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� Sequential and simultaneous dual
beam irradiations have been per-
formed in-situ on fine grained tung-
sten at high temperature.

� Loop damage is quantified as a func-
tion of dose or fluence and cavity
damage is quantified at the end dose.

� Synergistic effects between sequen-
tial and simultaneous beams are
revealed.

� Damage evolution is different in all
cases.
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Elucidating the synergistic effects of different energetic beams on the radiation response of nuclear
materials is critical for developing an improved methodology for their evaluation when exposed to
extreme environments. This article describes in-situ sequential (He implantation followed by Kr irradi-
ation and vice-versa) and simultaneous (heavy ion Kr irradiation and He implantation) dual beam ir-
radiations performed on tungsten at 1223 K. Dislocation loop density, average area, and total loop
damage as a function of irradiation history and dose/fluence are quantified. The loop Burgers vectors and
cavity damage (cavity density, size and total change in volume) are also determined at the final
maximum dose for each condition. The loop damage evolution was different in all cases, with the
smallest loop damage observed in the simultaneous experiment. Annihilation of Kr generated dislocation
loops during He implantation in the Kr þ He experiment was an unanticipated observation that may be
explained by the dynamic evolution of dislocation loop sink strengths and time-dependent defect fluxes.
Dislocation loop raft formation, denuded zones near extended defects, and cavity damage are compared
across the different conditions. The phenomena observed and discussed in this work will stimulate
further experimental and computational modeling activities leading to improved fundamental under-
standing of the irradiation response of nuclear materials under reactor-similar environments.
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1. Introduction

Plasma facing structural components and divertor materials in
future fusion devices have to tolerate extreme environments, rep-
resented by fast neutrons (~14MeVwhich can generate 30e40 dpa/
year depending on the neutron wall loading), high particle fluxes
involving deuterium and tritium with approximately 10% helium
(He) (1023e1024m�2 s�1), thermal loads (5e20MW/m2), and
transient thermal fluxes (e.g., edge localized modes) of several GW/
m2 [1]. Furthermore, 14MeV neutrons will lead to solid trans-
mutation products (rhenium and osmium in tungsten) and sub-
stantial He gas formation in structural materials [2]. For example,
He concentrations due to transmutation effects in iron-based
structural components could reach levels of about 2000 appm for
the anticipated 3e5 year lifetime of a fusion structural component
[1] while the high flux of low energy helium ions at the surface of a
tungsten-based PFC accelerates surface degradation due to the
formation of bubbles, blisters, and nanofuzz [3e7]. These condi-
tions create challenges not only for the testing and evaluation of
materials, but more significantly related to the creation of materials
that are capable of withstanding these environments [1,8]. Tung-
sten (W) has widely been considered as a promising divertor
candidate due to its favorable characteristics such as a high melting
point, good thermal conductivity, low sputtering yield, and low
tritium retention [9]. However, severe microstructural changes
involving dislocations, dislocation loops, rafts, voids, bubbles, fuzz,
etc. [10e14] under different irradiation environments (He plasma,
low energy He, or heavy ions to simulate displacement damage)
alter W's physical and mechanical properties [8,9], which can ul-
timately disrupt the operation of a fusion device.

Therefore, designing self-healing radiation tolerant materials
and investigating their performance are crucial steps to advancing
plasma facing materials (PFMs) for fusion energy. In this context,
several innovative routes have been pursued [1]. Formation of
nanocrystalline materials [12,15e20] and high entropy alloys
[21,22], etc. have been demonstratedwith studies on their radiation
tolerance under a range of ion irradiation and plasma exposure
conditions. However, the majority of irradiation studies on fusion
materials use heavy ions to simulate displacement damage from
neutron irradiation performed with single beam irradiations,
thereby neglecting the synergistic effects of the different particles
(He and heavy ions) that PFMswill be exposed to simultaneously in
a fusion environment. Simultaneous dual beam irradiations on
Fee9Cr and Eurofer 97 steels have been shown to produce different
post-irradiation hardening than sequential He-heavy ion or single
beam irradiations [23]. The effects of sequential tungsten and He
implantation on nanoindentation hardness of tungsten has also
been studied and revealed higher hardness values in the He only
implanted regions relative to the sequentially (tungsten then He)
implanted material [24]. A fundamental understanding of the
response of fusionmaterials (loop formation and interaction, defect
population, threshold for bubble formation) under reactor-relevant
conditions employing dual and tri-beam irradiations (where He
plasma is considered) is thus a requirement for designing radiation
resistant materials and mimic the complex physics of neutron
damage. In addition, a fundamental understanding of the damage
mechanisms and evolution (loop formation and interaction, defect
population, threshold for bubble formation) as a function of irra-
diation conditions (dose, temperature, etc.) will assist in designing
new materials that can withstand fusion conditions.

For this purpose, in-situ sequential and simultaneous dual beam
irradiation/transmission electron microscopy (TEM) investigations
where damage evolution can be observed in-situ and quantified
post-mortem across many irradiation dose data points can be a
valuable tool. Several grades of W have been investigated under
different irradiation conditions using in-situ TEM/irradiation under
single beam irradiation [12,19,25e31]. In these prior studies, loop
(interstitial and vacancy type), void (heavy ion irradiations), and
bubble (He implantations) formation and evolution have been re-
ported as a function of temperature and dose. Irradiation damage in
different tungsten grades (eg. nanocrystalline tungsten and tung-
sten alloys) has been compared relative to commercial coarse-
grained tungsten. However, a comparison of sequential irradia-
tions (He implantation after heavy ion irradiation and vice versa)
and simultaneous irradiations (heavy ion and He) to single beam
irradiations has yet to be examined.

Here,wedescribe the results obtained fromcoarse (average grain
size of few micrometers) grained W under simultaneous and
sequential beam irradiations via in-situ TEM/irradiation at high
temperatures (1223 K) where high energy Krypton (Kr) was used to
produce displacement cascades and low energy He was used to
implant helium and produce isolated Frenkel pair damage. The ir-
radiations were performed for short times to quantify synergistic
radiation effects using conditions that produce displacement dam-
age interactions with implanted helium in tungsten as a model BCC
material. Defect (loop) size, density, and total damage (product of
loop density and average area) evolution was characterized as a
function of irradiation dose. Cavity formation and total change in
volume after irradiation, as well as the denuded zone formation,
were investigated to fully describe the synergistic effects of radiation
damage fromdifferent energetic particles. The results are of interest
to the nuclearmaterials and nuclear fusion communitiesworking to
understand fusionmaterial performance under extreme conditions.

2. Experimental

2.1. In-situ Irradiation/TEM

Thin foils were prepared from bulk tungsten (ESPI Metals, US)
via electropolishing using a 0.5% NaOH/water solution at RT. The
sample thickness where irradiations were performed and data
quantified was ~100 nm (quantified regions were checked with
electron energy loss spectroscopy). Samples were irradiated at
1223 K in-situ in the intermediate voltage electron microscope
(IVEM) with a 300 keV electron beam attached to a Tandem
accelerator at Argonne National Laboratory. The temperature was
selected to be within the recovery stages for tungsten aided by
vacancy migration, which facilitates dislocation loop coarsening
(stage III) and annihilation (stage IV) as well as the coarsening of
vacancy clusters (stage V) [32]. At the same time, the selected
temperature of 950 �C is below the known temperature range for
recrystallization of tungsten. The heavy ion was selected to be Kr.
Several reasons are behind the choice of Kr ions over self-ion
irradiation: 1) The stability of the 1MeV Kr beam in the IVEM fa-
cility ensures a highly reproducible set of irradiation conditions
that produce energetic displacement cascades, which is very critical
for these types of experiments. 2) To limit the sample heating due
to higher energy deposition density during W self-ion irradiation
since relatively high temperature measurements were already be-
ing performed). 3) To have less implanted ions in the foil since W
ion irradiation on W will have a larger fraction implanted and
therefore, larger synergistic effects. Therefore, a 1MeV Krþ2 beam
was used for the heavy ion irradiation. For the He implantations, a
16 keV Heþ beamwas used. Krypton irradiations were performed to
0.25 dpa and He implantations were performed to have a final
implantation of ~1.26% or 12,600 appm (800 s irradiation). For the
sequential beam irradiation, the dose rates were ~0.0016 dpa∙s�1

(4� 1011 cm�2 s�1) for the Kr beam and 1� 1013 cm�2 s�1
flux for

the He beam. No significant fluctuations in the ion beams fluxes
occurred during the experiments.



Fig. 1. Bright-field TEM micrographs as a function of time for the sequential (He þ Kr) irradiation experiment on W at 1223 K. (a)e(d) In-situ 16 keV Heþ implantation. (e)e(h) In-
situ 1MeV Krþ2 irradiation (following He implantation). Arrows in (e) indicate regions of favorable contrast where loop measurements were acquired. All micrographs have the
same scale bar.

Fig. 2. Bright-field TEM micrographs as a function of time for the sequential (Kr þ He) irradiation experiment on W at 1223 K. (a)e(d) In-situ 1MeV Krþ2 irradiation (e)e(h) In-situ
16 keV Heþ implantation (following Kr irradiation). Arrows in (h) indicate regions of favorable contrast where loop measurements were acquired. All micrographs have the same
scale bar.
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To achieve the same final irradiation (Kr and He) dose in the
simultaneous beam irradiation, the dose rate for the Kr was
adjusted to 0.000313 dpa∙s�1 while maintaining the same He flux.
The total irradiation time, in this case, was 800 s. The angle of
incidencewas 15�. The dpa and ion distributions for both beams are
plotted in Figs. S1 and S2 in the supplemental, calculated using the
Kinchin-Pease model in the Stopping Range of Ions in Matter
(SRIM)Monte Carlo computer code (version 2013) [33] where 40 eV
(minimum displacement threshold) [34] was taken as the
displacement threshold. While different displacement threshold
values (60e90 eV) [34] inWare reported in literature, 40 eV is used
in this work to be consistent with other studies used for
comparison. The final dose of the Kr irradiation was 0.25 dpa and
the final fluence for the He implantation was 8� 1015 cm�2. It
should be noted that in the sequential beam experiments, the
second beam was introduced immediately (Dt< 1s) following the
first beam being switched off to prevent potential defect annealing
at the elevated irradiation temperatures.

2.2. Data quantification

To determine the Burgers vector of the loops in the irradiated
samples, loopswere imaged ex-situ under two-beamconditionswith
<110> and <200> g vectors using an FEI-Tecnai-G2-F30 TEM with



Fig. 3. Bright-field TEM micrographs as a function of time for the simultaneous (He & Kr) irradiation experiment (1MeV Krþ2 irradiation 16 keV Heþ implantation) on W at 1223 K.
The imaged region was moved to a different spot after 320 s due to changes in the diffraction condition. Arrows in (h) indicate regions of good contrast where loop measurements
were acquired. All micrographs have the same scale bar.
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electron beam energies of 300 keV in the Electron Microscopy Labo-
ratory (EML) at LANL. The Burgers vector percentages, average loop
density and area, and average cavity density and areawere calculated
as detailed in Refs. [35]. Loop areas are reported since not all loops are
circular and to calculate the total non-dimensional damage due to
loop formation. A measure of total non-dimensional damage was
obtained by multiplying the average loop area and density in the
100 nm thick foils. Cavities were characterized using Fresnel under-
focused and over-focused imaging and the quantification was per-
formed using the under-focused images (under-focus value was
1.5 mm) where voids appear bright [36] to distinguish the cavities
from small loops and avoid over-counting. It should be noted that
quantification errors in loop measurements can occur due to image
forces, glissile prismatic loop glide to the surface, and changes in foil
thicknessacross the sample [36]. The above factors canaffect absolute
values but not relative trends, and in this work, focus is placed on
comparison of the overall damage trends.
3. Results

3.1. Pre-irradiated sample and experimental conditions

Themicrostructure of the pristineW sample has been published
elsewhere [35] and consists of an equiaxed grain structure with an
approximately 2 mm average grain size. The texture is mainly a
random type texture with ~50% low angle grain boundaries (LAGB).
The main goal of this study is to compare sequential beam irradi-
ations with simultaneous beam irradiations and investigate
whether the energetic beam order in the sequential beam irradia-
tions affects defect evolution. Therefore, three experiments were
performed:

1) He implantation followed by Kr irradiation (denoted as
sequential He þ Kr)

2) Kr irradiation followed by He implantation (denoted as
sequential Kr þ He)

3) Simultaneous He implantation and Kr irradiation (denoted as
simultaneous He & Kr)
The choice of 1223 K as the irradiation temperaturewas made in
order to study the most complex situation where all defect types
can migrate. While interstitials in W migrate at room temperature
(RT) [37], single vacancies and vacancy clusters start migrating at
523 K and 773 K respectively [38]. On the other hand, He-vacancy
complexes can migrate at different temperatures depending on
their migration energy, which varies based on the ratio of number
of He atoms to vacancies [39]. Several complexes, however, need
temperatures higher than 1073 K. All experiments were performed
near a triple junction with three different adjacent grains. At least
one grain was in suitable diffraction conditions for dislocation loop
imaging (multibeam imaging where all possible 1/2<111> and
<100> loops can be visible since the diffraction conditions involve
different g vectors).
3.2. Morphology of the irradiated samples

Fig. 1 shows the bright field TEM images of the sequential
He þ Kr experiment as a function of time during the in-situ TEM/
irradiation experiment. Starting with the He implantation to
8� 1015 cm�2

fluence (Fig. 1aed), large dislocation loops were
formed with different sizes (Video S1 in the supplemental). A loop
denuded zone near the grain boundary of the irradiated grain was
also noticed. However, no dislocation loop raft formation was
observed. The sequential Kr irradiation (Fig. 1eeh) to 0.25 dpa
resulted in small loop formation and shrinkage of the existing large
loops (Video S2 in the supplemental). The loop denuded zone
persisted and raft formation occurred.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jnucmat.2020.152150.

Fig. 2 shows the bright field TEM images of the sequential
Kr þ He experiment as a function of time. Contrary to the He im-
plantation of the first experiment, small dislocation loops were
formed during Kr irradiation to 0.25 dpa (Fig. 2aed), which initi-
ated raft formation at ~ 0.025 dpa in agreement with previous raft
formation results under heavy ion irradiation on W [13] (Video S3
in the supplemental). No loop denuded zone formation was
observed. Upon initiating He implantation (Fig. 2eeh), annihilation

https://doi.org/10.1016/j.jnucmat.2020.152150


Fig. 4. Comparisons of average areal loop density, loop area and total damage (loop density� loop area) as a function of dpa for the in-situ irradiated W at 1223 K for (a) sequential
16 keV Heþ followed by 1MeV Krþ2, (b) sequential 1MeV Krþ2 followed by 16 keV Heþ, and (c) simultaneous 1MeV Krþ2 and 16 keV Heþ. Error bars are included to reflect errors in
quantifying the same area several times.
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Fig. 5. (a), (c), (e) Bright-field 2-beam TEMmicrographs using <110> g vector for the in-situ irradiated W at 1223 K for the sequential 16 keV Heþ followed by 1MeV Krþ2, sequential
1MeV Krþ2 followed by 16 keV Heþ, and simultaneous 1MeV Krþ2 and 16 keV Heþ, respectively. (b), (d), (f) Bright-field 2-beam TEM micrographs using <200> g vector for the in-
situ irradiated W at 1223 K at each condition. Images are used to determine the percentages of <111> and <100> Burgers vectors loops (shown at the bottom of the figure) at each
condition. Red and blue arrows show examples of ½ <111> and <100> loops respectively, determined using crystallography and g.b invisibility criteria in the TEM images as
described by Yao et al. [43].
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of the small loops and rafts and formation of larger loops were
observed along with the formation of loop denuded zones (Video
S4 in the supplemental).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jnucmat.2020.152150.

Bright field TEM images of the simultaneous He & Kr irradia-
tions are shown in Fig. 3. Both small and large dislocation loops as
well as loop denuded zones were formed (Video S5 in the sup-
plemental). It should be noted that the imaged region in the sample
was moved after 320 s due to changes in the diffraction condition
(contrast). The bottom grain is then used to quantify the loop
damage as it kept its diffraction contrast throughout the irradiation.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jnucmat.2020.152150.

3.3. Defect and damage evolution due to loop formation

Defect damage evolution is plotted in Fig. 4. Dislocation loop
density, average loop size, and total damage due to loop formation
(taken as the product of defect density and average size) for the
three experiments are shown in the figure.

For the sequential He þ Kr experiment (Fig. 4a), dislocation
loops began to form immediately after the start of the irradiation.
The loop density did not change, however, until after 450 s of im-
plantation (fluence of 4.5� 1015 cm�2) where a 6 times increase
occurred after 3.0� 1015 cm�2 (the density plateaued thereafter).
After the start of the Kr irradiation, the density continued to
increase (approximately two times at 0.0625 dpa) and reached a
plateau where no further change was observed through the end of
the Kr irradiation (0.25 dpa). The average loop area, however,
increased during He implantation with one observed fluctuation
(decrease and then increase again), which can be attributed to a
competing effect of new loop formation and growth of existing
loops. During the Kr irradiation, a decrease in the average loop area
occurred. The total damage followed the trend of the loop density
during He implantation and the trend of the average loop area
during the Kr irradiation.

For the sequential KrþHe experiment (Fig. 4b), the loop density
demonstrated an increase from the beginning of the Kr irradiation
and reached a plateau at approximately 0.2 dpa. During subsequent
He implantation, the average loop density dropped to zero (i.e.,
loops were annihilated) at ~2� 1015 cm�2, followed by an increase
and a plateau at a fluence of 5.0� 1015 cm�2. The loop area, how-
ever, did not show any change during Kr irradiation, but increased
during He implantation at the point of loop annihilation (only a few
large loops remained). The average loop area then decreased to the
same value as the Kr irradiation and increased rapidly again. The
total damage trend followed the average loop area trend during Kr
irradiation and the loop density trend during He implantation up to
the saturation point in which the average loop area change gov-
erned the total damage.

For the simultaneous irradiation (Fig. 4c), loop density and
average size increased with similar trends as a function of time and
plateaued after 500 s, which corresponds to a fluence of

https://doi.org/10.1016/j.jnucmat.2020.152150
https://doi.org/10.1016/j.jnucmat.2020.152150
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5.0� 1015 cm�2 (He implantation) and total dose of 0.156 dpa (Kr
irradiation). The total damage followed the same trend as the loop
density and average loop size.

The consistency of the results (loop density and average size)
across different in-situ TEM/irradiation runs can be elucidated by
comparing with previous single beam irradiations (1MeV Krþ2)
results on the same tungsten grade at the same dpa (Fig. 2 in
Ref. [40]). At 0.25 dpa, loop density and size were in remarkable
agreement to the values in this work. This consistency is attributed
to the stable beam conditions during the experiments and due to
following a consistent defect quantification procedure [35].

3.4. Dislocation loop Burgers vector analysis

Part of the goal of this study is to determine the Burgers vector
and percentage of each loop type at the end of each experiment. In
W, dislocation loops of either 1/2<111> and <100> type can be
present as determined from previous experimental and simulation
studies [29,30,35,41]. Ex-situ imaging using g<200> and g<110>
diffraction beams (Fig. 5) was performed for each experiment from
which the total loop density is analyzed. Since different dislocation
loop variants can be observed under different diffraction condi-
tions, two equations with two unknowns (% of 1/2<111> loops and
% of <100> loops) can be solved to determine the Burgers vector
percentage in each experiment. This methodology is consistent
with that used previously in W by several groups [29,35,42]. The
results are presented in Fig. 5. In addition, by using the combination
of crystallographic information (including loop projections) and g.b
invisibility criteria as described by Yao et al. [43], we can demon-
strate in Fig. 5 that both ½ <111> and <100> dislocation loops
coexist in the sequential and the simultaneous experiments.

4. Discussion

4.1. Nature of the dislocation loops

The nature of the dislocation loops formed under sequential and
simultaneous irradiations are of importance, as they affect the
overall damage evolution noted in the prior section. As shown in
Fig. 5, the percentages of <111> dislocation loops in the sequential
experiments were similar, but differed from the simultaneous
irradiation experiment. In the sequential Kr þ He experiment, the
dislocation loops from Kr were first annihilated during He im-
plantation. However, loops generated after He implantation only
(Fig. S2 in the supplemental) showed a similar <111> percentage to
the sequential He þ Kr experiment. There is an outstanding ques-
tion related to the recent results from Harrison et al. [31,44], which
showed no <100> loop formation during similar energy He im-
plantation in W at temperatures up to 1023 K. However, the fact
that 16 keV Heþ implantation at 1223 K resulted in <100> loop
formation suggests other mechanisms (e.g., not directly from the
cascades) must be responsible for the formation of <100> loops.
Eyre-Bullough suggested that loops can nucleate to form <110>
Burgers vector loops with enclosed stacking faults that shear to
form either ½ <111> loops or <100> loops, which is known as the
Eyre-Bullough mechanism [45]. However, several in-situ studies
[19,30], including this one, have not observed faulted loop forma-
tion. In addition, un-faulting to <100> loops was shown to be
highly unlikely [46]. Moreover, the high stacking fault energy of
BCCmetals means that stable faulted loop formation is not possible.
Interaction and reaction between 1/2<111> loops to form <100>
loops was described by Marian and Wirth [47]. Through molecular
dynamic simulations, it was shown that 1/2<111> Burgers vector
loops of the same size interact with one another in steps to form
<100> loops. Another applicable mechanism is the reaction of two
½<111> loop variants to produce a <100> loop [48]. The high
mobility observed during the He implantation in this work sug-
gested that such a mechanism is actually plausible (Videos S1 and
S4 in the supplemental).

4.2. Comparison of defect and damage evolution

4.2.1. Sequential irradiation experiments, He þ Kr
Dislocation loop formation during He implantation in the first

experiment (sequential He þ Kr) is significantly larger than those
formed during Kr irradiation, based on the total damage parameter
(the product of loop areal density and loop area). The final dis-
placements per atom (dpa), however, were nearly the same (0.25
dpa for Kr and 0.35 dpa for He as shown in Figs. S1 and S2 in the
supplemental). During the 16 keV He implantation, approximately
fifteen Frenkel pairs were generated for every implanted He ion,
although the predicted number of Frenkel pairs is sensitive to the
displacement energy used in the SRIM calculation. Vacancies will
form complexes with He and the concentration of these He-
vacancy complexes is predicted by computational modeling to
rapidly increase in a very short period of time [49,50] after the
collision cascade due to the fast migration of He. The He-vacancy
complexes are stable and grow at a later stage to He bubbles via
the absorption of helium, vacancies, or via trap mutation reactions
(emitting interstitials) [51,52]. The latter mainly occurs when the
helium clusters, or bubbles, are over pressurized and there is a
small supply of vacancies, which is not the case in this study. The
growth of these complexes to bubbles via vacancy absorption is
expected to decrease interstitial-vacancy recombination and
correspondingly, result in a large interstitial concentration in the
grain matrix (compared to conditions with no He-vacancy complex
formation as in the case of the Kr irradiation in the sequential
Kr þ He experiment). Thus, once interstitial type dislocation loops
have nucleated, the flux of interstitials to these loops will produce
larger dislocation loops and lower densities. Moreover, due to the
production of a high density of Frenkel pair defects by He ion
irradiation, self-interstitial cluster and a/2<111> dislocation loops
have high mobility and can interact and coalesce leading to large
dislocation loops. During He implantation, bubbles were shown to
form on the grain boundary and within the grain matrices before
loop formation was observed to occur (Video S1 in the supple-
mental). About 50 s was needed for visible dislocation loops to
begin to form, an expected effect of loop nucleation and growth
from Frenkel pairs (which requires an incubation period).

During Kr irradiation in the sequential He þ Kr experiment, the
average loop area was observed to decrease, while the loop density
increases. We believe this is due to two reasons. First, Kr ion irra-
diation produces new, smaller dislocation loops [35] directly in
collision cascades [32], which will decrease the average loop size
and increase the loop density. This mechanism is consistent both
with this in-situ TEM work as well as prior studies in which loops
were shown to form just after the start of the irradiation process
[26]. The loop size distribution at small sizes was consistent with
that measured following the Kr ion irradiation in the sequential
Kr þ He experiment (Fig. 4 b), and growth of the loop area was not
observed like it was in the case of He implantation in the sequential
He þ Kr experiment. Second, the large dislocation loops formed
after He implantation were observed to shrink (Video S2 in the
supplemental). The shrinkage of these loops may result from
cascade overlap and the resulting dissolution (recombination) by
Kr ion-induced heavy (large PKA energy) cascades [53,54]. Indeed,
Capps performed molecular dynamics (MD) simulations and
observed that collision cascades initiated with PKA energy of 5 or
10 keV can lead to a notable decrease in the size of a 91 interstitial
loop with a/2<111> Burgers vector that was trapped by multiple
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helium interstitials in body centered cubic iron [55]. While that
study did not evaluate PKA energies larger than 10 keV, it does
indicate that a high-energy displacement cascade overlap with pre-
existing dislocation loops can lead to a reduction in loop area,
although clearly additional simulation work is required to confirm
this behavior in tungsten at PKA energies representative of the
1MeV Kr ion irradiation.

Shrinkage of loops (self-trapped by long range elastic interac-
tion) in W due to interactions with opposite type loops has also
been reported in ion irradiated thin films [56]. MD simulations of
displacement cascades in W have shown formation of both inter-
stitial and vacancy type loops directly from cascades [41], and thus,
interactions between these small loops and the large loops created
by He ion irradiation is possible. However, the remaining loops
from the Kr irradiation (after first performing He irradiation) were
still larger than those created from Kr irradiation with no pre-
implanted He (sequential Kr þ He experiment). This observation
is not fully consistent with the smaller loop sizes afterW irradiation
onWwith pre-implanted He as reported by Harrison et al. [30]. The
discrepancy can be attributed to the He fluence used during pre-
implantation. For example, in our work, we observed shrinkage of
the loops, but the loops after He implantation were already large
(~350 nm2) prior to heavy ion irradiation. In addition, W irradiation
on W produces even heavier cascades than Kr on W, and it is
possible that the cascade overlap induced shrinkage could be even
larger. The other difference in these two studies is the temperature.
Harrison and co-workers performed the helium pre-implantation
at RT, for which the diffusivity of vacancies and He-vacancy com-
plexes is much reduced relative to the much higher temperature of
1223K used in our study, therefore affecting the overall size of the
dislocation loops formed during implantation.

4.2.2. Sequential irradiation experiments, Kr þ He
During the initial Kr irradiation in the sequential Kr þ He

experiment, the loop density increased with time but maintained
a nearly constant loop area that was considerably smaller than
during the initial He irradiation in He þ Kr sequential irradiation.
Upon He implantation in the sequential Kr þ He experiment, the
loop density dramatically decreased from 2 � 10�3 to
0.05� 10�3 nm�2 with an increase in loop area from ~60 to
~150 nm2. These changes presumably result from loop annihila-
tion (recombination) of the relatively small dislocation loops, in
which only relatively large loops remain. The annihilation of the
dislocation loops at this stage is the most notable phenomenon in
the sequential Kr þ He experiment. While it is not immediately
clear how to explain this behavior, it is possible that competing
mechanisms of interstitial and vacancy defect absorption first
produce loop annihilation, with subsequent loop re-nucleation,
although a more detailed computational modeling study is
required in the future.

In considering this possibility, it should first be mentioned that
loops observed to form during Kr irradiations have both a/2<111>
and a<100> Burgers vectors. Dislocation loops formed under high-
energy PKA induced displacement cascades in W have been shown
to be of both interstitial and vacancy loop type. For example, MD
simulations by Setyawan et al. [41] have shown the formation of
vacancy type <100> loops, in addition to self-interstitial loops of
both a/2<111> and a<100> Burgers vectors, which form directly in
high-energy cascades at both room temperature and the elevated
temperature of 1023K. El Atwani et al. [35] have shown that the
<100> types loops in heavy ion (Cuþ) irradiated W are relatively
small in size (less than 4 nm) and sessile in nature. Yi and co-
workers [28,29] have indicated that ~60e90% (varies depending
on the irradiation temperature and heavy ion energy) of the a/
2<111> loops have interstitial character following either 2MeV or
150 keV self-ion irradiation at 1023 or 1073 K, respectively. Thus,
following the completion of the Kr ion irradiation, we believe that
the majority (~2/3) of the dislocation loops have a Burgers vector of
a/2<111>, as indicated by Fig. 2 and the loop migration and raft
formation shown in the video (supplementary material), and that
these <111> type loops are predominately interstitial character
(~80% of the a/2<111>). However, we also expect that a non-
negligible fraction (~1/3) of the loops have a Burgers vector of
a<100>, and that these loops are predominately vacancy character
(~90% of the a<100>).

During helium ion irradiation, isolated Frenkel pairs as well as a
high density of small helium-vacancy clusters are expected to form.
At the irradiation temperature of 1223 K, both the interstitials and
vacancies are mobile, although the interstitials have a much higher
diffusivity. Assuming that approximately, 1/3 of the existing dislo-
cation loops have a Burgers vector of a<100>, and of these, about
90% have vacancy character while the remainder are of interstitial
type, then we can quantify the point defect sink strength of the
different loop populations. Table 1 provides an estimate of the sink
strength for point defect absorption at the dislocation loops,
assuming that the <111> and <100> loops both have the same
average size of 4.0 nm diameter, and that the capture radius of a
dislocation loop with a Burgers vector of a<100> is larger than that
of an a/2<111> loop, with a multiplication factor of 1.5x. The
assumption of a 50% larger capture radius for an a<100> loop is
based on scaling the capture radius with the Peach-Koehler force
that defects would experience in the presence of a prismatic
dislocation loop. The Peach-Koehler force scales with shear
modulus times the magnitude of the Burgers vector squared (Gb2)
[57]], and also depends on the dislocation core energy. Thus, the
difference in magnitude of the square of the Burgers vector be-
tween an a<100> and an a/2<111> dislocation loop provides a
factor of 1/0.75 (4/3). Additionally, consideration of the BCC ge-
ometry of tungsten indicates that both the absolute loop size
(effective radius versus number of SIA contained in a given loop)
and the dislocation core radius should be larger for an a<100> than
an a/2<111> prismatic loop. Consequently, we have assumed, as a
first-order estimate, that the a<100> prismatic dislocation loop
will have a 50% larger interaction/capture radius for the a<100>
prismatic loop.

We should also point out that the interaction radius for
absorbing self-interstitials should be larger than that of vacancies,
irrespective of loop Burger vector or the vacancy/interstitial char-
acter of the loop. The consideration of the sink strength of the
dislocation loop populations leads to the conclusion that the sink
strength for the vacancy a<100> loops is comparable to, and even
larger than, the interstitial a/2<111> loops. Since the interstitials
are moremobile than the vacancies, although both are quitemobile
at 950 �C in W, and have a larger interaction radii than vacancies, it
is natural to expect shrinkage and annihilation of the vacancy
a<100> as a result of the initial preferential absorption of the
interstitial flux at the vacancy loops. Such annihilation will reduce
the sink strength of vacancy a<100> loops, which would thenmake
the a/2<111> interstitial loops the dominant sink for absorption of
the mobile vacancies, which would also result in their shrinkage.
We can envision that this process of effective annihilation through
the preferential absorption of interstitials at vacancy type a<100>,
and then vacancies at interstitial type a/2<111>, loops could
dynamically cycle until the majority of the interstitial and vacancy
loops have been annihilated. This dynamic annihilation process
would produce dissolution and shrinkage of the loops to very small
densities, with preferential growth of the lower density loops to
larger sizes as loop density (and sink strength) decreases. Of course,
this proposed sequence of events requires further research and
substantiation through detailed mesoscale modeling that includes



Table 1
Calculated dislocation loop sink strengths.

Loop type Density (m�3), based on assumed 100 nm foil
thickness

Loop size
(nm)

Relative capture radius (in units of

r

a
2
<111>

capture )

Sink strength
(m�2)

interstitial, a/2<111> � assumed
80%

1.1� 1022 4.0 1.0 1.4� 1014

vacancy, a/2<111> � assumed 20% 2.6� 1021 4.0 1.0 0.33� 1014

interstitial, a<100> –assumed 10% 6.8� 1020 4.0 1.5 0.13� 1014

vacancy, a<100> � assumed 90% 7.7� 1021 4.0 1.5 1.5� 1014
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the dynamic evolution of the loop sink strengths (size and density)
with the concurrent helium ion irradiation, which we plan in the
future.

Thus, we believe that a plausible explanation of the significant
decrease in loop density upon initiating the 16 keV helium ion
irradiation is that the initial annihilation of vacancy loops results
from the preferential flux of interstitials to these a<100> vacancy
loops, driven by the higher relative interstitial concentrations
resulting from the formation of helium-vacancy complexes, and the
larger relative bias/sink strength of the a<100> loops. Fig. 6 (and
Video S6 in the supplemental material) shows a series of time
snapshots observed in the TEM during the He irradiation that
shows loop shrinkage, although future work will be required to
verify these hypothesis. The assumption of the larger sink strength
of the a<100> loops shown in Table 1 is consistent with recent
analysis of dislocation bias factors and sink strengths discussed by
Kohnert and Capolungo [58], although further atomistic modeling
analysis will be required to confirm the details of the relative
capture radius of a<100> versus a/2<111> loops for both vacancies
and interstitial type defects.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jnucmat.2020.152150.

Once the loop density has dropped sufficiently as a result of
these recombination/annihilation processes, we believe that re-
nucleation of interstitial type, a/2<111> loops can occur under
the helium ion irradiation, and these newly formed loops can grow
due to the lower loop density and super-saturation of interstitials
relative to vacancies. The incubation period for loops to form during
initial He implantation in the sequential He þ Kr experiment was
~50 s while ~180 s was needed for loop formation during He im-
plantation in the sequential Kr þ He experiment (just after the
annealing of Kr irradiation induced loops). This implies that the
interstitials created during He implantation in the sequential
Kr þ He experiment reached a critical concentration for loop for-
mation at later times than the He implantation (without Kr pre-
irradiation) and supports the idea that annihilation of these in-
terstitials initially occurred with vacancy loops or vacancy clusters.
Fig. 6. Bright-field images of loop shrinkage and annihilation du
4.2.3. Simultaneous irradiation experiment
In the simultaneous irradiation experiment, both loop density

and size increased from the beginning of the irradiation, and then
saturated at ~0.7� 10�3 nm�2 and 150 nm2 respectively, with an
overall damage of ~0.1 after about 400 s that corresponds to a 0.125
dpa Kr and 2� 1016 cm�2 He fluence. In comparison, during the Kr
irradiation in the sequential Kr þ He experiment, 125 s were
needed for the density to reach saturation at a higher density of
2.0 � 10�3 nm�2 (~2.8 times the density in the simultaneous He &
Kr experiment). However, the average area saturated nearly from
the start of the irradiation at ~50 nm2 (~3 times less the simulta-
neous experiment) and the overall damage was nearly the same.
After He implantation in the sequential Kr þ He experiment, the
density, size, and overall damage initially decreased substantially,
before increasing again but producing higher values of density and
loop area than the simultaneous experiment. Additionally, only the
loop density saturated while the loop area continued to increase
and thus, the overall damage did not saturate. During He implan-
tation in the sequential He þ Kr experiment, no saturation was
observed in the average loop area or the overall damage while
density trended towards a saturation value (~0.7 � 10�3 nm�2)
similar to the simultaneous He & Kr experiment. The trends in this
part of the experiment appear similar to the trends in the He im-
plantation in the sequential Kr þ He experiment but with a sig-
nificant difference in magnitude. While the density was lower by a
factor of ~2, the loop size was higher by a factor ~1.45. This suggests
an effect of the pre-existing defects during Kr irradiation in the
sequential Kr þ He experiment even though the loops were anni-
hilated before He implantation induced loop formation started to
occur.

In the MD simulations of cascade overlap performed by Capps,
the existence of pre-existing vacancies were shown to impact both
the absolute number of newly created Frenkel pairs, as well as the
amount of interstitial clustering in such a way that the absolute
number of new defects was decreased but with a slightly increasing
fraction of interstitial clusters [41]. More research is clearly needed
to develop a larger database, as well as to evaluate this effect with
ring He implantation in the sequential Kr þ He experiment.

https://doi.org/10.1016/j.jnucmat.2020.152150
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higher energy PKAs. El Atwani et al. has shown void formation in
heavy ion irradiated W at similar temperatures and dpa [35]. It is
therefore evident that pre-existing voids and defect density have a
noticeable effect on defect evolution during irradiation. The defect
morphology evolution after Kr irradiation (in the sequential
He þ Kr experiment) differed slightly from the simultaneous He &
Kr experiment. From the data in this work, it is evident that the
overall damage in the simultaneous experiment is smaller than in
the sequential experiments, but with different defect evolution
trends (Fig. 4). The overall damage (total damage) in the simulta-
neous experiment is closer to the sequential Heþ Kr case while the
dislocation loop damage evolution trends are similar to the single
beam (Kr irradiation in the sequential Kr þ He experiment). The
sequential experiments, on the other hand, demonstrated different
defect evolution and overall damage behavior from each other. The
results are compared for three different samples with different
grain boundaries. However, the possible differences in the grain
boundary character is assumed to be insufficient to affect the trends
or the values tremendously. Therefore, the in-situ nature of the
experiments allowed for the determination of a detailed
morphology evolution and demonstrate the importance of having a
testing protocol for nuclear materials that mimic real reactor
conditions.
4.3. Dislocation loop denuded zones

Loop denuded zone formation is another relevant phenomenon
since it represents both the sink efficiency of grain boundaries,
which have been shown to depend on irradiation parameters, and
the defect diffusion characteristics, in addition to macroscopic de-
grees of freedom of a grain boundary [59]. Recently, El Atwani et al.
has shown that no denuded zone formation occurs in heavy ion
irradiated W but it does occur in He implanted W [59]. Such an
effect was described to depend on the differences between defect
(interstitial and vacancy) mobilities. During heavy ion irradiation,
interstitials inW are very quick to saturate a grain boundary, which
has been shown to require some vacancy flux for extra recombi-
nation at the grain boundary and for denuded zones to form. Va-
cancies are relatively slow diffusers in W and thus no denuded
zones are shown to occur up to 1073 K. During He implantation, He
bubbles and He-vacancy complexes were shown to slow down
interstitials [60,61], thus allowing extra recombination to occur on
grain boundaries and encouraging the formation of loop denuded
zones. In this work (Fig. 2), no denuded zones were formed during
Kr irradiation in the sequential Kr þ He experiment. However, after
Fig. 7. Bright-field TEMmicrographs illustrating cavity dispersions and sizes in the in-situ irr
Krþ2 at 1223 K, (b) sequential 1MeV Krþ2 followed by 16 keV Heþ at 1223 K, (c) and simult
He implantation, loop denuded zones were observed in the
sequential and the simultaneous experiments. In addition, the Kr
irradiation after He implantation still resulted in denuded zone
formation. The results appear to be in agreement with the prior
work by El Atwani et al. that bubbles and He vacancy complexes can
slow down interstitials to form loop denuded zones in W.
4.4. Rafting

Rafting was also shown to occur in heavy ion irradiated W
[13,28,62]. In this series of experiments, rafting was only observed
during single beam Kr irradiation (during Kr irradiation in the
sequential Kr þ He experiment). This can be explained by the loop
size. Small loops are able to rotate their Burgers vector and glide
rapidly to be self-trapped in a raft [63]. The small loops formed after
Kr cascades fulfill the conditions of raft formation unlike loops
formed after or during He implantation where interstitials from
Frenkel pairs agglomerate to form large loops. The results can also
suggest that Burgers vector rotation could be an outcome of small
loop interactions with the heavy ion cascades. The energy depos-
ited from heavy ion cascades can presumably cause rotation of
small loops unlike the low energy He ions (which can only cause
Frenkel pair generation), although this requires future confirmation
that will likely require atomistic modeling as well as further in-situ
TEM observations.
4.5. Cavity damage (bubble and void)

Irradiation damage is not only represented by dislocation loops.
Cavities (bubbles and voids) affect the mechanical properties and
are considered moderate barriers which harden the materials more
than dislocation loops in W [64]. Fig. 7 shows Fresnel bright field
images (underfocused where bubbles appear bright) of coarse-
grained W with the sequential and simultaneous beams. Fig. 8
shows the cavity density, average cavity area, and the commonly
used correlation between cavity population and estimated volu-
metric swelling (using Dv=v ¼

4
3p r3c Nv where Nv is the cavity den-

sity in a 100 nm thick foils and rc is the radius of the cavity) in the
grain matrices at the final doses for the experiments in this study,
as well as for single He implantations at 1223 K (same temperature
and final fluence in this study which will be published elsewhere).
The figure also shows the void damage from heavy ion irradiation
only at 1050 K [35]. The sequential experiments led to approxi-
mately similar cavity densities and sizes and thus similar overall
changes in volume. The simultaneous beam irradiation experiment,
adiated W under the following conditions: (a) sequential 16 keV Heþ followed by 1MeV
aneous 1MeV Krþ2 and 16 keV Heþ.



Fig. 8. Comparisons of average areal cavity density, cavity area and total change in volume for different irradiation conditions on W at 1223 K. Values for the 3MeV Cuþ irradiation
at 1050 K are from Ref. [35].
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however, resulted in lower average sizes and total change in vol-
ume by a small factor (~1.5e1.75 times less). The He only condition
resulted in a lower cavity density but larger cavity size (all exper-
iments where Kr was included) and an overall similar change in
volume to the simultaneous He & Kr experiment. The inclusion of
Kr at any point of the irradiations led to smaller cavity sizes but
larger densities. This is expected as it has been shown that Kr or
heavy ion irradiation leads to smaller, but higher density, cavities
[40]. These cavities are believed to form from the growth of vacancy
loops or vacancy clusters formed directly from the cascades as
illustrated earlier. A 3MeV Cuþ irradiation to 0.25 dpa (similar to
the experiments in this study) at 1050 K is shown in the figure and
demonstrates higher density but smaller cavity sizes and an overall
lower change in volume. All grain boundaries (Fig. 7) demonstrated
larger cavity sizes, suggesting He trapping by the grain boundaries.

5. Conclusions

Fusion reactor materials will be exposed to simultaneous
neutron irradiation and particle implantation. The synergistic ef-
fects of different energetic particle beams need to be fundamentally
understood and experimentally tested on related materials for
improved evaluation of the material irradiation response. In this
study, in-situ sequential (He implantation followed by Kr irradia-
tion and vice-versa) and simultaneous heavy ion Kr irradiations
and He implantations are performed on tungsten at 1223 K. Loop
density, average size and total loop damage (product of loop den-
sity and size) are quantified as a function of dose/fluence. Loop type
and cavity damage at the end dose are also quantified. The con-
clusions are as follows:

- Both ½ <111> and <100> loops existed in the sequential and
simultaneous experiments but with different percentages. Even
for pure He implantation, <100> loops were shown to form.
- The loop damage evolution (density, size and total damage)
trends are different in every case. The total loop damage is
smallest in the simultaneous experiments.

- In the Kr þ He sequential experiment, all dislocation loops after
Kr irradiation were annihilated during the start of He implan-
tation. Subsequently, after the significant decrease in loop
density, the nucleation of new dislocation loops due to He im-
plantation was observed, and these loops grew to large sizes. A
plausible explanation explaining the loop annihilation is the
time dependent partitioning of interstitials to vacancy-type
a<100> loops, followed by vacancy absorption at interstitial
type a/2<111> loops. However, future research will be required
to confirm this hypothesis.

- Rafting was observed only when heavy ion irradiation was
involved. This is justified by the presence of small loops during
Kr irradiation (which can rotate their Burgers vector to form
rafts) and possibly due to the high-energy deposition during Kr
cascades, which can promote Burgers vector rotation.

- Denuded zone formation was observed only after or during He
implantation. This is believed to involve a mechanism in which
He and He bubbles slow down interstitial migration, which in
turn promotes enhanced recombination of interstitials and va-
cancies on the grain boundaries.

- While the cavity damage trend was the same in all experiments,
the smallest change in volume was shown to occur in the
simultaneous experiment and the sequential Kr þ He. The
simultaneous experiment had a different cavity damage trend
and change in volume than pure heavy ion or He implantation.

The results and discussion in this work highlight the importance
of continuing to develop a fundamental understanding of the
synergistic effects of coupled extremes (e.g., two energetic beams)
and demonstrate the significance of testing nuclearmaterials under
reactor-similar conditions where two or more energetic beams or
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different extreme environments are simultaneously involved. This
work will further promote experimental and modeling work from
the materials and nuclear communities aiming to elucidate the
synergistic effects of sequential and simultaneous irradiations.
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