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W(n,2n ) 'w, W(n,e) " Hf, and " W(n, a) “HF reactions were measured in the neutron energy range of 13.5-
14.8 MeV via the activation technique to improve the database and resolve discrepancies. Monoenergetic neutrons in
this energy range were produced via the T(d,n)4He reaction on a solid Ti-T target. The activities of the irradiated
monitor foils and samples were measured using a well-calibrated high-resolution HPGe detector. Theoretical calcu-
lations of the excitation functions of the seven nuclear reactions mentioned above in the neutron energies from the
threshold to 20 MeV were performed using the nuclear theoretical model program TALYS-1.9 to aid new evalu-
ations of cross sections on tungsten isotopes. The experimental data obtained were analyzed and compared with that
of previous experiments conducted by other researchers, and with the evaluated data available in the five major eval-
uated nuclear data libraries of [AEA (namely ENDF/B-VIIL.0 or ENDF/B-VILO, JEFF-3.3, JENDL-4.0u+, CENDL-
3.2, and BROND-3.1 or ROSFOND-2010), and the theoretical values acquired using TALYS-1.9 nuclear-reaction
modeling tools. The new cross section measurements agree with those of some recent experiments and theoretical
excitation curves at the corresponding energies. The consistency of the theoretical excitation curves based on TA-
LYS-1.9 with these experimental data is better than that of the evaluated curves available in the five major nuclear
data libraries of IAEA.
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I. INTRODUCTION

Tungsten is a very important potential structural com-
ponent of fusion reactors. Therefore, accurate and reli-
able cross sections for performing 14 MeV neutron in-
duced nuclear reactions on this element are important for
the design of such reactors. These cross sections for 14
MeV neutron induced nuclear reactions on tungsten iso-
topes have been studied by many researchers and can be
found in the experimental nuclear reactlon data (EXFOR)
library [1]. However, for the ' W(n a) "Hf reaction, the
experimental cross-section data induced by neutrons from
the D-T reaction were obtained by only two experimental
groups [2-4], and the experimental results were reported
in 2016 and 2003, respectively [2,3]. There are remark-
able differences in those data at the corresponding ener-
gies, with a maximum difference given by a factor great-

er than 4. For the "“*W(n,d*)'* Ta[(n,d*) = (n,d)*+(n,n+p)]

reaction, the experimental cross-section data induced by
neutrons were obtained only by three experimental
groups [4-6], and all of them have only one cross-section
value at a single neutron energy. These data were also
very different, with the max1mum difference given by a
factor of 8. F or the W( g p) Ta reactlon ﬁ\gleh}ch is the
sum of the "W, p)' “W(n, p)*™'Ta, and
'82W(n, p)18 reactions), expenmental cross-section data
around the neutron energy of 14 MeV were obtained by
eight experimental groups [2-4,7-12], and one of them re-
ported their experimental results in 2016 and 2003 [2,3].
These experimental data are also significantly different,
with the max1mum difference being greater than 45%.
For the ' W(n,p) “Ta reaction, experimental cross-sec-
tion data around the neutron energy of 14 MeV were ob-
tained by eleven experimental groups [2-4,6,8-11,13-17],
and one of them reported their experimental results in
2016, 2003. and 1999 [2,3,13]. These experimental data
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are also hugely different, with the max1mum difference
gs Ven by a 1factor grleS%ter than 4 For the ' W(n 2n )ISIW
n,0)  Hf, and "~ W(n, oc) “Hf reactions, experiment-
al cross-section data around the neutron energy of 14
MeV were obtained by seven [4,10,12,18-21], six [2-
3,9,11,12,22], and nine [2-4,6,9-11,15,16,22] experiment-
al groups, respectively. These experimental data are also
different, with the maximum difference given by a factor
greater than 2, greater than 28%, and a factor greater than
4, respectively. Furthermore, there are also differences in
the cross-section evaluation data of the above-mentioned
nuclear reactions in the neutron energy range from the
threshold to 20 MeV given by several major libraries of
the International Atomic Energy Agency (IAEA) [23].
Consequently, it is necessary to perform further measure-
ments for the cross-sections of the above mentioned reac-
tions on tungsten isotopes around the neutron energy of
14 MeV and provide their excitation curves by using the
nuclear theoretical model program TALYS-1.9 [24]. In
this study, the cross sections of the 183W( n,a) " "HE,
W( d*) T W(n, ) Ta, "W, p)184Ta
W(n 2n ) W W(n a) 'Hf, a d W(n a) *Hf reac-
tions were measured in the neutron energy range of
13.5-14.8 MeV via the activation technique. Excitation
curves of the seven above-mentioned nuclear reactions
were calculated in the neutron energy range from the
threshold to 20 MeV by adopting the nuclear theoretical
model program TALYS-1.9 with the relevant parameters
properly adjusted. The experimental data obtained were
analyzed and compared with that of previous experi-
ments conducted by other researchers and with the evalu-
ated data available in the five major evaluated nuclear
data libraries of IAEA, namely ENDF/B-VIIL.O0 (USA,
2018) or ENDF/B-VIL.O (USA, 2006) [25], JEFF-3.3
(Europe, 2017) [26], JENDL-4.0u+ (Japan, 2016) [27],
CENDL-3.2 (China, 2020) [28], and BROND-3.1 (Rus-
sia, 2016) or ROSFOND-2010 (Russia, 2010) [29], as
well as with the theoretical values acquired through TA-
LYS-1.9.

II. EXPERIMENTAL DETAILS

The nuclear reaction cross sections studied were
measured by identifying the radioactive products. The de-
tails were described in several publications [30-33]. Here,
we mention only a few salient features relevant to the
present measurements.

Natural tungsten foils of 3.01-3.14 mm thickness and
99.95% purity were made into round foils of 20 mm dia-
meter. Monitor foils (natural niobium foils, each 1 mm in
thickness, 99.95% purity) of the same diameter as the
tungsten sample were attached in front of and behind
each tungsten sample, which was wrapped in a pure cad-
mium foil (1 mm in th1ckness 99 95% purity) to reduce
the effect of the 180W( ,y) 'W reaction induced by

thermal neutrons on the 182W(n,2n)181W reaction.
Irradiations with 13.5—-14.8 MeV neutrons were per-
formed at the neutron generator of the K-400 Neutron
Generator at China Academy of Engineering Physics
(CAEP). Monoenerget1c neutrons around 14 MeV were
produced via the T(d, n) He reaction on a solid Ti-T tar-
get. The characteristics of this neutron source have been
described earlier [32-34]. The samples were placed at dif-
ferent angles (0°, 45°, 90°, 135°) relative to the deuteron
beam direction (which result in different averaged neut-
ron energies within different samples), at a distance of
40-50 mm from the center of the T-Ti target. The dura-
tion of irradiation varied between 6.4 h and 8.2 h. The
neutron energies in the measurements were determined
beforechand from the cross section ratios of
*7r(n,2n)"™"*Zr to “Nb(n,2n) " "Nb reactions [35].
The activation products were identified by gamma-
ray counting and checking their half-lives. The activities
of "Nb from the irradiated monitor foils and the activit-
ies of 180me’ ISIHf 185 lSlW, ]82Ta, 183Ta’ 184Ta’ and
"*Hf from the 1rrad1ated samples were measured by a
well-calibrated GEM-60P coaxial HPGe ORTEC detect-
or made in USA (crystal diameter 70.1 mm, crystal length
72.3 mm) with a relative efficiency of 68% and an en-
ergy resolution of 1.69 keV at 1332 keV for “Co. The ef-
ficiency of the detector was pre-calibrated using a selec-
ted set of gamma Tay standard jsourees, which Were
Co, “Co, '"Cd, ¥Cs, 'Eu, and “‘Ra.
The samples were placed dlrectly at a distance of 9 cm
away from the end cap of the detector.

III. CALCULATIONS OF THE MEASURED
CROSS-SECTIONS AND THEIR
UNCERTAINTIES

The decay data (used in quantitative assay of the
activity) of the products and the natural abundance of the
target isotopes under investigation are summar1zed in
Table 1 [36]. The natural abundance of ”Nb was taken
from Ref. [37].

Calculations of the measured cross-sections were per-
formed using the formula described in Refs. [34,38,39].
The cross-section data of the monitor reaction
"Nb(n,2n) ""Nb are 457.9+ 6.8, 459.8 + 6.8, 459.8 + 6.8
and 459.7 = 5.0 mb at the neutron energies of 13.5, 14.1,
14.4, and 14.8 MeV, respectively [40].

Activation cross sections measured through identific-
ation of the activation products via gamma-ray spectro-
metry are given in Tables 2—8 and charted in Figs. 1-7.
Previously obtained experimental cross sections of these
nuclear reactions around the neutron energy of 14 MeV
are also summed up in Tables 2—8 and charted in Figs.
1-7 for comparison. The evaluation cross-section curves
of these reactions mentioned above from BROND-3.1,
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Table 1. Reactions and associated decay data of activation products.
Reaction Abundance of target isotope (%) Reaction product Half-life E/keV I, (%)
B W(na) 14.3140.04 O 5.53+0.02 h 443.16 81.742.5
W (nd*) 28.43+0.19 "Ta 49.4+1.5 min 177.59 25.741.0
"W(np) 26.50£0.16 "'Ta 114.74+0.12 d 1121.29 3524
W p) 30.64£0.02 "'Ta 8.7+0.1 h 414,01 7
W(n,2n) 26.5040.16 Hw 12124024 152.32 0.0830.003
MW(na) 30.64£0.02 “Hf 42.3940.06 d 345.93 15.1240.12
W(n,a) 28.430.19 "Hf 1.018+0.002 h 783.73 65.541.9
"Nb(n.2n) 100 ""Nb 10.15£0.02 d 934.44 99.15
Table 2. Summary of cross-section measurements of the 183W(n,ot)lsome reaction.
Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference
"W (n,a) "HE 13.5+0.3 0.025+0.002 13.64 0.025+0.005 2]
14.1+0.2 0.031+0.002 13.88 0.033+0.007 2]
14.4+0.3 0.038+0.003 14.28 0.039+0.010 [2]
14.8+0.2 0.067+0.004 14.47 0.06+0.013 2]
14.68 0.047£0.014 [2]
14.82 0.071£0.013 [2]
14.5 0.053£0.006 3]
14.7 0.22+0.03 [4]
Table 3. Summary of cross-section measurements of the 186W(n,a”‘)185 Ta reaction.
Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference
"W(n.a%)'"Ta 13.540.3 0.120.01 14.7 0.25+0.05 [4]
14.4+0.3 0.17+0.01 14.8 2 [5]
14.840.2 0.29+0.02 14.8 1.540.8 [6]
Table 4. Summary of cross-section measurements of the ]82W(n,p)]82Ta reaction.
Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference
“W(np)"'Ta 13.50.3 3.26£0.17 8.96 0.0430.003 (7]
14.1+0.2 4.14+0.21 12.47 0.793+0.06 [7]
14.4+0.3 4.76+0.23 16.63 4.092+0.28 [7]
14.8+0.2 5.53+0.27 13.64 3.344+0.299 2]
13.88 4.056+0.702 [2]
14.28 4.767+0.254 [2]
14.47 4.355+0.897 [2]
14.68 5.348+0.496 2]
14.82 5.785+0.335 [2]
13.5 2.07+0.14 [8]
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Table 4-continued from previous page

This work Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference

14.4 2.76+0.16 [8]

14.7 3.28+0.19 [8]

15.1 4.6£0.5 [9]

16.1 7.120.8 [9]

18.0 11.2+1.0 [9]

20.6 16.0£1.5 [9]

14.5 5.11+0.24 [3]

13.5 2.25+0.11 [10]

13.7 2.62+0.12 [10]

142 3.09+0.15 [10]

14.5 4.08+0.2 [10]

14.7 4.47+0.22 [10]

14.6 6.540.5 [11]

14.7 5.9+0.5 [4]

14.1 35 [12]

Table 5. Summary of cross-section measurements of the 184W(n,p)mTa reaction.
This work Literature Values
Reaction E,/MeV o/mb E,/MeV o/mb Reference

HW(np)Ta 13.5£0.3 1.53£0.07 13.48 1.4+0.09 2]
14.10.2 1.88+0.09 13.64 1.6+0.10 [2]
14.4+0.3 2.32+0.10 13.88 1.86+0.12 [2]
14.8+0.2 3.06+0.14 14.05 2.15+0.16 [2]
14.28 2.39£0.14 [2]

14.47 2.73+0.14 [2]

14.68 3.03£0.15 [2]

14.84 3.2340.16 2]

13.5 1.720.09 [8]

14.4 3.07£0.15 [8]

14.7 3.15£0.17 [8]

14.8 3.58+0.2 [9]

16.1 5.85+0.43 [9]

17 7.25+0.56 [9]

18 8.12+0.63 [9]

19 9.3620.77 [9]

19.3 9.93+0.77 [9]

20.5 10.58+0.91 [9]

14.5 2.86£0.16 [3]
14.1 2.14%0.1 [13]
13.5 1.65+0.08 [10]

Continued on next page
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Table 5-continued from previous page

This work Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference

13.7 1.924+0.09 [10]

14.2 2.2540.11 [10]

14.5 2.97+0.14 [10]

14.7 3.2540.16 [10]

134 2.0820.1 [14]

13.65 2.16+0.1 [14]

13.88 2.33+0.12 [14]

14.28 2.91%0.13 [14]

14.87 3.7240.17 [14]

14.6 3.240.2 [11]

13.36 1.314+0.8 [15]

13.58 1.71£0.11 [15]

13.76 1.86+0.14 [15]

13.99 1.97+0.13 [15]

14.24 2.340.15 [15]

14.45 2.52+0.15 [15]

14.69 3.17+0.17 [15]

14.96 3.34+0.18 [15]

14.7 2.9+0.3 [4]

14.5 49 [16]

14.8 14+4 [6]

14.5 4.750.95 [17]

Table 6. Summary of cross-section measurements of the 182W(n,2n)mW reaction.
This work Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference

SW(n.2n) MW 13.5:0.3 1965128 13.5 205070 [10]
14.4+0.3 2150£137 13.7 2065+73 [10]
14.8+0.2 2167142 14.2 2115+£75 [10]
14.5 211075 [10]
147 2097+73 [10]
8.18 16£12 [18]
8.44 64+12 [18]
8.69 219428 [18]
8.94 358422 [18]
9.44 721241 [18]
9.93 1144+60 [18]
10.42 1366470 [18]
10.91 1582480 [18]
11.88 1790+127 [18]
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Table 6-continued from previous page

This work Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference

12.85 1923+137 [18]

13.33 1960138 [18]

13.8 1990142 [18]

14.28 20924153 [18]

14.76 2076+145 [18]

14.7 2162140 [4]

14.2 2050400 [19]

14.7 2160120 [20]

14.8 22804250 [21]

14.1 980 [12]

Table 7. Summary of cross-section measurements of the 184W(n,oc)me reaction.
This work Literature Values
Reaction
E,/MeV o/mb E,/MeV o/mb Reference

MW(na)" HE 13.5£0.3 0.46:0.04 13.64 0.495+0.043 2]
14.1+0.2 0.58+0.04 13.88 0.484+0.042 2]

14.4+0.3 0.7940.05 14.28 0.70140.032 [2]

14.8+0.2 0.9340.06 14.47 0.639+0.100 2]

14.68 0.8190.045 2]

14.82 0.85+0.044 2]

14.8 0.96+0.09 [9]

16.3 1.48+0.11 [9]

17 1.73+0.15 [9]

18.1 2402 [9]

20.5 224402 [9]

14.5 0.75+0.03 [3]
13.4 0.56+0.09 [22]
13.65 0.56+0.09 [22]
13.88 0.67+0.09 [22]
14.28 0.79+0.11 [22]
14.58 0.87+0.12 [22]
14.87 0.91+0.12 [22]
14.6 0.85+0.09 [11]

14.7 1.15%0.15 [4]
14.1 0.65 [12]

ENDF/B-VIIL.O, and JEFF-3.3 are also charted in 184W(11,l”‘)182Ta [(n,t*)=(n,t)+(n,ntd)+(n,2n+p)] reactions.

Figs. 1-7 for comparison.

Because a natural tungsten sample was used in the ex-
periment, more than one reaction may result in the same
product. The cross section of the 182W(n,p)lnga reaction

contained the contributions of the 183W(n,a?”‘)mTa and

In the process of calculating the cross section of the
I82W(n,p)lnga reaction, the contribution of the
183W(n,d*)lnga reaction with its evaluated values (which
are 0.32, 0.56, 0.75, 1.09 mb at 13.5, 14.1, 14.4, and 14.8
MeV, respectively) from ENDF JEFF-3.3 was subtracted
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Table 8. Summary of cross-section measurements of the 186W(n,oc)lstf reaction.

This work Literature Values
Reaction

E,/MeV o/mb E,/MeV o/mb Reference

W(n, @) " HE 13.5£0.3 0.26:0.01 13.48 0.274+0.063 2]

14.1+0.2 0.35+0.02 13.64 0.277+0.051 [2]

14.4+0.3 0.42+0.02 13.88 0.387+0.060 [2]

14.8+0.2 0.56+0.03 14.28 0.461+0.080 [2]

14.47 0.52+0.075 2]

14.68 0.582+0.111 [2]

14.82 0.60120.085 2]

14.8 0.620.09 [9]

16.1 1.01£0.19 [9]

17 1.3740.2 [9]

17.9 1.62+0.2 [9]

19.4 1.86+0.2 [9]

20.6 2.140.2 [9]

14.5 0.52+0.08 [3]

13.5 0.3+0.06 [10]

13.7 0.34+0.08 [10]

142 0.45+0.09 [10]

14.5 0.57+0.1 [10]

14.7 0.62+0.11 [10]

13.4 0.25+0.04 [22]

13.65 0.4+0.06 [22]

13.88 0.48+0.07 [22]

14.28 0.57+0.08 [22]

14.58 0.65+0.09 [22]

14.87 0.83+0.11 [22]

14.6 0.54+0.05 [11]

13.33 0.237+0.6 [15]

13.56 0.3110.57 [15]

14.66 0.6+0.11 [15]

14.93 0.64+0.13 [15]

14.7 0.55+0.07 [4]

14.5 0.85 [16]

14.8 2,541 [6]

while the contribution of the 184W(n,z‘*)lnga reaction was
neglected because of its tiny cross section (ub) around the
neutron energy of 14 MeV. For the 184\7\](11,p)184Ta reac-
tion, its cross section contained the contribution of the
186W(;1,t*)184T.51 reaction. In the process of calculating the
cross section of the 184W(11,17)184"1"21 reaction, the contribu-
tion of the 186W(n,t*)mTa reaction was neglected be-
cause of its tiny cross section (a few to tens of ub) around

the neutron energy of 14 MeV.

The measurements via gamma-ray spectrometry were
generally performed using target elements of natural iso-
topic composition. Owing to the use of high-resolution
detectors, there was no difficulty. However, for the meas-
urement of the cross section of the 182W(n,Zn)mW reac-
tion, the energy of the characteristic gamma-ray selected
is 152.32 keV, which is still affected by a gamma-ray
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Fig. 2. (color online) Cross section of ]86W(n,d*)]85 Ta reaction.

w1th energy close to 152 43 keV and 7. 02% 1ntens1ty of
82 ~Ta from the "*W(n, p)' “Ta+' " W(n,d*) “Ta+""*'W(n,r*)

*Ta reaction after using a different cooling time depend-
ing on the half-life of the product During the cross-sec-
tion calculation of the ' W(n 2n) 'W reaction, a formula
was used to subtract the effect of the gamma-ray with
152.43 keV energy and 7.02% intensity of "’Ta from the
others that affect the measured reactlon [41]. Besides, the
cross section of the W(n 2n) *'W reaction on account
of natural tungsten sample used 1n the experlment con-
tained the contrlbutlon of the '8 W(n,y) 'W reaction as
well as that of the ' W( 3n) *'W reaction at the neutron
energies of 14.4 and 14.8 MeV, which are above this re-
action threshold of 14.356 MeV. However, the contribu-

tion of the 180W(n,y) "W reaction can be neglected be-
cause its cross-section value is quite small (mb) around
the neutron energy of 14 MeV, and the samples were
wrapped in pure cadmlum foil durlng the irradiation, and
the influence of the ' W(n,y) 'W reaction induced by
thermal neutron was reduced to a low level (nefghglble)
Moreover, the contribution of the 183W(n 3n) " W reac-
tion at the neutron energies of 14.4 and 14.8 MeV can
also be neglected because 1ts Cross- sectlon is also small
(mb) compared to that of the ' W(n 2n) "W reaction (10
mb).

In the present work, the uncertainties stem mainly
from the gamma-ray detection efficiency (2.0%), stand-
ard cross-section (1.1%—1.5%), counting statistics (0.3%—
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Fig. 4. (color online) Cross section of 184W(n,p) "Ta reaction.

5.31%), weight of samples (0.1%), sample geometry
(1.0%), self-absorption of gamma ray (1.0%), neutron
fluctuation (1.0%), relative gamma-ray intensity (<3.9%),
half-life of products (0.1%—3.04%), and abundance of
target isotopes (0.07%—0.67%). The individual uncertain-
ties mentioned above were combined in quadratic sum to
obtain an overall uncertainty of 4.4%—8.1%.

IV. THEORETICAL CALCULATIONS OF EXCIT-
ATION FUNCTIONS USING TALYS-1.9

TALYS is a computer code system used for the ana-
lysis and prediction of nuclear reactions based on physics
models and parametrizations [24], and it can be used for

054003

the analysis of basic scientific experiments or to generate
nuclear data for applications. It can simulate nuclear reac-
tions involving neutrons, photons, protons, deuterons, tri-
tons, "He, and alpha particles in the 0.001-200 MeV en-
ergy range and for target nuclides of mass number range
(12 < A < 339). TALYS is always under development;
the newer versions are TALYS-1.9 and TALYS-1.95, and
the version used in this study is TALYS-1.9. The details
of the theory and application of TALYS code are de-
scribed in Ref. [24]. The theoretical calculations of excit-
ation functions of the seven above-mentioned nuclear re-
actions were performed by using TALYS-1.9, of which
excitation curves in the neutron energy range from the
threshold to 20 MeV are charted in Figs.1-7 for compar-
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Fig. 5. (color online) Cross section of 182W(n,Zn) "*'W reaction.
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Fig. 6. (color online) Cross section of ]84W(n,a)]8]Hf reaction.

ison. Different parameters in Talys-1.9 were adjusted ac-
cording to our measured data and that of previous experi-
ments conducted by other researchers for the nuclear re-
actions mentioned above. For the 183W(n,oz)lgome,
186W(n,d*)185Ta, and 182W(n,p)lnga reactions, the optical
model potential (OMP) parameter », was adjusted. For
the 186W(n,oc)me reaction, the optical model potential
ggMP) péligrlameter ry, a, were adjusted. For the

W(n,2n) =W reaction, the OMP parameter ry, a,, and
model for level densities were adjusted. For the
184W(n,oc)lngf reaction, the OMP parameter r;, model for
level densities, and overall constant for the matrix ele-
ment or the optical model strength in the exciton model

were adjusted. For the 184\7\](n,p)184Ta reaction, the OMP

parameter ry, a,, model for level densities, overall con-
stant for the matrix element or the optical model strength
in the exciton model, and the level density parameter a at
the neutron separation energy were adjusted.

V. DISCUSSION

For the 183W(n,oc)lgome reaction, it can be seen from
Table 2 and Fig. 1 that the theoretical excitation curve
based on the TALYS-1.9 code increases with increasing
neutron energy in the incident neutron energy range from
the threshold to 20 MeV, which matches the experiment-
al cross-section data well except the result of Qaim and
Graca [4], which is much higher than other experimental
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Fig. 7. (color online) Cross section of méW(n,a) "*Hf reaction.

values and that of the theoretical excitation curve based
on TALYS-1.9 code at the corresponding energy. Our ex-
perimental cross-section values are consistent, within ex-
perimental error, with those of the fitting line of the res-
ults of Filatenkov [2].

For the 186W(n,af*)lgsTa reaction, Table 3 and Fig. 2
show that three of the five major evaluated nuclear data
libraries of IAEA (namely JEFF-3.3, JENDL-4.0, ROS-
FOND-2010) provided the excitation function curves, and
there are significant differences in the three curves and
the theoretical excitation curve based on TALYS-1.9. The
evaluated curve of JEFF-3.3 passes only through the ex-
perimental point of Qaim and Graca [4] within experi-
mental error. In contrast, the results of Ganguly and
Bakhru [5] and Poularikas et al. [6] are much higher than
the values of three excitation function curves and those of
the theoretical excitation curve at the corresponding ener-
gies. The theoretical excitation curve based on TALYS-
1.9 matches our experimental cross-section data and the
result of Qaim and Graca [4] well.

For the 182W(n,p)lnga reaction, as shown in Table 4
and Fig. 3, the evaluated excitation curves of the five ma-
jor evaluated nuclear data libraries of IAEA and the the-
oretical excitation curve based on TALYS-1.9 increase
with increasing neutron energy in the incident neutron en-
ergy range from the threshold to 20 MeV; however, there
are differences between them except the curves of
ENDF/B-VIIL.0 and JEFF-3.3 (which are the same). The
experimental values of Song et al. [8], Kong et al. [10],
and Lindner and Miskel [12] are lower than those of the
fitting line of our experimental values and the theoretical
excitation curve obtained by TALYS-1.9 at the corres-
ponding energies. In contrast, the value of Grallert et al.
[11] is higher, and the values of Makwana et al. [7] at the
neutron energies of 12.47 and 16.63 MeV are lower. The

theoretical excitation curve based on TALYS-1.9 matches
our experimental cross-section data and the results of Fil-
atenkov [2], Filatenkov and Chuvaev [3], and Qaim and
Graca [4] well.

For the 184W(n,p)mTa reaction, shown in Table 5 and
Fig. 4, four of the five major nuclear data libraries of
IAEA that were evaluated gave the excitation function
curves, and there are differences in the four curves ex-
cept the curves of ROSFOND-2010 and ENDF/B-VIIL.O
(which are the same) and the theoretical excitation curve
based on TALYS-1.9. The experimental values of Kasu-
gai et al. [14] are higher than the values of the four evalu-
ated curves and those of the theoretical excitation curve at
the same energy. In contrast, the results of Poularikas et
al. [6], Mukherjee and Bakhru [16], and Coleman et al.
[17] are much higher than the values of four excitation
function curves and those of the theoretical excitation
curve at the same energy. Our experimental cross-section
values are consistent, within experimental error, with
those of the fitting line of the cross-section values of Fil-
atenkov [2], Ikeda et al. [15], and the theoretical excita-
tion curve based on TALYS-1.9 at the corresponding en-
ergies beside the neutron energy of 14.1 MeV. The theor-
etical excitation curve based on TALYS-1.9 matches our
experimental cross-section data and the results of Filaten-
kov [2], Qaim and Graca [4], Semkova et al. [9], Filaten-
kov et al. [13], and lkeda et al. [15] well. In particular,
the consistency of the theoretical excitation curve with
the results of Semkova et al. [9] is better than the evalu-
ated curves.

For the 182W(n,Zn)mW reaction, shown in Table 6
and Fig. 5, the five major evaluated nuclear data libraries
of IAEA gave the excitation function curves, and there
are differences in the five curves except the curves of
BROND-3.1 and ENDF/B-VIIL.0 (which are the same)
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and the theoretical excitation curve based on TALYS-1.9.
Our experimental cross-section values are consistent,
within experimental error, with those of the fitting lines
of the results of Kong et al. [10] and Frehaut ez al. [18],
and with those of the theoretical excitation curve based
on TALYS-1.9 at the corresponding energies. The experi-
mental cross-section values of Qaim and Graca [4],
Maslov et al. [19], Dilg et al. [20], and Druzhinin et al.
[21] are consistent, within experimental error, with those
of the fitting line of our experimental results at the corres-
ponding energies. In contrast, the value of Lindner
Miskel [12] is much lower than the value of excitation
function curves and that of the theoretical excitation
curve at the same energy. Comparison with the evalu-
ation curves shows that the obtained theoretical excita-
tion curve based on TALYS-1.9 can match all the experi-
mental data except the value of Lindner Miskel [12]. In
particular, the consistency of the theoretical excitation
curve with the results of Frehaut et al. [18] is better than
the evaluated curves.

For the ]84W(n,a)18'Hf reaction, shown in Table 7 and
Fig. 6, four of the five major nuclear data libraries of
IAEA that were evaluated gave the excitation function
curves, and there are significant differences in the curves
except the curves of ROSFOND-2010 and ENDF/B-
VIL.O (which are the same) and the theoretical excitation
curve based on TALYS-1.9. Our experimental cross-sec-
tion values are consistent, within experimental error, with
those of the fitting lines of the results of Filatenkov [2],
Semkova et al. [9] and Kasugai et al. [22], and with those
of the theoretical excitation curve based on TALYS-1.9 at
the corresponding energies. The experimental cross-sec-
tion values of Filatenkov and Chuvaev [3], Grallert et al.
[11], and Lindner and Miskel [12] are consistent, within
experimental error, with those of the fitting line of our ex-
perimental results at the corresponding energies. In con-
trast, the value of Qaim and Graca [4] is higher. The ob-
tained theoretical excitation curve based on TALYS-1.9
can match all the experimental data except the value of
Qaim and Graca [4] and that of Semkova et al. [9] at the
neutron energy of 20.5 MeV. The evaluated excitation
curve of JENDL-4.0 matches all the experimental data
except the value of Qaim and Graca [4], whereas the
evaluated excitation curves of ENDF/B-VIL.O and ROS-
FOND-2010 do not pass through any experimental point
of Semkova et al. [9], and the evaluated excitation curve
of JEFF-3.3 passes only through one experimental point
of Semkova et al. [9] at the neutron energy of 14.8 MeV.
Comparison with the evaluation curves shows that the ob-
tained theoretical excitation curve based on TALYS-1.9
is in good agreement with the evaluation curve of
JENDL-4.0 in the neutron energies from the threshold to
17.5 MeV.

For the 186\7\/(rz,(;c)183Hf reaction, it can be seen from
Table 8 and Fig. 7 that four of the five major nuclear data

libraries of IAEA that were evalutated gave the excita-
tion function curves, and there are significant differences
in these curves except the curves of ROSFOND-2010 and
ENDEF/B-VII.0 (which are the same) and the theoretical
excitation curve based on TALYS-1.9. Our experimental
cross-section values are consistent, within experimental
error, with those of the fitting lines of the results of Fil-
atenkov [2] and Kong et al. [10], and with those of the
theoretical excitation curve based on TALYS-1.9 at the
corresponding energies. The experimental cross-section
value at a single energy of Filatenkov and Chuvaev [3],
Qaim and Graca [4] is consistent, within experimental er-
ror, with that of the fitting lines of our experimental res-
ults at the corresponding energy. In contrast, the results of
Poularikas ef al. [6] and Mukherjee and Bakhru [16] are
much higher than the values of the excitation curves and
those of the theoretical excitation curve at the corres-
ponding energies. Comparison with the evaluation curves
shows that the obtained theoretical excitation curve based
on TALYS-1.9 can match most of the experimental data
well; in particular, the theoretical excitation curve is
highly consistent with the fitting line of the results of
Semkova et al. [9].

VI. CONCLUSION

" New « Oen{(perimenltsaél crossl-gssection gezlta of 182the
|84W(n’a)184 Hf, 182 W(n,lag'l* ) T%’sa& \Xl(n’p) Ta,
186W(n,p) 18;l"a, W(n,2n) "W, W(n,e) "Hf, and

W(n,o) ~Hf reactions were obtained in the neutron en-
ergy range of 13.5-14.8 MeV via the activation tech-
nique. The theoretical excitation curves of the seven nuc-
lear reactions mentioned above in the neutron energies
from the threshold to 20 MeV were also obtained using
the nuclear theoretical model program TALYS-1.9 with
the relevant parameters properly adjusted. The measured
experimental cross-section data were analyzed and com-
pared with that of previous experiments conducted by
other researchers, the evaluated data available in the five
major nuclear data libraries of IAEA, and the theoretical
values based on TALYS-1.9. The new cross section
measurements agree with those of some recent experi-
ments and the theoretical excitation curve at the corres-
ponding energies. Comparison with these evaluation
curves shows that the consistency of the theoretical excit-
ation curves based on TALYS-1.9 with the experimental
data is better than the evaluated curves available in the
five major nuclear data libraries of IAEA that were evalu-
ated. New cross section measurements in the present
study on tungsten isotopes would improve the quality of
the neutron cross section database and are expected to
help with new evaluations of cross sections on tungsten
isotopes, and the theoretical excitation curves are signi-
ficant for the design of fusion reactors and the related ap-
plications.
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