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W targets are exposed to D2�Be, He, D2�He and D2�Be�He plasmas in the linear-plasma-device PISCES-
B to simulate the conditions expected at W strike-points in an ITER all W metal divertor scenario. In
D2�Be and He plasmas, target temperatures in the range 1070–1320 K lead to surface layers of Be–W
alloy or nano-structured W morphology, respectively, but below 900 K, neither types of layer are found
to form. Both processes have kinetics reminiscent of diffusion. Alloying kinetics are optimal when surface
Be availability is maximized through the formation of a deposited Be over-layer. Nano-structured layer
growth at 1120 K is most rapid for incident He ion fluxes above 7 � 1021 m�2s�1. In D2�0.1He plasmas,
a mixture relevant to divertor exhaust, small Be or C fractions can significantly reduce nano-structure
growth in favor of the formation of a mixed material Be�W alloy or C layer.

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

W is considered the leading first-wall candidate material for
next generation fusion reactors because of its ability to withstand
intense heat loads, high operation temperatures and intense parti-
cle loads. Only graphite is better in comparison, but current philos-
ophy is to limit or avoid altogether the use of carbon in next
generation devices because of well known issues associated with
neutron damage and tritium accumulation. The removal of carbon
from the ITER design is referred to as the ITER ‘all metal’ divertor
option; in essence, castellated W strike-points would replace the
current graphite design. In the current ITER design, W surfaces
(liner and dome) are designed operate at temperatures below
900 K [1] in contact with the weaker edge plasma. In contrast, an
‘all metal’ divertor would operate with high-temperature W
strike-points, >1000 K, that are in contact with the full diverted
plasma exhaust of ionized D, T, He and impurity Be species eroded
from the first-wall. A similar scenario (but without Be) is also pre-
sented with the concept of a full W metal DEMO reactor.

The desire to operate W surfaces in increased temperature and
mixed-species plasma regimes reveals a wide-ranging PMI param-
eter space that is essentially unexplored. In recent years, the UCSD
PISCES program and collaborators have actively explored the use of
W above 1000 K in plasma regimes that support ITER and advanced
reactor PMI development needs. Experiments involving W target
ll rights reserved.
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operation in plasmas of mixed-species of, D2�Be, pure He and
D2�He have been undertaken with the aim of examining surface
properties, erosion, and hydrogen isotope retention, subsequent
to plasma exposure. This paper reports on the first of these issues;
the effects of these plasmas on material surface properties.
2. Experiments

Polished W targets, 25 mm in diameter and 1 mm thick, were
exposed to various plasmas in the UCSD PISCES-B divertor plasma
simulator [2]. The effects of D2 plasmas with Be injection, D2 plas-
mas with He admixtures, D2 plasmas with He admixtures and Be
injection, and pure He plasmas were explored and compared. Typ-
ically, PISCES-B plasmas in D2 are relevant to the edge in a fusion
device, ne � 1018–1019 m�3, and, Te � 6–12 eV, as measured by
Langmuir probe. Trace amounts of Be or He were added to the plas-
ma, where necessary, to examine the effects that these species may
produce on W surfaces. Be is incorporated into the plasma using a
neutral Be atom source [3], and He through gas admixture. Both Be
and He ion fractions in the plasma are measured using absolutely
calibrated optical emission spectroscopy [3,4]. During plasma
exposure the target temperature, Ts, is kept fixed and a bias poten-
tial applied to facilitate bombardment of the target with energetic
ions. The energy of impacting ions is estimated from the target
bias, hEionsi � Vbias � kTe [5]. Subsequent to plasma exposure, W
targets are analyzed using scanning electron microscopy (SEM) to
examine changes in surface morphology, and wavelength disper-
sive X-ray spectroscopy (WDS) to determine surface composition.
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3. Results and discussion

3.1. W exposed to D2 plasmas with Be injection

In ITER, the divertor surfaces could potentially see fluxes of inci-
dent Be as high as �3 � 1021–3 � 1022 m�2s�1 [6]. For plasma con-
ditions that favor the net build-up of Be deposits, concern arises
over the alloying of deposits with the W surface because the Be–
W matrix can support equilibrium molten phases at temperatures
significantly below the W melting point (3695 K). Be uptake into
the W above �5 at.%, but below 67% results in the formation of
molten phase precipitates above �2370 K . With further Be uptake
the situation worsens; the stable alloy stoichiometries of Be2W,
Be12W and Be22W precipitate and these are molten at even lower
temperatures; �2520 K, �1780 K, and �1600 K, respectively [7].

In the current ITER design the W liner and dome are specified to
operate below �900 K. In this range, Be�W alloying is not ex-
pected to be a serious concern. Not only have several studies
shown that the reaction of Be deposits on W proceeds too slowly
to cause alarm [8,9], but the temperature is too low to support
any molten phase. In fact, in this temperature range, where W blis-
tering is known be problematic [10], PISCES-B experiments repeat-
edly show that a small amount of Be (fBe � 0.0005) in the plasma
suppresses the formation of blisters. W targets exposed at 700 K,
to ionized deuterium fluences up to 1027 m�2, show the absence
of blistering in favor of the formation of a thick (�several micro
meter) Be layer on targets with no applied bias, and a thin
Fig. 1. Cross-sectional SEM images of W targets exposed to D2 plasmas with Be
injection. The plasma properties were ne = 3 � 1018 m�3 and Te � 6–8 eV, CDþ = 2–
3 � 1022 m�2s�1. Compositional data is provided by standardized WDS analysis at
5 kV. Symbols to the right indicate target cross-section orientation in SEM field of
view and PMI surface.
(�10�20 nm) layer of Be�W alloy for targets with ion bombard-
ment in the energy range, 35�75 eV. Control targets, exposed at
700 K to D2 plasma, but without Be injection, reveal abundant
blistering.

Experiments conducted above 1000 K, to simulate W strike-
points in an ITER ‘all metal’ divertor, tell a very different story.
All PISCES-B W targets exposed above 1000 K to D2 plasma with
Be injection show evidence of the formation of a Be–W alloy sur-
face layer, to some degree. The observed degree of alloying de-
pends critically on the availability of surface Be. However, while
the alloy reaction rate is found to increase with surface tempera-
ture [9], Be removal mechanisms such as physical erosion and
evaporation at high-temperature can work to limit this availability
in a PMI situation. A selection of D2�Be plasma exposed W targets
demonstrates this in Fig. 1. In Fig. 1(a), a Be12 W layer �0.3 lm
thick is found at the interface between the W surface and a
�5 lm thick layer of Be surface deposits. The combination of an
exposure temperature of 1070 K (low Be evaporation) and no ap-
plied target bias (low Be erosion) gives PMI conditions that maxi-
mize the surface Be availability for alloying. For the similarly
plasma-exposed W target of Fig. 1(b), Be availability is deliberately
reduced by the application of a target bias and associated ion bom-
bardment at �60 eV. Consequently, there is no apparent layer of
deposited Be, as in Fig. 1(a). The absence of Be deposits is due to
removal by sputtering. The reduction in surface Be results in only
small �0.3 lm high nucleation zones of �Be12 W alloy distributed
over a W rich surface (Cross-sectional analysis did not reveal Be
below the surface). Higher surface temperature produces a similar
effect as shown in Fig. 1(c). This W target had a higher exposure
temperature of 1320 K (Be evaporates) and no applied bias (low
Be erosion). On examination this target surface showed little, or
no, evidence of an alloy layer. The rapid evaporation of deposited
Be, leading to low Be availability, acted to inhibit the formation
of Be deposits and the alloy reaction, and, in spite of increased
mobility for Be in the bulk, cross-sectional analysis revealed little
evidence for any Be below the surface. These results are further ex-
plored in Section 3.4.

3.2. W exposed to pure He plasma

Many studies have identified deleterious effects induced by he-
lium plasmas on high-temperature exposed tungsten surfaces for
incident He ion energies below the sputter threshold. In a few in-
stances, He blistering is observed at moderate temperature below
800 K [11], but more serious effects such as the formation of pits,
holes and bubbles occur at high-temperature, above 1600 K [12–
14]. The accumulation of He in defects and vacancies [15,16] is be-
lieved to be responsible for these effects but the precise mecha-
nisms are not well understood.

In the temperature range 1070–1600 K, particularly relevant to
the ITER ‘all metal’ scenario, a surface layer consisting of a con-
glomerate of amorphous W nano-rod like structures is found to
form under exposure to helium plasma [17,18] in the divertor plas-
ma simulators NAGDIS-II and PISCES-B. Nano-rod dimensions can
be up to a micron in length but have characteristic widths of the
order of only 10–50 nm. X-ray micro-analysis, which is insensitive
to He, reveals the nano-structured layer to be consistent with pure
W. The nano-structured layer is visually black and apparent to the
eye after only 200–400 s of exposure to He plasma in PISCES-B.
Nano-structured layers are found to form readily at 1070 K, but
not at a reduced temperature of 900 K, even after 3600 s of He plas-
ma exposure. Interestingly, individual nano-structures contain
nanometer scale bubbles or voids [19]. Fig. 2 shows an example
of a nano-structured layer growing from the W bulk on a single
crystal W target that was exposed to pure He plasma at 1120 K
for 3600 s. Only a fraction of the �2.0 lm thick layer is shown.



Fig. 2. Cross-sectional SEM micrograph of a single crystal W target that was
exposed at 1120 K to pure He plasma for 3600 s. The plasma properties were
ne = 5 � 1018 m�3 and Te � 10 eV, CHeþ = 6 � 1022 m�2s�1. Symbols to the right
indicate target cross-section orientation in SEM field of view and PMI surface.
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Evidently, the increased surface area, and fragility of these inter-
connected nano-structured layers raises new concerns for the use
of W as a fusion reactor plasma-facing material. Surface thermal
properties, fuel retention, and the formation of tungsten nano-dust
are issues that require further scientific investigation.

In Fig. 3 growth of the nano-structured layer with plasma expo-
sure time is demonstrated. SEM cross-sections of W targets ex-
posed at 1120 K to pure He plasmas for durations of 2000, 9000,
and 2.2 � 104 s are shown. For the longest exposure time explored,
Fig. 3. Cross-sectional SEM images of W targets exposed to pure He plasma at
1120 K for various exposures times. The plasma properties were ne = 4 � 1018 m�3

and Te � 6–8 eV, CHeþ = 4–6 � 1022 m�2s�1. Symbols to the right indicate target
cross-section orientation in SEM field of view and PMI surface.
a nano-structured layer in excess of 5 lm thick is observed. Collec-
tively, the kinetics of layer growth follows the kinetics of a diffu-
sive process. Fig. 4(a) shows nano-structured layer thickness
data, taken from images such as in Fig. 3, as a function of the
square root of the plasma exposure time, for exposures conducted
at 1120 K. The set of data demonstrates agreement with fitted t1/2

dependence. The nano-structured layer growth is therefore gov-
erned by a diffusive like mechanism. In Fig. 4(a) the corresponding
coefficient of diffusion would be D1120 K = 6.8 ± 0.3 � 10�16 m2s�1,
but it is yet uncertain what precise mechanism, or combined
mechanisms, that this diffusion rate corresponds with. Presently,
it is speculated [19] that the production of thermal vacancies,
and diffusion of He in the W nano-structure matrix, play a con-
volved role. It is also interesting to note that the straight line fit
is not consistent with a zero intercept. The t1/2 axial intercept cor-
responding to t � 40 s may be an indication of a short incubation,
or saturation time that precedes nano-structuring. Whatever the
mechanisms involved, the continual surface disintegration of W,
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Fig. 4. (a) Plot of W nano-structured layer thicknesses against the square root of He
plasma exposure time. The target temperature was 1120 K. If the simple one
dimensional growth law, d = (2Dt)1/2 is assumed, a straight line fit corresponds to a
diffusional growth process characterized by a diffusion coefficient of
D1120 K = 6.8 ± 0.3 � 10�16 m2s�1. (b) Plot of W nano-structured layer thicknesses
after 3600 s of exposure to He plasma, against plasma-surface He ion flux. All
targets were exposed at a temperature of 1120 K. Data are shown for both pure He
and D2�He plasmas.



Fig. 5. Cross-sectional SEM images of W targets exposed to D2�0.1He plasma at
1150 K. (a) D2�0.1He, (b) D2�0.1He with Be injection, (c) D2�0.1He with CD4 gas
admixture. The plasma properties were ne = 2�3 � 1018 m�3 and Te � 10–15 eV,
CHeþ = 1–3 � 1022 m�2s�1. Symbols to the right indicate target cross-section orien-
tation in SEM field of view and PMI surface.
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in this way, may lead to a source of plasma induced W erosion that
has not been previously considered.

3.3. W exposed to D2–He mixture plasmas

In the more realistic reactor PMI scenario, high-temperature ex-
posed W will not be subject to pure He plasma. The He level in the
ITER reactor exhaust for example is not expected to exceed,
fHe � 0.1 [20], with the balance being largely hydrogen isotopes.
To explore the effects of Section 3.2 in this situation, W targets
were exposed at 1120 K, for durations of 3600 s to various
D2�He mixture plasmas. Cross-sectional SEM analysis, as in
Fig. 3, revealed the same surface modification by the growth of
nano-structures, but with reduced layer growth kinetics compared
to that described in Fig. 4(a) for pure He. Layer growth is dimin-
ished for low concentrations of plasma He up to fHe � 0.3 compared
to pure He plasma exposure under similar conditions. A trend
emerges, however, when the growth of the nano-structured layer
is plotted against the incident He ion flux. This is depicted in
Fig. 4(b), which shows nano-structured layer thicknesses for many
targets exposed in both D2�He mixture and pure He discharges.
The plot displays two regions of interest. For plasmas that have
low bombardment fluxes of less than �7 � 1021 He ions m�2s�1,
the growth rate of the nano-structured layer, and hence diffusive
kinetics, are influenced by the magnitude of the He ion flux. Above
�7 � 1021 He ions m�2s�1 the rate of growth is independent of the
He ion bombardment flux. In the D2�He mixture cases, it is spec-
ulated that the presence of ionized deuterium is not responsible for
any reduction in the nano-structured layer growth rate. Indeed, the
lowest He ion flux plasma exposure was conducted in a separate rf
plasma device in pure He plasma. This single point also fits the ob-
served trend and collectively implies that the availability of diffus-
ing He, or He saturation of the W surface, plays a strong role in
producing the visible evidence of a growing nano-structured layer.
This would indirectly further the idea [18] that nano-structures
form through the action of a mechanism that traps He.

3.4. W in D2–He with Be and C injection: mixed material or nanoscopic
morphology

Considering the results of Section 3.3 the question arises about
the influence of other impurity species since the divertor plasma in
ITER is likely to contain a significant Be fraction. To explore this,
additional W targets were exposed at 1150 K to D2�0.1He admix-
ture plasmas with Be injection, and CD4 gas admixture. These re-
sults are shown in Fig. 5. Fig. 5(a) depicts the cross section of a
control W target exposed to D2�0.1He plasma for 4200 s. In this
case, an applied bias provides an ion bombardment energy of
�60 eV. The plasma exposure produces a nano-structured layer
of thickness�0.4 lm. Although not shown, a similarly exposed tar-
get, but with Be injection, fBe � 0.001, revealed a near identical
nano-structured layer. In this case, Be availability was reduced
by physical erosion, as in Fig. 1(b), and the morphology dominated
by processes associated with He. A different story is apparent,
however, when Be availability is increased. In Fig. 5(b) the ion en-
ergy is reduced to �15 eV. In this case, a layer of Be�W alloy is
formed and the effects associated with He are not apparent. CD4

injection produces a similar effect at low energy �15 eV. In
Fig. 5(c), a small amount of carbon impurities in the plasma,
fC < 0.001, results in a thin �0.2 lm thick layer of almost pure C
that ultimately prevents nano-structures from forming.

Figs. 1 and 5 demonstrate how sensitive that PMI processes are
to the composition of the near surface. At 60 eV, the stopping range
for both D+ and He+ is under 30 nm in Be or C, so even this small
amount in the form of a protective layer will have a great impact
on the type of surface modification observed on a W surface.
4. Summary and conclusions

W targets exposed to PISCES-B D2 plasmas with Be injection in
the temperature range 1070–1320 reveal the formation of Be–W
alloy surfaces. Alloying kinetics are found to be optimal when Be
availability at the surface is maximized through the formation of
a layer of Be deposits. Reduced availability brought about by re-
erosion and/or evaporation at high-temperature, is found to inhibit
reaction kinetics in a PMI situation.

In He plasma, W exposed in the temperature range 1070�1320
K is found to develop a nano-structured surface layer consisting of
nano-rod like structures. The growth of the thickness of the nano-
structured layer is observed to have kinetics reminiscent of diffu-
sion. The impact of W surface nano-structure morphology on fusion
reactor performance is not fully clear. Such structures could poten-
tially source high-Z dust, and have different properties of retention
and thermal conduction compared to a planar W surface. As such,
these issues alone warrant further scientific investigation.

In D2�He mixture plasmas the presence of deuterium does not
appear to have an influence on the formation of W nanoscopoic
morphology. A reduced nano-structured layer growth rate in
D2�He mixture plasmas is more likely to be linked to the dilution
of the impinging He ion flux rather than a plasma-materials effect.
This suggests that nano-structures grow through the action of a
mechanism that requires saturation of the W matrix with He.

In D2�0.1He plasmas, a mixture relevant to divertor exhaust,
small impurity fractions can have a significant impact on the ob-
served morphology. Changes in W surface properties are found to
favor the most dominant impurity; Be�W alloy formation in the
case of Be impurities, and nanoscopic morphology in the case of He.

Finally, a few comments can be made concerning an ITER all
metal divertor. The ITER liner and dome are expected to operate
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below 900 K. In this temperature range, the growth of reacted
Be�W alloy should not be severe [8,9] and deposited Be may actu-
ally alleviate potential problems caused by W blistering. The for-
mation of nanoscopic morphology might also be negligible since
this temperature range was not sufficient to produce a nano-struc-
tured surface in PISCES-B pure He plasmas.

On the other hand, W metal strike-points would operate
>1000 K. Here Be–W alloying may give rise to low melting point
precipitate phases if the availability of Be is high, as in locations
that support net Be deposition. In locations where Be does not
accumulate, the formation of He induced nanoscopic morphology
is likely to occur. Thus, while the W liner and dome are seemingly
likely to escape these effects, W strike-points are almost certain to
encounter at least one or more of these higher temperature Be or
He induced phenomena.
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