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ARTICLE INFO ABSTRACT

Editor: B. Blank We searched for the 6a-condensed state in 2*Mg by measuring the '2C + '2C scattering with the SAKRA Si detector
array at E_ =17.5-25.0 MeV. By using the invariant-mass method for the detected 3« particles, the inclusive
cross sections for the '2C + '2C — 12C(0}) + X and ?C(3]) + X reactions were determined. In addition, the
missing-mass spectroscopy was successfully utilized to determine the excitation energy of the residual '>C nucleus
and the exclusive cross sections for the '2C + 2C — 12C(0]) + 12C(0}), '2C(0}) + '2C(2}), and 2C(0}) + '2C(0})
12C 412 C scattering reactions. In both the inclusive '?C(0}) + X channel and the exclusive '*C(0}) + '>C(0}) channel, the cross
SAKRA section peaked at E,,, = 19.4 MeV, which correspond to the excitation energy of E, = 33.3 MeV in 2*Mg. This
PSA 19.4-MeV state is a candidate for the 6a-condensed state because of the agreement of the excitation energy
with the theoretical value and its decay property. In the exclusive 12C(O;’) + 12C(O;) channel, a broad state was
observed at E_, =22.5 MeV, which correspond to the excitation energy of E, = 36.4 MeV in 2*Mg. From the
angular distribution of the differential cross section, the spin and parity of this 22.5-MeV state was assigned to be
4*. In addition, a 2* state was suggested at the low-energy side of the 22.5-MeV state. Because their excitation
energies are higher than the theoretical value of the 6a-condensed state, these states might be excited states of
the 6a-condensed state such as the 2 and 47 states in '2C.
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Particle clustering is an important phenomenon in atomic nuclei. In
particular, the alpha cluster, comprising two protons and two neutrons,
is the most essential cluster component due to its strongly bound nature.
The most famous alpha-cluster state is the 0; state at £, =7.65 MeV
in 12C, which is called the Hoyle state [1]. This state is proposed to
be an a-condensed state in which all the alpha clusters are condensed
into the lowest Os orbit [2]. The a-condensed state has a dilute struc-
ture with a larger radius than the ground state by a factor of about
1.5. Due to its dilute nature, the momentum distribution of the alpha
clusters is concentrated at k < 1 fm™!, resulting in an exceptionally
narrow distribution [3]. The a-condensed state can be regarded as the
ground state of relative motion between alpha clusters, which are di-

* Corresponding author.

lutely distributed in space. The 2; state at E, =9.87 MeV [4,5] and
the 4;’ state at £, = 13.3 MeV [6] in 12¢C are corresponding to the
Hoyle analogue states where the relative motion between alpha clus-
ters in the 3a-condensed state is excited [7]. The a-condensed states
with dilute density are predicted to exist even in heavier self-conjugate
A = 4k nuclei up to k =10 [8]. It is theoretically expected that the
ka-condensed states are located above the ka-decay thresholds, and al-
pha clusters are confined in a shallow potential pocket formed by the
interplay of short-range weak nuclear attractive interaction and long
range repulsive Coulomb interaction. Exploring the existence of the a-
condensed states in various nuclei is an intriguing endeavor to verify
the theoretical predictions and to establish universal presence of dilute
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a-cluster states [9,10]. The ubiquity of the a-condensed states will sug-
gest that the a condensation manifests in the dilute nuclear matter. The
a condensation affects physical properties of the dilute nuclear matter
[11,12].

We have currently achieved a certain consensus regarding the ex-
istence of the a-condensed states in ®Be and '2C. The ground state
of ®Be and the 0] state in '*C are considered to be the 2a- and
3a-condensed states. These states are located slightly above the 2a-
and 3a-decay thresholds, and are well described by the microscopic
alpha-cluster models [13-15]. The 4a-condensed state in 160 is theo-
retically predicted to be the Oz state [16-18], and the known 07 state
at E,=15.097 +0.005 MeV [19] is a candidate for the corresponding
state. Recently, it was reported that this state decays with the almost
same probability into the two 8Be ground states or the a + 12C(O;r)
state [20]. The a-condensed states are expected to decay into the a-
condensed state in lighter nuclei because the overlap between the wave
functions of the a-condensed states in different nuclei should be large.
Thus, this state in '°0 is a strong candidate for the 4a-condensed state.

For 2'Ne, several candidates for the 5a-condensed state were ex-
perimentally proposed. In Ref. [21], it was found that the three states
at E, =23.6, 21.8, and 21.2 MeV in *°Ne are strongly coupled to the
candidate for the 4a-condensed state at E, = 15.097 + 0.005 MeV in
160, This strong coupling between these observed states and the 4a-
condensed state is the compelling evidence that they are the candidates
for the 5a-condensed state. However, the spins and parities of these can-
didate states were not determined in Ref. [21] although they could be
another strong evidence of the 5a-condensed state. The spin and parity
of the a-condensed state must be 0% because all the alpha clusters are
condensed into the Os orbit. The other candidate for the 5a-condensed
state was proposed to be the 0 state at E, =22.5 MeV in °Ne [22].
This state is not described by the shell model, and its excitation energy
is close to the theoretical value of E, =21.14 MeV [8]. However, be-
cause of the high level density around the expected excitation energy,
it is difficult to conclude this state to be the 5a-condensed state from
the excitation energy only. In either case, theoretical efforts to interpret
the experimental data are desired to pin down the 5a-condensed state.

For 2*Mg, no theoretical and experimental candidate for the 6a-
condensed state has been proposed. In Ref. [23], inelastic alpha scat-
tering was employed to search for the 6a-condensed state. Several
bump structures were observed in the excitation-energy spectrum of
24Mg for coincidence events where 3Be, as the 2a-condensed state, was
detected at the same time with an inelastically scattered alpha parti-
cle. However, it was statistically too poor to propose candidates for
the 6a-condensed state. Thus, further measurements to search for the
6a-condensed state are still needed. One of the difficulties in search-
ing for the a-condensed states by measuring decay particles is angular
coverage of decay-particle detectors. In the case of the inelastic alpha
scattering under normal kinematic conditions, decay particles are emit-
ted over all solid angles in the laboratory frame because the target
nuclei are hardly recoiled. Therefore, the decay-particle detectors are
required to cover large solid angle around the target. On the other
hand, heavy-ion beams are useful for measuring decay particles be-
cause decay particles are boosted and focused on forward angles owing
to the center-of-mass motion. Actually, decay-particle measurements in
heavy-ion induced reactions were utilized to search for a-cluster states
[20,24-29]. In Ref. [28], the '2C(1°0, ka) reaction was employed to
search for the ka-condensed states up to k = 6, but no experimen-
tal signatures were observed. The authors of Ref. [28] suggested that
ka-condensed states might be forbidden from decaying through the ka
channels due to their low decay energies and the Coulomb barriers. The
authors of Ref. [20] attempted to determine the excitation function of
24Mg in the 2°Ne + a reaction on the basis of the thick target method.
They analyzed events where 4a particles were detected under the as-
sumption that those a particles were emitted from '°0* excited by the
20Ne + a — 190* + 8Be(g.s.) reaction. They reported that a peak was
observed at E, =34 MeV in >*Mg close to the theoretically predicted
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energy of the 6a-condensed state [8] when they selectively analyzed
events where the invariant mass of the detected 4a particles was close
to that of the candidate for the 4a-condensed state. However, the peak
significance remained highly uncertain due to the statistical limitation
and potential ambiguity in assumptions made in the analysis.

In the present work, we searched for the 6a-condensed state in 2*Mg
by measuring the '2C + 12C scattering. Especially, we focused on events
where 3 particles were emitted from the 0; state in 12C because we
expected the 6a-condensed state to decay through the 3a-condensed
state. Previously, the 'C + *C — 12C(07) + '2C(0]) reaction was mea-
sured in Refs. [24,25], and the candidate for the 6a-chain state in 24Mg
at E_, =325 MeV was proposed. This 32.5-MeV resonance was in-
vestigated via various channels of the '?C + '2C scattering, and the
strenuous attempts to clarify its internal structure were performed on
the basis of the angular-momentum analysis [30-33]. However, the
excitation-energy range of >*Mg scanned for investigating the 32.5-
MeV resonance was higher than that of the 6a-condensed state. In the
lower excitation-energy domain, the effective excitation function of the
12C 4+ 12C - 3¢ + X reaction was reported from the indirect measure-
ment of 3a particles in Ref. [29]. A remarkable peak structure was
observed at E_,, ~ 19.5 MeV, which corresponds to the theoretically
predicted excitation energy of E, ~ 33.4 MeV in 2*Mg. However, it
was not compelling evidence of the 6a-condensed state because the 3a
particles were not directly detected and their invariant mass was not
determined. In the recent measurement of the '2C + 12C - 3a + 12C
reaction at E_, = 8.9-21 MeV [34], the 3a particles emitted from the
12C 4 12C scattering were measured using the active-target time pro-
jection chamber. It was reported that the excitation function of the
120 4+12C 5 3a + X reaction tended to agree with the result in Ref. [29]
at energies above E., =19 MeV. However, the measurement was sta-
tistically too poor to observe the peak at E_, ~ 19.5 MeV, and the
invariant mass of the 3a particles was not determined. Thus, it was
strongly desired to directly measure the 3a particles emitted from the
12C 4 12C scattering and to determine their invariant mass for examin-
ing their decay histories.

The experiment was conducted in two beam-time periods at the R5
beam line of the Tokai Tandem accelerator facility of the Japan Atomic
Energy Agency (JAEA). We utilized a '>C beam with an incident en-
ergy of E,;, =35.0-50.0 MeV to explore the excitation-energy range of
31.4-38.9 MeV in 2*Mg. A '2C beam bombarded the " C target with a
thickness of 100 pg/cm?, and decay particles emitted from the '2C+12C
collision were detected. For the decay particle detector, we used the Si
detector array SAKRA which was placed at the forward angle. SAKRA
was a lampshade shaped Si telescope array consisted of five Si-strip
sensors, which were Design MMM fan-shaped Si sensors from Micron
Semiconductor. The thickness of the Si sensor was 500 um. Its sector
angle, outer radius and inner radius were 60 degrees, 135 mm, and
33 mm, respectively. The junction side of this sensor was divided into
16 ring strips whereas the ohmic side was divided into 8 radial strips.
The configuration of SAKRA was optimized for pulse shape analysis
(PSA) by using neutron transmutation doped Si sensors with a special
setup where charged particles were injected from the ohmic side [35].
The charge signals from the Si sensors were processed with the Mesytec
MPR-16/32 charge-sensitive preamplifiers and digitized by the CAEN
V1730SB 500 MS/s waveform digitizers. At some beam energies, sev-
eral Si sensors of SAKRA did not properly work due to the shortage of
bias voltage caused by the increase in the leak current. Therefore, these
sensors were excluded from the analysis at those energies.

We performed particle identification (PID) for decay particles using
the PSA. We used the amplitude of the differential waveform of out-
put signals from the preamplifier, named A, as a PID parameter.
Fig. 1 shows the correlation between A, and kinetic energies of de-
cay particles. The loci in the blue, red, and green boxes correspond to
charged particles with Z =1, Z =2, and Z > 3, respectively. The dom-
inant isotopes in individual loci are proton, alpha, and 2C. The locus
in the red-dashed box corresponds to 3Be, namely, 2« particles detected
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Fig. 1. Correlation between A, and kinetic energies of decay particles. The
blue, red, and green boxes present the areas corresponding to charged particles
with Z =1, Z =2, and Z > 3, respectively.
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Fig. 2. Excitation-energy spectrum of '>C reconstructed from the detected 3«
particles in the '2C + '2C - 3« + X reaction at Ey,, =44.5 MeV. The green
spectrum shows the Gaussian function representing the broad states in '2C
whereas the red spectrum is the Landau distribution function representing the
other backgrounds. The sum of two spectra is shown by the blue spectrum.

in the same junction-side strip with almost same energy. At lower ki-
netic energy than 5 MeV, alpha particles cannot be separated from '2C.
In this PID procedure with the PSA, only decay particles identified as
non-alpha particles were excluded from the analysis in order to prevent
loss of low-energy alpha particles.

In the events involving 3« particles emitted from the same >C nu-
cleus, these particles were boosted along the velocity of the center of
mass, and likely to hit a single Si sensor. In order to identify the de-
cay events via the 3a-condensed state, we reconstructed the invariant
mass of the 3a particles detected in a single Si sensor, and determined
the excitation energy of parent '2C. Fig. 2 shows the excitation-energy
spectrum of '2C reconstructed from the detected 3« particles in the
12C +12C = 3a + X reaction at E,,,, = 44.5 MeV. In Fig. 2, the two
prominent peaks due to the 0; state at 7.65 MeV and the 37 state at
9.64 MeV are observed on the continuous spectrum due to the broad O;r
and 2; state in '2C [4] and the other backgrounds. The backgrounds
were mainly originated from events in which the PID was incorrect,
while contribution from accidental coincidence events was negligible.
The continuous spectrum was fitted by the combination of a Gaussian
function representing the broad '>C states and a Landau distribution
function representing the backgrounds. The green and red spectra show
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Fig. 3. Excitation-energy spectra of the residual '>C for (a) '>*C+'2C — 3a+'2C,
(b) 2C+"12C - 12C(0}) + 2C, and (c) ’C + 2C - 2C(37) + '*C reactions. The
spectrum in the hatched area is downscaled by a factor of 0.5.

the Gaussian and Landau distribution functions, respectively, whereas
the blue spectrum is the sum of them. The parameters of the two func-
tions were determined to reproduce the experimental spectrum. The
yields for the '*C + 2C — 2C(0) + X and '2C + 2C - 2C(3]) + X
reactions were estimated by subtracting the blue spectrum from the
measured spectrum.

In addition, in order to exclusively identify reaction channels, we de-
termined the excitation energy of the residual '>C nucleus by estimating
the missing mass of the reaction from momenta of the detected 3a par-
ticles. Fig. 3(a) shows the excitation-energy spectra of the residual '2C
for all the events presented in Fig. 2, whereas Figs. 3(b) and (c) are the
excitation-energy spectra for the selected events in which the excitation
energy in Fig. 2 is close to those of the 0;' and 37 states, respectively.
Although a little continuous background was observed below the promi-
nent 3 peaks corresponding to the 07, 2, and 0] states of the residual
12C nuclei in Fig. 3(a), there was almost no continuum background in
Figs. 3(b) and (c) after the invariant masses of the detected 3a parti-
cles were selected. The yields for the '2C + 12C — ‘2C(O;) + 12C(O;r),
12C(O;’) + 12C(2;’), and 12C(O;’) + 12C(OEL ) reactions were determined
from Fig. 3(b).

To estimate the detection efficiency for each reaction channel, the
Monte Carlo simulations were performed in the following three steps.
In all the steps of the simulation, we assumed that two '2C nuclei were
emitted from the '>C + 12C reaction. If the '2C nucleus was excited to
the O; or 3 states, it would sequentially decayed to 3a particles via
the a +8Be(g.s.) channel. The two-body decay in each step isotropically
occurred in the rest frame of the parent nucleus. We analyzed the simu-
lated data in the same manner as the experimental data, and estimated
the efficiency of 3a detection and 2C reconstruction for each reaction
channel.

In the first step, all the solid angles were divided into polar angular
bins with a width of 6., =4.0°, and the efficiency for individual reac-
tion channels at every beam energy was estimated in each angular bin
in order to determine the differential cross section. We assumed that the
differential cross section was constant within one angular bin. In each
reaction channel, experimental data at beam energies where the max-
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Fig. 4. Inclusive cross sections for the (a) '>C + '2C — 12C(O;’) +X >3+ X
and (b) 2C +'2C - '2C(3]) + X — 3a + X reactions. The circles, squares, and
triangles denote the experimental data acquired with the 5, 4, and 3 Si sensors,
respectively. The open symbols correspond to the results from the first beam-
time period, and the solid symbols represent those from the second beam-time
period.

imum value of the efficiency at each angular bin was below 5% were
excluded from the analysis.

In the second step, the averaged efficiency over the angular accep-
tance AQ., for individual reaction channels was estimated at each
beam energy. In general, the angular acceptance in the center-of-mass
frame declines as the beam energy decreases because the decay parti-
cles are emitted over a wider angular range in the laboratory frame at
the lower center-of-mass energy. Therefore, the angular acceptance of
each reaction channel was determined at the lowest beam energy to in-
clude only those angular bins where their efficiency exceeded 1%. For
example, the angular acceptance for the '>C +12C — 12C(O%L )+ 12C(01+),
12C(07) + '2C(2), and '2C(0) + '2C(0F) reactions were 44° < 6, <

2
144°, 52° <6, < 144°, and 68° < 6, < 140°, respectively. The second

cm —

simulation was conducted using the measured angular distributions of
the differential cross sections for the individual reaction channels ob-
tained in the first step. The cross sections integrated over the angular
acceptances were obtained by using the total yields and the angular
averaged efficiency. For comparing the cross sections of various reac-
tion channels with the different angular acceptances, the obtained cross
sections were normalized by multiplying a factor of 4z /AQ_ ..

In the third step, the averaged efficiency over all the solid angles for
the inclusive 12C + 12C - 12C(O;r or 37) + X — 3a + X reactions was
estimated. In this simulation, the OT, ZT, and 0; states were taken into
account as the final states of the residual '>C nuclei. The population
of the residual states was determined from the exclusive cross sections
for the various reaction channels obtained in the second step. However,
unlike in the second step, the angular distributions of the differential
exclusive cross sections were assumed to be isotropic because the angu-
lar acceptances AQ_ applied in the second step were different between
the reaction channels. Finally, the total cross sections of the inclusive
reactions were obtained.

The inclusive cross sections for the '*C+'2C — 1>C(0} or 3])+ X —
3a + X reactions are plotted as a function of the center-of-mass energy
E,,, of the initial >C + 2C system in Fig. 4. The cross sections were ac-
quired by using reliable segments of SAKRA at each beam energy. The
circle, rectangle, and triangle symbols denote that the number of the
used segments was 5, 4, and 3, respectively. The open symbols corre-
spond to the results from the first beam-time period, and the solid sym-
bols represent those from the second beam-time period. It was found
that the absolute values of the cross sections systematically fluctuated
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Fig. 5. Exclusive cross sections for the '2C + 12C — (a) '2C(0}) + 2C(07),
() 2C(0) + 2C(2}), and (c) 2C(07) + '2C(0F) reactions. The notation of the
symbols were same as Fig. 4.

among the five segments of SAKRA although the energy dependence of
the cross section obtained by each single segment was similar. There-
fore, we treated these fluctuations as the systematic uncertainties and
show them as the gray bands in Fig. 4.

A relatively narrow peak structure is observed at E_,, = 19.4 MeV
in both Figs. 4(a) and (b), while the broad structure is observed at
E_,, =20.0-22.0 MeV in Fig. 4(a) only. It should be noted that the
narrower state at E_ = 19.4 MeV had been previously observed in in-
direct measurements of the 3a emission from the '2C + !2C reaction
[29]. The present work showed that this state decayed to the 3a par-
ticles via the 0; and 37 states in 12C by the direct measurement. This
is strong evidence that this narrower state is a multi-a cluster state
because the 0;’ and 37 states are known as the spatially developed 3a-
cluster states. This 19.4-MeV state actually couples with the 0;' state as
the 3a-condensed state, and its energy of E_, = 19.4 MeV, correspond-
ing to the excitation energy of E, = 33.3 MeV in *Mg, is close to the
theoretical value of the 6a-condensed state predicted in Ref. [8]. It is,
therefore, reasonable to consider this state as a candidate for the 6a-
condensed state. However, the spin and parity of this candidate remain
unknown. It is highly desirable to determine the spin and parity of this
state.

Figs. 5(a), (b), and (c) show the exclusive cross sections for the 2c4
12C = 12C(0F) + 12C(0]), 12C(0) + 12C(2}), and 12C(0F) + '2C(0F) re-
actions, respectively. The energy dependence of the measured cross
sections exhibits different behavior for each reaction channel. This in-
dicates the successful separation of the reaction channels in the present
analysis. The peak at E_, = 19.4 MeV, which is a candidate for the
6a-condensed state, is observed in the 12C(O;r ) + 12C(O;’) channel in
Fig. 5(a), but is not in the 12C(O;’) + 12C(Ozf) channel in Fig. 5(c). This
result appears to contradict the expectation that the overlap of the
wave functions between the 6a-condensed state and '*C(03) + '2C(05)
should be larger rather than that between the 6a-condensed state and
12C(O;r) + 12C(O;’). A plausible explanation of this result is that the
12C(O;r) + 12C(O;) channel is hindered by the Coulomb barrier due to
the low decay energy as pointed out in Ref. [28]. A broad peak is ob-
served around E_,, =22.5 MeV in the cross-section spectrum for the
2cyl2c 12C(O;r) + 12C(O;’) reaction shown in Fig. 5(c). This energy
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corresponds to the excitation energy of 36.4 MeV in 2*Mg. This broad
state ought to be a multi-« cluster state as well as the narrow state found
at E,, = 19.4 MeV. Because the '2C(0}) + '2C(0}) channel should be
strongly coupled with the 6a-condensed state, this broad state should
be akin to the 6a-condensed state. This state is inferred to be an excited
state of the 6a-condensed state such as the 2;’ and 4T states in 12C [7]
since its excitation energy is 3.1 MeV higher than the theoretical value
of the 6a-condensed state predicted in Ref. [8]. In the 12C case, the
excited states of the 3a-condensed state with J” =2% and 4* were the-
oretically predicted at 1.4 and 3.5 MeV above the 3a-condensed state
[71, and their experimental counterparts were reported in Refs. [4-6].
To investigate the spins and parities of the observed states, we an-
alyzed the angular distributions of the differential cross sections by
fitting them by a squared Legendre polynomial of order /. Fig. 6(a)
shows the angular distribution of the differential cross sections for the
12C +12C - 12C(03) + '2C(0}) reaction at E, = 19.4 MeV. Its diffrac-
tion pattern is best fitted by the Legendre polynomial of order 8 shown
by the dotted line although the enhancement of the diffraction ampli-
tude at 6., = 90° is not reproduced. This result means that the cross
section around E_, = 19.4 MeV is dominated by the L =8 component
which is very close to the grazing angular moment of L, = 8.8, and
it does not suggest the L =0 component populating the 6a-condensed
state with J” = 0F. This is due to the fact that contamination from con-
tinuous components was quite large as seen in Fig. 5(a), and it obscures
the L =0 component even if the 19.4-MeV state is the 6a-condensed
state. The enhancement of the differential cross section around 6, =
90° also indicates that the cross section around E_, = 19.4 MeV is
dominated by the continuous components with several multipolarities
components because this enhancement is not reproduced with a sin-
gle Legendre polynomial but only by introducing several partial waves.
Therefore, the subtraction of the continuous components is necessary
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to determine the spin and parity of the small peak on the continuous
spectrum. However, its yield was statistically too poor to reliably per-
form this analysis, and we could not determine the spin and parity of
this state.

On the other hand, as shown in Figs. 6(b-4)-(b-7), the angular
distributions for the 2C + 12C — 12C(O;’) + 12C(O;r ) reaction at four
energies around E_ = 22.5 MeV were well represented with a sin-
gle Legendre polynomial of order 4. It is reasonable to consider that
the spin and parity of the broad state around E_, =22.5 MeV is
4%, At lower energies, it is difficult to reproduce the angular distri-
butions with a single Legendre polynomial due to the enhancement
around 6., = 90° seen in Figs. 6(b-1)-(b-3). The angular distribu-
tions at E., =21.4, 21.7, and 21.9 MeV were fitted with the for-
mula do/dQ0.,) = | X4 a;e'*®D P (cosb,,,)|* taken from Ref. [25].
In Figs. 6(b-1)-(b-3), the best-fit results with this formula are shown by
the thick solid lines, those with a single Legendre polynomial of order
2 or 4 are plotted by the dashed or thin solid lines, respectively. The
angular distributions are better fitted by incorporating both the L =2
and L =4 components into account than by utilizing a single Legen-
dre polynomial. It is a signature that a 2% state exists at the low-energy
side of the broad state around E,, = 22.5 MeV although the 2% res-
onance could not be separated from the broad 47 state in the energy
spectrum in Fig. 5(c). These spin-parity assignments are consistent with
our speculation that this broad structure is due to excited states of the
6a-condensed state. Considering the difference of the excitation energy
and their spins and parities, these states might be excited states of the

6a-condensed state in similar to the 2; and 4Ir states in 12C.

In summary, we measured the '2C + 12C scattering using the SAKRA
detector in order to search for the 6a-condensed state in >*Mg. The in-
clusive cross sections for the '2C + 12C — 2C(0} or 37) + X —= 3a + X
reactions peaked at E_, = 19.4 MeV, which corresponds to the excita-
tion energy of 33.3 MeV in 2*Mg. This 19.4-MeV state was observed
in the direct measurement of the 3a emission from the '2C + 12C re-
action for the first time, and was found to decay via the 0; and 37
states in !2C. This fact is strong evidence that the 19.4-MeV state is a
multi-a cluster state. This 19.4-MeV state actually couples with the O;
state as the 3a-condensed state, and its energy is close to the theoreti-
cal value of the 6a-condensed state. These results suggest that this state
is a candidate for the 6a-condensed state. This peak was also observed
in the exclusive 12C +12C — 12C(O;r) + 12C(OIr) reaction, but not in the
2cyi2c - 12C(O;’)+ 'zC(O;) reaction although the 6a-condensed state
should have a larger overlap with the '2C(0) + '2C(0}) channel than
with the 12C(O;r) + 12C(Ofr) channel. This could be explained by an infer-
ence that the '>C(03) + '2C(0) channel is suppressed by the Coulomb
barrier due to its low decay energy. In the 12C(O;r) + 12C(O;’) channel,
we found a broad structure around E_, =22.5 MeV, corresponding to
E, =36.4 MeV in >*Mg. This broad state ought to be a multi-a cluster
state as well as the narrow state found at E_, = 19.4 MeV.

To provide further clarification regarding the internal structure of
these observed states, the spins and parities of these states are required.
The angular distributions of the cross sections were analyzed to gain
an insight into the spin and parity. Although the spin and parity of
the 19.4-MeV state could not be resolved due to the continuous com-
ponents, those of the broad 22.5-MeV state were assigned to be 4*. In
addition, a signature of the 27 state was suggested at lower-energy side
of the broad state. Considering the excitation energy which is 3.1 MeV
higher than the theoretical value of the 6a-condensed state, this broad
state might be akin to the a-condensed state like the Hoyle band states
known as the 2 and 47 states in '*C.

It is also essential to compare the present results with theoretical cal-
culations. However no microscopic calculations for the 6a-condensed
state are available at present. Therefore, theoretical efforts are strongly
desired to establish the 6a-condensed state.

The authors acknowledge the JAEA tandem accelerator crews for
providing a high-quality beam. Y. F. appreciates the support from the



Y. Fujikawa, T. Kawabata, S. Adachi et al.

JSPS Research Fellowships for Young Scientists. This work was partly
supported by JSPS KAKENHI Grants No. JP19J20784, JP19H05604,
JP19HO05153, and JP21H00123.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

References

[1]

(2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

F. Hoyle, D.N.F. Dunbar, W. Wenzel, W. Whaling, A state in '>C predicted from
astrophysical evidence, Phys. Rev. C 92 (1953) 1095.

A. Tohsaki, H. Horiuchi, P. Schuck, G. Ropke, Alpha cluster condensation in '>C and
160, Phys. Rev. Lett. 87 (2001) 192501, https://doi.org/10.1103/PhysRevLett.87.
192501.

T. Yamada, P. Schuck, Single a-particle orbits and Bose-Einstein condensation
in '2C, Eur. Phys. J. A 26 (2005) 185-199, https://doi.org/10.1140/epja/i2005-
10168-1.

M. Itoh, H. Akimune, M. Fujiwara, U. Garg, N. Hashimoto, T. Kawabata, K. Kawase,
S. Kishi, T. Murakami, K. Nakanishi, Y. Nakatsugawa, B.K. Nayak, S. Okumura, H.
Sakaguchi, H. Takeda, S. Terashima, M. Uchida, Y. Yasuda, M. Yosoi, J. Zenihiro,
Candidate for the 2* excited Hoyle state at E, ~ 10 MeV in '2C, Phys. Rev. C 84
(2011) 054308, https://doi.org/10.1103/PhysRevC.84.054308.

W.R. Zimmerman, M.W. Ahmed, B. Bromberger, S.C. Stave, A. Breskin, V. Dan-
gendorf, T. Delbar, M. Gai, S.S. Henshaw, J.M. Mueller, C. Sun, K. Tittelmeier,
H.R. Weller, Y.K. Wu, Unambiguous identification of the second 2* state in '>C
and the structure of the Hoyle state, Phys. Rev. Lett. 110 (2013) 152502, https://
doi.org/10.1103/PhysRevLett.110.152502.

M. Freer, S. Almaraz-Calderon, A. Aprahamian, N.I. Ashwood, M. Barr, B. Bucher,
P. Copp, M. Couder, N. Curtis, X. Fang, F. Jung, S. Lesher, W. Lu, J.D. Malcolm,
A. Roberts, W.P. Tan, C. Wheldon, V.A. Ziman, Evidence for a new '2C state at
13.3 MeV, Phys. Rev. C 83 (2011) 034314, https://doi.org/10.1103/PhysRevC.83.
034314.

Y. Funaki, Hoyle band and « condensation in '>C, Phys. Rev. C 92 (2015)
021302(R), https://doi.org/10.1103/PhysRevC.92.021302.

T. Yamada, P. Schuck, Dilute multi-a cluster states in nuclei, Phys. Rev. C 69 (2004)
024309, https://doi.org/10.1103/PhysRevC.69.024309.

W. von Oertzen, Alpha-cluster condensations in nuclei and experimental approaches
for their studies, in: C. Beck (Ed.), Clusters in Nuclei, in: Lecture Notes in Physics,
vol. 818, Springer Berlin Heidelberg, Berlin, Heidelberg, 2010, pp. 109-128.

T. Yamada, Y. Funaki, H. Horiuchi, G. Ropke, P. Schuck, A. Tohsaki, Nuclear
alpha-particle condensates, in: C. Beck (Ed.), Clusters in Nuclei, Vol. 2, in: Lecture
Notes in Physics, vol. 848, Springer Berlin Heidelberg, Berlin, Heidelberg, 2012,
pp. 229-298.

L.M. Satarov, R.V. Poberezhnyuk, L.N. Mishustin, H. Stoecker, Phase diagram of
a matter with a Skyrme-like scalar interaction, Phys. Rev. C 103 (2021) 024301,
https://doi.org/10.1103/PhysRevC.103.024301.

J.P. Ebran, M. Girod, E. Khan, R.D. Lasseri, P. Schuck, a-particle condensation: a
nuclear quantum phase transition, Phys. Rev. C 102 (2020) 014305, https://doi.
org/10.1103/PhysRevC.102.014305.

Y. Funaki, H. Horiuchi, A. Tohsaki, P. Schuck, G. Répke, Description of ®Be as
deformed gas-like two-alpha-particle states, Prog. Theor. Phys. 108 (2) (2002)
297-322, https://doi.org/10.1143/PTP.108.297.

M. Kamimura, Transition densities between the OT, 2?’, 4:’, 0;’, 2;’, 17 and 37 states
in !2C derived from the three-alpha resonating-group wave functions, Nucl. Phys. A
351 (1981) 456-480, https://doi.org/10.1016/0375-9474(81)90182-2.

E. Uegaki, Y. Abe, S. Okabe, H. Tanaka, Structure of the excited states in '>C. II,
Prog. Theor. Phys. 62 (6) (1979) 1621-1640, https://doi.org/10.1143/ptp.62.1621.
Y. Funaki, T. Yamada, H. Horiuchi, G. Ropke, P. Schuck, A. Tohsaki, a-particle con-
densation in '°0 studied with a full four-body orthogonality condition model calcu-
lation, Phys. Rev. Lett. 101 (2008) 082502, https://doi.org/10.1103/PhysRevLett.
101.082502.

T. Yamada, Y. Funaki, T. Myo, H. Horiuchi, K. Ikeda, R. Gerd, Isoscalar monopole
excitations in '°0O: a-cluster states at low energy and mean-field-type states at
higher energy, Phys. Rev. C 85 (2012) 034315, https://doi.org/10.1103/PhysRevC.
85.034315.

Y. Funaki, “Container” evolution for cluster structures in '°0, Phys. Rev. C 97 (2018)
021304(R), https://doi.org/10.1103/PhysRevC.97.021304.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Physics Letters B 848 (2024) 138384

D.R. Tilley, H.R. Weller, C.M. Cheves, Energy levels of light nuclei A =16-17, Nucl.
Phys. A 565 (1993) 1-184, https://doi.org/10.1016/0375-9474(93)90073-7.

M. Barbui, K. Hagel, J. Gauthier, S. Wuenschel, R. Wada, V.Z. Goldberg, R.T. Des-
ouza, S. Hudan, D. Fang, X.G. Cao, J.B. Natowitz, Searching for states analogous
to the '2C Hoyle state in heavier nuclei using the thick target inverse kinematics
technique, Phys. Rev. C 98 (2018) 044601, https://doi.org/10.1103/PhysRevC.98.
044601.

S. Adachi, Y. Fujikawa, T. Kawabata, H. Akimune, T. Doi, T. Furuno, T. Harada,
K. Inaba, S. Ishida, M. Itoh, C. Iwamoto, N. Kobayashi, Y. Maeda, Y. Matsuda, M.
Murata, S. Okamoto, A. Sakaue, R. Sekiya, A. Tamii, M. Tsumura, Candidates for
the 5a condensed state in 2°Ne, Phys. Lett. B 819 (2021) 136411, https://doi.org/
10.1016/j.physletb.2021.136411.

J.A. Swartz, B.A. Brown, P. Papka, F.D. Smit, R. Neveling, E.Z. Buthelezi, S.V.
Fortsch, M. Freer, T. Kokalova, J.P. Mira, F. Nemulodi, J.N. Orce, W.A. Richter,
G.F. Steyn, Spectroscopy of narrow, high-lying, low-spin states in 2’Ne, Phys. Rev.
C 91 (2015) 034317, https://doi.org/10.1103/PhysRevC.91.034317.

T. Kawabata, T. Adachi, M. Fujiwara, K. Hatanaka, Y. Ishiguro, M. Itoh, Y. Maeda,
H. Matsubara, H. Miyasako, Y. Nozawa, T. Saito, S. Sakaguchi, Y. Sasamoto, Y.
Shimizu, T. Takahashi, A. Tamii, S. Terashima, H. Tokieda, N. Tomida, T. Uesaka, M.
Uchida, Y. Yasuda, N. Yokota, H.P. Yoshida, J. Zenihiro, Search for alpha inelastic
condensed state in 2*Mg, J. Phys. Conf. Ser. 436 (2013) 012009, https://doi.org/10.
1088/1742-6596/436/1,/012009.

A.H. Wuosmaa, B.B. Back, 1.G. Bearden, R.R. Betts, M. Freer, J. Gehring, B.G.
Glagola, T. Happ, D.J. Henderson, P. Wilt, Evidence for alpha-particle chain con-
figurations in *Mg, Phys. Rev. Lett. 68 (1992) 1295, https://doi.org/10.1103/
PhysRevLett.68.1295.

A.H. Wuosmaa, M. Freer, B.B. Back, R.R. Betts, J.C. Gehring, B.G. Glagola, T.
Happ, D.J. Henderson, P. Wilt, I.G. Bearden, Angular-distribution measurements for
2¢2c, 12C[O;’])”C(O;’) inelastic scattering, Phys. Rev. C 50 (1994) 2909, https://
doi.org/10.1103/PhysRevC.50.2909.

M. Freer, A.C. Merchant, Developments in the study of nuclear clustering in light
even-even nuclei, J. Phys. G, Nucl. Part. Phys. 23 (1997) 261-323, https://doi.org/
10.1088/0954-3899/23/3/002.

J. Vadas, T.K. Steinbach, J. Schmidt, V. Singh, C. Haycraft, S. Hudan, R.T. Desouza,
L.T. Baby, S.A. Kuvin, I. Wiedenhéver, Evidence for survival of the « cluster struc-
ture in light nuclei through the fusion process, Phys. Rev. C 92 (2015) 064610,
https://doi.org/10.1103/PhysRevC.92.064610.

J. Bishop, T. Kokalova, M. Freer, L. Acosta, M. Assié, S. Bailey, G. Cardella, N.
Curtis, E. De Filippo, D. Dell’Aquila, S. De Luca, L. Francalanza, B. Gnoffo, G. Lan-
zalone, I. Lombardo, N.S. Martorana, S. Norella, A. Pagano, E.V. Pagano, M. Papa,
S. Pirrone, G. Politi, F. Rizzo, P. Russotto, L. Quattrocchi, R. Smith, I. Stefan, A.
Trifird, M. Trimarchi, G. Verde, M. Vigilante, C. Wheldon, Experimental investiga-
tion of a condensation in light nuclei, Phys. Rev. C 100 (2019) 034320, https://
doi.org/10.1103/PhysRevC.100.034320.

J.J. Kolata, R.E. Malmin, P.A. DeYoung, S. Davis, R. Luhn, Inclusive a-particle
production in the '>C + '2C reaction, Phys. Rev. C 21 (1980) 776-778, https://
doi.org/10.1103/PhysRevC.21.776.

W.D. Rae, A.C. Merchant, B. Buck, The shape eigenstate: a new kind of resonance,
Phys. Rev. Lett. 69 (1992) 3709-3712, https://doi.org/10.1103/PhysRevLett.69.
3709.

S.P.G. Chappell, W.D.M. Rae, Angular correlations for a-particle decay in the re-
action '2C['2C,"2C(3]) — *Be(0}) + a]'2C" at E,,, =32.5 MeV, Phys. Rev. C 53
(1996) 2879, https://doi.org/10.1103/PhysRevC.53.2879.

R.A.L. Marechal, N.M. Clarke, M. Freer, B.R. Fulton, S.J. Hall, S.J. Hoad, G.R. Kelly,
R.P. Ward, C.D. Jones, P. Lee, D.L. Watson, Investigation of the '’C+"2C E_, =32.5
MeV resonance, Phys. Rev. C 55 (1997) 1881, https://doi.org/10.1103/PhysRevC.
55.1881.

S.P. Chappell, W.D. Rae, C.A. Bremner, G.K. Dillon, D.L. Watson, B. Greenhalgh, R.L.
Cowin, M. Freer, S.M. Singer, High spin resonances in '?C + '2C scattering, Phys.
Lett. B 444 (1998) 260-266, https://doi.org/10.1016/S0370-2693(98)01415-4.
X.Y. Wang, N.T. Zhang, Z.C. Zhang, C.G. Lu, T.L. Pu, J.L. Zhang, L.M. Duan, B.S.
Gao, K.A. Li, Y.T. Li, Y. Qian, L.H. Ru, B. Wang, X.D. Xu, H.Y. Zhao, W.P. Lin,
Z.W. Cai, B.F. Ji, Q.T. Li, J.Y. Xu, X.D. Tang, Studies of the 2« and 3a channels
of the '2C + '2C reaction in the range of E,,, =8.9 MeV to 21 MeV using the
active target Time Projection Chamber, Chin. Phys. C 46 (2022) 104001, https://
doi.org/10.1088/1674-1137/ac7ald.

N. Le Neindre, R. Bougault, E. Legouée, O. Lopez, M. Parlog, E. Vient, G. Baiocco, S.
Barlini, G. Pasquali, L. Bardelli, M. Bini, S. Carboni, G. Poggi, A.A. Stefanini, E. Bon-
net, A. Chbihi, J.D. Frankland, D. Gruyer, P. Marini, B. Borderie, P. Edelbruck, M.F.
Rivet, F. Salomon, G. Casini, A. Olmi, S. Piantelli, M. Parlog, M. Petcu, R. Borcea, 1.
Cruceru, F. Negoita, H. Petrascu, R. Alba, C. Maiolino, D. Santonocito, G. Baiocco,
M. Bruno, L. Morelli, M. Cinausero, M. Degerlier, F. Gramegna, V. Kravchuk, T.
Marchi, J.A. Duedas, K. Gasior, A. Grzeszczuk, M. Kamuda, T. Kozik, T. Twardg, I.
Lombardo, E. Rosato, G. Spadaccini, M. Vigilante, Comparison of charged particle
identification using pulse shape discrimination and A E-E methods between front
and rear side injection in silicon detectors, Nucl. Instrum. Methods Phys. Res., Sect.
A 701 (2013) 145-152, https://doi.org/10.1016/j.nima.2012.11.005.


http://refhub.elsevier.com/S0370-2693(23)00718-9/bib0EED8A303A4B554AB020BEF7062A7E30s1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bib0EED8A303A4B554AB020BEF7062A7E30s1
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1140/epja/i2005-10168-1
https://doi.org/10.1140/epja/i2005-10168-1
https://doi.org/10.1103/PhysRevC.84.054308
https://doi.org/10.1103/PhysRevLett.110.152502
https://doi.org/10.1103/PhysRevLett.110.152502
https://doi.org/10.1103/PhysRevC.83.034314
https://doi.org/10.1103/PhysRevC.83.034314
https://doi.org/10.1103/PhysRevC.92.021302
https://doi.org/10.1103/PhysRevC.69.024309
http://refhub.elsevier.com/S0370-2693(23)00718-9/bib3AE794ECE7DACEE98FF7AAC4691B71BAs1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bib3AE794ECE7DACEE98FF7AAC4691B71BAs1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bib3AE794ECE7DACEE98FF7AAC4691B71BAs1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bibE2CA5AD23B60637EA8A32D9AA6CA4CD7s1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bibE2CA5AD23B60637EA8A32D9AA6CA4CD7s1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bibE2CA5AD23B60637EA8A32D9AA6CA4CD7s1
http://refhub.elsevier.com/S0370-2693(23)00718-9/bibE2CA5AD23B60637EA8A32D9AA6CA4CD7s1
https://doi.org/10.1103/PhysRevC.103.024301
https://doi.org/10.1103/PhysRevC.102.014305
https://doi.org/10.1103/PhysRevC.102.014305
https://doi.org/10.1143/PTP.108.297
https://doi.org/10.1016/0375-9474(81)90182-2
https://doi.org/10.1143/ptp.62.1621
https://doi.org/10.1103/PhysRevLett.101.082502
https://doi.org/10.1103/PhysRevLett.101.082502
https://doi.org/10.1103/PhysRevC.85.034315
https://doi.org/10.1103/PhysRevC.85.034315
https://doi.org/10.1103/PhysRevC.97.021304
https://doi.org/10.1016/0375-9474(93)90073-7
https://doi.org/10.1103/PhysRevC.98.044601
https://doi.org/10.1103/PhysRevC.98.044601
https://doi.org/10.1016/j.physletb.2021.136411
https://doi.org/10.1016/j.physletb.2021.136411
https://doi.org/10.1103/PhysRevC.91.034317
https://doi.org/10.1088/1742-6596/436/1/012009
https://doi.org/10.1088/1742-6596/436/1/012009
https://doi.org/10.1103/PhysRevLett.68.1295
https://doi.org/10.1103/PhysRevLett.68.1295
https://doi.org/10.1103/PhysRevC.50.2909
https://doi.org/10.1103/PhysRevC.50.2909
https://doi.org/10.1088/0954-3899/23/3/002
https://doi.org/10.1088/0954-3899/23/3/002
https://doi.org/10.1103/PhysRevC.92.064610
https://doi.org/10.1103/PhysRevC.100.034320
https://doi.org/10.1103/PhysRevC.100.034320
https://doi.org/10.1103/PhysRevC.21.776
https://doi.org/10.1103/PhysRevC.21.776
https://doi.org/10.1103/PhysRevLett.69.3709
https://doi.org/10.1103/PhysRevLett.69.3709
https://doi.org/10.1103/PhysRevC.53.2879
https://doi.org/10.1103/PhysRevC.55.1881
https://doi.org/10.1103/PhysRevC.55.1881
https://doi.org/10.1016/S0370-2693(98)01415-4
https://doi.org/10.1088/1674-1137/ac7a1d
https://doi.org/10.1088/1674-1137/ac7a1d
https://doi.org/10.1016/j.nima.2012.11.005

	Search for the 6α condensed state in 24Mg using the 12C+12C scattering
	Declaration of competing interest
	Data availability
	References


