Chinese Physics C  Vol. 47, No. 10 (2023) 104103

Estimation of radiative capture 13B(n, y0+1)14B reaction rate in the modified
potential cluster model”

A.S. Tkachenko'' N.A. Burkova’

B.M. Yeleusheva’

S.B. Dubovichenko'*

'Fesenkov Astrophysical Institute, 050020, Almaty, Kazakhstan
*al-Farabi Kazakh National University, 050040, Almaty, Kazakhstan

Abstract: We discuss current attempts to employ the modified potential cluster model to describe the available ex-
perimental data on the ”B(n, yOH)MB total cross-sections. The estimated results of the M1 and E1 transitions from
the n"°B scattering states to the ground and first excited states of "“B are presented. The 1% resonance at £, = 1. 275

MeV (1") is revealed in both the cross-section and reaction rate. Within the variation in the asymptotic constant, a

thermal cross-section interval of 5.1 — 8.9 mb is proposed. Based on the theoretical total cross-sections at energies of
0.01 eV to 5 MeV, we calculate the reaction rate in the temperature range of 0.01 to 107y. The ignition 7y values of

the 13B(n, yoﬂ)mB reaction depending on a neutron number density 7, of ~ 10" cm* are determined. The radiative
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neutron capture reaction rates on the boron = "B and carbon = C isotopes are compared.
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I. INTRODUCTION

Conventional studies on r-processes focus on produ-
cing heavy unstable nuclei. Among the thousands of pub-
lications, one may be impressed by the recent reviews
[1-3].

The interesting aspects of the current study lie in the
area of r-processes that occur with light 1p-shell nuclei
and are motivated by the concepts suggested in Refs.
[4-6]. Kajino et al. suggested networks for primordial
nucleosynthesis in inhomogeneous Big Bang models in
Ref. [4] and their further extension to the evolution of
light elements in cosmic rays [5].

More than 20 years ago, Terasawa et al. raised the
problem of the role of light neutron-rich nuclei (Z < 10)
in r-process nucleosynthesis in supernovae [6]. In partic-
ular, we are interested in the possible branching of boron
and carbon chains leading to the formation of heavier iso-
topes up to oxygen for the development of a primordial
chain starting from "Li (see Fig. 6 in Ref. [7] and our il-
lustration in Fig. 1).

Further development of sensitivity studies on the Sn,
y) reactions running through the neutron-rich boron g
and *7"°C carbon isotopes was achieved by Sasaqui et al.
[7], and these reactions have been included in heavy nuc-

lei network production. Almost all reaction rates for the
boron chains used in these model calculations were taken
from [8], and their uncertainties were estimated to be at
least a factor of two [7]. It turned out that only the lsB(n,
y)14B process on boron isotopes exhibited zero impact on
heavy element production.

We suggest a new estimation of the 13B(n, y)MB reac-
tion rate within the modified potential cluster model (MP-
CM) approach, which significantly differs from the res-
ults of Ref. [8]. Therefore, we can provide reasons for re-
vising the conclusions of [7] on the negligible role of the
13B(n, y)MB reaction in heavy nuclei network production.

A comparative analysis of the reaction rates of the
processes in Fi% 1 is a way of defining the contribution
of the 13B(n, ) *B reaction in the boron-carbon-nitrogen
network. Our early MPCM research on neutron radiative
capture reactions relevant to those in Fig. 1 is provided in
the following references: the IOB(n, y "B reaction is ex-
amined in Ref. [9], the reaction chain ''B(n, y)""B(n, ;/)BB
is considered in Refs. [10, 11, 12], we investigated ~C(n,
)"C in Ref. [13] and “C(n, y)"*C in Ref. [14], “C(n,
y)lSC is not yet published, and research on the 15N(n,
y)l(’N process is presented in Ref. [15].

For the reaction 16O(n, y)”O, the measured cross-sec-
tion and its rate, calculated in the direct reaction capture
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Fig. 1.

model, are presented in the recent Ref. [16]. There are no
data on the 14B(n, y)lsB and 16N(n, y)”N reaction rates to
date.

Experimental study of the “B(n, y)MB reaction is
presented using5 the only measurement of the neutron
breakup of the "B isotope via Coulomb dissociation per-
formed in inverse kinematics [17]. The total cross-sec-
tion of 13B(n, y)MB is derived from the Coulomb breakup
of "B and is very tentative. Therefore, theoretical model
calculations are in high demand to fill the information
gap on the 13B(n, y)l B reaction in boron chains as in
Fig. 1.

Another problem concerns the lack of well-defined
information on the spectral structure of "“B required to
apply the MPCM. We use current data on the "B spec-
trum [18], as opposed to previous data from an earlier re-
view [19], to classify the possible multipole structure of
the corresponding cross-sections of present and future in-
terest.

Interestingly, the reactions 13B(n, y)MB and 13C(n,
y)MC are isobar-analogous, and the latter is examined in
detail in Ref. [14]. Although "“B and "“C are not mirror
nuclei, the Young diagrams reveal several common fea-
tures of orbital symmetry. We exploit this fact while clas-
sifying the allowed and forbidden states (FS) in the dis-
crete and continuum spectra of n + "B channels.

Within the MPCM, the total cross-sections of ISB(n,
y)MB radiative capture onto the ground state (GS) and
first excited state (ES) of "B are calculated, as well as the
reaction rates in the interval 0.017¢ — 1075. Based on the
reaction rate interval, we evaluate the balance between
“B synthesis via the radiative neutron capture reaction
lsB(n, y)MB and "B decay inhibiting this synthesis.

This paper is organized as follows. Sec. II contains
the MPCM presentation of “B in the n + "B channel. In
Sec. 111, the total cross-sections of the "B(n, yoﬂ)MB re-
action are considered. In Sec. IV, we present the n "B ra-
diative capture reaction rate and compare the neutron ra-
diative capture rates on "“*B and *"*C isotopes. We out-
line the conclusions in Sec. V. Appendix A includes the
numerical values of the n"’B reaction rate, and Appendix
B illustrates the computational procedure accuracy of the
reaction rate calculations.

s B 1B

2C(n,y) BC(n,y) *C(n,y) 5C(nyy) ...

1B
BN(n,y) "*N(n,y)...

1B
160(n,y)70...

Part of the nuclear reaction network responsible for producing light elements in primordial nucleosynthesis (from [4-6]).

II. MPCM PRESENTATION OF “B IN THE
n+"B CHANNEL

A. Structure of states for the n"B system

We preface the calculations of the reaction cross-sec-
tions with an analysis of the “B spectrum data, following
Ref. [18]. The spectrum of selected levels of the "“B nuc-
leus is shown in Fig. 2. The structure of the bound ground
state J, T =2, 2 is assigned as a combination of two
main orbital components: Y5 =as|S)+ap|D)+...,
where the corresponding weights are ag =0.71(5) and
ap =0.17(5). In the present calculations, we consider the
S-component only. As for the excited J* = 1~ state, it is
found to be the dominant S-component with a weight
as = 0.94(20).

Now, let us comment on the resonance states in the
spectrum of "“B. The 1™ resonance can be associated with
the spin-mixed 3+5P1 wave at the energy E_,, = 0.305(20)
MeV because J* = 3/2” for "B and J* =2 for '*B. Radiat-
ive neutron capture from this state proceeds via the E1
transition to the ground SSZ and excited 351 states.

The 2™ resonance has J* = 3~ and may be excited at
0.41 MeV as a 3+5D2 state so that only the E2 transition
may occur. Because we are operating within the long-
wave approximation for the electromagnetic interaction
Hamiltonian here and henceforth, we do not consider the
E2 or M2 transitions if selection rules do not forbid the
more strong E1 and M1 processes.

The 3" resonance with J° = 2° may be excited at
0.89(7) MeV in the 5S2 or 3+5D2 scattering waves. From
the 5S2 scattering wave, the M1 transition to the GS is al-
lowed, but we assume that owing to the large width I'.
=1.0(5) MeV, this resonance does not practically affect
the total capture cross-section if this resonance is con-
sidered a s}Pin-mixed 3+SDZ wave.

The 4" resonance at an excitation energy of 2.08(5)
MeV is defined as the J* = 4 state, but its width is un-
known. It may be matched to a 5D3 scattering wave, lead-
ing to the E2 transition, and is not considered in present
calculations.

The position of the 5" resonance in the spectrum is
defined at 4.06(5) MeV, with a width of 1.2(5) MeV and
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Fig. 2. Spectrum of the "B nucleus in MeV [18]. * indicates the transitions we do not consider.

a total spin J = 3, but the parity is unknown [18]. We as-
sume a positive parity for this level and construct a reson-
ance potential for the 5P3 scattering wave. The 5P3 state
leads to the E1 transition to the SSZ ground state of "B. Its
effect on the total cross-section is weak owing to its large
width. If a negative parity is assumed, this state is the
analog of the 2™ resonance state mentioned above.

We do not denote two other levels in the spectrum at
energies of 2.32(4) MeV and 2.97(4) MeV because only
their energies are known [18]. Transitions labeled as not
considered in Fig. 2 may be assumed as perspectives for
future study of the BB(n, y)14B reaction when new experi-
mental data on the ''B spectrum are available.

B. Calculation formalism and interaction potentials

The cross-sections of E1 and M1 capture to the GS
are provided by the following transition amplitudes:

5 P s
P30S keV)ﬂ S2, 51;'32> So, 3+5P22> So,

5

5
31”0ﬂ> So, sszﬂ So. (D

For the cross-sections of £1 and M1 capture to the ES of
14. o .
B, these transition amplitudes are

13 13 13 13
3P, (305 keV)— S 2 Pois 8,2 P ts 5,38, s,

@
The calculation of the corresponding cross-sections is

performed using the following formalism [20—23] adap-
ted to the selected £1 and M1 transitions:

2e? (,uK)3 5 ,
N1,Jf)=—7|— 2J;+1)-B“(N1)-Iy;(k,J ¢, J)),
o f)3h2k;<+>(>m(f)
3)
2 25 J
BAED) = —— Iy J 5 J) = (xs 1™ xi)s (4)
I3B
2 2
32(M1)=3(i) PL"_@} ,
mgoc my nmig
Iy, J 7, 0 = Qe [P~ xa) s %)

where N1 = E1 or M1, yu is the reduced mass in the n +
"B channel, K is the y-quantum wave number, K =
E, /hc, k is the relative motion wave number related to the
non-relativistic kinetic energy as E.n, = i*k*/2u, J; and Jy
are the total angular momenta, the multipolarity is fixed
as the dipole J = 1, and Iy,(k,Jy,J;) are the radial matrix
elements over the relative distance ». We use masses of
m, = 1.00866491597 amu [24] and m.gz = 13.0177802
amu [25], and the constant 7?/my = 41.4686 MeV-fmz,
where m is the atomic mass unit (amu). The magnetic
moments in (5) are given in nuclear magneton uy: u, =
—1.9130uy, and usg =3.1778 uy [18, 19, 24, 25].

The radial functions y; and y; are the numerical solu-
tions of the Schrodinger equation, with the central inter-
action potential of Gaussian type for a fixed combination
of angular momenta JLS,

1% (ZSHLJ,F) =-V (2S+1LJ) exp {_a, (2S+1LJ) r2} , (6)

where the 2goltential parameters V|, and o depend on the
+ .
momenta [~ L,]; of the partial wave.
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Following (1) and (2), the S and P waves provide the
transition amplitudes in the initial continuum channel.
The classification of orbital states using Young diagrams
for the 14-nucleon system in the channel 4 = 13 + 1
proves that only S waves are allowed, and P waves also
have a forbidden state [14]. Because there are no com-
plete tables of the products of Young diagrams for a sys-
tem with 4 > 8, we complement the symmetry analysis
with the formalism of the translationally invariant shell
model (TISM) [26, 27]. Therefore, we treat the option of
the interaction potential with FS for S waves.

The classification of orbital states using Young dia-
grams defines the optimization range of the potential
depth V,, i.e., if FS exists in the given channel, the poten-
tial should be sufficiently deep to include this state. Oth-
erwise, it may be shallow. Shallow potentials are appro-
priate for the description of scattering states without res-
onances and should give phase shifts close to zero [22,
23]. Deep non-resonance potentials should also provide
the moderate energy dependence of phase shifts, which
may be normalized according to the Levinson theorem
(see details in [28]). In the case of resonance scattering
states, the potential (6) should fit additional conditions —
the reproduction of the resonance position E,,, and its
width I, ,, within the experimental uncertainties [11, 20].

We provrde the potential parameters of the neutron
scattering on "B in Table 1.

Parameters of the ° Pl wave potential are matched
with the experimental values of the resonance position
E. ., =305(20) keV and width I',,, = 100(20) keV [18].
Calculations with potential No. 1 in Table 1 lead to E,
= 305(1) keV and I', ,, = 106(1) keV. The corresponding

Pl phase shift shown in Fig. 3 (red solid curve) reveals
the resonant behavror and equals 270(1)o at 305 keV.

Non-resonance P2, P3, and PO waves are provided
by potential No. 2 with FS from Table 1. Their phase
shifts are normalized to 180(1)° according to the general-
ized Levinson theorem [28] (green dashed curve in
Fig. 3).

For the non-resonance S-waves, we consider two vari-
ants of the interaction potentials. No. 3 from Table 1
refers to the case without FS and leads to a zero scatter-
ing S-phase shift. The inclusion of FS leads to a 180(1)°
phase shift with the No. 4 parameters from Table 1. The
construction of BS potentials is based on the demand to

Table 1. Parameters of the interaction potentials of the n +
"B continuum.
No. &L, VMV o/ fin”
1 3P, — resonance at 305 keV 618.035 0.8
) **p,, °P;, *P, — non-resonance 1220.0 1.0
3 552, 351 — non-resonance 0.0 0.0
4 5S2 — non-resonance 315.0 1.0

360 \ \
I P, BB(n,n)" B |
330 - ]
I 180.06 ]
300 - WSp 3p 9P, et ttel i
I & 180.04 Ll o]
& 270t = e
= — 180.02 L’ .
%) L R ]
240 .’ B
, 180.00 ]
I 0 2000 4000
210 - Ec.m_s keV B
L /) *%P,, P, and P, ]
180 1 1 1 1
0 1000 2000 3000 4000 5000
E .. keV
Fig. 3. (color online) P wave phase shifts calculated in the

MPCM with the parameters in Table 1: red solid curve — res-
3+5 3+5

P, wave, green dashed curve — non-resonance ~ "P,,
3 5
Py, and “P; waves.

onance

reproduce the channel binding energy £, and match the
corresponding asymptotic constant.

We use the well-known relation for the asymptotic
normalizing coefficient Ayc and dimensionless asymptot-
ic constant Cy, [22, 23],

ANc 1
Cw = —, 7
. by %

where the relative wave number £ is related to the bind-
ing energy E,=h’k}/2u, and S, is the spectroscopic
factor. Note that experimental data on Ay¢ usually found
from the peripherical reactions alone with the spectro-
scopic factor Sy are the input information for calculations
of the theoretical values CW Ref. [29] reported the val-
ues Ane = 0.73(10) fm "2 obtained from measurements
of the breakup cross- sectrons for the reaction Be( ‘B,
B+y)X at the National Superconducting Cyclotron

Laboratory (NSCL), Michigan State University. Data on
the spectroscopic factors Sy = 0.71(19) [30] and S, = 0.66
[31] lead to the interval 0.52 < §;< 0.9. Consequently, the
range for the dimensionless constant is Cy = 1.40(38).

There are a number of phase shift equivalent poten-
tials, which reproduce the channel binding energy ex-
actly but lead to different radial wave functions. We ex-
ploit the Cy constant to constrain the choice of the corres-
ponding potential parameters. The asymptotic constant
Cy 1s not single-defined but has a range arising from ex-
perimental Ayc and Sy values. There is also a variety of V;
and o parameters which provide the binding energy £, in
the n + "B channel within the C wrange. This is shown in
the band for the corresponding cross-sections. For ex-
ample, the details of the computing methods we use may
be found in Ref. [20].

The parameters of the GS potentials of "B in the n"'B
channel given in Table 2 reproduce a binding energy of
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E, = —0.9700 MeV. The potentials of the GS Nos. 1, 2
and 3, 4 have nearly the same Cj in pairs and allow us to
present the effects of the FS.

The charge R, and matter R, radii are calculated with
these parameter sets accordlng to the procedure in Ref.
[32]. To calculate the *B radii, we use the followmg in-
put information: for °B, the known values are Rch( B) =
2.48(3) fm and R ( B) = 2.41(5) fm [33]; the neutron
matter radius is equal to the proton one, R, (n) = R,,(p) =
0.8414(19) fm [24], and the neutron charge radius R,(n)
= 0. The obtained results for ''B listed in Table 2 are in
good agreement w1th the experimental values Rch( B) =
2.50(2) fm and R ( B) 2 52(9) fm ofRef [33].

The ES potentials of "B in the n"°B channel with the
parameters given in Table 3 reproduce the binding en-
ergy £, = 0.3160 MeV [32]. There is no data on Ayc of
the excited 1  state; therefore, the corresponding Cy con-
stants in Table 3 as well as the R, and R,, radii may be
recommended for future measurements. Along with Ta-
ble 2, the potentials of the ES Nos. 1, 2 and 3, 4 are
grouped in pairs for the same purpose to monitor the FS
effects.

Note that the interaction potentials may depend on
different diagrams for the same orbital L-waves of con-
tinuous and discrete spectra [34]. The S-wave potentials
in Table 1 for the continuum and Tables 2 and 3 for the
bound states are different. This is an important observa-
tion in the case of M1 transitions. Otherwise, the radial
matrix elements in (5) at J =1 are equal to zero owing to
the orthogonality of the bound and scattering radial func-
tions calculated in the same potential.

III. TOTAL CROSS-SECTIONS OF THE “B(n, 7)'‘B
REACTION

The effect of the asymptotlc Cy constant on the total
cross-sections for ' B(n yo) ‘B capture to the GS of "Bis

illustrated in Fig. 4 (a). The results of the calculations of
the £1 and M1 partial cross-sections for potentials Nos. 1
(Cy=1.40) and 3 (Cy = 2.10) from Table 2 and the scat-
tering potentials from Table 1 are shown in comparison
with the experimental data of [17]. Figure 4 (a) shows the
total cross-sections in the linear energy scale up to 2.5
MeV to display the 3*°P; resonance at 305 keV,

Figure 4 (b) shows a wider range from 10 keV to 5
MeV relevant to the reaction rate calculation (see Sec.
IV). The purpose of the results presented in Fig. 4 (b) is
to answer the question of the role of the FS in the GS po-
tentials from Table 2 arranged in pairs, i.e., with or
without FS at close Cjy. The calculation results of the
total cross-sections for the GS potentials with FS Nos. 2
(Cy=1.42) and 4 (Cy = 2.15) are shown in Fig. 4 (b) by
the green and magenta dotted curves, respectively.

We find good pairwise agreement with the results for
potentials without FS. The slight variation is associated
with a small difference in the values of Cj, and the scat-
tering phase shifts of the S potential with FS (No. 4 in Ta-
ble 1) from exactly zero within 1 degree. At an energy of
10” keV, the cross-section value for the GS potential
without FS No. 1 is equal to 8.05 mb, and for the GS with
FS No. 2, it is equal to 8.36 mb. Similar results are ob-
tained for the second potential with an FS. Therefore, we
conclude that the presence or absence of FS does not af-
fect the calculated total cross-section. The same consist-
ent pattern 1s revealed in the (n, y,) capture calculations to
the ES of '*B. Further results are presented only for po-
tentials without FS.

To evaluate the thermal cross-sections, we use the
standard approximation at energies from 10 meV to 1
keV,

O'ap(“-b) = ®

A
VEcm (keV)

Table 2. Parameters of the GS potentials of "B in the n'"’B channel and calculated asymptotic constant Cy, R, and R, radii.
No. 'L, Vo MeV o fm” Cy Rg/ fm R,/ fm
1 S, without FS 19.0756 0.2 1.40(1) 2.50 2.62
2 S, with FS 217.486 0.5 1.42(1) 2.50 2.63
3 S, without FS 6.1237 0.04 2.10(1) 2.52 281
4 °S, with FS 49262 0.1 2.15(1) 2.52 2.84
Table 3. Parameters of the ES potentials of "B in the n"B channel and calculated asymptotic constant Cy, R, and R,, radii.
No. L, Vo/MeV o fm Cy Rg/fm R,/fin
1 s, without FS 15.75681 0.2 1.21(1) 2.53 2.97
2 ’s, with FS 208.3937 0.5 1.22(1) 253 2.98
3 s, without FS 427985 0.04 1.53(1) 2.56 3.23
4 ’S, with FS 4471865 0.1 1.56(1) 2.56 3.27
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Fig. 4. (color online) Total cross-sections of 13B(n, yO)MB radiative capture to the GS of "B with potentials from Tables 1 and 2. The
histogram represents the experiment [17]. (@) Total cross-sections calculated without FS: red solid curve — potential No. 1 in Table 2
(Cy = 1.40), blue solid curve — potential No. 3 in Table 2 (Cy, = 2.10). (b) Comparison of the total cross-sections calculated without
and with FS: solid curves are the same as in Fig. 4 (a), green dotted curve — potential No. 2 in Table 2 (Cy = 1.42), magenta dotted

curve — potential No. 4 in Table 2 (Cy, = 2.15).

The value of the calculated cross-section orpeor(E) at Epin
= 10 meV provides the constant 4 = 25.46 ub-keV”2 for
the red solid curve in Fig. 4 (b) (Cy =1.40). Con-
sequently, at a thermal energy of 25.3 meV, the cross-
section o ey = 5.1 mb. For the blue solid curve in Fig. 4
(b) (Cjy=2.10), A = 44.70 pb-keV'"” and operm = 8.9 mb.

The accuracy of the approximation (8) is defined by
the relative difference between the cross-sections

Otheor(E) and Oap (E):

M(E) = |[ap(E) = O theor(E)]| /T iheor (E). )

M(1 keV) = 0.2% for both cases of Cy, decreases with de-
creasing energy.

Figure 5 illustrates the input of the partial £1 and M1
cross-sections related to the set of amplitudes (1) of the
(n, yy) process. The M1 transition from the S wave de-
termines the low-energy and thermal cross-sections. The
E1 transition amplitudes define the higher energy region.
The (n, y,) capture process reveals nearly the same par-
tial structure (2).

Figure 6 illustrates the relative input of the (n, y,) and
(n, y,) capture processes into the total cross-section. The
dominance of the (n, y,) cross-section compared with (7,
y1) is within a factor of ~ 1/30. Note that the example in
Fig. 6 refers to the lower Cy values. The tendency is as
follows: an increase in Cj, leads to the increase of any
cross-section, but the (n, y,) dominance remains within
the above factor.

Summarizing our results for the total cross-sections in
Figs. 4-6, we find that starting from E_,, =~ 10 keV and
down to thermal energies, the cross-section increases by
10° times from ~ 10 b to ~ 5—-10 mb. We assume this

R B LARLL s m o s e e e e

104 B "Blny) "B ]
3| ]
107 Altstadt et al., 2014 3
102 .
=) Total 1
S T + S-wave, M1 — - A
F = — P-wave, E1, resonance ' ,', D
10° L = — Py-wave, E1 “_,;‘:" ! \:
== Py-wave, E1 ) ,;? e
107 E - "/"/ N E
E ot 1 E
g L= El Vo

10-2 RS R RO R R RN TR

10° 10° 10" 10! 10°
E. . keV

Fig. 5. (color online) Partial £1 and M1 and total cross-sec-

tions of 13B(n, yO)MB radiative capture to the GS of “B (Cy=
2.10 without FS). The histogram represents the experiment
[17].

result is a prospective one for future experiments. At the
same time, because the data of [17] are preliminary and
not sufficiently informative, our discussions on the agree-
ment between the experiment and MPCM calculations in
Figs. 4, 5, and 6 are slightly premature.

IV. REACTION RATES OF RADIATIVE NEUT-
RON CAPTURE ON "B AND “"“C ISOTOPES

10-13

We follow [35] when calculating the reaction rate of
radiative neutron capture. For the rate in units of cm’mol
'sec”, the following expression is used:
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Fig. 6. (color online) Partial £1 and M1 and total cross-sec-

tions of 13B(n, yOH)MB radiative capture to the ground 2 and
excited 1~ states of "B (Cy= 1.40 for the GS and Cy=1.21
for the ES). The histogram represents the experiment [17].

(e8]

Na{ov) =3.7313- 104712153/ / o (E)E
0

x exp(—11.605E/To)dE, (10)

where N, is Avogadro's number, E is given in MeV, the
total cross-section 6(F) is in pb, u is the reduced mass in
amu, and Ty is the temperature in 10°K [35]. Appendix B
illustrates the computational procedure accuracy of the
reaction rate calculations.

A. Reaction rate of neutron capture on "B

In Fig. 7 (a), the red and blue solid curves show the

10° Py A4y ST '(c'z)”mﬁ
B B(n.,y,) "B
5
E Cy=2.10

g

Q

. Cp=140

% N

Ve
=,

10° |

Rauscher et al., 1994—

107 10" T, 10° 10'

Fig. 7.

(n,y) capture reaction rates to the GS, which correspond
to the results for the total cross-sections presented for the
potentials without FS in Fig. 4 (b). The band in Fig. 7 (a)
corresponds to the band in Fig. 4 and confines the pos-
sible reaction rate values for the range of Cy, discussed in
Sec. I1.B.

The black solid curve in Fig. 7 (a) shows the reaction
rate from [8] obtained by Rauscher et al. Figure 7 (a) in-
dicates that these results completely disregard the non-
resonance part of the reaction, which leads to an increase
in the cross-sections at low energies owing to the A1
transition, as shown in Fig. 4 (b) and Fig. 6.

An important remark concerns the structure of bound
states. In [8], the D component is assumed for both the
GS and ES of “B in the n + "B channel, in contrast with
our treating these states as S-waves. Consequently, there
are no M1 transitions in the calculations of Rauscher et
al. [8], which provide the low-temperature reaction rate.
The resonance structure of the black curve in Fig. 7 is due
to the 3° (E, = 1.38 MeV) resonance, and the 1" reson-
ance (E, = 1.275 MeV) is not considered. The signature
of the 1" (305 keV) resonance in the cross-sections in
Figs. 4-6 incorporated in the current calculations is ob-
served in reaction rates as an increase at temperatures of
T9>0.2 in Fig. 7.

Figure 7 (b) shows the input of the (n, y;) capture to
the reaction rate through the example of one Cy set. As
shown in Fig. 6, the (n, y;) capture contribution of the ex-
cited 1 state is relatively small, resulting in the values of
the reaction rate in Fig. 7 (b) (red dotted curve). The same
tendency is preserved for any other Cy; set.

The signature of the 300 keV resonance in the cross-
sections in Figs. 4—6 is observed in the reaction rates as
an increase at temperatures of 75 > 0.2 in Fig. 7.

10°| Bl B ®)
T i Total 1 ]
=)
£ GS, C;,=2.10 1
g Do B
8 10°F 1
)
\"
< st
= I"ES, C,, = 1.53
10? F E
10 10" T, 10° 10'

9

(color online) Reaction rate of radiative neutron capture on "B calculated with potentials without FS. («) Transitions to the

GS: potential No. 1 from Table 2 (Cy, = 1.40) — red solid curve, potential No. 3 from Table 2 (Cj, = 2.10) — blue solid curve. The black
solid curve shows the reaction rate obtained by Rauscher ef al. in Ref. [8]. (b) Transitions to the ground and excited states: GS poten-
tial No. 3 from Table 2 (Cj, = 2.10) — blue solid curve; ES potential No. 3 from Table 3 (C = 1.53) — red dotted curve. The magenta

solid curve is the total capture reaction rate.
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The reaction rates in Fig. 7 are parameterized by an
expression of the form [36]

Nalovy =a, /Ty exp(—az/Tg"*)(1.0 + a3 Ty">

Svar T+ 2

3
+as T9 +ag T9
Ty

+a4T92/

The parameters a; given in Table 4 correspond to the
reaction rates presented in Fig. 7: the first column refers
to the red solid curve in Fig. 7 (a); the second column —
the blue solid curve in Fig. 7 (a); the third column — the
red dotted curve in Fig. 7 (b); the last column — the
magenta solid curve in Fig. 7 (b).

The reaction rates are presented in Table Al of Ap-
pendix A.

B. Comparison of the neutron radiative capture rates on
"B and " "C isotopes

To define the role of the 13B(n, y )14B reaction in the
boron chain of sequence in Fig. 1, we must consider
whether the calculated reaction rates prove the formation
of "B or "B decays before neutron capture may start.
Short-lived isotopes may provide r-processesin an ex-
plosive environment and neutron-rich matter at high
densities [37]. The conventional density —temperature
condltlons for the r-process are assumed as 7, ~ 107
10 cm > and Ty ~ 1 [2, 38]. We examine these condl—
tions for the 3B(n, y)MB reaction based on the calculated
reaction rates.

We can identify the r-process according to the follow-
ing relation:

18 = N,7(n,7y), (12)

where the mean lifetime of g-decay 7; and neutron cap-
ture time 7(n,y) are interrelated by the number of neut-

rons N, that must be captured before f-decay occurs [37,
39]. The neutron capture time 7(n,y) depends on the reac-
tion rate and neutron number density 7, [40],

1

n, <0',,,yv> )

Note that the recommended half-life values t;,, [18, 41,
42] span the range 17.10 — 17.52 ms, and following the
Sargent formula t,, = 74In(2), the mean lifetime range is
0.0243 s < 73 < 0.0253 s. Further calculations reveal
minor variations within the z; interval.

The 7(n,y) calculation results for the ' B(n yo) ‘B re-
action are shown in Frg 8 (a) as an insert. The dashed
line corresgonds to the "B mean lifetime 73 = 0.0248 s
and 71,= 107 cm .

The arrows indicate the equality 75 =7(n,y) and re-
flect the equilibrium of the decay and capture processes,
N, = 1. The area under the dashed line holds 7(n,y) < 73,
which means that the number of neutrons that interact
with "B is N, > 1, as shown in the main field of Fig. 8
(a). We may conclude that at temperatures of Ty on the
right of the arrows, the process (n, y) is faster compared
with f-decay. Therefore, the ignition of the B(n yo) ‘B
reaction occurs at 7o > 0.4 in the case of the reaction rate
shown by the upper curve (Cy, = 2.10) in Fig. 7 (a) and at
Ty > 0.9 in the case of the low red curve (Cy = 1.40).

Figure 8 (b) shows the correlation between the vari-
ation in the neutron density and ignition temperature 7o,
i.e., for higher 7,, a lower Ty is needed to provide the
number of (n, y,) capture acts N, > 1.

Figure 8 (c) illustrates the same regularities, but we
find a very specific feature. Fig. 7 (b) shows no essential
input of the (n, y;) process, playing the role of reaction
rate correction, but its inclusion when considering neut-
ron capture timet(n,yo+1) leads to the noticeable shift in
ignition points to the lower edge of the 7, scale:
0.15T9 — 0.1Ts (i, = 1.5-10%2 cm); 0.4Ty — 0.3T (i, =

T(n,y) = (13)

Table 4. Parameters in (11) for the reaction rates in Fig. 7.

. (1, 70), Cyp=1.40 (1, 7o), Cyp=2.10 (n, 7)), Cyy=1.53 (1, yo+1), Cip=2.10 and Cjy= 1.53
! a; a; a; a;
1 14381.77 17240.08 2413.837 19795.34
2 141717 1.2962 1.46568 1.31492
3 -2.61253 -2.52512 -3.81023 ~2.64425
4 1.16178 0.93077 4.53362 1.25477
5 3.19007 3.74616 2.12766 3.6103
6 ~2.58617 —2.76411 ~2.80537 ~2.77072
7 0.57029 0.57636 0.69249 0.58652
8 4.74344 7.39244 0.13587 7.62151
¥ =013 ¥ =0.09 ¥=0.12 x =0.09
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6 "B(ny)'‘B ©®) ]
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o Cy=2.10
3 b= 006 4
% 0.04
= 002 7 = 0.0248 s | N
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| T(ny) =1,
—/-//
0.01 0.1 T, 1 10
7 b 13B(n,'Y)14B
(”770)
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1 1 L//
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©) 3
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Fig. 8. (color online) Number of captured neutrons N, dependence on Ty conditioned by the neutron number density i, . (a) ii,= 10%

cm . The band corresponds to the reaction rates in Fig. 7. The insert shows the neutron capture time 7(n,y).(b) Illustration of the igni-

tion Ty values depending on the neutron number density 7,. (¢) Effect of the excited state: solid curves correspond to (n, y,) capture to

the GS; dashed curves correspond to the (7, y4.) total capture.

1-102em’™); 1.1To — 0.8T¢ (i, = 0.5-1022cm ). There-
fore, even a slight increase in reaction rate gives feed-
back to the occurrence of the 13B(n, y0+1)1 B reaction.
There are no temperature constraints at high neutron
density 71, >2-10%2.

The Ty interval relevant to the start of the r-produc-
tion of ''B may be defined at the present stage as 0.1 < T,
< 0.8 under neuron density matter conditions of 0.5:10°
cm° < 71, < 1.5-10° cm . Based on these results, we
compare tl}gz_ 1r4eac.tion rates of radiative. ne'utron capture on

B and = 'Cisotopes calculated within the same MP-
CM model formalism, as presented in Fig. 9.

It is natural that the production of isotopes with mass
number A4 following 4-1 provides the continuation of the
neutron-induced sequence if the previous reaction rate is
comparable to or lpr&vailed over by the next one. This
regularity for the B isotopes is observed directly at
temperatures of ~ 0.05 — 0.37,, which overlaps with the
window for ‘B production. The gaps at low and high T
in the case of the HB(n, y)lzB reaction rate are not worry-
ing because the isotope "B is stable and may be accumu-
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Fig. 9. (color online) Comparison of the neutron capture re-
action rates on ' "B and **C isotopes calculated in the MP-
CM. ""B(n,y)"'B - blue solid curve [9], 'B(n, y)’B — black
solid curve [10, 11], ”B(n, y)"°B — pale blue band [12], "B(n,
y)MB — pale green band (present calculations), 12C(n, y)13C -
blue dashed curve [13], "C(n, y)'*C — red dashed curve [14],
14C(n, y)lSC — green dashed curve (unpublished). Additional
details are provided in Table 5.
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lated.

We now complement the comparative analysis of the
boron chain with information from Table 5. A correla-
tion between the threshold energies Ey, in the boron chan-
nels and the reaction rates at ultra-low 7y is observed, i.e.,
a higher Ey, results in a hlgher reaction rate. The thermal
cross-sections for odd-odd '“"’B 1s0topes are nearly an
order larger than o e Of the odd-even '""B_ We can ob-
serve these relationships for the reaction rates in Fig. 9,
except at the temPerature interval ~ 0.02 — 17, for the

B(n Yo+1424314) B reaction, where the rate essentially
increases owing to the large number of resonances in thrs
channel. Moreover, the calculated oerm T B(n, ) B
shows excellent agreement with the measured value (see
details in Refs. [10, 11]), and we 1nterpret thrs result as
the substantiation of the obtained o erm for ' B(n y) ‘Bin
this study.

The isobar-analog channels B(n y) ‘B and C(n

) ‘C lead to the formation of '“C erther via ‘B f-decay
or direct radiative neutron capture on . Fig. 9 shows
that at temperatures below 0.37,, the boron channel rate
exceeds the carbon one and decreases in the range ~ 0.3 —
3T, and at T, > 3, the reaction rates in both channels be-
come close. Consequently, we may conclude that both

“c production processes exhibit comparable efficiency.

V. CONCLUSION

The total cross sections of the 13B(n, yoﬂ)MB reaction
are calculated in the MPCM based on the E1 and M1
transitions from 10° eV to 5 MeV. We prove that the
strong sensitivity of the cross sections to the asymptotic
constant Cy, provides an appropriate long-range depend-
ence of the radial bound S wave functions; thus, a larger
Cyy results in larger absolute values of cross-sections. The
role of the FS in the calculated spectrum turned out to be
insignificant.

The E1 transitions provides the background of the
Cross 3sgctron owing to the capture from the non- reson-
ance = P, P3, and PO waves, and the resonant Pl
wave in the initial channel reveals the resonance struc-
ture of the cross-section at ~ 300 keV.

The M1 transition occurs via the S scattering wave
and contributes predominantly to the thermal cross-sec-
tions. The variation in Cy = 1.4 — 2.4 gives the range of
Ttherm = 5.1 — 8.9 mb. These o perm Values have not ever
been estimated in theory, which may be important for re-
searchers.

The reaction rates of the 13B(n, yOH)HB process ex-
hibit the same dependence on the asymptotic constant Cy,
and the relative contributions of the (n, y,) and (n, y;)
channels. The results of MPCM calculations differ car-
dinally from those of Rauscher et al. [8] across the entire
T, range. Therefore, we conclude that the present data on
the reactron rates substantiate the role of the B(n
V0+1) B reaction in boron-carbon- -nitrogen chains, i.e.,
this is not the break-point of the boron sequence.

To support our conclusion, we estrmate the relation-
ship between the mean lifetime of "B B decay 13 and
neutron capture time 7(n,y). The temperature window for
the ignition of "B r-production, 0.1 — O 8T 95 related to the
neutron densities 7i,= 5 1021 - 1. 5 10 ¢cm " is determ-
ined, whereas at 7,> 1.5 10 cm™ there are no temperat-
ure limits. We demonstrate that the preferences for the

B(n Vo+1) ‘B reaction directly depend on the reaction
rate values; the larger the <o-,,,yv>values, the shorter the
neutron capture time 7(7,7y).

We foresee the following factors increasing the reac-
tion rate. The inclusion of the D-component into the
bound GS (its weight is estimated today at ~ 17%) may
enhance the input of the 1" resonance to the E1 capture
cross-section at 305 keV. The role of the transitions
shown inFig. 2 but not considered in the present study
may be evaluated; as an example, the inclusion of a rather
weak (n, y,) process leads to the narrowing of the igni-
tion temperature interval. Another problem concerns the
determination of 3" level parity at E, = 4.06 MeV. If &1 =
+1, the additional E1 transition may occur. In the case of
n = —1, the E2 transition may reveal interference effects
with the 3 state at £, = 1.38 MeV.

The unlque experimental results on the Coulomb dis-
s001at10n of ‘B [17], converted into the cross-section of
the B(n y) ‘B reaction, remain preliminary and are not
complete with estimated uncertainties.

Table 5. Overview of radiative neutron capture reactions on "B and " C isotopes calculated in the MPCM.

Reaction  Threshold energy E;/MeV  Included bound states Included resonances O therm/mb Ref.
“B(ny)'B 11.4541 (170:2+31419) “Ps. "Dy, "Dy 405 9]
"B(n.y)"B 3.3700 (1J0124310) P, Dy(1), 7Dy, YDy, Dy (D), F (1), TUFA(D), Fy(1D) 10.6 [10,11]
“B(n.y)"B 4.8780 (n.70) *Dis. Dy, Py 176 and 285 [12]
“B(n,y)"'B 0.9700 (n,Y0+1) *p, 51-89 present
“Cnyc 4.9464 (Jor11243) "Dy 3.4-39 [13]
PCmy)'c 8.1765 (1.70142) P 1.50 [14]
“cmy)c 1.2181 (n.701) *Psn 5-10° -
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We assume that our results on the reaction rate of  channel for the first time.
13B(n, y)MB may change the perspective expressed in Ref.
[7] on its minor impact on heavy element production. The
present calculations are predictive and estimative to sub- APPENDIX A
stantiate the performance of new experiments on the
neutron capture on "B and give a model estimation of the

. . . . Radiative capture reaction rates
reaction rate of the synthesis of the “B isotope in the n"B P

Table Al. 13B(n, y)MB radiative capture reaction rates.

Ty (n, y9), Cir=1.40N4 (ov) (n,79), Cir=2.10N4 (ov) (n,71), Cir=1.53N4 (ov) (1, Y0+1), Cy=2.10 and Cyy = 1.53 N4 (ov)
0.01 696.895 1227.53 37.5176 1265.0476
0.02 718.923 1270.56 53.8965 1324.4565
0.03 734.56 1302.34 67.2893 1369.6293
0.04 749.033 1332.05 80.0969 1412.1469
0.05 763.127 1361.07 92.6427 1453.7127
0.06 777.063 1389.77 105.014 1494.784
0.07 790.928 1418.33 117.244 1535.574
0.08 804.764 1446.79 129.351 1576.141
0.09 818.593 1475.22 141.346 1616.566
0.1 832.43 1503.63 153.236 1656.866
0.2 972.988 1789.64 267.522 2057.162
0.3 1123.68 2088.81 376.527 2465.337
0.4 1296.14 2417.88 483.691 2901.571
0.5 1496.05 2783.22 589.108 3372.328
0.6 1717.03 3173.33 690.019 3863.349
0.7 1946.46 3568.69 783.394 4352.084
0.8 217232 3951.72 867.368 4819.088
0.9 2386.04 4310.64 941.37 5252.01

1 2582.75 4639.3 1005.75 5645.05

1.5 3291.73 5830.41 1217.32 7047.73

2 367232 6500.93 1325.54 7826.47
2.5 3894.09 6920.42 1392.2 8312.62

3 4046.34 7223.52 1441.32 8664.84
35 4169.1 7469.1 1481.95 8951.05

4 4279.75 7682.51 1517.62 9200.13
4.5 4385.5 7874.58 1549.74 942432

5 4488.98 8049.78 1578.96 9628.74

6 4690.21 8355.32 1629.74 9985.06

7 4879.33 8603.13 1671.11 10274.24

8 5049.62 8794.33 1703.62 10497.95

9 5196.07 8931.47 1727.77 10659.24

10 5316.06 9018.76 1744.08 10762.84

¥ =0.13 ' =0.09 ¥ =0.12 ¥ =0.09
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APPENDIX B

Evaluation of the reaction rate within the computational
procedures

To assess reaction rate calculation accuracy, we eval-
uate the impact of the integration parameters on the cal-
culated reaction rate (10). In addition, we study the influ-
ence of the integration method. The integration options
we consider are the Simpson method (second order, m =
2) [43] and Milne method (fourth order, m = 4) [44].

Figure B1 shows the effect of changing £, from 1
to 7 MeV at a constant step Eg, = 0.25 keV using the
Simpson method (panel a), and the dependence of the re-
action rate on Egg, varies from 0.1 keV to 1 keV at a con-

010
| 13B(H,Y)I4B
7| = 025keV

=}
£ L E, =10"MeV
S‘ Emax:

A

2 4-7 MeV
é: - - - 3MeV

- =2 MeV
10° 1 MeV

N, <ov>, em’mol's™!

107 10" T, 10° 10'

Fig. B1.

stant £,,, =5 MeV (panel b).

When changing E,.., the shape of the reaction rate at
high temperatures does not practically change at E,,,, > 4
MeV. In the region of low temperature at Eg., < 0.25
keV, the shape of the reaction rate is virtually unchanged.
In this study, we assume E,,, =5 MeV and an integra-
tion step Eg, 0of 0.25 keV.

We also test the Milne method [44] with a uniform
grid, assuming E,;, = 0, the next point is at the first step
of energy integration, and E,, = 4 MeV. Figure B1 (b)
shows the results at Eg., = 1 keV (red dashed curve) and
Egep = 0.25 keV (blue dotted curve). At Eg,, = 0.25 keV,
the calculation result does not depend on the method for
calculating the integral of the reaction rate, but Milne's
method works faster.

D
>
—
S
T

S A

7

BB(?I,Y)MB
850

151

" 800

~
G
=]

=
=3
S

N,<ov>, cm’mol

Simpson method:
1 keV
—0.5keV
—0.25keV
0.1keV 4
Milne method:
- - -1lkeV

0.25 keV

—_
S
T

il n PR |

10° 10" T, 10° 10"

(color online) Dependence of the shape of the reaction rate on the integration procedure in expression (10). The lower integ-

ration limit E,;, = 10° MeV. (@) Variation in Ey,, in the range of 1 MeV to 7 MeV at a constant Eg, = 0.25 keV calculated using the
Simpson method. (b) Variation in Eg., in the range of 0.1 keV to 1 keV at a constant E,,, of 5 MeV calculated using the Simpson and

Milne methods.
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