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Exotic Molecular States in12Be
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The breakup of12Be into 6He 1 6He and4He 1 8He has been studied using a 378 MeV12Be beam
inelastically excited by12C andsCH2dn targets. The measurements indicate that breakup occurs from
rotational states in the 10 to 25 MeV excitation energy interval, with spins in the range of4h̄ to 8h̄. The
inferred moment of inertia is consistent with the cluster decay of an exotic molecular structure in12Be,
which may be associated with ana-4n-a cluster configuration. [S0031-9007(99)08451-3]

PACS numbers: 21.10.Hw, 21.60.Gx, 25.70.Ef, 27.20.+n
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The understanding of the covalent binding of the H2
molecule by Heitler and London [1] via the exchang
interaction was a landmark discovery as it not onl
provided a mechanism for the binding of a large class
molecules but was also a triumph for quantum mechanic
More recently, it has been speculated that very simil
molecular-type structures could be observed in nucle
Wilkinson, for example, devised ring and chain structure
of alpha particlescovalentlybound by valence neutrons
[2]. Additionally, following the pioneering theoretical
studies of nuclear molecules of Seyaet al. [3], systematic
evidence for nuclear dimers in9 11Be and 9 11B has
been identified by von Oertzen [4,5]. As an exampl
of such molecular behavior, the9Be ground state may
be understood in terms of the 3-bodya-n-a molecular
structure. If the neutron is removed then the remainin
two alpha particles dissociate as8Be is unbound toa

decay. This is analogous to the binding of the H1
2

molecule where the removal of the electron results
two unbound protons. In systems such as9Be, the
potential in which the valence neutron resides is strong
influenced by the underlyinga-particle structure, and thus
its wave function is two centered. Densities calculate
using the antisymmetrized molecular dynamics (AMD
description also reveal molecularlike shapes in many lig
nuclei [6].
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These ideas can be extended to very neutron-r
nuclei, such as thea-4n-a system12Be, where a well
developed molecular structure is predicted for excite
states [5]. Further, the nuclei6He and 8He can be
characterized in terms of theira-Xn cluster structure [7].
Hence, the decay of a “12Be molecule” into the exotic
cluster components,6He 1 6He or 8He 1 4He, may be
possible. Preliminary indications of such structures ha
been inferred from a measurement ofp 1 12Be inelastic
scattering [8]. The present paper reports on a study of
He-cluster decay modes of12Be.

A 378 MeV 12Be secondary beam, with an energ
spread of 18 MeV and intensity2 3 104 particles per sec-
ond, was produced from a 63 MeV per nucleon prima
18O beam of intensity2 mA, provided by the GANIL
coupled cyclotrons, incident on a200-mg cm22-thick
beryllium target. Beam purification (,95% 12Be) was
achieved using the LISE3 spectrometer. The beam w
tracked onto10 mg cm22 12C and 20 mg cm22 sCH2dn

target foils, using twox-y position sensitive parallel
plate avalanche counters. The breakup products fr
the s12Be, 6He6Hed and s12Be, 4He8Hed reactions, on pro-
ton and12C targets, were detected in an array of te
Si-CsI telescopes. The Si elements were500-mm-thick
5 3 5 cm2 two-dimensional position sensitive detector
These were backed by 4.0-cm-thick CsI detectors. T
© 1999 The American Physical Society 1383
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detectors were arranged in a symmetric fashion arou
the beam axis to pick up breakup fragments in oppo
ing telescopes. The4He, 6He, and8He reaction prod-
ucts were identified from their characteristic energy lo
in the Si-CsI telescopes. Using the measurements of
mass, energy, and emission angle of the fragments,
energy of the undetected recoil was calculated via m
mentum conservation, and the reactionQ value was ob-
tained. In the case of reactions on thesCH2dn target, the
ambiguity in the target nucleus led to an uncertainty
the mass of the recoil. Figure 1a shows theQ-value
spectrum reconstructed for6He 1 6He coincidences as-
suming the reaction12Cs12Be, 6He6Hed (Q  210 MeV).
The bold histogram corresponds to reactions from the n
ural carbon target (denoted12Cnat), and the narrow-lined
histogram corresponds to reactions from thesCH2dn tar-
get producing two6He nuclei, assuming a12C recoil. The
peaks in these spectra atQ  210 MeV indicate that the
12Cs12Be, 6He6Hed reaction has been correctly identified
The inset displays Monte Carlo simulations of the rea
tion process in the case of thesCH2dn target. These simu-
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FIG. 1. Q-value spectra for the reactions (a)12Cs12Be,
6He6Hed, (b) 12Cs12Be, 4He8Hed, (c) ps12Be, 6He6Hed, and
(d) ps12Be, 4He8Hed from the sCH2dn target. The arrows
indicate theQ value used to discriminate between the tw
target components. The bold histograms in (a) and (b) a
for the reactions from the12Cnat target. The dotted curves in
(a)–(d) correspond to the12Cnat target data scaled to accoun
for differences in beam exposure and thickness of the tw
targets and in (c) and (d) indicate the level of background
these spectra. The dot-dashed curves in (c) and (d) rep
sent the results of Monte Carlo simulations of the reactio
from the proton target. The inset in (a) shows the resu
of the simulation for the12Cs12Be, 6He6Hed reaction for the
sCH2dn target.
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lations include the effects of the position and energy res
lutions of the detectors, energy and angular spread of
beam, and energy and angular straggling of the beam
reaction products in the target, and suggest aQ-value
resolution of 3.5 MeV for the12Cnat target and 9 MeV for
the sCH2dn target, in agreement with the data. The dotte
line is an indication of the background contribution to th
sCH2dn target data. This clearly demonstrates that the
are additional6He 1 6He coincidences produced from the
1H component of thesCH2dn target. The simulations in-
dicate that the proton recoil data extend into the regi
under the peak identified with the12Cs12Be, 6He6Hed re-
action. This indicates that the reactions from the prot
and 12C components of thesCH2dn target are not com-
pletely resolved.

Figure 1c shows the data in Fig. 1a reconstructed
suming the reactionps12Be, 6He6Hed; in the instance that
an event was associated with the peak atQ . 210 MeV
in Fig. 1a (indicated by the arrow), the spectrum i
Fig. 1c was not incremented. The bold dot-dashed li
in Fig. 1c displays the results of Monte Carlo simula
tions for theps12Be, 6He6Hed reaction, normalized to the
data. The simulations reproduce the shape of the sp
trum, including the high energy tail. The poorer resolu
tion (26 MeV) is due to the larger recoil energy carrie
away by the protons. The dotted line in Fig. 1c aga
shows the scaled12Cnat target data, suggesting that th
background contribution to theQ-value spectrum is of
the order of 10% to 20%, demonstrating that this spe
trum is dominated by events from theps12Be, 6He6Hed
reaction. Figures 1b and 1d display the results of sim
lar analyses for the4He 1 8He coincidences assuming
the12Cs12Be, 4He8Hed andps12Be, 4He8Hed reactions, re-
spectively. TheseQ-value spectra show that4He 1 8He
coincidences arising from the breakup of12Be are pro-
duced in reactions from both the12C andp targets.

The excitation energy of the12Be nucleus has been
calculated from the relative velocity of the two breaku
fragments. The spectrum shown in Fig. 2a correspon
to combined data from all the targets for the6He 1
6He breakup. The8He 1 4He breakup data are shown
separately for the twoQ . 210 MeV peaks in Fig. 1b
(Fig. 2b) and Fig. 1d (Fig. 2c). The dotted histogram
in Fig. 2a shows the spectrum of12Be excited states
reconstructed from events associated with only the pe
at Q . 210 MeV in Fig. 1a, that is, events arising
primarily from 12Be breakup on12C. These data sugges
that for the6He 1 6He channel there are a number o
states in the range10 , Ex , 25 MeV (Table I). The
widths are consistent with the experimental resolution
0.8 MeV, as predicted by the simulations. The structu
in the 8He 1 4He spectra is not so striking. This may
result from the higher multiplicity of states that can fee
this breakup channel. As the decay into two spin zero6He
nuclei results in the production of identical bosons, the
symmetry arguments dictate that only even spin states
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FIG. 2. The reconstructed12Be excitation energy spectra
(a) 12Be ! 6He 1 6He for proton plus carbon recoils,
(b) 12Be ! 8He 1 4He for carbon recoils, and (c)12Be !
8He 1 4He for proton recoils. The dotted histogram in
(a) represents6He 1 6He decay events identified with the
Q  210 MeV peak in Fig. 1a and, hence, is dominated b
events with carbon recoils.

feed this channel, whereas both odd and even spin sta
may be observed in the8He 1 4He decay. A comparison
of the energies of the states in the6He 1 6He spectra
and the8He 1 4He data from the12C target indicates that
many of the states in the two decay channels may be
same (Table I).

It is possible to extract spin information from the
angular correlations of the reaction products. The reacti
yields may be parametrized in terms of two angles,up and
c, whereup is the center-of-mass scattering angle of th
12Be nucleus, andc is the emission angle of the breakup
products in the12Be center-of-mass frame, with both
angles measured with respect to the beam direction. T
angular correlations for reactions with spin zero breaku
products take the form of ridges in theup-c plane that
are characterized by the functionjPJscosfc 1 aupgdj2. J
is the spin of the12Be excited state and the phase shifta
corresponds to the ratio (lfyJ) of the final state grazing
angular momentum to the spinJ. The periodicity and
gradient of the ridge structures are thus characteristic
the spin of the breakup state. Previous studies [9,1
have shown that it is possible to relate the entrance a
exit channel angular momenta viali  lf 1 J. Hence,
a reaction model calculation ofli may then be used to
TABLE I. Excitation energies and deduced spins of states observed in the6He 1 6He and8He 1 4He decay channels. The ab-
solute uncertainty in the excitation energies is 0.5 MeV and the typical statistical uncertainty is,0.4 MeV. Brackets indicate
tentative energy assignments.

6He 1 6He Ex sMeVd 13.2 14.9 16.1 17.8 18.6 19.3| {z } 20.9 22.8 (24.0) (25.1)

J 4 6 6 8
8He 1 4He Ex sMeVd 12.1 13.0 13.9| {z } 14.7 (15.4) 16.6 (17.7) (18.4) (19.3) 20.8

J 4
y

tes

the

on

e

he
p

of
0]
nd

predict the correlation gradient as a function ofJ. An
independent analysis of the periodicity and gradient o
the correlations provides consistent spin assignments.
discussion of the treatment of angular correlations ma
be found in [9]. The results of the correlation analysis
of the present data are displayed in Fig. 3, where th
data for several states in the6He 1 6He channel have
been projected onto theup  0 axis. To enhance the
statistical significance of the correlations, the1H- and12C-
recoil data have been combined. For each event a12C
or 1H recoil was assumed, according to theQ-value cut
shown in Fig. 1a, and then the anglesup and c could
be correctly reconstructed. For the12C 1 12Be reaction
the acceptance of the detection system limits the angul
coverage toup , 10±. Calculated angular correlations,
generated from the reaction amplitudes predicted by
coupled channels reaction code [11], suggest that ov
this limited interval the angular correlations are no
strongly affected by the projection onto theup  0
axis and are characterized by the functionjPJscoscdj2.
The periodicity of these data thus provide a mode
independent spin determination. However, for thep 1
12Be reactions the center-of-mass angular coverage
larger,up , 180±. Thus, the data must be projected along
the ridges in order to preserve the correlation structur
The coupled channels calculations suggest that for th
p 1 12Be reactionli  s6 7dh̄, and, thus, the projection
angle is determined by the ratiosli-JdyJ. The data in
Fig. 3a correspond to the 13.2 MeV state, and for th
proton target they have been projected at an angle whi
corresponds toJ  4, implied by the periodicity of the
correlation. It is also important to consider the fraction
of events from theps12Be, 6He6Hed reaction which are
misidentified as arising from interactions with the12C
component of thesCH2dn target. This corresponds to the
interval up , 28± for the ps12Be, 12Bepd reaction. The
reconstruction ofup assuming a12C recoil compresses
these data into the intervalup , 2.3±. For the J  4
state the phase shift is comparable with that calculate
for the12Cs12Be, 12Bepd reaction. Thus, these data should
also follow the jPJ scoscdj2 trend. Figures 3b and 3d
show the correlations for the peaks atEx  16.1 and
22.8 MeV projected perpendicular to thec axis compared
with Legendre polynomials of order 6 and 8, as the valu
of li  s6 7dh̄ and spinsJ  6 and 8 implies that, to
first order, the correlations would be independent ofup.
1385
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FIG. 3. Projected angular correlations (see text) for the sta
at (a) 13.2 MeV (J  4), (b) 16.1 MeV (J  6), (c) triplet
centered at 18.6 MeV (J  6), and (d) 20.9 MeV (J  8). The
dotted lines correspond to thejPJ j2, where J is the assigned
spin.

Figure 3c represents the projection of the correlatio
for the group of states between 17.8 and 19.3 Me
and indicates a dominantJ  6 contribution. A similar
analysis for the8He 1 4He state at 13.0 MeV also
indicatesJ  4, while for other states the correlations ar
not conclusive.

The energy-spin characteristics of the6He 1 6He
breakup states are displayed in Fig. 4; the solid line is
fit to the data points. The gradient (h̄2y2I ) and intercept
of the fit are 0.15s60.04d MeV and 10.8s61.8d MeV,
respectively. This gradient can be compared with th
predicted for a spherical12Be nucleus and that for two

FIG. 4. The energy-spin systematics of the6He 1 6He
breakup states (black dots). The solid line is a linear fit
the four points, and the dot-dashed line shows the extrapola
trajectory of a ground state band with a rotational energy
350 keV.
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touching6He nuclei, with radii given byr  1.3A1y3 fm,
h̄2y2I  360 and 165 keV, respectively. The first21

state in12Be lies at 2.1 MeV which, if rotational, would
imply h̄2y2I  350 keV (dot-dashed line), suggesting
a small ground state deformation in agreement wi
AMD predictions [6,12]. In contrast, the gradient of th
present data is consistent with a deformed6He 1 6He
“molecule.” In accordance with the ideas developed b
Ikeda [13] to describea clustering in light nuclei, such
structures might be expected to appear close to the de
threshold, i.e., 10.1 MeV, in agreement with the observ
intercept.

The work presented here thus provides evidence
a deformed, exotic6He 1 6He cluster structure in12Be.
This may be linked to ana-4n-a molecule. However,
measurements of partial decay widths are required
confirm this connection.
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