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Nuclear linear-chain structure arises in carbon-14

Jiaxing Han 12 Yanlin Ye® 1™ Jianling Lou 1 Xiaofei Yang 1 Qite Li, Zaihong Yang 1 Yanyun Yang3,
Jiansong Wang® 34, Jinyan Xu!, Yucheng Ge', Hui Hua', Zhihuan Li, Biao Yang!, Yang Liu"2, Shiwei Bai',
Kai Ma', Jiahao Chen® ', Gen Li, Ziyao Hu!, Hanzhou Yu', Zhiwei Tan', Lisheng Yang1, Shujing Wang1,
Longchun Tao!, Wei Liu', Ying Jiang"?, Jingjing Li', Dongxi Wang', Siwei Huang', Ying Chen', Weiliang Pu',
Kang Wei', Junbing Ma3, Herun Yang3, Peng Ma3, Shiwei Xu3, Zhen Bai3, Shuya Jin3, Fangfang Duan3,

Yushou Song®, Liyuan Hu®, Yao Li°, Junwei Li°, Suyalatu Zhang®, Meirong Huang®, Dexin Wang® & Ziming Li® ’

The shape and internal structure of an atomic nucleus can change significantly with
increasing excitation energy, angular momentum, or isospin asymmetry. As an example of
this structural evolution, linear-chain configurations in carbon or heavier isotopes have been
predicted for decades. Recent studies have found non-stability of this structure in 12C while
evidenced its appearance in 16C. It is then necessary to investigate the linear-chain molecular
structures in 14C to clarify the exact location on the nuclear chart where this structure begins
to emerge, and thus to benchmark theoretical models. Here we show a cluster-decay
experiment for C with all final particles coincidentally detected, allowing a high Q-value
resolution, and thus a clear decay-path selection. Unambiguous spin-parity analyses are
conducted, strongly evidencing the emergence of the z-bond linear-chain molecular rota-
tional band in 14C. The present results encourage further studies on even longer chain
configurations in heavier neutron-rich nuclei.
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quasi-sphere composed of nucleons (neutrons and pro-

tons) moving almost independently inside a self-consistent
mean field!:2. However, the shape and internal structure config-
uration of a nucleus can be dramatically changed with increasing
excitation energy, angular momentum or isospin asymmetry (i.e.,
neutron-to-proton ratio)3. Along this trend of structural evolu-
tion, one prominent scenario is the formation of the intriguing
cluster or molecular configurations within the nucleus, as a result
of the competition between the central global interaction and the
local few-nucleon correlations3~7. One noticeable example for
nuclear clustering is the 3-a condensation-type structure of the
05 state in 12C (the well-known Hoyle state)®, which plays a
crucial role in the synthesis of heavier elements in stars and
thereby the creation of the carbon-based life on earth. As a matter
of fact, clustering phenomena appear at every level of the matter
universe, from the largest galaxy systems® to the smallest
hadronic systems®.

Over the years, a number of physics concepts have been revealed
for describing the cluster formation in nuclei, including the threshold
effect?, strong nucleon correlations in a low-density environment
together with the possible appearance of the Bose-Einstein con-
densation (BEC) states®10-12, wave-pocket description of nuclear
structures with configuration mixing!3-1°, as well as the orthogon-
ality of quantum states driven by the valence neutron
occupancy!3-16. The local nucleon correlations and the cluster
interactions should also serve as testing grounds for ab initio-type
nuclear forces rooted in Quantum Chromodynamics (QCD)17.

Despite the tremendous theoretical progress for both stable and
unstable nuclei, firm experimental evidences of cluster (or
molecular) structures in light nuclei are still very limited, due
basically to the difficulties in identifying the cluster states from
the overwhelmingly large number of single-particle states. Ori-
ginally, inclusive missing-mass measurements were performed,
which allow to speculate on the possible molecular rotational
bands by excluding the states already classified into the single-
particle scheme3. Over the past two decades, the application of
the coincident measurements of the decay fragments has allowed
to selectively access the resonant states with strong cluster
structure, to reconstruct their resonant energies, and to probe
their spin-parities via the model-independent angular correlation
analysis!®19, These latter two quantities, excitation energy versus
spin, are necessary to identify the cluster (or molecular) rotational
bands characterized by their typically large moment of inertia.
For reactions involving unstable secondary beams in inverse
kinematics, the position-sensitive detection at very forward
angles, using such as our state-of-the-art zero-degree
telescope!®21, is essential to record the decay fragments with
high efficiency. This kind of measurements has assured the dis-
covery of a few molecular rotational bands having 2-a-core
configurations in neutron-rich beryllium isotopes (Fig. 1a)!%17.

More abundant cluster configurations can be expected for
carbon isotopes featured by 3-«a cores, which might be linearly
aligned corresponding to the largest moment of inertia313-16:22,
This linear-chain structure was initially proposed for the 05 state
of 12C (the Hoyle state)?3. But recent studies have found the non-
stability of the chain structure in 12C!314 while evidenced its
appearance in neutron-rich 16C2021, Tt is then crucial to search
for the linear-chain molecular bands in 1#C in order to clarify the
exact location on the nuclear chart where this exotic chain
structure may begin to emerge (see the illustration in Fig. 1a) and
thus to benchmark the theoretical models.

Compared to the previous works on the beryllium isotopes with
the 2-a cores, experimental investigations of the 3-a-core carbon
systems are obviously more challenging. Here, the decay frag-
ments, such as 10:12Be, may have bound excited states. Hence, the

The atomic nucleus is generally regarded as a compact

conversion from the measured relative-energy spectrum to the
physically meaningful excitation-energy spectrum necessarily
depends on the specific states of the decaying fragments, corre-
sponding to different reaction Q-values?%2124, Indeed, a series of
the breakup reaction (excitation followed by cluster-decay)
experiments, dedicated to the simultaneous reconstruction of the
relative energy and the reaction Q-value, have been undertaken to
search for the linear-chain structures in 14C?4-31. These mea-
surements generated consistent resonant energies but little infor-
mation on the spin-parities due basically to the limited resolutions
or statistics?>32. In recent years, a few resonant scattering
experiments were also conducted for 14C using the thick-target
(*He gas) technique33-3>. However, they are generally not able to
measure the reaction Q-values, and consequently, the reported
resonant state at certain excitation energy (e.g. the one
~15 MeV?3°) might have been mixed with strongly populated states
at higher energies (see further discussion below). Indeed, the spin-
parity assignments from these experiments often contradict each
other and those from the breakup experiments??33-35 Therefore,
the existence of the linear-chain structures in 14C still remains
uncertain.

In order to identify the possible linear-chain molecular band in
14C, we have performed an inelastic-excitation and cluster-decay
experiment. Through the coincident detection of all final particles
with high efficiencies, we achieved a high Q-value resolution,
enabling a clear selection of the decay paths. The resonances
correspond to the first three members of the predicted 7-bond
linear-chain molecular rotational band in 14C were observed and
unambiguous spin-parity analyses were conducted. The present
results provide strong evidence for the emergence of the chain
structure starting from 14C.

Results and discussion

Experimental set-up and detection methods. This experiment
was carried out at the Radioactive Ion Beam Line at the Heavy Ion
Research Facility in Lanzhou (HIRFL-RIBLL1)3%, and the targeted
reaction channel is 'H(**C,'*C*—'°Be + a)p. The 23.0 MeV/u
14C secondary beam was produced from a 60 MeV/u 180 primary
beam, separated by RIBLLI, and tracked onto a (CH,), (16.7 mg/
cm?) reaction target by three parallel plate avalanche chambers
(PPACs). The beam intensity was about 3 x 104 particle per second
(pps) with a purity of ~99.9%. The proton target was chosen
considering the efficiency and precision of the threefold coincident
measurement. The details of the experimental conditions and
detector setups are given in the “Experimental set-up and detection
performances” subsection in the “Methods”. In addition to the
aforementioned zero-degree detection system, the main advance-
ment of the present measurement is to detect coincidentally all
three final particles, *He+19Be+'H, by using a series of high-
resolution silicon-strip detectors as depicted in Fig. 22921, This
allows to deduce the beam-particle energy event-by-event, and thus
to avoid the large energy spread of the projectile-fragmentation-
type (PF-type) secondary beam which was responsible for the low
resolution of the previous Q-value spectrum3. Another crucial
improvement comes from the refined data analysis methods based
on the properties of the multi-layer silicon-strip detectors, which
leads to a significant increase in event statistics for the recon-
structed resonant states?21, These key techniques are described
below.

Q-value spectrum. The decay 14C — 19Be + « may end up at the
ground or bound excited states of 19Be, corresponding to dif-
ferent cluster separation thresholds Ey,, or reaction Q-values.
Since the measured relative energy E, between the decay
fragments 19Be and « is related to the excitation energy E, of
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Fig. 1 Cluster-related structures in light even-even nuclei. a Illustration of nuclear chart (Z-proton number; N-neutron number) for cluster-related
structures in light even-even nuclei, such as the 2-a-core beryllium systems and the 3-a-core carbon systems. The valence neutron configurations (z2, 2,
and 7262) for the triangle and chain-like structures in carbon isotopes are depicted according to the antisymmetrized molecular dynamics (AMD)
calculations'1>. b Excitation energy-spin (E,-J) systematics for the linear-chain molecular bands in 4C, with the units of energy and spin represented by
MeV and reduced Planck’s constant h, respectively. The error bars are not displayed as they are smaller in size compared to the data points (see the
uncertainties for the excitation energies in Table 1 and the relevant explanations in the Excitation energy spectra subsection).

[] W1: 5050 mm2 16+16 strips
[l BB7: 64x64 mm?2 32+32 strips
Il SSD: 64x64 mm2 1500 um
[[] CsI(TI) unit: 41x41x40 mm?3
& ADSSD: 16 rings + 8 pies
/\ Csl(Tl) unit: wedge-shaped

PPAC1

14C

Fig. 2 Schematic view of the detection system. The beam particles 14C
(red line) are tracked by three parallel plate avalanche chambers (PPACs).
x stands for up or down for the telescopes T+,(T>,), and equals to 1, 2 or 3
for the annular telescopes Tay. The telescopes are composed of double-
sided silicon strip detectors (DSSDs) of W1 or BB7 type, annular double-
sided silicon strip detectors (ADSSDs), large-size silicon detectors (SSDs),
and CsI(TI) scintillators. The final particles of interest are illustrated by the
red arrows.

14C through E,=E,+ Ey,, it is an essential prerequisite to
know Ey,, (or Q-value) before converting the experimentally
reconstructed E, into the physically meaningful FE,2021,
Experimentally, the Q-value can be deduced from the energies
of the final and initial particles:

Q= EBe + Ea + Ep - Ebeam’ (1)
Previously, the energy of the recoil particle (proton here) was
determined via the momentum conservation between the beam
and the final particles, resulting in low Q-value resolution due
to the large energy spread of the PF-type secondary beam30.
This problem has been overcome to a large extent in our recent
work by further detecting the recoil particle and deducing
event-by-event the energy of the beam particle via the
momentum conservation?)-21, This method is also employed in
the present work and the achieved high-resolution of the Q-
value spectrum is shown in Fig. 3a. As expected, two peaks at
about —12.0 and —15.4 MeV can be clearly discriminated,
corresponding to 19Be in its ground state (g.s.) and first excited
state (2], 3.37 MeV), respectively. In addition, the statistics of
the coincidentally measured resonance-decay events have lar-
gely been improved by taking advantages of the multi-layer
double-sided silicon-strip detectors (DSSDs)2%21. Previously,
decay events with coincident signals on two adjacent strips were
simply discarded to avoid mistaken events resulted from inter-
strip hitting signals!®30. Recently, we have made extensive
efforts to restore these close-by two-fragment events, by
matching the energies from both sides of a single DSSD,
tracking the hitting positions on neighboring DSSD layers and
checking the location of the related energy pairs on the particle
identification (AE — E) spectra?%-21, As a result, the number of
accepted events for reconstructed resonance peaks, especially
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Fig. 3 Reaction Q-value and 14C excitation energy spectra. a Q-value
spectrum for the "H(**C,*C*—1°Be + a)p breakup reaction. b-d Excitation
energy spectra of 4C gated on the hatched areas in (a) for decaying into
10Be(g.s.) (denoted as ggg) and 10Be(2;") with the decay threshold Ey,, of
12.01 and 15.38 MeV, respectively. The insert (c) is an enlarged display of
the near-threshold region of (b). Vertical error bars represent the
corresponding statistical uncertainties (1 standard deviation). Each
spectrum is fitted by the sum (thick red-solid line) of several resonance
peaks (thin blue-solid lines). The black-dashed lines are the simulated
detection efficiencies. The vertical dash-dotted lines are plotted to guide
the eye for states decaying into both 10Be(g.s.) and 10Be(2;").

those near the cluster-decay thresholds, has been significantly
increased (see the “Experimental set-up and detection perfor-
mances” subsection in the “Methods”).

Excitation energy spectra. By gating on the Q-value peaks
[Fig. 3a], the excitation energies of 14C can be derived from the
two decay fragments according to the standard invariant mass
method!®-21, as shown in Fig. 3b-d. Monte-Carlo simulations
were conducted to evaluate the detection efficiencies and reso-
lutions, considering the energy and angular spread of the beam,
the reaction position and energy loss uncertainties in the target,
and the geometry and performances of the detectors. The appli-
cation of the zero-degree telescope has enabled a high detection
efficiency at excitation energies even very close to the decay
threshold (dashed-lines in Fig. 3b, d). The resolution increases as
/E; — Ey, and reaches ~400keV (FWHM) at E, =14.9 MeV.
The possible contaminant channel possessing the same final mass
combination and thus the same Q-value is the triton transfer
reaction 'H(**C,"'B*—!°Be + p)*He. However, based on the
Dalitz-plot analysis®”-38, this background channel was found to be
negligible in comparison to the targeted inelastic excitation
channel (see the “Contaminant channel analysis” subsection in
the “Methods”).

The excitation energy spectra presented in Fig. 3b, d were
simultaneously fitted by using several resonance peaks of the
Breit-Wigner form with an energy dependent width parameter3?
(see the “Approximate Breit-Wigner formula” subsection in
the “Methods”), modified by the detection efficiencies and then
convoluted with the energy-resolution functions (Gaussian

Table 1 Resonant states in 14C.

This work Exp.24-31 AMD4/15

E, (MeV) s Lior (keV) E, (MeV) E, (MeV) »
12.9(1)2 30(10) 13.0, 1312

13.4(1)2 30(10)

13.9(1)2 0+ 150(30) 14.12 14.64 (o)
14.4(1)2 30(20) 14.32

14.9(1)2 2+ 100(20) 14.7-14.92 15.73 2F
15.6(1)2 3~ 180(40) 15.5, 15.63¢

16.4(1)2 140(30) 16.4, 16.52b

16.7(1)b 60(30)

17.3(1)2b 4+ 120(30) 17.32b 17.98 4
17.9(1)2b 40(20) 17.8, 17.92b

18.5(1)ab 80(40) 18.4-18.820

Excitation energies (E,), spin-parities (J*) and total decay widths (I'y,t) of the observed
resonances in 1C, compared to those from the previous experiments24-3' and antisymmetrized
molecular dynamics (AMD) calculations'#'5. The uncertainties in the parentheses are explained
in the “Excitation energy spectra” subsection.

aDecaying into 1°Be(gs.).

bDecaying into 10Be(2;).

CAssigned a spin-parity of 3728,

form)2%-21. The peak positions and widths were initialized based
on the experimental spectrum shape, the previously evidenced
resonances and the consistency between the two decay paths. The
presently extracted information on the resonances in !4C is listed
in Table 1, together with previously reported ones obtained from
breakup reactions**-3! and the latest antisymmetrized molecular
dynamics (AMD) calculations!41>. The total uncertainties
presented in the parentheses include both systematic and
statistical uncertainties, and are dominated by the systematic
ones (statistical ones) for the resonance energies (resonance
widths). The systematic uncertainties were estimated based on the
Monte Carlo simulation considering the realistic detection
performances24, while the statistical uncertainties were obtained
from the fitting procedure. The statistically significant states at
about 14.9, 15.6, and 16.4 MeV have been repeatedly observed in
the present and previous breakup experiments2°-30, with the peak
positions being consistent with each other within an uncertainty
of 100 keV. In the lower energy region, several peaks appear with
considerable statistics [Fig. 3c], owing to the background-free
threefold coincident measurement and high detection efficiencies
of the zero-degree telescope for decay fragments. The actually
well-resolved small peak at about 12.9 MeV was marginally seen
in two previous cluster-decay experiments2®30, but a statistically
meaningful analysis is still impossible due to a relatively low
significance level (SL) of about 1.7¢ (see the “Significance level
analysis” subsection in the “Methods”). A peak at 13.4 MeV is
evidenced with SL =~ 3.50, which needs some further studies. The
resonance at about 13.9 MeV was evidenced in two previous
cluster-decay measurements®%30, but now is observed with much
higher statistics (SL>8.00), enabling the subsequent angular
correlation analysis. Just below the strong peak at 14.9 MeV, a
component at about 14.4 MeV may exist (SL ~ 3.80), which was
already noticed in previous study?3. At higher excitation energies,
resonances at about 17.3, 17.9, and 18.5 MeV can be identified in
both Fig. 3b, d, being also consistent with results of the previous
breakup experiments2>-26,28-30,

Spin-parity analyses. In previous breakup experiments, the spin-
parities of the observed 14C resonances were not well determined,
except the one at 15.6 MeV for which 3~ was firmly assigned?s.
Presently achieved resolution and statistics allow to extract the
spin-parities for up to four resonances in 14C, using the mature
angular correlation method!819:28:40-43 The two polar angles
involved here are 6", the center-of-mass scattering angle of the
excited mother nucleus (14C here) with respect to the beam axis,
and vy, the angle between the relative velocity vector of the two
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decay fragments and the beam axis. The associated azimuthal
angles are denoted as ¢* and y, respectively. For spinless decay
fragments, the angular correlation spectrum from a spin-J mother
nucleus can be described by the square of a Legendre polynomial
of order J, ie., |P;(cos ¥)|?424 (see the “Angular correlation
method and applications” subsection in the “Methods”). The
projection ¢’ =y — 6% /a with a=J/(}, — J), with k (~5h here)
being the dominant orbital angular momentum corresponding to
the grazing trajectory in a peripheral reaction. The validity of this
simple description requires the decay fragments 19Be and 4He to
be in their 0" ground states [Fig. 3b, c] and emitting approxi-
mately in the reaction plane (in-plane correlation)4%-43, The latter
is assured by requiring |y|<15° or |y — 180°|<15°. Other ranges of
x angle were also checked for consistency of the correlation
pattern. For each bin of cosy/, the excitation energy spectrum
similar to Fig. 3b was built, and the similar fitting procedure was
conducted to extract the yield for each resonance. Owing to the
symmetry behavior of the experimental cosy’ spectrum with
respect to the conversion about ¥ = 90°41, and also the property
of |P;(cos y/)|* function, the angular correlation analysis has been
performed against |cosy’| in order to have better statistical
presentations#243, The detection uncertainty (FWHM) in | cos ¢/|
is less than 0.04 over the full range, mainly attributed to the
angular resolution of the detectors and the uncertainty of the
interaction position in the target. The behaviors of the obtained
angular correlation spectra for the 15.6, 13.9, 14.9, and 17.3 MeV
resonances [Fig. 4a—d] agree very well with the |Ps|2, |Py|2, | P,)?
and |P,|? functions, respectively. In contrast, other spin options
would introduce out-of-phase descriptions with much larger
¥ -values (see the “Angular correlation method and applications”
subsection in the “Methods”). In the fitting of each spectrum, a
constant background was added, which potentially resulted from
the finite y-angular range and the minor spin-flip effect induced
by the none-zero spin of the proton target*1:42,

We note that the currently extracted 3~ spin-parity for the
15.6 MeV state [Fig. 4a] confirms the previous assignment that was
also based on a clear angular correlation analysis?®. This would
validate our analyses for other three states at 13.9 MeV (01), 14.9
MeV (21), and 17.3 MeV (4T) (Table 1). The resonance at
~16.4 MeV cannot be reasonably well described by a single |P,|?
function using the angular correlation method, possibly attributed to
the mixing of different states in this peak (see the “Angular
correlation method and applications” subsection in the “Methods”).
It would be worth noting that the 15.07 MeV resonance reported in
previous study3> might have been strongly contaminated by states
around 18.5 MeV as depicted in Fig. 3d, since the Q-value spectrum
was unavailable there. As a consequence, the related spin assignment
seems ambiguous.

The differential cross section of inelastic scattering or transfer
reactions may provide complementary information on the spin-
parities of the excited states, although its sensitivity is often lower than
that of the angular correlation method, especially in the case of high
excitation!>#, Based on the three-fold coincident events and using the
momenta of the beam and the reconstructed 14C”, we have obtained
the differential cross section data as presented in Fig. 4e—h for the 15.6,
13.9, 14.9, and 17.3 MeV states. Here the resolution on 6" is estimated
to be ~2.2° (FWHM), mainly contributed from the uncertainties in
determining the angles of the final particles and the reaction position
in the target. Distorted-Wave Born Approximation (DWBA)
calculations were performed using the code FRESCO%, with the
input optical potential parameters taken from the previous report®.
The comparisons between the experimental data and the DWBA
calculations favor the 37, 0F, 2%, and 47 assignments for the 15.6,
13.9, 14.9, and 17.3 MeV states, respectively. This further supports the
spin assignments from the angular correlation analyses.
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Fig. 4 Angular correlation and differential cross section spectra. a-d:
Experimental angular correlation spectra (black squares) for the 15.6, 13.9,
14.9, and 17.3 MeV states, each compared with the sum (red-solid line) of a
Legendre polynomial |P,(cos u/)l2 of order /=3, 0O, 2, or 4 (blue-dotted
line), respectively, and a constant background (gray-dashed line). e-h show
the corresponding differential cross sections (black squares), fitted with
distorted-Wave Born Approximation (DWBA) calculations under different
spin-parity assumptions (lines). All curves have been corrected by
simulated efficiencies and resolutions. The error bars show the statistical
uncertainties (one standard deviation). The corresponding reduced f are
also indicated.

Comparison to the AMD calculations. The latest AMD
approach!®15 has predicted the positive parity linear-chain
structure in 1#C. The calculation has correctly reproduced the
cluster-separation threshold and then proposed the first three
members of the m-bond molecular rotational band at 14.64 MeV
(0F), 15.73 MeV (24) and 17.98 MeV (47), as listed in Table 1.
The currently observed 13.9MeV (01), 14.9MeV (21) and
17.3 MeV (47) states correspond to these members, as shown in
Fig. 1b. The shifts between the data and the predictions, with an
average value of 0.75 MeV, may be attributed to an offset related
to the effective interaction used in the calculation, which has
already introduced a similar shift to the low-lying 2] state of
14C14, As the 17.3 MeV resonance decays strongly to the first
excited state of 19Be, we can further check its structure property
using the selective decay-path method, which has been proposed
and successfully applied in recent works!02021, The presently
extracted ratio of the decay probabilities from the 17.3 MeV state
of 14C into the ground and first excited states of 19Be is 1.1 + 0.1
(statistical error, 1 standard deviation), in reasonable agreement
with the corresponding decay ratio of about 149/118 =1.26
(channel radius a=>5.2fm) predicted by the AMD model!415.
Considering the close resemblance in excitation energies and the
corresponding spin-parity assignments, together with the
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selective decay paths, we may allocate the observed 13.9, 14.9 and
173 MeV resonant states as the 0T, 27, and 47 members,
respectively, of the predicted 7-bond positive-parity linear-chain
molecular band of 14C (Fig. 1b). From the experimental data, a
#*/23 value of about 170 keV can be deduced, with J being the
moment of inertia. This large moment of inertia is comparable to
that predicted by the AMD model (h2 /23 = 179keV) for the 7-
bond linear-chain molecular band, corresponding to a quadru-
pole deformation parameter f3 of about 1.01413,

Conclusions

In conclusion, we have presented a breakup experiment to search
for the exotic linear-chain structure in 14C. Owing to the threefold
coincident detection of all final particles “He+19Be+!H with high
efficiencies, a high resolution on the Q-value spectrum was
achieved, providing the basis for the unambiguous spin and decay-
path analyses. The near-threshold resonance at 13.9(1) MeV was
firmly observed, together with the extracted spin-parity of 0*. The
spin-parities of the 14.9(1) and 17.3(1) MeV states are determined
to be 21 and 4 based on the angular correlation and characteristic
decay-paths analyses. These three resonances correspond to the
first three members of the predicted 7-bond linear-chain molecular
rotational band in 14C and strongly evidence the emergence of the
chain structure starting from 14C. The presented methods and
results encourage further studies of the chain configuration in
heavier neutron-rich nuclei and should also be of value for cluster-
structure investigations in other non-nuclear systems.

Methods

Experimental set-up and detection performances. A schematic
layout of the detection system is given in Fig. 2. The Ty, Ty, and T,
telescopes were centered at 0° 30. 8°, and 68. 5° respectively, relative to
the beam direction, and all located at a distance of about 170.0 mm
downstream from the target. T, comprised three 1000-um-thick
double-sided silicon strip detectors (DSSDs) of BB7 type, three large-
size silicon detectors (SSDs), and a 2 x 2 CsI(Tl) scintillator array. It
accepted almost 100% of the two forward moving fragments 1°Be and
o from the decay of near-threshold resonances in 1%C owing to the
inverse kinematics?»2130. T, consisted of two DSSDs (50-um W1 and
300-pm BB7), one SSD and a 2 x 2 CsI(Tl) array. T,, had only one
DSSD (65-um BB?7) followed by one SSD and a CsI(T1) array as for
Tix. Tax was composed of a set of annular double-sided silicon strip
detectors (ADSSDs) backed by the wedge-shaped CsI(T1) scintillators.
The details of T s, can be found in our previous publication®’. T, T,
and T, telescopes were arranged in a compact configuration in order
to cover larger solid angles for the recoil proton detection.

Timing signals were collected from each strip of the silicon
detectors and the beam monitoring scintillators, which were used
to suppress the event-mixing background?0-2143, The overall
energy match for different strips in one DSSD was achieved
according to the self-uniform calibration method*®. And then
particles produced from the nuclear reactions on the detector
layers, but not on the physics target, were largely eliminated by
the tracking analysis combining hit positions on the target and on
several neighboring DSSD layers?021:30:43. The absolute energy
calibration of each silicon-detector was accomplished by
comparing the experimental particle identification curves in Fig. 5
with those calculated using energy-loss tables*®, and further
checked by using a combination of a-particle sources. The
characteristic energy resolutions of the present silicon detectors
are about 1% for the 5.486-MeV « particles emitted from the
241 Am source. The energy calibration for CsI(T1) scintillators was
realized by the procedures described in our previous study*’,
taking into account the non-linearity and particle-dependence of
the light output. Thanks to the high resolutions on the energy and
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Fig. 5 Particle identification spectrum. The spectrum was measured by the
first two layers of the Ty telescope using the AE — E method. Note that °He
and 8Be are missing from the observed bands as expected.
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Fig. 6 Excitation energy spectra from the multi-a events. Excitation
energy spectra of a 8Be from 2-a and b 2C from 3-a coincident detection.
Each spectrum is fitted by the sum (red-solid line) of several resonance
peaks (green-dotted lines) and a smooth background (blue-dashed line).
The vertical red-dashed lines in (a) and (b) stand for the 2-a and 3-a decay
thresholds of 8Be (—91.8 keV) and 12C (7.27 MeV), respectively. Arrows
indicate the position of known states. The error bars are not displayed as
they are smaller in size compared to the data points, which is attributed to
the high statistics within each bin.

position measurements, isotopes from hydrogen to beryllium
were unambiguously identified based on the standard energy loss
versus residual energy (AE — E) technique, as exhibited in Fig. 5.

The detection and calibration were validated by reconstructing
the known 8Be and !2C resonances with the coincidentally
detected two- and three-a particles, respectively2!42, as displayed
in Fig. 6. Using the 2-a events, we see in Fig. 6a the ground peak
of 8Be at about 91.8keV above the a-a decay threshold. The
width (FWHM) of this peak is only 30 keV and mainly attributed
to the detection resolutions, since the intrinsic width of this state
(I'=5.57¢eV) can be neglected. The ghost peak, resulting from
the a decay following the neutron emission of the second excited
state of 9Be (2.43 MeV, 5/27), was also identified at around
0.5 MeV in previous studies?!42, Using the 3-« events, it appears
the strongly populated Hoyle state (7.654 MeV, 05 ,T = 9.3 keV)
of 12C23 with the extracted energy resolution (FWHM) of only
63keV, as demonstrated in Fig. 6b. In addition, the
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reconstructed states of 12C at higher energies are in good
agreement with the ENSDF? data of nuclear levels. The
extracted energy resolution (FWHM) increases as /E, — Ey,,»
with Ey,, being the 3-« decay threshold of 12C). This resolution is
about 156 keV for the most prominent 9.64 MeV (37, =42
keV) state.

Contaminant channel analysis. There exists one possible con-
taminant channel, namely, 'H(**C,!'B*—!°Be 4 p)*He, which
possesses the same mass combination for final particles and thus
the same Q-value as for the targeted inelastic excitation channel.
However, this channel tends to emit the decay proton into the
forward angle and the recoiling 4He into a large angle. This is
just in contrast to the targeted inelastic scattering and decay
process and, therefore, not favored by the experimental setup
and particle selection strategy. To evaluate the possible con-
tamination of this transfer reaction channel, we used the tree-
fold coincident events to build a Dalitz-type plot, namely the
10Be + 4He reconstructed 14C excitation energy versus the 10Be
+ p reconstructed !1B excitation energy, as displayed in Fig. 7(a).
From the figure, clear band structures can be observed for certain
14C-E, values but not at all for !1B-E,. The projection onto the
one-dimensional spectrum for 1B excitation energy (Fig. 7b) is
completely structureless, indicating a low probability of this
background channel in the actually accepted three-fold coin-
cident data.
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Fig. 7 Dalitz-plot for the contamination channel. a Dalitz-type plot for the
reconstructed 14C excitation energy versus the reconstructed 1B excitation
energy; b the projection of (a) onto one-dimensional spectrum for 1B
excitation energy. Vertical error bars represent the corresponding statistical
uncertainties (1 standard deviation).

Approximate Breit-Wigner formula. The full Breit-Wigner
form is given by:

I‘I(Er; R> V)
[Er - ErO - Al(Er;Erm Y)]Z + I‘lz(Er; R, )’)/4’
)

where E, and E,, are the relative energy and the central relative
energy of a resonance reconstructed from the interested decay
channel, respectively. The energy dependence of the resonance
width, T}, is given by Ti(Es;R,y) = 2P(E,; R)y2, where y2 and
P(E;R) are the reduced width and the penetration factor,
respectively. P(E;R) can be calculated from the regular and
irregular Coulomb wave functions, F,(kR) and G,(kR),

kR
F/(kR)* 4+ G(kR)*’

where R is the channel radius and k = /2uE, the wave number.
The energy dependence of the resonance shift, A[(E; E,o, ), is
determined from the shift function Si(E,),

A(E,; By, y) = —[SIE,) — Bly*, (4)

where the boundary condition B is chosen such that A(E, =
E,o) =0. This complete (but complicated) Breit-Wigner formula
is commonly employed to describe an individual resonant
peakl®l or multiple resonant peaks with well-known spin-
parities!9°2,

In the case of multiple unknown resonances, some kind of
approximated Breit-Wigner forms have been frequently applied.
In Fig. 8a, b, we plot the penetration factors P/(E; R) and shift
functions S/(E,) for various angular momenta I For states at
relatively high E, and with relatively narrow width, as the cases
observed in our work (see Table 1), it is reasonable to keep the
penetration factor P; and the shift function S; as constants with

f(Er;EovRa )’) =

P(E;R) = 3)
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Fig. 8 Behaviors of various components of the Breit-Wigner formula.
a The penetration factors P/(E,; R) and b the shift functions S,(E,) for various
angular momenta I. ¢ The function \/[:T
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respect to E, for a specific resonance. According to the definition
of the boundary condition B, the resonance shift A; now becomes
zero, and the Breit-Wigner formula can be simplified as:

r
[E - ErO) Iﬂ2/4

This simple form has been widely used in many cases32>3>4,

In order to still keep an asymmetric shape of the Breit-Wigner
form, another approximation has been usually adopted. The
penetration factor Pi(E; R) can be expressed as:

VIR e g E (®)

F(kR)? + G,(kR)

with g = \/2uR/(F,(kR)* + G,(kR)*). By comparing Fig. 8a with
Fig. 8¢, it is clear that the energy-dependent behavior of P,(E; R)
is essentially represented by /E, and the g can then be
approximated as a constant for each resonant state, namely
I ~ g./E,. We note that the g factor here is a constant with
respect to E, but dependent on ! and y? for each resonant state.
This approximated formula has been used in many other
cases3??°, Due to the quite complicated resonance structure in
our case, we have adopted this method, and the fitting-resulted g
factors are 0.109(22), 0.059(12), 0.095(21) and 0.052(13) MeV1/2,
for the resonances at 13.9, 14.9, 15.6, and 17.3 MeV, respectively,
corresponding to the I'(E,) values listed in Table 1 of the
manuscript.

f(Er; Er07 F) (5)

P(E;R) =

Significance-level analysis. The significance level for each state
below 14.9 MeV, which possesses a relatively low statistics, was
estimated. For states determined by the fitting procedure, the usual
method is to compare the likelihood L of the fits with (Ly;) and
without (L) including the targeted state®®. The difference of log-
likelihood values A( L) can thus be translated into a p value, cor-
responding to a number of ¢, as a measure of the significance level.
For the states at 12.9, 13.4, and 14.4 MeV, we obtained A(L) = 3.1,
12.2, and 14.2 (Andf = 1), leading to significance levels of 1.7, 3.50,
and 3.80, respectively. For the statistically more significant state at
13.9 MeV, the obtained value is A(InL) = 93 (Andf = 1), leading
to a significance level higher than 8c.

Angular correlation method and applications. For a sequential
reaction- decay process a(A, B* — c4C)b, the intermediate resonant
particle B" may decay into, for instance, two spin-zero fragments.
The angular correlation of the latter is a sensitive probe of the spin
of the mother nucleus B*4%57:8_ In a spherical coordinate system
with its z-axis pointing to the beam direction, the correlation
function can be parameterized in terms of four angles. These are the
center- of-mass (c.m.) scattering polar angle 8" and azimuthal angle
¢" of the resonant particle B*, and the polar angle y and azimuthal
angle y of the relatlve Ve10c1ty vector of the two fragments. Both
polar angles, 6" and v, are with respective to the beam direction.
The azimuthal angle ¢ takes a value of 0° (or 180°) in the horizontal
plane defined by the center positions of the detectors placed at the
opposite sides of the beam (the chamber plane or the detection
plane). Another azimuthal angle y is defined as 0° (or 180°) in the
reaction plane fixed by the beam axis and the reaction product B.
When the azimuthal angle y was restricted to 0° or 180° (the
so-called in-plane correlation), the angular correlation in the 8-y
plane appears as the ridge structures assoc1ated with the spin of
the mother nucleus®0. At relatlvely small 6 angles, the structure
is characterized by the locus 8° = ay in the double differential
cross sections, where a is a constant for the slope of the ridge and
nearly inversely proportional to the spin of the resonant state B,
Within the strong absorption model, a is related to the orbital
angular moment J; of the dominant partial wave in the entrance
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Fig. 9 Additional angular correlation analyses. The paired figures (a, b),
(c, d), (e, ), and (g, h) present angular correlation spectra (black squares)
for the 15.6, 13.9, 14.9, and 17.3 MeV states, respectively, with each pair
compared to the sum (red-solid line) of a Legendre polynomial |P,(cos 1;/)|2
of order J (blue-dotted line) and the background (gray-dashed line). For
each figure, the projected data with spin-J assumption different from that
adopted in Fig. 4 is compared with the corresponding Legendre polynomial.
All curves have been corrected by simulated efficiencies and resolutions.
The error bars represent the statistical uncertainties (one standard
deviation). The corresponding reduced XZ are also indicated.

channel by a = %, with ] being the spin of B". I; can be evaluated

simply from [, = 1’0(A[1)/3 + Atl/3)1 /2uE_ ., , where A, and A are
the mass numbers of the beam and target nucleus, respectively,
the reduced mass and E.,, the center-of-mass energy57 If the
resonant nucleus is emitted to angles close to 6 =0° the
projected correlation function W(y’) is simply proportional to
the square of the Legendre polynomial of order ], namely
|P/(cos(1//))|2. This method has been frequently applied in the
literature?842:43,58,

We present here in Fig. 9 the comparison of the angular
correlation data with |P;(cosy’)|* functions for spin-J values
other than those adopted in Fig. 4. It should be noted that each
angular correlation _spectrum as a function of ¥’ comes from the
pro;ectlon of the 8" — y two-dimensional distribution according
to v =y — 0%(I; — J)/J. It means that the projected data and the
applied |P;? function must follow the same ] in order to be
comparable. This also explains why the angular correlation
spectra for the same resonance but projected onto different J
values may look different, and why they should be plotted on
separate graphs to avoid confusion. Figure 9 displays the angular
correlation spectra for the 15.6, 13.9, 14.9, and 17.3 MeV states,
each compared with two Legendre polynomials of orders adjacent
to those adopted in Fig. 4a—d. In the manuscript, we take the 15.6
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Fig. 10 Angular correlation spectra of the 16.4 MeV state. Angular
correlation spectra (black squares) of the 16.4 MeV state under the spin-J
assumption of 1 (a), 2 (b), 3 (c) and 4 (d), each compared to the sum (red-
solid line) of the corresponding Legendre polynomial |P,(cos ¢/)|? of order
J (blue-dotted line) and the background (gray-dashed line). All curves have
been corrected by the simulated efficiencies. The error bars represent the
statistical uncertainties (1 standard deviation). The corresponding reduced
% are also indicated.

MeV state [Fig. 4a] as a reference to be compare with the
previously well-established spin-parity assignment of 3728, It is
evident from Fig. 9a, b that J=2 or 4 can be ruled out for this
state due to the out-of-phase behavior between the data and the
corresponding |Pj|? function, and also due to the much larger
}2 -values. For the newly determined 13.9 MeV (07) state [Fig. 4b],
the 1~ or 27 possibilities can also be unambiguously eliminated,
as demonstrated by Fig. 9¢c, d. We note that, if the applied spin is
incorrect, the projected data may even be scattered without
reasonable shape, as exhibited in Fig. 9d. Finally, the comparison
between Fig. 4c and Fig. 9e—f, or between Fig. 4d and Fig. 9g-h,
also gives clear support to the spin-parity assignments of 2+ or 41
for the 14.9 or 17.3 MeV state, respectively.

In Fig. 10, we plot the comparisons between the angular
correlation data and the functions |P;(cos V)I? J =1,2,3,4) for
the 16.4 MeV peak in Fig. 3b. We note that the projected data is
also related to the assumed angular momentum J. Observably,
due to the out-of-phase behavior between the data and the
corresponding |Pj|? functions, as well as significantly larger
Xz—values, J=1, 2,3, or 4 can be ruled out for this excitation state.
By referring to Fig. 3d, it is quite possible that the actual 16.4 MeV
peak in Fig. 3b may contain some contribution from the
16.7 MeV state. As a test, we have attempted to fit the spectrum
in Fig. 3b by incorporating a peak component centered at
16.7 MeV. This would result in a narrower width for the 16.4
MeV state, but still adhere to the simulated energy resolution.
Since this mixture cannot be clearly determined from the present
measurement and also does not affect the main conclusion of the
present studies, we will keep the results as presented in Table 1.
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