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Properties of >C resonances determined from the ’B(*He, paaa) and "B(*He,daoor) reactions
studied in complete kinematics
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We have used the '"B(*He, paaa) reaction at 4.9 MeV and the '"B(*He, daaar) reaction at 8.5 MeV to
determine the energy, width, and decay mechanism of resonances in '?C above the triple-a threshold up to
21 MeV in excitation energy. Comparison with various models has allowed us to estimate the degree of clustering

of the states studied.
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I. INTRODUCTION

Although the nuclear structure of '2C has been under
scrutiny since the beginning of nuclear physics, important
questions remain unanswered. The main interest in this nucleus
is also the main cause of difficulty: the mixture of two types
of structures which have either single nucleons or « particles
as effective degrees of freedom. In the physical states of the
12C nucleus, these types of motion are mixed, which makes
the use of models built on one or the other inadequate. For
example, shell-model calculations fail to reproduce the second
excited state, which is the famous 0 state at 7.65 MeV, due to
strong a-cluster correlations in this state [1]. '2C is the focus
of several ab initio theoretical frameworks such as Green’s
function and variational Monte Carlo calculations [2], and
nuclear lattice calculations [3,4]. However, these approaches
are still far from being able to provide a full understanding of
the interplay of the two different structures. Presently, the most
successful approaches for understanding the interplay between
single-nucleon and cluster correlations are antisymmetrized
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molecular dynamics (AMD) [5,6] and fermionic molecular
dynamics (FMD) [7] calculations.

An important limitation for understanding the cluster
structure of '>C is the lack of a clear empirical picture of the
existence of cluster states in 'C above the 07 state at 7.65 Me V.
As an example, AMD calculations predict 2*, 37, 4%, 57,
61 states within the first 10 MeV above the 3« threshold,
which have not been identified to date [6]. The experimental
challenge is that states with a well-developed cluster structure
couple strongly to the 3« final state and therefore they are
expected to quickly acquire large decay widths of the order
of a MeV or more. Such resonances are hard to identify in
most experimental approaches since they will overlap with
each other and with other already known states in the same
energy region.

Despite this difficulty there has recently been important
progress. From intermediate energy scattering reactions in-
duced by either o particles [8] or protons [9,10], evidence
for a 2% resonance around 9-10 MeV in '>C has emerged
(see also the discussion in Ref. [11]). The 2* resonance is
found below the much more strongly populated 3~ state at
9.64 MeV. The same energy region is probed by B-decay
studies of '’N and '>B [12-16], where overlapping 0" and 2+
resonances are found around 11 MeV. It is not yet clear why
the two approaches give somewhat different results. From the
reactions '2C(a, 3o)a and ?Be(w, 3a)n there is also evidence
foranew 47 resonance 800 keV below the known 4" resonance
at 14.08 MeV [17].

To facilitate the identification of the new 2% and 4%
resonances, and the search for other new resonances, the
energies, widths, and decay modes of the already known
resonances must be accurately determined. The natural parity
states can o decay both to the 0" ground state and the 2 first
excited state of 3Be, while for the unnatural parity states only
the latter decay channel is allowed. Due to the large width of the
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2% state in ®Be (I' = 1.5 MeV), the « spectrum of this decay
branch is strongly influenced by interference effects, which has
been the subject of several dedicated studies [18-20]. Thus,
to fully characterize the o decay of unnatural parity states in
12C | the 30 momentum distribution of the $Be 2 branch must
be measured, while for the natural-parity states the branching
ratios for the two ®Be decay branches are also required.

The present paper reports on experimental results pertaining
to this goal obtained from the measurement of the two reactions
VB(*He, paaa)and ''B(*He, daaa) in complete kinematics.
Here, we report on precision measurements of the properties of
the 9.64 (37), 10.81 (17), 11.83 (27), 13.35 (47), 14.08 (4™),
16.11 (2%), and 20.5 MeV (3") resonances. Several results
from the same experiment have already been published: the
decay mechanism of the unnatural-parity states at 11.83 (27),
12.71 (1*), and 13.35 MeV (47) [21], the ®Be(g.s.) branching
ratio of the 7.65 MeV state [22], and the y decay of the 12.71
and 15.11 MeV (1) states to unbound states [19].

Section II describes the experiment and the analysis
procedure. Due to the large amount of unwanted background
channels, great care was taken to separate out the channels
of interest. Section III discusses the experimental results and
compares them with the results of previous experimental
studies as well as various theoretical model predictions. A
subsection of Sec. Il is dedicated to the search for the proposed
resonances observed in recent experimental studies. Finally,
Sec. IV summarizes the paper.

II. EXPERIMENT AND ANALYSIS

The '"B(*He, paaa) reaction at a beam energy of 4.9 MeV
and the ''"B(*He, daaa) reaction at a beam energy of 8.5 MeV
were studied at the Centro de Microandlisis de Materiales ac-
celerator facility located in Madrid, Spain. The setup consisted
of four double-sided silicon strip detectors (DSSSDs) 60 um
thick [23], each backed by a thick silicon pad 1.5 mm thick
used for particle identification and to fully stop the high energy
protons and deuterons from the two reactions. One DSSSD
has 32 vertical x 32 horizontal strips of 2 mm width, while
the other three DSSSDs have 16 vertical x 16 horizontal strips
of 3 mm width. The detectors were located 4 cm from the
target, giving a total solid-angle coverage of 38% of 4. At
this distance, the angular resolution of the 32 x 32 DSSSD
pixel is 2° while the resolution of the 16 x 16 DSSSD pixel is
3°. The large solid angle combined with the high segmentation
of the DSSSDs gives complete kinematics information on the
triple-a breakup of populated resonances in '>C. A detailed
description of the setup and of the analysis techniques is given
in Ref. [24] (see also the already mentioned papers [19,21,22]).

The '2C excitation energy is determined from the momen-
tum of the outgoing light ion, i.e., the proton in the reaction
with the '°B target and the deuteron in the reaction with the
1B target. The complete kinematics information allows the
removal of most random coincidences, and the main challenge
is therefore contributions to the paao and daaw final states
from reaction channels that do not involve the formation of a
12C resonance as discussed in detail below.
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A. Analysis procedure

The goal of the analysis is to determine energies, widths,
and partial decay branches for selected resonances in '*C.
We restrict the analysis to complete kinematics events, which
means that either two or three o particles are detected
in coincidence with a proton or deuteron. If only two o
particles are detected, the momentum of the missing particle
is determined by energy and momentum conservation.

The energy spectra were calibrated internally using well-
known states whose energies were taken from Ref. [25]. The
ground state and the 4438.91(31), 9641(5), and 12710(6) keV
states were used for the ''B target data, while for the '°B
target data, the 9641(5), 12710(6), and 16105.8(7) keV states
were used. This procedure resulted in a 5 keV systematic
uncertainty in the energy determination, and naturally prevents
us from providing new information on the energy of the
resonances used for the calibration. The energies and widths of
resonances were determined by assuming Breit-Wigner peak
shapes convoluted with a Gaussian experimental resolution
on top of a smooth background to account for competing
reaction channels and possible broad, hitherto unidentified,
resonances in '>C. This procedure is justified because the
resonances discussed here have relatively small widths and
because we are insensitive to the detailed behaviors of the tails
of the resonances, making a full R-matrix analysis unnecessary.
The excitation-energy resolution is determined by the intrinsic
detector resolution, the angular resolution, and variations in
the energy loss in the target and the detector dead layer, so that
there is a dependency on the energy and angle of the primary
ejectile, and on the detector. The excitation-energy resolution
was 60—120 keV for the !'B target and 55-85 keV for the '°B
target.

The systematic errors of the widths were dominated by
the treatment of the background. The errors were estimated
individually for each resonance using different assumptions for
the background (either first- or second-order polynomials) and
by using different fit regions (wide and narrow). The possibility
of interference with broad, hitherto unidentified, resonances
in '2C, which could potentially distort the peak shape, was
not considered. However, fit qualities were generally good,
suggesting negligible distortion due to interference.

To determine the partial «-decay branches, the states which
decay sequentially via the ground state in ®Be were separated
using the invariant-mass technique. The ground state is situated
92 keV above the 2« threshold, and the gate imposed on the
a-o relative energy was between 0 and 230 keV in the case
of multiplicity-three data, and between 40 and 150 keV in the
multiplicity-four data set.

B. Background contribution

As discussed above, the background contribution was the
largest contributing factor to the uncertainty in the widths.
The complete kinematics information allows the removal of
essentially all random coincidences and decay channels that
lead to multiparticle final states different from paoo and
daao. It is, however, not possible to remove contributions
from background channels that lead to the same multiparticle
final states. Both reactions have contributing background
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channels; for the '°B target,

p+"2C - p+a+8Be
a+°B — a+p+°Be
a+°B — a+a+Li
8Be +°Li — *Be+ p+«

‘He + B — — p + 3«

and for the 'B target,

d+"C — d+a+8%Be
o+ "B - a+d+°5Be
8Be + °Li — *Be + d + «

He + "B —» — d + 3a.

In addition, there may be contributions from direct reaction
channels that do not involve the formation of intermediate
resonances. Fortunately, it is possible to partly remove some
of these channels. The a+'°B channel from the !'B target
has been the subject of a dedicated paper [26], and no
narrow (<0.5 MeV) resonances seem to interfere with the
data analyzed here. Contributions from relatively narrow states
in °Li and SLi are removed by simply placing gates on the
corresponding peaks in p-o and d-«o relative-energy spectra.
These cuts will clearly affect the branching ratios and have
therefore been included in the Monte Carlo simulation to
determine detection efficiency (see Sec. III B). The contribu-
tion from the various background channels are best visualized
by plotting E,, vs E, /4 in the total center-of-mass reference
frame. Figures 1 and 2 show such plots for the '°B and ''B
target data, respectively. When fitting the '>C excitation-energy
projections, we model the background from other channels by
using first- or second-degree polynomials.

III. RESULTS AND DISCUSSION

The final results are derived by averaging the values of the
various data sets. This was done by summing the results from
the multiplicity-three and -four data sets for each reaction, and
then finally averaging together the results of both reactions in
cases where the states were populated by both reactions. In
all cases the results obtained from the different data sets were
consistent with each other.

A. Resonance energies and widths

The final values for resonance energies and widths are
given in Table I. Except for the 13.35 MeV state, the energies
are within the error bars of the literature values, while the
widths show substantial deviations. The literature value [25]
of 13.352(17) MeV for the energy of the 13.35 MeV state is
the weighted average of two values which are not consistent:
13.38(2) and 13.29(3) MeV. Therefore the deviation of our
present value with the literature is not surprising. The width
of the 9.64 MeV (37) state is larger than that given in the
most recent A = 12 compilation [25] by ~1.40. However,
our result agrees with the recent determination of I' = 42(3)
keV from measurements of '2C( P, P) [9]. The width of the
10.84 MeV (17) resonance is below the literature value, while
the width of the 13.35 MeV (47) resonance is larger than
the literature value (see Table I). For the latter, as in the case
of the resonance energy explained above, the literature value
[25] is the average over several values that are not mutually
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FIG. 1. (Color online) Multiplicity-four data from the
1VB(*He, paa«) reaction. Individual « energies are plotted against
proton energies in the c.m. frame. Excited states in '2C appear as
vertical bands of increased intensity in the two-dimensional spectrum,
shown as peaks in the projections above the E,, vs E, plot figure. The
data have been split into reactions that proceed via the ground state
in ®Be (a) and the rest (b), as explained in the text. The contribution
from the ground state of °Li is circled in black in the lower part of
(a). Similarly, the contribution from the narrow 2.36 MeV state in
°B is circled in grey (pink) in (b). Both of these contributions have
been removed before performing the fits of the resonances. There
are clearly structures from broader states visible in both plots which
cannot be fully removed.

consistent, and the disagreement is therefore not surprising:
500 % 80 [27], 290 &+ 70 [28], 430 & 100 [29], 355 £ 50 [30],
and 700 & 100 [31] keV. Given the full kinematics approach
resulting in much cleaner data, and the ability to clearly remove
any ®Be(0™) contribution, we feel the literature value for this
width should be updated accordingly.

In addition to the states analyzed above, one can clearly
see a peak at ~18.5 MeV excitation energy in both (a) and (b)
of Fig. 1. Though this resonance seems to correspond to a 3~
state given in the literature at 18.6 MeV, we have chosen to not
include this state in our analysis since there is a great deal of
background from competing channels; see, e.g., the broad red
region in Fig. 1(b) with apparent contributions from both the
SLi and °B channels.

In Table I we also compare the experimentally determined
widths to theoretical values from a recent cluster-model
calculation [32]. The theoretical widths are systematically a
factor ~2 larger than the experimental widths, which indicates
an « preformation factor of ~0.5.

B. Partial «-decay branches

For the natural-parity resonances we extract the branching
ratio to the ®Be ground state and the ®Be 2* state. There
are two complications related to this observable. First, the
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FIG. 2. (Color online) Same as Fig. 1, but for the '"B(*He, daaa)
reaction. It is clear from the projections that the '>C excitation
energy spectrum is cleaner than that obtained with the !B target.
The contribution from the narrow 2.19 MeV state in SLi is circled
in black. Its contribution to the '>C excitation-energy spectrum was
removed before performing the fits.

experimental determination requires that the relative detection
efficiencies for the two different «-decay branches are reliably
known. We determine these efficiencies by using Monte
Carlo simulations taking into account the geometry of the
detection setup, the kinematics of the reactions, and details
of the data analysis. In the case of breakup through the
2% state in ®Be, the 3« breakup was simulated using—for
simplicity—the CERNLIB routine GENBOD, which assumes a
uniform population of the available phase space. The error
introduced by not including angular correlations in the 8Be(21)
channel was estimated to be 5% by performing various Monte
Carlo simulations using different realistic angular-correlation
functions (see Ref. [24] for further details). In large part our
insensitivity to angular correlations is due to the compact

TABLE 1. Experimental values obtained for the energy and
width of resonances in '>C. The literature values of J7, ', and
E. are taken from Ref. [25]. The 9.64 MeV state was used for
calibration, hence no energy is given for this state.

E, of 12C I'keV) J* E,(keV) T (keV) T (keV)
(keV) lit. lit. present present  theory®
9641(5) 34(5) 37 43(4) 68
10844(16) 315(25) 17 10847(4) 272(5) 475
11828(16) 26025) 27 11837(4) 229(8) 452
13352(17) 375(40) 4% 13305(9) 510(40) 1035
14083(15) 258(15) 4T 14078(5) 273(5) 606
20500(100)  300(50) (3") 20553(5) 245(7)

2Cluster model [32].
>The previous J™ = 2~ assignment has been revised in two recent
articles [21,33].
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Branching ratio (%)
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FIG. 3. (Color online) Ground-state branching ratios vs ry. The
green-shaded bands indicate a 1o uncertainty obtained by adding
the systematic and statistical uncertainties in quadrature. A value of
ro = 1.41 fm was used to determine the branching ratios.

detector setup designed to cover a large part of the phase
space. Second, from a theoretical point of view, the ®Be
ground-state branch is not restricted to the 92 keV peak in
the a-a relative energy spectrum. This is due to the proximity
of the $Be ground state to the «-« threshold, which causes the
high energy tail of the resonance to blow up and create what
is called a “ghost” [34]. We estimate this effect by using the
R-matrix formalism [35]. The choice of exit- and entrance-
channel radii can have a significant impact on the relative
contribution of the ghost and, hence, on the deduced branching
ratios. Increasing the exit-channel radius has the effect of
diminishing the contribution from the ghost, which in turn
will decrease the deduced ground-state branching ratio. This
effect is illustrated in Fig. 3, where the ground-state branching
ratios are plotted vs increasing exit-channel radius. The partial
branches given in Table II used the typical reduced radius of
ro = 1.41 fm, giving an exit-channel radius of a. = ro(4'/3 +
473y = 4.5 fm which corresponds to the best-fit found in
Ref. [36].

Table II shows the deduced branching ratios I'y,/T" to
the ground state of ®Be with and without corrections due to
the ghost effect. One can see the importance of including this
effect, e.g., for the 9.64 and 10.84 MeV resonances where the
fraction of o decays bypassing the ®Be ground-state peak is
consistent with the expected ghost contribution, and therefore
there is no need to invoke other decay branches for these states.
The experimental branching ratios given in the literature are
not corrected for the ghost effect, and they should therefore
not be compared to the corrected values, which are mostly of
theoretical interest.

The theoretical branching ratios given in Table II are the re-
sult of cluster-model calculations [37] which use the complex
scaled hyperspherical adiabatic expansion mentioned. The
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TABLE II. Branching ratios of natural-parity resonances in '2C
decaying to the ground state of ®Be. The branching ratios are shown
with and without correcting for the decay via the ghost of the Be
ground state. Note that the branching ratios are calculated assuming
the typical reduced radius of 7y = 1.41 fm. The result for the « decay
of the 7.65 MeV (0") state is discussed separately in Ref. [22], and
included in this table for completeness.

E. 2C J* o/ T % Foo/T % T /T % To/T %
(MeV) literature no CofIr. COIT. cluster [37]
7.65 0t  >99.5[22,38] 100.00(1) 95
9.64 3~ 97.2 [33] 98.0(4) 100.0(4) 96
10.84 1 94.3(9) 102.6(9) 70
14.08 4t 17(4)[33.39] 22(3) 25(3) 20
16.11 2+ 4.4(8)* 5.8(9) 7.2(9)

“Ref. [25] gives [y, = 0.290(45) keV and Iy, = 6.3(5) keV.

16.11 MeV resonance has isospin 7 = 1 and is therefore not
reproduced by the cluster model. However, the cluster model
does predict a 2™ resonance at 13.8 MeV with a ground-state
branching ratio of 4%. The cluster model does a good job
at reproducing the branching ratios except for the 10.84 MeV
resonance. Our results could be used to improve the parameters
used in the model.

The partial widths to the ground state of ®Be, T, are
given in Table III and are compared with the predictions of
various cluster models. The partial width of a resonance gives
an indication of the preformation probability of the « cluster,
and is given by I' = 2P, y,z, and the dimensionless reduced
width is given by

2 27,2
O =¥ [vw-
where the Wigner limit yvzv,

viv = 3h° [2ua;,
represents the maximum width assuming a preformed o
cluster. We use the same radius a., as discussed above, so
that the errors only reflect the uncertainty in the width and not
the uncertainty in the choice of the radius.
The dimensionless reduced width of the 9.64 MeV res-
onance for the ¥Be(0T) channel is determined to be 0.75,
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which is quite large compared to the other resonances. This
is expected since the branching ratio to the ground state is
100% and indicates that this 3~ resonance is highly clustered.
However, the calculations of Ref. [42] gives 950 =0.165
(GCM calculation) and 0.171 (RGM calculation) for a radius
of a. = 5 fm for the 3~ state. If we choose a channel radius of
a. = 5 fm, we obtain 930 = 0.35(3), only a factor of 2 larger.
The reduced width of the 16.11 MeV resonance is negligible,
which is expected due to its 7 = 1 nature. Finally, the fairly
low value of 6 for the 10.84 and 14.08 MeV states indicates
only a small level of clustering, which explains why these
states are well described by the shell model [43].

C. Evidence for new resonances

As discussed in the Introduction, experimental evidence
for new 2% and 47 resonances has recently emerged [8—17]. In
this section, we briefly discuss signatures of these resonances
in the present data set. In Figs. 1 and 2 the '>C excitation
spectra are shown, separated according to the decay modes
through the 8Be ground state and other intermediate states. In
the 8Be ground-state channel, there is additional strength in
the energy region of 9-10 MeV, which is not accounted for by
the “known” resonances, i.e., the ones listed in Table 1. The
known broad 0" state in the 10-11 MeV region is likely to
account for a significant part of this additional strength, the
shape of which will differ from a simple Breit-Wigner profile
due to penetrability effects and interference with the 7.65 MeV
state. In addition, the 9.64 MeV (37) resonance strongly
dominates this region of excitation energy. Our analysis
of this region is further hindered by possible contributions
from broad states in the background channels (e.g., the °Li
channel). In conclusion, it is not possible to claim evidence
for a new 27 resonance around 9-10 MeV in the present
data.

Regarding the postulated 4% resonance situated at
13.3 MeV, we see evidence for a broad structure in the 13 MeV
region in Fig. 2 (left). The intensity in this region cannot be
accounted for by the 13.35 MeV (47) resonance since decay
via the ground state of ®Be is restricted to natural-parity states.
Unfortunately, this region has significant background from
the °Li channel and gets more complicated by the presence

TABLE III. A comparison of the partial widths of resonances in '>C decaying to the ®Be ground state with various theoretical models. The
partial ¢-decay widths are calculated from the new total widths given in Table I. The AMD model values are taken from Ref. [6] and use a
value of a, = 4 fm. There are also two cluster-model predictions in the table. Ref. [40] uses the microscopic «-particle model of Bloch-Brink,

taking into account the 3a-cluster motion, while Ref. [41] uses a mean-field-type cluster potential. The reduced widths

62 | are calculated for

> Yag

the various states for a, = 4.5 fm, so that the errors only reflect the uncertainty in the width and not the uncertainty in the choice of the radius.

E,. ’C Jr [y (keV) [y (keV) [y (keV) [y (keV) 930 930
MeV) present AMD [6] cluster [40] cluster [41] present AMD [6]
7.65 ot 0.04 7.7x1073 5.9%1073 0.19
9.64 3~ 43(4) 30 17 0.75(7)

10.84 1- 272(6) 340 0.16(1)

14.08 4+ 68(8) 40 158 0.07(1) 0.03
16.11 2+ 0.38(5)* 9.9(1.3) x 107

*Using the tabulated value of I" = 5.3 4= 0.2 keV from Ref. [25]. This value does not include the negligible proton and I" widths (", = 0.02 keV

and I, = 13 eV).
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of broad 0T and 2* resonances in '°C identified in B-decay
studies [36]. Nevertheless, an attempt has been made to analyze
the region between 12 and 13 MeV through the use of Dalitz
plots in a separate publication [44], and there is evidence for
a broad resonance centered around 12.4 MeV of unnatural
parity with J > 4, i.e., the possibilities are 4=, 5%, 67, 71,
etc. An assignment of 41 ought to induce interference with the
already known 4" resonance at 14.08 MeV, which we do not
observe.

IV. CONCLUSION

The resonance energies and widths in '>C have been revis-
ited in this paper from the study of both the '’B(*He, paaa)
and ''B(*He, daaa) reactions measured in complete kinemat-
ics. Improved values for the widths, excitation energies, and
decay channels are given for several established resonances.
This complements already published results from the same
experiment [19,21,22,24]. An attempt was made to search for
new resonances which have been suggested in recent papers
[8-11,17]. However, the background from other reaction
channels did not allow us to either verify or refute the recently
proposed new resonances.

PHYSICAL REVIEW C 86, 064306 (2012)

The branching ratios to the ground state of ®Be were
extracted for the natural-parity states, and for the first time
were corrected for the contribution of the ground-state ghost.
The branching ratios, partial widths, and reduced partial widths
were compared with theoretical predictions. It is clear from the
comparisons that more work is needed from cluster-model
calculations to fully describe the cluster structure of '>C.
The properties of '>C resonances determined in this work
provide a challenge for theoretical models to reproduce
them.
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