
PHYSICAL REVIEW C 86, 044328 (2012)

Absolute partial decay-branch measurements in 13C
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The 9Be(6Li, d)13C∗ reaction at a beam energy of 42 MeV has been investigated using a large-acceptance
silicon-strip detector array and the high-resolution Q3D magnetic spectrograph. The Q3D facilitated the
unambiguous determination of the reaction channel via identification of the deuteron ejectile, thereby providing
the spectrum of excited states in 13C in the range from 10.7 to 15.0 MeV. The silicon array was used to
detect and identify the 13C recoil-breakup products with efficiencies of up to 49%. The results obtained for the
absolute partial branching ratios represent the first complete measurements for states in this energy region and
allow the extraction of reduced widths. The quantities measured for �n0/�tot and �n1/�tot are 0.91 ± 0.11 and
�0.13 (10.753 MeV), 0.51 ± 0.04 and 0.51 ± 0.04 (10.818 MeV), 0.68 ± 0.03 and 0.42 ± 0.02 (10.996 MeV),
0.49 ± 0.08 and 0.71 ± 0.11 (11.848 MeV), and 0.49 ± 0.08 and 0.53 ± 0.08 (12.130 MeV), respectively. For
the two observed higher-lying energy levels, �α0/�tot and �n1/�tot have been measured as 0.54 ± 0.02 and
0.45 ± 0.02 (13.760 MeV) and 0.94 ± 0.03 and 0.13 ± 0.02 (14.582 MeV), respectively. The consequences for
the proposed molecular structures in 13C are explored following the extraction of reduced widths.

DOI: 10.1103/PhysRevC.86.044328 PACS number(s): 21.10.−k, 24.10.Lx, 25.70.Hi, 27.20.+n

I. INTRODUCTION

Nuclear clustering is well established in light, α-conjugate
nuclei [1] and as neutrons are added there is considerable ev-
idence to suggest molecular configurations in which neutrons
are shared between two (or more) heavier cores [2–5] appear.
One of the most studied cluster nuclei is 12C due to, mainly,
the presence of the astrophysically important Hoyle state [6],
and well-developed clustering has been observed. Beyond 12C,
bands involving molecular orbitals have been proposed in 13C
[7] starting at 9.9 MeV. These proposed structures consist of
Kπ = 3

2
−

and 3
2

+
bands and were obtained by systematically

examining the properties of states via a detailed literature
review and ordering those that do not exhibit shell-model
character into bands, in some cases requiring spin and parity
assignments quite different from the accepted values. In order
to clarify the nature of states above the bandhead energy, the
current study measures the decay branches—specifically, the
partial decay branching ratios to states in daughter nuclei,
which is one of the most useful properties when establishing
the character of cluster states, enabling reduced widths to be
extracted.

Here the absolute partial decay branches of states between
10.7 and 15.0 MeV in 13C are measured. The relevant
separation energies in 13C are Sn = 4.946 MeV, Sα = 10.648
MeV, and Sp = 17.533 MeV.

*c.wheldon@bham.ac.uk

II. EXPERIMENTAL METHOD

A 42-MeV 6Li3+ beam was provided by the 15-MV tandem
Van de Graaff accelerator at the Maier-Leibnitz Laboratory
(MLL) of the Technical and Ludwig-Maximillian Universities,
Munich. The 4–10 electrical nano Amperes (enA) beam was
incident on a 240 ± 40 μg cm−2 self-supporting 9Be target.
(The target was turned to +28◦ to face the two most
forward positioned silicon detectors.) The ejectiles from the
9Be(6Li, d)13C, α-transfer [8] reaction (Q0 = +9.174 MeV)
were detected using the high-resolution Q3D magnetic
spectrograph [9] in combination with a position-sensitive
proportional counter [10,11]. Energy and energy loss of
the ions arriving at the focal plane were also measured,
enabling the clear identification of deuterons. The properties
of the Q3D are such that position along the focal plane
corresponds to excitation energy in the recoiling nucleus,
independent of angle. The breakup products from the
recoiling 13C nuclei were recorded using the Birmingham
large-angular-acceptance position-sensitive silicon-strip
detector array. Four 50 × 50 mm silicon-strip detectors, each
with 16 horizonal and 16 vertical strips, were arranged in a
2 × 2 configuration spanning 12◦ to 91◦ and −36◦ to 39◦ in
the horizontal and vertical planes, respectively. The master
trigger condition required a Q3D focal-plane event, after
which all Si analog-to-digital converter channels were read out
using a 5-μs time window. Therefore, events corresponding
to Q3D-only and Q3D+Si were obtained. More details on this
setup can be found in Ref. [12] and references therein.

The Q3D focal-plane detector was calibrated by using
known energies in 13C and the presence of peaks from reactions
on oxygen contaminants in the target. The Q3D was positioned
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at an angle of 20◦ for the majority of the measurements, but to
unambiguously identify contaminant lines, a small amount
of data at 30◦ were collected. The bulk of the data were
taken at excitation energy settings of 11.550 (spanning 10.6
to 13. MeV) and 13.280 MeV (from 12.4 to 15.1 MeV) in the
Q3D, with an intermediate energy of 12.187 MeV being used
to track the states across the focal plane. Also, data at an energy
setting of 6.864 MeV were recorded, from which the resolution
of the Q3D with the energy loss through the 9Be target was
found to be 82 keV (after unfolding the 6-keV intrinsic width
of the 6.864-MeV state [13]). This provides a lower limit on
the resolution for the higher-energy settings, which correspond
to lower deuteron energies and, therefore, can have marginally
higher-energy straggling. A triple-α source (239Pu, 241Am, and
244Cm) provided the silicon-detector energy calibration.

III. RESULTS

The data, dominated by single-hit events in the silicon-
detector array, were sorted on an event-by-event basis [14],
by reconstructing the kinematics for each open channel for
the recoil in turn, namely, the 9Be-α and 12C-n channels
for both the 11.550- and 13.280-MeV settings. In each case,
reconstructing the second (lighter) breakup fragment using
the detected particle, the deuteron, at the Q3D focal plane
and two-body kinematics enables identification of both the
recoil-breakup particles and their excitation energies. This
was achieved via a Catania plot for each of the two breakup
channels, by assuming the particle detected was the heavier of
the two fragments. (More details can be found in Ref. [12].)
This involved plotting the square of the missing momentum
[of the reconstructed, undetected breakup particle, p2(tot)2]
against the corresponding missing energy [of the reconstructed
particle, Eb − Ed − E1corr] and noting that

Eb − Ed − E1corr = p2(tot)2

2

1

m2
− Q3, (1)

where Eb is the beam energy at the center of the target, Ed is
the deuteron energy, and E1corr is the energy of the detected
recoil-breakup particle corrected for energy loss through the
target and silicon-detector dead layer (0.3 μm Al). The result
is a two-dimensional histogram for which the gradient of the
loci is 1/m2 [the inverse of the mass (in atomic mass units) of
the undetected particle] and the intercept is minus the three-
body Q value, −Q3. The Catania plots for the 11.550- and
13.280-MeV settings can be seen in Fig. 1.

In order to extract the detector efficiency for each registered
particle and excitation energy, Monte Carlo simulations of
the geometry using an isotropic breakup process have been
performed using the RESOLUTION8 code [15,16]. Energy loss
through the target and energy and angular straggling are
included. The simulations were run for 1 × 105 Q3D focal-
plane events for each particle at each energy setting and
the efficiencies were derived. The resulting Catania plots
using simulated data, plotted on the same intensity scale
as the experimental statistics, are shown in Figs. 1(b) and
1(d). The efficiencies for detecting 12C(g.s.), 12C(2+

1 ), and
9Be(g.s.) are εC(g.s) = 0.37 ± 0.01, εC(2+

1 ) = 0.41 ± 0.01, and

εBe(g.s) = 0.49 ± 0.01, respectively. The gates and sort code
used to process the data were the same for both the simulated
and real events.

The absolute partial decay branches were extracted using

�n0

�tot
= I (12C(g.s.))

I (tot) εC(g.s)
,

�n1

�tot
= I (12C∗(2+

1 ))
I (tot)εC(2+

1 )
,

�α0

�tot
= I (9Be(g.s.))

I (tot)εBe(g.s)
, (2)

where I (tot) is the total intensity at the Q3D focal plane.
The spectra corresponding to the 11.550- and 13.280-MeV
excitation energy settings are shown in Figs. 2 and 3,
respectively, and the results are summarized in Table I. The
areas under the Gaussian peaks and polynomial background
were obtained using the BUFFIT fitting routine [17] and χ2

minimization. Note that the focal plane was calibrated by
fitting the energies from Ref. [13] to the peak centroids. The
states populated are discussed in turn below, labeled by the
centroid energies from Ref. [13].

A. 10.753 and 10.818 MeV

This doublet of states was observed by Aslanoglou et al.
[18] using the same reaction as the present study, but
at a 6Li beam energy of 32 MeV. The width for the
doublet (130 keV) is consistent with that observed here
(≈100 keV). The 10.753-keV state has Iπ = 7

2
−

[13,19] and a
total �n/�tot = 0.70 ± 0.10 [13]. Note that from the literature
it is not clear whether this total branch refers solely to the
10.753-MeV level or to the doublet. Hall and Bonner [20]
have observed a 10.81-MeV resonance from inelastic neutron
scattering on 12C leading to the 2+

1 state. The total width of
120 keV in Ref. [20] suggests that the doublet is populated.
Here, the measured 10.753- and 10.818-MeV widths imply
an experimental resolution of 86 keV, close to the measured
value of 82 keV from the 6.864-MeV setting, largely from
energy straggling in the beryllium target. The separation of
the two centroids in the doublet is just below the full width at
half maximum (FWHM) value of the resolution; nevertheless,
from the inset of Fig. 2(c) it is clear that two components can
be distinguished. Fitting with two Gaussians was necessary to
well reproduce the peak shape, though the weaker population
of the 10.753-MeV level leads to larger uncertainties for the
branching ratios. The current measurement for the 10.753-keV
state yields �n/�tot � 1.04 ± 0.11, comprising �n0/�tot=
0.91 ± 0.11 and �n1/�tot � 0.13, to the 12C ground and
first excited states, respectively. The 10.818-MeV level has
Iπ = ( 5

2

−
) [13,21] with the assignment being consistent with

an R-matrix analysis of neutron scattering data [22]. In the
current study, the 10.818-MeV state is a factor of ∼10 more
strongly populated than the neighboring 10.753-keV state.
The absolute partial branching ratios measured here yield
�n/�tot = 1.02 ± 0.06, comprising �n0/�tot = 0.51 ± 0.04
and �n1/�tot = 0.51 ± 0.04, to the 12C ground and first
excited states, respectively. These data represent the first
complete absolute measurements for both components of the
10.8-MeV doublet and are as expected for these states, since
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FIG. 1. (Color online) Particle identification (Catania) plots constructed by assuming the fragment registered in the silicon array is a 12C
nucleus. (a) Data for the Q3D setting centered at 11.550 MeV plotted for excitation energies between 10.60 and 11.30 MeV. The gates used
to separate the ground- and first excited states of 12C are shown. (b) Simulated events for the same excitation energy region. (c) Data for the
13.280-MeV setting with the gates for the neutron and α-breakup paths shown. (d) Simulated events for the 13.280-MeV setting labeled first by
the particle detected in the silicon array. The lines on (b) and (d) have gradients = 1/1, demonstrating that the steepest distributions originate
from reconstructing mass = 1 fragments (i.e., neutrons). The intensity scale for each pair of plots is shown on the right. A threshold condition
of >1 has been applied to all of the plots to remove background counts.

the missing fraction of 1.0 − �n/�tot = 0.3 ± 0.1 from the
compiled value of the branching ratio cannot be from γ ray or
α decay due to the location of the particle thresholds.

B. 10.996 MeV

This level is weakly populated in the current reaction and
has a firm Iπ = 1

2
+

assignment [13,23]. The published value
for the total neutron decay branch is 0.4 ± 0.1 [13], signif-
icantly below that measured here: �n/�tot = 1.10 ± 0.04,

comprising �n0/�tot = 0.68 ± 0.03 and �n1/�tot = 0.42 ±
0.02. Once again, the measured branching ratio is close to the
expected value of 1.0 for this state, in contrast to the compiled
value. The width measured here for the 10.996-MeV state is
significantly greater than that of 37(4) keV quoted in Ref. [13].
Removing the 82-keV experimental component from the
measured width leads to an intrinsic state width of 85 keV
for the 10.996-MeV state. It is noteworthy that an adjacent

state at 11.080(5) MeV with �tot = 4 keV and Iπ = 1
2

−
[13]

is not strongly populated [its position being indicated by the
arrow in Fig. 2(a)], as the peak is well described by a single
Gaussian component. Additionally, the focal-plane calibration
is poor if an energy of 11.080 MeV is used instead of
10.996 keV.

C. 11.848 MeV and 12.13 MeV

The two states have spins and parities of Iπ = 7
2

+
and

5
2

−
, respectively [13], and have been measured here as part

of a group of at least three broad resonances (see Fig. 2).
The third, lower intensity peak, centered at 12.51 MeV, is
most likely due to reactions on 16O contaminants. Aslanoglou
et al. [18] have observed the 11.848- and 12.13-MeV
states with evidence for a similar (contaminant) peak at
∼12.5 MeV (not labeled in Ref. [18]). The widths measured
here for the 11.848- and 12.13-MeV states are somewhat larger
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FIG. 2. (Color online) Spectra for the 11.550-MeV setting. (a) All
Q3D events corresponding to deuteron ejectiles. The arrow indicates
an energy of 11.080 MeV (see text for details). (b) Spectrum gated
by the n1 gate in Fig. 1(a); 12C(2+

1 ) state. (c) Spectrum gated by the
n0 gate in Fig. 1(a); 12C ground state. The dotted line is to guide
the eye and to discern the two components in the peak at 10.8 MeV.
The inset of panel (c) shows the enlarged region around 10.8 MeV
with 2 keV/channel (with 1/5 the compression as that for the main
panel spectra): all Q3D events (black) with the vertical normalized
to the blue spectrum; gated by 12C(2+) (blue); and gated by the 12C
ground state (red). Note that the original experimental dispersion
from the focal-plane detector is ≈1 keV per channel.
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FIG. 3. Spectra from the 13.280-MeV setting. (a) All Q3D events
corresponding to deuteron ejectiles. (b) Spectrum gated by the n1

gate in Fig. 1(c); 12C(2+
1 ) state. (c) Spectrum gated by the 4He gate in

Fig. 1(c); 9Be ground state.

than given in Ref. [13], but they are much closer to those
measured by Hall and Bonner [20]: 260 and 200 keV,
respectively. The published total neutron partial decay branch
for the 12.13-MeV level is 0.43 ± 0.06 [13], which, in the
absence of measured α-decay, implies a significant fraction of
missing strength. In the current study, the total neutron partial
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TABLE I. Absolute, partial neutron (part), and α-decay branching ratios measured in the present work and literature (lit) values. Upper
limits for unobserved components appear in parentheses.

Elevel (lit)a Iπ a �tot (lit)a Elevel
b FWHMb �tot

b �part/�tot
b �part/�tot (lit)

(MeV) (keV) (MeV) (keV) 9Be(g.s.) 12C(g.s.) 12C*(2+
1 ) 9Be(g.s.) 12C(g.s.) 12C*(2+

1 )

10.753(4) 7/2− 55(2) 10.772 102(6) 61 (<0.05) 0.91(11) �0.13 0.7(1)a,c

10.818(5) (5/2−) 24(3) 10.816 89(2) 35 (<0.02) 0.51(4) 0.51(4)
10.996(6) 1/2+ 37(4) 11.010 118(6) 85 (<0.08) 0.68(3) 0.42(2) 0.4(1)a,c

11.848(4) 7/2+ 68(4) 11.841 252(42) 238 (<0.10) 0.49(8) 0.71(11)
12.130(50) 5/2− 80(30) 12.123 234(12) 219 (<0.17) 0.49(8) 0.53(8) 0.43(6)a,c

13.760 (5/2, 3/2)+ ≈300 (13.779) 143(4) 117 0.54(2) (<0.10) 0.45(2) 0.30d 0.70d 0d

14.582(10) (7/2+, 9/2+) 230(40) (14.582) 154(4) 130 0.94(3) (<0.12) 0.13(2) 0.86d 0.14d 0d

aFrom Ref. [13].
bCurrent work. The experimental resolution of 82 keV has been removed from the quoted �tot values.
cTotal neutron decay branching ratios.
dFrom Ref. [24].

decay branching ratios have been measured as 1.20 ±
0.14 (11.848 MeV), comprising �n0/�tot = 0.49 ± 0.08 and
�n1/�tot = 0.71 ± 0.11, and 1.02 ± 0.13 (12.13 MeV), com-
prising �n0/�tot = 0.49 ± 0.08 and �n0/�tot = 0.53 ± 0.08.
A large contribution to these uncertainties arises from the
definition of the background in a region immediately below
prominent contaminating peaks. Once again these results
correspond to the first complete measurement for these states
and are much closer to the anticipated value of ≈1.0 for the
neutron branching ratios. The energy of the 12.130-MeV state
is found here at 12.123 ± 0.004 MeV, with an additional
systematic error of ≈10 keV due to the fitting procedure.
Overall this is significantly lower than the 50-keV uncertainty
quoted in Ref. [13].

There are several other known states around 12.1 MeV
in the literature, but of these, the two closest to the
12.130 MeV level lie at 12.106 and 12.140 MeV and
have published widths of 540 and 430 keV, respectively,
significantly higher than the width of 234 keV measured here
(although a small contribution to the observed spectrum at
12.1 MeV from a wide resonance cannot be ruled out). A state
at 12.187(10) MeV with �tot = 150(40) keV [13] is the only
possible alternative to the 12.13-MeV state, but this leads to
a much larger χ2 parameter when fitting the energies for the
Q3D focal-plane calibration.

D. 13.760 and 14.582 MeV

The states observed here at 13.779 and 14.582 MeV have
been assigned as the Iπ = ( 5

2 , 3
2 )+, � ≈ 300 keV and Iπ =

( 7
2

+
, 9

2
+

), � ≈ 230(40) keV levels [13]. The level energies are
given in parentheses in Table I due to systematic uncertainties
arising from bootstrapping the energy calibration from lower
excitation energies. However, the energies assigned in Table I
are the lowest possible energies for the states that are consistent
with the properties of the focal plane. The measured partial
branching ratios are 0.99 ± 0.03 (13.760 MeV), compris-
ing �α0/�tot = 0.54 ± 0.02 and �n1/�tot = 0.45 ± 0.02, and
1.07 ± 0.04 (14.582 MeV), comprising �α0/�tot = 0.94 ±
0.03 and �n0/�tot = 0.13 ± 0.02. These are the only two states

in the current work observed to decay via both neutron and
α-particle breakup lying significantly above the α threshold.
These measurements are the first model-independent partial
decay branches for the 13.76- and 14.582-MeV levels.

Freer et al. [24] have performed an R-matrix analysis
on states in this excitation energy region and conclude that
the 13.76-MeV level has Iπ = 5

2

+
and a width of 337 keV,

significantly more than the 143 keV measured here. The partial
branching ratios in Ref. [24] are 0.30 and 0.70 for the α and
neutron paths, respectively.

Although the numbers are not within one standard deviation
the fact that there are large partial widths to both 9Be and 12C
is consistent with the current results. The corresponding R-
matrix results for the 14.582-MeV state [24] do not explicitly
favor either Iπ = 7

2
+

or 9
2

+
, but the total width is 285 keV with

�α0/�tot = 0.86 and �n0/�tot = 0.14, in very close agreement
with the current results.

E. Above 14.582 MeV

Q3D settings of 14.6 and 15.8 MeV were used to explore
excitation energies above the 14.582-MeV resonance but no
structures have been observed. This was also the case for
Aslanoglou et al. [18].

IV. DISCUSSION AND SUMMARY

In Sec. III precise measurements have been reported
of the absolute partial branching ratios on a state-by-state
basis. In the majority of cases these data represent the first
measurement of all or most of the decay paths and their
absolute intensities. However, due to the disproportionate
effect that small (<1%) branching ratios can have on the
interpretation of the underlying structure of a state, particularly
near the barrier, a clearer view of the character of resonances is
gained by calculating the reduced widths, γ 2

i , with the barrier
penetrabilities, Pi , removed:

γ 2
i = �i

2Pi

. (3)
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TABLE II. Barrier penetrabilities and reduced widths for states observed in the current work.

Elevel(lit) �tot
a Iπ l Branching ratios Barrier penetrabilitiesb Reduced widthsc

(MeV) (keV) lα0 ln0 ln1
�α0
�tot

�n0
�tot

�n1
�tot

Pα0 Pn0 Pn1 θ 2
α0 θ 2

n0 θ 2
n1

10.753 61 7/2− 2 3 1 (<0.05) 0.91(11) �0.13 0.0 0.20 0.56 – 0.019(4) <0.002
10.818 35 (5/2−) 2 3 1 (<0.02) 0.51(4) 0.51(4) 0.0 0.20 0.57 – 0.006(2) 0.004(1)
10.996 85 1/2+ 1 0 2 (<0.08)c 0.68(3) 0.42(2) 7.17×10−6 1.00 0.14 <500 0.0038(4) 0.031(4)
11.848 238 7/2+ 3 4 2 (<0.10)c 0.49(8) 0.71(11) 0.0016 0.056 0.25 <4.21 0.13(3) 0.069(17)
12.130 219 5/2− 2 3 1 (<0.17) 0.49(8) 0.53(8) 0.036 0.28 0.72 <0.27 0.024(4) 0.016(3)
(13.760) 117 (5/2, 3/2)+ 1 2 0 0.54(2) (<0.10) 0.45(2) 0.50 0.67 1.00 0.022(1) <0.0010 0.0041(3)
(14.582) 130 (7/2+, 9/2+) 3 4 2 0.94(3) (<0.12) 0.13(2) 0.24 0.13 0.50 0.079(4) <0.0057 0.0024(4)

aThe experimental resolution of 82 keV has been removed from the widths measured in the current work (see Table I).
bThe quantity Pi/(kiri) = 1/[F 2

l (kiri) + G2
l (kiri)].

cCalculated using �tot measured in the current work (column 2). See text for details.

The penetrabilities can be expressed in terms of the Coulomb
wave function, Fl(kiri), and irregular Coulomb wave function,
Gl(kiri), for the ith decay channel, wave number ki , and radius
ri = 1.4(A1/3

recoil + A
1/3
i ) fm, such that Pi = (kiri)/[F 2

l (kiri) +
G2

l (kiri)]. The orbital angular momentum carried by the decay
particle is denoted by l. Substituting into Eq. (3) leads to

γ 2
i = �tot

�i

�tot

[
F 2

l (kiri) + G2
l (kiri)

]

2kiri

. (4)

Note that �i/�tot are the measured branching ratios. Taking
the ratio of the reduced width to the first Wigner sum rule
[25,26] (also called the Wigner single-particle limit), where
γ 2

Wi = 3h̄2/2μir
2
i and μi is the reduced mass of the recoil and

decay particle, and substituting into Eq. (4) yields

θ2
i = γ 2

i

γ 2
Wi

= �i

2μir
2
i

[
F 2

l (kiri) + G2
l (kiri)

]

6h̄2kiri

, (5)

as formulated in, e.g., Sanders et al. [27].
By examining the values shown in Table II, what is

immediately clear is that a significantly lower limit can be
placed on the α-particle branching ratio of the 10.996-MeV
state such that the quantity θ2

α0 � 1. Taking the (lower)
compiled value for the total width of 37 keV [13] results
in a branching ratio of �α0/�tot < 3.7 × 10−4. Similarly, for
the 11.848-MeV state, a slightly more stringent limit on the
branching ratio of �α0/�tot < 0.084 is obtained.

From the reduced widths given in the final three columns of
Table II the only significant α-particle strength for states above
11 MeV can occur for the 10.996-, 11.848-, and 12.13-MeV
levels, the remaining populated states having θ2

α0 < 10%. With

the exception of the Iπ = ( 3
2

−
) state at 13.280 MeV [13],

reduced α decay widths for states in this energy region not
observed in the current work cannot be calculated due to the
absence of accurate branching ratio data. For the 13.280-MeV
resonance, �α0/�tot = 1.0 and �tot = 340 keV [13], which
implies θ2

α0 ≈ 0.13.
Examining the branching ratios to states in 12C, one sees

that there are no observed n2 decay branches to the Hoyle
state [12C(0+

2 ), Ex = 7.654 MeV], despite the 13.760- and
14.582-MeV states lying above the threshold for such tran-
sitions: Sn2 = 12.600 MeV. However, all the observed states

fall below the n3 threshold at 14.587 MeV, corresponding to
decays to the 12C(3−) level at Ex = 9.641 MeV. Assuming
there is an unobserved branch from the 13.760-MeV state to
the 12C(0+

2 ) and using a conservative upper limit of �n2/�tot <

0.05 leads to a reduced width of θ2
n2 < 0.02. Conversely, for

the 14.582-MeV state a reduced width of θ2
n2 = 1.0 leads to a

limit on the branching ratio of �n2/�tot < 0.055.
With no significant new α-cluster structures emerging from

the reduced-width analysis, it is useful to remember that the
(6Li, d), α-transfer reaction used here is, in general, highly
selective to states with strong α character [8]. It is indeed
the case that the states populated here represent a rather
selective subset of states, since the majority of resonances
tabulated in this excitation energy regime have not been
observed. Performing a semiclassical calculation to examine
the difference in the incoming and outgoing angular momenta
exposes a penchant for populating high-j (l) states in 13C, with
	L ≈ 4.5h̄ for Ex ≈ 10-15 MeV. Although this broadly fits
with the populated states listed in Table I, with the notable
exception of the 10.996-MeV Iπ = 1

2
+

resonance, there are
other high-j states in this region that have not been observed,
e.g., the 12.438-MeV Iπ = 7

2
−

and 13.410-MeV Iπ = 9
2

−
[13]

levels.
From earlier studies, spectroscopic factors for states in this

energy regime have been published, such as those given in
Table II of Ref. [18], also using the (6Li, d) reaction, but at
32 MeV. Aslanoglou et al. [18] have reported a huge strength
for the 10.75 + 10.82 MeV doublet, corresponding to Sexp =
24.6. Qualitatively, this correlates with the population intensity
observed in the current work. Using the same reaction, at a
bombarding energy of 25.5 MeV, Rodrigues and co-workers
[28] report that the doublet at 10.8 MeV also accounts for most
of the observed strength. Where differences start to appear is in
the higher-lying excitations close to 14 MeV. The current work
and Refs. [18,28] all report markedly difference populations.
This is most likely due to the different experimental conditions,
in particular the large, θ = 20◦ scattering angle used in the
current study, by which the angular distributions change
significantly [28].

The molecular-band states suggested by Milin and von
Oertzen [7] are shown in Table III and span the excitation
energy region elucidated here. The authors of Ref. [7] have
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TABLE III. Proposed molecular-band levels in 13C [7].

Kπ [7] Elevel Iπ �tot

(MeV) Ref. [13] Ref. [7] (keV)

3
2

−
9.897 3

2

− 3
2

−
26

10.818 ( 5
2

−
) 5

2

−
24

12.438 ( 7
2

−
) 7

2

−
140

14.130 3
2

− 9
2

− ∼150

16.080 ( 7
2

+
) 11

2

−
150

3
2

+
11.080 1

2

− 3
2

+
<4

11.950 ( 5
2

+
) 5

2

+
500

13.410 ( 9
2

−
) 7

2

+
35

15.270 9
2

+ 9
2

+
–

16.950 – 11
2

+
330

performed a detailed review of all the states reported in the
literature and examined their population in various categories
of reactions. Based on this, together with energy systematics,
bands with Kπ = 3

2
−

and 3
2

+
have been proposed, extending

from bandheads at 9.897 and 11.080 MeV, respectively, up
to 16 MeV. According to Milin and von Oertzen [7], the
states observed here fall predominantly into two categories.
The 10.753-, 11.848-, 12.13-, and 13.760-MeV states have
structures associated with a covalently bound neutron coupled
with the 12C(3−) state (but the 14.582-MeV state has not
been categorized). The 10.996-MeV state is associated with
a neutron coupled to the Hoyle state: 12C(0+

2 ) ⊗ 2s1/2. Finally,

the 10.818-MeV state has a proposed Kπ = 3
2

−
molecular

structure. Without additional information the overall picture
that emerges from the states populated here is consistent with
the lower molecular bands suggested in Ref. [7] in that the
10.818-MeV state is indeed strongly populated in α transfer
and is a good candidate for a molecular-band member.

Finally, it is worth drawing attention to the fact that Freer
et al. [24], in their recent R-matrix analysis, note that the
narrow widths required (due to the centrifugal barrier) and the
interference when including Iπ = 9

2
−

states below ≈16 MeV

cause problems for the molecular-band interpretation of
Ref. [7]. Specifically, this refers to the 14.130-MeV state in
Table III. However, recently, following (6Li, d) reactions, a
newly observed narrow L = 4 resonance has been reported
[28], albeit at the higher energy of 14.7 MeV. In the same study
a narrow L = 2 resonance at 12.3 MeV is also reported, which
may correspond to the Iπ = 1

2
−

resonance first described in
Ref. [29]. This level has been proposed as a candidate for an
α-cluster state.

By taking into consideration all of the aspects of the above
discussion, it is clear that further experimental data in this
energy regime are needed to firmly establish the molecular
bands and to get a fully consistent picture of the structure of
states in this region.

In summary, the 9Be(6Li, d)13C∗ reaction has been stud-
ied at a bombarding energy of 42 MeV at the Technical
and Ludwig-Maximillian Universities’ tandem facility of
the Maier Leibnitz Laboratory, Munich. The high-resolution
Q3D magnetic spectrograph was used to select the deuteron
ejectile, yielding 13C excited states in the range from 10.7
to 15.0 MeV. An array of position-sensitive silicon detectors
with large angular acceptance has measured the 13C∗ breakup
products, resulting in the measurement of absolute partial
decay branching ratios for all of the populated states. These
results represent the first complete and model-independent
partial decay branches for all of the observed states. Reduced
widths have been extracted and the results have been compared
to the proposed molecular bands in 13C.
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