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Abstract

The available data for Frenkel pair resistivity and the experimental data for damage resistivity rate in metals were
compiled and analyzed. Based on the data collected the evaluated values of Frenkel pair resistivity for metals have been
obtained along with the systematics of the resistivity values. The nuclear data libraries ENDF/B-VI (Release 8),
JENDL-3.3, JEFF-3.0, BROND-2.2 and CENDL-2.1 were used for the averaged damage energy cross-section cal-
culation. The defect production efficiency has been calculated with the help of the binary collision approximation
model. The values obtained were compared with the result of the molecular dynamics simulation. The energy dependent
efficiencies obtained by the method of the molecular dynamics were used for the calculation of the average efficiency
values for neutron spectra from various nuclear power facilities including the thermal reactor, the fast breeder reactor

and the fusion facility.
© 2004 Published by Elsevier B.V.

1. Introduction

The materials of advanced nuclear power units as the
fusion reactor and the accelerator-driven system are
considered to be irradiated by extremely fluxes of ener-
getic neutrons and protons. The evaluation of the radi-
ation strength and the accurate calculation of radiation
damage take on special significance for materials of
these facilities.

The NRT model [1] is frequently used for the calcu-
lation of the damage accumulation in irradiated mate-
rials. The relative simplicity of the approach provides its
use in the popular codes as NJOY [2], MCNPX [3],
LAHET [4], SPECTER [5] and others. The available
experimental data and more rigorous calculations show
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the substantial difference with the predictions of the
NRT model that makes its use for the reliable calcula-
tion of radiation damage rather questionable. However,
the previous analysis of the experimental damage rates
shown the deviations from the NRT calculation has
been performed using the outdated versions of neutron
data libraries like as ENDF/B-IV, ENDF/B-V and
JENDL-1, which are not in use for applications now.
Different authors have used the different sets of Frenkel
pair resistivity values and effective threshold energies for
the data analysis that complicates the interpretation of
the results obtained and the analysis of different irradi-
ation experiments.

The present work is devoted to the analysis of the
defect production efficiency in metals irradiated with
neutrons of different sources. The available data for
Frenkel pair resistivity were compiled and analyzed
(Sections 2 and 3). The evaluated and recommended
values are presented along with the systematics of
Frenkel pair resistivity (Section 3). The available
experimental data for damage production rates were


mail to: cornelis.broeders@irs.fzk.de

198 C.H.M. Broeders, A.Y. Konobeyev | Journal of Nuclear Materials 328 (2004) 197-214

collected and examined (Section 4). The damage energy
cross-sections were calculated with the data from
ENDF/B-VI (Release 8), JENDL-3.3, JEFF-3.0,
BROND-2.2 and CENDL-2.2 for realistic neutron
spectra. The average efficiency of the defect production
was calculated for different types of the irradiation
(Sections 4 and 5).

The MARLOWE code [6] was applied for the cal-
culations of the number of defects in irradiated materi-
als. The results were compared with the simulations
performed by the method of the molecular dynamics
(Section 5). The theoretical values of the defect pro-
duction efficiency were applied to the neutron damage
calculations for various types of nuclear power facilities,
as the thermal reactor, the fast breeder reactor, the fu-
sion reactor and others (Section 5).

2. Efficiency of the defect production in materials
The efficiency of defect production in irradiated
materials is defined as follows:

Np

VI?NNRT’

(1)

where Np is the number of stable displacements at the
end of collision cascade, and Nnrt 1s the number of
defects calculated by the NRT model [1].

In the theoretical simulations based on the method of
molecular dynamics (MD) and the binary collision
approximation model (BCA) the Np value in Eq. (1) is
considered equal to the total number of single interstitial
atom-vacancy pairs including the amount in a clustered
fraction remaining after the recombination in collision
cascade is complete.

The number of defects (Frenkel pair) predicted by the
NRT formula [1] is equal to
NxrT = ;)_1;1 Tam, (2)
where E4 is the effective threshold displacement energy,
and Ty,, is the ‘damage energy’ equal to the energy
transferred to lattice atoms reduced by the losses for
electronic stopping of atoms in displacement cascade.

The effective threshold displacement energy Eq4 in Eq.
(2) which is called also as the ‘averaged threshold en-
ergy’ [7,8] is derived from electron irradiation experi-
ments. The compilation of E; values is presented in
Section 3. According to other definition [9,10] the value
of the effective displacement energy is defined from a
condition # = 1 which relates to a number of defects Np
defined from the experiments for neutron irradiation of
materials. This effective threshold energy is referred as
E4(n=1) in the present work to separate it from the
commonly used effective threshold displacement energy
E,.

The average defect production efficiency, (i) is de-
rived from the experimentally observed resistivity dam-
age rate with the help of the following relation:

( % ) 0.8(cTy)

= <’7>pFP27Ed7 3)
where (dAp/d®)|,,_, is the initial resistivity-damage
rate equal to the ratio of resistivity change Ap per irra-
diation fluence @ extrapolated to zero dose value, ppp is
the specific Frenkel pair resistivity, (o7y) is the damage
energy cross-section averaged for the particle spectrum
basing on the NRT model.

The spectrum-averaged damage energy cross-section
is calculated as follows:

(T = Y / /@(E)%Tdam(T)deE

/ / o(E)dE, (4)

where do,/dT is the spectrum of recoils produced in
irradiation of the material with primary particle, ¢(E) is
the particle spectrum, Ty, is the damage energy calcu-
lated according to Ref. [1], the summation is for all
channels of the primary particle interaction with mate-
rial.

The use of Eq. (3) supposes that the resistivity per
Frenkel pair does not depend from the degree of defect
clusterization in matter and that the resistivity of a
cluster is equal to the sum of resistivity of isolated de-
fects. For small clusters it is considered usually as a good
approximation [11-14].

According to Eq. (3) the value of defect production
efficiency (n) derived from experimental data depends
from the value of Frenkel pair resistivity pgp and the
effective threshold energy E4 adopted for the analysis
and from the quality of the (o7y) data. It is the main
reason of the considerable scattering of the (i) values
obtained by different authors for the same metals.

Ap=0

3. Resistivity per Frenkel defect and effective threshold
displacement energy

3.1. Data compilation and evaluation

Data for the specific Frenkel pair resistivity ppp were
taken from the papers [9,10,15-68,102-126] relating to
the measurements performed after 1962. The reference
for the early measurements for copper, silver and gold
can be found in Refs. [34,41].

Data for Frenkel pair resistivity were subdivided in
several groups by the method of their derivation: the
data obtained by the X-ray diffraction method, the data
extracted from the electron irradiation of single crystals
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at low temperature, the ppp values obtained from the
experiments with polycrystals, the data evaluated by the
analysis of various experiments and the data obtained
with the help of systematics. If the detailed information
about the method of data derivation is absent, the data
are referred as ‘adopted’ by the authors of a certain
work.

The collected values of pgp are shown in Table 1. The
data are presented for the metals with face-centered
cubic lattice (fcc) at first, than for the body-centered
cubic metals (bcc), for the metals with hexagonal lattice
(hep) and for other metals.

The evaluation of Frenkel pair resistivity for each
element from Table 1 was performed by the statistical
analysis taking into account the relative accuracy of the
method of data derivation and the experimental errors.
If only systematics data are available for a certain metal
the recommended value of pgp is not given. The evalu-
ated values of Frenkel pair resistivity are shown in Table
1 (sixth column).

The adopted values of pgp are slightly different from
ones obtained in Ref. [102]. Mainly, it results from the
different principles of the evaluation in Ref. [102] and in
the present work. As a rule, the pgp value for a certain
element recommended in Ref. [102] corresponds to a
single reliable measurement. In the present work the
results of the different most reliable measurements were
analyzed statistically.

The effective threshold displacement energies Fq ta-
ken from literature are shown in Table 1. If the same Eq4
value was used by different authors only the single ref-
erence is given. Also, the adopted E4 values used in the
present work for damage production efficiency calcula-
tions are shown in Table 1 (ninth column).

It should be noted that the exact absolute values of
threshold energy E4 is of secondary importance in the
case the experimental dose rates are known. They are
used only for the comparison of defect production effi-
ciency in different experiments.

3.2. Systematics of Frenkel pair resistivity

The evaluated and adopted values of Frenkel pair
resistivity (Table 1) were used to constrain the system-
atics of ppp by the method proposed by Jung [18]. The
systematics combines the Frenkel pair resistivity, the
resistivity at the melting point and the bulk modulus of
the material. The general form of the systematics is as
follows [18]:

prp = P(Tmen) (1 + 22(BR)™), (5)

where p(The) is the resistivity at the melting tempera-
ture, B is the bulk modulus, Q is the atomic volume, and
o; are the parameters to be obtained by the fitting pro-
cedure.

The experimental values of the resistivity at the
melting point p(Tie) were taken from Ref. [69]. If ab-
sent, the p(Te) values were taken from Ref. [18] or
evaluated with the help of the following approximate
formula [70]:

Tmet F(G/Tmet)
T FO/) (6)

p(Tmell) = P(To)

where p(Tp) is the resistivity at the temperature Ty, 0 is
the Debye temperature and F is the universal function.

The values of F(x) function are tabulated in Ref. [70]
and can be approximated with a good accuracy at x <6
by the following formula:

F(x) = 2.884 x 10°(55.5 + x"%) %, o

Data for the resistivity p(7;) were taken from Ref. [69]
at Ty = 293-300 K, the Debye temperature and the bulk
modulus are from Ref. [71]. The atomic volume Q was
calculated as the inverse of the atomic concentration.

The fitting of Eq. (5) to the adopted values of pgp
from Table 1 gives the following systematics of Frenkel
pair resistivity:

prp = p(Tmen)<8.03 + 40.51(39)*1532), (8)

where the product BQ is taken in the units 10~'® Nm.
Below, the systematics Eq. (8) is used for the pgp
value evaluation if the experimental data are absent.
The ratio pgp/p(Tmer) predicted by the systematics
Eq. (8) is shown for various metals in Fig. 1.

4. Average efficiency of defect production derived from
experimental damage rates for materials irradiated at low
temperature (4-5 K)

The experimental damage resistivity rates were taken
from Refs. [7,12,31,38,43,47,63,65,72-75]. The data are
shown in Table 2 for various metals and types of irra-
diation.

If the detail information about the neutron irradia-
tion spectrum was available, the averaged damage en-
ergy cross-section (g74) was calculated and checked in
the present work.

The NJOY code system [2] has been applied for the
damage energy cross-section calculation. The calcula-
tions were performed with the data taken from ENDF/B
(different versions), JENDL-3.3 and JEFF-3.0 for the
temperature of materials at 4-5 K. The additional cal-
culations show that the influence of the temperature on
the averaged (7Ty) values is rather weak.

Below the values of the averaged damage energy
cross-sections used for the analysis of the damage pro-
duction efficiency in Section 4.2 are discussed for the
different types of irradiation.
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The Frenkel pair resistivity pgp and the effective threshold displacement energy E4 taken from literature and the values of pgp and Eq4
evaluated and adopted for the analysis of the defect production efficiency. Methods of the data derivation: ‘Exp D’ is X-ray diffraction
method, ‘Exp T’ is the threshold energy determination for electron irradiation of single crystals at low temperature, ‘Exp T(p)’ is for the
electron irradiation of polycrystals, ‘Evl E’ is the evaluation performed basing on the analysis of different experiments, ‘Evl S’ is the
estimation made with the help of the systematics, ‘Adp’ is the data adopted by the authors of cited works

Metal Lattice Orp Type Reference Adopted ppp E4 Reference Adopted E4
(nQm) (nQm) (eV) (eV)
13 Al fce 3910.6 Exp D [15] 3.7 27 [22] 27
42+0.8 Exp D [16] 45 [23]
3.2%0.6 Exp D [17] 66 9]
3.4 Exp T(p) [33]
14..44 Exp T(p) [102,103]
1.32 Exp T(p) [104]
1.35 Exp T(p) [102,105]
4.0 Evl E [22,102]
4.0+0.6 Evl E [10,18]
42 £ 0.5 EvlE [19]
6.8 Adp [20]
4.3 Evl S [18]
28 Ni fce 7.1£0.8 Exp D [24] 7.1 33 [22] 33
3.2 Exp T(p) [33] 40 [25]
6.7+0.4 Evl E [19] 69 [9]
6.0 Adp [38]
6.4 Adp [20]
11.2 Evl S [18]
29 Cu fec 1.7£0.3 Exp T [26] 2.2 25 [29] 30
2.0+04 Exp D [27] 29 [22]
22%+0.5 Exp D [106] 30 [14]
2.75+0.6 Exp T [28] 43+4 [9]
-0.2
2.5+0.3 Exp D [102]
1.3 Exp T(p) [33]
1.15...2.06  Exp T(p) [102,103]
1.9+0.2 Evl E [19]
2.2 Evl E [31]
3.0 Evl E [34]
2.5 Adp [20]
2.2 Evl S [18]
46 Pd fee 9.0+1.0 Exp T(p) [32] 9.0 34 [32] 41
10.5 Adp 9] 41 [22]
9.21+0.5 Evl S [19] 46 9]
9.0 Evl S [18]
47 Ag fee 1.4 Exp T(p) [33] 2.1 39 [22] 39
2.5 Adp [20] 44 9]
2.1+04 Evl S [19] 60 [30]
2.1 Evl S [10]
1.8 Evl S [18]
77 Ir fec 6.7+0.5 Exp T(p) [122] 6.7
78 Pt fee 9.5+0.3 Exp T [26] 9.5 43 [25] 44
7.5 Exp T(p) [35] 44 [22]
6.0 Exp T(p) [40] 44+5 [9]
9.5%£0.5 Evl E [19]
7.0 Adp [31]
9.5 Evl S [18]
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Table 1 (continued)
Metal Lattice Prp Type Reference Adopted ppp Eq4 Reference Adopted E4
(1Qm) (nQm) (eV) (eV)
79 Au fec 1.2 Exp T [36] 2.6 30 [30] 43
3.2+0.3 Exp D [37] 35 [29]
0.89 Exp T(p) [39] 43 [22]
51103 Evl S [19] 44 [9]
2.3 Evl S [18]
2.5 Adp [20]
82 Pb fec >1 Exp T(p) [107] - 19 [7] 25
16.4 Evl S [18] 25 [30]
20.0 Adp [22,102]
90 Th fec 15 Exp T(p) [102] 19
19 EvlE [22,102]
18.6 Evl S [18]
23V bee 6+1.52 Exp T(p) [108] 21 40 [30] 57
—-0.84
22.0+7.0 Evl S [19] 57 [43]
18.0 Adp [38] 92 [9]
23 Adp [9]
40 Evl S [50]
21.6 Evl S [18]
22 Evl S [10]
16 Evl S [42]
24 Cr bee 3742 Exp T [109] 37 40 [30] 40
-12
40 Exp T(p) [109,110]
27.1 Evl S [18]
30.0 Evl S [49]
26 Fe bee 30£5.0 Exp T [44] 24.6 24 [45] 40
20 Exp D [46] 25 [29]
12.5 Exp T(p) [33] 40 [30]
15 Adp [22,47] 44 [22]
17£6 Evl S [19]
25.2 Evl S [18]
19 Adp [49]
41 Nb bee 14.0+3.0 Exp D [48] 14 40 [30] 78
14.0+3.0 Evl E [19] 78 [22]
16.0 Evl S [10] 98 [9]
15.4 Evl S [18]
27.0 Evl S [49]
18.0 Adp [9]
10.0 Adp [42]
42 Mo bee 13+£2.0 Exp T [51] 13.4 33 [54] 65
15£4.0 Exp D [52] 60 [30]
4.5 Exp T(p) [33] 60-70 [22]
15+4 EvlE [19] 70 [43]
155 EvlIE [18] 77 [47]
14%3 EvlE [53] 82 [9]
13.2 Evl S [18]
14 Evl S [10]
10 Evl S [21,50,111]
73 Ta bec 17%3 Exp T [55] 16.5 85 [43] 90
163 Exp T [56] 80-90 [22]

(continued on next page)
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Table 1 (continued)

Metal Lattice Prp Type Reference Adopted pgp E4 Reference Adopted E4
(nQm) (nQm) (eV) (eV)
16%3 Evl E [19] 88 9]
17.8 Evl S [18] 90 [30]
74 W bee 7.5...16 Exp T [102,112] 27 84 [57,65] 90
28 Exp T(p) [102,113] 90 [30]
2716 Evl S [19] 100 [43]
18 Evl S [10]
18.3 Evl S [18]
13 Evl S [49]
14 Adp [57]
12 Mg hep 9.0 Exp D [66] 9 20 [22] 20
>0.8 Exp T(p) [102,114] 25 [30]
45 Exp T(p)  [58]
4.0 Evl E [22,102]
21.5 Evl S [18]
4.0 Adp [22,52]
21 Sc hep 50.0 Exp T(p) [124] 50.0
22 Ti hep 18.0 Exp T(p) [59] 24.9 30 [22] 30
42.0 Exp T(p) [33] 40 [30]
32.3 Evl S [18]
22.0 Evl S [43]
10.0 Adp [22,43]
27 Co hep 30+20 Exp T [61] 15.5 36 [22] 36
-10
155 Exp T [60] 40 [30]
16%5 Exp D [66]
14+4 Evl E [19]
18.4 Evl S [18]
20.0 Evl S [50]
10.0 Evl S [21]
30 Zn hep 155 Exp T [60] 17.9 29 [22] 29
155 Exp D [52]
15.3 Exp D [62]
203 Exp T [61]
42 £ 0.5 Exp T(p) [116]
15.1 Evl S [18]
5 Adp [115]
10 Adp [22,52]
39Y hep 50+ 20 Exp T(p) [125] 50
40 Zr hep 35£8 Exp D [66] 37.5 40 [22] 40
40 Exp(p) [67]
35£8 Evl E [19]
30.1 Evl S [18]
40 Adp [22,43]
48 Cd hep 51 Exp T [61] 14.5 30 [22] 30
10 Exp D [66]
19£8 Evl S [19]
10.9 Evl S [18]
10 Adp [52]
59 Pr hep 135+35 Exp T(p) [123] 135
60 Nd hep 135£35 Exp T(p) [123] 135
63 Eu hep > 100 Exp T(p) [121] -
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Table 1 (continued)
Metal Lattice Prp Type Reference Adopted ppp Eq4 Reference Adopted E4
(1Qm) (nQm) (eV) (eV)
64 Gd hep 160 £30 Exp T(p) [118] 160
65 Tb hep 15530 Exp T(p) [118] 155
66 Dy hep 145+ 30 Exp T(p) [118] 145
67 Ho hep 145£30 Exp T(p) [118] 145
68 Er hep 180+ 35 Exp T(p) [118] 180
69 Tm hep 140£30 Exp T(p) [118] 140
70 Yb hep 75+25 Exp T(p) [125] 75
71 Lu hep 75+15 Exp T(p) [117] 145
14530 Exp T(p) [118]
81.0 Evl S [18]
75 Re hep 20 Exp T(p) [119] 20 60 [22] 60
22 Evl S [18]
20 Adp [22,63]
31 Ga bco? 54%0.5 Exp T(p) [64] 5.4 12 [64] 12
92U beco 22 Exp T [126] 22
49 In bet® 2.6 Exp T(p) [107] 2.6
50 8Sn bet 1.1£0.2 Exp T(p) [68] 1.13 22 [68] 22
4+2 Evl S [19]
62 Sm rho® 140£30 Exp T(p) [125] 140
83 Bi rho 7500 £2000 Exp T(p) [120] -
Ssd 25 Adp [10] 25 40

# Base-centered orthorhombic lattice.
®Body-centered tetragonal lattice

“Rhombohedral lattice.

9 Stainless steel, the composition is not shown [10].
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Fig. 1. The ratio of the Frenkel pair resistivity to the resistivity
at the melting point versus BQ for various metals (full circles)
and the systematics prediction (line).

4.1. Averaged damage energy cross-sections

Data are discussed for various neutron sources listed
below.

4.1.1. CP-5 (VT53), ANL
The (oTy) data shown in Table 2 are taken mainly
from Ref. [47].

4.1.2. LTIF, ORNL

Data for Al, Cu, Pt, V, Nb and Mo were obtained by
the averaging-out the (¢7;) values from Refs. [43,65].

The (oTy) value for the stainless steel (15 Cr/15 Ni/70
Fe) has been calculated approximately. The averaged
damage energy cross-section was calculated with the
data from ENDF/B-VI (Release 8) for various elements
from Ref. [43] for the fission neutron spectrum. The
mean ratio of the (¢7;) values obtained in Ref. [43] for
LTIF spectrum to the (g7y) values calculated for the
fission spectrum was found equal to 1.147. This ratio
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Table 2
Low temperature damage-resistivity rate (dAp/d®)|, ,—0» the averaged damage energy cross-section (6Ty), the defect production effi-
ciency and the effective threshold displacement energy Eq(n = 1)

Metal Source (dAp/d®)|,,., (oTy) Reference Efficiency Esin=1)
(103 Qm?) (bkeV) (eV)

fec metals

Al CP-5 (VT53), ANL  1.49 76.2 [47] 0.357 75.7
Al FISS FRAGM 57.6 2492 [47,72] 0.422 64.0
Al LTIF, ORNL 2.19 98.55 [43,38,65] 0.405 66.6
Al RTNS, LLL 4.18 156.9 [65] 0.486 55.6
Al LHTL, JPR-3 2.20 81.0 [63] 0.495 54.5
Al TTB(1), FRM 2.57 87.6 [7] 0.535 50.4
Ni CP-5 (VT53), ANL 1.14 59.0 [47] 0.225 147.0
Ni FISS FRAGM 48.0 3400 [47,72 0.164 201.2
Ni LTIF, ORNL 1.71 85.4 [43,38] 0.233 141.8
Ni LHTL, JPR-3 2.3 83.2 [63] 0.321 102.7
Ni TTB(2), FRM 1.86 76.05 [7,31] 0.284 116.1
Cu CP-5 (VT53), ANL  0.424 56.3 [47] 0.257 116.8
Cu FISS FRAGM 30.0 3295 [47,72]* 0.310 96.7
Cu HEAVY IONS [47,12] 0.333 90.1
Cu Be(40MeV-d,n) 2.11 2334 [47,65] 0.308 97.3
Cu LTIF, ORNL 0.723 81.7 [43,38,65] 0.302 99.4
Cu RTNS, LLL 2.48 288.5 [65] 0.293 102.4
Cu LHTL, JPR-3 0.70 81.6 [63] 0.292 102.6
Cu TTB(1), FRM 0.71 68.9 [71 0.351 85.4
Pd LTIF, ORNL 1.90 73 [43,38] 0.296 138.3
Pd TTB(2), FRM 1.78 59.41 [7.31] 0.341 120.2
Ag CP-5 (VT53), ANL  0.295 47.3 [47] 0.290 134.7
Ag FISS FRAGM 13.8 4004 47,72 0.160 243.7
Ag HEAVY IONS [47,12] 0.400 97.5
Ag LTIF, ORNL 0.666 72 [43] 0.429 90.8
Ag LHTL, JPR-3 0.70 71.7 [63] 0.453 86.0
Ag TTB(1), FRM 0.70 76.4 7 0.425 91.7
Pt CP-5 (VT53), ANL  0.818 324 [47] 0.292 150.5
Pt Be(40MeV-d,n) 4.72 175 [47,65] 0.312 140.9
Pt LTIF, ORNL 1.59 48.4 [43,65] 0.380 115.7
Pt LHTL, JPR-3 1.7 48.8 [63] 0.403 109.1
Pt TTB(1), FRM 1.56 40.55 [7] 0.445 98.8
Au LHTL, JPR-3 0.5 50.2 [63] 0.412 104.4
Au TTB(2), FRM 0.61 55.78 [7,31] 0.452 95.1
Pb TTB(2), FRM 1.3 46.68 [7,73] 0.101° 247.0
bee metals

K TTB(2), FRM 1.56 71.68 [7,75] 0.065¢ 619.4
v LTIF, ORNL 7.17 98.05 [43,38,65] 0.496 114.9
\Y% RTNS, LLL 18.01 257.1 [65] 0.475 119.9
\% LPTR(FNIF-10) 6.56 79.2 [65] 0.562 101.4
A% Be(30 MeV-d,n) 14.03 200 [65] 0.476 119.7
A% LHTL, JPR-3 8.0 98.5 [63] 0.551 103.4
v TTB(2), FRM 7.3 90.78 [7,73] 0.546 104.5
Fe CP-5 (VT53), ANL  3.33 50.7 [47] 0.267 149.8
Fe LHTL, JPR-3 6.5 84.6 [63] 0.312 128.1
Fe TTB(1), FRM 6.39 70.9 7 0.366 109.2
Nb CP-5 (VT53), ANL  2.19 55.7 [47] 0.548 142.4

Nb¢ LTIF, ORNL 3.43 80.25 [43,38,65] 0.595 131.0
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Table 2 (continued)

Metal Source (dAp/dd)|,,_y  (oTy) Reference Efficiency Eqn=1)
(1073 Qm?) (bkeV) (eV)
Nb Be(30 MeV-d,n) 7.38 197 [65] 0.522 149.5
Nb Be(40 MeV-d,n) 10.1 223.9 [47,65] 0.628 124.1
Nb LPTR(FNIF-10) 3.47 60.3 [65] 0.802 97.3
Nb RTNS, LLL 11.44 283.3 [65] 0.562 138.7
Nb LHTL, JPR-3 6.5 80.2 [63] 1.129 69.1
Nb TTB(2), FRM 2.7 68.8 [7,73] 0.547 142.7
Mo (CP-5 VT53), ANL  1.86 61.2 [47] 0.369 176.4
Mo! LTIF, ORNL 3.38 84.55 [43,38,65] 0.485 134.1
Mo Be(30 MeV-d,n) 6.10 192 [65] 0.385 168.7
Mo LPTR(FNIF-10) 3.00 69.5 [65] 0.523 124.2
Mo RTNS, LLL 9.47 253.5 [65] 0.453 143.5
Mo LHTL, JPR-3 32 69.6 [63] 0.558 116.6
Mo TTB(1), FRM 3.34 76.3 [7] 0.531 1224
Ta LTIF, ORNL 2.52 54.7 [43] 0.628 143.3
Ta LHTL, JPR-3 3.2 55.7 [63] 0.783 114.9
Ta TTB(1), FRM 2.51 443 [7] 0.773 116.5
Wwe LTIF, ORNL 4.2 52.2 [43] 0.670 134.2
w RTNS, LLL 11.55 195.1 [65] 0.493 182.4
W LHTL, JPR-3 3.9 51.3 [63] 0.634 142.1
w TTB(1), FRM 33 42.8 [7] 0.643 140.1
hep metals
Mg LTIF, ORNL 7.0 92.7 [43] 0.420 47.7
Mg LHTL, JPR-3 6.5 75.2 [63] 0.480 41.6
Ti LTIF, ORNL 224 97.6 [43] 0.691 434
Ti LHTL, JPR-3 35.0 94.9 [63] 1.111 27.0
Ti TTB(1), FRM 21.6 80.8 [7] 0.805 37.3
Co CP-5 (VT53), ANL 242 56.0 [47] 0.251 143.5
Co LHTL, JPR-3 4.9 85.0 [63] 0.335 107.6
Co TTB(1), FRM 3.27 86.6 (71 0.219 164.2
Zn LHTL, JPR-3 8.0 87.9 [63] 0.369 78.7
Zr LTIF, ORNL 24.0 74.8 [43] 0.856 46.8
Zr LHTL, JPR-3 23.0 84.6 [63] 0.725 55.2
Zr TTB(1), FRM 16.5 75.0 (71 0.587 68.2
Cd LHTL, JPR-3 5.8 67.1 [63] 0.447 67.1
Gd LHTL, JPR-3 13.0 52.51 [63] 0.155 258.5
Re LHTL, JPR-3 6.0 51.61 [63] 0.872 68.8
Other metals
Ga LHTL, JPR-3 13.0 79.57 [63] 0.908 13.2
Sn TTB(2), FRM 1.12 69.07 [7,74] 0.789 27.9
SS LTIF, ORNL 6.37 86.73 [38] 0.294 136.2

#The (0Ty) value is calculated formally using the data from Tables 6 and 4 of [47].

®Pb: ppp = 17.2 pQm, Eq. (8); Eq = 25 eV.

°K: ppp = 33.7 nQm, Eq. (8); Eq =40 eV.

9 Material is doped with 300 ppm Zr.

°High level of impurities and cold-worked conditions for the measurement for tungsten were noted in [43]. The possible error for
damage rate was estimated as 20-50% [43].

'Gd: E; =40 eV.
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was used for the evaluation of the (o7y) value for
stainless steel irradiated with neutrons with the LTIF
spectrum basing on the calculations performed for Cr,
Fe and Ni for the fission neutron spectrum.

4.1.3. RTNS, LLL

The values of (¢7;) shown in Table 2 were obtained
using the ENDF/B-VI(8) data at the neutron energy
equal to 14.8 MeV. The data are close to ones taken
from JENDL-3.3 and from Ref. [65].

The mean deviation of the (07y) values from
JENDL-3.3 and ENDF/B-VI(8) defined as

(100/N) Z [(0Tu), — (0Ta),|/(oTa)y

is equal to 4.7%; for the values from Ref. [65] and
ENDF/B-VI(8) — 5.2%.

4.1.4. Be(dn)

For the Be(d,n) reaction induced by the 40-MeV
deuterons the (Ty) values were calculated with the neu-
tron spectrum from Ref. [47] and the ENDF/B-VI(8)
data which are available at the energies covering the
spectrum of the Be(d,n) reaction.

The (oT;) value for platinum was calculated
approximately. Data for 38 nuclides from ’Al to **Bi
from ENDF/B-VI(8) at the energies up to 30 or 150
MeV were used to obtain the contribution of the energy
range below 20 MeV in the total averaged damage en-
ergy cross-section. Fig. 2(a) shows the relative value
of this contribution equal to (¢Ty)(E <20 MeV)/
(aTy)(total) and the approximation curve. The value of
(6T4)(E < 20 MeV) for platinum has been calculated
with the data from JEFF-3.0 (ENDL-78). Basing on the
simple approximation for the obtained ratio (o74)(E <
20 MeV)/(oTy)(total), the total (a7y) value for plati-
num has been estimated (Fig. 2(b)). This value equal to
175 bkeV is shown in Table 2. It should be noted that
the authors of Ref. [65] have used the (¢Ty) value equal
to 182 bkeV and the authors of Ref. [47] — 198 bkeV.

The (¢7,) values for 30-MeV deuteron irradiation of
V, Nb and Mo were taken from Ref. [65].

4.1.5. LHTL, JPR-3

The radiation damage rates for materials irradiated
in the LHTL facility have been measured in Ref. [63].
The (oTy) cross-sections have been calculated by the
authors [63] for the fission neutron spectrum with the
ENDEF/B-1V and JENDL-1 data.

Unfortunately, the detail description of irradiation
neutron spectrum is absent in Ref. [63]. The calculation
performed in the present work with the ENDF/B-IV
data for different types of fission neutron spectrum does
not reproduce the (g7y) values from Ref. [63] precisely.
The difference in the (o73) values may result as from the
shapes of fission neutron spectra as from the methods of
the (o7y) calculation.

1.0
1 [¢]
0.8+ To € @ o
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(b) Atomic mass number

Fig. 2. (a) The relative contribution of the energies below 20
MeV in the total averaged damage energy cross-section for the
Be(d,n) spectrum calculated with the data from ENDF/B-VI(8)
(circle) and the approximation curve. (b) The total averaged
damage energy cross-sections for Be(d,n) spectrum calculated
for different nuclides (open circles) and the value evaluated for
platinum (full circle).

Fig. 3 shows the (o7y) values from Ref. [63] and the
cross-sections calculated in the present work for ele-
ments with atomic number from 11 to 83 and nuclear
data from ENDF/B-VI(8) and from JENDL-3.3. The
calculations are performed for the Maxwellian fission
neutron spectrum with 0 = 1.318 MeV which provide
the best description of the (¢7,) values from Ref. [63]
integrally. The noticeable difference in the (7y) values
obtained in Ref. [63] and in the present work is for the
light elements (Al, Mg) and for Mo. The mean deviation
of the (o Ty) values from Ref. [63] and the cross-sections
obtained here with the data from ENDF/B-VI(8) is
equal to 6.6%, with the data from ENDF/B-IV — 7.6%.
At the same time the deviation of the (¢7;) values ob-
tained in the present work using the ENDF/B-IV data
and the ENDF/B-VI(8) data is equal to 3.2% for metals
investigated in Ref. [63]. The most difference in ENDF/
B-IV and ENDF/B-VI(8) based (¢Ty) calculations is for
cadmium (22%).

For platinum the (¢7;) value shown in Table 2 has
been obtained using the data from JEFF-3.0 and Max-
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Fig. 3. The averaged damage energy cross-section for natural
mixtures of isotopes with atomic numbers from 11 to 83 cal-
culated with the help of the NJOY code for fission neutron
spectrum using the data from ENDF/B-VI(8) (open circles) and
JENDL-3.3 (triangles) and the values calculated in Ref. [63]
with the data taken from ENDF/B-1V (full circles).

wellian spectrum with 6 = 1.318 MeV. The use of the
fission spectrum with 0 = 1.375 MeV gives the (oTy)
value equal to 50.3 bkeV and the use of the combined
fission spectrum from Ref. [76] — 42.7 bkeV.

The averaged damage energy cross-section for
molybdenum was obtained by the averaging-out of the
(6Ty) values data from Ref. [63] obtained with the data
from different data libraries.

For zinc the averaged (¢T,) value was evaluated
using the data from CENDL-2.1 (90.6 bkeV) and JEFF-
3.0 (BROND-2.2) (85.2 bkeV). The (aTy) value for
zirconium was obtained using ENDF/B-VI(8) and the
same fission neutron spectrum with 6§ = 1.318 MeV.

For gadolinium the average damage energy cross-
section was obtained with the help of the data taken from
different origins. Table 2 shows the (o7y) value equal to
52.51 bkeV calculated with the ENDF/B-VI(8) data. The
use of the data from JENDL-3.3 gives 58.37 bkeV,
JEFF-3.0 — 76.72 bkeV and BROND-2.2 — 59.54 bkeV
for the Maxwellian spectrum with equal to 1.318 MeV. It
should be noted that the (¢7;) value for gadolinium is
rather sensitive to the shape of the neutron spectrum at
low energies. Mainly, it originates from the anomalous
high radiative capture cross-section for '**Gd and ’Gd
isotopes at the energies below 10 eV. The calculation with
the fission spectrum from Ref. [76] gives the (a7y) values,
which are highly different from the ones mentioned
above: ENDF/B-VI(8)—283.4 bkeV, JENDL-3.3 - 288.7
bkeV, JEFF-3.0 — 255.2 bkeV, BROND-2.2 - 289.5
bkeV (weighted sum for individual isotopes). In all cases
the effective threshold displacement energy was taken
equal to 40 eV for gadolinium.

Table 2 shows the (¢Ty) value for rhenium obtained
with the help of the data from ENDF/B-VI(8). This

value is close to (g7y) calculated with the data from
BROND-2.2 which is equal to 48.09 bkeV.

For gallium the calculation with the data from
ENDF/B-VI(8) gives 79.57 bkeV (Table 2) and with the
data from JENDL-3.3 — 78.48 bkeV.

4.1.6. TTB, FRM

Data for the TTB neutron spectrum (Figs. 6 and 7)
are subdivided on two groups in Table 2. The first group
(TTB(1)) contains the (dAp/d®)|,,_, rates and the (o Tq)
values obtained in Ref. [7] for the measured neutron
spectrum. The second group (TTB(2)) includes data for
(dAp/d®)|,,, obtained in Refs. [31,73-75] for modified
TTB spectrum and corrected as described in Ref. [7].

In the present work the (¢7;) values were calculated
for the TTB spectrum measured in Ref. [7] and tabulated
in Ref. [77]. Table 3 shows the average damage energy
cross-sections calculated with the help of the SPECTER
code in Ref. [77] and with the help of the NJOY code
with the data from ENDF/B-V, ENDF/B-VI(8) and
JENDL-3.3 for a number of metals examined in Ref. [7].
The calculations by the SPECTER code [77] are based
mainly on the ENDF/B-V data.

There is a good agreement in (c7y) values obtained
by the different tools and data libraries. The mean
deviation of the averaged cross-sections obtained with
the help of the SPECTER code and the NJOY code with
the data from ENDF/B-V is equal to 2.2%, for the
NJOY calculation with the data from ENDF/B-V and
ENDF/B-VI(8) — 1.9%, for the NJOY calculation with
the data from JENDL-3.3 and ENDF/B-VI(8) — 5.0%.

The values of (¢7y) calculated by the SPECTER code
were used in Ref. [7] for the analysis of the defect pro-
duction efficiency. The measured (dAp/d®)|,,_, values
were scaled in Ref. [7] according to the neutron flux
contribution above 0.1 MeV. The corresponding change
was done for the averaged damage energy cross-sections,
which explains the main difference in the (¢7y) values
shown in Tables 2 and 3.

The (07y) values shown in Table 2 for palladium
(59.41 bkeV) and lead (46.68 bkeV) were obtained with
the neutron data from ENDF/B-VI(8). The corre-
sponding values calculated with the data from JENDL-
3.3 are 59.82 bkeV and 44.28 bkeV. For tin the
averaged value equal to 69.07 bkeV obtained with the
help of ENDF/B-VI(8) (85.75 bkeV) and JENDL-3.3
(52.39 bkeV) is shown.

The calculation of the (¢7y) value for platinum has
been performed with the data from JEFF-3.0 (ENDL-
78).

4.2. Defect production efficiency
The calculated values of defect production efficiency

(n) and the effective threshold displacement energy
Eq4(n = 1) are shown in Table 2 for each measured value
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Table 3

The averaged damage energy cross-section (b keV) for TTB neutron spectrum [7] calculated with the help of the SPECTER code [77]
and the NJOY code with the data from ENDF/B-V, ENDF/B-VI(8) and JENDL-3.3

Metal SPECTER [77] NJOY
ENDF/B-V ENDF/B-VI(8) JENDL-3.3

Al 26.39 26.98 26.94 27.02
K 21.56 22.99 23.01 24.26
Ti 24.22 24.71 24.65 24.86
v 27.45 27.55 27.25 28.61
Fe 21.36 21.48 21.44 21.95
Co 26.03 26.29 26.99 26.16
Ni 22.87 23.74 23.95 24.08
Cu 20.76 20.59 21.33 22.28
Zr 22.64 22.43 22.41 22.11
Nb 20.80 21.00 20.77 18.78
Mo 23.11 23.04 22.35 21.17
Ag 24.16 25.35 25.35 18.33
Ta 13.86 13.72 13.72 13.66
w 13.00 12.89 12.97 13.52
Au 16.76 18.67 16.09 -

Pb 14.54 14.54 14.37 13.64

The calculations are performed with the same effective threshold displacement energies Eq.

of the resistivity damage rate. The 5 values and
Eq(n = 1) values obtained for a same metal from the
analysis of different experiments are rather in a good
agreement. The exception is for titanium, nickel, nio-
bium and silver, where there is a noticeable scattering of
the data. For niobium and titanium the highest value of
(n) (~1.1) observed for the LHTL neutron irradiation
[63] is not in an agreement with the other measurements.
The same is for the lowest (1) value for nickel and silver
(~0.16) obtained from the data of Refs. [47,72].

For each metal from Table 2 the mean value of the
defect production efficiency () and threshold energy
E4(n =1) has been calculated. The obtained mean val-
ues along with the statistical errors are shown in Table 4.
It should be noted that the mean values of the efficiency
and the threshold energy have the physical sense in case
of the relative insensitivity of (n) and E4(n = 1) from the
shape of the neutron irradiation spectrum (Section 5).

Table 4 shows that the maximal value of defect
production efficiency is observed for titanium
({(n) = 0.87), rhenium (0.87) and gallium (0.91) and the
minimal (n) values is obtained for lead (0.1), potassium
(0.065) and gadolinium (0.15). Unfortunately, at pres-
ent, the uncertainty of the obtained (i) values cannot be
evaluated precisely, because there is only single mea-
surement of damage rate for each of these metals except
titanium.

Table 4 shows the good agreement between the effi-
ciency values for iron, nickel and stainless steel.

The mean efficiency value () for fec metals is equal
to 0.341+0.10, for bcc metals 0.54£0.18 and for hcp
metals 0.55+0.28. For all metals the (i) value is equal to
0.4710.21.

5. Calculation of defect production efficiency

5.1. The general dependence of defect production effi-
ciency from the primary ion energy

The defect production efficiency in metals has been
calculated by the method of molecular dynamics by
many authors [8,14,57,78-94].

One should note the definite agreement between the
results of the most of MD simulations. The typical
dependence of 5 from the primary knock-on atom
(PKA) energy obtained from the MD calculations
[8,14,86,88] is shown in Fig. 4 for a number of metals. It
is supposed that the Eyp energy [8,14,86,88] is equal
approximately to Ty, in Eq. (2).

In the present work the MARLOWE code [6] based
on the BCA approach [29,95-97] was applied for the
calculation of the number of defects in irradiated
materials. The parameters of the model [6] are chosen to
get the agreement with the results of the defect pro-
duction calculations by the MD method at the ion
energies above 10 keV. The interatomic potential from
Ref. [98] has been applied for iron, as in the MD sim-
ulation in Ref. [89]. For tungsten the interatomic po-
tential from Ref. [99] has been used.

Fig. 5 shows the efficiency of defect production cal-
culated by the MARLOWE code for iron and tungsten
and the results of the MD calculations [14,86,88]. There
is a substantial difference between the 5 values calculated
by the BCA approach and the MD method at the
energies below 10 keV. The binary collision approxi-
mation cannot reproduce the realistic dependence of 5
from the primary ion energies. In particular, it does not
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Table 4

The mean values of the defect production efficiency and effec-
tive threshold energy obtained from the experimental damage
resistivity rates at the temperatures 7 = 4-5 K

Metal W Eq(n=1) (eV)
fee
Al 0.45+0.07 619
Ni 0.25+0.06 142+38
Cu 0.31£0.03 9919
Pd 0.32£0.03 129+13
Ag 0.36£0.11 124 +61
Pt 0.37£0.06 123+£22
Au 0.43£0.03 1007
Pb 0.10 247
bce
K 0.065 619
\% 0.52£0.04 1119
Fe 0.32£0.05 129 +£20
Nb 0.67£0.21 124 +£28
Mo 0.47£0.07 141+£23
Ta 0.73£0.09 125+16
w 0.61 £0.08 150+£22
hep
Mg 0.45+0.04 4514
Ti 0.87+0.22 368
Co 0.27£0.06 138+29
Zn 0.37 79
Zr 0.72£0.13 5711
Cd 0.45 67
Gd 0.15 259
Re 0.87 69
Others
Ga 0.91 13
Sn 0.79 28
Stainless steel 0.29 136
1.4
1.2 —Ti
—Fe
o, Cu
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Fig. 4. The defect production efficiency obtained by the MD
method for Ti [8], Fe [86,88], Cu [14], Zr [8] and W [14] plotted
against the PKA energy. The Ey4 value is equal to 30 eV for Ti
and Cu, 40 eV for Fe and 90 eV for W.
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Fig. 5. The defect production efficiency calculated with the help
of the MARLOWE code (dotted line) and obtained by the MD
simulation for Fe [86,86] (solid line) and W [14] (full circles).

describe a few-body effect in a thermal spike phase,
which plays a fundamental role in the defect production
at energies above 250 eV.

5.2. The average efficiency of defect production in metals
irradiated by neutrons with realistic spectra

The energy dependent # values calculated by the
MD method in Refs. [8,14,86,88] were used for the
calculation of the average defect production effi-
ciency (1) in metals irradiated by neutrons of different
energies.

The following functions were used for the efficiency
calculation:

titanium [8]
n= 6,02ER)I7D86/NNRT, EMD < 5 keV, (9)
iron [86,88]:

N = 0.5608E,15"% +3.227 x 10 Epp,  Emp <40 keV,
(10)
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copper [14]:

n= 07066E1;[(})437 +2.28 x 1073EMD7 Ewmp < 20 keV,

(1)

zirconium [8]:

n= 4~58E(]G7SO/NNRT7 EMD < 5 keV, (12)

tungsten [14]:

7= 1.0184E1%% 4 5.06 x 10 Emp,  Emp < 30 keV,

(13)

where Eyp is the initial energy in the MD simulation
taken in keV, Eyp & Tyam. It is supposed that the E4
value is equal to 30 eV for Cu and 90 eV for W.

The functions 5(Emp) shown above correspond to
the different temperatures adopted for the MD simula-
tions. For titanium and zirconium, the temperature is
equal to 100 K [8], for copper and tungsten — 10 K [14],
for iron, the n(Emp) function relates to the temperature
range from 100 to 900 K [86,88].

The energy dependent efficiencies, Egs. (9)-(13) were
introduced in the NJOY code [2] as a multiplication
factors for the calculations based on the NRT model. At
the energies above the limits shown in Egs. (9)—(13) the
constant efficiency values were assumed for the calcu-
lations. This approximation discussed in Refs. [14,86,88]
is based on the idea of the subcascade formation at
the high PKA energies. It is in agreement with the

BCA calculations (Fig. 5). For copper at the energy Emp
below 0.45 keV and for tungsten below 1 keV, the
efficiency was taken equal to unity according to Egs.
(11) and (13) due to the absence of more precise infor-
mation.

The calculation of defect production efficiency (i)
has been performed for neutron irradiation spectra from
the following sources:

e TRIGA reactor (core),

e PWR reactor (core),

Tight Lattice Light Water Reactor (TLLWR) (core),
SNR-2 fast breeder reactor (core),

TTB, FRM reactor [7],

fission spectrum (Maxwellian, § =1.35 MeV),
HCPB fusion reactor (first wall) [100],

14.8 MeV neutrons,

neutron spectrum from the Be(d,n) reaction induced
by 40 MeV-deuterons [47].

The neutron spectra described above and normalized
on the unity flux are plotted in Fig. 6. The detail view of
the spectra in the energy range above 1 keV is given in
Fig. 7.

Table 5 shows the averaged efficiency (i) calculated
for titanium, iron, copper, zirconium and tungsten
irradiated with neutrons of different sources. The data
from ENDF/B-VI(8) were used for the calculations.

The comparison of the data from Table 5 shows that
the average value of the efficiency for titanium, iron,
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Fig. 6. Neutron spectra for various nuclear facilities.
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Fig. 7. Neutron spectra for various nuclear facilities at the energies above 1 keV.

Table 5

The averaged defect production efficiency (i) calculated for different neutron spectra
Source Ti Fe Cu Zr w
TRIGA 0.34 0.33 0.29 0.31 0.34
PWR 0.33 0.32 0.27 0.31 0.35
TLLWR 0.34 0.32 0.28 0.31 0.37
SNR-2 0.36 0.34 0.33 0.33 0.47
TTB, FRM 0.34 0.33 0.28 0.31 0.35
Fission 0.32 0.31 0.25 0.30 0.31
Fusion reactor, first wall 0.33 0.32 0.26 0.31 0.31
14.8 MeV neutrons 0.32 0.31 0.24 0.30 0.27
Be(d,n), 40 MeV deuterons - 0.31 0.24 - 0.27

copper and zirconium is rather independent of the shape
of the nuclear spectrum. It gives an opportunity to
predict realistic (o7y) values for these metals based on
the mean values of (r) shown above and on the simple
NRT calculations.

The value of defect production efficiency for tungsten
is more sensitive to the type of the neutron irradiation
spectrum. The maximum difference in the () value is for
the Be(d,n) spectrum and 14.8 MeV neutrons (0.27) and
the SNR-2 spectrum (0.47). The most sensitivity is
shown by the radiative capture component of the dam-
age comparing with the neutron elastic scattering.

With an increase of the contribution of high energy
neutrons in the total flux the average efficiency value (1)
decreases coming close to the asymptotic n(7) value
(Fig. 4). For this reason the lowest () values shown in

Table 5 relate to the fission spectrum and the Be(d,n)
spectrum. The highest (n) value is observed for the
SNR-2 spectrum which has the lowest contribution of
the energy range above 1 MeV in the total flux.

5.3. Comparison of the average defect production effi-
ciency calculated with the help of the theoretical models
and derived from the experimental dose rates

Comparison of the efficiency values (1) obtained with
the help of the MD calculations (Table 5) with the effi-
ciency derived from experimental damage rates (Tables 2
and 4) shows the good agreement for iron. The mean
value @ obtained from Table 5 data (0.32%0.1) is
actually equal to the mean efficiency value derived from
the experimental data (Table 4). This can be considered
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as an indication of the weak temperature dependence of
the defect production efficiency for iron discussed in Ref.
[89].

There is good agreement in (i) values for copper, (i)
(theory, Table 5)=0.27%0.03 and W (experiment, Ta-
ble 4)=0.31%0.03.

For titanium, zirconium and tungsten, the experi-
mental (i) values are 1.8-2.6 times higher than the
theoretical efficiency values. It can be explained by the
temperature dependence of the efficiency for titanium
and zirconium. The same reduction of the # value was
observed for copper at temperatures from 0 to 100 K in
Ref. [101]. On the other hand, there is a strong depen-
dence of the measured initial dose rate on the purity of
zirconium and titanium [7], which complicates the
interpretation of the difference between the theoretical
and experimental efficiency values for these metals.

For tungsten, the difference between the experimental
and theoretical (1) values has another origin. The
comparison of the calculated and measured resistivity
change for tungsten irradiated with high energy protons
[14] shows the similar discrepancy between experimental
data and the values obtained with the help of the effi-
ciency 7 calculated by the MD method (Eq. (13), Fig. 4).
The authors [14] have ascribed the discrepancy between
experimental and theoretical resistivity change to the
incorrect energy deposition calculation by the LAHET
code.

In case of the neutron irradiation, the nuclear data
from ENDFE/B-VI(8) used for the recoil calculations for
tungsten seem to be rather reliable. The use of other data
libraries gives similar (¢7;) values (Table 3). For this
reason the observed discrepancy between the theoretical
and experimental (n) values for tungsten should be re-
lated to the problems of the measurement of the initial
damage rate in Refs. [7,43,63,65] or to the MD calcu-
lations in Refs. [14,57]. Further studies are needed to
understand the observed difference in the (i) values.

6. Conclusion

The available data of Frenkel pair resistivity ppp were
compiled and analyzed in the present work. The evalu-
ated and recommended pp values were obtained for 22
metals and stainless steel (Table 1). The systematics of
Frenkel pair resistivity has been constrained (Eq. (8)).

The experimental data of damage resistivity rates in
metals were compiled and analyzed. The latest versions
of nuclear data libraries ENDF/B-VI(8), JENDL-3.3,
JEFF-3.0, BROND-2.2 and CENDL-2.1 were used for
the averaged damage energy cross-section calculation.

The average defect production efficiency in metals (r)
has been calculated for various neutron irradiation
spectra (Tables 2 and 4).

The energy dependence of the defect production
efficiency 5(E) has been calculated with the help of the
BCA model and the MARLOWE code. The comparison
with the result of the MD simulation shows the signifi-
cant difference in the #(E) values at the energies below
10 keV (Fig. 5).

The energy dependent efficiency values obtained by
the MD method were used for the calculation of the
average efficiency values (i) for the neutron spectra of
the thermal reactor, the fast breeder reactor, the fusion
facility and the Be(d,n) reaction. The comparison of the
obtained (n) values with the efficiency values derived
from experimental damage rates shows good agreement
for iron and copper. For titanium, zirconium and
tungsten the theoretical (n) values are about twice less
than the experimental ones. In the case of titanium and
zirconium the discrepancy in () values can be explained
by the temperature dependence of the defect production
efficiency. For tungsten the difference between the the-
oretical and experimental efficiency values may originate
from the lack of the measurement routine as from the
problems of the MD simulation.
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