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Abstract. Yields of nature’s rarest isotopes La138 and Ta180 are calculated by neutrino processes in the Neshell of density ρ ≈ 104 g/cc in a type II supernova (SN II) progenitor of mass 20M . Two extended sets
of neutrino temperature - Tνe = 3, 4, 5, 6 MeV and Tν(μ/τ ) = 4, 6, 8, 10, 12 MeV respectively for charged
and neutral current processes are taken. Solar mass fractions of the seeds La139 , Ta181 , Ba138 and Hf180 are
taken for calculation. They are assumed to be produced in some s-processing events of earlier generation
massive ‘seed stars’ with average interior density range ρ ≈ 103 −106 g/cc. The abundances of these two
elements are calculated relative to O16 and are found to be sensitive to the neutrino temperature. For neutral
current processes with the neutron emission branching ratio, bn = 3.81 × 10−4 and bn = 9.61 × 10−1 , the
relative abundances of La138 lie in the ranges 4.48 × 10−14 − 2.94 × 10−13 and 1.13 × 10−10 − 7.43 × 10−10
respectively. Similarly, the relative abundances of Ta180 lie in the ranges 1.80 × 10−15 − 1.17 × 10−14 and
4.53 × 10−12 − 2.96 × 10−11 respectively for the lower and higher values of the neutron emission branching
ratio. For charged current processes, the relative abundances of La138 and Ta180 are found to be in the ranges
1.38 × 10−9 − 7.62 × 10−9 and 2.09 × 10−11 − 1.10 × 10−10 respectively. Parametrized by density of the
‘seed stars’, the yields are found to be consistent with recent supernova simulation results throughout the range
of neutrino temperatures. La138 and Ta180 are found to be efficiently produced in charged current interaction.
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1. Introduction
Production of isotopes beyond iron (Fe56 ) is a highly
involved problem in astrophysics. It has now been generally established that heavy isotopes of Nature are
synthesized by rapid and slow capture events (r- and
s-processes respectively) in the interior of highly
evolved stars. However, rarity of some isotopes has
caused runaway development of the study of unconventional nucleosynthetic paths. La138 and Ta180 are two of
Nature’s rarest isotopes whose astrophysical sites and
production mechanisms are yet to be understood. They
belong to a neutron-deficient class of nuclei classically
referred to as p-nuclei (Rayet et al. 1995). Like other
p-nuclei, they are bypassed by the s- and r-neutron
capture processes (Burbidge et al. 1957). Different synthesis processes are proposed for their production; but
no one can produce the observed solar abundance of
these isotopes (Rayet et al. 1995; Heger et al. 2005).

It is often supposed that the p-nuclei originate in the
O/Ne layers of highly evolved massive stars during
their explosions as type II supernovae (Arnould 1976;
Arnould et al. 1992). This process, however, cannot
fully account for the production of these two elements.
In a realistic model of type II supernova SN1987A,
Prantzos et al. (1990) studied the production of
Ta180 by photodisintegration of s-process seed Ta181
(Ta181 (γ , n)Ta180 ) in the coolest layers of O/Ne shell
with temperature of about T9 ∼ 1.98. Even though the
results were ‘encouraging’, it could not produce La138 .
It was proposed by Woosley et al. (1990) that nonzero interaction of neutrinos with supernova matter in
Ne-shell can synthesize these two isotopes. In this socalled neutrino process (ν-process henceforth), Goriely
et al. (2001) found that charged current νe capture on
Ba138 (Ba138 (νe , e− )La138 ) can be an efficient producer
of La138 . However, their work emphasized on the scope
of further studies in this process due to uncertainty in
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supernova models and neutrino physics of the supernovae. Heger et al. (2005) improved the abundances
of these elements by extending the earlier works on
neutrino nucleosynthesis in massive stars.
Although it is now believed that these nuclei are
produced by the ν-process, the conclusions are, however, far from being rigid due to uncertainty in neutrino energy spectrum resulting from SN II (Boyd
2008) which demands further investigations on this
process. Modern supernova neutrino spectrum with
temperatures Tνe ≈ 2.8 MeV and Tν(μ/τ ) ≈ 4 MeV
coming from reinvestigation of supernova simulations
(Martinez-Pinedo et al. 2014; Hudepohl et al. 2010;
Sieverding et al. 2015) has been used to produce La138
and Ta180 . However, neutrino interaction cross section
also has theoretical uncertainties due to progenitor
structure (Woosley et al. 2002) and long term evolution
of the neutrino spectrum as well as neutrino oscillation
(Wu et al. 2015).
The ν-process is interestingly disentangled from
thermonuclear processes and has helped in understanding the origin of both light and heavy rare isotopes of
Nature (Woosley et al. 1990). Recently, these authors
have reported the production of Li7 and B11 through
neutrino processes in the helium zone of SNII progenitors of 8, 10 and 20M (Lahkar et al. 2015). The
present work is a naïve attempt to investigate the production of La138 and Ta180 produced by the ν-process
in the Ne-shell of a Type II supernova progenitor of
mass 2M , in a purely analytical way by considering
a broad range of neutrino energy and cross section.
The following charged and neutral current processes
are considered for the production:
Ba138 (νe , e− )La138 ; La139 (ν, ν n)La138 ,
Hf180 (νe , e− )Ta180 ; Ta181 (ν, ν n)Ta180 .
Here ν represents either muon or taon neutrinos
as both of them show neutral current interactions. ν
denotes scattered neutrinos after neutron evaporation.
Actually, all neutrino flavours participate in the neutral
current processes, but due to their higher temperature
muon and taon neutrinos have much enhanced cross
section (Woosley et al. 1990; Lahkar et al. 2015).
Therefore, the neutral current process for electron neutrinos is not considered as a dominating case in the
work. For our work, the cross section values are taken
from Woosley et al. (1990) where cross sections per
nucleon are averaged over flavor (with neutrinos and
antineutrinos). It has been reported (Woosley et al.
1990) that at energies characteristic to muon and taon
neutrinos, the cross section per nucleon is independent
of nuclear target species. Therefore, following Woosley
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et al. (1990), we have taken the typical cross section
per nucleon values for Fe56 and in the calculations
for interactions with La139 and Ta181 , the above values are multiplied by the mass numbers of these target
nuclei. Attempt has been made to understand the origin
of these two isotopes by considering a homogeneous
initial condition of the seeds rather than invoking a
local production site or process for a particular seed in
the progenitor. The calculated mass yields have been
analysed in the light of latest supernova simulation.

2. Method of synthesis
Following Woosley et al. (1990) for the neutrino flux
at the survival radii of La138 and Ta180 , we calculate
the rates of neutrino reactions with the seed nuclei
La139 , Ba138 , Ta181 and Hf180 by taking a wide range of
electron and muon/taon neutrino temperatures, Tν(e) =
3, 4, 5, 6 MeV and Tν(μ/τ ) = 4,6,8,10,12 MeV (where
Tν represents any neutrino temperature and electron or
muon/taon neutrinos are specified whenever necessary)
for charged and neutral current processes. The Ne-shell
density ρ ≈ 104 g/cc of a supernova progenitor of
mass 20M has been considered for the ν-process. The
seed number densities have been estimated from their
solar mass fractions (Woosley et al. 1990; Anders &
Grevesse 1989). It is assumed that they are produced in
the s-processing of some earlier generation ‘seed stars’
with range of interior density as ρ ≈ 103 −106 g/cc.
Earlier, Lamb et al. (1977) studied enhancements of
nuclei with atomic mass range 25 ≤ A ≤ 208 by sprocessing in 9, 15 and 25M stars and showed that
such seeds can contribute to further galactic nucleosynthesis. Our assumption is a homogenization of the
initial condition of the seeds in the sense that no local
production site or process has been considered for a
particular seed. The resulting mass yields of La138
and Ta180 are compared with recent supernova simulation studies and their production ratios and relative
abundances with respect to O16 are also estimated.

3. Amount of La138 and Ta180
The nuclei, La138 and Ta180 are prone to destruction by photo-disintegration (γ , n) of neutrons during the shock heating of the layers surrounding the
collapsing core of supernova progenitor. The rate of
photo-disintegration R(γ , n) depends on the peak temperature achieved during the arrival of the supernova
shock which in turn depends on the radius of the zone
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of synthesis. By matching the hydrodynamic free fall
rate with the photo-disintegration rate, Woosley et al.
(1990) calculated the survival radii as r = 1.36 ×
109 cm and r = 1.6 × 109 cm respectively for La138
and Ta180 in a 20M progenitor.
The flux history of the neutrinos is expressed as
(Woosley et al. 1990)



9.9 × 1056
ETot
10 MeV
φν (t; r) =
Tν
4π r 2
3 × 1053 erg

1s
×
exp (−t/τν ) cm−2 s−1 .
(1)
τν
Here we take the total gravitational energy released
during collapse of the star and subsequent formation
of a neutron star as ETot ≈ 3 × 1053 erg which is
deduced from the observation of SN 1987A (Yoshida
et al. 2014). The time constant for exponential decay of
neutrino flux is taken as (Epstein et al. 1988) τν ≈ 3 s.
For the Ne-shell of density ρ ≈ 104 g/cc the hydro√
dynamic time scale t ≈ 446/ ρ is taken as t ≈ 4 s.
The elemental yields are computed at this time. The
neutrino reaction rate is given by (Woosley et al. 1990)
λ = {σ φν (t; r)b} s−1 ,

(2)

where σ is the neutrino interaction cross section per
nucleon and b is the branching ratio for a specific
particle emission mode.
For the inelastic neutral current processes, there are
decay channels constituted by n, p, α emission from
the nucleus excited by the neutrinos. For ν + La139
collision, the possible decay channels are
La139 (ν, ν n)La138 ;
La139 (ν, ν α)Cs135

La139 (ν, ν p)Ba138 ;

and for ν + Ta181 collision, they are
Ta181 (ν, ν n)Ta180 ;
Ta181 (ν, ν α)Lu177 .

Ta181 (ν, ν p)Hf180 ;

For charged current interactions Ba138 (νe , e− )La138 ;
Hf180 (νe , e− )Ta180 , the branching ratio can well be
approximated as 1 as the lower energy electron neutrinos are unlikely to cause other nucleon or particle
emission. Woosley et al. (1990), by considering nuclear
level densities of the target nuclei, calculated the neutral current branching ratios through Hauser–Feshbach
optical model. However, the calculation was done for
lighter and intermediate mass nuclei. The branching
ratio calculations for heavy nuclei are quite complex
and require full machineries of computer codes. Following Ramadurai (1993), we take simple values of the
neutral current neutron emission branching ratios to see
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the possibility of the synthesis of the nuclei rather than
exact accordance with observations. For this purpose
the reasonable values of the branching ratio for neutron
emission, b = bn = 3.81 × 10−4 and 9.61 × 10−1 ,
are taken from the ranges given by the computations of
Woosley et al. (1990).
The cross section values in the neutrino temperature range T = 3 − 12 MeV are taken from the study
of Woosley et al. (1990) where not only heavy rare
isotopes but intermediate mass as well as rare light elements were successfully synthesized by the ν-process.
Following Woosley et al. (1990), the cross section per
nucleon for Fe56 has been chosen. The neutrino spectrum and hence the temperature range has remained
quite uncertain till date. Consistency with galactic
chemical evolution demands that the neutrino temperature may be centered around 8 MeV (Yoshida et al.
2014). On the other hand, modern supernova simulation (Sieverding et al. 2015) requires somewhat lower
neutrino temperature (Tν ≤ 4 MeV). We take a wide
range indicated by Woosley et al. (1990), namely Tνe =
3, 4, 5, 6 MeV for charged current and Tν(μ/τ ) = 4, 6,
8, 10, 12 MeV for neutral current reactions to test the
consistency of the yields. The amount of an element of
mass number A produced per unit volume is given by
VA = λtnseed AmH g/cc,

(3)

where nseed is the number density of the seed nuclei. If
the Ne-shell has thickness rout − rin , then the total mass
(in ordinary unit) of element A produced is
2
MA = 4π rin
(rout − rin ) VA .

(4)

For the 20M progenitor the Ne-shell radii are given
by rout ≈ 3.44 × 109 cm and rin ≈ 5.94 × 108 cm
(Woosley et al. 1990).
Here, the seed density is a crucial parameter. The
solar values for seed mass fraction for La138 and Ta180
are XLa139 ≈ 1.49 × 10−9 ; XTa181 ≈ 1.05 × 10−10
(Woosley et al. 1990) and XBa138 ≈ 10−10 ; XHf180 ≈
10−11 (Anders & Grevesse 1989). It has been assumed
that these seeds are synthesized in the s-processing
of massive ‘seed stars’ with average density in the
range ρ = 103 −106 g/cc. The range of density mentioned above is a reasonable one for the inner edge
of O/Ne layer of massive stars (Prantzos et al. 1990).
The Ne nuclei are supposed to contribute to neutrons
required for s-process via Ne22 (α, n)Mg25 which is
active during core helium burning (Lamb et al. 1977;
Boyd 2008). The s-process is also contributed by the
C13 (α, n)O16 reactions. Most of the s-process elements
of the Universe are also produced in the dredge-up
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Table 1. Yields of La138 and Ta180 in a 20M SN II progenitor (in the unit of solar mass) for charged current and neutral
current processes. Shown here are the results for different densities of the ‘seed star’ and neutral current neutron emission
branching ratio bn = 3.81 × 10−4 .
MA
Element
La138

Ta180

ρ ≈

ρ ≈ 105 g/cc

ρ ≈ 106 g/cc

1.92 × 10−13
5.10 × 10−13
7.88 × 10−13
1.03 × 10−12
1.24 × 10−12

1.92 × 10−12
5.10 × 10−12
7.88 × 10−12
1.03 × 10−11
1.24 × 10−11

1.92 × 10−11
5.10 × 10−11
7.88 × 10−11
1.03 × 10−10
1.24 × 10−10

6.48 × 10−14
1.48 × 10−13
2.44 × 10−13
3.45 × 10−13

6.48 × 10−13
1.48 × 10−12
2.44 × 10−12
3.45 × 10−12

6.48 × 10−12
1.48 × 10−11
2.44 × 10−11
3.45 × 10−11

6.48 × 10−11
1.48 × 10−10
2.44 × 10−10
3.45 × 10−10

4
6
8
10
12

1.20 × 10−15
3.17 × 10−15
4.91 × 10−15
6.43 × 10−15
9.10 × 10−15

1.20 × 10−14
3.17 × 10−14
4.91 × 10−14
6.43 × 10−14
9.10 × 10−14

1.20 × 10−13
3.17 × 10−13
4.91 × 10−13
6.43 × 10−13
9.10 × 10−13

1.20 × 10−12
3.17 × 10−12
4.91 × 10−12
6.43 × 10−12
9.10 × 10−12

3
4
5
6

8.44 × 10−13
1.92 × 10−12
3.15 × 10−12
4.45 × 10−12

8.44 × 10−12
1.92 × 10−11
3.15 × 10−11
4.45 × 10−11

8.44 × 10−11
1.92 × 10−10
3.15 × 10−10
4.45 × 10−10

8.44 × 10−10
1.92 × 10−9
3.15 × 10−9
4.45 × 10−9

103

Type of interaction

Tν (MeV)

N.C.

4
6
8
10
12

1.92 × 10−14
5.10 × 10−14
7.88 × 10−14
1.03 × 10−13
1.24 × 10−13

C.C.

3
4
5
6

N.C.

C.C.

phases of the AGB stars, particularly in the He-shell
flash (Boyd 2008). During dredge-up the He-shell penetrates the envelope and makes it possible for the star
to shed newly synthesized and cooled matter into the
interstellar medium.
Lamb et al. (1977) discussed significant enhancement of nuclei with mass range 25 ≤ A ≤ 208
due to s-processing in the cores of 9, 15 and 25M
stars. They argued that a substantial fraction of the
core material must escape with abundances largely
unaltered following the explosive nucleosynthesis. Significant photodisintegration of the processed seeds is
unlikely to occur in hydrodynamic time scale because
of expansion driven cooling of the material. Therefore,
the seeds considered here can easily contribute to further element synthesis once these are incorporated in a
next generation star.
The number densities of the seeds are calculated
from the relation nseed = ρ XA(seed) /A(seed) mH ,
where XA(seed) is the mass fraction of the seeds.
The seed number density is calculated for ρ =
103 , 104 , 105 and 106 g/cc.
The production ratio of the element A is given
by the ratio of the amount of the element produced

g/cc

ρ ≈

104

g/cc

to the amount of seed nuclei present in the volume
2 (r
4π rin
out − rin ) and it is expressed as
PA =

MA
λtA
.
=
2
A(seed)
A(seed) mH nseed × 4π rin (rout − rin )
(5)

Parametrized by the density of the ‘seed star’, the
calculated stellar yields of the two elements (in solar
mass unit) for charged and neutral current processes
spanning the specified neutrino temperature range are
shown in Table 1. The neutral current and charged current results are indicated by the abbreviations N.C. and
C.C. respectively, wherever necessary. The variation of
the production ratios PA (in logarithmic scale) with
neutrino temperature is shown in Fig. 1 and Fig. 2 for
branching ratios bn = 3.81 × 10−4 and bn = 9.61 ×
10−1 respectively.

3.1 Abundances relative to O16
The Ne-shell abundances are dominated by O16 , Ne20
and Mg24 (Woosley et al. 1990). We calculate the
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Figure 1. Variation of production ratio (in logarithmic scales) of La138 and Ta180 with neutrino temperature, for the
branching ratio bn = 3.81 × 10−4 .

Figure 2. Variation of production ratio (in logarithmic scales) of La138 and Ta180 with neutrino temperature whose range is
same as that in Fig. 1 but with branching ratio bn = 9.61 × 10−1 .

abundances of La138 and Ta180 relative to O16 as
follows. If δn138 and δn180 are number of elements produced out of the seeds having numbers n139 and n181
respectively, then the relative abundances are expressed
as

of the number of elements produced to the seeds is
expressed as (Ramadurai 1993)

δn138
δn138 n139
=
,
n139 O16
O16

(6)

δn180
δn180 n181
=
.
16
n181 O16
O

(7)

where r is the radius at which the elements are being
synthesized and here it represents the survival radii of
La138 and Ta180 as displayed in the previous section. Here
t is taken as the hydrodynamic time scale which is
about 4 s for the Ne-shell, Eν  is the average neutrino
energy which is 3.15Tν (Woosley et al. 1990) with Tν
being the neutrino temperature (in MeV) and b is the
branching ratio for the process. An order of magnitude
of neutrino luminosity Lν follows from the total neutrino

The abundance ratios of La139 and Ta181 to O16 are
taken from Anders & Grevesse (1989) and they amount
to 1.88 × 10−8 and 8.73 × 10−10 respectively. The ratio

δnproduced
Lν σ A(seed) bn t
=
,
nseeds
4π r 2 Eν 

(8)
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Figure 3. Variation (in logarithmic scale) of relative abundance of La138 and Ta180 produced in neutral current neutrino
interactions, each plotted for the two values of neutron emission branching ratio.

Figure 4. Variation (in logarithmic scale) of relative abundances of La138 and Ta180 produced in charged current interaction
with neutrino temperature range Tν = 3−6 MeV.

emission of 3 × 1053 erg (for all flavours) and the
Kelvin–Helmholtz cooling time of about 4 s (Woosley
et al. 1990). This amounts to Lν ≈ 3 × 1052 erg/s.
Taking the cross section values (per nucleon) from
Woosley et al. (1990) at a temperature range of Tν =
4−12 MeV for neutral current processes, the relative
abundance of La138 (δn138 /O16 ) for branching ratio
b = bn = 3.81 × 10−4 is found to be in the range
4.48 × 10−14 − 2.94 × 10−13 . For the higher value of
the branching ratio, b = bn = 9.61 × 10−1 this abundance ratio lies in the range 1.13×10−10 −7.43×10−10 .
Similarly, the relative abundance of Ta180 (δn180 /O16 ).
with the branching ratio, b = bn = 3.81 × 10−4 lies in
the range 1.80 × 10−15 −1.17 × 10−14 and that for the
higher value of the branching ratio, b = bn = 9.61 ×
10−1 , lies in the range 4.53 × 10−12 −2.96 × 10−11 .

For charged current process occurring at Tν = Tνe =
3−6 MeV with branching ratio b ≈ 1, the relative
abundances are calculated as follows:
δn 138 nBa138
δnLa138
= La
,
(9)
16
nBa138 O16
O
δnTa180
δn 180 nHf180
= Ta
.
16
nHf180 O16
O

(10)

The ratio of the number of elements produced to the
seeds is still given by equation (8), with only differences in the values of branching ratio, cross section
and the neutrino temperature and hence average neutrino energy. The abundance ratios nBa138 /O16 and
nHf180 /O16 are taken from Anders & Grevesse (1989).
Once again, taking the charged current cross section

J. Astrophys. Astr. (2017) 38: 8

Page 7 of 9

8

Table 2. Yields of La138 and Ta180 in a 20M SN II progenitor (in the unit of solar mass) for charged current and neutral
current processes with ranges of temperature same as those in Table 1. The results are shown for different densities of the
‘seed star’ but with neutral current neutron emission branching ratio bn = 9.61 × 10−1 .
MA
Element
La138

Ta180

ρ ≈

ρ ≈ 105 g/cc

ρ ≈ 106 g/cc

4.84 × 10−10
1.28 × 10−9
1.98 × 10−9
2.59 × 10−9
3.12 × 10−9

4.84 × 10−9
1.28 × 10−8
1.98 × 10−8
2.59 × 10−8
3.12 × 10−8

4.84 × 10−8
1.28 × 10−7
1.98 × 10−7
2.59 × 10−7
3.12 × 10−7

6.48 × 10−14
1.48 × 10−13
2.44 × 10−13
3.45 × 10−13

6.48 × 10−13
1.48 × 10−12
2.44 × 10−12
3.45 × 10−12

6.48 × 10−12
1.48 × 10−11
2.44 × 10−11
3.45 × 10−11

6.48 × 10−11
1.48 × 10−10
2.44 × 10−10
3.45 × 10−10

4
6
8
10
12

3.02 × 10−12
7.99 × 10−12
1.23 × 10−11
1.62 × 10−11
2.29 × 10−11

3.02 × 10−11
7.99 × 10−11
1.23 × 10−10
1.62 × 10−10
2.29 × 10−10

3.02 × 10−10
7.99 × 10−10
1.23 × 10−9
1.62 × 10−9
2.29 × 10−9

3.02 × 10−9
7.99 × 10−9
1.23 × 10−8
1.62 × 10−8
2.29 × 10−8

3
4
5
6

8.44 × 10−13
1.92 × 10−12
3.15 × 10−12
4.45 × 10−12

8.44 × 10−12
1.92 × 10−11
3.15 × 10−11
4.45 × 10−11

8.44 × 10−11
1.92 × 10−10
3.15 × 10−10
4.45 × 10−10

8.44 × 10−10
1.92 × 10−9
3.15 × 10−9
4.45 × 10−9

103

Type of interaction

Tν (MeV)

N.C.

4
6
8
10
12

4.84 × 10−11
1.28 × 10−10
1.98 × 10−10
2.59 × 10−10
3.12 × 10−10

C.C.

3
4
5
6

N.C.

C.C.

values (per nucleon) from Woosley et al. (1990) in the
temperature range Tνe = 3−6 MeV, the relative abundance of La138 (δnLa138 /O16 ) is found to lie in the
range 1.38 × 10−9 −7.62 × 10−9 , whereas that of Ta180
(δnTa180 /O16 ) is in the range 2.09 × 10−11 −1.10 ×
10−10 .
The variations of the relative abundances of these
two elements with neutrino temperature, in the neutral current process for the two values of the branching
ratio are shown in Fig. 3. Different line types have been
used for each element with two values of the branching
ratios. The variations of the abundances with neutrino
temperature for charged current process are shown in
Fig. 4.

4. Results and discussion
The results of the mass yields and production ratios of
the two elements for the two values of the neutral current neutron emission branching ratio and also for the
charged current process are discussed below. The mass
yields tabulated in Tables 1 and 2 are projected over the
recent results from supernova simulation (Sieverding
et al. 2015) for a 20M Type II progenitor.

g/cc

ρ ≈

104

g/cc

4.1 Mass yields
For bn = 9.61×10−1 , the neutral current yields of La138
lie in the range 10−11 −10−7 M for the ‘seed star’ density ranging from ρ = 103 −106 g/cc. The yields of
Ta180 are in the range 10−12 −10−8 M . The charged
current yield for La138 ranges from 10−14 −10−10 M
whereas that of Ta180 ranges from 10−13 −10−9 M .
For bn = 3.81 × 10−4 , the ranges of neutral current yield of La138 and Ta180 are 10−14 −10−10 M
and 10−15 −10−12 M respectively. On the other hand,
the charged current yields for them lie in the ranges
10−14 −10−10 M and 10−13 −10−9 M respectively.
For the branching ratio, bn = 3.81 × 10−4 , with stellar model ρ = 106 g/cc, the neutral current yields
of Ta180 are consistent with the results of supernovae
simulation (Sieverding et al. 2015) for the entire neutrino temperature range Tν = 4−12 MeV. The charged
current yields are consistent for Tνe = 4−6 MeV
in the model ρ = 103 g/cc. For ρ = 104 g/cc
the charged current yield of Ta180 is consistent with
simulated results only for Tνe = 3 MeV.
By taking the higher value of the branching ratio,
bn = 9.61 × 10−1 , we see that for the stellar model
ρ = 103 g/cc, the neutral current yield of La138 is
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consistent with the supernovae simulation for Tν =
6−12 MeV, whereas it is consistent only at Tν =
4 MeV for ρ = 104 g/cc. For Ta180 , the neutral current yield is consistent with supernovae simulation for
Tν = 4−6 MeV at ρ = 103 g/cc. On the other
hand, the charged current yield of La138 is matching
with simulated result for Tνe = 4−6 MeV at ρ =
106 g/cc, whereas that of Ta180 is consistent for Tνe =
4−6 MeV at ρ = 105 g/cc and for Tνe = 3 MeV at
ρ = 106 g/cc.

4.2 Production ratios
For neutron emission branching ratio, bn = 3.81 ×
10−4 , the charged current production ratios of Ta180
and La138 overwhelm those of neutral current production. Whereas charged current production of Ta180 is
larger than that of La138 by a factor |δ(log P )| ≈ 2.11,
there is only a tiny difference of |δ(log P )| ≈ 0.03
between the neutral current production ratios of La138
and Ta180 . The range for neutral current production
ratio for La138 is P138 (N.C.) = 3.23 × 10−7 –2.08 ×
10−6 , whereas it is P180 (N.C.) = 3.01 × 10−7 − 2.29 ×
10−6 for Ta180 . On the other hand, the range of charged
current production ratio for La138 is P138 (C.C.) =
1.04 × 10−5 −5.48 × 10−5 whereas it is P180 (C.C.) =
1.34 × 10−3 −7.07 × 10−3 for Ta180 .
On the other hand, for the neutron emission branching ratio, bn = 9.61 × 10−1 , the charged current
production ratios are unaffected. But the neutral current
production ratios are elevated by about |δ(log P )| ≈
3.4, however, still maintaining the tiny difference
between La138 and Ta180 by a factor |δ(log P )| ≈ 0.03.
The range of neutral current production ratio for La138
is P138 (N.C.) = 8.12 × 10−4 −5.24 × 10−3 , whereas
it is P180 (N.C.) = 7.58 × 10−4 −5.75 × 10−3 for
Ta180 . The ranges of charged current production ratio
for La138 and Ta180 are same as those obtained in case
of the smaller branching ratio.
It is to be noted that the abundances or the production ratios of the two elements are dependent on the
neutron emission branching ratio. The two values of
the branching ratios used here for the numerical results
of the abundances, are based on the calculations of
Woosley et al. (1990) which used a Hauser–Feshbach
optical model for nuclear structure. Few simplifying
assumptions were invoked in the original calculations,
however, with no reference to any specific uncertainty
in the branching ratios. Whereas the optical model
calculation for the branching ratios is a standard procedure, uncertainty in their values may likely arise due
to not considering the 1% isoscalar component in the
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neutrino spallation reactions (Woosley et al. 1990). If
it is taken into account, it will linearly manifest (see
equation (8)) on the extracted abundances of the two
elements.

4.3 Discussion
Parametrized by the density of the ‘seed star’ and
the type of interaction, the yields are compatible with
recent supernova simulation studies almost throughout
the entire range of neutrino temperature. It signifies
a marginal compatibility of our assumption of initial
homogenization of the seed nuclei that they are synthesized in s-processing of the previous generation star
with average density in the range ρ = 103 −106 g/cc.
However, the relative abundances of La138 and Ta180
with respect to O16 are found to be higher in charged
current process compared to those in the neutral current process. This co-production indicates the vital role
played by massive stars in enriching the Galaxy with
such rare and heavy isotopes.

5. Conclusions
In this work it is found that a wider range of neutrino
temperature is consistent for production of La138 and
Ta180 . The yields found in recent supernova simulation
are reproduced by the assumption that stars with density ρ = 103 −106 g/cc generate the seeds required
for synthesis of the two isotopes. The yields are not
only sensitive to the neutrino energy but also to the stellar environments where the seeds were synthesized. It
demands that the rate of formation of stars generating
the seeds and the process through which they enrich
the later generation of stars with these seeds also play
an important role in the production of these isotopes.
The possible dilution of the seeds is beyond the scope
of present discussion. The results, therefore, indicate
further opportunity for the study of chemical evolution
inside the Galaxy in the context of the rarest isotopes
of Nature.
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