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High-resolution triple-alpha coincidence data were used to reconstruct the decay of the excited
states in >C at 7.65 MeV (J™ = 0") and 9.64 MeV (J™ = 37). These data are consistent with the
a-particle decay of both levels proceeding exclusively through *Be,... In the first of these cases,
the Hoyle state, an upper limit of 0.45% (at the 99.75% confidence level) is set for a component
producing three nearly equal-energy alpha particles.

PACS numbers: 27.20.+n

It has recently been suggested that the state in 2C
at an excitation energy of Ex = 7.65 MeV (JT = 01),
the Hoyle state, has a minor decay branch that produces
three alpha particles of almost equal energy and that such
a decay provides evidence for alpha-particle condensation
[1]. A decay producing three alphas of equal energy can
be distinguished from the dominant two-step sequential
decay through ®Be, . as the sequential decay leaves the
finger print of having one of the three aa — a pairs with
92 keV of relative energy while the equal-energy process
yields three alpha particles each with about 127 keV in
the 2C rest frame.

Previous high-resolution work of Freer et al., which
employed the same general technique as we employ here,
demonstrated that while the Hoyle state decays predomi-
nately through ®Be, s, a contribution from a mechanism
that uniformly spans the three-body phase space could
not be excluded from contributing to the decay at a level
below 4% [2]. While not explicitly testing for the equal-
energy process, the data of Freer et al. do indicate that
such a process is minor. In the present work, we re-
analyze preexisting high-resolution data in an effort to
extract potential contributions to the decay of the Hoyle
state from processes that either uniformly span the 3-
body phase space or produce three nearly equal-energy
alpha particles. While our results are consistent with the
Hoyle state decaying exclusively via the sequential pro-
cess we could not exclude, as was the case for Freer et
al., a contribution at the few percent level from a mech-
anism that uniformly samples phase space. On the other
hand, we can place an upper limit on a contribution from
a mechanism that produces equal-energy alpha particles
at 0.45%, a limit more than an order of magnitude lower
than the value reported by Raduta et al. [1]. While our
new limit is not in conflict with the numerical result of
Raduta et al., due to the limited statistical significance
of that prior work, it essentially removes the possibil-
ity of an exotic particle decay mode for the Hoyle state

that was claimed in Ref. [1] and used as evidence for
a-particle condensation. Using the same data and tech-
niques employed to study the Hoyle state, we show that
the excited state in 2C at Ex = 9.64 MeV (J™ = 37)
also decays exclusively through 8Begvs_.

The details of the experiment and analysis techniques
have been presented previously in considerable detail [3].
In brief, starting from a primary beam of 1B and a (p,n)
reaction, a secondary beam of 2 x 10° s~ '°C nuclei at
E/A =10.7 MeV and 99.5% purity was generated using
the Texas A&M University K500 cyclotron facility and
the momentum achromat recoil spectrometer (MARS)
[4]. This beam interacted with either a 14.1-mg/cm? Be
or a 13.4-mg/cm? C target. As in the prior work, the data
taken with both targets are used to improve the statisti-
cal significance of our results. The reaction products were
detected in an array of four Si AE- E telescopes located in
a plane 14 cm downstream of the target. Each telescope
consisted of a 65-pum-thick, single-sided, Si-strip AE de-
tector followed by a 1.5-mm-thick, double-sided, Si-strip
E detector. All Si detectors were 6.4 cm x 6.4 cm with
each of the position sensitive faces divided into 32 strips.
The telescopes were positioned in a square arrangement,
with each telescope offset from its neighbor to produce a
small, central, square hole through which the unscattered
beam passed.

The solid circles in Fig. 1(a) show the distribution of
120 excitation energy, Ex(12C), reconstructed from all
triple-alpha events. These events result from multinu-
cleon transfer and can either populate continuum states
in '2C directly or via decays from resonances in heav-
ier nuclei. The peaks at Ex(12C) = 7.65 MeV (Hoyle)
and 9.64 MeV are clearly seen with over 4000 and 20,000
counts respectively and with the background for the for-
mer being a small fraction of a percent. The excitation
of potential ®Be intermediates, Ex(gBe)mm, is calculated
from the difference between the lowest alpha-alpha rel-
ative energy (from the set of three in each triple-alpha
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FIG. 1: (Color online) (a) >C excitation spectra, Ex(**C),
from three-alpha events, ungated (solid circles) and with
Ex(®Be)min > 130 keV (open circles). Fits (solid curves)
of the peak corresponding to ungated *2Cr.65 and the peaks
for 2Cg.64 both ungated and gated are shown along with
the assumed background (dotted lines). The gates used to
select events populating the Hoyle state and 2Cy g4 are indi-
cated with vertical dashed lines. (b) ®Be excitation spectra
deduced from the lowest relative-energy pair of « particles,
Ex(®Be)min, for all three-alpha events (solid circles) and gated
on 1209,64 (open circles). The latter has been normalized for
display. The solid and dashed lines represent the R-matrix
line shapes expected for Ex(sBe)mm for the decay of 1209 64
(37) through ®Begy.s.(07) and ®Bes.os (27), respectively.

event) and the 92 keV decay Q-value. The solid circles
in Fig. 1 (b) show the distribution of Ex(8Be)p, for all
triple-alpha events. The peak corresponding to ®Beg
(Ex(®Be)min = 0) dominates this spectrum. The spec-
trum shown with open circles in Fig. 1(a) is the result of
the application of an event veto gate on the peak corre-
sponding to ®Bey s (V1 in (b)). Note that the peak corre-
sponding to the Hoyle state has disappeared entirely and
the peak corresponding to the state in 2C at Ex = 9.64
MeV (J™ = 37) is reduced by over an order of magnitude,
indicating that these states predominately decay through
8Beg_s. Finally, application of a gate (with both fore-
ground and background components) on the peak corre-

sponding to to the state at Ex = 9.64 MeV (G2, B1, and
B2) yields the background-subtracted spectrum of po-
tential 8Be intermediates shown in Fig. 1(b) with open
circles. This spectrum consists primarily of the ®Be, s.
correlation with an additional weak and broad compo-
nent peaking at Ex(®Be)nin ~ 0.5 MeV.

While almost all of the decay of the state in 12C at 9.64
MeV through ®Be, 5. will access the peak in Ex(®Be)min
clearly identified with this resonance (at zero excita-
tion energy), there is enough energy in the overall de-
cay that some tiny fraction of the decay must proceed
through the so called “ghost peak” predicted from R-
matrix theory [5]. This contribution, well known from
both ?Be(p,d)®Be and Be(d,t)®Be reactions [6], results
when the density of states (used in Fermi’s Golden rule)
is dominated by the strongly increasing penetrability in
the numerator of the density of states, temporarily (with
increasing energy) overpowering the natural line shape
and creating a small, broad satellite peak at energies
slightly above the resonance energy. The full R-matrix
expectations for the distributions of Ex(®Be),,, for the
decay of the state in 2C at Ex = 9.64 MeV through
®Be,.s. and the excited 27 in ®Be at Ex = 3.03 MeV
are shown Fig. 1(b) as solid and dashed lines, respec-
tively. These calculations, modified by an experimen-
tal response filter, indicate that if the decay proceeds
through 8Beg_s, only 98.1% of the decay should be found
with E(®Be)min < 130 keV, gate V1 Fig. 1(b). Exper-
imentally, this gate captures 98.3040.13% of the yield.
Gating the reverse way, on the peak corresponding to the
excited state in 12C at 9.64 MeV and looking at the recon-
structed ®Be spectrum (open circles in Fig. 1(b)), gen-
erates the expected R-matrix line shape (notably includ-
ing the “ghost” contribution) for decay through ®Be, ;..
These results (finding all the strength one should expect
in the narrow gate around Ex(®Be),in = 0 and repro-
duction of the intermediate ®Be line shape) confirm that
while in principle the excited state in '2C at Ex= 9.64
MeV could decay through the tail of the ®Be state at Ex
= 3.03 MeV (J™ = 27), it does not.

Returning to the decay of the Hoyle state, Monte
Carlo simulations of three decay scenarios (sequentially
through ®Be, ., uniform sampling of phase space [7],
and equal-energy sharing between the « particles) were
performed to model the response of the detection hard-
ware to these decay scenarios and thus allow quantitative
comparisons to the data to be made. These simulations
showed that the efficiency of the device is very similar
for the three decay scenarios (11.5%, 10.8%, and 11.5%,
respectively for the mechanisms listed above [8].)

The solid circular data points in Fig. 2 show the distri-
bution of the root-mean-squared energy deviation, from
the event average center-of-mass energy, Egryrg, for the
events produced by the decay of the Hoyle state (gate
Gl in Fig. 1(a)). FErms = /< E2>— < E, >2 |
where E, are the energies of the alpha particles in the
12C rest frame, the average is over the three alphas in
each event and the second, reference, average is equal
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FIG. 2: (Color online) The distribution of the root-mean-
square energy deviation of the three alphas, Erns, for those
events consistent with formation of the Hoyle state is shown as
solid circles. The lines correspond to the simulations of differ-
ent decay scenarios: sequential decay through 8Begls‘(solid),
equal-energy (dotted), and a mixture of fo; = 0.45% of the
equal-energy mechanism with the remainder the sequential
process (dashed). The dashed curve represents the upper limit
of the minor process at the 99.75% confidence limit.

to 1/37% of the Q-value for the decay of the Hoyle state
into three alpha particles (127.4 keV). This variable is
also employed in Ref. [1] however unlike the data used
in that work, the data used in the present work per-
mit a clean selection of events where the Hoyle state is
formed. Also shown in Fig. 2 are the results of simula-
tions filtered by the detector response of Erprs for the
following decay scenarios: sequential (solid line), equal
energy (dotted), and a mixture of these with a fraction
feq = 0.45% of the equal-energy process (dashed). The
absence of expected yield near Egyrs = 0 for the equal-
energy decay scenario (dotted line) is a consequence of
the almost absence of probability, that after folding the
simulated events with the experimental device response,
that all three alpha particles still have the same energy.
The expectation is then that the equal-energy scenario
generates small (but non-zero) values of Erprs, where
the width of the distribution is determined by the instru-
ment response and thus whether the primary mechanism
produces equal or nearly equal-energy (within the device
resolution) alpha particles is irrelevant. The best fitted
mix is fo; = 0.079£0.122% (the uncertainty is one stan-
dard deviation), a result consistent with zero. A contri-
bution from such a process producing three equal-energy
a particles exceeding 0.45% is excluded at the 99.75%
confidence level. This ability to discriminate between
the decay mechanisms is a consequence of the absence of

Counts
gl

SREELEEE e A |
1

~0.1 0 0.1
Ex(°Be)  [MeV]

FIG. 3: (Color online) The distribution of the minimum pos-
sible excitation energy of 8Be7 EX(BBe)mm7 for those events
consistent with formation of the Hoyle state is shown as solid
circles. The lines correspond to the simulations of different
decay scenarios: sequential decay through 8Beg,s, (solid), a
process that uniformly samples phase space (dotted), and a
mixture of fn;; = 3.9% of the mechanim that uniformly sam-
ples phase space with the remainder the sequential process
(dashed). The dashed curve represents the upper limit of the
minor process at the 99.75% confidence limit.

counts at small values of Egass. Other variables were also
examined, Ex(8Be),,;, and the distance from the center
of a Dalitz plot (a variant of which is shown in Fig. 2(d)
of Ref. [2].) Fits of the distributions on these variables to
sequential (through ®Be, s.) with a contribution from an
equal-energy emission process were also consistent with
no contribution from the equal-energy process.

Figure 3 overlays the experimental distribution of
Ex(8Be)mm, again for events consistent with Hoyle-state
formation, with simulations of: the sequential-decay pro-
cess through ®Beg ;. (solid line), a process that uniformly
samples phase space (dotted), and a mixture of these
with a fraction f,,;; = 3.9% of the process that uni-
formly samples phase space (dashed). The best fit value
is funiy = 1.3£0.9% where the one-standard deviation
uncertainty just allows for a small admixture of a direct
three-body process. The fitted results can be recast to ex-
clude contributions from a process that uniformly spans
the three-body phase space above 3.9% at the 99.75%
confidence level. Again this ability to discriminate the
mechanisms comes from small values of the examined
variable, this time Ex(sBe)mm. This result confirms, and
is almost identical to, that presented by Freer et al. [2].

In summary, we find that our high-resolution data are
consistent with the a-particle decays of the excited states
at 7.65 and 9.64 MeV in '2C decaying exclusively through
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