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Direct Measurement of Resonances in "Be(a,y)!!C Relevant to zp-Process Nucleosynthesis
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We have performed the first direct measurement of two resonances of the "Be(a, 7)!'!C reaction with
unknown strengths using an intense radioactive "Be beam and the DRAGON recoil separator. We report on
the first measurement of the 1155 and 1110 keV resonance strengths of 1.73 £ 0.25(stat) + 0.40(syst) eV
and 125f2257 (stat) £ 15(syst) meV, respectively. The present results have reduced the uncertainty in the
"Be(a, y)''C reaction rate to ~9.4%-10.7% over T = 1.5-3 GK, which is relevant for nucleosynthesis in
the neutrino-driven outflows of core-collapse supernovae (vp process). We find no effect of the new,
constrained reaction rate on vp-process nucleosynthesis.
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Nucleosynthesis in the neutrino-driven winds of core-
collapse supernovae has gained attention in recent years.
The most recent multidimensional hydrodynamic studies of
neutrino-driven explosions with an energy-dependent neu-
trino transport mechanism suggest that the early super-
nova ejecta are proton rich [with electron fraction Y,=
n,(n,+n,)~' > 0.5, where n, and n, are the number
densities of protons and neutrons, respectively] [1-4]. At
later times, the wind becomes slightly neutron rich
(Y, ~0.40-0.49), and in these conditions the weak r
process produces nuclei up to A =90-110, below the
second r-process peak [5-7].

In the proton-rich environment of the neutrino-driven
ejecta, the vp process operates, synthesizing heavy nuclei
with A > 74 [8-10]. At first, the ejected material from the
protoneutron star (PNS) is very hot and consists mainly of
protons and neutrons, with an excess of the former, since
Y, > 0.5. Expansion causes the ejecta to cool down, and
Z = N nuclei are assembled—mainly *Ni and *He—via
nuclear statistical equilibrium. At 7 ~ 3 GK, the excess of
protons interacts with the electron antineutrinos that are
streaming from the PNS, producing a small amount of
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neutrons, which can be immediately captured by *Ni. By a
series of (n, p) and (p,y) reactions, the reaction flow
proceeds to heavier nuclei, until the ejecta temperature falls
to T ~ 1.5 GK, where the (p, y) reactions freeze out due to
the Coulomb barrier.

The aforementioned scenario has been proposed as a
possible production mechanism for the light p nuclei, a
subset of the around 35 neutron-deficient nuclei with
A > 74, which cannot be synthesized by either the s or
the r process [11,12]. In particular, °>**Mo and °6®Ru, that
are underproduced in the astrophysical y process [13],
could be synthesized via the vp process. Furthermore, the
vp process could also explain the high abundance of Sr, Y,
and Zr relative to Ba in metal-poor stars and has been
proposed as a candidate of the light-element primary
process [6,14].

Despite its successes, the vp process exhibits many
uncertainties that have already been identified since it was
first proposed. Its efficiency strongly depends on the
characteristics of the neutrino-driven wind (e.g., electron
fraction Y, and entropy s) and the underlying nuclear
physics input (e.g., reaction rates and Q values) [6,15,16].

© 2022 American Physical Society
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One of the most important reactions affecting the
nucleosynthesis output of the vp process is the triple-a
reaction, which controls the relative abundances of protons,
a particles, and “®Ni seed nuclei before the onset and during
the vp processing [16]. In particular, a high rate of the
triple-a reaction decreases the efficiency of the vp process,
since it creates more seed nuclei, acting as a “proton
poison” by decreasing the ratio of neutrons to seed nuclei,
A,. However, Wanajo et al. [15] identified a couple of
two-body breakout reaction sequences between A < 12
(pp-chain region) and A > 12 (CNO region) that can have a
similar effect to the triple-a reaction and compete
with it in the temperature range of the vp process, namely,
Be(a,7)''C(a, p)'*N and "Be(a, p)'°B(a, p)'°C. The
most important reaction for each sequence is
"Be(a,7)''C and "Be(a, p)'3C, respectively, and for this
reason they were included in a nucleosynthesis sensitivity
study by Wanajo et al. [15]. Their results suggest that
species with 90 < A < 110 are sensitive to variations of the
"Be(a, )'C reaction rate. Their abundances can vary up to
an order of magnitude when varying the "Be(a,y)!'C
reaction rate by factors between 0.1 and 10, and for this
reason it needs to be well constrained experimentally.

In the relevant energy region for vp-process nucleo-
synthesis, there are three experimental studies of the
"Be(a,7)''C reaction [17-19]. The two low-lying reso-
nances at E, = 561 and 876 keV were studied by Hardie
et al. [17] in forward kinematics using a radioactive 'Be
target, and their strengths were measured. For the E, =
1110 and 1155 keV resonances, Wiescher et al. [18] used
the '"Be(p, y)"'C reaction and calculated their I', /" from
the cross section ratio 6(,,)/0(,.q), but their strengths
remain unknown. The most recent relevant study was
performed by Yamaguchi et al. [19]. The authors per-
formed a "Be + a resonant scattering and "Be(a, p) reaction
measurement using the thick-target method in inverse
kinematics and measured the excitation functions for E, =
8.7-13.0 MeV on !''C. Their R-matrix analysis revealed a
new state at £, = 8.9 MeV (E, = 1356 keV) which could
have a 10% contribution to the total "Be(a, y)!'C reaction
rate in the relevant energy region. However, the authors
argue that, due to their large uncertainty in the low-
energy region, this level might be the E, = 8.699 MeV
(E, = 1155 keV) state.

The current rate for the "Be(a, y)''C reaction is adopted
from NACRE (I and II) [20,21] and includes contributions
only from the two low-lying (561 and 876 keV) narrow
resonances, for which experimentally measured strengths
exist. In the Letter of Angulo et al. [20] (NACRE I), whose
rate was used as a baseline in the sensitivity study of
Wanajo et al. [15], Hauser-Feshbach contributions were
added for T > 2 GK. In the most recent evaluation of the
rate by Xu et al. [21] (NACRE II), the authors included
contributions from four broad resonances at higher
energies. Descouvemont [22] also suggests that the

TABLE I. Beam and gas target properties for the two inde-
pendent measurements of the present study. (The 1110 keV
resonance was studied in two independent measurements, due to
alow recoil yield in the first measurement. We quote the weighted
average values for the presented quantities.).

Ebeam Elab P target Ec4m. litrad N7Be

(AkeV) (MeV) (Torr)  (MeV) ) (x10%)
464.2(3) 3.249(2) 7.9(1) 1157 £ 24 254 1.07(2)
4422(2)  3.098(1) 4.92(7) 1111413 342 3.29(5)
351.8(3) 2.463(2) 5.75(4) 878 £ 17  27.8 2.12(4)

subthreshold resonance at E, = 74997 MeV (E, =
—43.9 keV) can dominate the reaction rate at low temper-
atures, below T = 0.3 GK, which could impact the destruc-
tion of the important radionuclide "Be in astrophysical sites
such as classical novae and Poplll stars. The NACRE-II
thermonuclear reaction rate is uncertain by factors of 1.76—
1.91 for T = 1.5-3 GK [21]. In addition to that, contri-
butions from higher-energy resonances with unknown
strengths are expected to influence the reaction rate for
T > 1.5GK [15].

In this Letter, we present the first experimental study of
the "Be(a, y)!!C reaction in inverse kinematics utilizing an
intense "Be radioactive ion beam (RIB) to measure two key
resonances at £, = 1110 and 1155 keV, with unknown
strengths, and determine their contribution to the reaction
rate at vp-process nucleosynthesis energies. In addition, we
remeasured the E, = 876 keV resonance strength.

The measurements were performed using the DRAGON
(Detector of Recoils and Gammas of Nuclear Reactions)
recoil separator [23] at the ISAC-I (isotope separator and
accelerator) experimental hall of TRIUMEF, Canada’s par-
ticle accelerator center in Vancouver, British Columbia,
Canada. Intense beams of "Be (I ~1.3-5.8 x 108 pps)
were produced using the ISOL technique, by bombarding
thick ZrC and graphite targets with 55 A 500 MeV
protons from the TRIUMF cyclotron. The "Be content of
the beam was enhanced compared to the main A = 7 isobar
"Li using the TRIUMF resonant ionization laser ion source
(TRILIS) [24]. The radioactive beams were then acceler-
ated through the ISAC-I radio-frequency quadrupole (RFQ)
and drift-tube linac (DTL) to energies, so that each
resonance was centered in the gas target. To ensure a pure
RIB, an additional 20 ug/cm? carbon stripping foil was
placed upstream of the DTL to select a specific charge state
(4™) to completely eliminate the main isobaric contaminant
"Li. Finally, 'Be** was delivered to the helium-filled
DRAGON windowless gas target with effective length of
12.3(1) cm [23]. In Table I, we present an overview of the
beam and gas target parameters for our measurements.

An array of 30 highly efficient bismuth germanate
(BGO) detectors surrounding the gas target detected the
prompt y rays of the ''C recoil deexcitation and provided y
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FIG. 1. MCP/DSSSD versus BGO/DSSSD (separator) time of flight for the recoil events for each of the resonances we studied in the

present Letter. For the 1110 keV resonance, we show the two independent measurements in separate panels. Positively identified !'C
recoils for each resonance are shown. The ovals are used to help the reader’s eye.

tagging for the coincidence analysis. The most intense
charge state of the recoils (''C>*) was tuned through the
separator to a 66-um-thick, gridded double-sided silicon
strip detector (DSSSD)—Micron W1(G) model—placed
near the focal plane of DRAGON, with a typical rate of
5-15 Hz. The ''C recoils were detected both in single and
coincidence modes. In the former, we employed time-of-
flight (TOF) measurements between a microchannel plate
detector (MCP) close to the DRAGON focal plane and the
DSSSD, and in the latter we used the detected y rays in the
BGO array and hits on the DSSSD (see the particle
identification plot in Fig. 1).

According to the reaction kinematics for the 'Be(a, y)!''C
reaction in the energy range of interest, the recoil angular
distribution greatly exceeds the nominal DRAGON accep-
tance (0, . ~43—47 mrad compared to Opragon =
21 mrad). For this reason, we performed detailed simu-
lations using the standard DRAGON GEANT package
[25,26] to calculate the efficiency of the BGO array
(7o) and the transmission of the recoils through the
separator (separator)» Which are used in the data analysis and
the calculation of the resonance strengths. This procedure
has already been employed successfully in DRAGON
experiments and more recently with a benchmark meas-
urement of a resonance with a known strength of the
SLi(a, y)'°B reaction, whose products also had a maximum
angular cone larger than DRAGON nominal acceptance
[27,28]. A more detailed discussion about these simulations
can be found in the accompanying publication [29]. We
observe a very good agreement between the Geant simu-
lations and the experimental data. In particular, Fig. 2
shows a spectrum of the highest-energy y ray per coincident
event versus the position along the beam axis for the
1155 keV resonance.

The number of the incident beam particles was deter-
mined by using the elastically scattered target particles,
using two silicon surface barrier detectors placed at well-
defined lab angles of 30° and 57° with respect to the beam
axis. The beam stopping power through helium gas and the

recoil charge state distribution, which are used for the
calculation of the experimental resonance strength, were
measured using 'Be and '’C beams, respectively.

Figure 1 shows the MCP-DSSSD versus separator TOF
for the three resonances studied in the present Letter.
Clusters of 33, 9/7, and 13 coincidence events were
recorded for the 1155, 1110, and 876 keV resonances,
respectively. For all the resonance strength measurements, a
very high beam suppression is demonstrated, consistent
with the reported 10'3 in Ref. [30].

The main sources of systematic uncertainty in the final
result arise from the y decay branching ratio uncertainties
and the y ray angular distributions which both affect the
BGO efficiency and, subsequently, the recoil transmission
through the separator [31]. The relative uncertainties of the
product of npgo and Aseparaor Uncertainty for the three
resonances are the following: 19.9% (E, = 1155 keV),
11.0% (E, = 1110 keV), and 29.3% (E, = 876 keV).
Smaller contributions to the systematic uncertainty arise

10
+ Present work

‘ GEANT simulation

"Be(a, ) C
| E,= 1155 keV

Counts per 3.1 cm

0
-30

-20 -10 0 10 20 30
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FIG. 2. BGO position profile spectrum for the E, = 1155 keV
resonance. The black points indicate the experimental data and
the gray histogram a scaled Geant simulation. The centroid of the
experimental peak is at z, = +0.47 cm with respect to the center
of the gas target.
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from the MCP detection efficiency (5.5%—10.7%) and the
stopping power measurements (3.7%-4.3%) (see also the
discussion and Table VIII in Ref. [29]). The statistical
uncertainties, in turn, are due to the low detection yield,
caused by the very low transmission of the recoils through
the separator. However, even though the transmission is
small, it is a parameter that is well understood and
quantified [27]. The detected recoil uncertainties for the
1110 and 876 keV resonances were determined using the
prescription of Feldman and Cousins [32] for a Poissonian
signal with zero background, as is evident in Fig. 1.

We determined the resonance strengths of the
1155, 1110, and 876 keV resonances to be 1.73+
0.25(stat) & 0.40(syst) eV, 125%37(stat) & 15(syst) meV,
and 3.0070%) (stat) £0.61(syst)eV, respectively. For the
1110 keV resonance strength, since we performed two
independent measurements, we created a combined stat-
istical uncertainty distribution, accounting for the asym-
metric statistical uncertainties from the prescription of
Feldman and Cousins [32]. We provide a detailed dis-
cussion of this procedure in Psaltis et al. [29].

Using the results from the present experiment, we
evaluated the "Be(a, y)!'C reaction rate using the RatesMC
code [33,34]. Figure 3 shows the new reaction rate in
comparison with both the NACRE rates [20,21] and the
compilation of Caughlan and Fowler [35] (CF88). The new
"Be(a, 7)"'C reaction rate differs less than ~2% at temper-
atures between T = 1.5 and 3 GK with the NACRE-II rate,
but it is now constrained to ~9.4%-10.7%, which is
sufficient for astrophysical applications. It is worth noting
that the decrease in the rate uncertainty mainly originates
from properly propagating the relevant errors within the
RatesMC framework, and the newly measured resonance
strengths contribute $ 10% to the total rate in vp-process
temperatures (see the discussion in Ref. [29], Sec. E).

Furthermore, we performed nucleosynthesis calculations
using the new "Be(a,y)!'C reaction rate and parametric

Be(a,y)HC

Ratio relative to NACRE-II

L0 O s
o
45
N /
DA
:.' II
T CF88 NACRE-II
------ NACRE-I =— Present Work
1071 ,
10° 10
Temperature (GK)
FIG.3. Comparison between the NACRE-I [20] and NACRE-II

[21] "Be(a, y)''C thermonuclear reaction rate and that of Caugh-
lan and Fowler [35] (CF88) and the present Letter for the same
temperature region.

neutrino-driven wind trajectories from Ref. [36] to study
the impact on the production of heavy elements. Despite
the fact that the new "Be(a, y)!'C thermonuclear reaction
rate is more constrained compared to NACRE II, we did not
observe any differences in the production of heavy ele-
ments via the vp process. For completeness, and to note the
sensitivity of vp-process nucleosynthesis to this rate, we
did find that a "Be(a,y)'!C reaction rate ~2 times lower
than the NACRE II increased the production of A =
55-130 nuclei by as much as a factor of 100 in specific
astrophysical conditions of the neutrino-driven wind [36],
which is significantly larger than the typical abundance
changes observed by Wanajo et al. [15]. Such a rate
reduction is beyond our determined rate uncertainty, how-
ever. That said, a future detailed study of this nucleosyn-
thesis scenario will examine if such discrepancies also exist
for other important v p-process rates and include the results
from recent measurements of such reactions [37-39].

In addition to the nuclear physics uncertainties, the vp
process is strongly dependent on the local astrophysical
conditions of the neutrino-driven wind and, more specifi-
cally, on the combination of Y, s, and expansion timescale
7. Given that the state-of-the-art multidimensional simu-
lations of core-collapse supernovae support proton-rich
outflows [1-4], the vp process should be a very common
nucleosynthesis scenario, and its yields need to be included
in galactical chemical evolution models. Nevertheless, as
Kobayashi et al. [40] have argued, the inclusion of such
yields leads to an overproduction for elements between
strontium (Sr) and tin (Sn), compared to observations. For
this reason, we argue for a coordinated effort between
experimental nuclear physicists, stellar modelers, and
observational astronomers to constrain the most common
conditions for the vp process and its role in the origin of the
heavy elements in the Universe.

To recapitulate, in this Letter, we presented the first
inverse kinematics study of the ‘Be(a, y)!'C reaction using
the DRAGON recoil separator and an intense 'Be beam
from ISAC. We successfully measured for the first time the
strength of two resonances at 1155 and 1110 keV
[wy=1.73£0.25(stat) £0.40(syst) eV and 12537 (stat)+
15(syst) meV] and remeasured one at 876 keV [wy =
3.0070% (stat) £ 0.61(syst) eV], which agrees within
uncertainty with the measurement of Hardie et al. [17]
[wy = 3.80(57) eV]. The uncertainty of the Be(a,y)''C
reaction rate in now reduced to ~9.4%-10.7% at the
temperature region relevant to vp-process nucleosynthesis,
T = 1.5-3 GK. According to our results, the new reaction
rate is well constrained for astrophysical calculations, and
our initial nucleosynthesis calculations suggest that it does
not affect the production of neutron-deficient heavy ele-
ments (p nuclei). This experiment is a major technical
achievement, being the first radiative capture reaction
measurement using a RIB and a recoil separator, in which
the angular distribution of the reaction products exceeds the
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nominal acceptance of the separator by more than a factor
of 2. In addition, the intense ’Be radioactive beams
produced with the use of graphite targets can be employed
for other challenging measurements, such as the
"Be(p,y)®B and "Be(a, @)’Be reactions.
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