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Abstract

It has recently been proposed that 92
41Nb and 98

43Tc may have been formed in the ν-process.

We investigate the neutrino induced reactions related to the ν-process origin of these two odd-

odd nuclei. We find that the main neutrino reactions to produce 92
41Nb are the charged-current

(CC) 92Zr(νe, e
−)92Nb and the neutral-current (NC) 93Nb(ν(ν̄), ν

′

(ν̄)
′

n )92Nb reactions. Sim-

ilarly, the main reactions for 98
43Tc, are the CC reaction 98Mo(νe, e

−)98Tc and the NC reaction

99Ru(ν(ν̄), ν
′

(ν̄)
′

p)98Tc. Our calculations are carried out using the quasi-particle random phase

approximation. Numerical results are presented for the energy and temperature dependent cross

sections. Since charge exchange reactions by neutrons may also lead to the formation of 92
41Nb and

98
43Tc, we also discuss the feasibility of the 92Mo(n,p)92Nb and 98Ru(n,p)98Tc reactions to produce

these nuclei.

PACS numbers: 25.30.Pt, 25.40.Kv, 26.30.-k, 26.30.Jk, 26.50.+x, 97.10.Cv
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I. INTRODUCTION

The neutrino (ν) process involves ν-induced reactions on various nuclei during core col-

lapse supernovae (SNe). Large numbers of neutrinos are emitted from a proto-neutron star

in the early phase of a SN. Most neutrinos escape from the star, but a small fraction of neu-

trinos transfer their energy to material in the outer layers of the star by neutrino-nucleus

interactions. This process has been proposed as the origin of some rare isotopes of light and

heavy elements [1]. The cosmic abundances of these nuclei could thus be valuable tools for

studying neutrino spectra from SNe [2, 3], and for constraining neutrino oscillations and/or

other ν-physics parameters [4].

Among the many heavy elements, only the two isotopes 138La and 180Ta are currently

thought to be synthesized primarily by the ν-process [1, 2]. These two isotopes have similar

features: they cannot be produced by either β+, EC, or β− decays since in each case stable

isobars shield against these decays. Not surprisingly then, the isotopic abundance ratios,

138La/139La and 180Ta/181Ta, are quite small, i.e. 0.0902% and 0.012%, respectively [5],

making them Nature’s rarest isotopes.

In principle, many nuclides are synthesized by the ν-process in SN explosions. The

produced abundances, however, are usually negligibly small. This is because the relevant

reactions are mediated by a weak interaction compared to production via strong or electro-

magnetic interactions for the other major nucleosynthesis processes such as the s−, r−, and

γ− processes. Thus, the ν-process can only play a dominant role in the synthesis of very

rare isotopes that cannot be produced by other means.

Most studies of the ν-process have been concerned with rare stable isotopes such as 138La

and 180Ta. In this paper we consider the possibility that some rare unstable nuclei may also

be produced via the ν−process. In particular, a recent work [6], has pointed out that the

nuclear chart around 92Nb and 98Tc is quite similar to that of 138La and 180Ta as shown

in Figs. 1 and 2. These nuclides are shielded from β+, EC, or β− decays because of the

presence of neighboring stable isobars [7–11]. Therefore, it has been proposed [6] that the

two nuclei 92Nb and 98Tc may have a ν−process origin. In this paper we investigate the

detailed nuclear physics relevant to this hypothesis.

Although both nuclei are unstable, their half-lives, 3.47×107 yr for 92Nb and 4.2×106

yr for 98Tc, are long enough to be observed on stellar surfaces or to be incorporated into

3



meteorites. Indeed, the isotopic abundance ratio of 92Nb/93Nb has been inferred [12, 13] to

be ∼ 10−3 − 10−5 at the time of solar system formation. This is comparable to the isotopic

ratios for 138La/139La and 180Ta/181Ta. A search for evidence of the extinct unstable isotopes

of Tc in meteoritic material has also been made [14], but has not yet been detected. This

suggests the abundance of 98Tc at solar-system formation is small compared to the detection

limit.

In view of the compelling case for a ν-process origin for 92Nb and 98Tc, this paper explores

the nuclear physics relevant to this hypothesis. In Sec. II, we summarize the relevant ν-

process reactions. In Sec. III we briefly summarize the QRPA framework used to compute

these ν-induced reactions. In Sec. IV, numerical cross sections for neutrino induced reactions

on relevant nuclei are given as a function of the incident neutrino energy. Their temperature

dependence is also presented for astrophysical applications under the assumption of a Fermi

Dirac distribution for the SN neutrinos. A discussion of the roles of charge exchange reactions

by neutron capture on nuclei is also given. A summary and conclusions are presented in

Sec. V.

II. ν-PROCESS REACTIONS

In the ν-process, a nucleus can be synthesized by either a charged current (CC) or neu-

tral current (NC) reaction. Previous studies have concluded that contributions from the

CC reactions are generally larger than those of NC reactions for heavy nuclei [2, 15–17].

The main ν-process reactions for 92Nb are the CC 92Zr(νe, e
−)92Nb reaction and the NC

93Nb(ν(ν̄), ν ′(ν̄
′

) n )92Nb reaction.

Here we note that the dominant reaction for the production of 98Tc is different

from that of 92Nb, 138La and 180Tc. For 98Tc, the 98Mo(νe,e
−)98Tc CC reaction, and

the 99Ru(ν(ν̄), ν(ν̄
′

) p)98Tc NC reaction involving neutrino-induced proton emission to

form 98Tc are believed to be the main production mechanisms. Another NC reaction,

99Tc(ν(ν̄), ν ′(ν̄
′

) n)98Tc, might also be possible because 99Mo can easily β decay to 99Tc.

However, the half life of 98Tc is 4.2×106 yr. This is longer than that of 99Tc, 2.11×105 yr,

so that 98Tc may be difficult to produce by this NC reaction. The difference between 98Tc

and the other three isotopes may imply a different sensitivity to neutrino oscillations and

therefore might eventually provide a new probe into the neutrino physics of supernovae.
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Moreover, if 98Tc is produced by ν-induced reactions, it might β decay to 98Ru∗ which

subsequently decays by E2 transitions to its ground state with the emission of 0.74536 and

0.65243 MeV γ rays. This situation closely resembles 26Al, whose lifetime is 7.4×107 yr and

decays to 26Mg with a 1.809 γ ray (E2 transition) as observed by the COMPTEL detector

on the Compton Gamma-Ray Observatory (CGRO) [18].

We presume a two step process in the ν-induced reactions: the 1st step is the formation

of excited nuclei by the incident ν’s; and the 2nd is the decay process to other ground

states via particle emission. To describe the 2nd decay process, one needs to consider the

branching ratios for the decay. We estimate these using a Hauser-Feshbach (HF) statistical

model [19–23]. One also needs calculations of the transmission coefficients for the emitted

particles. In this work, we have made this calculation using the method of Refs. [19, 21].

The nuclear structure of 92Nb and 98Tc are key ingredients for this calculation. For exam-

ple, excited states with low spins are strongly populated in 92Nb by a Gamow-Teller (GT)

transitions from the 0+ ground state of the 92Zr parent nucleus. Our scheme for describing

such excited states makes use of the standard quasi-particle random phase approximation

(QRPA). For the NC reactions, 93Nb(ν, ν’)93Nb and 99Ru(ν, ν’)99Ru, we generate the ground

and excited states of the odd-even target nuclei, 93Nb and 99Ru, by applying quasi-particle

operators to the even-even nuclei, 92Zr and 98Ru, which are taken to be the BCS ground

state.

III. QRPA FRAMEWORK

The QRPA formalism employed here for the ν(ν̄)-nucleus (ν(ν̄)− A) reactions has been

detailed in our previous papers [15–17]. We have applied this formalism to successfully

describe the relevant ν-induced reaction data for 12C [15], 56Fe, 56Ni [16], 138La, and 180Ta

[17], as well as β, 2ν2β and 0ν2β decays [24]. In particular, double beta (2β) decay is well

known to be sensitive to the nuclear structure and has more data than the ν-induced reaction

data. Therefore, it provides a useful constraint for the estimation of ν-process reaction rates.

Charge exchange reactions, A(n,p)B or B(p,n)A, also provide valuable tests of nuclear

models. One can deduce the neutrino induced reaction rates from these reactions because,

in the low energy regime, Gamow Teller (GT) transitions account for most of the strength

in both nucleon exchange and neutrino-induced reactions.
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Here we summarize two important characteristics regarding our calculation compared

to other QRPA approaches. First, we construct an ab initio Brueckner G matrix for the

two-body interactions inside nuclei. We do this by solving the Bethe-Salpeter equation

based upon the Bonn CD potential for the free-space nucleon-nucleon interaction. This

procedure reduces some of the possible ambiguities regarding nucleon-nucleon interactions

within nuclei.

Secondly, we include neutron-proton (np) pairing as well as neutron-neutron (nn) and

proton-proton (pp) pairing correlations. Consequently, both CC and NC reactions can be

described within a single framework.

The contribution from np pairing has been shown to be only of order 1 ∼ 2 % for the weak

interactions of light nuclei like 12C, e.g. β± decay and the ν−12C reaction [15, 16]. Such a

small effect in light nuclei is easily understood because the energy gaps between the neutron

and proton energy spaces are too large to be effective. However, in intermediate-mass nuclei,

such as 56Fe and 56Ni, the np pairing effect accounts for 20 ∼ 30 % of the total cross section

[16]. Therefore, for the heavy nuclei of interest in the present work, np pairing should be

taken into account.

The np pairing has two isospin contributions, T = 1 and T = 0. These correspond to J

= 0 and J = 1 pairings, respectively. Since the J = 0 (T = 1) pairing couples a state to its

time reversed state, the shape is almost spherical. Hence, the J = 0 (T = 1) np pairing can

be easily included in our spherically symmetric model.

The J = 1 (T = 0) np pairing, however, is partially associated with a tensor force. This

leads to a non-spherical shape, i.e. deformation. Therefore, in principle, the J = 1 (T = 0)

np coupling cannot be included in a spherically symmetrically model. However, if we use a

re-normalized strength constant for the np pairing, gnp, as a parameter to be fitted to the

empirical np pairing gap, the J = 1 (T = 0) pairing can be incorporated implicitly even in

a spherically symmetric model. This is because the fitted gnp effectively includes the effects

of nuclear deformation.

The empirical np pairing gap, δemp.
pn , is easily extracted from data on mass-excesses. Hence,

we can compare these to the theoretical pairing gap, δth.np , calculated from the difference

between the total energies with and without np pairing correlations [24]

δemp.
pn = ±

1

4
{2[M(Z,N + 1) +M(Z,N − 1) +M(Z − 1, N) +M(Z + 1, N)] (1)
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−[M(Z + 1, N + 1) +M(Z − 1, N + 1) +M(Z − 1, N − 1) +

M(Z + 1, N − 1)]− 4M(Z,N)} ,

δth.np = −[(H
′

0 + E
′

1 + E
′

2)− (H0 + E1 + E2)] ,

where H
′

0(H0) is the Hartree-Fock energy of the ground state with (without) np pairing and

E
′

1 + E
′

2 (or E1 + E2) is the sum of the lowest two quasi-particles energies with (without)

np pairing correlations. More detailed discussion of this is given in Ref. [24].

Our calculation starts from the following Hamiltonian

H = H0 +Hint , (2)

where

H0 = Σ
a′α

ǫaαc
+
aαcaα , (3)

and

Hint = Σ
a′b′c′d′ ,αβγδ

Vaαbβcγdδc
+
aαc

+
bβcdδccγ . (4)

Here, the interaction matrix V is the anti-symmetrized interaction of the Baranger Hamilto-

nian. It has two factors of −1/2 from J and T couplings, so that the Hint in Eq.(2) is equiva-

lent to the usual Hint =
1
4Σa′b′c′d′ ,αβγδṼaαbβcγdδc

+
aαc

+
bβcdδccγ. Roman letters indicate quantum

numbers of nucleon states if total angular momentum ja, i.e. a = (na, la, ja), while primed

Roman letters also include the magnetic sub-states, i.e. a
′

= (na, la, ja, ma). The isospin of

real particles is denoted as a Greek letter while the isospin of quasi-particles is expressed as a

primed Greek letter. The operators c+aα and caα stand for the usual creation and destruction

operators for nucleons in a state a
′

with isospin α, while cd̄δ = cnd,ld,jd,−md
(−)jd−md is the

time reversed operator of cdδ.

We use the general Hartree-Fock-Bogoliubov (HFB) transformation to rewrite this Hamil-

tonian in a quasi-particle basis,

a+
cµ′ = Σ

d′δ

(uc′µ′d′δc
+
dδ + vc′µ′d′δcd̄δ) , ac̄µ′ = Σ

d′δ

(u∗

c̄′µ′ d̄′δ
cd̄δ + v∗

c̄′µ′ d̄′δ
c+dδ) . (5)

Here, time reversal invariance and spherical symmetry are presumed. Hence, we do not mix

single particle states of different angular momenta. The Hamiltonian can then be represented

in terms of quasi-particles as follows

H
′

= H
′

0 + Σ
a′α′

Eaα′a+
aα′aaα′ +Hqp.int . (6)
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Applying the BCS transformation to Eq.(3) we obtain the following HFB equation















ǫp − λp 0 ∆pp̄ ∆pn̄

0 ǫn − λn ∆np̄ ∆nn̄

∆pp̄ ∆pn̄ −ǫp + λp 0

∆np̄ ∆nn̄ 0 −ǫn + λn















c















uα′p

uα
′
n

vα′p

vα′n















c

= Ecα′















uα′p

uα
′
n

vα′p

vα′n















c

, (7)

where Ecα′ is the energy of a quasi particle with isospin quantum number α
′

in the state c.

Pairing potentials ∆p, ∆n and ∆pn in Eq.(7) are adjusted to reproduce the empirical paring

gaps. This is achieved by multiplying by strength parameters, gp, gn, gnp that arise from the

renormalization of the finite particle model space [24]. Detailed parameters for each nucleus

are given in Sec. IV. If we neglect ∆np, this equation reduces to the standard BCS equation.

In our QRPA calculation, the ground state of the target nucleus is described by a BCS

vacuum for quasi-particles which undergo nn, pp and np pairing correlations. Excited states,

|m; JπM〉, in the compound nucleus are generated by operating the following one phonon

operator on the correlated QRPA vacuum

Q+,m
JM = Σ

klµ′ν′
[Xm

(kµ′ lν′J)
C+(kµ

′

lν
′

JM)− Y m
(kµ′ lν′J)

C̃(kµ
′

lν
′

JM)] , (8)

where the pair creation and annihilation operators, C+ and C̃, are defined by

C+(kµ
′

lν
′

JM) = Σ
mkml

CJM
jkmkjlml

a+
lν′
a+
kµ′ , C̃(kµ

′

lν
′

JM) = (−)J−MC(kµ
′

lν
′

J −M) , (9)

where a+
lν′

is the quasi-particle creation operator, and the CJM
jkmkjlml

are Clebsch-Gordan

coefficients. Here, Roman letters indicate single particle states, while primed Greek letters

denote quasi-particles of type 1 or 2.

If neutron-proton pairing is neglected, the quasi-particles become quasi-protons and

quasi-neutrons, and the phonon operator is easily decoupled into two different operators:

One is for charge changing reactions such as nuclear β decay and CC neutrino reactions;

The other is for charge conserving reactions such as electromagnetic and NC neutrino re-

actions. We denote the forward and backward going amplitudes from the ground states to

excited states by Xaα
′
,bβ

′ and Yaα
′
,bβ

′ . These are obtained from the QRPA equation.

A detailed derivation of the QRPA was given in Refs. [16, 24]. The particle-particle

strength parameters, gpp, are adjusted to the Gamow Teller Giant Resonance (GTGR) states

and the particle-particle strength parameters, gph, are taken as 1.0 in this calculation. The
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spurious states in the QRPA are avoided by discarding the imaginary solutions to the QRPA

equation and the particle non-conservation problem peculiar to the QRPA approach is prop-

erly treated by requiring that the averaged particle number be a real particle number.

By using the phonon operator Q+,m
JM in Eq.(8), we obtain the following expression for the

CC neutrino reactions

〈QRPA|| ∧Oλ|| ω; JM〉 (10)

= Σ
aα′ bβ′

[Naα′ bβ′ 〈aα
′

|| ∧Oλ||bβ
′

〉 [upaα′vnbβ′Xaα′ bβ′ + vpaα′unbβ′Yaα′bβ′ ] ,

where Naα′bβ′ (J) ≡
√

1− δabδα′β′ (−1)J+T/(1 + δabδα′β′ ). This form easily reduces to the

result usually used in the proton-neutron QRPA (pnQRPA) when the np pairing correlations

are removed [35]

〈QRPA|| ∧Oλ|| ω; JM〉 = Σ
apbn

[Napbn〈ap|| ∧Oλ||bn〉 [upavnbXapbn + vpaunbYapbn] . (11)

Since the NC reactions for 93Nb and 99Ru occur in odd-even nuclei, we need to properly

describe the ground state of odd-even nuclei. The standard QRPA treats the ground state

of even-even nuclei as a BCS vacuum, so it is not easily applicable to reactions on odd-even

nuclei.

Our formalism to deal with such NC reactions is based upon the quasi-particle shell model

(QSM) [17, 25]. First, we generate low energy spectra of odd-even nuclei by applying a one

quasi-particle creation operator to the even-even BCS ground state, i.e. |Ψi〉 = a+
iµ′ |BCS〉

and |Ψf〉 = a+
fν′

|BCS〉.

It is well known that 3 quasi-particle excited states may appear as the high spin states in

odd-even nuclei [26–28]. In this work, however, we take only the yrast states into account

by assuming that the high spin states of 93Nb [29, 30] and 99Ru generated beyond the 1

quasi-particle structure quickly decay into an yrast state prior to particle emission. This is

justified because the maximum particle emission transition rates for odd-even nuclei turn

out to come from a cascade of transitions through the yrast states to the ground state [21].

However, sometimes an yrast state generated by a 3 quasi-particle configuration can

even become the ground state of an odd nucleus [31, 32]. Hence, 1 quasi-particle states

alone may be not sufficient to properly describe the excited states relevant to the neutrino

induced reactions on the odd-even nuclei considered here. Recent calculations including 3

quasi-particle states (Ref. [32]) might be a useful approach for NC reactions on odd-even
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nuclei, however, that complexity is beyond the scope of the present work. Since we neglect

the 3 quasi-particle states here, however, our results for the NC reactions on odd-odd nuclei

should be regarded as a lower limit to the possible cross section for NC neutrino reactions.

The NC weak transitions are given by

Σ
iµ

′
fν

′

〈Jf || ∧Oλ||Ji〉 (12)

= Σ
µ′fν′

[〈fp|| ∧Oλ||ip〉 ufpν′uipµ′ + (−)ja+jb+λ〈ip|| ∧Oλ||fp〉 vipµ′vfpν′ ] + (p → n) .

The weak current operator is comprised of longitudinal, Coulomb, electric and magnetic

operators, Ôλ, as described in Ref. [16]. Finally, with the initial and final nuclear states

specified, the cross sections for ν(ν̄) − A reactions via the weak transition operator can be

directly calculated from the formulas of Refs. [33, 34]. For CC reactions we multiplied

by the Cabibbo angle cos2θc and took account of the Coulomb distortion of the outgoing

leptons [19, 35].

IV. RESULTS AND DISCUSSIONS

A. GT strength functions

Figure 3 shows the GT(−) strength distributions and the running sum for 92Zr. Results

are shown for both the pnQRPA (left) and the QRPA (right) models. Here the pnQRPA

model considers only nn and pp pairing correlations, while the QRPA also includes np pairing

in addition. The np pairing redistributes the GT(–) strength obtained from the pnQRPA.

The experimental GT(–) data are only known for the low-lying states below 7 MeV. These

were extracted from the 92Zr(p, n)92Nb reaction at Ep = 25 MeV [36]. The running sum

measured up to 6.28 MeV w.r.t. 92Nb is 2.3. This agrees well with our results shown in

Fig.3, i.e. 2.5 (pnQRPA) and 2.7 (QRPA).

The difference between the pnQRPA and QRPA model results appears in the strength

around 11 (9) MeV w.r.t. the 92Zr (92Nb) ground state. This figure shows that one could

determine which is the better description by measuring charge exchange reactions on 92Zr

with energies higher than 25 MeV [36]. We take gp, gn, gnp to be 1.064(1.025), 1.015(1.059)

and 1.932(1.967) for 92Zr (98Mo) to fit the empirical pairing gaps. For the particle model

space, 10 (11) single particle states from the 40Ca core are taken into account for 92Zr (98Mo).
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These GT strengths are important for understanding the ν-process origin of the proton-

rich (neutron-deficient) nucleus, 92Nb. Here we show results for ν-induced reactions for 92Nb

and 98Tc. Detailed formulae for the cross sections were presented in our previous papers

[16, 17]. For CC reactions, we consider the Coulomb distortion of the outgoing lepton. Since

the neutrino energies of interest here can go up to 80 MeV, we divide the energy range into

two regions. In the low energy region, we use the Fermi correction used for the s-wave

electron in β decay. In the high energy region, however, we exploit the effective momentum

approach (EMA) used for intermediate energy electron scattering analysis [37–39]. To make

a smooth transition of the cross sections between the two energy limits, we determine an

energy point, henceforth referred to as the Coulomb cut. Below this cut we use the Fermi

correction while above the cut the EMA is used. We show results for two different Coulomb

cuts, 30 and 40 MeV. Although, in the case of a 30 MeV Coulomb cut the cross sections

change more smoothly with energy, the temperature dependent cross sections turn out to be

nearly independent of the location of the Coulomb cut. Of course, the Coulomb cut could

be lower for lighter nuclei, such as 12C [15] and 40Ar [40].

B. Averaged cross sections

Incident ν(ν̄) energies emitted in SN explosions [1, 4] are expected to be in the energy

range of a few MeV to tens of MeV because the ν(ν̄) energy spectra emitted from the proto-

neutron star approximately follow a Fermi-Dirac distribution given by a temperature T and

a chemical potential α [4, 41]. Therefore, the averaged temperature-dependent cross sections

can be deduced from an integral over a Fermi-Dirac ν-distribution,

〈σν〉 =
1

N

∫

dEνσν(Eν)f(Eν)Br , f(Eν) =
E2

ν

exp[(Eν/T )− α] + 1
, (13)

where σν(Eν), f(Eν) and Br are the energy dependent ν−A cross sections, the corresponding

neutrino flux and the branching ratios of the excited states, respectively. N is a normaliza-

tion factor given by
∫

dEνf(Eν)Br. To study the nucleosynthesis [19] or ν-oscillations [4]

during a SN explosion, one must specify a realistic temperature and chemical potential for

each neutrino species. For our purposes, we adopt T = 3.2, 5.0 and 6.0 MeV for νe, ν̄e and

νµ,τ (ν̄µ,τ ), respectively, and we set α = 0 [4, 19].

To deduce the final nuclear abundances of 92Nb and 98Tc, it is necessary to multiply the
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temperature dependent cross sections from the relevant compound nuclei by the particle

emission branching ratios, Br, to the 92Nb or 98Tc ground state. These are obtained from

Hauser-Feshbach theory [20], using the JENDL3-3 model and the calculated transmission

coefficients of Ref. [21].

C. Results for 98Tc

The upper panels in Figure 4 show the energy dependence of the cross sections for CC

reactions relevant to 98Tc production, i.e. 98Mo(νe, e
−)98Tc. The lower panels show the

temperature-dependent thermally averaged cross sections. The left column is for a 40 MeV

Coulomb cut, while the right column shows results for a 30 MeV cut. The cross sections

as a function of energy are slightly smoother for the 30 MeV Coulomb cut [35]. Hence, it

seems to be preferred over the 40 MeV case. Nevertheless, the thermally averaged cross

sections (lower panels) are nearly independent of the cut. Our energy-dependent cross

sections exhibit typical behavior for CC cross sections for even-even nuclei. Namely, GT

1+ and Fermi 0+ transitions dominate the total cross section below 40 MeV, however, the

contributions from higher multipole transitions, such as the spin dipole resonance, increase

above 40 MeV.

The red curves in the lower panels show the temperature dependent cross sections for the

CC reaction. It is clear from a comparison of the left and right lower panels that different

Coulomb cuts do not affect the thermally averaged cross sections. Blue and green curves

show cross sections multiplied by the branching ratios for proton and neutron emission from

the 98Tc∗ excited nucleus. Since the neutron separation energy of 98Tc, Sn = 7.279 MeV, is

larger than the proton separation energy, Sp = 6.176 MeV, proton emission is much easier

than neutron decay. Hence, the cross sections for proton emission are larger than those for

neutron decay. Of course, these two decays have no bearing on the formation of 98Tc.

Figure 5 shows the energy dependent cross sections for the 99Ru(ν(ν̄), ν
′

(ν̄
′

))99Ru NC

reactions. The upper two figures are for incident νµ (left) and νe (right). The lower two

figures are for the anti-neutrinos, i.e. ν̄µ (left) and ν̄e (right). Note that the cross sections

for νe and νµ are almost identical. There is, however, a difference in scale between the upper

(neutrino) and lower (anti-neutrino) panels. Therefore, although NC reactions are nearly

independent of neutrino species, they do depend upon the helicity of the incident neutrinos.
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It is also an interesting point that the cross sections for incident ν’s are larger than those

for incident ν̄’s even in the case of the NC reactions [40]. All cross sections below 40 MeV

are dominated by the GT 1+ transition, which is typical of NC reactions.

Figure 6 shows the temperature dependent cross sections corresponding to Fig. 5. The

upper two curves are for νµ (left) and νe (right), while the lower figures show cross sections

for ν̄µ (left) and ν̄e (right). Here we have only shown results for a Coulomb cut = 40 MeV

because the thermally averaged cross sections are nearly independent of the cuts as shown

in Fig. 4. The red curves are for the case of no particle emission, while the blue and green

curves include branching ratios for neutron and proton emission i.e. 99Ru(ν(ν̄), ν
′

(ν̄
′

) n)98Ru

and 99Ru(ν(ν̄), ν
′

(ν̄
′

) p)98Tc, respectively. Similarly to the energy dependent cross sections,

they are independent of the neutrino species, but depend upon neutrino helicities as can be

seen in Fig. 6. These results demonstrate that, in contrast to the results for CC reactions,

the cross sections for proton emission are smaller than those for neutron emission. This is

because in this case the neutron separation energy (Sn = 7.464 MeV) is less than that for

protons (Sp = 8.478 MeV) for 99Ru.

The green curves for the 99Ru(ν(ν̄), ν
′

(ν̄
′

) p)98Tc reactions can help to clarify the physical

environment for the formation of 98Tc. The temperature dependence of this reaction could

play a role in understanding both the neutrino temperatures in the ν−process environment

and possible effects from neutrino oscillations. Once formed, 98Tc may β decay to 98Ru with

a half life of 4.2×106 yr. The β decay to excited states in 98Ru would be accompanied by

E2 transitions to the ground state with γ ray energies of 0.74536 MeV and 0.65243 MeV.

Such transitions may be observable via gamma-ray astronomy as in the case of 26Al in the

Galaxy.

D. Results for 92Nb

The abundance of 92Nb and its isotopic ratio 92Nb/93Nb are of astrophysical interest

because 92Nb is hypothesized [6] to have been produced by the ν-process and the 92Nb/93Nb

ratio may be useful as a chronometer of the early solar system [6, 7].

The upper panels in Fig.7 show the energy dependent cross sections for the CC

92Zr(νe, e
−)92Nb reaction. As in the case of the CC reaction to produce 98Tc, the 30 MeV

Coulomb cut is slightly preferred, but the location of the cut does not significantly affect
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the thermally averaged cross sections as shown in the lower panels. Since the neutron sepa-

ration energy of 92Nb (Sn = 7.883 MeV) is larger than the proton separation energy (Sp =

5.846 MeV), proton emission is much easier than neutron emission. This leads to a larger

proton-emission cross section than that of neutron decay. This is also similar to the case of

98Tc.

All of the results for the ν-induced reactions on 92Nb resemble those for 98Tc. In particular

there is a similar energy and temperature dependence of the cross sections. As is the case

of 98Tc the red curves in the lower panels may be useful for understanding the temperature

conditions in the astrophysical site producing 92Nb. The results for 92Nb production via NC

neutrino induced reactions are presented in Fig. 8. Only results for the νe and ν̄e are given

because they are almost identical to those for the νµ and ν̄µ reactions.

The general trends in the energy and temperature dependent cross sections by NC re-

actions on 93Nb are shown in Fig. 9. They have no special characteristics compared to the

results for 99Ru in Fig. 6 except that the cross section for proton emission is larger than that

for neutron emission because in this case the neutron separation energy (Sn = 8.831 MeV)

is larger than that for protons (Sp = 6.043 MeV0 in 93Nb. The magnitudes of the cross

sections are about 1.5 times smaller than those for 99Ru. Finally, in Table 1, we summarize

the averaged cross sections for typical [42] average neutrino energies and temperature to be

used in nucleosynthesis calculations.

E. Charge exchange reactions for 98Tc and 92Nb

We note here that the 15M⊙ progenitor model of Heger and Woosley [43] shows significant

92Nb yield before the arrival of the supernova shock. This arises from the charge exchange

reaction 92Mo(n,p)92Nb during core carbon burning [44]. However, their network calculation

does not take account of the (n, γ) destruction of 92Nb. Therefore, one should consider the

feasibility of the formation of 98Tc and 92Nb nuclei by (n,p) reactions in an environment

that includes the (n, γ) destruction of 92Nb.

To explore this consider the 98Ru(n,p)98Tc and 92Mo(n,p)92Nb production reactions in

a core helium burning s-process that occurs during the pre-supernova evolution. The Q

value for the 98Ru(n,p)98Tc reaction is negative Qnp = – 1.014 MeV, so that even neutrons

with energies around a few hundred keV cannot capture to produce 98Tc. However, the
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TABLE I: Averaged cross sections in units of 10−42cm2 for 98Mo via CC and 99Ru via NC, and

92Zr via CC and 93Nb via NC with the particle emission. Neutrino temperatures are taken from

[4] and 〈Ek〉 is calculated from the 〈Ek〉/T ∼ 3.1514 + 0.1250α with α = 0 [31, 42].

Reactions 〈Ek〉 [MeV] T [MeV] 〈σ〉

98Mo(νe, e
−)98Tc 10.08 3.2 7.77

98Mo(νe, e
−p)97Mo 10.08 3.2 1.90

98Mo(νe, e
−n)97Tc 10.08 3.2 0.09

99Ru(ν̄µ, ν̄
′

µ)
99Ru 18.90 6.0 78.5

99Ru(ν̄µ, ν̄
′

µn)
98Ru 18.90 6.0 14.6

99Ru(ν̄µ, ν̄
′

µp)
98Tc 18.90 6.0 1.70

99Ru(ν̄e, ν̄
′

e)
99Ru 15.75 5.0 52.1

99Ru(ν̄e, ν̄
′

en)
98Ru 15.75 5.0 10.5

99Ru(ν̄e, ν̄
′

ep)
98Tc 15.75 5.0 0.92

92Zr(νe, e
−)92Nb 10.08 3.2 8.92

92Zr(νe, e
−p)91Zr 10.08 3.2 2.32

92Zr(νe, e
−n)91Nb 10.08 3.2 0.42

93Nb(ν̄µ, ν̄
′

µ)
93Nb 18.90 6.0 46.8

93Nb(ν̄µ, ν̄
′

µn)
92Zr 18.90 6.0 1.04

93Nb(ν̄µ, ν̄
′

µp)
92Nb 18.90 6.0 4.90

93Nb(ν̄e, ν̄
′

e)
93Nb 15.75 5.0 30.0

93Nb(ν̄e, ν̄
′

en)
92Zr 15.75 5.0 0.60

93Nb(ν̄e, ν̄
′

ep)
92Nb 15.75 5.0 3.92

92Mo(n,p)92Nb reaction has a Q value of Qnp = 0.42671 MeV, and hence, may occur for

typical s-process neutron energies of kT ∼ 30 – 100 keV.

The spin and parity for states below ∼ 0.5 MeV in 92Nb are Jπ = 7+(0.0), 2+(0.135),

2−(0.225), 3+(0.285), 5+(0.353), 3−(0.390), 4+(0.480) and 6+(0.501). The two lowest states

of the 92Nb + p system have Jπ = 15
2

+
or 13

2

+
for the ground state and Jπ = 5

2

+
or 3

2

+
for

the 1st excited state.

Since the configuration of the entrance-channel 92Mo+n system can be represented as
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0+ ⊗ 1
2

+
⊗ lπn, we need at least d-wave incident neutrons (i.e. lπn ≥ 2+) to form a 5

2

+
or 3

2

+

state in the 93Mo compound nucleus. Even if we consider the excited states of 92Nb below

∼ 0.5 MeV, which would only be slightly populated at a typical s-process temperature of

kT ∼ 30 keV, only the 2− (0.225 MeV) and 3− (0.389 MeV) states are allowed. Due to the

conservation of angular momentum, however, populating these states requires exit-channel

protons with at least lπp = 1−.

There is no experimental data for the 92Mo(n,p)92Nb reaction below 1.5 MeV. However,

according to theoretical calculations by ENDF/B-VII.0 [45] the reaction cross section to

individual states is typically smaller than 0.1 µb for neutrons at energies below 1 MeV

and the thermally averaged cross sections for 30 keV neutrons might be much smaller than

0.1 µb. To check this we carried out a HF statistical model calculation at the threshold

energy using the JENDL-4 data [46]. The calculated Maxwellian-averaged cross sections for

92Mo(n,p)92Nb turns out to be extremely small 〈σv〉/vT = 4.02×10−13µb and 5.39×10−4µb

at neutron energies of 30 keV and 100 keV, respectively, where 〈 〉 denotes the Maxwellian

average, σ is the cross section, v is the relative velocity between incident neutrons and the

target nucleus, and vT is the mean thermal velocity.

Once 92Nb is produced by the (n,p) reaction on 92Mo, it remains exposed to the

same intense flux of neutrons and is destroyed by radiative neutron capture reactions via

92Nb(n,γ)93Nb. Although the (n,γ) cross section has not been measured for the radioactive

nucleus 92Nb (τ1/2 = 3.47 × 107y), the 92Nb(n,γ)93Nb cross section is expected to be com-

parable to those measured for stable Nb isotopes, 〈σv〉/vT = 261.3, 317.2, and 402.6 mb

for 93,94,95Nb(n,γ)94,95,96Nb reactions, respectively, at a neutron energy 30 keV [21]. These

(n,γ) cross sections are eighteen orders of magnitude larger than the 92Mo(n,p)92Nb cross

section at this energy. Therefore, the 92Mo(n,p)92Nb reaction should not contribute much

to the production of 92Nb in the weak s-process during the core helium burning phase of

pre-supernova massive stars.

V. SUMMARY

We have applied the Quasi-particle RPA method to calculate neutrino-induced reaction

rates for the two odd-odd nuclei 98Tc and 92Nb. These nuclei are of interest because they

may be produced by the ν-process in core-collapse supernovae. The abundance of 98Tc may
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eventually be measurable by observing the γ-rays from the E2 transition to the ground state

of the daughter nucleus 98Ru. If so, it may play a role as a γ-ray probe of the operation of

the ν-process similar to the role of 26Al gamma rays as a probe of hot hydrogen burning in

the Galaxy.

Similarly, the 92Nb/93Nb abundance ratio could help to constrain neutrino properties in

ν-process nucleosynthesis as in the case of 138La and 180Ta whose isotopic abundances place

valuable physical constraints on the the average ν-process neutrino temperature [5].

The energy and temperature dependent cross sections for the CC 92Nb, 92Zr(νe, e
−)92Nb

and NC 93Nb(ν, ν
′

n )92Nb reactions are presented. For 98Tc, the 98Mo(νe, e
−)98Tc CC reac-

tion and the 99Ru(ν, ν
′

p)98Tc NC reaction have been estimated using the QRPA. Particle

emission from the compound nuclei produced by the ν-process make use of branching ratios

based upon theoretical transmission coefficients calculated in a Hauser-Feshbach statistical

model.

Deduced cross sections for these nuclei show features typical of NC and CC neutrino

induced reactions. The calculated CC reactions are dominated by GT transitions below 40

MeV, but other multipole transitions become important at higher energy. In the case of

the NC reactions, the GT dominance becomes more significant in the low energy region.

One more point of note regarding the NC reactions is that they are nearly independent of

neutrino species, but instead depend upon the neutrino helicity.

For the NC neutrino reactions on odd-even nuclei we have made the assumption that

excited states beyond a 1 quasi-particle configuration quickly decay to the yrast states before

particle emission. This assumption may be inadequate for the yrast states stemming from 3

quasi-particle admixtures. Such 3 quasi-particle states may contribute to the cross section

of the NC neutrino reaction. In that sense the NC cross sections for odd nuclei presented

here should be considered as lower limits. In a future work we will consider a more advanced

approach that takes into account excited states beyond the 1 quasi-particle level.

Finally, we have considered the possibility that (n,p) reactions might also produce these

nuclei. Although he 98Ru(n,p)98Tc reaction cannot contribute because of its negative Qnp

value, the 92Mo(n,p)92Nb charge exchange reaction by thermal neutrons might affect the

initial abundance ratio of 92Nb/93Nb before the supernova explosion. However, the (n,p)

reaction is not expected to be an significant contributer to the production of pre-solar 92Nb

because the 92Nb(n,γ)93Nb destruction reaction cross section is ∼ 1018 times larger than
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that of 92Mo(n,p)92Nb production reaction for neutrons of the energy ∼ 30 keV. Therefore,

any produced 92Nb is expected to be quickly destroyed. Nevertheless, more detailed cal-

culations of the production and destruction of 92Nb before and during the ν-process are

clearly desired. Indeed, calculations of 92Nb and 98Tc nucleosynthesis in SN explosions are

currently underway and will be reported in a separate paper [6]. These calculations will

consider the neutrino reactions described here along with more realistic calculations of the

charge exchange reactions.
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FIG. 1: Partial nuclear chart around 92Nb indicating the main ν-process production from the

92Zr(νe, e
−)92Nb charged-current (CC) and 93Nb(ν(ν̄), ν

′

(ν̄)
′

n )92Nb neutral-current (NC) reac-

tions.
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FIG. 2: Partial nuclear chart around 98Tc indicating the main ν-process production from the

98Mo(νe, e
−)98Tc CC reaction and the 99Ru(ν(ν̄), ν

′

(ν̄)
′

p)98Tc NC reaction.
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FIG. 3: GT(–) strength distributions for 92Zr without np pairing (left) and with np pairing (right).

The experimental Q value (= 2.005 MeV) between 92Zr and 92Nb should be subtracted from

Eex(MeV) to compare with the experimental data [36] measured w.r.t. the 92Nb ground state.
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FIG. 4: (Color online) Energy (upper) and temperature (lower) dependent cross sections for the

98Mo(νe, e
−)98Tc CC reaction. The contribution of each multipole transition is also presented along

with their sum. Left and right panels are for a Coulomb cut at 40 or 30 MeV, respectively (see text

for more explanation). The red curves in the lower panels are cross sections for the 98Mo(νe, e
−)98Tc

reaction. Blue and green curves are cross sections for proton and neutron emission channels from

98Tc∗, i.e. 98Mo(νe, e
−p)97Mo and 98Mo(νe, e

−n)97Tc.
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FIG. 5: (Color online) Energy dependent cross sections for NC reactions on 99Ru. The up-
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FIG. 6: (Color online) Temperature dependent cross sections for NC reactions on 99Ru. The

upper two figures are for incident νµ (left) and νe (right). The lower two panels are for ν̄µ (left)

and ν̄e (right). Red curves are for the 99Ru(ν(ν̄), ν
′

(ν̄
′

))99Ru reaction. Blue and green curves

are cross sections for neutron and proton emission from 99Ru∗, i.e. 99Ru(ν(ν̄), ν
′

(ν̄
′

)n)98Ru and

99Ru(ν(ν̄), ν
′

(ν̄
′

)p)98Tc. 25
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FIG. 7: (Color online) Energy and temperature dependent cross sections for the CC reactions on

92Zr. Left (right) panels show the case of a 40 MeV (30MeV) Coulomb cut. Although results

of both upper panels are slightly different, the thermally averaged cross sections shown in the

lower panels are almost independent of the Coulomb cut. Red curves in the lower panels are cross

sections for 92Nb production, i.e. 92Zr(νe, e
−)92Nb. Blue and green curves are for proton and
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−p)91Zr and 92Zr(νe, e
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FIG. 9: (Color online) Temperature dependent cross sections for the NC reactions on 93Nb. The

upper two figures are for incident νe (left) and νµ (right). The lower two panels are for ν̄e (left)
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