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Production of “He and “He from tantalum and
tungsten irradiated with nucleons at energies up

to 1 GeV

The compatrison of different methods of calculation and com-
puter codes used to obtain helium isotope production cross-
sections for nuclear reactions induced by nucleons at energies
up to 1 GeV was performed. The cross-sections were calculated
using the GNASH code, the modified ALICE code, the
DISCA code and the CASCADE/INPE code. The evaluation
of the helium production cross-section for tantalum and tung-
sten was performed using the results of model calculations,
available experimental data and systematics predictions. The
cross-sections were obtained for nuclear reactions induced by
neutrons and protons at energies up to 1 GeV.

Erzeugung von *He und >He aus Tantal und Wolfram be-
strahlt mit Nukleonen bei Energien bis zu 1 GeV. Ein Ver-
gleich von verschiedenen Berechnungsmethoden und Compu-
tercodes wurde durchgefithrt, die verwendet werden um
Wirkungsquerschnitte fiir die Erzeugung von Heliumisotopen
aus Kernreaktionen von Nukleonen bei Energien bis zu 1 GeV
zu erhalten. Die Wirkungsquerschnitte wurden berechnet mit
Hilfe des Rechencodes GNASH, dem modifizierten ALICE
Code, dem DISCA Code und dem CASCADE/INPE Code.
Die Heliumerzeugungsquerschnitte fiir Tantal und Wolfram
wurden ausgewertet mit Hilfe von Modellrechnungen, verfiig-
baren experimentellen Daten und systematischen Vorhersagen.
Die Wirkungsquerschnitte wurden bestimmt fiir Kernreaktio-
nen induziert durch Neutronen und Protonen bei Energien bis
zu 1l GeV.

1 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 de-
signed for accelerator driven systems (ADS), neutron genera-
tors and other emerging nuclear energy systems. Helium gen-
eration and accumulation in materials results in significant
change in physical properties of irradiated materials.

Recently the determination of reliable helium production
cross-sections for tantalum and tungsten has got a special in-
terest for the TRADE project [1]. Tantalum and tungsten
are proposed as materials of the solid target, which subjected
to the primary proton beam irradiation as the irradiation by
secondary neutrons produced in the target.

The goal of this work is the evaluation of the helium pro-
duction cross-section for tantalum and tungsten irradiated
with neutrons and protons at energies from several MeV up
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to 1 GeV. This energy range covers most of possible proton ir-
radiation conditions in the ADS systems and neutron genera-
tors. The evaluation includes the analysis of available experi-
mental data and the contents of evaluated data libraries, the
calculations by theoretical models and systematics.

The brief description of the models used for the cross-sec-
tion calculation is given in Section 2. Section 3 presents the
comparison of the results of calculations with experimental
data. The evaluation of the helium production cross-section
is discussed in Section 4.

2 Brief description of models and codes for *“He and *He
production cross-section calculation

The Section describes briefly nuclear models, approaches and
codes used in the present work for the calculation of the yield
of helium isotopes in nuclear reactions induced by nucleons.

2.1 Pre-compound and evaporation models

2.1.1 The GNASH code

The code [2] implements the pre-equilibrium exciton model
in a “closed” form and the equilibrium model considering ef-
fects of angular momentum and parity conservation. The exci-
ton level density is calculated according to Williams [3]. The
averaged squared matrix element for two-body interaction is
obtained from the parameterization [4] by the set of functions
of E/n; where E is the excitation energy and “n” is the num-
ber of excitons. The density of states available for transitions
from “n” to “n + 2” and “n - 2” exciton states is calculated ac-
cording to Refs. [2, 5].

The multiple pre-equilibrium nucleon emission is described
according to Refs. [6, 7]. The consideration is limited by two
pre-compound nucleons escape.

The pre-equilibrium o-particle emission spectrum for nu-
cleon induced reaction is calculated as a sum of components
corresponding to the mechanism of pick-up and knock-out.
The components are evaluated according to the phenomeno-
logical Kalbach approach [5]. The pre-equilibrium emission
of a-particles following the nucleon emission, i. e. the multiple
pre-compound o-emission is not considered.

Equilibrium particle emission is described with the help of
the Hauser-Feshbach model [2]. The model is combined with
the pre-equilibrium exciton model as discussed in Refs. [2, 9].
In the present work two different approaches are used for
the nuclear level density calculation in equilibrium states: the
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Fermi gas model with the nuclear level density parameter de-
pending from the excitation energy {10] and the generalized
superfluid model [11].

The optical potentials from Refs. [12, 13] are used for the
calculation of the reaction cross-section and transmission
coefficients.

2.1.2 The ALICE/ASH code

The code implements the geometry dependent hybrid model
[14] and the evaporation Weisskopf-Ewing model [15]. The
ALICE/ASH code is an advanced version of the original Blann
code [16]. Modifications concerns the implementation in the
code the models describing the pre-compound composite parti-
cle emission [17-19] and the fast y-emission [20], various
approaches for the nuclear level density calculation [21-23]
and the model for the fission fragment yield calculation [24].

The multiple pre-compound emission is described by the
approximate approach [14]. As in the GNASH code, only
two fast nucleon escapes are considered. The pre-equilibrium

a-particle emission spectrum is calculated as a sum of compo-
nents corresponding to the mechamsm of pick-up, nucleon
coalescence and knock-out. For *He emission the coalescence
and pick-up processes are considered. The contributions of
the pick-up and coalescence mechanisms are calculated with
the help of the model [25 26] combined with the hybrid exci-
ton model, as described in Ref.' [17]. The absorptlon rate for
complex particles is defined using the imaginary part of the
optical potentials.

The multiple pre-compound effects are taken into account
for the a-particle emission [18). The successive emission of
three and more pre-equilibrium particles is not considered.

The same models, as in the GNASH calculations are ap-
plied to the nuclear level density calculation for equilibrium
state: the Fermi gas model [10] and the superfluid model with
parameters from Ref. [27].

2.2 Intranuclear cascade evaporation models

2.2.1 The DISCA-C code

The DISCA-C code [28] implements the intranuclear cascade
evaporation model describing the interaction of particles with
pre-formed clusters and their emission from nucleus.

In the model the nucleus is broken up into several con-
centric zones with uniform density approximating the
Woods-Saxon distribution. It is supposed that besides of nu-
cleons the nucleus consists of pre-formed triton, *He and
a-particle clusters. The simulation of the knock-out and
pick-up processes is performed as described in Ref. [28],
The reflection and refraction of particle momenta on nuclear
zone boundaries is considered. The Pauli principle is taken
into account as for nucleon-nucleon, as for nucleon-cluster
collisions. In an addition, the restriction on the orbital mo-
menta of nucleons and clusters after the intranuclear interac-
tions [29, 30] is considered.

The equilibrium particle emission is described by the
Weisskopf-Ewing model [15]. The nuclear level density is
calculated according to the Fermi gas model at the high exci-
tation energy and by the “constant temperature” model at
low energy of excitation. The value of the nuclear level den-
sity parameter is taken equal to A/9. The inverse reaction
cross-sections are calculated according to the phenomenological
formulas from Ref. [31] approximating the results of optical
mode] calculations. Evaporatlon is considered for neutrons,
protons, deuterons, tritons, >He nuclei and o-particles.
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Fig. 1. The non- equthbnum component of the a-particle production
cross-section for p + 1% Au reaction calculated by the GNASH code and
the ALICE/ASH code. The measured data are from Refs. [43, 44, 46].
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Fig. 2. The non-equilibrium component of the a-particle production
cross-section for p + "' Au reaction calculated with the help of the
DISCA-C, DISCS-S and CASCADE/INPE codes. The measured data
are from Refs. (43, 44, 46].

2.2.2 The DISCA-S code

The DISCA-S code is the simplified version of the DISCA
code. The simulation of processes involving a-clusters is not
performed. The model algorithm is discussed in Ref. [32, 29].

The yield of composite particles emitted during the cascade
stage of nuclear reaction is described by the “nuclear bond
breakdown” approach [33). The fragment “x” formation

cross-section is calculated as follows
72 (Ep) = Onon(Ep) No(4/Ax) [Newe(Ey) /4] ™* M

where a,,,,(Ep) is the nonelastic cross-section for the interac-
tion of the nucleus and the incident particle with the kinetic
energy E,; 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 re-
action; e= Q, + V,, where Q, is the separation energy for the
fragment in the nucleus; V, is the Coulomb potential for the
fragment; Ny and mp are parameters. The Ny and m, values
obtained in Ref [34] are used in the present work. The
Coulomb potential for o-particles is calculated as
0.21-Z + 2.5 MeV, and for *He, as 0.21 - Z, where Z is atomic
number of the target nucleus.
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The nuclear density distribution is calculated as in the
DISCA-C code. The Pauli principle and the restriction on
the orbital momenta are checked for each intranuclear inter-
action. 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 ap-
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Fig. 3. The a-particle production cross-section for 197 Au(p, a)x reaction
at the incident proton energies up to 250 MeV calculated by the GNASH
code and the ALICE/ASH code using different models to obtain the nu-
clear level density: the Fermi gas model [10] (FG) and the superfluid
model [11, 27] (SF); the cross-section estimated by systematics and data
measured in Refs. [42—44, 46-49].
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Fig. 4. The a-particle and 3He production cross-section for the p + 197 Ay
reaction calculated using the DISCA-C, DISCA-S and CASCADE/
INPE codes; the cross-sections estimated by systematics and measured
in Refs. [42—44, 46-50].
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proximate formula p(U) = Cexp(2vaU), where a = A/9. The
inverse reaction cross-section for neutrons is calculated ac-
cording to Ref. [35]."The, “sharp cut-off” formulas from Ref.
[16] are used for the calculation of the inverse reaction cross-
sections for charge particles.

2.2.3 The CASCADE/INPE code

The detail description of the nuclear model implemented in
the CASCADE/INPE code is given in Ref. [36, 37)]. The spe-
cific 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 pre-equilibrium stage of the reaction describing by
the exciton model is not considered in the present calcula-
tions, as in the DISCA-C and DISCA-S codes. After the fin-
ish of the fast particle emission the evaporation stage occurs.

The contribution of the non-equilibrium emission in the
a-particle and *He-production cross-section is calculated
using the approximate approach close to the model of
“nuclear bond breakdown” [33]. Considering the *He and
a-clusters as a stable nucleon association located on a per-
iphery of the nucleus [32] 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 square
of the nucleus radius. This implies, that the non-equilibrium
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Fig. 5. The a-particle production cross-section for proton irradiation
of 81 Tu calculated by the ALICE/ASH code, the DISCA-S code and
the CASCADE/INPE code; the cross-sections estimated by systematics,
measured in Ref. [44] and extracted from experimental data [43, 51].
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Fig. 6. The o-particle production cross-section for proton irradiation
of natural tungsten calculated by the ALICE/ASH code, the DISCA-S
code and the CASCADE/INPE code; the cross-sections estimated by
systematics, measured in Ref. [50] and taken from ENDF/B-VI and
JENDL-HE.

component of the a-particle and *He production cross-sec-
tion at the high energies of projectiles can be evaluated as
follows

0""(E) = Gnon(E) 7y Neasc(E) » (2)

where 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 N, is
calculated by the CASCADE/INPE code. The y, value is de-
fined using the result of the ALICE/ASH code calculation at
the primary proton energy around 100 MeV.

2.3 Systematics of *He and *He production cross-sections

In addition to model calculations, the “He and *He production
cross-sections have been evaluated using empirical and semi-
empirical formulas obtained for proton induced reactions in
Ref. [38] and for neutron induced reactions in Refs. [39, 40].

2.4 Nonelastic interaction cross-sections

To exclude the discrepancy in the calculated “He and 3He
production cross-sections caused by the use of different reac-
tion cross-sections (o,,,) the calculations by the GNASH,
ALICE/ASH, DISCA-C, DISCA-S and CASCADE/INPE
codes were performed with the same nonelastic reaction
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Fig. 7. The helium production cross-section (6, + 63y,) for proton irra-
diation of "1 Ta and natural tungsten evaluated in the present work, esti-
mated by systematics, measured in Refs. [50, 51] and taken from
JENDL-HE.

cross-sections. The adopted ,,, values were taken from
ENDF/B-VI, calculated with the help of the optical model
[12] or obtained from the global parameterization [41].

3 Comparison of calculations with experimental data

The available experimental data for helium isotope produc-
tion in tantalum and tungsten irradiated with nucleons are
not enough for detail testing of methods of the calculation.
A considerable amount of experimental data for the yield of
helium isotopes is available for 1%’ Au. These data are used in
the present work for testing of model calculations.

Helium isotope production cross-section can be presented
as a sum of the contribution of the non-equilibrium and equili-
brium particle emission. The contribution of the non-equilib-

Tium emission in the total a-particle yield has been obtained

from the analyses of experimental data for **’ Au(p, a) x reac-
tion in Refs. [42-46].

Fig. 1 shows the non-equilibrium component of the a-parti-
cle production cross-section (o) calculated with the help of
the GNASH code and the ALICE/ASH code. The contribu-
tion of the first pre-compound «-particle obtained by
ALICE/ASH is also shown. The reasonable agreement is ob-
served between the data and the ALICE/ASH calculations.
The calculated o%°" cross-section passes through a maximum
at 130 MeV and decreases with the primary proton energy
growing. Probably, the decrease of the ¢”" value is because
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Table 1. The evaluated helium production cross-section (d, + Gsg,)
for 1 Ta and natural tungsten irradiated with protons at energies up to
1 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) o, o
4 | Lo3x10-% 2.86x107%
9.94x10° S 85 10-%
s 4.15x107% 2.26x10™%
8 6.84x107% 1.86x107%
10 1.70x107% 1.43x107"
12 0.135 885x107%
f -
[ 14 0.548 0.391
16 1.42 1.20
18 2.82 257
20 3.98 418
2 522 5.9
24  6.52 | 7.24
26 8.09 |s69
8 9.66 103
30 11.7 122
35 16.9 171
40 234 22.8
50 37.2 343
60 50.2 V 46.2
70 61.3 57.1
80 72.0 682
0 824 79.3
100 92.4 80.5
120 113. 111.
150 w 144, 144. ]
200 195  hm
250 246. 254.
300 296. 306. ]
350 346. 353
400 396, - 399
450 446 ) a6,
500 4‘Jf: 493
550 548. 543 ]
| 600 508. <03
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Table 1. (continued)

650 [ 649, 646,

700 - 700. - 698

750 751 762 o
800 824. 805

850 N ASSO. 848.

900 ‘ 870. 891. 7 ]
950 906. ) 1 934,

1000 940. 978. J

the escape of third and subsequent pre-compound o-particles
is not considered in calculations.

Results obtained using various intranuclear cascade models
are shown in Fig. 2. The DISCA-C code gives the reasonable
description of experimental data. DISCA-S and CASCADE/
INPE better reproduce experimental ¢2°" values [44, 46] be-
low 80 MeV.

The total helium isotope production cross-section for pro-
ton induced reactions on '*’Au calculated by different codes
is compared with experimental data in Figs. 3, 4. )

Fig. 3 shows measured a-production cross-section [42-44,
46-49], results of calculations by the GNASH and ALICE/
ASH codes and the systematics values. The calculations were
performed using different models describing the nuclear level
density [10, 11, 16, 23,27]. The good agreement is observed
between experimental data and cross-sections calculated by
the ALICE/ASH code using the superfluid nuclear model
[27] and the Fermi gas model [10] at primary proton energies
below 80 MeV. At the energy around 160 MeV the a-particle
production cross-section calculated by the Fermi gas model
{10] is in a better agreement with experimental data than the
cross-sections obtained using the superfluid model. The
GNASH code overestimates the a-particle yield comparing
with experimental data.

Fig. 4 shows the total o-particle and 3He production cross-
section calculated using the DISCA-C code, the DISCA-S code
and CASCADE/INPE code. The calculated values are in gen-
eral agreement with the measured data [32, 4244, 46-50].

The comparison of model calculations with experimental data
shows that the reasonable evaluation of the helium production
cross-section can be done using the ALICE/ASH code, the
DISCA-C or DISCA-S codes and the CASCADE/INPE code.

4 Evaluation of helium production cross-section

Helium production cross-section has been calculated as a
of cross-sections of “He (o,) and *He (osy,) formation
OHe = 0o + O3He (3)

The evaluation of the helium isotope production cross-section
was performed using the results of model calculations, predic-
tions of systematics and available experimental data.

4.1 Proton induced reactions
Fig. 5 shows the a-particle particle production cross-section
for ¥'Ta calculated by different nuclear models, systematics

values and measured data [43, 44, 51]. The detail view of the
energy range below 200 MeV, which corresponds to the rapid
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Table 2. The evaluated helium production cross-section (o, + o:,)
for *°"Ta and natural tungsten irradiated with neutrons at energies from
> MeV up to 1 GeV. (Data below 5 MeV can be found in JEFF-3/A.)

T -

Neutron energy Helium production cross-section (mb)

(MeV) 181Ta natyyy
5 1.49x107% 2.88x10™%
6 1.73x10™% 5.41x107%
7 6.27x107% 1.15x10°%
8 3.26x107% 2.54x10~%
9 1.00x10~% 5.88x107%2
10 3.36x107% 0.132
11 8.00x107% 0.304
12 0.182 - 10.609
13 0.335 0.987
14 0.570 142
14.5 0.719 1.65
15 0.868 1.88
16 123 242
17 171 2.98
18 2.28 3.49
19 291 4.06
20 3.61 479
2 518 6.03
24 6.94 8.02
26 8.87 102
28 11.0 12.5
30 13.1 149
35 189 210
40 25.0 263
45 311 316
an 36.7 357
60 472 435
70 ‘| 572 515
80 65.9 60.0
90 728 66.2

1100 785 73.2
120 912 86.7
150 112. 109.

200 152. 151
250 200, 194, |

204

Table 2. (continued)

300 248. 245.
i 400 362. 365. o
500 480. ar 7
600 590. 586.
700 697 695.
800 801 807.
900 870. { 905. A
f 1000 939. 977

change in the cross-section value, is given in upper Fig. 5.
There is the good agreement between obtained cross-sections
and experimental data.

To obtain the cross-sections for natural tungsten the calcu-
lations were performed for tungsten isotopes with atomic
number A =180, 182-184 and 186. Fig. 6 shows the a-particle
production cross-section calculated by the ALICE/ASH code,
the DISCA-S code and the CASCADE/INPE code, system-
atics values and experimental data [50). Also the data from
ENDF/B-VI and- JENDL-HE [52] are shown. There is the
good agreement between the cross-sections calculated with
the help of the DISCA-S code and the experimental data
[50] at 750 MeV. Data from JENDL-HE are in the agreement
with systematics values at 62 and 90 MeV and with the cross-
sections calculated by the ALICE/ASH code at energies from
100 to 150 MeV.

The results of calculations, systematics values and available
measured data were used for the evaluation of the helium
production cross-section for ®'Ta and natural tungsten. The
evaluated data are shown in Fig. 7 and in Table 1.

4.2 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 calcula-
tions. Corrections were made at the energy below 15 MeV
using the EXFOR data.

The (n, o) reaction cross-section for tungsten isotopes with
A =180, 182 and 183 was taken from JEFF-3/A at the ener-
gies below 20 MeV. New evaluation was performed for the
(n, a) reaction cross-section for '**W and *W using the data
from EXFOR. The cross-sections for (n,na) and (n,*He)
reactions were taken from JEFF-3/A. The data obtained for
natural tungsten below 20 MeV were adjusted to the results
of calculations at the energies above 20 MeV.

Evaluated helium production cross-sections are shown in
Table 2. '

§ Conclusion

The comparison of different methods of calculation and com-
puter codes used to obtain helium isotope production cross-
section for nuclear reactions induced by nucleons at energies
up to 1 GeV has been performed. The result shows that the
reasonable evaluation of the helium production cross-section
can be done using the ALICE/ASH code, the DISCA code
and the CASCADE/INPE code.
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The evaluation of the helium isotope production cross-sec-
tion was performed using the results of model calculations,
available experimental data and systematics predictions.

The cross-sections obtained (Table 1, 2) can be used for the
evaluation of the helium production rate in tantalum and
tungsten irradiated with neutrons and protons at energies up
to 1 GeV.

(Received on 13 January 2005)
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In 2002, isotopes were produced for domestic use and/or in-
ternational markets in 26 countries (as reported in the survey
responses) and more than 30 additional countries were likely
producers of isotopes, although they did not respond to the
questionnaire. Isotopes were mainly produced in multipur-
pose research reactors, dedicatéd isotope production reactors
and accelerators. While most research reactors produce iso-
topes as a by-product to their primary mission, accelerators
(except for a few high-energy research machines) are gener-
ally dedicated to isotope production. Research reactors are
aging with around half of them more than 35 years old. There
are, however, at least 11 reactors being built or projected to
be built in a number of countries with high-flux reactors being
planned for France, Germany, China and Russia. The number
of accelerators producing isotopes, especially small dedicated
facilities, is growing steadily with the majority of machines
being of relatively recent vintage.

Public entities own and operate almost all the research re-
actors, large-scale accelerators and chemical separation facil-
ities being used for isotope production. Historically, the very
large capital requirements, extensive planning and licensing
time demands, and additional operating expenses have made
public ownership necessary in most cases. Through public-
owned facilities, governments offer infrastructure for isotope
production and provide for the education and training of the
qualified manpower required in the field. These public-owned
facilities also often play a critical role of supporting the initial
production for research and clinical trials prior to the com-
mercialisation of any pronllsing application. There is, how-
ever, a continuing trend toward privatisation and, for exam-
ple, two privately owned reactors dedicated to isotope
production have been built in Canada and are expected to
be operational in the near future. A number of medium-sized
cyclotrons producing major isotopes for medical applications
are owned and operated by private sector enterprises for their
exclusive uses as well. Most small cyclotrons, dedicated to the
production of medical isotopes, are owned and operated by
private enterprises.

Trends in isotope production vary according to the various
production facility types and to the geographic region being
considered. In particular, trends appear to be different for fa-
cilities dedicated to isotope production, such as cyclotrons
producing isotopes for medical applications, and for facilities
that produce isotopes only as a side activity such as most re-
search reactors. Recent additions to the isotope production
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capabilities in several regions show a trend to the emergence
of private or semi-private producers in response to increasing
demand, where this is commercially viable. The security of
supply of the major isotopes used in the medical and indus-
trial fields does not appear to be an issue for the short or
medium term. However, the ageing infrastructure in a num-
ber of important areas such as high-flux research reactors,
which are the sole means of production of certain types of iso-
topes, and the uncertainty for their replacement, leaves ques-
tions over the long-term. It is important to ensure a redun-
dancy mechanism in order to secure the supplz, in each
country, of critical short half-life isotopes such as o, irre-
spective of technical (e. g. facility failure), social (e.g. strike)
or international (terrorist event closing borders) problems
that procurers may encounter.

There are isotope uses in nearly every sector of the econo-
my and in nearly all countries of the world. Isotopes have
been used in nuclear medicine since 1946 (}4C at the Univer-
sity of Chicago) and routinely for several decades. Nuclear
medicine is characterised by an ongoing evolution of techni-
ques arid the continued emergence of new procedures requir-
ing the production of new isotopes or new applications for ex-
isting isotopes. Globally, the number of medical procedures
involving the use of isotopes is constantly growing and these
procedures require an increasing diverse spectrum of iso-
topes. In industry, isotope uses are very diverse and their rela-
tive importance in the various sectors , differs greatly. How-
ever, in general, isotopes occupy niche markets where they
are more efficient than alternatives or have no substitute.
Non-nuclear alternatives are often preferred when they are
economically comparable.

The information collected for this study underscores the
critical role of governments and public sector entities in iso-
tope production and use. Though the direct responsibilities
of governments in the field of isotopes are normally limited
to the establishment of safety regulations and the control of
compliance with those regulations, national policy, an re-
search and development and medical care, for example, re-
mains a key driver for demand of isotopes and, although to a
lesser extent, for their production. However, with the increas-
ing involvement of private companies and the shift to more
commercial management of the activities related to isotopes
production and uses, governments may want to consider addi-
tional support to ensure the stable production of isotopes for
research and noncommercial uses within the framework of
their national policies, given the importance of beneficial uses
of isotopes for science and human welfare.
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