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Abstract

The paper reviews hydrogen isotope retention and migration in tungsten (W). Due to a large scatter of the deuterium

(D) retention database, new measurements of ion-driven D retention in polycrystalline W foil have been performed to

clarify the mechanism of hydrogen isotope inventory in W. Deuterium retention has been investigated as a function of

ion fluence, implantation temperature, incident energy and surface conditions. Special attention has been given on the

investigation of D retention in thin films of tungsten carbide and tungsten oxide which can be formed on W surface in a

fusion device. Such kinds of films increase the D retention in W. Several points are reviewed: (i) inventory in pure W, (ii)

inventory in W pre-implanted by carbon ions and (iii) inventory in tungsten oxide.
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1. Introduction

Plasma-facing materials for in-vessel components of

fusion reactors should satisfy the following criteria:

good thermal properties (high melting point and high

thermal conductivity), good mechanical properties (low

crack growth rate under cyclic stresses), low erosion,

low hydrogen isotope permeation and inventory and low

activation by neutrons. Tungsten (W) has a high melting

temperature and a high threshold energy for physical

sputtering and is considered as one of the plasma-facing

materials for fusion devices.

For the safety reason, it is important to understand

the behaviour of hydrogen isotopes in W. However,

instead of the increase of publications about hydrogen

isotope transport in W, the physical mechanism of hy-

drogen trapping and migration in W is not completely

understood yet. The experimental data of hydrogen re-

tention and release for W are rather limited and partly

contradictory [1–14]. Although most of the variation in

the experimental data can be traced back to various

methods of measurements, experimental conditions and

differences in the specimen preparation, it is still not

clear which data are more reliable for the prediction of

the tritium inventory in pure W for fusion applications.

In the present ITER design, carbon fiber composites,

beryllium and W are proposed to be used as plasma-

facing materials. Physical and chemical sputtering by

fast deuterium and tritium ions and charge-exchange

neutral atoms causes erosion of plasma-facing materials,

deposition of one construction material on another and

creation of mixed layers. Additionally, the presence of

impurities, for example oxygen, in the plasma may

modify the material surface and induce a higher inven-

tory of hydrogen isotopes. The database for deuterium

(D) retention in mixed materials is still scarce. Only a

few data have been reported on D retention in W pre-

implanted by carbon ions [15,16] and tungsten oxide

[17]. Whereas reliable data on the hydrogen isotope

behaviour in mixed materials like carbides, carbon-

containing tungsten and tungsten oxide are of great

importance for the prediction of tritium inventory in the

components of fusion reactors.
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Consequently, there is a need for a systematic study

of the D retention in both pure polycrystalline W (PCW)

and complex W materials. For this reason, in addition to

previous experiments, thermal desorption spectroscopy

(TDS) measurements for implanted PCW foils to

quantify the D retention as a function of ion fluence,

implantation temperature, and the presence of carbon

and oxide impurities or thin layers on the surface have

been done. General results of previous studies for pure

and complex W materials indicate the following:

– Implanted D is trapped with trapping energies of 0.5–

0.9 and 1.2–1.5 eV [4,5,11,12]. The origin of these

traps is not clearly understood. There are also traps

with energies of 2–4 eV which are associated with

chemical bonding to carbon [6].

– Pre-implantation by Heþ ions results in the produc-

tion of voids where D can be trapped with the trap-

ping energy about 1.4 eV and chemisorbed on

bubble walls with 1.8–2.1 eV [18,19].

– Deep transport and trapping of hydrogen by intrinsic

defects far beyond the implantation zone even at

room temperature have been observed in [2,3].

– Hydrogen inventory in PCW strongly depends on ma-

terial structure and the presence of impurities [1,6,10].

– For W pre-implanted with low fluence carbon ions

and then implanted with D ions with the range con-

fined within the carbon modified layer, it has been

found that D retention in carbon-implanted W can

be smaller than that in pure W [15,16].

– Blisters can be formed in W, even if the ion energy is

too low to create displacement damage such as vacan-

cies. The studies by Sze and co-workers [22–24], Ha-

asz et al. [9], Venhaus et al. [21] and Wang et al. [20]

have demonstrated that hydrogen isotope implanta-

tion in W can definitely produce blistering. The nature

of blistering is not well understood yet and requires

future investigations.

2. Experiments

2.1. Specimens

PCW samples produced for ITER by PLANSEE

were cut from relatively high purity foil (99.96% W by

weight), a reduced-rolled, power-metallurgy product

with principal chemical impurities: O (345), C (460), N

(263), H (920), Fe (212), Mo (438), P (613), Si (262), Ca

(92), Na (167) on an atomic parts per million (appm)

basis. The dimension of the samples was 12� 15� 0:5
mm3. The grain sizes were estimated to be in the range of

1–10 lm. All specimens were mechanically polished and
outgased at 1273 K for 10 min in the implantation

chamber just before implantation. Some of the speci-

mens were electrochemically polished in 1 wt% NaOH

aqueous solution (1 wt% NaOH, 10 V, Pt cathode, 2.5

min at room temperature). Before and after each electro-

polishing step the samples were weighted on an analyt-

ical balance and the etching depth was estimated from

the weight loss with an accuracy of about 40%. This

indicates the removal of >0.5 lm of the surface layer.

The uniformity of the electrochemical etching was con-

trolled by a scanning electron microscopy. With this

polishing treatment, the previous implantation zone was

removed. Consequently, any memory effect of the pre-

vious implantation as was observed in [8] was elimi-

nated.

Various pre-implantation treatments were used:

1. Only heating for 10 min at 1273 K in an implantation

chamber with a residual pressure of p ¼ 10�6 Pa to
remove residual stresses and residual bulk hydrogen

(all samples).

2. Bombardment with 600 eV Dþ
3 at 1173 K with a re-

sidual pressure of p ¼ 10�5 Pa for 1 h in order to
avoid W oxide layer on the surface.

3. Annealing at 1273 K in an implantation chamber

with a residual pressure p ¼ 10�6 Pa for 1 h to reduce
the intrinsic defect concentration.

4. Annealing at 1573 K for 3 h in a vacuum with a back-

ground pressure of p ¼ 2� 10�4 Pa during annealing.
Tungsten tends to re-crystallize under these condi-

tions, i.e. larger grains grow. This temperature is high

enough to remove any electro-polish residue from the

surface, as well as some impurities, vacancies and dis-

locations near the surface and to reduce the concen-

tration of dislocations and grain boundaries in the

bulk [10].

2.2. Implantation

Deuterium implantation was performed in an ultra-

high vacuum accelerator facility using Dþ
3 ions at

normal incidence to the test specimen. As a source of

carbon and oxygen ions, CO2 with minor additions of

H2 is used.

A pressure of about 10�6 Pa is reached. During im-

plantation the pressure increases to ð5–7Þ � 10�6 Pa,
mainly due to the partial pressure of the working gas. A

liquid N2 (LN2) cold finger was installed in the target

chamber to reduce the hydrocarbon and water partial

pressures, thus minimize the surface contamination

during implantation.

2.3. Thermal desorption spectroscopy

The retention of D implanted into pure W and W

containing carbon or oxygen in the surface layers was

investigated by TDS measurements. The re-emission and

TDS experiments were performed at Garching in the

high-current ion source for light ions such as H, He, O

470 O.V. Ogorodnikova et al. / Journal of Nuclear Materials 313–316 (2003) 469–477



and C at energies between 60 eV and 5 keV described in

[25]. TDS measurements were done in the same chamber

as for implantation just 5 min after the ion beam switch

off.

The amount of retained D was measured by TDS

with a maximum temperature of 1373 K and a heating

rate of 8 K/s. The samples were heated by electron

bombardment from outlet side. The target temperature

was measured with an error of �50 K by means of an

infrared pyrometer placed outside the chamber. The

released particles H2, HD and D2 were detected with

Balzers 511 quadrupole mass spectrometer (QMS). To

reduce the background level (especially, H2O), the

quadrupole ion source is separately pumped and sur-

rounded by a liquid nitrogen cooled copper shield.

The QMS signal was calibrated by implantation of

3 keV Dþ
3 in Ti at room temperature with a fluence

F ¼ 1022 D/m2. Under these conditions, all non-reflected

D is retained in Ti that was detected by TDS.

3. Results and discussion

3.1. Dþ implantation into pure W

3.1.1. Experimental results

Fig. 1 shows the thermodesorption spectra after the

implantation of 200 eV Dþ at room temperature in PCW

heated at different temperatures before implantation: at

1173 and 1273 K for 1 h in a good vacuum of p ¼ 10�6
Pa and at 1573 K for 3 h in a vacuum with a background

pressure of p ¼ 2� 10�4 Pa. TDS clearly demonstrates
the decrease of the retention with pre-implantation an-

nealing. TDS for PCW implanted by D at room tem-

perature has two peaks: a low-temperature peak with a

maximum about 450 K and a high-temperature peak

with a maximum about 600 K. The annealing results in a

reduction of the D concentration in the low-temperature

peak which can be associated with trapping in �natural�
defects. The annealing at 1173 K for 1 h is not sufficient

to significantly change the initial concentration of in-

trinsic defects like dislocations and grain boundaries.

Consequently, the amount of the retained D in such

samples is the highest. The increase of the temperature

and the time of annealing tends to re-crystallize PCW,

i.e. for the temperature of 1573 K and the time of 3 h a

growth of grain size was observed by SEM. The grain

sizes before and after annealing were approximately 1–5

and 5–15 lm, respectively. This means that the con-
centration of grain boundaries decreases. The annealing

also removes some impurities, vacancies and disloca-

tions in the near the surface. For the samples annealed at

1573 K for 3 h, dislocation and grain boundaries den-

sities near the surface were effectively reduced and the

lowest D concentration was observed.

Fig. 2 shows the fluence dependence of the retained D

at room temperature in PCW for different pre-implan-

tation treatments. The scatter of the data is likely due to

the difference in the initial amount of surface impurities,

grain boundaries and dislocations. Because of the low

solubility [26] and strong trapping, a small change of the

defect concentration can strongly influence the D reten-

tion inW. Despite of the scatter of the experimental data,

the tendency of the D retention in pure W is clear: the

retention increases slightly faster than the square root of

the fluence. The same tendency was found by Causey and

co-workers [21] (Fig. 3). van Veen et al. [19] reported that

the hydrogen retention increases as a square root of the

dose. As can be seen in Fig. 4, our data for 500 eV Dþ

implantation in PCW are in good agreement with Anderl

et al. [6] but in disagreement with Haasz et al. [8] who

found a saturation of the D retention at a level of

5� 1020 D/m2 already at a fluence F ¼ 1023 D/m2. The

purity of the PCW was the same in our experiments and

Fig. 1. Thermodesorption spectra for 200 eV Dþ implanted in

PCW at room temperature and fluence F ¼ 1023 D/m2 for
various pre-implantation annealing.

Fig. 2. Fluence dependence of the retained D under the im-

plantation of 200 eV Dþ in PCW at room temperature. Various

conditions of pre-implantation treatment are shown. The re-

flection coefficient of 200 eV Dþ from W is r ¼ 0:56 [27].
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in [6,8]. The reason for such disagreement between our

data and Haasz et al. [8] is not clear. The saturation

behaviour of D retention in PCWwith fluence which was

reported by Haasz et al. is in disagreement with other

data available from the literature [3,6,19,20] and could

not be explained using existing models of D migration in

metals.

3.1.2. Modelling

The ion beam current was between 40 and 60 lA that
is equivalent to a flux density of I0 ¼ 2:5� 1019–4� 1019
D/m2 s. During the implantation of low-energy D ions, a

part of the incident D, rI0 is reflected from the surface of

the pure W with the reflection coefficient r � 0:56 as
calculated with TRIM.SP [27], while the other part,

ð1� rÞI0, is implanted. Deuterium ions penetrating the

metal slow down near the surface. The depth distribu-

tion of the implanted D was calculated by TRIDYN

code [27]. The mean implantation depth is Rp ¼ 5:6 nm
for 200 eV D and Rp ¼ 15 nm for 1 keV. The implanted
fraction diffuses in the metal with trapping at different

kinds of defects. When a diffusing atom reaches the

surface, it can recombine with another D atom at the

surface to desorb as a hydrogen molecule. Consequently,

the model of D behaviour in W includes the implanta-

tion profile, D diffusion, trapping and thermal release of

D by recombination on the surface [28]. Diffusion of D

is described by the diffusion equation with ion source:

ouðx; tÞ
ot

¼ o

ox
D
ou
ox

� �
þ ð1� rÞI0uðxÞ; 0 < x < L; ð1Þ

where u is the mobile D concentration, D ¼ D0
expð�Em=kT Þ is the diffusion coefficient and uðxÞ is the
D implantation profile which is taken from TRIDYN

calculations [27].

Trapping of D in bcc metals is described by the

trapping equation [29]

oY ðx; tÞ=ot ¼ ð2Da=3ÞðuðW � Y Þ
� ð12Y =a3Þ expð�Eb=kT ÞÞ; ð2Þ

where a is the lattice constant; Y is the trapping con-

centration; W is the density of traps and Eb is the
binding energy of D with a trap defined as the difference

of the D energy to be in a trap site and in a solution site.

The trapping energy is defined as the energy to release

the D atom from a defect: Et ¼ Eb þ Em.
The boundary conditions on the front (x ¼ 0) and the

back (x ¼ L) sides consider D desorption in molecular

form and are given by the balances of fluxes [28]:

kouðx; tÞ=ot ¼ �J0;L þ Dou=oxþ ð1� rÞI0uðxÞk;
x ¼ 0; L; ð3Þ

where k ¼ a=ð2
ffiffiffi
2

p
Þ is the jumping distance and J0 and JL

are the re-emission and permeation fluxes, respectively.

The re-emission and permeation rates are

J0;L ¼ �2K0;Lr u20;L ðatomsm�2 s�1Þ; ð4Þ

where Kr is the recombination coefficient which is de-
fined as [30]

Kr ¼ s0 expð�2Ec=kT Þl=K2s ; ð5Þ

where Ks is the solubility [26], l ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p
(m is the

mass of the hydrogen molecule, T is the temperature and
k is Boltzmann�s constant) and Ec is the surface barrier
which according to [31] is zero for hydrogen on pure

W. The surface barrier can increase in the presence of

Fig. 3. Fluence dependence of the retained D under the im-

plantation of 200 eV Dþ in PCW at 300 and 473 K. Data by

Causey co-workers [21] of the high flux implantation of 100 eV

deuterium and tritium ions from a plasma in PCW at 623 K are

shown for comparison. Calculations (solid circles) using the

parameters presented in Table 1 are in very good agreement

with experiments. 100% retention of non-reflected flux is also

shown. The reflection coefficient of 200 eV Dþ from W is

r ¼ 0:56 [27]. Dashed lines are only to guide the eyes.

Fig. 4. Comparison with literature data for implantation of 500

eV Dþ in PCW. 100% retention of non-reflected flux is also

shown. The reflection coefficient of 200 eV Dþ from W is

r ¼ 0:56 [27].
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impurities such as oxygen, carbon or sulfur on a metal

surface.

The data for diffusion and recombination coefficients

are summarized in Table 1.

To describe the D retention in PCW, two kinds of

traps were introduced:

i(i) low-temperature traps: intrinsic defects with a trap-

ping energy of 0.85 eV distributed over the whole

sample thickness and

(ii) high-temperature traps: �ion-induced� traps with a
trapping energy of 1.45 eV which form and grow

during implantation, distributed near the surface

and correlated with the implantation range.

The low-temperature traps are associated with nat-

ural traps (dislocations, grain boundaries, some impu-

rities, presence of bulk oxide) which are always present

in PCW. Both (i) the increase of the temperature and

time of W annealing before implantation and (ii) the

pre-implantation of W by low-energy D ions at high

temperature decrease the concentration of the natural

defects (0.85 eV) because of the removal of residual

stresses, some impurities and dislocations in the near the

surface and the reduction of the dislocation content in

the bulk.

The high-temperature traps (1.45 eV) can be associ-

ated with D agglomeration in molecules and bubbles

near the implanted surface and D trapping in vacancies.

The concentration of ion-induced traps increases with (i)

the D pre-implantation of W, (ii) the incident ion energy

and (iii) the fluence. The binding energy of D in bubbles

(about 1 eV) is similar to the measured heat of chemi-

sorption [31], that indicates the same mechanism of D

trapping in bubbles as chemisorption on a surface.

Fig. 5 shows a comparison of the model calculations

using the parameters given in Table 1 with experimental

thermodesorption spectra of 200 eV Dþ implanted at

room temperature in PCW for two different fluences.

There are two peaks: a low-temperature peak with a

maximum about 450 K and a high-temperature peak

with a maximum about 600–650 K. The position of the

maximum can be changed with experimental heating

rate, implantation energy and fluence.

Although the D ion energy (200 eV) is too low to

create any elastic-collision defects by displacement of W

atoms, the D retention in PCW cannot be explained

without taking into account the presence of a high defect

concentration in the implantation zone. Since this kind

of defects cannot be classified as displacement damage

such as vacancies, these defects should involve D bubble

formation. The concentration of ion-induced traps (1.45

eV) can increase with fluence and incident energy of

implanted D according to

dW =dt ¼ ð1� rÞI0wðxÞgð1� W =WmÞ; ð6Þ

where w is the depth distribution of ion-induced defects,
g is the speed of the defect creation and Wm is the

maximal defect concentration. From Eq. (6) the trap

density increases with time, t, as follows:

W ðx; tÞ ¼ Wmð1� expð�ð1� rÞI0wðxÞgt=WmÞÞ: ð7Þ

The evaluation of the defects with fluence for the im-

plantation of 200 eV Dþ in PCW is shown in Fig. 6. The

speed of the trap production increases with the increase

of the implantation energy and depends on the micro-

structure, impurities and lattice imperfections which can

create the conditions for D agglomeration in bubbles.

According to Sakamoto et al. [13], the vacancy con-

centration reaches a saturation about 10�3 at.fr. at

Table 1

Parameters of hydrogen in tungsten for diffusion model

Diffusivity [26],

D ¼ D0 expð�Em=kT Þ
Recombination coefficient

[30,31], Kr ¼ Kr0 expð�Er=kT Þ
Trapping parameters [present work]

D0 (m2/s) Em (eV) Kr0 (m4/s) Er (eV) Wt (at.fr.) Et (eV)

4:1� 10�7 0.39 3� 10�25=T 1=2 )2.06 Intrinsic traps: 4� 10�4 Intrinsic traps: 0.85

Ion-induced: Eq. (7), Wm ¼ 0:1 Ion-induced: 1.45

Fig. 5. Experimental thermodesorption spectra (solid lines) for

PCW for two different fluences. Calculations (dashed lines)

using the parameters presented in Table 1 are in good agree-

ment with experiments.
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fluences above 1021 ions/m2. As follows from the calcu-

lations, the concentration of ion-induced traps goes up

to 10�1 at.fr. or can be even higher. This is another ar-

gument that ion-induced traps cannot be a vacancy type

of traps but the D agglomeration in bubbles.

Deuterium molecules in the implantation range were

observed by Alimov et al. [3]. It is interesting to mention

that Alimov et al. have seen molecules in the implanta-

tion range for both PCW and single crystal W (SCW).

Moreover, Alimov et al. found that in SCW the retained

D in molecular form is two times higher than in atomic

form. If TDS of the D retention in PCW has two peaks,

low- and high-temperature, while TDS for SCW has

only one high-temperature peak [32] (Fig. 7). This is

because the SCW has much less intrinsic defects like

dislocations, grain boundaries and impurities which can

trap D in the low-temperature peak. Haasz and co-

workers [32] observed higher retention in SCW at low

fluences compared to PCW (Fig. 7). This means that the

speed of ion-induced trap creation is higher in SCW

(g ¼ 10�1) than in PCW (g ¼ 10�3). The reason is not
yet clear.

Calculations of the fluence dependence and temper-

ature dependence of the D retention using Eqs. (1)–(7)

with the parameters presented in Table 1 show a good

agreement with experiments (Fig. 3).

3.2. Dþ implantation into W pre-implanted by carbon ions

If carbon is used in a fusion reactor, it can result in

carbon deposition on W. Reliable data on the hydrogen

isotope behaviour in tungsten–carbon are important for

the prediction of tritium uptake and retention in the

components of a fusion reactor.

It is clear that the creation of a carbon layer on top

of W will result in the D retention in carbon. To un-

derstand the influence of a small amount of carbon and

formation of carbides on D behaviour in W, carbon

ions with an energy of 1 keV have been implanted in W

up to a fluence of F ¼ 5� 1021 C/m2. The implantation

of such a small amount of carbon results in the creation

of a mixed W/C layer with a thickness of 20 nm near

the surface as it was measured by Rutherford back-

scattering spectroscopy (RBS) using 7Li2þ with 3 MeV

energy.

The ion implantation was carried out in the following

way:

1. PCW foil was heated at 1573 K for 3 h in vacuum

with a background pressure of p ¼ 2� 10�4 Pa,
2. PCW was outgased for 10 min. at 1273 K in the im-

plantation chamber with a background pressure of

p ¼ 10�6 Pa before the carbon implantation,
3. implantation of carbon ions with an energy of 1 keV

in W at room temperature up to a fluence of F ¼
5� 1021 C/m2,

4. annealing of the sample up to 1273 K for 3 min in the

implantation chamber,

5. implantation of 200 eV D ions at room temperature.

For every new measurement new PCW foil was used.

Implanted 200 eV D ions will stop within the carbon

modified layer. At low fluences, the amount of D re-

tained in W/C by implantation of 200 eV Dþ is higher

than that in pure W (Fig. 8). At high fluences, the W/C

layer is eroded by bombardment and the D retention

approaches the retention observed in pure W.

Both the increase of the trap concentration and the

reduction of the recombination coefficient result in the

increase of the D retention. To clarify if the carbon pre-

implantation results in an increase of the trap concen-

tration, in addition to TDS, Dð3He; pÞ4He nuclear
reaction analysis (NRA) technique using 3He ions with 1

MeV energy has been used. The implanted specimens

were transported through air to the ion beam analysis

chamber. The protons from the nuclear reaction were

Fig. 6. Calculated evaluation of defects in W with fluence.

Fig. 7. Thermodesorption spectra (solid lines) for PCW [pre-

sent work] and for SCW [32]. Calculations (dashed lines) using

the parameters presented in Table 1 are in good agreement with

both experiments.
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detected with a large angle counter. Using NRA the D

concentration up to a depth of 800 nm was measured.

NRA measurements show (Fig. 8) that the concentra-

tion of D within the depth of 800 nm is less than the

total D concentration measured by TDS. This means

that most of the D diffuses far beyond the carbon

modified layer (20 nm) and is trapped in natural de-

fects of pure W. Consequently, carbon pre-implantation

cannot strongly influence the trap density but signifi-

cantly decreases the recombination coefficient. As was

mentioned above, the presence of impurities on the

surface increases the surface barrier. Using a surface

barrier of Ec ¼ 1:1 eV, the recombination coefficient is
Kr ¼ 3� 10�25 expð�0:2=kT Þ=T 1=2. Calculations using

this recombination coefficient are in a good agreement

with TDS of D from W pre-implanted by carbon ions

(Fig. 9). TDS shows that the major amount of D is

released from W/C at around 400 K. This is the same

kind of intrinsic traps as for pure W. Consequently,

carbon pre-implantation results in a reduction of the

recombination coefficient that increases the solute

concentration of D and, from this, D trapping in nat-

ural traps in PCW. The high-temperature peak which is

due to D agglomeration in bubbles is absent. This

means that in W/C deuterium is retained only in atomic

form. This is in agreement with [3] where molecules

were not detected in carbon deposited W. The conclu-

sions are

– same intrinsic trapping sites in WC as in pure W;

– no molecule formation was observed in WC;

– pre-implantation with Cþ decreases the D recombina-

tion coefficient, and, consequently, increases the

amount of retained D.

3.3. Dþ implantation into WO3

Before oxidation, the PCW was heated at 1573 K for

3 h in a vacuum with a background pressure of p ¼
2� 10�4 Pa. The formation of the oxide films on PCW
has been done by two different methods: (i) by annealing

in air at 673 K and (ii) by evaporation of tungsten oxide

granules of purity>99.99% on PCW using electron beam

deposition. The evaporation rate of WO3 was about 20

nm/min. RBS showed that the thickness of the tungsten

oxides was varied from 100 to 400 nm depending on the

time of heating in air or the time of evaporation. X-ray

diffraction (XRD) measurements showed that the struc-

ture of the oxide films grown in air is crystalline tungsten

trioxide. The most intensive peaks in XRD pattern can

be related to cubic modification. Therefore, the crystal-

line tungsten trioxide is assumed to be formed domi-

nantly on the basis of cubic phase WO3. The structure of

the oxide films produced by evaporation from tungsten

oxide is the amorphous tungsten trioxide. However, the

heating of WO3/PCW for 3 min up to 873 K in the im-

plantation chamber for outgasing results in a change of

the amorphous WO3 to the crystalline WO3. This is a

reason that the same D retention was observed for both

kinds of films.

Fig. 10 demonstrates the fluence dependence of the

retained D in pure PCW and WO3/PCW under the im-

plantation of 200 eV D ions at room temperature. The D

retention is strongly increased in WO3. At low fluences,

all implanted D is retained in WO3. NRA indicates that

most of the D is accumulated in the bulk of the W far

beyond the implantation range and is captured by traps.

The prolonged irradiation with 200 eV Dþ results in the

reduction of WO3 to lower oxides and eventually to

Fig. 8. Fluence dependence of the retained D in pure PCW

(solid line) and PCW pre-implanted by 1 keV Cþ at room

temperature up to a fluence 5� 1021 C/m2 (solid circles). 100%

retention of non-reflected flux for PCW (dashed line) and for

W/C (doted line with cross) are also shown. The reflection co-

efficient of 200 eV Dþ from W is r ¼ 0:56 and from W/C is

r ¼ 0:44 [27].

Fig. 9. Experimental thermodesorption spectra (solid lines) for

W pre-implanted by 1 keV Cþ at room temperature up to a

fluence 5� 1021 C/m2 and then implanted by 200 eV D ions at

room temperature for various fluences. Calculations (dashed

lines) using Eqs. (1)–(7) with the recombination coefficient for

WC Kr ¼ 3� 10�25 expð�0:2=kT Þ=T 1=2 are also shown.
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metallic PCW because of preferential sputtering of the

oxygen atoms from the surface.

4. Summary and recommendations for future work

Ion-driven D retention in PCW has been investigated

for various energies of implantation, temperatures, flu-

ences and surface conditions. The main conclusions are

– D retention increases slightly faster than the square

root of the fluence,

– D retention decreases with increasing temperature,

– D is retained far beyond the implantation range at RT

in PCW,

– D is retained both as atoms and as molecules,

– pre-annealing at 1573 K results in a decrease of the D

retention,

– pre-implantation of 1 keV Cþ at room temperature

and low fluence (i) increases the D retention and (ii)

prevents the D bubble formation,

– D retention is strongly increased in WO3/W compared

to pure W,

– A model including two kinds of traps describes well

most of experiments in PCW:

(a) trap energy of 0.85 eV – intrinsic defects (disloca-

tions, grain boundaries, impurities),

(b) trap energy of 1.45 eV – ion-induced defects (D

agglomeration in bubbles).

The following points require future studies:

– defect creation by neutron irradiation,

– correlation between blistering, substrate temperature

and D retention.
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