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Abstract

Depth profiles of deuterium trapped in W single crystals and polycrystalline W irradiated with 200eV D ions at 300–

323K have been measured up to a depth of 7lm using the D(3He,p)4He nuclear reaction in a resonance-like technique.

The proton yield as a function of incident 3He energy was measured and the D depth profile was obtained by decon-

volution of the measured proton yields using the program SIMNRASIMNRA. The depth at which deuterium is retained can be

tentatively divided into three zones: (i) the near-surface layer (up to a depth of �0.2lm), (ii) the sub-surface layer (from

�0.5 to �2lm), and (iii) the bulk (>5lm). Low-energy D ion irradiation modifies the W structure to depths of up to

about 5lm, both for W single crystals and polycrystalline W. Up to this depth trapping sites are created at a fluence of

5 · 1022/m2 for the retention of deuterium at about 0.1at.%.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Due to its favorable physical properties, like low ero-

sion yield and high melting temperature, tungsten is fore-

seen as plasma-facing material in fusion devices, such as

ITER [1]. Of special interest are the hydrogen transport

and trapping properties, as they may have a significant

impact on tritium inventory. Available data indicate that

hydrogen retention in tungsten depends on both the type

of tungsten structure and implantation conditions [2–18].

Information about the total amount of hydrogen re-

tained in W materials and about hydrogen detrapping
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energies can be obtained from thermal desorption mea-

surements. Measurements of hydrogen depth profiles

can give detailed information about the depth distribu-

tion of defects which are responsible for hydrogen trap-

ping and, therefore, can help to understand the

mechanisms of hydrogen–material inter-actions.

In this work we report measurements of depth pro-

files of deuterium trapped within the 7lm thick sub-sur-

face layers of different tungsten materials irradiated with

200eV D ions. The D(3He, p)4He nuclear reaction at dif-

ferent 3He energies was used for quantitative depth

profiling.

2. Experimental

Two types of W specimens with dimensions of

12 · 14mm2 and different thicknesses were investigated:
ed.
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Fig. 1. Depth profiles of deuterium trapped in the near-surface

layer (a) and in the bulk (b) of W single crystals irradiated at

300K with 200eV D ions to different fluences. Note the different

depth and concentration scales in parts (a) and (b).
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(i) Single crystal tungsten specimens with a purity of

99.99wt% produced by double electron-beam zone

melting (State Institute of Rare Metals, Moscow).

The macro-crystallite sizes were in the range of

10–20mm. The specimens were cut from a W rod

by spark cutting and were 0.8–0.9mm thick.

(ii) High purity (99.6 at.%) polycrystalline tungsten

foils, 0.3–0.4mm thick, produced by Plansee AG

(Reutte, Austria), a reduced-rolled, powder-metal-

lurgy product. The grain sizes were estimated to

be in the range of 1–20lm.

The irradiated surfaces of the single crystals and

polycrystalline specimens were mechanically and electro-

chemically polished. After polishing the samples were

annealed at 1573K for 3.5h in a vacuum chamber with

a background pressure of �2 · 10�4Pa during

annealing.

The irradiation with 600eV Dþ
3 (200eV/D) was per-

formed in a vacuum chamber connected to a high-cur-

rent ion source [19] at normal ion incidence. For better

ion source performance, a 3600eV Dþ
3 ion beam was ex-

tracted from the ion source, magnetically analyzed, and

decelerated in front of the samples by a positive target

bias of 3000V to achieve 600eV Dþ
3 . The ion flux was

(3.6 ± 1.1) · 1019D/m2s. This ion beam was applied for

the D ion irradiation of polycrystalline specimens. Dur-

ing irradiation, the polycrystalline specimens were

heated by the ion beam up to 323K.

A small fraction of neutral particles (�1.5%) was

present in the 3600eV Dþ
3 beam after passing the magnet

[19]. These neutrals were not decelerated by the target

bias. Just to be sure that the W single crystals were im-

planted with D ions at energies below the threshold for

displacement, an extracted 1000eV Dþ
3 ion beam and a

deceleration bias of 400V were used for the D ion irra-

diation. In this case the ion flux was (1.9 ± 0.2) · 1018D/

m2s and the irradiation temperature was 300K.

The D concentration within the near-surface layer (at

depths up to �0.6lm) was measured by means of the

D(3He,a)H reaction at a 3He energy of 0.69MeV, and

the a particles were energy-analyzed with a small-angle

surface barrier detector at the laboratory scattering an-

gle of 102�. The a spectrum was transformed into a D

depth profile using the program SIMNRASIMNRA [20].

To determine the D concentration at larger depths,

an analyzing beam of 3He ions with energies varied from

0.69 to 4MeV was used. The protons from the

D(3He,p)4He nuclear reaction were counted using a

wide-angle proton detector placed at an angle of 135�.
The D(3He,p)4He nuclear reaction has a broad maxi-

mum at around 0.63MeV, which can be used for reso-

nant depth profiling. In order to determine the D

concentration profile in deeper layers, the computer pro-

gram SIMNRASIMNRA was used for the deconvolution of the

proton yields measured at different 3He ion energies. A
deuterium depth distribution was assumed taking into

account the near-surface depth profile obtained from

the a particles spectrum, and the proton yield as a func-

tion of incident 3He energy was calculated. The form of

the D depth profile was then varied using an iterative

technique until the calculated curve matched the mea-

sured proton yields [21].

Deuterium profiling at depths larger than 7lm was

performed by removing the surface layer on the irradi-

ated side by electrochemical etching in 2wt% NaOH

aqueous solution. The etching was performed through

a mask pressed to the tungsten surface, and the crater

depth was measured with a profiler.

The surface morphology was investigated by scan-

ning electron microscope (SEM).
3. Results and discussion

Depth distributions of deuterium retained in W single

crystals and polycrystalline W irradiated with 200eV D

ions to different fluences are shown in Figs. 1 and 2,

respectively. The depth at which deuterium is retained

can be tentatively divided into three zones: (i) the

near-surface layer (up to a depth of �0.2lm), (ii) a



0 1 2 3 4 5 6 11 12
10 -4

10 -3

10 -2

10 -1

10 0

10 1

200 eV D ions  –>  polycrystalline W,  T
irr

 = 323 K

D
 c

on
ce

nt
ra

tio
n 

[a
t.%

]

Depth [µm]

Depth [µm]

Φ
Φ
Φ
Φ

 = 1 .0x1023 D/m2

   = 1 .0x1024 D/m2

   = 3 .2x1024 D/m2

   = 8 .9x1024 D/m2

0.0 0.2 0.4 0.6 0.8 1.0
10 -3

10 -2

10 -1

10 0

10 1

(b)

(a) D
 c

on
ce

nt
ra

tio
n 

[a
t.%

]

 

Fig. 2. Depth profiles of deuterium trapped in the near-surface

layer (a) and in the bulk (b) of polycrystalline W irradiated at

323K with 200eV D ions to different fluences. Note the different

depth and concentration scales in parts (a) and (b).

Fig. 3. SEM images of polycrystalline W surfaces irradiated

with 200eV D ions at 323K to a fluence of 8.9 · 1024D/m2.

V.Kh. Alimov et al. / Journal of Nuclear Materials 337–339 (2005) 619–623 621
sub-surface layer (from �0.5 to �2lm), and (iii) the

bulk (>5lm).

In W single crystals, an increase of the ion fluence

from 5 · 1022 to 5 · 1023D/m2 leads to an increase of

the near-surface concentration nearCD by a factor of

more than 100, from 0.01 to 2at.% (Fig. 1(a)). The dras-

tic increase of the D concentration can only be explained

by a sudden structural change during the low-energy D

ion irradiation. At a fluence of 1 · 1024D/m2, the con-

centration nearCD reaches 6at.%. The concentration

within the sub-surface layer is about 0.01at.% for all

ion fluences used (Fig. 1(b)), whereas the D concentra-

tion in the bulk is below 10�4at.%.

In polycrystalline W specimens, the D concentration

in the near-surface layer is in the range 1–5at.% for flu-

ences increasing from 1 · 1023 to 8.9 · 1024D/m2 (Fig.

2(a)). Within the sub-surface layer, as the fluence is in-

creased to 1 · 1024D/m2, the D concentration subCD

reaches its maximum value of 0.1at.%. A further fluence

increase leads to a decrease in the D concentration, and

at high ion fluences (P3.2 · 1024D/m2) the value subCD

is �0.03at.% (Fig. 2(b)). Blisters were observed on the

surface of the polycrystalline W specimens at ion flu-

ences above 1 · 1024D/m2 (Fig. 3). The D concentration

in the bulk increases with the ion fluence and reaches a
steady state value of �0.003at.% at a fluence of

1 · 1024D/m2 (Fig. 2(b)).

The release of deuterium from the sub-surface layer

of polycrystalline W may be connected with the appear-

ance of blisters and accompanying porosity develop-

ment. Note that blisters were not observed on W

single crystal surfaces, and the D concentration did

not show the effect of decreasing with increasing fluence.

The high deuterium concentration in the sub-surface

layer and the formation of blisters allows the conclusion

that irradiation with 200eV D ions at 300–323K modi-

fies the surface to depths of up to about 5lm, both for

W single crystals and polycrystalline W. This range is

much larger than the deuterium implantation range. It

has been shown recently that on the surface of a W foil

exposed to a low energy (�200eV) and high-flux

(>1021m�2 s�1) D plasma, blisters were formed [17]. In

the bulk of the blister lids deuterium was accumulated

in the form of D2 molecules, as could be show by Ali-

mov et al. [10] using a sputter-RGA technique. Vacancy

clusters and voids were formed by the low-energy ion

irradiation [18]. In our case, blisters are also observed

on the surface of the polycrystalline specimens. How-

ever, the energy of the D ions of 200eV, is well below

the energy threshold for displacement of W atoms. A re-

view of hydrogen bubbles in metals by Condon and

Schober [22] outlines some possible cavity formation

mechanisms. The mechanism of near-surface plastic

deformation caused by deuterium supersaturation with-

in the near-surface layer was considered by Poon [23] for

the explanation of TDS spectra for W single crystals

irradiated with 500eV D ions.

This mechanism is also proposed for the interpreta-

tion of the present results. During irradiation the D con-

centration in the implantation zone greatly exceeds the

solubility limit and stresses the matrix lattice until plastic

deformation with formation of voids and vacancy clus-

ters occurs to alleviate these tensions. This deformation
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is assumed to be responsible for the sudden increase in

trapping sites for deuterium and the concurrent accumu-

lation of deuterium, both in the form of D2 molecules

and D atoms. According to van Veen et al. [24], the

D2 gas inside the voids is expected to be released during

annealing at 400–600K (dissociation energy �1.4eV),

whereas the D atoms bound on the inner surface of

voids (binding energy �2.1eV) is expected to be released

at 700–900K [24]. From depth profiling it can be con-

cluded that the concentration of D2 filled voids within

the sub-surface layer of polycrystalline W specimen is

at least one order of magnitude higher than in W single

crystals (compare Figs. 1 and 2). The initial structure of

the W materials plays a major role in the stress-induced

void formation. Possibly, the grain boundaries serve as

preferential sites for void nucleation and growth.

Changes in the D concentration at high ion fluences

result from W structure modifications caused by the

low energy ion irradiation. As the ion fluence increases,

the concentration of gas-filled voids within the sub-sur-

face polycrystalline layer (1–5lm) increases, and after

certain fluence interconnected porosity starts develop.

This leads to the release of a fraction of the molecular

deuterium. This is demonstrated by the decrease of the

D concentration at U > 1 · 1024D/m2 (Fig. 2). Deute-

rium retaining in the bulk (at depths above 6lm) is

thought to be in form of D atoms trapped at intrinsic

defects.

The modification of the W single crystal struc-

ture happens at an ion fluence below 5 · 1022D/m2.

At higher fluences the structure of the sub-surface layer

remains unaltered. Only the structure of the near-sur-

face layer (up to 1lm) varies abruptly with increasing

fluence (Fig. 1(a)). It has been recently suggested by

Poon [23] that in W single crystal irradiated with

500eV D ions at 300K, deuterium is trapped at vacan-

cies with trap energies of 1.4 and 1.2eV for the first

and second D atoms, respectively. The trap energy of

1.4eV agrees well with the dissociation energy for D2

molecules accumulated inside voids [24]. For further

identification of the type of defects (vacancies or voids)

responsible for D trapping, additional measurements

able to profile D atoms and D2 molecules [10,18] are

required.
4. Summary

Depth profiles of deuterium trapped in W single crys-

tals and polycrystalline W samples irradiated with

200eV D ions at 300–323K have been determined up

to a depth of 7lm using the D(3He,p)4 He reaction in

a resonance-like technique. The proton yield as a func-

tion of incident 3He energy was measured and the D

depth profile was obtained from the measured proton

yields by deconvolution with the program SIMNRASIMNRA.
The depth at which deuterium is retained can be ten-

tatively divided into three zones: (i) the near-surface

layer (up to a depth of �0.2lm), (ii) the sub-surface

layer (from �0.5 to �2lm), and (iii) the bulk (>5lm).

The D concentration at high ion fluences P1 · 1024D/

m2 decreases from several at.% in the near-surface layer

to below 10�4at.% for W single crystal and 3 · 10�3at.%

for polycrystalline W in the bulk. Blister formation at

high fluences is observed for polycrystalline W, but not

for W single crystals.

D ion irradiation with ion energies well below the dis-

placement threshold modifies the W structure to depths

of up to about 5lm, both in W single crystals and poly-

crystalline W. Plastic deformation of the W matrix

caused by deuterium supersaturation within the near-

surface layer is proposed as explanation of the present

results.
Acknowledgments

We express our appreciation to J. Dorner and M.

Fußeder for technical assistance with the 3He beam anal-

yses, A. Weghorn for irradiation and S. Lindig for SEM

analysis. One of us, V. Alimov, gratefully acknowledges

financial support from the Max-Planck-Institut für

Plasmaphysik and is candidly indebted to his colleagues

in the Materialforschung Division of IPP for their warm

hospitality during his stay in Garching.
References

[1] G. Federici et al., J. Nucl. Mater. 313–316 (2003) 11.

[2] R.A. Anderl et al., Fus. Technol. 21 (1992) 745.

[3] R. Sakamoto, T. Muroga, N. Yoshida, J. Nucl. Mater.

220–222 (1995) 819.

[4] V.Kh. Alimov, B.M.U. Scherzer, J. Nucl. Mater. 240

(1996) 75.

[5] A.A. Haasz et al., J. Nucl. Mater. 258–263 (1999) 889.

[6] R. Causey et al., J. Nucl. Mater. 266–269 (1999) 467.

[7] A.A. Haasz, M. Poon, J.W. Davis, J. Nucl. Mater. 266–

269 (1999) 520.

[8] A.A. Haasz et al., J. Nucl. Mater. 290–293 (2001) 85.

[9] V.Kh. Alimov, K. Ertl, J. Roth, J. Nucl. Mater. 290–293

(2001) 389.

[10] V.Kh. Alimov et al., Phys. Scr. T 94 (2001) 34.

[11] V.Kh. Alimov, A.P. Zakharov, R.Kh. Zalavutdinov, in:

A. Hassanein (Ed.), Hydrogen and Helium Recycling at

Plasma Facing Materials, NATO Science Series II, vol. 54,

Kluwer Academic, 2002, p. 131.

[12] R.G. Macaulay-Newcombe et al., in: A. Hassanein (Ed.),

Hydrogen and Helium Recycling at Plasma Facing Mate-

rials, NATO Science Series II, vol. 54, Kluwer Academic,

2002, p. 145.

[13] M. Poon et al., J. Nucl. Mater. 307–311 (2002) 723.

[14] B.M. Oliver et al., J. Nucl. Mater. 307–311 (2002) 1418.

[15] M. Poon et al., J. Nucl. Mater. 313–316 (2003) 199.



V.Kh. Alimov et al. / Journal of Nuclear Materials 337–339 (2005) 619–623 623
[16] O.V. Ogorodnikova, J. Roth, M. Mayer, J. Nucl. Mater.

313–316 (2003) 469.

[17] W. Wang, J. Roth, S. Lindig, C.H. Wu, J. Nucl. Mater.

299 (2001) 124.

[18] V.Kh. Alimov, Phys. Scr. T 108 (2004) 46.

[19] W. Eckstein et al., Tech. Rep. IPP 9/82, Garching,

1993.

[20] M. Mayer, Tech. Rep. IPP 9/113, Garching, 1997.
[21] V.Kh. Alimov, M. Mayer, J. Roth, Nucl. Instrum. and

Meth. B (submitted).

[22] J.B. Condon, T. Schober, J. Nucl. Mater. 207 (1993) 1.

[23] M. Poon et al., these Proceedings. doi:10.1016/

j.jnucmat.2004.09.042.

[24] A. van Veen et al., in: P.C. Jain, R.M. Singru, K.P.

Gopinathan (Eds.), Positron Annihilation, World Scien-

tific, Singapore, 1985, p. 543.

http://dx.doi.org/10.1016/j.jnucmat.2004.09.042
http://dx.doi.org/10.1016/j.jnucmat.2004.09.042

	Depth distribution of deuterium in single- and polycrystalline tungsten up to depths of several micrometers
	Introduction
	Experimental
	Results and discussion
	Summary
	Acknowledgments
	References


