106) x10 ~A(Be) .
The decay constant of ~Be is proportional to the electron density at the nucleus. These results
can therefore be used to establish a scale for the relative electron density at the Be nucleus
in different chemical combinations.

I. INTRODUCTION

'Be undergoes orbital-electron capture with a
half-life of 53 days. The capture probability, and
hence the decay constant of 'Be is proportional to
the electron density at the nucleus and varies with
the chemical state of the atom. Experiments to
determine the difference in the decay rate in Be,
BeO, and BeF2 have been performed by groups in

Berkeley, "Brookhaven, and France. ' The re-
sults of these experiments are listed in Table I,
together with the results of our measurements.

The measurements presented in this paper were
undertaken to learn more about the influence of
electron rearrangement by bonding on the decay
constant of 'Be. The method might be useful in giv-
ing some insight into the electron density at the Be
nucleus in different chemical surroundings. The


