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Evaluation of neutron nuclear data on tantalum isotopes
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Neutron nuclear data on four isotopes of tantalum have been evaluated for the next version

of Japanese Evaluated Nuclear Data Library general-purpose file in the energy region

from 10−5 eV to 20 MeV. Unresolved resonance parameters were obtained by fitting

to the total and capture cross sections calculated from nuclear models, while resolved

resonance parameters were selected from experimental data. A statistical model code was

applied to evaluate cross sections above the resolved resonance region. Compound, pre-

equilibrium and direct-reaction processes were considered for cross-section calculation.

Coupled-channel optical model parameters were employed for the interaction between

neutrons and nuclei. Giant-dipole and pygmy resonance parameters for E1 γ-ray transition

from tantalum isotopes were determined so as to reproduce measured γ-ray spectrum for

181Ta. The present results reproduce experimental data very well. The evaluated data are

compiled into ENDF-formatted data files.

Keywords: neutron nuclear data; evaluation; tantalum isotopes; cross section; JENDL; res-

onance parameter; optical model; statistical model
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1. Introduction

Nuclear data are required for nuclear science and engineering. Especially, neutron-

induced reaction data are important for nuclear energy applications. Japanese Evaluated

Nuclear Data Libraries (JENDLs) have been developed by the Japan Atomic Energy

Agency (JAEA) since 1977. The fourth version of the general-purpose file, JENDL-4.0, was

released[1] in 2010. JENDL-4.0 contains neutron-induced reaction data for 406 nuclides,

and its good performance was proved[2] by benchmarking. However, in the JENDL-4.0

evaluations, tantalum data were not fully examined due to the deadline of the release.

Tantalum is regarded as a control-rod material for lead-bismuth cooled fast reactors, and

so its neutron data are important. Moreover, neutron-induced activation cross sections of

tantalum are needed[3] for the decommissioning of light-water reactors.

The data on 181Ta were evaluated for JENDL-3.0[4] in 1987. These data were essen-

tially carried over to JENDL-4.0 with minor modifications, although other isotopes were

not considered. Under such circumstances, the present work was undertaken to improve

the evaluated data on 181Ta by considering the latest knowledge on experimental and

theoretical nuclear physics. In addition to 181Ta, the data on 179,180m,182Ta were newly

evaluated. Evaluated are the total, elastic and inelastic scattering, (n, γ), (n, p), (n, d),

(n, t), (n,3 He), (n, α), (n, np), (n, nd), (n, nα), (n, 2n), (n, 3n), (n, 2np) reaction cross sec-

tions, the angular distributions of elastically and inelastically scattered neutrons and the

energy distributions of emitted particles and γ-rays in the energy region from 10−5 eV to

20 MeV. The Q-values of the reactions were calculated from the mass table AME2012[5],

and are listed in Table 1, together with abundances[6] and half-lives[7].

[Table 1 about here.]

This paper presents how the evaluation was performed. Section 2 deals with the res-

onance region. In Section 3, the computational methods and procedures above the reso-

nance region are described. Comparisons of the evaluated results with the experimental
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and existing evaluated data are made in Section 4. Finally, Section 5 summarises the

conclusion.

2. Resonance region

The resolved and unresolved resonance regions are listed in Table 2 for each tar-

get nucleus. In principle, resolved resonance parameters (RRPs) are obtained from the

analyses of experimental data. RRPs are unavailable for 179Ta, since no measurements

have been published in the resonance region. Constant and 1/v energy dependences are

assumed for the elastic scattering and capture cross sections of 179Ta, respectively, up to

the lower limit of unresolved resonance region. Normalisation of the cross sections is done

at thermal energy. The thermal scattering cross section was calculated as 4πR2, where R

stands for the scattering radius that can be estimated from nuclear model calculations in

the higher energy region. On the other hand, the thermal capture cross section of 179Ta

was estimated from the activation data measured by Schumann and Käppeler[8] combined

with the isomeric ratio calculated from nuclear models. The RRPs of 180mTa and 182Ta

were taken from the work of Harvey et al.[9] and Stokes et al.[10], respectively, while those

of 181Ta remain unchanged from JENDL-4.0. As for 181Ta, the latest transmission data

of Meaze et al.[11] were not adopted in the present work, since their radiation widths

were extremely large for several resonances as compared with other measurements. The

lowest resonances were added at 0.2 eV and -20 eV for 180mTa and 182Ta, respectively, by

considering the compilation of Mughabghab[12]. The thermal capture and elastic scatter-

ing cross sections are listed in Table 3, where the capture and elastic scattering cross

sections are given at 300 K and 0 K, respectively, in order to compare with the values

recommended by Mughabghab.

The ASREP code[13] was used to determine the unresolved resonance parameters

(URPs) by fitting to the total and capture cross sections calculated with the nuclear
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models which will be described in Section 3. The URPs obtained are used only for self-

shielding calculations, since the pointwise cross sections are given in the evaluated data

files. As an example, the cross sections of 182Ta reconstructed from the URPs are compared

with the total and capture cross sections calculated from the nuclear models in Figure

1. In the parameter fitting with the ASREP code, 10% uncertainties in the nuclear model

calculations were assumed. The reconstructed cross sections reproduce the nuclear model

calculations very well.

[Table 2 about here.]

[Table 3 about here.]

[Figure 1 about here.]

3. Computational methods and procedures above resonance region

3.1. Nuclear models

The CCONE code (Version 0.8.4)[14] was used for calculating the neutron-induced

reaction cross sections of tantalum isotopes. The code is based on the spherical and

coupled-channel optical models, the two-component exciton pre-equilibrium model, the

distorted-wave Born approximation (DWBA) and the multi-step statistical model. In

order to simulate the direct and semi-direct effects on the radiative capture reaction, the

pre-equilibrium capture was considered by using the γ-ray emission rate of Akkermans

and Gruppelaar[15] extended to the two-component exciton pre-equilibrium model.

3.2. Parameter determination

3.2.1. Optical-model potentials

As for neutrons, we employed the global optical-model parameters obtained by Ku-

nieda et al.[16] using the coupled-channel method based on the rigid rotor model[17]. The
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potential V (r) is defined as

V (r) = −VRfR(r)− i

{
WV fV (r)− 4WDaD

d

dr
fD(r)

}

+

(
~

mπc

)2

(VSO + iWSO)
1

r

d

dr
fSO(r)L · σ, (1)

where L and σ are the orbital angular momentum and the Pauli matrix, respectively.

The form factor fi(r) is of a Woods-Saxon shape, i.e.,

fi(r) =
1

1 + exp{(r −Ri)/ai}
, i = R,D, V, SO, (2)

where Ri is written as

Ri = R0
i

[
1 +

∑
l=2,4,...

βlY
0
l (θ)

]
. (3)

The angle θ refers to the body-fixed system, and Y 0
l and βl denote spherical harmonics

and a deformation parameter, respectively. The potential depths are given as follows:

VR = (V 0
R + V 1

RE
† + V 2

RE
†2 + V 3

RE
†3 + V DISP

R exp(−λRE
†))

×

[
1− 1

V 0
R + V DISP

R

Cviso
N − Z

A

]
, (4)

WD =

[
WDISP

D − Cwiso
N − Z

A

]
exp(−λDE

†)

× E†2

E†2 +WID2
D

, (5)

WV = WDISP
V

E†2

E†2 +WID2
V

, (6)

VSO = V 0
SOexp(−λSOE

†), (7)

WSO = WDISP
SO

E†2

E†2 +WID2
SO

, (8)

where Z, A, and N are the atomic number and mass number of a target and N = A−Z,

respectively. The symbol E† is the incident-neutron energy (E) relative to the Fermi

one (Ef ), i.e, E
† = E − Ef . The Fermi energy Ef is calculated from neutron-separation

energies (Sn) of target and compound nuclei such as Ef = −{(Sn(Z,A)+Sn(Z,A+1)}/2.

5



J. Nucl. Sci. & Technol. Article

From the neutron potentials, transmission coefficients are obtained together with total

cross sections, shape-elastic scattering cross sections and the direct-reaction components

of inelastic scattering cross sections for the CCONE calculation.

The parameters required in Eqs. (2)–(8) are listed in Table 4, and the coupling

schemes and deformation parameters are given in Table 5. The deformation parameters

were originally taken from the work of Koura et al.[18] The calculated total cross section

of elemental Ta is shown in Figure 2 together with experimental data and the spherical

optical model calculations using the parameters of Koning and Delaroche[19]. In order to

give a better fit to experimental data, the values of WDISP
D and WDISP

V were adjusted to-

gether with the β4 value for
181Ta, while the rest of the parameters remain unchanged from

the original ones[16]. It is found from Figure 2 that the present calculations reproduce

measured data better than those using the parameters of Koning and Delaroche. Con-

cerning charged-particles, used were the spherical parameters of Koning and Delaroche[19]

for protons, those of Lohr and Haeberli[20] for deuterons, those of Becchetti and Green-

lees[21] for tritons and 3He, and those of Lemos[22] modified by Arthur and Young[23]

for α-particles. The transmission coefficients, which are required by CCONE to calculate

charged-particle emission, were obtained from the charged-particle parameters.

[Table 4 about here.]

[Table 5 about here.]

[Figure 2 about here.]

3.2.2. Discrete levels and level density

In the calculation, it was necessary to input the discrete levels and level density pa-

rameters for 19 nuclei, i.e., 177−183Ta, 177−182Hf, and 175−180Lu. The discrete levels were

taken from the reference input parameters library RIPL-3[24].

Concerning the level density, the composite formula of Gilbert and Cameron[25] was
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used in the present work. In the region of low excitation energy E, the level density is

described by the constant temperature formula ρT , namely,

ρT (E) =
1

T
exp
(E − E0

T

)
. (9)

On the other hand, the a parameter, which characterises the Fermi-gas part of level density

ρF , is defined as

a(U) = a(∗)
[
1 +

Esh

U
(1− e−γU)

]
, (10)

where Esh is the shell correction energy and γ a damping factor. The damping factor is

given by γ = 0.40A−1/3MeV−1. The energy U is expressed by E and the pairing energy

∆, i.e., U = E − ∆. In the above equations, the values of a(∗) and ∆ were taken from

the work of Mengoni and Nakajima[26]. The shell correction energy Esh is calculated

as the difference between the experimental mass[5] and the theoretical mass[27]. The

two parameters T and E0 were determined so as to connect ρF and ρT smoothly at an

appropriate matching energy Em. The parameters used in this work are listed in Table

6 for individual nuclei, together with the energies of the highest discrete levels Ehighest
level .

[Table 6 about here.]

3.2.3. Gamma-ray transition

The γ-ray transmission coefficients are related to the photoabsorption cross sections by

the detailed balance. The photoabsorption cross section is usually approximated by various

Lorentzian shapes. In the present calculation, the shape was determined by comparing

with the gamma-ray spectrum measured by Voignier et al.[28, 29] at 500 keV. As for the

E1 radiation, two giant-dipole resonance (GDR) terms and a pygmy resonance (PR) term

were needed to reproduce the spectra. An enhanced generalised Lorentzian (EGLO), which

was proposed by Kopecky et al.[30], was used for these terms. The resonance energy (E0,i),

resonance width (Γ0,i) and peak cross section (σ0,i) were fixed for all tantalum isotopes,
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and they are given in Table 7. The calculated γ-ray spectrum is compared with the data

measured by Voignier et al. at an angle of 90 degrees in Figure 3, where the measurements

are multiplied by 4π. The agreement between the calculation and the experiment becomes

satisfactory by considering the pygmy term, as was indicated by Igashira et al.[31] For

other nuclei, two-component GDR parameters for EGLO are determined from the RIPL-

3[24] prescription for deformed nuclei. They are explicitly given as follows:

E0,1 =
E0

b0

[1− 1.51× 10−2(a20 − b20)]

[0.911a0
b0

+ 0.089]
MeV, (11)

E0,2 =
E0

b0
[1− 1.51× 10−2(a20 − b20)] MeV, (12)

Γ0,1 = 0.026E1.91
0,1 MeV, (13)

Γ0,2 = 0.026E1.91
0,2 MeV, (14)

σ0,1 = σ0/3 mb, (15)

σ0,2 = 2σ0/3 mb, (16)

where the systematics of E0 and σ0 are given[32] by

E0 = 31.2A−1/3 + 20.6A−1/6 MeV, (17)

σ0 = 1.2× 120NZ/(0.026E1.91
0 Aπ) mb. (18)

Using the quadrupole deformation parameter β2 tabulated by Möller et al.[33], the re-

maining quantities needed to estimate Eqs. (11) and (12) are obtained from

α2 =

√
5

4π
β2, (19)

λ =

(
1 +

3

5
α2
2 +

2

35
α3
2

)1/3

, (20)

a0 = (1 + α2)/λ, (21)

b0 = (1− 0.5α2)/λ. (22)
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The standard Lorentzian (SLO) form was used to describe the M1 and E2 radiations for

which the parameters were taken from the work of Kopecky and Uhl.[34]

In cases where measured capture cross sections are available in the keV region, the

γ-ray strength functions are renormalised so that the calculated cross sections reproduce

these data. The s-wave γ-ray strength functions are compared in Table 8 with the values

recommended by Mughabghab[12]. The values of 181,182Ta were obtained after renormal-

isation using measurements. Although the value of 180Ta seems large as compared with

the others, it would not be possible to judge whether the present calculation is reasonable

without measured cross sections in the keV region.

[Table 7 about here.]

[Table 8 about here.]

[Figure 3 about here.]

3.2.4. Pre-equilibrium parameters

The Version 0.8.4 of CCONE incorporates pre-equilibrium process for the (n, γ) and

first-step binary reactions such as (n, n′), (n, p), (n, d), (n, t), (n,3 He) and (n, α). In the

two-exciton pre-equilibrium formalism, the single-particle state densities for protons and

neutrons in a residual nucleus are described[35] by

gπ =
C0Z

15
MeV−1, (23)

gν =
C0N

15
MeV−1, (24)

respectively. The parameter C0, of which the default value is unity, is changed so that

the calculations reproduce measured neutron and proton emission data such as (n, 2n)

and (n, p) in the present work. The (n, 2n) reaction is a ternary reaction, which proceeds

from (n, n′) by sequential decay in the framework of the multi-step statistical model.

Hence, the (n, 2n) cross section is sensitive to C0 for the residual nucleus in the (n, n′)
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reaction. More experimental data are available for (n, 2n) than for (n, n′) in the nuclides

presently concerned. In addition to the C0’s, the pre-equilibrium parameters for complex-

particle emission[36] were determined, i.e., those for the deuteron pickup reaction from

the 181Ta(n, t) reaction and those for the 3He pickup and the α knockout reactions from

the 181Ta(n, α) reaction. These parameters for the complex particles were used for all

tantalum targets. The pre-equilibrium parameters used are listed in Table 9, where C0’s

are given only for the residual nuclei in the (n, n′) and (n, p) reactions, and are assumed

to be unity for those in the other first-step binary reactions.

[Table 9 about here.]

4. Comparison with experimental data and other evaluated data in the fast-

neutron region

Comparisons are made with experimental data and other evaluated data. The experi-

mental data are taken from the EXFOR database[37] that is compiled by the international

data centres such as the IAEA Nuclear Data Section, the OECD NEA Data Bank, and

the National Nuclear Data Center at the Brookhaven National Laboratory. As for the

general-purpose evaluated nuclear data, there exist three major libraries, namely JENDL-

4.0[1], ENDF/B-VII.1[38] and JEFF-3.2[39]. Concerning tantalum, JENDL-4.0 contains

the data only for 181Ta, while ENDF/B-VII.1 and JEFF-3.2 have the data of 180g,181,182Ta

and 180m,181,182Ta, respectively. These general-purpose libraries do not contain activation

cross sections leading to the ground or isomeric state. The activation cross-section files

JENDL/A-96[40] and JEFF-3.1/A[41] are used for comparison with such activation data.

We do not discuss most of the reactions where experimental data are unavailable, since it

is difficult to judge whether the present evaluation is reasonable without measurements.

The capture cross section of 180mTa is illustrated in Figure 4. The present evalua-

tion reproduces the data measured by Wisshak et al.[42] very well, while the JEFF-3.2
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evaluation is systematically larger than the measurements. Figure 5 shows the capture

cross sections of 181Ta. It is found from the figure that the present evaluation is in good

agreement with the measured data. The JENDL-4.0 evaluation is inconsistent with the

experimental data at 14 MeV, which is due to the ignorance of the direct and semi-direct

effects in this region. An enhancement of ENDF/B-VII.1, which is seen in the 1- to 3-

MeV region, is not justified by available experimental data. The residual nucleus 182Ta

has two meta-stable states, i.e., Jπ = 5+ with T1/2 = 283 ms for Ex = 16.3 keV and Jπ

= 10− with T1/2 = 15.84 m for Ex = 519.6 keV in the incident energy region presently

concerned. The partial activation cross sections are compared in Figures 6 and 7 with

measurements and other evaluated data. The measured ground-state (GS) (Jπ = 3−, T1/2

= 114.74 d) production in Figure 6 includes the contribution from the 5+ state of which

half-life is considerably smaller than that of GS. It should be noted that the 5+ state

is not regarded as meta stable in JENDL/A-96 and so its contribution is automatically

included in the GS production. The calculated isomeric ratio was slightly modified below

60 keV so as to reproduce the thermal 181Ta(n, γ)182m2Ta cross section recommended by

Mughabghab[12]. The presently evaluated activation cross sections agree with available

experimental data, although the data of Cox[43] are systematically larger than all the

evaluated data for 181Ta(n, γ)182m2Ta.

Figures 8 and 9 show the total and partial (n, 2n) cross sections of 181Ta, respectively.

The data of Frehaut et al.[44] were renormalised by a factor of 1.078 that was derived

by Vonach et al.[45] The experimental data on the total and partial (n, 2n) cross sections

are well reproduced by the present evaluation, although the total 14.1-MeV (n, 2n) cross

section measured by Ashby et al.[46] ( 2.64 ± 0.20 b), which would be located outside

Figure 8, is much larger than the existing evaluated data. All the evaluations are almost

consistent with the 181Ta(n, 3n)179Ta cross section measured by Veeser et al.[47], as seen

in Figure 10.
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The (n, p), (n, t), and (n, α) reaction cross sections of 181Ta are illustrated in Figures

11, 12, and 13, respectively. The measured cross sections are well reproduced by the

presently evaluated cross sections for all reactions, while the ENDF/B-VII.1 evaluation is

relatively large. The JEFF-3.2 evaluation is consistent with the present work. Moreover,

it is found from Figure 14 that the bulk of the experimental data on the 181Ta(n, np +

d)180mHf reaction are reproduced by the present evaluation, although the 13.5-MeV cross

section measured by Luo et al.[48] is larger than the present and JEFF-3.1/A evaluations.

Angular distributions of neutrons elastically scattered from 181Ta are shown in Figure

15. All the calculations include the contributions of the neutrons inelastically scattered

from the first and second excited states (Ex = 6.2 and 136.4 keV, respectively), since we

believe that such inelastic neutrons were not fully corrected for in the measurements. The

present evaluation agrees with the measurements in the region above 10 MeV. This fact

proves the reliability of the neutron optical model parameters presently used.

Angle-integrated neutron emission spectra for 181Ta are shown in Figure 16. As in

the case[49] of 75As, we assumed a pseudo-resonance at an excitation energy of 2.1 MeV

for 181Ta, which can substitute for the missing collective enhancement phenomenologi-

cally. The cross section for the resonance was calculated by DWBA using the neutron

potential parameters mentioned in Sect. 3 with β2 = 0.12, and it was smeared by a

normal distribution with a standard deviation of 2.1 MeV. The present and JEFF-3.2

evaluations reproduce the measured spectra well. On the other hand, the JENDL-4.0

and ENDF/B-VII.1 evaluations are systematically smaller than the measured spectra in

the energy region below the elastic peaks, where the pre-equilibrium effect is significant.

The pre-equilibrium reaction yields forward-peaking angular distributions of continuous-

energy neutrons as seen in Figure 17. Such forward-peaking distributions are not given

by JENDL-4.0.

[Figure 4 about here.]
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[Figure 5 about here.]

[Figure 6 about here.]

[Figure 7 about here.]

[Figure 8 about here.]

[Figure 9 about here.]

[Figure 10 about here.]

[Figure 11 about here.]

[Figure 12 about here.]

[Figure 13 about here.]

[Figure 14 about here.]

[Figure 15 about here.]

[Figure 16 about here.]

[Figure 17 about here.]

5. Concluding remarks

The neutron nuclear data on tantalum isotopes were evaluated in the energy region

from 10−5 eV to 20 MeV. The RRPs of 180m,182Ta were taken from experimental data,

while those of 181Ta remain unchanged from JENDL-4.0. In the low-energy region, the

1/v behaviour was assumed for the capture cross section of 179Ta for which RRPs were

unavailable. The URPs were obtained for self-shielding calculations by fitting to the total

and capture cross sections calculated from the nuclear models.

The statistical-model code CCONE was applied to the calculation of fast-neutron

cross sections. The neutron transmission coefficients were obtained by the coupled-channel

method, together with the total cross sections, the shape-elastic scattering cross sections

and the direct-reaction components of the inelastic scattering cross sections. The neutron

potentials were found to be reliable by comparing with the measured total cross sections.
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The GDR and PR parameters for tantalum isotopes, which were needed to calculate E1

γ-ray emission, were determined so as to reproduce the γ-ray spectrum at 500 keV. The

presently evaluated cross sections are in good agreement with measurements. The data

on 179,180m,182Ta, which were missing in JENDL-4.0, were newly evaluated. The evaluated

data are compiled into ENDF-formatted data files for the next release of JENDL general-

purpose files.
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Table 1 Isotopic abundances and reaction Q-values of tantalum isotopes.

179Ta 180mTa 181Ta 182Ta

Ex (keV) 0.0 77.1 0.0 0.0
Abundance(%) 1.82y∗ 0.01201 99.98799 114.74d∗

Q-values (MeV)
(n, γ) 6.648 7.654 6.063 6.934
(n, p) 0.888 1.705 -0.254 0.401
(n, α) 8.671 9.173 7.545 8.274
(n, d) -2.986 -3.458 -3.724 -4.092
(n, t) -4.355 -3.300 -4.855 -3.530

(n, 3He) -4.834 -5.379 -6.241 -6.614
(n, 2n) -7.830 -6.571 -7.577 -6.063
(n, np) -5.211 -5.683 -5.949 -6.317
(n, nα) 2.383 2.100 1.519 1.482
(n, nd) -10.612 -9.557 -11.112 -9.787
(n, 3n) -14.785 -14.401 -14.224 -13.640
(n, 2np) -12.837 -11.782 -13.337 -12.012

∗ Half-lives are given for 179,182Ta.
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Table 2 Resolved and unresolved resonance regions.

Target nuclei Resolved resonance Unresolved resonance
179Ta – 3 eV – 100 keV
180mTa 10−5 eV – 103 eV 103 eV – 100 keV
181Ta 10−5 eV – 2.4 keV 2.4 keV – 100 keV
182Ta 10−5 eV – 34 eV 34 eV – 100 keV
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Table 3 Thermal capture (C) and elastic scattering (E) cross sections in units of barns.

Target nuclei Reaction Present JENDL-4.0 Mughabghab[12]
179Ta C 983.4 – 932±62

E 7.740 – –
180mTa C 563.9 – 563±60

E 3.850 – –
181Ta C 20.68 20.68 20.5±0.5

E 5.650 5.650 6.12±0.15
182Ta C 8295.0 – 8200±600

E 31.76 – –
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Table 4 Optical model parameters for neutrons.

V 0
R = −34.40− 6.18× 10−2A+ 3.37× 10−4A2 − 6.52× 10−7A3 MeV

V 1
R = 0.027

V 2
R = 1.2× 10−4 MeV−1

V 3
R = 3.5× 10−7 MeV−2

V DISP
R = 94.88 MeV
Cviso = 24.3 MeV
λR = 1.05× 10−2 + 1.63× 10−4V 0

R MeV−1

WDISP
D = 11.0 MeV

WIDD = 12.72− 1.54× 10−2A+ 7.14× 10−5A2 MeV
Cwiso = 18.0 MeV
λD = 0.0140 MeV−1

WDISP
V = 34.0 MeV

WIDV = 105.05− 14.13× [1.0 + exp{(A− 100.21)/13.47}]−1 MeV

V 0
SO = 5.92 + 0.003A MeV

λSO = 0.005 MeV−1

WDISP
SO = −3.1 MeV

WIDSO = 160.0 MeV

RR,D,V = 1.21A1/3 fm
aR,D,V = 0.49 + 3.22× 10−3A− 2.07× 10−5A2 + 4.47× 10−8A3 fm
RSO = (1.18− 0.65A−1/3)A1/3 fm
aSO = 0.59 fm
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Table 5 Coupling schemes used in the interaction between neutron and target.

Target nuclei Coupled levels∗ Deformation parameters
179Ta 7/2+(g.s.), 9/2+(0.134), 11/2+(0.295), 13/2+(0.481) β2 = 0.25 β4 = −0.03
180mTa 9−(0.077), 10−(0.280), 11−(0.505) β2 = 0.25 β4 = −0.04
181Ta 7/2+(g.s.), 9/2+(0.136), 11/2+(0.302), 13/2+(0.495) β2 = 0.25 β4 = −0.03
182Ta 3−(g.s.), 4−(0.098), 5−(0.173), 6−(0.316) β2 = 0.24 β4 = −0.05

∗ The number in the parentheses indicates the excitation energy in MeV.
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Table 6 Level density parameters for each nucleus.

Nuclei a(∗) ∆ Esh T E0 Em Ehighest
level

1/MeV MeV MeV MeV MeV MeV MeV
183Ta 21.665 0.887 1.518 0.440 -0.207 3.986 0.971
182Ta 21.566 0.000 1.177 0.446 -1.064 3.106 0.647
181Ta 21.468 0.892 1.428 0.481 -0.603 4.644 0.773
180Ta 21.369 0.000 1.388 0.471 -1.354 3.544 0.624
179Ta 21.271 0.897 1.887 0.482 -0.700 4.735 0.891
178Ta 21.172 0.000 1.749 0.394 -0.632 2.315 0.671
177Ta 21.074 0.902 2.207 0.512 -1.128 5.326 0.497
182Hf 21.566 1.779 1.735 0.491 0.056 5.820 1.173
181Hf 21.468 0.892 1.438 0.470 -0.475 4.444 1.117
180Hf 21.369 1.789 1.588 0.541 -0.532 6.736 1.630
179Hf 21.271 0.897 1.623 0.499 -0.843 4.994 1.139
178Hf 21.172 1.799 1.843 0.545 -0.608 6.823 1.651
177Hf 21.074 0.902 1.769 0.519 -1.087 5.348 0.846
180Lu 21.369 0.000 1.230 0.320 -0.071 1.276 0.562
179Lu 21.271 0.897 1.638 0.440 -0.163 3.939 0.735
178Lu 21.172 0.000 1.338 0.402 -0.633 2.367 0.475
177Lu 21.074 0.902 1.751 0.488 -0.689 4.762 1.094
176Lu 20.975 0.000 1.388 0.470 -1.281 3.445 0.709
175Lu 20.876 0.907 1.723 0.528 -1.148 5.465 0.595
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Table 7 E1 parameters for tantalum isotopes.

Resonance E0,i(MeV) Γ0,i(MeV) σ0,i(mb)

GDR 12.3 2.43 259.0
GDR 15.2 4.48 341.0
PR 5.5 2.5 3.0
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Table 8 Gamma-ray strength functions for s-wave neutron in units of 10−4.

Compound nuclei Present work Mughabghab[12]
180Ta 522.0 –
181Ta 121.2 500±40
182Ta 111.8 145±5
183Ta 178.2 231±128∗

∗ Calculated from the s-wave average level-spacing and the s-wave average radiative width

given in Ref.[12].
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Table 9 Pre-equilibrium parameters.

Target nuclei C0 Knockout Pickup Pickup
(n, n′) (n, p) for (n, α) for (n, α) for (n, t)

179Ta 1.0 1.0 1.0 1.1 2.5
180mTa 1.0 1.0 1.0 1.1 2.5
181Ta 1.0 0.8 1.0 1.1 2.5
182Ta 1.0 1.0 1.0 1.1 2.5
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Figure Captions

Figure 1 Unresolved resonance region for n + 182Ta.

Figure 2 Total cross section of elemental Ta.

Figure 3 Gamma-ray spectrum from n + 181Ta at 500 keV.

Figure 4 Capture cross section of 180mTa.

Figure 5 Capture cross section of 181Ta.

Figure 6 181Ta(n, γ)182g+182m1Ta (G: Jπ = 3−, T1/2=114.74 d; M1: Jπ = 5+,

T1/2=283 ms) reaction cross section. The 5+ state is not regarded as

meta stable in JENDL/A-96.

Figure 7 181Ta(n, γ)182m2Ta (Jπ = 10−, T1/2=15.84 m) reaction cross section.

Figure 8 181Ta(n, 2n)180Ta reaction cross section.

Figure 9 181Ta(n, 2n)180gTa (Jπ = 1+, T1/2 = 8.154 h) reaction cross section.

Figure 10 181Ta(n, 3n)179Ta reaction cross section.

Figure 11 181Ta(n, p)181Hf reaction cross section.

Figure 12 181Ta(n, t)179Hf reaction cross section.

Figure 13 181Ta(n, α)178Lu reaction cross section.

Figure 14 181Ta(n, np+ d)180mHf (Jπ = 8−, T1/2 = 5.47 h) reaction cross section.
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Figure 15Angular distributions of neutron scattered from 181Ta.

Figure 16Angle-integrated neutron emission spectra for 181Ta.

Figure 17Double-differential neutron emission spectra from 181Ta at 14.1 MeV.
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Figure 1 Unresolved resonance region for n + 182Ta.
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Figure 2 Total cross section of elemental Ta.
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Figure 4 Capture cross section of 180mTa.
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Figure 5 Capture cross section of 181Ta.
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Figure 6 181Ta(n, γ)182g+182m1Ta (G: Jπ = 3−, T1/2=114.74 d; M1: Jπ = 5+, T1/2=283 ms) reaction

cross section. The 5+ state is not regarded as meta stable in JENDL/A-96.
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Figure 7 181Ta(n, γ)182m2Ta (Jπ = 10−, T1/2=15.84 m) reaction cross section.
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Figure 8 181Ta(n, 2n)180Ta reaction cross section.
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Figure 9 181Ta(n, 2n)180gTa (Jπ = 1+, T1/2 = 8.154 h) reaction cross section.
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Figure 10 181Ta(n, 3n)179Ta reaction cross section.
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Figure 11 181Ta(n, p)181Hf reaction cross section.
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Figure 12 181Ta(n, t)179Hf reaction cross section.
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Figure 13 181Ta(n, α)178Lu reaction cross section.
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Figure 14 181Ta(n, np+ d)180mHf (Jπ = 8−, T1/2 = 5.47 h) reaction cross section.
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Figure 15 Angular distributions of neutron scattered from 181Ta.
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Figure 16 Angle-integrated neutron emission spectra for 181Ta.
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Figure 17 Double-differential neutron emission spectra from 181Ta at 14.1 MeV.
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