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The clustering of α particles in atomic nuclei results in the self-organization of various geometrical19

arrangements at the femtometer scale. The one-dimensional alignment of multiple α particles is20

known as linear-chain structure, evidence of which has been highly elusive. We show via resonant21

elastic and inelastic α scattering of a radioactive 10Be beam that excited states in the neutron-rich22

nucleus 14C agree with recent predictions of linear-chain structure based on an anti-symmetrized23

molecular dynamics model.24

PACS numbers: 24.30.Gd, 25.55.Ci, 27.20.+n, 29.40.Cs25

I. INTRODUCTION26

Composite objects in nature often self-assemble into or-27

dered structures that are characterized by their geometry28

and dimensionality as a reflection of underlying laws and29

interactions. One such example in atomic nuclei is the30

formation of α-particle clusters, usually near the α-decay31

threshold [1–5]. As early as the 1950s, Morinaga [6, 7]32

conjectured an exotic arrangement of α clusters, today33

referred to as a ‘linear-chain structure,’ in which clusters34

are one-dimensionally aligned. Modern theories based on35

realistic interactions including anti-symmetrized molecu-36

lar dynamics (AMD) and fermionic molecular dynamics37

(FMD) [8–14] have predicted linear-chain states stable38

against bending.39
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The experimental search for linear-chain structures40

constitutes a longstanding challenge in nuclear physics.41

Their large moments of inertia, which affect their quan-42

tized rotation, and their strong decay branching to known43

cluster states are essential signatures of their existence.44

A rotational band proposed for 16O [15] and a 46.4 MeV45

resonance in 24Mg that decays into a pair of 12C nuclei46

in the Hoyle state [16] were suggested as possible candi-47

dates, but these interpretations are not definitive [9, 17].48

Even the simplest case of a 3α chain in 12C remains elu-49

sive; while both FMD [10] and AMD [11, 12] calculations50

predict a linear-chain of α clusters for the 0+
3 state at51

10.3 MeV, there has been no experimental confirmation52

nearly seven decades after Morinaga’s conjecture.53

From previous studies of 10Be, where two valence neu-54

trons preserve the 2α-cluster nature of 8Be [18, 19], we55

conjectured a linear-chain structure in 14C, consisting of56

12C and two neutrons. However, models do not agree on57

the existence of linear-chain states in 14C [8, 20]. Sev-58

eral previous experiments searched for excited states in59

14C [21–24] above the α-decay threshold Sα = 12.01 MeV.60

While many levels were identified, numerous spin-parities61

Jπ remain unknown or inconsistent, limiting the identifi-62

cation of rotational bands and insight into their intrinsic63

structures.64
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Figure 5.9: Angular data of events gated on the 10Be peak in Fig. 5.6. Kinematics curves
overlay the data: elastic scattering is in black, and the first excited state (3.368 MeV in
10Be) inelastic scattering is in red.
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FIG. 1. (Color online) (A) Trajectories of a 10Be+α scattering

event. (B) θ
10Be
lab vs. θαlab plot with the kinematical curves for

elastic and inelastic scattering to the 10Be 2+
1 state. Data

shown have been selected via energy-loss gating for 10Be beam
particles.

II. EXPERIMENT65

To explore the existence of linear-chain states in66

neutron-rich 14C, we performed an experiment at the67

University of Notre Dame using resonant α scattering to68

determine Jπ and decay properties of levels above Sα in69

14C. The experiment was performed using the Prototype70

Active Target-Time Projection Chamber (PAT-TPC) [25].71

A 46 MeV 11B(5+) primary beam of 1−1.5 µA bombarded72

a stack of four 0.1 mg/cm2-thick 13C targets to produce73

10Be ions that were collected and purified in-flight by the74

TwinSol device [26]. This secondary beam was delivered75

to the cylindrical target volume of He:CO2 90:10 gas at76

1 atm of the PAT-TPC, measuring 50 cm along the beam77

axis and 27 cm in diameter. The 10Be energy was mea-78

sured to be 39.7(5) MeV using silicon detectors. The79

center-of-mass energy Ec.m. decreased from 11.3 MeV to80

zero while traveling the length of the gas volume. The81

average rate of 10Be that entered the volume was 103 ions82

per second with a total of 3.2×108. The beam purity was83

about 35% with main contaminants of 4He(2+) (50%),84

9Be(4+) (5%) and 10B(4+) (3%).85

Electrons from reaction trajectories are guided toward86

the Micromegas [27] amplifier by an electric field of87

0.8 kV/cm parallel to the beam axis. The Micromegas88

consists of 2 mm-wide radial strips separated into quad-89

rants. A waveform digitizer [28] records the charge as a90

function of drift time tdrift over 40 µs using an array of 51191

switching capacitors. We increased the amplification gain92

of every fifth radial strip to measure the α particle trajec-93

tories with lower energy deposits. The trigger generation94

required a pair of high-gain strips at radius r = 12 mm95

to receive signals from radially-opposed quadrants.96

Figure 1(A) shows the recorded charge against tdrift97

and r for a scattering event of 10Be on an α particle in the98

gas, where negative and positive radii represent radially-99

opposed quadrants. The discrete α trajectory is due to100

the increased sensitivity of the high-gain strips. The101

laboratory angles θlab and Ec.m. at the reaction vertex102
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FIG. 2. (Color online) Differential cross sections of 10Be scat-
tering off α particles: (A) elastic scattering and (C) inelastic
scattering to the 2+

1 state of 10Be. 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 θc.m. = 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 and103

the 2.4 cm/µs electron drift velocity [25]. Beam particles104

were differentiated using the energy loss per unit length105

obtained from the beam track. Both elastic scattering and106

inelastic scattering to the 2+1 state of 10Be at 3.37 MeV107

were selected by gating on the kinematical correlation of108

θ
10Be
lab and θαlab in Fig. 1(B). The events along the θ

10Be
lab +109

θαlab = 90◦ line originate from scattering of α particle110

contaminants in the beam and in the gas.111

III. RESULTS112

States of 14C were resonantly populated via scattering113

of a 10Be beam off 4He gas particles. While resonant α114

scattering is advantageous for its sensitivity to α-cluster115

states that favor decay via α emission [18, 19], measure-116

ments with a radioactive beam are challenging. A pre-117

vious study [23, 24] suffered limited angular acceptance,118

uncertainties in reaction channel selection, and inaccurate119

energy calibration. Using the newly-developed thick tar-120

get method [19] for the PAT-TPC [25], we measured cross121

sections for both elastic and inelastic scattering to the122

2+1 3.37 MeV state of 10Be over a wide range of θc.m. as123

a continuous function of Ec.m. as shown in Fig. 2. Char-124

acteristic diffractive patterns at several energies can be125

seen in the spectrum for the elastic channel in Fig. 2(A).126

A total of seven resonances were identified as indicated127

in the excitation function of Fig. 2(B).128
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FIG. 3. (Color online) Differential elastic cross sections for resonances identified in α + 10Be scattering (Fig. 2). The data
(crosses) are compared to P 2

L(θc.m.) functions (curves) and R-matrix calculations (histograms).

Each diffractive resonance pattern follows the square129

of the Legendre polynomial P 2
L(θc.m.) for the angular mo-130

mentum L. States with Jπ = L(−)L are selectively pop-131

ulated by the L wave as both α and 10Be are spin-zero.132

Following previous analyses [18, 24], optimal L values133

were chosen by comparing the angular distributions to134

P 2
L (Fig. 3). The measured angular domain of θc.m. = 35◦135

to 145◦ is well-suited to extract resonance parameters:136

potential scattering dominates at forward angles, at back-137

ward angles 6He cluster exchange may be dominant, and138

there is less selectivity for L values. There is very good139

agreement in the oscillatory pattern of the data with the140

proposed polynomials, giving clear Jπ assignments to the141

dominant partial wave contributions of the resonances.142

We tentatively attribute a (7−) state at 6.5 MeV with143

a lower quality fit. More realistic angular distributions144

were calculated with the R-matrix formalism [29] using145

optical-model potential parameters based on 48 MeV146

α+ 9Be elastic scattering data [30] for a channel radius147

of 4.7 fm. As one would expect, the experimental distri-148

butions are not exactly reproduced due to uncertainties149

in the optical-model parametrization and the lack of a150

possible 6He transfer component in the calculation, as151

well as limitations in Monte Carlo simulations for detector152

efficiency at the limit of angular acceptance. Nonetheless,153

the diffraction maxima and minima agree closely with the154

data and the P 2
L curves. The Jπ assignments thus are re-155

liable and independent of the detailed effects of potential156

scattering and interference among resonances. Optimized157

resonance parameters from our analysis are summarized158

in Table I, where the 14C excitation energy is given by159

Ex = Ec.m. + Sα. The systematic error of ±0.2 MeV160

in Ec.m. arises from uncertainties in beam energy and161

reaction vertex. The spectroscopic factors SF , defined as162

the ratio of the experimental width and the single-particle163

width [29], are assigned a conservative ±50% uncertainty164

as they depend on the transmission factors |U0
cc| that165

represent the absorption due to the optical potential and166

are governed by the chosen parametrization. Shown in167

the last two columns are known α-emission levels [22] and168

α+ 10Be elastic resonances [24] that may correspond to169

the observed states.170

The inelastic data in Fig. 2(C) show a strong resonance171

at Ec.m. = 7 to 8 MeV. This resonance consists of branch-172

TABLE I. Summary of resonances and their properties de-
duced via α + 10Be elastic scattering. Known α-emission
levels [22] and α+ 10Be elastic scattering resonances [24] at
nearby energies are listed in the last two columns.

Ec.m. Ex Jπ |U0
cc| Γα SF Ex [22] Ex, Jπ [24]

[MeV] [MeV] [MeV] [MeV] [MeV]

3.0 15.0 2+ 0.50 0.29 0.3 14.8(1)

4.7 16.7 3− 0.40 0.27 0.2 16.43(10)

5.6 17.6 5− 0.85 0.10 0.4 17.3(1) 17.32, 3−

6.5 18.5 (7−) 0.95 0.02 1.6 18.5(1)

7.0 19.0 4+ 0.35 0.34 0.2 (19.07(1)) 18.82, 5−

7.9 19.9 5− 0.50 0.10 0.1 19.83(1) 19.67, 5−

8.7 20.7 5− 0.40 0.57 0.4 20.6(1) 20.80, 6+

ing from the 7.0 MeV 4+ and 7.9 MeV 5− resonances,173

which lack clear separation due to the lower energy res-174

olution for inelastic scattering. This interpretation of175

the branching is supported by the peak centroid that176

clearly shifts from the 4+ to 5− excitation energies as177

θc.m. changes from 70◦ − 80◦ to 45◦ − 55◦ as shown in178

Fig. 2(D). This is consistent with previous studies where179

proposed (19.07) MeV and 19.83 MeV states were identi-180

fied in decay spectra to the 10Be 2+1 state [22].181

In Table I, we also compare our data to the previous182

result of resonant α scattering in Ref. [24]. Accounting183

for the statistical uncertainty of ±0.02 MeV and system-184

atic uncertainty of ±0.175 MeV for resonances identified185

in Ref. [24], our resonance energies are consistent with186

those in Ref. [24] aside from a small 2+ resonance at187

17.97 MeV and the possible mixing of 7− and 4+ states188

in their resonance at 18.82 MeV. While spin and parity189

assignments disagree for some states, the results differ190

only by ∆L = 1. Since our assignments are based on191

diffractive patterns over wide angular ranges, they should192

be reliable, whereas the assignments in Ref. [24] were193

made over a very limited angular range from 5◦ to 13.5◦194

in the laboratory frame, or 153◦ to 170◦ in the center-195

of-mass frame. In Ref. [24], while the R-matrix fit to196

the excitation function measured at θc.m. = 180◦ is rea-197

sonable, the absolute cross sections of the experimental198



4

4+ 

2+ 

0+ 
2+ 

4+ 
6+ 

0+ 

2+ 

4+ 

2+ 

3+ 

4+ 

5+ 

0+ 

2+ 

4+ 

(I) (II) 

(IV) linear chain 

(III) triaxially deformed 

2 

4 

6 

8 

-2 

-4 
-6 

-8 

E
c
.m

. [
M

e
V

] 
(A) 

0 

ρp ρn ρp-ρn 

(III) (IV) 

[1/fm3] 

0.425 

0.325 

0.225 

0.125 

0.025 

-0.075 

 [deg]B.B.θ
0 20 40 60 80

B
.B

.
P

0

0.2

0.4

0.6

0.8

1 B.B.d
B.B.θ

Be10

α(B)

, 4)+(0
, 2)+(2
, 4)+(2

, 6)+(2

)L, πJBe 10(  [deg]c.m.θ
40 60 80 100 120 140

 [m
b/

sr
]

Ω
d/σ

d

1

10

210 (C)  = 2 + 4L
 = 2L

FIG. 4. (Color online) Comparison with theoretical predictions:
(A) Energy levels of positive-parity states in 14C relative to
Sα; shown are (I) present results, (II) a previously suggested
positive-parity band [21], and (III) triaxially deformed and
(IV) linear chain levels predicted by the β-γ constraint AMD
method [8]. Predicted distributions of proton density ρp,
neutron density ρn and their differential ρp−ρn in 10×10 fm2

boxes also are shown. (B) PB.B. vs. θB.B. plot of the Brink-
Bloch wavefunction for the 14C 4+ state. The results for
10Be(0+) with L = 4 (solid line), 10Be(2+) with L = 2 (dotted
line), 10Be(2+) with L = 4 (dashed line), and 10Be(2+) with
L = 6 (dash-dotted line) are displayed. The geometrical
arrangements of 10Be + α clusters for an arbitrary θB.B. are
schematically shown above the L labels. (C) Inelastic cross
section gated by Ec.m. = 7.0−7.5 MeV. The data are compared
to R-matrix calculations assuming only L = 2 (dotted line)
and mixing L = 2, 4 (dashed line).

data were normalized to the Rutherford scattering cross199

section at the lowest yield, making the results from the200

R-matrix analysis highly dependent on the nuclear poten-201

tial scattering component and the transfer component of202

the reaction.203

IV. DISCUSSION204

Currently, the only theoretical model that provides205

quantitative predictions that can be compared to our data206

is the β-γ constraint AMD model [8]. We compare the207

model predictions to our data for positive-parity states in208

Fig. 4(A); a similar comparison to negative-parity states209

is not made since neither our data nor the AMD model210

show rotational bands for such states [8]. A series of AMD211

states starting near 3 MeV above Sα are attributed to212

rotation of a 3α linear chain. The linear alignment of 3α213

clusters and the localization of 2n are clearly seen in the214

density distributions. A positive-parity rotational band215

(II) was previously associated with a linear structure due216

to its narrow level spacing [21]. It is, however, about217

5 MeV lower than the predicted energy, and its level218

spacing is much narrower than the prediction. Conversely,219

the level energies of the 2+ and 4+ states of this work (I)220

agree with the corresponding rotational members of the221

predicted band (IV). Furthermore, the 2+ and 4+ SF222

values are consistent with the sizable overlaps of the223

AMD states with a 10Be(0+1 ) + α cluster wavefunction224

(28% for 2+ and 16% for 4+) [31]. This supports the225

assignment of the observed positive-parity states as a226

3α linear-chain rotational band in 14C. While there is a227

previous suggestion of doublet partnering of positive- and228

negative-parity bands [21], only a positive-parity band229

structure is identified in our study, in line with AMD230

predictions for linear-chain structure [8].231

Another indicator of the linear-chain structure is the232

large cross section in the inelastic channel of the 2+1 state233

of 10Be. The linear-chain 4+ state is predicted to have234

an overlap comparable to that of the 10Be 2+1 state (28%)235

to the 0+1 state (16%) [31]. This agrees with the inelastic236

excitation function in Fig. 2(D), where the 4+ state’s res-237

onance strength is comparable to the elastic. To examine238

the sensitivity of the inelastic component to the 3α config-239

uration geometry, we studied a Brink-Bloch wavefunction240

[32] consisting of an axially-deformed 10Be cluster and241

an α particle separated by a distance dB.B. with an angle242

θB.B. to the symmetry axis of 10Be, illustrated in Fig. 4(B).243

The linear-chain state can be roughly approximated by244

dB.B. = 5 fm and θB.B. = 0. The probabilities PB.B. of245

the 10Be(0+) and 10Be(2+) states with different partial246

waves of the inter-cluster motion were estimated for 4+
247

states projected from the Brink-Bloch wavefunction. The248

calculated PB.B. in Fig. 4(B) reveal strong θB.B. depen-249

dence. Since the ratio of inelastic components to the250

elastic component increases as θB.B. diminishes and is251

maximal at θB.B. = 0 where 3α clusters are fully aligned,252

the measured strong branching to the 10Be(2+) state fa-253

vors a linear-chain assignment for the observed rotational254

band.255

Figure 4(C) compares the inelastic angular distribution256

at Ec.m. = 7.0− 7.5 MeV to R-matrix calculations, one257

assuming only L = 2 and the other mixing L = 2 and258

4 with SF values proportional to PB.B.. A description259

without non-resonant components and absorption was260

adopted. The L = 6 component was not taken into ac-261

count due to its much lower penetrability. The data have262

a broad maximum centered at 90◦ that is not reproduced263

by L = 2. The predicted mixture with L = 4 increases264

the cross section at 90◦ and qualitatively describes the265

features seen in the data.266

A different prediction made with the molecular orbital267

model expects the 14C linear-chain structure to be ener-268

getically unstable [20]. In this picture, while the presence269

of the two valence neutrons keeps the 3α cluster from270

breaking up, the calculated energy surface is nearly con-271

stant with respect to bending angles. The AMD model272

predicts similar characteristics for the energy surface, but273

it further incorporates configuration mixing [8]. The inclu-274

sion of configuration mixing is central to the stabilization275

of the linear-chain structure in the AMD model as it276
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results in the appearance of states with triaxial config-277

urations at lower energies, as shown in Fig. 4(A). It is278

in these triaxially-deformed states that the bending 3α279

configurations exist, allowing the linear-chain states to280

form stable and pure geometrical linear configurations at281

higher energies since the triaxial and linear-chain states282

are orthogonal. Without the triaxially-deformed states,283

the bending 3α configurations would mix with the linear-284

chain configuration, rendering it unstable. Thus, the285

orthogonality between the different geometrical states286

makes the linear chain in 14C robust and allows high-spin287

states via rotation. In contrast, 12C has neither the va-288

lence neutrons needed for stronger bonding nor triaxial289

bands [11]. While its low-lying 0+ state may form a linear-290

chain configuration, the chain is fragile and readily bends291

and collapses in 2+, 4+, and higher spin states, perhaps292

explaining why linear-chain states in 12C have yet to be293

found. The present result thus corroborates the picture294

that the orthogonality between quantum states is crucial295

for the one-dimensional self-organization of atomic nuclei296

and also reveals that the stabilization mechanism of the297

exotic cluster structures is likely due to excess neutrons.298

V. SUMMARY299

We unambiguously identified 2+ and 4+ resonances in300

14C above the 10Be + α threshold. We observed a strong301

decay branch of the 4+ resonance to the inelastic channel.302

Though not expected from simple penetrability arguments,303

a strong L = 4 component of the inelastic branching304

was necessary to describe the angular distribution. All305

these independent observables semi-quantitatively agree306

with β-γ constraint AMD predictions [8], supporting the307

existence of linear-chain structure in 14C. Though the308

uniqueness of this interpretation is difficult to ascertain309

given comparison to only one model, predictions on level310

energies and decay properties from other theoretical frame-311

works are desirable but currently lacking. In particular,312

predictions from the weakly-coupled α + 10Be rotating313

di-nuclear model will be important. The argument for314

linear-chain structure will not be complete until this di-315

nuclear picture that has long been debated in linear-chain316

states such as 24Mg [16, 17] is ruled out. Furthermore,317

while experimentally challenging, measurement of the318

band head 0+ state would greatly inform our linear-chain319

interpretation. The 0+ state is expected to lie 1 MeV320

below the 2+ state, which would be near Ec.m. = 2 MeV.321

However, this energy was at the limit of our trigger cutoff.322

Future measurements providing additional information on323

other band states, particularly the band head, are desired.324
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Cluster Condensation in 12C and 16O, Phys. Rev. Lett.341

87, 192501 (2001).342

[5] J-P. Ebran, E. Khan, T. Nikšić, D. Vretenar, How atomic343
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