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Abstract

The DIONISOS (Dynamics of ION Implantation and Sputtering of Surfaces) experiment is described. DIONISOS
features steady-state plasma exposure of material surfaces, with simultaneous, in situ, non-destructive depth profiling
on the same surfaces with ion beam analysis (IBA). A steady-state RF helicon plasma source produces a fusion ‘edge-like’
low temperature (T � 1–10 eV), high-density (61017–18 m�3), steady-state, cylindrical, plasma (/ � 50 mm). The exposure
stage allows for the control of sample surface temperature (300–800 K), incident ion energy (10–500 eV), and ion beam and
magnetic field incident angle (360� rotation), during bombardment with high plasma flux (�1020–1022 s�1 m�2). First
results from DIONISOS show a large and evolving concentration of deuterium (�1000 appm) trapped deep (�5 lm) in
molybdenum. IBA during plasma exposures shows the surface dynamic deuterium inventory increased by a factor of 2
over the ‘long-term’ trapped inventory at an incident ion flux density of �1.5 · 1021 D/m2 s.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

As experiments move towards longer discharges
and to time scales at which thermal equilibrium
can be obtained at the wall, a concern is how
dynamic plasma–surface interactions will affect
plasma operation, material lifetimes and tritium fuel
retention. For example, a recent study of the fuel
inventories and particle control during long-pulse
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discharges in JT-60U concluded that dynamic reten-
tion dominated the carbon wall fuel inventories [1].
The dynamic interplay between surfaces and the
plasma should be expected in a fusion device given
the high level of recycling and the sensitivity of
the plasma behavior to impurities from wall ero-
sion. For a long-pulse device that achieves quasi
plasma–surface equilibrium, small changes in mate-
rial properties (e.g. dynamic fuel retention rate)
could strongly affect particle and performance con-
trol in a long-pulse discharge [2]. Unfortunately, the
underlying cause of these dynamics must be inferred
from plasma behavior, while the underlying
.
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mechanism that controls the dynamics is actually
the evolution of materials properties. Direct mea-
surements of such material evolution are extremely
difficult in a fusion device, due to the limitations
of in situ plasma–surface interaction diagnostics.
As more attention is focused on physics of long-
pulse plasma discharges, such as for ITER, the
demand to examine the dynamics of plasma–surface
interactions increases.

The DIONISOS (Dynamics of ION Implanta-
tion and Sputtering Of Surfaces) experiment was
designed to address these issues. The DIONISOS
experiment probes the surface of a specimen using
in situ ion beam analysis techniques while simulta-
neously exposing that same surface to a low temper-
ature, high density, fusion ‘edge-like’ plasma. This
allows for spatially and depth-resolved measure-
ments of fuel inventory and material erosion/depo-
sition, before, during, and after plasma exposure.

The focus of this article is two-fold: to describe
the design and abilities of DIONISOS and to report
its first results with regard to the dynamic and long-
term retention of deuterium (D) fuel in molybde-
num (Mo). High D retention rates seen recently in
the Mo-clad Alcator C-Mod [3] substantially exceed
retention rates measured in laboratory experiments
[4–10]. These results, and the general interest in
refractory metals for fusion (e.g. W in ITER), moti-
vated these first experiments. Molybdenum speci-
mens were taken from Alcator C-Mod and
exposed at the PISCES-A experiment [11]. These
specimens were analyzed with ex situ NRA, elastic
recoil detection (ERD), and thermal desorption
spectroscopy (TDS). The results from the PISCES-
A exposures were used to scope exposure conditions
for DIONISOS. Molybdenum plates and foils were
exposed to a range of plasma fluence and flux den-
sities in DIONISOS. Depth-resolved deuterium
concentrations were made with in situ 3He nuclear
reaction analysis (NRA). The ability to directly
measure dynamic retention allows us to infer under-
lying surface processes such as deuterium diffusion,
trapping and surface recombination, which can
eventually be applied to tokamak situations.

2. Experiment

2.1. The DIONISOS experiment

The DIONISOS experiment is designed to allow
simultaneous plasma exposure and ion beam analy-
sis (IBA) of a sample surface. To achieve this, a hel-
icon plasma exposure chamber was mounted on the
end of a 1.7 MeV tandem ion accelerator beam line
(see Fig. 1). DIONISOS is comprised of three main
components: the exposure chamber (vacuum vessel,
sample holder, cooling system, etc.), the helicon
plasma source, and the ion accelerator used as the
main diagnostic for the experiment.

The DIONISOS facility is designed to provide
abundant diagnostic and physical access to the spec-
imen surface and to recreate a large range of surface
conditions for plasma exposures. The DIONISOS
vacuum vessel is a custom-built chamber with 19
diagnostic ports, 5 of those being line-of-sight ports
onto the sample surface. A hinged door on the back
of the vessel allows for easy access to the interior of
the chamber and the sample holder. This allows for
quick change of samples although vacuum must be
broken to do so. Vacuum of �10�6 Pa has been
achieved, although typical vacuum tends to be
closer to �10�5 Pa.

The DIONISOS sample holder can recreate a
large range of surface conditions while maintaining
flexible attachment for a large variety of sample
shapes and sizes. Samples are mounted to a
10 cm · 9 cm copper plate heat sink suspended in
the vessel from above. The only shape requirement
is that good mechanical and thermal contact to
the flat copper heat sink can be obtained. The sam-
ple holder is mounted on a 360� rotatable platform,
which allows for a full control over the incident
angle of the ion beam or axial magnetic field
(although the angle between the field and ion beam
is fixed at 45�). The heat sink has both water and air
cooling capabilities and active heating for tempera-
ture control ranging from 300 to 800 K using a
feedback control with thermocouples and resistive
temperature devices (RTD). Surface temperature
can also be monitored with infrared imaging. The
sample holder is electrically floating with respect
to the chamber walls, which allows the sample to
be actively biased up to 600 V, thus controlling
incident ion energy. The entire heat sink can be
removed for maintenance or to be replaced with
another custom heat sink for samples of inconve-
nient shape (rods, spheres, etc.).

The DIONISOS plasma source is an RF helicon
plasma supply. The helicon mode provides high
density and low temperature plasmas for an RF
source. The source consists of an m = 1 Nagoya
type III antenna surrounding a cylindrical quartz
tube. The antenna is attached to a 5 kW RF power
supply through a manual match network. Typical



Fig. 1. A schematic of the DIONISOS experiment.

Fig. 2. The (a) ion flux density and (b) electron temperature as a
function of plasma radius. Measurements were taken �10 cm
from the target plate for a deuterium plasma with B = 500 G,
PRF = 500 W, and pD = 0.8 Pa.
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helicon plasmas have <5% reflected power. Plasma
parameters are measured by a scanning Langmuir
probe in the exposure chamber �10 cm from the
target. Deuterium plasma flux density and electron
temperature have been measured across the plasma
column (e.g. Fig. 2). The plasma flux density follows
a Gaussian curve peaked at the center of the
column. This Gaussian shape has been confirmed
by IR thermography of the plasma footprint. The
Gaussian shape of the flux density provides the
ability to measure the effects of various plasma flux
densities by simply re-steering the ion beam to ana-
lyze different radial locations within the column.
The electron temperature profile is fairly flat across
the plasma column ranging from 4 to 6 eV. The
quartz tube and DIONISOS chamber are sur-
rounded by a set of four Helmholtz coils with a
maximum axial magnetic field of �1 kG. The
plasma is confined by the magnetic field and
extracted from the source resulting in a cylindrical
plasma on target. Neutral gas is fed into the back
of the quartz tube and gas flow is controlled by a
mass flow controller. Neutral gas pressure inside
the vacuum vessel is measured by a capacitance
manometer during plasma operations. Typical neu-
tral pressures for deuterium plasmas are �0.3–1 Pa.

A 1.7 MV Pelletron tandem ion accelerator is
used to produce ion beams for IBA of sample sur-
faces. The ion accelerator provides ions with ener-
gies of 610 MeV. An energy feedback loop keeps
the beam monoenergetic to within �1 keV. Ion
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Fig. 3. Depth profiles of the trapped D concentration in the
25 lm Mo foil for four different ion fluences (taken after plasma
exposure). These measurements were performed at the center of
the plasma-exposed area.
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beam currents of 100’s lA can be achieved, but typ-
ical beam currents for surface analysis are 0.5–3 lA
to ensure that they are not perturbing the surface.
The beam spot can be magnetically focused on the
target to a spot diameter of �2 mm. Magnets and
electrostatic steerer plates are also used to move
the beam spot both horizontally and vertically
across a sample surface. DIONISOS has no limiting
apertures so that all locations on the target are
accessible to the ion beam. Horizontal and vertical
control of a very tight beam spot allows for detailed
spatial scans of material surfaces, e.g. radial ero-
sion/deposition profiles as might be found near a
divertor strikepoint.

Most standard IBA techniques are available on
DIONISOS: nuclear reaction analysis (NRA), parti-
cle-induced gamma emission (PIGE), elastic recoil
detection (ERD), and Rutherford backscattering
(RBS). Solid-state charged particle detectors are
used to detect reaction products or scattered parti-
cles. The data acquired by the solid-state detectors
is fit using the SIMNRA simulation [12], yielding
a non-destructive depth-resolved layer structure of
the elemental composition of the surface. The ion
beam is checked to be non-perturbing since repeated
IBA on the same spot yield the same spectra.

During simultaneous IBA and plasma exposure
of a surface, the large energy gap between beam ions
and plasma ions allows these ions to act indepen-
dently of one another. The stopping distance for a
beam ion in the exposure chamber plasma (ngas <
1020 m�3) is >103 m, so there is little to no interac-
tion. However, atoms sputtered off the sample
surface with E � eV will have a mean free path of
�cm, i.e. the sputtered particle can be ionized and
re-deposited before escaping the plasma column,
similar to recycling in a tokamak. The axial mag-
netic field used for the helicon plasma source can
deflect the incident ion beam. However, since the
beam can be visually aligned with the field on, any
deflection (typically 61 cm for most ion beam and
magnetic field combinations) can be compensated
for with electrostatic steering plates.

2.2. Molybdenum samples

Two types of Mo samples were exposed in
DIONISOS, a polycrystalline 10 cm · 10 cm ·
1.6 mm 99.97% Mo plate from Ed Fagan Inc. and
a polycrystalline 10 cm · 10 cm · 25 lm 99.99%
Mo foil from Elmet Technologies. Both samples
were cleaned with alcohol before exposure but no
other sample preparation was performed on either
sample.

The plasma exposure conditions for the Mo plate
were ED = 100 eV, Te � 5 eV with a peak ion flux
density of rD = 1.8 · 1021 D/m2 s. The Mo plate
was actively water cooled during plasma exposure
and the sample temperature was measured to be
6310 K. For the Mo foil, plasma parameters were
ED = 100 eV, Te � 5 eV with a peak ion flux density
of rD = 8 · 1020 D/m2 s. The Mo foil was actively
water cooled, but due to poorer thermal contact
with the heat sink, the surface was heated to
�400 K by the plasma. Once the plasma was
removed, the surface temperature returned to
�300 K in <10 s.

An incident ion beam of 3.5 MeV 3He++ was
used to detect deuterium up to �5 lm into the
surface using the 3He(d,p)4He nuclear reaction.
3. Results and discussion

3.1. 25 lm Mo foil at 370 K

A fluence scan was performed on the Mo foil at
400 K (see Fig. 3) at the center of the plasma column.
The deuterium concentrations were obtained in situ
�100 s after plasma exposure, but with no plasma
present on the sample. After a fluence of 2.5 ·
1023 D/m2, the deuterium already appears at depths
>1 lm, and at high concentrations (�3500 appm)
near the surface. As the fluence increases, the deute-
rium moves deeper into the sample until at a fluence
of 1.7 · 1024 D/m2 the deuterium extends past the
maximum detection depth, �5 lm, of the 3.5 MeV
3He ions. The deuterium concentration at all depths
increases with incident fluence showing no signs of



Fig. 4. NRA measured retained D fluence in the Mo plate in real-
time; before, during, and after a deuterium plasma exposure with
flux density of 1.8 · 1021 D/m2 s and Vbias = 100 V.
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local saturation. At the maximum fluence of
1.7 · 1024 D/m2, the concentration of deuterium at
the surface is �8000 appm.

At an ion energy of 100 eV/D+, there are no
vacancies produced in the Mo by the deuterium
(nor sputtering of Mo). However, evolving trapped
deuterium concentrations up to �8000 appm indi-
cate trap production in the surface region. The
mechanism of this inferred trap production is
unknown and requires further study. One possibility
is pressure-induced trap production due to the high
flux of implantation at low energies, similar to void
or blister formation [13,14]. Depth profiles of
10 keV D+ implanted in Mo were measured by
Nagata et al. [7]. For a fluence of �1 · 1022 D/m2

at 346 K, the deuterium was detected at depths up
to 4 lm but the concentration in the first micron
of the surface was reduced as compared to a
298 K exposure. In the exposures on DIONISOS,
the concentration at the surface continues to rise
as the trapped deuterium appears to diffuse into
the bulk. This discrepancy may be due to the higher
flux densities achieved in DIONISOS (�1 · 1021 D/
m2 s) than by Nagata et al. (�1 · 1018 D/m2 s),
allowing for a greater fraction of surface traps to
be occupied before the implanted D can diffuse into
the bulk. The high ion energies (10 keV/D) used by
Nagata et al. as opposed to the much lower DION-
ISOS ion energies (100 eV/D) may also be playing a
role in terms of trap production.

Since the deuterium is detected much deeper than
the implantation range of 100 eV D+ in Mo
(�2 nm), it is clear that the trapped deuterium is
migrating further away from the implantation zone.
The total plasma fluence was obtained over an
exposure time of �2100 s. Taking measured deute-
rium diffusion rates in Mo [15–18] and extrapolating
the fits to T = 400 K, the diffusion length scales
associated with a time scale of 2100 s range from
3.5 to 1400 lm. Because of the large scatter of mea-
sured deuterium diffusion rates in Mo, it is unclear if
the diffusion that is occurring in the Mo foil is deu-
terium diffusing through Mo or trap sites diffusing
from the surface into the bulk of the sample. What-
ever the cause, it is clear that the plasma exposure
itself is evolving the trapped deuterium profiles in
the Mo.

3.2. 1.6 mm thick Mo plate at 300 K

Both the dynamic (with plasma on) and trapped
(plasma off) inventories were measured for the Mo
plate in DIONISOS (Fig. 4). The Mo plate was pre-
viously exposed to deuterium plasmas, which is why
the initial retained fluence is not zero. The invento-
ries were determined by integrating the measured
deuterium concentration profile over the entire
detection depth.

It is clear that the presence of the plasma has an
immediate effect on the deuterium inventory. In the
presence of the plasma, the deuterium inventory
increases by �50% but continues to evolve and
increase with passing time. NRA shows that the
dynamically stored D is in the first 500 nm of the
surface By the end of the exposure, the dynamic
inventory is a factor of 2–3 greater than the pre-
exposure inventory. This continuing evolution of
the dynamic inventory may be another indication
of trap production in the implantation zone by
low-energy, high flux plasmas.

Once the plasma is removed, the Mo plate no
longer has a source of ions into its surface. The deu-
terium inventory evolves as the implanted, but non-
trapped, deuterium is released from the surface. The
deuterium inventory decays to a steady-state inven-
tory that is representative of trapped deuterium.
The asymptotic trapped deuterium inventory is
�25% greater than the pre-exposure inventory, indi-
cating long-term trapping.

The dynamic inventory enhancement is a factor
of 2 greater than the increase in the trapped inven-
tory. Previous dynamic inventory measurements
made on carbon by Emmoth et al. [19] also show
an enhanced dynamic inventory in carbon. Initial
results on Mo indicate that the dynamic inventory
increases as the square-root of incident flux density
(obtained by NRA on different radial locations).
The square-root dependence is consistent with the
surface recombination limiting the deuterium
release as molecules assuming the recombination



Fig. 5. A comparison of D retention results obtained on the DIONISOS experiment with results from wall-pumping experiments on
Alcator C-Mod [3] and ex situ analysis of Mo exposed at PISCES-A. The PISCES-A samples were thermally desorbed at 1300 K before
exposure.
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sites are not saturated [20]. The post-exposure
inventory decreases with �500 s e-folding time.
The deuterium inventory reaches equilibrium, show-
ing that the ion beam is non-perturbing in this case.

Overall retention rates (scaled to incident ion
fluence) from the DIONISOS experiment (to-date)
are compared to the observed retention rates in
Alcator C-Mod results from ex situ analysis of Mo
exposed in PISCES-A (see Fig. 5). As with C-Mod,
no sign of D retention saturation is found. The reten-
tion magnitude from DIONISOS is larger than seen
with ex situ analysis. The PISCES-A samples were
thermally desorbed at 1300 K for �600 s before
plasma exposure. This thermal desorption may have
an annealing effect on the sample and reduce the
retention rates in subsequent exposures [21]. The
DIONISOS results are �5–10 times smaller than
found for C-Mod. This requires further study.
4. Conclusions

Deuterium implanted into Mo with a low energy,
high flux plasma can be found at depths in excess of
5 lm. The maximum deuterium concentration
found in the surface region was �8000 appm
although there were no indications that this was a
saturation level, so concentrations may continue
to increase with increasing fluence. There is also
strong evidence of trap production in the surface
region by exposure to a low-E, high flux plasma.
No mechanism has been confirmed for this trap pro-
duction. Overall retention linearly increases with
fluence at 400 K, �0.05% retained per incident
ion, although this is still smaller than inferred from
C-Mod experiments.

Measurements of the dynamic inventory of deu-
terium in Mo show that the dynamic inventory is
enhanced over the trapped inventory by a factor
of 2–3. Early results also indicate the dynamic
inventory scales as the square-root of incident flux,
consistent with surface recombination limiting D
molecular release.
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