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Background: The triple-alpha process is a vital reaction in nuclear astrophysics, characterized by two consecu-
tive reactions [2a < $Be(a, y)!?C] that drive carbon formation. The second reaction occurs through the Hoyle
state, a 7.65 MeV excited state in '>C with J* = 0. The rate of the process depends on the radiative width,
which can be determined by measuring the branching ratio for electromagnetic decay. Recent measurements
by Kibédi et al. conflicted with the adopted value and resulted in a significant increase of nearly 50% in this
branching ratio, directly affecting the triple-alpha reaction.

Purpose: This work aims to utilize charged-particle spectroscopy with magnetic selection as a means to
accurately measure the total radiative branching ratio (I';.q/I") of the Hoyle state in 2¢.

Methods: The Hoyle state in '>C was populated via '?C(e, o’)!?C* inelastic scattering. The scattered o-particles
were detected using a AE-E telescope, while the recoiled '?C ions were identified in a magnetic spectrometer.
Results: A radiative branching ratio value of I'y,q/T" x 10* = 4.0 4 0.3(stat.) 4= 0.16(syst.) was obtained.
Conclusions: The radiative branching ratio for the Hoyle state obtained in this work is in agreement with the
original adopted value. Our result suggests that the proton-y -y spectroscopy result reported by Kibédi ez al. may

be excluded.

DOI: 10.1103/PhysRevC.109.025801

I. INTRODUCTION

The triple-alpha process is a crucial reaction in the field
of nuclear astrophysics, consisting of two consecutive reac-
tions, (a) o + o — 8Be(g.s.) and (b) *Be + o — Yy + 2c,
ultimately leading to the formation of carbon. The second
reaction occurs via an excited O state at an excitation energy
of 7.65 MeV in '2C, known as the Hoyle state [1]. This state
predominantly decays by « emission, but a small branch of
electromagnetic decay ultimately forms the '2C(g.s.). The rate
of the triple-alpha process is determined by the product of the
a-decay width (I'y) and the radiative width (I';,q) divided by
their sum (I'y + I'1aq). As shown in Eq. (1), the experimental
method of determining the value of I';,q involves measuring
the branching ratio for electromagnetic decay (I'1,q/I") and
utilizing the established partial width I'; (EQ) for electron-
positron pair production [2].

1-‘rad
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The radiative branching ratio (I'y,q/I"), the first parameter
on the right-hand side of Eq. (1), has gathered significant
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attention over the years. Previous studies conducted during
the 20th century [3—10] contributed to an adopted value of
Irag/T = 4.16(11) x 10™* [11]. However, a recent study by
Kibédi (2020) [2] has unveiled a substantial deviation ex-
ceeding 30 from the adopted value, introducing considerable
uncertainties in the determination of the triple-alpha reaction
rate. In contrast, the measurement conducted by Tsumura
(2021) [12] exhibits agreement with previous findings, al-
though it still possesses a relatively large uncertainty. Figure 1
provides a comprehensive overview of these measurements.
The observed discrepancies emphasize the importance of fur-
ther investigating the radiative branching ratio of the Hoyle
state, as it has a profound impact on various astrophysical
model calculations, shaping our understanding of stellar nu-
cleosynthesis and the formation of carbon in the universe.
This paper introduces a new measurement of I'.,4 /" using the
charged-particle spectroscopy method with magnetic selec-
tion, effectively resolving the ambiguity associated with the
radiative decay branching ratio of the Hoyle state in '>C.

II. EXPERIMENT

The experiment was conducted at the Cyclotron Institute at
Texas A&M University, using the K150 Cyclotron. Figure 2
illustrates the experimental setup employed in this study. The
excited states in '2C were populate by inelastic scattering of
40 MeV « particles on a highly enriched '>C target provided
by Argonne National Laboratory. It contains less than 0.17%

©2024 American Physical Society
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FIG. 1. Summary of I';,q/I" measurements from Alburger (1961) [3], Seeger (1963) [4], Hall (1964) [5], Chamberlin (1974) [6], Davids
(1975) [7], Mak (1975) [8], Markham (1976) [9], Obst (1976) [10], Kibédi (2020) [2], Tsumura (2021) [12], and this work. The black diamonds
and circles represent measurements conducted using charged-particle spectroscopy with and without magnetic selection, respectively, while
the white boxes represent measurements employing y-particle coincidence methods. The value from Ref. [4] has been excluded from the

adopted value by Kelly (2016) [11] as it is considered a statistical outlier.

(verified experimentally; see discussion in Sec. II1C) of '3C
and has a thickness of 159 ug/cm?.

The scattered o particles were detected and identified using
a AE-E silicon telescope, consisting of a 32-um-thick silicon
detector and a 500-um-thick double-sided silicon strip detec-
tor (DSSD) manufactured by Micron Semiconductor Ltd [13].
Both silicon detectors have an active area of 49.5 mm x
49.5 mm. The front and rear sides of the DSSD were divided
into 16 vertical strips and 16 horizontal strips, respectively.
Positioned at an angle of 81.15° relative to the beam axis and
located 14.2 cm away from the target, the silicon telescope
covered from 72.8° to 89.5° on the reaction plane. This setup
facilitated the determination of the momentum vector of the «
particles.

To detect the '>C(g.s.) ions surviving from the electro-
magnetic decay of the '2C(05) recoil, we employed the
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FIG. 2. Schematics of the experimental setup.

Multipole-Dipole-Multipole (MDM) spectrometer [14]. Posi-
tioned at an angle of 35.3° in the laboratory frame, the MDM
spectrometer covered 4° in both the vertical and horizontal
directions, providing a large acceptance for the '>C recoil ions.
The detection and identification of the recoil ions, filtered by
the MDM spectrometer, were facilitated by implementing the
Texas Parallel-Plate Avalanche Counter System (TexPPACS)
at the end of MDM. The TexPPACS featured a 2.5-um Mylar
entrance window, operated with 4 Torr pentane gas and spaced
at a distance of 42 cm, allowing for the efficient detection of
heavy ions with energies around 1 MeV /nucleon. The time
between the DSSD and each of the two PPACs in the TexP-
PACS detector system was recorded. The effective timing
resolution of the TexPPACS was determined to be 1.5 ns.

A dual-trigger mode was implemented to accommodate the
high counting rate. The trigger output from the DSSD’s front
strips shaper was divided into two channels. One channel was
used for coincidences with the first PPAC detector, while the
other channel was connected to a prescaler that generated one
output signal for every 100 input signals. The coincidence
and the scaler output triggered the data acquisition system
independently. This dual trigger mode significantly reduced
the counting rate for single events by a factor of 100 while
ensuring the capture of all « 4 '>C coincidence events.

The branching ratio can be calculated using the following
expression:

Iﬁrad . NCoinc
r 100 x NScaled X F5+ X € ’

where Ncoinc, Nscaleds F5+, and € represent the yield of coinci-
dence events, scaled single events, the charge state fraction

of IZCSJr (see discussion in Sec. IITA), and the efficiency
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FIG. 3. Charge state fraction distribution of '>C ions leaving the
target.

that accounts for various factors such as MDM-TexPPACS
efficiency, target thickness, etc. respectively.

III. ANALYSIS

In this section, we present an analysis detailing the steps
taken to determine the radiative decay branching ratio for the
Hoyle state. We begin by discussing the charge state fraction
distribution of '2C, which serves as the starting point of our
analysis.

A. Charge state fraction distribution

The '2C ions emitted from the target exhibit charge states
ranging from 17 to 61, In order to ascertain the distribution of
12C charge states after the target, the magnetic rigidity of the
MDM was adjusted individually for '>C in each charge state.
We used the first excited state of 12C, the 2+ at 4.44 MeV, to
record the coincidence between the respective «-particles in
the DSSD and the '2C in the TexPPACS. The resulting distri-

bution is shown in Fig. 3. It can be observed that 12C5+ holds
the highest fraction, with F5; = 0.495 + 0.026. Therefore, we
selected the magnetic rigidity of the MDM spectrometer for

the 12C”" charge state. This also eliminates most of the «
particles originating from the 3« decay of the Hoyle state.

B. Efficiency

The total efficiency of the MDM-TexPPACS system was
estimated using Monte Carlo simulation with GEANT4 [15]
+ RAYTRACE [16]. This comprehensive simulation considered
various experimental factors, such as beam emittance, target
thickness, transmission efficiency of the MDM spectrome-
ter, and geometrical efficiency for coincidence selection. The
accuracy of the simulation was validated by comparing the
simulated efficiencies and the experimentally determined ef-
ficiencies of the setup for measuring the radiative branching
ratio of '>C(2]"), which is known to be 100%.

To investigate the impact of beam emittance, which is ap-
proximately 24 mm rad for the K150 cyclotron, we conducted
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FIG. 4. Timing difference between the first PPAC and the DSSD
(Ty — Ts;) vs excitation energy in 2C. See the text for details.

a series of simulations based on different emittance distribu-
tions. The average of the simulated results was considered
as the efficiency value, while the largest difference observed
among them was taken as a source of systematic uncertainty.
The resulting efficiency value for the setup targeting
12C(Ozr) was determined to be € = 0.95 £ 0.03(syst.).

C. Particle identification

The magnetic rigidity of the MDM spectrometer was op-
timized to select the heavy recoils of interest: The >C ions
resulting from the population of the Hoyle state in a-particle
inelastic scattering on '2C. Other recoil ions with similar
magnetic rigidity produced in the interaction of the a-particle
beam with the target ('3C, '°0, and « particles) can pass
through the spectrometer as well. The time of flight (ToF),
defined as the difference (77 — Ts;) between the ToF of the
ions from the target to the silicon detector, Ts;, and the ToF
of the ions from the target to the first PPAC, T, offers good
particle identification.

Figure 4 shows the (77 — Ts;) against the excitation en-
ergy in '2C calculated from the angle and energy of the «
particles in the DSSD. The observed groups of events in this
two-dimensional (2D) scatter plot predominantly correspond
to '2C, which constitutes the primary component of the target.
Groups (a), (b), and (c) in Fig. 4 correspond to 12¢ ions orig-
inating from '?C 4« elastic scattering and inelastic scattering
populating the '2C(4.44) and '>C(7.65) states, respectively.
Groups (d), (e), and (f) represent the « particles resulting
from the o decay of the '2C(7.65), '2C(9.64), and '2C(10.847)
states, respectively, as they exhibit shorter ToF compared to
12C ions.

Groups (g) and (h) in Fig. 4 indicate the presence of '°0O
contaminants in the target. Through examining the energy of
the associated « particles, we have confirmed that groups (g)
and (h) correspond to '°Q ions resulting from '°0 4+« inelastic
scattering populating the '0(6.05, 6.13) and '°0(6.92, 7.12)
states, respectively. Two-body kinematics calculations reveal
that the kinetic energies of the '°Q ions for these two groups
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are approximately 0.90 and 0.88 MeV /nucleon, respectively.
These energies are insufficient for 1°Q(g.s.) ions to reach the
second PPAC.

The inelastic scattering of « particles on the 'O contam-
inant also resulted in the population of '°Q in excited states
above the a-decay threshold. Some of these states, with ap-
propriate spin-parity, are open to o decay. Consequently, the
production of '2C(g.s.) ions can occur through the reaction
10 +a — '2C 4« + a. This process introduces a minor en-
hancement in the counts near the Hoyle state. However, as
discussed in Sec. III D, this contribution can be effectively
eliminated through proper fitting.

While we used an isotopically enriched '>C target, the *C
isotope was still present. To assess the influence of '*C, we
conducted additional measurements using a 1-mg/cm? 13C
target with the same experimental setup and magnetic rigidity
as the measurements for the Hoyle state. Figure 5(a) displays
the 2D timing spectrum obtained from the measurement with
13 target, while Fig. 5(b) presents the excitation-energy spec-
trum obtained by projecting the data in Fig. 5(a) onto the x
axis.

The '3C target contains '>C at the level of few percent,
resulting in a prominent peak originating from the '2C(4.44)
state. The group in Fig. 5(a) characterized by an excitation
energy E, = 2.4 MeV and T, — Ts; = 380 ns corresponds to
3C(g.s.) ions generated through '3C + « inelastic scattering,
specifically populating the '>C(3.684) state. The group (i)
observed in Fig. 4 is attributed to the same origin.

By comparing the ratio of counts in group (i) to the counts
in group (b) obtained from the '*C target measurements with
those from the Hoyle state measurements, we were able to
make an estimation of the fraction of '3C in the enriched
12C target. Assuming that the '3C target is composed entirely
of 13C, our analysis yielded a fraction of 0.17% for the '*C
contaminant in the '>C-enriched target. However, it is only
an upper limit because the enrichment in the '3C target is not
100%.

Furthermore, the observed groups with E, = 5.4 and 6.3
MeV correspond to '>C ions originating from *C+4a —
2C 4+ n + « reactions. Initially, '*C 4« inelastic scattering
populates the '*C(6.864), '>C(7.55), and '3C(7.67) states,
which subsequently decay to a '>C(g.s.) ion and a neutron.
Figure 5(b) illustrates the energy spectrum, where we observe
some counts in the energy region of the Hoyle state. These
additional counts could potentially enhance the signal for
the Hoyle state. However, we can eliminate this contribution
through a proper scaling procedure, which will be discussed
in detail in Sec. III D.

D. Excitation energy spectra

Figure 6 displays the ToF measurements for particles trav-
eling from the first to the second PPAC of the TexPPACS. This
2D ToF spectrum offers improved separation between '>C and
« particles compared to Fig. 4. By applying a polygon cut for
12C as indicated in this figure and projecting the data onto
the x axis, we obtained the excitation-energy spectrum for the
coincidence events.
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FIG. 5. Measurement conducted with '3C target under the same
experimental conditions as for the Hoyle state. (a) Plot of 7, — Tg; vs
excitation energy for measurement conducted using the '3C target.
(b) Excitation energy spectrum obtained from measurement using
the *C target. The labels adjacent to each peak indicate their cor-
responding origins. The black dashed lines outline the energy range
for the Hoyle state. The excitation energy values in both figures were
calculated using the mass of '*C.

Figure 7 displays the excitation-energy spectra of (a) sin-
gles and (b) coincidence with >C recoil events. The dashed
vertical lines identify the location of the Hoyle state. It is
clearly visible in the singles and the « 4 '2C coincidence
spectra. However, it is important to note that there are three
sources of contamination affecting the Hoyle state peak:
a “shoulder” on the left side of the peak, as well as en-
hancements originating from '°0 and '3C. The subsequent
discussion will address the methods employed to eliminate
their influences.

The broad feature observed to the left of the Hoyle peak in
the coincidence spectrum is attributed to the edge effect of the
DSSD silicon detector. Each strip on the DSSD has a width of
3000 um, with two 100-um-wide dead regions on either side.
The probability of inelastically scattered « particles hitting the
overlapping area between the front and back dead regions is
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FIG. 6. ToF between the two PPACs vs excitation energy in 'C.
The black polygon represents the cut applied to select '>C events.

(100/3000)> &~ 0.1%. Consequently, the charges induced by
these o particles were not fully collected. As a result, slightly
higher excitation energies in '>C were obtained, leading to
the appearance of the “shoulder” feature. This hypothesis
was verified by modifying the energy matching conditions
for the front and back strips of the DSSD. We observed a
significant drop in the “shoulder” feature when we restricted
the condition on the energy difference between the front and
back strips, while the intensities of other peaks remained less
changed. In our analysis, we used an energy matching condi-
tion of 0.5%, which is consistent with the energy resolution of
the DSSD,; i.e., |Efront — Eback |/ Efront < 0.5%.

To determine the yields of singles and coincidence events,
both spectra were fitted using Gaussian functions for the
Hoyle and 37 states, as well as other peaks, while a smooth
function was employed for the continuum. The fitted results
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FIG. 7. Excitation-energy spectra of '2C for (a) the singles events
and (b) the coincidence with '2C events in the inelastic o scattering.
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FIG. 8. Excitation-energy spectra of '2C around the Hoyle state
for (a) the singles events and (b) the coincidence events in the inelas-
tic « scattering. The thick solid lines represent the fitted Gaussian
functions for the 0, 37, 25, 1; states in '2C and the 15 state in '°0.
The states are labeled near each peak. The gray solid line corresponds
to the fitted Gaussian function for the shoulder around E, = 6 MeV.
The black dash-dotted lines represent the background, and the thin
solid line represents the sum of these functions.

are shown in Fig. 8. The centroids and widths of the Gaussian
functions were adjusted to reproduce the singles spectrum,
and the same parameters were utilized for the coincidence
spectrum. The continuum was fitted by an exponential func-
tion, while two other functions were also tested to estimate
the systematic uncertainty: A semiphenomenological function
obtained from Ref. [17] with an added constant offset, and a
linear function. The measured spectra were then subtracted
by the fit functions for the continuum, and the remaining
spectra were integrated to obtain the yields of the Hoyle state.
This approach was employed to mitigate errors resulting from
discrepancies between the Gaussian fit function and the actual
measured peak shape.

The 'O+ « inelastic scattering can enhance the counts
in the region of the Hoyle state. Specifically, the 15 state in
160 with excitation energy of 12.44 MeV was observed in the
coincidence spectrum shown in Fig. 8. To obtain an accurate
count of the Hoyle state, this peak was fitted using a Gaussian
function with the same width parameter as the Hoyle state
(determined by the experimental energy resolution).

The coincident yields within the energy range of the Hoyle
state from the '*C target measurement and the '>C-enriched
target measurement were normalized by scaling them with
the ratio of the counts of the '3C(3.684) peaks observed in
both measurements. This normalization procedure allows us
to determine the additional counts in the region of the Hoyle
state originating from the '*C contaminants. The contribution
from the '3C contaminants in the E, = 7.65 MeV peak is
estimated to be 3%, and it was subtracted from the total counts
of the Hoyle state peak.
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TABLE I. Quantities used to evaluate I'y,q/I".

TABLE II. Comparison of the recent experimental results.

Quantity Measurement 1 Measurement 2 Reference [rg/T x 10* Methodology

Ncoine 291.2 £20.7 150.6 £ 16.5 Kelley [11] 416 £0.11 Adopted value

Nscaled (1.570 +0.037) x 10* (7.789 4 0.243) x 10° Kibédi [2] 6.2 +0.6* y -particle spectroscopy

€ 0.95£0.03 0.96 = 0.03 Tsumura [12] 4340.8° Charged-particle spectroscopy
Fs4 0.495 £ 0.026 This work 4.0 £0.3¢ Charged-particle spectroscopy
Ia/T (3.94 +0.36) x 10* (4.07+£0.51) x 10*

2The uncertainty in € is systematic, while all other uncertainties are
statistical.

The numbers of actual counts under the Hoyle state peaks
in the singles events and coincidence events were determined
to be Nscalea = (1.570 £ 0.037) x 10* and Ncoine = 291.2 £+
20.7, respectively. According to Eq. (2), the radiative branch-
ing ratio was determined to be (I'rag/T )expo X 10* =3.94+
0.36(stat.) £ 0.13(syst.). Here the systematic uncertainty
arose from the uncertainty of the MDM-TexPPACS efficiency.
The semi-phenomenological continuum gave (I'iaq/I )semi X
10* = 3.92 4+ 0.34(stat.) £ 0.13(syst.). We also fitted the
background using a linear function from E, = 6.9-8.4 MeV
as the extreme assumption, and this gave (I'raq/Tiine % 10* =
3.95 £ 0.37(stat.) £ 0.13(syst.). The largest difference be-
tween the three yields was considered as an addition to
the systematic uncertainty arising from the ambiguity of
the continuum function. Consequently, the present radiative
branching ratio of the Hoyle state in '>C was determined to be
[a/T x 10* = 3.94 4 0.36(stat.) = 0.16(syst.).

Another measurement was conducted with an increase
of 0.5% in the magnetic field strength. The analysis pro-
cedure followed the same methodology as described above.
The obtained radiative branching ratio was found to be
Irag/T x 10* = 4.07 £ 0.51(stat.) & 0.16(syst.), which is in
agreement with the previous result within uncertainty. This
additional measurement at slightly different magnetic rigid-
ity serves as a confirmation of the reliability of the analysis
procedures and the independence of the result to a specific
choice of magnetic rigidity within the allowed range. The
second measurement was combined with the first to reduce
the statistical uncertainty.

Table I summarizes the quantities used to evaluate radiative
branching ratio from the two measurements. Considering both
measurements, we report the radiative branching ratio of the
Hoyle state in '2C to be I'yq/T x 10* = 4.0 £ 0.3(stat.) &

#Systematic uncertainty is not reported.
"Uncertainty is large because systematic uncertainty is included.
¢Systematic uncertainty (4.0%) is not included.

0.16(syst.). This result is the statistical uncertainty-weighted
mean value obtained from the two measurements.

IV. CONCLUSION

Table II presents a comparison of the result obtained in
this study with other recent measurements and the adopted
value. The present result is in good agreement with the pre-
vious measurements, except for the Kibédi [2] measurement
which deviates significantly. The adopted value was deter-
mined based on the weighted mean of the measurements
conducted before 1976. Tsumura [12] performed a measure-
ment with magnetic selection, but their result exhibits a large
relative uncertainty of approximately 18.6%. Our present
work shows a substantial improvement achieving approxi-
mately 11.5%, which included the systematic uncertainty of
4%. These results also complement the findings from an al-
ternative experimental probe, namely the 8 decay of '*B and
12N 118,19]. Considering both the older and recent results,
it may be appropriate to exclude the y-particle spectroscopy
result reported by Kibédi [2] from further consideration.
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