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Data for the (6Li, B) reaction on targets of B, C, C, and 0 at 80 and 93 MeV are
presented. Spectroscopic selectivity is observed and evidence for the domi»rice of spatial-
ly symmetric transfer of the two protons is shown. On the Tg=0 targets a close similarity
is found to the analogous (P, t) reaction, and the C results indicate the location of low-lying
1p-shell states in Be.

NUCLEAR REACTIONS loB(6Lj 8B) 12C(6Lj 8B) l3C(6Lj 8B) 16O(6Lj 8B), E
=80, 93 MeV; measured o(E&, &); energy levels Li, Be, Be, C; assessed
importance of spatially antisymmetric transfer; comparisons with two-neutron
pickup reactions leading to analog states and with bvo-particle spectroscopic

amplitudes; resolution 300 keV.

Although light-ion induced two-nucleon transfer
reactions have been used extensively to study two-
particle and two-hole configurations, the difficul-
ties inherent in observing the (s, 'He) reaction
have hindered the study of two-proton hole states.
However, the development of heavy-ion beams
has made available several possible reactions
capable of probing such states in neutron-excess
nuclei. We wish to report on results, obtained
in the first survey of a two-proton pickup reac-
tion on 1P-shell targets, which demonstrate the
feasibility of the (8Li, BB) reaction as a means of
studying these configurations.

Among the two-proton pickup reactions re-
ported" to date —('Li, 'B), ("B,"N), and
("0,"Ne)—the first has several experimental ad-
vantages. Both 'B and 'B are particle-unbound,
thus allowing clean separation of the 'B particles
from other boron isotopes by particle identifica-
tion techniques with solid-state detector tele-
scopes. Since 'B has no bound excited states, its
energy spectra lack the shadow peak ambiguity of
the ("0,"Ne) reaction, though this advantage is
also shared by the ("B,'3N) reaction. However,
the ('Li, 'B) reaction is the lightest of the broadly
feasible two-proton pickup reactions, and the kin-
ematic contribution to the energy resolution is
therefore smaller, particularly for light targets.

This study focused on 1p-shell targets because
this region has been investigated thoroughly with

other two-nucleon transfer reactions and the co-
efficients of fractional parentage (cfp) relevant to
two-nucleon transfer have been calculated', fur-
thermore, there is an obvious symmetry in the
(mirror) final states populated in the (P, t) and
('Li, BB) reactions on T, =O targets and we report
results from three such targets: "C, "0, and
"B. The two-particle cfp' for 'B(2') -'Li(l') +2p
show that the two protons can be transferred from
a spatially symmetric ('D) state or an antisym-
metric ('P) state relative to the 'Li core. The
simplest cluster transfer mechanism corresponds
to an internal 'S state [as in the (p, t) reaction] for
the transferred nucleons, which for the ('Li, 'B)
reaction can only arise from the 'D component.
However, there is a much larger amplitude for
the 'P than for the 'D component, so if antisym-
metric transfer' is important, the expected sym-
metry between the (6Li, sB) and (p, t) reactions
might be distorted. Although most of the estab-
lished two-proton hole states in the 1p shell can
be populated by both transfer symmetries, there
are a few known levels which would be fed pre-
dominantly by spatially antisymmetric transfer, "
and two examples of these are discussed below.

The general techniques for the production of
lithium beams at the Lawrence Berkeley Labora-
tory 88-inch cyclotron and the identification of 'B
reaction products have been described previously. '
Because these reactions have highly negative Q
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values, beam energies of 80 and 93 MeV were
used. Two telescopes, consisting of two transmis-
sion (~) detectors, typically 15 and 10 p.m thick,
a 200- p,m E detector and a 1000- p.m reject de-
tector, were employed. Each subtended 0.29 msr;
a typical energy resolution was 300 keV. Back-
ground reduction in this moderately low yield re-
action (-1-15 t1b/sr c.m. ) was accomplished by
requiring a conformity in the particle identifica-
tion signals generated by each of the two b E de-
tectors. Two "0 targets were used: a 16%
oxidized (by atom) 0.24-mg/cm'Li target and a
0.2l-mg/cm' silicon dioxide target. Other tar-
gets were 0.22-mg/cm' natural carbon, 0.14-
mg/cm ' B (96%), and 0.14-mg/cm' ' C (90/0).
Kinematic shifts were utilized in the analysis to
discern the levels of interest from those arising
from target contaminants.

A comparison between a 'eC('Li, eBPeBe spec-
trum and a 'eC(p, t)'0C spectrum, ' Figures 1(a)
and 1(b), shows that a close similarity exists be-
tween these reactions. In both spectra the 0'
ground state and the first excited 2' state (2;) are
strongly populated, in agreement with the calcu-
lated two-particle transition strengths. ' The next
higher peak, observed at 5.96 MeV in "Be, could
be expected largely to consist of the 2' member
of the 2', 1 doublet at this energy, ' since lowest
order shell model configurations and a simple
pickup reaction mechanism prohibit forming the
1 state; indeed the angular distribution of the
analog of this state in the (p, t) data' is consistent
with I.=2. The population of this 2; level is less
than the 2, level, although transitions to the form-
er have a much greater theoretical strength. '
Possibly some of this missing strength is con-
tained in the 2, level at 7.54 MeV in "Bewhich,
although thought' to have a dominant sd-shell
character, is observably populated. Comparison
with the (P, f) data, shown in Fig. 1(b), implies
that the analog of this 2, state might be the 6.6-
MeV level in ' C, which is again consistent with
the ( p, f) angular distribution. Finally, evidence
is seen at several angles for the weak population
of a probable' 2' state at 9.4 MeV and a state at
11.8 MeV.

Figures 2(a) and 2(b) provide another example
of the similarity between the ('Li, 'B) and (p, t)
(Ref. 9) reactions, now employing 'eO targets. In
both spectra, the 1p-shell two-hole states, such
as the 0' ground state and the two lowest 2' states,
are populated the strongest, while the non-p-shell
states, such as the 1 and' 0' levels at 6.09 and
6.59 MeV in "C, respectively, are only weakly
populated. [These 1 and 0' states are obscured
in Fig. 2(a) because of a carbon contaminant peak,
but were seen using the Si0, target. ] The large
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theoretical spectroscopic amplitude for the 2,
configuration may well be shared among the 7.01-,
8.32-, and 10.44-MeV states, ' all of which are
fed by the ('Li, 'B) reaction.

Another interesting comparison can be made be-
tween these two reactions induced on a "Btarget.
In this case, Cohen and Kurath' predict that a
low-lying excited state in the product nucleus
should be populated more strongly than its ground
state. This is borne out in the "B('Li,'B)'Li data,
shown in Fig. 2(a), and also in the "B(P,f)'B
data, "which are not shown. One sees the expec-
ted strong population of the 3 level at 2.26 MeV
relative to that of the 'Li 2' ground state (the
known' 'Li level at 6.53 MeV was also observed).

The weak population of two specific final states
in the above data indicates that spatially antisym-
metric transfer of two protons in the ('Li, 'B) re-

8 6 4 2 0
Excitation energy (MeV)

F&G. 1. (a) A composite spectrum of the 2C( Li, g) ge
reaction (E6„.=80 MeV) between 8»=12.8' and 16.8' in
which the data were kinematically shifted to Ohb

——15.8'.
(b) The C(P, t) C reaction induced by 54-MeV protons
at 19.5 (Ashery et aI., Ref. 6). (This angle lies at the
first mi~~mum in the C g.s. angular distribution. )
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FIG. 2. (a) An energy spectrum from a partiaQy oxi-
dized Li target for the 80(8Li, B) C reaction. These
data were collected at 13.5 with a 93-MeV 8Li beam.
Carbon contamination gave rise to the Be states. (b)
The ~ O(p, t) O reaction induced by 54.1-MeV protons
at 27 (Fle~g, Hardy, and Cerny, Ref. 9).

action is probably not an important transfer mode.
Little yield at all angles of the 1' level at 0e98
MeV in 'Li, see Fig. 3(a), was observed; this is
particularly significant since this level is essen-
tially solely connected to the "8 ground state via
spatially antisymmetric transfer. Similarly,
transitions from "0 to the 1' state'0 at 11.29 MeV
in "C are only possible via this transfer mode"
and again are not observed [reactions on target
contaminants obscure this region in Fig. 2(a), but
this fact was established with the SiO, target]
Also noteworthy in this context is the general sim-
ilarity observed in the (p, f) and ('Li, 'B) reactions
on the T,=O targets.

The ('Li, 'B) reaction on a "C target provides a
good test of the spectroscopic selectivity of this
reaction, because transitions to the "Be &' ground
state'e are forbidden in first order (see earlier

Flo. 3. (a) A composite spectrum of the ~B(~Li, SB) Li
reaction (E6 . =80 MeV) between 8~,&=I 9.7' and 20.3' in
which the data were kinematically shifted to 8~b= 9.7 .
(b) A composite spectrum of the C(~Li, B) Be reaction
(E6„,=80 MeV) between &L,b= 9.4' and 20.3; for a total
of 32 900 p C in which the data were kinematically shifted
to 8j,b---14.3 . Oxygen conta~~~&Uon gave rise to the
~4C states.

"Be,1 level discussion). This unusual level or-
dering in "Be, consisting of an sd-shell &' ground
state with the lowest 1p-shell & state lying at
0.32 MeV, was explained by Talmi and Unna" as
a consequence of- the differing interaction energies
of the 2s~l2 and 1' ys neutron with the 1P», pro-
tons. An energy spectrum of the "C('Li, 'B)"Be
reaction is shown in Fig. 3(b). Using the energy
scale readily determined from the "C contami-
nant, we find that the observed strength is pre-
dominantly to the & state at 0.32 MeV, thereby
additionally confirming its assignment as the low-
est 1p-shell level

Also seen in the "C('Li, 'B)"Be energy spectrum
in Fig. 3(b) is a state at 2.69 MeV and a peak at
-4.0 MeV (which may contain both of the known"
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states at 3.89 and 3.96 MeV}. Observation at sev-
eral angles determined that the known levels at
1.79 and 3.41 MeV are populated weakly, if at all.
Each of these levels was observed in the 'Be(t, p)-
"Be reaction, "but it can populate both positive
and negative parity states. The fact that the states
at 2.69 and -4.0 MeV were seen in the ('Li, sB) re-
action strongly indicates that these states are
1p-shell states and thus would have negative pari-
ty; this is consistent with the predicted' locations
of the first three negative parity states in "Be
[given a —,

' state at 0.32 MeV, a —,
' is expected at

2.6 MeV (but with a small transition strength),
and a —,', at 4.98 MeV].

The differential cross sections for these ('Li, 'B)
reactions decrease monotonically with angle.
This is consistent with what one might expect for
a high-energy heavy-ion reaction on light targets
when one is far from the grazing angle. Typical
cross sections (8, -20') for the dominant tran-
sitions were -15 pb/sr c.m. for reactions on
"B, "C, and "0 targets and -2 pb/sr on the "C
target. The highly negative Q values of these re-
actions cause a mismatch of the dynamic proper-

ties of the 'Li and 'B nuclei, which contributes
to the small cross sections observed.

While it may be difficult to extract quantitative
spectroscopic information from this reaction ow-

ing to the large kinematic mismatch (even if the
relevant optical model parameters existed), con-
siderable qualitative information has been gained.
Furthermore, no evidence for the spatially anti-
symmetric transfer of the two protons in this
heavy-ion reaction was observed. Although the
('Li, 'B) reaction has other possible complications
compared with the counterpart (p, t} reaction, it
clearly offers excellent possibilities for the spec-
troscopic study of two-proton hole states in neu-
tron-excess nuclei.

We would like to acknowledge our gratitude to
Dr. D. Kurath for providing some two-nucleon
fractional parentage coefficients and for some
useful discussions on antisymmetric transfer, to
Dr. D. Ashery for help with some of the experi-
ments, and to Dr. D. K. Scott and Dr. M. S. Zis-
man for some valuable discussions.
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