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In this work we reinvestigate the spectroscopy of 'C at excitation energies larger than the o emission
threshold (E, > 10.648 MeV) by means of acomprehensive R-matrix fit of experimental data concerning o + *Be
collisions at low energies. Owing to the analysis of many reaction channels in a broad energy range, we improved
the current knowledge on the level scheme of '*C, by contributing to remove uncertain J* assignments for several
states. Some tentative speculations on the existence of molecular bands associated to cluster structures in this

nucleus are also discussed.
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I. INTRODUCTION

The accurate knowledge of '>C structure is one of the most
important topics in modern nuclear physics. Recent discoveries
on the structure of this nucleus [1-5] emphasize the role played
by cluster effects [6-8], suggest the possible appearance of
symmetries [2,9] and unusual shapes [10] and stimulate new
speculations on the existence of a dilute -particle gas or even
of a Bose-Einstein condensation [11-13].

In this context, also the study of non-self-conjugate nuclei
is of noticeable importance because of the role played by extra-
nucleons in modifying the « cluster structure [14-22]. How-
ever, if compared to the case of self-conjugate nuclei, this type
of experimental investigations is made difficult by the presence
of nucleon-decay channels that are open at low energies and,
in general, by the presence of a high-level density [23].

Recently, the study of the structure of '*C [24-26] was
the object of a renewed interest, with particular emphasis to
the role played by the valence neutron in the stabilization
(or in the modification) of 3« cluster structures. These effects
are particularly important above the o emission threshold in
BC (ie., E, = 10.648 MeV [27]). For example, Ref. [24]
suggested that two alternate-parity rotational bands could be
observed in !*C, suggesting some missing or uncertain J”
assignments to be conveniently modified. From the slope of
proposed rotational bands, a very large moment of inertia
(;—; ~ 180-190keV) is deduced, consistent with a linear chain

structure for '3C*. Hereafter, several theoretical calculations
have been performed on '3C structure, for example, by means
of the antisymmetryzed molecular dynamics (AMD) [28], the
generator coordinate method (GCM) [29], and the orthogonal-
ity condition (OCM) [30] models. The presence of a negative
parity rotational band built on the 3 /2 state has been predicted
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by GCM calculations in Ref. [29]. According to this model,
the rotational band built on the 3/2; excited state has a
well-developed obtuse triangle three-« structure; therefore, it
seems that the extra-neutron plays the role of stabilizing this
exotic shape against the bending motion of the three o centers
[29]. More recently, the search for the analogous of the Hoyle
state in '3C has been performed in Ref. [30] in the framework of
the OCM model. The structure of several 1/2% states has been
theoretically investigated, and spectroscopic factors for several
2C4+nand’Be + o configurations have been calculated [30].

Despite the strong theoretical efforts, experimental data on
the structure of 1*C at excitation energies above the « emission
threshold are quite fragmentary and often characterized by
conflicting J™ assignments that prevent any firm conclusions
on the structure of this nucleus. Possible reactions that can help
to clarify the situation are the o 4 °Be elastic and inelastic res-
onant scattering [25,31-36], *Be(a,n)!>C reactions [37-39],
n+"2C elastic and inelastic scattering [40—42] and transfer re-
actions, such as the 9Be(6Li,d)13C* case [26,43,44]. A review
of results concerning '*C spectroscopy is reported in Ref. [27].

Among the various possible reactions, o + *Be scattering
has been suggested to be one of the best ways to populate
molecular states in '>C [25] due to the well pronounced
molecular structure of the °Be target nucleus [14,45]. In
Ref. [32], the structure of '*C in the E, ~ 13.3-14.5 MeV
range is explored, with this reaction, by performing a fit
of experimental excitation functions at several angles with
predictions based on the Blatt-Biedenharn formalism [46].
More recently, Freer et al. [25] studied °Be + *He elastic
scattering in inverse kinematics. The R-matrix fit to one
excitation function at 0., ~ 180° allowed to revise the J*
assignments and the partial width values of several '>C states
in the E, &~ 13.3-16.2 MeV range. In particular, no clear
evidence of the %i members of the molecular bands suggested
in Ref. [24] has been found.

To clarify these questions and to improve the spectroscopy
of 13C, we have investigated @ + °Be nuclear reactions at
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FIG. 1. Ejectile energy spectrum observed in @ 4 °Be collisions
at £, = 9.24MeV and 6, = 70°. The small peaks at high energies
are due to contaminants in the target. The group of peaks at 1.5—
4 MeV is attributed to the inelastic scattering channels «; (°Be at
E, = 1.684MeV,blueline), o, *Beat E, = 2.429 MeV, green line),
and oy Be at E, = 3.049 MeV, black dashed line). The yellow line
represents the assumed background. The red solid line shows the fit
of inelastic peaks.

E, ~ 1.5-10 MeV. A simultaneous R-matrix fit to elastic
scattering (ctg) differential cross sections (DCS) obtained at
several backward angles, inelastic scattering DCS leading to
the first excited state («¢j, corresponding to E, = 1.684 MeV)
in °Be obtained at 6, = 70°, and integrated cross sections of
“Be(a,ng)'>C and *Be(a,n; ) >C reactions allows us to estimate
the spin and parity of several states above the « threshold, in a
region where the existence of molecular bands is predicted. In
Sec. Il we briefly discuss the body of experimental data, while
in Sec. III we discuss in details results obtained by a R-matrix
fit of data, in connection with previous findings reported in
the literature. In Sec. IV we compare our new results with
theoretical calculations supporting the existence of molecular
bands in '*C.

II. SELECTION OF REACTION DATA-SET

The largest part of data used in the present R-matrix analysis
derives from an experiment performed by using the TTT3 tan-
dem accelerator in Napoli, Italy [47—49]. Beams of doubly ion-
ized “He bombarded a self-supporting °Be target (122 j1g/cm?
thick). The beam energy was varied in >~ 60 keV steps,
covering the E, ~ 3.5—10MeV domain. The detection system
was made by an array of collimated silicon detectors placed at
various backward angles. With this apparatus, elastic scattering
DCS have been measured at 160°, 150°, 135°, 110° in the
laboratory frame. Further details of the experimental setup and
of a subsequent thick target experiment that benchmarked the
DCS absolute cross section scale can be found in Ref. [47].
As an example, a typical ejectile energy spectrum obtained at
E, = 9.24 MeV and 6y, = 70° is reported in Fig. 1 as a black

line histogram. The most intense peak is associated to the elas-
tic scattering of « particles on °Be nuclei. The two small peaks
at higher energies are due to scattering events on carbon and
oxygen contaminants in the target, as discussed in Ref. [47].

The low-energy group of peaks (E =~ 2-4MeV) is at-
tributed to inelastic scattering processes on °Be. The energy
positions of peaks at £ &~ 3.3, 2.7, and 2.2 MeV agree with
predictions based on kinematics and energy loss calculations
for a + ?Be inelastic scattering events, exciting the 1.684 (o),
2.429 (), and 3.049 MeV (o) states of *Be. Contributions
due to o + '°0 inelastic scattering to this part of the energy
spectrum are ruled out because of kinematics, while contribu-
tions due to o + '2C are expected to be observed up to E ~
2 MeV. Furthermore, we verified by simulations that « parti-
cles coming from the breakup of excited states in *Be have a
negligible influence on the region of inelastic scattering peaks.

We deduced the yield of the “Be(o,r1)°Bey ¢ inelastic
scattering channel by fitting the low energy part of the spec-
trum in Fig. 1. We assumed the presence of inelastic peaks
(parametrized with Gaussian functions) due to the 1.684 (blue
line), 2.429 (green line), and 3.049 MeV (dashed line) states in
Be, summed on a smoothly varying background (yellow line).
Concerning inelastic scattering events populating the very
broad state at 2.78 MeV in ’Be, the limited energy resolution
makes it very difficult to distinguish them in the present
analysis. After all, according to the NNDC database [50], this
state was never observed in inelastic scattering collisions of «
particles on °Be. The result of the fit procedure is reported in
Fig. 1 as ared solid line. With this procedure, we succeeded in
measuring DCS for the *Be(x,a1)’Be g3 inelastic scattering.
It is also possible to estimate DCS for 9Be(oz,a2)9Be2,43
and °Be(w,a4)’Bes s inelastic channels, but because of the
possible contamination due to the 2.78 MeV state, they have
not been included in the present fit procedure. Uncertainties
in elastic scattering DCS are taken from Ref. [47], while
for inelastic scattering we evaluated uncertainties by square
summing statistical and nonstatistical errors.

Since low energy states can interfere with higher energy
states changing the shape of excitation functions [51], we
complemented our elastic scattering DCS data-set with data at
Oem = 160,150° taken from Ref. [33] and covering the energy
range E, ~ 1.0-1.7 MeV. During the R-matrix fit procedure,
we allowed the presence of small normalization factors (within
15% from unity) to account for eventual absolute normalization
errors in the original data set of Ref. [33].

Regarding Be(a,n)'>C reactions, we used absolute inte-
grated cross-section data for the n( (i.e., associated with the
reaction having '>C in the ground state) and n; (i.e., having
12C in the 4.44 MeV state) channels taken from Ref. [52] for
the energy range E, ~ 1.4-3.5MeV, and from Ref. [53,54]
for the energy range E, ~ 2-7.5MeV. Concerning the ng
channel, the two data sets of Refs. [52—-54] are in reasonable
agreement in their overlap region, while for the n; channel a
disagreement in the absolute cross-section scales is seen. Since
the data concerning the total neutron cross section of Ref. [52]
are in good agreement with the independent measurement of
Ref. [55], we decided to use the cross-section scale of Ref. [52]
as a reference for the n; channel. Anyway, if we normalize by
a 0.52 factor the n; data of Refs. [53,54], they show a good
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TABLEL '3Clevel structure derived from the R-matrix best-fit of “He + °Be elastic and inelastic scattering data and *Be(a,n)'>C reactions.
First two columns: summary of literature data, published before 1990, as reported in Ref. [27]. Third, fourth, and fifth columns: E,, J™, and I'y
values of *C excited states as obtained in the present work. Sixth, seventh, and eighth columns: 'y, I'y,, and I', partial width values obtained
in the present work, rounded to 1 keV. Ninth column: references to states already reported in the literature. A cumulative maximum uncertainty
of ~20keV is attributed to the energy position of states at E, < 14.3MeV and ~50keV at E, > 14.3 MeV.

Eli I E, JT r T, T, r, Refs.
11.75 3/2- 11.75 3/2- 116(27) 3(1) — 113(26) [27]
11.97 5/2% 11.97 5/2% 152(38) 65(17) — 87(21) [27,33]
12.13 5/2- 12.17 5/2- 199(28) 28(7) — 17121) [27]
12.14 1/2+ 12.33 1/2+ 230(37) 40(7) — 190(30) [27]
12.44 7/2- 12.45 7/2- 222(36) 16(2) — 206(34) [27,42]
13.28 3/27 13.05 3/2° 546(112) 153(29) — 393(83) [25,27,32]
13.41 9/2~ 13.41 9/2~ 84(27) 21(7) — 63(20) [25,27,32]
13.57 7/27 13.49 7/27 417(116) 114(51) — 303(65) [25,27]
13.76 (3/2,5/2)* 13.63 5/2+ 743(51) 623(30) — 120(21) [26,27,32]
14.13 3/2° 14.13 5/27 94(12) 94(12) — — [25,27,32]
14.17 72+ 6(1) 6(1) — — (32]
14.39 (1/2,5/2)" 14.28 7/2- 392(93) 185(51) — 207(42) [25,27]
14.58 (7/2%,9/2%) 14.36 9/2* 322(62) 70(16) — 252(46) [25-27]
14.98 (7/27) 14.64 7/27 361(47) 279(28) — 82(19) [27]
15.04 5/2*% 965(377) 831(355) — 134(22) [27,38]
15.27 9/2% 15.27 3/2F 1201(280) 1061(260) — 140(20) [27,39]
16.08 (7/2%) 16.09 3/2% 365(55) 233(29) 55(14) 77(12) [27]
16.27 5/27 1596(142) 1503(130) 87(10) 6(2)
16.18 16.40 5/2+ 17(4) 2(1) 14(2) 1(1) [27]
16.64 5/27 1502(156) 1294(110) 10(6) 153(40)
16.67 7/2% 904(100) 633(100) 2(1) —
16.95 16.89 9/2% 635(60) 501(40) 86(10) 4(2) [27]
16.91 3/2° 1079(200) 702(100) 257(50) 120(50)
17.23 3/2% 393(120) 280(80) — 113(40)
17.36 17.24 3/2° 216(75) 185(60) 20(9) 11(6) [27]
17.52 5/2% 2153(290) 1834(170) 86(50) 233(70)
17.92 17.86 7/2- 477(210) 457(200) — 20(10) [27]
agreement with the ones of Ref. [52] in the region of energy ¢ A}/ Sy A;/ 3), with A; and A, being the mass numbers of the

overlap (i.e., E, &~ 1.84—3 MeV). Therefore, we adopted such
normalization factor for the n| data of Refs. [53,54]. We do not
include data on the n, channel reported in Refs. [53,54] in the
fit procedure. Indeed, its structureless trend seems to point out
to a prominent direct mechanism, difficult to be reproduced
with the R-matrix approach. Furthermore, its contribution is
relatively minor as compared to the 7y and n; channels. Finally,
analogously to the n; case, normalization problems can affect
the cross section scale. New accurate measurements of this
reaction channel in a broad energy range would be very useful
for future improvements of the present analysis.

III. RESULTS OF R-MATRIX FIT
TO EXPERIMENTAL DATA

We performed a comprehensive R-matrix fit to the exper-
imental data sets described in Sec. II. In the present analysis
we used the multichannel, multilevel R-matrix code AZURE2
[51,56]. Similar results are obtained if a different R-matrix
code is used (minRmatrix code [23]). The maximum order
of partial waves contributing to the reaction or scattering events
was set to £ = 8. The channel radii used in the R-matrix
calculation are obtained by means of the formula R = 1.4 x

two particles constituting the reaction channel. Concerning
the DCS measured in the Naples experiment, we included
within the fit procedure the effects induced by the finite target
thickness, as implemented into AZURE2 [56]; for this reason,
the energy scale of DCS obtained from the Naples experiment
here reported is directly derived from the bombarding energy.

As starting parameters of the fit procedure we used the table
of states reported in Ref. [27], updated with the more recent
findings described in Ref. [25]. The latter were obtained from
an R-matrix analysis of o« 4 ?Be elastic scattering cross section
measured with the thick target inverse kinematic method at
O.m ~ 180°. The presence of several angles and a wide energy
range of elastic scattering DCS and the inclusion of inelastic
scattering and neutron reaction channels allows us to dis-
criminate between conflicting J”* assignments reported in the
literature. Furthermore, the large body of data here used allow
us to unveil the presence of broad states that can be missed
when only one reaction channel and data in small energy ranges
are analyzed. When necessary, J”" assignments tentatively
reported in the literature have been changed to describe in
the best possible way all the details of excitations functions.
Results of the best fit procedure are summarized in Table I,
together with previous findings reported in the literature. Red
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FIG. 2. ?Be(a,c9)’Be DCS at laboratory angles of 160°, 150°,
135°,and 110°. Data are taken from Ref. [47]. The energy scale shown
here represents the center of mass energy calculated starting from
the a-particle bombarding energy. Effects of finite target thickness
have been taken into account in the R-matrix fit. Red lines represent
the results of the simultaneous multichannel R-matrix best-fit on the
whole data set here investigated. Green dashed line: R-matrix best-
fit without the 3/2~ state at 15.27 MeV. Blue dotted line: R-matrix
best-fit without the 5/27 state at 16.27 MeV. Magenta dash-dot line:
R-matrix best-fit without the 5/27 state at 16.64 MeV.

solid lines drawn in Figs. 2—8 of this article show the results of
the best-fit procedure. The overall agreement with data is quite
satisfactory, also in consideration of the high complexity of *C
level scheme. Depending on the reaction channel, the reduced
x 2 ranges from ~0.6 up to ~2. Due to the complexity of the fit,
uncertainties on the width parameters were estimated, as a first
approximation, by finding a set of parameters describing in the
best possible way the experimental data at the lower boundary
of the 1o confidence band. In the next subsections we discuss in
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FIG. 3. Low-energy *Be(x,0)°Be DCS at center of mass angles
160° and 150°. Data are taken from Ref. [33]. Red lines are the results
of the R-matrix best-fit on the whole data set here investigated.
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FIG. 4. Excitation  functions of °Be(a,ng)'’Cgs  and
9Be(oz,n 1)12C4A44 angle-integrated cross section. Black dots, data from
Ref. [52]; blue stars, data from Refs. [53,54]. Average uncertainties
of 15% have been used for both data sets. Red lines are the results
of the simultaneous multichannel R-matrix fit on the whole data set
here investigated.

more details the spectroscopic characteristics of excited states
in 13C as determined from the R-matrix fit procedure.

A. Resonances in the E.;,, = 1-2 MeV region

Inthe E.,, = 1-2 MeV region, the presence of excited states
in 1*C leads to the appearance of a marked local minimum in
the oy channel and to the presence of several peaks in the
no and n; neutron channels. The small peak seen at E ., ~
1.11 MeV in the n( excitation function (see Fig. 4) is attributed
to the presence of a 3/27 state at 11.75 MeV, already seen in
n+ 2C scattering experiment [27]. Reference [27] reports, for
this state, a neutron branching ratio % =0.80 £ 0.08 and a

total width of 129 + 40 keV. In our fit procedure, we find d

"o
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FIG. 5. (Upper panel) Zoom of *Be(x,ng)'2C integrated cross-
section data (see Fig. 4). Green dashed line: R-matrix best-fit without
the inclusion of the 1/27 state at 12.33 MeV. Red solid line: R-matrix
best-fit with all the parameters of Table I. (Lower panel) The same of
upper panel, but for the *Be(a,a9)’Be DCS at 6, = 160°.
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FIG. 6. (Upper panel) Zoom of *Be(a, )’ Be DCS data at 6y, =
160° (see Fig. 2). Blue dashed line: R-matrix best-fit where we
changed the J™ value of the 13.41 MeV state from 9/2~ to 7/2%.
Total and partial widths values used in the case of a 7/2% assignment
for the 13.41 MeV state are the same of those reported in Table I for
the 13.41 MeV 9/2~ state. Red solid line: R-matrix best-fit with all
the parameters of Table I. (lower panel) The same of upper panel,
but for the *Be(a,ap)’Be DCS at 6,,,, = 137.9°. Data are taken from
Ref. [32] and normalized as discussed in the text.

0.97 £0.01 and ',y = 116 £ 27 keV, inreasonable agreement
with the literature.

AtE., >~ 1.33 MeV, both the ny and n| cross sections show
a maximum (see Fig. 4), while the elastic channel shows a
marked dip (see Fig. 5). In the literature, Saleh et al. [33]
have attributed the dip in the elastic cross section to the
effect of a 5/2% state at 11.97 MeV. The presence of such
a state was already reported in n 4 !C scattering experiments
and in *Be(r,n)'?C reactions, even if with a tentative 7/2~
assignment in the latter case. We succeeded to fit well the data
with a 5/2% state at 11.97 MeV. Our total neutron branching
ratio (% ~ 0.57 £ 0.09) is in good agreement with the value
quoted 1n the literature (0.51 £ 0.06 [27]). The width of this
state (152 £ 38keV) and the ', partial width (65 £ 17keV)
are in agreement with the values reported in Ref. [33] (180 and
72 keV, respectively).

At E., >~ 1.53MeV, the n( cross section shows a bump
(Fig. 4) that has been attributed, in our analysis, to the presence
of a 5/27 state at 12.17 MeV. In this energy region, the
literature reports four states (with different J* and I values)
separated by just few tens of keV [27]. Among them, we can
find also a 5/27 state at 12.13 MeV, even if its total width
(80 £ 30 keV) and neutron branching ratio (0.43 £ 0.06) are
different from our estimates. Interestingly, in a more recent
work, Wheldon et al. [26] measured with a refined coincidence
technique the total width and branching ratios of this state,
finding I'i;=219 keV and ~ 1, values compatible with the
present ones.

I

Ty
tot

do/dQ.. (mb/sr)

5 55 6 65 7
Egcm (MeV)

FIG. 7. °Be(a,1)°Be; s DCS data at 6, = 70°. The red line
represents the R-matrix best-fit on the whole data set here investigated.
The brown dotted line is the R-matrix best-fit without the inclusion
of the 3/27" state at 16.09 MeV. The azure dashed line is the R-matrix
best-fit without the inclusion of the 5/2~ state at 16.27 MeV. The
blue dotted line is the R-matrix best-fit without the inclusion of the
5/2% state at 16.40 MeV, responsible of the wing at E.,,, >~ 5.8 MeV.
The green dashed line is the R-matrix best-fit without the inclusion of
the 9/27 state at 16.89 MeV. Finally, the magenta dash-dot line is the
R-matrix best-fit without the inclusion of the 3 /2~ state at 17.24 MeV.

At slightly higher energies, E., ~ 1.79 MeV, a shoulder
appears on the n( excitation function. A good reproduction of
datais achieved by including a 1/2% excited state at 12.33 MeV
having only « and n( branches. The effect of adding this state
can be seen in Fig. 5, where the green dashed line shows the
results of the best fit without including this state. We see a
pronounced disagreement with the n( data, while the effect is
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.. &nob5/2" at 16.64 MeV
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FIG. 8. ?Be(a,9)°Be DCS at laboratory angles of 160°, 150°,
135°, and 110°, as in Fig. 2. Red lines are the results of R-matrix
best-fit. Green dashed lines represent the R-matrix best-fit without
the inclusion of both the 5/27 broad states at 16.27 and 16.64 MeV.
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less evident in the elastic channel. A 1/27 state at 12.14 MeV
has been reported in the literature, even with a total with larger
and a neutron branching ratio smaller than the present ones.

Finally, the last state contributing to this energy region is a
7/27 at 12.45 MeV. Itis responsible of the bump clearly visible
in the °Be(or,n; )'2Cy 44 excitation function at Ey, ~ 1.83 MeV
(Fig. 4, bottom panel). The presence of a 7/2~ state at
12.43 MeV was reported in the literature [27]. The quoted total
width (114 440 keV, [27]) is not far from the present result
(222 £ 36keV), even if the neutron-decay branching ratio is
lower than the present one. It is anyway interesting to underline
that, in an older work studying the '>C(n,n’y)'?Cy44 [42], 2
value I',y = 220 keV was reported, in nice agreement with the
present one.

B. Resonances in the E.,;, = 2-3MeV region

This energy domain is mainly dominated by structureless
shapes of « + ?Be elastic scattering DCS (see Ref. [32]).
This fact, coupled to the use of the rarefied data points of
Refs. [53,54] for the ny and n; channels, makes the spectro-
scopic investigation quite difficult. A broad 3/2~ 13.05 MeV
state has to be included to reproduce the hole in the ng cross
section around E.;, & 2.4 MeV and to explain the correspond-
ing shoulder in the n; channel at similar energies. The need to
include a broad 3/2 state at 13.28 MeV was pointed out by
Ref. [32] and subsequently also in the more recent Ref. [25]
by analyzing o + °Be elastic scattering data. The total width
obtained with the present R-matrix analysis (546 &+ 112keV)
is larger than previous estimates of Refs. [25,32].

At E., > 2.76 MeV, a peculiar shape of oy and n; exci-
tation function appears, as it can be seen in Figs. 2 and 4. By
analyzing their & + ?Be elastic scattering data, Goss et al. [32]
attributed this effect to the excitation of a high spin state (tenta-
tively 9/27) in 1*C at 13.41 MeV (with a ', = 58 keV). The
presence of a resonance at this excitation energy with similar
width was also reported in 12C(n,n’)/)l2C4_44 experiments [42].
In his more recent analysis, Freer et al. [25] included a 9/2~
state at 13.43 MeV, but with a width smaller than the present
one. The authors also suggested that a 7/2% assignment for
this state could reproduce a resonance having ~60 keV width
at B, >~ 2.76 MeV, in agreement with the experimental data.
Owing to the use of DCS at different angles, we can investigate
this question in more detail. A satisfactory reproduction of
elastic scattering DCS at all angles and of the narrow peak in the
n integrated cross section is obtained by including in the level
scheme a9/2~ state at 13.41 MeV, having 'y = 84 + 27 keV,
and branching ratios 1"00 ~ 0.25, F”“ ~ 0.29, and “‘ ~ (.46.
The «g and the ng + 1, branchmg ratlos quoted in Ref [32] are
in nice agreement with the present ones. Finally, we checked
the possibility that the 13.41 MeV could have 7/2% assignment.
If we adopt such a J™ value for the state at 13.41 MeV, having
I'iot and branching ratios equal to the previously mentioned
ones, the associated R-matrix calculations are reported as blue
dashed lines in Fig. 6. The disagreement with experimental
DCS « data at 6, = 160° (upper panel) is evident. Similar
disagreements are observed at the other angles here investi-
gated. Furthermore, we analyzed also the very detailed data
at Oy = 137.9° (lower panel) reported in arbitrary units in

Ref. [32]. They have been normalized so as to reproduce
the R-matrix prediction for the peak at E., =~ 3.5MeV. A
very nice agreement between calculations and data is seen
at E., ~ 2.5-3.0 MeV when using the 9/2~ assignment (red
solid line), while the alternative assumption of a 7/27 state at
13.41 MeV (blue dashed line) is in contrast with experimental
data. We checked also the possibility that, in the case of a 7/2%
assignment, [',g > I',,0,1",| with the constraint 'y, = 84 keV;
also in this case calculations and experimental data for the
oy, ng, and n channels largely disagree. Therefore, from the
present work, a 9/27 assignment is deduced for the state at
13.41 MeV.

C. Resonances in the E,,, = 3-3.75 MeV region

o + °Be elastic scattering data in this energy region are
characterized by a very broad bump (E., >~ 2.9-3.4 MeV),
followed by a more narrow peak (E., >~ 3.5MeV) and a
broad local minimum (E.,, ~ 3.85MeV), as clearly visible
in Fig. 2. The evolution with the angle of the broad bump
is very evident, and it is a useful tool to determine J” values of
states contributing in this energy region. We find that two broad
states are needed to simultaneously reproduce the «, ng, and
np excitation functions: a 7/2 state at 13.49 MeV and a 5/2%
state at 13.64 MeV. Similar findings are reported by Freer et al.
[25], even if the I'y, and the branching ratios values seem to
be inverted between the two states. In particular, for the 7/2~
state, present data suggest a quite small ¢ branching ratio,
even if a sizable portion of the I'y, value is associated to the
£ = 4 partial wave.

A good reproduction of the o channel data is seen at all
the angles, and also a reasonable reproduction of the ny and
channels is seen. Probably the small gap between data and fit
in the n; channel could be reduced by taking into account also
a nonzero branching to the n, reaction channel. In this energy
region, Wheldon et al. [26] reported the presence of a state at
13.78 MeV having a quite narrow width (117 keV). According
to Ref. [26], this state has sizable branches to the «( and n;
channels. In principle, the presence of such a state can help to
reduce the gap in the n; channel before mentioned, especially
in the E;, >~ 3.11 MeV region. The absence of a pronounced
(and narrow) structure near this energy value in the o channel
data makes quite difficult to evince the presence of such a state
from the present analysis.

Following the suggestions by Goss et al., the peak at E ., >~
3.5MeV has been reproduced by using two close-lying states
at 14.13 MeV (5/27) and 14.17 MeV (7/2%). Concerning
the 5/27 state, its 'y value (94 + 12keV) is in reasonable
agreement with the ones quoted by Goss et al. (75 keV)
and Freer et al. (124 keV). Furthermore, a vanishingly small
neutron width is observed in all the investigations. In agreement
with Goss et al., we found that the largest part of the oy width
is due to the £ = 4 partial wave. Concerning the 7/27% state, as
suggested by Goss et al., we included it to reproduce the shape
of the E., >~ 3.5MeV peak at all angles. Anyway, we find a
width much smaller than the Ref. [32] one.

The broad local minimum (E,,, >~ 3.75 MeV) seen in the o
excitation functions at all angles is due to the presence ofa7/2~
state at 14.27 MeV, interfering with the neighboring states and
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with Coulomb background amplitudes. In Ref. [27], a negative
parity state is reported at a close energy (14.39 MeV), with
J = 1/2 or 5/2 tentative assignments. In more recent times, a
7/2~ state at 14.4 MeV was reported in Ref. [25] but with a
It value quite smaller than the present one. Our value (I'; =
392 £+ 93 keV) agrees with the one quoted in Ref. [27] (I'y =
280 £ 70 keV) within uncertainties.

D. Resonances in the E.,;, = 3.75—5.5 MeV region

In this region the o elastic scattering data show two very
broad bump, and also some broad structures appear in the
neutron channels. To simultaneously describe all the data,
we used four (mainly broad) states. The first two ones are
a 9/2" state at 14.36 MeV and a 7/2 state at 14.64 MeV
(the last one with a dominant £ =4 component in the oy
channel, 9(3 ~ (0.47). Two states with the same J™ assignments
and similar I'y, values are reported in Ref. [25], even if our
resonance energies are shifted back by ~300keV. Signals
of the existence of a state near 14.63 MeV were reported
in the study of « +%Be — n;+ '2C* DCS [39]. In our
investigations we find I';,, > I',,, in qualitative agreement
with the results of [39]. A state at 14.58 MeV (I' = 230keV)
with uncertain J” was reported in electron and proton inelastic
scattering on 13C [27]; in more recent times, the presence of
a state near 14.58 MeV and with I' = 130keV was reported
in Ref. [26]. We could assume that this state is related to the
7/2 state at 14.64 MeV here observed; under this hypothesis,
the branching ratios determined in the present work for the o,
ng, ny channels are similar to the ones determined in Ref. [26].
Finally, a narrow resonance having £ = 4 has been observed
at 14.7 MeV in 9Be(GLi,d)BC transfer reactions [57,58]; also
these findings could qualitatively support the existence of a
7/2~ state near the ~ 14.6 MeV region.

Two very broad states (a 5/2% state at 15.04 MeV and a
3/2% state at 15.27 MeV) are needed to reproduce the behavior
of elastic scattering DCS in the region E.,, >~ 4—5.5 MeV.
The interference of these two states reproduces well the bump
in the E., &~ 4.7—5.4 MeV region. The green dashed line of
Fig. 2 shows the behavior of the R-matrix best fit if the 3/2%
state at 15.27 MeV is not included in the level scheme; the
disagreement at all angles is evident. Both such states show
large T,, partial width, but the associated reduced width > are
well lower than the single-particle limits (¢ = 3, 62 =~ 0.33 for
the 15.04 MeV state and ¢ = 1, 62 =~ 0.22 for the 15.27 MeV
state).

E. Resonances in the E.,, = 5.5—6.8 MeV region

In this high-energy region, cp DCS show a quite smooth
behavior, with the exception of two pronounced dips at E ., ~
5.52MeV and E., >~ 6.5MeV. Also the «; channel shows
some structures (e.g., a wing at E.;,, >~ 5.8 MeV) that are very
useful to study the high energy part of '3C level scheme. In
this high-energy region, the spectroscopy of '*C reported in
the literature is particularly patchy [27]. Eleven states have
been introduced in the present work to simultaneously fit all
the reaction and scattering data here studied. For some states,

we allowed the possibility of having nonzero strength in the
o> inelastic channel.

The dip at B¢y >~ 5.52 MeV is due to the 16.09 MeV 3/2%
state. In the literature, the presence of astate at £, ~ 16.1 MeV
with T’y of the order of 200-300 keV has been reported
by analyzing both the 9Be(w,n)'2C reaction and '>C(n,n)'*C
scattering data. The deep minimum, seen in the ¢ channel
at O, = 110° at B, >~ 6.51 MeV, is due to the interferences
between two close-lying states at 17.23 (3/2%) and 17.24
(3/27) MeV. We verified this finding by removing them from
the level list in the R-matrix calculation; in this case, the deep
minimum is not reproduced at all.

The wing at E.;, >~ 5.8 MeV in the «; inelastic channel can
be attributed to a narrow 5/27 state at 16.40 MeV. The blue
dotted line of Fig. 7 represents the result of the R-matrix best-fit
without the 16.40 MeV state: the wing in the excitation function
disappears.

Apart from the presence of such dips and wings, the global
behavior of oty and oy excitation functions in this energy region
is determined by the contributions of four broad states (I'yo; >
1 MeV). Their mutual interference and their interference with
Coulomb amplitudes allow to describe the overall trend of data.
In Fig. 2 we report, in different colours, the effect of removing
some of these states from the R-matrix calculation. A much
poorer agreement with data is seen in all cases. Furthermore,
we checked the possibility that the two broad 5/2~ states at
16.27 and 16.64 MeV can balance out their effects. In Fig. 8
the green dashed line represents the present R-matrix best-fit
without including both these states, and a strong disagreement
with data is evident.

Because of the finite range of data, the spectroscopic
information on the highest excitation states obtained with the
present R-matrix analysis is not fully reliable. At bombarding
energies larger than the ones here investigated, E, > 10 MeV,
o + ’Be elastic scattering DCS have been reported at several
backward angles in Ref. [31]. The presence of broad resonant-
like structures characterizes the DCS pattern up to E, =
20MeV. Even if their nature was not definitely understood,
they were attributed to direct reaction mechanisms, such
as the optical model resonance phenomenon [31]. In this
frame, it is also possible that the broad states appearing in
the high excitation energy domain of our R-matrix analysis
indicates the onset of such direct effects. New investigations
of o + °Be reactions at high energies can help to better clarify
this aspect.

IV. DISCUSSION ON *C ROTATIONAL BANDS

The broad body of spectroscopic data obtained in the present
work allows us to draw some considerations on the structure
of 1*C, in particular on the existence of molecular rotational
bands. After the seminal work of Ref. [24], several results of
theoretical calculations on the existence of molecular bands
in 3C were published [28,29]. Efforts have been made also
to calculate the I', for molecular band states within the WKB
approach [59] and to determine the spectroscopic factors for
1/2% states [30].

As a first point, we fix our attention to negative parity
states on the light of the proposed molecular rotational band
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FIG. 9. States that could be involved in *C molecular bands.
Black open stars: theoretical calculation of the negative parity band
of 1*C built on the 3/2; state, from Ref. [29]; the vertical scale
has been transformed into excitation energy. Blue open circles:
low-energy negative parity states suggested to belong to the K™ =
3/2~ molecular band by Ref. [24]. Blue full circles: negative parity
states seen in the present experiment and naively associated to the
K™ = 3/27 molecular band. Blue dashed line: linear best fit of the
four negative parity states. Red full squares: positive parity states
that could naively belong to the K™ = 3/2% molecular band. The red
dotted line has the same slope of the blue one, but it is shifted by
E, = 0.95MeV; it is intended only to guide the eye.

of Ref. [24]. In our measurement we do not have access
to the first two members of such a rotational band [3/27
at 9.897 MeV (subthreshold) and 5/2~ at 10.818 MeV]; at
variance, we see well the contribution of the 7/27 state at
12.45 MeV. For this state, we found a relatively small value

2 2
i i ; 2 _ X 2 _ 3k
of the dimensionless reduced o width 8, = yfw Yaw = 3,47

is the Wigner single-particle limit), of the order of 0.05.
Concerning the 14.13 MeV state, we discard the possibility,
suggested in Ref. [24],tobea9/2~ state. The 5/2~ assignment
here reported, in agreement with Refs. [25,32], appears to
be solid. Otherwise, a closer inspection of states in Table I,
points out the presence of a 9/27 state at 13.41 MeV. This
state has a sizable dimensionless reduced o width (63 =0.21)
and we may suppose that it belongs to the negative parity
molecular band. In this hypothesis, a reasonable fulfillment
of the rotational band rule E, = % -+ const. is seen,
as shown by the blue dashed line in Fig. 9 (the coefficient
of determination is > = 0.973 in our hypothesis and r? =
0.998 for the suggested molecular band of Ref. [24]). It is
interesting to note that, if our naive hypothesis was true, such a

molecular band would have a slope coefficient g—i ~ 171 keV.
This value is very close to the one (% ~ 163 keV) that
can be extracted by a linear fit of theoretical data related
to the K™ = 3/2, molecular band of Ref. [29]. The GCM
model used in Ref. [29] suggests that the large value of the
moment of inertia associated to the K™ = 3/2; band could be
related to the presence of an obtuse-triangle configuration of
the three « particles constituting the nuclear molecule. Being
this hypothesis very intriguing, it certainly deserves further
attentions both from experimental and theoretical points of
view. Finally, contrary to the conjecture of Ref. [24], no

evidence of high-energy states with J” = 11/27 is seen in
our work.

The situation is more complicated for positive parity states.
Of all the states belonging to the positive parity molecular band
of Ref. [24], only the 5/27 level at 11.97 MeV is seen. This state
has a sizable dimensionless reduced « width, 903 = 0.21, and
therefore it could have an a-cluster nature. A 9/27 state (92 ~
0.05) is reported at 14.36 MeV (see Table I). If we suppose
that both such states belong to an hypothetical positive parity

molecular band, a slope parameter ;’—i >~ 150 keV is found,
similar to the one reported for the negative parity band. If this
naive hypothesis was true, the missing 7/2" member would be
ataround 13 MeV, corresponding to E., & 2.35MeV. Indeed,
the E., & 2-2.5MeV energy domain corresponds to a quite
delicate region of the data set used for the present R-matrix
analysis. This energy domain is at the matching between the
two neutron data sets of Refs. [52,53].

Furthermore, if one looks at the o + °Be elastic scattering
DCS from Refs. [32,34-36] (the only that cover this energy
region), a structureless behavior is seen, making challenging
the observation of (broad) states. New accurate measurements
of a + °Be elastic scattering DCS and of “Be(a,n)'*C reaction
cross sections in the energy region E, ~ 2.0—3.5 MeV are
clearly required to improve the spectroscopic picture reported
in the present work.

V. CONCLUSIONS

In this work we investigated the spectroscopy of '*C at
excitation energies larger than the « emission threshold (£, >
10.648 MeV), an energy region where the onset of «-cluster
phenomena is predicted by theoretical models [24,28-30]. A
comprehensive R-matrix analysis of several reaction channels
involving o and neutron emission has been performed. We
simultaneously fit o elastic scattering DCS data at four angles,
o inelastic scattering data and °Be(a,ny)'?C, *Be(a,n;)2C
reaction cross-section data. Owing to the analysis of many
reaction channels in a broad energy range, we improved the
current spectroscopic knowledge of excited states of *C, as
reported in Table I. We made dedicated inspections when
contrasting J” assignments were reported in the literature for
a given state. For example, our work confirms the 9/2~ assign-
ment for the 13.41 MeV state and the 5/27 assignment for the
14.13 MeV state, ruling out alternative choices suggested in
Ref. [24] to explain the presence of molecular bands in such
non self-conjugate nucleus.

Even if we are far from achieving definitive conclusions, our
work reports a quite complete overview of '2C spectroscopy at
high excitation energies, and this leads us to make some (naive)
speculations on the existence of exotic molecular shapes in
this nucleus. In particular, if we attribute the 9/2~ state at
13.41 MeV to the negative-parity molecular band built on the
3/2; state, we find a moment of inertia similar to the one
theoretically predicted in Ref. [29] and associated to a bent
three-a chain structure. At variance, from the present data,
it is much more difficult to find evidence of the positive-
parity molecular band. New experimental investigations of
o + Be reactions in the energy regions E, ~ 2.0—3.5 MeV
and E, > 10 MeV can help to improve the presently reported
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spectroscopy of '*C and to clearly evidence the onset of direct
processes in such reactions.
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