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Abstract

Thermal desorption profiles were modelled based on SIMS measurements of implantation profiles and using the multi-trap diffusion
code TMAP7 [G.R. Longhurst, TMAP7: Tritium Migration Analysis Program, User Manual, Idaho National Laboratory, INEEL/
EXT-04-02352 (2004)]. The thermal desorption profiles were the result of 500 eV/D" irradiations on single crystal tungsten at 300
and 500 K to fluences of 102-10** D*/m?. SIMS depth profiling was performed after irradiation to obtain the distribution of trapped
D within the top 60 nm of the surface. Thermal desorption spectroscopy (TDS) was performed subsequently to obtain desorption profiles
and to extract the total trapped D inventory. The SIMS profiles were calibrated to give D concentrations. To account for the total
trapped D inventory measured by TDS, SIMS depth distributions were used in the near-surface (surface to 30 nm), NRA measurements
[V.Kh. Alimov, J. Roth, M. Mayer, J. Nucl. Mater. 337-339 (2005) 619] were used in the range 1-7 um, and a linear drop in the D dis-
tribution was assumed in the intermediate sub-surface region (~30 nm to 1 pum). Traps were assumed to be saturated so that the D dis-
tribution also represented the trap distribution. Three trap energies, 1.07 4+ 0.03, 1.34 + 0.03 and 2.1 + 0.05 eV were required to model
the 520, 640 and 900 K desorption peaks, respectively. The 1.34 and 1.07 eV traps correspond to trapping of a first and second D atom at
a vacancy, respectively, while the 2.1 eV trap corresponds to atomic D trapping at a void. A fourth trap energy of 0.65 eV was used to fit
the 400 K desorption peak observed by Quastel et al. [A.D. Quastel, JJW. Davis, A.A. Haasz, R.G. Macaulay-Newcombe, J. Nucl.

Mater. 359 (2006) 8].
© 2007 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 79.20.Rf; 61.80.Jh; 61.82.Bg

1. Introduction

There is still considerable debate regarding the choice of
plasma-facing materials for the next generation of fusion
devices such as ITER. Some of the materials being consid-
ered are tungsten-based. The primary advantages of tung-
sten are its ability to tolerate high temperatures and its
high threshold for physical sputtering. The use of tungsten
in the low ion energy regions of the reactor, such as the
divertor, may be a solution to the problems of wall erosion,
hydrogen co-deposition, and high levels of wall impurities
in the plasma. However, there are also some concerns sur-
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rounding the use of tungsten materials in a fusion reactor,
e.g., mechanical and thermal toughness, melting, and
tritium inventories during operation and after shutdown.
In this paper, we are addressing the possible tritium
inventories in tungsten due to energetic ion irradiation.
Direct experiments with tritium (;H) are generally difficult
and costly, and usually not performed. Instead, experi-
ments are performed using hydrogen (JH) or deuterium
(3H), with the observations and trends applied to tritium.
Unfortunately, in most cases, experiments fail to reproduce
the high flux densities and fluences present in a real fusion
device. Despite these limitations in accurately simulating
tritium plasma irradiation of tungsten, the information
gained by the experiments enables us to identify the pro-
cesses and mechanisms governing hydrogen and deuterium
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trapping. Ultimately, these experimental results will pro-
vide the basis for a model to accurately predict the tritium
inventory in tungsten under fusion reactor conditions.

There have been numerous attempts to model hydrogen
irradiation and release from tungsten using both re-emis-
sion and thermal desorption data with varying degrees of
success [1-11]. The main difficulty in developing a consis-
tent model stems from the simulation of the hydrogen irra-
diation process. Irradiation, particularly at high flux and
high energy, is a dynamic, non-equilibrium process. It is
known that hydrogen irradiation, even at energies below
the threshold for displacement damage, is capable of creat-
ing bubbles and blisters in tungsten, e.g., [12-15]. At such
energies, the irradiation can also enhance vacancy trans-
port [16]. These voids and vacancies are known to trap
hydrogen [17-19]. Unfortunately, modelling codes such as
TMAP [20], PIDAT [21] and DIFFUSE [22] are unable
to account for the movement, creation and evolution of
these vacancy-type traps. As a result, unrealistically high
trap concentrations (>0.10 traps/W [3,8]) must be assumed
in the unirradiated specimen in order to obtain the required
fits. For the purposes of this paper, we will circumvent the
difficulties of modelling the irradiation process by starting
our simulations after irradiation. Thus, we will only be
modelling the thermal desorption portion of the
experiments.

Compared to the irradiation process, modelling the ther-
mal desorption of trapped inventories is considerably sim-
pler. In our experiments (e.g., [23-25]), the long delay time
(several days) between the end of irradiation and start of
desorption allows the tungsten-hydrogen system to reach
an equilibrium state prior to heating. During heating
(~5K/s), the system is considered to be in quasi-equilib-
rium with the interstitial hydrogen obeying Sieverts’ law.
The assumption of equilibrium also ensures the absence
of super-saturation of empty vacancies that can lead to
vacancy clustering and void creation upon heating. Vacan-
cies containing hydrogen are stable and will not contribute
to clustering until the hydrogen becomes de-trapped,
allowing the vacancy to be mobile. The mobility of vacan-
cies during thermal desorption is limited to vacancy diffu-
sion; vacancies are generally considered mobile only
above Y4 of the melting temperature [26], i.e., above ~900
K for tungsten. Modelling codes such as TMAP [20,27]
are well-suited to the thermal desorption process with static
traps.

2. Experiment

Several single crystal tungsten (SCW) specimens were
used to produce the experimental data [23-25,28] used
for modelling the thermal release of trapped hydrogen.
These specimens were produced by the State Institute of
Rare Metals (Moscow). The quoted purity was 99.9 at.%
with the main impurities being H (0.02 at.%), C
(0.05 at.%) and O (0.05 at.%). The orientation of the single
crystal surface was within 10" of the [00 1] plane [23]. Prior

to each irradiation, the specimens were mechanically and
electrochemically polished, removing several pm of the sur-
face. This polishing treatment was required to remove any
effects of previous irradiations [13,23]. After polishing, the
specimens were annealed at 1775 K for 30 min to help
remove any residue from the electro-polish and reduce
the impurity and dislocation content in the bulk. This
anneal temperature was also sufficient to break up any
vacancy clusters [19].

All irradiations were performed in the single-beam ion
accelerator facility at the University of Toronto Institute
for Aerospace Studies (UTIAS). A beam of 1.5keV D;"
ions (500 eV/D™), at normal incidence to the specimen,
was used in all experiments. The range of flux densities
and fluences were ~5x10”-10°D"/m? and 10%*-
10** D/m?, respectively. A ceramic heater clamped to
the back of the specimen allowed for irradiations at 500 K.

Secondary ion mass spectroscopy (SIMS) was per-
formed at the Department of Chemical Engineering, Uni-
versity of Toronto, several days after irradiation. This
time delay allowed the release of D in solution and weakly
trapped D [28]. The size of the sputter spot created by
SIMS (0.04 mm?) was small compared to the irradiated
area (3.14mm?) and thus did not significantly affect the
results of the subsequent thermal desorption.

Several days after the SIMS analysis, thermal desorption
spectroscopy (TDS) was performed at UTIAS. For the
TDS data presented here, the specimens were heated from
300 to 1775 K at ~5K/s and the released D, HD, and
D,0 were monitored in the residual gas by a quadrupole
mass spectrometer (QMS). The QMS signals were cali-
brated during each desorption with a D, leak bottle. The
relative H,/D, sensitivity was checked periodically using
H, and D, leaks. The sensitivity of HD was assumed to
be the average of the H, and D, sensitivities, and the sen-
sitivity of D,0O was assumed to be the same as for H,O; see
for example [23].

3. Model development

The recently updated TMAP7 (Tritium Migration and
Analysis Program, version 7) code [27] provided by Dr.
Glen Longhurst was the backbone of our simulations.
For details of the code and governing equations, the reader
is referred to [27]. The most powerful attribute of the
TMAP7 code is its ability to model multiple trap energies
within the same computational segment. Here we assume
up to three different trap energies; a fourth trap energy will
be considered for a special case of weakly trapped deuterium
in Section 5.3. The assumption of three trap energies is sup-
ported by the thermal desorption data [23-25,28] that show
at least three clearly visible peaks, albeit not all peaks occur
under all experimental conditions. Erents [29] has sug-
gested three types of damage configuration with different
activation energies for release. A trap energy of about
1.4eV has been associated with deuterium trapping at
vacancies in tungsten [10,30] and this trap energy has been
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widely used in other models [2,4,6,7,10,11,17,18,30]. (In the
present paper, the trap energy refers to the binding energy
plus the Frauenfelder activation energy of 0.39 eV [31]). A
lower energy trap (<1.4 eV) has been associated with the
trapping of a second deuterium atom at an existing
vacancy-deuterium complex [18,29]. Finally, we assume a
high trap energy (>1.4 eV), associated with the dissociation
and release of deuterium decorating a void [17]. Note that
we do not assume any trap energies associated with weak
trapping at impurities or dislocations [10,32]. The long
post-irradiation time delays prior to SIMS and TDS were
sufficient to release the weakly trapped deuterium
[10,28,32-34], as well as deuterium in solution [3,4,32,35].

3.1. Deuterium transport in tungsten

To describe the transport of deuterium in tungsten, we
will be using the diffusion coefficient determined by Frau-
enfelder [31]. Compared to other experimental determina-
tions of the diffusion coefficient, Frauenfelder performed
the experiments at temperatures high enough (1120-
2080 K) to nullify the effects of trapping. Thus, the Frau-
enfelder diffusion coefficient gives a true measure of inter-
stitial hydrogen diffusion and agrees within a factor of
two with Zener and Wert’s theory of interstitial atomic
diffusion [36]. In theory [36], the diffusion exponential
pre-factor varies inversely with the square root of the mass
of the interstitial atom. Accordingly, we have corrected the
diffusion coefficient to reflect deuterium diffusion,

Dy =29 x 10" exp(—0.39 eV/kT) m*/s, (1)

where k is the Boltzmann constant and 7 is the
temperature.

TMAP7 [27] allows for two different mechanisms of dis-
sociation and recombination: (i) for dissociation/recombi-
nation processes that are sufficiently close to equilibrium
that a solution law, Sieverts’ or Henry’s law, applies
(rate-dependent boundary condition); and (ii) rate-limited
chemisorption for the adsorption and release of molecules
from a surface not in equilibrium with the surrounding gas
(surface-dependent boundary condition). In the thermal
desorption data being considered for the present model,
the specimens were exposed to air for at least 20 min and
one can assume an oxygen covered tungsten surface prior
to thermal desorption, which was performed in a separate
vacuum chamber; see experimental setup [13,37]. Research
by Eleveld et al. [30] has shown that surface adsorption of
oxygen on tungsten can be used to overcome the problem
of deuterium surface re-trapping, such that de-trapping
of deuterium from sub-surface defects will not be influ-
enced by surface effects. Therefore, to accurately model
the thermal desorption data, a rate-dependent (ratedep)
boundary will be assumed. The ratedep boundary condi-
tion requires values for both the recombination and disso-
ciation coefficients. The derived values for the
recombination coefficient, K;, of hydrogen on tungsten
vary by over six orders of magnitude [1-3,8], not including

the assumption of infinite recombination [4-6]. We have
chosen to use the value by Anderl et al. [1],

K, =32 x 10 "exp(—1.16 eV/kT) m*/s, (2)

derived from deuterium permeation measurements through
tungsten foils. This value was chosen because it is interme-
diate relative to the other recombination coefficients and is
based on experimental evidence rather than strictly model-
ling considerations. The dissociation coefficient was calcu-
lated assuming equilibrium conditions with a net surface
flux of deuterium atoms, Jp, of zero,

Jp = K4P — K,C =0, (3)
and Sieverts law,
Cp = SVP, (4)

where K4 is the dissociation coefficient, Cp the atomic con-
centration of D, S the solubility coefficient, and P the
pressure.

Using the Frauenfelder solubility coefficient for hydro-
gen in tungsten [31],

S =9.3x 10" exp(—1.04 eV/kT)(D/W) atm'/?, (5)
we get the dissociation coefficient,
Kq = K.S* =1.09 x 10" exp(—3.24 eV/kT). (6)

3.2. Deuterium concentration profiles

The final parameters to consider are the trap distribu-
tion and the deuterium concentration profile resulting from
the irradiation. We will allow ourselves only a limited
amount of freedom with these parameters. The implanted
deuterium concentration profile was determined by the
SIMS depth profiling and the total trapped inventory was
measured by TDS.

The first step was to calibrate the SIMS profiles from a
raw count to give an atomic concentration. Two sets of
SIMS depth profiles and associated TDS D release profiles
obtained for irradiations at 500 K were used in the calibra-
tion; see Fig. 1. These data sets were used because the TDS
profiles were simple, showing a single desorption peak
without a long desorption tail at high temperatures. The
single peak suggests only one trap mechanism and the
sharp edge on the high temperature side of the peak sug-
gests that the trapped deuterium is confined within a lim-
ited range, i.e., deuterium is not trapped to large depths
in the specimen. Based on the SIMS profile, we assume that
all of the trapped deuterium is located in the near-surface
peak, within 50 nm of the surface. This assumption is at
least partially supported by the results of Alimov et al.
who have seen the trapped D atom concentration to be
localized within the near-surface for irradiation of tungsten
at 650 K [34] — albeit our results were obtained at 500 K.
(We note that in the case of Alimov et al. [34] the D"
energy was 6 keV and the corresponding D atom concen-
trations for 300 K and 650 K extended to ~2 um and
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Fig. 1. SIMS and TDS profiles for calibration of SIMS signals for SCW
specimens (#080 and #085) irradiated with 500 eV D' to 10** D*/m? at
500 K [24,25]. (a) SIMS depth profiles given in terms of the raw counts and
calibrated atomic concentration. (b) TDS profiles corresponding to each
SIMS profile in (a). The heating rates during thermal desorption were
4.3 K/s and 5.2 K/s for specimens #080 and #0835, respectively.

~500 nm, respectively.) Integration of this peak yields the
trapped inventory (D/m?). To convert the raw counts, R,
to an atomic concentration, C, we assume a conversion fac-
tor, x (atomic concentration/count), and a detection
threshold, 74 (atomic concentration). Thus the trapped
inventory can be written as:

50 nm 50 nm
trapped inventory = / Cdx = / (kR + T4) dx.
0 0

(7)

The detection threshold, Ty, represents the minimum D
concentration detectable by SIMS. This is a reasonable
assumption given the finite sensitivity of a real device and
that only a small fraction of the deuterium atoms released
during SIMS are actually detected. A conversion factor of
Kk =5.05%x10"*(D/W)/count and a minimum detection
threshold of Ty = 8.4 x 1073 D/W were derived.

The resulting concentrations of trapped D are consistent
with the concentrations observed by Alimov et al. [34]. This
conversion factor was also applied to the SIMS data
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Fig. 2. Example of SIMS depth profile and assumed distributions
constructed to account for the uncertainty in the amount of undetected
D, gas released during SIMS from specimen #076 irradiated with 500 eV
D™ at 300 K [25]. (a) assuming no D, gas release during SIMS so the SIMS
concentrations are representative of the total inventory, and (b) assuming
maximum D, gas release (as determined by the Gaussian fits) that is not
detected during SIMS so that the SIMS concentrations represent only a
fraction of the total inventory.

obtained for irradiations at 300 K. However, for the
300 K cases, integration of the near-surface SIMS peak is
insufficient to account for the total trapped inventory mea-
sured by TDS. Unlike D irradiations of single crystal tung-
sten at elevated temperatures, irradiations at 300 K result
in D trapping at depths well beyond the ion range
[12,14,34,37-39]. The SIMS apparatus used here was lim-
ited to depths of ~80 nm, and thus for the 300 K irradia-
tions, the SIMS depth profiles were unable to account for
all of the trapped deuterium. In such cases, we assume a
linear drop in the trapped D distribution, starting at
30 nm and extending into the sub-surface (i.e., 30 nm to
1 pm). Beyond the sub-surface, the NRA data of Alimov
et al. [38] are used to estimate the trapped D concentrations
in the bulk (1-7 pm).

There is another complication associated with the 300 K
irradiation cases: Alimov et al. [34], using combined SIMS/
RGA depth profiling, observed both atomic D and molecu-
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lar D, gas release from specimens irradiated at 300 K; no D,
release was observed for the 650 K irradiations [34]. In the
present SIMS depth profiling, only sputtered ions could be
detected so quantitative values for molecular D, release
were not obtained. Depending on the amount of D, gas
released, the detected deuterium ions in the SIMS profile
may represent only a fraction of the total trapped inventory.
Although a firm assessment of the D, release could not be
obtained, an upper estimate can be made. Using this esti-
mate, two distributions of trapped D can be constructed.
One assumes that the SIMS profile represents all of the
trapped D (no release of D, during SIMS), and the other
assumes that a maximum fraction of D is released as D,
gas so the SIMS profile represents only a fraction of the
total trapped inventory. Determination of this maximum
fraction of D, release will be described below. For both pro-
files, a linear decreasing depth distribution is assumed in the
sub-surface region (30 nm to 1 um); see Fig. 2.

Many of the TDS profiles are not simple single peaks,
but rather, peaks with shoulders or double peaks that sug-
gest the presence of multiple trap energies. In addition to
the total inventory and distribution of trapped D, it is nec-
essary to determine the inventory and distribution of
trapped D corresponding to each trap energy. The inven-
tory for each trap energy was relatively easy to estimate
from the TDS profiles. As a first approximation, the TDS
profiles were fitted by a series of Gaussian functions
(Fig. 3). The contribution of each desorption peak to the
total D inventory was given by the relative areas of the
Gaussian functions. To estimate the concentration distri-
butions for the different trap energies, the nature of the
traps associated with the various desorption temperatures
is considered. Deuterium is known to be trapped in tung-
sten at impurities, dislocations, vacancies and voids. From
the present TDS profiles, desorption temperatures of
900 K, 640 K, and 520 K were observed. In addition, Qua-
stel et al. [28] observed an additional low temperature
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Fig. 3. Example of multiple peaked TDS profile with Gaussian fits to
determine the relative amounts of D associated with each desorption peak.
The total fit is the sum of Gaussian fits 1 and 2. SCW specimen #076
irradiated with 500 eV D™ to 10** D/m? at 300 K [25].

desorption peak at 400 K. The task is to link the trap mech-
anisms with the observed desorption temperatures.

(1) Deuterium release near 900 K is a result of de-trapping
from D decorated voids [17,19]. The strongest trap
mechanism for D in tungsten is having a D atom
bound on the inner surface of a void, with trap ener-
gies of 1.8-2.1eV [17]. The clustering of vacancies
into voids will only occur in regions of high vacancy
concentration or high interstitial concentration,
where void formation leads to the greatest decrease
in free energy. During irradiation, the highest
vacancy and interstitial concentrations will be within
the implantation zone. However, vacancy clustering
may not be confined to the implantation zone, as evi-
denced by blister formation at um depths [13,14,39].
In the SCW experiments used for the present model-
ling, the 900 K TDS release peak was only observed
with the 500 K irradiations and in each case, just
the single peak was seen. The corresponding SIMS
depth profiles showed D trapping limited to the first
40 nm; see Fig. 1. Our present SIMS depth profiling
was limited to the first 80 nm, so there was uncer-
tainty whether or not a deeper D concentration peak
existed, as observed by Alimov et al. [39] with the
200eV D" plasma irradiation of SCW at 463 K
and 533 K. Comparisons with the SIMS/RGA depth
profiling by Alimov et al. [34] of 6 keV D™ ion irradi-
ation of SCW at 650 K will help us assess the extent
of D trapping beyond our SIMS range. Alimov et al.
[34] profiled to a depth of 500 nm with no indications
of a second D peak indicative of surface blisters. It
was also noted that the mean ion range for 6 keV
D" was ~50nm and D trapping was held within
ten mean ion ranges. One would expect that a much
lower energy (500 eV D) ion irradiation would have
a much shallower D depth profile (i.e., <500 nm).
Comparing mean ion ranges for 500eV D' on
SCW (~8 nm) and 6 keV D" (~50 nm), and assum-
ing similar depth profile to ion range ratios for the
two energies, one would expect the trapped D profile
to be limited to about 80 nm. Thus, for irradiations at
500 K, the trapped D depth distribution was com-
pletely determined by the SIMS depth profiles. Note
that comparisons were not made against the 200 eV
D" plasma irradiations at 463 K and 533 K [39]
because although the energies were similar, high flux
plasma irradiations can create effects not observed
with lower ion flux irradiations.

(1) The release peak near 640 K is ascribed to de-trapping
from vacancies [17-19,30,34] and may occur in the
near-surface as well as throughout the tungsten bulk.
Trapping of atomic D at vacancies [30] and as molec-
ular D, in highly pressurized voids [17] have the trap
energy of about 1.4 eV, corresponding to release tem-
peratures of 500-650 K. However, associated with D,
gas trapped in voids is atomic D adsorbed on the void
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walls. Adsorption of atomic D inside a cavity is a pre-
cursor for D, gas within the cavity and thus evidence
of D-decorated voids must accompany the presence
of D, gas. None of our TDS results give indications
of D-decorated voids (900 K desorption peak) when
the 500-650 K desorption peaks are present. There-
fore, we must conclude that deuterium is not trapped
as D, gas in voids. The 640 K desorption peak must
be due to vacancies. Vacancies are point defects
inherent in any solid and will occur throughout the
material. Energetic ion irradiation can greatly
increase the local vacancy concentration by displac-
ing the lattice atoms through collisions.

(iii) The peaklshoulder near 520 K is assumed to be desorp-
tion of the second D trapped at a vacancy [18,29]. This
secondary vacancy trap leads to the formation of the
D,V complex. Thus, the inventory associated with
the 520 K desorption represents the aforementioned
maximum amount of D, that could be released dur-
ing the SIMS analysis, and thus not accounted for
in the SIMS profiles. As with the primary vacancy-
D trap (at 640 K), D from the secondary trap can
be found in both the near-surface and the bulk, but
obviously, a vacancy-D complex must already be
present and the concentration cannot be greater than
that of the primary vacancy-D complexes.

Both the 520 K and 640 K desorption peaks were
observed for irradiations at 300 K — but not present for
500 K irradiations. Because of the possibility of unac-
counted D, gas release from the D,V complex during
SIMS, two different D concentration distributions for the
primary and secondary vacancy traps were modelled. For
one model, no D, gas was assumed so that the SIMS profile
was representative of the total trapped content. In this case,
the relative sizes of the Gaussian fits helped determine the
local concentration. For example, if the local concentration
is 0.01 D/W and the Gaussian fits show 60% of the total
area to be associated with the 640 K (primary) peak and
40% with the 520 K (secondary) peak, then 0.006 D/W will
be attributed to the primary trap and 0.004 D/W will be
attributed to the secondary trap. In the other concentration
distribution, it is assumed that all of the D,V complexes are
released as D, gas and not detected by SIMS. In this case,
the SIMS depth profile would represent only the D trapped
in the primary vacancy traps with the secondary trap
empty. This time, in the case of a 60:40 ratio between
640 K and 520 K Gaussian fits, the SIMS profile would
represent only 20% of the total trapped inventory since
80% (40% from the secondary trap and 40% from the pri-
mary trap of the D,V complex) would have been released
as D, gas. It is assumed that the distribution of D trapped
in the D,V complexes mirrors the atomic D distribution
given by the SIMS results. These two distributions repre-
sent the extreme limits regarding the possibility of D,
release during SIMS. An example of the two distributions
is shown for a case of 300 K irradiation in Fig. 2.

3.3. Trap distributions

Now that we have interpreted the SIMS and TDS data
to obtain the distributions of trapped deuterium, we con-
sider the trap distributions. Previous models [1-8,11] have
used uniform trap distributions to track deuterium in tung-
sten from the start of irradiation through to thermal
desorption. While such assumptions may be perfectly valid
descriptions of the tungsten material prior to irradiation,
they greatly oversimplify the trap concentrations after irra-
diation. The problem is that these models do not allow the
creation, motion and evolution of traps during irradiation.
Since we are confining our modelling to the thermal
desorption stage, we can circumvent the difficulties associ-
ated with trap evolution during irradiation by using the
SIMS depth profiles after irradiation as a basis for the trap
distributions in the near-surface region. The main assump-
tion here is that the traps are all full so that the trap con-
centration distribution is identical to the D concentration
profiles deduced from the SIMS profiles and TDS data.
From permeation transient data, Anderl et al. [1] expected
a high fraction of trap sites to be filled. The assumption of
a full or saturated trap distribution is not unreasonable,
particularly for higher fluence implantations. Consider a
10** D*/m? irradiation with a trapped inventory of
5% 10*° D/m>. This implies that only one in every 2000
implanted deuterium is trapped. It seems unlikely that a
significant number of traps within the deuterium trapping
range could still be empty. The TDS observations by Qua-
stel et al. [28] provide direct evidence of vacancy trap satu-
ration following irradiation. Quastel et al. observed
desorption from lower energy traps at 400 K in addition
to the higher energy vacancy traps desorbing at 600 K
and 500 K. If there were a significant population of
vacancy traps available, D released from the lower energy
traps would be re-trapped in the higher energy vacancy
traps and there would be no 400 K TDS peak. In other
words, the existence of a 400 K desorption peak implies
that the higher energy traps are expected to be filled during
irradiation. TMAP simulations confirm re-trapping to
vacant higher energy traps (see Section 5.2).

However, due to the procedure used for TDS, there is a
situation where empty trap sites are considered. Prior to
the linear heating ramp for TDS, the vacuum chamber
was mildly baked to ~373 K for 1-2 h to quickly achieve
background pressures on the order of 10 Pa. As shown
by Quastel et al. [28], this mild bake was capable of releas-
ing a significant fraction of the D held in the secondary
vacancy trap (520 K peak), and therefore, in order to accu-
rately reproduce our TDS profiles, we will assume that a
fraction of the secondary vacancy traps will be empty;
the primary vacancy traps (640 K peak) will still be
assumed to be saturated. The fraction of empty secondary
vacancy traps is determined by the primary:secondary ratio
obtained from the Gaussian fits to the TDS profiles. For
example, for a 60:40 ratio of primary:secondary vacancy
traps, two-thirds of the vacancies will have two trapped
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D atoms. One-third of the vacancies will only have one D
trapped, so for these vacancies, the secondary trap is con-
sidered empty. However, this estimate may be an oversim-
plification because from minimum potential energy
considerations, not all vacancies may be capable of trap-
ping two D atoms. It may not be energetically favourable
to have neighbouring vacancies each with two trapped D
atoms. Thus, there may be a maximum fraction of DV
complexes that can trap a second D atom. The present
TDS data give a maximum ratio of 67% secondary-to-pri-
mary traps, occurring with the 3 x 10> D"/m? irradiation.
At this irradiation fluence, the retained vs. incident curve
reaches a plateau [23] which may indicate saturation of
all the trap sites. If this were the case, then the maximum
fraction of DV complexes capable of trapping a second
D atom may be close to 67%. For our modelling, we will
use a 70% fraction. Therefore, for a 60:40 ratio of primary
to secondary traps, with trap concentrations of 0.6 and
0.4 at.%, respectively, the maximum available secondary
trap concentration is 0.42 at.%, so the secondary trap occu-
pancy will be ~95%.

4. Results
4.1. Irradiations at 500 K

SIMS depth distributions and TDS profiles were
obtained for two single crystal tungsten specimens irradi-
ated to 10**D"/m? at 500 K [24,25]. The TDS profiles
and TMAP7 fits are shown in Fig. 4; the corresponding
SIMS depth distributions presented in Fig. 1(a) show all
of the deuterium to be trapped within the first 40 nm of
the surface. We note that the mean ion range, R, for
500 eV D" on tungsten is ~8 nm, as calculated by TRVMC
[40]. Thus, all of the deuterium was trapped within 5 mean
ion ranges. This trap distribution is consistent with the
observations by Alimov et al. [34] where 70% of the
trapped deuterium was contained within three mean ion
ranges for 6 keV D ion irradiations at 650 K. The latest
results by Alimov and Roth [39] for single crystal tungsten
exposed to a high flux 200 eV D™ plasma at 463 K and
533 K with NRA depth profiles show a large near-surface
(<100 nm) peak in the D concentration. However, under
these high flux plasma conditions, an additional peak was
seen at depths of about 1 um that may be associated with
the presence of surface blisters. No surface blistering was
observed with our results so the second D concentration
peak would not be expected and all the deuterium could
be accounted for within the near-surface peak. For our
cases, saturated 2.1 + 0.05eV traps gave the best fits to
the thermal desorption profiles for 500 eV/D™ irradiations
at 500 K. This trap energy is associated with de-trapping of
atomic deuterium from voids [17,19]. High concentrations
of D atoms in the near-surface layer have been observed
by Alimov et al. [34] after D" ion irradiations at 650 K
on single crystal tungsten and have also been attributed
to D adsorbed on microvoid walls.
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Fig. 4. TDS profiles and TMAP?7 fits for thermal desorption of SCW
irradiated with 500 eV D" to 10** D/m? at 500 K [24,25]. (a) Specimen
#080 and (b) Specimen #085. The main difference between the two cases is
the heating rate.

4.1.1. Attempts to fit TDS profiles using a single 1.4 eV
energy trap

We have also attempted to fit the above TDS profiles
obtained for 500eV/D"' irradiations at 500 K using
1.4 eV traps only. Venhaus and Causey [6] have suggested
that a single trap energy of 1.4 ¢V is sufficient to describe
the trapping behaviour of hydrogen in tungsten. There
are two ways that a lower energy trap can exhibit the same
peak desorption temperature as a higher energy trap. (i) In
one situation, the deuterium may be physically deep inside
the specimen so that there is a diffusion lag time between
de-trapping and surface release. (ii) In the second situation,
there may be a large fraction of empty traps allowing the
deuterium atoms to be re-trapped many times before
desorbing from the surface.

(1) Assuming that D is deep inside the specimen: In the
above discussions we have provided evidence that
for our 500 eV D" ion irradiations at 500 K, all of
the trapped D is contained within the top 50 nm.
However, it would be useful to assess whether or
not deeply trapped D in 1.4 eV traps could re-create
a desorption peak at 900 K. Consider the SIMS/
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RGA depth profile for deuterium by Alimov et al.
[34] for 6 keV D" ion irradiation to 8 x 10> D*/m?
at 650 K on SCW (Fig. 5(a)). In this depth profile,
trapped D is found to depths of 500 nm — an order
of magnitude deeper than our present results. TMAP
modelling of the deep distribution with saturated
2.1 eV traps produces a desorption peak at 950 K
(similar to our 500eV/D" case with saturated
2.1eV traps), whereas a model with saturated
1.4 eV traps produces a desorption peak at 650 K;
see Fig. 5(b). Unfortunately, a thermal desorption
curve for this irradiation condition was not available
for comparison. A trap energy of 1.95 ¢V is required
to produce a desorption peak at 900 K — note that
this trap energy is still within the range (1.8-2.1¢V)
for trapping of D on the inner surfaces of voids
[17,19]. As shown by the modelling results, physically
deeper 1.4 eV traps are unable to re-create a desorp-
tion peak at 900 K.

(1) Assuming the existence of many empty traps: Here we
assume that there may be a large fraction of empty
traps such that deuterium atoms may be re-trapped
many times before desorbing from the surface. While
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Fig. 5. (a) Deuterium depth distributions obtained by SIMS profiling of
SCW irradiated with 500 eV D™ at 500 K (present study) and by Alimov
et al. using SIMS/RGA for SCW irradiated with 6 keV D at 650 K [34].
(b) TMAP7 modelled fits for different trap energies and trap occupancies
corresponding to the deuterium depth profiles in (a).

it is possible to fit the TDS data using 1.4 ¢V traps,
the trap concentration becomes unrealistically high.
In order to achieve a 900 K desorption peak with
1.4 eV traps, the fraction of filled traps must drop
to <0.02%, requiring trap concentrations of up to
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irradiated with 500 eV D" to various fluences at 300 K [24,25]. TMAP7 fit
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TMAP?7 fit B uses trap distributions assuming maximum D, gas release
that is not detected during SIMS.
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140 traps/W. To put this into perspective, to create
the necessary number of trap sites, one would require
a trap creation rate of 0.2 traps/D ™, which is unreal-
istically high for 500 eV D irradiation of tungsten.

We will also check if 1.4 ¢V traps used in combination
with deeper trapping and reduced trap occupancy can
result in a 900 K desorption peak. For a deep distribution,
we will again use the Alimov et al. [34] SIMS/RGA depth
profile of 6keV D" ion irradiation on SCW at 650 K
(Fig. 5(a)). In order to re-create the required 900 K desorp-
tion peak using 1.4 eV traps, a very low occupancy ratio of
0.2% (0.002 D/trap) is required; see Fig. 5(b). On the con-
trary, researchers modelling hydrogen re-emission from
tungsten have found that a high fraction of occupied trap
sites was required [1,9]. To achieve this low occupancy
ratio, trap concentrations of up to 7traps/W were
required. This appears to be an unrealistically high concen-
tration, considering that modelling 800 MeV proton irradi-
ation of tungsten only required a trap density of
0.075 traps/W [7]. With such extreme conditions required
for the 1.4 eV fitting to work, we must conclude that for
our data, the 1.4eV trap cannot be used to model the
900 K TDS release peak. Also, as noted in Section 3.3,
the existence of a 400 K desorption peak implies that the
higher energy traps are expected to be filled during
500 eV D™ irradiations at 500 K [28].

4.2. Irradiations at 300 K

SIMS depth distributions and TDS profiles were
obtained for several irradiation fluences at 300 K. The
TDS profiles [24,25] and corresponding TMAP7 fits are
given in Fig. 6. In each case, integration of the near-surface
SIMS deuterium distribution was insufficient to account
for the total amount of D released during TDS. Two trap
distributions were considered to account for the possibility
that D, gas was released during SIMS but not detected; see
Section 3.2 (iii). In each case, a linear decrease in D atom
concentration was assumed beyond 30 nm and NRA depth

Table 1

profiling was used to estimate the bulk concentrations to
7 um [38]; see Fig. 2.

Modelling the TDS profiles for 300 K irradiations
proved to be more difficult than the 500 K irradiations
because several of the thermal desorption profiles exhibited
peaks at 640 and 520 K. Two trap energies were required to
fit the profiles; they were assumed to correspond to trapping
of a first (640 K: primary) and second (520 K: secondary)
deuterium at a vacancy. The relative concentration of each
trap was based on the Gaussian fits to the TDS profiles,
with small adjustments made to obtain the best fits. The
trap energies were also adjusted according to each thermal
desorption profile. This fitting was done for each trap distri-
bution. The characteristics of the trap distributions and
parameters for the best fits are given in Table 1. When fit-
ting the trap distributions assuming no D, release during
SIMS (A’ distributions), the best overall trap energies were
1.32 £ 0.02 and 1.06 £ 0.03 eV for the primary and second-
ary vacancy traps, respectively. The trap distributions
assuming maximum D, release (‘B’ distributions) were best
fit with 1.36 + 0.02 eV (primary) and 1.08 4+ 0.03 eV (sec-
ondary) trap energies overall. In all cases, the fitted trap
energies from the A distributions were lower than those
from the B distributions. Also, the resulting TDS profiles
from the B distributions tended to have narrower and more
pronounced desorption peaks.

Since the A and B distributions represent the extreme
cases, the real distribution must lie somewhere between
these extremes, and correspondingly, the trap energies
should lie within the range of fitted values. An estimate
to the primary vacancy trap will be taken to be
1.34 +0.03 ¢V, and for the secondary vacancy trap,
1.07 £ 0.03 eV. The ratio of the population of primary to
secondary traps (see Table 1) was observed to generally
decrease with fluence, with the exception of the 10> D"/
m” irradiation which showed a slight increase over the
3% 102 D"/m? irradiation, but was still lower than the
10**> D"/m? irradiation. This general trend is expected since
the primary trap must first be occupied before the second-
ary trap can exist and as the local concentration of primary
traps becomes saturated, the secondary traps begin to fill.

Deuterium trap distribution and TMAP?7 fitting parameters for simulating thermal desorption of D from single crystal tungsten after irradiation to various

fluences at 300 K [24,25]

Irradiation fluence Sample Primary: Assumed distribution A or B Fitted primary vacancy trap Fitted secondary vacancy trap
(D/m?) 1D secondary ratio (depth) (nm) energy (eV) energy (eV)
10% #077 88:12 A (370) 1.33 1.03
B (280) 1.34 1.05
10% #075 70:30 A (830) 1.30 1.06
B (310) 1.34 1.08
3% 10% #084 60:40 A (930) 1.34 1.08
B (130) 1.37 1.10
10% #076 64:36 A (1130) 1.30 1.06
B (260) 1.35 1.10

Distribution ‘A’ assumes no D, release during SIMS and distribution ‘B’ assumes a maximum D, release during SIMS (equal to the secondary fraction)

that is not detected.
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However, this ratio does not reach unity, but rather,
appears to hold at around a 60:40 (primary:secondary)
ratio above 3 x 10* D"/m? irradiations. This coincides
with the flattening of the retention versus incident fluence
curve for 300 K irradiation on single crystal tungsten [23].

5. Discussion
5.1. Nature of traps derived from modelling

We have shown that thermal desorption profiles can be
successfully modelled from measured post-irradiation
depth distributions using the TMAP7 code and trap ener-
gies of 1.07 +0.03, 1.34 £0.03 and 2.1 £0.05eV. How-
ever, it is also important to establish the nature of these
traps. Most researchers, e.g., [17,25,30,34], agree that the
higher trap energy of 2.1 eV can be attributed to trapping
of atomic hydrogen on the inner surfaces of voids. Many
researchers, e.g., [18,30], also agree that the 1.4eV
(1.34 eV in our results) trap energy is due to atomic hydro-
gen at vacancies. Anderl et al. [1] have also suggested that
dislocations may be responsible for the 1.4eV trap, but
admit that this trap energy appears high for a dislocation
type trap. Using 6 keV D™ irradiations on single crystal
tungsten at room temperature, Alimov et al. [34] detected
D, molecules and micro-voids within the implantation
zone and suggest that the 1.4 eV traps result from D, gas
inside voids. The 6 keV D" energy is well above the thresh-
old for displacement damage [40] and capable of creating
vacancy defects. It is reasonable to assume that a vacancy
super-saturation condition may exist within the implanta-
tion zone, leading to the creation of voids. However, in
our experiments, the ion energy is well below the threshold
for displacement damage, so void creation appears unli-
kely. Low ion energies below the threshold for displace-
ment damage have been found to create surface blisters
on single crystal tungsten, but only when using a high flux
plasma source for irradiation [39,41]. In these cases, it is
believed that the high D™ flux creates a local D super-sat-
uration in the tungsten material, leading to plastic defor-
mation and void creation. The D" flux from our ion
accelerator is 1-2 orders of magnitude lower than that of
a plasma device and appears to be incapable of creating
blisters in single crystal tungsten. In fact, from our 300 K
irradiations (Fig. 6), trapping of D, gas in voids can be
ruled out because of the absence of the 900 K desorption
peak associated with atomic D bound on the inner surface
of voids — as is seen in Fig. 1 for 500 K irradiations.

In order for D, gas to be released from a void during
TDS, the D, molecule must first dissociate at the void sur-
face and adsorption of atomic D on the surface of the void
cannot be avoided; thus the 2.1 eV trap energy (corre-
sponding to a 900 K release peak) must also be present
with the trapping of D, gas. However, there is a possibility
that D, molecules can be detected by the SIMS/RGA
method of Alimov et al. [34] without the existence of D,
gas in cavities. As explained earlier, the release of D, mol-

ecules during SIMS sputtering could be caused by two deu-
terium atoms trapped at a single vacancy, creating a D,V
complex and the detected D, gas could simply be the rem-
nant of a D,V complex. Thus, as discussed above, for the
300 K irradiations two trap distributions were modelled
to take this possibility into account. With our irradiation
conditions, our modelled 1.34e¢V (near the nominal
1.4 eV) trap energy is due to D trapping at vacancies.

5.2. Effect of variation of model parameters

5.2.1. Effect of additional empty traps

While obtaining modelling fits to the thermal desorption
data, several trends were observed. It was found that an
abundance of empty, lower energy traps had no effect on
the TDS profiles. In fitting the 500 K results (Fig. 4), a uni-
form distribution of empty vacancy traps, simulating the
inherent vacancy content, was added to the saturated dis-
tribution of 2.1 eV traps. The addition of these empty,
lower energy traps even up to 0.01 traps/W, had no effect
on the simulated thermal desorption profile. This result
allows us to perform accurate simulations without having
to include an empty distribution of lower energy traps to
account for weak trapping at dislocations and impurities
(earlier, it was noted that the present TDS results were
devoid of weakly trapped deuterium). Conversely, adding
an abundance of empty, higher energy traps will signifi-
cantly affect the thermal desorption profiles. Deuterium
released from lower energy traps will be re-trapped in the
higher energy traps. In fact, if the abundance of empty,
higher energy traps is greater than the amount of D held
in the lower energy traps, nearly all of the released D will
be re-trapped and the resulting TDS profile will only show
the effects of the higher energy trap (all evidence of the exis-
tence of the lower energy traps will be lost).

To illustrate the effects of empty trap concentrations, the
simulated TMAP7 desorption profile #076 (10°** D/m? at
300 K, fit A in Fig. 6(d)) will be used as the reference. In
one case, an empty concentration of higher energy
(2.1eV) traps was added to the simulation. The empty
2.1 eV trap distribution was equivalent to the trap concen-
tration used for simulating the thermal desorption profile
#085 in Fig. 1(a). It should be noted that the concentration
of empty 2.1 eV traps added was only 2.24 x 10'° traps/m>,
equivalent to 5% of the total trap inventory of
4.45 x 10°° traps/m?. This case would correspond to the sit-
uation of D, gas trapped in voids without atomic D
adsorbed on the cavity walls. It is clear that even with a
small 5% addition of empty, higher energy traps, D
released from the 1.07 eV traps (520 K peak) is re-trapped
at the 2.1 eV trap sites, resulting in the obvious release peak
at 900 K (Fig. 7). This is additional support that one can-
not have D, gas de-trapping from voids with a trap energy
of ~1.4 eV without evidence of atomic D de-trapping from
void surfaces at 2.1 eV.

In the second case, an empty concentration of lower
energy (0.65 eV) traps was added to the simulation. Here,
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a constant distribution of 2.5 x 10~* traps/W was added to
a depth of 20 um, giving an empty trap inventory of
3.2 x 10%° traps/m?, or 72% of the original trap inventory.
Fig. 7 shows that even the addition of a larger number of
empty, lower energy traps has no effect on the thermal
desorption of D from higher energy traps.

5.2.2. Effect of trap energy, trap occupancy, trap location
and TDS heating rate

During the fitting process, the temperature of the simu-
lated thermal release peaks was found to be dependent
upon three factors — the trap energy, the occupancy of
the traps, and the physical depth of the traps from the sur-
face. A higher trap energy, lower occupancy fraction, and
physically deeper trap location could all increase the tem-
perature of the release peaks. With the same trap energy,
one could always produce a higher release temperature
by lowering the trap occupancy and pushing the traps
deeper into the bulk (it was possible to move the single
vacancy-trap release peak from 640 K to 900 K using the
same 1.34 eV trap energy). Technically, one could also cre-
ate a lower release peak by increasing the occupancy and
having traps near the surface, however, one is severely lim-
ited by trap saturation and the physical limit of the surface
(it is not possible to move the 2.1 eV release peak from
900 K to 640 K). It was found that the width of the TDS
profiles gave an indication of the physical spread of the
trap distribution. Narrow thermal release peaks indicated
very localized trap distributions and broad peaks signified
broad trap distributions. The shallower and more localized
trap distributions assumed with maximum D, gas release
during SIMS resulted in higher trap energies and sharper
desorption peaks compared to the deeper and broader trap
distributions associated with the assumption of no D, gas
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Fig. 7. TMAP7 simulations show the effect of adding concentrations of
empty traps. The reference TMAP7 profile for specimen #076 from
Fig. 5(d) (dashed line — fit A) is shown here for comparison purposes. The
trap inventory in the reference profile is 4.45 x 10%° traps/m. The effect of
adding empty 2.1 eV traps (2.25 x 10'° traps/m?) is shown by the open
triangles and the effect of adding empty 0.65 eV traps (3.2 x 10% traps/m?)
is shown by open squares.

release during SIMS. Also, significant deviations in the lin-
earity of the heating rate (greater than 25% change) could
create artificially high desorption peak heights during peri-
ods of higher heating, and reduce peak heights during peri-
ods of reduced heating. All of the experimental heating
ramps were quite linear (+5%), so non-linear heating
effects were not an issue here.

5.2.3. Effect of recombination coefficient

The shapes of the simulated profiles were found to
change noticeably with the recombination coefficient
(Fig. 8). For comparison purposes, the TMAP7 (#076 fit
B) simulated profile for 10°* D*/m? irradiation at 300 K
(Fig. 6(d)), using the nominal recombination coefficient
(Eq. (2)) taken from Anderl et al. [1], will be considered
as the reference profile. Decreasing the recombination coef-
ficient tended to translate the simulated thermal desorption
profiles to higher temperatures — in effect delaying release
from the surface, and enhancing the size of the higher tem-
perature peak. Increasing the recombination coefficient did
the exact opposite. Upon de-trapping, surface release of D
was fast, allowing D release to be detected at lower temper-
atures accompanied by shifting of the desorption peaks to
lower temperatures. Also with increased recombination the
desorption peaks appeared to broaden, thus reducing the
depth of the valley between the peaks. (Note that with a
10* increase of K., the ‘lower’ temperature TDS peak is lost
within the ‘higher’ temperature peak.) Increasing surface
recombination above the value measured by Anderl et al.
[1] to broaden the peaks may be a solution to reduce the
depth of the valleys with the TMAP7 simulations seen in
Fig. 6. Increasing surface recombination would also require
higher trap energies to counteract the peak shift and may
put the modelled trap energies corresponding to the 640
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Fig. 8. TMAP7 simulations for different recombination coefficient (K;)
values. The reference TMAP7 profile for specimen #076 from Fig. 5(d)
(solid line — fit B) is shown here for comparison purposes; it was based on
the recombination coefficient (Eq. (2)) measured by Anderl et al. [1]. The
effects of increasing K, are shown by filled symbols and decreasing K, by
open symbols.



M. Poon et al. | Journal of Nuclear Materials 374 (2008) 390-402 401

18
16
14
12

s  Quastel et al [28]
------- TMAP7 fit B

D release rate / (10'® D/m?)

(= L

e
1200

400 600 800 1000

Temperature / (K)

Fig. 9. Experimental TDS profile and TMAP7 modelling for run #15 by
Quastel et al. [28] where thermal desorption was performed 20 min after
500 eV DT irradiation on SCW to 10> D"/m> at 300 K. Three trap
energies were used in the fit: 0.65, 1.1, and 1.37 eV.

and 520 K desorption peaks closer to those reported in the
literature [2,5-7,10,11,17,18,30]. Increasing the surface
recombination by two orders of magnitude above the value
by Anderl et al. [1], the TDS profile for 10** D*/m? irradi-
ation at 300 K (Fig. 6(d) — #076 Fit B) can be fit with
1.15eV and 1.40eV traps, compared to 1.07eV and
1.34 eV obtained with the Anderl et al. surface recombina-
tion coefficient.

5.3. Modelling of weakly trapped deuterium

Using this knowledge, we now undertake to fit a thermal
desorption profile that includes weakly trapped deuterium.
Thermal desorptions by Quastel et al. [28] could be per-
formed within 20 min after irradiation, thus allowing the
release of interstitial and weakly trapped D to be observed.
The advantage of using the data by Quastel et al. [28] is
that the specimens were identical to the ones in this study
and the same irradiation facility was used. The TDS profile
to be fitted was irradiated with 500 eV D™ to 10** D*/m? at
room temperature, then desorbed 20 min after irradiation
(run #15) [28]. The data presented above were obtained
under the same irradiation conditions as [28], but the SIMS
and TDS in our case were performed several days after
irradiation. It is assumed that the only difference between
the thermal desorption data of Quastel et al. and the cur-
rent set is the presence of weakly trapped deuterium.
Therefore, to model the result of [28], the same fitting
parameters as obtained for #075 Fit B in Fig. 6(b) will
be used, with an additional low-energy trap to account
for the 400 K release peak and increased D retention. A
trap energy of 0.65eV with a constant distribution of
2.5x 10~* trap/W to a depth of 20 um (Fig. 9) was found
to give a good fit to run #15 by Quastel et al. [28]. This trap
energy has been associated with trapping at dislocations
[10,32].

6. Summary and conclusion

TMAP7 was used successfully to model thermal desorp-
tion of a known distribution of trapped deuterium in single
crystal tungsten. Experimental TDS produced D release
peaks at 520, 640 and 900 K. Using SIMS (present study)
and SIMS/NRA [38] depth profiling to provide the known
distributions, TMAP7 modelling yielded corresponding trap
energies of 1.07 +0.03, 1.34 +£0.03, and 2.1 £0.05¢V,
respectively. The present results support the idea of vacancy
traps of 1.34 and 1.07 eV for the first and second deuterium
trapped at a single vacancy, respectively, and trapping of
atomic deuterium on void walls with trap energy of 2.1 eV.
Extending the model to include the 400 K desorption peak
[28] yielded a shallow trap with 0.65 eV energy.

The next step in building a model for hydrogen trapping
in tungsten is to accurately simulate the irradiation process
to produce the trap distributions and concentrations
observed by depth profiling. Such a model must include
trap creation, transport, and evolution in order to best sim-
ulate experimental results. A molecular dynamics based
model is envisioned where traps are regarded as particles
in much the same way as a deuterium atom. For vacancy
traps, mobility would be determined by vacancy diffusion,
with enhanced diffusion during irradiation. Trapping can
be treated as a reaction between a D atom and a trap to
form an atom-trap complex, which in turn will be regarded
as a particle. De-trapping would simply be the reverse reac-
tion. Trap evolution, such as vacancy clustering to form
voids, could be handled as a reaction between several
vacancy particles to create a void particle. With such a
dynamic model, the effects of high fluence, high flux, ele-
vated temperatures, and impurities could be extrapolated
to reactor conditions.
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