Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschalftt

Wissenschaftliche Berichte
FZKA 7197

Development of Calculation
Methods to Analyze
Radiation Damage, Nuclide
Production and Energy
Deposition in ADS
Materials and Nuclear

Data Evaluation

C.H.M. Broeders, A.Yu. Konobeyev

Institut fur Reaktorsicherheit
Programm Nukleare Sicherheitsforschung

August 2006






Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft
Wissenschaftliche Berichte

FZKA 7197

Development of calculation methods to analyze
radiation damage, nuclide production and energy
deposition in ADS materials and nuclear data

evaluation

C.H.M. Broeders, A.Yu. Konobeyev

Institut fir Reaktorsicherheit
Programm Nukleare Sicherheitsforschung

Forschungszentrum Karlsruhe GmbH, Karlsruhe

2006



Fir diesen Bericht behalten wir uns alle Rechte vor

Forschungszentrum Karlsruhe GmbH
Postfach 3640, 76021 Karlsruhe

Mitglied der Hermann von Helmholtz-Gemeinschaft
Deutscher Forschungszentren (HGF)

ISSN 0947-8620
urn:nbn:de:0005-071975



Abstract

A method of the evaluation of the defect production rate in metals irradiated with neu-
trons in various power units has been proposed. The method is based on the calcula-
tion of the radiation damage rate using nuclear models and the NRT model and the
use of corrections obtained from the analysis of available experimental data and from
the molecular dynamics simulation.

A method combining the method of the molecular dynamics and the binary colli-
sion approximation model was proposed for the calculation of the number of defects
in irradiated materials. The method was used for the displacement cross-section cal-
culation for tantalum and tungsten irradiated with protons at energies from several
keV up to 1 GeV and with neutrons at energies from 107 eV to 1 GeV.

A new approach has been proposed for the calculation of the non-equilibrium
fragment yields in nuclear reactions at intermediate and high energies. It was used
for the evaluation of the non-equilibrium component of the “He and *He production
cross-section. The helium production cross-section has been obtained for iron, *'Ta
and tungsten at proton energies from several MeV to 25 GeV and for ***Ta and tung-
sten at neutron energies up to 1 GeV.

A new model for the simulation of interactions of intermediate and high energy
particles with nuclei was discussed. The non-equilibrium particle emission is simu-
lated by the intranuclear cascade model using the Monte Carlo method. The deter-
ministic evaporation model is used for the description of the equilibrium de-excitation.
The model was used for the analysis of radionuclide yields in proton induced reac-
tions at energies from 0.8 to 2.6 GeV. The results of calculations show the advantage
of the model proposed in accuracy of predictions comparing with other popular in-
tranuclear cascade evaporation models.

A new approach was proposed for the calculation of non-equilibrium deuteron
energy distributions in nuclear reactions induced by nucleons of intermediate ener-
gies. The calculated deuteron energy distributions are in a good agreement with the
measured data for nuclei from *C to ?*Bi.

The energy deposition has been calculated for the targets from lithium to uranium irra-
diated with intermediate energy protons using the models from the MCNPX code package
and the CASCADE/INPE code.



Entwicklung von Berechnungsmethoden fir die Analyse von Strahlenschéaden,
Nuklidproduktion und Energiefreisetzung in Materialien fir ADS und fur Kern-
datenauswertungen.

Zusammenfassung

Es wurde eine Methode vorgeschlagen fir die Auswertung der Produktionsraten fir
Strahlenschaden in Metallen durch Neutronenbestrahlung in verschiedenen Reaktor-
systemen. Die Methode basiert auf der Berechnung der Strahlenschadigungsraten
mit nuklearen Modellen und der NRT Methode und einer nachfolgenden Korrektur
auf der Basis von Auswertungen von experimentellen Daten und Simulationen der
molekularen Dynamik.

Eine Kombination der Methode der Simulation der molekularen Dynamik und
der ,Binary Collision Approximation“ wurde vorgeschlagen fur die Berechnung der
Anzahl der Schadigungen in bestrahlten Materialien. Diese Methode wurde benutzt
fur die Berechnung von Displacement Querschnitten fur Tantal und Wolfram nach
Bestrahlung mit Protonen im Energiebereich von einigen KeV bis 1 GeV und mit
Neutronen im Bereich 10-5 eV bis 1 GeV.

Ein neuer Ansatz wurde vorgeschlagen fir die Berechnung der Ausbeuten der
Fragmente der Nicht-Gleichgewichtsprozesse bei intermediaren und hohen Ener-
gien. Dieser wurde angewandt fur die Auswertung der Nicht-Gleichgewicht Kompo-
nenten von 4He und 3He Produktionsquerschnitten. He Produktionsquerschnitte
wurden bestimmt fur Eisen, 181Ta und Wolfram flr Protonen Energien von mehreren
MeV bis 25 GeV und fur 181Ta und Wolfram fir Neutronenenergien bis 1 GeV.

Weiter wurde ein neues Modell diskutiert fur die Simulation der Wechselwirkung
von Teilchen mit intermedidren und hohen Energien mit Atomkernen. Die Nicht-
Gleichgewicht Teilchenemission wird nach der Monte Carlo Methode simuliert, wéah-
rend das deterministische Verdampfungsmodell benutzt wird fur die Gleichgewichts
Entregung. Dieses Modell wurde angewandt fur die Analyse von Ausbeuten von Ra-
dionukliden nach durch Protonen induzierten Reaktionen bei Energien von 0.8 bis
2.6 GeV. Die Ergebnisse der Untersuchungen zeigen die Vorteile des vorge-
schlagenen Modells bei den Vorhersagen, im Vergleich mit anderen héaufig ange-
wandten intranuklearen Kaskade Verdampfungsmodellen.

Ein neuer Ansatz wurde vorgeschlagen fur die Berechnung von Nicht-Gleich-
gewicht Energieverteilungen von Deuteronen bei nuklearen Reaktionen ausgelost
durch Nukleonen mit mittleren Energien. Die berechneten Energieverteilungen von
Deuteronen sind in guter Ubereinstimmung mit gemessenen Daten fiir eine Reihe
von Nukliden von 12C bis 209Bi.

Schlief3lich wurden fur Materialien von Lithium bis Uran Energiefreisetzungen
nach Bestrahlung mit Protonen mit intermediaren Energien berechnet unter Benut-
zung der Modelle in den Codes MCNPX und CASCADE/INPE.
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1. Defect production efficiency in metals and evaluation of radiation damage r ate

in various units using results of molecular dynamics simulation

A method of the defect production rate evaluation in metalsirradiated with neutronsin
various power units is proposed. The method is based on the calculation of the
radiation damage rate using the NRT model [1] and obtained values of the defect
production efficiency using results of the molecular dynamics simulation.

The NRT model [1] is frequently used for the calculation of the damage
accumulation in irradiated materials. 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 cdculations show the
substantial difference with the predictions of the NRT model that makes its use for the
reliable calculation 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 out-of-dated versions of neutron data
libraries like as ENDF/B-1V, ENDF/B-V and JENDL-1, which are not in use for
applications now. Different authors have used the different sets of Frenkel pair
resstivity values and effective threshold energies for the data analysis that
complicates the interpretation of the results obtained and the analysis of different
irradiation experiments.

The defect production efficiency in metals irradiated with neutrons of different
sources were analyzed in the present work. The available data for Frenkel pair
resstivity were compiled and analyzed (Section 1.2). The evaluated and
recommended values are presented along with the systematics of Frenkel pair
resstivity. The available experimental data for damage production rates were

collected and examined (Section 1.3). The damage energy cross-sections were

1



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 type of the irradiation.

The MARLOWE code [6] was applied for the calculations of the number of
defects in irradiated materials. The results were compared with the simulations
performed by the method of the molecular dynamics. The theoretical values of the
defect production efficiency were applied to the neutron damage calculations for
various types of nuclear power facilities, as the thermal reactor, the fast breeder

reactor, the fusion reactor and others (Section 1.4).

1.1 Efficiency of the defect production in materials

The efficiency of defect production in irradiated materials is defined as follows
N D

: (1)

N NRT
where Np is the number of stable displacements at the end of collision cascade, Nyrr
Is the number of defects calculated by the NRT model [1].

In the theoretical smulations based on the method of molecular dynamics (MD)
and the binary collision approximation model (BCA) the Np value in Eq.() 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 compl ete.

The number of defects (Frenkel pair) predicted by the NRT formula [1] is equal
to

0.8
Nygr =—— T,
NRT 2Ed dam (2)



where Ej is the effective threshold displacement energy, Tqam IS the “damage energy”
egual to the energy transferred to lattice atoms reduced by the losses for electronic
stopping of atoms in displacement cascade.

The effective threshold displacement energy E4 in EQ.(2) which is called aso as
the “averaged threshold energy” [7,8] is derived from electron irradiation experiments.
The compilation of Ey valuesis presented in Section 1.3. According to other definition
[9,10] the value of the effective displacement energy is defined from a conditionn =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 Eq(n=1) in the
present work to separate it from the commonly used effective threshold displacement
energy Eg.

The average defect production efficiency, ajiis derived from the experimentally

observed resistivity damage rate with the help of the following relation

a@lﬂ: ~dir 0.8&8T,0 3
edF g, _, 2E, '

where (dDr /dF )| is the initial redgtivity-damage rate equal to the ratio of

Dr=0
resistivity change Dr per irradiation fluence F extrapolated to zero dose value, r gp IS
the specific Frenke pair resigtivity, & T4fis 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
ST,A=8 & (E)dsiésT)

Ton (T)dT dE / O (BE)dE | (4
i=1
where ds;/dT is the spectrum of recoils produced in irradiation of material with
primary particle, j (E) is the particle spectrum, Tgay IS the damage energy calculated
according to Ref.[1], the summation is for al channels of the primary particle

interaction with material.



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
egual to the sum of resistivity of isolated defects. For small clusters it is considered
usually as a good approximation [11-14].

According to Eq.(3) the value of defect production efficiency &fi derived from
experimental data depends from the value of Frenkel pair resistivity r and the
effective threshold energy Ey adopted for the analysis and from the quality of the
&8 T4 data. It is the main reason of the considerable scattering of the ajii values

obtained by different authors for the same metals.

1.2 Resistivity per Frenkel defect and effective threshold displacement energy

1.2.1 Data compilation and evaluation

Data for the specific Frenkel pair resistivity r .p 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].

Datafor 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 at low temperature, the r e
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 r i 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 |attice (hcp) 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
4



method of data derivation and the experimental errors. If only systematics data are
available for a certain metal the recommended vaue of r p is not given. The evaluated
values of Frenkel pair resistivity are shown in Table 1 (sixth column).

The adopted values of r p are dightly 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 arule, ther g 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 E4 taken from literature are shown
in Table 1. If the same E4 value was used by different authors only the single reference
is given. Also, the adopted E4 values used in the present work for damage production
efficiency calculations are shown in Table 1 (ninth column).

It should be noted that the exact absolute values of threshold energy Ej is of
secondary importance in the case the experimental dose rates are known. They are

used only for the comparison of defect production efficiency in different experiments.
1.2.2 Systematics of Frenkel pair resistivity

The evaluated and adopted values of Frenkel pair resigtivity (Table 1) were used to
constrain the systematics of r g 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 systematicsis as follows [18]
e =1 (Ta) (2, +2,(BW™), (5)

where r (Tqt) iSthe resistivity at the melting temperature, B is the bulk modulus, W
Isthe atomic volume, a; are the parameters to be obtained by the fitting procedure.
The experimental values of the resistivity at the melting point r (Tg) Were taken
from Ref.[69]. If absent, the r (Tq) Values were taken from Ref.[18] or evaluated
with the help of the following approximate formula[70]
5



() =1 (1) 22 S0 et), ©

wherer (Ty) isthe resistivity at the temperature Ty, q 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 agood accuracy at x £ 6 by the following formula

F(x) = 2.884" 10° (55.5 + x-%) 313 (7

Data for the resigtivity r (To) were taken from Ref.[69] at To = 293-300 K, the
Debye temperature and the bulk modulus are from Ref.[71]. The atomic volume W
was calculated as the inverse of the atomic concentration.

The fitting of EQ.(5) to the adopted vaues of re from Table 1 gives the

following systematics of Frenkel pair resistivity
[ =1 (T, ) (12.08+52.36(BW) 2%°) 8)

where the product BWis taken in the units 10'*® Nm.

Below, the systematics Eq.(8) is used for the rgp value evauation if the
experimental data are absent.

Frenkel pair resistivity predicted by the systematics EQ.(8) is shown for various
metalsin Table 2 and Fig.1.



Table1

The Frenkel pair resistivity rep and the effective threshold displacement energy E4 taken from
literature and the values of r gp and E4 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” isthe data adopted by the authors of cited works.

Metal Lattice rgp Type Ref Adopted r p Eq Ref Adopted Eg4
[MWm] [MAVm] [eV] [eV]
13 Al fcc 3.9 + 0.6 Exp D [15] 3.7 27. [ 22] 27.
4.2 +0.8 Exp D [ 16] 45. [ 23]
3.2 £ 0.6 Exp D [17] 66. [ 9]
3.4 Exp T(p) [33]
1.4...4.4 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]
4.2 + 0.5 Evl E [ 19]
6.8 Adp [ 20]
4.3 Evl S [18]
28 N fcc 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 fcc 1.7 £ 0.3 Exp T [26] 2.2 25. [ 29] 30.
2.0 £ 0.4 Exp D [27] 29. [ 22]
2.2 £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]




Table 1 continued

Metal Lattice rgp Type Ref Adopted r Eq Ref Adopted Eg4
[MWm] [MVm] [eV] [eV]
46 Pd fcc 9.0 + 1.0 Exp T(p) [32] 9.0 34. [ 32] 41.
10.5 Adp [ 9] 41. [22]
9.2 + 0.5 Evl S [19] 46. [9]
9.0 Evl S [18]
47 Ag fcc 1.4 Exp T(p) [33] 2.1 39. [ 22] 39.
2.5 Adp [ 20] 44, [ 9]
2.1 +0.4 Evl S [19] 60. [ 30]
2.1 Evl S [10]
1.8 Evl S [ 18]
77 Ir fcc 6.7 + 0.5 Exp T(p) [122] 6.7
78 Pt fcc 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]
79 Au fcc 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]
5.1 + 0.3 Evl S [19] 44, [9]
2.3 Evl S [18]
2.5 Adp [ 20]
82 Pb fcc >1 Exp T(p) [107] Ya 19. [7] 25.
16. 4 Evl S [18] 25. [ 30]
20.0 Adp [ 22, 102]
90 Th fcc 15. Exp T(p) [102] 19.
19. Evl E [ 22, 102]
18.6 Evl S [ 18]
23V bcc 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]




Table 1 continued

Metal Lattice rgp Type Ref Adopted r Eq Ref Adopted Eg4
[MWVm] [MAVm] [eV] [eV]
24 O bcc 37 + 2. 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 bcc 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 No bcc 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 bcc 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. Evl E [19] 70. [ 43]
15. + 5. Evl E [ 18] 77. [ 47]
14. + 3. Evl E [ 53] 82. [ 9]
13.2 Evl S [ 18]
14. Evl S [ 10]
10. Evl S [ 21, 50, 111]
73 Ta bcc 17. = 3 Exp T [ 55] 16.5 85. [ 43] 90.
16. + 3. Exp T [ 56] 80- 90 [22]
16. + 3. Evl E [19] 88. [9]
17.8 Evl S [ 18] 90. [30]
74 Whbcc 7.5.16 Exp T [102,112] 27. 84. [57,65] 90.
28. Exp T(p) [102, 113] 90.  [30]
27. + 6. Evl S [ 19] 100. [43]
18. Evl S [10]
18. 3 Evl S [ 18]
13. Evl S [ 49]
14. Adp [57]




Table 1 continued

Metal Lattice rgp Type Ref Adopted r gp Eq Ref Adopted Eg4
[MWVm] [MAVm] [eV] [eV]
63 Eu bcc 3 100. Exp T(p) [121] Ya
12 My hcp 9. Exp D [ 66] 9. 20. [22] 20
3 0.8 Exp T(p) [102, 114] 25.  [30]
4. Exp T(p) [58]
4. Evl E [22,102]
21.5 Evl S [ 18]
4. Adp [ 22, 52]
21 Sc hcp 50.0 Exp T(p) [124] 50.0
22 Ti hcp 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 hcp 30.+ 20 Exp T [61] 15.5 36. [ 22] 36.
- 10
15. + 5. 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 hcp 15. * 5. Exp T [ 60] 17.9 29. [22] 29.
15. + 5. Exp D [ 52]
15. 3 Exp D [62]
20. * 3. Exp T [ 61]
4.2 £ 0. Exp T(p) [116]
15. 1 Evl S [ 18]
5. Adp [115]
10. Adp [ 22, 52]
39 Y hcp 50 = 20 Exp T(p) [125] 50.
40 Zr hcp 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]
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Table 1 continued

Metal Lattice rgp Type Ref Adopted r Eq Ref Adopted Eg4
[MWVm] [MAVm] [eV] [eV]
48 Cd hcp 5 % 1. 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® hcp 135. + 35. Exp T(p) [123] 135.
60 Nd® hcp 135. + 35. Exp T(p) [123] 135.

64 Gd hcp 160.

I+

30. Exp T(p) [118]  160.

I+

65 Tb hcp 155. + 30. Exp T(p) [118]  155.

66

I+

30. Exp T(p) [118]  145.

%

hcp 145.

67

&

hcp 145.

I+

30. Exp T(p) [118]  145.

68 Er hcp 180.

I+

35. Exp T(p) [118]  180.

69 Tm hcp 140.

I+

30. Exp T(p) [118]  140.

70 Yo hcp 75. + 25, Exp T(p) [125] 75.
71 Lu hcp 75. + 15. Exp T(p) [117] 145.
145. + 30. Exp T(p) [118]
81.0 Evl S [ 18]
75 Re hcp 20. Exp T(p) [119] 20. 60. [ 22] 60
22, Evl S [ 18]
20. Adp [ 22, 63]
31 Ga bco®” 5.4 +0.5 Exp T(p) [64] 5.4 12. [ 64] 12.
92 U bco 22 Exp T [ 126] 22.
49 In bct® 2.6 Exp T(p) [107] 2.6
50 bSn bct 1.1 + 0.2 Exp T(p) [68] 1.13 22, [ 68] 22.
4., + 2 Evl S [19]
62 Smrho? 140 * 30 Exp T(p) [125] 140.

11



Table 1 continued

Metal Lattice rgp Type Ref Adopted r Eq Ref Adopted Eg4
[MWVm] [MAVm] [eV] [eV]

83 Bi rho 7500 +2000 Exp T(p) [120] %

Ss¥ 25. Adp [ 10] 25. 40.

d “double hcp” lattice

®)base-centered orthorhombic lattice

° body-centered tetragonal lattice

9 rhombohedral lattice

® stainless steel, the composition is not shown [10]

Table2

The resistivity at the melting point r (Tmet), the BW value, the Frenkel pair resistivity rgp(Sys)
predicted by Eq.(8) and the adopted r p values used to constrain the systematics.

Metal r (T met) BW r rp(SYS) r rr(adopted)
[MWm] [10%8 Nm] [MWm] [MWm]

Al um num 0.108 1.197 4.8 3.7

Ant i nony 1.190 1.158 56.9

Ar senic 1.210 0. 856 109. 6

Bari um 2.760 0. 669 444. 8

Beryllium 0. 537 0.812 54.8

Bi smut h 2.151 1.115 110.8

Cadmi um 0.170 1. 009 10.7 15.0

Cesi um 0.212 0. 235 483.9

Cal ci um 0. 145 0. 657 24. 4

Cerium 2.796 0. 833 269. 3

Chr omi um 1.520 2. 280 27.7 28.6

Cobal t 1. 000 2.105 19.6 15.5

Copper 0. 093 1.621 2.5 2.1

Dysprosi um 5.737 1.212 251. 4

Er bi um 5.033 1. 259 205.5

Gadol i ni um 7.329 1. 266 296. 2

Gal l'ium 0. 142 1.116 7.3 5.4

Gol d 0.136 2.934 2.1 2.6

Hol m um 5. 309 1.236 224.3
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Table 2 continued

Metal I (Tmeit) BW I ep(SyS) r er(adopted)
[mMWm] [10"® Nm] [mAV m] [MWV m]

I ndi um 0.118 1.073 6.6

[ridium 0.504 5. 053 6.5

I ron 1.310 1.984 27. 4 24. 6

Lant hanum 2.552 0. 908 202.6

Lead 0. 490 1.304 18.8

Li thi um 0. 156 0. 250 303. 4

Lutetium 2. 060 1.213 90.1

Magnesi um 0.170 0. 823 16. 8 13.0

Manganese 8. 252 0.731 1076. 4

Mer cury 0.751 0. 939 55.4

Mol ybdenum 0. 820 4. 254 10.9 13. 4

Neodyni um 2.896 1.118 148. 4

Ni ckel 0. 590 2.038 12.0 7.1

Ni obi um 0. 930 3. 064 13.9 14.0

Csm um 1.109 5.873 14.0

Pal | adi um 0. 480 2. 658 7.8 9.0

Pl ati num 0. 590 4.203 7.9 9.5

Pot assi um 0. 092 0. 241 196.7

Praseodym um 2.751 1. 057 157.9

Rheni um 1. 370 5.603 17. 4

Rhodi um 0. 385 3.727 5.3

Rubi di um 0. 142 0. 287 193. 3

Rut heni um 0.744 4. 377 9.8

Samari um 4.025 0.976 273.1

Silver 0. 082 1.722 2.0 2.1

Sodi um 0. 069 0. 268 112.1

Strontium 0. 656 0. 649 113.8

Tant al um 1. 090 3.620 15.2 16.5

Thal i um 0. 296 1.028 18.0

Thori um 0. 890 1.794 20.9

Thul i um 6.048 1.195 272.2

Tin 0.177 3. 005 2.7 1.13

Ti tani um 1. 600 1. 850 36.2 24. 9

Tungst en 1.140 5. 099 14. 6 27.0

Urani um 1.224 2. 049 24.7

Vanadi um 1. 200 2.298 21.7 23.2

Ytterbium 0. 740 0. 549 193.5

Zi nc 0.170 0. 909 13.5 17.9

Zi rconi um 1. 540 1.944 32.9 37.5

13



1.3 Average efficiency of defect production derived from experimental damage rates

for materialsirradiated 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 dataare shown in Table 3 for various metals and types of irradiation.

If the detail information about the neutron irradiation spectrum was available, the
averaged damage energy cross-section & T4l was calculated and checked in the
present work.

The NJOY code system [2] has been applied for the damage energy cross-section
calculation. The calculations 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 calculations show that the influence of the temperature on the
averaged & Tyivalues is rather weak.

Below the values of the averaged damage energy cross-sections used for the
analysis of the damage production efficiency in Section 1.3.2 are discussed for the
different types of irradiation.

1.3.1 Averaged damage energy cross-sections
Data are discussed for various neutron sources listed below.

1.3.1.1 CP-5(VTS53), ANL

The & T4 data shown in Table 3 are taken mainly from Ref.[47]. Probably, the
most uncertainty is for platinum, where the evaluated data are absent in ENDF/B and
JENDL. The value 32.4 bkeV for platinum shown in Table 3 is the approximate value
from Ref.[47]. The authors of Ref.[65] have used 29.6 bkeV for CP-5 (VT53)

spectrum at the neutron energies E > 0.1 MeV.
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Table 3
Low temperature damage-resistivity rate (dDr /dF )\Dr:o, the averaged damage energy cross-section
& T4h the defect production efficiency and the effective threshold displacement energy Eq4(n=1).

Metal Source (dor/aF) _  &Tdd Reference Efficiency Eq(n=1)
[10°% Wi [bXkeV] [eV]
fcc netals
A CP-5 (VT53),ANL  1.49 76.2 [ 47] 0.357 75.7
Al FI SS FRAGM 57.6 2492, [47,72]% 0.422 64.0
Al LTI F, 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
A TTB(1), FRM 2.57 87.6 [ 7] 0.535 50.4
Nl CP-5 (VT53),ANL 1.14 59.0 [ 47] 0.225 147.0
N FI SS FRAGM 48.0 3400. [47,72] @ 0.164 201.2
N 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
N 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 FI SS FRAGM 30.0 3295. [47,72]% 0.310 96.7
Cu HEAVY | ONS [47, 12] 0.333 90.1
Cu Be(40 MeV-d, n) 2.11 233.4 [ 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 [ 7] 0.351 85.4
Pd LTI F, 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 FI SS FRAGM 13.8 4004. [47,72] @ 0.160 243.7
Ag HEAVY | ONS [47, 12] 0.400 97.5
Ag LTI F, 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 32. 4 [47] 0.292 150.5
Pt Be(40 MeV-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
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Table 3 continued

Metal Source (dor/dF) _,  &Tdd Reference Efficiency Eq(n=1)
[10°" Wam?)] [bkeV] [eV]
bcc netals
K TTB(2), FRM 1.56 71. 68 [ 7, 75] 0. 0659 619. 4
V) LTI F, ORNL 7.17 98. 05 [ 43, 38, 65] 0.496 114.9
V  RTNS, LLL 18.01 257.1 [ 65] 0.475 119.9
V LPTR (FN F-10) 6. 56 79.2 [ 65] 0.562 101.4
V Be(30 MeV-d,n) 14. 03 200. [ 65] 0.476 119.7
V  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
No CP-5 (VT53),ANL  2.19 55.7 [ 47] 0.548 142.4
No?® LTI F, ORNL 3. 43 80. 25 [ 43, 38, 65] 0.595 131.0
No Be(30 MeV-d, n) 7.38 197. [ 65] 0.522 149.5
No Be(40 MeV-d, n) 10. 1 223.9 [ 47, 65] 0.628 124.1
No LPTR (FN F-10) 3. 47 60. 3 [ 65] 0.802 97.3
No RTNS, LLL 11. 44 283.3 [ 65] 0.562 138.7
No LHTL, JPR-3 6.5 80. 2 [ 63] 1.129 69.1
No 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
M LTI F, 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 (FN F-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 3.2 69. 6 [ 63] 0.558 116.6
Mo TTB(1), FRM 3.34 76.3 [ 7] 0.531 122.4
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 44.3 [ 7] 0.773 116.5
W 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 3.3 42.8 [ 7] 0.643 140.1
hcp netal s
My LTIF, ORNL 7.0 92.7 [ 43] 0.420 47.7
My LHTL, JPR-3 6.5 75. 2 [ 63] 0.480 41.6
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Table 3 continued

Metal Source (dor /aF )| _, EP Reference Efficiency Ey(n=1)
[10°" Wam?)] [bkeV] [eV]
Ti LTIF, ORNL 22. 4 97.6 [ 43] 0.691 43.4
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 2.42 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 [ 7] 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 [ 7] 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
ot her netal s
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 LTI F, ORNL 6. 37 86. 73 [ 38] 0.294 136.2

3 The & T4fivalueis calculated formally using the data from Table 6 and 4 of Ref.[47]

® Po: r gp= 17.2 MAM, Eq(8); Ey = 25 eV

9 K: rep=33.7 mAm, Eq(8), Eq=40eV

9 Material is doped with 300 ppm Zr.

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

" Gd: Ed=40eV
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Fig.1 The ratio of the Frenkel pair resistivity to the resistivity at the melting point versus BW for
various metals (black circle) and the systematics prediction (line).

1.3.1.2 LTIF, ORNL

Data for Al, Cu, Pt, V, Nb and Mo were obtained by the averaging-out the & Tfi
values from Ref.[43] and Ref.[65]. For other metals the origin of the datais shown in
Table 3.

The & T4 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 & T4 values obtained in Ref.[43] for LTIF
spectrum to the & T4 values calculated for the fission spectrum was found equal to

1.147. This ratio was used for the evaluation of the & T4 value for stainless steel
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irradiated with neutrons with the LTIF spectrum basing on the calculations performed
for Cr, Fe and Ni for the fission neutron spectrum.

1313 RTNS, LLL

The values of & Tgfishown in Table 3 were obtained using the ENDF/B-V1 (8) data at
the neutron energy equal to 14.8 MeV. These data are compared with the damage
energy cross-section from JENDL-3.3 and the & T4fivalues from Ref.[65] in Table 4.

The mean deviation® of the & T4fivalues from JENDL-3.3 and ENDF/B-VI(8) is
equal to 4.7 %, for the values from Ref.[65] and ENDF/B-VI(8) - 5.2 %.

1.3.1.4 Be(d,n)

For the Be(d,n) reaction induced by the 40-MeV deuterons the & T4f values were
calculated with the neutron spectrum from Ref.[47] and the ENDF/B-V(8) data which

are available at energies covering the spectrum of the Be(d,n) reaction.
Table4

The damage energy cross-section (bkeV) calculated with the help of the NJOY code and data from
ENDF/B-VI (Release 8) and JENDL-3.3 at 14.8 MeV and the cross-sections from Ref.[65] for
RTNS spectrum.

Element ENDF/B-VI (8) JENDL-3.3 Ref.[65]
Al 156.9 165.2 178.
Cu 288.5 288.5 288.
\% 257.1 272.7 267.
Nb 283.3 260.8 263.
Mo 253.5 274.6 263.
w 195.1 196.5 201.

! Defined as (100/N)S i value(1)— value(2)i ivalue(2)
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The & Tyiivalue for platinum was cal culated approximately. Data for 38 nuclides
from ?’Al to *®Bi from ENDF/B-V| (8) which are suitable to perform the cal cul ations’
were used to obtain the contribution of the energy range below 20 MeV in the tota
averaged damage energy cross-section. Fig.2A shows the relative value of this
contribution equal to 8T4AE < 20 MeV)/&Tftotal) and the approximation curve.
The value of 8T4E < 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
BT E < 20 MeV)/& Tqf{total), the total & Tfivalue for platinum has been estimated
(Fig.2B). This value equal to 175 bkeV is shown in Table 3. It should be noted that
the authors of Ref.[65] have used the & Tfivalue equal to 182 bkeV and the authors
of Ref.[47] - 198 bkeV.

The & T4Avaues for 30-MeV deuteron irradiation of V, Nb and Mo were taken
from Ref.[65].

1.3.1.5 LHTL, JPR-3

The radiation damage rates for materials irradiated in the LHTL facility have been
measured in Ref.[63]. The & T4 cross-sections have been caculated by the authors
Ref.[63] for the fission neutron spectrum with the ENDF/B-IV 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 & T4 values from
Ref.[63] precisely. The differencein the & Tgfivalues may result as from the shapes of

fission neutron spectra as from the methods of the & Ticalculation.

2 Datafor Pd and Sb isotopes and ***Ho are available up to 30 MeV, other data are up to 150 MeV
20



1.0

g 0.8 - °
@] .0 T
X o
'
vV 0.6
S ]
=
= 04-
AN
V 4
y
Mo 02+
» A
V -
0-0 ) I ) I T I T I
0 50 100 150 200
250 o -
] o 2
@O o
200 ©
E) 1 O @ @ Q
o 150 - o
N | 0
l_'U
¢ 100
50 - B
O T I T I T I T I
0 50 100 150 200

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-V1(8)
(circle) and the approximation curve. B: The total averaged damage energy cross-sections for
Be(d,n) spectrum calculated for different nuclides (open circle) and the value evaluated for
platinum (black circle).
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Fig.3 shows the & T4h values from Ref.[63] and the cross-sections calculated in
the present work for elements with atomic number from 11 to 83 and nuclear data
from ENDF/B-VI1(8) and from JENDL-3.3. The calculations are performed for the
Maxwellian fission neutron spectrum with g = 1.318 MeV which provide the best
description of the & T4l values from Ref.[63] integrally. The noticeable difference in
the & Tgfivalues obtained in Ref.[63] and in the present work is for the light elements
(Al, Mg) and for Mo. The mean averaged deviation® of the & T4fivalues from Ref.[63]
and the cross-sections obtained here with the data from ENDF/B-V1(8) is equal to 6.6
%, with the data from ENDF/B-IV — 7.6 %. At the same time the deviation of the
&8 T4 values obtained in the present work using the ENDF/B-IV data and the
ENDF/B-VI(8) data is equa to 3.2 % for metals investigated in Ref.[63]. The most
differencein ENDF/B-1V and ENDF/B-VI(8) based & Tficalculationsis for cadmium
(22 %).

The observed difference in the & T4fivalues calculated here and in Ref.[63] must
be allowed to obtain the approximate values of averaged damage cross-section for a
certain metals not evaluated in Ref.[63] due to the lack of neutron data or other
reasons.

For platinum the & T4l value shown in Table 3 has been obtained using the data
from JEFF-3.0 and Maxwellian spectrum with g = 1.318 MeV. The use of the fission
spectrum with g = 1.375 MeV gives the & T4 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 & T4h values data from Ref.[63] obtained with the data from

different datalibraries.

% Footnote (1)

* The spectrum defined as j (E)= E exp(-E/KT)/KT at E = 0to 4 kT; j (E)= C//E a E=4 kT to 67 keV; j (E)= Cyexp(-
E/ay) sinh((E>&)%°) a E > 67 keV, where kT = 0.253 eV, a, = 9.6540°, & = 2.2940°, C, and C, defined to make
spectrum continuous
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Fig.3 The averaged damage energy cross-section for natural mixtures of isotopes with atomic
number from 11 to 83 caculated with the help of the NJOY code for fission neutron
spectrum using the data from ENDF/B-VI(8) (open circle) and JENDL-3.3 (triangle) and the
values calculated in Ref.[63] with the data taken from ENDF/B-1V (black circle).

For zinc the averaged & T4fivalue was evaluated using the data from CENDL-2.1
(90.6 bkeV) and JEFF-3.0 (BROND-2.2) (85.2 bkeV). The & T4fivalue for zirconium

was obtained using ENDF/B-VI(8) and the same fission neutron spectrum with q =

1.318 MeV.

For gadolinium the average damage energy cross-section was obtained with the

help of the data taken from different origins. Table 3 shows the & T4fivalue 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 g equal to 1.318 MeV. It should be noted
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that the & T4 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 energies below 10 eV. The
calculation with the fission spectrum® from Ref.[76] gives the & Tqfivalues, 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 al cases the effective threshold
displacement energy was taken equal to 40 eV for gadolinium.

Table 3 shows the & T4fi value for rhenium obtained with the help of the data
from ENDF/B-VI(8). This value is close to & Tyl calculated with the data from
BROND-2.2 which isequal to 48.09 bXkeV.

For gallium the calculation with the data from ENDF/B-V1(8) gives 79.57 bkeV
(Table 3) and with the data from JENDL-3.3 — 78.48 bxkeV.

1.3.1.6 TTB, FRM

Datafor the TTB neutron spectrum (Fig.6,7) are subdivided on two groupsin Table 3.

The first group (TTB(L)) contains the (dDr /dF) rates and the & T4 values

Dr =0
obtained in Ref.[7] for the measured neutron spectrum. The second group (TTB(2))

includes data for (dDr /dF)__  obtained in Refs[31,73-75] for modified TTB

Dr=0
spectrum and corrected as described in Ref.[7].

In the present work the & T values were calculated for the TTB spectrum
measured in Ref.[7] and tabulated in Ref.[77]. Table 5 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-V1(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.
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Table5

The averaged damage energy cross-section (bXkeV) 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. The caculations are performed with the same effective threshold
displacement energies Eg.

Metal SPECTER NJOY
[77] 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
\Y, 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 2241 2211
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 1454 1454 14.37 13.64
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There is a good agreement in & T4 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 datafrom ENDF/B-V and ENDF/B-
VI1(8) — 1.9 %, for the NJOY calculation with the data from JENDL-3.3 and ENDF/B-
V1(8) — 5.0 %.

The values of & T calculated by the SPECTER code were used in Ref.[7] for
the analysis of the defect production efficiency. The measured (dDr /dF )|Dr:0 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 & T4fivalues shown in Table 3 and Table 5.

The & Tgfivalues shown in Table 3 for paladium (59.41 bkeV) and lead (46.68
bxkeV) were obtained with the neutron data from ENDF/B-VI(8). The corresponding
values calculated with the data from JENDL-3.3 are 59.82 bkeV and 44.28 bkeV.
For tin the averaged value equd to 69.07 bxkeV obtained with the help of ENDF/B-
VI(8) (85.75 bxkeV) and JENDL-3.3 (52.39 bkeV) is shown.

The calculation of the & T4fivalue for platinum has been performed with the data
from JEFF-3.0 (ENDL-78).

1.3.2 Defect production efficiency

The calculated vaues of defect production efficiency &) and the effective threshold
displacement energy E4(m=1) are shown in Table 3 for each measured value of the
resistivity damage rate. The n values and Ey(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, niobium and silver, where there is a noticeable
scattering of the data. For niobium and titanium the highest value of ayfi (~1.1)

observed for the LHTL neutron irradiation [63] is not in an agreement with the other
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measurements. The same is for the lowest &) value for nickel and silver (~0.16)
obtained from the data of Refs.[47,72].
For each metal from Table 3 the mean value of the defect production efficiency

&fi and threshold energy E,(h=1) has been calculated. The obtained mean values
along with the statistical errors are shown in Table 6. It should be noted that the mean
values of the efficiency and the threshold energy have the physical sense in case of the
relative insengtivity of a)fi and E4(n=1) from the shape of the neutron irradiation

spectrum (Section 1.4).
Table 6 shows that the maximal value of defect production efficiency is observed

for rhenium (& fF1) and gallium (0.91) and the minimal &)fivaluesis obtained for lead
(0.093), potassium (0.011) and gadolinium (0.084). Unfortunately, at present, the
uncertainty of the obtained &yfivalues can not be evaluated precisely, because there is
only single measurement of damage rate for each of these metals. The low values of
afifor Ph, K and Gd results mainly from the high values of Frenkel pair resistivity r gp
for these metals. For these metals the experimental information about r (p is absent and
the Frenkel pair resistivity has been estimated according to the systematics (Table 2).
For gadolinium the high r gp value is in the general agreement with other systematics
of Frenkel pair resistivity from Ref.[50]. According to Ref.[50] the r gp value is about
200 to 300 r(0°C), which gives r~230r (0°C) for gadolinium. For lead and
potassium the agreement is worse and the r e value is about 105% (0°C) for Pb and ~
3000x (OOC) for K. The rgp vaue for Pb is in a qualitative agreement with the
empirica ruler g =154 (0°C) from Ref.[19].

Table 6 shows the good agreement between the efficiency values for iron, nickel
and stainless stedl.

The mean efficiency value & for fcc metals is equal to 0.34 + 0.10, for bcc

metals 0.53 + 0.19 and for hcp metals 0.54 + 0.31. For all metas the & value is
equal t0 0.46 + 0.21.
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Table 6

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

Metal & E,(h=1)
[eV]
fcc
Al 0.45 + 0.07 61+9
Ni 0.25 + 0.06 142 + 38
Cu 0.31+0.03 99 +9
Pd 0.32+£0.03 129 +13
Ag 0.36+£0.11 124 +61
Pt 0.37+£0.06 123 +22
Au 0.43+0.03 100 £7
Pb 0.10 247
bcc
K 0.065 619
V 0.52 +£0.04 111 +9
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
hcp
Mg 0.45+0.04 45 +4
Ti 0.87£0.22 36 £8
Co 0.27 £ 0.06 138 +29
Zn 0.37 79
Zr 0.72+£0.13 57 11
Cd 0.45 67
Gd 0.15 259
Re 0.87 69
others
Ga 0.91 13
Sn 0.79 28
Stainless stedl 0.29 136
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1.4 Calculation of defect production efficiency

1.4.1 The general dependence of defect production efficiency 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 n 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
Tgam 1N EQ.(2).

14
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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 E4 value is equa to 30 eV for Ti and
Cu, 40 eV for Feand 90 eV for W.
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In the present work the MARLOWE code [6] based on the BCA approach [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 production 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
simulation in Ref.[89]. For tungsten the interatomic potential from Ref.[99] has been
used.

Fig.5 shows the efficiency of defect production calculated 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 ) values calculated by the BCA approach and the
MD method at the energies below 10 keV. The binary collision approximation can not
reproduce the redlistic dependence of ) from the primary ion energies. In particular, it
does not describe a few-body effects in a thermal spike phase, which plays a

fundamenta role in the defect production at the energies above 250 eV.

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

The energy dependent n values calculated by the MD method in Refs.[8,14,86,88]
were used for the calculation of the average defect production efficiency agfiin metals
irradiated by neutrons of different energies.

The following functions were used for the efficiency calculation

titanium [8]:

h=6.02E%% /N, EupE5keV, (9)
iron [86,88]:

h =0.5608E;,>** +3.227" 10°E,,,, Eup £ 40keV, (10)
copper [14]:

h =0.7066E,,,°" +2.28" 10 °E,,; Evp £ 20 keV, (12)
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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] (black circle).
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zirconium [8]:

h=458E,-°/Nyer,  Ewp£5keV, (12)
tungsten [14]:

h=1.0184E; > +5.06" 10 °E,,,,  Ewp £ 30keV, (13)
where Eyp is the initial energy in the MD simulation taken in keV, Eyp » Tgam. It 1S
supposed that the E; valueis equal to 30 eV for Cu and 90 eV for W.

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

The energy dependent efficiencies, Eq.(9)-(13) were introduced in the NJOY
code [2] as a multiplication factors for the caculations based on the NRT model. At
the energies above the limits shown in Eq.(9)-(13) the constant efficiency values were
assumed for the caculations. 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).

The calculation of defect production efficiency ajfi has been performed for
neutron irradiation spectra from the following sources

- TRIGA reactor (core)

-  PWR reactor (core)

- Tight Lattice Light Water Reactor (TLLWR) (core)

- SNR-2 fast breeder reactor (core)

- TTB, FRM reactor [7]

- fission spectrum (Maxwellian, g = 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]
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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 7 shows the averaged efficiency ayfi 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.
Table7

The averaged defect production efficiency &ficalculated 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

The comparison of the data from Table 7 shows that the average value of the
efficiency for titanium, iron, copper and zirconium is rather independent from the
shape of the nuclear spectrum. It gives an opportunity to predict realistic & Tqfivalues
for these metals basing on the mean vaues of &fi shown above and on the ssimple
NRT calculations.
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Fig.7 Neutron spectrafor various nuclear facilities at the energies above 1 keV.
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The value of defect production efficiency for tungsten is more sensitive to the
type of the neutron irradiation spectrum. The maximal difference in the &yfivalueisfor
the Be(d,n) spectrum and 14.8 MeV neutrons (0.27) and the SNR-2 spectrum (0.47).

With an increase of the contribution of high energy neutrons in the total flux the
average efficiency value &fi decreases coming close to the asymptotic n(T) value
(Fig.4). For this reason the lowest &fi values shown in Table 7 relates to the fission
spectrum and the Be(d,n) spectrum. The highest &fivalue is observed for the SNR-2
spectrum which has the lowest contribution of the energy range above 1 MeV in the
total flux.

1.4.3 Comparison of the average defect production efficiency calculated with the help
of the theoretical models and derived from the experimental dose rates

Comparison of the efficiency values éyfiobtained with the help of the MD calculations
(Table 7) with the efficiency derived from experimental damage rates (Table 3,6)
shows the good agreement for iron. The mean value &fi obtained from Table 7 data
(0.32 = 0.1) is actudly equal to the mean efficiency value derived from the
experimental data (Table 6). It can be consdered as an indication of the weak
temperature dependence of the defect production efficiency for iron discussed in
Ref.[89].

There is agood agreement in & values for copper, &fi (theory, Table 7) = 0.27
+0.03 and &hfi (experiment, Table 6) = 0.32 + 0.03.

For titanium, zirconium and tungsten the experimental & values are about
twice more 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 n value was observed for copper at the temperatures from O to 100 K
in Ref.[101]. On the other hand there is a strong dependence of the measured initia
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dose rate from the purity of zirconium and titanium [7], which complicates the
interpretation of the difference between the theoretical and experimenta efficiency
values for these metals.

For tungsten the difference between the experimental and theoretical &fi values
has the other 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 efficiency n
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 ENDF/B-V1(8) used for
the recoil calculations for tungsten seem to be rather reliable. The use of other data
libraries gives the similar &Tg4h values (Table 5). For this reason the observed
discrepancy in the theoretica and experimental &fi values for tungsten should be
related to the problems of the measurement of the initiadl damage rate in
Refs.[7,43,63,65] or to the MD calculations in Refs.[14,57]. The further study is
needed to understand the observed difference in the ajfivalues.

1.5 Summary about defect production efficiency. Method of the radiation damage
rate evaluation basing on results of the MD simulation

The available data for Frenkel pair resistivity r . were compiled and analyzed. The
evaluated and recommended r i values were obtained for 22 metals and stainless steel
(Table 1). The systematics of Frenkel pair resistivity has been constrained (Eq.(8),
Table 2). The experimental data for damage resistivity rate in metals were compiled
and analyzed. The latest versions of 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
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damage energy cross-section calculation. The average defect production efficiency in
metals &fihas been calculated for various neutron irradiation spectra (Table 3,6).

The energy dependence of the defect production efficiency n(E) has been
caculated with the help of the BCA model and the MARLOWE code. The
comparison with the result of the MD simulation shows the significant difference in
then(E) vaues at the energies below 10 keV (Fig.5).

The energy dependent efficiency vaues obtained by the MD method were used
for the calculation of the average efficiency values &fifor 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 &)fi values with the efficiency values derived from
experimental damage rates shows the good agreement for iron and copper. For
titanium, zirconium and tungsten the theoretical &) values are about twice less than
the experimental ones. In the case of titanium and zirconium the discrepancy in &fi
values can be explained by the temperature dependence of the defect production
efficiency. For tungsten the difference between the theoretical and experimenta
efficiency values may originate from the lack of the measurement routine as from the
problems of the MD simulation.

Obtained results can be used for simple and reliable evaluation of the number of
defects generated in metals under the neutron irradiation in different power units. The
method of the evaluation includes

- calculation of the number of defects in metals irradiated with neutrons using the

NRT model

- correction of the result obtained using the average value of the defect production
efficiency calculated in various units by the MD method (Table 7). For titanium,

iron and zirconium the efficiency &hfi does not depend upon the shape of the

neutron spectrum. The average efficiency value for titanium is equal to 0.34, for

iron to 0.32 and for zirconium to 0.31. The weak dependence of the defect
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production efficiency upon the shape of the neutron spectrum is observed for
tungsten and copper (Table 7). For these metals one should take it into account
and, at least, to define to what neutron spectrum from Table 7 the investigated

neutron spectrum is close.

2. Displacement cross-sections for tantalum and tungsten irradiated with

nucleons at energies up to 1 GeV. Combined BCA-MD method for the

calculation of the number of defectsin irradiated materials

A method combining the method of the molecular dynamics and the binary collision
approximation model was proposed. The method was used for the displacement cross-
section calculation for tantalum and tungsten irradiated with nucleons of the
intermediate energy.

The caculation 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. The
determination of reliable neutron and proton displacement cross-sections for tantalum
and tungsten has got specia interest in the TRADE project [127]. The evaluation of
the displacement cross-sections for these elements encounters certain difficulties. The
measurements of the defect production rate for tantalum and tungsten [7,43,63,65,128]
show noticeable differences with the NRT model [1] predictions. At the same time the
calculations basing on the method of the molecular dynamics (MD) are not in a good
agreement with the experimental datafor high energy proton irradiation [14].

The different approaches used for the displacement cross-section calculation are
compared and analyzed for the primary nucleon energy range up to 1 GeV. The

displacement cross-section for the elastic channel is calculated using various modern
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optical potentials and ENDF/B-VI data. The MCNPX code [3] is used to obtain the
displacement cross-sections for the nonelastic proton-nucleus interactions. The
number of defects produced by the primary knock on atoms (PKA) in material is
calculated with the help of the NRT model and the binary collison approximation
model (BCA) using the results obtained by the MD method.

2.1 Proton irradiation
2.1.1 Calculations using the NRT model

This Section concerns the calculation of displacement cross-sections based on the

NRT model [1]. The displacement cross-section is calculated by the formula

o . ds(E,,Z;,A;,Z,A)
L B

Eq i

n(T,Z:, A+, Z,A)dT, | (14)

where E; isthe incident proton energy; do/dT; is the cross-section of energy transfer to
recoil atom; Z; and A; are the atomic number and the mass number of the recoil atom,
correspondingly; Zr and At are the same for the target material; v(T;) is the number of
Frenkel pairs produced by PKA with the kinetic energy T;; T™ isthe maximal energy
of the PKA spectrum; E; is effective threshold displacement energy; the summing is
for al recoil atoms produced in the irradiation.

The number of defects produced by the PKA in materia v(T) is calculated
according to NRT approach with the value of “k” parameters defined according to

Robinson [96], (see dso Eq.(2))

Ton (T) = [ ! ‘ 16
“nt 7 1+k(3.4008€"® +0.40244 €% + €)' (16)
,1/2
32 ane 0 Ai +A 3/ZZi2/3zll2
k - = = ( T) T (17)

3p MT; A?/Z(Z?/3+Z$/3)3/4 )
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e=[A,TIA, +A)|alz z,€%)], (18)

a=a,(9p? /128)"3(z2% + 223 *, (19)

where 1) is the defect production efficiency; me is the mass of an electron; M+ is the
mass of the target atom; & is the Bohr radius; “€” is the electron charge; the kinetic

energy T istakenin keV.

2.1.1.1 Elastic proton scattering

The displacement cross-section for the proton elastic scattering is calculated as

follows

]
" ds(Z,,A

S o%n(T(ZT,AT))dT , (20)
Ed

Generaly, the spectrum of PKA produced by the proton elastic scattering
includes the contributions from the screened Coulomb scattering in material, from the
nuclear scattering and their interference.

For the initial proton energy below 5 MeV the nuclear scattering does not make a
real contribution in the do/dT spectrum for tantalum and tungsten, and the recoil
spectrum is formed mainly by the screened Coulomb scattering. With the increase of
the primary proton energy the screening effect disappears and at the energies above
several mega-electron volts the displacement cross-section 644 Can be calculated with
a high accuracy by the Rutherford formula for the recoil spectrum: do/dT=axIT/T?,
where a is a constant. For tantalum and tungsten isotopes the ratio of the elastic
displacement cross-section calculated for the screened Coulomb field to the cross-
section obtained by the Rutherford formula is equal to 0.943 for the primary proton
energy equal to 1 MeV, 0.975 for the proton energy 5 MeV and 0.983 for the 10 MeV-
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protons. In the present work the displacement cross-section for screened Coulomb
scattering was cal culated with the help of the approach from Refs.[129,130].

With the increase of the primary proton energy the contribution of the nuclear
scattering in the recoil spectrum do/dT increases simultaneously. The contribution
becomes appreciable for the 644 calculation at the energies above 10 MeV, where the
screening effect is small. It alows applying the nuclear optical model for the elastic
displacement cross-section calculations for the initial proton energies consdered.

Fig.8 shows the ratio of the elastic displacement crosssection calculated taking
into account the Coulomb scattering, the nuclear scattering and their interference to
the cross-section obtained for the recoil spectrum corresponding to the pure Coulomb
scattering for **'Ta and "**W. The angular distribution for proton elastic scattering on
81T a was cal culated with the help of the optical model using the optical potential from
Ref.[131]. For **W the angular distributions were taken from ENDF/B-VI Proton
Sublibrary (Release 7). One can see that the nuclear scattering has an essential
influence on the calculated 644 Value at the proton energies above 10 MeV.

The use of different modern optical potentials demonstrates similar description of
the experimental proton angular distribution and gives similar values of the elastic
displacement cross-section. Fig.9 shows the proton angular distributions for **'Ta
calculated using the global optical potentials from Refs.[131-134] at different primary
proton energies. The experimental data are from Refs.[135-137]. The good agreement
Is observed between the calculations and the measured data at the relatively small
scattering angles for the initial proton energy 146 MeV and 340 MeV. For the 55
MeV -protons the agreement is worse and the different calculations give the smilar
result. Fig.10 shows the o4 Values for W caculated with the help of the global
optical potential from Ref.[132] at proton energies from 80 to 180 MeV, from
Ref.[134] a 50 — 400 MeV and from Ref.[131] at the energies below 200 MeV.
Fig.10 shows also the displacement cross-sections calculated using the evaluated
proton elastic angular distributions from ENDF/B-V1 at the energies up to 150 MeV.
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There is a good agreement between the 644 Values obtained with the help of different
optica potentials and the ENDF/B-VI data.

For the comparison with the results of the optical model calculation the
displacement cross-section was calculated with the help of the MCNPX code [3]. The
PKA spectrum for elastic scattering has been evaluated from the standard output file
“histp” by the HTAPE3X code [138]. The calculated 644 Values are shown in Fig.10.
One can see a certain difference between the results obtained using the ENDF/B-V I
data, the optical model and the elastic scattering model incorporated in the MCNPX
code. The reason of the discrepancy is not well clear. Most likely that the use of the
“proton elastic cross-section” in the MCNPX calculations ([138], page 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 calculation.

S ,(Coulomb+nuclear)/s ,_(Coulomb)

0.5 -— 77—
0 20 40 60 80 100 120 140
Proton energy (MeV)

Fig.8 The ratio of the elastic displacement cross-section calculated taking into account the
Coulomb scattering, the nuclear scattering and their interference to the displacement cross-
section obtained for the pure Coulomb scattering for ***Taand **w
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Fig.9 The proton elastic angular distributions for **'Ta calculated with the help of the optical
potential from Ref.[132] (dash-dotted line), Ref.[133] (dash- double dotted line), Ref.[134]
(solid line) and Ref.[131] (dashed line). The experimental data (cycles) are from Ref.[135]
(55 MeV-protons), Ref.[136] (146 MeV) and Ref.[137] (340 MeV).
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Fig.10 The displacement cross-section for the proton elastic scattering calculated for ***W using the
optica potential from Ref.[132] (dash-dotted line), Ref.[134] (solid line), Ref.[131] (dashed
line), the ENDF/B-V1 data (solid cross line) and the MCNPX code [3] (dotted line).
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2.1.1.2 Nondastic proton interactions

The displacement cross-section for proton nonelastic interactions with target material
ognon Na@s been calculated with the help of the different models incorporated in the
MCNPX code.

Fig.11 shows the displacement cross-section oypnon Calculated with the help of the
MCNPX code and the 64,0, Values obtained using the recoil spectrafrom ENDF/B-VI
for **W. The following intranuclear cascade evaporation models were used for the
calculations [3]: Bertini/Dresner, ISABEL/Dresner, CEM2k, INCL4/ABLA with the
default model parameters from Ref.[3]. The nonelastic displacement cross-section was
calculated at the energiesfrom 50 MeV upto 1 GeV.
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184, -
p+ W o

8000 -
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4000
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0 100 200 300 400 500 600 700 800 900 1000
Proton energy (MeV)

Fig.11 The displacement cross-section for the proton nonelastic interactions with ***W calculated
using the ENDF/B-VI data (solid cross line) and the different nuclear models incorporated in
the MCNPX code: Bertini/Dresner (solid thick line), ISABEL/Dresner (dashed line), CEM2k
(dash-dotted line) and INCL4/ABLA (solid thin line).
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There is a satisfactory agreement between the cross-sections obtained using the
data from ENDF/B-VI below 150 MeV and the o4,0, Values calculated with the help
of the Bertini/Dresner and ISABEL/Dresner models. The ognon Cross-sections
calculated by the INCL4/ABLA and CEM2k have a jumps near 100 MeV and 150
MeV. Good agreement is observed for the Bertini/Dresner and INCL4/ABLA
calculations at the energies from 100 MeV up to 1 GeV. The cross-sections cal culated
by the CEM2k model and by the ISABEL/Dresner model are noticeably different
from the o4, Values obtained with the help of the Bertini/Dresner and
ICNCL4/ABLA models.

The observed difference in the calculated o4 0, Values results from the different
description of the particle emission spectra by the nuclear models considered. An
example of such caculations is shown in Fig.12 for the double differential cross-
sections in " Ta(p,p’) reaction. The experimenta points are from Ref.[139].

Fig.13 shows the integra recoil spectrum calculated with the help of the
considered nuclear models for **W irradiated by 1 GeV-protons. The integral
gpectrum is the sum of the individual spectra for al nuclides produced in the
nonelastic proton interactions with **W. The observed difference in the recoil spectra
results in the scattering of the o4 n0n Values predicted by the different nuclear models.
The most influence is due to the shape of the first peak in the do/dT distribution
(Fig.13), 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 1 GeV), and in the nonel astic displacement cross-section (~
3.7 %). The recoil spectra for **'Ta and **'W.calculated by the Bertini/Dresner model
and the INCL4/ABLA model are compared in Fig.14

The observed uncertainty in the og4non Values calculated using the different
modern nuclear models (Fig.11) can not be overcome at present time. It should be
considered as an error of the nonelastic displacement cross-section value obtained
theoretically. This error is about 20-25 %.
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Fig.12 The angular distributions for **'Ta(p,p’) reaction at 120 MeV 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.[139]. See also captions for Fig.11.
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Fig.13 The integral recoil spectrum for nonelastic 1 GeV-proton interactions with *#*w calculated
with the help of the different nuclear models incorporated in the MCNPX code. See also
captionsfor Fig.11.
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Fig.14 The integra recoil spectrum for nonelastic 1 GeV-proton interactions calculated with the
help of the Bertini/Dresner model for **'Ta (solid thick line) and ***W (crossed solid thick
line), and with the help of the INCL4/ABLA model for ¥'Ta (solid thin line) and for ***w
(crossed solid thin line).
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2.1.1.3 Evauation of the total displacement cross-section

The total value of the displacement cross-section was calculated as a sum of the
proton elastic displacement cross-section 644 and the displacement cross-section for
the proton nonel astic interactions 64 non.

The displacement cross-section for the proton elastic scattering has been
calculated with the help of the optical model using the optical potentials from
Refs.[131,134] at the initial proton energies above 5 MeV. Below 5 MeV the og44
vaues were calculated using the differential scattering cross-section from
Ref.[129,130].

The nonelastic displacement cross-section has been calculated with the help of
the Bertini/Dresner model and the MCNPX code. The recoil spectrafrom ENDF/B-VI
were used to calculate the o4non Values for tungsten isotopes with the mass number
182, 183, 184 and 186 at the energies below 150 MeV.

The evaluated total displacement cross-section is shown in Table 8 and in Fig.17
for ***Taand natural mixture of tungsten isotopes.

2.1.2 Calculations using the BCA and MD models to obtain the number of defects
produced in irradiated material

2.1.2.1 Tungsten

The number of defects produced by tungsten self-ion irradiation has been calculated
by the MD method in Ref.[14,57]. The calculations have been performed at the
energies below 100 keV.

According to Ref.[14] the efficiency of the defect production 1 is equal to unity
at 1 keV and decreases with the energy growing up to ~ 30 keV up to the value about
0.26.



Table 8
The total proton displacement cross-section evaluated for **Ta and "™W irradiated with protons at
energies up to 1 GeV. The number of defects has been calculated by the NRT model. Effective
threshold energy isequal to 90 eV.

Proton energy Displacement cross-section (b)

(MeV) 8lTa netyy

4.0 103 0.0 0.0

41 103 0.0 1.87

42 103 2.30" 10* 7.27 10°
43 1073 4.93 10 3.18" 10*
4.4 103 7.37" 10* 5.69" 10*
45 103 9.66" 10* 8.03" 10*
46 10°° 1.18 10° 1.02" 10°
47 103 1.38 10° 1.23 10°
48 103 156" 10° 1.42° 10°
50 103 1.90" 10° 1.77 10°
53 10° 233 10° 221" 10°
56 103 2.69" 10° 2,58 10°
6.0° 103 3.07" 10° 297 10°
8.0 103 4.02° 10° 3.97 10°
1.0°1072 430 10° 427 10°
1.2 102 4.41 10° 4.38 10°
1.4 102 4.42° 10° 4.40° 10°
1.6 1072 4.38 10° 4.37 10°
1.8 102 432 10° 431 10°
2.0 102 4.24 10° 4.23 10°
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Table 8 continued

3.0°102 379 10° 3.80" 10°
5.0° 102 3.07 10° 3.08 10°
7.0°102 2.58 10° 259 10°
0.10 2.10° 10° 211 10°
0.15 1.63 10° 1.64° 10°
0.20 1.34° 10° 1.35 10°
0.30 1.00 10° 1.01" 10°
0.40 8.10" 10* 8.17 10
0.50 6.84" 10* 6.89" 10*
0.70 5.26" 10* 5.31" 10
1.0 3.95 10* 3.99" 10*
15 2.84" 10* 2.86" 10
2.0 2.23 10* 2.25 10*
3.0 1.58 10* 1.60" 10*
4.0 1.24" 10* 1.25" 10*
5.0 1.02" 10* 1.03" 10*
7.0 7.66" 10° 7.74 10°
10.0 553 10° 559" 10°
15.0 3.84" 10° 3.87 10°
20.0 3.05 10° 3.08 10°
30.0 2.53 10° 2.55 10°
40.0 241 10° 241 10°
50.0 2.37 10° 2.37 10°
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Table 8 continued

60.0 2.34° 10° 2.34° 10°
70.0 2.35 10° 2.34° 10°
80.0 2.36" 10° 2.35" 10°
90.0 2.37 10° 2.36" 10°
100.0 2.38' 10° 2.36 10°
110.0 2.37 10° 2.34 10°
120.0 2.35 10° 2.33 10°
130.0 2.39° 10° 2.36" 10°
140.0 2.48 10° 2.45 10°
150.0 257 10° 254 10°
175.0 2.86" 10° 2.89" 10°
200.0 3.0010° 3.05 10°
250.0 3.33 10° 3.38 10°
300.0 364 10° 3.71 10°
350.0 3.94 10° 4.02 10°
400.0 4.28 10° 437 10°
450.0 4.63 10° 474 10°
500.0 5.01" 10° 5.15 10°
550.0 5.37 10° 552 10°
600.0 5.68" 10° 5.86" 10°
650.0 5.97 10° 6.16" 10°
700.0 6.25 10° 6.45 10°
750.0 6.49" 10° 6.72 10°
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Table 8 continued

800.0 6.72 10° 6.96" 10°
850.0 6.93 10° 719 10°
900.0 7.12° 10° 7.38 10°
950.0 7.33 10° 757 10°
1000.0 7.46" 10° 7.73 10°

The interaction of 1 GeV-protons with tungsten produces the recoil atoms with
the kinetic energy considerably exceeding the maximal energy in the MD simulation
[14,57].

To obtain the number of defects produced in material under the high energy
proton irradiation the cal culations were performed in the present work with the help of
the BCA modd basing on the results of the MD simulation from Ref.[14].

For an energetic ion moving in the material the simulation 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 defects has been calculated according to the result of the
MD simulation [14] (Eq.(21a)). The value of the “critical” energy was taken equal to
31 keV, which corresponds to the defect production efficiency n equal to 0.26. Such
procedure was performed for all PKAs produced in the atomic collision cascade. The
BCA calculations were carried out with the help of the IOTA code [140].

Fig.15 shows the defect production efficiency n calculated by the discussed
combined BCA-MD method for the self-irradiation of iron. Fig.16 shows the results
obtained for the irradiation of tungsten with As- and W-ions. The efficiency value is
shown in Fig.16 as a function of the damage energy Tqam in the energy range which

corresponds to the primary kinetic energy of As- and W-ionsup to 1 GeV.
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Fig.15 The efficiency of the defect production for FetFe irradiation obtained with the help of the
combined BCA-MD method (histogram). The result obtained by Stoller [83,86,88,89,92] at
low PKA energiesis shown (dashed line).

The defect production efficiency caculated for the W+W irradiation (Fig.16) can
be approximated by the following functions
1keV £ Tgam £ 31.02 keV [14]:

h=1.0184T,2% +5.06" 10°T,_,, (21Q)
31.02keV < Tgam £ 72.08 keV:

n = 0.26, (21b)
72.08 keV < Tgam £ 10 keV:

N =5.71 10° In*(Tgan) - 3.87" 10° IN(Tgam) ~ 10 + 0.32 (21c)
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Fig.16 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.(21)).

It is supposed that the defect production efficiency has the constant value at the
energy below 1 keV and is equal ton(1 keV)=1.023.

The combined BCA-MD calculations together with nuclear model calculations
were carried out for the irradiation of tungsten with protons at the energies up to 1
GeV. 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. For each recoil atom with the atomic number Z > 2
produced in the pW interaction the simulation of the defect production has been made
with the help of the BCA model and the results of the MD simulation as described
above. Table 9 shows the results obtained for the proton irradiation of ***W. Also
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Table 9 shows the nonelastic displacement cross-section calculated using the NRT
model and the 4,0, vValues obtained using the constant approximation of the
efficiency n above 31 keV.

Table9

The nonelastic displacement cross-section for p+#*W interaction calculated with the help of the
combined BCA-MD approach (column 2), with the constant approximation of the defect production
efficiency value above 31 keV (column 3) and with the help of the NRT model (column 4).

Proton energy Displacement cross-section (b)
(MeV)
BCA-MD MD, above 31 keV NRT
h = const

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.

In the last case the n(T) value has been calculated using Eq.(21a) obtained in
Ref.[14]. At the energy above 31 keV the constant n value equal to 0.26 has been used
for the calculations as adopted in the analysis [14] of the high energy proton
irradiation of tungsten. One can see a certain difference between the “constant
approach” and the result of the combined BCA-MD calculations. The most difference
Is about 60 % at the proton energy equal to 1 GeV.
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Recoil spectra for the elastic proton scattering were calculated as described in
Section 2.1.1.1.

Fig.17,18 show the total displacement cross-section o4 for tungsten calculated
using the BCA and MD models. Also, Fig.17 shows the o4 values derived from the
experimental resistivity damage rates in Ref.[10] and recovered using the Frenkel pair
resstivity equal to 27 mAMm for tungsten (Table 1). The figure shows the data from
Ref.[10] lie between the results obtained with the help of the BCA, MD models and
by the NRT approach at the proton energy above 0.2 MeV. The discrepancy between
ogq derived from the experiments [10] and the BCA-MD calculationsis not clear yet. It
can be related to the problem of the initial damage rate measurements and oy
derivation for tungsten or to the problems of the MD simulation in Ref.[14]. The same
discrepancy was observed in Ref.[14] for the experimental resistivity change in the
high energy proton irradiation of tungsten and the results obtained with the help of the
MD model.

Table 10 shows the ratio of the displacement cross-section obtained by the BCA
and MD models to the o4 cross-section calculated with the help of the NRT model
(Table 8).

2.1.2.2 Tantalum

There is no detailed information about the energy dependence of the defect production
efficiency h for tantalum.

The comparison of the averaged efficiency values derived from the neutron
irradiation experiments shows that the <h> values for tantalum and tungsten are fairly
close (Tables 3,6). Moreover, both metals have a bcc lattice, the same effective
threshold displacement energy and similar nuclear properties. This justifies to use the
main results obtained for tungsten in present work (Section 2.1.2.1) for the

approximate data eval uation for tantalum.
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Fig.17 The total displacement cross-section for 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 experimenta datain Ref.[10] (cycles).
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Fig.18 The tota displacement cross-section for tantalum and tungsten irradiated with protons

obtained with the help of the NRT model and the BCA,MD models. See explanations in the
text.
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Table 10

Theratio of the displacement cross-section obtained with the help of the BCA and MD models to the
cross-sections calculated with the help of the NRT model for the proton irradiation of tungsten.

Proton energy (MeV) od(BCA-MD)/64(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
35 0.675
5.0 0.658
8.0 0.639
10.0 0.634
18.0 0.621
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Table 10 continued

20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0
65.0
70.0
75.0
80.0
95.0
100.0
275.0
300.0
350.0
400.0
450.0

500.0

0.611
0.599
0.585
0.571
0.556
0.540
0.507
0.472
0.442
0.414
0.395
0.378
0.363
0.350
0.339
0.333
0.323
0.322
0.332
0.336
0.344
0.352
0.360

0.367
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Table 10 continued

550.0 0.375
600.0 0.382
700.0 0.393
800.0 0.405
900.0 0.416
1000.0 0.427

The ratio of the displacement cross-section calculated using the BCA, MD
models to the s4 value obtained by the NRT approach shown in Table 10 for tungsten
Is the average defect production efficiency <h> related to a certain initial proton
energy. With some reservation these <h> values can be used obtaining the
approximate displacement cross-section for tantalum basing on the o4 values
presented in Table 8. These evaluated values are presented in Fig.18.

One should note that the uncertainty in the o4 values obtained using different
nuclear models (Section 2.1.1.2) is probably more than the expected difference
between redlistic displacement cross-sections for tantalum and tungsten. This
conclusion results from the similar <h> values for tantalum and tungsten obtained
from the analysis of measured resistivity damage rates in various neutron irradiation
experiments (<h>(Ta) = 0.73 £ 0.09, <h>(W) = 0.61 + 0.08). It can not diminish the

importance of the further investigations for tantalum.
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2.2 Neutron irradiation

2.2.1 Nuclear models and tools used for the recoil spectra calculation

The recoil spectrum for neutron elastic scattering, (do/dT)y is completely defined by
the angular distribution of scattered neutrons. In the present work the nuclear optical
model [141] used for the calculation of (do/dT)y. The comparison of the results
obtained with the help of different optical potentials is discussed below in Section
2.2.4.1.

The evaluation of the recoil spectrum for reactions implies the calculation of the
energy and angular distributions of the secondary particles and the residual nucleus
basing on the relativistic conservation laws. In the present work, the nonelastic
component of the recoil spectrum, (do/dT),, is calculated with the help of the various
nuclear models incorporated in the MCNPX code package [142]: the Bertini,
ISABEL, CEM2k and INCL4 models. They are combined with the pre-equilibrium
exciton model and with the evaporation model.

Historically, the development of the Bertini model [143,144] was linked with the
widely used NMTC [145] code and the HETC [146] code operation. The ISABEL
model [147,148] is the further development of the approach of Chen, Fraenkel,
Friedlander et al. [149] which was put in the basis of the VEGAS code. The popular
CEM model has being created and improved during last three decades [150-156]. The
INCL4 model was developed in Refs[157,158].

The common feature of the Bertini, ISABEL and CEM2k models is the
approximation of the real nuclear density distribution by concentric zones with
constant density. The ISABEL model presents the division of the nucleus in sixteen
zones, CEM2k implies seven zones and the Bertini model presents three-zone
divison. In INCL4 the nuclear density is approximated by the Woods-Saxon function.

The main difference between all models consists in the approaches used for the
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intranuclear interaction simulation, determination of the point of particle interaction,
selection of collison partners for the moving nucleons and pions and the
parameterization of n-n and z-n cross-sections.

The description of the multistage pre-equilibrium exciton model used in the
combination with the Bertini model and the ISABEL model is given in Refs.[159,160]
The exciton model incorporated in CEM 2k is described in Refs.[161,162].

The equilibrium particle emission is simulated by the ssmple Dresner model
[163] and by the advanced ABLA model [164] in the calculations carrying out using
the Bertini, ISABEL and INCL4 models. The CEM2k has its own separate
evaporation algorithm described in Refs.[161,162].

In the calculations discussed below the intranuclear cascade model, except the
INCL4 model, was always used together with the pre-equilibrium and evaporation
models. An indication on the cascade model “Bertini” and “ISABEL” implies aso the
application of the pre-compound exciton algorithm describing the de-excitation of
resdual nucle formed after the fast particle emission. “CEM2k” aways means the
use of intranuclear cascade, pre-equilibrium exciton and evaporation models.

A specia case is presented when the use of the intranuclear cascade model and
pre-equilibrium model is chosen randomly. A selection of pure pre-equilibrium
calculation is made by Monte Carlo according to the formula[138]: min(25 MeV/E,
1.0), where E is the projectile energy. If the random choice is for the intranuclear
cascade cal culation the pre-equilibrium model is applied only at the end of the cascade
particle emission. In the MCNPX code the procedure is used only for the Bertini
intranuclear cascade model. This approach is noted as “MBP’ (Mixed Bertini Pre-
equilibrium model) in the present work.

The calculations with the help of the nuclear models from MCNPX were
performed with a set of default parameters described in Refs[138,142].
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2.2.2 Comparison of calculations with available experimental data

The experimenta data for recoil atom spectra are absent for both tantalum and
tungsten. For this reason the comparison of the calculations and experimenta data was
performed for other values, which accuracy of the description is significant for the
accuracy of the do/dT calculation.

Figs.19,20 show the neutron total cross-section for natural tantalum and tungsten,
calculated with the help of the MCNPX code and the measured data [165-171]. It
should be noted that the computation of the total cross-sectionin MCNPX is based on
the approximation of results of the optical model calculation [138] and does not
depend on the type of the intranuclear cascade model selected for the calculation.
There is a good agreement between the MCNPX cross-sections and the available
experimental data at the energies above 20 MeV. A small systematic difference
between the calculated and measured cross-section is observed at the energies below
450 MeV. Figs.21,22 show the neutron emission spectra for **'Ta and ***W irradiated
with 20-MeV and 26-MeV neutrons. The calculations were performed with the help of
the different combinations of the intranuclear cascade model and evaporation model:
Bertini/Dresner, Bertini/ABLA, ISABEL/Dresner, MBP/ABLA and with the CEM2k
model. The measured data are from Refs.[172,173]. Generally, the agreement between
the calculations and the experiment is rather good. It is not surprising taking into
account that the calculations by the high energy intranuclear models are added with
the pre-compound exciton model algorithm. For the hard part of the spectra the best
agreement is between the experimental data and the Bertini and Mixed Bertini Pre-
equilibrium model (MBP). The low energy part is reproduced better by the use of the
ABLA approach.

The double differential cross-section is another nuclear reaction characteristic
which prediction has direct sense for the accuracy of the recoil spectra calculation.

Such cross-sections of neutrons emitted from the reaction on *'Ta and **W induced
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by 20-MeV and 26-MeV neutrons are shown in Figs.23,24. The data for the outgoing
neutron energy equal to 2.8 and 4.8 MeV (Fig.23) correspond to the evaporation part
of the ¥ Ta(n,n’) spectrum and the data for other emission energies (Fig.23,24) relate
to the non-equilibrium part of the neutron spectrum for **'Taand ***w.

The comparison of the data plotted in Fig.23,24 shows that the best description of
the experimental data is presented by the MBP/ABLA approach. The CEM2k model
Is also successful for the prediction of the pre-equilibrium part of the spectra at the
neutron emission energy above 4.8 MeV.

The experimental information about the energy and angular distribution of the
secondary particles emitted in neutron induced reaction on tantalum and tungsten
above 20 MeV is limited by the data set discussed above. In this case the data for
proton induced reactions can be used for the verification of the methods of the
calculation. The comparison is performed for the double differential cross-sections of
neutrons and protons emitted from the p+Ta reaction at the primary proton energy
around 600 MeV.

Calculated and measured [174,175] distributions of neutrons and protons are
plotted in Figs.25,26. The comparison shows that none of the models gives the
detailed description of the experimental data. The neutron double-differential cross-
section calculated with the help of the intranuclear cascade models is found to be
lower than the measured data at various emission angles (Fig.25). The MBP and
Bertini models present the best result for the 150°-angle neutron emission. The proton
distribution (Fig.26) calculated by the INCL4 model isin the good agreement with the
experimental data a the angles 60-150°. For small proton angle (30° the result
obtained by INCL4 is the worst comparing with other codes.

The comparison performed for the neutron and proton angular distributions gives
the definite freedom in choosing the model of calculation to obtain the neutron
displacement cross-sections around 600 MeV, because none of the models shows an

excellent agreement with the experimental data[174,175].
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Fig.19 The neutron total cross-section for natural tantalum calculated with the help of the MCNPX
code and measured in Refs.[165-169].
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Fig.20 The neutron total cross-section for natural tungsten calculated with the help of the MCNPX
code and measured in Refs.[170,171].
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Fig.21 The neutron emission spectrafor **Tairradiated with 20-MeV neutrons cal culated with the
help of the different nuclear models incorporated in the MCNPX code: Bertini/Dresner (thin
solid line), CEM 2k (dot line), ISABEL/Dresner (dash-dot line), Bertini/ABLA (dash-dot-dot
line) and MBP/ABLA (thick solid line). The measured data are from Ref.[172] (black circle).

10° 3

W (n,n)x E =26 MeV
10° E

ds/de (mb/MeV)

R e e o e B L e B E e e B m s
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Neutron energy (MeV)

Fig.22 The neutron emission spectra for ***W irradiated with 26-MeV neutrons calculated with the
help of the different nuclear models incorporated in the MCNPX code. The measured data
are from Ref.[173] (black circle). See also captions for Fig.21.
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Fig.23A The double differential cross-section of neutrons emitted with the energies 2.8, 4.8, 7.8 and
9.8 MeV from the reaction on ***Tainduced by 20-MeV neutrons calculated with the help
of the different nuclear models incorporated in the MCNPX code. The measured data are
from Ref.[172] (black circle). See also captions for Fig.21.
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The double differential cross-section of neutrons emitted with the energies 11.8, 13.8, 15.8
and 17.8 MeV from the reaction on *®'Tainduced by 20-MeV neutrons cal culated with the
help of the different nuclear models incorporated in the MCNPX code. The results of the
Bertini/Dresner and Bertini/ABLA calculations almost coincide. The measured data are
from Ref.[172] (black circle). See also captions for Fig.21.
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Fig.24 The double differential cross-section of neutrons emitted with the energies 12.5, 15.5, 18.5
and 21.5 MeV from the reaction on ®*W induced by 26-MeV neutrons calculated with the
help of the different nuclear models incorporated in the MCNPX code. The results of the
Bertini/Dresner and Bertini/ABLA calculations amost coincide. The measured data are from
Ref.[173] (black circle). See also captions for Fig.21.
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Fig.25 The double differential cross-section of neutrons emitted from the reaction on **'Ta induced
by 590-MeV protons cal culated with the help of the different nuclear models incorporated in
the MCNPX code: Bertini/Dresner (thin solid line), CEM2k (dot line), ISABEL/Dresner
(dash-dot line), Bertini/ABLA (dash-dot-dot line), INCL4/ABLA (open circle-solid line) and
MBP/ABLA (thick solid line). The results of the Bertini/Dresner and Bertini/ABLA
calculations amost coincide. The measured data are from Ref.[174] (black circle).
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Fig.26 The double differential cross-section of protons emitted from the reaction on ***Ta induced
by 600-MeV protons calculated with the help of the different nuclear models incorporated in
the MCNPX code. The measured data are from Ref.[175] (black circle). See also captions for
Fig.25.
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2.2.3 Comparison of calculations with ENDF/B-VI data

For tungsten isotopes the comparison of the calculations with the ENDF/B-VI
(Release 8) data above 20 MeV can be performed directly for the recoil atom spectra.
Figs.27,28 show the integral recoil spectra for ***W irradiated with 26-MeV and 150-
MeV neutrons. The spectra were taken from ENDF/B-VI (8) by summing of the
individual spectrafor al nuclides produced in the nonelastic neutron interactions with
¥\ and calcul ated with the help the different approachesin the present work.

The result of the calculation for 26-MeV neutron induced reaction (Fig.27) isina
general agreement with ENDF/B-VI. The best agreement is observed between the
ENDF/B-VI data and the (do/dT)qon Spectrum calculated with the help of the CEM2k
model and the MBP model combined with the ABLA approach.

In the analysis, the recoil spectrum can not be smply divided on the
“evaporation” and “pre-equilibrium” parts as in the case of the spectrum of particle
emission. The wide plateau in (do/dT),o, aoove 0.6 MeV (Fig.27) is rather due to the
a-particle emission contribution in the recoil spectrum [176] than it results from the
nucleon pre-compound emission. Also the low energy part of the spectrum (T < 0.1
MeV) is formed by the contributions of particles emitted on the pre-compound and
equilibrium reaction stage. Here the results obtained with the help of the Dresner and
ABLA evaporation models are close (Fig.27), athough the use of these models results
in different values of the particle evaporation spectrum (Figs.21,22).

Fig.28 shows the considerable discrepancy between the ENDF/B-VI (8) data and
the recoil spectrum calculated for 150-MeV neutron induced reaction. At the same
time the (do/dT)0n Values obtained with the help of the different models are in a good
agreement.

It seems to be rather impossible to give an exhaustive explanation of the
discrepancy between the ENDF/B-VI data and the recoil spectrum calculated with the

help of the intranuclear cascade - pre-equilibrium exciton - evaporation models
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(Fig.28). Nevertheless a number of reasons can be mentioned helping to elucidate the
problem. The data evaluation for ENDF/B-VI at the energies above 20 MeV has been
performed with the help of the GNASH code [177]. The code is based on the pre-
equilibrium exciton model [177-181] and the statistical Hauser-Feshbach model. The
multiple pre-compound particle emission is taken into account according to Ref.[181].
The emission of the second pre-equilibrium particle is described approximately [181]
and the escape of third and other fast particles is not considered. At the same time the
detailed description of the multiple pre-equilibrium emission is significant to get the
agreement between calculated spectra and the experimental data at the intermediate
energies [182]. In addition, the recoil atom spectra have been prepared for ENDF/B-
VI using an approximate procedure [183] separated from the main GNASH
calculation.
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Fig.27 The integra recoil atom spectrum for the reaction on ***W induced by 26-MeV neutrons
derived from the ENDF/B-VI data (cross-solid line) and calculated with the help of the
different nuclear models from MCNPX. See also captions for Fig.25.
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Fig.28 The integral recoil atom spectrum for the reaction on **W induced by 150-MeV neutrons
derived from the ENDF/B-VI data and calculated with the help of the different nuclear
models from MCNPX. See also captions for Figs.25,27.

The necessity to use the approximations discussed above in the ENDF/B-VI data
preparation was not a consequence of the limitation of theoretical models, and it
resulted from the GNA SH code a gorithm based on the common integration of particle

emission rates. These approximations are completely substituted for the accurate

184
W

ENDF/B-VI

E =150 MeV

I ' I
3 4

Energy (MeV)

calculations in the codes using the Monte Carlo method.

The initial energy about 150 MeV was justified in many works for the application
of quasi-classical intranuclear cascade model especially combined with the pre-
equilibrium model [184]. It is an indication that probably at the energies around 150
MeV the preference should be given to the calculation of (do/dT)q., With the help of
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the models incorporated in the MCNPX code rather than to the evaluated data from
ENDF/B-VI.

2.2.4 Calculation of displacement cross-section using the NRT model

2.2.4.1 Elastic neutron scattering

The elastic displacement cross-section sy has been calculated with the help of the
nuclear optical model, using the neutron angular distributions from ENDF/B-VI (8)
and with the help of the MCNPX code. The comparison of the s44 Values obtained is
discussed below after a short comment about the codes used for the calculation.

The Rayna code [141] has been used for the spherical optical model calculation.
The relativistic corrections were taken into account. The ENDF/B-VI (8) data were
transformed to the displacement cross-sections by the NJOY code [2]. The angular
elastic distributions were calculated by MCNPX basing on the interpolation of the
tabulated data [138]. The standard output file “histp” was used to obtain the sggq
values.

Figs.29-31 show the elastic displacement cross-section calculated with the help
of the optical model and the optical potentias from Refs.[131,133,134,185], the Sy
values obtained from the ENDF/B-VI data and the cross-sections calculated using the
MCNPX code. The detailed view of the cross-sections sy4 at the energies up to 150
MeV is shown in Figs.29,30 for **'Taand ***W. The values obtained at the energies up
to 1 GeV are shown in Fig.31 by the example of **'Ta

The comparison of the data plotted in Figs.29-31 shows a discrepancy between
the elastic displacement cross-sections calculated using different sets of the optical
model parameters and the ENDF/B-V1 (8) data. Partly, the agreement is observed for
the sq¢ values calculated with the help of the Koning, Delaroche potential [131] and

the Walter, Guss potentia [133] at the energies below 50 MeV (Figs.29,30). These
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values are close to the ENDF/B-VI data for **'Taat 20 MeV (Fig.29). Also, the cross-
section calculated using the Koning, Delaroche optical potential [131] is close to the
Sqq Vaue obtained with the help of the Madland potential [134] at 140-200 MeV. The
ENDF/B-VI data for **W are in the agreement with the calculations performed using
the Becchetti, Greenlees optical model parameters [185] at the energies 20 -40 MeV.

400

1 181
350 4 Ta

300

Sga (D)
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Fig.29 The elastic displacement cross-section for **'Ta calculated at the energies below 150 MeV
using the ENDF/B-V1 data (cross-solid line), using the MCNPX code (open circle-solid line)
and with the help of the optical model with optical potentials of Becchetti, Greenlees (dash-

dot-dot line), Walter, Guss (dash-dot line), Madland (dash line) and Koning, Delaroche (solid
line).
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Fig.30 The elastic displacement cross-section for ***W calculated at the energies below 150 MeV
using the ENDF/B-VI data, using the MCNPX code and with the help of the optica model
and different optical potentials. See also captions for Fig.29.

The observed discrepancy between the sy values obtained with the help of the
different sets of the optical model parameters fairly complicates the evaluation of the
elastic displacement cross-section.

In the present work the preference is given to the calculations of sy¢ basing on
the newest optical potential of Koning and Delaroche [131] and the Madland potential
[134]. Above 50 MeV a relative uncertainty of the evaluated elastic displacement
cross-section does not make a strong impact on the total displacement cross-section
value, because the possible contribution of s44 in the total displacement cross-section
does not exceed 10-13 %.
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Fig.31 The elastic displacement cross-section for **'Ta calculated at the energies below 1 GeV using

the ENDF/B-VI data, using the MCNPX code and with the help of the optica model and
different optical potentials. See also captions for Fig.29.

2.2.4.2 Nondastic neutron interactions

The displacement cross-section related to the neutron nonelastic interaction with

nucleus, o4non has been calculated with the help of the different models incorporated

in the MCNPX code. The ENDF/B-VI (8) data were treated by the NJOY code.
Figs.32,33 show the 64 non Values calculated for **'Ta and ***W at the energies up

to 150 MeV. The displacement cross-section obtained in the whole energy range up to
1 GeV isshownin Fig.34 for **'Ta.
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below 150 MeV calculated using the ENDF/B-VI data (cross) and the different nuclear
models from the MCNPX code: Bertini/Dresner (thin solid line), CEM2k (dot line),
ISABEL/Dresner (dash-dot line), Bertini/ABLA (dash-dot-dot line), INCL4/ABLA (open
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Fig.33 The displacement cross-section for neutron nonelastic interactions with **W at the energies

below 150 MeV calculated using the ENDF/B-V1 data and the different nuclear models from

the MCNPX code. See also captions for Fig.32.
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Fig.34 The displacement cross-section for neutron nonelastic interactions with '®'Ta at the energies
below 1 GeV calculated using the ENDF/B-V | data and the different nuclear models from the
MCNPX code. See also captions for Fig.32.

The curve calculated using the INCL4/ABLA model has an unphysical breaks at
the neutron energy 100 MeV. The break at 100 MeV has its origin in the intranuclear
cascade INCL4 code, because calculations with INCL4/Dresner give the same break
at the same energy.

A good agreement is observed between the ENDF/B-VI data and the
displacement cross-sections calculated using the MBP/ABLA mode for **'Ta at the
energy 20 MeV. The same agreement is observed for tungsten at the energies up to 70
MeV.

In general, the difference between the o4 non Values obtained with the help of the
different models is significant (Fig.34). The ISABEL/Dresner model gives the
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smallest values of the displacement cross-section comparing with other approaches.
The largest values of o4non COrrespond to the results obtained by the MBP/ABLA
model at the energies from 150 to 450 MeV and to the CEM2k calculations at the
energies above 450 MeV.

The 6400 Value calculated with the use of the ABLA evaporation model is always
larger than the value obtained by the Dresner model. The example is shown in
Figs.32-34 for the Bertin/ABLA and Bertini/Dresner calculations. The same
difference is observed also for the INCL4 and ISABEL models combined with the
ABLA and Dresner models.

It is interesting that the value of the displacement cross-section calculated with
the help of the oldest Bertini and Dresner models amost coincides with results
obtained by the combination of the newest INCL4 and ABLA models at energies
above 100 MeV (Fig.34).

As for a proton irradiation (Section 2.1)observed uncertainty in the neutron cqnon
values calculated using different nuclear models (Figs.32-34) can not be overcome at
present time. It should be considered as an error of the neutron nonelastic
displacement cross-section value obtained theoretically. This error isup to 25 %.

2.2.4.3 Total displacement cross-section for neutron irradiation

The total value of the displacement cross-section o4 was calculated as a sum of the
displacement cross-section for elastic neutron scattering oqq and the displacement
cross-section for the neutron nonelastic interactions 64 non.

The 644 Cross-section has been calculated with the help of the optical model with
Koning, Delaroche potential [131] at the energies 20-200 MeV. Above 200 MeV the
elastic displacement cross-section has been obtained with the help of the Madland
potential [134] and by the calculation with the MCNPX code.
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The MBP/ABLA model showing the relative success in the description of the
experimental data (Section 2.2.2) and the good agreement with ENDF/B-V1 (8) has
been used to get the 64,00 Values at the energies from 20 to 80 MeV. At the high
energies the nonelastic displacement cross-section has been calculated with the help of
the Bertini/Dresner model. The use of this model is consistent with the proton
displacement cross-section evauation for tantalum and tungsten (Section 2.1.1.3) and
resultsin the 64,0, Values close to ones obtained by the INCL4/ABLA approach.

The cross-sections obtained were adjusted to the ENDF/B-V| (Release 8) data for
181Ta and tungsten isotopes at 20 MeV .

The evaluated total displacement cross-sections o4 are shown in Table 11 and in
Fig.35 at the energies above 20 MeV. Below 20 MeV the o4 values can be easly
obtained from the ENDF/B-V|I data with the help of the NJOY code.
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Fig.35 The total displacement cross-sections evaluated for ®Ta (dash line) and natural tungsten
(solid line) at the energies above 20 MeV.
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Table 11

The total neutron displacement cross-section evaluated for **'Ta and ™W at the energies up to 1
GeV. The number of defects has been calculated by the NRT model. The effective threshold

displacement energy is equal to 90 eV.

Neutron Energy 18l14 natyp s
(MeV)
20. 1167. 1147.
22. 1280. 1245.
24. 1398. 1353.
26. 1490. 1442.
28. 1556. 1512.
30. 1622. 1583.
35. 1736. 1712.
40. 1846. 1842.
45. 1924. 1923.
50. 1998. 1995.
55. 2056. 2051.
60. 2111 2106.
65. 2175. 2164.
70. 2238. 2221.
75. 2287. 2279.
80. 2337. 2337.
85. 2370. 2369.
90. 2404. 2402.
95. 2420. 2422.
100. 2437. 2442.
110. 2490. 2486.
120. 2523. 2522.
130. 2569. 2567.
140. 2608. 2613.
150. 2673. 2684.
160. 2717. 2738.

83



Table 11 continued

170. 2788. 2813.
180. 2840. 2875.
190. 2903. 2938.
200. 2951. 2986.
225. 3130. 3169.
250. 3305. 3352.
275. 3480. 3544,
300. 3649. 3718.
350. 4027. 4109.
400. 4396. 4503.
450. 5001. 5116.
500. 5421. 5566.
550. 5762. 5934.
600. 6127. 6313.
650. 6418. 6633.
700. 6688. 6882.
750. 6922. 7181
800. 7164. 7395.
850. 7394. 7665.
900. 7580. 7867.
950. 7771 8040.
1000. 7937. 8221.

2.2.5 Calculation of neutron displacement cross-section using “BCA” and “ MD”

models

Detailed information about the number of defects produced under the irradiation,
which is necessary for the displacement cross-section calculation at the energies up to

1 GeV, isavailablefor tungsten only.



The calculation of the number of Frenkel pairs in tungsten using the BCA and
MD models was discussed above (Section 2.1.2.1).

The displacement cross-sections obtained are shown in Fig.36 at the primary
neutron energies from 5 keV up to 1 GeV. For the comparison the displacement cross-
section calculated using the NRT model is also shown.
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Fig.36 The total displacement cross-section for natural tungsten irradiated with neutrons calculated
with the help of the NRT model (dash line) and the BCA and MD models (solid line) at the
energiesfrom 5 keV to 1 GeV.

The ratio of the displacement cross-section calculated for natural tungsten with
the help of the BCA and MD models to the cross-section obtained by the NRT model
can be approximated by the following functions
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E £0.0657 MeV:

SCE;:CA,MD /SL\‘RT :10 (22a)
0.0657 < E£ 0.9 MeV:
SECAMD [ NRT = _ 3 70613 4+ 0.4825% + 3.559 (22b)

0.9 < E £ 1000 MeV:
SBCAMD [ NRT = 3 279X 0" *$n’(E) - 4.05240 >#n*(E)+2.291:40 **n’(E) -
- 5.96940 %*n(E)+0.3245, (22c)

where E istheinitial neutron energy in MeV.

Formula, Eq.(22) can be used to recover the redlistic values of the displacement
cross-section for natural tungsten using the cross-section obtained with the help of the
NRT model s}*". The s} values are shown in Table 11 at the energies above 20

MeV. Below 20 MeV the s cross-section is prepared with the help of the NJOY

code using the ENDF/B-V1 data.

For tantalum the reliable information about the energy dependence of the number
of Frenkel pairs produced under the irradiation is absent. Evidently, tantalum and
tungsten have fairly similar averaged efficiency values derived from the experimental
damage resistivity rates for neutron irradiation (Tables 3,6). Both metals have a bcc
lattice, the same effective threshold displacement energy and similar nuclear
properties. Nevertheless, it not seems to be a rigorous justification of the use Eq.(22)
obtained for tungsten to get the redlistic displacement cross-section for tantalum. For
tantalum Eq.(22) can be used for a crude approximate evauation of displacement

cross-section only.
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2.3 Summary about the computation of displacement cross-sections for tantalum
and tungsten and the combined BCA-MD method for the calculation of the number

of defectsin irradiated materials

A method has been proposed for the calculation of the number of defectsin materials
irradiated with intermediate and high energy particles. It includes the use of the MD
method for the smulation at low ion energies ( 5 — 50 keV) and the application of the
BCA model at higher ion energies. The method was implemented in the IOTA code.
The efficiency of defect generation in materias calculated in the present work at high
energies shows the substantia difference with the “ constant efficiency” approach used
by other authors, e.g. in Refs.[14,86].

The displacement cross-section has been obtained for tantalum and tungsten
irradiated with protons at energies from several keV up to 1 GeV and with neutrons at
energies from 10°° eV to 1 GeV.

The displacement cross-section for proton and neutron elastic scattering has been
calculated using the data from ENDF/B-V1 and by the optical model with the help of
the ECIS96 code. The good agreement was found for the proton sy4 values obtained
using various modern optical potentials. For neutrons the agreement is observed for
Sqa Calculated using the Koning, Delaroche optical potential [131] and the Walter,
Guss potential [133] at the energies below 50 MeV. The neutron elastic displacement
cross-section obtained by the Koning, Delaroche potential is close to the sq¢ value
calculated using the Madland optical potentia [134] at 140-200 MeV.

The displacement cross-section for the nucleon nonelastic interactions s g0, has
been calculated using the MCNPX code package. The total displacement cross-section
has been evaluated for tantalum and tungsten at nucleon incident energies up to 1
GeV.
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3. “He production cross-section for heavy nucle irradiated with neutrons and

protons at the energiesup to 1 GeV

Popular nuclear models and approaches used for the description of the a-particle
emission in the nucleon induced reactions at the intermediate energies were anayzed.
The a-particle emission spectra, the non-equilibrium a-particle yields and the total a-
production cross-sections were calculated with the help of the GNASH code, the
modified ALICE code, the DISCA code and the different codes from the MCNPX
package. The results of the calculation were compared with available experimental
data, systematics values and data from ENDF/B-VI and JENDL-HE. Data from
FENDL/A-2, JENDL-3.3, CENDL-2 and JEFF-3/A were also used for the comparison
with calculations and measured data for neutron induced reactions below 20 MeV.
The discrepancies between the calculations and the experimental data have been
analyzed. The “He-particle production cross-section has been evaluated for **'Ta, "W
and **’Au at the energies of the incident neutrons and protons from several MeV to 1
GeV.

3.1 Brief description of models and codes used for “He production cross-section

calculation
3.1.1 Pre-compound model combined with evaporation model

3.1.1.1 The GNASH code

The GNASH code implements the pre-equilibrium exciton model and the statistical
Hauser-Feshbach model [186]. The basic description of the code and the models used
isgivenin Ref. [177].
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The pre-equilibrium nucleon emission is described by the following expression
resulting from an anaytical solution of master equations of the exciton model

ds _
d ex non

(25, +)me,sr'@) g g WR-LhU) 1

p®h® ol w(p,h,E) |+ +

n

(E,) . D(n) ,(23)

where s o, IS the cross-section of nonelastic interaction of the primary particle with a
nucleus at the kinetic energy E,; S, and ny are spin and reduced mass of the outgoing
nucleon of x-type; e, is the kinetic energy of the nucleon; s is the inverse reaction
cross-section for x-particle; w(p,h,E) is the density of exciton states with “p” particles
and “h” holes (p+h=n) at the excitation energy E calculated according to Williams
[188]; U isthe final excitation energy, U=E- Q- & and Qy is the separation energy for
nucleon; | 7, and | |, aretransition rates from the n-exciton state to the states with n+2

and n-2 excitons, correspondingly; ¢, is the nucleon emission rate; R,(n) is the factor
describing the difference between the number of neutrons and protons in the n-exciton

state; D(n) is the factor, which takes into account the “ depletion” of the n-exciton state

due to the nucleon emission; ng is the initial exciton number. The transition rates | *,

and |, are calculated as follows
| =(2p/hy<|M|* >w™" (n,E), (24)
where <|M[>>is the averaged squared matrix element for two-body interaction
parameterized as the set of functions of E/n in Ref. [188]; w*" is the density of states
avallable for transitions from “n” to “n+2” and “n-2" exciton states calculated
according to Refs. [177,189].
The multiple pre-equilibrium emission (two pre-compound nucleons escape) is

described according to Ref.[181]. The improvement of the approach [181] is discussed
in Ref.[182].
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The pre-equilibrium a-particle emission spectrum for nucleon induced reaction is
calculated as a sum of components corresponding to the mechanism of pick-up and

knock-out

dS dS pick- up dS knock - out
= +
de de de ’ (25)

a a a

and the components are evaluated according to the phenomenological Kalbach
approach [189]

dS pick- up

dea | | (26)
(2S, +DA, e, s (e,) W P(U) f(N,Z,D,,D,) (780/A)° E;° 2.8" 10°?,

where S, and A, are spin and mass number of the a-particle emitted; A, Z, N are
atomic mass number, atomic number and number of neutrons for a target nuclide,
respectively; the energy units are MeV; W' " is the final state density for pick-up

process and “f” is the function defined below

. 6 3 -
Wplck-UD:— W0,|,U )
f o4 0.i.U) (27)

f(N,Z,D,,D,) =(2Z/A)%% (2N / A) )OIz (28)
where D, and D, are number of neutrons and protons transferred in the pick-up

process. The knock-out component of spectrum is calculated as follows

dS knock - out ;
=3 E
dea non( D)
881;1% (2S, +DA, e, 57" (6,) W™ **(U) f(N,Z,D,,D,) A*Z 0.06,
a

where the units are mb for the cross-sections and MeV for the energy, w/™ " isthe

final state density for the knock-out process
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nock- o 1 10
w; " t:gxgagJ-Z_gx_Eé (30)
here g, is the single particle density for neutrons and protons depending from
projectile, g,=N/13, g,=N/13; the level density for a-particle g, is equal to A/52.

The pre-equilibrium emission of a-particles following the nucleon emission, i.e.
the multiple pre-compound a-emission is not considered in the GNASH code.

Equilibrium particle emission is described with the help of the Hauser-Feshbach
model. The combination of the exciton model formulated without the consideration of
angular momentum, Eq.(23) and the angular dependent statistical model is discussed
in Refs.[177,180].

In the present work two different approaches were used for the nuclear level
density calculation in equilibrium states. The cal culation was done with the help of the
Fermi gas model with the nuclear level density parameter depending from the
excitation energy [190] and the generalized superfluid model [191].

In the approach of Ignatyuk and coauthors [190] the nuclear level density is
described by expressions basing on the Fermi gas model. The nuclear level density

parameter is calculated as follows
a(U)=a (1+j (U)dw/U), (31)

where U is the energy of the excitation corrected for the odd-even difference in the
nuclear level density; &is the asymptotic value of the nuclear level density parameter;
dW is the shell correction to the mass formula equal to the difference between
experimental mass defect and one calculated from the liquid drop model; j (U) isthe

dimensionless function equal to
j (U)=1-exp(-cU), (32)
with y = 0.054 MeV™. The asymptotic value dis defined by the equation
a/lA=a+bA, (33)
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where o and B are parameters defined in Ref.[177] o = 0.1375 and p = - 8.36" 10>,
which values are different from ones obtained in the original work [190]. This model
Is used for the calculation of the nuclear level density at high excitation energy. At
low energy of excitation the constant temperature approach [177] is applied for the
calculations.

Other model used for the nuclear level density calculation is the generalized
superfluid model with the parameters fitted to the cumulative number of low-lying
levels and observed neutron resonance densities [191]. The expression for nuclear

level density iswritten as follows
r(U,J,p) =r 4, (U, 3 p) K, (U)K (U, (34)

wherer 4,(U’,J,p) isthe density of quasi-particle nuclear excitation [191], K,i,(U’) and
Kiot(U") are the vibrational and rotational enhancement factors at the effective energy
of excitation U’ calculated according to Refs. [191,192].

The nuclear level density parameters are calculated according to the expression
[191,193]

i 3(l+dwj (U-E,)/(U-E_,) U>U,

Lau,), UEU,, (35)

where the effective energy of excitation U’, the critical energy of the phase transition
U, and the condensation energy E..ng are calculated according to Refs.[191,193]. The
function j (U) is defined by Eq.(32) with the g value equal to 0.4/A"® MeV™. The

asymptotic value of the nuclear level density parameter is equal to

8A =a+bA™?, (36)
where o and  are coefficients obtained in Ref.[194] from the fitting of Eq.(36) to the
RIPL-1 data[195], « = 0.118 and b = - 0.172.

The calculation of the nuclear level density with the help of the Fermi gas model
[190] was carried out by the GNASH built-in routines. The constant temperature and
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Fermi gas expressions for the level density were matched approximately, which
corresponds to the input parameter IBSF controlling the level density option equa to
2. The generalized superfluid model [191,193] is used in modified version of the
GNASH code [182,194,196].

The neutron and proton optical potential from Ref. [131] was used for the
calculation of the reaction crosssection and transmission coefficients. The
transmission coefficients for a-particles were obtained with the help of the optical
potential from Ref.[197]. The calculations were carried out by the ECIS96 code [141].

3.1.1.2 The ALICE/ASH code

The code is based on the geometry dependent hybrid pre-compound decay model
[198,199] (GDH) and the evaporation Weisskopf-Ewing model [200]. The
ALICE/ASH code is an advanced version of the original M.Blann code [201]. Partly,
the modification is described in Refs.[202,203]. It concerns the implementation in the
code the models describing the pre-compound composite particle emission [204-206]
and fast gemission [207], different approaches for the nuclear level density
calculation [202,203,208] and the model for the fission fragment yield calculation
[209,194].

The code under different names [202,203] was successfully used for the
preparation of activation data libraries & intermediate energies MENDL [210,208,
211], IEAF [212-214] and WIND [213,215-217]. The neutron, charged particle,
photon and recoil spectra applied for the composition of nuclear data files, the
transport and heat deposition calculations [176,213,218] have been obtained with the
help of the code. ALICE/ASH has been used for the description of the heavy cluster
pre-compound emission [219] and for the calculation of fission fragment distributions
for actinides irradiated with nucleons at intermediate energies [182,194,196].
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In the GDH model the pre-equilibrium spectrum of nucleons is calculated as
follows [199]
d w(p-Lh,U) 15

_S: 2 g 2
de. pD 90(2|+1)T. nc'flnoRx(n) Wo.hE) 15+ gD(n), (37)

where D is the reduced de Broglie wavelength of the incident particle; T, is the
transmission coefficient for I-th partial wave; R (N) is the number of nucleons of x-
type in the n-exciton state calculated according to Ref.[199]; g is the single particle
level density equal to A/14; |, is the emission rate of nucleon calculated with the

following formula

o (25, +Dme s (e,)
' p*h*g, ’

where the single particle density gy is equal to Z/14 for protons and N/14 for neutrons.

(38)

Theintranuclear transition rate | °, is defined as follows

17 =Vs,(e)r,, (39)
where V is the velocity of nucleon inside the nucleus; sq is the nucleon-nucleon
scattering cross-section corrected for the Pauli principle; r, is the average nuclear
density at the distance from ID to (I +1)D.

For the initial nuclear state with three excitons the density of the excited states
w(p,h,E) is calculated by the model [220] considering the final depth of the nuclear
potential well. The multiple pre-compound emission is described by the approximate
approach [199]. Asin the GNASH code, only two fast particles escape is considered.
The correction made for the high energy tails of (p,x)n and (n,x)p reaction spectra
calculated by the GDH model is discussed in Ref.[213].

The pre-equilibrium a-particle emisson spectrum is calculated as a sum of

components corresponding to the mechanism of pick-up and knock-out, Eq.(25). The

models used here are rather different from ones implemented in the GNASH code.

94



The contribution of the pick-up mechanism is calculated with the help of the
coalescence pick-up model [221,222] combined with the hybrid exciton model [204]

dS pick- up
d

o o - k,h,U 1© (e,
=Snon(Ep) a a ka(ea) W(p ) (e)

€, n=n, k+m=4 ' W(p,h,E) | ea(ea) +] J;(ea) da D(n) ,(40)

where Fy n(€,) is the alpha formation factor [221] equal to the probability that the of

a-particle is composed of “k” particles above Fermi level and “m” particles below; the

residual excitation energy U is equal to E - Q,-e,; |5 is the emission rate of a-

particle; |5, is the intranuclear transition rate corresponding to the absorption of a-
particle in anucleus; g, isthe density of single states for a-particle. The emission rate

of a-particleis calculated with the following formula

e = (25, +)me, si™(e,)
a DZthé1

: (41)

and the inverse reaction cross-section for a-particle s!‘v (e,) is caculated by the

optical model with the parameters described in Ref. [23]. The absorption rate of a-

particle is defined asfollows
1%, =2W> /h, (42)

where W istheimaginary part of the optical potential for a-particle.
The knock-out contribution to the a-particle spectrum is calculated with the
following expression [205]
ds koot

o . g w(p-21h,U) 1% (e,)
= =g E Yol
de, S A T T TN D 1P+l o)

D(n), (43

where the factor g/(g.p) justifies the substitution of the level density
w(p,p,n,n,a,a,E) for the three-component system (neutron, proton, a-particle)

[223,205] by the one-component state density w(p,h,E) in Eq.(43); j . is the
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probability of interaction of the incident particle with “pre-formed” a-cluster resulting
in its excitation in the nucleus [223].

The pre-compound a-emission after the pre-compound escape of neutrons and
protons (multiple pre-equilibrium emission) is taken into account [205]. The formula
for the calculation of the pre-compound emission spectrum of a-particle formed due
to the nucleon pick-up process and escaped after the pre-equilibrium nucleon emission

iswritten as follows

ds X ¢ 5 w(p- Lh,E- Q. - e,) 1€ (e,)
=pD? 20+ T, R XX X x D
e, AN A 0aRMT N Gone  Heare)
(44)
& & R MPME 6 Qua) @)y by e,

n'=p+h-1 k+m=4 ' W(pI’hI!E- Qx - ex) l ea(ea) +I -;(ea)
where “X” refers to proton and neutron; Q', is the separation energy for a-particle in

the nucleus formed after the emission of nucleon of x-type; E™™ and EI™ define the
energy range, where the emission of the x-particle occurs. The anaogous formula is
written for a-particle knock-out process following the fast nucleon emission [205].
The successive emission of three and more pre-equilibrium particlesis not considered.

The following parameters of the models were used for the calculations:

é. Fem =03 and j o =0.012. The imaginary part of the optical potential for a-

k+m=4
particle was calculated as follows WP = (e./e))W’ at e, £ &, WP =W’ at g < e, <
72 MeV, and W.»' = W exp(0.06e, - 4.32) at e, 3 72 MeV, where W' = bW, and
6=0.228A, b=0.25. The vaue of W, was taken from Refs[224,225], W=10
+0.345(A- 2Z) MeV. The values of the parameters listed above are from Refs.[202,

203] except the W value calculation at the energy e, above 72 MeV. The adopted
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value of the single state density for a-particle is equal to A/13 (see discussion in Ref.
[203]).

Principally the same models used in the GNASH calculations were applied to the
nuclear level density calculation. In a difference with Section 3.1.1.1, the asymptotic
value of the level density parameter in the Fermi gas model [10] was defined with a,
and B coefficients obtained in the original work [190] o = 0.154 and f = - 6.3 10°°.
The model [190] was used at the high excitation energy of nuclei. At low excitation
energy the “constant temperature” approach [201] was applied. In calculations using
the superfluid model the systematics values of parameters [193,203,208] were used
rather than the individual parameter values [191]. The asymptotic value of nuclear
level density parameter was calculated as follows [193, 203,208] &A = 0.073 + 0.115
AR,

3.1.2 Intranuclear cascade evaporation model describing cascade a-cluster emission

3.1.2.1 The DISCA-C code

DISCA-C is the first code, which implements the intranuclear cascade evaporation
model describing the interaction of particles with preformed clusters and their
emission in nuclear reactions induced by projectiles of intermediate energy [162]. The
code was used for the calculation of energy and angular distributions of a-particles,
the (p,xnypza) reaction cross-sections and other applications. The brief description of
the model isgiven in Refs. [151,226].

In the model the nucleus is broken up into ten concentric zones with uniform
density. The radius of the outermost zone is estimated by the condition that the
nucleon density in this region being 0.01 of that in the nucleus center. The nuclear
density for medium and heavy nuclei (A > 16) is estimated by Woods-Saxon function.
The momentum distribution for nucleons for each zone is defined according to Fermi
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gas model. It is supposed that besides of nucleons the nucleus consists of “pre-
formed” clusters tritons, *He nuclei and a-particles. The deuteron clusters are not
considered. Maximum kinetic energy of clusters, i.e. the Fermi energy, and their

potentials are defined by following relations

T; =A4T" Ttﬁ = T,:i = STHFJ, (45)

n,?

U, :TnF,i +Q,, Uy :Ttlj +Q, Uy, :ThF,i +Qy, (46)

where T, isthe Fermi energy for nucleon ini-th nuclear zone; T¢;, T, and T,,, are

the Fermi energy for tritons, *He and a-particles, respectively: Q, is the separation
energy calculated from the experimental nuclide masses, z=t, *He and a; U,; is the
nuclear potential for each type of particles. According to Ref.[227] the momentum
distributions for tritons, *He and a-particles are taken as

N.(p,)dp, =N, (p,)dp, 1 p°dpdW (47)
and

N.(p.)dp, 1 p®dpdw (48)

The definition of the point of the intranuclear interaction and partner

characteristicsis discussed in detail in Ref.[226].

For a nucleon “x” moving inside the nucleus with the kinetic energy T, the
probability of the interaction with nuclear matter is calculated as follows

Q =1, (i (M) +] ,8®(T)+j ,8(T)+s%,(T)), (49)

where r; is the nucleon density in the i-th zone; s™ and s are cross-sections for the
interactions with intranuclear neutron and proton, correspondingly; s is the cross-
section for interaction with preformed a-cluster; s, , is the cross-section for the

pick-up process combining the nucleon of x-type and pre-formed triton or *He cluster

to form an a-particle; j ,, j , and j , are relative numbers of neutrons, protons and a-
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clusters in the nucleus. A value of | , adopted in the present work is equal to 0.05.
Vauesj ,andj , arecalculated from the total number of nucleons and thej , value.
For excited a-particles, the elastic scattering and break-up processes in the
interactions with intranuclear nucleons are considered. The approximations from
Refs.[149,226] are used for calculating the nucleon- nucleon and nucleon- a-particle

interaction cross-sections. The energy dependence of the pick-up cross-section
s,..(T) is defined according to the form-factor F,3 calculated in Ref.[221], which

corresponds to the formation of the a-particle from three nucleons with energy below
the Fermi energy and one nucleon with energy above the Fermi energy. The cross-

section isequal to

st . (T) =\(- 1,011° 10°°¢* +1,748" 10°*€? - 1128" 10'2e+0,275742)/(Rr ), (50)

wheree=T- T,, (e<67); R=1.25A, z isthefitting parameter equal to 14 in the

present work. The angular distribution for nucleon-nucleon and nucleon- a-particle
scattering is calculated with the help of the formulas from Refs.[151,226,228].

The reflection and refraction of particle momenta on the nuclear zone boundaries
Is considered. The Pauli principle is taken into account as for nucleon-nucleon, as for
nucleon-a- collisions. In an addition, the restriction on the orbital momenta of
nucleons after the interaction [184] is considered. According to Ref.[229] the orbital
momenta | of nucleons colliding within the square potential well should not exceed
the product of asymptotic nucleon momentum and the nucleus radius: | £ p,R, where
Pa IS the linear momentum the nucleon would have outside the nucleus, R is the
nucleus radius. This restriction on | results from the fact that the nucleus has no states
below the centrifugal barrier [229]. For a multi-zone nuclear density model, the

restriction on the orbital momenta of nucleons colliding in the i-th zone has the form

li £ piaR, (51)
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where |; is the orbital momentum of the nucleon with momentum p; in the i-th zone;
pi+1 1S the momentum the nucleon would have in the i+1-th zone (the zones are
numbered beginning from the nucleus center); R is the radius of the i-th zone in
which the two nucleons collide.

The restriction on the orbital momenta, superimposed by Eq.(51), reduces the
total number of intranuclear interactions, which results to an increase in the emission
of high energy particles from the nucleus [184,229]. The calculations show [184] that
use of EQ.(51) aong with the Pauli principle and with the consideration of
reflection/refraction effects on nuclear zone boundaries improves substantially the
agreement with experimental data at low and intermediate energies of primary
particles.

The majority of computer codes based on the intranuclear cascade evaporation
model, e.g. the codes included in the MCNPX package [142], disregard condition
Eqg.(51). To some extent the effect can be compensated by the neglect the refraction
and reflection of the particle momentum at the boundary of nuclear zones (default
MCNPX option). However, such neglect is not physically well-founded [229].

The equilibrium particle emission is described by the Weisskopf-Ewing model
[200]. The nuclear level density is calculated according to the Fermi gas model

r (U) = (1/12)pY%a ¥*U-%* exp(2+/av) (52)

at the high excitation energy U and by the * constant temperature” model at low energy
of excitation. The value of the nuclear level density parameter is taken equal to A/9.
The inverse reaction cross-sections are calculated according to phenomenological
formulas from Ref.[230] approximating the results of optical model calculations.
Evaporation is considered for neutrons, protons, deuterons, tritons, *He nuclei and a-

particles.
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3.1.2.2 The DISCA-S code

DISCA-S is the simplified version of the DISCA code. The simulation of processes
involving a-clustersis not performed. The model used for the description of nucleon-
nucleon interactions is discussed in Refs. [151,184,231]. The code was successfully
used for the calculation of activation and transmutation cross-sections [232,233],
atomic displacement cross-sections [234], complex particle production cross-sections
[235,236], energy and angular distributions of nucleons [184,231].

The yield of composite particles emitted during the cascade stage of reaction is
described by the nuclear bond breakdown approach [237]. According to Ref.[237] the

fragment “x” formation cross-section isequal to
S5 (Ep) =S mon(BEp) No (ATA) (N /A)™ (53)

where s ,on(Ep) is the nonelastic cross-section for the interaction of the primary particle
with kinetic energy E, and a nucleus; A, is mass number of the fragment; A is the
mass number of target nucleus; N¢ IS the average number of nucleons emitted from
nucleus on the cascade stage of the reaction; e = Q,+Vy, where Qy is the separation
energy for the fragment in the nucleus; V, is the Coulomb potentia for the fragment;
No and m, are parameters. The values of parameters obtained in Ref. [235] for the a-
particle emission are used in the present work, No = 0.12 and mgy = 0.06. The Coulomb
potential V, is calculated as 0.21Z7+2.5 MeV, where Z is atomic number of the target
nucleus.

The nuclear density distribution is calculated as in the DISCA-C code. The Pauli
principle and the restriction on the orbital momenta, Eq.(51) are checked for each
intranuclear interaction. The refraction and reflection of nucleon momentum are
considered at the nuclear zone boundaries.

The nuclear level density for equilibrium states is calculated with the

approximate formula r (U) = Cexp(2vaU) , where a=A/9. The inverse reaction cross-
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section for neutrons s calculated according to Ref.[238]. The “sharp cut-off” formulas
from Ref.[201] are used for the calculation of the inverse reaction cross-sections for
charged particles.

3.1.3 Intranuclear cascade model combined with pre-equilibrium exciton model and

evaporation model

The section makes an outline of nuclear models used in the MCNPX code package
[142] for the description of particle interactions with nuclel. Four intranuclear cascade
models are implemented in MCNPX: Bertini [143,144], ISABEL [147-149], CEM2k
[150-156,239] and INCL4 [157,158]. Except INCL4, the models are combined with
the pre-equilibrium exciton model and with the evaporation model. Namely first three
models (Bertini, ISABEL and CEM2k) describe fast complex particles emission with
the help of the exciton model. The approach [240] proposed for the light cluster
emission description by authors of the INCL4 model is not implemented in MCNPX
yet. It is not discussed here, athough the INCL4 model combined with the
evaporation model is used for the comparison with the experimenta data in Section
3.2.3.

3.1.3.1 The Bertini and ISABEL modules of MCNPX

The brief overview of the models is given in Ref.[241]. As typica intranuclear
cascade models, Bertini and ISABEL underestimate the angular distribution of
secondary nucleons at high emission angles. The necessity to solve this problem by
the consideration of the nucleon and pre-formed cluster interactions was mentioned
thirty years ago [242]. It is not done yet. To improve the agreement between
calculations and experimental data the pre-equilibrium exciton model agorithm

[138,159] has been added to intranuclear cascade models. The basic expressions for
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the calculation of pre-equilibrium particle emission spectra have been obtained from
the analytical solution of master equations describing the evolution of excited nucleus.
The pre-equilibrium emission rate for the a-particle leaving the exciton state (p,h)
with the excitation energy E is calculated as follows [159]

(2S, +D)n,e, s, (e,) w(p-4,hE-Q,-¢€,) F

W. (e.,p,h,E)=
. (€,,p,h,E) oth? W(p.h.E) a

(54)

where the factor F, defines the probability of the a-particle formation.

Eq.(54) relates to the first pre-equilibrium model for complex particle emission
formulated by Kabach-Cline [243]. The model has been analyzed and criticized in
Ref.[244]. From the formal point of view, the consideration of the final nuclear state
corresponding to the a-emission as with the n- 4 excitons and the use of the energy
independent a-formation probability factor result in too low emission rates for a-
particles comparing with experimental data [244].

The equilibrium particle emission is described by the Dresner approach [163] and
by the advanced ABLA model [164]. They are used in a various combination with the
Bertini and ISABEL intranuclear cascade models. Dresner and ABLA implement
different models for the nuclear level density calculation. Both models are based on
the smplified approaches for the calculation of particle emission widths and inverse
reaction cross-sections. Simplifications are made to get analytical expressions for the
widths avoiding the integration of emission rates during the smulation of the particle
evaporation cascade. Their justifications can be made from the thorough comparison
of results of the calculation with experimental data.

In the calculations discussed below intranuclear cascade models are always used
together with the pre-equilibrium and evaporation models. An indication on the
cascade model “Bertini” and “ISABEL” implies also the application of the pre-
compound exciton algorithm describing the de-excitation of resdual nuclei formed

after the fast particle emission.
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The present calculations are based on the default set of input parameters of the
models, which are described in Refs.[142,245].

3.1.3.2 The CEM 2k module of MCNPX

The Cascade Exciton Modd (CEM) implemented in the MCNPX was a first model
[152] combining the intranuclear cascade evaporation model and the pre-equilibrium
exciton model. Later such combination was applied for many codes [162].

The nuclear density distribution is approximated in CEM by the step function
with seven nuclear regions of the uniform density. The refraction and reflection
effects for nucleon momentum are not considered as in calculations with the Bertini
and ISABEL models using the default set of the input MCNPX parameters. New
approximation for elementary cross-sections is used for the intranuclear event
simulation. Many refinements and improvements of the model including the
description of momentum-energy conservation on the cascade stage of reaction and
new systematics for the level density parameters are discussed in Ref.[156].

The pre-equilibrium exciton model employed after the simulation of the cascade
stage of reaction is described in Refs.[152,162]. The pre-equilibrium emission rate for
a-particlesis calculated according to the “coaescence” model proposed by Ribansky,
Oblozinsky [244]

W, (e,.p.h,E)= &5 +1);Lhia 5.8 9 W(4’O’ge: *Q.)
. W(p-4,hE-Q,-¢€,) R (55)
w(p, h,E) ?

where g, is the formation probability for the a-particle; R, is the factor providing the
correct combination of protons and neutrons to form outgoing a-particle [244]. The
values of g, and R, are evauated theoretically. The approach [244] is analyzed in Ref.
[221].
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3.1.4 Systematics

Systematics is a useful tool for the evaluation of nuclear reaction cross-sections in

case experimental data are absent and theoretical calculations are not reliable. A set of
systematics is used in the present work for the evaluation of a-particle production

cross-section for proton and neutron induced reactions.

3.1.4.1 Proton induced reactions

The a-particle production cross-section is evaluated at the primary proton energies
equal to 18, 62, 90, 160 and 600 MeV asfollows

E,= 18 MeV, Z3 60 Sa = pr2(AYP + 1) A5% (- 4991P+2252)°,  (56)

E,= 62 MeV, Z36 s, =183.05 exp(- 7.578R) mb, (57)
E,= 90 MeV, Z3 13 5,=245.85 exp(- 4.9572:R) mb, (58)
E,=160MeV, Z3 12 $.=226.7 exp(- 0.01047Z) mb, (59)
E,=600MeV, Z3 26 $,=537Z %1% mb, (60)

where Z and A are the atomic number and the atomic mass number of target nucleus,
r=1.3fm; P = (A- 2Z+0.5)/A; R= (A- 2Z)/A. Eq.(56) refers to the (p,a) cross-section
rather than to the a-particle production cross-section. EQ.(59) and EQ.(60) were
obtained for natural mixtures of isotopes.

Eq.(56) was obtained using the (p,a) cross-section for five nuclei from *°Nd to
1%y b measured at 18 MeV and for ’Au measured at 18.4 MeV in Ref.[246]. The
cross-section for **’Au at 18 MeV was estimated basing on the excitation function for

the (p,a) reaction calculated by GNASH and fitted to the measured cross-section at
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18.4 MeV. Eq.(57) and EQ.(58) have been obtained in Ref.[194] with the help of
experimental data from Ref.[247] for eight nuclel from *“C to **Bi at 62 MeV, and
from Ref.[248] for four nuclei from *’Al to *®Bi at 90 MeV. The systematics at 160
MeV, Eq.(59) was produced using the measured cross-sections for Mg, Al and S
from Ref.[249], for Fe from Refs.[250,251], for Ni from the compilation Ref.[151],
for Ag, Au and Bi from Ref.[252] and for Th from Refs[253,254]. Data from
Ref.[255], which seem incomplete, were not included in the analysis. The necessary
interpolation and extrapolation of data from Refs.[249,151] for Mg, Al, Si and Ni
were done to get the cross-section vaues at the proton energy 160 MeV. The a-
particle production cross-sections measured in Refs.[256,257] for Fe, Ni, Ag, Pb and
Bi were used to derive Eq.(60). The cross-section for Cu at 600 MeV equd to 575 mb
[151] essentidly different with other measurements [256,257] was not included in the
analysis.

One should note that Egs.(56)-(60) have been obtained using a few numbers of
experimental points. These formulas can be used only for a crude estimation of a-

particle production cross-section.

3.1.4.2 Neutron induced reactions

A theoretical formula for the evaluation of the (n,a) reaction cross-section has been
derived in Refs.[258,259] using basic expressions for the particle emisson spectrum
of the pre-equilibrium exciton and evaporation models. The parameters of the formula
were obtained from the fitting to the (n,a) reaction cross-sections measured for 120

nuclel with A 3 39 at the neutron energy of 14.5 MeV [258]. The formulais

E.= 14.5 MeV,
18£ Z £ 50
s(n,a) = pr2 (A + 1)? exp(- 209.11>8 +8.4723P - 0.19253Z/AY° - 0.96249), (61a)
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Z > 50
s(n,a) = pr2(A¥ + 1)? (- 1.6462P +0.39951)*, (61b)

where Z and A are the atomic number and the atomic mass number of target nucleus;
r=1.3 fm; P = (A- 2Z+0.5)/A, S= (A- 2Z+1)/A.

At the neutron energy of 20 MeV the parameter values of the systematics for the
(n,a) reaction cross-section have been obtained using the results of theoretical
calculations [259]

E.= 20 MeV,

18£ Z £ 50

s(n,a) = pr2(AY + 1)? exp(- 37.317>8 - 7.2027P - 0.22669Z/AY3 - 2.027),  (62a)
Z > 50

s(n,a) = pr2 (A + 1) (- 0.86267® +0.26976)* (62b)

Eq.(61) and Eq.(62) are used in the present work for the (n,a) reaction cross-

section evaluation.
3.1.5 Nondastic interaction cross-sections

To exclude the difference in the calculated a-particle production cross-sections caused
by the use of different reaction cross-sections (s ) the calculations with the help of
the GNASH, ALICE/ASH, DISCA and MCNPX codes were performed with the same
nonelastic reaction cross-section for a certain nucleus under investigation. The
adopted s,o, values were taken from ENDF/B-VI, calculated with the help of the
optica model with the potential from Ref.[131] or obtained from the MCNPX

calculations.
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3.2 Comparison of calculationswith experimental data

The available experimental data for **’Au give detail information about the total and
differential cross-sections for the a-particle production. These data are used for the

comparison with results of the calculation.

3.2.1 Energy distribution of a-particles emitted

The experimental energy distribution of emitted a-particles is an information, which
Is suitable for comprehensive test of nuclear models describing the complex particle
emission.

Fig.37 shows the a-particle emission spectra for p+**’Au reaction measured in
Refs.[260,261] and calculated with the help of the GNASH code and by the
ALICE/ASH code at the primary proton energy 72.3 and 200 MeV. Experimental
double differential cross-sections for the a-particle emission for the reaction induced
by the 200 MeV protons [261] were angle integrated to get the energy distribution.
The calculation of the a-particle emission spectra was done with the help of different
models for the nuclear level density calculation [190,191,193].

Rather good agreement is observed between the pre-equilibrium a-spectrum
calculated with the help of the ALICE/ASH code and experimental data. The GNASH
code underestimates the a-particle emission spectrum at the energies after the
evaporation peak and strongly overestimates the spectrum at high emission energies.
The use of different models for nuclear level density calculation results in a
considerable difference in the description of the evaporation spectrum. The calculation
using GNASH and ALICE/ASH using the superfluid nuclear model overestimates the
equilibrium part of the spectrum comparing with experimental data. Most probably, it

Is caused by the lack of nuclear level density parameters derived from experimental

108



data and by the use of global systematics to get the parameter values for many residual
nuclei. The use of the Fermi gas model [190] results in too much low values of the
evaporation spectrum (upper Fig.37) calculated by the ALICE/ASH code.
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Fig.37 The a-particle emission spectra for p+'*’Au reaction induced by protons with the energy 72.3
and 200 MeV calculated with the help of the GNASH code and the ALICE/ASH code using
different models for the description of the nuclear level density: the Fermi gas model [190]
(FG) and the generalized superfluid modd (SF). The measured data are from Refs.[ 260,261].
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A reasonable description of the measured evaporation peak in the a-particle
spectrum and the experimental total a-particle yield (see below) for the p+**’Au
reaction is obtained using the ssmple model for nuclear level density calculation based
on the use of Eq.(52) with the nuclear level density parameter equal to A/13. The
example of such calculation of a-particle emission spectra performed with the help of
the ALICE/ASH code is shown in Fig.38 for proton induced reactions at primary
energies from 28.8 to 200 MeV. The use of this approach can not be considered as a
consistent solution of the problem of the agreement of calculations and experimental
data. It isused only for evaluation purposes.

Fig.39 shows a-particle emission spectra from the p+™*’Au reaction obtained by
the simulation of nucleon and pre-formed nuclear clusters interactions with the help of
the intranuclear cascade evaporation model implemented in the DISCA-C code. The
contribution of the equilibrium a-emission is shown. It is seen that the main
mechanism of the a-particle production at the gjectile energy above 30 MeV is the
non-equilibrium emission. In whole, there is a satisfactory agreement between the
result of calculations performed by the DISCA-C code and experimental spectra.

The a-particle spectra calculated with the help of different codes from the
MCNPX package [142] are shown in Fig.40. The calculation was done with the help
of the Bertini model and the ISABEL model combined with the Multistage Pre-
equilibrium Modd (MPM) [159] and with the Dresner and ABLA evaporation
models. Also, the CEM2k model implemented the intranuclear cascade, pre-
equilibrium and evaporation model was used for the a-emission spectrum calculation.
The agreement between calculations and experimental data [260,261] is quite poor.
The a-particle spectrum calculated by the CEM2k model is the most close to
experimental data. The Bertini and ISABEL models in different combinations with the
Dresner and ABLA evaporation models describe only the evaporation range of the a-

particle emission spectra. The application of the MPM pre-equilibrium exciton model
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Fig.38 The a-particle emission spectra calculated with the help of the ALICE/ASH code for
p+%Au reaction at the primary proton energies from 28.8 to 200 MeV. The nuclear level
density parameter “a’ is equal to A/13. The experimental data are from Refs. [247,260,261].
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Fig.40 The a-particle emission spectra for p+™*’Au reaction induced by protons with the energy 72.3
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coupling with Bertini and ISABEL does not substantially improve the agreement with
experimental data comparing with the pre-equilibrium model [152] implemented in
CEM2k. One should note that the use of the ABLA model comparing with the
Dresner model overestimates the a-particle equilibrium spectrum (upper Fig.40). This
fact is important for the further analyses of the difference between calculated and

experimental yields of a-particlesin nuclear reactions discussed in Section 3.2.3.

3.2.2 Non-equilibriuma-particleyield

The contribution of the non-equilibrium emission in the total a-particle yield have
been obtained from the analyses of experimental data for **’Auirradiated with protons
in Refs[252,254,262-264]. According to Ref.[264] the contribution of the non-
equilibrium a-particle emission in the total a-particle production decreases from 100
% at the primary proton energy 20 MeV to 73 % at 40 MeV and to 60 % at 80 MeV.
At the proton energy 156 MeV the contribution of the non-equilibrium a-particle
yield is about 33 % [252].

Fig.41 shows the non-equilibrium component of the a-particle production cross-

section (s5°) calculated with the help of the GNASH code and the ALICE/ASH code.

The contribution of the first pre-compound a-particle obtained by ALICE/ASH isalso
shown. The reasonable agreement is observed between the data and the ALICE/ASH

code calculations. The calculated S5° cross-section passes through a maximum at 130
MeV and dowly decreases with the primary proton energy growing. Probably, the
decrease of the si° value results because the escape of the third and subsequent pre-

compound a-particlesis not taken into account (Section 3.1.1.2).
Results obtained with the help of different intranuclear cascade models are shown

in Fig.42. The pre-compound a-particle emission is described by exciton modelsin all
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cases except the use of the DISCA-C and DISCA-S codes. The cross-sections s5°

calculated using the Bertini and ISABEL models are too low comparing with data
[252,263,264]. The DISCA-C code gives the reasonable description of experimental

data. DISCA-S better reproduces experimental st values [263,264] below 80 MeV.

The agreement with the data [252] at 156 MeV can be improved by the appropriate
choice of model parameters, Eq.(53).
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Fig.41 The non-equilibrium component of the a-particle production cross-section for p+**’Au
reaction calculated with the help of the GNASH code and the ALICE/ASH code. The
measured data are from Refs.[252,263,264].
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The CEM2k model reproduces the general trend of the s}° cross-section below
80 MeV. The caculated cross-section has a jJump near 150 MeV, whose origin is not
clear. The same jump is observed in the displacement cross-section calculated by
CEM2k. The inconsistency of the calculation at 150 MeV should be removed in future
versions of the MCNPX code.

At the energies above 400 MeV the difference between different calculations is
rather big (lower Fig.42). The new measurements, which would make it possible to
extract and to anayze the pre-equilibrium component of the a-particle production
Cross-section, are necessary in order to answer a question about the advantages of

different methods of the a-particle cross-section calculation at these energies.

3.2.3 Total a-particle production

The a-particle production cross-section (s,) for proton induced reactions on **’Au
calculated by different codesis compared with experimental data in Figs.43-46.

Fig.43 shows measured a-production cross-sections [246,247,252,254,263-265],
results of calculations performed with the help of the GNASH and ALICE/ASH codes
and the systematics values, EQs.(56)-(59). The calculations were carried out using
different approaches for the description of the nuclear level density [190,191,193,201,
208]. The difference between the s, cross-section calculated by the same code and
with the help of various models describing the level density is observed above 40
MeV. It isin a general agreement with a fact that the pre-equilibrium emission is the
main origin of a-particles produced in the proton irradiation of **’Au a the energies
below 40 MeV. The good agreement is observed between the experimental data,
systematics and the s, values calculated by the ALICE/ASH code using the superfluid
nuclear model [193] and the Fermi gas model [190] at the primary proton energies
below 90 MeV. At the energy around 150 MeV the a-particle production cross-
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section calculated using the Fermi gas model [190] is in a better agreement with the
available experimental data than the s, values obtained with the help of the superfluid
model. The acceptable agreement is observed between the experimental data and the
S, values calculated by the ALICE/ASH code using the Fermi gas model with the
nuclear level density parameter equal to A/13. The a-particle production cross-section
calculated by the GNASH code is rather higher than the experimental points.
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Fig.43 The a-particle production cross-section for the proton irradiation of *’Au at the energy up to
200 MeV calculated with the help of the GNASH and ALICE/ASH codes, estimated by
systematics and measured in Refs. [246,247,252,254,263-265].
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Fig.44 The a-particle production cross-section for the proton irradiation of **’Au calculated using
the DISCA-C, DISCA-S and CASCADE/INPE codes, estimated by systematics and
measured in Refs. [246,247,252,254,263-266) .
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Fig.45 The a-particle production cross-section for the proton irradiation of **’Au at the energy
below 200 MeV calculated with the help of the Bertini/Dresner, Bertini/ABLA,
ISABEL/Dresner, ISABEL/ABLA, INCL4/ABLA and CEM2k models, estimated by
systematics and measured in Refs.[246,247,252,254,263-265] .

All models implemented in GNASH and ALICE/ASH overestimate the s , cross-
sections at the energies above 200 MeV comparing with calculations carried out by
the DISCA-C and DISCA-S codes and the codes from the MCNPX package. In
particular the calculated contribution of the equilibrium a-particle emission in the
total production cross-section is too big. The main reason is that the energy of 200
MeV is likely out of the range of the applicability of pre-equilibrium models
implemented in GNASH and ALICE/ASH. The limitation results from the
approximate description of the nuclear geometry, the calculation of the R-factors,

Eqgs.(23),(37) the description of multiple pre-compound nucleon emission and others
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having impact on the calculated distribution of the excitation energy available for the
particle evaporation.

Fig.44 shows the total a-particle production cross-section calculated with the
help of the DISCA-C code and the DISCA-S code. The s, values calculated with the
help of the DISCA-C code are in the general agreement with experimental data. At the
same time the caculated a-production cross-section is higher than experimental
points at the energies below 60 MeV and lower than the measured s, value [266] at
750 MeV. There is an excellent agreement between the a-production cross-section
calculated by the DISCA-S code and measured cross-sections in a whole energy range
from 18 to 750 MeV, where experimental data are available.

The a-particle production cross-section obtained with the help of codes from the
MCNPX package is shown in Figs.45,46. The detail view for the proton energies
below 200 MeV is given in Fig.45. The s, values calculated using the Bertini/ABLA
and ISABEL/ABLA models are in the agreement with experimental data below the
proton energy 150 MeV. At the same time, there is a discrepancy between the s,
values calculated by the Bertini/Dresner and |ISABEL/Dresner models and
experimental cross-sections at these energies. At first sight the use of the ABLA
model improves the agreement of calculations with measured data. On the other hand
this improvement is obtained by the increased evaporation component of the s, cross-
section, because the contribution of the non-equilibrium a-particle emission in s,
predicted by the Bertini and ISABEL modelsis negligible (Fig.42). As a consequence
the use of the ABLA model resultsin apoor agreement with experimental data at high
proton energies (Fig.46). The best result for the combination of ABLA with
intranuclear cascade model is observed for the INCL4/ABLA calculations. One
should note that this result is observed for INCL4, where the simulation of the non-

equilibrium a-particle emission is not performed.
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The best agreement is observed between the experimental cross-section at 750
MeV [266] and calculations performed with the help of the ISABEL/Dresner model
(Fig.46). The cross-section calculated by the CEM2k modél is in the agreement with
the systematics value at 600 MeV .

The comparison of the results of calculations with experimental data discussed in
this Section shows that the reasonable evaluation of the a-particle production cross-
section can be performed using the ALICE/ASH code, the DISCA-C or DISCA-S
codes. The calculation by the ISABEL/Dresner model is also of interest at the energies
above 150 MeV.
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Fig.46 The a-particle production cross-section for the proton irradiation of **’Au at the energy up to
1 GeV calculated with the help of the Bertini/Dresner, Bertini/ABLA, ISABEL/Dresner,
ISABEL/ABLA, INCL4/ABLA and CEM2k models, estimated by systematics and measured
in Refs[246,247,252,254,263-266).
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3.3 Evaluation of a-particle production cross-section

The evaluation of the a-particle production cross-section was done using the results of
model calculations, systematics predictions and available experimental data
Calculations were performed by the ALICE/ASH code, the DISCA-S code and the
ISABEL and Dresner modules of the MCNPX package.

3.3.1 ¥l1a

3.3.1.1 Proton induced reactions

Fig.47 shows the a-particle particle production cross-section for **'Ta irradiated with
protons calculated by the ALICE/ASH code, the DISCA-S code and the
ISABEL/Dresner (MCNPX) code. The detail view of the energy range below 200
MeV, which corresponds to the rapid change in the cross-section value, is given in
upper Fig.47. The s, values obtained by systematics Egs.(56)-(60), the a-production
cross-section measured [263] at the proton energy 56 MeV and the cross-section
obtained from the analyses of the experimental data [252,267] at 156 and 800 MeV
are also shown in Fig.47. To get the tota a-particle production cross-section at 156
MeV the measured yield [252] of a-particles having isotropic angular distribution
(100 mb) was added by the value obtained in Ref.[252] for heavy nuclel relating to
anisotropic a-particle emisson (37 mb). The helium production cross-section
measured [267] at 800 MeV was corrected to exclude the contribution of *He. The
yield of ®*He was estimated using the *He- and “He- production cross-section measured
for seven eements from Al to Au in Ref.[266] at the proton energy 750 MeV and
using experimental yields of *He and “He obtained in Ref.[268] for Au at 1.8 GeV.
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Fig.47 shows a reasonable agreement between the s, cross-sections calculated by the

ALICE/ASH and DISCA-S codes and experimental data and systematics values.

The results of calculations, systematics values and available measured data were

assumed as the basis for the evaluation of the a-particle production cross-section for
81Ta. The evaluated data are shown in Fig.48 and in Table 12.
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Fig.47 The a-particle production cross-section for proton irradiation of ‘*'Ta calculated by the
ALICE/ASH code, the DISCA-S code, the CASCADE/INPE code and the ISABEL/Dresner
(MCNPX) code, estimated by systematics, measured in Ref.[263] and extracted from

experimental data [252,267].
124



181.

o) Ta(p,a)x

£ 1000 4

N

C

9

3]

?

(}) 100-:

(7)) ]

o

(@]

S

T 10 A Muto (63)
_g ] A Dubost (67)
o ® Hilscher (01) (without *He)
Q X  Systematics
@© evaluation

=
sl

—— ——
0O 100 200 300 400 500 600 700 800 900 1000
Proton energy (MeV)

Fig.48 The evaluated a-particle production cross-section for **'Tairradiated with protons.

3.3.1.2 Neutron induced reactions

Experimental data for neutron induced reactions on **'Ta are available at the energies
below 20 MeV. Except the measurement of the a-production cross-section in
Ref.[269] other data [270-277] were obtained for (n,a) reaction. The data measured
recently [274-277] were not taken into account in the most of the evaluation for
national and international data files.

A new evauation of the a-particle production cross-section was performed for
1Ta in the present work. The cross-sections were obtained separately for the
reactions **'Ta(n,a)"®Lu and **'Ta(n,a)"™® Lu (Ty,=23.1 min) using measured data
from Refs.[272,274-277].
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Table 12

The evaluated *He production cross-section from *Ta, "W and **’Au irradiated with protons at the
energies up to 1GeV.

Proton energy” *He production cross-section (mb)

(MeV) 18114 natyp/ 1978,

6 415 10% 2.26°10% 1.21° 10 %
8 6.84° 10 1.86" 10 % 7.95 10 %
10 1.70" 10 % 1.43 10 % 4.47 10 %
12 0.135 8.848E % 0.201

14 0.548 0.391 0.599

16 1.42 1.20 1.22

18 2.82 2.57 1.87

20 3.98 4.18 2.62

22 5.22 5.92 3.47

24 6.50 7.22 4.39

26 8.00 8.63 5.39

28 9.46 10.2 6.46

30 11.3 11.9 7.67

35 15.8 16.0 11.3

40 21.4 20.7 15.0

50 32.9 29.8 24.0

60 43.9 39.6 31.0

70 53.6 49.0 41.0

80 63.3 59.0 49.0

90 73.0 69.3 57.3

100 82.7 79.2 65.6
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Table 12 continued

120 102. 99.6 82.2
150 131. 131. 107.
200 179. 186. 151.
300 275. 286. 240.
400 371. 376. 328.
500 467. 465. 417.
600 563. 559. 505.
700 659. 658. 594,
800 755. 762. 697.
900 817. 853. 814.
1000 880. 920. 932.

Y The cross-sections between the energy points shown should be found by the log-log interpolation
of the data at the energies below 20 MeV, and by the linear-linear interpolation at the energies above
20 MeV

The sum of cross-sections obtained for reactions producing *®Lu and *®*"Lu,
available experimental data, systematics values and the data from FENDL/A-2,
JENDL-3.3, CENDL-2 and JEFF-3/A [278] are shown in Fig.49.

The total a-particle production cross-section at the energies below 20 MeV was
obtained using the cross-section evaluated for the (n,a) reaction and the data for the
(n,na) reaction taken from JEFF-3/A (data are from the ADL-3 library [279]).

At the energies above 20 MeV the a-particle production cross-section has been
calculated with the help of theoretical models. The evaluated a-particle production
cross-section for ' Tairradiated with neutrons at the energies up to 1 GeV is shown in
Fig.50 and Table 13.
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Table13

The evaluated “He production cross-section from **'Ta, ™W and **’Au irradiated with neutrons at
the energies from 5 MeVY up to 1GeV. See comments in the text.

Neutron energy *He production cross-section (mb)

(MeV) 18173 netyy Yau
5 1.49 10 %® 2.88 10 4.00 10"
6 1.73 10 % 531 10 4.00 10"
7 6.27° 10°% 1.11° 10 4.00 10"
g? 32610 2.44 10 % 2.40° 10 %
9 1.00" 10 5.62 10 % 48110
10 3.36" 10 % 0.126 7.21 10 %
11 8.00" 10" 0.287 9.62 10 %
12 0.182 0.572 0.120
13 0.335 0.922 0.156
14 0.570 1.32 0.301
14.5 0.719 1.53 0.439
15 0.868 1.74 0.577
16 1.23 2.23 1.00
17 1.71 2.74 1.47
18 2.28 3.20 1.86
19 2.91 3.72 2.21
20 3.61 4.37 2.52
22 5.17 5.47 3.65
24 6.91 7.24 4.96
26 8.78 9.14 6.40
28 10.7 11.1 7.92
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Table 13 continued

30 12.7 13.3 9.48
35 17.7 18.5 13.6
40 22.8 23.0 17.9
45 27.9 27.5 21.3
50 324 30.9 25.0
60 41.3 37.3 29.0
70 49.9 44.2 35.0
80 57.9 51.5 41.1
90 64.5 57.9 46.2
100 70.3 64.8 50.9
120 82.2 77.8 63.2
150 102. 99.3 78.7
200 139. 139. 111.
250 185. 181. 151.
300 231 229. 191.
400 340. 344. 300.
500 452. 449, 403.
600 556. 552. 499.
700 656. 655. 591
800 753. 760. 696.
900 817. 852. 814.
1000 879. 920. 931.

Y Databelow 5 MeV can be found in JEFF-3/A [278]

2 For %Au the cross-section is equal to 4.0 10°%" mb [278] at the energy from 7 to 8 MeV
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3.3.2 "W

To obtain the cross-sections for natural tungsten the calculations were performed for
tungsten isotopes “#W, B2, 183w, %W and %ow.

3.3.2.1 Proton induced reactions

Fig.51 shows the a-particle production cross-section calculated by the ALICE/ASH
code, the DISCA-S code and the ISABEL/Dresner (MCNPX) code, systematics
values obtained at 18, 62, 90, 160 and 600 MeV and experimental data [266]. The data
taken from ENDF/B-V| Proton Sublibrary (Release 7) and from JENDL-HE [280] are
also shown. There is the good agreement between the s, cross-sections calculated
with the help of the DISCA-S code and the experimental data[266] at 750 MeV. Data
from JENDL-HE are in the agreement with systematics values at 62 and 90 MeV and
with the cross-section calculated by ALICE/ASH at the energies from 100 to 150
MeV. Aswhole, the data from JENDL-HE and ENDF/B-V1 differ substantially.

The evaluation of the a-particle production cross-section was based on the results
of the ALICE/ASH and DISCA codes calculations and the systematics value a 18
MeV. The evaluated cross-section is shown in Table 12 and Fig.52.

3.3.2.2 Neutron induced reactions

To get the a-particle production cross-section for natura tungsten the data for
isotopes W, ¥2W and **W were taken from JEFF-3/A at the energies below 20
MeV. The new evaluation was performed for the (n,a) reaction cross-section for **wW
and "W. For both isotopes the JENDL-3.3 data were fitted to the cross-section
measured in Refs[272,281,282] for **W and in Refs[272,281-284] for '®*W. The
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(n,na) reaction cross-section was taken from JEFF-3/A. The data obtained for natural
tungsten were adjusted to the results of calculations at the energies above 20 MeV.

Evaluated s, values are shown in Fig.53 and Table 13. For the comparison data
from ENDF/B-VI and JENDL-HE are dso plotted in Fig.53.
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Fig.51 The a-particle production cross-section for proton irradiation of natural tungsten calculated
by the ALICE/ASH code, the DISCA-S code, the CASCADE/INPE code and the
ISABEL/Dresner (MCNPX) code, estimated by systematics, taken from ENDF/B-VI and
JENDL-HE and measured in Ref. [266].
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3.3.3 ¥aAu

3.3.3.1 Proton induced reactions

The comparison of the a-particle production cross-section calculated using different
nuclear models with experimental data for **”Au was discussed in detail in Section
3.2. The data evaluated in the present work are shown in Fig.54 and Table 12.
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Fig.54 The evaluated a-particle production cross-section for **’Au irradiated with protons.
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3.3.3.2 Neutron induced reactions

Data from JEFF-3/A for (n,a) reaction were adopted after the comparison with
experimental data [269,282,285] at the energy below 15 MeV. At the energies from 15
to 20 MeV the (n,a) cross-section is taken from ENDF/B-VI. The data for (n,na)
reaction were taken from JEFF-3/A. The calculation of the a-particle production
cross-section was performed with the help of the ALICE/ASH code and the DISCA-S

code at the energy above 20 MeV. The evaluated cross-section is shown in Fig.19 and
Table 13.
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Fig.55 The evaluated a-particle production cross-section for *’Au irradiated with neutrons.
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3.4 Summary about the evaluation of the “He production cross-section for heavy

nucle

Different approaches and models used for the description of the a-particle emissionin
the reactions induced by intermediate energy nucleons on **'Ta, tungsten isotopes and
Au were discussed. The comparison of the results of calculations with experimental
data shows

1) The pre-equilibrium exciton model implemented in the GNASH code describes
experimental a-particle spectraincorrectly (Fig.37). Calculations underestimate the a-
spectrum at the energies after the evaporation peak and give too high spectrum values
at high emission energies. The calculated pre-equilibrium yield of a-particles s&° is
too low comparing with the data obtained from the anayses of experiments. Partly, it
results that the multiple pre-compound a-particle emission is not taken into account.

i) The Bertini model and the ISABEL model combined with the MPM exciton
model [159] considerably underestimate the yield of non-equilibrium a-particles
(Fig.42). The CEM2k model describes the general energy dependence of the s&°
cross-section at the energies below 80 MeV. There is a strong difference between the
s values calculated by CEM2k and by other codes at the energy above 400 MeV.
There is a discrepancy between a-particle emission spectra calculated by the codes
from the MCNPX package and experimental data (Fig.40).

lii) The use of the ABLA evaporation model coupled with the Bertini, ISABEL and
INCL4 models overestimates the contribution of the equilibrium a-particle emission
in the a-spectra and the total a-particle production cross-section (Figs.40,46).

Iv) The a-particle emission spectra, the non-equilibrium and the total a-particle
yields calculated by the ALICE/ASH code and the DISCA-C and DISCA-S codes are
In areasonable agreement with experimental data (Figs.37-39,41-44,47,51).
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The discrepancy between the results of calculations performed with the help of
the codes from MCNPX and experimental data results from the use in the MPM and
MEM exciton models [245] the early versions of the coalescence model describing the
pre-compound a-particle emission [243,244]. It seems reasonable to implement in the
GNASH code and the codes from MCNPX the models used for the description of the
pre-equilibrium a-particle emission in the ALICE/ASH and DISCA-C codes.

The “He particle production cross-section has been evaluated for *'Ta, natural
tungsten and **’Au at the energies of incident neutrons and protons from several MeV
to 1 GeV. The evaluated cross-sections are shown in Table 12 and Figs.48,52,54 for
proton induced reactions and in Table 13 and Figs.50,53,55 for neutron induced

reactions.

4. Helium (*He+®He) production cross-section for iron, tantalum, tungsten

irradiated with neutrons and protons of inter mediate and high energy

Evaluation of the helium production rate in irradiated materials is hindered by the
significant spread of experimenta helium formation cross-sections and deficiencies in
the model calculations. For example the modern measurements of helium yield for
iron [256,268] give the values, which are different in 1.8 times. Despite of progressin
development of theoretical methods of calculation, their use encounters the problem of
the correct description of the non-equilibrium helium isotope emission using the pre-
compound exciton model and the intranuclear cascade model (Section 3.) Other
problem is the simulation of the equilibrium emission of helium isotopes at high
energies by the intranuclear cascade evaporation model, which assumes the use of
simplified approaches for describing the particle emission rates.

The goal of the work is analysis and the evaluation of the helium production
cross-section in iron, tungsten and tantalum irradiated with protons at energies from
the reaction threshold up to several GeV. This energy range covers all possible proton
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irradiation conditions in the ADS systems [127,288-290] and neutron generators
[291,292]. The calculations have been performed up to the maximal energy 25 GeV,
where the experimental data for helium production are available.

4.1 Brief description of the method of helium production cross-section evaluation

Helium production cross-section has been calculated as a sum of cross-sections of “He

(sa) and °He (S ,,.) formation
SHe=Sa+ S3He (63)

The analysis of the methods of calculation used in popular computer codes has
shown?, that the helium production cross-section can be obtained with a good
accuracy using the models describing the composite particle emission implemented in
the ALICE/ASH code'®™ and in the DISCA code®?. The application of the
ALICE/ASH code is limited by the energy of projectiles up to 150-200 MeV and the
DISCA code to ~ 800 MeV. These energies are insufficient for the analysis of the
helium yield in materials irradiated with high energy protons in different emerging
nuclear energy systems. Furthermore the codes indicated can not be used for the
analysis of entire bulk of the experimental helium production cross-sections, which
are available at low, intermediate and high energies. Such analysis is necessary for the
definition of consistent sets of experimental data and elimination of uncertainty in
values of helium production cross-section arising from the spread of data obtained in
different experiments.

The “He- and °He- production crosssections are calculated using the
CASCADE/INPE code [162,209,286,287,293] implementing the intranuclear cascade
evaporation model. The model is applicable for the calculation in the energy region of
primary particles up to severa tens of GeV [287]. The specific features of the model

include the approximation of the nuclear density by the continuous Woods-Saxon
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distribution, the use of the “time-like” Monte Carlo technique and the consideration of
the effect of nuclear density depletion due to the fast nucleon emission. The model is
described in details in Refs.[151,286,295].

The contribution of the non-equilibrium emission in the *He- and *He- production
cross-sections is calculated using the approximate approach close to the model of
“nuclear bond breakdown” [237]. Considering the *He- and a-clusters as a stable
nucleon association located on a periphery of the nucleus [151] it is easy to show, that
at high projectile energies the number of clusters knocked-out from the nucleus is
proportional to the number of nucleons emitted on the cascade stage of the reaction
and the sguare of the nucleus radius. This implies, that the non-equilibrium
component of the *He- and *He- production cross-sections at the high energies of

projectiles can be evaluated as follows
S (E)=S 1on (E) 6, Newe (B, (64)

where s on(E) is the cross-section for nonelastic interactions of the primary particle
with the kinetic energy E and the nucleus, N iS the average number of nucleons
emitted from the nucleus during the cascade (fast) stage of the reaction, g, is the
energy independent parameter, which value should be defined from the analysis of
experimental data or from independent theoretical calculations, “x” refers to the type
of the cluster knocked out.

The number of cascade nucleons N Was calculated by the CASCADE/INPE
code. The g, value has been defined using the result of the ALICE/ASH code
calculation at the primary proton energy around 100 MeV. The models describing the
complex particle emission [204-206,221,222] implemented in the ALICE/ASH code
have been tested and approved at this energy in many works [202-206,208].

Fig.42 shows the non-equilibrium component of the “He- production cross-

section sP° calculated using Eq.(64) for *’Au. There is a reasonable agreement
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between the s2° values calculated by the CASCADE/INPE and DISCA-S codes and
available experimental data.
Eq.(64) has been used to obtain the contribution of the non-equilibrium emission

in the total “He- and *He- production cross-sections at intermediate and high energies
of incident protons. At proton energies below 100 MeV the values of s7° and s%°

have been calculated by the ALICE/ASH code. The contribution of the equilibrium
emission in the “He- and *He- production cross-sections has been obtained using the
CASCADE/INPE code. The obtained vaue of the g parameter, Eq.(64) for “He-
emission is equal to 4.75 102 for *Fe, 2.3 10 for **'Ta, from 2.58 107 to
2.31" 102 for various tungsten isotopes and 1.85 10°2 for *’Au. The value of g for
*Heis equal to 8,57 10°° for *°Fe, 4.49" 10 ° for **'Ta, from 5.3 10 ® to 4.34 102 for
tungsten isotopes and 3.81° 10" for *'Au.

The total reaction cross-section for protons s.,, at high energies has been
obtained using the evaluated data from Ref.[296]. At low and intermediate energies
the s o Value was calculated by the optical modd with the potential from Ref.[131]
and using the MCNPX code built-in routine [142].

The example of the *“He- and *He- production cross-sections calculated for the
p+¥’Au reaction is shown in Fig.56 and Figs44. There is a rather good agreement
between the calculated cross-sections and experimental data [151,246,247,252,254,
263-266,268,297] in the whole energy region, where the measured data are available.
The agreement is aso observed with the values of cross-section predicted by the
empirical systematics, Egs.(56)-(60), Ref.[42], except the calculated *“He- production
cross-section at 18 and 90 MeV and *He- production cross-section at 62 MeV.

The “He- production cross-section calculated using the CASCADE/INPE code
are shown aso in Figs.44,47,51.
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Fig.56 The a-particle and *He production cross-section for **’Au calculated by the ALICE/ASH
code and the CASCADE/INPE code, evaluated by the systematics, (*He: Eqgs.(56)-(60), *He:
Ref.[194]) and measured in Refs.[151,246,247,252,254,263-266,268,297]. The data from
Ref.[268] shown at 1.2 GeV were corrected for the *He contribution.

The results of calculations and available experimental data have been used for the
evaluation of the helium production cross-section for iron, tantalum and tungsten. A
rather small correction of theoretical curves was carried out to avoid the systematic

difference between calculations and experiments.
4.2 Evaluation of helium production cross-section
The helium production cross-section has been calculated for *°Fe, **'Ta and tungsten

isotopes W, 1w, 1w, W and *ow.
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4.2.1 Proton induced reactions

Fig.57 shows the “He- and *He- production cross-sections for *°Fe calculated by
the ALICE/ASH and CASCADE/INPE codes, the crosssections evaluated by
systematics, Egs.(56)-(60), Ref.[194] and measured data [151,250,251,256,257,266,
298,299,300]. All measurements refer to natural iron, except the data [300] for *°Fe.
Data from Refs[247,301] are not shown because the measurement has been
performed with a high value of the cutoff energy for *He (14.26 MeV). The
calculations were carried out using the ALICE/ASH code up to 200 MeV and by the
CASCADE/INPE code in a whole energy region where experimental data exist. For
the comparison the available data from ENDF/B-VI (Proton Sublibrary) and from
JENDL-HE are shown. There is reasonable agreement between the calculated “He-
production cross-section, systematics and experimental data. The agreement for *He is
worse, and calculations as a whole overestimate the measured cross-sections. One
should note, that the non-equilibrium component of helium isotope production cross-
section has been calculated using the global systematics of parameters of the pre-
compound modd used in the ALICE/ASH code. The systematics has been obtained in
Refs.[202,203] from the analysis of experimental data on the complex particle
emission in nuclear reactions. The agreement between the results of calculations for
*He can be improved by the appropriate choice of the pre-compound model
parameters. From other side the observed difference does not essentialy effect on the
value of the total helium production cross-section because the contribution of *He is
relatively small. The systematic deviation of the calculated and measured cross-
section for the *He formation has been eiminated in the present work with the
evaluation of the helium production cross-section.

Figs.58-60 show the “He- and total helium production cross-sections for **'Ta
calculated using the ALICE/ASH and CASCADE/INPE codes, measured in
Refs.[252,263,267,268] and predicted by systematics. Experimental data for *He-
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production are not available. The detail view of the high energy region is given in

Fig.60. Thereisthe good agreement between cal culations and experimental data.
The results obtained for natural tungsten are shown in Figs.61-63. The good

agreement is observed between the s, and sy values calculated by the ALICE/ASH
and CASCADE/INPE codes and the experimental data [266-268].
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Fig.57 The a-particle and *He production cross-section for *°Fe calculated by the ALICE/ASH code
and the CASCADE/INPE code, evaluated by the systematics (*He: Egs.(56)-(60), *He:
Ref.[194]) and measured in Refs[151,250,251,256,257,266,298,299,300]. The a-particle
production cross-sections from ENDF/B-V1 and JENDL-HE are shown.
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The evaluated helium production cross-sections are shown in Table 14. The data
obtained can be used for the evaluation of the helium production rates in iron,
tantalum and tungsten irradiated with protons with energies from severa MeV up to
25 GeV.

Returning to the question about the difference in the helium production cross
sections measured for iron irradiated with 1.2 GeV- proton in Ref.[256] (792 mb) and
in Ref.[268] (440 mb), one should note, that the evaluated value of the sy cross
section (634 mb, Table 14) is approximately on the middle. The data obtained in
Ref.[268] seem underestimated because of the high value of minimal “He energy (10.8
MeV) adopted for the measurements. Calculations show that the energy 10.8 MeV lies
in the region of the evaporation peak in the “He- emission spectrum, and the fraction

of the *He nuclei emitted with energies below 10.8 MeV appears significant.

4.2.2 Neutron induced reactions

Experimental data for helium isotope production are absent at energies above 15 MeV
for **'Ta and for tungsten isotopes. The evaluation was based mainly on the results of
calculations. Corrections were made at the energy below 15 MeV using the EXFOR
data.

The (n,a) reaction cross-section for tungsten isotopes with A=180, 182 and 183
was taken from JEFF-3/A a the energies below 20 MeV. New evauation was
performed for the (n,a) reaction cross-section for **W and **®*W using the data from
EXFOR (Section 3.3.2.2). The cross-sections for (n,na) and (n,°He) reactions were
taken from JEFF-3/A. Evaluated helium production cross-sections are shown in Table
15.
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Fig.59 The helium production cross-section (S, + sa) for **'Ta calculated by the ALICE/ASH code and
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measured in Refs.[267,268].
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Fig.61 The a-particle production cross-section for natural tungsten calculated by the ALICE/ASH
code and the CASCADE/INPE code, evaluated by the systematics (*He: Eqgs.(56)-(60), *He:
Ref.[194]), measured in Ref.[266] and taken from ENDF/B-VI and JENDL-HE.
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Fig.63 Detail view of the helium production cross-section for tungsten calculated at energies up to 3
GeV.
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Table 14
The evaluated helium production cross-section (sa+s.,, ) for iron, 81Ta and natural tungsten
irradiated with protons at energies up to 25 GeV. The cross-sections between the energy points

shown should be found by the linear(x)-log(y) interpolation at energies below 14 MeV, and by the
linear-linear interpolation at energies above 14 MeV

Proton energy, Helium production cross-section (mb)
MeV natg 18114 naty \/

4 4.24 10°% 1.03 10°%® 2.86" 10°®
5 6.90" 10°* 9.94 10 5.88 10 %
6 0.112 415 10°% 2.26° 10
8 4.88 6.84° 10 1.86" 101
10 21.2 1.70" 10°® 1.43 10 %
12 314 0.135 8.85 10" %
14 434 0.548 0.391

16 45.3 1.42 1.20

18 50.4 2.82 2.57

20 55.4 3.98 418

22 60.6 5.22 5.92

24 65.9 6.52 7.24

26 75.1 8.09 8.69

28 82.4 9.66 10.3

30 91.2 11.7 12.2

35 102. 16.9 17.1

40 109. 23.4 22.8

50 121. 37.2 34.3

60 131. 50.2 46.2

70 141. 61.3 57.1

80 149. 72.0 68.2

90 165. 82.4 79.3

100 172. 92.4 89.5

120 181. 113. 111.

150 188. 144. 144.
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Table 14 continued

200 201. 195. 202.
250 213. 246. 254.
300 226. 296. 306.
350 246. 346. 353.
400 266. 396. 399.
450 300. 446. 446.
500 335. 496. 493.
550 370. 548. 543.
600 406. 598. 593.
650 435. 649. 646.
700 464. 700. 698.
750 481. 751. 762.
800 507. 824. 805.
850 525. 836. 848.
900 544, 870. 891.
950 561. 906. 934.
1000 580. 940. 978.
1200 634. 1100. 1150.
1500 712. 1370. 1350.
2000 807. 1750. 1680.
2500 895. 2080. 1920.
3000 966. 2400. 2310.
4000 1060. 2840. 2860.
5000 1150. 3200. 3260.
6000 1210. 3480. 3580.
7000 1240. 3710. 3790.
8000 1250. 3830. 3920.
10000 1250. 3910. 4010.
15000 1230. 4040. 4170.
20000 1230. 4130. 4240.
25000 1250. 4210. 4330.
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Table14

The evaluated helium production cross-section (sa+s.,,, ) for **'Ta and natural tungsten irradiated
irradiated with neutrons at energies from 5 MeV up to 1 GeV. (Data below 5 MeV can be found in

JEFF-3/A)

Neutron energy

Helium production cross-section (mb)

(MeV)
181-|-a naIW
5 1.49 10 %® 2.88" 10 %
6 1.73 10% 5.41 10 %
7 6.27 10°% 1.15" 10 %
8 3.26"10%® 2.54 10 %
9 1.00" 10 % 5.88 10 %
10 3.36" 10 % 0.132
11 8.00" 10" % 0.304
12 0.182 0.609
13 0.335 0.987
14 0.570 1.42
14.5 0.719 1.65
15 0.868 1.88
16 1.23 2.42
17 1.71 2.98
18 2.28 3.49
19 2.91 4.06
20 3.61 4.79
22 5.18 6.03
24 6.94 8.02
26 8.87 10.2
28 11.0 12.5
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Table 14 continued

30 131 14.9
35 18.9 21.0
40 25.0 26.3
45 311 31.6
50 36.7 35.7
60 47.2 43.5
70 57.2 51.5
80 65.9 60.0
90 72.8 66.2
100 78.5 73.2
120 91.2 86.7
150 112. 109.
200 152. 151.
250 200. 194.
300 248. 245,
400 362. 365.
500 480. 477.
600 590. 586.
700 697. 695.
800 801. 807.
900 870. 905.
1000 930. 977.
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4.3 Basic features of the helium production cross-section

The calculations performed make it possible to describe basic properties of the helium
production cross-section. For the heavy nuclel (Ta, W, Au) the non-equilibrium
emission of “He and *He nuclei gives the main contribution in the helium yield at
energies below 80-100 MeV. With an increase of the primary proton energy the
contribution of the non-equilibrium emission in the s Cross section decreases to 50
% at the energy 300 MeV and to ~ 20 % at energy 3 GeV. At the energy above 3 GeV
the non-equilibrium fraction of the helium production cross-section barely changes.
The total helium production cross section is almost linear function of the primary
particle energy in the range from 200 MeV to 1.5 GeV. At the energy above 1.5 GeV
the growth of the cross-section is slowed down and the s, value reaches “ saturation”
a the energy 8-10 GeV. In the energy region above 10 GeV, the cross-section does
not change noticeably. For iron the energy dependence of the sy cross-section is
more complex function. As for heavy nuclel, the sy value reaches the saturation at

energies 5-6 GeV.

4.4 Summary about the evaluation of the helium production cross-section at
intermediate and high energies

The helium production cross-section has been evaluated for iron, **'Ta and natural
tungsten at proton energies from several MeV to 25 GeV and for **'Taand tungsten at
neutron energies up to 1 GeV.

The results of model calculations and available experimental data have been used
for the cross-section evauation. Main calculations have been carried out using the
CASCADE/INPE code. The non-equilibrium component of the “He- and *He-
production cross-sections has been obtained by Eq.(64). The value of the g parameter
was defined using the results of the ALICE/ASH code calculations.
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The evaluated data are shown in Table 14 and 15. Data can be used for the
calculation of the helium production rate in iron, tantalum and tungsten irradiated in

various high energy units.

5. Modified intranuclear cascade evapor ation model with detailed description of

equilibrium particle emission

The modified intranuclear cascade evaporation model combining the Monte Carlo
method for the smulation of non-equilibrium particle emission and deterministic
algorithm for the description of equilibrium de-excitation is discussed in this Section.
The model has been used for the analysis of radionuclide yields in proton induced
reactions at energies from 0.8 to 2.6 GeV. The results of calculations show the
advantage of the model proposed in accuracy of predictions comparing with other

popular intranuclear cascade evaporation models.

During last decades intranuclear cascade evaporation model was successfully
used for the prediction of nuclear reactions characteristics: energy and angular
distributions of emitted particles, excitation functions, yields of fission fragments,
residual recoil spectraand others.

The model consists of two parts, whose development historically occurred
independently of each other: the intranuclear cascade model, which describes non-
equilibrium processes in the nucleus, and statistical evgporation model. Progressin the
description of intranuclear interactions is connected, mostly, to creation of the “time-
dependent” models [149,286], the approaches modeling in details the density
distribution of nucleons in the nucleus [158,286], the combination of the intranuclear
cascade and precompound exciton models [152] and with the development of the
model considering the interactions with “preformed” clusters (Section 3.1.2.1).
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Traditionally, a number of approximations was used in the simulation of
equilibrium process, whose need was caused by limited power of computers. The use
of the smplest models for caculating the nuclear level density [138,162], the “sharp-
cut off” approach to the inverse reaction cross-section calculation [138,184,238], other
simplifications, which make it possible to obtain analytical expressions for calculating
particle emission widths [151,302], can be attributed to these approximations. The
simplified models are used in all popular codes implementing the intranuclear cascade
evaporation model [142,302]. At the same time, the modern computer technology
makes it possible to use more rigorous and advanced models for the simulation of the
equilibrium particle emission using intranuclear cascade evaporation model.

This paper describes the intranuclear cascade evaporation model avoiding lacks
of usual smplifications [138,142,151,162,184,238,302] in the modelling of
equilibrium particle emisson. The nuclear level density is calculated using the
generalized superfluid model with parameters fitted to cumulative number of low-
lying levels and observed neutron resonance densities [191,193]. Inverse reaction
cross-sections are obtained by the opticd model without “sharp-cut off”
approximation. No simplification is made to get particle emission widths at low and
high energy of excitation.

The proposed intranuclear cascade evaporation model is used for the calculation
of the radionuclide yields in nuclear reactions induced by protons with energy of 0.8 —
2.6 GeV. Theresults are compared with experimental data and calculations performed
using different intranuclear cascade evaporation model [142]: the Dresner [163] and
ABLA [164] evaporation models combined with the Bertini [144], ISABEL [148,149]
and INCL4 [158] intranuclear cascade models, as with help of the CEM2k [142,154]
and CASCADE [286,287] models.
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5.1 Model description
5.1.1 Equilibrium model
The modeling of equilibrium emission is performed without the consideration of

angular momentum, what is the simple consequence of the limited power of

computers. The particle emission rate is calculated as follows [200]

(ZSX +1)rTx ex Sian(eX) r(Z ’A ’U)

W =
«(&) p?h? r(z,AE) ’

(65)

where S, my and e, are respectively spin, reduced mass and energy of the emitted
particle, s'™ is the inverse reaction cross-section, r(Z’,A’,U) is the nuclear level
density for residual nucleus with the excitation energy U, r (Z,A,E) isthe level density
for the nucleus emitting the x-particle, E isthe excitation energy.

The nuclear level density is calculated according to the generalized superfluid
model [193]

r(U)=r (U)K, (U)K, (U, (66)

where r ,(U’) is the density of quasi-particle nuclear excitation [193], K,i,(U’) and
Kiot(U") are the vibrational and rotational enhancement factors at the effective energy
of excitation U’ calculated according to Refs.[191,192].

The nuclear level density parameters are calculated according to Eq.(35). The
shell correction to the mass formula, dW is using the liquid drop model [303], j (U)=
1- exp(- QU), g=0.4/A® MeV™. The asymptotic value of nuclear level parameter is
equal to

a=A(0.073 + 0.115A™3) (67)

The effective energy of excitation U’, the critical energy of the phase transition

U, and the condensation energy E..q are calculated as follows
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U'=U - nD, (68)

Ua= 0,472 &(Ug)Dy’ - NDy, (69)

Econa = 0,152 &(Ugr)Dy” - ND, (70)
The correlation function Dyis equal to

Dy=12A"Y (71)

where n=0 for even-even nuclei, n=1 for nuclei with odd A value, n=2 for odd-odd

nucla.

The inverse reaction cross-section s." is calculated by the optical model. The

parameters of the optical potentials for nucleons and light charged fragments are

discussed in Refs.[199,208]. The calculated s cross-section values are used in the
integration of particle emission rates, Eq.(65).

The probability of the photon emission is calculated according to Weisskopf-
Ewing model [200] with the photon absorption cross-section parameterized in
Ref.[304]. The fission probability is calculated using the Bohr-Wheeler approach
[305]. The distribution of fission fragments is calculated according to Ref.[209].

The discussed model is implemented in the computer code following
Refs.[306,307]. The non-equilibrium particle emission is modelled by the Monte
Carlo method using the intranuclear cascade model. The emission of fast particles for
each Monte Carlo history results to the creation of resdual nucleus with a certain
atomic and mass numbers Z, A, with the excitation energy U. For the residual nucleus
(Z,A,U) the calculation of reaction products is performed using the “deterministic’
algorithm by the common integration of particle emission rates, without resorting to
Monte Carlo. This method is more time consuming than usual intranuclear cascade
evaporation algorithm, but that less consuming than the deterministic integration of all
non-equilibrium and equilibrium particle emission rates. The advantage of the method
consists of the relative simplicity and fast implementation in the computer code, since

the routines describing the equilibrium emission in the widely used and verified
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computer codes, as STAPRE [308], GNASH [177], ALICE [201], etc. can be used for
this purpose.

In the present work the calculations are performed using the equilibrium
algorithm from the modified ALICE code [201].

5.1.2 Non-equilibrium model

The non-equilibrium particle emission is described using the intranuclear cascade
model implemented in the CASCADE (Dubna) code [287]. Below, this model
combined with the equilibrium model described in Section 5.1.1 is denoted by
CASCADE/ASF.

5.2 Comparison of calculationswith experimental data

The detaill and adequate information, which can be used for the demonstration of
predictive power of the equilibrium model combined with intranuclear cascade model,
are the measured yields of radionuclides. By a principle of “random selection” we take
the results of recent measurements of the radionuclide yield in the irradiation of *°Co
and ***W by protons with the energy from 0.8 to 2.6 GeV [309].

The calculations were performed using the model discussed in Section 5.1 and by
various intranuclear cascade evaporation models. the CASCADE [286,287] and
CEM 2k [142,154] models, the Bertini [144], ISABEL [148] and INCL4 [158] models
combined with the Dresner [163] and ABLA [164] evaporation models. All four
evaporation models considered (Dresner, ABLA, CASCADE and CEM2k) use a
certain approximations in modelling of equilibrium particle emission: the Fermi gas
model for the level density calculation [138,142,151,162], the “sharp cut-off”
formulas for inverse cross-sections [238], other simplifications justified only at high

excitation energies[151].
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The caculated radionuclide yields were normalized on the vaues of the
nonelastic cross-sections for proton interactions with nuclei, calculated by MCNPX
[142] (Tables 15,16). The equal number of Monte Carlo histories was used in the
simulations by different models. The cumulative cross-sections were obtained using
the decay data from FENDL/D-2. The unknown isomeric cross-section ratios were
taken equal to 0.5.

The quantification of the agreement between calculations and measured data has
been done using the F-deviation factor [162,309,311]

&L 3§ Jlog(se)- |og(s,ch)]Zg%

F=10°"= , (72)

For illustration purposes one can use aso other deviation factors [310]

o C
H=ELAEreros 7
WAl g
D_lé‘sfxp—sfa"’
_Na_1 o ’ (74)
18 s®e
R_N-as.exf“ (75)

calc

where s and Ds™ are the measured cross-section and its uncertainty, s°° is the
calculated cross-section, N isthe number of the experimental points.

The F - criterion [162,309,311], Eq.(72) is the most adequate for the comparative
analyses of different calculations, taking into account that the measured yields are
known only for the limited number of residua nuclei. In this case, the F - factor
reproduces the systematic underestimation as the overestimation of the results of

calculations compared with experimental data. In other criteria, Eqs.(73)-(75) the

calc

underestimation of the s~ values has an “advantage” compared with overestimation
of the results. For this reason, in spite of the clarity of Eqs.(73)-(75), these criteria are
of secondary importance and used in the present work for an illustrative purpose only.

158



Tables 15,16 show the values of different deviation factors obtained from the
comparison of calculations with the experimental data [309]. Taking into account, that
the use of the systematics EQq.(67) is justified for medium and heavy nuclei, the
consideration is limited by the yields of residual nucle with Z > 20. For an
illustration, Fig.64 shows the absolute values of radionuclide yields calculated by the
proposed CASCADE/ASF model and the Bertini/Dresner model and measured in Ref.
[309] for ***W irradiated with 1.6 GeV protons,

The comparison shows that the subgtitution of the original evaporation algorithm
in the CASCADE code [286,287] by the model described in Section 5.1.1 resultsin a
noticeable gain in accuracy of predictions. In most cases the model discussed is aso
the best comparing with other models (Tables 15,16, Fig.64).

5.3 Summary about modified intranuclear cascade evaporation model with detailed
description of equilibrium particle emission

The modified intranuclear cascade evaporation model combining the Monte Carlo
method for the smulation of non-equilibrium particle emission and deterministic
algorithm for the description of equilibrium de-excitation was discussed. The nuclear
level density for equilibrium states was calculated using the generalized superfluid
model taking into account collective enhancement of the nuclear level density in
addition to shell and superfluid effects [191,193]. The inverse reaction cross-sections
were calculated by the nuclear optical model. Calculations were performed without
additional smplifications [151,302], usually applied in the simulation of evaporation
particle cascade at high energies.

The model proposed has been used for the analysis of radionuclide yields in the
proton induced reaction at energies 0.8-2.6 GeV. The results of calculations show the
definite advantage of the model in accuracy of predictions in comparison with other

intranuclear cascade evaporation models [142,287].
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Table 15

The results of the comparison of experimental data [309] with calculations for *°Co irradiated with

1.2 — 2.6 GeV protons. The cross-section of nonelastic proton interaction Syo, IS shown. The best
results are underlined.

Factor Bertini/ Bertini/ ISABEL/ | ISABEL/ | INCL4/ INCL4/ CEM2k CASCADE CASCADE/
Dresner ABLA Dresner ABLA Dresner ABLA (origina) ASF
(thiswork)

Proton energy 1.2 GeV, number of points 20, Spon= 772 mb

H 4.87 15.85 458 21.17 4.16 20.35 6.52 12.79 6.02

D 0.32 0.81 0.28 1.10 0.25 1.02 041 0.60 0.36

R 0.70 150 0.89 1.83 0.91 1.78 0.93 112 1.10

F 1.74 2.07 1.58 231 1.56 221 1.78 2.52 1.50
Proton energy 1.6 GeV, number of points 20, Snon= 773 mb

H 451 13.79 5.66 23.16 4.30 20.05 5.82 11.80 551

D 0.33 0.81 0.33 1.27 0.25 1.13 0.37 0.59 0.37

R 0.71 143 1.01 2.04 0.95 1.87 0.84 111 1.09

F 1.96 211 1.65 245 151 2.30 1.78 2.38 148
Proton energy 2.6 GeV, number of points 20, S0, = 770 mb

H 4.29 13.71 5.78 28.15 4.42 26.00 5.23 10.26 551

D 0.32 0.80 0.34 1.63 0.27 1.45 0.36 0.58 0.37

R 0.71 1.42 1.15 2.38 1.03 2.23 0.80 1.08 1.08

F 1.76 211 155 2.75 147 255 1.86 231 1.49

All energies, number of points 60

H 4.56 14.48 537 24.34 4.29 22.30 5.88 11.66 5.69

D 0.32 0.81 0.32 1.33 0.26 1.20 0.38 0.59 0.37

R 0.71 1.45 1.02 2.08 0.96 1.96 0.86 1.10 1.09

F 1.82 2.10 1.59 2.50 151 2.35 181 240 149
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Table 16

The results of the comparison of experimental data [309] with calculations for *#*W irradiated with
0.8 and 1.6 GeV protons. The cross-section of nonelastic proton interaction s, is shown. The best

results are underlined.

Factor Bertini/ Bertini/ ISABEL/ | ISABEL/ | INCL4/ | INCL4/ | CEM2k CA_S_CADE CASCADE/
Dresner ABLA Dresner | ABLA Dresner | ABLA (origina) ASF
(this work)
Proton energy 0.8 GeV, number of points 67, S, = 1636 mb
H 5.08 5.04 5.05 5.35 5.56 6.18 4.85 4.72 4.34
D 0.38 0.39 0.37 0.38 041 0.43 0.38 0.39 0.33
R 0.83 0.83 0.78 0.78 0.75 0.75 0.80 0.78 0.86
F 1.76 2.28 213 224 2.20 254 2.89 1.65Y 157
Proton energy 1.6 GeV, number of points 91, S, = 1687 mb
H 6.89 5.67 545 591 525 6.08 5.88 4.90 451
D 0.48 0.44 0.44 0.44 0.38 0.40 0.45 0.35 0.33
R 0.87 0.89 0.80 0.83 0.79 0.85 0.89 0.83 0.87
F 1.87 2.63 2.60 2.83 2.73 257 3.60 2.857 1.69
All energies, number of points 158
H 6.19 541 5.28 5.68 5.38 6.12 5.47 4.82 4.44
D 0.44 0.42 041 041 0.39 0.41 0.42 0.37 0.33
R 0.85 0.86 0.79 0.81 0.77 0.81 0.85 0.81 0.87
F 1.82 248 240 2.58 251 2.56 3.30 2.39Y 164

Y number of points (N) is equal to 58
2 Nisequa to 86
9 N isequal to 144
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model and the Bertini/Dresner model for ***W irradiated with 1.6 GeV protons and measured

Fig.64 The radionuclide production cross-sections calculated by the proposed CASCADE/ASF
in Ref.[309]. Cumulative yields are indicated. If the calculated value is absent, it coincides
with the experimental point. The difference between two calculations for residua nuclel with

atomic mass number close to 184 is rather due to the difference in intranuclear cascade

models and not in evaporation ones.
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6. Phenomenological model for non-equilibrium deuteron emission in nucleon

induced reaction

Deuteron emission gives a noticeable contribution in the total hydrogen production
cross-section for heavy and light nuclel (Fig.65). At the same time the theoretical
description of the emission of deuterons is the most complicated comparing with other
hydrogen isotopes [222]. The biggest problem is the description of the non-
equilibrium deuteron emission.

A new approach is proposed for the calculation of non-equilibrium deuteron
energy distributionsin nuclear reactions induced by nucleons of intermediate energies.
It combines the model of the nucleon pick-up, the coalescence and the deuteron
knock-out. The calculated deuteron energy distributions are compared with

experimental data from *°C to *®Bi.

Nine years ago a paper [206] was published concerning the precompound
deuteron emission in nuclear reactions induced by nucleons of intermediate energies.
The mode proposed has been one of the first applications of the coalescence pick-up
model [221,222] and the first application of the hybrid model [199] to the description
of the non-equilibrium deuteron emission in nuclear reactions.

The model [206] was in a peculiar competition with the model of the complex
particle emission [189] formulated basing on the theory of the pre-equilibrium particle
emission. During long time both models [189,206] were used for the qualitative
description of deuteron spectra in nucleon induced reactions. The need in reliable
nuclear data at primary nucleon energies up to 150 MeV [218,312,313] in a new way
raised a question about the accuracy of model calculations. The requirement of
guantitative description of nuclear reaction characteristics has acquired a special
importance. The pre-equilibrium exciton model [189] has been renewed in
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Refs.[314,335] and the success of the improved model in the calculation of complex
particle emission spectra has been demonstrated in Refs.[315-317].

The present work concerns the further development of the approach [206]
formulated basing on the exciton coalescence pick-up model [222] and the hybrid
model [199].
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Fig.65 Contribution of deuterons in the total hydrogen production cross-section (sum of the proton,
deuteron and triton contribution) obtained from the experimental data for different nuclei
irradiated with 62 MeV [247] and 90 MeV [248] protons.
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6.1 Model description

Both approaches [189,206] describing the non-equilibrium deuteron emission neglect
of the final size of the nuclear potential well. Taking it into account, one obtains that
the level density of the final state corresponding to the direct nucleon pick-up,
w(0p,1h,U) [189,206] is different from zero only at the energy of the residual
excitation below the Fermi energy. It immediately results to a noticeable discrepancy
of measured data and deuteron emission spectra calculated by both approaches [189,
206]. Formally, the pick-up component with the (Op,1h) final state can be referred to
the high energy tail of the deuteron emission spectrum, which usually has a peak in
the measured energy distribution [247,248]. The DWBA calculation [318] confirms
this qualitative consideration.

This fact makes it necessary to search for other principles for the formulation of
the pre-equilibrium model of the deuteron emission. Return to the coa escence model
of Ribansky, Oblozinsky [244], which is used up to now for the analysis of complex
particle emisson [319], cannot be fully justified for reasons discussed and
investigated in details in Refs.[221,222]. Most likely, it is necessary to search for the
solution in a combination of the models describing different nuclear processes
resulting to the deuteron emission, which physical validity meets no serious
objections.

In the present work, it is supposed that the non-equilibrium deuteron emission in
nucleon induced reactions results from: i) the pick-up of nucleon with the energy
below the Fermi energy (Er) after the formation of the (2p,1h) initial exciton state, ii)
the coalescence of two excited nucleons with energies above Eg, iii) the knock-out of
the “preformed” deuteron, iv) the direct process resulting in the deuteron formation
and escape. The non-equilibrium deuteron spectrum is calculated as a sum of different

components
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where the first term relates to the pick-up and the coalescence after the formation of
the (2p,1h) exciton state, the second component describes the contribution of the
deuteron knock-out and the last term relates to the direct process.

The analytical expressions for each component of the deuteron emission
spectrum were obtained using basic statements of the hybrid model [199].

The exciton level density is calculated following Béték and Dobes [220] taking

into account the finite depth of the nuclear potentia well

(E' kEF)n-l

olhi(n - 1)! (77)

h
w(p,h,E)=9"g"a C (- D" Q(E- KE)
k=0

where “p” is the number of particles;, “h” is the number of holes, “n” is equal to the
sum of “p” and “h”; E is the energy of the excitation; Er is the Fermi energy; g and g
are the single level density for particles and holes, respectively; Q(x) is the Heaviside
function, Q =0forx<0and Q= 1for x > 0.
The single level density for particles and holes are calculated according to
Ref.[220]
g=A/14, (78)
g=A/E. (79)
The surface nucleus effects [320,321] make an influence on the effective value of

the Fermi energy Er used for the calculation of precompound particle spectra. It is
discussed below.

6.1.1 Pick-up and coalescence

The exciton coalescence pick-up model proposed in Refs.[221,222] is used for the

calculation of the do™""“/dey spectrum component [206]
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where s o, IS the cross-section of nonelastic interaction of the nucleus and the primary
nucleon with the kinetic energy Ey; Fyn, is the deuteron formation factor equal to the
probability that the deuteron is composed of “k” particles above the Fermi level and
“m” particles below; the residual excitation energy U isequd to E - Qg €y, and E is
the excitation energy of the composite nucleus, Qq is the separation energy for the

deuteron; g, is the channel emission energy corresponding to the deuteron emission;

1% is the deuteron emission rate; |7, is the intranuclear transition rate for the

absorption of the formed deuteron in the nucleus; gy is the density of single states for
the deuteron; D(n) is the factor describing the “depletion” of the n-exciton state due to
the particle emission; ny isthe initia exciton number, (ny = 3).

The deuteron emission rate is calculated with the following formula

o _ (25, +Dme, 51 (e,)
d

p2 h3 gd ’ (81)
where S and my are spin and reduced mass of the outgoing deuteron; si* is the

Inverse reaction cross-section for deuteron. The deuteron absorption rate is equa to
|5 =2W* /h, (82
where W™ istheimaginary part of the optical potential for deuteron.

The form factors of the deuteron formation F ,, were calculated in Ref.[222] for
the effective nuclear radius with the dR parameter value equal to 1 fm. The origina
values [222] are approximated and presented as follows
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As an illustration, Fig.66 shows the pick-up and coalescence contribution in the

deuteron emission spectrum for >*Fe and **’Au irradiated with 61.5 MeV protons.

*Fe(p,d)x E =61.5 MeV

® Bertrand (73)

ds/de, (mb/MeV)
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ds/de, (mb/MeV)

0 10 20 30 40 50 60
Deuteron energy (MeV)

Fig.66 The contribution of different nuclear processes in the deuteron emission in reactions p+>*Fe
and p+'%’Au induced by 61.5 MeV protons: the equilibrium emission (EQ), the pick-up of
nucleon from the exciton states starting from (2p,1h) (F(1,1)), the coalescence of two excited
nucleons (F(2,0)), the direct pick-up (D). Also the sum of al non-equilibrium components
(NONEQ) and the total spectrum (TOTAL) are shown. The nonequilibrium deuteron
spectrum for p+**’Au reaction almost coincides with the total spectrum. Experimental data
(black circles) are taken from Ref.[247]. The deuteron energy is shown in laboratory
coordinate system asin other Figures below.
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6.1.2 Knock-out

The deuteron knock-out process has been studied in Ref.[322] relating to (n,d)
reaction cross-section. The present work concerns the possible contribution of the
knock-out in deuteron emission spectra. By the analogy with the a-particle emission
[205] the knock-out component of the precompound deuteron emission spectrum is

written asfollows

ds ¥-© ° g w(p-1LhU) 1% (ey)
=s . (Ey) F . (E,) s "
de, ° Sﬁo e gsP W(p,hE) | 5 (eg) +15(ey)

gqs D(N), (85)

where the factor g/(ggp) justifies the substitution of the level densty

W(p,ﬁ,n,ﬁ,d,a,E) for the three-component system (neutron, proton, deuteron)

[223,205] by the one-component state density w(p,h,E) in EQ.(85). The factor F g4

describes the initial number of excited deuteron clustersin the nucleus

Fa=2Fqy(Eo), (86)

where F; is the probability of interaction of the incident particle with the “preformed”
deuteron resulting in its excitation in the nucleus; factor of two reflects the
normalization on the number of particlesin theinitia exciton state n.
The general expression for Fyis
- i S,(Eo)
47z (A-Z)

oSBT 5, (Eo) i S ,(Eo)

(87)

where “x” refersto the initial proton or neutron; S,q, Sy, and sy, are the cross-sections
of the dastic interaction of projectile with deuteron, proton and neutron, respectively
corrected for a Pauli principle; j is the number of “preformed’ deuterons in the
nucleus; Z' and A’ are number of protons and nucleons in the nucleus corrected for a

number of deuterons clustered.
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Assuming that the number of preformed deuteronsj has arather small value and

Z’'»A’[2 one can obtain, approximately
F @215 (89)
S Xp *t Sy

For the evaluation of the cross-section ratio in Eq.(88) the cross-section of the
free elastic nucleon-deuteron scattering was taken from ENDF/B-VI at the energy up
to 150 MeV and evaluated above 150 MeV using the data from EXFOR. The free
nucleon-nucleon interaction cross-sections were obtained from Ref.[149]. The Syq, Sxp
and s, cross-sections were calculated taking into account the limitation superimposed
by the Pauli principle on the number of intranuclear interactions. It was assumed, that
the angular distribution of interacting particles is approximately isotropic in the
center-of-mass system. The Fermi energy for deuterons was taken equal to 2E.

Fig.67 shows the ratio of the cross-sections s,q4/(Sxp +Sxn) @ the different kinetic
energy of the incident nucleon calculated for the nuclear potential well with the Fermi
energy equal to 32 MeV. The ratio for the free nucleon-deuteron and free nucleon-
nucleon scattering cross-sectionsis also shown.

The obtained value of s,4/(Sxp +Sxn) for the nuclear potential well (Fig.67) was

approximated as follows

_ 5w =0512 exp(- 9.8140° E,), (89)
S Xp +S xn

where E, isthe kinetic energy of projectile outside of the nucleusin MeV units.

Eqgs.(85),(86),(88),(89) were used in the present work for the calculation of the
knock-out component of deuteron precompound spectra.

Fig.66 shows the calculated contribution of the deuteron knock-out in the
deuteron emission spectrum for **Fe and **’Au irradiated with 61.5 MeV protons.
Parameters used for the calculation are discussed in Section 6.1.5.
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Fig.67 The ratio of the elastic nucleon-deuteron scattering cross-section to the sum of the elastic
nucleon-nucleon cross-sections Sxd/(Sxp +Sxn) calculated for the nuclear potential well with
the Fermi energy equal to 32 MeV (solid line) and for the free scattering (dashed line).
Incident nucleon kinetic energy is outside the nucleus (x-axis)

6.1.3 Multiple pre-equilibrium emission

The multiple particle emission gives a noticeable contribution in precompound
emission spectra of composite particles forming in nuclear reactions induced by
nucleons with energies above 50 MeV [205].

The multiple pre-equilibrium effect is taken into account for the deuteron
emission as described below. The pick-up and coaescence contributions for the
spectrum of deuterons escaping after the pre-equilibrium emission of nucleons are

calculated by the following expression
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where D is the reduced de Broglie wavelength of the incident particle; T, is the
transmission coefficient for I-th partia wave; X, is the number of nucleons of x-type
in the n-exciton state; “X” refers to proton and neutron emitted; Q is the separation

energy for nucleon in the composite nucleus; &, is the channel energy for x-particle;

Q', isthe separation energy for deuteron in the nucleus formed after the emission of

nucleon of x-type; EM™ and EI™ define the energy range, where the emission of the
x-particle occurs; D, is the depletion factor concerning the escape of particles from n’-
exciton state.

The analogous formula is written for the deuteron knock-out following the fast
nucleon emission. The successive emission of three and more pre-equilibrium
particlesis not considered here.

Fig.68 shows the influence of the multiple pre-equilibrium emission on the
calculated energy distribution of deuterons emitted.

6.1.4 Direct pick-up process

The process corresponds to the pick-up of nucleon without formation of the (2p,1h)
exciton configuration. The final state is (Op,1h). The rigorous description of this
process can be done only outside the pre-equilibrium theory. However, the
mathematical expressions obtained formally with the help of the precompound exciton
model [189,206] are used for the phenomenologica and qualitative description of the

direct nucleon pick-up.
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Fig.68 The contribution of deuterons formed on different pre-equilibrium stages of the nuclear
reaction p+2®Bi induced by 90 MeV protons in the total deuteron emission spectrum: the
emission of the first precompound deuteron (“1st d”), the pre-compound deuteron emission
after the pre-equilibrium proton escape (“p,d”), the pre-compound deuteron emission
following the pre-equilibrium neutron emission (“n,d”). The sum of all pre-equilibrium
components (“1st d’+"p,d’+"n,d”) (PREEQ) and the total spectrum (TOTAL) are shown.
Experimental data (black circles) are taken from Ref.[248].

According to Ref.[206] the direct component of the deuteron spectrumis

ds® . W) 1)

de, ™ W(pOhE) %)+ (e,) (91)

where the final level density w*(U) is approximated in Ref.[206] by w(Op,1h,U)>9gq

with the gvalue equal to 2340 3 MeV ™ * for all nuclel and excitation energies.
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The formal consideration of the finite depth of the nuclear potentia well shows
that Eq.(91) can contribute only in the most high energy part of the deuteron emission
spectrum, as it has been mentioned above. In this case the calculated part of the
spectrum is a rectangular step with the width equal to Er. To improve the agreement
of calculations and the measured deuteron spectra it is useful to write the direct

component of the spectrum in the following form

D _ 2 A e
ds :Snon a‘l expg (E a2 EFg g e I d(edz
de, 2(@,EL)" gl G(ey)+14(ey)

9 , (92)

where ay, a, and a; are parameters, Er is the effective value of the Fermi energy.

The values of a; can be obtained from the analysis of experimental deuteron
gpectra (Section 6.1.5). The global parameterization of a; parameters is hardly
possible.

Fig.66 shows the ds®/de; component of the calculated deuteron spectrum for
>Fe(p,d)x and **’Au(p,d)x reactions induced by 61.5 MeV protons.

6.1.5 Parameters of the mode

Model parameters were obtained from the comparison of calculations with the
experimental data [247,248,319,323-328]. The deuteron spectra were calculated using
Eqgs.(76)-(86),(88)-(90),(92).

The change in values of different parameters results to the different energetic
dependence of calculated deuteron spectrum. In most cases such change cannot be
represented by simple redefinition of other model parameters.

The global normalization of the sum for the F;; pick-up and the F, coalescence
components adopted in Ref.[206] was kept unchanged

é_ Fon =03 (93)

k+m=2
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The single particle state density for deuteron gy was taken equal to g/2.

The j parameter of the knock-out model obtained from the comparison of the
experimental dataand calculations for different nucle is equal to 0.18 + 0.03.

The effective value of the Fermi energy Er was found equal to 5 MeV. This
rather small value reflects the influence of surface nuclear effects on the deuteron
emission. The similar reduction of the effective Fermi energy was obtained from the
analysis of nucleon pre-equilibrium spectra in Refs.[320,321]. Fig.69 shows the
influence of the effective Er value on the cal culated deuteron energy distribution.
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Fig.69 The deuteron emission spectrum for 2®Bi(p,d)x reaction induced by 90 MeV protons
calculated using different value of the effective Fermi energy Er. Experimental data (black
circles) are taken from Ref.[248].
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The imaginary part of the optical potential W™ was parameterized as follows
WP=Wpat e<e and W= Wpexp(bXes- e)) at eg® e; Wo = aXE; - Ep)) + W,
aE,£E;, Wo=gXE,- E)) +W,atE,>E, and Wy =gXE, - E;) + W, at E, > E,,
where e, = 20 MeV, b = - 0.1027%xp(- 11.45%A- 2 Z)/A), E; = 62 MeV, E, = 90
MeV, g = - 1.3740°A - 0.213, g = - 0.45, W, = 32 MeV. This rather complex
energy and A- dependence of w™ results from the fitting of calculations to
experimental deuteron spectra. Partly, it accumulates an uncertainty of different
measurements and reflects general approximate character of the model discussed.

The parameters of EQ.(92) have been obtained from the anaysis of the
experimental data. For the most nuclei the value of a; is equal to 1.5 X0 3 The a,
parameter value is equal to 0.77 £ 0.54 and as is equal to 0.52 + 0.18. It is supposed
that Er isequal to 5 MeV in Eq.(92).

The inverse reaction cross-sections have been calculated as described in
Refs.[201,208]. The optical potential of Koning and Delaroche [131] has been used
for the calculation of the cross-section of nonelastic interactions, S, for primary
neutrons and protons.

The numerical caculations were performed with the help of the modified version
of the ALICE/ASH code [202,203].

The model parameters used for the computation of nucleon precompound spectra
make an influence on the calculated energy distribution of deuterons. The nucleon
spectra were calculated using the geometry dependent hybrid model [199]. The results
of calculations were compared with the experimental data [247,248,319,325,326,329,
330] for several nuclei from *’Al to ?Bi. The comparison shows that in most cases
the measured nucleon spectra are described by model calculations with the
multiplication factor for the free nucleon path in the nucleus [199,201-203] equd to
one. For the incident nucleon energy above 90 MeV the factor of two has been
adopted.
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6.2 Comparison of calculationswith experimental data

The calculation of deuteron energy distributions has been carried out using Egs.(76)-
(86),(88)-(90),(92) with the help of the ALICE/ASH code.

Figs.70-78 shows the deuteron emission spectra calculated for nuclei from **C to
“®Bj jrradiated with 61.5-62.9 MeV protons. The deuteron energy distributions
calculated for reactions induced by 90 MeV protons and 96 MeV neutrons are shown
in Figs.78-84. The experimental data presented in Figs.70-84 are taken from
Refs.[247,248,319]. Thereis an agreement between calculated and measured spectra.

Examples of deuteron emission spectra calculated for nuclear reactions induced
by nucleons of lower energies are shown in Figs.85,86. The reasonable agreement is
observed for calculations and experimental data[247,326-328].

Recently a large number of measurements [330-334] has been made for charge
particle emission spectra in neutron induced reactions. A special comment is required
concerning deuteron digtributions obtained in Refs.[330-334]. The comparison of
model calculations with the experimental data shows a large discrepancy at the high
energy tail of measured deuteron spectra [315]. Partly experimental points are in
kinematically forbidden energy region. The authors [315] mentioned that it results
from the measurement technique concerning i) the energy resolution of the incident
neutron spectrum, ii) the flat neutron energy distribution a lower incident neutron
energy used in measurements.

The comparison of present calculations with the experimental data [315,334] aso
shows a noticeable difference. It is more obvious at lower projectile energy, where the
experimental points are above the kinematic limit of the reaction. Fig.87 shows the
calculated deuteron spectrum for n+"®Fe reaction at the projectile energy 28.5 and
53.5 MeV. The small step in the high energy part of calculated spectra is due to the
>*Fe(n,d) reaction contribution. The isotope **Fe has the highest vaue of the (n,d)
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reaction energy (Qnq = - 6.63 MeV) comparing with other stable iron isotopes (Qng:
Fe: -7.96, °'Fe -8.335, ®Fe: -9.73 MeV). The maximal energy of deuterons
corresponding to >*Fe(n,d) and *°Fe(n,d) reactions are shown by touches on the energy
axis (Fig.87). Fig.87 shows that the measured deuteron spectra are partly above the
kinematic limit of the (n,d) reaction. At the lower incident neutron energy (28.5 MeV)
the discrepancy between the calculated high energy part of the spectrum and the
measured data is more evident. The lacks of measurements mentioned above make a
rather questionable to test theoretical models of deuteron emission using the data

discussed at |east at lower incident neutron energies.
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Fig.70 Calculated total deuteron emission spectrum (solid line) and nonequilibrium deuteron
emission spectrum (dashed line) for the 2C(p,d)x reaction induced by 61.9 MeV protons.
Experimental data are from Ref.[247].
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Fig.71 Calculated deuteron emission spectrum for the *’Al(p,d)x reaction induced by 61.7 MeV
protons. Symbols asin Fig.70
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Fig.72 Calculated deuteron emission spectrum for the >*Fe(p,d)x reaction induced by 61.5 MeV
protons. Symbols asin Fig.70
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Fig.73 Calculated deuteron emission spectrum for the **Fe(p,d)x reaction induced by 61.5 MeV
protons. Symbols asin Fig.70.
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Fig.74 Calculated deuteron emission spectrum for the %Y (p,d)x reaction induced by 61.5 MeV
protons. Symbols asin Fig.70.
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Fig.75 Calculated deuteron emission spectrum for the *°Sn(p,d)x reaction induced by 61.5 MeV
protons. Symbols asin Fig.70.
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Fig.76 Calculated deuteron emission spectrum for the **’Au(p,d)x reaction induced by 61.5 MeV
protons. Symbols asin Fig.70.
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Fig.77 Calculated deuteron emission spectrum for the 2°®Pb(p,d)x reaction induced by 62.9 MeV
protons. Experimental data are taken from Ref.[325]. Other symbols asin Fig.70.
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Fig.78 Calculated deuteron emission spectrum for the ?®Bi(p,d)x reaction induced by 61.7 MeV
protons. Experimental data are taken from Ref.[247]. Other symbols asin Fig.70.
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Fig.79 Calculated deuteron emission spectrum for the %’Al(p,d)x reaction induced by 90 MeV
protons. Experimental data are taken from Ref.[248]. Other symbols asin Fig.70.
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Fig.80 Calculated deuteron emission spectrum for the *°Fe(p,d)x reaction induced by 96 MeV
neutrons. Experimental data are taken from Ref.[319]. Other symbolsasin Fig.70.
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Fig.81 Calculated deuteron emission spectrum for the *®Ni(p,d)x reaction induced by 90 MeV
protons. Experimental data are taken from Ref.[248]. Other symbols asin Fig.70.
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Fig.82 Calculated deuteron emission spectrum for the *°Zr(p,d)x reaction induced by 90 MeV
protons. Experimental data are taken from Ref.[248]. Other symbols asin Fig.70.
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Fig.83 Calculated deuteron emission spectrum for the 2®Pb(p,d)x reaction induced by 96 MeV
neutrons. Experimental data are taken from Ref.[319]. Other symbolsasin Fig.70.
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Fig.84 Calculated deuteron emission spectrum for the 2®Bi(p,d)x reaction induced by 90 MeV
protons. Experimental data are taken from Ref.[248]. Other symbolsasin Fig.70.
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Fig.85 Calculated deuteron emission spectra for p+>*Fe, p+'*’Au and p+°®Bi reactions induced by

protons with the energy from 28.8 to 38.8 MeV. Experimental data are taken from Ref.[247.
Other symbols asin Fig.70.
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6.3 Summary about phenomenological modd for non-equilibrium deuteron

emission in nucleon induced reaction

A new approach is proposed for the non-equilibrium deuteron emission in nuclear
reactions induced by nucleons of intermediate energies. The model combines the
model of the nucleon pick-up, the coalescence and the deuteron knock-out.

The model of Sato, Iwamoto, Harada [221,222] is used to describe the nucleon
pick-up and the nucleon coalescence from exciton states starting from the (2p,1h)
configuration. The probability of the nucleon interaction with “preformed” deuterons
in the knock-out model is calculated taking into account the Pauli principle. The
contribution of the direct pick-up is described phenomenologically. The multiple pre-
equilibrium emission of deuterons (the precompound deuteron escape after the fast
nucleon emission) is considered. The emisson and absorption rates of excited
particles are calculated by the hybrid model [199]. The exciton level density is
calculated taking into account the finite depth of the nuclear potential depth.

The calculated deuteron energy distributions are in a good agreement with
measured data.

7. Calculation of the energy depostion in thetargetsfrom C to U irradiated with

intermediate enerqy protons

The energy deposition was calculated for the targets from lithium to uranium
irradiated with intermediate energy protons with the help of different models
incorporated in the MCNPX code package and with the help of the CASCADE/INPE
code. The values obtained using different models and codes are in a good agreement
for all targets except uranium. The comparison with available experimental data for

the heat deposition for 0.8, 1.0 and 1.2 GeV protons has been performed. The good

189



agreement is observed for copper, lead and bismuth target. The best result is obtained
with the help of the ISABEL model. The systematic dependence of the heat deposition
from atomic number of the target was investigated. The contribution of different
particles and energy ranges in the heat deposition has been studied at the primary

proton energies from 0.3 to 2.5 GeV.

7.1 Brief description of the models and codes used for the energy deposition

calculation

The calculation of the energy deposition has been performed using the MCNPX code
package and using the CASCADE/INPE code [294] which includes the original high
energy particle transport code and the MCNP/4C code [341].

7.1.1 The MCNPX code

Three intranuclear cascade models (Bertini, CEM and ISABEL) combined with pre-
equilibrium model and evaporation model (Dresner) implemented in the MCNPX
code package were used for calculations.

The stopping power for protons and other charged nuclear reaction products was
calculated using the module from the LAHET Code System modified as described in
Ref.[138].

7.1.2 The CASCADE/INPE code

The CASCADE/INPE code has being developed and improved during the last decades
[150,151,286,293,294]. The model for the simulation of the intranuclear cascade
nucleon and meson interactions is quite different from the models incorporated in the
MCNPX package. The detail description is given in Ref.[286]. The main features of
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the model are the consideration of the time coordinate, the use of the realistic nuclear
density with the diffuse boundary and the description of the change in the nuclear
density during the fast particle emission. The pre-equilibrium stage of the reaction
describing by the exciton model is not considered in present calcuations. After the
finish of the fast particle emission the evaporation stage occurs.

To describe the non-equilibrium a-particle emission from an excited nucleus the
coalescence model from Refs.[342,343] is used.

The Fermi gas model with level density parameter equal to A/10 is used to
calculate the nuclear level density for the excited nuclei. The general expressions
describing the particle evaporation widths in the CASCADE/INPE model and in the
CEM model are the same. The fission channel is described according to Ref.[209].

The creation and the emission of the following particles have been smulated in
the present work with the help the MCNPX code and the CASCADE/INPE code:
neutrons, protons, deuterons, tritons, *He, a-particles, charged pions n*, 7", neutral

pions and photons.

7.1.3 Use of evaluated nuclear data files for low energy particle transport calculation

Data from ENDF/B-VI (Release 8) library were used for the particle transport
calculations with the MCNPX code at low energies. The evaluated data up to 150
MeV from ENDF/B-VI (8) were applied for the energy deposition calculations for
carbon, aluminum, iron, copper, lead and bismuth. For uranium the available data up
to 20 MeV were used.

For the systematic calculation of the energy deposition the neutron data for the
nuclides with Z=3-92, which are absent in ENDF/B-VI (8), were taken from other
nuclear data libraries at the energies below 20 MeV. For ™Zn data were taken from
JEFF-3.0 (origina BROND-2.2 data), for “Ge, *Er, *Er, *®*Er, and "Er the
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JENDL-3.3 data were adopted, for "™Pt data were taken from JEFF-3.0 (original
ENDL-78 data).

The low energy neutron transport calculations with the help of the
CASCADE/INPE code were also based on the ENDF/B-VI (8) data. The photon
transport was treated with the help of the MCNP/4C code. The protons and other
particles were tracked with the help of the theoretical models.

7.2 Experimental data for the heat deposition

The heat deposition has been measured in Refs.[336-339] for two cylindrical targets
with radius equal to 5 and 10 cm and height equal to 60 cm irradiated with 0.8, 1.0
and 1.2 GeV protons. The data were obtained for protons impinging on the butt-end of
the cylinder with the Gaussian radial distribution with a full width at half-maximum
equal to 2.4 cm.,

The most detailed data were obtained for the target with the radius R=10 cm
[336-339]. The data for this target is used for the comparison of the experimental data
and the code calculationsin the present work.

The experimental values of the total heat deposition for the carbon, auminum,
iron and copper targets were obtained by the integration of the linear density of the
energy deposition (dQ/dz) along the beam axis measured in Refs.[338,339]. Data for
lead and bismuth were taken from Ref.[336] and for uranium from Ref.[340].

7.3 Results
7.3.1 Thetotal values of the heat deposition

The calculated and measured values of the total heat deposition (Q) are presented in
Figs.88-94 for carbon, aluminum, iron, copper, lead, bismuth and uranium. Data

correspond to the cylindrica target with the radius equal to 10 cm. Figs.92-94 show
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also the values of the heat deposition obtained with the help of the LAHET code in
Ref.[340].
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Fig.88 Tota heat deposition in the carbon target calculated using the MCNPX code package and
the CASCADE/INPE code. The experimental data (black circle) are from Ref.[338].
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Fig.89 Tota heat deposition in the aluminum target. The experimental data are from Ref.[338].
The symbolsareasin Fig.88.
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Fig.90 Total heat deposition in the iron target. The experimental data are from Ref.[339]. The
symbolsareasin Fig.88.
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Fig.91 Tota heat deposition in the copper target. The experimental data are from Ref.[339]. The
symbolsare asin Fig.88.
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Fig.92 Total heat deposition in the lead target calculated with the help of the MCNPX code, the
CASCADE/INPE code and the LAHET code (dashed line). The experimental data are from
Ref.[336]. The symbolsareasin Fig.88.
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Fig.93 Total heat deposition in the bismuth target. The experimental data are from Ref.[336]. The
symbols are asin Figs.88,92.
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Fig.94 Total heat deposition in the uranium target. The experimental data are from Refs.[4,7]. The
symbols are asin Figs.88,92.

There is a rather good agreement between predictions of different models and
codes except the calculations for uranium (Fig.94). For uranium the values of Q
calculated with the help of the CEM model and the CASCADE/INPE model are close.
The ISABEL model predictions are in the agreement with the Bertini model, but not
with the CEM model and the CASCADE/INPE model. The origin of the differenceis
the use of the different approaches to describe the fission-evaporation competition in
the models.
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As compared with the experimental data, the calculation overestimates the heat
deposition for carbon (Fig.88) and underestimates for aluminum and iron (Figs.89,90).
There is a good agreement between the experimental and calculated values of the heat
deposition for copper (Fig.91). For lead, bismuth and uranium the results of the
calculations are rather higher than the measured values of Q. The deviation of the
experimental data and calculated vaues increases for carbon and bismuth with the
proton energy growth, For aluminum, iron and lead one may say about “energy
independent” discrepancy. The LAHET code calculation has the maximal deviation
from the experimental values for lead and bismuth (Figs.92,93) and shows the best
result for uranium (Fig.94).

The values describing the deviation of the experimental data and the MCNPX
code and the CASCADE/INPE code calculations are given in Table 17.

According to the data from Table 17, the Bertini model gives the best description
of the experimental data for copper, lead and bismuth. The ISABEL model provides
the best result for carbon and uranium. The CASCADE/INPE calculations have the
minimal error for auminum and iron. Formally, for all seven elements the ISABEL
model gives the best description of the measured data (last row in Table 17). At the
same time the error values shown in Table 17 for different codes are rather close (14.2
to 17) and the use of any code does not give the substantial gain in the experimental
data description comparing with other codes.

To understand better the general character of the difference between the
calculated values and the experimental data the calculations have been performed for a
wide number of the elements irradiated with intermediate energy protons. The energy
deposition has been calculated for seventy natural mixtures of isotopes with atomic
number from Z = 3 to 92 except gases. The target was the cylinder with radius equal
to 10 cm and the height equal to 60 cm, for which the measurement of the heat
deposition was performed in Refs[336-339]. Fig.95 shows the results of the

calculation performed with the help of the Bertini model and the measured values of
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the energy deposition for the proton energy equal to 0.8 GeV and 1.2 GeV. The

statistical error of the Monte Carlo calculations does not exceed 1 % for al elements

considered.

Table17

The error between the calculated and measured values of the heat deposition (%), calculated as
follows (UN)S |Q®°-Q“°|/Q®® . The minimal value for each target is marked oi.

MCNPX
Target Proton energy CASCADE/INPE
(MeV) Bertini model | CEM model | ISABEL mode

800 228 20.7 18.8 209
1000 38.8 38.5 36.8 39.8

Carbon
1200 46.0 455 444 49.0
al energies 35.9 34.9 33.3 36.6
800 16.0 16.2 17.3 15.0
Aluminum 1000 122 111 127 9.9
al energies 14.1 13.6 15.0 124
800 28.1 28.8 275 28.2
1000 221 229 21.8 21.3

Iron

1200 185 18.8 184 15.7
all energies 229 235 225 21.8
800 0.7 1.7 0.9 1.6
1000 0.2 0.5 0.9 0.8

Copper
1200 1.6 1.8 1.1 0.8
al energies 0.8 1.3 1.0 11
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Table 17 continued

MCNPX
Target Proton energy CASCADE/INPE
(MeV) Bertini model | CEM model | ISABEL mode
800 10.8 10.4 125 9.9
Lead 1000 13.3 14.5 14.2 14.0
1200 11.4 125 11.8 13.4
all energies 11.8 125 12.8 12.4
800 17 18 0.3 27
Bismuth 1000 24 34 35 3.2
1200 14.4 16.5 15.0 17.7
al energies 6.1 7.2 6.3 79
800 13.7 28.5 12.9 22.3
. 1000 7.0 20.3 4.6 15.9
Uranium
1200 11.4 25.8 95 23.0
al energies 10.7 24.9 9.0 20.4
All targets 14.7 17.0 14.2 16.3

Fig.95 shows that the general dependence of Q is not monotonous function of the
atomic number Z. The holes correspond to the akali elements Li, Na, K, Rb and Cs
which have the maximal values of the proton ranges and also to lead and bismuth. The
calculated values of Q are in a general agreement with the experimental values of the
heat deposition for all cases except iron. The measured heat deposition is noticeably

higher then the values of Q calculated for iron and neighboring elements. It should be
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noted that for 800 MeV protons the measured value of the heat deposition for iron
(Q=780 MeV) is peculiarly close to the primary proton energy.
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Fig.95 Total heat deposition in the cylindrical target (R=10 cm, H=60 cm) calculated using the
Bertini/Dresner model by the MCNPX code (open circle) for natural mixtures of isotopes
from Li to U at the energy of primary protons equal to 0.8 and 1.2 GeV. The experimental
data (black circle) are from Refs.[336-339)].
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7.3.2 Thelinear density of the heat deposition

The linear density of the energy deposition along the target axis cdculated and
measured for the target with R=10 cm and H=60 cm is shown in Figs.96-107. The
calculations were performed with the help of the MCNPX code using the Bertini
model, the CEM model and the ISABEL model and with the help of the
CASCADE/INPE code. Figs.96-107 show the results obtained for 0.8 GeV, 1.0 GeV
(for Al) and 1.2 GeV protons and the values of the heat deposition measured in
Refs.[336,338,339].

The noticeable deviation of the calculated and measured values of the hesat
deposition is for carbon (Figs.96,97) at the distance up to 30 - 40 cm from the point of
the beam penetration along the target axis. For aluminum the calculated values of Q
are lower than the measured ones for a whole target length (Figs.98,99). The
substantial difference between the measured and calculated energy deposition is for
iron at the distance z > 5 cm (Figs.100,101). The most relative deviation is for 0.8
GeV protons at the distance z exceeding the proton range (Ry) in iron equal to 42.3 cm
(Fig.100). There is a quite good agreement between measurements and calculations
for the copper target for a whole target length (Figs.102,103) except the distance z
=40 — 45 cm for 0.8 GeV protons (Fig.102) which is close to the proton range in
copper, R, = 38.8 cm. There is a good agreement between different code calculations
and the experimental data for the lead and bismuth target (Fig.104-107). The Q(2)
dependence for 0.8 GeV protons shows the weak growth at the distance close to
proton ranges in the targets (Figs.100,102,104,106). It is due to the sharp rise of the
proton stopping power in this region and the presence of the relatively small part of
the primary protons not undergoing the nuclear interactions. For the carbon and
aluminum targets and for all targets at 1.2 GeV proton energy the range of protons

exceeds the target length.

201



12
Carbon
10
Ep:O.8 GeV

dQ/dz (MeV/cm)

—— MCNPX (Bertini)

o MCNPX (CEM)
- MCNPX (ISABEL)

—— CASCADE/INPE

0 : , : , : , : , : ,
0 10 20 30 40 50 60
z (cm)

Fig.96 Energy deposition in the carbon target irradiated with 0.8 GeV protons calculated using the
MCNPX code package and the CASCADE/INPE code. The experimental data (black

circle) are from Ref.[338].
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Fig.97 Energy deposition in the carbon target irradiated with 1.2 GeV protons. The experimental
data are from Ref.[338]. The symbols are asin Fig.96.
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Fig.98 Energy deposition in the auminum target irradiated with 0.8 GeV protons. The
experimental data are from Ref.[338]. The symbolsare asin Fig.96.
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Fig.99 Energy deposition in the auminum target irradiated with 1.0 GeV protons. The
experimental data are from Ref.[338]. The symbolsare asin Fig.96.
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Fig.100 Energy deposition in the iron target irradiated with 0.8 GeV protons. The experimental data
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Fig.101 Energy deposition in the iron target irradiated with 1.2 GeV protons. The experimental data
are from Ref.[339]. The symbols are asin Fig.96.
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Fig.102 Energy deposition in the copper target irradiated with 0.8 GeV protons. The experimental
data are from Ref.[339]. The symbols are asin Fig.96.
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Fig.103 Energy deposition in the copper target irradiated with 1.2 GeV protons. The experimental
data are from Ref.[339]. The symbols are asin Fig.96.
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Fig.104 Energy deposition in the lead target irradiated with 0.8 GeV protons. The experimental data
are from Ref.[336]. The symbols are asin Fig.96.
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Fig.105 Energy deposition in the lead target irradiated with 1.2 GeV protons. The experimental data
are from Ref.[336]. The symbols are asin Fig.96.
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Fig.106 Energy deposition in the bismuth target irradiated with 0.8 GeV protons. The experimental
data are from Ref.[336]. The symbols are asin Fig.96.
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Fig.107 Energy deposition in the bismuth target irradiated with 1.2 GeV protons. The experimental
data are from Ref.[336]. The symbols are asin Fig.96.
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7.3.3 The contribution of different particles and energy ranges in the heat deposition

The contribution of the different particles and energy regionsin the total value of the
energy deposition has been studied for the different targets with the help of the
MCNPX code and the CASCADE/INPE code.

Tables 18,19 show the calculated contributions of the different physical processes
in the heat deposition in the iron target irradiated with 0.8 and 1.2 GeV protons. It is
seen that the principa contribution to the total heat deposition is due to the ionization
from the primary and secondary protons and photon interactions with the matter. With
the growth of the initial proton energy the contribution of the primary protons
decreases. The part of other particlesis growing.

The good agreement is observed for different code calculations for the
contribution of the ionization from primary and secondary protons and photon
interactions including the photons produced from the p® decay. The contribution of the
ionization from the light clusters (d, t, °He, a) are close for both the Bertini model and
the ISABEL model and for the CEM model and the CASCADE/INPE model. At the
same time the separate contribution of deuterons, tritons, *He and a-particles are
different for the CEM model and the CASCADE/INPE model calculations. The
calculated contribution of charged pions isin a good agreement for the Bertini, CEM
and ISABEL models. The result of the CASCADE/INPE code is twice more than the
other code calculations. The energy released by the heavy recoils calculated with the
help of the different codesis similar.

The contribution of different physical processes to the heat deposition in the lead
target is shown in Tables 20,21. The principa contributors are the proton and photon
interactions, the same as for the iron target. The different codes predict the close
values of Q for the ionization of primary protons, for the photon and neutron
interactions. As for the iron target the CASCADE/INPE code predicts more charged
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pions than the models included in the MCNPX code. The energy deposited by the
ionization from the light clustersis close for the Bertini model and the ISABEL model
and for the CEM model and the CASCADE/INPE model.

Table 18

Energy deposition (MeV) in the cylindrical iron target (R=10 cm, H=60 cm) irradiated with 0.8 GeV
protons calculated with the help of the different models. (Empty cell means that the contribution is
not identified).

MCNPX
Vaue CASCADE/INPE
Bertini CEM ISABEL

Total 561.29 (100.0%) | 555.85 (100.0%) | 566.21 (100.0%) | 561.81 (100.0 %)

lonization from primary 238.69 (42.53) 238.69 (42.94) 238.69 (42.16) 252.70 (44.98)

proton

lonization from secondary | 250.29 (44.59) 233.91 (42.08) 258.02 (45.57) 220.30 (39.21)

protons

Photon interactions 41.00 (7.31) 40.18 (7.23) 40.98 (7.24) 34.64 (6.17)
photons formed 21.75 (3.87) 21.45 (3.86) 2351 (4.15) 17.28 (3.08)
from n° decay

Charged pions (n*,1) 1052 (1.87) 1024 (1.84) 1116 (1.97) 2523 (4.49)
negative pions, (1) 251 (0.45)

lonization from light 11.26 (2.01) 22.16 (3.99) 9.24 (1.63) 17.37 (3.09)

clusters

(d, t, *He, o)
deuterons 535 (0.95) 11.02 (1.98) 4.40 (0.78) 251 (0.45)
tritons 057 (0.10) 2.96 (0.53) 0.41 (0.07) 0.56 (0.10)
*He 0.36 (0.06) 2.39 (0.43) 0.20 (0.03) 0.50 (0.09)
a-particles 498 (0.89) 578 (1.04) 4.23 (0.75) 13.80 (2.46)

non-equilibrium 758 (1.35)
a-particles

Total recoils 952 (1.70) 10.67 (1.92) 812 (1.43) 11.57 (2.06)
recoilsfromneutron | 301 (0.54) 3.09 (0.56) 2.75 (0.48) 2.89 (051)
induced reactions
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Table 19

Energy deposition (MeV) in the cylindrica iron target (R=10 cm, H=60 cm) irradiated with 1.2 GeV
protons calculated with the help of the different models. (Empty cell means that the contribution is
not identified).

MCNPX
Value CASCADE/INPE
Bertini CEM ISABEL
Total 739.15 (100.0%) | 737.57 (100.0%) | 740.43 (100.0%) | 765.31 (100.0%)

lonization from primary 198.94 (26.91) 198.94 (26.97) 198.94 (26.87) 208.90 (27.30)
proton

lonization from secondary | 379.10 (51.29) 352.68 (47.82) 382.06 (51.60) 358.72 (46.87)
protons

Photon interactions 91.29 (12.35) 94.39 (12.80) 91.65 (12.38) 85.91 (11.23)
photons formed 60.11 (8.13) 64.71 (8.77) 61.87 (8.36) 56.99 (7.45)
from n° decay

Charged pions (n*,1) 30.88 (4.18) 31.06 (4.21) 31.27 (4.22) 63.96 (8.36)
negative pions, (z') 892 (1.17)

lonization from light 21.08 (2.85) 40.97 (5.55) 19.61 (2.65) 34.02 (4.45)

clusters

(d, t, °He, a)
deuterons 10.18 (1.38) 19.33 (2.62) 9.64 (1.30) 5.16 (0.67)
Tritons 131 (0.18) 6.02 (0.82) 119 (0.16) 1.26 (0.16)
*He 0.97 (0.13) 5.05 (0.68) 0.87 (0.12) 113 (0.15)
a-particles 8.63 (1.17) 10.57 (1.43) 7.91 (1.07) 26.47 (3.46)

non-equilibrium 14.18 (1.85)
a-particles

Total recoils 17.85 (2.42) 19.53 (2.65) 16.89 (2.28) 13.79 (1.80)
recoils from neutron 5.17 (0.70) 5.20 (0.70) 4,96 (0.67) 546 (0.71)

induced reactions

Fig.108-110 show the contribution of the interactions of different particlesin the
total heat deposition for the iron and lead targets at the energies of primary protons
from 0.3 to 2.5 GeV. The calculations are performed with the help of the Bertini
model and the MCNPX code for the cylindrical target (R=10 cm, H=60 cm). The
absolute values of the different contributions are shown in Fig.108,109 and the

relative values are presented in Fig.110. One can see the decrease of the relative
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contribution of the proton interactions in the energy deposition and the increase of
other contributions with the primary particle energy growing.

Table 20

Energy deposition (MeV) in the cylindrical lead target (R=10 cm, H=60 cm) irradiated with 0.8 GeV
protons calculated with the help of the different models. (Empty cell means that the contribution is
not identified).

MCNPX
Value CASCADE/INPE
Bertini model CEM model ISABEL model

Total 510.49 (100.0%) | 510.52 (100.0%) | 519.44 (100.0%) | 507.19 (100.0 %)

Proton interactions®™) 441.48 (86.48) 432.75 (84.77) 454.48 (87.49) 429.56 (84.69)
ionization from 260.46 (51.02) 260.46 (51.02) 260.46 (50.14) 260.35 (51.33)
primary protons
fission induced by 851 (1.68)
protons

Photon interactions 4513 (8.84) 43.89 (8.60) 43.74 (8.42) 40.23 (7.93)
photons produced in 16.93 (3.34)
neutron in-duced
reactions below 20
MeV
photons formed 18.28 (3.58) 17.78 (3.48) 18.29 (352 13.22 (2.61)
from n° decay

Charged pions (n*,m) 7.80 (1.53) 752 (1.47) 6.97 (1.34) 16.97 (3.35)
negative pions, (1) 215 (0.42)
fission induced by 0.10 (0.02)
pions

Ionization from light 14.36 (2.81) 2469 (4.84) 1253 (2.41) 18.67 (3.68)

clusters

(d t, *He, )
deuterons 342 (0.67) 13.87 (2.72) 2.82 (0.54) 2.39 (0.47)
tritons 154 (0.30) 410 (0.80) 1.24 (0.24) 122 (0.24)
*He 0.11 (0.02) 215 (0.42) 0.07 (0.01) 0.18 (0.04)
a-particles 9.28 (1.82) 458 (0.90) 8.40 (1.62) 14.88 (2.93)

non-equilibrium 7.75 (1.53)
a-particles
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Table 20 continued

Value MCNPX
Bertini model CEM model ISABEL model CASCADE/INPE
Neutron interactions **) 171 (0.34) 1.67 (0.33) 1.73 (0.33) 1.76 (0.35)
fission induced by 0.46 (0.09)
neutrons
Fission 9.08 (1.79)
&) including ionization, fission and recoilsinduced by primary and secondary protons
&) including fission and recoils
Table 21

Energy deposition (MeV) in the cylindrical lead target (R=10 cm, H=60 cm) irradiated with 1.2 GeV
protons calculated with the help of the different models. (Empty cell means that the contribution is
not identified).

MCNPX
Value CASCADE/INPE
Bertini model CEM model ISABEL model

Total 665.93 (100.0%) | 676.53 (100.0%) | 668.71 (100.0%) | 685.66 (100.0 %)

Proton interactions®™) 511.76 (76.85) 502.56 (74.29) 516.24 (77.20) 499.50 (72.85)
ionization from 22392 (33.62) 223.92 (33.10) 223.92 (33.49) 21858 (31.88)
primary protons
fission induced by 1240 (1.81)
protons

Photon interactions 93.66 (14.07) 94.22 (13.93) 93.53 (13.99) 89.79 (13.10)
photons produced in 29.50 (4.30)
neutron in-duced
reactions below 20
MeV
photons formed 48.37 (7.26) 51.35 (7.59) 49.17 (7.35) 4401 (6.42)
from n° decay

Charged pions (n*,1) 2293 (3.44) 2276 (3.36) 2241 (3.35) 4459 (6.50)
negative pions, (1) 8.12 (1.18)
fission induced by 0.47 (0.07)
pions

216



Table 21 continued

MCNPX
Vaue CASCADE/INPE
Bertini model CEM model ISABEL model
lonization from light 3445 (5.17) 54.02 (7.98) 3341 (5.00) 48.30 (7.04)
clusters
(d, t, *He, o)
deuterons 8.89 (1.33) 28.68 (4.24) 8.64 (1.29) 6.29 (0.92)
Tritons 459 (0.69) 9.97 (1.47) 441 (0.66) 349 (0.51)
*He 0.62 (0.09) 575 (0.85) 0.60 (0.09) 0.61 (0.09)
a-particles 20.35 (3.06) 9.62 (1.42) 19.77 (2.96) 3791 (553
non-equilibrium 1950 (2.84)
a-particles
Neutron interactions **) 312 (0.47) 296 (0.44) 311 (0.47) 348 (0.51)
fission induced by 113 (0.16)
neutrons
Fission 14.00 (2.04)

&) including ionization, fission and recoilsinduced by primary and secondary protons
&*) jncluding fission and recoils
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protons ...

Proton energy (MeV)

Fig.108 Absolute contribution of different particles in the heat deposition in the iron target
irradiated with intermediate energy protons. “Neutrons’ means the contribution of recoils
produced in neutron induced reactions.
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Fig.109 Absolute contribution of different particles in the heat deposition in the lead target
irradiated with intermediate energy protons. “Neutrons’ means the contribution of fission
and recoils in neutron induced reactions.
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Fig.110 Comparison of the relative contributions of different particles in the total heat deposition in
theiron and lead targetsirradiated with intermediate energy protons.
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Figs.111-117 show the relative contribution of different energy range of protons,
photons and pions in the heat deposition calculated for the iron and lead targets. Here
the relative values correspond to the ratio of the heat deposition from the fixed energy
ranges of particles, below 1 MeV, from 1 to 20 MeV, from 20 to 150 MeV and above
150 MeV to the total energy deposition due to the interactions of the considered
particles with the target. The contribution of protons with the energy below 20 MeV is
growing with the increase of the primary proton energy (Figs.111,114). The
contribution of the energy range from 20 to 150 MeV decreases up to ~ 700 MeV and
slowly increases at higher energies. The contribution of protons with the energy above
150 MeV grows up to ~ 700 MeV and then decreases. For the photons and pions
(Figs.112,113,115,116) the energy dependence of the contribution of different energy
ranges differs from the protons. There is the constant decrease of the contribution of
particles with the energy below 20 MeV. The region 20 to 150 MeV shows the
maximum located at the different primary proton energy for iron and lead. The
contribution of particles with the energy above 150 MéeV rises steadily.

The relative contribution of the energy ranges for all particlesis shown in Fig.117
for the iron and lead target. Fig.117 illustrates the increasing importance of the energy
range below 150 MeV for the heat deposition calculations.

7.4 Summary about the calculation of the energy deposition in targetsfrom Cto U

irradiated with intermediate energy protons
The energy deposition has been calculated for targets from carbon to uranium

irradiated with intermediate energy protons using the MCNPX code package and the
CASCADE/INPE code.
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Fig.111 Relative contribution of protons with different energies in the proton induced hesat
deposition in the iron target (R=10 cm, H=60 cm) irradiated with intermediate energy
protons calculated using the Bertini/Dresner model (MCNPX).
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Fig.112 Relative contribution of photons of different energiesin the photon induced heat deposition
in the iron target (R=10 cm, H=60 cm) irradiated with intermediate energy protons
calculated using the Bertini/Dresner model (MCNPX).
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Fig.113 Relative contribution of n* and © of different energies in the charged pion induced hesat
deposition in the iron target (R=10 cm, H=60 cm) irradiated with intermediate energy
protons calculated using the Bertini/Dresner model (MCNPX).
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Fig.114 Relative contribution of protons of different energiesin the proton induced heat deposition
in the lead target (R=10 cm, H=60 cm) irradiated with intermediate energy protons
calculated using the Bertini model (MCNPX).
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Fig.115 Relative contribution of photons of different energiesin the photon induced heat deposition
in the lead target irradiated with intermediate energy protons calculated using the
Bertini/Dresner model (MCNPX).
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Fig.116 Relative contribution of n* and © of different energies in the charged pion induced hesat
deposition in the lead target irradiated with intermediate energy protons calculated using
the Bertini/Dresner model (MCNPX).
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Fig.117 Comparison of the relative contributions of the particles of different energies in the total
heat deposition in the iron and lead target irradiated with intermediate energy protons
calculated using the Bertini/Dresner model (MCNPX).

The values obtained using different models and codes are in a good agreement

for the carbon, aluminum, copper, lead and bismuth target. For uranium the prediction
of the CEM model is close to the CASCADE/INPE model and values calculated by

the Bertini model are close to result obtained using the ISABEL model.

The comparison with measured data for the heat deposition for 0.8, 1.0 and 1.2

GeV protons has been performed. The good agreement is observed for copper, lead
and bismuth target (Figs.91-93,102-107). Calculated energy deposition is noticeably
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higher than experimental data for the carbon target (Figs.88,96,97) and lower for the
iron target (Figs.90,100,101). At the proton energy equal to 0.8 GeV the calculations
underestimate the heat deposition measured at the distance above the proton range in
the targets (Figs.100, 102).

The ISABEL model describes the total heat deposition measured for different
targets in the best way (Table 17). At the same time the prediction power of different
models is rather smilar (Table 17). The genera trend of calculated total energy
deposition with the change of atomic number of the target is in the agreement with
experimental data, except the case of iron (Fig.95).

The contribution of different particles and energy ranges in the energy deposition
has been studied. Different models predict similar values of the relative contribution
of protons, photons and neutrons in the total heat deposition (Tables 18-21). Results
show the significant importance of the energy range of the particles up to 150 MeV
for energy deposition calculations (Fig.117).

It is expedient to perform a new set of heat deposition measurements to study the
observed systematics in the dependency of atomic number Z and to clarify the

difference with experimental data, especially for iron.

8. Conclusion

1. A method of the evaluation of the defect production rate in metals irradiated with
neutrons in various power units was proposed. The method is based on the calculation
of the radiation damage rate using nuclear models and the NRT model and the use of
corrections (defect production efficiency values) obtained from the anayss of
available experimental data and from the molecular dynamics simulation.

To obtain the defect production efficiencies the available data for Frenkel pair
resistivity and the damage resistivity rate in metals were compiled and analyzed. The
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systematics of Frenkel pair resistivity was constrained. The average defect production
efficiency in metals was calculated for various neutron irradiation spectra.

2. A method combining the method of the molecular dynamics and the binary
collision approximation model was proposed for the calculation of the number of
defects in irradiated materials. The method was used for the displacement cross-
section calculation for tantalum and tungsten irradiated with protons at energies from
several keV up to 1 GeV and with neutrons at energies from 10 ° eV to 1 GeV.

The recoil spectra for the proton and neutron elastic scattering has been
calculated using the data from ENDF/B-V1 and by the optical model using the ECIS96
code. The good agreement was found for the proton displacement cross-sections
obtained using various modern optical potentials. For neutrons the agreement is
worse. The fina evaluation of the neutron displacement cross-section was done using
the optica potentia of Koning, Delaroche at energies from 20 to 200 MeV. Above
200 MeV the neutron elastic displacement cross-section was obtained with the help of
the Madland potential and by the calculation with the MCNPX code.

The displacement cross-section for the nucleon nonelastic interactions has been
calculated using the MCNPX code package.

3. Various approaches and models used for the description of the a-particle emission
in nuclear reactions induced by intermediate energy nucleons were discussed and
analyzed. The comparison of the results of calculations with experimental data shows
- the pre-equilibrium model implemented in the GNASH code and various models
implemented in the MCNPX code package describes experimental a-particle
yields and spectra incorrectly. The reason is the lacks of phenomenological
models for complex particle emission implemented in the GNASH code and in
the different modules of the MCNPX package
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- a-particle emission spectra, the non-equilibrium and the total a-particle yields
calculated by the ALICE/ASH code and the DISCA-C and DISCA-S codes are in
an agreement with experimental data.

It seems reasonable to implement in the GNASH code and in the modules of
MCNPX the models used for the description of the pre-equilibrium a-particle
emission in the ALICE/ASH and DISCA-C codes.

The “He particle production cross-section has been evaluated for *'Ta, natural
tungsten and **’Au at energies of incident neutrons and protons from several MeV to 1
GeV.

4. A new approach has been proposed for the calculation of the non-equilibrium
fragment yields in nuclear reactions at intermediate and high energies. It was used for
the evaluation of the non-equilibrium component of the “He and *He production cross-
section. The man model caculations have been carried out using the
CASCADE/INPE code.

The helium production cross-section has been obtained for iron, *Ta and
tungsten at proton energies from several MeV to 25 GeV and for **'Ta and tungsten at
neutron energies up to 1 GeV.

5. A new model for the smulation of interactions of intermediate and high energy
particles with nuclei was discussed. The non-equilibrium particle emission is
simulated by the intranuclear cascade model using the Monte Carlo method. The
deterministic evaporation model is used for the description of the equilibrium de-
excitation. Theidea of the method was expressed in Refs.[306,307].

The deterministic algorithm of the evaporation model alows to perform a
detailed simulation of the equilibrium process. The nuclear level density for
equilibrium states is calculated by the generalized superfluid model taking into
account collective enhancement of the nuclear level density. The inverse reaction
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cross-sections are calculated by the optical model. Calculations are performed without
simplifications, usually applied for the smulation of evaporation particle cascade
using the intranuclear cascade evaporation model at high energies.

The model was used for the analysis of radionuclide yields in proton induced
reactions at energies from 0.8 to 2.6 GeV. The results of calculations show the
advantage of the model proposed in accuracy of predictions comparing with other

popular intranuclear cascade evaporation models.

6. A new approach is proposed for the calculation of non-equilibrium deuteron energy
distributions in nuclear reactions induced by nucleons of intermediate energies. It
combines the model of the nucleon pick-up, the coaescence and the deuteron knock-
out. The calculated deuteron energy distributions are in a good agreement with the

measured data for nucle from 2C to ?®Bi.

7. The energy deposition has been calculated for targets from lithium to uranium
irradiated with intermediate energy protons using the MCNPX code package and the
CASCADE/INPE code. The values obtained using different models and codes arein a
good agreement for the carbon, aluminum, copper, lead and bismuth target.

The comparison with measured data for the heat deposition was performed. The
calculations are in a good agreement with the experimental data for copper, lead and
bismuth targets irradiated with 0.8-1.2 GeV protons. Calculated energy deposition is
noticeably higher than measuremed data for the carbon target and lower for the iron
target.

The necessity of new measurements of the heat deposition was noted.
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