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Abstract

Tungsten (W) is the leading plasma-facing candidate material for the International Thermonuclear Experimental Reactor
and next-generation fusion reactors. The impact of synergistic helium (He), irradiation-induced microstructural changes,
and the corresponding thermal-mechanical property degradation of W are critically important but are not well understood
yet. Predicting the performance of W in fusion environments requires understanding the fundamentals of He-defect interac-
tions and the resultant He bubble nucleation and growth in W. In this study, He retention in helium-ion-implanted W was
assessed using neutron depth profiling (NDP), laser ablation mass spectrometry (LAMS), and thermal desorption spectros-
copy (TDS) following 10 keV room-temperature He implantation at various fluences. These three experimental techniques
enabled the determination of the He depth profile and retention in He-implanted W. A cluster dynamics model based on
the diffusion—reaction rate theory was applied to interpret the experimental data. The model successfully predicted the He
spatial depth-dependent profile in He-implanted W, which was in good agreement with the LAMS measurements. The model
also successfully captured the major features of the He desorption spectra observed in the THDS measurements. The NDP
quantified total He concentration values for the samples; they were similar to those estimated by LAMS. However, the depth
profiles from NDP and LAMS were not comparable due to several factors. The combination of modeling and experimenta-
tion enabled the identification of possible trapping sites for He in W and the evolution of He-defect clusters during the TDS
thermal annealing process.
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microstructural changes in W, which arise from the produc-
tion and diffusional evolution of various intrinsic radiation
defects and transmutant He and H because of (n, a) and (n,
p) nuclear reactions, as well as solid transmutant elements
(for example, Rhenium and Osmium) [2]. More importantly,
the W plasma-facing components are bombarded by low-
energy and high-flux He and H particles that diffuse from the
fusion plasma [3]. The synergistic interactions among radi-
ation damage, evolving composition, and gaseous species
significantly impact the performance of W plasma-facing
components [1, 4-7]. Although He behavior in W has been
extensively studied, a comprehensive understanding is lack-
ing. Topics requiring further investigation include the ener-
getics and kinetics of He-defect interactions, He retention
and depth profiling, and He-bubble nucleation and growth.

Theoretical atomistic simulations have been widely used
to investigate the energetics and kinetics of He-defect inter-
actions ins W [8, 9]. Kinetic Monte Carlo [10] and cluster
dynamics [11, 12] modeling have been used to model the
evolution of He-defect clusters resulting from the migra-
tion of mobile species across longer time scales, in addition
to atomistic molecular dynamics simulations [8, 13, 14].
Thermal desorption spectroscopy (TDS) has been the main
experimental characterization technique for investigating He
behavior in W. TDS can reveal interactions between irradia-
tion defects and He by identifying possible trapping sites for
He in materials when combined with energetic data from
atomistic simulations [15]. This experimental technique
can provide information such as He retention in a specific
temperature regime and a rough estimation of the activa-
tion energies corresponding to the desorption peaks using
a first-order kinetics model. The close coordination of the
TDS and cluster dynamics modeling can reveal the underly-
ing mechanisms controlling the He desorption spectra [11,
16]. However, the spatial information of the He distribution
in W is not available from the TDS. Other experimental
techniques, such as neutron depth profiling (NDP) and laser
ablation mass spectrometry (LAMS) [17], are required to
obtain the He spatial distribution and the experimental data
for validating the model.

In this study, we combined three He characterization tech-
niques (NDP, LAMS, TDS) with a cluster dynamics model
to systematically investigate He retention, migration, and
defect cluster evolution in He ion-implanted W. The He con-
centration depth profiles and thermal desorption spectra of
He-implanted W were measured. A cluster dynamics model
based on the diffusion-reaction rate theory was compared to
the experimental results, and the agreement between them
detailed the He defect evolution and He diffusion during He
implantation and the subsequent thermal annealing process.
This work aims to 1) demonstrate the requirement of vari-
ous experimental techniques to fully characterize He in W,
2) validate the energetic and kinetic parameters describing
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the interactions between He and defects; and 3) explore the
underlying mechanisms controlling He-defect cluster evolu-
tion in W, which are critically important for predicting the
nucleation and growth of He bubbles in W when employed
in fusion environments.

2 Research approach: experimental
and computational methods

2.1 Materials

The samples used in this study had ultrahigh purity (~ 99.99
wt.% W, wt.% = mass of W in grams relative to the mass
of total sample material in grams) polycrystalline W disks
with 4.5 mm diameter and 1 mm thickness (Goodfellow)
and a grain size of & 1.25 pm. Samples were annealed at
1000°C in a vacuum environment (= 1.3 X 10~* Pa, 1 Pa
~ 7.5 x 1073 torr) for 1h after polishing to a mirror surface
with a final finishing of & 0.5 pm. The estimated grain size
post-annealing was =~ 1.75 um. 10keV He-3 (*He, for NDP)
and He-4 (*He) ion implantation were performed at room
temperature under vacuum conditions of = 10~ "torr using a
20 keV noble-gas feeding ion gun with a beam-raster scan-
ning area of 0.2 cm?. The ion gun was installed on an ORNL-
UTK Joint Gas Implantation and Thermal Desorption Sys-
tem (GITDS) [18]. Three different fluence levels (5 x 104
He atoms cm™2, 3 x 10'5 He atoms cm~2, 1 x 10 He atoms
cm~?) were considered with a fluence rate (aka flux) of ~
3 x 10'> He atoms cm~2 s~! for both *He and “He ion implan-
tations. Note that the units that include He atoms herein are
shortened to He. Figure 1 shows the Stopping and Range
of Ions in Matter (SRIM) calculation (ion distribution and
quick calculation of damage) of the He depth profiles and the
vacancy production rate in 10 keV 3He-and “He-implanted
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Fig.1 (Color online) SRIM calculation of the implanted He profile
and vacancy production rate of 10 keV *He and “He in W
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W, respectively. Figure 1 reveals similar profiles for both
3He and “He; however, “He exhibits more vacancies than
*He under the same implantation energy.

2.2 Thermal desorption spectroscopy

Thermal He desorption measurements were taken on “He
ion-implanted W using the ORNL-UTK Joint GITDS [18].
The baseline pressure of the TDS system was ~ 1 x 107~
torr. The temperature profile used for the “He-implanted
samples was consistent with that for the NDP samples (*He
-implanted ones), i.e., increasing sample temperature to
1000 °C with a heating rate of 0.5°Cs~! and then holding
at 1000 °C for 1 h. The desorbed He was captured using a
quadrupole mass spectrometer and calibrated by employing
a VTI standard He leak. The recorded He desorption spectra
provided data to validate the developed model. He retention
and the thermal stability of He-defect complexes in W from
room temperature to 1000 °C could be assessed from the He
desorption spectra.

2.3 Neutron depth profiling

A 1h vacuum annealing at 1000 °C was performed follow-
ing the room-temperature implantation of 10 keV *He on
the samples sent to the National Institute of Standards and
Technology (NIST) Material Measurement Laboratory and
NIST Center for Neutron Research (NCNR) for NDP meas-
urements. NDP [19] is a nominally nondestructive isotopic
characterization technique that can be used to estimate
the spatial distribution of He in W following a heat treat-
ment [20]. This technique relies on the large thermal neutron
absorption cross section (5333 barns, 1 barn =1 x 10728 m?
[19]) of *He. This enables the mapping of the distribution
and concentration of He atoms in W by measuring the final
kinetic energy of the proton (p), produced from the nuclear
reaction between neutrons and 3He, after it has passed
through the material. A schematic of the interior of the NDP
instrument is shown in Fig. 2 (adapted from Ref. [21]).

NDP was conducted at the cold NDP (¢cNDP) station
at the end of Neutron Guide-5 at NCNR. The sample was
attached to a supported Teflon aperture (= 3 mm in diameter,
and the results are the average values across this diameter) in
the center of the vacuum chamber facing a Si-barrier detec-
tor (ORTEC). This detector, with an active area of 150 mm?,
is & 10 cm away from the neutron beam spot on the sample
and has an energy resolution of = 18 keV. The *He atoms in
W absorb a cold neutron and emit *He and p particles with
initial kinetic energies according to the following nuclear
reaction:

NDP Vacuum Chamber

Al mounting frame

\~ Detector

Fig.2 (Color online) Planar view of the NDP facility at NIST, as
reproduced from Ref. [21]

*He + neutron — proton(p, 572keV) + triton(*H, 191 keV).

ey
The electronic stopping force for the p, the ion profile
analyzed in this study, and *H in W were 160keV pm™!
at 572 keV and 290keV pm~' at 191 keV, respectively, as
calculated by SRIM [22, 23]. These charged particles pre-
dominantly lost energy through inelastic Coulombic inter-
actions with atomic electrons along the outward path from
the reaction sites. The detector recorded the count rate and
residual energy of the detected charged particles simultane-
ously (Fig. 2). The charged particles lost negligible energy
after leaving the surface of the sample because the chamber
was maintained at a vacuum level of < 107 torr. Energy loss
was an indicator of the path length traveled by the particles
within the sample. The Transport Range of Ions in Materials
(TRIM) code was used to estimate the path length. Theoreti-
cally, both p and *H spectra can be used to determine the
H profile in W. The profile from the *H spectrum provides
more detailed information than the p spectrum because the
stopping power of *H is much larger than that of p. However,
the 3H energy (191 keV) was low and difficult to distinguish
from low-energy noise in the spectra. Therefore, the p spec-
trum was used to analyze the 3He spatial distribution.

The concentration of 3He in the sample was obtained by
comparing the count rate measured from the sample with
that of a well-characterized in-house !B concentration
standard sample [19]. All NDP data were normalized to data
from a neutron fluence rate monitor with corrected deadtime
and background and, when necessary, normalized to their
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aperture size. The measured profiles were average values
relative to the size of the aperture. Long-neutron-beam expo-
sure times (several tens of hours) were used to minimize
uncertainty in the statistical counting of the charged particles
(= 1%, 1o). For the nuclear reaction shown in Eq. (1), the Q
value is approximately 764 keV, whereas the energy of the
incident neutron is below 5 meV. Thus, the incident neutron
energy is too small to perturb *He from its original reaction
site or significantly move the center of mass in the reaction.

2.4 Laser ablation mass spectrometry (LAMS)

LAMS was used to quantify the retention and depth pro-
files of the gaseous species in the W samples [17]. “He
ion-implanted W samples were first cleaned with acetone,
followed by isopropyl alcohol, and then adhered by Kapton
tape to a flat stainless-steel sample holder. The LAMS cham-
ber was pumped to a vacuum of the order of 1073 torr before
testing. A 60 mJ, 532 nm, Nd:YAG laser was used at 3%
power, 1.8 mJs~! (1 mJ s~' =1 W), to produce a 1 Hz, 5 ns
pulse. A plasma plume composed of elements ablated by the
laser pulse was produced as it impinged on the W sample
surface. The vacuum system guided the ablated gaseous spe-
cies from the LAMS sample chamber to a quadruple mass
spectrometer, where the species were identified and quanti-
fied. These experiments were uncertain due to the crater
shape and volume created by the laser ablation process. The
volume was calculated by microscopic observation but had
similar uncertainty, as discussed in detail below.

The reliability of He depth profiling using LAMS is criti-
cally dependent on the correlation between the crater vol-
ume and the number of accumulated ablations that gener-
ate the crater. For this study, crater volume calibration was
performed on a W control sample prepared with the same
surface finish as the He-implanted samples. The ablated cra-
ter volumes were calculated as a function of the number of
laser ablation pulses by measuring the crater depth, bottom
inner width, upper outer width, and average width at the
surface using a Keyence optical microscope. The He signal
captured by the mass spectrometer following each ablation
was converted to atomic flux using the same calibration pro-
cedure as for TDS. The integration of the He atomic flux
over the He peak duration gave the total amount of He in a
single ablation, which was then divided by the correspond-
ing ablation volume to calculate the concentration. Further
information on the calibration can be found in [17, 24].
Six consecutive ablations per location were performed on

the He-implanted samples, resulting in a final characteriza-
tion depth of approximately 900nm and a crater width of =
50 pm. The depth-dependent He concentration was measured
by averaging nine different spatial locations in the sample to
ensure sufficient statistical data.

2.5 Cluster dynamics modeling

A cluster dynamics model based on the diffusion-reaction
rate theory was used in this study to predict the He-defect
cluster evolution in W in coordination with the experimen-
tal characterization results. This model, developed by Xu
and Wirth [25-27], is based on the classical rate theory for
computing one-dimensional (1D) time- and space-dependent
volumetric concentrations (in nm~3) of defect clusters under
various irradiation or post-irradiation annealing conditions.
It can incorporate vacancies, self-interstitials, and He clus-
ters with sizes up to tens of thousands and has flexibility in
terms of the number of mobile species and transformations.
reaction kinetics and constants are assumed to be isotropic
in nature and are most suitable for the three-dimensional
motion of defect clusters. This model and its corresponding
modified versions have been applied to simulate He defect
interactions in He-implanted iron [25, 26], defect evolution
in 1 MeV Kr* irradiation in thin Mo foils [28] and neutron-
irradiated high-purity iron [29]. Details of this model are
available in [26, 29]. Here, we expand the application of this
model to study He-vacancy interactions in He-implanted W.

In this study, clusters of interstitials (I), vacancies (V),
He, and He-V complexes, as well as the reactions that result
in their transformation, are considered. Three numbers,
NI, NV, and NHe, were selected to define the maximum
phase space. Only reactions and clusters contained in this
predefined phase space were considered. Mobile species
considered in this model include single W self-interstitials
atom (SIA) (I,), di- and tri-SIA (I, I;), single vacancy (V)),
interstitial He atom (He,) and small clusters of interstitial He
atoms (He,, He;, He,, Hes). Other defects, including He-V
clusters, V clusters, and large helium clusters (He ,, where
x > 5), were considered immobile. Table 1 lists the pre-fac-
tors of the diffusivities and migration energies (eV) of the
mobile species used in the current model. These values are
consistent with the atomistic modeling of W [11].

The source term for the radiation-induced defects is
highly dependent on the implantation energy. At high
implantation energies (several MeV), the effect of the col-
lision cascade must be properly treated. However, at low

Table 1 Mobile species and

L . Mobile species I, 1, I3 Vv, He, He, He, He, He;
their migration energies and -
pre-factors used in the cluster Migration energy (V) ~ 0.009  0.024  0.033 129 0.3 020 025 020 0.2
dynamic model Pre-factor (cm?s™") 392 797 877 177 295 324 226 168 520
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implantation energies (several to a few tens of keV), spa-
tially dependent Frenkel pair production is assumed, and
the SRIM calculation results are used as the input for both
radiation-induced defects and implanted He in the cluster
dynamics model [28]. The reactions among the clusters
included in the model involved cluster generation via small
clusters capturing mobile species or the dissociation of
larger clusters, annihilation by capturing mobile species
leading to recombination, or dissociation by emitting a
single I, V, or He. This high-pressure cluster ejects a sur-
rounding W lattice atom to form a He-vacancy cluster if
a cluster of interstitial He atoms grows by capturing other
mobile interstitial He atoms and reaches a critical size. This
process is known as trap mutation [30]. The maximum size
of the interstitial He cluster has been fixed at Hey in this
study, although molecular dynamics (MD) simulations have
indicated that in proximity to free surfaces, trap mutations
can occur at much smaller sizes [30]. Any He cluster con-
taining more than nine He atoms spontaneously transforms
into He V. The construction of partial differential equations
describing the evolution of the defined clusters is based on
classical rate theory. The binding energies for small He-V
clusters are based on the values from several computational
and theoretical models [9, 31]. For large clusters, the binding
energies are extrapolated from the existing binding energy
values for smaller clusters [11]. To identify the key param-
eters that affect the accuracy of model predictions, parameter
optimization was performed within a reasonable range for
the following parameters: the migration energy of a single
vacancy and the binding energies of small He-V clusters.

3 Experimental results

3.1 Thermal He desorption spectra of 4
He-implanted W

The measured He desorption spectra from the 10 keV 4
He-implanted W with three different fluences during the
1000 °C 1h heat treatment process are shown in Fig. 3.
Background noise from the mass spectrometer was the main
source of scatter in the raw data. “He implantation occurred
due to a low signal-to-noise level in the TDS and the very
low amount of desorbed He from room temperature (RT, =
23°C) to 1000 °C. The differences in the desorption spectra
of the *He-and “He-implanted W are discussed in Sect. 4.3
based on cluster dynamics modeling predictions.

A general observation from Fig. 3 is that the He desorp-
tion flux increases with the He implantation fluence. The
He desorption signals of W implanted at 1 X 10'® He cm™
and 3 x 10'> He cm~? are apparent, whereas the He desorp-
tion signal of the lowest fluence sample has a low level
just above the background. For the sample implanted to
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Fig.3 (Color online) “He desorption peak during 1000 °C 1h anneal-
ing process measured by TDS; the solid green line shows the tem-
perature profile and the red, magenta, and blue circles show the He
desorption flux as a function of implanted He fluence. Uncertainty is
based on the equipment calibration and is less than 5% (not shown)

1 x 10'® He cm~2, a small He desorption peak is evident at
200 °C and a shoulder develops at ~ 620 °C followed by a
continuous increase of the He flux up to the maximum tem-
perature of 1000°C, resulting in an incompletely developed
He desorption peak in the linear temperature-ramping pro-
cess from 700 °C to 1000 °C. The measured He flux starts
decreasing and finally reaches and remains at the back-
ground level when the maximum temperature is attained.
Similar features were observed in the He desorption spectra
of the other two samples. For 3 x 10'> He cm~2 sample, a
small peak around 200 °C was also captured along with a
2" small peak at = 320 °C. No He desorption shoulders were
observed in the spectrum. Similarly, the He desorption flux
increased in the linear temperature-ramping regime up to
the maximum temperature and decreased to the background
level during the high-temperature annealing process. For the
lowest fluence sample, the detailed features of the spectra
could not be deconvolved from the measured signals because
the desorbed He was close to the system resolution.

3.2 3He depth profiling determined by NDP

Figure 4 represents the He depth profiles in W samples
implanted with 3He at three different fluences follow-
ing 1 h 1000 °C annealing, as measured by NDP. Note
that the nonzero experimental data above the sample
surface (depth < 0) are caused by signal broadening and
do not represent the actual He content. Measurable *He
depth profiles were obtained for the samples implanted
at fluences of 3 x 10"33Hecm=2 and 1 x 10'®3He cm™2. In
these samples, the 3He concentration peaked at a depth
of approximately 30 nm to 50 nm and extended to more
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Fig.4 (Color online) NDP depth profile of *He in W implanted
at 10 keV 3He to fluences of 5 x 10 *He cm™2, 3 x 10'° *He cm™2
and 1 x 10'® 3He cm~2, respectively, following 1 h 1000 °C anneal-
ing. The data have been binned to the resolution of the NDP detector
(=~ 18 keV). Uncertainty bars are 1o and are based on experimental
counting statistics. The dashed black line indicates the surface of the
sample and the beginning of the *He profile. Solid lines were added
for reference and do not represent a mathematical fit

than 200nm. The profile of the *He implant sample at the
lowest fluence could not be well-resolved from the back-
ground signal. NDP results for the as-implanted W sam-
ples were not obtained because of the unavailability of
the samples during the experiments. If the SRIM simula-
tion results represent the as-implanted condition, the NDP
results imply that 1000 °C annealing drives He diffusion to
depths >150 nm while maintaining the He peak positions
near the sample’s surface. However, the calculated spatial
accuracies of the measured He profiles must be assessed.
Notably, the leading edge of NDP data, which is the sur-
face of W in this case, is subject to spectral broadening.
This can cause the data points to appear on the negative
side of the 0-depth position. The width of the leading edge
is related to the resolution of the silicon barrier detector
and the roughness of the sample surface, among other fac-
tors. This broadening differs from the signal broadening
due to charged-particle straggling, which is discussed in
this paper.

The acquired NDP spectrum represents a convolution
of the actual energy distribution of the charged particles
and the measurement system. Each component of the
system, i.e., the detector, digital multichannel analyzer
(MCA), and sample, introduces uncertainties that can
broaden the energy profile relative to the measured energy
of the charged particle. Two main energy-broadening
contributions can be identified: (1) the overall detector
energy broadening (referred to as o) represented by a
system resolution of ~ 18 keV, and (2) energy straggling
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Table 2 Estimated straggling-
energy broadening of the

572 keV p transmitting through
W with various depths, as 50 27
calculated by GEANT4 model

Depth of emitted (keV)

proton in W (nm)

Osirag

100 3.8
200 53
500 8.7

as the charged particles travel through the sample mate-
rial (0,,). GEANT4 Monte Carlo simulations [32] were
conducted to evaluate critical parameters, such as sample
geometry, detector solid angle, proton particle incident
angle, nuclear-stopping power, and electronic-stopping
power, to assess the energy straggling of energetic p trave-
ling through the W sample. Table 2 lists the o, resulting
from the 572 keV p emission from a W depth of 50 nm
to 500 nm. As the depth of the emitted proton increases,
the resulting energy broadening increases from 2.7 keV
(50 nm depth) to 8.7 keV (500 nm depth). Notably, the
energy broadening caused by the sample material is much
smaller than that caused by the detector system because
the system resolution (= 18 keV) is much larger than the
straggling-induced broadening.

The effect of energy broadening on the actual data col-
lected from the NDP detector system can be approximated
using the detector response function R(x), assuming that
a Gaussian model can describe the energy-broadening
effects [33]:

R,-(x)=§ o E +A—E® e E —A—E® |

\/E OE®x) \/5 OE®)

@)
where 6, is the total standard deviation of the total energy-
broadening effect (64 +0y,,), A is one half the width of an
MCA channel, E(x) is the average energy corresponding to
a particle emitted from depth x, E; is the mean energy of
channel I, and £ is a constant accounting for the neutron flux,
neutron cross section, and detection efficiency. Based on the
detector response function and peak-broadening effect com-
puted using Eq. (2), Figure 5 shows the normalized detector
response curve of the 572 keV proton simulated as if pro-
duced inside W and transmitted through a 50 nm or 100 nm
depth of W. Apparently, peak broadening does not change
the peak position. For the 50 nm and 100 nm cases, the peak
position was centered at 50 nm and 100 nm, respectively,
after considering the peak-broadening effect. This is in good
agreement with the experimental NDP values. Cooling the
detector to cryogenic temperatures may be a viable method
to reduce this broadening.

An ideal material (perfectly smooth and homogeneous)
contributes significantly less to peak broadening in NDP
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Fig.5 (Color online) Normalized detector response of 572 keV pro-
ton ions from the *He(n,p)>H reaction after traveling through 50 nm
(red) or 100 nm (blue) of W, respectively, including broadening
effects due to sample material only (SRIM results only, solid line),
and due to material as well as detector system (dashed line)

data than the detector system. Considering the broadening
of the sample material (i.e., perfect detection system), the
width of the detector response peak (i.e., full-width half-
maximum of the peak) extends only up to 50 nm for p com-
ing from less than 100 nm within W. However, considering
the detector resolution, the width of the detector response
curve extends up to 200 nm, which is = four times the
broadening caused. Additionally, the analyzed samples are
neither smooth (0.5 pm roughness) nor homogenous; both
factors contribute to signal broadening. Because of these
complications, deconvoluting the detector response from the
measured raw NDP data is extremely difficult. Therefore,
the NDP results presented in Fig. 4 are expected to overes-
timate the *He depth in W, although the *He peak positions
determined in NDP measurements are considered accurate.

Calculation of the depth scale of the NDP profile is
another contributing factor to the observed broadening.
NDP depth profile calculations were performed by input-
ting the estimated values of material atomic composition and
densities into TRIM, running the simulation program, and
then using the output results to calculate an energy-to-depth
calibration equation. In this study, W has been assumed to
be pure and polycrystalline with a theoretical density of
19.25 g cm™3. These idealized parameters may not reflect
the real conditions of the measured sample (e.g., the pres-
ence of bubbles or voids owing to implantation). Therefore,
the reported NDP depth scale may be inaccurate. The total
He calculation is not dependent on these parameters and
should provide a good estimate of the total He within the W
material before and after annealing. An important question
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Fig.6 (Color online) He concentration measured by LAMS for
the implanted (black stars) and annealed (at 1000 °C (red stars)) W
samples, in comparison with SRIM (green circles) prediction of the
implanted-He depth profile; the uncertainty is estimated from the cra-
ter volume created by the laser ablation (see text for details)

related to the extent to which the *He spatial distribution

changed following 1000 °C annealing is addressed below.
3.3 LAMS experimental results

LAMS measurements were taken on the 10 keV,
10'® He cm~2 *He before and after 1 h, 1000 °C anneal-
ing. The purpose was to assess the change in the spatial
distribution of He following annealing at 1000 °C and to
provide additional He depth profile data. Figure 6 shows
the He concentration measured by LAMS compared with
the SRIM simulation of the implanted He depth depend-
ence for the 10 keV and 10' He cm~2 implantation condi-
tions. The uncertainty bars shown in Fig. 6 are calculated
by averaging the measurements from multiple laser abla-
tion positions. They are dominated by the fluctuation of the
He concentration measured at different positions and are
reported to be 1o, significantly larger than those calculated
for the NDP measurements (based on one-spot measurement
and calculated from experimental counting statistics). In the
as-implanted condition, the He concentration measured by
LAMS at depths of ~ 20 nm and = 30 nm agree with the sim-
ulated He implantation profile predicted by SRIM. Beyond
100 nm, the He concentration decreases to essentially zero
(background level) in both the SRIM simulation and LAMS
measurement results.

He was not detected beyond 100nm as well in the sam-
ple annealed at 1000 °C for 1 h. However, the measured
He concentration in this sample decreased at near-surface
depths in comparison with the as-implanted samples. This
decrease was consistent with He diffusion to the surface,
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desorption, and some diffusion to greater depths. However,
the LAMS measurements indicated that the diffusional
broadening depth was less than 100 nm, beyond which they
did not indicate any significant He concentration. The center
of the LAMS profile from the annealed sample was within a
reasonable range, 25 nm and 45 nm, the concentration peak
estimated from the NDP data for the same sample.

4 Cluster dynamics modeling and model
validation

4.1 He desorption process: comparison
between cluster dynamics modeling
and experiment

The thermal “*He desorption spectrum from W implanted
into 1 x 10' He cm™2 during the heat treatment process was
first reproduced using the model to evaluate the applicability
of the default energetics and kinetic parameters. The blue
line in Fig. 7 represents the simulated desorption spectra.
The binding energies of the He, V,, clusters shown in Fig. 7a
have been predicted using the initial default values based
on ab initio simulations and extrapolation to larger clusters.
The simulated curve in Fig. 7b results from the optimization
of the He,V,, binding energies, and the resulting values are
listed in Table 3.

Figure 7a illustrates the cluster dynamics model using the
initial parameterization. The model predicts several peaks
in the TDS data. However, the quantitative peak heights of
the predicted He release flux were approximately one order
of magnitude higher than those measured experimentally.
The He binding energies of the small He,V,, clusters were
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Fig.7 (Color online) He desorption spectrum of 1 x 1016 “He cm™

implanted W during 1000 °C 1h annealing process measured by TDS
(red dots) and simulated by cluster dynamics model (blue curves).
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during 1000 °C 1h annealing process measured by TDS (circles)
and simulated by cluster dynamics model (solid line). Uncertainty is
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optimized based on the hypothesis that the presence of impu-
rities within the W samples could affect the binding and
diffusional kinetic energetics. The revised parameters are
presented in Table 3. With the same set of optimized values,
the model was in good agreement for all three implantation
fluences in terms of the peak number, position, and intensity.

Figure 8 shows the simulated TDS spectra compared to
the experimental results for the W samples implanted with
“He at three different fluence levels using the same opti-
mized parameter set. The intensities of the 1000 °C des-
orption peaks are in good agreement with the experimental
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Simulation curve based on (a) He,V,, binding energies from ab initio
and extrapolation, and (b) an optimized parameter set. Uncertainty is
based on the equipment calibration and is less than 5%



Investigation of He retention in W through combined He characterization methods and cluster...

Page90of13 51

Table 3 Comparison of the binding energies (eV) of He to small

He-V clusters

Clusters Ab initio and extrapolation Optimized
(eV) (Fig. 7a) value (eV)
(Fig. 7b)
HeV 4.61 5.00
HesV 2.56 3.10
HeyV 241 3.00
HegV 2.25 2.90
HeyV, 3.15 3.80
He,,V, 2.89 3.50
He,,V, 3.17 3.70
He,,V, 2.67 3.30
He 3V, 2.73 3.40
He,,V, 2.61 3.20
He;sV, 2.58 3.30

results at each fluence. The 200 °C He desorption peaks,
incompletely developed peaks in the linear temperature-
ramping process, and decreasing He flux in the 1000 °C
annealing stage were also successfully captured using this
model. A small desorption shoulder from 580 °C to 700 °C
was predicted by the cluster dynamics model; however, this
peak was only observed in the TDS measurement of the
highest fluence sample.

The measured He desorption spectrum results from the
thermally driven evolution of all the clusters present in the
W samples. The cluster dynamics model predicts that the
cluster distribution would qualify before and after the major
He desorption peaks at 25 °C, 250 °C, and 1000 °C. This
analysis was performed to identify the primary clusters con-
tributing to each He desorption peak. The He-vacancy clus-
ter distributions at these three peak positions at a depth of
30nm below the W surface are shown in Fig. 9. The model
predicts a majority of He interstitial clusters containing 6 He
atoms to 8 He atoms as well as He-V complexes with 1 He
atom to 9 He atoms (Fig. 9a) with heating to 25 °C following
the implantation. At 250 °C, following the first desorption
peak, the concentrations of He, He,V, HeqV, and HegV are
the most significant. Following the major He desorption in
the linear temperature-ramping process and high-tempera-
ture annealing, He 'V, (3 < x < 15) clusters develop owing
to the evolution of the mobile species. The model indicates
that the dissociation of Heg is the largest contributor to the
He desorption peak at 200 °C when comparing the change in
the He-V cluster concentration from 25 °C to 250 °C (Fig. 9a
and 9b, respectively). Between 250 °C and 1000 °C (Fig. 9b
and 9c, respectively) the model indicates that the dissocia-
tion of He;V, HegV and HegV are responsible for the main
He release peak. Notably, at this implanted He fluence, the
evolution of He-vacancy clusters in W was not significant,
indicating that these clusters were relatively stable. This was
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Fig.9 (Color online) He,V,, distribution predicted during thermal
annealing by the cluster dynamics model following 10 keV “He
implantation to 10'® atoms cm~2 using optimized cluster binding ener-
gies at a depth of 30 nm below the W surface, for the peak desorption
temperatures of (a) 25 °C, (b) 250 °C, and (c) 1000 °C. Uncertainty
values were not calculated for these models
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expected based on the large binding energies of He to the
He-V complexes listed in Table 3. The thermal stability of
He-V clusters strongly depends on the He/V ratio in W [10,
34]. This phenomenon has also been observed in other mate-
rial systems such as Fe [35, 36] and Ni [37]. Based on the
above analysis, the cluster dynamics model suggests that the
major desorption peak at high temperatures is mainly caused
by He desorption from the dissociation of He-V complexes,
whereas the low-temperature desorption features are due to
desorption from weak He sinks, such as dislocations. Trans-
mission electron microscopy studies in other TDS experi-
mental studies under similar implantation conditions [38]
also confirm the above deduction.

4.2 He Depth profiling: comparison between cluster
dynamics modeling and experiments

The *He concentration profile in W was simulated using
a cluster dynamics model. The atomic mass difference
between the two He isotopes influenced only the diffusiv-
ity (2Dye4 = \/EDHC3), whereas the binding energies in the
model did not change. The other difference was the spatially
dependent Frenkel pair production and *He depth profiling
calculated using SRIM (see Sect. 2.1 Fig. 1). Figure 10
compares the cluster dynamics modeling predictions with
the NDP measurements. The NDP results indicate that the
concentration of He for the 1 x 10'© He cm™ peaked at a
depth of 42 nm (£ 12 nm, 20 three-parameter Gaussian fit),
which was statistically similar to the depth of the maximum
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Fig. 10 (Color online) 3He depth profiles for W implanted by 10 keV
3He after annealing at 1000 °C for 1h as a function of implantation
fluence, measured by NDP (circles with dashed line to guide the eye,
see Fig. 4 for uncertainties) and simulated by cluster dynamics simu-
lation without peak-broadening effect (green, solid lines). Notably,
the total He calculated from the NDP datasets is consistent with the
estimated amount of He in each measured sample

He concentration predicted by the Monte Carlo simulations
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and within 3o of the value estimated from the cluster dynam-
ics model and LAMS experiment. However, as indicated
above, an obvious discrepancy existed between modeling
and NDP measurements concerning the He spatial distribu-
tion for depths greater than 50nm. The tail of the measured
NDP spectra extended >200nm, which could be attributed
to energy broadening, detector resolution, and the use of
idealized input parameters in the depth-scale calculations
(see Sect. 3.2 ). Alternatively, cluster dynamics modeling
predicted that He did not diffuse significantly beyond 75 nm.

The cluster dynamics model only accounts for the physi-
cal interaction between He and defect complexes as a func-
tion of the temperature (and ion implantation) conditions but
does not explicitly model the experimental measurements
using a synthetic diagnostic. While the NDP (curve dashed
line in Fig. 10) incorporates a convolution of cluster dynam-
ics and peak-broadening effects (based on the description
in Sect. 3.2), the NDP experimental results show a similar
peak width with dashed lines in Fig. 5. The latter suggests
that detector resolution, rather than He diffusion or interac-
tion with the sample material, is the major cause for the
measured He content beyond 100 nm observed in the NDP
experiment. The total He calculated from the NDP datasets
was statistically similar to that estimated for the measured
samples. Therefore, NDP is a useful tool for quantifying the
total implanted He in W metal.

The comparison between the LAMS and cluster dynam-
ics results further validates our conclusion that NDP
data beyond 100 nm result predominately from detec-
tor resolution-induced broadening. Figure 11 shows the
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Fig. 11 (Color online) Cluster dynamics simulated (black and red
filled circles) and SRIM (green circles)He depth-dependent profile
of W implanted at a fluence of 1 x 10' He cm™2. The experimentally
measured LAMS results are also shown as black and red symbols,
respectively, for comparison
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*He distribution in W implanted with 10 keV He ions at
a fluence of 1 x 10'® He cm~2 before and after annealing
at 1000 °C for 1 h, simulated by cluster dynamics model.
The SRIM results for as-implanted samples and the LAMS
results for as-implanted and annealed 1 X 10'® He cm™~2 are
also shown in Fig. 11 for comparison. Apparently, for the
1 x 10'® He atom cm™2 sample after annealing, LAMS
detects no discernable He in the implanted W samples
beyond a depth of 100 nm, which is consistent with the
cluster dynamics simulation results. Furthermore, the
magnitude of the He concentration measured using the
LAMS is reasonably consistent with the model prediction.
The cluster dynamics predicts that the spatial distribu-
tion of He in the as-implanted samples has a similar dis-
tribution as the He depth distribution predicted by SRIM,
which has been used as the input for the model. This is
rationalized by the fact that the implantation is conducted
at room temperature, at which the mobility of the spe-
cies is limited. However, an obvious discrepancy between
these two models for the as-implanted condition is that the
deeper tail of the He distribution simulated by the cluster
dynamics model shifts toward the surface, and the peak
width is narrower compared with the SRIM result. This
is because of the strong trapping capacity of the vacancy
defects in the damaged area, which act as sinks for mobile
interstitial He atoms. In the cluster dynamics simulations,
the depth-dependent production rates of the He and Fren-
kel pairs are obtained from SRIM and used as inputs.
The cluster dynamics simulation predicted that the He
concentration decreases over the entire implantation range
after annealing at 1000 °C for 1 h. The He concentration at
the peak position decreased by approximately four times
during thermal annealing, although the depth of the maxi-
mum He concentration remained unchanged at ~ 25 nm.
This change agrees with the calculated amount of *He
measured for the NDP samples. The simulation results
agree reasonably well with the LAMS experimental obser-
vations, both in terms of the spatial depth dependence of
He and the absolute magnitude of the He concentration.
Furthermore, both cluster dynamics and LAMS measure-
ments indicate that a limited amount of He diffuses past
75 nm below the W surface. Therefore, the decrease in the
He concentration within the implanted region is mainly
caused by He desorption from the surface and not by He
diffusion from the damaged regime deeper into bulk W.
Examination of the He-defect cluster distribution before
and after annealing from the cluster dynamics simulation
reveals that the dominant cluster configurations of the

desorbed He are He interstitials and some relatively weaker
bound He-vacancy defect clusters. During annealing, the
motion of these highly mobile species is predominantly
controlled by the concentration gradient of He. Because
the concentration gradient is considerably steeper in the
near-surface region than in the deeper bulk region, He dif-
fuses more readily to the surface and desorbs from the
sample.

4.3 Isotopic effect: comparison of >He and “He
desorption behavior by cluster dynamics
modeling

Because of the strong background signal of the mass/charge
of three in the TDS system, the thermal *He desorption
spectra were not measured, and TDS measurements were
used instead of “He with equivalent implantation and ther-
mal annealing conditions. Here, we describe the cluster
dynamics modeling results to investigate any differences in
the desorption behavior. The simulated TDS curves for “He
and *He implanted with W under the same implantation and
heat treatment conditions are shown in Fig. 12. As evident,
the difference between the two predicted desorption spectra
is subtle. The relatively smaller He desorption magnitude
of 3He results from the smaller damage production rate and
larger backscattered fraction based on SRIM calculations.
The higher mobility of *He also leads to a slight shift in the
He desorption peaks to a lower-temperature regime. Overall,
the differences between the predicted thermal desorption of
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Fig. 12 (Color online) Cluster dynamics simulated TDS spectra for
3He (black)- and “He (red)-implanted W, as a function of time and
implanted He fluence. Uncertainty values were not calculated for
these models
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3He and *He are insignificant; therefore, using 3He to study
the depth profiling of He in W is reasonable.

5 Conclusion

We described the results of our investigation of the behavior
of He in W following 10 keV He implantation and thermal
annealing through coordinated experimental characteriza-
tion and cluster dynamics simulations. He retention and depth
dependence were evaluated by TDS, NDP, and LAMS. TDS
was used to measure the desorbed He during thermal anneal-
ing of the samples, whereas NDP and LAMS measured the
He depth profile. These three experimental measurements pro-
vided a platform to validate the energetic and kinetic param-
eters of He interstitial and He-V clusters from atomistic simu-
lations using a cluster dynamics model. The cluster dynamics
model could reproduce the experimental results well, follow-
ing the optimization of the binding energies of relatively small
He-V clusters. The most significant difference between the
model predictions and NDP experimental results was related
to the depth distribution of He beyond 75 nm below the W
surface because of the NDP detector energy resolution and
sample morphology. However, NDP results were useful for
calculating the total He concentration for each sample set and
were in good agreement with the LAMS and model results.
The TDS measurements during annealing at 1000 °C for 1h
were consistent with an incompletely developed desorption
peak at 1000 °C. The cluster dynamics model using the opti-
mized He-V binding energies agreed well with the measured
TDS data. Finally, the resulting He-V cluster energetics and
cluster dynamics model provided insight into the dissociating
clusters responsible for the measured desorption peaks and
would be useful for future modeling of He cluster evolution
in W because of 14MeV neutron irradiation in the burning
fusion environment.
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