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a b s t r a c t

The candidate armour material must provide high temperature resistance and accommodate the opera-
tion conditions with minimal erosion and acceptable tritium retention. Refractory metals such as tung-
sten and molybdenum can provide these capabilities and accommodate the high energy deposition.
However, a major concern is the possible tritium and helium inventories from ion implantation. The deu-
terium retention in polycrystalline tungsten (W) and molybdenum (Mo) has been investigated for various
irradiation temperatures, incident ion energies and fluences at Garching ion beam facility by means of
thermal desorption spectroscopy. Lower deuterium retention in Mo compared to W was observed at
moderated temperatures. Model including the deuterium implantation, diffusion, trapping and second
order of desorption was used to understand deuterium inventory and release kinetics. The mechanism
of the deuterium retention in W and Mo is discussed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the most critical issues in the field of plasma–wall inter-
action is the tritium (T) retention in the plasma-facing materials.
Although the main mechanism of hydrogen isotope retention in
the present tokamaks is hydrogen isotope co-deposition with car-
bon to form the hydrocarbon films, the bulk deuterium inventory
can be not negligible. If the T retention remains unacceptable high
with the carbon targets, a full tungsten device could be considered
in a second phase of ITER construction [1]. From this point of view,
it is important to estimate the hydrogen isotope inventory in the
bulk of high-Z metals, such as tungsten (W) and molybdenum
(Mo) and their composites.

Molybdenum is currently used as the plasma-facing material in
the Alcator C-Mod device and several limiter tokamaks such as the
Frascati Tokamak Upgrade (FTU) and the Tokamak Research Insti-
tute for Applied Mechanics (TRIAM) [2]. ASDEX-Upgrade is a full-
tungsten machine since 2007 [3]. Both W and Mo are candidate
materials for plasma-facing applications. Both materials W and
Mo are refractory metals. Both metals have high melting points,
good mechanical strength, excellent sputtering resistance and
low solubility for hydrogen. Tungsten has a higher melting point
and higher threshold for sputtering, that makes it more resistant
to transient events with high heat loads but it is brittle material
that is difficult to machine into shapes required for fusion applica-
tion. Mo is much more ductile and, considerably, more easily ma-
chined. One of the most important issues of Mo and W for fusion
application is the tritium retention. Despite of the many studies
ll rights reserved.
on this topic [4–9], there are uncertainties in the interpretation
of experimental data and there is still a lack in our understanding
of the mechanisms of deuterium trapping in high-Z metals. In this
paper, the retention of ion-implanted deuterium in W and Mo in
the temperature range from 323 to 500 K is investigated. The pre-
viously developed model [8,9] is validated against experimental
data for various ion energies, irradiation temperatures and fluences
at Garching ion beam facility. The initial effort focuses on simula-
tion of experimental data and on trying to better understand the
behavious of implanted D in metals in order to extrapolate in ITER
operation conditions.

2. Experimental procedures

High purity (99.96%) polycrystalline tungsten (PCW) and poly-
crystalline molybdenum (PCMo) samples produced by Plansee
AG (Reutte, Austria) have dimensions of 12 � 15 � 0.5 mm3 and
12 � 15 � 1 mm3, respectively. The mean grain size observed by
SEM was 20 and 40 lm in the virgin samples of Mo and W, respec-
tively. All specimens were mechanically polished and outgased at
1273 K for 30 min in the implantation chamber with a background
pressure of 10�6 Pa [8].

Mass-analyzed deuterium implantations were performed in the
Garching high current source using D3

+ ions with energy of
E0 = 600 eV, corresponding to 200 eV per deuteron, and with en-
ergy of E0 = 3 keV, corresponding to 1 keV per deuteron, at normal
incidence at a pressure of about 10�6 Pa. Irradiation by 2 keV D+

has been done using D2
+ ions with energy of 4 keV. The flux at

the sample surface was about 2.5–5 � 1019 D/m2s. The retention
of implanted deuterium was investigated by thermal desorption
spectroscopy (TDS). The TDS experiments were performed in the
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Table 1
Diffusivity, D ¼ D0 expð�Em=kTÞ, and solubility, Ks ¼ Ks0 expð�Q s=kTÞ, of hydrogen
isotopes for W and Mo.

Materials Diffusivity Solubility

D0 (m2/s) Em (eV) Ks0 (at./m3(
ffiffiffiffiffiffi

Pa
p

)�1023) Qs (eV)
H2/W [18] 4.1 � 10�7 0.39 17.7 1.03
H2/Mo [19,20] 4.8 � 10�7 0.39 8.66 0.54
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same chamber as the implantations just about 10 min after the ion
beam was switch off. The samples were annealed from room tem-
perature up to 1273 K on a linear ramp of 7 K/s. A mass spectrom-
eter was used to monitor the mass 2(H2), mass 3 (HD) and mass 4
(D2) peaks. Details can be found in Ref. [8].

3. Results and discussion

Fig. 1 shows TDS from Mo irradiated by 200 eV D+ at room tem-
perature as well as the fits to the data using the calculations. The
model of deuterium behavior in metals includes the implantation
profile, deuterium diffusion, trapping and thermal release of deute-
rium by recombination on the surface [10]. Diffusion of deuterium
is described by the diffusion equation with ion source:

@uðx; tÞ=@t ¼ @=@xðD@u=@xÞ þ ð1� rÞI0uðxÞ � @Y=@t; 0 < x < L;

ð1Þ

where u is the mobile deuterium concentration, D ¼ D0 exp
ð�Em=kTÞ is the diffusion coefficient and uðxÞ is the deuterium
implantation profile which is taken from TRIDYN calculations
[11]. Trapping of deuterium in bcc metals is described by the trap-
ping equation:

@Yðx; tÞ=@t ¼ ð2Da=3ÞðuðW � YÞ � ð12Y=a3Þ expð�Eb=kTÞÞ; ð2Þ

where a is the lattice constant, Y is the trapping concentration; W is
the density of traps, and Eb is the binding energy of deuterium with
a trap defined as the difference of the deuterium energy to be in a
trap site and in a solution site. The trapping energy is defined as
the energy to release the deuterium atom from a defect:
Et ¼ Eb þ Em. The boundary conditions on the inlet (x = 0) and the
outlet (x = L) sides consider deuterium desorption in molecular form
and are given by the balances of fluxes [10]. The code was used to
model the ion implantation, the waiting time in vacuum, and the
thermal desorption. The diffusivity, D, and solubility, Ks, of hydro-
gen in Mo and W are given in Table 1. The recombination coefficient
of hydrogen on a metal surface is defined by a sticking coefficient
s ¼ s0 expð�2Ec=kTÞ which is a function of the surface barrier Ec

Kr ¼ sl=K2
s ; ð3Þ

where l ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkT
p

(m is the mass of hydrogen isotope molecule
and k is Boltzmann’s coefficient) and Ks ¼ Ks0 expð�Qs=kTÞ is
solubility (Qs is the heat of solution). The sticking coefficient for
a clean surface (Ec = 0) can be approximately estimated as
sclean

0 � D0K2
s0k

2=l, where k is the lattice parameter. This results in
a sticking factor of about 0.7 and 0.2 for W and Mo, respectively
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Fig. 1. Experimental thermodesorption spectra of deuterium from polycrystalline
Mo irradiated with 200 eV D+ ions at room temperature for fluence of
F = 2 � 1022 D/m2 and F = 2.7 � 1024 D/m2. Calculations (dashed lines) are in a good
agreement with experiments. IID: ion-induced defects, ND: natural defects.
[12]. Thus, the recombination coefficient on clean Mo and W sur-
faces is quite high (Fig. 2). This means that the recombination on
Mo and W surfaces is fast. A presence of impurities on a metal sur-
face increases the surface barrier Ec, and, consequently, decreases
the recombination coefficient. As calculations show, an increase of
Ec up to 1 eV does not change the deuterium retention in W and
an increase of the surface barrier up to 0.5 eV does not significantly
influence deuterium retention in Mo. It seems that the surface bar-
rier does not significantly change the deuterium retention in the
present experiments if the activation energy of chemisorption is
less than the heat of solution, Ec < Qs. But, certainly, an increase of
Ec influences the permeation.

The trap energies of 1.4 ± 0.05 eV and 0.8 ± 0.05 eV were fitting
parameters to give good agreement between experimental data
and computer results using the solubility and diffusivity of hydro-
gen from literature (Table 1). The similar trapping energies, 1.45
and 0.85 eV were obtained for W [8,9]. Small amount of these traps
are intrinsic and uniformly distributed over all entire thickness of
Mo and W. High amount of these traps are distributed near the
implantation side and grows up to saturation concentration, Wm,
during implantation. The mechanism of the defect creation during
low-energy implantation was proposed in [9]. The saturation den-
sity of low-energy traps of 0.85 eV is higher for Mo compared to W.
The saturation density of high-energy traps of 1.45 eV is similar for
both W and Mo at room temperature. The low-energy traps,
0.85 eV, were identified as dislocation sites and grain boundaries.
The high-energy traps, 1.45 eV, can be D agglomeration in clusters
in the form of D2 molecules and D trapping by vacancies [8,9].

The perturbed angular correlation measurements (PAC) show
that a vacancy in W can trap one or two hydrogen atoms at RT with
detrapping energies of 1.55 and 1.38 eV, respectively [13] while
the trap energies of 1.42 and 0.79 eV were obtained for one and
two hydrogen in a vacancy in Mo [14]. These values are in a good
agreement with the present trap energy of 1.4 eV (Table 2). The
binding energy of hydrogen with vacancy can be roughly estimated
by the following equation [15]:

Ecalc
b ¼ ðQ c þ Q sÞ=2; ð4Þ
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Fig. 2. Recombination coefficient on clean, Ec = 0.0 eV, and contaminated, Ec > 0 eV,
W and Mo surfaces.



Table 2
Deuterium dissociation energy from vacancy. DV: deuterium atom in vacancy, D2V: molecular deuterium in vacancy.

Material ETDS
t [present work] EPAC

t [perturbed angular correlation] Ecalc
t Effective-medium theory

W DV: 1.45 eV DV:1.55 eV [13] D2V: 1.38 eV [13] 1.27–1.39 eV DV: 1.54 eV [21]
Mo DV: 1.4 eV DV: 1.42 eV [14] D2V: 0.79 eV [15] 1.09 eV DV: 1.35 eV [22] D2V: 1.34 eV [22]
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Fig. 4. Fluence dependence of retained deuterium in W and Mo irradiated with
1 keV D+ ions at 400 K. The deuterium retention in W irradiated by 200 eV D+ ions at
RT and in Mo irradiated by 3 keV D+ ions at 400 K is shown for comparison. Lines are
only to guide the eye. The reflection coefficient of 1 keV D+ from tungsten is r = 0.52
and from Mo is r = 0.42 [11].
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Fig. 5. Experimental thermodesorption spectra of deuterium from polycrystalline
Mo irradiated with 1 keV deuterium ions at 400 K. Calculations are in a good
agreement with experiments.
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where Qc and Qs are the heats of chemisorption and solution,
respectively. Taking Qc = 0.73–0.97 eV for W [16,17] and
Qc = 0.86 eV for Mo [16], the detrapping energies of hydrogen from
a vacancy Et

cacl = Eb
calc + Em are presented in Table 2. One can con-

clude that the dissociation energy of 1.4 eV corresponds to deute-
rium atom or molecule trapped by a vacancy. Due to a small
difference between trap energies of atom and molecule with a va-
cancy in W, it is not possible to distinguish these energies in the
present experiment.

The first TDS peak for Mo on Fig. 1 corresponds to D retention in
near surface ion-induced defects (IID) of 0.8 eV, the second peak
corresponds to D retention in natural traps of 0.8 eV and the third
peak is due to trapping of deuterium by near surface IID of 1.4 eV.
Calculations using only natural or only ion-induced defects do not
describe well fluence and energy dependences of D retention.

The fluence dependences of retained deuterium in W and Mo
irradiated at 323 and 500 K are shown in Fig. 3. The fluence
dependences of the D retention in polycrystalline W and Mo are
practically similar at room temperature implantation within
uncertainties of measurements. The D retention in Mo decreases
with increasing of the irradiation temperature from 323 to 500 K.
In contrast to recrystallized W using in previous studies [8,9], the
retention of D in W ‘as-received’ does not decrease at irradiation
temperature of 500 K compared to implantation at room tempera-
ture. Introduction of higher trap concentration of 1.45 eV results in
a good agreement with experiments.

A comparison of the D retention in Mo and W irradiated by 1
keV deuterium ions at 400 K is shown in Fig. 4. The D retention
in W by 1 keV deuterium ions irradiation at 400 K is higher com-
pared to Mo. This confirms the mechanism of the formation of
additional high-energy traps in W at moderated temperatures.
Thermal desorption spectra of deuterium from Mo (Fig. 5) for
1 keV D+ ions irradiation are perfectly described by the same fitting
parameters as for 200 eV D+ implantation in Mo (Fig. 1). The deu-
terium retention decreases in the first peak compared to 200 eV
D+ implantation (RT) due to increasing of irradiation temperature
(400 K), but the D retention increases in the high-temperature
peak of 1.45 eV because of deeper penetration into material and
trapping by ion-induced vacancies generated within the implanta-
tion range by sufficiently energetic ions.
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Fig. 3. Fluence dependence of retained deuterium in W and Mo irradiated with
200 eV D+ ions at room temperature and 500 K. Lines are only to guide the eye. The
reflection coefficient of 200 eV D+ from tungsten is r = 0.6 and from Mo is r = 0.53
[11].
An increase of both temperature and ion energy significantly
enhances the D inventory in W. However, it is necessary to note
that the temperature effect is stronger than the energy effect. An
increase of the D retention with ion energy is not linear but has
a maximum or saturates at high fluences. The D retention in W is
increased with ion energy up to 2 keV D+ ions but decreases with
3 keV D+ (Fig. 6). There is some ion energy threshold (probably
about 2 keV for our conditions) after which the deuterium reten-
tion does not further increase. The threshold depends on fluence
and irradiation temperature. To explain the lower D inventory in
recrystallized W by energetic ions implantation compared to
low-energy deuterium ions irradiation at high fluences, a stress-in-
duced change of the diffusion coefficient near the implantation
side was suggested in [9]. This model yields a good agreement with
experimental data and it can describe simultaneously TDS spectra,
the energy, fluence and temperature dependences of the retained D
amount, and the deuterium depth profiles with the same set of
parameters. In principal, the similar tendency is observed for poly-
crystalline Mo: the D inventory by 3 keV D+ irradiation is similar to
that one by 1 keV D+ irradiation as shown in Fig. 4. Further exper-
imental investigations are needed to fully understand the influence
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of the stress field on the diffusion mechanism of deuterium and
agglomeration in clusters in various high-Z materials for different
incident ion energies and irradiation temperatures.

4. Conclusions

Ion-driven retention of deuterium in tungsten and molybde-
num has been studied by means of thermal desorption spectros-
copy (TDS). The fluence dependences of the D retention in Mo
and W at RT are practically similar, whereas the irradiation tem-
perature dependencies of the D inventory indicate additional
high-energy trap formation in W.

Calculations based on the model including trap production, dif-
fusion and recombination, show the presence of ion-induced and
natural defects in polycrystalline W and Mo which act as trap sites
for deuterium. The trap sites are similar for W and Mo because of
the similarities in the structure and properties between Mo and W.
Trap energies were found to be 0.85 ± 0.05 eV and 1.45 ± 0.05 eV.
Both trapping sites can exist in W and Mo as intrinsic defects
and as ion-induced traps. Ion-induced traps are produced in W
and Mo during implantation by the stress field induced by the inci-
dent ion flux for low-energy ions and by both stress and atomic
displacement damage for high-energy ions. The rate of ion-induced
defect production depends on the energy of the incident ions, ion
flux, target temperature and exposure time. Formation of addi-
tional high-energy traps in W at moderated temperatures is, prob-
ably, connected with vacancies movement and agglomeration.
Although the vacancies are immobile at implantation tempera-
tures of 400–500 K, the stress-induced field can initiate their
movement and growth.

The increase of the D retention with ion energy due to deeper
implantation depth and ion-induced defect production is not linear
but has a maximum. The energy threshold after which the deute-
rium retention does not further increase depends on fluence and
irradiation temperature. Further experimental and theoretical
investigations are needed to create general model of D retention
in high-Z metals to make reliable predictions for ITER and DEMO.
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