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Abstract

Hydrogen isotopes retention and desorption during and after discharges in fusion devices are
still not well understood due to the complex device conditions and limitations of in-situ diagnostics
and measurements. We simulated well-diagnosed recent experiments at the DIII-D facility to
benchmark our ITMC-DYN integrated package of modeling deuterium diffusion, retention, and
desorption during and after D discharge irradiation. Modeling results were compared with detail
experimental data of D desorption fluxes for various irradiation conditions. We predicted the
temporal evolution of free and trapped D distribution in tungsten (W) plasma-facing material
(PFM). Effects of key parameters namely diffusion coefficient, recombination rate, trapping
energies against different defect types, were examined in these simulations. Existing experimental
data of these parameters in literature varies significantly which makes it harder to identify key
mechanisms and physics responsible for hydrogen isotope retention and desorption. The purpose
of this work is to accurately simulate recent well-diagnosed reactor experiments given the
uncertainties in such parameters and identify mechanisms responsible for the retention and
desorption. We implemented the best identified diffusion, recombination, and trapping parameters
in ITMC-DYN package that integrate both various collisional and thermal processes. We
predicted, for example, that sample cooling between discharges in DIII-D operations can
significantly affect the spatial distribution of trapped D in W under reactor irradiation conditions.
Correct prediction of desorption spectra from samples irradiated during 10 DIII-D discharges
showed that up to 35% of D can be retained in high binding energy defects such as vacancy clusters

or voids.
1. Introduction

The ability of plasma-facing materials (PFMs) in a fusion environment to withstand erosion
during transient plasma events and damage/degradation during normal operation critically

depends, among other factors, on the dynamics of deuterium and tritium retention and desorption



that can lead, e.g., to blistering and blisters bursting on the metallic surfaces [1]. Materials
properties and composition will continuously be changing due to both collisional and thermal
processes on the surface and sub-surface layers. Analysis of hydrogen isotopes transport and
accumulation and the effects on PFMs in ITER-like and future fusion reactors requires further
reactor-relevant experimental and advanced computer simulation analysis, including multi-physics
integration, models validation, self-consistent simulations, and benchmarking to understand the

integrated effects and the complex interplay of all the physical processes involved.

Critical areas of research on materials response to fusion plasmas include hydrogen isotopes
implantation, recycling, retention, and related material degradation, e.g., in tungsten [2];
nanostructures formed by helium on the surfaces of metallic walls [3]; chemistry of isotopes
uptake, e.g., in liquid PFMs [4-6]; neutron irradiation effects on resulting isotopes retention, e.g.,
in tungsten [7, 8]; transient plasma effects on material degradation [9]; melt layer erosion [10];
and irradiation of surrounding surfaces, e.g., for the ITER design [11]. Various materials and alloys
used for the reactor walls and components can lead to significant amount of impurity redepositions
on the divertor plate and on the walls. The evolving mixed materials will further change the
dynamics of D and T deposition and co-deposition, desorption, and accumulation on the mixed
surfaces and in the bulk. Self-consistent simulations implementing and integrating all relevant
processes and effects, and numerical and experimental validation are required for accurate
assessment of PFMs erosion lifetime performance as well as fuel retention in current and future

fusion devices.

One of the important aspects, which calls for extensive models development and validation, is
the simulation of the entire cycle of hydrogen isotopes retention/desorption during and between
discharges in realistic reactor environments. Current modeling approaches for the analysis of D/T
behavior in materials are mainly based on molecular dynamics (MD) and Monte Carlo (MC)
simulations, rate equations-based models, and various combinations and integrations of the above
methods. Due to the limitations of MD simulations, MC modeling of collisional processes
integrated with deterministic rate equations is the most appropriate approach to simulate actual
experimental conditions and set up, e.g., taking into account the time durations between the

experiments and the diagnostics.



Combination of the rate and diffusion equations is a common approach for modeling hydrogen
diffusion, trapping, and desorption in materials. There are several assumptions and uncertainties
in the calculation of trapping and detrapping rates in these equations [12]. Jump frequency analysis
based on the diffusion coefficient and lattice constant is most often used to calculate the rate of D
trapping [13-15]. Trapping rates described by the Arrhenius law were used in previous work [16],
where the pre-exponential factor is calculated from lattice vibration frequency and lattice constant,
and the knowledge of the trapping activation energies is required. Several variations were also
used in the calculation of D detrapping rate based on the Arrhenius representation, e.g., using the
lattice vibration frequency [13,14,16] and the jump frequency calculated from the diffusion

coefficient and lattice constant [15].

A challenging task to the solution of the above equations is the precise knowledge of key
parameters which can be obtained from the experiments, or by ab-initio and classical MD and DFT
calculations. However, the values obtained from different sources can vary significantly depending
on the experimental conditions and/or the existing uncertainties in calculations, e.g., the

interatomic potential.

In this work, we thoroughly examine several of the most important parameters, such as
diffusion coefficient, recombination rate, trapping energies for different existing defects, and how
these parameters affect the accuracy of the results as well as on the controlling physics of hydrogen
isotope behavior in PFMs. We enhanced our ITMC-DYN package for the simulation of D
interaction with materials during and after irradiation and implemented potential trapping sites
retention as a function of the free (not trapped) D concentration and time. We performed detailed
simulations based on recent experiments in the DIII-D tokamak machine. The above-mentioned
key parameters were predicted in the simulations to reproduce the well-diagnosed experimental

results.
2. Brief review of implemented models

We used our enhanced ITMC-DYN package that uniquely integrates all collisional and thermal
processes relevant to plasma/material interactions in fusion reactors [17-20]. This package
includes interatomic potential functions for detailed modeling of ion/atom collisions; models for
energy loss of elastic and inelastic collisions; particles thermal diffusion and segregation processes

near-surface layers, hydrogen isotope trapping, molecular surface recombination and desorption,
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chemical and physical erosion, and calculation of rate coefficients in multi-component materials
based on the dynamic material composition. The collisional processes responsible for target atoms
sputtering, mixing, and particles reflection are therefore integrated with detailed models for
temperature-dependent processes leading to temporal and spatial material evolution. All models
are integrated in a self-consistent manner that allows accurate simulation of realistic experimental
conditions and parameters, such as: multiple and simultaneous ions composition, energies, and
fluxes; material characteristics and temperature; and the experimental setup. Figure 1 shows
various interaction processes implemented in the package. The integrated models were extensively
benchmarked with both in-house experiments and worldwide published data. As a result, the
ITMC-DYN simulations explained several experimental data showing the importance of self-
consistent time-dependent integration of the implemented models, e.g. [19]. The ITMC-DYN
package is continuously being upgraded and enhanced for the analysis of PFMs in fusion reactor

environments.

(1) Scattering and trapping

(2) Backscattering

(3) Sputtering

(4) Recombination and desorption

(5) Cascade collision & displacement
(6) Chemical reaction & erosion

(7) Diffusion

(8) Surface segregation

Dynamic D trapping sites accumulation
as function of D concentration and time

Fig. 1. Various collisional and thermal processes integrated in ITMC-DYN simulation package.

The following set of deterministic rate equations is implemented and solved in ITMC-DYN
Monte Carlo code to simulate deuterium diffusion, trapping, and desorption:
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where: C is the concentration of deuterium in solution; C; is the concentration of hydrogen trapped
in the defect type i; W is the concentration of tungsten; D is the diffusion coefficient; Cf" is the
concentration of traps; A is the lattice constant (~3x1071° m); v is the lattice vibration frequency
(the Debye frequency, ~10'* s™); E; is the detrapping energy of defect type i; k is the Boltzmann
constant; 7 is the temperature. The Gauss-Seidel method was used to solve the above system of
equations. The adopted nonuniform mesh facilitated the solution of these equations for a large
computational domain and the simulation of long durations of experiments and diagnostics with

complex conditions.

The surface boundary conditions are represented by the desorbing flux of molecular deuterium
(D2) calculated based on the molecular recombination rate constant. We benchmarked various pre-
exponential factors in the following equations to predict and explain the actual mechanisms and

physics leading to the experimental results.

Ed Er
D = D, exp (— ﬁ) K = K, exp <— ﬁ) (2)

where: K is the recombination rate, Do and Ko are the pre-exponential factors for diffusion and
recombination rates respectively, Eq and E: are the activation energies for diffusion and
recombination respectively. The Arrhenius forms of diffusion and desorption rates are used with
activation energies of 0.39 eV [21] and about 1.16 eV [22] for D diffusivity and recombination in
W, respectively. The activation energy for the recombination rate in [22] was obtained based on
the permeation experiments and represents the average value of calculations for different,
unannealed and annealed, samples. It was also assumed in these experiments that most of the
initially found O and C impurities on the surface were removed during the first minute of

irradiation by the 3 keV D** ions. This indicates that the results obtained are for a clean surface.

Our simulation of D trapping takes into account the concentration of the initial trapping sites
in material and trapping sites agglomeration (e.g., multiple D trapping in vacancy) or
agglomeration due to deuterium irradiation (e.g., vacancy clusters or voids growth). For these

purposes, we implemented models for the trapping sites accumulation to predict temporal and



spatial evolution of D in these traps. Various experimental results showed that the spatial
distribution of trapped D depends on, among other things, D flux, fluence, and material
temperature [23, 24]. During irradiation, these parameters determine the temporal and spatial
evolution of free D concentration which, in turn, determines the probability of D trapping, e.g., in
vacancies and dislocations loops. We take this into account in our calculations of D trapping in
existing defects. In addition, several recent DFT-based studies showed that hydrogen at interstitial
sites can significantly reduce vacancy formation energy in W and increasing the number of
surrounding hydrogen atoms further reduces this energy [25, 26]. The high supersaturation of D
can also lead to supersaturation of vacancies that can results in vacancy clusters and void growth
[27]. From this consideration the calculation of trapping sites accumulation, that is D trapping
dynamics due to D supersaturation and various defects growth, is implemented in our model as a

function of free D concentration and precalculated trapping rate using a semiempirical equation:

CI" = CI" + Cg xrate * At (3)
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where the rate is estimated based on the simulated experimental data as: rate = Ct%’:’ei, with
s*AXg*

Dfﬂégéed corresponding to the measured trapped D fluence, Cg corresponding to the average

concentration of free D on the surface predicted by ITMC-DYN simulation of the corresponding
experimental setup, Ax; is the thickness of surface layer, and t is the duration of the irradiation
experiment. The surface layer is determined as a layer within which free D concentration does not
vary significantly during irradiation time. The thickness of this layer depends on ion flux, fluence,
and material temperature. D trapping rate in our model varies depending on trap types.

The semiempirical formula given in eq. 3 is therefore used to predict, based on the experimental
data, the D trapped in various trapping sites in ITMC-DYN simulation. Introducing the trapping
rate calculation and correlation of this rate with free D concentration is the major difference
between our model and other models where similar rate equations are used. This new approach
helps then to explain the difference in spatial distribution of trapped D. Finding the general
dependencies of D trapping rate on various irradiation conditions will lead to the development of

predictive modeling of hydrogen isotopes accumulation in PFMs.



3. Simulation results and discussions

3.1. Evaluation of deuterium diffusion and desorption rates

The interplay between the two main processes, diffusion and desorption through molecular
recombination on the surface, determines the dynamics of hydrogen isotopes accumulation in
tungsten. There are many uncertainties in these parameters and their temperature dependences
arising from the differences between different experimental setups, accuracy of diagnostics, and
calculation methodology [28]. Various DFT calculations showed large variations in the predicted
diffusion coefficients, especially at low temperatures [29-31]. Recent DFT-based work [30]
showed that two regimes should be considered in the calculation of hydrogen diffusivity: the first
regime is determined by the diffusion of interstitial hydrogen from one tetrahedral site to another;
the second regime is determined by D diffusion between vacancies and occurs at lower
temperatures. This work proposed also that the activation energy for D diffusion in low
temperature regime can be related to D de-trapping energy that results in two-three times higher
activation energy than the commonly used 0.39 eV. Another study, based on experimental data,
correlated deuterium diffusivity to the trapping energies of D in tungsten [32]. MD simulations
showed significant reduction in the diffusion coefficient with increasing of hydrogen concentration

in tungsten [33].

The measurement and correct prediction of the diffusion and recombination coefficients can have
strong dependence on the experimental setup and irradiation conditions. We used recent
experiments at DIII-D to predict these parameters as well as for the analysis of D trapping in fusion
reactor conditions [34]. Various diagnostics were used in these experiments to measure particle
and heat flux to the surface, temporal evolution of samples temperature during and in between
discharges. Spatial distribution of trapped D after 10 discharges was measured by NRA; total
retained D was detected by TDS technique heating the sample with 0.5 K/s rate. We simulated the
process of W irradiation by D ions using the predicted 100 eV ion energy and the measured flux
during the discharges and varying the temperature of the samples according to the measurement.

We also simulated D diffusion and desorption between discharges.

Initially, we modeled diffusion and desorption processes without trapping effects to predict an
effective diffusion coefficient for these samples. The presence of C impurities in the DIII-D

tokamak, up to 1-2%, and resulting W surface contamination [35, 36] can significantly affect D



transport on the surface and retention in PFMs. The dependence on D diffusivity was analyzed
using a fixed activation energy of 0.39 eV and varying the pre-exponential factor Do. Figures 2
show NRA data and the simulation results for pristine ITER grade W: a) spatial D distribution at
the end of discharge when sample was heated to the high temperature of 470K and b) spatial D
distribution between discharges when the sample was cooled to the low temperature of 330K.
Figures 2 show simulation results of spatial distribution of total D during and after the first

discharge in multi-pulsed operation.
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Fig. 2. D spatial distribution (a) during and (b) between discharges predicted with various diffusion
coefficients (varying pre-exponential factor). Experimental data show NRA measurements for pristine
ITER grade W after 10 discharges in DIII-D [34].

NRA data showed an order of magnitude higher trapped D concentration at 0.3-0.4 um from the
surface (Fig. 2). Assuming uniform initial defects and impurities distribution in the pristine sample,
this large gradient in the spatial concentration of trapped D can only be explained by the difference
in initially free D distribution during and after irradiation. From this consideration, we can predict
that the effective diffusion coefficient for these sample can be calculated with the pre-exponential
factor in the range between 10° m%/s and 10'° m?/s. While the highest concentration of free D
during irradiation is near the surface, the measured concentration of trapped D on the surface is
five times lower than at the peak location. This can be explained by higher temperatures (100-
150K higher) in the samples during the irradiation compared to the cooling period that results in
much higher D solubility and diffusivity preventing D trapping and traps agglomeration around

this location.



To further analyze D diffusivity and desorption rates for samples irradiated at DIII-D, we simulated
D desorption flux as a function of temperature during samples heating relevant to TDS
measurements. First, we simulated the desorption spectra from the ultra-fine grain (UFG) W
sample pre-irradiated by 12 MeV Si ions that produced up to 0.6 dpa. The trapped D spatial
distribution obtained from NRA measurements was used for the simulation of D desorption during
sample heating with 0.5 K/s rate. In this sample 100% of D was accumulated within the measured
thickness of 3.5 um from NRA [34]. The majority of the retained D was assumed to be in low
energy trapping sites. Figure 3 shows the results of simulations and the effect of the diffusion
coefficient on D desorption flux and comparison with TDS measurements. Our simulations
predicted mean de-trapping energies for this sample as ~0.9 eV corresponding to the peak at around
470 K temperature and higher de-trapping energies as ~2.15 eV and ~2.5 eV corresponding to the
temperature range from 800 K to 1200 K.
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Fig. 3. Effect of diffusion coefficient on D desorption spectrum from W sample pre-irradiated by Si
ions up to 0.6 dpa and exposed to plasma during 10 pulses in DIII-D machine. Experimental data is
from [34].

A diffusion coefficient with the preexponential factor of 1-2 x 107! m?s range in the low
temperature regime is justified for W in this case. The desorption spectra in these simulations are
influenced by both the diffusion coefficient and by the de-trapping energies, while no significant
effect of the recombination coefficient was found. Figure 4 shows the dependence of desorption

spectrum on various recombination rates calculated using a fixed activation energy of 1.16 eV and



varying the pre-exponential factor Ko. The small effect of the desorption rate can be explained by
the relatively low diffusion coefficient at low temperatures that can be characterized as a diffusion
limited regime. With increasing sample temperature, D desorption is mainly determined by the

dynamics of D de-trapping from high-energy traps.
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Fig. 4. Effect of recombination coefficient on D desorption spectrum from damages UFG W sample.
Two sets of diffusion coefficients were used: Do = 2x107'® m?/s (left) and Do =10 m?%/s (right).
Experimental data is from [34].

We correlated the predicted de-trapping energies with the possible defects in the samples based on
the review of DFT works and experimental data. Many DFT based calculations predicted energies
of hydrogen isotopes de-trapping from W vacancies [25,29,30,37,38]. However, the range of the
predicted energies of a single trapped in vacancy hydrogen atom vary from 0.73 eV (considering
only de-trapping from vacancy to interstitial position) to 1.79 eV that cause significant
uncertainties in this important parameter. Therefore, association of de-trapping energies with
various traps was estimated in our analysis based on the average predicted DFT results and based
on the experimental data.

The average dpa produced by Si ions near sample surfaces was around 0.15 dpa [34]. Even taking
into account that most of interstitial and vacancies recombine after Si ion irradiation, there are still
significant number of vacancies in the damaged or irradiated area. These vacancies serve as the
main trapping centers for deuterium. The average de-trapping energy corresponding to 470K
temperature peak is around 0.9 eV. According to several DFT based studies, this energy can
correspond to de-trapping of multiple trapped D in single vacancy or dislocation, e.g., this average

energy was predicted for 6-7 [30,37] D atoms trapped in a single vacancy or ~3 D atoms trapped
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in a dislocation [39]. The majority of the retained D in this sample was in low, 0.9 eV, energy traps
indicating that most vacancies in pre-damaged UFG W samples irradiated by plasma at relatively
low temperatures are preferentially occupied by multiple D atoms. From this, we can determine

the filled vacancy concentration in the pre-damaged area as ~ 0.06%.

A small amount, about 10%, of D is trapped in the defects produced and/or agglomerated during
the irradiation that is related to the slight increase in the desorption spectra at 800K-1200K (Fig.
4). Corresponding 2.15 eV - 2.5 eV de-trapping energies can be associated with large vacancy
clusters or voids [40, 41]. These defects can be attributed, for example, to the growth of nanovoids
leading to higher average D binding energies in these defects. According to the results of extensive
experiments on hydrogen-defect interactions, D release at 630 K temperature may correspond to
D accumulation in small, 20 nm, voids [42] but more detail data and analysis are required. These
experiments suggested also that D release at 750K temperature corresponds to D accumulation in
small vacancy clusters which could be produced during annealing processes or during the
irradiation, e.g., due to hydrogen supersaturation. Nanovoids can exist in samples annealed prior
to irradiation [42] or can be created by D precipitation [43,44]. Other studies predicted hydrogen
bubble nucleation and growth from vacancies when a critical H concentration is reached [45].
Accumulation of D in damaged UFG W at relatively low (~430K) irradiation temperature could
then be described by two processes: preferentially multiple trapped D in a single vacancy and/or

dislocation and D trapping in vacancy clusters and voids with the growth of these defects.

3.2 D retention at elevated temperatures during pulsed operation

The above analysis showed that deuterium retention in pre-damaged W at relatively low
temperatures for the considered fluences [34] is mostly determined by filling of vacancies with
multiple D atoms per vacancy. In pristine tungsten, D retention in vacancies is limited due to the
smaller amount of these defects. We simulated D desorption from another sample, high purity
(ITER grade) W, recently studied in DIII-D. The undamaged ITER-grade W was irradiated at
similar discharge conditions, however the measured temperature on the surface was higher during
the irradiation and varied from 330K up to 470K. Only 25% of the retained D accumulated within
3.5 um of the surface [34]. We used D spatial concentrations from NRA measurements within this
layer and assumed uniform D distribution up to 40 um with around 10 atomic concentration that

is similar to the concentration measured at the 3.5 pm location. We also assumed that high energy
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traps (2.1eV — 2.5 eV), which are usually produced in samples irradiated at high temperatures, are
located only within the first ~8.5 pm that corresponds to the maximum range where substantial
amount of D diffuses during 10 pulses of operation. Figure 5 shows the simulation results of D

desorption spectra from this sample and comparison with the DIII-D experimental data.
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Fig. 5. D desorption spectrum from pristine W sample exposed to plasma during 10 discharges in
DIII-D machine. Experimental data is from [34].
These simulations showed that about 35% of D is accumulated in high energy traps. Significant
contribution to the desorption flux at high temperatures is de-trapped D from the low energy
trapping sites, around 1 eV, located deep in the bulk. This is illustrated in Fig. 5 where the portion
of D desorbed from high energy traps is shown by dash line. Simultaneous D trapping/de-trapping
due to the relatively high concentration of D released from the traps and limited diffusivity to the
surface will result in delayed desorption of D released from low energy traps located far from the
surface. Deuterium can be accumulated in low energy intrinsic traps in the bulk after irradiation
when material is cooled down and the free D concentration is lower than the limit for high energy

traps formation/accumulation.

The first peak in the desorption spectrum shown in Fig. 5 corresponds to the peak in D spatial
distribution located at ~0.2-0.5 pm from the surface obtained from NRA measurements. We
predicted the mechanism of this peak formation in the case of undamaged W sample where
uniform defects distribution is assumed. We simulated D irradiation of W sample during the

discharge and D diffusion and desorption between discharges with an average 1.75 x 10*2 D*/m?/s
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ion flux and 100 eV energy. The duration of each discharge was 4 sec and the time between
discharges was 15 minutes. Temperature changes during each discharge and between discharges
were measured and we used the same temperature evolution in our simulations [34]. We assumed
about 10* concentration of intrinsic traps in these simulations. Figure 6 shows the spatial
distribution of free and trapped D at the beginning of the first discharge and 1 min after when the
sample temperature was cooled down to 330K. These results were obtained using Do = 2x107°

m?/s and Ko = 1071 m*/s.
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Fig. 6. Free and trapped D spatial distribution Fig. 7. Dynamics of D trapping during the
during and after first pulse of DIII-D discharge. cooling between discharges. Experimental
Experimental data is from [34]. data is from [34].

It is clear from Fig. 6 that the dynamics of sample cooling determines the location of the D
concentration peak. Low temperature leads to decreasing both the diffusivity and solubility, and
together with the relatively high D concentration at the peak location results in enhanced D
trapping in existing defects and defects formation and agglomeration. Figure 7 shows D trapping
behavior during the cooling process. The trapping sites accumulation was calculated using the Eq.
3. The very short time (4 sec) when free D concentration is high at the surface during the discharge
and due to the following desorption and diffusion in the bulk explains the relatively low
concentration of trapped D near the surface. Figure 8 shows simulation results of free and trapped

D distribution at several days after irradiation and comparison with NRA measurements.

13



- Experiments’
200 hours ==Modeling, free D
o == Modeling, trapped D

1

g 1076

=)

=

=

o]

[

ey

g

2

2107

=]

&

A L

24 \
10
0 1 2 3

Depth, pm
Fig. 8. Trapped and free D distribution 200 hours after irradiation predicted
in simulations and comparison with NRA profile. Experimental data is
from [34].
An order of magnitude more D is accumulated at ~0.2-0.5 um from the surface in both low and
high energy traps compared to surrounding areas. As a result, we can conclude that low energy
traps, vacancies or dislocations, were produced or D2 molecules were accumulated in voids in this
area as well. Several studies showed that hydrogen interstitial reduces vacancy formation energy
in W and increasing hydrogen concentration significantly enhances this effect [25,46]. Reducing
vacancy formation energy was explained by the changing in the charge distribution of W atom
induced by multiple H [46], especially in the presence of impurities [47]. The reduction in vacancy
formation energy was also explained by hydrogen association with self-interstitial clusters [48].
On the other hand, experimental studies showed that 1 eV -1.4 eV energies can correspond to the

release of hydrogen molecule from voids [40].
3.3 Effect of irradiation temperature on D trapping in low and high binding energy defects

We studied the effect of irradiation temperature on preferential D retention in low and high
energy traps in pre-damaged ITER grade W samples irradiated at different temperatures. Figure 9
shows twice more trapped D was detected in sample irradiated at 90K higher temperature (i.e.,
530K vs. 440K). ITMC-DYN simulation results perfectly matched the well diagnosed
experimental data of DIII-D. Simulation of D desorption flux as a function of temperature during
samples heating and comparison with TDS data predicted trapped D distribution in different

defects determined from de-trapping energies.
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Fig. 9. D desorption spectra from ITER grade W pre-damaged with 0.6 dpa in dependence on
maximum irradiation temperatures. Experimental data is from [34].

Modeling results predicted mean de-trapping energies as 0.95 eV for the low temperature sample
and 1.05 eV for the higher temperature sample during the irradiation; corresponding to the first
desorption peak at 450K and 480K temperatures in TDS spectra. The mean de-trapping energies
corresponding to the second peak are similar for both samples, i.e., in the range of 2.15 eV to 2.55
eV. Twice more D is retained at the higher irradiation temperature of 530K. However, relative
distribution of D in low- and high-energy traps are similar. The difference in the amount of retained
D can be explained by the difference in D diffusion. Higher D diffusion in the sample irradiated at
higher temperature along with relatively low desorption from the surface (due to presence of C

impurities on surface) results in more D accumulated in bulk.

The above samples were pre-damaged by 12 MeV Si ions. Based on SRIM calculations, the depth
of damage by Si ions was ~2.5 um with a peak at ~2 um. The experimental data showed that peak
of trapped D does not correspond to this peak of damage. This can indicate as predicted in our
modeling that D supersaturation at certain location can be the main mechanism for traps

accumulation at this location in ITER grade W samples.
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3.4 Effect of different damage on D trapping in low and high binding energy defects

We studied the effect of the damage rate (dpa) on the dynamics of D desorption and retention. The
analysis of W damage effect on D trapping in different defects was done based on damaged UFG
W samples irradiated at approximately similar temperatures. Figure 10 shows simulation results

of D desorption spectra and comparison with TDS data.
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Fig. 10. D desorption spectra from UFG grade W at different damage. Experimental data is from [34].

The analysis of damaged UFG W samples showed that with roughly similar total retained D, much
more D is retained in high energy traps in the case of higher dpa (>0.6 dpa). Significant fraction
of the retained D in more damaged samples is in traps with 1.4 eV — 1.7 eV de-trapping energies
that correspond to vacancy clusters/small voids [42]. Simulations showed that D retention in
vacancy clusters is within ~2.5 um range that well corresponds to the range of damage produced
by 12 MeV Si ions.

Recent simulations using the creation-relaxation algorithm (CRA) showed saturation of vacancies
with increasing dpa due to equilibrium between the generation and annihilation of defects [49].
That is, increasing dpa does not usually increase number of vacancies but leads to vacancy clusters
formation. The two UFG samples from DIII-D experiments at different damage rates illustrate the
transition from preferential trapping in vacancies (0.6 dpa) to enhanced trapping in vacancy
clusters and voids (>0.6 dpa). From this, one can conclude that increasing dpa leads to D retention
in higher energy traps explained by more vacancy clusters formation that results in voids

production and growth.
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4. Conclusion

We have developed and implemented a new dynamic approach for the simulation of hydrogen
isotopes implantation, diffusion, trapping, and desorption. This new approach allowed successful
reproduction of various DIII-D tokamak experimental results. Our enhanced models implemented
in the ITMC-DYN simulation package predicted that the details and dynamics of sample cooling
during the multi discharge operation determines the location of D concentration peak in the
subsurface region. At elevated implantation temperatures, shifting of the D peak concentration
from the surface during the cooling processes in between discharges and the decreased solubility
and diffusivity at lower temperature leads to trapped D accumulation in the area around the peak
location. Based on the simulation of D accumulation in vacancies/dislocations and in higher energy
traps, we infer that the high concentration of vacancies in the damaged W delayed void growth
compared with undamaged samples. However, increasing dpa leads to vacancy clusters formation

and enhanced D retention in high energy traps.

Continues neutron produced damage in future large devices like ITER can lead to formation of
high energy traps in W that can result in degradation and enhanced D/T retention. While larger
reactors will operate at much longer pulses than DIII-D, the spatial and temporal variation in
temperatures together with continuous neutron irradiation would lead to non-uniform distribution
and accumulation of trapped isotopes in subsurface layers. However, both experiments and our

simulations showed the significant effect of material properties on this process.

In this study we did not consider details of material structure. Grain boundaries can affect defects
generation and migration that will be investigated in our future studies of irradiated samples.
Overall, this new approach and results explained the importance of the interplay of D diffusion,
desorption, and trapping sites accumulation in pristine and damaged samples in determining the
correct physics driving hydrogen isotope behavior and retention in plasma facing materials in

reactor environment.
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