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Observation of the Exotic 05 Cluster State in *He

Z.H. Yang®,"*"" Y.L. Ye®,""* B. Zhou®,>** H. Baba,” R.J. Chen,’ Y.C. Ge,' B.S. Hu®,' H. Hua,'! D. X. Jiang,'
M. Kimura,>>’ C. Li,” K. A. Li,” I.G. Li®,' Q. T. Li®," X. Q. Li,! Z.H. Li,' J.L. Lou®,' M. Nishimura,” H. Otsu,’
D.Y. Pang,8 W. L. Pu,1 R. Qiao,1 S. Sakaguchi,z’9 H. Salkurali,2 Y. Satou,lo Y. Togano,2 K. Tshoo,lo H. Wang,z’11 S. Wang,2
K. Wei,' J. Xiao,' ER. Xu®,' X.F. Yang®,' K. Yoneda,” H. B. You,' and T. Zheng'

'School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
*RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
3Key Laboratory of Nuclear Physics and lon-beam Application (MOE), Institute of Modern Physics, Fudan University,
Shanghai 200433, China
4Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China
5Depa}’tment of Physics, Hokkaido University, 060-0810 Sapporo, Japan
®Institute of Modern Physics, Chinese Academy of Science, Lanzhou 730000, China
"Nuclear Reaction Data Centre, Hokkaido University, 060-0810 Sapporo, Japan
8School of Physics and Beijing Key Laboratory of Advanced Nuclear Materials and Physics, Beihang University,

Beijing 100191, China
9Department of Physics, Kyushu University, 819-0395 Fukuoka, Japan
YRare Isotope Science Project, Institute for Basic Science, Daejeon 34000, Republic of Korea
11Department of Physics, Tokyo Institute of Technology, 2-12-1 Oh-Okayama, Meguro, Tokyo 152-8551, Japan

® (Received 17 April 2023; revised 5 September 2023; accepted 1 November 2023; published 13 December 2023)

We report here the first observation of the 05 state of 8He, which has been predicted to feature the
condensatelike a + 1 + 2n cluster structure. We show that this state is characterized by a spin parity of 07, a
large isoscalar monopole transition strength, and the emission of a strongly correlated neutron pair, in line with
theoretical predictions. Our finding is further supported by the state-of-the-art microscopic a + 4n model
calculations. The present results may lead to new insights into clustering in neutron-rich nuclear systems and

the pair correlation and condensation in quantum many-body systems under strong interactions.
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Introduction.—The quantum condensate is a novel state
of matter predicted by Bose and Einstein, and initially
observed in 1995 by Cornell, Wieman, and Ketterle in a gas
of ultracold bosonic atoms [1,2]. Despite the Pauli exclu-
sion principle, the condensation in a system of fermionic
atoms can also be realized by forming either bound
diatomic molecules or correlated atom pairs [3—5]. The
nuclear analog, a condensation of strongly correlated spin-
singlet neutron pairs in nuclear matter or in finite nuclei,
has been theoretically predicted [6—10] and suggested to be
essential for the cooling process of neutron stars and
glitches of pulsars [11,12], but its experimental observation
has remained elusive. In the context of condensation in
nuclear systems, evidence has been accumulated in recent
years for the Bose-Einstein condensation of a particles
[13-16]. The most well-known example is the Hoyle
state of '2C with a 3a-condensatelike cluster structure,
which is the key for the nucleosynthesis of carbon in stars
and thereby crucial for carbon-based life including the
human [14-17].

The occurrence of one single %z [dineutron, a compact
spin-singlet (S = 0) neutron pair in internal orbital s wave]
has been intensively investigated in neutron-rich nuclei

0031-9007/23/131(24)/242501(6)

242501-1

close to the boundary of the nuclear chart (the neutron drip

line) [18-21]. Recently, the %n cluster was also suggested to
be an essential ingredient in the structure of four-neutron
systems [22,23]. When it comes to the Zn-condensate state,
the simplest case would be the core-plus-4n nuclei such as
8He, since 21 should be enhanced at the diffused surface of
such neutron-rich nuclei [18,21,24]. Particularly, recent
theoretical studies using the ab initio—type antisymmetrized
molecular dynamics (AMD) model [9] and the *n cluster
model [10] predicted a condensatelike & + %n + %n cluster
structure in the 05 state of ®He, closely resembling the
3a-condensatelike structure of the Hoyle state [14—17]. The
essential features of this cluster state are the expanded
distribution of n clusters in relative s waves and a large
isoscalar monopole transition strength [10]. However, it has
remained an experimental challenge to populate and
identify such well clustered multineutron systems, which
requires the availability of high-intensity ®He beams at
moderate energies, precise detection of the multiple decay
neutrons, and identification of the condensatelike cluster
state from experimental observables.

In this Letter, we report on the observation of a new
excited state of ®He. By analyzing the differential cross

© 2023 American Physical Society
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sections, we have determined its spin parity to be O
and also extracted its characteristic transition strength.
These findings signal a condensatelike a + “n + 2n cluster
structure in 3He, which is further supported by the state-of-
the-art a + 4n model calculations.

Experiment.—The experiment was carried out at the
RIPS beam line of RIKEN Nishina Center [25], which
provides the high-intensity ®He beam (>10° pps) at an
energy of 82.3 MeV/nucleon. The beam particles were
identified with the TOF-AE method using two plastic
scintillators on the beam line. Their trajectories were
measured by two drift chambers placed upstream of
the target. We have carried out combined measurements
with a (CH, ), target (polyethylene foil, 83 mg/cm?), and a
carbon target (133.9 mg/cm?) to compare reactions with
carbon and hydrogen nuclei, together with an empty target
for the background measurement. The charged fragments
were deflected by a dipole magnet, and their trajectories
and TOF were measured by two drift chambers and a
plastic scintillator array respectively. A neutron detector
array, consisting of 60 plastic scintillator modules arranged
into four separated layers, was installed at 4.5 meter
downstream of the target to measure the beam-velocity
neutrons, with a time resolution (o) of ~400 ps. To remove
the y ray background, an energy threshold of 6 MeVee
(electron equivalent) was imposed. More details of the
experimental setup and detector performance can be found
in our previous papers using the same setup [26-28] and a
schematic can be found in [29].

Resonant states of ®He were populated via inelastic
excitation, and their decay energies (E,), with respect to
the ®He + 2n threshold (S,, = 2.12 MeV), are recon-
structed from momenta of the ®°He fragment and the two
decay neutrons. The criterion to reject misidentified
2n events (so-called “crosstalks”) is optimized using
GEANT4 simulations considering the realistic experimental
setup [27,31-33]. For events with two hits in the same
layer or two closely packed layers, the crosstalk is
identified from the small distance between the two hits
(Ax £200 mm and Ay <200 mm). For events with two
hits in two well separated layers, their kinematical corre-
lation is considered. A rejection ratio of >99% is achieved,
as verified using data of the single-neutron-emission
reaction "Li(p,n)’Be [27], and the residual crosstalk is
estimated to be less than 5% in the observed 2n events (see
Fig. S3 in [29]). The efficiency is ~19% for 1n events and
~4% for 2n events at E, = 1 MeV, and decreases with E,
due to loss of acceptance. In the E, range around the peak
of the 8He(Ozr ) state (4-5 MeV, see below), the resolution
(o) for E, is ~0.25 MeV, and the efficiency (detecting *He
and 2n in coincidence) is ~0.7%.

Background exclusion through angular correlation
analysis.—Population of cluster states like *He(0;) and
the subsequent neutron emission may be accompanied by
some other processes without forming a resonant state
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FIG. 1. (a) Correlated plot between cos(d,,,) and |cos(w,,)|

exhibiting distinct behaviors in the small- and large-| cos(y,,)|
regions. (b) |cos(y,,)| spectrum compared to simulations of
different 2n-emission processes (details in text).

(hereafter referred to as “non-2n-decay” process) [34—37].
To identify and thus reject such non-2n-decay events, we
developed a method based on correlated analysis of the n-n
opening angle 6, and the opening angle v, between the
n-n relative momentum ¢,, and the momentum vector
(laboratory frame) of *He Py;..

As shown in Fig. 1(a), the cos(@,,) — cos(y,,) corre-
lated plot exhibits distinct behaviors in the small- and
large-| cos(y,,,)| regions (marked by the green-solid and
pink-dotted ovals). Apparently, the small-| cos(y,,, )| region
is characterized by enhancement at cos(6,,) ~ 1 (equiv-
alently, 6,, ~0), indicating significant correlations
between the two neutrons. The large-| cos(y,,)| region,
on the other hand, shows basically a flat cos(0,,) distri-
bution, indicating most likely uncorrelated 2n emission.

In Fig. 1(b), the inclusive |cos(y,,)| spectrum is
compared to simulations of different 2n-emission proc-
esses. In principal, for 2n emission from 3He resonant
states, the |cos(y,,)| spectrum should exhibit a uniform
distribution (except the effects of experimental acceptance)
regardless of the specific decay process. This is consistent
with our simulations assuming three different decay proc-
esses: (1) emission of a strongly correlated neutron pair in s
wave that is modeled using the n-n scattering length
[7,19,38] (“2n-cluster emission,” shown as the blue-solid
line); (2) “sequential-2n emission” (gray-dotted line) via
the intermediate "He ground state (g.s) with the energy and
width taken from our previous publication [26], and
(3) “direct three-body decay” (green-dashed line) governed
solely by the three-body phase space in the final state.
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FIG. 2. (a) E, spectra for (CH,), and carbon targets (c.m.

scattering angle 6, ,, < 2°), fitted using a Gaussian peak and a
second-order polynomial background, modified by the accep-
tance. Error bars are statistical only (1 s.d.). Negligible contri-
bution from the target frame was checked with the empty target
data. (b) Angular distribution of the 4.5-MeV state for the (CH,),,
target. Horizontal error bars stand for the bin size and vertical
ones for the combined statistical and systematic uncertainties.
The curves show the least-square fitting with DWBA calculations
convoluted with the resolution (¢ = 0.2°). A spin parity of 0" is

clearly supported due to the much smaller y? (0.9) compared to
17 (11.4) and 27 (13.6).

The sharp increase toward |cos(y,,)|~ 1 can only
be explained by non-2n-decay (red-dash-dotted line)
where one of the two neutrons is strongly affected by
the target without forming resonant states. Indeed, we find
the E, spectrum gated by |cos(y,,)| > 0.65 (Fig. S4 in
Supplemental Material [29]) is mainly structureless con-
tinuum. Therefore, in the analysis below only events within
| cos(y,,)| < 0.65 are used, and the effect of this cut on our
results has been checked by varying the cutoff value.

Identification of the 05 resonant state.—As shown in
Fig. 2(a), we first analyzed the E, spectrum at very forward
angles (the c.m. scattering angle 6., < 2°) for both
(CH,),, and carbon targets, where the monopole transition
from ®He(g.s.) to ®He(0) should be enhanced [39]. A
prominent peak at 4.54(6) MeV is clearly observed for the
(CH,),, target, with a significance level larger than 5. We
have checked that this peak is stable under variations of the
applied | cos(y,,)| cut. We further checked the E, spectra
for different 6, ,, bins; in all cases the prominent peak at
~4.5 MeV is clearly identified (Fig. S2 in [29]), firmly
evidencing the observation of this state. Similarly, for the
carbon target a statistically significant peak is observed at
4.50(20) MeV. The cross sections for (CH,), and carbon
targets in the peak region are approximately the same,
indicating the predominant role of isospin-saturated carbon

nuclei in populating this state. We indeed find this state is
basically absent when subtracting the carbon contribution
from the (CH,),-target spectrum, consistent with experi-
ments using proton target ([40] and references therein).
Similar behavior was also observed for the Hoyle state with
a 3-a-condensate cluster structure—the population cross
section for the proton target is more than ten times smaller
than that for the isospin-saturated “He target [41].

The differential cross section for each angular bin was
then extracted according to the corresponding Gaussian
peak counting (Fig. S2 in [29]). Note that a small portion of
events belonging to this resonant state will also be rejected
by | cos(w,,,)| < 0.65, but this can be corrected by using the
simulated |cos(w,,)| spectrum as mentioned above. In
Fig. 2(b), the data are compared to distorted-wave born
approximation (DWBA) calculations that were carried out
using FRESCO [42] with the optical potential taken from
8He + !%C elastic scattering at a similar energy [43]. For the
isoscalar (IS) monopole transition with the transferred
angular momentum L = 0, the form factor was modeled
with the breathing-mode oscillation [39,44]. The transition
with L = 1 (Harakeh-Dieperink form factor [45]) and L =
2 (Bohr-Mottelson form factor [46]) were also calculated.
This comparison supports a spin-parity assignment of 0,
meanwhile clearly ruling out other possibilities. This is the
first observation of a low-lying 0" excited state in ®He,
thanks to the above described exclusion of the non-2n-
decay background. At energies lower than this 0" reso-
nance, some other states, such as the intensively studied 2™
state and candidate 1" state, should have been populated
but imbedded in the continuum [40,47-49]. There might be
another state at £, ~ 3.5 MeV, but its existence could not
be firmly established due to the limited statistics.

IS monopole transition strength.—The IS monopole
transition strength, denoted by the corresponding transition
matrix element M (ISO), has proven to be a sensitive probe
for cluster formation in excited states of light nuclei
[39,50,51]. An abnormally large M (ISO) for low-lying 0™
excited states (510 MeV), comparable to or higher than the
respective single-particle transition strength (~5 fm?), can-
not be explained within the single-particle picture, and
should instead be the fingerprint of distinctive cluster
structures [39,50,51]. The method to extract M (ISO)
from the differential cross sections has been well established
in our previous work [39,44]. The DWBA calculation
was performed for an IS monopole transition with a
strength corresponding to the energy-weighted sum rule
S(1S0) = (2A%/m)AR2,, defined by the mass number A
and the matter radius R, [39,52]. For ®He, A = 8 and
Rims = 2.52(3) fm [53]. By normalizing the calculated
cross sections to our data as indicated by the red-solid line
in Fig. 2(b), M(IS0) = 111} fm? was deduced. Here, the
uncertainty combines the statistical (1.2 fm?) and system-
atic ()3 fm?) uncertainties. Our result is in excellent
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FIG.3. cos(6,,) spectrum of *He(0; ), compared to simulations
of different decay models (details in text). The gates | cos(y,, )| <
0.65 and 0., < 2° are applied to reduce the background. Error
bars are statistical only (1 s.d.).

agreement with the predicted value of 9.0 fm?, associated
with a condensatelike a + 21 + n cluster structure [10].

We note that ®He(0;) decays predominantly into the
He + 2n channel while the “He + 4n channel is negligible
due to the much smaller phase space. Therefore, the
M(ISO) obtained here from the °He +2n channel is
approximately equal to the overall transition strength.

Emission of strongly correlated two neutrons.—A “n-
condensate state in neutron-rich nuclei contains two or more
Zn clusters all moving in s wave relative to the core [9,10].
Here, we use [, and [/, to denote the orbital angular
momentum between the ¢.m. of the %z and the core and
that between the two neutrons of 21 [38,54,55]. In the
current experiment measuring the decay of ®He(03) into
®He(g.s.) + 2n, given that “He(g.s.) is dominated by the
a + 2n structure with l, =0 [54,56], the determination of
[, = 0 for the emitted neutron pair would thus lead to § =
I, = 0 due to the antisymmetrization and the total angular
momentum conservation [9,10].

In Fig. 3, the cos(6,,) spectrum of ®He(05 ) is compared
to simulations. Obviously, sequential-2n emission (gray-
solid line) and direct three-body decay (blue-dotted line)—
without n-n correlations—give a rather flat distribution. In
contrast, 2n-cluster emission (red-dashed line) reproduces
well the characteristic increase at cos(d,,) ~ 1.0. This
analysis indicates the strong correlation between the two
decay neutrons that is consistent with emission of a neutron
pair having /, = 0 from a resonant state well above the
neutron-emission threshold (see also Fig. 2 of [38]). We
note that several decay models incorporating the full three-
body final state interactions are under development
[38,47,55,57] and the 2n correlation data of ®He(05) could
help to test their calculations.

Theoretical calculations and discussions.—In addition to
the above noted cluster model [10] and AMD [9] calcu-
lations, a low-lying ®He(05 ) state was also predicted by the
ab initio quantum Monte Carlo calculation [58], with an
excitation energy (~7 MeV) close to our data 6.66(6) MeV.
To unravel the condensatelike a + 21 + 2n cluster structure,

b, [fm]

(b) 15

£
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= A e
8 Cluster model Microscopic a + 4n
s (considering 2n)

5k

a+4n COSM
AMD (deficient in 2n)
*
0
FIG. 4. (a) Overlap of the ®He(0]) wave function with the

n-condensate THSR wave functions ®(B, b,,) specified by B and
b, (illustration in the inset). The cutoff in the upper left corner
originates from the forbidden states of ®(B, b, ). (b) M(ISO) of
8He(05)). Our data are presented as the blue-solid line with a
shaded band showing the combined statistical and systematic
uncertainty, and compared to calculations of COSM [62],
AMD [9], the %n cluster model [10], and our microscopic
a + 4n model.

we first performed microscopic calculations by employ-
ing the Tohsaki-Horiuchi-Schuck-Répke (THSR) wave
function, which has been proven to be an essential tool
to describe the a-condensate cluster states such as the
well-known Hoyle state [13-15,59,60]. Here, we consider
a specific @+ %1+ %n cluster structure of condensation
character—one a cluster of size b, and two identical %n
clusters of size b, moving in the lowest s-wave orbit in a
“container” of size B [61] [inset of Fig. 4(a)]. The intrinsic
THSR wave function is expressed as

O(B.b,) o A{exp {_45% _ 355}
< Dub OB B | ()

with & and &, being the intercluster Jacobi coordinates
defined in terms of the c.m. coordinates (X,, X,;, X,2)
of a and two %n clusters: & =X, —X,;, & =X,p —
(4X, +2X,,)/6. ¢, and ¢», are their intrinsic wave func-
tions. Using the same nuclear interaction as [10], a low-lying
05 state was indeed found at 4.5 MeV above the a + 4n
threshold, close to the experimental value of 3.52 (6) MeV.
The THSR calculation thus supports the n-condensate
cluster structure as the essential ingredient of this newly
observed ®He(05 ) state.
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To gain further insight into the 2n-condensate cluster
structure, we then resort to microscopic @ + 4n model
calculations without assuming preformation of %z clusters.
The previous five-body a 4 4n calculation with the cluster
orbital shell model (COSM) was deficient in the neutron
correlation and predicted a predominant single-particle
structure for ®He(0;) [62]. In our microscopic a + 4n
model, we have fully accounted for the formation and
breakup of %n clusters out of the four valence neutrons,
which allows the condensatelike a + 21 + %1 cluster struc-
ture to naturally arise (more details in [29]). The same
nuclear interactions as [10] (termed as “m55”’) are used, and
0y is found at 4.4 MeV above the a+ 4n threshold,
consistent with [9,10]. Similar to [10], we examine the
Zn-condensate cluster structure by computing the overlap of
8He(05) with the 2n-condensate configurations described
by the above THSR wave function and specified by the size
parameters b, and B. As visualized in Fig. 4(a), compact
dineutron clusters (b, ~2 fm) and their dilute-gas-like
motion characterized by the broad distribution of B are
readily apparent, as expected for a n-condensate cluster
structure [10]. In contrast to the previous five-body a + 4n
calculation [62], the currently calculated large M (ISO) of
9.9 fm? also agrees excellently with our observed value of
11.151"38 fm? [Fig. 4(b)], providing further compelling
evidence for the Zn-condensate cluster structure in
$He (0 ). We have also made calculations using different
nuclear interactions, finding that the variation of the
predicted M(IS0) is within 1 fm?.

Summary.—For the first time we have observed the 05
state of $He, which was predicted to exhibit a condensate-
like a + ?n + °n structure. This state is characterized by a
large isoscalar monopole transition strength and the emis-
sion of a strongly correlated neutron pair, in line with
theoretical predictions. State-of-the-art @ + 4n model cal-
culation further supports the correspondence between the
observed properties of this state and the condensatelike
cluster structure. This finding unveils a new distinctive
property of neutron-rich systems which may have signifi-
cant implications for understanding the properties of
neutron stars. We anticipate such measurements being
extended to more neutron-rich nuclei around the neutron
drip line, taking advantages of the operating and upcoming
radioactive ion-beam facilities worldwide.
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