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Helium Production in Solid Target and Metallic Window Materials
Irradiated with Intermediate and High Energy Protons
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The helium isotope formation cross-section has been obtained for iron, tantalum and tungsten irradiated with
protons at energies from the reaction threshold up to several GeV. The cross-section evaluation has been performed
using the results of model calculations and by the analysis of available experimental data.

The numerical calculations were carried out using the modified ALICE code and the CASCADE/INPE code.
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I. Introduction

The study of helium production in nuclear reactions
induced by intermediate and high energy protons is an
important part of the investigation of radiation durability
of materials designed for accelerator driven systems
(ADS), neutron generators and other emerging nuclear ener-
gy systems.

Evaluation of the helium production rate in irradiated
materials is hindered by the significant spread of experimen-
tal helium formation cross-sections and deficiencies in the
model calculations. For example the modern measurements
of helium yield for iron"-? give the values, which are differ-
ent in 1.8 times. Despite of progress in development of
theoretical methods of calculation, their use encounters
the problem of the correct description of the non-equilibrium
3He- and “*He-emission using the pre-compound exciton
model and the intranuclear cascade model.> Other problem
is the simulation of the equilibrium emission of helium
isotopes at high energies by the intranuclear cascade evapo-
ration model, which assumes the use of simplified ap-
proaches for describing the particle emission rates.

The goal of this work is analysis and the evaluation of
the helium production cross-section in iron, tungsten and
tantalum irradiated with protons at energies from the reac-
tion threshold up to several GeV. This energy range covers
all possible proton irradiation conditions in the ADS sys-
tems*” and neutron generators.>? The calculations have
been performed up to the maximal energy 25 GeV, where
the experimental data for helium production are available.

I1. Brief Description of the Method of Helium Pro-
duction Cross-Section Evaluation

Helium production cross-section has been calculated as a
sum of cross-sections of “He (o) and *He (03y,) formation

OHe = Oy + O3p. (1)

*Corresponding author, Tel. +49-07247-82-26338,
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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 mate-
rials irradiated with high energy protons in different emerg-
ing nuclear energy systems. Furthermore the codes indicated
cannot be used for the analysis of entire bulk of the experi-
mental 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.

In the present work the *He- and *He-production cross-
sections are calculated using the CASCADE/INPE
code'>15"1” implementing the intranuclear cascade evapora-
tion model. The model is applicable for the calculation in the
energy region of primary particles up to several tens of
GeV.!"” The specific features of the model include the
approximation of the nuclear density by the continuous
Woods-Saxon 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. 15, 20, 21).

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”.?>?¥ Considering the *He- and a-clusters
as a stable nucleon association located on a periphery of
the nucleus®” it is easy to show, that at high projectile ener-
gies the number of clusters knocked-out from the nucleus is
proportional to the number of nucleons emitted on the cas-
cade stage of the reaction and the square of the nucleus ra-
dius. This implies, that the non-equilibrium component of
the “He- and *He-production cross-sections at the high ener-
gies of projectiles can be evaluated as follows:
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Fig. 1 The fraction of the “He-production cross-section concern-
ing the non-equilibrium emission of “He nuclei calculated using
the CASCADE/INPE code and Eq. (2) (solid line) and calculat-
ed by the nuclear bond breakdown approach?? using the DISCA
code (dashed line) for 7 Au irradiated with protons. Experimen-
tal points are from Refs. 30-32).

U;lon(E) = Onon(E)VxNeasc(E), 2)

where 0,,,(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 reac-
tion, y, 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.

In the present work the number of cascade nucleons
Neqse was calculated by the CASCADE/INPE code. The
y, 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’*?® implemented in the ALICE/ASH code
have been tested and approved at this energy in many
works,310:11,26-29)

Figure 1 shows the non-equilibrium component of the
“He-production cross-section 0" calculated using Eq. (2)
and obtained using the nuclear bond breakdown model by
the DISCA code for 7 Au. The parameters of the model*>?
are Nyp=0.104, my=0.06. The experimental data from
Refs. 30-32) are shown. There is a reasonable agreement be-
tween the o),”" values calculated by different approaches and
the available experimental data.

In the present work Eq. (2) has been used to obtain
the contribution of the non-equilibrium emission in the
total *He- and 3He-production cross-sections at intermediate
and high energies of incident protons. At proton energies
below 100 MeV the values of o7,°" and oﬁﬁz have been calcu-
lated 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 value of the y parameter, Eq. (2)
for “He-emission is equal to 4.75x107% for °Fe, 2.3x
1072 for 8!Ta, from 2.58x 1072 to 2.31x 1072 for various
tungsten isotopes and 1.85x1072 for '7Au. The value
of y for 3He is equal to 8.57x1073 for °Fe, 4.49%x 1073
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Fig. 2 The “He- and *He-production cross-sections for '*7Au

calculated by the ALICE/ASH code and the CASCADE/
INPE code, evaluated by the systematics®**? and meas-
ured.>?0:30-32.364D) The experimental cross-section? at 1.2 GeV

is corrected for the >He contribution.”

for '8!Ta, from 5.3x1073 to 4.34x107% for tungsten
isotopes and 3.81x 1073 for 7 Au.

The total reaction cross-section for protons oy, at high
energies has been obtained using the evaluated data from
Ref. 33). At low and intermediate energies the o,,, value
was calculated by the optical model with the potential from
Ref. 34) and with the help of the MCNPX code built-in rou-
tine.>>

The example of the *He- and *He-production cross-sec-
tions calculated for '°7 Au is shown in Fig. 2. There is a rath-
er good agreement between the calculated cross-sections and
experimental data>2030-32364D in the whole energy region,
where the measured data are available. The agreement is also
observed with the values of cross-section predicted by the
empirical systematics,>*? except the calculated “He-produc-
tion cross-section at 18 and 90MeV and 3He-production
cross-section at 62 MeV.

III. Results and Discussion

The helium production cross-section has been calculated
for Fe, '31Ta and tungsten isotopes 'S0W, 182w 183w,
184W and '86W.

Figure 3 shows the “He- and *He-production cross-sec-
tions for °Fe calculated by the ALICE/ASH and CAS-
CADE/INPE codes, the cross-sections evaluated by system-
atics**? and measured data.!-24043-4%) Al measurements re-
fer to natural iron, except the data*” for *Fe. Data from
Refs. 37, 49) 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 200MeV and by the CAS-
CADE/INPE code in a whole energy region where experi-
mental 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 calculat-
ed “He-production cross-section, systematics and experi-
mental data. The agreement for *He is worse, and calcula-
tions as a whole overestimate the measured cross-sections.
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Fig. 3 The *He- and *He-production cross-sections for *°Fe cal-
culated by the ALICE/ASH code and the CASCADE/INPE
code, evaluated by the systematics®*? and measured.!-?0:4043-48)
The “He-production cross-sections from ENDF/B-VI and
JENDL-HE are shown.

*"Ta(p,x)'He

3

IS)
|

A Muto (63)
A Dubost (67)
X Systematics
- - - ALICE/ASH
—— CASCADE/INPE

Cross-section (mb)
=)
1l

10 T T T
10° 10

Proton energy (MeV)

4

Fig. 4 The “He-production cross-section for ¥/ Ta calculated by
the ALICE/ASH code and the CASCADE/INPE code, evaluated
by the systematics>*? and measured.3®*" The measured yield of
“He having isotropic angular distribution® was added by the val-
ue obtained®" for heavy nuclei (Au, Bi) relating to anisotropic
“He-emission.

One should note, that the non-equilibrium component of he-
lium isotope production cross-section has been calculated
using the global systematics of parameters of the pre-com-
pound model used in the ALICE/ASH code. The systemat-
ics has been obtained in Refs. 10, 11) from the analysis of
experimental data on the complex particle emission in nucle-
ar reactions. The agreement between the results of calcula-
tions for *He can be improved by the appropriate choice
of the pre-compound model parameters. From other side
the observed difference does not essentially effect on the val-
ue of the total helium production cross-section because the
contribution of He is relatively small. The systematic devi-
ation of the calculated and measured cross-section for the
3He formation has been eliminated in the present work with
the evaluation of the helium production cross-section.
Figures 4-6 show the “He- and total helium production
cross-sections for !'8!Ta calculated using the ALICE/
ASH and CASCADE/INPE codes, measured in
Refs. 2, 30, 31, 50) and predicted by systematics. Experi-
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Fig. 5 The helium production cross-section (os,+0,) for 131 Ta

calculated by the ALICE/ASH code and the CASCADE/INPE
code, evaluated by the systematics®>*? and measured.>>”
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Fig. 6 Detail view of the helium production cross-section for
181Ta calculated at energies up to 3 GeV.
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Fig. 7 The *He-production cross-section for natural tungsten cal-
culated by the ALICE/ASH code and the CASCADE/INPE
code, evaluated by the systematics,>*?) measured*” and taken
from ENDF/B-VI and JENDL-HE.

mental data for 3He-production are not available. The detail
view of the high energy region is given in Fig. 6. There
is the good agreement between calculations and experimen-
tal data.

The results obtained for natural tungsten are shown
in Figs. 7-9. The good agreement is observed between the
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Fig. 8 The helium production cross-section for natural tungsten
calculated by the ALICE/ASH code and the CASCADE/INPE
code, evaluated by the systematics,*? measured>**>? and taken
from JENDL-HE.
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Fig. 9 Detail view of the helium production cross-section for
tungsten calculated at energies up to 3 GeV.

Table 1 The evaluated helium production cross-section for iron, '®!Ta and tungsten irradiated with protons
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 Cross-section (mb)

Proton energy Cross-section (mb)

(MeV) natpe 1817, natyy (MeV) natpe 1817, natyy/
4 4.24%x107¢ 1.03x107° 2.86x1073 350 246 346 353

5 6.90x10~* 9.94%1078 5.88x1073 400 266 396 399

6 0.112 4.15%107° 2.26%x107* 450 300 446 446

8 4.88 6.84x1074 1.86x1073 500 335 496 493
10 21.2 1.70x1072 1.43%x1072 550 370 548 543
12 31.4 0.135 8.85x1072 600 406 598 593
14 43.4 0.548 0.391 650 435 649 646
16 453 1.42 1.20 700 464 700 698
18 50.4 2.82 2.57 750 481 751 762
20 55.4 3.98 4.18 800 507 824 805
22 60.6 5.22 5.92 850 525 836 848
24 65.9 6.52 7.24 900 544 870 891
26 75.1 8.09 8.69 950 561 906 934
28 82.4 9.66 10.3 1,000 580 940 978
30 91.2 11.7 12.2 1,200 634 1,100 1,150
35 102 16.9 17.1 1,500 712 1,370 1,350
40 109 23.4 22.8 2,000 807 1,750 1,680
50 121 37.2 343 2,500 895 2,080 1,920
60 131 50.2 46.2 3,000 966 2,400 2,310
70 141 61.3 57.1 4,000 1,060 2,840 2,860
80 149 72.0 68.2 5,000 1,150 3,200 3,260
90 165 82.4 79.3 6,000 1,210 3,480 3,580
100 172 92.4 89.5 7,000 1,240 3,710 3,790
120 181 113 111 8,000 1,250 3,830 3,920
150 188 144 144 10,000 1,250 3,910 4,010
200 201 195 202 15,000 1,230 4,040 4,170
250 213 246 254 20,000 1,230 4,130 4,240
300 226 296 306 25,000 1,250 4,210 4,330

o, and oy, values calculated by the ALICE/ASH and
CASCADE/INPE codes and the experimental data.>#%->0
The calculations performed make it possible to describe
basic properties of the helium production cross-section.
For the heavy nuclei (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 oy, 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-equilibri-
um fraction of the helium production cross-section barely
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changes. The total helium production cross section is almost
linear function of the primary particle energy in the range
from 200MeV to 1.5GeV. At the energy above 1.5GeV
the growth of the cross-section is slowed down and
the op. value reaches “saturation” at 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 op. cross-section is more complex function. As
for heavy nuclei, the oy, value reaches the saturation at
energies 5-6 GeV.

The results of calculations and available experimental
data have been used for the evaluation of the helium produc-
tion 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.

The evaluated helium production cross-sections are shown
in Table 1. 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 several MeV
up to 25 GeV.

Returning to the question about the difference in the
helium production cross-sections measured for iron irradiat-
ed with 1.2 GeV-proton in Ref. 1) (792 mb) and in Ref. 2)
(440 mb), one should note, that the evaluated value of
the op. cross-section (634 mb, Table 1) is approximately
on the middle. The data obtained in Ref. 2) seem underesti-
mated 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.

IV. Conclusion

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

The results of model calculations and available experi-
mental data have been used for the cross-section evaluation.
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. (2). The value of the y parameter was de-
fined using the results of the ALICE/ASH code calculations.

The evaluated data are shown in Table 1. Data can
be used for the calculation of the helium production rate
in iron, tantalum and tungsten irradiated in various high
energy units.
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