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Abstract

Atomic displacement cross-sections for a detailed assessment of radiation damage
rates were calculated for materials from lithium to bismuth using the arc-dpa and
NRT models with data from the JEFF-4, ENDF/B-VIIl.1, JENDL-5 (with updates
through July 2024), and TENDL-2023 (August 2024) libraries over neutron energies
from 1075 eV to the highest available energies.

Where necessary, the cross-sections derived from each library were extended
to 200 MeV using TENDL-2023 and earlier TENDL releases.

The displacement cross-sections obtained from JEFF-4 were provided with
covariance matrices.

The prepared data in ENDF-6 and ACE formats, along with their accompanying
illustrations, are available at:https://bwsyncandshare.kit.edu/s/83HW426 X4 XQEQwZ
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1. Introduction

Seven years ago, atomic displacement cross-sections were obtained for a broad set
of elements [1-4] using the arc-dpa [5] and NRT [6,7] models. The cross-sections
were calculated using neutron data from then-current versions of nuclear data
libraries ENDF/B-VIII.O [8], JEFF-3.3 [9], JENDL-4 [10], and TENDL-2017 [11]. Four
years later, the displacement cross-sections were updated [12] with newer datasets
JEFF-4T1 [13], JENDL-5 [14], and TENDL-2021 [15]. With the recent release of
updated versions of these nuclear data libraries, there is a renewed need to
recalculate and refine the displacement cross-sections accordingly.

The present work aims to provide updated arc-dpa and NRT dpa cross-sections
for elements ranging from lithium to bismuth. These calculations are based on the
most recent data from the libraries JEFF-4.0 [16], ENDF/B-VIII.1 [17], JENDL-5 (with
updates through July 2024) [18], and TENDL-2023 (August 2024 release) [19].

Arc-dpa model parameters were adopted from [5,20-22], with modifications as
discussed in Ref. [12]. Unlike previous works [1-3,12], this study did not use results
of joint modelling of arc-dpa and the binary collision approximation method (arc-dpa-
BCA) or molecular dynamics (MD — BCA). The reasons for this are discussed below.

The nuclear recoil spectra were calculated using the NJOY code [23], version
(2016.78), with the necessary modifications. The PREPRO-2023 code [24] and
several service codes were applied to calculate displacement cross-sections for
natural mixtures of isotopes and other auxiliary calculations.

Where necessary, the obtained displacement cross-sections were extended to
primary neutron energies of up to 200 MeV using the TENDL-2023 library and earlier
versions of the library. Details are discussed below.

Covariance matrices were added to the displacement cross-sections prepared
using JEFF-4 data. The uncertainties and correlations of the cross-sections were
evaluated as described in Refs.[25-27], and are discussed below. Uncertainties in
both the nuclear data themselves and in the models used to calculate the number of
displacements were considered.

The resulting displacement cross-sections were recorded in ENDF-6 and ACE
formats.

Section 2 briefly describes the general details of the calculations. Section 3

presents the resulting cross-sections.



2. Tools and data used for the calculations

This section provides a brief overview of the models, data, and computer codes used

to obtain the displacement cross-sections.

2.1 Calculation of the number of stable defects produced by irradiation

2.1.1 Arc-dpa model

The defect generation efficiency in the arc-dpa model is calculated as described in
[5]. For most of the materials, the carcapa parameters and Eq values were taken from
Ref.[21]. The value of barcapa Was taken equal to -0.82 [27]. The notation used in [5] is
retained in this work.

For beryllium Dbarcdpa, Carcdpa, and Ea values were taken from Ref.[22], for iron,
nickel, copper, palladium, tungsten, and platinum from Nordlund and co-authors [5],

and for silver and gold from Nordlund [20].

2.1.2 Joint arc-dpa-BCA or MD-BCA calculations

In a previous study [12], displacement cross-sections for beryllium, aluminum, iron,
copper, and tungsten were calculated using defect production numbers obtained
through a combined arc-dpa—BCA or MD-BCA approach [28]. In such calculations,
ion-ion interactions were simulated using the BCA method until the kinetic energy of
the moving ions dropped below a certain threshold energy Teit [28]. Below this
energy, the number of generated defects was estimated according to the arc-dpa
model or the results of molecular dynamics simulations. Results from these
calculations can be found, for example, in [2,28], and many other studies.

It should be noted that in the present work, as in Ref.[29], results from arc-dpa—
BCA and MD-BCA modelling are not used. The reason is both the lack of necessity
for this study and the relative uncertainty in determining the value of Terit. For most
reactor spectra - such as those considered in [30,31] - the displacement cross-
sections integrated over the neutron spectrum show similar values when using defect
numbers based solely on arc-dpa calculations compared to numbers obtained using
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combined arc-dpa—BCA methods. However, for some types of spectra, the maximum
discrepancies reach 30-50% for iron, copper, and tungsten. Detailed data on the
average defect generation efficiency for various neutron spectra are given in the
Appendix. Arc-dpa - BCA modelling was carried out using the IOTA code [28].

A characteristic feature of the defect generation efficiency (n) in arc-dpa—BCA
and MD-BCA methods is its increase with rising energy of primary ions, starting from
a certain primary ion energy.

The data of Dunlop et al. [32] for Fe—-Fe and O-Fe were used in [2, 28] as
indirect evidence for an increase of n with energy; see, for example, Figs. 1 and 2 in
Ref. [2]. At the same time, as noted by Yin [33], the data from [32] used in [2,28]
should be reduced by if one uses a more accurate value of the Frenkel pair resistivity
than that presented in Ref. [32]. This suggests a possibly smoother increase of n with
energy than that obtained in arc-dpa-BCA and MD-BCA simulations in Refs. [2,28].

Molecular dynamics simulations performed by [34] also indicate a possible
increase in defect generation efficiency with increasing energy. Moreover, it seems
doubtful that the measured high-energy displacement cross-sections, similar to those
presented in Refs. [35-39], can be adequately described without using the arc-dpa—
BCA or MD-BCA approach, while at the same time matching the defect generation

efficiency obtained in the reactor experiments reported in Ref.[30], see also [31].

2.2 Nuclear data used
The nuclear data were taken from the following libraries:

e Final release of JEFF-4.0 [16],

o ENDF/B-VIII.1 [17],

o JENDL-5 (with updates through July 2024) [18],
o TENDL-2023 (August 2024) [19].

Processing was performed using NJOY (version 2016.78) [23] with the HEATR
module, modified to perform calculations using the arc-dpa approach.

2.3 Processing data using the NJOY code

The HEATR module of NJOY was extended to enable the calculation of
displacement cross-sections using the arc-dpa model and the results of arc-dpa—

BCA or MD-BCA simulations, if necessary.



In addition, as noted by Simakov [40], the standard version of NJOY does not
use the ASTM standard [41] for calculations based on the NRT model. The HEATR

module has been updated to support such calculations, as well to vary NRT model

parameters, which is necessary for estimating the uncertainty of displacement cross-

sections calculated using the NRT model.

Input data for HEATR has been modified. New parameters, carc, barc, and

kwas, have been added to the "read" instruction, which, among other things, inputs

the value of Eq (break):

read(nsysi,*) matd,npk,nqa,ntemp,local,iprint,break, carc, barc, kwas

Carc and barc are parameters of the arc-dpa model. The parameter kwas can

take the following values:

kwas = -2
kwas = -1
kwas = 0

0 < kwas <99:
kwas =99
kwas = 100:

default option, NRT model, usual processing. The sections
MF=3, MT=444-447 contain eV xbarn data

Not an ASTM standard. Carc und barc are not used.

as kwas= -2, but the MT=444-447 contain displacement cross-
sections in barn, i.e. the NRT multiplier 0.8/(2Eq) is included.
Not the ASTM standard

The sections MF=3, MT=444-447 include displacement cross-
sections in barn. The NRT model and the ASTM standard.
Carc und barc are not used.

arc-dpa displacement cross-sections (MT=444-447) in barns.
Default values for these parameters are not supported.

Break (Ea), carc, and barc must be entered.

The sections MT=444-447 contain displacement cross-
sections in barn. The efficiency of the defect generation
(No/NnrT) is taken from a special file with a simple format.

The file name with the efficiency must be entered in the next
line. Carc, barc are not used.

as kwas = 0, but the three parameters for scaling the
coefficients in the NRT formula are entered in the next line.
See function DF of the code and Ref. [26].

The option is used to estimate the uncertainty in NRT based

displacement cross-sections.
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kwas =777 as kwas = 99, but the number of defects (Np) for a principal
ion (recoil, PKA) is taken from a special file.

The Np data for other ions will be “scaled” using NRT.

The modified HEATR module is available upon request [42].

2.4 Displacement cross-section extension up to 200 MeV

The evaluated nuclear data libraries were extended up to 200 MeV for all materials
whose original files had a maximum energy below this value. Such an extension was
necessary for each of the following libraries: JEFF-4, ENDF/B-VIII.1, JENDL-5, and
TENDL-2023.

In most cases, the extension was performed using data from TENDL-2023. For
certain light materials, earlier versions of TENDL were employed, as specified in
Table 1. These same versions were also used to extend displacement cross-sections
derived from TENDL-2023 data.

Table 1. TENDL versions used to extend displacement cross-sections up to 200 MeV

Y4 Target TENDL version
3 Li and Li” 2014
4 Be® 2011
5 B'? and B™ 2011
6 c2 2012
6 c™ 2021
7 N' and N'° 2011
8 Qo' 2011
8 O' and O"8 2021
9 F 2010




Typically, the original data were retained up to the maximum energy available in
the evaluated files. Exceptions were made for specific materials, including iron and
tungsten, for which TENDL-2023 data were used starting from energies as low as
20-50 MeV. This decision was motivated by the good agreement observed between
TENDL-2023 and displacement cross-sections calculated using various nuclear
reaction models, in contrast to the discrepancies found between the original library
data and those model-based calculations. Such calculations included the use of
various versions of the intranuclear cascade model to calculate the nonelastic
component of the displacement cross-sections [43] and the optical model [44,45] to
calculate the elastic component.

Figures 1 and 2 show the NRT displacement cross-sections obtained for iron
and tungsten using the JEFF-4 and TENDL-2023 libraries, as well as calculated
values. The data shown in Figs. 1, 2 are also representative of the ENDF/B library.
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Fig.1 Extension of displacement cross-sections from JEFF-4 for iron up to 200 MeV.
The curve labelled “INC models + optical model’ correspond to the sum of the
average displacement cross-section for nonelastic neutron interactions with
the material - calculated using seven different modifications of the intranuclear
cascade model - and the cross-section for elastic neutron scattering. The Eq
value is equal to 40 eV.
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Fig.2 The same as in Fig. 1, but for tungsten. The Ed value is equal to 70 eV.

2.5 Calculation of covariance matrices

In this study, covariance matrices were obtained for arc-dpa and NRT displacement
cross-sections calculated using JEFF-4. It was assumed [27] that the main source of
uncertainty in the displacement cross-sections is the uncertainty in the total cross-
sections and the parameters of models describing the number of generated defects.
For NRT, the "internal" model uncertainty was taken into account, as explained in
[26], rather than the differences between the NRT predictions and the results of arc-
dpa or MD calculations — that is, not the type of uncertainty that would “cover” such

differences.



The calculation of covariance matrices was carried out as follows:
e generation of random files taking into account the uncertainty of total cross-
sections;
« Monte Carlo generation of N sets of input data for the NJOY version with
additions, considering the variation in arc-dpa and NRT parameters;
« performing calculations using NJOY;

« calculation of the matrices.

In this work, covariance matrices for total cross-sections from the TENDL-2023
library and earlier versions of TENDL were used.

The parameter uncertainties were chosen according to the results of Refs.
[25,26]. The parameters of the arc-dpa model were varied within 20%, and the NRT
model within 15%, with Eq values varied by 20% in both cases.

It is important to note that the main contribution to the uncertainty of the
displacement cross-sections comes from the model parameters used to calculate the
number of defects.

The resulting covariance matrices and displacement cross-sections were
recorded in the ENDF-6 format.

3. Displacement cross-sections

3.1 Data from 10° eV up to maximum available energy in files

Displacement cross-sections were obtained for all stable isotopes from lithium to
bismuth, and these were then used for the calculation of cross-sections for natural
isotope mixtures.

Data from the libraries were utilized as they were, up to the maximum available
energy. Calculations were performed using the arc-dpa and NRT models. No
additional adjustments were made to avoid the possible data jumps around 20-30
MeV [12]. An example of the data obtained is shown in Fig.3.

Displacement cross-sections were written in the ENDF-6 format and processed
into the ACE format with the NJOY code. Cross-sections are presented on a point-
by-point basis, without averaging by energy intervals.

The data obtained can be downloaded from the webpage [46].
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Fig.3 Displacement cross-sections (upper figure) for iron obtained using the arc-dpa
model and NRT model and data from JEFF-4 and the ratio of cross-sections
(lower figure). For a better graphical representation, the cross-sections were
averaged using 304 energy groups.
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3.2 Data extended to 200 MeV

A number of library files contain data only up to a maximum energy below 200 MeV.
To facilitate and unify the use of displacement cross-sections at high energies, the
data obtained in this work were extended to 200 MeV where necessary for all targets
from lithium to bismuth. The extension of the displacement cross-sections is
discussed above in Section 2.4.

For certain materials, the displacement cross-sections were smoothed to avoid
non-physical jumps and to ensure proper data merging. Smoothing was applied only
to targets for which the data were extended.

Examples of data extension are shown in Figures 4-11.

The resulting data in ENDF-6 and ACE formats can be downloaded from the
webpage [46]. The same page also contains plots for all materials whose cross-

sections were extended up to 200 MeV.
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Fig.4 Example of the extension of arc-dpa displacement cross-sections for beryllium
calculated using JEFF-4 applying data from TENDL.

10



700

600

500

400

300

200

Displacement cross-section (b)

100

arc

—+— JEFF-4
—s— TENDL-2012

result

50 100 150
Neutron energy (MeV)

Fig.5 The same as in Fig.4 but for carbon.
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Fig.6 The same as in Fig.4 but for sodium.
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Fig.7 The same as in Fig.4 but for chromium.
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Fig.8 The same as in Fig.4 but for manganese.
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Fig.9 The same as in Fig.4 but for cobalt.
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Fig.10 The same as in Fig.4 but for copper.
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Fig.11 The same as in Fig.4 but for gadolinium.

4. Conclusion

Displacement cross-sections were calculated for materials from lithium to bismuth
using the arc-dpa model and the NRT model. For this purpose, nuclear data from
JEFF-4.0, ENDF/B-VIII.1, JENDL-5 (July 2024), and TENDL-2023 (August 2024)
were used.

The resulting cross-sections for each library were extended using TENDL data
up to incident neutron energies of 200 MeV.

The displacement cross-sections obtained from JEFF-4 were provided with
covariance matrices.

The data were recorded in ENDF-6 format, processed using the NJOY code,
and written in ACE format separately for each library.

The resulting displacement cross-sections are available for download on the
webpage [46].
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Appendix

Defect generation efficiency calculated for beryllium, aluminium, iron,

copper, and tungsten using various neutron spectra

The arc-dpa model and the results of arc-dpa-BCA simulations were used to
calculate the defect generation efficiency for various irradiation conditions (neutron
spectra). For the arc-dpa-BCA calculations, the same parameters and values as in
Ref.[12] were used.

Nuclear data were taken from the JEFF-4.0 library. Since extended data up to
200 MeV were not used here, in some cases the values of efficiency (n) for beryllium
were found to be zero.

The neutron spectra used are partially discussed in Ref.[30].

Part 1 presents the absolute values of the defect generation efficiency n. The
values presented here can be compared with the experimental data in Tables 2 and
4 of Ref.[30].

Part 2 illustrates the relative difference (D) in efficiencies calculated using arc-
dpa-BCA and "pure" arc-dpa calculations. The value D highlights the uncertainty in
defect generation efficiency calculations that could be expected if arc-dpa-BCA
simulations are not employed.

The following values of average threshold energy Eq were used in calculations:
31.2 eV for Be, 27 eV for Al, 40 eV for Fe, 33 eV for Cu, and 70 eV for W.

Designations:

arc-dpa . the calculation of the number of generated defects was performed
using arc-dpa model without BCA simulations

arc-dpa--BCA : the number of defects was obtained in arc-dpa - BCA simulations
Z : atomic number of material

Carc and Barc : arc-dpa parameters

spectrum : type of the neutron spectrum ¢(E) [30]

standard NRT (barn) : the radiation damage rate [ ongrr(E)@(E)dE, where

oNrT(E) is the displacement cross-section calculated
using the NRT model
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modified (barn) : the radiation damage rate [ op(E)@(E)dE , where
op(E) is the displacement cross-section calculated using
the arc-dpa model or results of arc-dpa-BCA simulations
depending on the heading preceding each table

efficiency : the efficiency n of the defect generation:
J on(E)p(E)dE/ [ ongr(E)@(E)dE

Part |

Be, arc-dpa:

4 0.60678 -0.8200 * Z Carc Barc
Z spectrum standard NRT modified efficiency
barn barn
4 APWR 318.4 215.2 0.676
4 KWO/PWR 243.0 164.1 0.676
4 TRIGA/TRADE 111.2 75.1 0.675
4 SNR-2 356.5 241.3 0.677
4 TTB (FRM) 158.3 107.0 0.676
4 Fission TETA=1.35 MeV 437.9 294.8 0.673
4 Fusion spectrum 269.1 182.1 0.677
4 14.8 MeV neutrons 235.3 158.6 0.674
4 (d,Be)n for 40 MeV deuterons zero values
4 HFIR 141.1 95.4 0.676
4 PWR Robinson2 253.5 171.3 0.676
4 LWR (PWR oder BWR) 349.0 235.6 0.675
4 EPRI BWR 1/4T 307.7 207.6 0.675
4 EPRI BWR 3/4T 342 .4 231.2 0.675
4 EPRI Pwr 1/4T 334.4 225.8 0.675
4 EPRI Pwr 3/4T 345.3 233.3 0.676
4 LWR Kori Unit 3 284.6 192.3 0.676
4 OWR Omega West Reactor 166.2 112.3 0.675
4 EBR-II exp breeder reactor 464.8 313.4 0.674
4 Bor-60 Sevastianov 478.3 322.4 0.674
4 RTNS-II Fusion simulation sp 233.5 157.4 0.674
4 TITER FW 282.3 190.7 0.676
4 DEMO 269.1 182.1 0.677
4 IFMIF zero values
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Be, arc-dpa—BCA:

Z

Y Y T Y S Y Y Y - T S St ot o N I N T St S T T N A )

spectrum standard NRT modified
barn barn

APWR 318.4 223.7
KWO/PWR 243.0 171.0
TRIGA/TRADE 111.2 78.4
SNR-2 356.5 249.2
TTB (FRM) 158.3 111.5
Fission TETA=1.35 MeV 437.9 309.3
Fusion spectrum 269.1 189.2
14.8 MeV neutrons 235.3 167.7
(d,Be)n for 40 MeV deuterons zero values —----——-
HFIR 141.1 99.3
PWR Robinson2 253.5 178.0
LWR (PWR oder BWR) 349.0 244.8
EPRI BWR 1/4T 307.7 216.2
EPRI BWR 3/4T 342 .4 240.1
EPRI Pwr 1/4T 334.4 234.7
EPRI Pwr 3/4T 345.3 241.7
LWR Kori Unit 3 284.6 199.5
OWR Omega West Reactor 166.2 117.1
EBR-II exp breeder reactor 464.8 325.9
Bor-60 Sevastianov 478.3 335.0
RTNS-II Fusion simulation sp 233.5 166.4
ITER FW 282.3 198.7
DEMO 269.1 189.2
IFMIF zero values ------

Al, arc-dpa:

13
Z

13
13
13

0.4426 -0.8200 * Z Carc Barc
spectrum standard NRT modified
barn barn
APWR 711.4 318.9
KWO/PWR 613.0 274 .4
TRIGA/TRADE 317.0 141.9
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.703
.704
.705
.699
.704
.706
.703
.713

o O O O o o o o

efficiency

0.448
0.448
0.448



13 SNR-2 574.3 259.1 0.451
13 TTB (FRM) 405.9 181.8 0.448
13 Fission TETA=1.35 MeV 1481.5 660.8 0.446
13 Fusion spectrum 797.5 356.6 0.447
13 14.8 MeV neutrons 2305.1 1024.1 0.444
13 (d,Be)n for 40 MeV deuterons 1989.0 884.6 0.445
13 HFIR 356.8 159.9 0.448
13 PWR Robinson2 539.6 242.0 0.448
13 LWR (PWR oder BWR) 723.6 324.4 0.448
13 EPRI BWR 1/4T 738.3 330.4 0.448
13 EPRI BWR 3/4T 665.8 298.7 0.449
13 EPRI Pwr 1/4T 717.0 321.2 0.448
13 EPRI Pwr 3/4T 567.5 255.2 0.450
13 LWR Kori Unit 3 528.7 237.5 0.449
13 OWR Omega West Reactor 461.9 206.7 0.447
13 EBR-II exp breeder reactor 996.7 446.9 0.448
13 Bor-60 Sevastianov 955.0 428.6 0.449
13 RTNS-II Fusion simulation sp 2246.1 998.0 0.444
13 ITER FW 994.3 443.9 0.446
13 DEMO 797.4 356.5 0.447
13 IFMIF 1590.7 708.8 0.446
Al, arc-dpa—BCA:
Z spectrum standard NRT modified efficiency
barn barn
13 APWR 711.4 321.1 0.451
13 KWO/PWR 613.0 276.8 0.451
13 TRIGA/TRADE 317.0 143.4 0.452
13 SNR-2 574.3 260.0 0.453
13 TTB (FRM) 405.9 183.3 0.452
13 Fission TETA=1.35 MeV 1481.5 668.4 0.451
13 Fusion spectrum 797.5 364.8 0.457
13 14.8 MeV neutrons 2305.1 1071.5 0.465
13 (d,Be)n for 40 MeV deuterons 1989.0 918.3 0.462
13 HFIR 356.8 161.3 0.452
13 PWR Robinson2 539.6 243.4 0.451
13 LWR (PWR oder BWR) 723.6 326.3 0.451
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13 EPRI BWR 1/4T 738.3 333.4 0.452
13 EPRI BWR 3/4T 665.8 300.3 0.451
13 EPRI Pwr 1/4T 717.0 323.4 0.451
13 EPRI Pwr 3/4T 567.5 255.9 0.451
13 LWR Kori Unit 3 528.7 238.4 0.451
13 OWR Omega West Reactor 461.9 208.8 0.452
13 EBR-II exp breeder reactor 996.7 449.1 0.451
13 Bor-60 Sevastianov 955.0 430.4 0.451
13 RTNS-IT Fusion simulation sp 2246.1 1043.8 0.465
13 ITER FW 994.3 455.5 0.458
13 DEMO 797.4 364.7 0.457
13 IFMIF 1590.7 726.2 0.457
Fe, arc-dpa:
26 0.2860 -0.5680 * Z Carc Barc
Z spectrum standard NRT modified efficiency
barn barn

26 APWR 349.6 113.5 0.325
26 KWO/PWR 324.2 104.1 0.321
26 TRIGA/TRADE 182.7 59.5 0.326
26 SNR-2 233.9 80.0 0.342
26 TTB (FRM) 215.2 69.9 0.325
26 Fission TETA=1.35 MeV 862.8 269.1 0.312
26 Fusion spectrum 593.2 183.7 0.310
26 14.8 MeV neutrons 2626.9 783.9 0.298
26 (d,Be)n for 40 MeV deuterons 2129.7 638.7 0.300
26 HFIR 191.8 62.6 0.326
26 PWR Robinson2 252.9 82.6 0.326
26 LWR (PWR oder BWR) 332.0 107.6 0.324
26 EPRI BWR 1/4T 382.1 121.9 0.319
26 EPRI BWR 3/4T 294.2 96.0 0.326
26 EPRI Pwr 1/4T 339.5 109.5 0.323
26 EPRI Pwr 3/4T 217.9 73.1 0.336
26 LWR Kori Unit 3 220.9 73.6 0.333
26 OWR Omega West Reactor 259.7 83.4 0.321
26 EBR-II exp breeder reactor 449.4 145.9 0.325
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26 Bor-60 Sevastianov 412.5 134.8 0.327
26 RTNS-II Fusion simulation sp 2561.4 764.4 0.298
26 ITER FW 798.8 245.2 0.307
26 DEMO 593.2 183.7 0.310
26 IFMIF 1286.4 392.3 0.305
Fe, arc-dpa—BCA:
Z spectrum standard NRT modified efficiency
barn barn
26 APWR 349.6 120.2 0.344
26 KWO/PWR 324.2 111.6 0.344
26 TRIGA/TRADE 182.7 64.3 0.352
26 SNR-2 233.9 82.6 0.353
26 TTB (FRM) 215.2 74.6 0.347
26 Fission TETA=1.35 MeV 862.8 293.4 0.340
26 Fusion spectrum 593.2 223.0 0.376
26 14.8 MeV neutrons 2626.9 1037.6 0.395
26 (d,Be)n for 40 MeV deuterons 2129.7 834.6 0.392
26 HFIR 191.8 66.9 0.349
26 PWR Robinson2 252.9 86.8 0.343
26 LWR (PWR oder BWR) 332.0 113.5 0.342
26 EPRI BWR 1/4T 382.1 131.6 0.344
26 EPRI BWR 3/4T 294.2 100.9 0.343
26 EPRI Pwr 1/4T 339.5 116.3 0.342
26 EPRI Pwr 3/4T 217.9 75.0 0.344
26 LWR Kori Unit 3 220.9 75.9 0.344
26 OWR Omega West Reactor 259.7 90.3 0.348
26 EBR-II exp breeder reactor 449.4 152.5 0.339
26 Bor-60 Sevastianov 412.5 140.5 0.340
26 RTNS-II Fusion simulation sp 2561.4 1012.1 0.395
26 ITER FW 798.8 301.8 0.378
26 DEMO 593.2 223.0 0.376
26 IFMIF 1286.4 477.9 0.371
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Cu, arc-dpa:

29 0.1600 -0.6800 * Z Carc

Barc

Z spectrum standard NRT
barn

29 APWR 430.7
29 KWO/PWR 388.9
29 TRIGA/TRADE 213.3
29 SNR-2 316.2
29 TTB (FRM) 254.3
29 VFission TETA=1.35 MeV 1009.2
29 Fusion spectrum 774.4
29 14.8 MeV neutrons 3451.9
29 (d,Be)n for 40 MeV deuterons 2814.7
29 HFIR 227.6
29 PWR Robinson2 321.0
29 LWR (PWR oder BWR) 434 .4
29 EPRI BWR 1/4T 485.8
29 EPRI BWR 3/4T 396.5
29 EPRI Pwr 1/4T 441.4
29 EPRI Pwr 3/4T 314.3
29 LWR Kori Unit 3 292.7
29 OWR Omega West Reactor 307.9
29 EBR-II exp breeder reactor 564.8
29 Bor-60 Sevastianov 533.5
29 RTNS-II Fusion simulation sp 3371.0
29 ITER FW 1026.5
29 DEMO 774.9
29 IFMIF 1637.3

Cu, arc-dpa—BCA:

Z spectrum standard NRT
barn

29 APWR 430.7
29 KWO/PWR 388.9
29 TRIGA/TRADE 213.3
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29 SNR-2 316.2 67.1 0.212
29 TTB (FRM) 254.3 50.9 0.200
29 VFission TETA=1.35 MeV 1009.2 196.4 0.195
29 Fusion spectrum 774 .4 180.1 0.233
29 14.8 MeV neutrons 3451.9 862.7 0.250
29 (d,Be)n for 40 MeV deuterons 2814.7 702.2 0.249
29 HFIR 227.6 46.0 0.202
29 PWR Robinson2 321.0 64.5 0.201
29 LWR (PWR oder BWR) 434 .4 86.9 0.200
29 EPRI BWR 1/4T 485.8 97.7 0.201
29 EPRI BWR 3/4T 396.5 80.0 0.202
29 EPRI Pwr 1/4T 441 .4 88.4 0.200
29 EPRI Pwr 3/4T 314.3 64.3 0.205
29 LWR Kori Unit 3 292.7 59.1 0.202
29 OWR Omega West Reactor 307.9 61.9 0.201
29 EBR-II exp breeder reactor 564.8 110.7 0.196
29 Bor-60 Sevastianov 533.5 105.0 0.197
29 RTNS-II Fusion simulation sp 3371.0 843.5 0.250
29 ITER FW 1026.5 239.5 0.233
29 DEMO 774.9 180.2 0.233
29 IFMIF 1637.3 374.6 0.229

W, arc-dpa:
74 0.1190 -0.5640 * Z Carc Barc

* 7 spectrum standard NRT modified efficiency

* barn barn
74 APWR 106.5 27.6 0.260
74 KWO/PWR 94.6 23.6 0.250
74 TRIGA/TRADE 50.8 12.7 0.249
74 SNR-2 78.8 24.7 0.314
74 TTB (FRM) 63.6 16.3 0.257
74 Fission TETA=1.35 MeV 238.2 51.9 0.218
74 Fusion spectrum 150.2 32.9 0.219
74 14.8 MeV neutrons 574.6 96.4 0.168
74 (d,Be)n for 40 MeV deuterons 617.9 101.4 0.164
74 HFIR 56.1 14.6 0.261
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74 PWR Robinson2 81.5 22.0 0.270
74 LWR (PWR oder BWR) 107.3 28.2 0.263
74 EPRI BWR 1/4T 114.8 28.3 0.246
74 EPRI BWR 3/4T 98.1 26.5 0.271
74 EPRI Pwr 1/4T 108.2 28.0 0.259
74 EPRI Pwr 3/4T 79.2 23.6 0.298
74 LWR Kori Unit 3 75.6 21.6 0.286
74 OWR Omega West Reactor 73.0 17.9 0.246
74 EBR-II exp breeder reactor 141.9 36.5 0.257
74 Bor-60 Sevastianov 131.9 35.0 0.265
74 RTNS-II Fusion simulation sp 564.0 94.7 0.168
74 ITER FW 194.4 40.1 0.206
74 DEMO 150.2 32.9 0.219
74 IFMIF 355.7 66.4 0.187
W, arc-dpa—BCA:
Z spectrum standard NRT modified efficiency
barn barn
74 APWR 106.5 27.8 0.261
74 KWO/PWR 94.6 23.8 0.252
74 TRIGA/TRADE 50.8 12.8 0.252
74 SNR-2 78.8 24.8 0.314
74 TTB (FRM) 63.6 16.5 0.259
74 Fission TETA=1.35 MeV 238.2 52.6 0.221
74 Fusion spectrum 150.2 35.6 0.237
74 14.8 MeV neutrons 574.6 115.8 0.202
74 (d,Be)n for 40 MeV deuterons 617.9 128.5 0.208
74 HFIR 56.1 14.7 0.263
74 PWR Robinson2 81.5 22.1 0.271
74 LWR (PWR oder BWR) 107.3 28.4 0.265
74 EPRI BWR 1/4T 114.8 28.7 0.250
74 EPRI BWR 3/4T 98.1 26.7 0.272
74 EPRI Pwr 1/4T 108.2 28.2 0.261
74 EPRI Pwr 3/4T 79.2 23.7 0.299
74 LWR Kori Unit 3 75.6 21.6 0.286
74 OWR Omega West Reactor 73.0 18.1 0.248
74 EBR-II exp breeder reactor 141.9 36.7 0.259
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74
74
74
74
74

Part II

Relative difference (D) of the efficiencies presented in Part |

D= 100 x | n(arc-dpa-BCA) — n(arc-dpa)| /n (arc-dpa),

where

n(arc-dpa-BCA) =

n(arc-dpa) =
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