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Abstract: The origin of boron in the solar system has not yet been clearly understood. We studied the light mass
nuclear reactions and neutrino-induced reactions that play important roles in the nucleosynthesis of 4=11 nuclei in
the core-collapse supernova (CCSN). We found that the production of 4=11 nuclei, particularly "'C, is sensitive to
the radioactive nuclear reaction ''C(a, p)'*N among many others. We calculated the upper and lower limits of the
"C(a, p)!*N rate by taking account of the low energy resonances above the threshold, which have not been included
in the previous SN nucleosynthesis calculations. These resonance contributions significantly change the ''C abund-
ance, which decays to ''B with a half-life of 20.34 m, and affects the resultant isotopic abundance ratio of ''B/'’B at
M, =3.78 —4.4M¢, from which the presolar X grains could form. The ''B/'°B isotopic ratio measured in X grains
can help to understand the origin of solar system boron and constrain still unknown neutrino mass hierarchy if the
observational and theoretical uncertainties associated with these abundances are reduced. We emphasize that the fur-
ther precise experiment of measuring the ''C (e, p)'*N reaction cross sections at the astrophysically interesting ener-
gies of Gamow window 0.23—1.24 MeV, which corresponds to the effective temperature 7 = 0.2 -1 GK, could cla-
rify CCSN contribution to the solar ''B/'°B ratio.
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SH(a, y)'Li(a, y)''B [5, 6]. Therefore, the two stable

I. INTRODUCTION . o1 .
boron isotopes 'B can serve as suitable probes for

The boron in the solar system possibly originates
from two primary astrophysical sources: spallation reac-
tions in galactic cosmic ray (GCR), i.e. the collisions of
high-energy charged particles with abundant p, *He and
CNO nuclei in the interstellar medium (ISM) [1-3], and
neutrino-induced nucleosynthesis (v-process) in CCSN,
i.e., the neutrino spallation reactions in CCSN such as
v+12C - "B+n, "C+p ("'C is a short-lived radioactive
nucleus) [4] and the reaction chain such as *He(v.,p)
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studying the explosion mechanism and v-process nucle-
osynthesis in the CCSN.

Type X silicon carbide grains (hereafter X grains) are
discovered in primitive meteorites [7, 8], and the isotopic
ratios in X grains are valuable signatures that they are
formed in the ejecta from CCSN [9]. The ''B/'’B isotop-
ic ratios measured in those X grains is 4.68 + 0.31 [10,
11], which exceeds the solar values (''B/!°B), ~ 4.04 [12]
by 20 (here we take o~ 0.31). Standard GCR spallation
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models predict ("'B/'°B)gcr ~ 2.5 [2], which is signific-
antly lower than both observed ratios in the solar system
and X grains. This discrepancy may indicate that the v-
process in the CCSNe could be a dominant contribution
to the solar system ''B [3, 13, 14]. It has recently been in-
dicated theoretically that the isotopic ratios such as
'B/19B, ¥¥La/"*"La, etc. could help to constrain the still
unknown neutrino mass hierarchy [15]. However, the ex-
istence of laboratory contamination in meteoritic observa-
tion prevents a clear conclusion on the origin of X grains
[10, 11]. If the uncertainties from X grain data and theor-
etical calculation of the isotopic abundances can be re-
duced, these intrinsic ''B/'°B ratios obtained from X
grains will provide a unique window to study the explos-
ive nucleosynthesis and the explosion mechanism of CC-
SN, and the chemical evolution in the early solar system.

Boron is a fragile nucleus and can be easily des-
troyed by the reactions such as 'B(p,a)’Be and
"B(p,2a)*He during the hydrogen burning process in the
stellar evolution [12, 16, 17]. This also applies to the ex-
plosive SN v-process nucleosynthesis because once '°Be
(112 = 1.51 My), "B, '°C (1,,,=19.3 s), ""Be (71, = 13.8
s), ''B and "'C (7, =20.34 m) are produced by the v-
spallation reactions, some fractions are quickly con-
sumed by secondary destruction reactions. During the su-
pernova explosion, the ®'Li, 'Be, '*''B are produced
and/or destroyed efficiently by the time when the temper-
ature drops to T ~ 0.2 GK. After this time, the temperat-
ure and density quickly decrease as the materials are ejec-
ted into interstellar space (see Figure 1 of [5]). Therefore,
even the fragile nuclei Li and B do not suffer further nuc-
lear destruction processes and survive in the cooled ma-
terials until the SiC X grains condense and form after a
few years but within 30 years [9, 18, 19]. Fujiya et al. dis-
covered the ®’Li and '*!'B isotopes in SiC X grains [11].
Our previous paper [15] discussed supernova nucleosyn-
thesis of ®’Li and '“''B and their observability in X
grains. The sensitivity of ''B and ''C abundances to the
related nuclear reactions has not been studied in the liter-
ature and needs further careful investigation, particularly
at the astrophysically important temperature range 7 < 1
GK for SN nucleosynthesis. We studied all the 43 nucle-
ar reactions related to ''B and ''C from the JINA reaclib
[20], and our analysis revealed that the secondary nucle-
ar reaction, 'C(a, p)'*N, is one of the most efficient reac-
tions that destroys the ''C and affect the final ''B abund-
ance. The present precision of experimental measure-
ment of the reaction cross section is quite limited, espe-
cially at astrophysical low energies 0.23—1.24 MeV of
Gamow window corresponding to T'=0.2—-1 GK. The
sensitivity of ''C abundance to the ''C(a, p)'"*N reaction
rate requires further detailed study both experimentally
and theoretically.

In the present work, we calculated the ''C(a, p)"*N S-
factor by including the contributions from low energy

resonances, which were ignored in the previous studies,
and estimated the corresponding reaction rate and its as-
sociated uncertainty. Additionally, we investigated the
impact of the new rate on the CCSN nucleosynthesis of
the 4=10 and A=11 nuclear systems to infer the sensitiv-
ity of ''B production to the reaction rate. In Section II, we
present the calculation of ''C(a, p)'*N S-factor and nucle-
ar reaction rate in detail. In Section III, we discuss the ef-
fects of our new ''C(a, p)'*N rate on ''B and ''C produc-
tion as well as their sensitivities in CCSN nucleosynthes-
is. The conclusion is given in Section IV.

II. "C(a, p)"*N REACTION RATE

We perform a systematic study for all the 43 nuclear
reactions related to the ''B and ''C production by enlar-
ging and reducing each reaction rate by two orders of
magnitude. These large multiplication factors are artifi-
cially introduced to identify the most sensitive nuclear re-
action clearly, since the non-linear effect due to multiple
reactions makes it challenging to find the net change of
the A=11 nuclear abundances by only a single reaction if
a much smaller factor is adopted. The reaction cross sec-
tion for ''C(a, p)'*N has not been measured at astrophys-
ical low energies E < 0.6 MeV as shown in Fig. 1. If we
take account of five resonances at much lower energies,
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Fig. 1.  (color online) Astrophysical S-factor of the reaction
""C(a, p)'*N. Experimental data are from Ingalls data (black
dots) and Hayakawa data (blue cross). The thick red line is the
best fitting S-factor of the upper limit (62 = 1 for i = 1-5). The
thick dashed blue line is the non-resonant contribution. The
thick green line is the lower limit of S-factor, which does not
include the contribution of the lowest five resonances (62 = 0).
Thin red curves are the contributions from the lowest five res-
onances, while thin black lines represent higher resonance
contributions. The horizontal bar in the upper left corner
shows the range of the Gamow window for the 'C(a,p)'*N
reaction, i.e., 0.23-1.24 MeV, corresponding to 79 =0.2—1.
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which were not included in the previous studies of SN
nucleosynthesis, the uncertainties of thermally averaged
reaction rate could be as large as 1-2 orders of mag-
nitude at Ty ~ 0.2 as displayed in Fig. 2. The sensitivity of
the nuclear abundance of #X is defined by

S(*X) = [Y(*X)/ Yo(*X) = 1] x 100%, (1)

where Yo(*X) and Y(*X) are the abundances calculated
by using the default and the enlarged or reduced rate. The
results are listed in Table Al of the Appendix. There are
nine reactions with superscripts a—d in the last column,
including "'C(a, p)'*N, whose absolute d-values are more
than 20%. Their corresponding experimental uncertain-
ties of the reaction rate at 7 =0.2 GK are in the last
column. Although we artificially changed each reaction
rate by a factor of 100 or 0.01, the error bars of measured
reaction cross sections are smaller, except for our target
reaction ''C(a, p)"*N (No. 35 in Table Al), ""C(n,p)"'B
(No. 32), and ""C(n,2a)*He (No. 41) whose rates are
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Fig. 2. (color online) The upper panel shows the ratios of the

"C(a, p)'N reaction rates to the rate of CF88 as a function of
temperature Ty = T/10°K. Thick red lines represent the upper
and lower limits. The black hatched range represents the un-
certainty in Hayakawa data. The area between the gray dashed
lines shows an extrapolated band to lower temperature based
on their data. The thick dashed blue line corresponds to the
non-resonant contribution. The lower panel shows the contri-
bution from the 1st-5th resonances to the total reaction rate,
the sum of other resonances at higher energies, and the non-
resonance contribution.

poorly known or unmeasured at relevant low energies.
Among all the 43 reactions, the ''C(a, p)'*N plays a pre-
dominant role in depleting ''C and critically impacts on
the final ''B abundance.

Current "'C(a, p)'*N rates reported in the JINA reac-
lib and Caughlan and Fowler [21] (we hereafter refer to
CF88) are based on the experiments using indirect meth-
ods through time-reversal reaction of "“N(p,a)"'C [22].
The first direct measurement of '"'C(a,p)"*N reaction
rates has been performed by Hayakawa et al. [23]. These
two experiments provide the data on this reaction, in Fig.
1, which shows the S-factor vs. the center-of-mass en-
ergy E.. (hereafter abbreviated as F) beyond 0.6 MeV.
Blue crosses are from direct measurement [23] (hereafter
referred to as the Hayakawa data), and black dots are
from inverse reaction experiment [22] (hereafter referred
to as the Ingalls data). We note here that according to the
energy levels of the compound state of '°O [24], there are
still five resonances below £ = 0.5 MeV. The featured
temperature for ''C and ''B production in the SN explo-
sion environment is Ty = (T/10°K) = 0.2—1 [5]. The cor-
responding Gamow peak energy (i.e., the energy range
where nuclear reactions operate most effectively, see Ref.
[25].) is Eo=(bkT/2)*? = 0.23 MeV with b*=E; =
2u(ne*ZncZ,/h)? at To=0.2, which is much lower than
0.5 MeV. Therefore, five low-energy resonances below
0.5 MeV make an additional contribution to the reaction
S-factor of ""C(a, p)'*N, and the uncertainty of this reac-
tion rate at low temperature needs to be verified.

A. Astrophysical S-factor and thermonuclear
reaction rate

The total cross-section consists of both non-resonant
and resonant parts:

Tio(E) = Ononares (E) + O s (E),

= w {Snon—res(E) + 8 es(E)}, (2)
where S(E) is so-called astrophysical S-factor, # is the
Sommerfeld factor, = ZucZ,e? /v, 2> = A/2n = h/ \2uE
is the de Broglie wavelength, and u is the reduced mass
of "'C and a particle. We take a simple form of non-res-
onant S-factor

Snon-res(E) = CXP(A XE+ B)s (3)

following CF88 [21], where 4 and B are treated as free
parameters and calibrated to best fit the experimental data
at higher energies E > 2.5 MeV (Fig. 1). The resonant S-
factor is given by
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' (E)r(E
S es(E) = exp(+2m) X Ex Y~ nlw; o(£) ’T( 2) ,
: (E-E)*+T (E)/4

“)

in the Breit-Wigner formula [25] with the information of
resonances of 1*0 [24], where w; = (2J;+ 1)/{[2J("'C)+1]
[2J(*He) + 1]} is the statistical weight factor, i is the label
of the corresponding resonance and E; is the correspond-
ing resonance energy, J;('*O)is the spin of the corres-
ponding compound state of O, and J(''C)=3/2 and
J(*He) =0 are the spins of the corresponding ground
states of ''C and *He, respectively. T (E) = 2y2 P, (E; 16>
is the partial width for the a-entrance channel, and y2 is
the reduced width. In this article, we take y2 = 3#*/2uR?
and R is set to be the channel radius [26]. P,(E;l) is the
Coulomb penetration factor of the a particle in the ''C +a
system, which depends on the energy above the threshold
and the corresponding orbital angular momentum / for
each resonance. The / value depends on the difference
between J(!'C) and J;(**0), and it is constrained by par-
ity conservation for each resonance. The Coulomb penet-
ration factor is calculated by solving the Schrodinger
equation. In this study, we applied the Coulomb function
to calculate the penetration factor (Chap.9 of [27])

kR;

P (E,])= m,

)

where F; and G, are the regular and irregular Coulomb
functions V. The channel radii of entrance and exit chan-
nels are 3.92 fm for ""C+a and 3.35 fm for "“N+p, re-
spectively [28, 29]. The dimensionless reduced width 6>
is taken to be a parameter ranging from 0 to 1 for the low-
est five resonances (see Table 1).

[ (E;) =T\, (E) —T,(E;) is the partial width for the
proton-emission channel at the corresponding resonance
energy, and I',(E) =T, (E)P,(E;)/P,(E;;l) is applied to
the energies out of resonance energy. I'', is the total
width which is given by the measured O resonance
width [24]. E, is the excitation energy of the correspond-
ing resonance E, = FE;+S, with the o threshold energy
S =10.219 MeV [30] in the entrance a-channel. For the
S-factor at E > 0.6 MeV, since E; and I'y,, are known [24]
as summarized in Table 1 and o (E) is given experi-
mentally [22, 23], the only free parameters are 6> in addi-
tion to 4 and B of the non-resonant S-factor.

B. New '"C(a, p)'"“N reaction rate

To match the experimental data of S-factor in the
Breit-Wigner form, we applied the y?-fitting method in
our study to determine the values of > at energy E >0.6
MeV for the resonances i = 6—18 in Table 1, as well as

Table 1. Resonance parameters of the excited status of O
above the ''C+a threshold energy. The excitation energy E,
of compound state O, resonance energy E;, spin and parity
J7, and total widths T, from Ajzenberg-Selove (1991) [24].
The dimensionless reduced width 62 for the other resonances
at higher excitation energies are the results from y?-fitting to
the measured cross sections at E., >0.6 MeV as shown in
Fig. 1. Note that in our upper and lower limits of reaction rate,
the 62 values for the 19-5" resonances are 1 and 0, respect-
ively. E, = E; +S, with the threshold energy S, = 10.219 MeV
in the entrance a-channel.

No.  E/MeV  Ei/MeV Jr I /keV 62
1 10.290 0.071 527 3 -
2 10.300 0.081 5/2° 11 -
3 10.416 0.197 9/2* 2 -
4 10.480 0.261 327 25 -
5 10.506 0.287 3/2° 140 -
6 10.917 0.698 7/2* 90 0.00E-+00
7 10.938 0.719 12 99 3.88E-01
8 11.025 0.806 1/2° 25 0.00E-+00
9 11.151 0.932 12 10 7.03E-01
10 11.218 0.999 3/2° 40 8.71E-03
11 11.569 1.350 527 20 1.38E-01
12 11.616 1.397 3/2° 80 1.39E-02
13 11.748 1.529 5/2° 99 7.35E-02
14 11.846 1.627 5/2° 65 1.24E-01
15 11.980 1.761 527 20 0.00E+00
16 12.129 1.910 5/2° 200 1.00E-01
17 12.255 2.036 5/2° 135 1.12E-02
18 12.471 2252 527 77 0.00E-+00

parameters 4 and B associated with non-resonant contri-
bution. The fitting results for 62 values are summarized in
Table 1, and 4 = —0.640 MeV~! and B = 0.484. We ap-
plied the Wigner limit 6> =1 for the lowest five reson-
ances to estimate the conservative upper limit of
"C(a, p)*N S-factor. 82 =0 was assumed for the lower
limit of resonant contribution from i = 1-5.

In Fig. 1 we present the fitted "'C(a, p)'*N S-factor,
together with experimental data from Ingalls data (black
dots) and Hayakawa data (blue cross). The thick red and
thin green lines are the upper and lower limits, respect-
ively. The dashed blue line is the non-resonant contribu-
tion. Thin red curves are the contributions from the low-
est five resonances, while thin black curves represent
those from the higher resonances. The horizontal bar in
the upper left corner shows the range of the Gamow win-

1) calculation method is from website: http://www.fresco.org.uk/programs/barnett/index.htm
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dow for the ""C(a, p)'*N reaction, i.e., 0.23-1.24 MeV,
corresponding to Ty =0.2—1.

Our theoretical S-factors at E ~ 0.6 MeV (5" and 6™),
1.1-1.3 MeV (between resonances the 10" and 11™) and
~1.6 MeV (13™ and 14") underproduce Ingalls data be-
cause these energies are out of known resonance-ener-
gies and because the observed total widths of nearby res-
onances are narrow (see Table 1). For the same reasons,
the theoretical S-factor underproduces Hayakawa data
around E ~ 1.2—-1.3 (between 10" and 11" resonances)
MeV. Our S-factor near the resonance at £ ~ 1.910 MeV
(16™) cannot fit the resonance shape of Ingalls data be-
cause total width is too large I'5'% = 200 keV. We adopt
the non-resonant S-factor in the same parametrization as
Caughlan and Fowler (1988), which fits the average be-
havior of S-factors rather well at higher energies 2.5 MeV
< E. As a consequence of the y*-fitting in terms of extra-
polated smooth non-resonant S-factor to the low energies
plus resonance contributions, our total S-factor overpro-
duces the data at E ~ 0.8-0.9 MeV. Although there is a
resonance at £ = 0.806 MeV with J* =1/2", the incident
s-wave between ''C(3/27) and *“He(0*) cannot form this
resonance and the d-wave is the smallest orbital angular
momentum to form this resonance. However, at this low
energy E < 1.0 MeV, d-wave could not contribute effect-
ively. Therefore, the dimensionless reduced width of this
resonance turns out to be almost zero in our y? fit (8" of
Table 1).

With this S-factor, we calculated the thermonuclear
reaction rate:

8 1

12 .
Na{oV)iop = Np (a> (kT)3/2/0 exp(—2nn)

X S o (E) exp(~E/kT)dE, (6)

The upper panel of of Fig. 2 shows the ratio of our new
estimated ''C(a, p)"*N reaction rate to the rate of CF88.
Red lines represent the upper and lower limits. The black
solid line and hatched region represent the ratio of the
rate to CF88 and its uncertainty from Hayakawa data.
The calculated upper and lower rates of ''C(a, p)'*N are
given in Table A2, together with the central value from
Hayakawa data. Our result agrees with this estimation at
around Ty =0.7-2, although slightly higher than the
CF88 rate. Because of the newly added five resonances at
lower energies, our estimated rate significantly differs
from the CF88 rate at Ty < 0.6. In our SN model, the fea-
tured temperature for ''C production is about Ty =0.2 -1,
where the estimated uncertainty can be different from
others as much as one order of magnitude. This uncer-
tainty calls for a more precise measurement of this reac-
tion rate in the astrophysically interesting temperature
range. In the lower panel of Fig. 2, we show each contri-
bution from the 1st-5th resonances to the total reaction

rate, the sum of the other resonances (black line) at high-
er energies, and the non-resonant contribution (blue
dashed line). It is shown that the 4™ and 5" resonances in
Table 1 and Fig. 1 dominate the total reaction rate at
Ty=0.2-0.5.

Hayakawa data takes account of resonances at
E =2.5-4.5 MeV in the estimated reaction rate as shown
in Fig. 1, while we do not consider these resonances be-
cause the relevant Gamow window energy for the
"C(a, p)“N reaction is much lower, E=0.23-1.24
MeV, as shown by the arrows in Fig. 1, corresponding to
the temperature Ty = 0.2 —1 in Fig. 2. Therefore, there is a
slight difference between our rates and theirs at 7y > 1.5.
We confirmed that the deviation between the two rates
around T ~2 GK does not change the final ''C abund-
ance in our SN model calculation.

The purpose of the present study is to set the upper
and lower limits to the reaction rate for ''C(a,p)*N
which affects the astrophysical uncertainty in the ''B/'°B
ratio to be measured in SiC X grains. Using the larger
rate for this reaction, ''C is more strongly destroyed. We
therefore assume the incoherence among resonant and
non-resonant components in the total S-factor by ignor-
ing the interference in order to set a conservative upper
limit, leading to the maximum effect on destruction. On
the other hand, the lower limit could be smaller than the
present estimate ignoring the interference. Although the
thermal average of the S-factor or equivalently the cross
section tends to smear out the interference effect on the
calculated reaction rate, it is an interesting question to
constrain a more reliable lower limit to the S-factor both
experimentally and theoretically. The present study sug-
gests and motivates the importance of further studies of
this reaction in the future.

II1. IMPLICATIONS IN SUPERNOVA
NUCLEOSYNTHESIS

A. SN model and v-interactions

To demonstrate the impact of the "'C(a, p)'*N reac-
tion and its sensitivity to the SN explosive nucleosynthes-
is, we incorporate the upper and lower limits of the reac-
tion rate into our CCSN nucleosynthesis model. This SN
model is the same as that used in [15] based on pre-SN
model [31] and the hydrodynamic model of [5], which is
a successful model for SN 1987A with a 20 M, and
metallicity Z =Z,/4 progenitor star. The hydrodynamic
model simulates the temperature and density evolution
during the explosion (see [5] for the temperature and
density profile). This calculation stops at 50 s after the
core bounce. After 50 s, the temperature and density be-
come very low, and most nuclear reactions do not pro-
ceed anymore, except for f decays. The v-process such as
v+!2C and v+*He [5, 32] are included. We also include
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the newly estimated v+'°0O and v+?°Ne reaction rates
from a new shell model study [33]. The effects of neut-
rino flavor change, such as MSW effect [13] and collect-
ive flavor oscillation effect [6], have also been con-
sidered in the present model. The neutrino total energy is
3% 10° erg, and the decay timescale of neutrino luminos-
ity is 3 s. The initial neutrino temperatures shown in
E =kT for v,, v, and v, are 3.2, 5.0 and 6.0 MeV, re-
spectively [32] where x stands for the u- and z-neutrinos
and their anti-particles. All neutrino flavors are assumed
to be equally partitioned in the initial luminosities, and
their spectra obey Fermi-Dirac distribution with zero-
chemical potentials.

In the measured *C(v,,e7)"?N,, and ">C(v,v")'2C* re-
action cross sections, uncertainties in charged current
(CC reaction induced by the exchange of W* bosons) and
neutral current (NC reaction induced by the exchange of
neutral Z° bosons) interaction reactions are £10% and
+20%, respectively [34]. In this study, we also assumed
that v-induced reaction cross sections for v+*He, v+'>C,
v+1°0 and v+?°Ne are subject to the same uncertainties of
+ 10% and + 20% for CC and NC, respectively.

B. Effects of reaction uncertainties on the SN
nucleosynthesis of A=10 and A=11 nuclei

Figure 3 shows the calculated mass fractions of
(@)""B, (b)'°C (71, = 19.30 secs), (c)''B and (d)''C (1), =
20.34 mins) at 50 s after the CCSN explosion started as a
function of mass coordinate M, in the units of M,. For
the convenience of comparison with other SN models, we
adopted the same definition of the layers as Meyer et al.
(1995) [35] and Yao et al. (2025) [15], i.e., we divide the
stellar interior into five regions, O/Ne, O/C, C/He, He/C,
and He/N layers, marked as I~V, which depend on the
most abundant nuclei in each layer. The blue and red
lines represent the results under normal (blue) and inver-
ted (red) neutrino mass hierarchies, respectively. The sol-
id lines represent the central values (i.e., with
"C(a,p)"N rate from Hayakawa data). The associated
bands of the ''C abundance present the calculated results
including uncertainties of both ''C(a,p)"*N and v-in-
duced reactions. The larger rate of the ''C(a, p)'*N reac-
tion results in more efficient destruction of ''C, while the
larger rate of the v-induced reactions like '*C(v;,v;n)''C

108 1 108
(a) 10 1 [I I IV A% (b) 10¢ 1 [LII IV A%
M
1 N M e
<X 107101 F 41071052
1011t l10-11
inverted case
normal case
10—12 1 1 Lobia 1 1 1 1 1 10—12
(C) llB (d) llC
1077 41077
< 3
1078} 41078
-9l . vy e P I IR M P I P . I -9
10775 3 4 5 2 3 i 5 60
M, /Mg M, /Mg

Fig. 3.

(color online) The mass fraction of (a)'°B, (b)'°C, (c)!'B, and (d)''C at 50 s after the core-bounce in the SN model calculation.

The red and blue colors represent the inverted and normal hierarchies of the neutrino mass. The solid lines indicate the central values.
The uncertainties of isotopic production are displayed by the colored bands, which are induced by the uncertainties of ''C(a, p)'*N reac-
tion rate and the v-induced reaction rate. The dashed lines represent the results using the CF88 rate for 1C(a, p)"*N. Note that the ver-

tical axes in each panel are of different scales.
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results in more efficient production of ''C, and vice versa.
Because of this mechanism, the lower limit of the ''C
abundance in Fig. 3 (d) corresponds to the upper limit of
the "'C(a, p)'*N rate and lower limit of the v-induced re-
action rates, i.e. £10% (CC) and £20% (NC), vice versa,
independently of the neutrino mass hierarchy. We also
present the calculated results (dashed lines) using the
"C(a, p)'*N rate from CF88.

The '°B and '°C are mainly produced in regions II and
111, as shown in Fig. 3 (a) and (b), while ''B and ''C are
mainly produced in regions II and IV where plenty of “He
exist (see Fig. 3 (c¢) and (d)). In our calculation, most of
"B is produced via “He(v,p)*H(e,y) Li(a,y)"'B and des-
troyed via ''B(a,n)"*N. Similarly, ''C is mostly involved
in the reaction chain of *He(v,n)*He(a,v)'Be(a,y)!'C and
subsequent destruction by "'C(a, p)'*N. Both ''B and ''C
mass fractions calculated by using our new rate (solid
lines) are lower than those obtained by adopting CF88
rate (dashed lines) at M, <4.3 M, particularly in O/Ne
(region I) and O/C (region II) layers, for both normal and
inverted hierarchies. This is because our new ''C(e, p)'*N
rate is higher than CF88 and ''C is destroyed more effi-
ciently at temperatures Ty > 0.6 when the shock arrives at
these regions I and II (see Fig. 2). Although '°B and '°C

abundances are subject primarily to the uncertainties of v-
induced reactions, ''B and ''C abundances depend on
both uncertainties of the 'C(a, p)'*N reaction and the v-
induced reactions.

Figure 4 (a) 6(''B), and (b) 6(''C), correspond to
those by taking account of the uncertainties of v-induced
reactions (CC+10%, NC+20%), and Figs. 4 (¢) 6(''B)p)
and (d) 6("'C),, correspond to the calculated results by
taking account of the uncertainty for the ''C(a, p)'*N re-
action rate shown in Fig. 2. The definition of §(*X) is
similar to Eq. (1), but for the different change of the reac-
tion rates for ''C(a,p)'*N displayed in Fig. 2 and v-in-
duced reactions of £10% (CC) and +20% (NC) displayed
in Fig. 4. The default ""C(a,p)'*N rate is taken from
Hayakawa data. The sensitivities 6(*X),, for the CF88
rate are also shown by dashed lines in these Figures.

In general, the ''B and ''C abundance uncertainties
arising from v-process are limited. As in Fig. 4 (a) and
(b), the 6(!!B), and §(!' C),, are less than £20%. As for the
(@, p) reaction uncertainties, it is clear that the ''B abund-
ance is not substantially affected by this reaction, as
shown in Fig. 4 (c), so that the uncertainty of '"B is
mainly contributed by v-induced reaction uncertainty, ex-
cept for the region 3.78 My < M, <4.4M, where the

I o v % I om 1V \2
o/ - 0,

40%0 () 6(11B), (b) 6(11C), ]40%

20%r 1o0%
& | o
5 0% 0% o
<Y 1 <Y

20%F 120%

-40%F {40%

40%- j

°l (c) 6(1B)(a, p) (d) 6(*1C)a, p) 1125%
1100%
o/ ]

20% {75
B b 150% O
H AW o : g
S 125% ©

-20%( 0%

1-25%

-40% 2-50%

3 3 4 5 2 3 4 5 6
M,/Mo M,/Mq

Fig. 4.

(color online) The sensitivities (a) 6(!'B), and (b) 6('! C), of the v-induced reaction uncertainties (CC £ 10% and NC + 20%),

(©) 6("'B)(a,py and (d) ("' C)(a,p) of only the 'C(e, p)'*N reaction uncertainty. The line-color convention follows Fig. 3. The blue and
red colors represent the results for normal and inverted hierarchies, respectively.
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5("'B) . is slightly larger than §('' B),.

The sensitivity of the ''C abundance to (a, p) rate is as
large as —50% to 140%, as shown in Fig. 4 (d), particu-
larly in region III and inner part of region IV at 3.8
My < M, <4.2 M. This is much larger than the sensitiv-
ity £20% induced by the v-process as shown in Fig. 4 (b).
It is to be noted that the vertical scale of Fig. 4 (d)
5" C) . is different from the other Figs. 4 (a), (b) and
(c). These results are attributed to the following mechan-
ism of the different efficiency of destruction of ''C by the
"C(a, p)"*N reaction which depends on the effective tem-
perature in each region at the shock arrival.

In O/Ne (region 1) and O/C (region II) layers, the
peak temperature at the shock arrival is around 7o = 0.6
(see Fig. 2 in [5]). The uncertainty of the ''C(a, p)'*N rate
is tiny in these layers at this temperature as shown in Fig.
2. However, in C/He (region III) and inner part of He/C
(M, <4.4M,) layers, the peak temperature is about
Ty =0.2-0.5. The ""C(a, p)'*N rate uncertainty becomes
as large as factor ~ 2 to 10 (see Fig. 2). Due to the abund-
ant “He in these layers, ''C(a, p)'*N destroys ''C as soon
as ''C is produced by Be(«,)"' C. In the outer region of
He/C layer (region 1V) and He/N layer (region V) at
(M, >4.4M,), the temperature becomes low enough
To~ 0.2 where "'C(a, p)'*N rate shows large uncertainty
(Fig. 2). However, the '"C(a,p)"N reaction is much
weaker than "Be(e,y)''C because the temperature be-
comes lower and the Coulomb barrier of a+!'C is higher
than that of a+’Be. After the explosion shock arrives at
these layers, ''C(a, p)'"*N destroys only small amount of
MC.

C. Impact on the X grains

The isotopic signature preserved in X grains, particu-
larly the ''B/'°B ratio, reflects the nucleosynthesis during
the explosion [15]. This ratio can reveal details about the
nucleosynthesis in the SN nucleosynthesis. We note here
that the formation of X grains is believed to require a car-
bon-rich environment, on the condition of Carbon to
Oxygen ratio C/O > 1 [36]. Figure 5 illustrates the mass
fraction ratio of (‘'B+"'C)/('**B+'°C) (panel a) and C/O ra-
tio (panel b) at 50 s after the explosion as a function of
mass coordinate. Regions III and IV satisfy the condition
of X grain formation C/O >1. The distinct separation of
the ("'B+''C)/(""B+'°C) ratio between the two neutrino
mass hierarchies occurs near the carbon production peak
region (mass coordinate M, ~4.2—-4.6 M) in the He/C
layer. However, the ("'B+"C)/("B+'°C) ratio displays
significant uncertainty in the range 3.90M, < M, < 4.4M,
of regions III and IV. This uncertainty is primarily attrib-
uted to the "'C(a, p)'*N as discussed previously. These re-
action rate uncertainties would affect the interpretation of
X grains in the meteorite study. To reduce the model un-
certainty, a more precise measurement of the ''C(«, p)"*N
reaction cross-section at lower energies E.,, < 0.6 MeV

1I I v V|

L I
(a) (llB+11C)/(IOB+10C)

103

102

ratio

101
(b) C/O abundance ratio \
o 10° -
)
)
10_2(/
2 3 4 s e
M,/Mq
Fig. 5.  (color online) The mass ratio of (a) ("'B+'C)/

("*B+°C) and of (b) C/O as a function of mass coordinate M,
in units of My at 50 s after the core-bounce. The line-color
convention follows Figs. 3 and 4.

(Fig. 1) corresponding to temperatures Ty < 0.6 (Fig. 2) is
desirable in laboratory experiments. If observational evid-
ence confirms that some X grains originated from this re-
gion, a more precise measurement of the ''C(a, p)'*N re-
action rate could help improve the interpretation of X
grains in the meteorite study and provide critical con-
straints on the neutrino mass hierarchy. For this purpose,
we propose that the uncertainty of both upper and lower
bounds of the ""C(a, p)'*N reaction rate should be more
strictly reduced by at least 20% of its current value.

IV. CONCLUSION

We investigated both the nuclear reactions and v-in-
duced reactions, which play significant roles in the nucle-
osynthesis of 4=11 nuclei in CCSNe. We found that
"C(a, p)"*N is the most sensitive nuclear reaction to the
nucleosynthesis among 43 light-mass nuclear reactions
which we studied in the present work. We adopted the
Breit-Wigner formula and y2-fitting to nuclear resonance
parameters of the ''C(a, p)'*N reaction, and estimated the
uncertainty of temperature-dependent thermonuclear re-
action rate at astrophysical temperature 7=0.2—-1 GK.
These uncertainties originate from the low-energy reson-
ances in the O compound nucleus, which could change
the ''C(a, p)'*N reaction rate by one order of magnitude
at the Wigner limit. We further applied our new
"C(a, p)"*N rate to our CCSN nucleosynthesis model and
analyzed the sensitivity of '“!'B and '*''C abundances to
the "'C(a, p)'*N rate and v-induced reaction rate. The up-
per limit of the "'C(a, p)'*N rate destroys ''C efficiently

084003-8



Implication of radioactive nuclear reaction ''C(a, p)'*N in Supernova v-process nucleosynthesis Chin. Phys. C 49, 084003 (2025)

at M, =3.78—-4.4 M, which leads to a significant uncer- low energies E., <0.6 MeV.
tainty in the (''B+''C)/("*B+'°C) ratio. This isotopic ratio

is .fe.atured in the X grains anq provides insight into the APPENDIX
origin of presolar grains and still unknown neutron-mass
hierarchy. Therefore, we call for a new measurement of In the appendix, we provide extended data tables

the ""C(a,p)"*N reaction cross section at astrophysical which are referred to in the main text.

Table Al. Sensitivity result in the 20M,, core-collapse supernova. The last column indicates the reaction rate uncertainties inferred
from experiments. a: Valverde et al., Phy. Rev. C 97, 035503 (2018) [37]. b: NACRE II database [38]. c: Wang et al., Phy. Rev. C 43,
2 (1991) [39]. d: uncertainties unknown experimentally.

S 1 lB FY 1 IC
Index Reaction name CB) ) uncertainty
x100 x0.01 x100 x0.01
1 Be(s)!1 B 0.00% 0.00% -0.02% -0.00%
2 "cBH''B 24.74% —0.77% —91.20% 2.51% +0.02%"
3 N C —0.00% 0.00% 0.00% -0.01%
4 "Be(y,a) Li 0.00% 0.00% -0.01% -0.00%
5 2Be(y,n)! 1 B -0.00% 0.00% 0.01% 0.00%
6 B(y,m)0B 0.00% 0.00% -0.01% 0.00%
7 "B(y, p)"Be -0.00% 0.00% 0.01% -0.01%
8 "B(y,a)'Li -0.00% 0.00% 0.00% -0.00%
9 2B(y,n)! ' B 0.03% 0.01% -0.02% 0.02%
10 NC(y, p)1OB 0.00% 0.00% -0.00% -0.00%
11 C(y,@)Be 0.00% 0.00% -0.00% —-0.01%
12 2C(y,mlC -0.00% 0.00% 0.00% -0.00%
13 2C(y, )1 B —0.00% 0.00% 0.00% —-0.01%
14 NGy, !l C 0.01% -0.01% 1.14% -1.59%
15 Li(a,y)''B 13.97% -33.01% 2.99% 421% £15%"
16 "Be(a,y)''C -2.09% 0.30% 78.25% —20.02% +163%"—60%
17 Be(p,y)!I B 0.00% -0.00% 0.00% 0.01%
18 B (n, 7)1 B 0.00% 0.00% 0.00% -0.01%
19 B (p,y)'lC -0.01% -0.01% 0.03% 0.01%
20 B(n,y)\2B -0.01% 0.01% 0.01% -0.01%
21 1B (p,y)12C —1.94% 0.02% 0.37% -0.01%
22 NC(ny)12C -0.00% 0.01% —0.08% -0.02%
23 C(p,y) 2N —-0.01% -0.00% 0.02% 0.01%
24 Li(a,n)''B 0.01% -0.01% -0.01% 0.00%
25 °Be(t,n)''B 0.02% 0.00% 0.00% -0.02%
26 $B(a, p)!!C 0.00% 0.00% -0.00% -0.00%
27 '"B(n,t)’Be —0.00% -0.00% 0.00% 0.01%
28 "B(n,a)8Li 0.00% -0.00% -0.00% 0.02%
29 "B(p.n)''C ~0.00% 0.00% 0.01% ~0.00%
30 1B (@, ) 4N -71.95% 26.22% -10.85% 22.10% £21%"
31 UB(a, p)t4C —49.47% 6.72% 22.56% —4.79% +10%°
32 "C(n,p)"'B 2.53% —0.15% —75.24% 4.36% —4
33 IC(p,a)®B -0.00% -0.00% 0.00% 0.01%
34 1C(a,n)40 0.00% -0.00% -0.01% 0.02%
35 ”C(a,p)MN -0.99% 1.27% —87.52% 139.93% most uncertain?

Continued on next page
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Table Al-continued from previous page

, s(''B) Y _
Index Reaction name uncertainty
%100 x0.01 %100 x0.01
36 “C(p,a)''B —0.00% 0.00% 0.00% —0.01%
37 “N(n,o)!!'B 0.00% —0.00% —0.00% 0.01%
38 “N(p,a)!'C 0.00% 0.00% 0.00% —0.01%
39 “om,a)!lC 0.02% 0.01% 2.41% —0.11%
40 "B(p,2a)*He —88.21% 102.83% 16.94% —7.44% +12%"
41 "C(n,2a)*He —0.87% 0.07% —76.58% 4.89% —4
42 *HeQa,n)!' C 0.00% 0.00% —0.01% —0.01%
43 ‘He(2a, p)!'B 0.00% 0.00% —0.01% —0.01%

Table A2. The 'C(a, p)'“N reaction rates in this study as a function of temperature in To = 10° K. The central value is taken from
[23]. The upper and lower limits are calculated in this study. The rates are given in units of cm3s™! mol™!.

Temperature T9y Central value Upper limit Lower limit
5.0E-02 1.22E-21 7.35E-21 3.71E-22
5.5E-02 2.71E-20 8.55E-20 5.20E-21
6.0E-02 2.80E-19 8.28E-19 5.37E-20
6.5E-02 2.20E-18 6.87E-18 4.33E-19
7.0E-02 1.42E-17 4.99E-17 2.85E-18
7.5E-02 7.61E-17 3.23E-16 1.57E-17
8.0E-02 3.13E-16 1.89E-15 7.51E-17
8.5E-02 1.15E-15 9.96E-15 3.16E-16
9.0E-02 5.18E-15 4.72E-14 1.19E-15
9.5E-02 1.91E-14 2.01E-13 4.09E-15
1.0E-01 4.36E-14 7.71E-13 1.29E-14
1.1E-01 4.57E-13 8.44E-12 1.03E-13
1.2E-01 2.90E-12 6.54E-11 6.49E-13
1.3E-01 1.48E-11 3.80E-10 3.36E-12
1.4E-01 6.43E-11 1.75E-09 1.48E-11
1.5E-01 2.40E-10 6.65E-09 5.69E-11
1.6E-01 7.46E-10 2.16E-08 1.95E-10
1.7E-01 2.14E-09 6.15E-08 6.05E-10
1.8E-01 6.80E-09 1.57E-07 1.72E-09
1.9E-01 1.85E-08 3.66E-07 4.56E-09
2.0E-01 3.77E-08 7.90E-07 1.13E-08
2.1E-01 1.01E-07 1.59E-06 2.63E-08
2.2E-01 2.25E-07 3.04E-06 5.83E-08
2.3E-01 4.33E-07 5.52E-06 1.24E-07
2.4E-01 9.61E-07 9.61E-06 2.51E-07
2.5E-01 1.63E-06 1.61E-05 4.93E-07
2.6E-01 3.47E-06 2.63E-05 9.34E-07
2.7E-01 5.55E-06 4.15E-05 1.72E-06

Continued on next page
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Table A2-continued from previous page

Temperature To Central value Upper limit Lower limit
2.8E-01 1.11E-05 6.41E-05 3.09E-06
2.9E-01 1.74E-05 9.68E-05 5.41E-06
3.0E-01 3.16E-05 1.43E-04 9.28E-06
3.1E-01 5.03E-05 2.09E-04 1.56E-05
3.2E-01 7.92E-05 3.00E-04 2.58E-05
3.4E-01 1.86E-04 5.96E-04 6.70E-05
3.6E-01 4.63E-04 1.13E-03 1.64E-04
3.8E-01 1.02E-03 2.09E-03 3.82E-04
4.0E-01 1.88E-03 3.74E-03 8.46E-04
4.2E-01 4.01E-03 6.54E-03 1.79E-03
4.4E-01 7.59E-03 1.12E-02 3.63E-03
4.6E-01 1.31E-02 1.89E-02 7.08E-03
4.8E-01 2.43E-02 3.13E-02 1.33E-02
5.0E-01 3.78E-02 5.09E-02 2.41E-02
5.2E-01 6.78E-02 8.15E-02 4.24E-02
5.4E-01 1.01E-01 1.28E-01 7.22E-02
5.6E-01 1.71E-01 1.99E-01 1.20E-01
5.8E-01 2.49E-01 3.03E-01 1.93E-01
6.0E-01 3.95E-01 4.55E-01 3.04E-01
6.5E-01 1.03E+00 1.17E+00 8.58E-01
7.0E-01 2.41E+00 2.76E+00 2.14E+00
7.5E-01 5.14E+00 5.94E+00 4.82E+00
8.0E-01 9.92E+00 1.19E+01 9.92E+00
9.0E-01 3.53E+01 3.92E+01 3.39E+01
1.0E+00 9.34E+01 1.05SE+02 9.31E+01
1.1E+00 2.27E+02 2.43E+02 2.17E+02
1.2E+00 4.86E+02 4.98E+02 4.50E+02
1.3E+00 9.43E+02 9.37E+02 8.50E+02
1.4E+00 1.70E+03 1.64E+03 1.50E+03
1.5E+00 2.86E+03 2.73E+03 2.50E+03
1.6E+00 4.54E+03 4.33E+03 3.98E+03
1.7E+00 7.12E+03 6.61E+03 6.09E+03
1.8E+00 1.08E+04 9.76E+03 9.01E+03
1.9E+00 1.55E+04 1.40E+04 1.29E+04
2.0E+00 2.15E+04 1.95E+04 1.81E+04
2.1E+00 2.99E+04 2.66E+04 2.48E+04
2.2E+00 3.98E+04 3.56E+04 3.31E+04
2.3E+00 5.24E+04 4.66E+04 4.34E+04
2.4E+00 6.78E+04 5.99E+04 5.59E+04
2.5E+00 8.56E+04 7.58E+04 7.09E+04
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