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Multiprobe study of excited states in '2C: Disentangling the sources of monopole strength
between the energy of the Hoyle state and E, = 13 MeV
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Background: The Hoyle state is the archetypal a-cluster state which mediates the 3« reaction to produce '>C
and is of great interest for both nuclear structure and astrophysics. Recent theoretical calculations predict a
breathing-mode excitation of the Hoyle state at E, &~ 9 MeV. Its observation is hindered by the presence of
multiple broad states and potential interference effects. An analysis with Gaussian line shapes of measurements
at the Research Center for Nuclear Physics (Osaka University) with the Grand Raiden spectrometer suggested
that additional strength was needed at E, =~ 9 MeV to reproduce the data; this analysis did not account for the
well-known threshold effects observed in '>C. Nevertheless, various theoretical studies have since concluded
that this additional strength corresponds to the predicted breathing-mode excitation of the Hoyle state. To
meaningfully identify a new source of monopole strength in this astrophysically significant region, a more
appropriate phenomenological analysis which accounts for penetrability and interference effects must be used to
determine whether the data can be explained with previously established states.

Purpose: We aim to investigate the monopole strength in the astrophysically important excitation-energy region
of 2C between E, =7 and 13 MeV to determine whether the previously established sources of monopole
strength are able to reproduce the data.

Method: The ’C(c, a’)'>C and '*C(p, t)'*C reactions, which are expected to exhibit contrasting selectivity
towards different monopole excitations, were employed at various detection angles and beam energies to
populate states in '>C. The inclusive excitation-energy spectra were simultaneously analyzed with multilevel,
multichannel line shapes. Various scenarios with different sources of monopole strength and interference effects
were considered to determine whether the ghost of the Hoyle state and the previously established broad 07 state
at E, ~ 10 MeV are able to reproduce the observed monopole strength.

Results: Clear evidence was found for excess monopole strength at E, ~ 9 MeV, particularly in the '>C(a, a’)!>C
reaction at 0°. This additional strength cannot be reproduced by the previously established monopole states
between E, = 7 and 13 MeV. Coincident charged-particle decay data suggest that the strength at E, &~ 9 MeV is
dominantly monopole, with no evidence of a J > 0 contribution.

Conclusions: The data support a new source of monopole strength at E;, ~ 9 MeV, which cannot be de-
scribed with a phenomenological parametrization of all previously established states. An additional 0" state
at E,~9 MeV yielded a significantly improved fit of the data and is a clear candidate for the predicted
breathing-mode excitation of the Hoyle state. Alternatively, the results may suggest that a more sophisticated,
physically motivated parametrization of the astrophysically important monopole strengths in '2C is required.
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I. INTRODUCTION

The low-lying monopole strength of '?C remains an impor-
tant research topic for both nuclear structure and astrophysics.
Historically, there has been a strong focus on the 0 Hoyle
state located at E, = 7.65407(19) MeV, which is the archety-
pal a-particle cluster state and which mediates the astrophysi-
cally significant 3a reaction to produce '>C. Above the Hoyle
state, the Evaluated Nuclear Structure Data File (ENSDF)
database lists two 0" resonances situated at E, = 9.930(30)
and 10.3(3) MeV, with widths of I = 2.710(80) and 3.0(7)
MeV, respectively [1]. Due to the close proximity of these
resonances with respect to their relatively large widths, it is
currently understood that these two listed resonances are one
and the same [2,3], corresponding to a broad 0;' resonance at
E, ~ 10 MeV with I &~ 3 MeV. However, a more recent study
of B-decay data from '’N and '?B indicates that the 07 state
may exhibit a higher resonance energy of E, ~ 11.2(3) MeV
with a smaller width of I' ~ 1.5(6) MeV [4].

The Hoyle state remains the focus of experimental and
theoretical work with recent efforts to measure its properties
such as its direct decay [5—-10], gamma decay [11], and EO
decay branching ratios [12]. The total and partial widths of the
Hoyle state are of great importance, both for testing our under-
standing of «-particle clustering and the accurate modeling
of stellar nucleosynthesis. The Hoyle state exhibits a nar-
row primary peak and a pronounced high-E, tail (the “ghost
anomaly”), which results from the strong «-cluster character
of the Hoyle state and its proximity to the «-separation energy
[13]. This produces a strongly increasing «-particle partial
width for the Hoyle state in the excitation-energy region above
the main peak, resulting in a distinctive high-energy compo-
nent to the shape of the state. Currently, the total width of the
Hoyle state is estimated to be I' = 9.3(9) eV, as deduced from
the pair-decay partial width and branching ratio [13-15]. It
has been suggested that the total width of the Hoyle state can
also be indirectly measured through the shape of the ghost
[16]. However, this is complicated by the limited knowledge
of broad states between E, = 7 and 13 MeV.

Theoretical studies have predicted an additional source of
monopole strength resulting from the breathing-mode excita-
tion of the Hoyle state which would lie at E, ~ 9 MeV with
' ~ 1.5 MeV between the 05 Hoyle state and the broad 0
state at E, &~ 10 MeV. Two independent calculations using
the orthogonality condition model (OCM), which is suited
for the study of states near and above the particle thresh-
old energy, have predicted this additional collective J”™ = 0
state at E, = 8.95 MeV with I' = 1.48 MeV [17,18] and at
E, = 8.09 MeV with I' = 1.68 MeV [19]. These calculations
predict this additional J* = 0% state to have similar properties
to the Hoyle state and may correspond to a higher nodal
state of the Hoyle state [18]. A study with time-dependent
fermionic molecular dynamics predicts two modes of col-
lective isoscalar monopole excitations in '>C: one being a
crossing of the « clusters through the center-of-mass of the
system and the other a small-amplitude breathing mode at
lower excitation energies [20]. Generator coordinate method
(GCM) calculations predict two distinct monopole excitations
above the Hoyle state at E, = 9.38 MeV and E, = 11.7 MeV
with different characters: the lower mode corresponds to a

breathing-mode excitation of the Hoyle state and the higher
mode corresponds to a bent-arm 3« structure [21-23]. A vari-
ational calculation performed alongside the GCM calculation
produced a large monopole transition strength between the
Hoyle state and its predicted breathing-mode excitation [23].
Similarly, a calculation using the real-time evolution method
predicts a dilute 27w breathing-mode excitation of the Hoyle
state with a large associated monopole transition strength of
6.2 Weisskopf units [24].

Identification of this predicted breathing-mode excitation
is complicated by theoretical and experimental factors. The
high-energy tail of the Hoyle state extends some consid-
erable energy above the main peak of the Hoyle state,
overlying the region in which the breathing mode is pre-
dicted. Another source of uncertainty in the broad strength
at E, ~ 10 MeV is the existence of the 2% rotational ex-
citation of the Hoyle state, which has been the subject of
a decades-long search, culminating in its identification at
E, =9.870(60) MeV with T" = 850(85) keV through both
inelastic scattering and photodisintegration [25-27]. This re-
gion was studied by Itoh et al. through the '>C(a, a’)'>C
reaction with E, = 386 MeV between 6., = 0° and 15°.
A peak-fitting analysis with Gaussian line shapes of the re-
sulting excitation-energy spectra required an additional peak
at E;, ~ 9.04(9) MeV with I' = 1.45(18) MeV to reproduce
the data, however such Gaussian line shapes do not capture
the physical effects of near-threshold resonances or interfer-
ence [25]. Since a multipole decomposition analysis (MDA)
revealed the excitation-energy region at E, ~ 9 MeV to be
dominantly populated by monopole strength, a number of
authors [19,23,28,29] have discussed the additional Gaussian
peak in the context of the breathing-mode excitation of the
Hoyle state. However, a more detailed analysis is required,
taking into account the complex shape of the Hoyle state and
potential interference effects between the known resonances
[30-35]. The objective of this work is to study the sources
of monopole strength between E, = 7 and 13 MeV and deter-
mine whether the data can be explained by the contributions of
the two previously established sources of monopole strength
and the associated interference effects. Disentangling these
contributions to the monopole strength of !>C is important,
both for understanding the nuclear structure of '>C and the
3a reaction rate, which is dependent on the theoretical de-
scription of the Hoyle state as well as other additional sources
of monopole strength. It is imperative that these factors are
understood in order to provide a robust evaluation for the 3«
rate (which is beyond the scope of the present work). The main
implications of this work are summarized in Ref. [36] and the
details of the analysis are reported here.

II. EXPERIMENTAL APPARATUS

Measurements of the >C(a, «’)'?>C and '“C(p, 1)'>C re-
actions at various laboratory angles and beam energies were
performed at the iThemba Laboratory for Accelerator-Based
Sciences (iThemba LABS) in South Africa. The experimental
conditions are summarized in Table I. Proton and a-particle
beams were extracted from the Separated-Sector Cyclotron
and transported down a dispersion-matched beamline to the
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TABLE I. Summary of all experimental parameters. For the >C(a, o’)!?C and *C(p, t)!>C reactions, the focal-plane detector system was

configured at the high- and medium-dispersion focal planes, respectively.

Reaction K600 angle Ebeam Target Accepted E, Fitted E, Resolution Ejectile energy loss®
(£6)* (deg) (MeV) (ug/cm?) range® (MeV)  range (MeV) FWHM (keV) ¢ (keV) t (keV)
2C(a, a)2C 0(2.0) 118 "LC (1053) 5.0-14.8 5.0-14.8 50.9(2) 7.31(10) 89.6(7)
0(1.91) 160 ntC (300) 7.3-20.7 7.3-20.0 48.1(2) 2.12(4) 93.00(5)
0(2.0) 200 "tC (290) 9.7-25.2 N.AJ
10 (1.91) 196 "C (290) 7.2-28.6 7.15-21.5 50.7(4) 7.1(1) 133.3(1)
“4C(p, 1)12C 0(2.0) 100 4C (280) 4.3-17.6 6.0-15.3 36.7(7) 1.3(1)
21 (1.91) 67.5 4C (300) 7.2-14.5 6.8-14.5 34.2(6) 2.9(7) 73.6(4)

*The collimator opening angle is shown in brackets.

"Determined by the range of excitation energies with full acceptance by the K600 spectrometer and the focal-plane detector system.
‘Parameters ¢ and ¢, which approximate the target-related energy loss of the ejectile, correspond to the scale and location parameters of the

Landau distribution, respectively.

4This measurement was excluded from the global fit analysis of inclusive focal-plane spectra. See Sec. IV for details.

°Enrichment of ~87% '*C and ~13% '>C.
fEnrichment of ~80% '“C and ~20% '>C.

target position of the K600 magnetic spectrometer [37]. The
ejectiles were momentum analyzed by the K600 spectrometer
and detected at the focal plane of the K600 in a combination
of vertical drift chambers (VDCs) and plastic scintillators
(see Fig. 1). The experimental trigger was the signal from
the plastic scintillator detectors. The horizontal and vertical
position and trajectory of the ejectile are determined by the
position measurements from the VDCs. For the measure-
ments of C(a, &')2C at Oy = 0° (Epeam = 200 MeV) and
4C(p, 1)1?C experiments at 6y, = 0°, coincident charged-

Low-dispersion focal plane

Medium-dispersion
focal plane

High-dispersion
focal plane

: VDC1
VDC 2

Paddle2  Paddle 1 Dipole 1 ——
Quadrupole
I Collimator =
Im

Target ladder
CAKE (5x MMM) -

Scattering chamber

Proton beam

FIG. 1. Schematic top-view diagram of the K600 spectrometer
positioned at i, = 0°, with the focal-plane detectors located in the
medium-dispersion focal plane as used for the '“C(p, ¢)'>C measure-
ments of this work.

particle decay from excited '>C states were detected in the
CAKE, an array of double-sided silicon strip detectors [38].
The detection thresholds in the CAKE were approximately
600 keV for the '2C(«, o’)'2C measurements and 750 keV for
the *C(p, 1)">C. A comprehensive description of the experi-
mental apparatus and techniques is reported elsewhere [39].

The enriched '4C targets were produced through the ther-
mal cracking of CHy gas (with ~80% enrichment of 40)
onto 100-pum-thick superheated Ta(Nb) film. The resulting
280- and 300-pm-thick '“C foils were then removed from the
tantalum on a water surface [40].

III. DATA ANALYSIS

A simultaneous analysis of the inclusive excitation-energy
spectra was performed with a fitting code which employed
phenomenological multilevel, multichannel line shapes which
include the energy dependence of the penetrability and inter-
ference effects, following the R-matrix formalism of Lane and
Thomas [41]. The instrumental backgrounds were simultane-
ously fitted and account was taken for the experimental factors
of each measurement. The formalism for the intrinsic nuclear
line shapes is presented in Sec. III A. The method of fitting the
experimentally observed line shapes, which are a function of
the intrinsic line shapes and experimental factors, is detailed
in Sec. Il B. The instrumental background and contaminants
are detailed in Sec. III C.

The analysis of coincident charged-particle decays from
excited '?C states is presented in Sec. III D for the measure-
ments of 2C(a, a’)'?C at 0, = 0° with Epeam = 200 MeV
and "“C(p, 1)'?C at 6 = 0° with Epean = 100 MeV. The
angular correlations of decay are used to disentangle and
constrain the contributions from different levels to the broad
overlapping structures between E, = 7 and 13 MeV.

A. Intrinsic line shapes: Energy dependence
and interference effects

In contrast to the elastic resonance-scattering derivation
of R-matrix theory, the measurements of this work all corre-
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spond to direct incoming (populating) channels for the target
(A), projectile (a), recoil (B), and ejectile (b) nuclei of the form

A+a—B+b (B—C+o), (D

where C + ¢ are the decay products of the recoil nucleus,
which is modeled to proceed exclusively through two-body
decay. As pioneered by Barker [42,43], the cross section
for resonances populated through direct reactions can be
parametrized through a modification of the cross section for
resonant scattering, as described in Ref. [41]. The intrinsic
spectral line shape for a reaction, which corresponds to the
form of Eq. (1), is expressed in terms of the level matrix A as

2

N
1
Y GlpVuchiu| » ©)

A

Nab,c(E) =P

where y is the reduced-width amplitude. Subscript ab denotes
the A + a — B + b reaction channel and subscript ¢ denotes
the B — C + ¢ decay channel. P, is the penetrability and
the incoming width has been replaced with a feeding factor,
G, Which captures the excitation-energy dependence for the
incoming reaction channel. The total width of the uth level is
expressed as a sum over the decay-channel widths,

Tu(E) = 2y7.Po(L.E), 3)

where y? is the reduced width and ¢’ is a summation index
over the decay channels. The penetrability for decay channel
¢, with an orbital angular momentum of the decay, ¢, is typi-
cally expressed as

ka.

P.({,E) = ,
(6 E) Fi(n, ka.)? + Gi(n, ka.)?

“

where F;(n, ka.) and G;(n, ka,) are the regular and irregular
Coulomb functions, respectively, k is the wave number, a. is
the fixed channel radius, and 7 is the dimensionless Sommer-
feld parameter [44].

The form of the penetrability in Eq. (4) approximates the
excitation energies of the product nuclei states to be infinitely
narrow. For a decay from '2C to the ground and first-excited
states of ®Be, respectively referred to as ay and o decay,
this approximation is not valid: the 0] ground state exhibits
a non-negligible high-energy tail which is analogous to the
Hoyle state’s ghost and the ZT state at E, = 3.030(10) MeV
has a width of I' = 1.513(15) MeV. In order to account for
the finite widths of Be daughter states, a modified form of
the penetrability is employed in this work:

Ji, P& E = ENp(E")dE'

P, E)=
5 Ji, P(E)dE’

&)

where p(E’) is the intrinsic line shape of the populated ®Be
state and E is the minimum energy for the decay channel. For
the inherently unbound 3Be nucleus, Ey corresponds to the
a—o separation energy of S, = —91.94 keV. An alternative
prescription for decay penetrabilities which proceed through
broad intermediate states is given by the work of Lane and

Excitation energy of Be [MeV]

0 1 2 3 4 5 6
F(a) —105| | | ‘ "'T 8Be states
- :]8;' : ] 0{
S L 102 : 2]
re] - -10 |
S 05 1 !
= B W '
= B
OF 12 4 8 + ' =
J® [ 2C — He + *Be(0]) |
3F =
® L F ! B
e 2 |
=} = _
s 1 ' ~ = _
5 F e
> O0F ; -
= Fo| Fe Pe | [12C — *He + *Be(27) I
s 1 (=0 (=0 ; e e
JRA = R e
Q10 - - ’
o E =3 — (=3 : /
E = f=4 — (=4 '
102 i i
E g 1 )
3 : ; !
10 7 8 9 10 1 12 13 14

Excitation energy of '2C [MeV]

FIG. 2. (a) The intrinsic line shapes for the 0] and 2 states
of ®Be, determined with an o—« channel radius of a, = 6 fm. The
(b) o and (c) &} penetrabilities for '>C, determined with a 8Be + “He
channel radius of a, = 6 fm, and with Eq. (4) (colored dashed and
dash-dotted curves) or Eq. (5) (colored solid curves). The red, ver-
tical dashed lines indicate the resonance energies for the 0 and
2 states of ®Be, which respectively correspond to the oy and o
thresholds for standard penetrabilities calculated with Eq. (4).

Thomas [41], expressed as

E
P, E) = %/ P.(¢,E —ENp(E')dE’, ©6)
E

0

with similar implementations used in Refs. [4,45]. The results
in the main body of this work correspond to the penetrability
prescription of Eq. (5). This choice is motivated by the prin-
ciple that for the weighted average of the penetrability, where
the probability distribution corresponds to the intrinsic line
shape of the daughter state, the normalization factor should
correspond to the energetically accessible region of the daugh-
ter state. For completeness, the entire analysis of this work has
been repeated using the penetrability prescription of Eq. (6),
with the results presented in the Appendix.

To determine the modified penetrabilities with Eq. (5), the
intrinsic line shapes for the 0 and 2] states of $Be were
determined with o—« channel radii of a. = 6.5 and 6.0 fm,
respectively, corresponding to the study of a—« elastic scat-
tering, the *Be(p, d)3Be reaction, and 8Li B-decay by Barker
et al. [43,46]. Panel (b) of Fig. 2 presents the standard and
modified o penetrabilities for 12C which were determined
with Egs. (4) and (5), respectively. It was observed that, by
allowing oo decay to populate the high-E, tail of the 07
ground state of 8Be, the modified penetrabilities exhibit a
slight suppression with respect to the standard penetrabilities.
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JT=0"

~~
S
a2

2C(e,o)*C at 6, =0°
E,=160 MeV .

T b e
S 05—
_8' — L L L ! L L
©, 4 (b) Single step  Coupled channels 14C(p I)IZC at 91 = 0°
3 J'=0; J*=0;
G)
3 = JT=23 JT=2;

0 2 4 6 g8 10 12 14 16

Excitation energy [MeV]

FIG. 3. The feeding factors, G, for (a) the >2C(a, ’)!>C mea-
surement at i = 0° (Epeam = 160 MeV) and (b) the “C(p, 1)'*C
measurement at 6y, = 0°, arbitrarily normalized at E, = 7.654 MeV.

Panel (c) of Fig. 2 presents the standard and modified o
penetrabilities and it is observed that accounting for the broad
width of the ZT state yields modified «; penetrabilities which
are nonzero below the o threshold for standard penetrabilities
determined with Eq. (4).

In order to achieve a self-consistent simultaneous anal-
ysis for all the measurements of this work, the feeding
factors for each incoming channel were determined with
CHUCK3, a coupled-channels nuclear reactions code [47]. For
the analyzed inelastic «-scattering measurements, it was as-
sumed that the direct single-step mechanism dominates. The
feeding factors for J* = 0%, 17, 2%, 37 and 4% states pop-
ulated through the '>C(a, @’)'?C measurement at @, = 0°
(Epeam = 160 MeV) are presented in panel (a) of Fig. 3.

For the "C(p, t)'>?C measurements, a coupled-channels
calculation was performed to determine the feeding fac-
tors, as the work of M. Yasue et al. indicated that the
4C(p, 1)'2C(t, t')'>C* channel plays a significant role in re-
producing the angular correlation of the Hoyle state [48]. The
coupling scheme consisted of the J* = 0], 2], 07, and 27
states. The scheme is presented in Fig. 4 with the optimized
intra- and intercoupling parameters (see Table II for the as-
sociated spectroscopic amplitudes). The angular correlations
and spectroscopic amplitudes for the J* = 0], 2, 07 states
from Ref. [48] were used to optimize the coupling parame-
ters; an exception being the 23L state, which has since been
established to be located at E, = 9.870(60) MeV [1] and was
assumed to belong to the rotational band with the Hoyle state
being the bandhead. The feeding factors for the J* = 0 and
2; states are presented in panel (b) of Fig. 3. It was observed
that the coupled-channels formalism affects the feeding fac-
tors with respect to a single-step mechanism.

In the case of an isolated resonance, the corresponding line
shape corresponds to a single-level approximation [41] of the

(¥, (a) f2=—0.588
] .
iU 0 (b) 52 = —0.588
(¢) fo= 0.0331
O 2F (d) B2 =—0.1965
(e) f2=—0.1965
Bo= 0.0331
0f OV 5= 01231
abcdefgh (g) B2= 08073
120 (h) f2= 0.8073

FIG. 4. The coupling scheme for the *C(p, t)!>C measurements
analyzed in this work.

form

Gu
Napo(E) = @ < (7)
: (E —E, — AY + 112

where E, is the resonance energy and A = Ay is expressed
as a sum over the decay channels with

A)\,[l. = Z _(SL'/ - BL")VAC’ Yucs (8)

where S, and B, are the shift factors and boundary condition
parameters, respectively. For this work, the “natural” bound-
ary condition, B, = S.(E,), was employed. The shift factors
are typically expressed as

ka.[F;(n, ka.)F/ (n, kac) + Gi(n, ka.)G,(n, kac)]
Fi(n, ka.)* + Gi(n, ka.)?

Si(E) =

3

€))
where F; and G are the derivatives of the regular and irregular
Coulomb functions, respectively. The shift factors exhibit the
greatest energy dependence near particle thresholds and affect
the intrinsic line shape most strongly when the corresponding
reduced widths are large, as is the case for states exhibiting
significant « clustering such as the Hoyle state. Similar to the
penetrabilities, the shift factors must also account for the finite
widths of ®Be daughter states and, consequently, a modified
shift factor is employed for this work which uses a weighted
averaging analogous to Eq. (5).
For two overlapping levels of the same spin and parity,
populated through a direct nuclear reaction [see Eq. (1)], the
intrinsic line shape is analyzed as a single entity through the

TABLE II. The spectroscopic amplitudes corresponding to the
4C(p, t)'2C coupling scheme presented in Fig. 4 (see Ref. [48]).
Excitation energies are presented in units of MeV.

Hc e Spectroscopic amplitudes
E, JT E, Jr (PI/Z)_2 (171/2173/2)_1 (173/2)_2
0.0 ot 0.0 ot 0.7061 0.4476
4.44 2+ 1.3061 0.5196
7.65 ot —0.6004 0.3094
9.87 2t —2.3661 —2.8208
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two-level approximation [41]:

— 1 1 — 1
(B2 = EXG,, . + (B1 — E)GS,, T

o1 1 1N\72 2
B Alz(GIZabFZZC + Gzzab 120)] + }1[ Zc’ HC/abHC/C]

Napo(E) =

which is a sum over the channel spins (s') and orbital angular
momenta (£') of the decay channels, with

Meas = T3 Gayy = T3.Gip an
and
Mee=ToTL —TT0. (12)
The widths are defined as
Fi=)Y 2Puyicvac, (13)
with the convention I'; = T';,, and
E\=E + Ay, (14)

with the convention A; = A;;. For a particular decay channel
of two interfering resonances, it is observed that if the corre-
sponding reduced-width amplitudes are of the opposite (same)
sign, this results in constructive (destructive) interference in
the excitation-energy region between the two resonance ener-
gies.

1. Angular-momenta of decays

Only the oy and «; decay modes are considered; the
proton-decay channel is not open at the excitation energies
considered in this work. For ¢ decay, which can only occur
from natural-parity states, both the channel spin and orbital
angular momentum of decay are unique, thereby simplifying
the form of Eq. (10). For «; decay, only the channel spin is
invariably unique; for cases with multiple possible angular
momenta of decay, the lowest £ value of decay is assumed
to dominate and is set as the exclusive channel. This is rea-
sonable as the penetrability decreases with increasing ¢ value.
For unnatural-parity states in '2C, parity conservation dictates
that oy decay cannot occur; however, «; decay is possible. For
the special case of monopole excitations, angular-momentum
conservation dictates that oy and «; decay are exclusively
S-wave (£ = 0) and D-wave (£ = 2), respectively.

2. Channel radius and the Wigner limit

For a particular decay channel c, the channel radius des-
ignates the boundary beyond which the potential between the
two interacting nuclei can be approximated by the Coulomb
potential and should therefore be larger than the summed radii
of the two nuclei. The channel radius is parametrized as

ac = ro(A)” + A7), (15)

where Ai/ ? and Aé/ ? are the mass numbers and the value of r
is typically selected between 1.2 to 1.4 fm.

The Hoyle, 25 and 07 states of '?C are all understood to
exhibit dilute densities with large radii [14]. Together with the

o7 [(E\ —E)E>—E)+ (T}, —TI') —

;. (10)
> — -
AL+ §[T1(E2 — E) + Ta(E) — E) — 24T

(

“He charge radius of 1.681(4) fm [49], the decay channels
from such states require atypically large channel radii and for
the Hoyle state in particular, the oy channel radius is typically
chosen as 6 fm [13]. The R-matrix analysis by S. Hyldegaard
et al. employed a global channel-radius parametrization for
states above (and including) the Hoyle state, with a discrete set
of values: ro = 1.71, 2.09, 2.47, and 2.85 fm, corresponding to
a. = 6.14, 7.50, 8.86. and 10.2 fm, respectively [32,33]. For
this work, an analogous global channel radius is implemented
with test values from the discrete set of channel radii: a. = 6.0
to 11.0 fm in integer steps, corresponding to ry = 1.67, 1.95,
2.23,2.51, 2.79, and 3.07 fm, respectively. Exceptions from
this parametrization are the 3] and shell-model-like IT states,
for which the channel radius was chosen as ryp = 1.3 fm, in
accordance with a precise analysis of the 37 state [50].

The Wigner limit, an upper limit on the reduced width (and
thus on the corresponding partial width), is expressed in the
seminal work of Wigner and Teichmann [51] as

3
Vip =

S (16)

This limit is also alternatively formulated without the 3/2 fac-
tor [41,52]. However, the larger form of Eq. (16) is employed
in this work for a conservatively larger parameter space. Un-
less explicitly stated, all fitted reduced-width parameters are
constrained by the Wigner limit. In this work, both the Hoyle
state and its 27 rotational state are not constrained by the
Wigner limit as both states exhibit widths which exhaust (or
even exceed) the Wigner limit for certain choices of channel
radii [13]. For the ith decay channel, the degree of clustering
is indicated by the associated Wigner ratio:

a7

whereby a value of 20.1 is understood to indicate significant
clustering /preformation [53].

B. Experimental factors on the E, spectrum: Ion-optical
corrections, VDC responses, and target-related effects

The experimentally observed line shape for a resonance is
not only a function of the intrinsic line shape (described in
Sec. IIT A), but also of experimental factors. Careful consid-
eration was given to the description of these effects to ensure
a reliable extraction of E,-dependent R-matrix parameters. A
significant case that requires accurate parametrization is the
fit for the primary peak of the Hoyle state: the extracted yield
is directly linked to the strength of its ghost peak, which is
submerged under the contributions from other broad states
between E, ~ 8 and 10 MeV.
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FIG. 5. Excited states from the '“C(p, t)'>C reaction at 6, = 0°
observed on opposite sides of the focal-plane detector. In panel
(a) the effect of kinematic broadening as well as small contributions
of higher-order aberrations can be seen, which are corrected in panel
(b). The influence on the resulting line shapes are shown in panel (c).

The first experimental factor to take into account is the
influence of the ion optics of the magnetic spectrometer on the
observed focal-plane position spectra. Consider, for example,
the kinematic broadening of two observed line shapes on
opposite sides of the focal-plane detector as shown in panel
(a) of Fig. 5. While the K and H correction coils of the spec-
trometer make it possible to partially correct for kinematic
broadening online, for this work more accurate corrections
were subsequently performed during offline analysis, which
also minimized the influence of the slight differential nonuni-
form response of the position-sensitive detectors on the line
shapes. The effect of kinematic broadening as well as higher-
order aberrations were removed by iteratively correcting the
horizontal focal-plane positions with measured parameters
such as the vertical focal-plane position and the horizontal
component of the scattering angles (both determined from
raytracing), as well as the spectrometer time of flight. Such
corrections can only be performed for a particular reaction,
i.e., a given set of corrections for 2C(a, o’)'*C will still result
in unfocused loci for the contaminant '°O(a, a’)'°O reaction
(particularly at large values of 6,,,). Having performed these
corrections, the resulting shape of narrow states observed in
the focal-plane position spectrum is determined by the beam
parameters at the source point of the dispersion-matched sys-
tem (comprising the beamline and magnetic spectrometer)
as well as the ion optical characteristics of the combined
system. The peak shapes are known to be well approximated
by a Gaussian distribution, as confirmed through faint beam
measurements [37] which allow for the direct observation of
the dispersion-matched beam in the focal plane without any
interactions with a target.

— Experimental data (b)
Instr. background
—Ojnt : Intrinsic lineshape

% Oobs: Tint @ G
< Oobs’ Oint®@ G® L 104
2 —Oobs: Oint® G® L
[2]
<
3
[e]
(@]
10

4.3 4.4 4.5 4.6 47 7.5 7.6 7.7 7.8 7.9
Excitation energy [MeV]

FIG. 6. The excitation-energy spectra from the >C(a, a’)!?C
measurement at O, = 0° (Epeam = 160 MeV), focused on modeling
the VDC response and target-related attenuation for (a) the J* = 2]
and (b) J* =05 states of '2C. The spectrum presented in panel
(a) corresponds to a subset of the data around the 2 state. The
small contaminant peak below the Hoyle state corresponds to the
E, = 7.547(3) MeV state of *C from the *C(«, ') reaction. The
experimentally observed line shapes (o) are produced through
circular convolution (denoted ®) of the intrinsic line shape with a
combination of Gaussian (G), Landau (£), and truncated Landau (L")
distributions.

The second experimental factor results from the energy
loss of the projectile and/or ejectile within the target, cor-
responding to a lower-than-expected measured rigidity for
the ejectile, ultimately producing an artificial high-E, tail.
Such energy loss effects can be parametrized with the Lan-
dau distribution [54]. Figure 6 presents an analysis of these
experimental factors for the '>C(a, o’)'>C measurement at
Biab = 0° (Epeam = 160 MeV), focused on (a) the J* = 2T and
(b) J* = 0 states of '2C. The line shape corresponding to a
convolution between the intrinsic line shape and a Gaussian
distribution accounts for the VDC response but results in a
poor fit which cannot account for the observed asymmetry of
the peak. Given the narrow width of the intrinsic line shape for
the J” = 2] state and its location below particle threshold, the
asymmetric high-E, tail on the observed line shape is deter-
mined by experimental factors such as target-related energy
loss. An additional convolution with a Landau distribution
yields a significantly improved fit for E, values below the
peak; however, the high-E, tail is overestimated by ~1% of
the peak maximum. Possible sources for this difference are
imperfect kinematic corrections (which are limited by the
experimental resolution) and/or scattering effects occurring
within the exit window of the spectrometer. To account for
this difference, a free truncation parameter (¢ in Table I) was
introduced and the resulting convolution yields the best fit and
an accurate description for the total experimental response.
An analogous observed-line-shape analysis for the J* = 0;
state of '>C is presented in panel (b). For each measure-
ment, the optimized parameters for the VDC resolution and
target-related energy loss were determined and assumed to be
constant across the entire associated focal-plane spectrum; a
valid approximation given the relatively small range of ejectile
energies accepted by the K600 spectrometer.

In summary, the experimental response was determined by
accounting for the ion-optics of the magnetic spectrometer,
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the VDC response and the target-related energy loss. This was
required for an accurate analysis of the focal-plane spectra
(see Ref. [39] for details).

C. Instrumental background and contaminants

The dominant source of instrumental background within
a focal-plane spectrum (particularly at j,, = 0°) results from
small-angle elastic scattering off the target foil that is followed
by rescattering off any exposed part inside the spectrom-
eter. These background events form smooth, slow-varying
continuums and can be well characterized by operating the
spectrometer in focus mode, whereby the quadrupole at the
entrance to the spectrometer is used to vertically focus re-
action products to a narrow horizontal band on the focal
plane. A gate on this vertically focused band corresponds
to the focal-plane spectrum for the target nucleus of inter-
est and, conversely, a gate on events which fall outside this
focused band can be used to generate a sample of the in-
strumental background [37,55]. Only for the measurements of
2C(a, a")'*C at Oy, = 10° and 14C(p, H'2C at Oy, = 21° of
this work, such instrumental background spectra could not be
generated: the former was not performed in focus mode and
the latter was performed with two VDCs that did not provide
vertical-position information. However, these limitations are
mitigated by the fact that measurements at nonzero angles typ-
ically exhibit low experimental backgrounds. Moreover, since
the excitation-energy spectrum of '2C is devoid of strength be-
tween the J” = 2] and Hoyle states, the low yields observed
in this excitation-energy region for these experiments enabled
the instrumental backgrounds to be reliably evaluated. The
focal-plane spectra of interest and the associated instrumental
background spectra are displayed in Fig. 7. In this analysis, the
instrumental background spectra are not directly subtracted
from the corresponding spectra of interest. Instead, all spec-
tra were simultaneously fitted: each instrumental background
spectrum was parametrized with a polynomial, which was
then added with a free scaling parameter to the expected yield
for the corresponding focal-plane spectrum of interest. This
scaling is correlated with the relative size of the aforemen-
tioned vertical-position gates.

The observed contaminants are summarized in Table III
and labeled in Fig. 7. For the 2C(a, ’)'*C measurements
at O,p = 0° and 10°, all contaminant states corresponded to
inelastic alpha scattering off '3*C and '°0. No contaminating
states from these nuclei were observed in the excitation-
energy region of E, =7.654 to 9.2 MeV. Such potential
contaminant states from '3C and 60 in the associated rigidity
range are either narrow or in an excitation region with weak
population of '?>C excitations (just above the Hoyle state at
E, ~ 8 MeV) and would therefore be easily identified. Con-
sequently, it is determined that there is negligible contribution
from contaminating states in this excitation energy range. For
the '°0 state at E, = 9.585 MeV, the sufficiently narrow width
of I' = 420(20) keV should permit a significant contribution
to be clearly identified. No significant contamination from this
state was observed and this in agreement with the analogous
measurement of '°O(x, &')'°0 (at 6, = 0° with E, = 200
MeV) [56,57] where the yield for this state was an order of

TABLE III. Summary of observed contaminant states. The labels
correspond to Fig. 7.

Reaction Angle  Epeam Recoil E,  Contaminant
(deg) (MeV) Label (MeV) reaction

2C(a, a’) 0 118 a 6.049 10(at, ')

b 6.130 150 (a, )

c 6.917 150 (a, )

d 7.117 10 (a, ')

e 7.547 BC(a, o)

f 11.080 BC(a, a’)

g 11.520 190 (a, )

h 12.049 50(a, o)
2C(a, ') 0 160 d 7.117 10(at, ')

e 7.547 BC(a, a')

f 11.080 BC(a, o)

g 11.520 190(at, ')

h 12.049 1%0(a, ')
2C(a, o) 10 196 a 6.049 10(ar, ')

b 6.917 150(at, ')

c 7.117 190 (a, )

d 7.547 BC(a, o)

i 0.0 'H(er, @)
4C(p,1)'*C 0 100 ] 0.0 Fe(p, t)**Fe

2.832
k : Cu(p, t)*Cu
3.264

1 8.872 BN(p, )N

m 2.949  Fe(p,t)*Fe

n 4756  %Cu(p,1)*'Cu

o 0.0 BC(p,n''C

p 2.000 BC(p,)''C

q 0.0 150(p, )'*O

r 0.0 “N(p, )"’N

s 0.961 “N(p, )’N
4C(p,H)2C 21 67.5 I 0.0 BC(p,nH''C

magnitude less than that of the '°O state at E, = 12.049 MeV,
labeled (h). Using this yield ratio as an approximation, the
expected contributions of the Ey, = 9.585 MeV state (super-
imposed on the surrounding broad strength) are presented as
violet line shapes (¢). Under the assumption that this approxi-
mation is valid, it is observed that the expected contamination
from the E, = 9.585 MeV state in '°0 is negligible.

For the '>C(a, a’)!>C measurement at 6y, = 10°, signifi-
cant contamination from elastic-scattering off hydrogen was
observed at excitation energies beyond E, ~ 15 MeV. The
large range of contamination results from the kinematic varia-
tion between the 'H(e, o) and >C(e, )!?C reactions, which
enabled the hydrogen-contamination events to be isolated (i)
and removed from the focal-plane spectrum of interest.

For the 'C(p,1)">?C measurements, the self-supporting
4“C-enriched targets exhibited additional contamination
with respect to the "™!C targets used for the '>C(a, a’)'?C
measurements. This is due to the entirely different
manufacturing methods between the "C and exotic '*C
targets, in which the latter involved contact with iron, copper,
tantalum, and niobium. In addition to contamination from '3C
and 180, additional contaminant states from >°Fe, 63-95Cu,
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FIG. 7. Full-range excitation-energy spectra of all analyzed inclusive measurements. The instrumental background spectra and the
associated scaled contributions to the spectra of interest are displayed in orange and green, respectively. The excitation energies, spins, and
parities for well-resolved !2C states are indicated. Contaminant peaks are labeled according to Table II1. The red histogram (i) corresponds to
contaminant events from the 'H(x, &) reaction. The pair of blue, vertical dashed lines on each spectrum indicates the excitation-energy range
of full acceptance by the spectrometer, as summarized in Table 1. For details on the violet line shapes denoted by (&) and (h), see Sec. III C.

and %N were observed. Fortunately, all the identified
contaminant nuclei only exhibit narrow states over the rigidity
range between E, = 4 and 16 MeV. The '“C targets used for
both *C(p, t)'2C measurements are from the same batch and
are therefore expected to contain the same contamination.
Consequently, it is suggested that the vastly different number
of contaminant states observed between the “C(p,)'2C
measurements at G, = 0° and 6, = 21° are not only due
to the different excitation-energy range measured, but also a
relative decrease in cross section for the contaminant states
at O, = 21°.

D. Coincident charged-particle decay

The detection of coincident charged-particle decays from
excited '2C states using the CAKE can help disentangle the

contributions from different decay channels. Decaying par-
ticles may be identified by using the time of flight and the
detected energy in the silicon detectors (see Ref. [38]). The
matrices of particle (« or proton) energy versus the excitation
energy of '2C are presented in Fig. 8 for the measurements of
2C(a, a')12C at iy = 0° (E, = 200 MeV) and “C(p, t)!*C
at i, = 0°. The o and proton decays appear as well-defined
loci and are labeled in the figure. In contrast, the indistinct
locus between the o and py decay modes corresponds to o
particles emitted following the o decay of '2C (either to the
broad J™ = 2 state of ®Be or the ghost of the ®Be ground
state) and the subsequent 2« breakup of ®*Be.

Angular correlations of decay particles enable the assign-
ment of spin and parity. In particular, oy decay from '2C
permits unambiguous assignments as it can only occur from
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FIG. 8. The matrices of particle energy (measured with the CAKE) versus the excitation energy of '2C for the measurements of
(a) "*C(a, a')'*C at 6y, = 0° (E, = 200 MeV) and (b) “C(p, t)'?C at iy, = 0°. The matrices in panels (a) and (b) are gated on a subset
of the CAKE detector channels, corresponding to decay-angle ranges of 140° < 6y, < 161° and 153° < 6, < 165°, respectively. The red
lines indicate the observed o and proton decay modes of >C. The orange-highlighted regions indicate « particles corresponding to either o,
decay or the ®Be — 2« breakup channel. The violet, horizontal lines in panels (a) and (b) indicate the approximate electronic thresholds for
the silicon detectors of 600 and 750 keV, respectively. For panel (a), loci corresponding to ay decay from contaminant states of '°O are labeled

and a display in color threshold of >2 events is imposed.

natural-parity states with unique orbital angular momenta.
The identification of different multipolarities within the broad
overlapping structures between E, = 7 and 13 MeV guides
what multipolarities must be present to create a consistent
model. The relative strengths of identified multipolarities en-
ables the rejection of models if the associated fits result in
inconsistent population strengths. Charged-particle decay at
lower values of 6, in the backward hemisphere exhibits
more target-related energy loss and is more susceptible to be
affected by the electronic thresholds of the CAKE. Conse-
quently, detector channels situated at lower values of 6, were
ignored for affected decay modes.

Whilst both the >C(x, @’)'2C and “C(p, t)!*C measure-
ments exhibited target contamination with 'O, only the
2C(a, a’)'>C measurement yielded '°O contaminant states on
the matrix of particle energy versus the excitation energy of
12C. This is due to the substantially different Q values for the
4C(p, )!2C and '°O(p, 1)'*O reactions of Q = —4.641 and
—20.40562 MeV, respectively. To determine the best quality
models to describe the angular correlations, either the reduced
chi-square statistic ( szed) or the corrected Akaike information
criterion (AICc) was employed [58,59]. Angular correlations
with counts below 20 (which have error distributions which
are not well approximated as Gaussian) were fitted with max-
imum likelihood estimation instead of x2,; minimization.

1. 2C(a, &')2C* at 6, = 0° and E,, = 200 MeV

For the '2C(a, a’)'?C measurement at 6y, = 0°, the popu-
lation of the Hoyle state at E, = 7.654 MeV yields an ap-
proximate kinetic-energy range for the '2C recoil nucleus of
30 to 110 keV. In comparison to '*C(p, t)'?C*, the recoil
nucleus for the '>C(a, a’)!2C* reaction possess relatively low
momentum. Consequently, for the 2C(ar, &')'2C* measure-
ment, oy decay cannot be measured below E, ~ 10 MeV
from in the laboratory inertial reference frame due to the
CAKE electronic threshold of 600 keV. Neither the inclusive
nor the charged-particle decay gated focal-plane spectra from
this measurement were included in the R-matrix analysis as
the primary peak of the Hoyle state was not fully positioned
within the full-acceptance range of the spectrometer.

In order to determine the angular correlations of «( de-
cay, a simulation of the CAKE was implemented with the
GEANT4 simulation toolkit [60—62]. To model the populating
reaction, the CHUCK3 coupled-channels nuclear reactions code
was used and the results were incorporated into the ANGCOR
angular-correlation program [63] to determine the m-state
population amplitudes of populated excited states in '>C. This
method to produce predicted angular correlations of decay
was also employed by an analogous study of charged-particle
decay from well-resolved '°O states, which employed an iden-
tical experimental setup [56].
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FIG. 9. Angular-correlation functions of o decay across the
ring detector channels of the CAKE, relative to the beam axis, for
the excitation-energy regions of (a) E, = 10.0 to 10.3 MeV and
(b) E, = 10.6 to 11.1 MeV from the measurement of '>C(«, o’)'?C
at 6,, = 0° with E, = 200 MeV. The sums of angular correlations
with different £ values are incoherent, with the exception being the
combination of £ = 0, 1, and 2 in panel (b).

The angular correlations of ¢ decay from the excitation-
energy ranges of E, = 10.0 to 10.3 MeV and E, = 10.6 to
11.1 MeV are respectively presented in panels (a) and (b)
in Fig. 9 for the '>C(a, «’)'?C measurement at 6y, = 0°.
The observed loci corresponding to ¢y decay from contami-
nant '°0 states yield negligible contributions to the analyzed
excitation-energy ranges.

For E, = 10.0 to 10.3 MeV, it is observed that the data
are not well reproduced with pure £ = 0 or £ = 2 «( decay.
However, an incoherent sum of £ = 0 and £ = 2 decay yields
a good fit with x2, = 0.959. This result independently reaf-
firms the existence of the broad 2; state and is consistent
with the studies of analogous '>C(«a, a’)!>C measurements in
Refs. [25,26], which indicated that the primary contributions
to the excitation-energy range of E, = 10.0 to 10.3 MeV
are a broad monopole strength and the 2; state located at
E,=9.870(60) MeV. The excitation-energy range for this
angular correlation was chosen to mitigate effects from the
electronic threshold of the CAKE (lower limit) and contami-
nation from the 17 state located at E, = 10.847(4) MeV.

For E, = 10.6 to 11.1 MeV, it is observed that the data are
not well reproduced with pure £ = 0 o decay. A substantially
better fit is obtained with an incoherent sum of predicted
£ =0 and ¢ =1 o distributions, yielding szed =1.73. An
improved reproduction of the data was obtained with a coher-
ent sum of predicted £ = 0, £ = 1, and £ = 2 ¢ distributions,
where the coefficients were restricted to be real and yielded
szed =0.870. This is consistent with the current understand-
ing that the primary contributions to the excitation-energy
range of E, =10.6 to 11.1 MeV should be a broad monopole
strength, the high-energy tail of the 2; state and the 17 state
located at E, = 10.847(4) MeV.

In summary, charged-particle decay from the measurement
of 2C(«, &/)'2C* at 6y, = 0° (E,, = 200) enabled the identi-
fication of the 2 and 17 states in addition to broad monopole
strength within the broad unresolved structures at E, =~ 10 and
11 MeV, respectively. A consistent model for '>C must there-
fore yield non-negligible strengths for these states from the
analogous measurements of '2C(a, a’)'?C at 6y, = 0° with
E, = 118 and 160 MeV.

2. BC(p,t)2C* at Oy = 0° and Ejq, = 100 MeV

The population of the Hoyle state in 'C through the
4C(p, t)'>C measurement at 6y, = 0° yields '>C recoil nu-
clei with a kinetic energy of ~2.83 MeV and a polar-angle
range of Oy, % 175.5°. This substantial boost in the laboratory
frame, combined with the available decay energy, enabled
ap decays from 12C to be measured below E, ~ 9.0 MeV
with the CAKE, which exhibited an electronic threshold of
750 keV. Since the ion optics of the K600 spectrometer were
configured to vertically focus ejectiles, the momentum vector
of the recoil nucleus cannot be reconstructed, meaning that the
center-of-mass angular correlations could also not be recon-
structed. Instead, the angular correlations across the detector
channels of the CAKE were analyzed in the laboratory frame.
The detection efficiencies of charged-particle decays were
simulated assuming particular angular correlations for the
decay in the recoil center-of-mass system. Charged-particle
gated focal-plane spectra from this measurement were not in-
cluded in the global fitting analysis due to the aforementioned
complications with determining detection efficiencies as well
as the limited acceptance of the oy locus for the primary peak
of the Hoyle state (due to electronic thresholds of the CAKE).

For states with J > 0, the angular correlations of decay in
the center-of-mass of the '>C recoil nucleus were determined
only with m =0 magnetic substates; a valid approxima-
tion since the detected scattered particle was detected near
B1ab = 0°. To predict the angular correlations of decay in the
laboratory inertial reference frame, the angular correlations of
excited '>C nuclei were determined using an assumed angular
correlation for the ejectile within the polar-angle range of
Blab < 2°. A GEANT4 simulation of the experimental setup and
kinematics were used to predict the angular correlations of
decay observed with the CAKE.

The angular correlations of ¢y decay for various excitation-
energy ranges are presented in Fig. 10. The data were fitted
with a maximum likelihood estimation for decay with orbital
angular momenta of £ =0, £ = 2, as well as an incoherent
sum of the two distributions. For E, = 8.5 to 9.0 MeV, shown
in panel (a) of Fig. 10, data points at polar angles below
O1ap = 145° were omitted as they were affected by the elec-
tronic threshold of the CAKE. The AICc estimators indicate
that the best quality model corresponds to pure £ = 0 decay
and that the £ = 2 contribution is negligible. This is in agree-
ment with the current understanding that the excitation-energy
region of E, &~ 8.5 to 9 MeV is dominated by monopole
strength.

The angular correlation of oy decay from the J” = 3~ state
located at E, = 9.641(5) MeV is presented in panel (b) of
Fig. 10. Whilst this relatively narrow state is well resolved
from the surrounding broad J* = 0" and 2% resonances, its
relatively low population required data at multiple angles to
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FIG. 10. The angular correlations of o« decay across the ring
detector channels of the CAKE, relative to the beam axis, for
the excitation-energy regions of (a) E, = 8.5 to 9.0 MeV and
(b) E. =9.8 to 10.0 MeV as well as (c) the narrow 27 state at
E,=16.106 MeV from the measurement of '“C(p, t)>C at O, = 0°
with Epe,m = 100 MeV. The sums of angular correlations with differ-
ent ¢ values are incoherent, with the exception being the combination
of £ =0, 1, and 2 in panel (d).

be combined for reliable peak fitting. The best-fitting £ = 3
contribution is consistent with the J© = 3~ nature of the state;
however, the reduced granularity yields a poor discrimination
from the £ = O contribution.

The angular correlation of oy decay from E, = 9.8 to 10.0
MeV is presented in panel (c) of Fig. 10. It is observed that the
data are not well reproduced with either pure £ = Oor £ =2 g
decay. The AICc estimators indicate that the best quality
model corresponds to the incoherent sum of £ = 0 and £ =2
decay and the two components are of similar strength. This is
consistent with the current understanding that this excitation-
energy region should contain broad monopole strength as
well as the 27 state which has a listed resonance energy
of 9.870(60) MeV [25,26]. The excitation-energy range for
this angular correlation was chosen to mitigate contamination
from the 3] and 1] states.

The angular correlation of o decay from E, = 10.6to 11.1
MeV is presented in panel (d) of Fig. 10. It is observed that
the data are best described by a coherent sum of £ = 0, 1, and
2 contributions. This is consistent with the understanding that
the J™ = 17 state at E, = 10.847(4) MeV should contribute
in addition to the underlying broad monopole and 27 strength
in this excitation-energy region.

The angular correlation of ag decay from the J* = 2%
state located at E, = 16.106 MeV is presented in panel (e)
of Fig. 10. Data points at polar angles below 6,,, = 149° were
omitted as they corresponded to o loci which could not be
well resolved from the broad o /SBe — 2« locus, as shown
in panel (b) of Fig. 8. The clear £ = 2 identification of the
o decay from this strongly populated, well-resolved state
verifies the method of £-value decomposition employed for
this analysis.

The angular correlation of oy decay from the J* = 0%
state located at E, = 17.760 MeV is presented in panel (f)
of Fig. 10. Data points at polar angles above 6, = 140° were
omitted as they corresponded to & loci which were affected
by saturation of the electronic signals from the CAKE. The
clear £ = 0 identification of the o decay from this strongly
populated, well-resolved state verifies the method of ¢-value
decomposition employed for this analysis.

In summary, charged-particle decay from the measurement
of “C(p, t)">C* at Oy, = 0° enabled the study of oy decay
in the excitation-energy range of E, = 8.5 to 9.0 MeV -
a region which cannot be accessed with the measurement
of 2C(a, o’)?C* at G = 0° (E, =200 MeV) due to the
electronic thresholds of the CAKE. The angular correlation
indicates that the observed broad strength is purely monopole
and there is no statistically significant evidence to introduce
nonmonopole strength in this excitation-energy region. At
E, =~ 10.0 MeV, the data indicate that both monopole and 2;
states contribute with comparable strengths, a result which
must be corroborated by the fit of a consistent model for '>C.

IV. MODELS AND RESULTS

Various models were investigated to describe the broad
structures in the excitation-energy region of E, =7 to 13
MeV. These models assumed different sources of monopole
strength above the Hoyle state and different permutations
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of interference. All the inclusive spectra for the measure-
ments listed in Table I are included in the global fit, with
the exception being '>C(a, ’)!>?C measurement at @y, = 0°
with E, =200 MeV as the primary peak of the Hoyle state
was not fully accepted on the focal plane. For each fitted
excitation-energy region, all relevant '2C states listed in the
ENSDF database were included [1]. In particular, the corre-
sponding fits all included the well-established J* = 2;” and
3] states, located at E, = 9.870(60) and 9.641(5) MeV, re-
spectively. The observed resonance energies and widths were
typically restricted within 30 of the listed values. How-
ever, in certain cases this was extended to 5o as some
previous studies employed simplistic analyses, which may
have introduced significant systematic error. For the fits,
the total width of the Hoyle state was fixed to ' =9.3 eV
at E,=7.65407 MeV (unless explicitly stated). For the
2 state, a recent R-matrix analysis of photodisintegration
data produced E, = 10.025(50) MeV and I' = 1.60(13) MeV
[9,27,64], which differ substantially from the values of
E, =9.870(60) and I" = 850(85) keV listed in the ENSDF
database [1]. Since photodisintegration does not populate the
surrounding broad monopole strength which often compli-
cates the analysis of the 2;“ state, it is deduced that results
of Refs. [9,27,64] may be more reliable. Consequently, a
conservatively large range is permitted for the total width
of the 22+ state: 30 below I' = 850(85) keV and 30 above
I'=1.60(13) MeV.

To fit the inclusive spectra, a maximum likelihood estima-
tion was employed instead of a x2, minimization as there
are excitation-energy regions with low counts where the as-
sociated errors cannot be well approximated as Gaussian. To
determine the best quality model to describe the inclusive
data, the Akaike information criterion (AIC) and Bayesian
information criterion (BIC) were employed [58,65]. These
estimators account for the goodness of fit to the data whilst
penalizing the number of estimated parameters, thus enabling
the model with the lowest AIC/BIC to be selected as the best
quality model.

As this work is focused on unraveling the sources of
monopole strength in the excitation-energy region of E, =7 to
13 MeV, the investigated models are labeled by the monopole
resonances which are considered. For example, model My

considers only the 0 Hoyle state in this excitation-energy
region, whilst M+; considers both the 03 Hoyle state and
previously established 05 state. If interference is considered
to occur between monopole states, this is indicated by linking
dashed green lines, e.g., M 03 0%

In this section, the presented results correspond to analyses
which employ the penetrability prescription of Eq. (5). For
completeness, an analogous set of results using the penetra-
bility prescription of Eq. (6) is also presented in the Appendix
as this alternative prescription has been used in other studies.
It was found that the two prescriptions of (5) and (6) yield
similar fit results which lead to the same conclusions.

A. Model MO;: Hoyle state only

In this model, it is assumed that the broad monopole
strength that is consistently observed above the primary peak

of the 05 Hoyle state and below E, ~ 13 MeV corresponds
only to the ghost of the Hoyle state. The optimized fit with
this model is presented in Fig. 11 with the results summarized
in Table IV.

It is observed that this model yields a poor reproduc-
tion of the data with particularly large differences at E, ~9
and ~11.5 MeV for the ">C(«, a’)'?C measurements at
B1ab =0°. The fitted polynomial backgrounds in panels (a)
and (b) of Fig. 11 do not appear reasonable as they are si-
multaneously fitted on the relevant instrumental background
spectra in Fig. 7, which restricts their shape. Another prob-
lem with this model is the considerably larger yield for the
25 state with respect to the monopole strength at E, ~ 10
MeV for the "“C(p,1)'?C reaction at 6y, = 21°. For this
excitation-energy region, the angular correlation of o de-
cay, presented in panel (b) of Fig. 10, indicates that the
contribution from the broad monopole strength should be
similar to that of the 27 state. The fit produces an optimized
o1 width which is vanishingly small and, consequently, the
line shape of the Hoyle state reduces to that of a single-
level, single-channel approximation—a simple description
that is often used for the Hoyle state and its associated ghost
[13]. Since the penetrability is a monotonic function, this
(functionally) single-channel description cannot reproduce
the double-peaked broad monopole strength above the Hoyle
state that is observed in the MDA by Itoh et al. [25].

B. Model M oo+t The Hoyle state and a broad 0;'
273
state at £, ~ 10 MeV

Two distinct 0" resonances are assumed to contribute to the
excitation-energy region of E, = 7 to 13 MeV: the Hoyle state
and a broad resonance previously observed at E, &~ 10 MeV
with a width of I &~ 3 MeV. The ENSDF database lists two 0"
resonances situated at £, = 9.930(30) and 10.3(3) MeV, with
widths of I' = 2.710(80) and 3.0(7) MeV, respectively [1].
The latter resonance corresponds to measurements of 8 decay
from '2B and 2N [2], and of the '*C(«, «’)'2C reaction with
Epeam = 120 MeV at 0° < 6, < 4.5° [3]. The close proximity
of these two resonance energies, with respect to their rela-
tively large widths, suggests that these two listed resonances
are one and the same [66]. This broader resonance should
exhibit considerable overlap with the ghost of the Hoyle state
and model M+ permits interference between these two
resonances according to the two-level approximation shown
in Eq. (10). The interference terms of the monopole line shape
depend on the relative signs for reduced-width amplitudes of
the g and vy exit channels: y1 4,5 V1.0 V2.00- a0d V2.4, , Which
are denoted as

o 07

respectively. Equation (2) indicates that, for a particular
exit channel, inverting the signs of the reduced-width am-
plitudes produces an identical spectral line shape, e.g.,
[f 71=1[3 *1 and similarly for three (or more) interfering
resonances. As mentioned in Sec. III A, for two interfering
resonances, the signs of the reduced-width amplitudes for
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FIG. 11. The optimized global fit for model M02+: it is assumed that the broad monopole strength above the primary peak of the 03 Hoyle
state and below E, &~ 13 MeV corresponds only to the ghost of the Hoyle state. See text for details.

a particular decay channel are directly related to the form
of interference in the excitation-energy region between the
respective resonance energies. To be more physically de-
scriptive, the different permutations of interference for model
M ;y; are also equivalently labeled with the form of interfer-
ence for each exit channel (between the resonance energies).
For example, the case of interfering 05 and 07 states with
constructive o and destructive «; interference is denoted as
Mg (+ao,—e) = Mg [T ],

Figure 12 presents a comparison of the fits for the mea-
surements of '>C(x, &’)'>C at 6y, = 0°, which are the most
selective for monopole strengths. It is observed that model
M iy provides a significantly better fit than M. However,
there is still a significant underestimation of the data at £, ~ 9

(see Fig. 12). The best-quality submodels which account for
both the 05 and 0 states correspond to the fits with sub-
models My (+ao,+a1) and M g7+ (+ao,—a1), which are in
contrast to submodels M "+ (—ao,+a1) and Mg (—ao,—a1)
which both provide similarly poor fits. Since the o) decay
channel is substantially smaller than that of the oy decay
channel between E, = 7 and 11 MeV (even when account-
ing for the broad width of the 2} 8Be daughter state), it is
observed that the interference through the o decay channel
plays the dominant role in providing a good fit. Submodel
M :y; (+ao.4a1) corresponds to the best-fitting permutation
of oy and «; interference, with the results summarized in
Table IV with the decomposition given in Fig. 13. Whilst
model M 0% of (a0, +a1) provides a substantially better fit, a
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TABLE IV. Summary of the optimal fit results with the penetrability prescription of Eq. (5). Errors for the resonance energies account for
both the fit error and an estimated focal-plane calibration error whilst the errors for the widths are purely from the fit.

Model AIC  State E, Ty (Er) 4930 Tag Ty, (E) 6z, Ta, I(E,) Crwim
BIC (MeV) (keV) (fm)  (keV) (fm) (keV) (keV)
My; 29820 0  97.65407 %93 x 107  0.052 11 ~0 ~0 11 93x1073
29470 2} 9.869(8) 1661(13)  1.057(8) 11 ~0 ~0 11 1661(13)  1451(9)
My 15833 0f  %7.65407 ‘93 x 107 0.14 9 ~0 ~0 9 93x1073
A 15467 27 10.098(44)  1748(126)  0.964(69) 9 ~0 ~0 9 1748(126)  1465(75)
[T1] 0f  10.197(8) ~2279 ~1 9 ~0 ~0 9 ~2279
Mo, 12827 0F  97.65407  “93 x 107 0.052 11 ~ ~ 11 93x10°3
030X05 12445 0 9.55334)  3375(167)  2.110(104) 11 ~0 ~0 11 3375(167)
-+ 7] 2+ 9.893(26)  1026(85)  0.647(53) 11 416(54) 5.1567) 11 1443(101)  960(45)
0F  10.921(15)  1454(197)  0.617(84) 11 679(125) 3.22(59) 11  2133(233)
Mo, 12828 0F  “7.65407 ‘93 x 107 0.24 8 ~0 ~0 8 93x1073
280 439(30) (58) 04(4) 11 54(13) 1.7(4) 11 78(59) 179(16)
02040 2446 0 9.439(30 4624(58 3.04(4 4(13 4 4678(59)  2179(16
[++] 2f 9.913(18)  1553(67)  0.951(41) 8 146(1)  2.72(2) 8  1699(67)  1057(26)
0f  10.990(10)  1102(47)  0.363(15) 8 ~0 ~0 8 1102(47)

“Fixed parameters in the fit optimization.

clear systematic underestimation of the data is still observed
at E, ~#9 MeV for the measurements of '>C(w, o’)'*C at
6iap = 0°. Notably, no such discrepancy at E, &~ 9 MeV was
observed for the fit of *C(p, t)!>C at 6,5, = 0°. In this par-
ticular fit, the oy width of the O;r state is constrained by
the Wigner limit. Allowing all broad states between E, = 7

and 13 MeV to exceed the Wigner limits yields a slightly
improved fit presented in Fig. 14. However, a clear deficit in
the predicted yield at E, &~ 9 MeV persists for the measure-
ments with ">C(e, &')'?C at 8, = 0°. This indicates that the
excess monopole strength at E, ~ 9 MeV corresponds to a
highly collective excitation as it is more selectively populated
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FIG. 12. A comparison of the fits which only include the previously established sources of monopole strength. The 50 band for the 05
Hoyle state corresponds to the range between the fits where the total width of the Hoyle state was set at & 5o corresponding to I' = 9.3(9) eV.

See text for details.
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FIG. 13. The optimized global fit for submodel M + (+a0,+a1), which accounts for all of the previously established sources of monopole
strength between E, = 7 and 13 MeV: the 05 Hoyle state and a broad 07 resonance at E, ~ 10 MeV. This particular fit is used in the comparison
in Fig. 12 and the results are summarized in Table IV. See text for details.

with inelastic alpha scattering in comparison to neutron-pair
transfer, which should not access the 1p-1h excitations that
constitute a breathing-mode excitation.

To test whether a difference in the total width of the Hoyle
state may provide an improved fit, the total width of the Hoyle
state was tested at So below and above the listed value of
I' =9.3(9) eV [1] (see Fig. 12). The corresponding 5¢ band
in Fig. 12 corresponds to the range spanned by the optimized
fits with the Hoyle-state width at I' = 4.8 and 13.8 eV. Even
at these extreme, statistically unlikely values, there is still
clear systematic excess in the data at Ey ~ 9 MeV. This re-
gion has been shown to be dominated by monopole strength
through the angular correlation in panel (a) of Fig. 10 and the
MDA of "2C(«, ’)'2C in Ref. [25]. Another discrepancy of

submodel M+ (+ao,+a1) is shown by the decomposition
of fits presented in Figs. 13 and 14, which reveal a highly
suppressed strength for the 2; state for the measurements with
2C(a, a’)'2C and "*C(p, 1)">C at 64, = 0°. This is inconsis-
tent with the MDA of Ref. [25] and the angular correlation of
charged-particle decay in panel (a) of Figs. 9 and 10, which
reveal that for ’C(a, o’)'?>C and *C(p, 1)'?C at 6y, = 0°,
the population of the 2; state at E, ~ 10 should be similar
to that of the broad monopole contribution. Furthermore, the
broad monopole line shapes at E, ~ 10 for *C(a, a’)!*C
at Oy = 0° in this work do not qualitatively match the
double-peaked monopole strength from the MDA of Ref. [25]
(see Figs. 13 and 14). Consequently, model M+ is not
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FIG. 14. The optimized global fit for submodel M "+ (+ao,+a1), Which accounts for all of the previously established sources of monopole
strength between E, = 7 and 13 MeV: the 0F Hoyle state and a broad 07 resonance at E, ~ 10 MeV. In this particular case, the Wigner limit
is not applied to any broad states between E, = 7 to 13 MeV. See text for details.

considered a valid description of the resonances of '>C be-
tween E, =~ 7 to 13 MeV.

C. Models M|+ and My i+ : The Hoyle state,
2 A3 2 “A V3
a broad 0;' state at E, ~ 10 MeV, and additional strength
at E, &~ 9 MeV

Three distinct sources of monopole strength contribute to
the excitation-energy region of E, = 7 to 13 MeV: the Hoyle
state, the broad resonance previously observed at E, ~ 10
MeV, and an additional broad state (denoted OI) at £, =9
MeV. The location of this additional source of monopole
strength coincides with the deficit in the predicted yield at
E, =~ 9 MeV observed with model M 03 ot (ao,+a1) for the

measurements with >C(a, o’)'?C at iy, = 0°. Various the-

oretical models suggest that this additional 0 state may
correspond to the breathing-mode excitation of the Hoyle
state.

Submodel M ojozot permits interference between all three
monopole resonances by following the general parametriza-
tion of Eq. (2). The signs of the reduced-width amplitudes are
denoted as

0F 0x 0F
a |+ - =
a |+ + =7
In contrast to model M ;7 which only has two monopole

states between E, ~ 7 to 13 MeV, the case of three interfer-
ing levels does not possess a simple correlation between the
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FIG. 15. The optimized global fit for model M ogogot [ -t T ] , which accounts for the previously established monopole strengths between
E, =7 and 13 MeV (the 0 Hoyle state and a broad 0§ at E, ~ 10 MeV) and introduces an additional source of monopole strength at

E, =~ 9 MeV, denoted 0.

signs of the reduced-width amplitudes and the constructive or
destructive nature of the interference. Therefore, the permuta-
tions of interference are directly labeled with the signs, e.g.,
Mg [= T3]

If the Of state corresponds to a dynamic, collective
monopole response, it is possible that it may not inter-
fere with neighboring 0% states which are understood to
be statically deformed. In such a case, submodel M 6;6;@
may provide an appropriate parametrization of the monopole
strength, whereby only the 05 and 07 states are permitted
to interfere and the additional OX state is parametrized as
an isolated state. The permutations of interference for sub-

\

model M, i« are denoted by the nature of interference

between the 05 and 07 states, as described in Sec. IV B, e.g.
M s o5 ot (+ao,—a) = My oy [T 2], Since the additional
05 state may correspond to the dilute breathing-mode excita-
tion of the Hoyle state, it may require a different (and possibly
larger) channel radius with respect to the Hoyle state and

its respective rotational-band states. For submodel M 6;&&,
the channel radius for the 0 state was therefore tested in-
dependently from the global channel-radius parametrization
discussed in Sec. IIT A 2.

The optimal fits for submodels M ;s and My are
presented in Figs. 15 and 16, respectively, with the results
summarized in Table IV. Both submodels yield better-quality
fits to the data compared to models which only account for the
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FIG. 16. The optimized global fit for model M[')';B;‘Og(jmo,_al), which accounts for the previously established monopole strengths
between E, = 7 and 13 MeV (the 0 Hoyle state and a broad 03+ at E; ~ 10 MeV) and introduces an additional source of monopole strength
at E, ~ 9 MeV, denoted 0. The contribution of the 0 response is superimposed on the combined monopole strength from the previously

established 0F and 07 states.

previously established 03 and 07 states. Submodel M, i+
yields the best-quality fit to the data, with a good fitat E, ~ 9
MeV for 2C(«, o')'2C at 6}, = 0°, as shown in Fig. 15. This
is in contrast to submodel M o3 0p (Fao,+ar), which produced
a clear deficit in the predicted yield at E, ~9 MeV. For
submodels M ; - and M ;. y+ , the many permutations for
the signs of the reduced width amplitudes, combined with the
different tested channel radii, yield several relatively similar
fits to the inclusive spectra. However, whilst the inclusive fits
are similar, the various broad contributions between E, ~ 7
to 13 MeV differ substantially in their shapes, positions and
relative strengths. As discussed in Secs. IIID 1 and IIID 2,
since both the o and «; charged-particle gated spectra are

not simultaneously fitted in this work, it is not possible to
place strict constraints on which fits are valid. To account
for this systematic fitting error for submodels M. ;- and

M 03030? a set of recommended observable values were
determined by averaging over fits with different signs for
the reduced-width amplitudes and various channel radii. For
the fits in this work, it was found that the parameters for
the broad states between E, =7 and 13 MeV are heavily
correlated and consequently, the fit errors for the resonance
energies and (reduced) widths alone do not capture the full
extent of the fitting errors. It is understood that the systematic
fitting errors discussed above provide an improved assess-
ment of the total analysis errors in this work. The following
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TABLE V. Recommended observable values with monopole in-
terference between the previously established 0 (Hoyle) and 05
states, as well as the additional 0f monopole state, corresponding

to model M50 4.
050403

TABLE VI. Recommended observable values where monopole
interference is assumed to only occur between the 05 (Hoyle) and
07 states. The additional 0} monopole state is modeled as an isolated

level, corresponding to model M, o otod -

State Er F(Er) FFWHM State Er F(E,) FFWHM
o £ Ojsyst Togu £ Ojyst o £ Ojsyst *ogu £ Ojsyst foga £ Ojyst o £ Ojsyst
(MeV) (keV) (keV) (MeV) (keV) (keV)
05 7.65407 9.3 05 7.65407 9.3
fixed fixed fixed fixed
N 9.566 3203 0x 9.379 4565 2066
+0.018 £ 0.104 +61 £ 599 +0.013 £ 0.050 +22 + 107 +5 £+ 98
2; 9.837 1181 921 2; 9918 1760 1073
+0.010 £ 0.079 +25 + 259 +14 £ 94 +0.008 £ 0.025 +26 + 279 +6 + 54
07 10.611 3473 07 10.969 1313
+0.009 £ 0.309 + 187 £ 706 +0.007 £ 0.104 +25 4+ 395

conditions were used to determine which fits qualify to be
averaged:

AIC estimator: For the recommended observable parame-
ters of a particular submodel, the fits which qualify to be
averaged must possess AIC estimators which are within
1% of the optimal AIC estimator for the submodel. This
ensures that only relatively high quality models for the
inclusive spectra are considered. The 1% range corre-
sponds to fluctuations in the inclusive fits which are
on the order of the estimated systematic experimental
errors/artifacts for the focal-plane spectra (e.g., small
inconsistencies in VDC efficiency).

Charged-particle decay: the relative contributions of dif-
ferent states to the inclusive spectra must match the
relative £-value decompositions of ¢ decay to within
an order of magnitude (see Sects. [IID 1 and IID 2).
The reason for this conservative constraint is because
the relative strengths of «( decay are not directly pro-
portional to the relative inclusive strengths as «; decay
also occurs between E, = 7 and 13 MeV. In this work,
a; decay is not reliably measured in this work due to
electronic threshold limitations of the CAKE as well
as the difficulty in discriminating the corresponding o
particles from '>C against the 2« breakup of ®Be.

The recommended observable parameters for submodels
M: o< and M.y« are presented in Tables V and VI,
2 UA U3 2 Ua U3 !
respectively. The decompositions for the average fits of sub-
models M. and M. i+ are presented in Figs. 17
2 Ua Us . 02.0A U3
and 138, respectively. It is observed that the averaged fits of
subrpodels M bsor apd Mis o5 ot bqth prgvide good repro-
ductions of the data, with a very low dispersion in the total fits
as well as the narrow contaminant states. Submodel M 0: ozot
exhibits considerably more variation in the shape and strength
of the various contributions in comparison to submodel
M 0; OK\(‘)ﬁ as there are more permutations of interference (and
hence different line shapes) which qualify for the averaging
of submodel M. .. The fits with submodels M : i+
. . 2 YA U3z 2 A' 3
and M OE ox o7 yield strengths for the 27 state populated with

both >C(«, o’)!2C and “C(p, t)!>C at 6, = 0° which are
consistent with the charged-particle decay analysis in Secs.
IIID 1 and III D 2, which revealed a considerable £ =2 con-
tribution between E, = 10.0 to 10.3 MeV. This is a vast
improvement over submodel M i+ (+ao,+a1) which produces
a highly suppressed 27 state populated with *C(a, o')!*C
and '"“C(p, 1)'>C at Oy, = 0° (see Fig. 13). Finally, submodels
M 5o and Mgy yield broad monopole line shapes at
E, ~ 10 for ’C(a, o’)'?C at 6, = 0° which qualitatively re-
semble the double-peaked monopole strength from the MDA
of Ref. [25] (see Figs. 13 and 14). It was found that all qual-
ifying fits for submodels M j; r and M+ correspond
to large channel radii of a, = 10 or 11 fm for the additional
source of monopole strength 05 (out of the discrete set of
a. = 6.0 to 11.0 fm in integer steps). This may indicate a spa-
tially extended density and is consistent with the predictions
for the breathing-mode excitation of the Hoyle state discussed
in Sec. I and, in particular, the proposed channel radius of 10
fm in Ref. [23].

V. DISCUSSION
A. Monopole strengths between E, = 7 and 13 MeV

The excitation-energy region of E, =7 to 13 MeV was
studied through both the '?C(e, o’)'?>C and '*C(p, t)'?C reac-
tions at various laboratory angles and incident beam energies.
The various measurements yielded different relative strengths
for the overlapping states between E, =7 and 13 MeV,
thereby enabling the broad contributions to be disentangled.
The ">C(w, @’)'?C reactions at 6y, = 0° were observed to
strongly populate the collective monopole strengths of the
Hoyle state and the broad OgL state at E, ~ 10 MeV. This
results from the high selectivity for a-clustered structures
with inelastic alpha scattering as well as the forward-peaked
differential cross sections for O states. A source of uncer-
tainty in unraveling the broad strengths at E, ~ 10 is the
contribution of the 2% rotational excitation of the Hoyle state.
In comparison to '?C(a, &’)'2C at 6, = 0°, the '*C(p, t)'>C
reactions (both at i, = 0° and 21°) employed for this study
significantly suppressed the population of the Hoyle state and
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FIG. 17. The average global fit for model M . f;;oﬁ (12

] , which accounts for the previously established monopole strengths between

E, =7 and 13 MeV (the 07 Hoyle state and a broad 03+ at E, ~ 10 MeV) and introduces an additional source of monopole strength at

E, ~ 9 MeV, denoted 0.

the broad monopole strength between E, = 8 and 11.5 MeV
relative to the 27 state. This enabled the intrinsic line shape of
the 23 resonance to be accurately parametrized in the global
fits, thereby reducing the systematic uncertainty for the con-
tribution of the 2 state in the excitation-energy spectra where
it was observed to be submerged under broad contributions at
E, ~ 10 MeV.

Coincident charged-particle decay measured with the
CAKE for the reactions of '>C(a, &’)'2C and “C(p, t)!*C
reactions at 6y,, = 0° enabled the contributions from different
states to the broad overlapping structures between E, =7
and 13 MeV to be disentangled and constrained. The angular
correlations indicate the excitation-energy region of Ey ~ 9
MeV to be dominantly monopole, which is consistent with

the MDA of Ref. [25]. Additionally, the much-debated 2+
rotational excitation of the Hoyle state was unequivocally
identified, reaffirming previous identifications of this state
through both o and proton inelastic scattering as well as pho-
todisintegration [25-27]. Furthermore, the relative strength
of the 25 state was found to be similar to the sum of other
contributions at E, ~ 10 MeV for both the '*C(«, o’)!2C
and 14C(p,z‘)lzC reactions at 6, = 0°. This enabled the
rejection of models which yielded inconsistent relative
strengths.

Clear evidence was found in the inclusive measurements
for excess monopole strength at E, ~ 9 MeV, which cannot
be reproduced by the previously established 05 and 07 states
with the channel-radius dependence and all permutations
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FIG. 18. The average global fit for model M 0$0x0§ (+ag,—a1), Which accounts for the previously established monopole strengths between
E, =7 and 13 MeV (the 0 Hoyle state and a broad 03+ at £, ~ 10 MeV) and introduces an additional source of monopole strength at

E, ~ 9 MeV, denoted 0.

of constructive/destructive interference being explored. This
excess monopole strength cannot be explained by a sig-
nificantly larger Hoyle state width [currently listed at
I'(E;)=9.3(9) eV] which alters the contribution from the
ghost of the Hoyle state. The introduction of an additional
monopole resonance, denoted 07, yielded a significantly bet-
ter reproduction of the data with respect to models which
did not include the 0; state. Furthermore, the introduction
of the 0/ state yielded relative strengths for the 25 state
which are consistent with the results of charged-particle decay
as well as the MDA of Ref. [25]. In contrast, the models
which did not include the additional OZ state yielded incon-
sistent, highly suppressed contributions for the 25 state for
both the '>C(«, o’)'2C and '*C(p, ¢)'2C reactions at Oy, = 0°.
The highly collective nature of this additional 0y state is

supported by the fact that a significant excess of monopole
strength is not observed at E; ~ 9 MeV in the measurement
of "C(p,t)">C at 6, = 0°, a reaction that is suggested to
suppress collective isoscalar monopole excitations relative
to 2C(w, o’)'2C, because of the different characters of the
pairing and radial operators responsible for the two reactions,
respectively.

Two forms of parametrization for the monopole strength
were investigated, the first being submodel M 6;&}):,
whereby the additional OI state was permitted to interfere
according to Eq. (2) and the recommended parameters are
summarized in Table V. For submodel M 03050t7 the res-
onance energies of the 0f and 0] states agree well with
theoretical predictions; however, the total widths of both states
are substantially larger [17-19,23].
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The second form corresponded to submodel M
which treated the additional OI state as an isolated resonance
which does not interfere with the previously established 05
and 0 states. An advantage of this parametrization (if appro-
priate) is that the FWHM of the intrinsic line shape for the
07 state can be determined. For the submodel M . + 0t 07> the
recommended parameters are summarized in Table VI. Whllst
the 05 resonance energy agrees well with Refs. [19,23], the
I'E, ) total width, is s1gn1ﬁcantly larger than all predictions,
similar to submodel Mg, . -. However, the recommended
I'rwam width is substantlally smaller than I'(E,) and is in
good agreement with the predictions of Refs. [18,19]. It is
possible that the I'(E,) widths for the OI state require more
sophisticated models for the E, dependence in comparison to
the R-matrix parametrization used in this work.

For the 07 state, the recommended parameters for sub-
model M -+ are in better agreement with Refs. [18,19,23],
which predict the OgL at £, ~ 11 MeV with I' & 1 MeV, in
comparison to submodel M anzot The recommended 07
parameters for submodel M (')’;(_)g‘(‘]g are also in good agreement

with an R-matrix analysis of the B decays of >N and '°B
which produced E, = 11.2(3) MeV with I' = 1.5(6) MeV
[4]. Interestingly, the beta-decay data in Ref. [4] do not re-
quire an additional monopole state E, ~ 9 MeV. This further
supports the interpretation of the additional 07 state as a
breathing-mode excitation composed of coherent 1p-1h exci-
tations as B decay is understood to be less selective towards
1p-1h components of collective excitations in comparison to
other nuclear/electromagnetic probes [67]. The optimal chan-
nel radius for the OX state was found to be @, = 11 fm (out of
the discrete set of a, = 6.0 to 11.0 fm in integer steps), which
may indicate a spatially extended density and is consistent
with the proposed channel radius of 10 fm in Ref. [23].

The location and FWHM of the additional 0 state
in this work are roughly similar to a Gaussian peak at
E,~9.04(9) MeV with I' = 1.45(18) MeV from a previous
study of alpha inelastic scattering in Ref. [25]; however, there
is a statistically significant difference. Furthermore, since the
peak-fitting analysis with Gaussian line shapes in Ref. [25]
did not account for the physical effects of near-threshold reso-
nances (such as the “ghost” of the Hoyle state) or interference,
care should be taken in this comparison since the two analyses
are based on different foundations, resulting in rather different
relative population strengths.

It is possible that the excess monopole strength at
E,~9 MeV can be alternatively explained by an unsuitable
parametrization of how the structure of the Hoyle state evolves
with excitation energy. This phenomenological parametriza-
tion, which is extensively employed in nuclear astrophysics
to extrapolate data to experimentally inaccessible regions
[30-35], typically assumes that only two-body effects are
significant. Whilst the direct 3« decay branch has been shown
to be small at the primary peak of the Hoyle state [6-8,10],
the enhanced penetrability at higher excitation energies may
make this direct branch non-negligible. The possibility of
such three-body effects is corroborated by the recent indirect
measurement of the direct 3o decay branch for the Hoyle

state, which is predicated on measuring the direct 3« decay
mode for the 2 state at E, = 9.6 MeV, although such decays
could not be discriminated from the «; decay mode [9]. More
sophisticated and physically motivated parametrizations of the
monopole strength have been reviewed in a recent study [68]
and such models should be explored further as inaccurate
parametrizations may affect the astrophysical triple-« process,
particularly at high temperatures of Ty > 2 (Ty = T/10° K).
Furthermore, the indirect measurement for the total width of
the Hoyle state by analyzing the broad monopole strength
above the primary peak may be unreliable without appropriate
parametrizations. Finally, it is noted that the argument for the
existence of a breathing-mode excitation of the Hoyle state is
not mutually exclusive with the need for more sophisticated
methods of parametrizing both the ghost and the breathing-
mode excitation of the Hoyle state.

B. 2% strength between E, = 7 and 13 MeV

Whilst this work is focused on unraveling the monopole
strength of '2C between E, =7 and 13 MeV, the 25 state
requires special attention as for many analyses, its prop-
erties are often intertwined with those of the surrounding
monopole strength. Currently, the ENSDF database lists the
25 state at E, = 9.870(60) MeV with " = 850(85) keV. A re-
cent R-matrix analysis of photodisintegration data for the 2;
state produced E, = 10.025(50) MeV and I" = 1.60(13) MeV
[27,64], which significantly differ from the ENSDF database.
One source of this discrepancy is the lack of clarity /consensus
in the reporting of widths, e.g., whether a reported width cor-
responds to I'(E,) with an R-matrix-derived excitation-energy
dependence or the FWHM of the intrinsic line shape. Different
analysis methods with varying levels of complexity further
compound this uncertainty. To prevent the incorrect limitation
of parameters in the fits of this work, the 23 parameters were
not constrained purely with the ENSDF-listed values. For
example, the total width was constrained by an upper limit
of 30 above I' = 1.60(13) MeV corresponding to Ref. [64].
Since photodisintegration does not populate the surrounding
broad monopole strength, the 2;' parameters from Ref. [64]
were assumed to be more reliable.

For submodels M, s and My, the 25 state pa-
rameters are summarized in Tables V and VI, respectively.
Both of these submodels provide similar descriptions of the
data, yielding resonance energies which are in relatively good
agreement with one another and are both within 1o of the
ENSDF-listed value of E, = 9.870(60) MeV. The recom-
mended I'(E,) widths from this work are larger than the
ENSDF-listed value of E, = 850(85) keV, with the width
of I'(E,) = 1.760 % 0.026(stary £ 0.279sysy MeV in partic-
ularly good agreement with the width of I' = 1.60(13) MeV
from the photodisintegration data [64].

The recommended I'ewpyv Widths for the 2; state from
this work are significantly smaller than the corresponding
I'(E,) total widths evaluated at the resonance energy and are
in better agreement with the ENSDF-listed width of I' =
850(85) keV. This substantial difference between I'(E,) and
I'rewnam occurs for resonances with broad widths near the
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corresponding particle thresholds. This results in a line shape
with a low-E, tail which is highly suppressed by the diminish-
ing penetrability.

In this work, there is no evidence for two distinct 27 states
between E, = 7 and 13 MeV. This corroborates a study using
the '"B(PHe, d)'*>C reaction [69] which found no evidence
for a 27 state previously suggested at E, = 11.16 MeV [70].
Similarly, the beta-decay data in Ref. [4] do not reveal clear
evidence for two distinct 2% states in this excitation-energy
range. If two distinct 2T states were to exist between E, = 7
and 13 MeV, it would be expected that the various reactions
employed in this work would produce different relative popu-
lations between the two distinct 27 states. In such a case, the
simultaneous fits of the inclusive spectra in this work should
identify models with a single 2% state between E, = 7 and
13 MeV as inconsistent with the data.

VI. CONCLUSION

Knowledge of the low-lying monopole strength in '2C—
the Hoyle state in particular—is crucial for our understanding
of both the astrophysically important 3« reaction and of
a-particle clustering. Recent theoretical calculations predict
a breathing-mode excitation of the Hoyle state at E, ~ 9
MeV with a width of T" & 1.5 MeV. The observation of this
breathing-mode excitation is hindered by the presence of
multiple broad states and potential interference effects. The
2C(a, «)'?C and '"“C(p, 1)'>C reactions were employed to
populate states in 'C. A self-consistent, simultaneous anal-
ysis of the inclusive spectra with line shapes accounting for
experimental effects and distortion due to nuclear dynam-
ics yielded clear evidence for excess monopole strength at
E, ~9 MeV, particularly for >C(a, o’)'?C at 6, = 0°, and
the data are not well reproduced by the previously established
07 and 07 states. The analysis of coincident charged-particle
decay data supports this conclusion. An additional monopole
state at E, ~ 9 MeV, denoted 0;’, significantly improved
the description of both inclusive and charged-particle-gated
data. This new monopole state is the leading candidate for
the breathing-mode excitation of the Hoyle state and two
parametrizations for the sources of monopole strength be-
tween E, =7 and 13 MeV were employed. The first is
submodel M, -+, whereby the three sources of monopole
strength (03, 0, and 0) were permitted to interfere
according to Eq. (2). For this submodel, the 0} was op-
timized at E, = 9.566 % 0.018(5a = 0.104(ys) MeV with
['(E,) = 3.203 4 0.061 (52 £ 0.599ys) MeV (see Table V
for details). The second parametrization of the monopole
strengths corresponded to submodel M ;i , whereby the
additional 0} state was treated as an isolated resonance whilst
the previously established 0 and 07 states were permit-
ted to interfere. This parametrization may be appropriate if
the OX state corresponds to a dynamic, collective monopole
response which does not interfere with the neighboring
0" states which are understood to be statically deformed.
This submodel yielded E, = 9.379 £ 0.013(5 £ 0.050(sys1)
MeV with T'(E,) =4.565 £ 0.022) £ 0.107(ysy) MeV
with FFWHM =2.066 + 0.005(5“1{) + 0-098(syst) MeV. For the

['(E,) width of the 0 state, better agreement may be achieved
with theoretical predictions by using more sophisticated mod-
els for the excitation-energy dependence compared to the
R-matrix parametrization used in this work. In contrast, the
recommended 'rwpy Width may be more model independent
than I'(E,) and is in good agreement with the predictions of
Refs. [18,19].

The highly collective nature of this additional 0y state is
supported by the fact that a significant excess of monopole
strength is not observed at E, ~ 9 MeV in the measurement
of C(p, t)">C at 6y, = 0°, a reaction that is suggested to
suppress collective isoscalar monopole excitations relative
0 2C(«a, @')'?C, because of the different characters of the
pairing and radial operators responsible for the two reactions,
respectively. The interpretation of the 02' state as a breathing-
mode excitation, composed of coherent 1p-1h excitations, is
further supported by its weak population through B decay
[4], which is understood to be less selective towards 1p-1h
components of collective excitations in comparison to other
nuclear/electromagnetic probes [67]. An alternative explana-
tion, which must be considered, is that the excess monopole
strength is symptomatic of a requirement for more sophisti-
cated theoretical descriptions of the properties of the Hoyle
state, which may influence the temperature dependence of the
Barate at Ty = 2.
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APPENDIX: FIT RESULTS EMPLOYING THE
ALTERNATIVE PENETRABILITY PRESCRIPTION
OF EQ. (6)

In Sec. IV, the presented results correspond to the penetra-
bility prescription of Eq. (5). In this section, a set of analogous
results are presented using the alternative penetrability pre-
scription of Eq. (6). The fit results presented in this section
are highly similar to those in Sec. IV and lead to the same
conclusions. Consequently, the explanations for the fit results
in Sec. IV are not repeated in this section.

The optimal fits for submodels M 05 M, 03 0f (o, —a),
Moo [ZF 2] and M, s (+a0,—an) are presented in
Figs. 19, 20, 21, and 22, respectlvely The corresponding fit
results are summarized in Table VII.
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FIG. 19. The optimized global fit for model MO; [performed with the penetrability prescription of Eq. (6)]: it is assumed that the broad

monopole strength above the primary peak of the 0F Hoyle state and below E, ~ 13 MeV corresponds only to the ghost of the Hoyle state.

See the Appendix for details.

The recommended observable parameters for submodel
M 6;&‘@ [: + :] are summarized in Table VIII with the
corresponding decomposition in Fig. 23. The recommended
observable parameters for M UZOK % (+ao,—an) are summarized
in Table IX with the corresponding decomposition in Fig. 24.

It is observed that the observable parameters extracted using
the penetrability prescription of Eq. (6) agree well with the
results in Section IV which correspond to the penetrability
prescription of Eq. (5).
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FIG. 20. The optimized global fit for submodel M i+ (+ao,~a1) [performed with the penetrability prescription of Eq. (6)], which accounts
for all of the previously established sources of monopole strength between E, = 7 and 13 MeV: the 0] Hoyle state and a broad 03 resonance
at E, ~ 10 MeV. The results of this fit are summarized in Table VII. See the Appendix for details.
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FIG. 21. The optimized global fit for model M O%OA,@ [ Z * = ][performed with the penetrability prescription of Eq. (6)], which accounts
for the previously established monopole strengths between E, = 7 and 13 MeV (the 0F Hoyle state and a broad 05 at E, ~ 10 MeV) and

introduces an additional source of monopole strength at E, ~ 9 MeV, denoted 0} .
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FIG. 22. The optimized global fit for model M/ 02‘0A0§ (+ag,—a1) [performed with the penetrability prescription of Eq. (6)], which accounts
for the previously established monopole strengths between E, = 7 and 13 MeV (the 0 Hoyle state and a broad 05 at E, ~ 10 MeV) and
introduces an additional source of monopole strength at E, ~ 9 MeV, denoted 0y . The contribution of the 0F response is superimposed on the

combined monopole strength from the previously established 05 and 07 states.
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TABLE VII. Summary of the optimal fit results with the penetrability prescription of Eq. (6). Errors for the resonance energies account for
both the fit error and an estimated focal-plane calibration error whilst the errors for the widths are purely from the fit.

Model AIC State E, Ly (Er) 030 Tay Ty, (E) 6z, Toy I'(E,) Crwim
BIC (MeV) (keV) (fm)  (keV) (fm) (keV) (keV)
My 29334 0f  97.65407 %93 x 103  0.50 7 ~0 ~0 7 93x107
28984 2F 9.868(7) 1809(18)  1.302(13) 7 103(1)  2.09(1) 7 1819(18)  1127(5)
Mg 15855  0F  %7.65407 %93 x 1072 0.8 8 ~0 A 8 93x1073
[+ ";]3 15489 2F  10.14321)  2324(17)  1.34(1) 8 ~0 ~0 8 2324(17)  1664(5)
+ - 0F  10.282(11) ~2367 ~1 8 ~0 ~0 8 ~2367
M. 12767 0F  7.65407 93 x 107  0.095 10 ~0 ~0 10 93x1073
AT 10385 0f 9.624(31)  3611(42)  2.224(26) 10 ~0 ~0 10 3611(42)
[ZF7] 2+ 9.815(15) 903(48) 0.615(33) 10 322) 0431 10 905(53) 837(49)
0 10919(19)  1310(86)  0.545(36) 10 13(9) 0.14(9) 10 1323(86)
Mo 12828 0f  07.65407 93107 028 8 ~0 ~0 8 93x1073
T 1446 0f 9.468(21)  4316(84)  3.01(6) 11 8(1) 5.1(4) 11 4323(84)  2184(1)
[T 1] 2+ 9.888(10)  1335(23)  0.886(15) 8 7(5) 1.03(68) 8 1341(23)  1064(12)
0 10.968(10)  1020(28)  0.356(10) 8 ~ ~0 8 1020(28)

“Fixed parameters in the fit optimization.

TABLE VIII. Recommended observable values with monopole
interference between the previously established 05 (Hoyle) and 0F
states, as well as the additional 0} monopole state, corresponding to
model MOJOXO; .

TABLE IX. Recommended observable values where monopole
interference is assumed to only occur between the 0F (Hoyle) and
07 states. The additional 0} monopole state is modeled as an isolated
level, corresponding to model Mogfog'o; .

State Er F(Er) FFWHM State Er F(E,) FFWHM
*ogu £ Ojsyst fogu £ Ojyst T ogu = Ojsyst *ogu £ Oyst o £ Ojsyst *ogu £ Ojsyst
(MeV) (keV) (keV) (MeV) (keV) (keV)
05 7.65407 9.3 05 7.65407 9.3
fixed fixed fixed fixed
N 9.664 3596 N 9.438 4441 2105
+0.015 £ 0.070 +29 £+ 78 +0.018 £ 0.027 +61 + 285 +2 £ 70
2% 9.830 981 893 2f 9.890 1425 1067
+0.008 £ 0.032 +19 £ 53 +16 £ 53 +0.008 £ 0.007 +19 £ 161 +8 + 13
07 10.762 1814 07 10.990 1196
+0.014 £ 0.351 +86 + 787 +0.007 £ 0.042 +25 + 240
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FIG. 23. The averaged global fit for model M, 6;6;@ [: * 1] [performed with the penetrability prescription of Eq. (6)], which accounts
for the previously established monopole strengths between E, = 7 and 13 MeV (the 0 Hoyle state and a broad 0§ at E, ~ 10 MeV) and
introduces an additional source of monopole strength at E, ~ 9 MeV, denoted 0.
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FIG. 24. The averaged global fit for model A/ 6;(;;‘(); (+ag,—ay) [performed with the penetrability prescription of Eq. (6)], which accounts
for the previously established monopole strengths between E, =7 and 13 MeV (the 0 Hoyle state and a broad 0§ at E, ~ 10 MeV) and
introduces an additional source of monopole strength at E, ~ 9 MeV, denoted 0.
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