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Abstract

The displacement cross-sections have been analyzed for tantalum and tungsten irradiated with protons at energies

from several keV up to 1GeV using different nuclear models and approaches to obtain the number of defects in irra-

diated material. The displacement cross-section for proton elastic scattering has been obtained using the data from

ENDF/B-VI Proton Sublibrary and with the help of an optical model. The nonelastic displacement cross-section has

been calculated by means of various nuclear models incorporated in the MCNPX code. The number of defects pro-

duced under high energy proton irradiation was calculated with the help of a combination of binary collision approx-

imation and molecular dynamics models.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The calculation of the displacement cross-sections for

tantalum and tungsten is important for the evaluation of

the radiation durability of these materials for use as

solid target in the various concepts of the sub-critical

accelerator driven systems.

Recently the determination of reliable proton dis-

placement cross-sections for tantalum and tungsten has

got special interest in the TRADE project [1]. The evalu-
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ation of the displacement cross-sections for these ele-

ments encounters certain difficulties. The measurements

of the defect production rate for tantalum and tungsten

[1–6] show noticeable differences with the NRT model

[7] predictions. At the same time the calculations basing

on the method of the molecular dynamics (MD) are not

in good agreement with the experimental data for high-

energy proton irradiation [8].

In the present work the different approaches used for

the displacement cross-section calculation are compared

and analyzed for the primary proton energy range up to

1GeV. The displacement cross-section for the elastic

channel is calculated using various modern optical pot-

entials and ENDF/B-VI data. The MCNPX code [9] is

used to determine the displacement cross-sections for

the nonelastic proton–nucleus interactions. The number

of defects produced by the primary knock-on atoms

(PKA) in materials is calculated with the help of the

NRT model and the binary collision approximation
ed.
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model (BCA) using the results obtained by the MD

method.
2. Calculations using the NRT model

This section concerns the calculation of displacement

cross-sections based on the NRT model described in

Refs. [7,10]. The displacement cross-section is calculated

by the formula

rdðEpÞ ¼
X
i

Z Tmaxi

Ed

drðEp; ZT;AT; Zi;AiÞ
dT i

� mðT i; ZT;AT; Zi;AiÞdT i; ð1Þ

where Ep is the incident proton energy; dr/dTi is the

cross-section of energy transfer to recoil atom; Zi and

Ai are the atomic number and the mass number of the

recoil atom, correspondingly; ZT and AT are the same

for the target material; m(Ti) is the number of Frenkel

pairs produced by PKA with the kinetic energy Ti;

Tmaxi is the maximal energy of the PKA spectrum; Ed
is the effective threshold displacement energy; the sum-

ming is for all recoil atoms produced in the irradiation.

The number of defects produced by the PKA in

material m(T) is calculated according to the NRT ap-
proach [7] with the value of �k� parameters defined
according to Robinson [10]

mðT Þ ¼ gðT Þ 0:8
2Ed

T damðT Þ; ð2Þ

T damðT Þ ¼
T

1þ kð3:4008e1=6 þ 0:40244e3=4 þ eÞ ;

k ¼ 32
3p

me
MT

� �1=2 ðAi þ ATÞ3=2Z2=3i Z1=2T
A3=2i ðZ2=3i þ Z2=3T Þ3=4

;

e ¼ ½ATT=ðAi þ ATÞ� a=ðZiZTe2Þ
� �

;

a ¼ a0ð9p2=128Þ1=3 Z2=3i þ Z2=3T
� ��1=2

;

where g is the defect production efficiency [6,8]; me is the
mass of an electron; MT is the mass of the target atom;

a0 is the Bohr radius; �e� is the electron charge; the ki-
netic energy T is taken in keV.

The defect production efficiency g (Eq. (2)) defines
the ratio of the real number of single interstitial atom va-

cancy pairs produced in material to the number of de-

fects calculated by the NRT approach. In this Section

the g value is taken equal to unity. The effective thresh-
old displacement energy Ed equal to 90eV is used for the

displacement cross-section calculation for tantalum and

tungsten [6].
2.1. Elastic proton scattering

The displacement cross-section for the proton elastic

scattering is calculated by

rd;elðEpÞ ¼
Z Tmax

Ed

drðEp; ZT;ATÞ
dT

mðT ; ZT;ATÞdT : ð3Þ

Generally, the spectrum of PKA produced by the

proton elastic scattering includes the contributions from

the screened Coulomb scattering in the material, the nu-

clear scattering and their interference.

The nuclear scattering does not make a real contribu-

tion in the dr/dT spectrum of tantalum and tungsten for
the initial proton energy below 5MeV, and the recoil

spectrum is formed mainly by the screened Coulomb

scattering. The screening effect disappears with the in-

crease of the primary proton energy, and the displace-

ment cross-section rd,el at the energies above several
MeV can be calculated with a high accuracy by the

Rutherford formula for the recoil spectrum: dr/
dT = a Æ dT/T2, where a is a constant. The ratio of the
elastic displacement cross-section for tantalum and

tungsten isotopes calculated for the screened Coulomb

field to the cross-section obtained by the Rutherford for-

mula is equal to 0.943 for the primary proton energy

equal to 1MeV, 0.975 for the proton energy 5MeV

and 0.983 for the 10MeV-protons. The displacement

cross-section for screened Coulomb scattering was cal-

culated in the present work with the help of the ap-

proach from Refs. [11,12].

The contribution of the nuclear scattering in the re-

coil spectrum dr/dT also increases with the increase of
the primary proton energy. The contribution becomes

appreciable for the rd,el calculation at energies above
10MeV, where the screening effect is small. It allows

applying the nuclear optical model for the elastic dis-

placement cross-section calculations at the initial proton

energies considered.

Fig. 1 shows the ratio of the elastic displacement

cross-section calculated taking into account the Cou-

lomb scattering, the nuclear scattering and their interfer-

ence to the cross-section obtained for the recoil spectrum

corresponding to the pure Coulomb scattering for 181Ta

and 184W. The angular distribution for proton elastic

scattering on 181Ta was calculated with the help of the

optical model using the optical potential from Ref.

[16]. The angular distributions for 184W were taken from

ENDF/B-VI Proton Sublibrary (Release 7). One can see

that the nuclear scattering has a significant influence on

the calculated rd,el value at proton energies above

10MeV.

The use of different modern optical potentials dem-

onstrates a similar description of the experimental pro-

ton angular distribution and gives similar values of the

elastic displacement cross-section. Fig. 2 shows the pro-

ton angular distributions for 181Ta calculated using the
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Fig. 1. The ratio of the elastic displacement cross-section

calculated taking into account the Coulomb scattering, the

nuclear scattering and their interference with the displacement

cross-section obtained for the pure Coulomb scattering of 181Ta

and 184W.

Fig. 2. The proton elastic angular distributions of 181Ta

calculated with the help of the optical potential from Ref. [13]

(dash-dotted line), Ref. [14] (dash-double dotted line), Ref. [15]

(solid line) and Ref. [16] (dashed line). The experimental data

(cycles) are from Ref. [17] (55MeV-protons), Ref. [18]

(146MeV) and Ref. [19] (340MeV).
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Fig. 3. The displacement cross-section of the proton elastic

scattering calculated for 184W using the optical potential from

Ref. [13] (dash-dotted line), Ref. [15] (solid line), Ref. [16]

(dashed line), the ENDF/B-VI data (solid cross line) and the

MCNPX code [9] (dotted line).
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global optical potentials from Refs. [13–16] at different

primary proton energies. The experimental data are

from Refs. [17–19]. Good agreement is observed be-

tween the calculations and the measured data at the rel-

atively small scattering angles for the initial proton

energy 146MeV and 340MeV. The agreement for the

55MeV-protons is worse and the different calculations

give the similar result. Fig. 3 shows the rd,el values for
184W calculated with the help of the global optical poten-

tial from Ref. [13] at proton energies from 80 to

180MeV, from Ref. [15] at 50–400MeV and from Ref.

[16] at the energies below 200MeV. Fig. 3 shows also
the displacement cross-sections calculated using the eval-

uated proton elastic angular distributions from ENDF/

B-VI at energies up to 150MeV. There is good agreement

between the rd,el values obtained with the help of differ-
ent optical potentials and the ENDF/B-VI data.

The displacement cross-section was calculated with

the help of the MCNPX code [9] for comparison with

the results of the optical model calculation. The PKA

spectrum for elastic scattering has been evaluated from

the standard output file �histp� by the HTAPE3X code

[20]. The calculated rd,el values are shown in Fig. 3.
One can see a certain difference between the results ob-

tained using the ENDF/B-VI data, the optical model

and the elastic scattering model incorporated in the

MCNPX code. The reason of the discrepancy is not

quite clear. Most likely the use of the �proton elastic
cross-section� in the MCNPX calculations ([20], p. 53)

is based on a certain simplification in the description

of the Coulomb scattering in the code. It could result

in the discrepancy with an accurate optical model calcu-

lation. The same behavior of the displacement cross-sec-

tion is observed in the LAHET code calculation [40,41].

2.2. Nonelastic proton interactions

The displacement cross-section for proton nonelastic

interactions with target material rd,non has been calcu-
lated with the help of the different models incorporated

in the MCNPX code.

Fig. 4 shows the displacement cross-section rd,non
calculated with the help of the MCNPX code and the

rd,non values obtained using the recoil spectra from
ENDF/B-VI for 184W. The following intranuclear cas-

cade evaporation models were used for the calculations

[9]: Bertini/Dresner [21–23], ISABEL/Dresner [23–26],
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Fig. 5. The angular distributions of the 181Ta(p,p0) reaction at

120MeV primary proton energy and various proton emission

energies calculated with the help of the different nuclear models

incorporated in the MCNPX code and measured in Ref. [36].

See also captions in Fig. 4.
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Fig. 6. The integral recoil spectrum of nonelastic 1GeV-proton

interactions with 184W calculated with the help of the different

nuclear models incorporated in the MCNPX code. See also

captions in Fig. 4.
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CEM2k [27–31], INCL4/ABLA [32–35] with the default

model parameters from Ref. [9]. The nonelastic displace-

ment cross-section was calculated at energies from

50MeV up to 1GeV.

There is satisfactory agreement between the cross-

sections obtained using the data from ENDF/B-VI

below 150MeV and the rd,non values calculated with
the help of the Bertini/Dresner and ISABEL/Dresner

models. The rd,non cross-sections calculated by the

INCL4/ABLA and CEM2k have jumps near 100MeV

and 150MeV. Good agreement is observed for the Ber-

tini/Dresner and INCL4/ABLA calculations at energies

from 100MeV up to 1GeV. The cross-sections calcu-

lated by the CEM2k model and by the ISABEL/Dresner

model are noticeably different from the rd,non values ob-
tained with the help of the Bertini/Dresner and

ICNCL4/ABLA models.

The observed difference in the calculated rd,non values
results from the different description of the particle emis-

sion spectra by the nuclear models considered. An exam-

ple of such calculations is shown in Fig. 5 for the double

differential cross-sections in the 181Ta(p,p 0) reaction. The

experimental points are from Ref. [36].

Fig. 6 shows the integral recoil spectrum calculated

with the help of the considered nuclear models for
184W irradiated by 1GeV-protons. The integral spec-

trum is the sum of the individual spectra for all nuclides

produced in the nonelastic proton interactions with
184W. The observed difference in the recoil spectra re-

sults in the scattering of the rd,non values predicted by
the different nuclear models. The most influence is due

to the shape of the first peak in the dr/dT distribution
(Fig. 6), which corresponds to the (p,xnyp) reactions.

The fission peak does not play an important role due
to the small contribution of the fission in the nonelastic

proton cross-section (
0.9% for 1GeV), and in the non-
elastic displacement cross-section (
3.7%). The recoil
spectra for 181Ta and 184W calculated by the Bertini/



0 10 20 30 40 50 60 70 80 90 100 110 120 130
10-3

10-2

10-1

100

101

102

103

 181 Ta, Bertini/Dresner
 181 Ta, INCL4/ABLA
 184 W,  Bertini/Dresner
 184 W,  INCL4/ABLA

Ep=1 GeV

R
ec

oi
l s

pe
ct

ru
m

 (m
b/

M
eV

)

Energy (MeV)

Fig. 7. The integral recoil spectrum of nonelastic 1GeV-proton

interactions calculated with the help of the Bertini/Dresner

model for 181Ta (solid thick line) and 184W (crossed solid thick

line), and with the help of the INCL4/ABLA model for 181Ta

(solid thin line) and for 184W (crossed solid thin line).
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Dresner model and the INCL4/ABLA model are com-

pared in Fig. 7.

The observed uncertainty in the rd,non values calcu-
lated using the different modern nuclear models (Fig.

4) cannot be overcame at present time. It should be con-

sidered as an error of the nonelastic displacement cross-

section value obtained theoretically. This error is about

20–25%. Apparently, one should expect the same uncer-

tainty for the calculations of the nonelastic displacement

cross-sections at high energies performed for tungsten

with the help of the other version of the MCNPX code

[42] and the LAHET code [40].

2.3. Evaluation of the total displacement cross-section

The total value of the displacement cross-section was

calculated as the sum of the proton elastic displacement

cross-section rd,el and the displacement cross-section for
the proton nonelastic interactions rd,non.
The displacement cross-section for the proton elastic

scattering has been calculated with the help of the opti-

cal model using the optical potentials from Refs. [15,16]

at the initial proton energies from 5MeV to 400MeV.

Below 5MeV the rd,el values were calculated using the
differential scattering cross-section from Refs. [11,12].

The MCNPX code [9] has been used for the elastic dis-

placement cross-section calculation at the energy from

400MeV to 1GeV. The values calculated were slightly

fitted to the cross-sections obtained with the help of

the Madland optical potential [15] at 400MeV.

The nonelastic displacement cross-section has been

calculated with the help of the Bertini/Dresner model

and the MCNPX code. The recoil spectra from

ENDF/B-VI were used to calculate the rd,non values
for tungsten isotopes with the mass number 182, 183,
184 and 186 at energies below 150MeV. The evaluated

total displacement cross-section is shown in Table 1

and in Fig. 8 for 181Ta and a natural mixture of tungsten

isotopes.

One should note that the displacement cross-section

at keV energies is about two orders of magnitude higher

than that at 1GeV. This is due to the fact that the main

mechanism of the energy loss in keV region for tantalum

and tungsten is nuclear stopping. The electronic excita-

tions with the increase of the primary ion energy result

in a reduction of the energy retains for damage

production.
3. Calculations using the BCA and MD models to

obtain the number of defects produced in irradiated

material

3.1. Tungsten

The number of defects produced by tungsten self-ion

irradiation has been calculated by the MD method in

Refs. [8,37]. The calculations have been performed at

the energies below 100keV. According to Ref. [8] the

efficiency of the defect production g (Eq. (2)) is equal
to unity at 1keV and decreases with the energy growing

up to 
30keV down to the value about 0.26.
The interaction of 1GeV-protons with tungsten pro-

duces the recoil atoms with the kinetic energy consider-

ably exceeding the maximal energy in the MD

simulation [8,37]. To obtain the number of defects pro-

duced in material under the high energy proton irradia-

tion the calculations were performed in the present work

with the help of the BCA model basing on the results of

the MD simulation from Ref. [8].

For an energetic ion moving in the material, the sim-

ulation of the atomic collision was performed with the

help of the binary collision approximation model up to

a certain �critical� energy of the ion. Below this energy
the BCA calculation was stopped and the number of de-

fects has been calculated according to the result of the

MD simulation [8] (Eq. (4a)). Such procedure was per-

formed for all PKAs produced in the atomic collision

cascade. The BCA calculations were carried out with

the help of the IOTA code [38]. The value of the �critical�
energy should be taken as large as possible to minimize

the effect of the overlapping of cascade branches before

the MD simulation starts. In the present calculation the

�critical� energy was taken according to the high energy
limit of the empirical equation [8] describing the effi-

ciency of the defect production obtained from the MD

calculation [8]. It corresponds to the damage energy

Tdam equal to 31keV and the defect production effi-

ciency g equal to 0.26 [8]. For the case of the self-ion
irradiation of tungsten this damage energy corresponds

to the �critical� energy of ions equal to 40.8keV.



Table 1

Total proton displacement cross-sections evaluated for 181Ta

and natW at energies up to 1GeV

Proton energy (MeV) Displacement cross-section (b)

181Ta natW

4.0 · 10�3 0.0 0.0

4.1 · 10�3 0.0 1.87

4.2 · 10�3 2.30 · 104 7.27 · 103

4.3 · 10�3 4.93 · 104 3.18 · 104

4.4 · 10�3 7.37 · 104 5.69 · 104

4.5 · 10�3 9.66 · 104 8.03 · 104

4.6 · 10�3 1.18 · 105 1.02 · 105

4.7 · 10�3 1.38 · 105 1.23 · 105

4.8 · 10�3 1.56 · 105 1.42 · 105

5.0 · 10�3 1.90 · 105 1.77 · 105

5.3 · 10�3 2.33 · 105 2.21 · 105

5.6 · 10�3 2.69 · 105 2.58 · 105

6.0 · 10�3 3.07 · 105 2.97 · 105

8.0 · 10�3 4.02 · 105 3.97 · 105

1.0 · 10�2 4.30 · 105 4.27 · 105

1.2 · 10�2 4.41 · 105 4.38 · 105

1.4 · 10�2 4.42 · 105 4.40 · 105

1.6 · 10�2 4.38 · 105 4.37 · 105

1.8 · 10�2 4.32 · 105 4.31 · 105

2.0 · 10�2 4.24 · 105 4.23 · 105

3.0 · 10�2 3.79 · 105 3.80 · 105

5.0 · 10�2 3.07 · 105 3.08 · 105

7.0 · 10�2 2.58 · 105 2.59 · 105

0.10 2.10 · 105 2.11 · 105

0.15 1.63 · 105 1.64 · 105

0.20 1.34 · 105 1.35 · 105

0.30 1.00 · 105 1.01 · 105

0.40 8.10 · 104 8.17 · 104

0.50 6.84 · 104 6.89 · 104

0.70 5.26 · 104 5.31 · 104

1.0 3.95 · 104 3.99 · 104

1.5 2.84 · 104 2.86 · 104

2.0 2.23 · 104 2.25 · 104

3.0 1.58 · 104 1.60 · 104

4.0 1.24 · 104 1.25 · 104

5.0 1.02 · 104 1.03 · 104

7.0 7.66 · 103 7.74 · 103

10.0 5.53 · 103 5.59 · 103

15.0 3.84 · 103 3.87 · 103

20.0 3.05 · 103 3.08 · 103

30.0 2.53 · 103 2.55 · 103

40.0 2.41 · 103 2.41 · 103

50.0 2.37 · 103 2.37 · 103

60.0 2.34 · 103 2.34 · 103

80.0 2.36 · 103 2.35 · 103

100.0 2.38 · 103 2.36 · 103

120.0 2.35 · 103 2.33 · 103

150.0 2.57 · 103 2.54 · 103

200.0 3.00 · 103 3.05 · 103

250.0 3.33 · 103 3.38 · 103

300.0 3.64 · 103 3.71 · 103

350.0 3.94 · 103 4.02 · 103

400.0 4.28 · 103 4.37 · 103

500.0 5.01 · 103 5.15 · 103

600.0 5.68 · 103 5.86 · 103
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Fig. 8. The total displacement cross-section of tantalum and

tungsten obtained with the help of the NRT model and the

BCA,MD models. See explanations in the text.

Table 1 (continued)

Proton energy (MeV) Displacement cross-section (b)

181Ta natW

700.0 6.25 · 103 6.45 · 103

800.0 6.72 · 103 6.96 · 103

900.0 7.12 · 103 7.38 · 103

1000.0 7.46 · 103 7.73 · 103

The number of defects has been calculated by the NRT model.
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Fig. 9 shows the defect production efficiency g calcu-
lated by the discussed combined BCA–MD method for

the irradiation of tungsten with As- andW-ions. The effi-

ciency value is shown as a function of the damage energy

Tdam (Eq. (2)) in the energy range which corresponds to

the primary kinetic energy of As- and W-ions up to

1GeV.
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Fig. 9. The efficiency of the defect production in tungsten

irradiated with As- and W-ions obtained with the help of the

combined BCA–MD method. The approximating curve is

shown for W +W irradiation (Eq. (4)).
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The defect production efficiency calculated for the

W +W irradiation (Fig. 8) can be approximated by

the following functions

1keV 6 Tdam 6 31.02keV [8]:

g ¼ 1:0184T�0:667
dam þ 5:06� 10�3T dam; ð4aÞ

31.02keV < Tdam 6 72.08keV:

g ¼ 0:26; ð4bÞ

72.08keV < Tdam 6 104 keV:

g ¼ 5:71� 10�3ln2ðT damÞ � 3:87� 10�2 lnðT damÞ
� 10þ 0:32 ð4cÞ

It is supposed that the defect production efficiency has

a constant value below 1keV and is equal to

g(1keV) = 1.023.
The combined BCA–MD calculations together with

nuclear model calculations were carried out for the irra-

diation of tungsten with protons at energies up to 1GeV.

The number of defects was calculated as described above.

The recoil characteristics were calculated with the

help of the MCNPX code using the Bertini/Dresner

model. The simulation of the defect production has been

made for each recoil atom with the atomic number Z > 2

produced in the p + W interaction with the help of the

BCA model and the results of the MD simulation as de-

scribed above. Table 2 shows the results obtained for the

proton irradiation of 184W. Table 2 shows also the non-

elastic displacement cross-section calculated using the

NRT model and the rd,non values obtained by the con-
stant approximation of the efficiency g above 31keV.
In the last case, the g(T) value has been calculated

using (Eq. (4a)) obtained in Ref. [8]. At energies above

31keV the constant value equal to 0.26 has been used

for the calculations as adopted in the analysis [8] of
Table 2

Nonelastic displacement cross-sections for p + 184W interaction

calculated with the help of the combined BCA–MD approach

(column 2), with the constant approximation of the defect

production efficiency value above 31keV (column 3) and with

the help of the NRT model (column 4)

Proton energy

(MeV)

Displacement cross-section (b)

BCA–MD MD, above

31keV g = const
NRT

100 469 517 1987

150 673 643 2474

200 855 754 2901

300 1141 925 3560

400 1468 1111 4275

600 2166 1507 5797

800 2728 1784 6864

1000 3183 1971 7582
the high-energy proton irradiation of tungsten. One

can see a certain difference between the �constant ap-
proach� and the result of the combined BCA–MD calcu-
lations. The most difference is about 60% at the proton

energy equal to 1GeV. Apparently, the increase of the

efficiency at the high energies, Tdam > 70keV (Fig. 9) re-

sults from the growth of the number of atomic collisions

with relatively small energies transferred from the pro-

jectile to lattice ions with the increase of the projectile

energy. Small energies transferred to PKAs correspond

to the region with high values of the defect production

efficiency (Fig. 9) and result in the growth of the total

efficiency and the displacement cross-section for the pro-

jectile comparing with the �constant efficiency� approach.
The elastic displacement cross-section was calculated

as described in Section 1. Eqs. Eqs. (2) and (4) were used

for the calculation of the number of defects.

Figs. 8 and 10 show the total displacement cross-sec-

tion rd for tungsten calculated using the BCA and MD
models. Fig. 10 presents also the rd values derived from
the experimental resistivity damage rates in Ref. [39]

and recovered using the Frenkel pair resistivity equal to

27lXm for tungsten [6]. The figure shows the data from
Ref. [39] which lie between the results obtained with the

help of the BCA, MD models and by the NRT approach

at the proton energy above 0.2MeV. The discrepancy be-

tween rd derived from the experiments [39] and the BCA–
MD calculations is not yet clear. It can be related to the

problem of the initial damage rate measurements and

rd derivation for tungsten or to the problems of the
MD simulation in Ref. [8]. The same discrepancy was ob-

served in Ref. [8] for the experimental resistivity change in

the high-energy proton irradiation of tungsten and for

the results obtained with the help of the MD model.
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104
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σ d (
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Proton energy (MeV)

Fig. 10. The total displacement cross-section of tungsten

irradiated with protons calculated with the help of the BCA

and MD models (solid line), calculated by the NRT model

(dashed line) and derived from experimental data in Ref. [39]

(cycles).



Table 3

The ratio of the displacement cross-section of tungsten obtained

with the help of the BCA and MD models to the cross-sections

calculated with the help of the NRT model

Proton energy (MeV) rd (BCA–MD)/rd (NRT)

4.1 · 10�3 1.023

5.5 · 10�2 1.023

9.7 · 10�2 0.993

0.13 0.965

0.16 0.942

0.20 0.917

0.25 0.892

0.31 0.869

0.39 0.844

0.49 0.821

0.63 0.796

0.81 0.773

1.0 0.755

1.3 0.735

1.7 0.716

2.4 0.695

3.5 0.675

5.0 0.658

10.0 0.634

15.0 0.628

20.0 0.611

25.0 0.578

30.0 0.540

35.0 0.507

40.0 0.472

45.0 0.442

50.0 0.414

60.0 0.378

70.0 0.350

80.0 0.333

100.0 0.322

200.0 0.324

300.0 0.336

400.0 0.352

500.0 0.367

600.0 0.382

700.0 0.393

800.0 0.405

900.0 0.416

1000.0 0.427
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Table 3 shows the ratio of the displacement cross-sec-

tion obtained by the BCA and MD models to the rd
cross-section calculated with the help of the NRT model

(Table 1).

3.2. Tantalum

There is no detailed information about the energy

dependence of the defect production efficiency g for tanta-
lum. The comparison of the averaged efficiency values de-

rived from the neutron irradiation experiments [6] shows

that the hgi values for tantalum and tungsten are very
close. Moreover, both metals have a bcc lattice, the same

effective threshold displacement energy and similar nucle-

ar properties. This justifies the use of the main results ob-

tained for tungsten in the present work (Section 3.1) for

the approximate data evaluation for tantalum.

The ratio of the displacement cross-section calculated

using the BCA and MD models for the rd value ob-
tained by the NRT approach shown in Table 3 for tung-

sten, is the average defect production efficiency hgi
related to a certain initial proton energy. These hgi val-
ues can be used with some reservation obtaining the

approximate displacement cross-section for tantalum

basing on the rd values presented in Table 1. These eval-
uated values are presented in Fig. 8.

One should note that the uncertainty in the rd values
obtained using different nuclear models (Section 2.2) is

more than the expected difference between realistic dis-

placement cross-sections for tantalum and tungsten.

This conclusion results from the similar hgi values for
tantalum and tungsten obtained from the analysis of

measured resistivity damage rates in various neutron

irradiation experiments (hgi(Ta) = 0.73 ± 0.09, hgi(W) =
0.61 ± 0.08). It cannot diminish the importance of the

further investigations for tantalum.
4. Conclusion

The displacement cross-section has been calculated

for tantalum and tungsten irradiated with protons at

energies from several keV up to 1GeV using the different

nuclear models and approaches to obtain the number of

defects in irradiated material.

The displacement cross-section for proton elastic

scattering rd,el has been calculated using the data from
ENDF/B-VI Proton Sublibrary (Release 7) and with

the help of the optical model. The good agreement was

found between the rd,el values obtained using various
modern optical potentials. The displacement cross-sec-

tion for the proton nonelastic interactions rd,non has
been calculated with the help of the different nuclear

models incorporated in the MCNPX code [9]. The satis-

factory agreement is observed for the rd,non values ob-
tained using the ENDF/B-VI data for tungsten and the

calculations by the Bertini/Dresner model and the ISA-

BEL/Dresner model. The total displacement cross-sec-

tion has been evaluated for tantalum and tungsten at

energies from the several keV up to 1GeV. The results

obtained with the help of the NRT model is shown in

Table 1.

The number of defects produced under the high en-

ergy proton irradiation of tungsten was calculated with

the help of the BCA model [38] using the results of the

MD simulation [8]. The realistic displacement cross-sec-

tion and the defect production efficiency have been ob-

tained for tungsten at proton energies up to 1GeV
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(Figs. 8 and 10, Tables 2 and 3). The approximate rd
values for tantalum are shown in Fig. 8.

A further theoretical and experimental study is neces-

sary to obtain the realistic displacement cross-sections

for tantalum. The measurements should be carried out

for the resistivity damage rates in tantalum and tungsten

irradiated with the particles of various energies to get the

information about the energy dependence of the number

of defects produced. This could give an answer together

with a new measurement of the Frenkel pair resistivity

about the discrepancy of the experimental damage char-

acteristics and the results of calculations performed in

the present work and in Ref. [8].
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