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Abstract

New evaluation of nuclear data was performed for tungsten isotopes *W and ***w
at incident neutron energies up to 200 MeV. Calculations were carried out using a
special version of the TALYS code implementing the geometry dependent hybrid
model and models for the non-equilibrium light cluster emission.

The evaluation was performed using the results of calculations, available
measured data, systematics predictions, and covariance information. The TEFAL
code and the FOX code from the BEKED package were applied for the formatting of
the data.
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1. INTRODUCTION

Tungsten plays a special role for the design of fusion devices and for high-energy
applications. Improving the quality of data for tungsten used for neutron transport and
activation calculations is an important challenging task.

The report describes evaluated data obtained for tungsten isotopes '®°W and
'8W. The present work is a continuation of the evaluation of nuclear data for
tungsten isotopes [1].

The evaluation procedure concerning nuclear model calculations and the use of
experimental data and systematics is described briefly in Section 2. Section 3

discusses the data evaluation for '®W and Section 4 for "8Ww.

2. BRIEF DESCRIPTION OF EVALUATION PROCEDURE

The procedure consists of theoretical calculation of cross-sections, energy and
angular distributions for emitted particles and the combination of obtained data with
experimental values. Final data are recorded in the ENDF-6 format.

Details are described in Ref.[1].
2.1 Nuclear model calculations

The TALYS code [2,3] with implemented geometry dependent hybrid model [4] and
models for the non-equilibrium cluster emission [5,6] was applied for calculations.
Details and comprehensive comparison with experimental can be found in Refs.[3,5].
The brief discussion is presented in Ref.[1].

Optical model parameters from Ref.[7] with deformation parameters from Ref.[8]
for were used for calculations for "®W, Appendix |. The search of optical model
parameters was performed for '®W to provide the best agreement with calculated
angular distributions and available experimental data. Obtained parameters were
used for further calculations.

The Monte Carlo method proposed in Ref.[9] was applied for the calculation of

covariance matrices for cross-sections [1,10].



2.2 Processing of calculated data

Recording of preliminary data file in the ENDF-6 format was performed using the
TEFAL-1.9 code [11,12]. To avoid gaps in the hard part of neutron spectra the
subroutine processchannels of the code was slightly modified. Details are given in

Appendix II.
2.3 Use of experimental data

Experimental data from Refs.[13-58] were used for the preparation of evaluated data
for "® W and '®*W. The citations are based on EXFOR records [59]. In some cases,

errors of measured data were updated or specified using available information.
2.4 Use of systematics

Total cross-sections measured in Ref.[25] for "#2W, ®*W, and "®®*W were used to
estimate the total reaction cross-section for isotopes '®®W and "®*W. The estimation
was made applying the method of the calculation [60] basing on the parameterization
of a large number of experimental data. The method [60] is also used in the CEM and
MCNPG6 codes [61].

Total cross-sections for '®°W and '®3W were estimated as follows

(1/3) G(x) ( (182)/0182 (184 / (184)+G(186)/G(186)) ’ (1)

tot tot,B tot D tot,B tot D tot B tot,D tot,B

where the upper index relates to the mass number of tungsten isotope; “x” is equal to
180 or 183; the lower index “B” indicates the cross-section calculated using the
parameterization from Ref.[60] and “D” relates to the measured data [25].

Obtained data are shown in figures below as “based on Dietrich (03)”.

The data from Ref.[62] were applied for the correction of calculated total light
particle production cross-sections. Data [62] were obtained as a result of the
evaluation of the atomic mass number dependency of corresponding cross sections
at fixed neutron incident energy, by analogy with the usual evaluation of the energy
dependence of reaction cross sections for a fixed nucleus. See details in

Refs.[62,63]. Data [62] are plotted in figures below as “reference data”.



2.5 Cross-section evaluation

The combination of experimental data and results of model calculations was
performed using the covariance information and the generalized least-squares

method (GLS). The code from Ref.[64] was applied for numerical calculations.

2.6 Recording data in ENDF-6 format

Data obtained were consistently integrated in the final data file using the FOX code
from the BEKED package [10]. More details can be found in Ref.[1].

Obtained data file was tested using codes from Ref.[65] and the COVEIG code
[66] and processed using the NJOY [67] code.

3. DATA OBTAINED FOR 8w

The Section describes the evaluated data for '®*W and presents the comparison with
data from different libraries, measured data, systematics, and calculations.

Cross-sections, energy and angular distributions from following evaluated data
libraries are plotted in figures below, if appropriate: EAF-2010 [68], JENDL-4.0 [69],
JENDL-4/HE [70], JENDL/AD-2017 [71], JENDL-HE [72], ENDF/B-VIII [8], TENDL-
2017 [11,73], and JEFF-3.3 [74].

3.1 Resonance parameters

Resonance parameters were taken from the Mughabghab compilation [75]. The

upper energy limit for the resonance region is equal to 100 eV.

3.2 Total cross-section

Figures 1 and 2 show the total cross-section for '®W obtained in this work, data from
different libraries, measured data, and cross-sections derived from experimental data
[25] as described in Section 2.4. For better view data from JEFF-3.3 are presented

after the averaging over selected energy groups.



The cross sections obtained are close to the JENDL-4 and ENDF/B-VIII data at
energies up to 20 MeV and to data estimated using measurements in Ref.[25] at
higher energies. Some differences are observed with the data from JEFF-3.3 and
TENDL-2017.

The JEFF-3.2 file for "W is part of the TENDL-2015 library [76].

3.3 Elastic and inelastic scattering cross-section
The elastic cross-section is plotted in Fig.3. As in the case of total cross-section, the

difference with JEFF-3.3 and TENDL-2017 data is observed mainly at energies from
0.02 to 2 MeV.
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Fig.3 Cross-section for elastic neutron scattering for '"®®W evaluated in the present
work, measured data, and data taken from different libraries.
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Fig.4 Inelastic scattering cross-section "®®W(n,n’).

Figure 4 show the neutron inelastic scattering cross-section (n,n’). The cross-

section obtained and data from different libraries are relatively close.
3.4 Cross-sections for various reactions

Figures 5-10 show cross-sections evaluated for different nuclear reactions. In
general, new data are in good agreement with experimental data.

As for other tungsten isotopes [1] the difference between evaluated (n,y)
reaction cross-section and data from other libraries is observed at neutron energies,
where experimental data are not available (Fig.5).

The evaluated (n,2n) reaction cross-section with the production of residual in
both ground and metastable states is close to EAF-2010 data (Fig.6). This also
applies to the "W production (Fig.7). A certain difference is observed between new
cross-sections and JEFF-3.3, and TENDL-2017 at neutron energies below 17 MeV
data and between ENDF/B-VIII data at energies above 11 MeV.

The obtained '®®W(n,2n)'""*™W cross-sections are close to JENDL-4 data
(Fig.8). There is agreement between different cross sections in the energy region

close to the reaction threshold.



Obtained (n,p) reaction cross-section is close to the cross-section from TENDL-
2017 and is somewhat different from the JENDL/AD-2017 data (Fig.9).

There is good agreement between new data and cross-sections for
®0W(n,p)'®%Ta reaction from JENDL/AD-2017 (Fig.10).

3.5 Light particle production cross-sections

Figure 11 shows the neutron production cross-section for n+'®W interactions and
Figs.12-16 plot the proton- deuteron-, triton-, *He-, and a-particle formation cross-
sections.

To illustrate the difference between evaluated cross-sections, other data, and
theoretical calculations, Figs.11-16 show cross-sections from different libraries and
results of calculations performed with the intranuclear cascade evaporation model
implemented in the CASCADE code [77,78] and CEMO03 code [79,80].
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Fig.10 (n,p) reaction cross-section for '®W with the production of '®*Ta in the
ground state.

For comparison, Figs.11-16 show also the evaluated “reference” data [62],
discussed in Section 2.4.
In general, the energy dependence of obtained cross sections seems

reasonable, and the absolute values are consistent with the estimated data [62].
3.6 Atomic displacement cross-section

The atomic displacement cross-section (og) for '®®W calculated using evaluated data
and the NJOY code [67] is shown in Fig.17. Results of calculations with the CEMO03
code are also plotted.

Cross-sections calculated using data from different libraries are in relative good
agreement at neutron energies up to 100 MeV. New o4 values are consistent with
calculations performed using the CEMO03 code [79,80] implementing the cascade

exciton model, justified at intermediate and high energies.
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4. DATA OBTAINED FOR 83w

4.1 Total cross-section

Figures 18 and 19 show evaluated total cross-section, data from different libraries,
experimental data, and cross-sections derived using measurements [25] for other
tungsten isotopes.

Obtained data are in good agreement with available experimental information.
4.2 Cross-section and angular distributions for elastic scattering
The elastic scattering cross-section is plotted in Fig.20. Evaluated cross-sections are
close to ENDF/B-VIII data at energies up to 12 MeV and to JEFF-3.3 and TENDL-

2017 data at higher neutron energies.

The elastic scattering angular distributions (do/dQ2) are shown in Figs.21-26.

14
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There is relative good agreement between obtained do/dQ values and
measured data. Of course, the agreement is, to some extent, conditional, since the
measurements, with the exception of [23], Fig.23, were performed for the natural
mixture of isotopes and experimental energies do not always coincide with the

calculation energies.

4.3 Inelastic scattering cross-section

Inelastic neutron scattering cross-section is shown in Fig.27. Various data are in
relative agreement.

The component of "®*W(n,n’)'®*™W reaction cross-section with the production of
'8\W in the metastable state is shown in Fig.28. Data, with the exception of EAF-
2010, agree well at energies up to 6 MeV. Obtained cross-sections are consistent
with the measurements [13] and differ from other evaluations at energies above 8
MeV. Present data reflect the contents of the obtained data file dated April 2019 [81]
and are preliminary in nature. It cannot be ruled out that they will be changed in the

future.

4.4 Cross-sections for various reactions

Cross-sections for reactions, for which measured data are available, are plotted In
Figs. 29-34.

There is two types of evaluated data for the (n,p) reaction, JENDL-4, JEFF-3.3,
and TENL-2017 data are close to measurements [52], Fig.31, and ENDF/B-VIII data
to ones from Ref.[27]. The evaluated cross sections in this work were obtained using
all experimental data, except [42], without any preferences, and calculated cross
sections, after applying the GLS method.

In general, data obtained are consistent with measured data.

The scatter of the (n,p) and (n,a) reaction cross sections, Figs.31-33, evaluated
by various authors, in the energy region, where there are no experimental data,

reflects the uncertainty of predictions of modern calculation models.
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4.5 Neutron energy distribution

Due to the lack of measurements of neutron spectra for '®W, comparisons are made
with experimental data for a natural mixture of tungsten isotopes, Figs.35,36. Such a
comparison is, to a certain extent, conditional and, as in the case of other W-isotopes
[1], can serve as a general illustration of differences, but not to check the absolute
values.

The neutron energy distribution for natural tungsten calculated using data

evaluated recently for tungsten isotopes [1,82] is shown in Fig.37.
4.6 Photon energy distribution

Examples of obtained photon energy distributions for neutron irradiation of '®*W and
natural tungsten with 14 MeV neutrons are shown in Figs.38,39.
Similar to neutron spectra, Section 4.5, the Fig.38 for '®W is intended for

general illustrative purposes.
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4.7 Light particle production cross-sections

Figures 40-45 show the neutron, proton, deuteron, triton, 3He, and a-particle
production cross-sections. Together with data from various libraries, Fig.40 shows
results of calculations with intranuclear cascade evaporation model [72-75], and
Figs.41-45 the data [57] obtained from the estimation of A-dependence of gas
production cross-section components for 96 MeV neutrons, discussed in Section 2.4.

Cross-sections evaluated are in agreement with CASCADE and CEMO03

calculations, Fig.40, and with the “reference” data, Figs.41-45.
4.8 Photon production cross-sections

Total photon production cross-section is plotted in Fig.46.
There is a rather large difference in the cross section values evalauated by

different authors.
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4.9 Atomic displacement cross-section

Figure 47 shows the displacement cross-section for '®*W obtained using evaluated
data processed with NJOY. For comparison cross-sections from various libraries and
og4 Values calculated using the CEMO3 code with the added elastic component of the
cross-section are also shown.

Obtained cross-sections agree with TENDL-2017 data at energies up to 100

MeV and with cross-sections calculated using the CEMO03 code at different energies.
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5.0 Covariance matrices

Figure 48 shows examples of covariance matrices for the inelastic scattering cross-
section (n,n)’ and (n,2n) reaction cross-section obtained using results of model

calculations and experimental data. Calculations were performed using BEKED.

5. CONCLUSION

New general purpose data files were prepared for W and '®W at incident neutron
energies up to 200 MeV. A special version of the TALYS code implementing the
geometry dependent hybrid model and models for non-equilibrium cluster emission
was applied for calculations of reaction cross-sections and particle energy
distributions.

The evaluation of cross-sections was performed using available measured data,

data of systematics, and obtained covariance information.
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Appendix

|. The file “W.loc” with deformation parameters used for n+'®®W calculations. The
corresponding line in the TALYS input file is “deformfile 74 W.loc”

top of file
74 180 5 R B 180W
0 R 0 0.24500 -0.05600
1 R 0
2 R 0
3 R 0
7 R 0
end of file

II. Changes in Subroutine PROCESSCHANNELS of the TEFAL code [12] (in red)

subroutine processchannels

< >

real xsex,EO,Elast,ee,Eo(0:numen2),xso(0:numen2?),ea,eb,yl,y2,
+ xsint,specmass, xsy,tot,totE,Eaverage
c add 1 line:
real Eletzte,QQ

< >

Ehist(idc,nen,type,nenout)=0.5*(Eout(idc,nen,nenout-1)+
+ Eout(idc,nen,nenout))*specmass

Cc add 6 lines:
if(type==1.and. idc==1.and.nenout==nend0) then
QQ=Qdisc(type,nlevmax)
Eletzte=specmass* (eninc(nin)*specmass +QQ)
IT(Eletzte>0.0.and.Eletzte > Ehist(idc,nen,type,nenout))

1 Ehist(idc,nen,type,nenout)=Eletzte
endif
290 continue
<...>
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