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Cluster structure of ''C investigated with a breakup reaction
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The excitation spectra above the breakup threshold of ''C were measured using the invariant mass method with
a 25.0-MeV /nucleon beam bombarding a carbon target for the first time. This measurement was performed with
a zero-degree double-sided silicon strip detector together with four CsI(T1) detectors, which could detect breakup
fragments with low relative kinetic energy. Some resonances in ''C were clearly observed in the excitation energy
range of 8—14 MeV proceeding through the "Be + & channel. Among them, a resonance with the largest yield
was observed around 8.10 MeV. We assign it as the head of the K™ = 3/2~ rotational band, and suggest the

9.38-MeV state as the second member of this band.

DOLI: 10.1103/PhysRevC.107.014320

I. INTRODUCTION

Clustering is an important phenomenon that appears in
many kinds of systems. In atomic nuclei, nucleons can be
grouped into clusters for stability [1,2]. This gives rise to
some resonances with clustered rather than compacted con-
figuration, especially the resonances just above the threshold
of cluster decay, which were predicted by Ikeda et al. in 1968
[3]. From an experimental perspective, the energy and spin
parity of excited states have been analyzed to build rotational
bands with large inertia momentum, which indicates very
large deformation according to the cluster interpretation. In
past decades, charged-particle spectroscopy has been greatly
developed and the measurement of the typical decay of cluster
states has attracted much attention [4]. The predominating
decay channel can provide essential evidence for the cluster
states.

The alpha cluster plays an important role in light nuclei.
In an early study, an alpha-particle model was proposed to
describe the a-conjugated nuclei [5]. The ground state of ®Be
displays a dumbbell shape with two « particles separated
[6]. Similarly, the Hoyle state of '’C is regarded as an «
condensate [7] with its structure still unsettled [8], first known
due to its astrophysical importance [9].
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In recent years, the molecular orbital structure has been
studied extensively, in which the additional neutron acts as a
valence neutron, similar to the valence electron in molecules,
helping to stabilize the nucleus [1]. However, there have been
few studies about cluster states in neutron-deficient nuclei.
1 has one neutron less than '2C, with a structure sim-
ilar to its mirror nucleus ''B [10]. Based on calculations
of the antisymmetrized molecular dynamics (AMD) [11,12],
the generator coordinate method [12], and the orthogonality
condition model [13], the 3/27 states in ¢ (M'B) were sug-
gested to be 2a + *He(t) cluster states, which are analogous
to the Hoyle state. In experimental studies, the Gamow-Teller
(GT) transition from '"B to ''C (3/2]) was measured to
be abnormally weak [14], indicating that the 3/2 state is
very different from the ground state in ''B (!'C) and might
possess a cluster structure. The enhanced monopole transi-
tion strength in ''B (3/25, 8.56 MeV) [15] agrees well with
the AMD prediction [11], providing important evidence of
cluster structure. Thus, a similar structure was expected for
11C. Many resonances were observed in the study of the
1%0(°Be, a’Be)'*C reaction, from which two even-parity ro-
tational bands with large inertia momentum were established
[16,17]. However, only a small amount of yield was observed
at approximately 8.10 MeV in the excitation function, raising
doubts as to whether the 3/25 state is a cluster state. Later,
resonant (o, o) scattering and («, p) reaction were measured
by two research groups and independently deduced resonance
information in ''C [18,19], and a new K" =3/2" rota-
tional band was proposed, but the head of this band was not
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FIG. 1. Schematic view of the experimental setup at the T2 posi-
tion of RIBLL1.

covered, due to its energy being close to the ¢-decay threshold
(Erel = 0.56 MeV). The 3/2; state in ''C was very likely to
possess a three-center cluster structure, but further experimen-
tal evidence is needed to draw a decisive conclusion.

In the present paper, we performed measurements of the
211, a’Be) reaction to study the resonance states in ''C,
especially the 3/27 state at approximately 8.10 MeV, with the
aim of finding evidence of cluster structure. A zero-degree
telescope was exploited to increase the detection efficiency
near the threshold. The invariant-mass method was applied to
analyze the o-decay channel, and the relevant rotational bands
were discussed.

II. EXPERIMENT

The experiment was performed at the radioactive ion beam
line at the heavy ion research facility in Lanzhou (HIRFL-
RIBLLI) [20,21]. A primary beam of 60-MeV /nucleon '2C%*
bombarded a 3.5-mm beryllium target with an intensity up to
30 enA. With RIBLL1, a secondary beam of ''C particles was
selected and optimized, with an intensity of approximately
1 x 10* pps and a purity over 99%. The beam particles were
identified by the Bp — TOF — AE method [22]. Here, TOF
represents the time of flight between the first plastic scintil-
lator (start at the T1 focal plane) and the second one (stop at
the T2 focal plane), where the flight path is 16.69 m [23]. The
experimental setup in the RIBLL1 T2 focal plane is schemati-
cally shown in Fig. 1. Three parallel plate avalanche chambers
(PPACs) were placed along the beam direction to track the
beam. PPACs have a delay-line readout, with a position res-
olution of 1 mm and efficiency of each plate varying from
30 to 70%. The self-supporting carbon target with a thickness
of 50 mg/cm? (¢ =30 mm) was utilized as the secondary
target. After passing through three PPACs, the energy of the
1€ beam is deduced to be 25.0 MeV /nucleon at the midtarget
position with a SRIM code [24].

A set of AE-E telescopes was placed in the downstream
zero-degree direction to pick up the fragments, consisting of a
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FIG. 2. The energy calibration of DSSD by beam impurities.

W1-type double-sided silicon strip detector (DSSD) [25] and
a 2 x 2 CsI(T]) scintillator array, with an angular coverage
of 0°-9°. The DSSD is 148 um thick, with an active area of
50 x 50 mm?, and 16 x 16 strips. Each CsI(T1) scintillator
unit (25 x 25 x 30 mm? in size) has a 10-um-thick window,
and a photodiode readout at its back. Five LaBr;(Ce) scintil-
lators and one Nal(T1) scintillator were mounted around the
target to detect the deexcited y rays from "Be*(1/2~, 429
keV), covering approximately 10% of the 47 solid angle.

In this kind of work, the energy calibration of DSSD is
very important, because it determines the total kinetic energies
of the fragments deposited in the DSSD, and subsequently
determines the reconstructed excitation energy of !'C. At first,
we made the beam energy calibration by the beam impurities.
Different beam impurities have almost the same Bp and the
length of flight, thus their times of flight are proportional to
their m/q. After performing linear regression on the time of
flight, the Bp as well as the kinetic energy of each nucleus can
be computed from the slope. To take special relativity into
account, each m/q and kinetic energy are recalculated after
linear regression. This procedure is repeated several times,
until the Bp and the kinetic energies have converged. The
resulting Bp value turned out to be 3.3% larger than that
nominal magnet-setting Bp value during the experiment. This
correction factor is helpful for future RIBLL1 magnet settings.
The accuracy of TOF played an important role in the DSSD
calibration. Here, the full width at half maximum (FWHM) of
TOF is 3 ns for !'C and ~2 ns for the impurities, and hence
the uncertainty of ''C beam energy is determined to be ~2.4%
in the midtarget position.

Figure 2 shows the DSSD energy calibration for major
beam impurities, where the deposited energies in the DSSD
were calculated by a LISE++4- code [26], ranging from 2.8 to
20 MeV, providing six calibration points for each group of
runs. The same procedure was also applied to the data with
different Bp values, and all the results were consistent. The
calibration performed with a standard & source of **°Pu and
241 Am was in good agreement with the former method (see
Fig. 2). The dead-layer thickness of the DSSD was determined
to be 0.5 um. An energy resolution of 52 keV (FWHM) was
achieved for the 5.157-MeV « particles.
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FIG. 3. The AE—E spectrum for particle identification. The inserted figure shows the '°B particles detected by those pixels shielded by a

30-mm collimator (i.e., gated by the region outside of the beam spot).

Four CsI(T1) scintillators were used together with the
DSSD to identify the fragments. Because of the particle-
dependent response of CsI(Tl) [27], its absolute energy
calibration was not performed in this paper owing to the
limited machine time. Therefore, we have to calculate the
total energies of fragments by using the SRIM code, based
on the energies deposited on the DSSD. And that is why the
presently deduced resonance energies slightly deviate from
the literature values, as shown in Sec. IV. The LaBr3;(Ce) and
Nal(Tl) scintillators were calibrated with the standard '3?Eu
y-ray source and the intrinsic radiation from 1381 a [28].

III. RESULTS

In the present paper, beam particles were tracked by three
PPACs, from which the hit positions were derived. The frag-
ments were detected and identified by different segments of
the telescope separately, giving energy and emission angle
information. Figure 3 shows the AE—E particle identification
spectrum. The proton (p), deuteron (d), and triton (¢) particles
are separated clearly, and "Be can be picked out unambigu-
ously. However, the loci of 3He and *He are relatively close,
and thus those events near the boundary must be rejected. A
portion of the '°B locus is heavily contaminated by the intense
¢ beam particles, while it can be identified in those pixels
shielded by a ¢30-mm collimator (see Fig. 1) placed in front
of the target (see the inset in Fig. 3).

In the present analysis procedure, the number of particles
detected by the DSSD is obtained by correlating the front and
back sides of the DSSD signals. Here, “twofold” first means
two particles are detected by the DSSD. The corresponding
signals of Csl, the coordinates of which are calculated by
extrapolating the position information of DSSD, are then
taken out and plotted in Fig. 3. Only the particles that can be
identified could have the opportunity to enter the subsequent
calculations, including Q value, excitation energy, etc. Thus,

“twofold” secondly means two particles are identified by the
DSSD-Csl, when specific particles are concerned. In this way,
the coincidence events were selected, and the relative energy
(Ere1) between two fragments was reconstructed from their
masses (m,, my), their kinetic energies (7, T;), and the angle
(0) between their momenta. According to the invariant-mass
method, the excitation energy (E,) of ''C equals relative en-
ergy (Ey) plus threshold energy (Ey,) of the corresponding
cluster decay [29]:

E. = (M — My)c? = Erel + Eqr
with M2c* = (E, + Ep)* — |P, + Py|*c?

=ch4 + mic4 + 2(mac2 + Ta)(mbc2 +T13)

- 2\/ (T2 + 2m,T,) (T2 + 2m,T,) cos 6.

The validity for the energy determination of the fragments
as well as the invariant-mass method has been checked by the
Li > a +d, "Be - « + 3He, Be — 2«, and "B — °Li +
o channels, as shown in Fig. 4. Regarding fragments, “He or o
can always be treated at its ground state in the present energy
regime. However, the contribution from the excited states in
"Be and '°B cannot be ignored simply.

In the earlier studies, both the total energy spectrum [16]
and the Q-value spectrum [30] were analyzed to discriminate
different reaction channels. The excited states in fragments
could be identified if the resolution is good enough. Here, O
value is reconstructed as the difference between the total exit
(Tior) and entrance (Tpeam) kinetic energies:

QZ’EOL_Tbeama
Lo =T, +T,+ T,

where Tyeam and T, are the kinetic energies of the beam particle
¢ and the recoil particle '>C, respectively. In practice, the
total energy spectrum and the Q-value spectrum are equivalent
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FIG. 4. The invariant-mass spectra reconstructed for different product combinations. Here, the energies labeled at the peaks are adopted

from ENSDF [31].

in our paper, and thus we analyzed only the Q-value spectrum.
For the '2C recoils not detected in coincidence, their kinematic
energies (7,) had to be estimated from the conservation of
momentum, with uncertainties from beam energy:

T, = /m2c* + P2c? — m,c?

2
= \/mfc“ + |Pocam — Pu — Py|*c? — myc

where Pyeam and P, are the momenta of the beam particle ''C
and the recoil particle '>C, respectively. Here, m, is taken as
the rest mass of the '>C in its ground state. Assuming that
the reaction takes place at the middle of the target, the energy
loss in the target has been considered for each particle. The
uncertainties mentioned above, together with the accidental
coincidence and other reaction channels such as '’C exci-
tation, lead to the poor resolution of the Q-value spectrum
(as shown in Fig. 5). In fact, it is impossible to identify the
very low 429-keV 1/2~ state in "Be for this technique. We
employed six scintillation detectors to evaluate the contribu-
tion of this 429-keV y ray emitted by the exited 'Be, and
its low statistics possibly implies a relatively small branching
ratio of o) (o decay to the excited state in "Be) for most
resonances, which is consistent with the previous conclusions
[16,19]. Nonetheless, the Q-value spectrum with certain re-
stricted conditions may help to suppress the contribution from
other reaction channels and the accidental coincidence events
as discussed in the subsection.

The excitation energy spectra of ''C were reconstructed
from ag-decay (1'C* — «a +'Be, Q = —7.545 MeV [31])
and po-decay dc* - p+19B, 0 =-8.69 MeV [31])
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FIG. 5. For the ''C* — « + "Be case: (a) Raw Q-value spectra
(black) with fitting curve (red) and cut spectrum (blue shaded);
(b) raw E, spectrum (black) and cut E, spectrum (blue-shaded). The
cut “event-mixing” spectrum (green) and efficiency curve (red) are
also shown.
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channels, respectively. Here, oy and pg represent the decay
to the ground states in 'Be and '°B, respectively. Only seven
valid events were observed in proton decay at E, near 10.0
and 11.1 MeV, since the proton events were heavily polluted
by the electronics noise of DSSD (as seen in Fig. 3), and we
set a relatively high noise threshold for DSSD, in which the
energy deposition of the most energetic protons was less than
1 MeV. A lot of proton events were lost in the acquisition, and
hence it is difficult to analyze the proton-decay channel. In
this paper, we only focus on the «-decay channel.

A. IC* - o+ Be

It should be noted that ¢ decay is known to be the pre-
dominant channel for most resonances from 8.9 to 13 MeV in
¢ [18,19], which is also the primary interest of the present
paper. In Fig. 5(a), the raw Q-value spectrum (black curve) has
two components: a wide Gaussian component with a center
at approximately —40 MeV might be the background from
other reaction channels or the accidental coincidence events,
and the Q > —30 MeV part standing out from the background
corresponds to the real coincidence events (filled area). The
fitting with the sum of two Gaussian functions shows that
the background part contributes about 27% in the O > —30
MeV region. Without the detection of the recoil target nu-
cleus, there would be many sources in the background. The
breakup of recoil '>C would contribute to the background,
when one of the 3a particles emitted by '>C was detected,
which tends to have lower kinematic energy. The particles
scattered by the detector and target supporting structures may
also be detected. The raw excitation function (black curve) is
drawn in Fig. 5(b), in which a strong peak near 8.10 MeV is
observed. It still requires further background subtraction and
energy-dependent efficiency correction, as discussed below.

A Monte Carlo simulation was performed to give the
energy-dependent efficiency of coincidence detection, as well
as the reasonable energy range of detected «. The energy
loss in materials was calculated by the SRIM code since its
output can be conveniently utilized in the simulation. The
angular distribution of inelastic scattering of the ''C beam
on the '2C target was sampled in a Gaussian distribution for
simplicity, and the « decay of ! C was assumed to be isotropic
[30,32] in the center-of-mass frame. The uncertainties of en-
ergy and angle of beam, reaction position and depth, energy
and angular staggering in the material, as well as detector
resolution were included in the simulation. The coincidence
events were counted with respect to an excitation energy of
C, excluding those in which two fragments hit the same
CsI(TI) crystal or the same pixel of DSSD. The Monte Carlo
simulated efficiency curve is drawn in Fig. 5(b), and a typical
efficiency at 8.10 MeV is approximately 17%.

To suppress the background from the low-energy particles,
upper limits of AE could be set as 3.8 MeV for alpha and 13.3
MeV for "Be, according to the simulated AE distribution of
fragments. After applying this cut to the Q-value spectrum,
the O < —30 MeV part was reduced significantly, while the
0 > —30 MeV part was reduced slightly. Thus, we took
the O < —30 MeV part as the background, and applied the
Q-value cut and the AE cut to the raw spectrum to obtain

a cleaner spectrum. It should be noted that the main reason
for making this Q-value cut is to remove the contaminants
from other reaction channels or accidental coincidence events.
In this paper, the uncertainty in the reconstructed excitation
energy was estimated to be ~0.12 MeV, mainly contributed
by those of the target position and energy calibration. The res-
olution of the reconstructed excitation energy was simulated
to be ~0.4 MeV (FWHM).

Figure 6 shows the efficiency-corrected excitation function
for the « + "Be channel, where the background from the direct
breakup estimated by the “event-mixing” technique [29,33]
was subtracted accordingly. In practice, one 'Be nucleus is
picked up from an experimental event, and one « particle
from another event, then the invariant mass of the simulated
"¢ nucleus is computed. The acceptance of the detectors and
other experimental effects are contained simultaneously in the
distribution obtained by this technique.

Because the decay width of most resonances is not
as large as the resolution of the excitation function, the
Gaussian fitting was performed to the expected resonances
[8,18,19,31,34,35], by using the maximum likelihood method.
Except for the statistical error, the systematic error was es-
timated to be ~10%, mainly consisting of the uncertainties
from the background and efficiency. Here, the uncertainty
of the '>C target thickness (50 mg/cm?) is less than 5%,
which was neglected in this paper. The cross section of the
reaction through the 8.10-MeV resonance was determined to
be 22.7 & 7.0 mb.

It should be noted that the present experimental spectra
have been analyzed as all transitions to the ground state. And
the possible small «; contribution can be covered by the very
large uncertainties as shown in Fig. 6. Here, we still would like
to use the « symbol rather than «y or «y; after all we cannot
distinguish these two channels.

B. 'C* - 2a + 3He

As the structure of ''C was described as a three-center
cluster, triplefold coincidence of 2o + *He was also analyzed
(MC* - 2 +3He, Q = —9.132 MeV). Such a reaction
mechanism can often be analyzed via a Dalitz plot, but the
statistics in this paper is too low to draw a readable plot. Its
efficiency is approximately a quarter of that of the o + "Be
channel. The E; energies for the a-a pair and a->He pair
have been reconstructed as shown in Fig. 7, respectively. The
ground state and the 3.03-MeV state in ®Be and the 4.57-,
6.73-, 7.21-, 9.27-, and 11.01-MeV states in 'Be were very
weakly observed as indicated in the figure, respectively. These
excitation energies (indicated in the brackets) are adopted
from ENSDF [31], by which the relative energies are calcu-
lated as also shown in Fig. 7. This result is similar to that
of "B studied by Soi¢ et al. [17], which possibly implies
some three-center cluster structures existing in ''C. However,
due to the present low statistics, no further analysis was
performed.

If "Be produced by ''C « decay is in a higher excited state
(over an « threshold of 1.587 MeV), then 'Be will further
decay, and thus three particles might be detected. Since there
are few three-particle events observed in this experiment, the
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branch ratio of "Be in the higher excited state should be
very small. Therefore, the cross section of ''C « decay to
the ground state in ’Be is regarded as the total one in this

paper.
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FIG. 7. (a) Reconstructed E, spectrum for the o-*He pair (might
decay through Be). (b) Reconstructed E, spectrum for the o-o¢ pair
(might decay through ®Be). Here, the relative energies are calculated
from the corresponding excitation energies (listed in the parentheses
from ENSDF [31]).

IV. DISCUSSION

A. Resonance states

The 8.10-MeV state has been studied via many reactions,
giving I' ® 6 eV and I'y /T" &~ 94.5% [31]. Moreover, its ab-
normally small proton spectroscopic factor [10] and the GT
transition strength [14] also indicated a cluster structure. In
Fig. 6, the strongest peak at approximately 8.10 MeV in-
dicates a strong transition from the ground state (3/2]) to
the 8.10-MeV state (3/25), which is quite different from the
excitation function reconstructed in the '°O(°Be, a’Be)!“C
reaction [16]. The detectors in both experiments were placed
in forward angles, so this difference may be mainly due to
a different reaction mechanism and energy. The 2p pickup
reaction might be more likely to populate two-particle excited
states in some energy regions, while inelastic excitation can
populate a cluster state via monopole transition (3/27 —
3/27). This would be important evidence that the 3/27 state
is a cluster state.

Around 8.90 and 9.35 MeV, there are expected to be
two resonances. In the previous measurement of reaction
10B( p, a)'Be, Lombardo et al. [35] proposed a new resonance
at 9.36 MeV (5/27), and later Wiescher ef al. [34] claimed
that there should be two resonances at 8.88 (5/2%) and 9.38
MeV (5/27). The 9.38-MeV state was observed in our paper,
while the 8.88-MeV state was not sufficiently obvious, being
overlapped with the doublet near 8.7 MeV.

In the resonant scattering of "Be+a studied by Yamaguchi
et al. [19], two strong resonances were observed at 12.40
and 12.65 MeV in the 12.0 — 13.0-meV region. Here, we ob-
served them at 12.1 and 12.6 MeV, respectively, which agree
with the previous results within the uncertainties. In addition,
in the mirror ''B nucleus, there is a doublet consisting of the
13.14-MeV state (9/27) and the 13.16-MeV state (7/27), and
hence ''C might have a similar doublet structure near 12.65
MeV. The 7/2% state observed in the '°B(p, «)"Be reaction
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[36] and the 9/2~ member of the K™ = 3/2~ rotational band
[19] might be two closely lying states at approximately 12.65
MeV. Unfortunately, they cannot be separated in the present
paper. Further experiment is required to clarify such doublet
structure.

B. Rotational bands

Regarding rotational bands in ''C, three rotational bands
(K™ =5/2%,3/2%,3/27) with large inertia momentum were
predicted, and some members were observed [16,19]. How-
ever, some spin parities of these members have not been
reliably determined experimentally. Two bands with even par-
ity have been confirmed [18,19]. The K™ = 5/2% rotational
band has 6.905-, 8.655-, 10.679-, and 13.4-MeV members,
and the K™ = 3/2% one has 7.4997-, 8.699-, 10.083-, and
12.2-MeV members [16,18,19,31].

However, there are still doubts about the negative-parity
rotational band (K™ = 3/27). Among the members of the
negative-parity band, the band head is the 3 /2~ state, which is
observed at E, = 8.10 MeV in this paper. The second mem-
ber in the mirror ''B nucleus was predicted to be the third
5/2~ state [12], and hence the corresponding state in the ''C
nucleus was thought to be the 9.78-MeV state [19]. However,
Wiescher et al. [34] recently identified that the 9.38-MeV state
has a spin parity of 5/27, and it would preferentially become
the third 5/2~ state. It should be noted that this state has a
branching ratio of o decay of nearly 100%. In addition, the
9.78-MeV candidate state was also doubted by Yamaguchi
et al. [19] because its branching ratio is not large enough.
Therefore, the 9.38-MeV state observed both in this paper and
in Ref. [34] is suggested to be the second member, as drawn

with a filled circle in Fig. 8. The third member was assigned
to be the resonance at 11.03 MeV, while its spin has not been
clearly determined [19]. We find that this resonance is much
weaker than the 11.44-MeV state, the spin parity of which is
also unclear. Therefore, the possible candidate at 11.44 MeV
should be studied in further experiments. The fourth member
at approximately 12.65 MeV is more promising, which was
observed as a strong resonance in previous measurements
[16,18,19] and also in the present paper, if its undetermined
spin parity and possible state mixing are not problems.

After assigning the second member to the 9.38-MeV state,
this rotational band becomes smoother, as shown in Fig. 8.
Here, we derived a rotational parameter of /%/2I of 0.216
MeV, suggesting a large deformation. For comparison, the
rotational band based on the Hoyle state has a /? /21 of 0.300
MeV [37].

V. SUMMARY

We measured the '>?C(!'C,"Be + «) reaction with 25-
MeV /nucleon ''C bombarding a 50-mg/cm? carbon target
to study the cluster states in ''C. Excited states above
the a-decay threshold up to 14 MeV were populated and
their «-decay fragments were detected coincidentally with a
DSSD-CsI(TI) telescope.

The excitation function for the o + ’Be channel was re-
constructed using the invariant-mass method. The 8.10-MeV
state was observed as a strong resonance, supporting previous
assignment as the head of the K™ = 3/2~ rotational band
[19] that has a three-center (2« + >He) cluster structure. The
existence of the 9.38-MeV state was confirmed, and assigned
as the second member of the K™ = 3/2~ rotational band for
the first time, rather than the 9.78-MeV state. This assignment
made the band smoother. Compared with the previous results
in the region of E, = 11.9—13.0, the 12.2-MeV state was
suggested to be the 9/2" member of the K™ = 3/27 rotational
band, and the 12.65-MeV state was suggested to be the 9/2~
member of the K™ = 3/2~ rotational band. We derived a
rotational parameter 7i*/2I of 0.216 MeV for this rotational
band.

A few triplefold coincidence events of 2o + *He were
observed, which possibly indicate a three-center structure
of some resonant states in ''C. However, the present low
statistics prevent drawing any strong conclusions. Further ex-
periments are needed to study the cluster structure of ''C in
detail and to determine the spin parities for some important
states.
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