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Abstract

New evaluated general purpose nuclear data files were prepared for 28w isotopes
at primary neutron energy up to 200 MeV. A special version of the TALYS code
implementing the geometry dependent hybrid model (GDH) supplied with models for
the non-equilibrium cluster emission was applied for calculations of nuclide
production and particle energy distributions. The parameters of the GDH model were
properly estimated using measured data for individual tungsten isotopes.

The evaluation of cross-sections was performed using results of model
calculations, available experimental data, systematics of light charge particle
production cross-sections, and obtained covariance information. The BEKED code
package developed in KIT was used for numerical calculations. Data were formatted
using the TEFAL code and the FOX code from BEKED.
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1. INTRODUCTION

Due to its unique properties, tungsten is a prime candidate for the first wall in fusion
devices [1]. Reliable, high-quality evaluated data for tungsten are of particular
importance for modelling neutron irradiation.

It has been more than ten years since evaluating data for tungsten isotopes in
KIT [2]. The data are included in the JEFF-3.3 [3] and were successfully used for
neutron transport calculations for fusion and fission reactors. Since then, calculation
and evaluation methods have been further developed, and new experimental data
have appeared.

The aim of this work was to use new information and advanced methods to
obtain evaluated data for tungsten isotopes '®W and "®*W irradiated with neutrons.
The new data evaluation takes into account the experience of using previous data
and provides both further improvement of the data quality concerning reliability and
completeness. The calculation of nuclide production cross-sections and particle
energy distributions was performed using a special version of the TALYS code [4-7]
providing calculations with geometry dependent hybrid model [8-11].

Section 2 describes the evaluation procedure concerning nuclear model
calculations, use of experimental data, combination of results of calculations and
measurements, and recording the file with evaluated data. Section 3 discusses

evaluated data for '®W and Section 4, data for '®w.

2. EVALUATION PROCEDURE

The evaluation consists of following steps: i) the calculation of cross-sections,
angular distributions for elastic scattering, energy distributions of emitted particles,
and the calculation of covariance matrices for cross-sections, ii) the processing
obtained data in a file in the ENDF-6 format [12], iii) the selection and analysis of
experimental data for subsequent combination with results of calculations, iv) the
evaluation using experimental data, results of model calculations, and covariance
information, v) the recording final data in the ENDF-6 format, and vi) the general
check of evaluated data file.

The steps are briefly discussed below.



2.1 Calculations using nuclear models

The special version of the TALYS code [5,7] implementing Blann's geometry
dependent hybrid model (GDH) [9] and supplied with models for the non-equilibrium
cluster emission [11,6] was applied for calculations of nuclear reaction cross-sections
and particle energy distributions. The parameters of the GDH model were properly
estimated using available measured data [7]. The discussion can be found in
Refs.[6,7].

According to the GDH model the energy distribution of precompound nucleons

is calculated as follows [9]:
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where T, is the transmission coefficient for /-th partial wave; X\ is the number of
nucleons of type “x” in the n-exciton state; ¢ is the channel energy of the nucleon;
o(p,h,E) is the density of exciton states with “p” particles and “h” holes (p+h=n) at the
excitation energy E; U is the final excitation energy, g is the single particle level
density, D, is the factor [10], which takes into account a “depletion” of the n-exciton

state due to the nucleon emission; ng is the initial exciton number.

The nucleon emission rate A, is equal to
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where common designations are used.

The intranuclear transition rate A’ is defined as follows

A =V oy(&,) pis (3)

where V is a velocity of a nucleon inside the nucleus, oy is the nucleon-nucleon
scattering cross-section corrected for the Pauli principle [9], o is the average nuclear
matter density at the distance from |A to (I +1)% .

The energy distributions of pre-equilibrium deuterons, tritons, *He-nuclei, and a-
particles are calculated as a sum of components concerning pick-up, knock-out, and
direct processes. Details are discussed in Refs.[11,6,7].

The GDH calculations are selected with the input parameter preegmode equal

to five.



An extensive comparison of model predictions with experimental data is can be
found in Ref.[7].

The total cross-section, elastic cross-section, elastic angular distribution, and
contribution of direct processes in inelastic scattering were calculated using the
ECIS-06 code [13] integrated in the TALYS code [5].

The equilibrium particle emission was simulated using the Hauser-Feshbach
model [4,5,14]. The Fermi gas model with the energy dependent level density
parameter [15] combined with the “constant temperature” model [4,5,16] was applied
for nuclear level density calculations.

The covariance matrices for cross-sections were calculated using the Monte
Carlo method proposed in Ref.[17]. The calculations consists of following steps: the
choice of the “best” set of parameters for selected nuclear models, the assessment of
uncertainties of model parameters, the Monte Carlo sampling of N number of input
data sets, the execution of calculations for obtained input data files, and the

calculation of covariance matrices for particular reactions

Vi = N_li(gik _O-io)(djk _Jjo) (4)
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where 0y is the cross-section corresponding to the “/’-th primary neutron energy in
the “k’-th Monte Carlo event, oj is the cross-section obtained using the “best* set of

model parameters.
2.2 Processing of output data

Processing of TALYS output information and recording of preliminary data file in the
ENDF-6 format was performed using the TEFAL-1.9 code [18,19]. The code collects
TALYS output data files prepared with the input option “endf y”.

At this stage, the resonance parameters from JEFF-3.3 were included in the file.

2.3 Use of experimental data

Experimental data for "W and '®®W were taken from Refs.[20-85], cited by
information recorded in EXFOR [86]. Data from EXFOR were converted to C4 format
[87] for further use. In some cases, errors of cross-sections, automatically selected

by processing, were specified using available information.



The ENSDF data [88] were used for the analysis of measurements of (n,n’)

reaction cross-sections in Refs.[34,52].

2.4 Cross-section evaluation

The evaluation of cross-sections using experimental data, results of model
calculations, and covariance information was performed using the generalized least-
squares method [89]. The BEKED package [90] was applied for numerical

computations. Examples of evaluated cross-sections are given in Section 3 and 4.

2.5 Recording data in ENDF-6 format

Evaluated data were consistently integrated in the final data file.

Even a relative small change in the cross-section for a specific reaction after the
evaluation comparing to calculated value results to specific changes in the final data
file: change of the contribution of isomers (MF=9,10), absorption cross section
(MF/MT=3/3), total cross section, sum of cross sections recorded in MF/MT= 3/5, the
production cross section for corresponding residual nucleus in MF/MT= 6/5, the
yields for all residuals recorded in the MF/MT= 6/5, including neutron production,
gas-production components, and y-production due to the change in MF/MT= 3/5.
Such re-calculations and corrections of data are performed using the FOX code from
BEKED. Special attention is paid to avoiding jumps in cross sections values at the
transition from MF=3 to MF/MT=6/5 data representation.

Checking the obtained file before processing with NJOY [91] is carried out using
checking codes [92] and the COVEIG code [93].

3. DATA OBTAINED FOR 82w

In this Section evaluated data for '®W are compared with data from other libraries,
experimental data, systematics data, and calculations.

Data from following evaluated data libraries are plotted in figures below, where
appropriate: EAF-2010 [94], JENDL-4.0 [95], JENDL-4/HE [96], JENDL/AD-2017
[97], JENDL-HE [98], ENDF/B-VIII [99], TENDL-2017 [18,100], and JEFF-3.3 [3].
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3.1 Total and elastic cross-section

Evaluated total and elastic cross-sections are shown in Fig.1 and Fig.2 together with
measured data, and evaluated data from different libraries. A reasonable agreement
is observed between obtained cross-sections and experimental data.

In general, evaluated cross-sections and data from libraries are close at
energies below 1 MeV and above 15 MeV. Most of the data, including present
evaluation, agree with measurements [25] at high energies. Since the elastic
scattering cross sections from data libraries do not differ significantly (Fig.2), the
discrepancy of total cross-sections at neutron energies between 1 and 15 MeV is due
to different absorption cross-sections. In Fig.2, data from JENDL-4/HE are almost
invisible at energies below 20 MeV, since TENDL-2017 cross-sections are close to

these values.
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Fig.1 The total reaction cross-section for neutron irradiation of '®*W evaluated in
the present work, measured data, and data taken from different libraries.
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Fig.2 The cross-section for elastic neutron scattering for '®W evaluated in the
present work, measured data, and data taken from different libraries.

3.2 Inelastic scattering

Figures 3-5 show cross-sections for inelastic neutron scattering with excitation of the
first three levels of '®?W. The corresponding data are recorded in the ENDF file in
sections with MT- numbers from 51 to 53.

The cross-sections obtained for the first two levels, 0.1001 MeV (27) and 0.3294
MeV (47) (Figs.3,4) are consistent with measurements and data from other libraries.
For the level 0.6804 MeV (6%) (Fig.5), evaluated data are somewhat lower than

experimental ones.
3.3 Various reactions

Figures 6-15 show evaluated cross sections for different nuclear reactions for n+
'8\ irradiation. In general, data obtained agree with experimental data.

The difference between evaluated (n,y) reaction cross-section and the data from
other libraries is observed in the energy region, where experimental data are not

available (Fig.6).



The evaluated (n,2n) reaction cross-sections (Fig.7) are close to experimental
data from Ref.[32] and differ somewhat from data of other libraries. Cross sections
obtained for the "®2W(n,na)'"®™?Hf reaction are close to JENDL/AD-2017 data and
are quite different from calculated cross sections (Section 2.1) and cross-sections
from TENDL-2017 and EAF-2010 (Figs.8,9). The same can be said about the
82\W(n,a)'"°™2Hf reaction (Figs.14,15). For the (n,p) reaction, a relative agreement is
observed for evaluated cross-sections and data from other sources (Figs.10,11). At
the same time, obtained (n,a) reaction cross-sections and other data differ at

energies above 14 MeV (Figs.12,13).
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Fig.3 The inelastic scattering cross-section '®*W(n,n’) with excitation of the first
level 0.1001 MeV (2).
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Fig.4 The inelastic scattering cross-section '®W(n,n’) with excitation of the second
level 0.3294 MeV (47).
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Fig.5 The inelastic scattering cross-section '®W(n,n’) with excitation of the third
level 0.6804 MeV (6%).
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Fig.6 The (n,y) reaction cross-section for "82W.
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Fig.7 The (n,2n) reaction cross-section for '8?W.
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Fig.8 The "®W(n,na)'"®™Hf reaction cross-section.
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Fig.9 The same as in Fig.8, but on a logarithmic scale.
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Fig.11 The "®W(n,p)'"®™Ta reaction cross-section.
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Fig.12 The (n,a) reaction cross-section for '8W.
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Fig.13 The "®W(n,a)"*™ Hf reaction cross-section.
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Fig.14 The "®W(n,a)"®™Hf reaction cross-section.
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Fig.15 The same as in Fig.14, but on a logarithmic scale.
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3.4 Neutron energy distribution

Measurements of neutron energy distributions are absent for "®W. The comparison
of the neutron spectrum for '®2W with the available experimental data for the natural
mixture of tungsten isotopes (Fig.16) is rather conditional and can be used to
illustrate the general agreement of the data rather than verify absolute values.

The neutron spectra from different libraries for a primary energy of 14.1 MeV
are compared in Fig.17. Most of the evaluated curves have similar energy

dependence.
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Fig.16 The neutron energy distributions in "®?W(n,x)n reaction induced by 14.1
neutrons obtained in the present work and measured for natural mixture of
tungsten isotopes.

3.5 Light particle production cross-sections

Figures 18-28 show cross sections for the generation of neutrons in n+'?W reaction
and components of gas production cross sections, consisting of proton- deuteron-,

triton-, *He-, and a-particle formation cross-sections.
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Fig.17 The neutron energy distributions in '**W(n,x)n reaction induced by 14.1 MeV
neutrons obtained in the present work and taken from various data libraries.

To illustrate the consistency of the obtained integrated (n,xn) cross sections
with high-energy calculations, Fig.18 shows the neutron production cross-section
calculated using the intranuclear cascade evaporation model applying the CASCADE
code [101,102] and CEMO3 code [103,104]. The energy dependence of cross
sections obtained in the present work generally agrees with calculations using high-
energy models.

Obtained cross-sections for light charged particle formation are compared with
data from other libraries and the “reference” data in Figs. 19-28. The “reference” data
were obtained in Refs.[105,106] as the result of the evaluation of the atomic mass
number (A) dependency of investigated cross sections at fixed incident energy, by
analogy with the usual evaluation of the energy dependence of cross sections for a
fixed nucleus. For this purpose, available experimental data and results of
calculations using different nuclear models have been applied in Refs.[105,106].

For a better illustration, the cross sections for the production of light charged
particles are shown on two scales: linear (Figs.19,21,23,25,27) and logarithmic
(Figs.20,22,24,26,28). In general, the energy dependence of obtained cross sections
(Figs.19-28) seems reasonable, and the absolute values are consistent with the
estimated data [105,106].
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Fig.20 The same as in Fig.19, but on a logarithmic scale.
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Fig.21 The deuteron production cross-section for 2.
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Fig.22 The same as in Fig.21, but on a logarithmic scale.
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Fig.23 The triton production cross-section for 82w .
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Fig.25 The *He production cross-section for #2W.
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Fig.26 The same as in Fig.25, but on a logarithmic scale.
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Fig.27 The a-particle production cross-section for "2W.
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Fig.28 The same as in Fig.27, but on a logarithmic scale.

3.6 Atomic displacement cross-section

Figure 29 shows atomic displacement cross-section (cq4) for "®W calculated using
obtained data and data from different libraries with the NJOY code. The average
threshold displacement energy is taken equal to 90 eV. Fig.29 shows also the oy
values calculated using the CEMO3 code with the added elastic components of
displacement cross-sections obtained in the present work. At primary neutron
energies above 50 MeV the contribution of elastic scattering to the total displacement
cross section is less than 10 percent. Obtained data are consistent with calculations
using the cascade exciton evaporation model from CEMO3, justified at intermediate

and high energies.
3.7 Covariance matrices

Figure 30 shows examples of covariance matrices for the total and (n,2n) cross-
sections obtained using results of model calculations and experimental data.

Calculations were performed using BEKED.
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Fig.29 The atomic displacement cross-section for '®2W.

Displacement cross-section (b)

4000 —

3500 :
3000 F
2500 :
2000 :
1500 :
1000

500

0

L 1

JENDL-4
ENDF/B-VIII
TENDL-2017
JEFF-3.3 g
CEM+ECIS

present work

0

20 40 60 80 100 120 140 160 180 200

Neutron energy (MeV)

Aclo vs. E for "™W(n,tot.)
102 L 1 1 L 1 1 1 L L
Ordinate scales are % refative
standard deviation and barns
10" -
Abscissa seales are energy (eV).
10° - -
10—' 2 I-| IO I‘ L |3 I‘ I5 IE I’ . = — - 3
107 10" 10° 10' 107 10° 10° 10° 10° 107 B 3 3, 33

0.6
04
02

1.0
: !
0.0

[+ S
eyt

L

1

-}
0% o0t 0L 01 DL 0L

Correlation Matrix

-1.0
-0.8
-0.6
04
-0.2

0.0

T
(101U}, 401 3 'SA D

T

Acfo vs. E for "®*W(n,2n)
i i " P |

16 | Qrdinate scales are % relative
14} L standard deviation and barms.
12 B |
10 = Abecissa scales are energy (aV). |
5 n
5 L
4 n
2-] L
b L= = = = = =
10 5 8 8 § 3
I N |
Q
=
L =
m
L &
=
L &
L =
=4 =
Eh o
i =

Correlation Matrix

1.0
0.8

0.6
0.4
0.2
0.0

-1.0
0.8
-0.6
0.4
-0.2
0.0

Fig.30 Example of covariance matrices calculated for total cross-section and (n,2n)
cross-section for '®W. Plots were prepared using the NJOY code.
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4. DATA OBTAINED FOR 8w

4.1 Total and elastic cross-section

Figures 31 and 32 show evaluated total and elastic cross-sections, data from
different libraries, and experimental data.

Obtained total cross-sections are in general agreement with experimental data
and are close to JENDL-4/HE cross-sections at neutron energies below 1 MeV. All
evaluated data agree with the measurements [25] at energies above 15 MeV.

Elastic cross-section obtained in the present work are close to evaluated cross-

sections from libraries and available experimental data (Fig.32).
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Fig.31 The total reaction cross-section for neutron irradiation of '®®W evaluated in
the present work, measured data, and data taken from different libraries.
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Fig.32 The elastic cross-section 188\ evaluated in the present work, measured data,
and data taken from different libraries.

4.2 Inelastic scattering

Inelastic neutron scattering cross-sections with excitation of different levels of '®®w
are shown in Figs.33-36. The data are recorded in the ENDF file in sections with MT
numbers 51-53 and 57.

Evaluated cross-sections agree with available experimental data [34,52].
4.3 Various reactions

Figures 37-46 show evaluated cross sections for different reactions on '®®W. For a
better illustration, the (n,p) and (n,a) reaction cross sections are shown on linear
scale (Figs.43,45) and logarithmic scale (Figs.44,46).

In general, data obtained are in good agreement with measured data.
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Fig.33 The inelastic scattering cross-section '®W(n,n’) with excitation of the level
0.12263 MeV (2°).
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Fig.34 The inelastic scattering cross-section '®W(n,n’) with excitation of the level
0.39655 MeV (4%).
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Fig.35 The inelastic scattering cross-section '®W(n,n’) with excitation of the level
0.73796 MeV (2°).
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Fig.36 The inelastic scattering cross-section '®W(n,n’) with excitation of the level
0.95274 MeV (2).
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Fig.37 The (n,y) reaction cross-section for "%°W.

2500

2000

1500

1000

Cross-section (mb)

500

. Lindner (59)
o Druzhinin (66)
A Qaim (75)
] Frehaut (80)
A Xiangzhong (97)
u] Filatenkov (16)
JENDL-4
—— ENDF/B-VIII
———— TENDL-2017
e JEFF-3.3
— p'resent worlf

1 1

10 12 14 16 18
Neutron energy (MeV)

Fig.38 The (n,2n) reaction cross-section for "W,

27

20



1000 ¥ T ¥ T ¥ T ¥ T ¥ T ¥ 1 r T

186W(n,2n) 185mW
800 } ENDF/B-VIII A
TENDL-2017
i) present work
E
— 600 | ]
o
Q
Q
¢
A 400 o Poularikas (60)
O o Prasad (66)
5 A Rurarz (71)
A Kao (74)
200 s Qaim (75)
° Semkova (07)
* Kaihong (08)
® Filatenkov (16)
0 1 N 1 . 1 . 1 . 1 N 1 N 1

6 8 10 12 14 16 18 20 22
Neutron energy (MeV)

Fig.39 The "®W(n,2n)"®™W reaction cross-section.
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Fig.41 The sum of (n,d) and (n,np) reaction cross-sections for "%W.
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Fig.42 The "®®W(n,na)'®*™Hf reaction cross-section.
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Fig.43 The (n,p) reaction cross-section for "%°W.
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Fig.44 The same as in Fig.43, but on a logarithmic scale.
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Fig.45 The (n,a) reaction cross-section for "%°W.
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Fig.46 The same as in Fig.45, but on a logarithmic scale.
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4.4 Neutron energy distribution

As for 82\, measurements of neutron spectra for '®®W are absent. Fig.47 shows the
measured data for the natural mixture of tungsten isotopes and the evaluated data
for "W for neutron incident energy 14.1 MeV. The comparison is only a very
approximate test of the spectrum obtained.

Figure 48 shows the neutron energy distribution obtained in the present work
and taken from different data libraries. There is a smaller scatter of evaluated data
than for "W (Fig.17).
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Fig.47 The neutron energy distributions in "®®W(n,x)n reaction induced by 14.1
neutrons obtained in the present work and measured for natural mixture of
tungsten isotopes.
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Fig.48 The neutron energy distributions in "®®W(n,x)n reaction induced by 14.1 MeV
neutrons obtained in the present work and taken from various data libraries.

4.5 Light particle production cross-sections

Figure 49 illustrates the neutron production cross-section, and Figs.50-59 show
components of hydrogen and helium production cross sections for n+'8°Ww
interactions. For comparison, cross-sections calculated using the intranuclear
cascade evaporation model [101-104] (Fig.49), “reference” data obtained from the
evaluation of A-dependence of cross-sections [105,106] (Figs.50-59), and cross-
sections from different data libraries are plotted.

The obtained cross sections are consistent with both the calculations and the

“reference” data.
4.6 Atomic displacement cross-section

Figure 60 shows the atomic displacement cross-section for '®®W calculated using
data obtained in the present work. For comparison cross-sections from different
libraries and o4 values calculated using the CEMO03 code with the added elastic

component of cross-section are shown. Data were processed using the NJOY code.
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Fig.49 The neutron production cross-section for "%Ww.
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Fig.50 The proton production cross-section for "®W.
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Fig.51 The same as in Fig.50, but on a logarithmic scale.
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Fig.52 The deuteron production cross-section for "®°W.
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Fig.53 The same as in Fig.52, but on a logarithmic scale.
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Fig.54 The deuteron production cross-section for "%°W.
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Fig.55 The same as in Fig.54, but on a logarithmic scale.
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Fig.56 The *He production cross-section for "®°W.
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Fig.57 The same as in Fig.56, but on a logarithmic scale.
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Fig.58 The a-particle production cross-section for "®°W.
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Fig.59 The same as in Fig.58, but on a logarithmic scale.
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Fig.60 The atomic displacement cross-section for '®W.
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4.7 Covariance matrices

Figure 61 shows examples of covariance matrices for the elastic and (n,3n) cross-

sections calculated using the results of model calculations and experimental data.

5. CONCLUSION

New general purpose data files were prepared for tungsten isotopes '®W and '®w
at primary neutron energy up to 200 MeV. A special version of the TALYS code
implementing the geometry dependent hybrid model was applied for calculations of
nuclide production and particle energy distributions.

The evaluation of cross-sections was performed using available experimental
data, systematics including estimated A-dependence of components of gas
production cross-sections, and obtained covariance information. Resonance

parametrs were taken from JEFF-3.3.
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Fig.61 Example of covariance matrices calculated for elastic cross-section and

(n,3n) cross-section for '®W. Plots were prepared using the NJOY code.
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