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Abstract

The neutron displacement cross-section has been evaluated for tantalum and tungsten at energies from 10�5 eV up to

1 GeV. The nuclear optical model, the intranuclear cascade model combined with the pre-equilibrium and evaporation

models were used for the calculations. The number of defects produced by recoil atoms nuclei in materials was calcu-

lated by the Norgett, Robinson, Torrens model and by the approach combining calculations using the binary collision

approximation model and the results of the molecular dynamics simulation. The numerical calculations were done

using the NJOY code, the ECIS96 code, the MCNPX code and the IOTA code.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The goal of this work is the evaluation of neutron

displacement cross-sections for tantalum and tungsten

at energies up to 1 GeV. The significance attached to

these metals as materials of advanced nuclear energy

systems emphasizes the radiation damage study for both

metals.

The neutron displacement cross-sections evaluated in

the present work and the displacement cross-sections

obtained recently for protons [1] make it possible to

solve the complex problem about the radiation damage
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rate of tantalum and tungsten irradiated in accelerator

driven systems of various design.

The first part of the work contains a brief description

of methods and tools commonly used for the displace-

ment cross-section calculation. The model calculations

are compared with available experimental data and with

evaluated data from ENDF/B-VI (Release 8, Section 2).

The second part of the work is devoted to the displace-

ment cross-section calculation and evaluation (Sections

3 and 4). The calculation of the primary recoil spectra

was carried out using the different nuclear models,

including the optical model and various intranuclear

cascade evaporation models incorporated in the

MCNPX code package [2]. The number of Frenkel pairs

produced by the primary knock-on atoms (PKA) in

materials was calculated using the NRT model [3,4]

(Section 3) and by the method combining the binary col-

lision approximation model (BCA) and the molecular

dynamics method (MD) (Section 4).
ed.
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Fig. 1. Total neutron cross-section for natural tantalum

calculated using the MCNPX code and measured in Refs.

[28–32].
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2. Brief description of models and tools used for

displacement cross-section calculation

For a given neutron irradiation spectrum, the radia-

tion damage rate is defined by the atomic displacement

cross-section rd [1]. The calculation of the displacement

cross-section consists of two relatively independent

parts: the calculation of the recoil spectra dr/dT for all

open reaction channels and the calculation of the num-

ber of displacements N(T) produced by PKA�s.

2.1. Nuclear models and tools used for the recoil

spectra calculation

The recoil spectrum for neutron elastic scattering,

(dr/dT)el is completely defined by the angular distribu-

tion of the scattered neutrons. In the present work the

nuclear optical model [5] is used for the calculation of

(dr/dT)el. The comparison of the results obtained using

different optical potentials is discussed in Section 2.3.

The evaluation of the recoil spectrum for reactions

implies the calculation of the energy and angular distri-

butions of the secondary particles and the residual

nucleus basing on the relativistic conservation laws. In

the present work, the nonelastic component of the recoil

spectrum, (dr/dT)non is calculated using various nuclear

models incorporated in the MCNPX code package [2].

The popularity of MCNPX for applications is due to

the combination in the package of verified and modern

approaches for the simulation of nuclear interactions

with media in a wide energy range. Four intranuclear

cascade models are incorporated in MCNPX: the Bertini

[6–9], ISABEL [10–12], CEM2k [13–19] and INCL4

[20,21] models. In the calculations discussed below the

intranuclear cascade models, except the INCL4 model,

were always used together with the pre-equilibrium

and evaporation models. An indication on the cascade

model �Bertini� and �ISABEL� implies also the applica-

tion of the pre-compound exciton algorithm [22,23]

describing the de-excitation of residual nuclei formed

after the fast particle emission. �CEM2k� always means
the use of intranuclear cascade and pre-equilibrium exci-

ton [19,24] models. The equilibrium particle emission is

simulated by the Dresner model [25] and by the ABLA

model [26] in the calculations carrying out using the Ber-

tini, ISABEL and INCL4 models. The CEM2k has its

own separate evaporation algorithm [19,24].

A special case is presented when the use of the intra-

nuclear cascade model and pre-equilibrium model is

chosen randomly. A selection of pure pre-equilibrium

calculation is made by Monte Carlo according to the

formula [27]: min(25 MeV/E, 1.0), where E is the projec-

tile energy. If the random choice is for the intranuclear

cascade calculation the pre-equilibrium model is applied

only at the end of the cascade particle emission. In the

MCNPX code the procedure is used only for the Bertini
intranuclear cascade model. This approach is noted as

�MBP� (Mixed Bertini Pre-equilibrium model) in the

present work. The calculations using the nuclear models

from MCNPX were performed with a set of default

parameters described in Refs. [2,27].

2.2. Comparison of calculations with available

experimental data

The experimental data for recoil atom spectra are

absent both for tantalum and tungsten. For this reason

the comparison of the calculations and experimental

data was performed for other values, which accuracy

of the description is significant for the accuracy of the

dr/dT calculation.

Fig. 1 shows the total neutron cross-section for

tantalum calculated using the MCNPX code and the

measured data [28–32]. The computation of the total

cross-section in MCNPX is based on the approximation

of results of the optical model calculation [27] and does

not depend on the type of the intranuclear cascade mo-

del selected for the calculation. There is a good agreement

between the MCNPX cross-sections for tantalum and

the available experimental data at energies above

20 MeV. The same agreement is observed between the

total cross-section calculated for tungsten and the mea-

sured data [33,34]. There is a small systematic difference

between the calculated and experimental cross-sections

at energies below 450 MeV.

Fig. 2 shows the neutron emission spectra for 184W-

irradiated 26 MeV-neutrons. The calculations were per-

formed using different combinations of the intranuclear

cascade model and evaporation model: Bertini/Dresner,

Bertini/ABLA, ISABEL/Dresner, MBP/ABLA and with

the CEM2k model. The measured data are from Ref.

[35]. Generally, the agreement between the calculations

and the experiment for 184W is rather good. The good
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agreement is observed also between the calculated neu-

tron emission spectra for 181Ta irradiated with 20 MeV

neutrons and the measured data [36]. It is a certain suc-

cess of the coupling of high energy intranuclear cascade

models with pre-equilibrium exciton models imple-

mented in MCNPX.

A double differential cross-section is another nuclear

reaction characteristic of which the prediction has impor-

tant significance for the accuracy of the recoil spectra cal-

culation. Such cross-sections of neutrons emitted from
181Ta irradiated with 20-MeV neutrons are shown in

Fig. 3. The data for the outgoing neutron energy equal

to 2.8 MeV correspond rather to the evaporation part

of the 181Ta(n,n 0) spectrum and the data for other emis-

sion energies relate to the non-equilibrium part of the

neutron spectrum. Fig. 3 shows that the best description

of the experimental data is presented by the MBP/ABLA

approach. The CEM2k model is also successful for the

prediction of the pre-equilibrium part of the spectra at

the neutron emission energy above 2.8 MeV.

The experimental information about the energy and

angular distribution of the secondary particles emitted

in neutron induced reaction on tantalum and tungsten

above 20 MeV is limited by the data set discussed above.

In this case the data for proton induced reactions can be

used for the verification of methods of the calculation.

Partly such verification has been made in Ref. [1]. Here

the comparison of calculations with experimental data is

performed for the double differential cross-sections of

neutrons and protons emitted from the p + Ta reaction

at the primary proton energy around 600 MeV.

Calculated and measured [37,38] distributions of neu-

trons and protons are plotted in Figs. 4 and 5.None of the

models gives the detailed description of the experimental
data. The neutron double-differential cross-sections

calculated by the intranuclear cascade models are system-

atically lower than the measured data at various emis-

sion angles and emission energies above 50 MeV (Fig. 4).

The comparison performed for the neutron and pro-

ton angular distributions gives certain freedom at a

choice of the intranuclear cascade model to obtain the

neutron displacement cross-sections around 600 MeV,

because none of the models shows an excellent agree-

ment with the experimental data [37,38].

2.3. Comparison of calculations with ENDF/B-VI data

For tungsten isotopes the comparison of the calcula-

tions with the ENDF/B-VI (Release 8) data above

20 MeV can be performed directly for recoil atom spec-

tra. Figs. 6 and 7 show the integral recoil spectra for
184W irradiated with 26-MeV and 150-MeV neutrons.

The spectra were taken from ENDF/B-VI (8) by sum-

ming of the individual recoil spectra for all nuclides pro-

duced in the nonelastic neutron interactions with 184W

and calculated using different approaches in the present

work. The wide plateau in (dr/dT)non above 0.7 MeV

(Fig. 6) is formed due to the a-particle emission contri-

bution in the recoil spectrum rather than it results from

the nucleon escape, as shown in Ref. [39].

The result of the calculation for the 26-MeV neutron

induced reaction (Fig. 6) is in general agreement with

ENDF/B-VI. The best agreement is observed between

the ENDF/B-VI data and the (dr/dT)non spectrum cal-

culated using the CEM2k model and the MBP model

combined with the ABLA approach.

Fig. 7 shows the discrepancy between the ENDF/B-VI

(8) data and the recoil spectrum calculated for 150-MeV

neutron-induced reaction. The (dr/dT)non values ob-

tained using the different models are in a good agreement.

Due to the simplifications of the recoil data evalua-

tion for ENDF/B-VI (8) [40] it is impossible to give an

exhaustive explanation of the discrepancy between the

evaluated data and the recoil spectrum calculated using

the intranuclear cascade – pre-equilibrium exciton –

evaporation models (Fig. 7). The discrepancy should be

clarified in the further work. At present most important

is the agreement between the nonelastic displacement

cross-sections calculated using the nuclear models from

MCNPX and obtained from ENDF/B-VI (Section 3.2).

2.4. Calculation of the number of defects produced in

irradiated materials

In the present work the evaluation of neutron dis-

placement cross-sections was performed using two dif-

ferent approaches for the calculation of the number of

defects produced by PKA: the NRT model [3,4] and

the approach [1] combining the calculations by the

binary collision approximation model and the MD
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Fig. 3. Double differential cross-section of neutrons emitted with energies 2.8, 7.8, 13.8 and 15.8 MeV from the reaction of 181Ta

induced by 20-MeV neutrons calculated using the different nuclear models incorporated in the MCNPX code. The measured data are

from Ref. [36] (black circle). See also captions in Fig. 2.
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method. The effective threshold energy Ed was taken

equal to 90 eV for both tantalum and tungsten [41].
3. Calculation of displacement cross-section using the

NRT model

3.1. Elastic neutron scattering

In the present work the elastic displacement cross-

section rd,el has been calculated using the nuclear optical
model, the neutron angular distributions from ENDF/B-

VI (8) and by the MCNPX code.

The Raynal code [5] has been used for the optical

model calculation. The spherical optical potentials from

Refs. [42–45] and the coupled channel optical potential

from Ref. [46] have been applied.

Fig. 8 shows the elastic displacement cross-section for
184W calculated using the optical model and the optical

potentials from Refs. [42–46], the rd,el values obtained
from the ENDF/B-VI data and the cross-sections calcu-

lated by the MCNPX code. Fig. 8 shows a scattering



0 100 200 300 400 500 600
10-4

10-3

10-2

10-1

10 0

10 1

10 2

10 3

10 4

 INCL4/ABLA

E p =590 MeV
181 Ta(p,x)n

1500

900

300

d2 σ/
dE

dΩ
  (

m
b/

M
eV

⋅s
r)

Neutron energy (MeV)

Fig. 4. Double differential cross-section of neutrons emitted

from the reaction on 181Ta induced by 590-MeV protons

calculated using the different nuclear models incorporated in

the MCNPX code: Bertini/Dresner (thin solid line), CEM2k

(dot line), ISABEL/Dresner (dash-dot line), Bertini/ABLA

(dash-dot-dot line), INCL4/ABLA (open circle-solid line) and

MBP/ABLA (thick solid line). The results of the Bertini/

Dresner and Bertini/ABLA calculations almost coincide. The

measured data are from Ref. [37] (black circle).

0 100 200 300 400 500 600
10

-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

E
p
=600 MeV

181
Ta(p,x)p

1500

1200

90
0

600

300

d2 σ/
dE

dΩ
  (

m
b/

M
eV

⋅s
r)

Proton energy (MeV)

Fig. 5. Double differential cross-section of protons emitted

from the reaction on 181Ta induced by 600-MeV protons

calculated using the different nuclear models incorporated in

the MCNPX code. The measured data are from Ref. [38] (black

circle). See also captions in Figs. 2 and 4.

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

ENDF/B-VI

184
W E

n
=26 MeV

R
ec

oi
l s

pe
ct

ru
m

 (
m

b/
M

eV
)

Energy (MeV)

Fig. 6. Integral recoil atom spectrum for the reaction of 184W

induced by 26-MeV neutrons derived from the ENDF/B-VI

data (cross-solid line) and calculated using the different nuclear

models from MCNPX. See also captions in Figs. 2 and 4.

72 C.H.M. Broeders et al. / Journal of Nuclear Materials 342 (2005) 68–76
between the elastic displacement cross-sections calcu-

lated using different sets of the optical model parame-

ters. The agreement is observed for the coupled

channel calculations with the potential from Ref. [46]

and the rd,el values ENDF/B-VI at energies up to

80 MeV. There is agreement between rd,el calculated
with the spherical optical potential of Koning, Delar-

oche [45] and the Walter, Guss potential [43] at energies

below 50 MeV. The cross-section [45] is close to the rd,el
value obtained using the Madland potential [44] at 140–

200 MeV. The ENDF/B-VI data for 184W are in the

agreement with the calculations performed using the

Becchetti, Greenlees optical model parameters [42] at

energies 20–40 MeV.

Above 50 MeV a relative uncertainty of the evaluated

elastic displacement cross-section does not make a

strong impact on the total displacement cross-section

value, because the possible contribution of rd,el in the

total displacement cross-section does not exceed 10–13%.
3.2. Nonelastic neutron interactions

The displacement cross-section related to the neutron

nonelastic interaction with the nucleus, rd,non has been
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calculated using the different models incorporated in the

MCNPX code. The ENDF/B-VI (8) data were treated

by the NJOY code [47].

Fig. 9 shows the rd,non values calculated for 184W at

energies up to 1 GeV. A good agreement is observed be-

tween the ENDF/B-VI data and the displacement cross-

sections calculated by the MBP/ABLA model at energies

below 100 MeV. The ENDF/B-VI data are close to the

results obtained using the Bertini/Dresner and INCL4/

ABLA models at energies from 100 to 150 MeV. In gen-

eral, the difference between the rd,non values calculated
using different models is significant. The ISABEL/Dres-

ner model gives the smallest values of the displacement

cross-section comparing with other approaches. The

largest values of rd,non correspond to the results ob-

tained by the MBP/ABLA model at energies from 150

to 450 MeV and to the CEM2k calculations at energies

above 450 MeV.

As for a proton irradiation [1] the observed uncer-

tainty in the neutron rd,non values calculated using dif-

ferent nuclear models cannot be overcome at present

time. It should be considered as an error of the neutron

nonelastic displacement cross-section value obtained

theoretically. The scattering of the results relative to

the Bertini/Dresner calculations (Fig. 9) is up to 25%

at the high energies.

3.3. Total displacement cross-section

The total value of the displacement cross-section rd
was calculated as a sum of the displacement cross-

sections for elastic neutron scattering rd,el and for the

neutron nonelastic interactions rd,non. The rd,el cross-
section has been calculated by the optical model with

the potential of Koning, Delaroche [45] at energies 20–

200 MeV. Above 200 MeV the elastic displacement

cross-section has been obtained using the Madland

potential [44] and by the calculation with the MCNPX

code. The MBP/ABLA model showing the relative suc-

cess in the description of the experimental data (Section

2.2) and the good agreement with ENDF/B-VI (8) has

been used to get the rd,non values at energies from 20

to 70 MeV. At high energies the nonelastic displacement

cross-section has been calculated using the Bertini/
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Dresner model. The cross-sections obtained were ad-

justed to the ENDF/B-VI (Release 8) data for 181Ta

and tungsten isotopes at 20 MeV. The evaluated total

displacement cross-sections rd are shown in Table 1 at
Table 1

Total neutron displacement cross-section evaluated for 181Ta

and natW at energies up to 1 GeV

Neutron energy (MeV) 181Ta natW

20 1167 1147

22 1280 1245

24 1398 1353

26 1490 1442

28 1556 1512

30 1622 1583

35 1736 1712

40 1846 1842

45 1924 1923

50 1998 1995

55 2056 2051

60 2111 2106

65 2175 2164

70 2238 2221

75 2287 2279

80 2337 2337

85 2370 2369

90 2404 2402

95 2420 2422

100 2437 2442

110 2490 2486

120 2523 2522

130 2569 2567

140 2608 2613

150 2673 2684

160 2717 2738

170 2788 2813

180 2840 2875

190 2903 2938

200 2951 2986

225 3130 3169

250 3305 3352

275 3480 3544

300 3649 3718

350 4027 4109

400 4396 4503

450 5001 5116

500 5421 5566

550 5762 5934

600 6127 6313

650 6418 6633

700 6688 6882

750 6922 7181

800 7164 7395

850 7394 7665

900 7580 7867

950 7771 8040

1000 7937 8221

The number of defects has been calculated by the NRT model.

The effective threshold displacement energy is equal to 90 eV.
energies above 20 MeV. Below 20 MeV the rd values

can be easily obtained from the ENDF/B-VI data using

the NJOY code.
4. Calculation of displacement cross-section using BCA

and MD models

Detailed MD calculations providing information

about the number of defects produced under irradiation,

which is necessary for the calculation of displacement

cross-sections, were performed up to now for tungsten

only.

The number of Frenkel pairs produced in tungsten

under irradiation with high energy particles has been

calculated in Ref. [1] by the BCA model using the results

of the MD-simulation [48]. The calculation has been

done for all possible PKAs produced in the irradiation

of tungsten with primary nucleons with energies up to

1 GeV. For an energetic ion moving in the material

the simulation of the atomic collision was carried out

using the BCA model down to a certain �critical� energy
of the ion. Below this energy the BCA calculation was

stopped and the number of defects has been estimated

according to the result of the MD-simulation [48]. The

choice of the �critical� energy is discussed in Ref. [1]. This
procedure was carried out for all PKAs produced in

atomic collision cascades. The numerical calculation

was performed by the IOTA code [49]. The nuclear mod-

els and tools described in Section 3.3 were used for the

recoil atom spectra calculation.

The displacement cross-sections obtained are shown

in Fig. 10 at the primary neutron energies from 5 keV

up to 1 GeV. For comparison the displacement cross-

section calculated by the NRT model is also shown.

The ratio of the displacement cross-section calculated

for natural tungsten using the BCA and MD models to
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1

10

100

1000

10000

W

  NRT
  BCA,MD

σ d (
b)

Neutron energy (MeV)

Fig. 10. Total displacement cross-section for natural tungsten

irradiated with neutrons calculated using the NRT model (dash

line) and the BCA and MD models (solid line) at energies from

5 keV to 1 GeV.
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the cross-section obtained by the NRT model can be

approximated by the following functions

E 6 0.0657 MeV : rBCA;MD
d =rNRT

d ¼ 1.0; ð1aÞ

0.0657 < E 6 0.9 MeV : rBCA;MD
d =rNRT

d

¼ �3.706 � E0.13175 þ 0.4825 � E þ 3.559; ð1bÞ

0.9 < E 6 1000 MeV : rBCA;MD
d =rNRT

d

¼ 3.279� 10�4 � ln4ðEÞ � 4.052� 10�3 � ln3ðEÞ
þ 2.291� 10�2 � ln2ðEÞ � 5.969� 10�2

� lnðEÞ þ 0.3245; ð1cÞ

where E is the initial neutron energy in MeV.

Eq. (1) can be used to recover the realistic values of

the displacement cross-section for natural tungsten using

the cross-section obtained by the NRT model rNRT
d . The

rNRT
d values are shown in Table 1 at energies above

20 MeV. Below 20 MeV the rNRT
d cross-section is pre-

pared using the NJOY code and the ENDF/B-VI data.

For tantalum the reliable information about the

energy dependence of the number of Frenkel pairs

produced under the irradiation is absent. Evidently,

tantalum and tungsten have similar averaged efficiency

values derived from the experimental damage resistivity

rates for neutron irradiation [48] (Section 2.4). Both

metals have a bcc lattice, the same effective threshold

displacement energy and similar nuclear properties.

Nevertheless, it does not seem to be a rigorous justifica-

tion of the use of Eq. (1) obtained for tungsten to get the

realistic displacement cross-section for tantalum. For

tantalum Eq. (1) can be used only for a crude approxi-

mate evaluation of displacement cross-section.
5. Conclusion

The displacement cross-section has been calculated

for tantalum and tungsten irradiated with neutrons at

energies from 10�5 eV up to 1 GeV.

The recoil atom spectra were calculated using the dif-

ferent nuclear models and tools. The nuclear optical

model, the intranuclear cascade evaporation model com-

bined with the pre-equilibrium and evaporation models

was used for the calculations. The number of defects

produced by residual atoms in materials was calculated

by the NRT model and the approach [1] combining

the BCA calculations and the results of the MD-simula-

tion. The numerical calculations were done using the

NJOY code [47], the ECIS96 code [5], the MCNPX code

package [2] and the IOTA code [49].

The available neutron experimental data above

20 MeV for tantalum and tungsten were compared with

the calculations carried out by various intranuclear

cascade-pre-equilibrium-evaporation models from the
MCNPX code package. At the initial energy around

20 MeV, the best agreement is observed between the

experimental data and the calculations performed by

the MBP (Mixed Bertini Pre-Equilibrium) model com-

bined with the ABLA evaporation model.

The displacement cross-section for the elastic neutron

scattering has been calculated by the optical model. For

comparison, the calculation was performed using differ-

ent sets of the optical model parameters [42–46]. The dis-

placement cross-section for the nonelastic neutron

interactions rd,non has been calculated above 20 MeV

by various nuclear models incorporated in MCNPX. A

good agreement is observed between the ENDF/B-VI

data and the displacement cross-section rd,non calculated
using the MBP/ABLA model at the energy 20 MeV for
181Ta and at energies from 20 to 70 MeV for tungsten.

The total displacement cross-section rd has been

evaluated for tantalum and tungsten at energies up to

1 GeV. The NRT model has been used for the calcula-

tion of the number of defects produced by PKAs. The

cross-section rd was calculated below 20 MeV using

the ENDF/B-VI (Release 8) data and the NJOY code.

The rd values obtained at energies above 20 MeV are

shown in Table 1.

In addition, the total displacement cross-section has

been calculated for tungsten using the result of the

BCA and MD-simulation. The cross-section is shown

in Fig. 10. The ratio of the displacement cross-section

obtained by this method to the cross-section calculated

using the NRT model has been parameterized for tung-

sten at energies from 10�5 eV to 1 GeV, Eq. (1). The re-

sult obtained for tungsten can be used for a rough

approximation of the realistic displacement cross-sec-

tion for tantalum.

Further investigation should be done to get reliable

values of the realistic displacement cross-sections for

tantalum. It includes the experimental study of the dam-

age resistivity rates under the irradiation with particles

of different energy and the theoretical simulation of

the damage process in tantalum.
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