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The clustering of a particles in atomic nuclei results in the self-organization of various geometrical
arrangements at the femtometer scale. The one-dimensional alignment of multiple a particles is
known as linear-chain structure, evidence of which has been highly elusive. We show via resonant
elastic and inelastic « scattering of a radioactive '°Be beam that excited states in the neutron-rich
nucleus *C agree with recent predictions of linear-chain structure based on an anti-symmetrized

molecular dynamics model.

PACS numbers:

I. INTRODUCTION a0

41

Composite objects in nature often self-assemble into or-*
dered structures that are characterized by their geometry *
and dimensionality as a reflection of underlying laws and *
interactions. One such example in atomic nuclei is the *
formation of a-particle clusters, usually near the a-decay *
threshold [1-5]. As early as the 1950s, Morinaga [6, 7] ¢
conjectured an exotic arrangement of « clusters, today *
referred to as a ‘linear-chain structure,” in which clusters *
are one-dimensionally aligned. Modern theories based on *
realistic interactions including anti-symmetrized molecu-*'
lar dynamics (AMD) and fermionic molecular dynamics *
(FMD) [8-14] have predicted linear-chain states stable *
against bending.
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The experimental search for linear-chain structures
constitutes a longstanding challenge in nuclear physics.
Their large moments of inertia, which affect their quan-
tized rotation, and their strong decay branching to known
cluster states are essential signatures of their existence.
A rotational band proposed for 160 [15] and a 46.4 MeV
resonance in Mg that decays into a pair of '>C nuclei
in the Hoyle state [16] were suggested as possible candi-
dates, but these interpretations are not definitive [9, 17].
Even the simplest case of a 3a chain in '2C remains elu-
sive; while both FMD [10] and AMD [11, 12] calculations
predict a linear-chain of a clusters for the 05 state at
10.3 MeV, there has been no experimental confirmation
nearly seven decades after Morinaga’s conjecture.

From previous studies of '9Be, where two valence neu-
trons preserve the 2a-cluster nature of ®Be [18, 19], we
conjectured a linear-chain structure in C, consisting of
12C and two neutrons. However, models do not agree on
the existence of linear-chain states in C [8, 20]. Sev-
eral previous experiments searched for excited states in
14C [21-24] above the a-decay threshold S, = 12.01 MeV.
While many levels were identified, numerous spin-parities
J™ remain unknown or inconsistent, limiting the identifi-
cation of rotational bands and insight into their intrinsic
structures.
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FIG. 1. (Color online) (A) Trajectories of a '°Be+« scattering
event. (B) Gllije vs. 07 plot with the kinematical curves for
elastic and inelastic scattering to the '°Be 2] state. Data
shown have been selected via energy-loss gating for 1°Be beam
particles.

II. EXPERIMENT

To explore the existence of linear-chain states in
neutron-rich *C, we performed an experiment at the
University of Notre Dame using resonant « scattering to
determine J™ and decay properties of levels above S, in
14C. The experiment was performed using the Prototype
Active Target-Time Projection Chamber (PAT-TPC) [25].
A 46 MeV 'B(5T) primary beam of 1—1.5 A bombarded
a stack of four 0.1 mg/cm?-thick 13C targets to produce
10Be ions that were collected and purified in-flight by the
TwinSol device [26]. This secondary beam was delivered'*
to the cylindrical target volume of He:CO5 90:10 gas at'®
1 atm of the PAT-TPC, measuring 50 cm along the beam'®
axis and 27 cm in diameter. The '°Be energy was mea "
sured to be 39.7(5) MeV using silicon detectors. The'®
center-of-mass energy FE ., decreased from 11.3 MeV tow®
zero while traveling the length of the gas volume. The!
average rate of °Be that entered the volume was 103 ions'tt
per second with a total of 3.2x108. The beam purity was
about 35% with main contaminants of *He(2%) (50%),
9Be(4+) (5%) and 10B(4+) (3%) 112

Electrons from reaction trajectories are guided toward
the Micromegas [27] amplifier by an electric field ofj,,
0.8 kV/cm parallel to the beam axis. The Micromegas,,,
consists of 2 mm-wide radial strips separated into quad-;s
rants. A waveform digitizer [28] records the charge as a,;
function of drift time ¢q,i¢; over 40 us using an array of 511,,,
switching capacitors. We increased the amplification gain,,,
of every fifth radial strip to measure the « particle trajec-,,
tories with lower energy deposits. The trigger generation,,,
required a pair of high-gain strips at radius r = 12 mm,,,
to receive signals from radially-opposed quadrants. 12

Figure 1(A) shows the recorded charge against tqyig12s
and r for a scattering event of '°Be on an « particle in theizs
gas, where negative and positive radii represent radially-2s
opposed quadrants. The discrete « trajectory is due tous
the increased sensitivity of the high-gain strips. Ther
laboratory angles 6,5, and E. ., at the reaction vertexus
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FIG. 2. (Color online) Differential cross sections of '°Be scat-
tering off « particles: (A) elastic scattering and (C) inelastic
scattering to the 27 state of '°Be. The color scale is given
in mb/sr. Excitation functions for (B) elastic and (D) inelas-
tic scattering also are shown. The shaded spectrum is gated
by 0cm. = 70° — 90°(45° — 55°), and the blank spectrum by
90° — 110°(70° — 80°) for elastic (inelastic) scattering. The
lines indicate identified resonances.

were deduced by accounting for energy deposition and
the 2.4 cm/us electron drift velocity [25]. Beam particles
were differentiated using the energy loss per unit length
obtained from the beam track. Both elastic scattering and
inelastic scattering to the 2] state of °Be at 3.37 MeV
were selected by gating on the kinematical correlation of
0,5¢ and 62, in Fig. 1(B). The events along the 6, +
O, = 90° line originate from scattering of a particle
contaminants in the beam and in the gas.

III. RESULTS

States of *C were resonantly populated via scattering
of a 'Be beam off “He gas particles. While resonant o
scattering is advantageous for its sensitivity to a-cluster
states that favor decay via « emission [18, 19], measure-
ments with a radioactive beam are challenging. A pre-
vious study [23, 24] suffered limited angular acceptance,
uncertainties in reaction channel selection, and inaccurate
energy calibration. Using the newly-developed thick tar-
get method [19] for the PAT-TPC [25], we measured cross
sections for both elastic and inelastic scattering to the
2;‘ 3.37 MeV state of '°Be over a wide range of 8, as
a continuous function of E. ;. as shown in Fig. 2. Char-
acteristic diffractive patterns at several energies can be
seen in the spectrum for the elastic channel in Fig. 2(A).
A total of seven resonances were identified as indicated
in the excitation function of Fig. 2(B).
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FIG. 3. (Color online) Differential elastic cross sections for resonances identified in « + '°Be scattering (Fig. 2). The data

(crosses) are compared to Pf(&clm

Each diffractive resonance pattern follows the square
of the Legendre polynomial P?(6..,.) for the angular mo-

mentum L. States with J™ = L(7)" are selectively pop-
ulated by the L wave as both a and '°Be are spin-zero.
Following previous analyses [18, 24], optimal L values
were chosen by comparing the angular distributions to
P? (Fig. 3). The measured angular domain of 6., = 35°
to 145° is well-suited to extract resonance parameters:
potential scattering dominates at forward angles, at back-
ward angles %He cluster exchange may be dominant, and
there is less selectivity for L values. There is very good
agreement in the oscillatory pattern of the data with the
proposed polynomials, giving clear J™ assignments to the
dominant partial wave contributions of the resonances.
We tentatively attribute a (77) state at 6.5 MeV with
a lower quality fit. More realistic angular distributions
were calculated with the R-matrix formalism [29] using
optical-model potential parameters based on 48 MeV
a + 9Be elastic scattering data [30] for a channel radius
of 4.7 fm. As one would expect, the experimental dlstrl- -
butions are not exactly reproduced due to uncertainties _
in the optical-model parametrization and the lack of a_
possible 5He transfer component in the calculation, as
well as limitations in Monte Carlo simulations for detector
efficiency at the limit of angular acceptance. Nonetheless
the diffraction maxima and minima agree closely with the, oo
data and the P? curves. The J™ assignments thus are re-
liable and independent of the detailed effects of potentlal
scattering and interference among resonances. Optimized*
resonance parameters from our analysis are summarized
in Table I, where the '4C excitation energy is given by o
E, = Ec,mi + So. The systematic error of +0.2 MeV'™®
in E. . arises from uncertainties in beam energy and™
reaction vertex. The spectroscopic factors SF, defined as"”
the ratio of the experimental width and the single-particle188
width [29], are assigned a conservative £50% uncertamty189
as they depend on the transmission factors |U2,| that ?
represent the absorption due to the optical potentlal and
are governed by the chosen parametrization. Shown in N
the last two columns are known a-emission levels [22] and™’
a + 19Be elastic resonances [24] that may correspond to 9:

the observed states. o

The inelastic data in Fig. 2(C) show a strong resonanceusr
at E. . = 7 to 8 MeV. This resonance consists of branch-os

.) functions (curves) and R-matrix calculations (histograms).

TABLE I. Summary of resonances and their properties de-
duced via a + °Be elastic scattering. Known a-emission
levels [22] and a + '°Be elastic scattering resonances [24] at
nearby energies are listed in the last two columns.

Eewm. Ex J° |U% Ta SF Ex[22] Ex, J™ [24]
[MeV] [MeV] [MeV] [MeV] [MeV]
3.0 150 27 050 0.29 0.3 14.8(1)
4.7 16.7 37 040 0.27 0.2 16.43(10)
5.6 176 5- 0.85 0.10 04 17.3(1) 17.32,3"
6.5 185 (77) 0.95 0.02 1.6 18.5(1)
70 190 4T 035 034 0.2 (19.07(1)) 18.82, 5~
79 199 5 0.50 0.10 0.1 19.83(1) 19.67,5~
87 207 5 040 0.57 0.4 20.6(1) 20.80,6"
ing from the 7.0 MeV 4% and 7.9 MeV 5~ resonances,

which lack clear separation due to the lower energy res-
olution for inelastic scattering. This interpretation of
the branching is supported by the peak centroid that
clearly shifts from the 47 to 5~ excitation energies as
Oc.m. changes from 70° — 80° to 45° — 55° as shown in
Fig. 2(D). This is consistent with previous studies where
proposed (19.07) MeV and 19.83 MeV states were identi-
fied in decay spectra to the 1°Be 2] state [22].

In Table I, we also compare our data to the previous
result of resonant « scattering in Ref. [24]. Accounting
for the statistical uncertainty of +0.02 MeV and system-
atic uncertainty of +0.175 MeV for resonances identified
in Ref. [24], our resonance energies are consistent with
those in Ref. [24] aside from a small 2% resonance at
17.97 MeV and the possible mixing of 7~ and 47 states
in their resonance at 18.82 MeV. While spin and parity
assignments disagree for some states, the results differ
only by AL = 1. Since our assignments are based on
diffractive patterns over wide angular ranges, they should
be reliable, whereas the assignments in Ref. [24] were
made over a very limited angular range from 5° to 13.5°
in the laboratory frame, or 153° to 170° in the center-
of-mass frame. In Ref. [24], while the R-matrix fit to
the excitation function measured at 6., = 180° is rea-
sonable, the absolute cross sections of the experimental
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FIG. 4. (Color online) Comparison with theoretical predictionsisg
(A) Energy levels of positive-parity states in '*C relative to,,,
Sa; shown are (I) present results, (II) a previously suggested,
positive-parity band [21], and (III) triaxially deformed and239
(IV) linear chain levels predicted by the 8-y constraint AMD
method [8]. Predicted distributions of proton density pp, "
neutron density p,, and their differential p, — p,, in 10 x 10 fm?**
boxes also are shown. (B) Pg.p. vs. 0g.B. plot of the Brink?*
Bloch wavefunction for the *C 47 state. The results for2s
19Be(0™) with L = 4 (solid line), °Be(2") with L = 2 (dottedzs
line), '°Be(2") with L = 4 (dashed line), and °Be(2") withaas
L = 6 (dash-dotted line) are displayed. The geometricalys
arrangements of 10Be + « clusters for an arbitrary 0g.B. are,,;
schematically shown above the L labels. (C) Inelastic cross,,,
section gated by Fc.m. = 7.0—7.5 MeV. The data are cornpared249
to R-matrix calculations assuming only L = 2 (dotted line)
and mixing L = 2,4 (dashed line). 20

251
252

253
data were normalized to the Rutherford scattering cross;4

section at the lowest yield, making the results from the255
R-matrix analysis highly dependent on the nuclear poten-
tial scattering component and the transfer component of*

. 2!
the reaction. 57
258

259
260

IV. DISCUSSION 261

262

Currently, the only theoretical model that providesz:
quantitative predictions that can be compared to our datazs+
is the -y constraint AMD model [8]. We compare thes
model predictions to our data for positive-parity states in2es
Fig. 4(A); a similar comparison to negative-parity statess
is not made since neither our data nor the AMD modelzss
show rotational bands for such states [8]. A series of AMDaso
states starting near 3 MeV above S, are attributed toao
rotation of a 3« linear chain. The linear alignment of 3aen
clusters and the localization of 2n are clearly seen in thear
density distributions. A positive-parity rotational bandors
(IT) was previously associated with a linear structure duezs
to its narrow level spacing [21]. It is, however, aboutas
5 MeV lower than the predicted energy, and its levelss

spacing is much narrower than the prediction. Conversely,
the level energies of the 2 and 47 states of this work (I)
agree with the corresponding rotational members of the
predicted band (IV). Furthermore, the 2t and 4+ SF
values are consistent with the sizable overlaps of the
AMD states with a 1°Be(0]) + « cluster wavefunction
(28% for 2 and 16% for 47) [31]. This supports the
assignment of the observed positive-parity states as a
3a linear-chain rotational band in *C. While there is a
previous suggestion of doublet partnering of positive- and
negative-parity bands [21], only a positive-parity band
structure is identified in our study, in line with AMD
predictions for linear-chain structure [8].

Another indicator of the linear-chain structure is the
large cross section in the inelastic channel of the 2] state
of '°Be. The linear-chain 4% state is predicted to have
an overlap comparable to that of the 1°Be 2] state (28%)
to the 07 state (16%) [31]. This agrees with the inelastic
excitation function in Fig. 2(D), where the 4 state’s res-
onance strength is comparable to the elastic. To examine
the sensitivity of the inelastic component to the 3a config-
uration geometry, we studied a Brink-Bloch wavefunction
[32] consisting of an axially-deformed °Be cluster and
an « particle separated by a distance dg p. with an angle
0.B. to the symmetry axis of 1°Be, illustrated in Fig. 4(B).
The linear-chain state can be roughly approximated by
dg.g. = 5 fm and 0 5. = 0. The probabilities Pg g, of
the 1°Be(0T) and °Be(21) states with different partial
waves of the inter-cluster motion were estimated for 47
states projected from the Brink-Bloch wavefunction. The
calculated P p. in Fig. 4(B) reveal strong fp . depen-
dence. Since the ratio of inelastic components to the
elastic component increases as 0g . diminishes and is
maximal at g 3. = 0 where 3« clusters are fully aligned,
the measured strong branching to the °Be(2T) state fa-
vors a linear-chain assignment for the observed rotational
band.

Figure 4(C) compares the inelastic angular distribution
at Fem. = 7.0—7.5 MeV to R-matrix calculations, one
assuming only L = 2 and the other mixing L = 2 and
4 with SF values proportional to Pg .. A description
without non-resonant components and absorption was
adopted. The L = 6 component was not taken into ac-
count due to its much lower penetrability. The data have
a broad maximum centered at 90° that is not reproduced
by L = 2. The predicted mixture with L = 4 increases
the cross section at 90° and qualitatively describes the
features seen in the data.

A different prediction made with the molecular orbital
model expects the '*C linear-chain structure to be ener-
getically unstable [20]. In this picture, while the presence
of the two valence neutrons keeps the 3« cluster from
breaking up, the calculated energy surface is nearly con-
stant with respect to bending angles. The AMD model
predicts similar characteristics for the energy surface, but
it further incorporates configuration mixing [8]. The inclu-
sion of configuration mixing is central to the stabilization
of the linear-chain structure in the AMD model as it
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results in the appearance of states with triaxial config=o
urations at lower energies, as shown in Fig. 4(A). Tt isuws
in these triaxially-deformed states that the bending 3csos
configurations exist, allowing the linear-chain states tosos
form stable and pure geometrical linear configurations atsos
higher energies since the triaxial and linear-chain statesso
are orthogonal. Without the triaxially-deformed states o
the bending 3« configurations would mix with the linear-soo
chain configuration, rendering it unstable. Thus, theso
orthogonality between the different geometrical statessu
makes the linear chain in '#C robust and allows high-spins:
states via rotation. In contrast, '2C has neither the vasis
lence neutrons needed for stronger bonding nor triaxialsa
bands [11]. While its low-lying 0 state may form a linears:s
chain configuration, the chain is fragile and readily bendssis
and collapses in 27, 47, and higher spin states, perhapssy
explaining why linear-chain states in '2C have yet to bess
found. The present result thus corroborates the pictures
that the orthogonality between quantum states is crucialso
for the one-dimensional self-organization of atomic nucleisx
and also reveals that the stabilization mechanism of thes»
exotic cluster structures is likely due to excess neutrons.s:
324

325

V. SUMMARY -

328

We unambiguously identified 27 and 4% resonances inss
14C above the '°Be + o threshold. We observed a strongsso

decay branch of the 4T resonance to the inelastic channel.
Though not expected from simple penetrability arguments,
a strong L = 4 component of the inelastic branching
was necessary to describe the angular distribution. All
these independent observables semi-quantitatively agree
with - constraint AMD predictions [8], supporting the
existence of linear-chain structure in *C. Though the
uniqueness of this interpretation is difficult to ascertain
given comparison to only one model, predictions on level
energies and decay properties from other theoretical frame-
works are desirable but currently lacking. In particular,
predictions from the weakly-coupled a + '°Be rotating
di-nuclear model will be important. The argument for
linear-chain structure will not be complete until this di-
nuclear picture that has long been debated in linear-chain
states such as 2*Mg [16, 17] is ruled out. Furthermore,
while experimentally challenging, measurement of the
band head 0% state would greatly inform our linear-chain
interpretation. The 07 state is expected to lie 1 MeV
below the 2% state, which would be near E. ., = 2 MeV.
However, this energy was at the limit of our trigger cutoff.
Future measurements providing additional information on
other band states, particularly the band head, are desired.
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contributions. The work was partly supported by the US
National Science Foundation under Grants Nos. MRI09-
23087 and PHY09-69456.

[1] D. Dennison, Energy Levels of the O'® Nucleus, Physss
Rev. 96, 378-380 (1954). 360
[2] K. Ikeda, N. Takigawa, H. Horiuchi, The Systematicse
Structure-Change into the Molecule-like Structures inse
the Self-Conjugate 4n Nuclei, Prog. Theor. Phys. E683s
(Suppl.), 464-475 (1968). 00
[3] Y. Kanada-En’yo, H. Horiuchi, Structure of Light Unsta-ses
ble Nuclei Studied with Antisymmetrized Molecular Dy-ses
namics, Prog. Theor. Phys. 142 (Suppl.), 205-263 (2001)s67
[4] A. Tohsaki, H. Horiuchi, P. Schuck, G. Ropke, Alphases
Cluster Condensation in 2C and '°O, Phys. Rev. Lettaso

87, 192501 (2001). a0
[5] J-P. Ebran, E. Khan, T. Niksi¢, D. Vretenar, How atomicsn
nuclei cluster, Nature 487, 341-344 (2012). 3n2

[6] H. Morinaga, Interpretation of Some of the Excited Statessr
of 4n Self-Conjugate Nuclei, Phys. Rev. 101, 254-25837
(1956). 375

[7] H. Morinaga, On the spin of a broad state around 10 MeVsre
in 12C, Phys. Lett. 21, 78-79 (1966). 377

[8] T. Suhara, Y. Kanada-En’yo, Cluster structures of excitedss
states in *C, Phys. Rev. C 82, 044301 (2010). 379

[9] Y. Suzuki, H. Horiuchi, K. Ikeda, Study of « chain statessso
through their decay widths, Prog. Theo. Phys. 47, 1517ss
1536 (1972). 382

[10] T. Neff, H. Feldmeier, Cluster structures within Fermionicsss
Molecular Dynamics, Nucl. Phys. A 738 357-361 (2004)ss4
[11] Y. Kanada-En’yo, The Structure of Ground and Excitedsss
States of '2C, Prog. Theor. Phys. 117, 655-680 (2007). ssc

[12] T. Suhara, Y. Kanaka-En’yo, Quadrupole Deformation
[ and v Constraint in a Framework of Antisymmetrized
Molecular Dynamics, Prog. Theor. Phys. 123, 303-324
(2010).

[13] J.A. Maruhn, N. Loebl, N. Itagaki, M. Kimura, Linear-
chain structure of three a-clusters in *°C and °C, Nucl.
Phys. A 833, 1-17 (2010).

[14] T. Ichikawa, J. A. Maruhn, N. Itagaki, S. Ohkubo, Linear
Chain Structure of Four-a Clusters in '®O, Phys. Rev.
Lett. 107,112501 (2011).

[15] P. Chevallier, F. Scheibling, G. Goldring, I. Plesser, M.W.
Sachs, Breakup of *°O into *Be and ®Be, Phys. Rev. 160,
827-835 (1967).

[16] A.H. Wuosmaa et al., Evidence for alpha-particle chain
configurations in **Mg, Phys. Rev. Lett. 68, 1295-1298
(1992).

[17] Y. Hirabayashi, Y. Sakuragi, Y. Abe, 3a+3a and 3a+2C
configurations in **Mg, Phys. Rev. Lett. 74, 4141-4144
(1995).

[18] M. Freer et al., a:2n:a Molecular Band in '°Be, Phys.
Rev. Lett. 96, 042501 (2006).

[19] D. Suzuki et al., Resonant « scattering of °He: Limits of
clustering in '°Be, Phys. Rev. C 87, 054301 (2013).

[20] N. Itagaki, S. Okabe, K. Ikeda, I. Tanihata, Molecular-
orbital structure in neutron-rich C isotopes, Phys. Rev.
C 64, 014301 (2001).

[21] W. von Oertzen et al., Search for cluster structure of
excited states in '*C, Eur. Phys. J. A 21, 193-215 (2004).



387
388
389
390
301
392
303
394
395
396
397
308
399
400
401
402
403
404
405

[22] P. J. Haigh et al., Measurement of a and neutron decayaos
widths of excited states of 14C, Phys. Rev. C'78, 014319407
(2008) and references therein. 408

[23] J.D. Malcolm et al., Study of states in '*C via theswo
19Be(*He, “He)'Be, J. Phys: Conf. Ser. 381, 0120770
(2012). a11

[24] M. Freer et al., Resonances in *C observed in theano
‘He(*°Be,a)'"Be reaction, Phys. Rev. C 90, 05432443
(2014). ae

[25] D. Suzuki et al., Prototype AT-TPC: Toward a new gener-s

ation active target time projection chamber for radioactivesis

beam experiments, Nucl. Instr. and Meth. Phys. Res. Auz

691, 39-54 (2012). a8

F. Becchetti et al., The TwinSol low-energy radioactivesis

nuclear beam apparatus: status and recent results, Nuclao

Instr. and Meth. Phys. Res. A 505, 377-380 (2003). a21

[27] Y. Giomataris, Ph. Rebourgeard, J. P. Robert, and Gz
Charpak, MICROMEGAS: a high-granularity position-
sensitive gaseous detector for high particle-flux environ-

(26]

ments, Nucl. Instr. and Meth. Phys. Res. A 376, 29
(1996).

[28] P. Baron, D. Calvet, E. Delagnes, X. de la Broise, A.
Delbart, F. Druillole, E. Mazzucato, E. Monmarthe, F.
Pierre, M. Zito, AFTER, an ASIC for the Readout of
the Large T2K Time Projection Chambers, IEEE Trans.
Nucl. Sci. NS-55, 1744 (2008).

[29] A.M. Lane and R.G. Thomas, R-Matrix Theory of Nuclear
Reactions, Rev. Mod. Phys. 30, 257-353 (1958).

[30] T.Y. Li and B. Hird, Analysis of the C*?(p,a)BY Reaction
at 44.5 MeV, Phys. Rev. 174, 1130-1133 (1968).

[31] T. Suhara, Y. Kanada-En’yo in Hadron and Nuclear
Physics 09, A. Hosaka, T. Myo, H. Nagahiro, K. Nawa,
Eds. (World Scientific, Singapore, 2010), pp. 366-369.

[32] D. M. Brink in Proceedings of the International School
of Physics “Enrico Fermi,” Course XXXVI, C. L. Bloch,
Ed. (Academic Press, New York, 1966), pp. 247.



