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a b s t r a c t

Molybdenum targets are exposed in the DIONISOS experiment to a deuterium (D) plasma (CD � 1021

m�2 s�1) at target biases of 30–350 V and target temperatures of 300–700 K while simultaneously diag-
nosing the D in the surface with a 3.5 MeV 3He ion beam. The 3He diagnostic beam creates displacements
in the Mo lattice which can then trap D, allowing retention far beyond the plasma ion implantation range.
The conversion of displacements to trap sites averaged over the ion range is non-linear with a scaling
(dpa)a, 0.25 6 a 6 0.5. The beam-induced traps are distributed from the surface to the end of range as
opposed to the damage (dpa) profile that is concentrated at the end of range. Measurement of the
near-surface D time-dependence has allowed inference of an effective surface recombination rate, which
is lower than predicted by theory and at the low end of those found in literature.

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

Molybdenum (Mo) is used in several tokamaks (e.g. Alcator
C-Mod, TRIAM, FTU) as a plasma-facing component (PFC) material
due to its beneficial thermal properties and machinability as com-
pared to tungsten (W). Also like W, both the solubility and inherent
trap (sites for H to reside in the material) concentration are very
low. It is expected that the hydrogenic retention in Mo will be
low. Laboratory results for hydrogenic retention in Mo [1–5] show
a low rate of retention when Mo is exposed to H or D ions. However
the hydrogenic retention for Mo in a tokamak environment is not
well documented. For example, a campaign in Alcator C-Mod was
performed with bare Mo PFC (10–15 at.% B on the surface of most
tiles). For 10 dedicated discharges, the D retention increased line-
arly at roughly 1% of incident ion fluence [6,7]. Both the absolute
rate of this D retention and the lack of saturation in the Mo PFCs
are unexpected. In addition, the hydrogenic retention in a nuclear
environment is also not well understood or documented. This be-
comes a more pertinent and urgent issue as we move towards
power producing devices operating in a neutron environment.

The DIONISOS experiment simultaneously exposes the target to
a plasma flux and an irradiating MeV ion beam, the latter used for
simultaneous analysis of the D content in the sample [8]. This con-
figuration also allows the influence of the plasma and the irradiat-
ing ion beam on the hydrogenic retention properties of the Mo
ll rights reserved.

t).
targets to be measured independently and synergistically. DION-
ISOS thus yields insights into how D retention evolves throughout
a plasma exposure rather than relying on post-mortem analysis.
This reveals insights into the production of trap sites due to mate-
rial irradiation by MeV-energy ions. The rate of trap production
due to the 3He ion beam is related to the rate of lattice damage
as measured by displacements per atom (dpa) caused by the
impact of the MeV-energy ions.

2. Experiment

The DIONISOS experiment exposes the target to a plasma pro-
duced by a helicon RF plasma source, while simultaneously irradi-
ating the surface with a high-energy ion beam produced by a
1.7 MV Pelletron tandem ion accelerator (Fig. 1). In these experi-
ments a 3.5 MeV 3He++ beam was used to monitor the D content
of the targets with nuclear reaction analysis (NRA) exploiting the
3He(d,p)a nuclear reaction. Further details on the DIONISOS exper-
iment can be found elsewhere [8]. The 3.5 MeV 3He++ ions impact
the Mo target surfaces at an incident angle of 45� and a scattering
angle to the detector of 90�. The typical ion beam spot was circular
with a diameter of �5 mm. The typical ion beam current for the
3He beam was �1.7 lA for 3He++ (0.086 A/m2). Table 1 lists the
beam specifications for each exposure condition utilized in this
paper.

The aim of the DIONISOS experiment is to investigate the
dynamics of hydrogenic retention by tracking D depth profiles as
a function of time. This makes the common method of achieving
depth profiles, obtaining energy spectra for several 3He ion ener-
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Fig. 1. A schematic drawing of the DIONISOS experiment.

Fig. 2. The Gaussian peaks produced by simNRA for DIONISOS geometry from a
series of discrete, 1 lm layers with a concentration of 0.01 D/Mo. The magnitudes of
the peaks are determined by the D/Mo ratio in the layer and the energy dependence
of the reaction cross-section.
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gies [9], unfeasible due to time required to vary the beam energy
and collect the data.

For DIONISOS, the D depth profile is obtained using a single 3He
energy. Normally a reliable depth profile is not feasible since the
solid state detector has a large solid angle and the angular vs. en-
ergy distribution becomes convoluted. However, in DIONISOS, the
detector is far (�35 cm) removed from the target (to avoid plasma
heating) and thus subtends a much smaller solid angle and im-
proves depth resolution of the D profile. The 90� scattering angle
for the NRA measurements also helps to broaden the overall en-
ergy spectrum and reduce the effect of finite detector energy reso-
lution. The 3He NRA spectra are transformed into D concentration
depth profiles using the simNRA program [10,11]. Discrete D and
Mo layers in the simulation program produce discrete Gaussian
peaks at known energies, based on the depth in the target
(Fig. 2). Simulated layers of 500 nm were typically used for the fits
in this investigation. Fits began with data from exposures at 300 K
where, from the narrow peak in the measured energy spectrum,
the D is clearly limited to the first micron. This established the
leading edges of the Gaussian curves corresponding to the first mi-
cron. For higher target temperatures, as the measured energy spec-
trum broadened the deeper layers in simNRA were filled in and the
surface layer adjusted in magnitude to match the leading edge of
the measured spectrum. With He3 beam currents of �1.5 lA, spec-
trum acquisition times (time resolution) can be reduced to 250 s
with <10% statistical uncertainties and D sensitivity of �10 appm.

In these experiments, data was taken at negative target biases
of 30, 100, and 350 V with Mo temperatures ranging from 300 to
700 K (see Table 1). The target bias sets the incident ion energies
Table 1
Exposure conditions for Mo targets with voltage biases of 30, 100, and 350 V. The
temperature scan is performed in steps of 100 K.

Target bias

30 V 100 V 350 V

Mo Temperature range (K) 300–700 300–700 300–700
Plasma flux density (D/m2 s) 1.0 � 1021 1.5 � 1021 1.0 � 1021

3He++ beam current density (A/m2) 0.086 0.050 0.086
Exposure time (s) 1500 1000 1500
Plasma fluence (D/m2) 1.5 � 1024 1.5 � 1024 1.5 � 1024

3.5 MeV 3He++ fluence (3He/m2) 4.0 � 1020 1.6 � 1020 4.0 � 1020
since the electron temperature, Te, is measured to be 5 ± 1 eV. For
the plasma exposures at a constant Mo temperature, the plasma
flux density was kept at 1.0 ± 0.1 � 1021 D/m2 s as measured by a
Langmuir probe for all data sets except for the data set at 100 V.
For those experiments, the flux density was measured to be
1.5 ± 0.1 � 1021 D/m2 s (reflection not included). In all cases the to-
Fig. 3. (a) The measured D retention in the first 5 lm of the 3He-irradiated Mo
targets for the various target biases and (b) the corresponding D concentration
depth profiles for Mo temperatures ranging from 300 to 700 K at target bias of 30 V.
There was no significant variation in profiles due to variations in the target bias.



Fig. 5. (a) Comparison of D depth profiles with and without the 3He ion beam
present to a plasma fluence of 1.5 � 1024 D/m2 and an ion beam fluence of 4.4� 1020

3He/m2. (b) The damage distribution (dpa) and 3He ion implantation range for the
exposure with the 3He ion beam present. The traps/dpa curve is calculated from the
difference from the curves in (a) and dividing by dpa curve in (b).

Fig. 6. The trap density in the first 5 lm of the Mo surface, as measured by NRA
detection of trapped D atoms, as a function of the total 3.5 MeV 3He++ fluence.
Measurements were taken at TMo = 500 K and Vbias = 100 V. The zero and maximum
(4.4 � 1020 3He/m2) 3He fluence cases correspond to the curves in Fig. 5(b).

Fig. 4. D depth profiles at various times during a plasma exposure with the 3He ion
beam present. Results correspond to the 400 K curve in Fig. 3(b).
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tal fluence was kept constant at 1.5 � 1024 D/m2, corresponding to
an exposure time of 1500 or 1000 s depending on the plasma flux
density.

The temperature of the target was measured with an un-
grounded resistive temperature device (RTD). The surface of the
target was also monitored with an infrared camera to ensure there
was no deviation from the target temperature due to local heating
by the ion beam or plasma. The Mo targets were 99.97% pure Mo
plates purchased from Ed Fagan Inc. The targets used in this inves-
tigation were purchased in two separate batches. The first batch
was used to determine the retention as a function of target temper-
ature and bias (Sections 3.1 and 3.2, Fig. 3) and the second batch
was used to determine the influence of the irradiating beam (Sec-
tion 3.3, Figs. 5 and 6). The targets were exposed in the as received
condition with no surface preparation other than cleaning with
methanol and a bake at 400 K for �30 min prior to exposure. Sur-
face roughness was measured to be �200 nm by interferometry.

3. Results

3.1. D retention as a function of surface temperature and target bias

The results for the total D retention in the first 5 lm (limit of
NRA measurement depth) of the surface post-exposure can be seen
in Fig. 3(a). The exposure conditions for these targets can be found
in Table 1. We note that for real-time D detection the 3He ion beam
was irradiating the target throughout these plasma exposures
which we will show later has a strong effect on retention. A single
target specimen was used for all temperatures for a single target
bias. After each plasma exposure the D was thermally desorbed
at 750 K until the D concentration, as measured with in-situ with
NRA, was <50 appm within the top 5 lm. Since the same speci-
mens were used for all temperatures (but only a single target bias)
this introduces the possibility of a history effect. However tests
with repeated exposures found these effects to be small, presum-
ably due to the long bake times between exposures. Since the same
procedures and sequences were followed for all specimens, any
history effects should be minimized for comparative purposes.

The total retention in the first 5 lm increases as the Mo temper-
ature increases from 300 K to 400–500 K (Fig. 3(a)). The corre-
sponding depth profiles of D concentration for the 30 V case are
shown for all sample temperatures in Fig. 3(b). There was no signif-
icant variation in the D depth profiles due to variations in the tar-
get bias. The 600 K and 700 K profiles show a flat or close-to-flat
deuterium profile indicating very deep penetration of the D into
the surface and/or greater loss of D out the front surface. Since
the deuterium concentration is non-zero at the end of detection
range (5 lm) for intermediate (400–500 K) and high temperatures
(600–700 K), it is possible there is deuterium trapped deeper than
5 lm in the Mo, meaning the retention values shown in Fig. 3(a)
would be minimum retention values for these temperatures. This
would imply that the lowest retention occurs at 300 K, which is
counter to previous results [2,3].
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TRIM [12] simulations show that at a 350 V target bias, incident
D ions begin to create atomic displacements in Mo (assuming a
30 eV lattice binding energy). At target biases of 100 V, common
plasma impurities such as carbon and oxygen are capable of creat-
ing displacements in the Mo surface although D ions cannot. At tar-
get biases below 50 V, neither the D ions nor plasma impurities are
capable of creating displacements in the Mo lattice. Since the D
retention is approximately equivalent for all these target biases,
it follows that vacancies caused by the primary knock-ons of plas-
ma ions are not a dominant trap source in the Mo for these exper-
iments. The lack of retention-dependence on target bias also
demonstrates that retention is weakly driven by the implantation
range of the plasma ions.

3.2. Dynamics and role of diffusion in D retention

The depth profiles show that diffusion is playing an important
role at lower T. The 300 K profile (Fig. 3(b)) appears to be diffu-
sion-limited, but show D concentrations near the surface on the or-
der of 1 at.% (i.e. much higher than any intrinsic trap density or
hydrogenic solubility for Mo at low ambient pressure). The 400 K
and 500 K profiles show a deuterium gradient away from the sur-
face and the D begins populating trap sites deep (>4 lm) in the
material. Exploiting the unique DIONISOS ability to measure the
time evolution of the D depth profile, at 400 K we can see a ‘‘lead-
ing edge” of implanted D diffusing deeper into the bulk as the plas-
ma exposure proceeds (Fig. 4). At the end of the 1500 s plasma
exposure, the implanted D has just reached the end of the 3He
ion range (5 lm). This is consistent with calculations using the dif-
fusion rate from Tanabe [13], which shows that diffusion across
5 lm in 1500 s is possible for TMo P 400 K and that the retention
in the 300 K case is diffusion-limited.

It is also important to understand the state of the D in the Mo, in
particular the energy wells in which they reside (e.g. shallow wells
<0.5 eV are effectively mobile or solute at 300 K and above, while D
in deep wells (>1.4 eV) are ‘‘trapped” and immobile). By measuring
the time-dependence of D concentration and how it reacts to
changing conditions this can help us distinguish the trapped (sta-
tic) D from the solute/mobile (dynamic) D.

3.3. Trap production from irradiating 3.5 MeV 3He ion beam

Ion beam analysis, such as NRA, is typically considered as a non-
perturbing diagnostic and this is usually true for the case of post-
mortem analysis where beam fluence is small with large detector
solid angles. However, in a dynamic experiment, such as DIONISOS,
where NRA is occurring during the plasma discharge, the ion beam
is not only a diagnostic, but also a potential cause of damage in the
material. A set of exposures was performed to further investigate
this effect. For these tests a new Mo specimen was used for each
exposure to the 3He beam and plasma as opposed to the data ac-
quired in Fig. 3 where the Mo targets were re-used after thermal
desorptions.

The clearest indication of the influence of the 3He analyzing
beam can be seen in Fig. 5(a), where the final retention in the first
5 lm of the surface is much greater when the ion beam is present
during the entire plasma exposure, rather than a ‘‘plasma only”
exposure. Evidently a fraction of the Mo lattice atom displace-
ments caused by the irradiating high-energy 3He ions are con-
verted into permanent lattice defect sites (i.e. vacancies,
dislocations, voids) where hydrogenic isotopes can be trapped
and stored [14–16]. In addition the implanted D from the plasma
can adequately diffuse to these sites in order to ‘‘fill” traps at this
target temperature (see Section 3.2). What remains an open ques-
tion is how significant the contribution from displacement-pro-
duced trap sites is with respect to the overall retention
properties of the Mo. From Fig. 5(a), the total retention in the first
5 lm of the surface for the He3-irradiated target is 3.9 � 1022 D/m2

and for the un-irradiated target is 0.44 � 1022 D/m2. Thus, the dis-
placement-induced trap sites are the dominant trap source in these
experiments, contributing �85% of the total trap sites in the Mo for
the conditions in Fig. 5. A conversion rate for dpa to trap concentra-
tion can be estimated by taking the difference between the two
curves in Fig. 5(a) to isolate the contribution by the 3He irradiation
and then relating this to the dpa profile determined by SRIM [12]
(using 30 eV displacement energy for Mo) (Fig. 5(b)). This conver-
sion rate is highest at the surface despite this being a region of rel-
atively low total damage. In fact the D/Mo profile does not have
any indication of enhancement near the 3He end of range perhaps
indicating a synergistic effect between the implanted D from plas-
ma exposure and the 3He irradiation-produced displacements, and
certainly a complicated, likely non-linear, relationship between
dpas and traps.

This motivates us to examine explicitly the scaling relationship
between average dpa and trap concentration. In these experiments,
Mo targets (new target used for each exposure) were exposed to
identical plasma and surface conditions (CD = 1 � 1021 D/m2 s,
Vbias = 100 V, TMo = 500 K, UD = 1.5 � 1024 D/m2) but increasing
3.5 MeV 3He fluences by varying the ion beam current irradiating
the target during the plasma exposure. Fig. 6 shows the trap con-
centration integrated over the first 5 lm of the surface as a func-
tion of 3.5 MeV 3He fluence. The dependence of trap density on
3He fluence (and thus dpa level) scales in a less than linear fashion
and can be qualitatively fit to a scaling (dpa)a, where a = 0.25–0.5.

3.4. Dynamic retention and D release

The surface release rate of hydrogenic species is of crucial
importance in understanding how hydrogenic retention in the
walls of long-pulse and steady-state fusion devices will evolve.
Although the depth resolution is limited with NRA to �500 nm,
DIONISOS allows us to diagnose the time-dependence of the D con-
centration in the surface region, with and without the plasma driv-
ing permeation. This allows us to examine the relative quantities of
D residing in shallow (solute) and deep (trapped) energy sites. Sim-
ilar techniques of using NRA to determine near-surface solute con-
centrations have been used with neutral gas experiments [17].

On implantation from the plasma, the deuterium release from a
surface, Cout, can be rate-limited by two processes: diffusion or
surface recombination. In the case of diffusion the efflux is limited
by the diffusivity, d, and near-surface solute density, nD,0, gradient
from the implantation depth, d, back to the surface, i.e. Cout < d
nD,0/d. In the second case recombination of two atomic D into vol-
atile D2 at the surface limits the D release, i.e. Cout < 0.5 n2

D;0 R
where R (m4/s) is the recombination coefficient.

The DIONISOS system has been utilized to determine nD,0, thus
providing insight into the rate-limiting surface-efflux mechanism.
Once the plasma is removed the concentration of near-surface sol-
ute D, nD,0, will return to the natural solubility levels of the mate-
rial (<1 appm for Mo at this T and ambient gas pressure) and the
trapped D, by definition, will remain unchanged. Therefore, the
approximate measurement of nD,0 is the immediate (within time
resolution of NRA) decrease in the total (solute + trapped D) mea-
sured density in the top surface slab back to the trapped D concen-
tration only. We denote this measured density decrease DnD,surf.
An example of such a measurement is found in Fig. 7(a) where
DnD,surf is clearly determined. The compilation of DnD,surf for differ-
ent exposure conditions is shown in Fig. 7(b).

There is a clear decrease in DnD,surf with increasing target bias. If
the release of D from the surface was diffusion-limited one would
expect to see DnD,surf increase with increasing implantation depth
(higher D+ energies), since the diffusivity and incident flux are con-
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stant. However the experimental trend is the opposite. An addi-
tional characteristic of the data, consistent with recombination as
the rate-limiting process for surface loss, is that the DnD,surf values
organize well to an Arrhenius relationship, One does not expect a
direct dependence of R on incident ion energy. However we believe
this is a result of the higher energy D ions inducing more sputter
cleaning of the surface; cleaned Mo surfaces in general have in-
creased recombination rates [18,19].

Under the assumption that recombination is the rate-limiting
process for surface loss we can infer an effective surface recombi-
nation coefficient, R, through the equilibrium condition of Cout =
Cin; so CD+,in = 0.5 CD2,out = 0.5 (nD,0)2R = 0.5 (DnD,surf)2R. Our in-
ferred R values (Fig. 7(b) right-hand axis) are at the lower end of
surface recombination coefficients measured for tungsten [20,21]
and much lower than those predicted by theory [22]. Part of this
discrepancy can be explained by the non-ideal surface of the Mo
targets. Contrary to other recombination studies where the surface
is sputter-cleaned and annealed [17–20], our targets underwent no
special preparations of the surface (rough, un-annealed, etc.).
While this makes it more difficult to compare the R values to the-
ory, it more closely resembles the conditions inside a tokamak
where low-Z surface impurities are ubiquitous.

We note that the inferred R values in this study can only be con-
sidered an effective surface recombination coefficient in the sense
that it is the limiting factor of the release of D from the surface.
Since we are limited to a depth resolution of 500 nm, other pro-
cesses may be included in this R value that are not considered in
theory or more carefully factored out in more precise experiments.
Regardless of the interpretation, the important insight is that the
near-surface solute (mobile) D concentrations are significantly en-
hanced compared to intrinsic solution expectations, and measuring
Fig. 7. (a) The D depth profile immediately before and after the plasma is turned off
demonstrating how DnD,surf is determined, and (b) The DnD,surf values for all
exposures in Fig. 3 and the corresponding inferred surface recombination coeffi-
cient (R).
this directly gains important insights into the physical processes at
play.
4. Discussion

The absence of a peak in the retention at the end of the 3He ion
range, where the 3He irradiation damage is concentrated is proba-
bly related to a number of factors. The non-linear relationship be-
tween trap concentration and dpa (Fig. 6) will help to ‘‘flatten” the
distribution of traps created by 3He irradiation. At 300 K, we know
the implanted D cannot diffuse into the material far enough in a
1500 s exposure to reach the deep (>3 lm) trap sites produced
by the 3He irradiation. At 400 K, the leading edge of the deuterium
is just reaching the end of the ion range after 1500 s, so the deep
trap sites are just beginning to fill (Fig. 4). At the higher tempera-
tures, where the implanted D has greater access to the 3He irradi-
ation traps, other effects may be activated, such as higher rates of
trap annealing or trap diffusion. Certainly the diffusion/mobility of
traps would help flatten any peaks in the trap distribution. Also, as
vacancies become mobile at higher temperatures, they are more
likely to encounter a grain boundary or interstitial atom and repair
themselves thereby removing a potential trap site from the lattice.

The peaked retention at the surface could be explained by sev-
eral effects. Since the Mo targets are un-annealed, it is possible
there is a large concentration of inherent traps at the surface due
to fabrication and machining stresses. However, if this were the
case, one would expect the D concentration in the near-surface
to be the same for all exposures, but the data shows the D retention
near the surface decreases with increasing temperature (Fig. 3(b)).
This could be explained if these inherent trap sites had a low trap-
ping energy. Another possible explanation of peaked retention at
the surface is that the plasma implantation is producing trap sites.
Studies in tungsten have shown that exposure of materials with
low solubility to high plasma fluxes can ‘‘super-saturate” the mate-
rial and produce stresses in the lattice that are relieved through the
production of dislocations and vacancies [23–25]. Connecting trap
production to plasma flux could also be part of the explanation as
to why the retention in the 100 V exposures is the same as the 30
and 350 V exposures despite receiving less 3He fluence. It is also
possible that the simultaneous implantation of D with the He3

damage may have a synergistic effect; the D could be filling vacan-
cies making it harder for them to recombine with interstitials or
annihilate at grain boundaries. This could lead to a significant
enhancement of trap production in the near-surface where the im-
planted D atoms have more immediate access to the traps.
5. Conclusions

The unique capability of DIONISOS to dynamically measure D
retention allows for these first experimental measurements of deu-
terium release rates during and after a plasma exposure. From
these release rates an ‘‘effective” surface recombination coefficient
can be inferred. The inferred values are lower that those predicted
by theory and measured for tungsten. This might be expected gi-
ven the unprepared nature of the Mo surfaces (i.e. dirty, rough,
etc.) and the fact that poor depth resolution means other processes
may be included in these values rather than a pure measurement
of surface recombination. However, the release rate from impure,
unprepared surfaces will be critical to understanding fuel retention
in the walls of ITER and other long-pulse or steady-state fusion
devices.

The unique conditions produced in the DIONISOS experiment
have also yielded important insights into the behaviour of hydro-
genic retention in Mo in a nuclear environment. Irradiation with
MeV-energy particles leads to significant enhancement of trap
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densities spread throughout the measurement range. At elevated
temperatures, TMo > 500 K, implanted D from the plasma can ac-
cess these traps, which results in significant retention distributed
throughout the entire 3He ion range. At this time we cannot with
certainty determine the absolute contributions of the various ef-
fects of solute D diffusivity, trap migration, and trap annealing/
annihilation. It is our interpretation that the conditions for highest
retention appear to be a Mo target of intermediate temperature
(400–500 K) exposed to a high fluence of MeV irradiating ions as
this maximizes retention by allowing the implanted D to populate
the MeV ion-produced trap sites. Certainly one would expect at the
higher temperatures (700 K) thermal de-trapping and trap anneal-
ing can begin to play a role and overall retention can begin to de-
crease. Operation at much higher temperatures (>700 K) would
appear to help alleviate hydrogenic retention concerns even in a
neutron environment. Clearly more research on retention behav-
iour in a nuclear environment is needed as the presence of MeV
ions (or neutrons) appears to be a dominant factor for retention
in high-Z materials.
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