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4He decay of excited states in14C
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A study of the7Li( 9Be,4He10Be)2H reaction atEbeam570 MeV has been performed using resonant particle
spectroscopy techniques and provides the first measurements ofa-decaying states in14C. Excited states are
observed at 14.7, 15.5, 16.4, 18.5, 19.8, 20.6, 21.4, 22.4, and 24.0 MeV. The experimental technique was able
to resolve decays to the various particle bound states in10Be and provides evidence for the preferential decay
of the high energy excited states into states in10Be at;6 MeV. The decay processes are used to indicate the
possible cluster structure of the14C excited states.
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I. INTRODUCTION

The study of clustering within nuclei has received r
newed interest in the light of the potential impact that t
underlying cluster structure has on valence particles, part
larly in neutron-rich nuclei. The nucleus8Be has a pro-
nounceda-a cluster structure, as evidenced by the deform
rotational band built on the ground state and the largea
particle decay width@1,2#. Thus, the wave functions of neu
trons introduced into this system are markedly affected
the two center nature of the underlying potential. This sit
tion is reminiscent of the atomic binding of covalent mo
ecules where electrons move in multicenter orbits charac
ized by the locations of the nuclei. For example, in t
binding of O2, the valence electrons reside in orbits withs
andp character, since such orbits result from the linear co
bination ofp-type orbits which the atomic electrons occup
Similarly, valence neutrons in the neutron-rich Be isotop
could occupys- andp-type orbits given that when separate
the neutrons would reside in orbits in the helium nuclei w
p-type characteristics.

Indeed, these ideas have been developed considerab
the case of the Be isotopes and there appears to be re
ably good evidence for states with both thes andp charac-
teristics in 9Be and 10Be @3–5#. There is also tentative evi
dence for the extension of these ideas to11Be @3–5# and
12Be @6,7#. Somewhat remarkably these characteristics
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also found in the calculations using the antisymmetrized m
lecular dynamics~AMD ! framework, a model which, in prin-
ciple, contains no explicit cluster, or molecular, conte
@8–10#.

An extension to such ideas is the formation of three cen
molecules, principally formed from threea particles, i.e.,
12C. However, the building block for such linear molecule
the 3a chain state remains to be experimentally observ
There has been a long association between the 7.65 M
(01) state and the chain configuration. However, it is no
generally accepted, due to the lack of experimental evide
for a rotational 21 state, that this state is probably linke
with a triangular arrangement of the three clusters@11#. The
next possible candidate for the chain is the 10.3 MeV st
However, this resonance is broad and lies in a region wh
the spectroscopy of12C is extremely complex. Hence, ther
is no convincing evidence for the existence of the 3a chain.
Indeed, molecular orbit model~MO! calculations, which re-
produce well the properties of10Be @12#, have found that the
3a state is unstable against the bending mode@13#. The same
calculations@13,14# suggest that the introduction of valenc
neutrons may stabilize the chain structure.

The present paper presents an experimental study of
7Li( 9Be,14C* →10Be1a)2H reaction, in which thea decays
of 14C excited states both to the10Be ground state and to
excited states are observed. These10Be states have previ
ously been characterized in terms of their molecular struc
@3–5#.

II. EXPERIMENTAL DETAILS

The measurements were performed at the Australian
tional University’s 14UD tandem accelerator facility. A 7
MeV 9Be beam, of intensity 3 enA, was incident on
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100 mg cm22 Li 2O3 foil. The integrated beam exposure w
0.45 mC.

Reaction products formed in reactions of the9Be beam
with the target were detected in an array of four charg
particle telescopes. These telescopes contained three
ments which allowed the detection of a wide range of p
ticle types, from protons toZ54 –5 nuclei. The first ele-
ments were thin, 70mm, ~535! cm2 silicon detectors
segmented into four smaller squares~quadrants!. The second
elements were position-sensitive strip detectors with
same active area as the quadrant detectors, but divided
16 position-sensitive strips. These strips were arranged
that the position axis gave maximum resolution in the m
surement of scattering angles. Finally, 2.5 cm thick CsI
tectors were used to stop highly penetrating light partic
These detector telescopes provided charge and mass re
tion up to Be, allowing the final states of interest to be u
ambiguously identified. The position and energy resolut
of the telescopes was;1 mm and 300 keV, respectively
Calibration of the detectors was performed using elastic s
tering measurements of9Be from 197Au and 12C targets. The
four telescopes were arranged in a crosslike arrangem
separated by azimuthal angles of 90°. Two opposing de
tors were located with their centers at 17.3° and 17.8°~de-
tectors 1 and 2! from the beam axis and with the strip dete
tor 130 mm from the target, while the remaining pair were
the slightly larger angles of 28.6° and 29.7°~detectors 3 and
4!, 136 mm from the target.

III. RESULTS

The resolution of4He and10Be loci in the spectra of the
particle identification telescopes, and the measurement o
energies and angles of these detected particles permitte
kinematics of the 7Li( 9Be,10Bea)2H reaction (Q
521.91 MeV) to be fully reconstructed. Figure 1 shows t
total energy spectrum (Etot5EBe1Ea1Ed) for the two
smaller angle detectors~1 and 2! for one of the two possible
coincidence combinations. There are three clear peaks in
spectrum. The two highest energy peaks are separated b
MeV and the third by a further 2.6 MeV. These would th
correspond to all of the bound states in10Be. The highest
energy peak (Etot568.1 MeV) corresponds to the produ
tion of 10Be in the ground state, the next lower (Etot
564.7 MeV) is the 3.4 MeV, 21 excitation, and the lowes
energy peak (Etot'62 MeV) in this total energy spectrum
corresponds to the population of the 5.958 MeV (21), 5.960
MeV (12), 6.179 MeV (01), and 6.263 MeV (22) states,
which are unresolved in the present spectrum given the
ergy separation is only;300 keV. The energy resolutio
in the total energy spectrum is;2.0 MeV, i.e., worse than
the intrinsic energy resolution of the telescopes. This infe
resolution is due to the very light mass of the recoil partic
since a relative small uncertainty in the measured mome
of the reaction products translates into a large uncerta
in the energy of the unobserved deuteron. Neverthel
the resolution is sufficient to resolve the10Be spectrum
into three components; the ground state, the 21 state, and
the group of states at;6 MeV. The spectrum also shows
01432
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broad bump at higher total energies, which has been ide
fied as arising from 9Be1a coincidences from the
7Li( 9Be,9Bea)3H reaction leaking through theA510 mass
selection windows. This association has been confirmed
the analysis of this latter reaction using the appropriate p
ticle masses. There is also a broad bump at lower ener
which partially extends under the peaks. This contribution
from more complex final states~see later!. Reactions from
the oxygen and the inevitable carbon components in the
gets have very negativeQ values~,219 MeV! and are thus
not represented in the present spectrum.

Given the measurement of the momenta of the two fr
ments, potentially from the decay of14C, it is possible to
reconstruct the excitation energy spectrum of this reson
particle. However, given that there are three particles in
final state, it is possible that they can be produced via
decay of either6Li into d1a or 12B into 10Be1d. Both of
these possibilities were reconstructed and it is clear that th
is no, or very little, contribution from either of these dec
processes. Figure 2~a! shows the reconstructed14C excitation
energy spectrum fora decays to the10Be ground state, for
coincidences between the detectors 1 and 2. The spec
shows a series of excited states between 14 and 22 MeV.
spectrum for detectors 3 and 4 covers the excitation ene
range 18–32 MeV, and shows little evidence for states
yond 19.8 MeV, indicating that the decay strength is loca
at the lower excitation energies. The energies of the pe
are listed in Table I. It is possible that some of the peaks
these spectra correspond to multiple states, however with
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FIG. 1. Total energy spectrum for4He110Be coincidences, as
suming a2H recoil. Only statistical uncertainties are plotted.
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present excitation energy resolution~;300 keV! and statis-
tics, it is not possible to be sure if the non-Gaussian p
shapes are due to multiple states or statistical fluctuation

Figure 2~b! corresponds toa decays to the10Be(21) state
as measured by the small angle detector pair. Again,
spectrum for the large angle detectors covers a higher e
tation energy region from 20 to 34 MeV and shows no e
dence of additional structures beyond those observed in
2~b!. Once again, a series of excited states are observed
eral of which coincide with those that were observed to
cay to the10Be ground state. Finally, thea decay spectrum
for decays to the peak at;6 MeV in Fig. 1 is shown in Fig.
2~c!. There is an absolute uncertainty in the excitation ene
scale of 300 keV, in this instance, given that it is not kno
which of the four10Be excited states are observed, indee
combination may be involved. Thus, an excitation energy
6 MeV has been assumed for10Be in this instance.

Many of the states observed in the present study h
possible counterparts in the present energy level compila
for this nucleus@15#, as indicated in Table I. For example
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FIG. 2. 14C excitation energy spectra for decays to~a! 10Be
ground state~b! 10Be 3.4 MeV, 21 state, and~c! 10Be excited states
at ;6 MeV. Error bars represent statistical errors only.
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the states at 14.7, 15.5, and 16.4 MeV have all been obse
in a study of the9Be(6Li,p)14C reaction@17#. This reaction
is very similar to the present one and is almost certai
compound in nature, with the evaporation of a proton lead
to the formation of14C. In the present case, there is al
evidence for a compound population mechanism as w
reconstruction of the14C excitation energy spectrum is pe
formed for the background bump at low total energies in F
1, excited states in14C may be observed. This may be e
plained if the reaction proceeds via the16N compound
nucleus with the sequential emission of a proton and neu
to form excited states in14C which then subsequently un
dergoa decay. Unfortunately, since it is not possible to ide
tify the excitation energy of10Be for this process, it is no
possible to determine the excitation energy of the14C states
populated via then and p sequential emission process. A
analysis of the angular distributions and angular correlati
for the states observed in Fig. 2 using the techniques give
Ref. @16# was performed, but these were found to be ess
tially featureless, a consequence of the number of reac
amplitudes contributing to the reaction process due to
presence of nonzero spin particles in the entrance and
channels. Thus, it is not possible to infer the spins of th
states using this reaction. The present measurements
however, provide the first observation ofa-decaying states in
this nucleus.

An interesting feature of the data is that the14C states
which decay to the ground state and the10Be first 21 state
appear to be the same, with the 18.5 and 19.8 MeV st
appearing in both spectra. On the other hand, decays to
6 MeV states in10Be appear not to coincide despite the
being an overlap in the excitation energy spectra of Fi
2~b! and 2~c!. There, would thus appear to be a preferen
for the decay of the lower excitation energy states in14C to
either the10Be ground or first excited state, while the high
lying states~22.4 and 24.0 MeV! decay to the excited state
at 6 MeV. In the absence of spin measurements, it is poss
that the decay systematics reflect changing angular mom

TABLE I. Excitation energies of14C states decaying into state
in 10Be. The uncertainties in these energies for decays to the10Be
ground state and first excited state are 100 keV, and due to
ambiguity in the excitation energy of the 6 MeV peak, the unc
tainty here is 300 keV. The previous measurements are from
tabulations of Ref.@15#.

10Begs
10Be(21) 10Be(6 MeV) Previous

14.7~0.1! 14.667 (41)
15.5~0.1! 15.44 (32)
16.4~0.1! 16.43
18.5~0.1! 18.5~0.1! 18.5

@19.1~0.1!#
19.8~0.1! 19.8~0.1!
20.6~0.1!

21.4~0.1!
22.4~0.3!

@23.2~0.1!#
24.0~0.3!
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tum barriers corresponding to decays to states of differ
spins. However, the decay systematics do appear to be m
complex than can be described by such a picture. As st
above, the decays to the10Be ground state and 21 ~3.4 MeV!
state appear to be similar and thus are largely unaffecte
the change in the decay barrier. The decays to the 21, 12,
01, 22 quartet at;6 MeV, which would sample similar
differences in the angular momenta barriers, highlights
ferent states. This property, as, for example, is the cas
excited states in20Ne @18,19# and 24Mg @20#, may rather be
a reflection of changing structural overlap of the states in14C
with those in 10Be. This difference may perhaps be und
stood in terms of the structural content of the various10Be
states. In a shell model description, the10Be ground state and
first excited state correspond to the occupation of thep3/2
orbit for the two valence neutrons. On the other hand, th
MeV states require the excitation of one or more of the n
trons to thes-d shell @3–5#. In the MO @12# and AMD @9#
calculations that have been applied to10Be the ground and
the first 21 state correspond to neutrons inp-like orbits,
whereas the 6 MeV states require either twos neutrons (02

1)
or combinations ofs- andp-like neutrons (12, 22). Thus, it
is possible that the lower energy14C excited states~14.7–
21.4 MeV! are based upon neutrons inp-type molecular
configurations, whereas the higher energy states~22.4 and
24.0 MeV! contain somes-orbit parentage. However, i
should be noted that there are some states which decay t
21 state that are not strongly observed in decays to
ground state~e.g., 21.4 MeV! and vice versa~20.6 MeV!.
This would indicate that other effects may play a role
01432
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these decay processes, for example, angular momentum
riers and decay phase space. Whether these states corre
to single molecular-type configurations related by rotatio
excitations is unclear, and require measurements of the s
of the states. Nevertheless, there is a possibility that th
states are related to molecular chains in14C.

IV. SUMMARY

Measurements of the7Li( 9Be,4He10Be)2H reaction at
Ebeam570 MeV provide evidence for a series of14C excited
states between 14 and 25 MeV. These studies were ab
resolve decays to the various particle bound states in10Be.
The analysis indicates that decays to the10Be ground state
and the first 21 state occur from the same states in14C,
while a distinct set of states decay to the excited states at;6
MeV. Given the proposed molecular content of the states
10Be, it is speculated that those in14C may also contain
molecular characteristics. More definitive evidence will
provided by future measurements capable of determining
spins of these excited states.
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