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Particle decay of >Be excited states
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The breakup of E£/A = 50 MeV '2Be fragments following inelastic scattering off of hydrogen and carbon
target nuclei has been studied. The breakup channels a+3He, °He+%He, ¢ + °Li, and p+''Li were observed.
Two doublets at excitation energies of 12.8 and 15.5 MeV were found for the @+3He channel. A low-energy
shoulder in the excitation-energy spectra at 10.2 MeV indicates one or more additional states. This work could
not confirm the presence of °He-®He rotational structure reported by Freer et al. [Phys. Rev. C 63,034301(2001)],
although possible peaks at excitation energies of 13.5 and 14.5 MeV were found for °He-+°He decay. Significant
structure is observed in the excitation-energy spectrum for p+''Li at 25-30 MeV which maybe associated with

T = 3 analog states.

DOI: 10.1103/PhysRevC.76.064313

I. INTRODUCTION

The structure of light nuclei is known to be associated with
strong alpha-particle clustering [1]. This is true not only for *Be
and '2C, but also when additional nucleons are added to these
multi-alpha-particle nuclei. For example, *Be can be modelled
as a three-body system composed of a core of two « particles
and a valance neutron [2-4]. An analogy to molecular systems,
the simplest being Hj, is strong as the core a-o interaction
is repulsive and the valence neutron (playing the role of the
electron in H;’ ) provides the binding. The analogy can be taken
further as excited states have o and m-like symmetries [5].
The wavefunctions and density distributions of o -like states
are axially symmetric about the ¢-« axis while the 7 -like have
a nodal plane containing the -« axis.

Molecular states associated with two “valence” neutrons
are also predicted for '°Be [5]. Two rotational bands based
on exited 07 and 1~ states have been observed [4]. Their
moments of inertia are significantly larger than the ground-
state rotational band suggesting molecular configurations. The
4+ members of the first band particle decays to the a-He exit
channel indicating it has a strong cluster structure [6].
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Molecular structures have also been predicted for
12Be [5,7,8]. In experiments where '?Be beams were excited
via inelastic scattering, evidence has been presented for
molecular states. Korsheninnikov et al. [9] detected recoil
protons following '?Be+p scattering and identified narrow
12Be states at 8.6, 10, and ~14 MeV. It was argued that the
widths of these states are too narrow for neutron decay and
thus they may have strong cluster structure and decay by
helium emission. Freer ef al. [10,11] have found evidence
for 1”Be levels which decay through the ®He-°He and a-*He
exit channels after scattering off carbon and (CH,), targets.
The ®He-%He breakup states were tentatively assigned spins
of 4, 6, and 8 suggesting these are part of a rotational band.
Saito et al. [12] present evidence for %He-°He breakup states
following inelastic scattering from “He. The states at 10.9
and 11.3 MeV were assigned spins of 0 and 2, respectively.
Combined with results of Freer et al., a rotational band with
states of spin from 0 to 8 can be inferred with a large moment of
inertia consistent with two touching *He nuclei in a molecular
configuration.

%He-%He breakup states were also reported following '>C
("*Be,"”Be) two-neutron removal reaction [13]. A state at
11.8 MeV level was tentatively assigned spin 0. In the three-
neutron transfer reaction *Be('’N,'>N)!?Be, Bohlen et al.
report peaks at 10.7, 14.6, 19.2, and 21.7 MeV which they
speculate are part of a molecular band [14]. However, the
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TABLE I. Breakup Q-values for all
possible binary breakup channels.

channel 0 [MeV]
n-"Be -3.17
a-$He —8.95
®He-°He —10.11
t-Li —14.82
p-'"Li —23.00

decay of these excited '”Be fragments was not investigated.
A more recent search with the 'Be('*C,”Be) two-neutron
transfer reaction failed to see any evidence for He-°He or
«-%He breakup states [15].

All these previous studies suffer from limited statistics.
Thus, it is important to try and confirm the existence of
these levels and their spin assignments to make a solid case
for molecular structure in '>Be. In this work we present
new experimental data using '’Be inelastic scattering. This
work is similar to the study of Freer et al. in that both
targets of polyethylene (CH,),, and carbon were employed and
that the '>Be breakup states are identified from correlations
between the decay products. However, it differs in using
a higher beam energy of E/A =50 MeV as compared to
31 MeV in the study of Freer et al. In addition to the «+*He
and °He+°He exit channels, other breakup modes, t+°Li
and p+''Li are examined. The Q-values for all possible
binary-breakup channels are listed in Table 1.

II. EXPERIMENTAL METHOD

A primary beam of E/A = 120 MeV '30 was extracted
from the Coupled Cyclotron Facility at the National Supercon-
ducting Cyclotron Laboratory at Michigan State University.
This beam bombarded a °Be target and !’Be projectile-
fragmentation products were selected by the A1900 separator.
The secondary '?Be beam, with intensity of 1 x 10° s~!, purity
of 87%, and momentum acceptance of +0.5%, impinged on
targets of polyethylene and '>C with thicknesses of 1.0 mm and
0.4 mm, respectively, located at the end of the S800 analysis
beam line. The beam spot on these targets was approximately
1 ecmx2 cm in area. Event-by-event time of flight was used to
reject the beam contaminants.

Charged particles produced in the particle decay of ex-
cited '’Be fragments were detected in the HiRA array [16]
consisting of 16 E-AE [Si-CsI(T1)] telescopes located 60 cm
downstream of the target. The telescopes were arranged in
four towers of four telescopes each, with two towers on each
side of the beam. The angular regions subtended by this
array are shown in Fig. 1 covering a zenith-angle range of
2.7° < 6 < 24.8°. Each telescope consisted of a 1.5 mm thick,
double-sided Si strip AE detector followed by a 4 cm thick,
CsI(T1) E detector. The AE detectors are 6.4 cmx6.4 cm in
area with the faces divided into 32 strips. Each E detector
consisted of four separate CsI(Tl) elements each spanning
a quadrant of the preceding Si detector. Signals produced
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FIG. 1. (Color online) Angular coverage of the detectors in the
experiments. The HiRA array was used to detect breakup products
of the excited '*Be fragments. LASSA recoil-proton counters, used
to detect recoil-protons following interactions on the hydrogen
component of the polyethylene target, are indicated. The cross
indicates the beam axis.

in the Si detectors were processed with the HINP16C chip
electronics [17].

Recoil protons produced from inelastic scattering interac-
tions of the '?Be projectile on the hydrogen component of
the polyethylene target were detected in 4 LASSA E-AE
telescopes [18]. Each LASSA telescope contains a 0.5 mm
thick, double-sided Si strip AE detector of area 5 cmx5 cm
with the faces divided into 16 strips. The E detector for each
telescope consists of four 6 cm thick CsI(TIl) crystals, each
spanning a quadrant of the preceding Si detector. Figure 1 also
indicates the angular coverage of these detectors with zenith
angles ranging from 29.4° < 6 < 61.5°.

Energy calibrations of all Si detectors were obtained from
a ?2Th a-particle source. The particle-dependent energy
calibrations of the CsI(Tl) E detectors were determined
using p, d,t,>*%8He and ®7-3°Li beams selected using the
A1900 separator. Beams were extracted for typically two
to six energies for each beam species. These beams were
scattered off Au, C, and polyethylene targets into the HiRA
and LASSA detectors and calibrations points were fit to linear
or second-order polynomial expressions for the energy region
of interest. The calibrations for the Li isotopes were found
independent of mass number and thus these calibrations were
also used for ''Li fragments.

The resolutions (FWHM) of the Si detectors were
~80 keV, while the CsI(Tl) detectors had resolutions of
~4.3%,2.1%, and 1.8% for E/A =50 MeV protons, «
particles and °He fragments respectively. The telescopes had
excellent isotope resolution as can be seen from the typical
E-AE plot shown in Fig. 2.

III. MONTE CARLO SIMULATIONS

Monte Carlo simulations were performed to establish
the resolution of the reconstructed excitation energy in the
experiment. In these simulations, the interaction depth in the
target was chosen randomly and the effects of energy loss [19]
and small-angle scattering [20] on the particles as they leave
the target were included. The lateral location of the interaction
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FIG. 2. A typical E-AE map of detected particles showing the
isotope resolution obtained in the experiment. The energy E measured
by the CsI(TI) light output is calibrated in equivalent proton energy
in MeV. Notice the small *He beam contaminant.

on the target sampled the measured beam-spot shape. The
simulated events were passed through a detector filter and the
energy and position resolutions of the detectors were added.
Subsequently, the events were analyzed in the same manner as
the experimental events. The energy and angular distributions
of the reconstructed parent fragments were chosen such that the
reconstructed distributions of the “detected” events matched
the experimental distributions.

To evaluate the accuracy of these simulations, they were
compared to experimental distributions for prominent nar-
row levels observed in the experiment. The data points in
Fig. 3(a) shows the experimental °Li excitation-energy dis-
tribution determined from d-o pairs. The peak is associ-
ated with the first excited state of °Li (E* = 2.186 MeV,
' =24 keV, J* =3"). Similarly in Figs. 3(b) and 3(c),
peaks associated with p-’Li and «-®Li decay of analog
states in ®Be and '’B are observed. These correspond to
the known E* = 17.64 MeV, I’ = 10.7 keV, J* = 17 and
the E¥ =12.75 MeV, I' = 85 £ 40 keV, J™ = 0" states in
these respective nuclei. Finally in Fig. 3(d) we see a peak
associated the o-°Li decay of the E* =4.774 MeV, T' =
8.7 eV, J* = 3% level of !B. The ’B level was produced
predominately in the '*Be(p, n)'’B reaction, while the other
peaks are associated with more complicated interactions with
both the hydrogen and carbon components of the polyethylene
target. The experimental FWHM are 160, 130,274, and 90 keV
for the °Li, 8Be,'?B, and B states, respectively, which are
significantly larger than their intrinsic values, highlighting the
importance of the experimental resolution for these examples.

The thick solid lines in Fig. 3 indicate the predictions of the
Monte Carlo simulations. The dashed curves show background
contributions which were added to aid in the comparison
with data. The simulated results reproduce the experimental
distributions quite well. For the '°B level in Fig. 3(c), the
uncertainty in its intrinsic width gives rise to an uncertainty in
the predicted peak shape only for the high and low-energy tails.
The thin solid curves show the predictions using the upper and
lower limits of the experimental uncertainty in the width I"
of this E* = 12.75 MeV state. Our data are more consistent
with the lower limit. These comparisons of the Monte Carlo
simulations to data in Fig. 3 give us confidence that they do in
fact simulate the response of our apparatus. The most important
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FIG. 3. (Color online) Excitation-energy distributions for (a) ®Li
fragments from d-a pairs, (b) ®*Be fragments from p-’Li pairs, (c)
2B fragments from a-*Li pairs, and (d) '°B fragments from a-°Li
pairs. The data points show the experimental results which can be
compared to the thick solid curves indicating the predictions of the
Monte Carlo simulations. Background contributions (dashed curves)
were added to the simulations to aid in the comparison. In (c), extra
thin solid curves are included which correspond to simulations using
the upper and lower limits of the experimental intrinsic width of the
12.75 MeV state in '’B.

contributions to the experimental resolution are the CsI(TI)
energy resolution, the position resolution determined from the
width of the Si strips, and small-angle scattering of the decay
products in the target.

The large beam-spot size on the target has little effect on the
reconstructed excitation energy as the measured relative-angle
of the decay products is, to first order, independent of the lateral
location on the target. However, the beam-spot size reduced
the resolution in reconstructing the parent '’Be fragment’s
velocity and scattering angle. The beam-spot size is a larger
problem for the recoil-proton detectors which are significantly
closer to the target.

IV. RESULTS
A. a+3He decay

For each detected a-*He pair, their center-of-mass velocity
was determined and ascribed to the velocity of the excited
I2Be parent fragment. Joint distributions of the parallel V and
perpendicular V; components of this velocity are displayed in
Figs. 4(a) and 4(b) for the polyethylene and carbon targets,
respectively. The dashed curves in both figures indicate the
kinematic solutions expected for inelastic scattering on a '>C
target nucleus with a Q-value of —13 MeV. The solid curve
in Fig. 4 gives the equivalent solution loci for interactions
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FIG. 4. (Color online) Joint distributions of parallel and perpen-
dicular velocity for >Be fragments reconstructed from «-*He pairs
with the (a) polyethylene and (b) carbon targets. The dashed and
solid curves indicate the expected loci for scattering off of '>C and
'H target nuclei, respectively.

with a hydrogen nuclei. The experimental results obtained
with the carbon target follow the dashed curve confirming
the presence of inelastic scattering on '>C. This component
is also present in the polyethylene results, but its relative
contribution is significantly reduced. The extra component
obtained with the polyethylene target is consistent with the
solid curve (scattering off hydrogen), but only the kinematic
solutions with the largest parallel velocities are populated.
Both the hydrogen and carbon kinematic solutions overlap
near & = 0° and thus it is not possible to completely separate
the two polyethylene components using kinematics.

The presence of inelastic scattering from hydrogen
can be confirmed by observing the recoil target protons.
Figure 5(a) shows the distribution of A¢, the difference
in azimuthal angles between the reconstructed parent '’Be
fragment and a proton detected in the recoil-proton detectors.
The observed yield obtained with the polyethylene target
(histograms) is peaked at A¢ = £180° as expected for a
recoil proton. The contribution from the carbon component
of the target was determined with the carbon target and scaled
to account for the relative carbon content and beam currents
used with the two targets. This contribution is displayed as
the connected lines and is essentially insignificant for all A¢
values. The resolution associated with A¢ is governed mostly
by the size of the beam spot.

From the relative energies of the «-®He pair and the
breakup Q-value, a reconstructed excitation energy E* of
the parent '>Be fragment is determined. In addition, from
the reconstructed parent velocity, a Q-value associated with
the initial binary interaction is deduced. Two Q-values are
determined for each event, Q¢ and Qp, calculated assuming
an interaction with a carbon or hydrogen target nucleus,
respectively. For interactions with hydrogen we expect Qy =
—E*. Figure 6(a) displays the distribution of Q5 + E*. The
results obtained with the polyethylene target has a peak at
Qn + E* = 0 consistent with scattering off of hydrogen, but

-100 100
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FIG. 5. (Color online) Distributions of relative azimuthal angle
between protons detected in the LASSA recoil-proton detectors and
the reconstructed '’Be fragments determined from (a) a-*He, (b)
®He-°He, (c) t + °Li, and (d) p-''Li pairs detected in the HiRA
array. The histograms and connected lines were obtained with the
polyethylene and carbon targets, respectively.

some of this yield is also from carbon scattering. The estimated
contribution from these latter events, obtained with the carbon
target, is also shown and it too displays a small peak at
the same location. For the carbon target, the distribution of
QOc + 1.4 x E* is displayed in Fig. 6(b). The factor 1.4 was
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FIG. 6. (Color online) (a) Distributions of the sum of the Q-value,
determined assuming an interaction with a hydrogen target nucleus,
and the '?Be excitation energy (reconstructed for a-*He pairs).
Results are shown for the polyethylene (poly) target. The distribution
obtained with the carbon ('2C) target indicates the background
expected from the carbon contribution of the polyethylene target.
(b) Distribution of the sum of the Q-value, determined assuming an
interaction with a carbon target nucleus, and the reconstructed exci-
tation energy scaled by 1.4. The latter factor accounts approximately
for the excitation energy of the scattered '>C fragments.
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FIG. 7. (Color online) Distributions of excitation energy recon-
structed from (a) a-*He and (b) *He-*He pairs. These experimental
results are the sum of the contributions from both the polyethylene
and carbon targets. The arrows indicate the locations of the structures
discussed in the text. The diamonds indicate the locations of peaks
identified in Ref. [10]. Examples of the predicted experimental
response at three different excitation energies are indicated by the
curves along the E* axis.

introduced to put the peak at zero energy. This implies that the
scattered '>C fragment has, on average, 40% of the excitation
energy of the '”Be fragment.

The vertical dashed lines in Figs. 6(a) and 6(b), indicate
the gates Gy and G¢ used to select events. The gate Gy
indicates the event is consistent with hydrogen scattering while
G is consistent with carbon scattering. Figure 7(a) shows
the reconstructed excitation-energy distribution obtained from
both targets. It includes events in the Gy and G gates
for the polyethylene target and in the G gate for the
carbon target. Two broad flat-topped peaks at E* = 12.8 and
15.5 MeV (indicated by the arrows) are visible. The widths
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FIG. 8. (Color online) Distributions of excitation energy recon-
structed from (a) a-*He and (b) °He-°He pairs for interactions on the
hydrogen component of the polyethylene target. The arrows indicate
the locations of the structures discussed in the text. The diamonds
indicate the locations of peaks identified in Ref. [10]. Examples of
the predicted experimental response are indicated by the curves along
the E* axis.
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FIG. 9. (Color online) As for Fig. 8, but now the events are
associated with scattering from '>C target nuclei. The data consist
of the G -gated events obtained the carbon target and the Gc&Gy-
gated events obtained with the polyethylene target.

of these structures (~1.5 MeV) are significantly larger
than the experimental resolutions of FWHM = 340 and
440 keV at these two energies. The square flat-topped shapes
of these two structures indicate they cannot be associated
with a single state (with a Lorentzian shape), but rather they
are doublets, or possibly even higher order multiplets. In
addition to the broad structures, a wide, low-energy shoulder at
~10.2 MeV is evident.

To investigate the target-nucleus dependence of these
structures, the events were subdivided. The cleanest sample
of events associated with hydrogen scattering was obtained
with a Gy &G gate on the polyethylene events. The E*
distribution associated with these events is shown in Fig. 8(a).
This distribution is similar to the original distribution, except
the doublet at E* = 15.5 MeV is not evident. However, the
Gy &G gate removes the most forward-angle events so it is
possible that this doublet is still excited by hydrogen scattering.

A clean sample of carbon-scattering events is obtain from
the Gc-gated carbon target events plus the G &G y-gated
polyethylene events. The extracted E* distribution from this
compound gate is displayed in Fig. 9(a). Both doublets are
present, but the statistical significance of the higher-energy one
is diminished. The relative yield in the low-energy shoulder
(~10.2 MeV) has been significantly enhanced. From Figs. 8(a)
and 9(a), we conclude that the 10.2 MeV low-energy shoulder
and the 12.8 MeV doublet are excited from both hydrogen and
carbon scattering. The origin of the higher-energy doublet is
less clear.

From the Monte Carlo simulations we estimate the efficien-
cies for detecting the a-3He pair to be around 16% for both 12C
and 'H target nuclei. From these efficiencies we determined
the total cross sections for a-*He breakup listed in Table II.
This table also includes cross sections for the other breakup
channels studied in this work.

The work of Freer et al. [10] identified a number of peaks
in equivalent distributions gated on hydrogen and carbon
scattering. The locations of the peaks tabulated by Freer
et al. are indicated by the diamonds in Figs. 8(a) and 9(a).
However, neither of these spectra closely resemble those of
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TABLE II. Breakup cross sections in mb for the exit channels measured from this work at
a beam energy of E/A =50 MeV and from Refs. [21] and [10] at E/A = 42 and 31 MeV,

respectively.

channel target This work Ref. [21] Ref. [10]
E/A =50 MeV E/A =42 MeV E/A =31 MeV

®He-°He 2c 0.73+0.22 0.234+0.02 0.28+04

%He-°He 'H 0.55+0.11 0.414+0.03

a-*He 2c 4.19+1.2 1.02+0.04 0.79+0.07

a-%He 'H 3.554+0.71

t-°Li 'H 474+14

p-'"Li 'H 0.48+0.14

Freer et al. The doublets, suggested in the present work, were
not observed, though some of the listed peaks energies could
be consistent with being one member of these doublet states.

B. °He+°He decay

The velocity distributions for '>Be fragments reconstructed
from ®He-°He pairs is quite similar to the a-*He results and
are not shown. The A¢ distribution in Fig. 5(b) confirms
the presence of recoil protons from the polyethylene target.
Excitation-energy spectra for all events and those associ-
ated with hydrogen and carbon scattering are displayed in
Figs. 7(b), 8(b), and 9(b), respectively. Statistical fluctuations
are too large in the latter two spectra to make any mean-
ingful peak assignments. In the E* spectra for all events
in Fig. 7(b), there is evidence for peaks at 13.5 and ~14.5 MeV
(indicated by the arrows). However these peaks are rather small
in magnitude and sit on a large “background” distribution.

Freer et al. have also identified a number of peaks
from their combined '>C and (CH,), data for the He-°He
exit channel. The locations of these peaks are indicated in
Fig. 7(b) by the diamonds. The lowest-energy peak at
13.2 MeV identified by Freer et al. is consistent with our
13.5 MeV peak. Freer et al. associated this peak with spin 4,
based on angular correlations of the °He fragments [11]. Due
to the low signal-to-background ratio in the present work, we
could not confirm this assignment. The second listed peak
of Freer et al. at 14.9 MeV may be consistent with our
~14.5 MeV peak.

C. t+°Li decay

Significant yield was also observed for ¢ + °Li coinci-
dences. The joint velocity distributions in Fig. 10(a) obtained
with the polyethylene target indicate that the majority of
these events have the kinematics associated with hydrogen
scattering. Compared to the *He-°He and «-3He results, the
angular distribution of the scattered Be fragments extends
to much larger center-of-mass angles. The scattered recoil
protons were again evident in the A¢ distribution of Fig. 5(c).
The reconstructed excitation-energy distribution, determined
from the polyethylene target and with the G 5 gate, is displayed
in Fig. 10(b). This distribution has no prominent narrow peaks
of statistical significance except for the suggestion of a peak

at E* = 17.7 MeV with a width similar to the experimental
resolution.

D. p+''Li decay

A small number of p-!''Li pairs were detected. The joint ve-
locity distributions in Fig. 11(a) obtained with the polyethylene
target again indicate that the parent fragments were excited
by interactions with hydrogen target nuclei. The detection
efficiency for small V) is suppressed due to the angular
acceptance of the heavy ''Li fragment, which essentially
defines the center of mass. Otherwise, the reconstructed
parents uniformly occupy the full range of center-of-mass
angles. Due to the difficultly is detecting the ''Li fragments,
the average detection efficiency was estimated to be only 4%
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FIG. 10. (Color online) Results obtained for '*Be fragments re-
constructed from ¢-°Li pairs. (a) The joint distribution of parallel and
perpendicular velocities. The circular curve indicates the kinematic
solution expected for inelastic scattering from a hydrogen target
nucleus exciting the '>Be to 28 MeV of excitation energy. (b) The
reconstructed excitation-energy distribution of the '*Be fragments
for events in the Gy gate. Examples of the predicted experimental
response are indicated by the curves along the E* axis. The arrow
indicates the location of the structure discussed in the text.
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FIG. 11. (Color online) Results obtained for '*Be fragments re-
constructed from p-!'Li pairs. (a) The joint distribution of parallel and
perpendicular velocities. The circular curve indicates the kinematic
solution expected for inelastic scattering from a hydrogen target
nucleus exciting the '?Be to 28 MeV of excitation energy. (b) The
reconstructed excitation-energy distribution of the '*Be fragments
for events in the Gy gate. Examples of the predicted experimental
response are indicated by the curves along the E* axis. The arrows
indicate the locations of the structures discussed in the text.

in the Monte Carlo simulations. As for the other channels,
the A¢ distribution of Fig. 5(d) confirms the presence of re-
coil protons. The reconstructed excitation-energy distribution
from the polyethylene target and with the Gy gate, shown
in Fig. 11(b), has some prominent and significant features.
Mostnotable is a wide peak at E* = 28 MeV of width 2.7 MeV.
This is significantly larger than the experimental resolution
of FWHM = 370 keV. From the statistical fluctuations, it
is difficult to say whether this structure is a single peak
or a multiplet. There is also a clear indication of a narrow
peak at E* =25 MeV. Its width is similar to the predicted
experimental resolution.

V. DISCUSSION AND CONCLUSIONS

It is important to examine to what extent the results of this
work are consistent with those of Freer et al. [10,11] obtained at
the lower bombarding energy of E/A = 31 MeV.In Secs. IV A
and IV B we indicated that many of the possible states listed
by Freer et al. for *He-°He and «-3He decay were not observed
with clear statistical significance in this work. Figure 12
shows a direct comparison of the ®°He-°He spectra (comprising
breakup from both hydrogen and carbon target nuclei) obtained
by Freer et al. to that from this work. The number of detected
%He-°He and «-*He pairs in the present work is significantly
larger, while our excitation-energy resolution is comparable to
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FIG. 12. (Color online) Comparison of the spectra of excitation
energy for the ®°He-°He channel obtained from (a) Ref. [11] to (b) the
results of this work. In both spectra, events produced from interactions
with hydrogen and carbon target nuclei are included. The vertical
dashed lines indicate the approximate centroids of the four large
structures for which spin assignments were made by Freer et al.
Individual peak locations listed by these authors are indicated by the
diamond symbols. The numbers in parenthesis are the assigned spins.

that of Freer et al. They quote an excitation-energy resolution
of FWHM = 800 keV for 10 < E* < 25 MeV [11]. Over the
same range, our Monte Carlo simulations (Sec. III) predict the
resolution changes from 250 to 800 keV.

They list a total of ten possible ®°He-+°He breakup states.
However of most statistical significance are four structures
(some wide) located at 13.3, 15.5, 18.5, and 21 MeV (indicated
by the dashed lines in Fig. 12) for which spin assignments
were made. From these spin assignments, a rotational structure
with large moment of inertia was inferred and thus it was
concluded there was strong evidence for an exotic *He+°He
molecular structure which may be based on an a-4n-« cluster
configuration.

In comparison with the results of Freer et al., our 5He-°He
spectrum, shown in Fig. 12, is remarkably structureless.
However the closer examination offered in Sec. IV B suggests
some small peaks on a large “background”. The first of
these at 13.5 MeV may possibly be associated with the
13.2 MeV peak of Freer et al. which was assigned a spin
of 4, although this peak does seem to be shifted to a slightly
higher energy. We also tentatively identify a small peak at
14.5 MeV which might be associated with the wider structure
of Freer et al. at 15.5 MeV which was assigned at spin of 6.
Identification of the 18.5 and 21 MeV structures which were
assigned spins of 6 and 8, respectively by Freer et al. are
tenuous at best and not statistically significant. Given that
we have problems identifying all the structures, let along
making spin assignments, we are not able to confirm the
presence of ®He-°He rotational structure in '’Be. If these
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FIG. 13. (Color online) Comparison of the spectra of excitation
energy for the a-*He channel after interactions with hydrogen target
nuclei obtained from (a) Ref. [11] to (b) the results of this work.

structures are real, then they are excited relatively weakly
compared to the ‘“background” at the higher bombarding
energy (E/A = 50 MeV) of this work.

Comparisons are also made of excitation-energy distribu-
tions for the o 4+ ®He channel in Figs. 13 and 14 for interactions
on hydrogen and carbon target nuclei, respectively. Again the
spectra obtain by Freer et al. and the present work are quite
different. A large number of the peaks obtained by Freer et al.
do not have statistical significant counterparts in the spectra
from this work.
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FIG. 14. (Color online) Comparison of the spectra of excitation
energy for the a-*He channel after interactions with carbon target
nuclei obtained from (a) Ref. [11] to (b) the results of this work.
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The origin of the “background” is not clear. Both the
®He-%He and ¢-°Li channels are dominated by this background
and it is still relatively substantial for the «-*He channel. For
all channels, the background events have consistent kinematics
and reconstructed excitation energies and thus correspond to
real projectile-breakup events. Because of the high thresholds
for the detected channels, we are exploring states at high
excitation energy where the density of states, as well as the
typical widths, are expected to be large. Is it possible that
the background could be associated with the summation of
these unresolved states? The states are all well above the
neutron decay threshold (Table I) and therefore we may
expect large widths due to neutron emission, useless the
nuclear structure of the levels hinder such decays. In particular,
states with strong cluster structure are expected to suppress
neutron decay and select out decay modes with similar cluster
structure. Thus the *He-°He and «-8He channels are expected
to preferentially enhance these cluster states. Given the rather
structureless nature of the observed °He-He spectra it is clear
that this expectation is not met or alternatively some other
source of background is present. One possibility is that an
intermediate excited state is not produced, but the breakup
is direct via interaction with the target’s Coulomb or nuclear
field. While direct breakup reactions are well known in this
energy regime [22,23], in order to populate cluster decay
modes, the ground-state itself should have an admixture with
cluster structure. If the magnitude of the direct component
increases significantly with bombarding energy, then this could
help explain the disappearance of the structures observed at
E/A =31 MeV by Freer et al. at the higher bombarding
energy of this work. Such a scenario may be indicated by an
increased °He-°He total cross section at £/A = 50 MeV.

To investigate this possibility, total cross sections for
observed exit channels of this work are compared to results
at E/A =31 MeV from Freer et al. [10] and at E/A =
42 MeV from Ashwood et al. [21] in Table II. For the
®He-%He exit channel formed in interactions with hydrogen
target nuclei, there are only results for £/A = 31 and the
present study (E/A = 50 MeV). The two cross sections are
identical within the experimental errors. However for the '2C
target, there is a significant difference in the cross sections at
these two energies, the higher energy value is approximately
2.5 times larger. However at the intermediate bombarding
energy (E/A = 42 MeV), the cross section is consistent with
the E/A =31 MeV value. This would point to a rather
unusual bombarding-energy dependence or alternatively may
signify that the differences in cross sections are artifacts of the
assumptions employed in the analysis of the three different
studies. The a-*He cross sections for the '>C target show a
similar trend. Given our difficulty in understanding the energy
dependence of these cross sections, we can made no strong
statement as to whether the background of this work has
increased in absolute sense from that found at the lower energy
by Freer et al.

This work has some consistency with other previous studies.
For instance, our ~10.2 MeV «-®He state maybe related
to the 10 MeV state of Korsheninnikov et al. [9] and/or
the 10.7 MeV state of Bohlen et al. [14]. Similarly our
~14.5 MeV °He-%He state maybe related to the ~14 MeV
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state of Korsheninnikov et al.and the 14.6 MeV state of Bohlen
etal.

In comparing the structure observed in the two helium
decay channels, it is important to realize that the «-*He decay
channel can be accessed by states of both parities, while only
positive-parity states can decay by the symmetric *He-°He
breakup. The 13.5 MeV peak in the *He-°He distribution may
be the upper member of the 12.8 MeV doublet observed for
a-3He events. The absence of the lower member of this doublet
in the *He-°He channel, suggests that lower state has negative
parity. The doublet would then have negative and positive party
states. In the work of Freer er al., the upper state was assigned
a spin of 4% [11]. Using the Generator Coordinate Method
for just the «a-3He molecular configurations, Descouvemont
and Baye predict doublets each containing a member of
a positive and a negative parity molecular band [8]. They
even predict a (57, 47) doublet very close to our observed
12.8 MeV doublet. However when they allow mixing with
9He-°He molecular configurations, the ordering of the doublet
is reversed. The 12.8 MeV shoulder structure in the a-*He
spectra could be the lower (37, 2*) members of these molec-
ular bands. However, the upper 15.5 MeV doublet is too low
in energy to be the (77, 67) members. Therefore, the exact
nature of all the observed states is unclear.

Of particular interest is the magnitude of the 7-°Li channel,
it is the strongest of all the exit channels produced in inter-
actions on hydrogen target nuclei (Table II). Given that one
generally does not expect states with strong triton structure,
either excited state for resonant decay or in the ground state
for direct decay, the origin of this component is not clear and
especially its strong dependence on target nuclei.

In contrast to the other channels, the p-“Li channels has
the most prominent structure (Fig. 11). Given the discussion
on the background it is clear that these states, which are
probably more shell-model-like in nature, cannot have strong
neutron branching ratios. The 25 MeV state maybe the isobaric
analog of the particle-unstable '’Li ground state in which
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case isospin conservation would suppress neutron decay. The
12Li ground state has not been observed experimentally, but
based on the estimated mass excess of 50.1£1.0 MeV [24]
and the measured Coulomb displacement energy of AE, =
1.32+0.02 MeV for isobaric analog of T i [25], we estimate
an excitation energy of 25.5+1.0 MeV for the isobaric analog
state in '”Be. This is consistent with the location of the
observed peak. The higher-lying structure around 28 MeV
of excitation energy could correspond to excited analog states
of 1’Li.

In conclusion, a+%He, ®He+%He, t+°Li, and p+''Li
decays of !’Be fragments excited via inelastic scattering
with hydrogen and carbon target nuclei have been observed.
Events were isolated where the Q-value associated with
the initial primary inelastic-scattering interaction and the
excitation energy determined from the relative energy of the
secondary decay fragments were consistent. The a+*He and
®He+°He decays have significant contributions from both '>C
and p scattering, while the 14-°Li and p+''Li channels were
produced predominantly through p scattering. For a+*He
decay, two doublets were observed at 12.2 and 15.5 MeV
of excitation energy and the presence of additional state(s) is
indicated by a shoulder in the spectrum at 10.2 MeV. Freer
et al. [11] report evidence for %He-°He rotational structures in
12Be which maybe based on an a-4n-a cluster configuration.
Apart from the suggestion of peaks at 13.5 and 14.5 MeV
for ®He-°He decay we were not able to confirm this result.
The p+!'Li channel was found to display a narrow peak at
25 MeV and a broad structure at 28 MeV possibly associated
with T = 3 analog states.
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