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The structure of10Be has been investigated by inelastic scattering to states above the breakup threshold
using the reaction12Cs10Be,10Be* → 6He+4Hed12C at Ebeam=302 MeV. Excited states in10Be were observed
at 9.6±0.1 and 10.2±0.1 MeV. No evidence was observed for the population of the 4+ member of the
ground-state band of10Be indicating the shell-model-like structure of the ground state. In addition, the decay
of 8Be, 10B, and 11B, populated in the two-neutron, proton pickup, breakup and 1p pickup reactions, was
reconstructed through the detection of coincident4He+4He, 4He+6Li, and 4He+7Li particles. Cross sections
for the formation of the8Be, 9Be, 10B, and11B were also deduced. Contrary to expectations, the two-neutron
removal results in the production of8Be predominantlys80%d in the first exciteds2+d state. This suggests that
dynamical excitations play an important role in the neutron removal process.
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I. INTRODUCTION

The spectroscopy of light neutron-rich nuclei has been the
focus of considerable interest in a bid to understand the evo-
lution in structural properties between stability and the neu-
tron dripline. In particular, the beryllium isotopes offer a
rather convenient system in which to perform such studies,
given that it is one of the few isotopic chains which may be
probed at the limits with appreciable secondary beam inten-
sities. Moreover, the Be isotopes exhibit a number of exotic
structural modes. For example,11Be has long been charac-
terized as a single-neutron halo, and owing to the strong
influence of the 2a cluster structure of8Be, the neutron-rich
isotopes have been identified with molecularlike characteris-
tics [1,2]. The nature of the low-lying states of9Be is well
described by such a picture. The nucleus of10Be, however,
continues to be the subject of experimental investigation in
order to determine the character of the states above the ex-
citation energy of 6 MeV, a region in which molecular or
cluster structures are theoretically predicted to occur
[1–5]. Recently, measurements of the structure of states in
10Be in this energy region have been performed using the
6,7Li s7Li, 4He+6Hed reactions [6,7], single-neutron
transfer 9Bes9Be,10Bed8Be [8], two-proton transfer

12Cs15N,17Fd10Be [9], and also two-neutron removal
12Cs12Be,10Bed14C [10]. In addition, thea-particle decay
widths of the 7.54-MeV and 9.6-MeV states have been mea-
sured[11]. These measurements provide a better understand-
ing of theEx.6 MeV region, however, the picture is not yet
complete.

In the present paper we report on a measurement, using a
high-energys30 MeV/nucleond 10Be beam, of the inelastic
scattering toa-decaying states in a region of excitation in
which molecular structures are believed to play an important
role. In addition, we report on measurements of thea
breakup of10,11B excited states populated in transfer reac-
tions, the structure of which are linked to states in10Be.
Finally, we report a measurement of the two-neutron removal
reaction leading to8Be, where using the invariant mass spec-
troscopic method we have reconstructed the8Be core states.

II. EXPERIMENTAL TECHNIQUES

A 302 MeV 10Be secondary beam with an intensity of 104

particles per second(constrained by detector rate limits) was
produced from the reaction of a 60 MeV/nucleon13C pri-
mary beam, provided by the GANIL accelerator facility, on a
Be target. The spread in the beam energy was,1 MeV due
to the constrained momentum acceptance required to limit
the beam intensity. The reaction products were analyzed by
the LISE3 magnetic spectrometer, in terms of mass, charge,
and momentum, which allowed beam purification to,95%.
The secondary beam was focussed onto a 20 mg/cm2 carbon
target and was tracked event by event onto the target using
two x-y position-sensitive drift chambers, which provided a
measurement of the position of the beam on the target with a
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resolution[full width at half maximum(FWHM)] of ,1 mm
and the incident angle to within 1°. The breakup products
were detected using a multielement Si-CsI telescope aligned
with the beam axis. The Si elements were placed,17 cm
from the target, and consisted of two 500mm-thick 535-
cm2 position-sensitive strip detectors(PSSDs), with the front
detector surface divided into 16 independent vertical
position-sensitive strips, each strip 5 cm long and 0.3 cm
wide and the back PSSD divided into 16 horizontal strips.
These two detectors were backed by an array of 16, 2.5
32.5 cm2, CsI scintillator detectors, with an energy resolu-
tion (FWHM) of the order of 1.5%, situated,30 cm from
the target so as to subtend the same solid angle as the silicon
detectors. Figure 1 shows a schematic illustration of the ar-
rangement of the Si and CsI detectors. The energy and posi-
tion resolutions of the PSSDs were 200 keV and 1 mm, re-
spectively. The telescope was centered at 0° with respect to
the beam axis and subtended an angular range of 0° –11.95°
(to the farthest corner of the second strip detector) with re-
spect to this axis. The detector positions and energy re-
sponses were determined using a mixed-isotope
a-calibration source(consisting of239Pu, 241Am, and244Cm)
and a mixed beam of light ions of known energies produced
using the13C beam. The4He, 6He, 6Li, and 7Li secondary
reaction products were identified unambiguously from the
characteristic energy losses in the Si-CsI telescopes.

The study of the structure of light nuclei using breakup
reactions has a number of advantages, particularly for situa-
tions in which the projectile is a secondary beam produced
via in-flight fragmentation. Thick targets are used to compen-
sate for the typically low intensities. However, the use of
such targets degrades the resolution with which the spectros-
copy of the reaction products may be explored. Breakup re-
actions, in which the excitation energy of the unbound state
is determined by the relative velocity of the decay products,
tend to suffer less from the effects of energy and angular
straggling in the target owing to the lower nuclear charges of
the products(for near symmetric breakup). Furthermore, the
effects of large beam spots cancel to a large extent in the

determination of the calculation of the excitation energy of
the resonant particle. In the present instance the two-body
breakup reaction channels10Be→ 4He+6He, 8Be→ 4He
+ 4He, 10B→ 4He+6Li, and 11B→ 4He+7Li were investi-
gated here. The decay thresholds for the various decay pro-
cesses are shown in Table I. With the exception of the decay
threshold of8Be which lies 92 keV below the ground state,
the thresholds for the various channels are of the same order,
which suggest that states in the same excitation energy re-
gion should be observed. Monte Carlo simulations of the
geometry and the response of the detection system indicate
that the efficiency for the breakup of the10Be nucleus into
4He+6He fragments was between 40% and 50%. This effi-
ciency was typical of the other breakup reactions studied
here, i.e.,10B→ 4He+6Li, 11B→ 4He+7Li, and 8Be→ 4He
+ 4He (the efficiency for the decay to the 0+ ground state in
8Be was 22%).

III. RESULTS

The kinematics of the breakup were reconstructed using
the resonant particle spectroscopy method[12,13]. By mea-
suring the masses, momenta, angles, and thus relative veloci-
ties of the fragments, for three-body reactions, the energy of
the unobserved particle may be deduced via momentum con-
servation. This then allows the total energy of the reaction
process to be calculated,Etot=E1+E2+Erecoil, whereE1,2 are
the kinetic energies of the detected fragments andErecoil is
the energy of the unobserved recoil particle. The evaluation
of the relative velocity, and in turn the relative energy of the
decaying system, enables the excitation energy to be deter-
mined.

Figure 2 shows the total energy spectrum for the
12Cs10Be,4He+6Hed12C reaction channel, which has aQ
value of −7.4 MeV. The main peak of interest is the one
labeledQggg, which corresponds to events where all three
particles in the exit channel are in their ground states. The
background in this spectrum, to the left of the peak, is due to
reactions in which either the12C nucleus is left in a highly
excited state or is due to the formation of four-body final
states arising from pickup, breakup reactions. TheQggg peak,
which lies at,290 MeV, is slightly lower in energy than the
expected value of 295 MeV(from Etot=Ebeam+Q3, whereQ3
is the three-body reactionQ value). This difference is due to
uncertainties in the calibrations and assumptions made about
the energy loss of the beam through the target, corresponding
to the uncertainty in the interaction depth within the target.

FIG. 1. A schematic diagram of the experimental setup of the
charged fragment detectors. Note that the Si strip and CsI detectors
are aligned along the beam axis and positioned such that the same
solid angle is subtended for each detector. Not to scale.

TABLE I. Decay thresholds for the four reaction channels ob-
served in the present measurements.

Decay channel Threshold(MeV)

10Be→ 4He+6He 7.409
10Be→ 4He+4He+2n 8.48

8Be→ 4He+4He −0.092
10B→ 4He+6Li 4.459
11B→ 4He+7Li 8.663
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Using Monte Carlo simulations, taking into account the en-
ergy and position resolution of the detectors and the energy
loss and energy and angular straggling in the target, indicate
that the peak should appear at an energy of 293 MeV. The
observed discrepancy suggests that there are residual uncer-
tainties in the calibrations of the CsI detectors. The calibra-
tion of the larger angle CsI detectors with the mixed beam
was less precise than for the four central detectors, due to
difficulties in illuminating the former with the mixed beam.
The experimentalEtot resolution was found to be,11 MeV.
That predicted by the Monte Carlo simulations which in-
clude the uncertainty in the energy calibrations is also
11 MeV (shown in Fig. 2). The observed experimental en-
ergy resolution does not allow the various excited states of
the recoil particle to be resolved, and thus the spectrum is an
integral of all the low-lying states in12C. This may also
contribute to the lowerEtot resolution and centroid obtained
experimentally.

The presence of several recoil states in the total energy
spectrum does not compromise the reconstruction of the10Be
excitation energy spectrum for4He+6He decays. Figure 3(a)
shows the excitation energy spectrum for states in10Be, gen-
erated by selecting events that lie in theQggg peak. As noted
in Sec. II, the excitation energy resolution is less dependent
on the energy as determined by the detector telescopes, but is
more sensitive to the position resolution of the detectors and
the angular straggling in the target. The Monte Carlo simu-
lations indicate that the excitation energy resolution should
be 450 keV atEx=10 MeV, i.e., much better than that in the
Etot spectrum. The spectrum displays two peaks at 9.6±0.1
and 10.2±0.1 MeV, with the former being more strongly
populated. The uncertainties quoted here are statistical. Table
II lists the various measurements of the levels of the nucleus
of 10Be in the excitation energy range of 9.5–10.6 MeV.
There are only three states known in this energy range. The
peak at 9.6±0.1 MeV is in agreement with a state observed
in previous measurements at energies ranging from 9.56 to

9.64 MeV, which was assigned a spin of 2+ by Curtiset al.
[7]. The state seen at 10.2±0.1 MeV in the present data may
be the state observed by Curtiset al. [7] at 10.15 MeVs3−d,
and reported at 10.2 MeV by Soić et al. [6].

Figure 3(b) shows the10Be excitation energy spectrum for
events in the total energy spectrum falling outside the ob-
served peak. There appears to be no strong evidence for
peaks corresponding to excited projectile states in this spec-
trum. Here, the absence of peaks suggests that the corre-
sponding reactions do not lead to4He+6He coincidences
from the breakup of10Be, but perhaps result from pickup,
breakup reactions[e.g., 12C(10Be,11Bes5He+6Hed)11C, Q3=

FIG. 2. The total energy spectrum for the reaction
12Cs10Be,4He+6Hed12C. The peak labeledQggg corresponds to the
final state nuclei being in their ground state. The dotted line shows
the calculatedQggg profile.

FIG. 3. A comparison between the10Be excitation energy spec-
tra observed for4He+6He decays, generated by(a) selecting events
that lie in theQggg peak in theEtot spectrum and(b) selecting events
that lie outside theQggg peak. The dotted curve represents the de-
tection efficiency evaluated using Monte Carlo simulations. A maxi-
mum efficiency of 55% occurs at around 9 MeV. The inset in(a)
shows the fit to the10Be excitation energy spectrum, described in
the text.

TABLE II. 10Be level structure forEx=9.50–10.60 MeV(where
c.m. means center-of-mass).

ExsMeVd Jp Gc.m.skeVd Reference

9.56±0.02 2+ 141±10 [7]

9.6±0.1 [6]

9.64±0.1 [21]

10.15±0.02 3− 296±15 [7]

10.2 [6]

10.57±30 [18,7,21,6]
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−27 MeV], or those involving thea breakup of the target.
Given that the spectrum in Fig. 3(b) appears to correspond to
background processes we have made a polynomial fit to
these data to determine the peak and background contribu-
tions to the spectrum in Fig. 3(a). In this case the background
profile has been normalized to the highest-energy part of the
spectrum, where there appears to be good agreement with the
overall shape of the spectrum[inset in Fig. 3(a)]. On the
other hand, for excitation energies close to the decay thresh-
old the agreement is not so good, suggesting that the back-
ground processes may vary in nature as a function ofEtot.
Nevertheless, using the adopted background profile a reason-
able agreement is found with the excitation energy spectrum
including two peaks at 9.6 and 10.2 MeV, with the theoreti-
cal excitation energy resolution. The extracted peak strengths
would correspond to inelastic scattering cross sections for
the 9.6 and 10.2 MeV states of 0.24(0.02) and 0.13(0.01)
mb, respectively.

The angular correlations were reconstructed for the two
states observed in the present measurement, following the
method described in Ref.[14]. Given that all of the nuclei in
the initial and final state are spin zero, then structured corre-
lations could have yielded spin determinations. However, the
angular correlations possessed no strong oscillatory patterns
and as a consequence no spins could be inferred. This result
is in part due to the very large grazing angular momentum in
the present reactionsl ,38"d which tends to compress the
correlation pattern, which when coupled with limited statis-
tics makes spin assignments difficult. In addition, the above
analysis suggests that there may be a significant contribution
to the excitation energy spectrum from reactions providing a
background.

The detection of two coincidenta particles allowed the
total energy and excitation energy spectra for the decay of
8Be to be reconstructed. Figure 4 shows the total energy
spectrum fora+a coincidences reconstructed assuming a
14C recoil. It is evident from this spectrum that no peak ex-
ists at a total energy of 297.5 MeV, even though the experi-
mental resolution was estimated to be similar to the6He+a

channel. In addition, it is possible to state that there is no
observable 2n transfer yield to low-lying states in14C. This
is in contrast to the12Cs12Be,10Be*d14C reaction, where a
cross section of 0.2–0.6 mb was observed[10].

The source of the high-energya particles skEal
.30 MeV/nucleond is believed to arise predominantly from
2n-removal (or knockout) reactions, i.e., 2n removal from
the10Be beam. Given that, on average, each neutron removes
an energy which corresponds to the emission of a neutron
with beam velocity, then it is expected that each neutron
removes,30 MeV. Thus, the total energy spectrum should
be shifted to lower energies by,60 MeV sEtot=237 MeVd.
The peak intensity in Fig. 4 lies atEtot=240 MeV, in close
agreement. Gating on all the yield in thisEtot spectrum al-
lowed the decay energy spectrum of8Be to be reconstructed,
as shown in Fig. 5. The strongly populated state at
150±50 keV corresponds to the8Be ground state, which has
a known decay energy of 92 keV, and similarly, the broad
state at,3 MeV is produced by the decay of the first excited
state,Ex=3.04 MeVs2+d. There is a third peak at an excita-
tion energy of 500 keV which does not coincide with any
known state in8Be, but it is believed to correspond to the
decay of the 2.43 MeVs5/2−d state in9Be to the low-energy
tail of the broad 2+ state in8Be. The available energy in the
9Bes5/2−d decay to8Be+n is 0.75 MeV and given the small,
l =1, centrifugal barrier for the9Bes5/2−d→ 8Bes2+d+n de-
cay, yield should extend up to 0.75 MeV as observed in the
present data. Indeed, previous studies of the neutron decay of
the 2.43 MeV state[15,16], suggest that due to thel =3 bar-
rier for the decay to the8Be ground state, this branch is only
6% –8% of that to the 2+ state. Measurements of the neutron
energy spectra[15] suggest that for the decay from the

FIG. 4. The total energy spectrum for thea+a coincidences
from the 10Be beam, reconstructed assuming a14C recoil particle.

FIG. 5. The decay energy spectrum corresponding toa+a co-
incidences. The peak at 150±50 keV corresponds to the decay of
the 8Be ground states92 keVd. The peak at,3 MeV is produced
by the decay of the first excited state at 3.04 MeVs2+d. The third
peak visible at,630 keV is consistent with the decay of the 2.43
-
MeVs5/2−d state in9Be to the low-energy tail of the 2+ state in8Be.
The inset shows the low-energy part of the8Be excitation energy
spectrum on an expanded scale.
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2.43 MeV state to8Be s2+d gives a mean neutron energy of
300 keV, which is well reproduced with calculations[15,17]
in which thea-a final state interactions are included. This
mean energy would imply a mean excitation in8Be of
,450 keV, which when convolved with the experimental
resolution is consistent with the present measurement.

The presence of the remnant of the9Be excited state in
the 8Be decay spectrum demonstrates that at least a fraction
of the yield proceeds via a sequential process—single-
neutron knockout/removal to unbound states in9Be which
subsequently decay—as opposed to direct two-neutron
knockout. Indeed, the fact that the majority of the counts in
the reconstructed excitation energy spectrum appear to coin-
cide with known states in8Be indicates that contributions
from transfer processes leading to complex multiple body
(greater than three particle) final states producinga particles
not associated with8Be decay is small.

Boron isotopes are produced by either the transfer of a
proton to the 10Be beam or alternatively, via charge-
exchange processes. Figure 6 shows the total energy spec-
trum for the breakup reaction12Cs10Be,4He+6Li d, recon-
structed assuming a12B recoil. The ground-stateQ value for
this reaction is −17.3 MeV, so theQggg peak should lie at
,285 MeV. Monte Carlo simulations, taking into account
the energy loss in the target, suggest that a peak at 280 MeV
would be expected. However, only a small peak is observed
at this energy, analysis of which demonstrates to be feed-
through of7Li+ a coincidences(see later). Thus, there is no
yield which may be unambiguously identified with the
charge-exchange process. The broad distribution below this
region is believed to correspond to reaction processes such as
proton pickup to form excited states in11B. These states then
decay to7Li * +a, with the 7Li * decaying by neutron emis-
sion; in this case a continuous background would be pro-
duced in the4He+6Li relative energy spectrum. Alterna-
tively, if the 11B excited states decay by neutron emission to

a-decaying excited states in10B, then peaks should be ob-
served in the relative energy spectrum.

Figure 7 shows the excitation energy spectrum generated
for 10B, produced by gating over all events in theEtot spec-
trum. The peak observed at 5.2±0.1 MeV in the excitation
energy spectrum is in reasonable agreement with the known
a-decaying states at 5.18 MeVs2+d and 5.11 MeVs2−d [19].
The peak at 6.1±0.1 MeV seems to be in good agreement
with previous work, as shown in Table III, where an excited
state at 6.13 MeV has been assigned a spin of 3− [19], al-
though given the present resolution it is not possible to ex-
clude contributions from the 6.03 MeVs4+d and
5.92 MeVs2+d states. There is possibly a further peak present
at Ex=6.5±0.1 MeV, which would coincide with the known
6.56 MeVs4−d state [19]. Beyond 7.5 MeV there is an ab-
sence of strongly populated states.

There is a potential ambiguity in the10B excitation energy
spectrum due to the possibility that the6Li * 3.56 MeV, T
=1, state is populated in the decay, a process which could not
be identified owing to the nature of theEtot spectrum. In this
case the energies of the three observed peaks would then be
3.56 MeV high in energy and would then correspond to the
decay ofT=1 states in10B. There is no strong correlation

FIG. 6. The total energy spectrum for the reaction
12Cs10B,4He+6Li d reconstructed assuming a12B recoil. The Monte
Carlo simulation of theQggg profile for the 12Cs10Be,4Heg.s.

+ 6Li g.s.d12Bg.s. reaction is shown as a dotted line.

FIG. 7. The excitation energy spectra observed for the decay of
10B into 4He+6Li, generated by selecting all the events in Fig. 6.
The dotted curve represents the detection efficiency evaluated using
Monte Carlo simulations.

TABLE III. 10B level structure forEx=4.70–6.90 MeV[19].

ExsMeV±keVd Jp Gc.m.skeVd

4.77±0.5 3+ 8.7±2.2 eV

5.11±0.6 2− 0.98±0.07

5.18±10 1+ 110±10

5.92±0.6 2+ 6±1

6.03±0.6 4+ 0.05±0.03

6.13±0.7 3− 2.36±0.03

6.56±1.9 4− 25.1±1.1

6.87±5 1− 120±5
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with known excited states in10B with this character, suggest-
ing that this is not the dominant decay mode. Nevertheless,
some contribution from decays to the6Li s3.56 MeVd excited
state may be present in the excitation energy spectrum.

The final two-body decay channel that possessed signifi-
cant yield was the decay of11B into 4He+7Li, produced in
the 12Cs10Be,11B*d11B reaction. TheQ value for this process
is −13.4 MeV, which corresponds to the peak at 287 MeV in

the Etot spectrum(Fig. 8), again in good agreement with the
Monte Carlo simulations. The excitation energy spectra were
generated by gating on the peak[Fig. 9(a)] and by gating on
the yield in the total energy spectrum below the peak[Fig.
9(b)]. The similar structure of these two spectra indicates that
the lower-energy portion of the total energy spectrum is also
due to the breakup of11B. The peaks observed at 9.3±0.1
and 10.3±0.1 MeV are consistent with known states(Table
IV ) at 9.19s7/2+d and 9.27 MeVs5/2+d for the 9.3 MeV peak
and 10.26s3/2−d and 10.33 MeVs5/2−d for the 10.3 MeV
peak[20]. The estimated resolution is 450 keV, which sug-
gests, given the 800 keV width of the 10.3 MeV peak, that it
may also contain a contribution from the 10.6 MeVs7/2+d
and 9.88 MeVs3/2+d states. As in the case of6Li, 7Li pos-
sesses a particle-bound excited state at an energy of
0.48 MeVs1/2−d. Decays to this excited state would thus
correspond to excitations of11B at 9.9 and 11.0 MeV. There
is a possible candidate for the 9.9 MeV peak at
9.88 MeVs3/2+d, but the counterpart for the 11.0 MeV peak,
10.96 MeVs5/2−d, possesses a width of 4.5 MeV and there-
fore cannot correspond to the present peak. Thus, it would
appear likely that the decay spectrum is dominated by decays
to the 7Li ground state. In Fig. 9(b) there is an additional
peak at 10.9s0.1d MeV which may perhaps correspond to the
decay of a state in11B at ,11.5 MeV via the first excited
state in7Li.

The cross sections deduced for the breakup channels dis-
cussed here are listed in Table V. These cross sections should
be regarded as upper limits, as there may be some contribu-
tion to the excitation energy spectra from background pro-
cesses, not identified here. The cross sections are quoted for
the total breakup yield and that associated with the peaks
observed in the total energy spectra. The principle contribu-

TABLE IV. 11B level structure forEx=9.1–10.6 MeV[20].

ExsMeVd Jp Gc.m.skeVd

9.19±2.0 keV 7/2+ 1.9−1.1
+1.5 eV

9.27±2.0 keV 5/2+ 4

9.88±8 keV 3/2+ 110±15

10.26±15 keV 3/2− 165±25

10.33±11 keV 5/2− 110±20

10.60±9 keV 7/2+ 100±20

TABLE V. Cross sections deduced for the various breakup chan-
nels.

Cross section(mb)

Breakup channel Peak Total

10Be* → 6He+a 1.20(0.03) 2.74(0.05)
10Be* → 8Beg.s.→a+a 7.97(0.4)

10Be* → 9Bes5/2−d→a+a 7.32(0.3)
10Be* → 8Bes2+d→a+a 21.6(1.1)

10B* →a+6Li 3.60(0.06)
11B* →a+7Li 1.72(0.04) 3.65(0.06)

FIG. 8. The total energy spectrum for the decay of11B into
4He+7Li from the reaction12Cs10Be,11B*d11B. Monte Carlo simu-
lations of the experimental resolution are shown by the dotted line.

FIG. 9. A comparison between the excitation energy spectra for
11B, generated by(a) selecting events which lie in theQggg peak
and (b) selecting events that lie below this peak. The dotted curve
represents the detection efficiency evaluated using Monte Carlo
simulations.
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tion to the uncertainties quoted arises from estimates of the
detection efficiency.

IV. DISCUSSION

A. 12C„
10Be,8Be…

Given that the total cross section for the production of
states in8Be decaying into twoa particless36.9 mbd is an
order of magnitude larger than the resonant breakup cross
section of 10Be into 4He+6He and the absence of a peak
corresponding to the transfer process, it is likely that the
dominant process leading to the formation of8Be is that of
direct breakup, or knockout, e.g., as in Ref.[22]. The pres-
ence of the9Be s5/2−d decay to the tail of the8Bes2+d state
is a signature of this decay process proceeding sequentially,
rather than via single-step removal of the two neutrons. It is
probable that the other states observed in the8Be spectrum
are produced via the decay of intermediate states in9Be.
Nevertheless, it is clear that the dominant decay process is to
the first excited state in8Bess=28.9±1.4 mbd, rather than to
the ground statess=7.97±0.40 mbd by a factor of 3–4. We
note that this is not due to the differing detection efficiencies
as the cross sections have been corrected for this variation in
detection efficiencies for the three peaks. The efficiency for
the detection of the decay into the 2+ state in8Be and the
s5/2−d state in9Be is 44%, and the efficiency for the decay
into the 0+ state in 8Be is 22%. The latter efficiency is
smaller than for the 2+ state owing to a larger probability that
two a particles enter a single-CsI crystal for the decay of the
8Be ground state, corresponding to the lower relative veloc-
ity of the two a particles.

Given the 3/2− spin and parity of the ground state of9Be,
the ground state of10Be should be dominated by the last two
neutrons in asp3/2d2 configuration. Admixtures of other con-
figurations will also be present, for example, ones in which
two neutrons occupy thep1/2 orbit. Shell-model calculations
indicate that the first three states in10Be correspond pre-
dominantly to 0"v configurations[23,24]. The recoupling of
the two p3/2 protons in part produces the 3.37 MeVs2+d ex-
citation(other contributions can come from the recoupling of
the neutrons if the ground state possesses vacancies in the
neutronp3/2 orbit), and the promotion of a neutron to thep1/2
orbit gives rise to a second 2+, 0"v, state. The first 2+ state
in 8Be s3.04 MeVd is at a very similar energy to that in10Be,
and can in part be described by the recoupling of the protons
(again ignoring the neutron single-particle configuration).
The present data would suggest that this recoupling plays an
important role in the 2n-removal process, given the strength
of the 2+ excitation in8Be. Evidence for this is also found in
the presence of the intermediate9Be s5/2−d state, which
again requires the recoupledp3/2 protons coupled to the un-
pairedp3/2 neutron to give a 5/2− state.

These data demonstrate that at an incident energy of
,30 MeV per nucleon, two-neutron removal reactions in
which the core becomes excited dominate. It is known from
inelastic scattering measurements for9Be [25–27] and 10Be
[28] that large deformation lengths are required to describe
the inelastic excitation probability for these nuclei;

1.61–2.13 fm for9Be and 1.84–1.99 fm for10Be. A recent
analysis of the one-neutron knockout from11Be [29] at-
tempted to include the10Be core rotational excitation using a
value ofb2=0.67. The inelastic excitation was suggested to
contribute only,20% of the total10Bes2+d excitation, the
rest was attributed tol =2 configurations within the11Be
ground state. These measurements were, however, performed
at 60 MeV per nucleon. Nevertheless, it is clear that in sys-
tems in which the projectile and possibly the core(8Be or
9Be) are deformed, then rotational excitations are an impor-
tant component and feature strongly in the neutron removal
process.

B. 12C„
10Be,10Be*

…

Two excitations are observed in the present measurements
which may be identified as the10Be excited states at
9.6 MeVs2+d and 10.2 MeVs3−d. There appears to be no evi-
dence for the inelastic excitation(followed by breakup) of a
4+ member of a deformed rotational band built on the ground
state, as predicted, for example, by the antisymmetrized mo-
lecular dynamics(AMD ) [5], molecular orbital[3], and mi-
croscopic cluster model[4] calculations. Based upon ex-
trapolations of the 0+, 6.719 MeV, and 2+, 7.542 MeV,
states, the 4+ state should lie in the excitation energy region
of 10–12 MeV. This feature would point to a shell model
rather than cluster description of the10Be ground and first 2+

state.
It is worth noting that in fact there is no evidence for other

states observed at higher energies in this nucleus via the
9Bes9Be,10Bed [8], 12Cs15N,17Fd10Be [9], and 7Li s7Li, 4He
+ 6Hed reactions[7]. States have previously been observed in
these reactions at 10.8, 11.8, 13.8, 14.8, and 15.3 MeV. The
failure to populate these higher-energy states may reflect
their probable higher spins[8] as the present reaction is well
matched for the excitation of low-spin states in this excita-
tion energy region. Alternatively, the absence of these states
may be related to their structural difference to that of the
10Be ground state, which would lead to small excitation
probabilities in inelastic scattering. Such states are distin-
guishable in, for example, the transfer of a single neutron
onto 9Be [8], a nucleus which has a well developed cluster
structure in the ground state[1,2]. These observations would
point to the similarity of the 9.6s2+d and 10.2 MeVs3−d states
to the ground state. In measurements of thea-decay widths
of the 7.54 and 9.6 MeVs2+d states[11], the lower-energy
state was found to have a marked cluster structure, which
appeared to be suppressed for the 9.6 MeV state, consistent
with the present interpretation. Shell-model calculations[24]
do find evidence for a series of 0"v states(including a 2+)
close to 9 MeV, however, cluster models[3,4] also produce
a 2+ state at this energy. In summary, it would appear that the
9.6 and 10.2 MeV states are structurally closely related to
the ground state and consequently do not exhibit a well de-
veloped cluster structure.

C. 12C„
10Be,10B*

…

The sequence of peaks observed in10B (5.2, 6.1, and
6.5 MeV) corresponds closely with those observed in thea
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decay of 10B* (see, for example, Ref.[30]) at 4.77 MeV,
[5.11, 5.18 MeV], [5.92, 6.02, 6.13 MeV], 6.56, and
6.87 MeV, where brackets indicate groups of states that were
unresolved in Ref.[30]. The three dominant peaks in the
present measurements may be identified with three of these
groups, and the presence of the 6.87 MeV state cannot be
excluded in the current data. There appears to be little evi-
dence of the 4.77 MeV state in the present data, although this
is in a region in which the detection efficiency falls rapidly to
zero. The decay to the ground state of6Li would preclude the
population ofT=1 states in the present measurement.

It is difficult to draw definitive conclusions from the
present data given that it is not possible to unambiguously
identify which states are involved in the decay process. Nev-
ertheless, it may be noted that the region in which the decay
strength is located, which is a region in the shell-model de-
scription where the positive parity states(4.77 MeVf3+g,
5.92 MeVf2+g, 6.02 MeVf4+g) are predominantly associated
with 0"v excitations [24]. These are related to single-
particle configurations in which, for example(given the sym-
metry between the protons and neutrons), a valence proton
occupies thep1/2 orbit and couples to the unpairedp3/2 neu-
tron, with the two remaining core protons coupled to produce
a spin of 2. In this description of the states, the8Be core
would possess a 2+ configuration, such as observed in the
two-neutron removal process above. We note that 2"v con-
figurations are predicated by the shell model[24] to lie
above the present states. That is to say, the present measure-
ments find no evidence for the population and decay of such
states.

It is possible to speculate why theEtot spectrum for the
a+ 6Li coincidences appears to be significantly different
from that fora+ 7Li events. It might be anticipated that the
charge-exchange reaction cross section should be approxi-
mately one order of magnitude less than that for 1p transfer,
and indeed this would appear to be the case given the small
peak intensity observed in Fig. 6, but as observed in Table V,
the total cross sections are of a similar order of magnitude.
This would suggest that the population of the states in10B is
being enhanced by other mechanisms. For example, one-
proton transfer followed by neutron decay could lead to the
population of excited states in10B. The cross section for the
decay of11B to 7Li+ a provides an indication of the strength
with which states are populated in the vicinity of the neutron
decay thresholdsEthresh=11.45 MeVd. The presence of the
large continuum in the10B total energy spectrum is consis-
tent with such a mechanism, and for a neutron emitted with
beam velocity this would indicate that the bulk of the yield
should lie at 255 MeV, close to that observed experimen-
tally.

D. 12C„
10Be,11B*

…

The peaks in the11B breakup spectrum coincide with
9.19s7/2+dand 9.27 MeVs5/2+d states for the peak at
9.3 MeV and 10.26s3/2−d and 10.33 MeVs5/2−d for the
peak at 10.3 MeV. Both of these have been observed in the
a-decay channel[20]. Single-proton transfer onto10Be
would be expected to strongly populateJp=5/2+, 3/2+ states

for proton transfers into anl =2 orbit andJp=3/2−, 1/2− for
transfers into anl =1 orbit. This may favor the 9.27 and
10.26 MeV states. However, if as seen in the case of8Be and
10B, there is some significant rearrangement of the10Be core
within the p shell, the other two states may provide signifi-
cant contributions. The present measurement cannot offer a
definitive conclusion owing to the limited energy resolution.

Returning to Figs. 9(a) and 9(b), there is evidence that not
only does breakup from11B to 7Li+ a proceed directly fol-
lowing one-proton transfer, but that more complex processes
are also present, similar to the case of the breakup of10B,
although their strength, judging by the total energy spectrum
is less significant than in the case of10B. For example, it is
possible that states in11B could be populated by deuteron
pickup followed by neutron decay. If this scenario is correct,
i.e., the low total energy yield corresponds to higher order
processes, then the spectrum of11B states populated in this
manner appears to be similar to that observed in the proton
pickup. Such processes need not be complete transfer, but
may be related to mechanisms such as transfer to the con-
tinuum [31]. At intermediate energies such as those of the
present work it has been demonstrated that transfer is well
matched for continuum states[31] that lead to cross sections
in excess of transfer to bound states. These studies have been
made predominantly for stripping reactions, but the present
measurements indicate that(at least) for the case of the boron
isotopes, the reaction mechanism is complex involving both
single-step and transfer-breakup processes.

V. SUMMARY AND CONCLUSIONS

The inelastic excitation of10Be to two states at 9.6±0.1
and 10.2±0.1 MeV has been observed using a 302 MeV
10Be beam incident on a12C target. These excitations may be
identified with known states at 9.6s2+d and 10.2 MeVs3−d. In
the present measurements there is no evidence for additional
states including the proposed[3,4] 4+ member of a ground
state rotational cluster band. This would point to a shell-
model-like structure for the ground state. As a consequence,
the maximum spin the ground-state configuration could sup-
port would be 2, as opposed to cluster model predictions
which allow higher spins to be generated.

In two-neutron removal leading to states in8Be a signifi-
cant fraction of the yields,80%d was observed for the8Be
first excited states2+d, with a much smaller fraction
s,20%d resulting in the formation of the8Be ground state.
The measurements indicate that the decay process contains
significant contributions from sequential two-neutron re-
moval proceeding via the 2.43 MeVs5/2−d state in9Be. This
unexpected result suggests that configurations in which the
two valencep3/2 protons couple to a spin of 2 play an im-
portant role in the two-neutron removal process.

Reactions leading to the population ofa-decaying states
in 10,11B were also observed. In the case of10B the states
populated may be related to structures in which the two pro-
tons again couple to a spin of 2. Both of these reactions
exhibit continuum contributions(less so in the case of11B)
to the final state. The continuum is believed to be related to
more complex four or more body, final states. Interestingly,
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the continuum also provides evidence for the resonant decay
of 10,11B*. This would suggest that the processes leading to
the observed final states are intricate, in part arising from the
three-body breakup, but also with a significant fraction of the
yield attributable to pickup followed by breakup. It is pos-
sible that such pickup processes are strongly matched to con-
tinuum states in the resonant nuclei with corresponding large
cross sections.

The unexpected fraction of8Be nuclei formed in the two-
neutron removal in the excited, rather than the ground state,
may reflect the fact that the reaction mechanism is not one in
which the core remains inert but one in which core nucleons
participate in the interaction. Given the large intrinsic defor-
mation of the8Be, 9Be, and10Be nuclei it is possible that
collective(rotational) modes are being excited in the neutron
removal process. There are two possible reaction routes
which may contribute incoherently. The first would be the
inelastic excitation of10Be followed by neutron removal.
Second, the9Be core may be rotationally excited following
the neutron removal from the10Be ground state. The key to
understanding the nature of the excitation process lies in un-

derstanding the spectrum of excited states which are popu-
lated in 9Be prior to the decay to thea-unbound states in
8Be. Such information may be obtained via the coincident
detection of the neutrons.

The present data may thus provide a useful test of models
of nucleon knockout(or removal) which have been used to
determine the ground-state structure of neutron-rich nuclei,
such as the heavier beryllium isotopes11,12Be [29,22].
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