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Abstract — We have investigated the effect of surfaces on the statistics of primary radiation
damage, comparing defect production in the bce metals iron (Fe) and tungsten (W). Through
molecular dynamics simulations of collision cascades we show that vacancy as well as interstitial
cluster sizes follow scaling laws in both bulk and thin foils in these materials. The slope of the
vacancy cluster size distribution in Fe is clearly affected by the surface in thin foil irradiation,
while in W mainly the overall frequency is affected. Furthermore, the slopes of the power law
distributions in bulk Fe are markedly different from those in W. The distinct behaviour of the
statistical distributions uncovers different defect production mechanisms effective in the two ma-
terials, and provides insight into the underlying reasons for the differing behaviour observed in
TEM experiments of low-dose ion irradiation in these metals.

Introduction. — One of the main challenges on the
road to commercial fusion power is presented by the need
for materials that can withstand the harsh conditions in
a fusion reactor. Energetic fusion neutrons will cause sig-
nificant damage to the wall materials of future reactors,
leading to swelling, hardening and embrittlement. The de-
velopment of materials that can withstand this irradiation
and retain the structural integrity of the reactor requires
a thorough understanding of the radiation damage pro-
cesses.

Two materials of prime interest in current reactor de-
signs are iron (Fe), in steels for structural components,
and tungsten (W) for plasma-facing components. These
two metals, although both have the bcc structure, ex-
hibit marked differences in their response to radiation.
While self-ion irradiation produces primary defects in W
which are immediately visible in transmission electron mi-
croscopy (TEM) experiments [1], in Fe nothing visible is
produced in either neutron or ion irradiation experiments
until significant dose levels are reached [2-4]. Neverthe-
less, indirect observations of low-dose radiation damage
using a combination of electron irradiation and neutron
irradiation indicate that sub-microscopic defect clusters
are initially formed also in Fe [4].

Molecular dynamics (MD) simulations confirm the for-

mation of clusters directly from collision cascades in Fe
(see, e.g., [6-7]). In W, MD simulations have further
shown that the size-frequency distribution of interstitial
clusters in bulk material follows a power law [8], a result
supported by experiments [9]. The formation of clusters
directly in cascades has a significant impact on the further
evolution of the damage, and is therefore an important
factor in microstructural evolution models.

While ion irradiation experiments serve as a useful
proxy for neutron irradiation, the close proximity of ma-
terial surfaces in the former must be taken into account.
The surface affects the evolution of the damage via im-
age forces, and by acting as a sink for defects, but also
the initial formation of defects is known to be affected
by a nearby surface [10-12]. As a result the accumulated
damage in thin foils and bulk samples shows significant
differences [13]. Surface effects are particularly important
in the case of in-situ TEM ion implantation experiments,
since the irradiated sample must be less than 100 nm thick
[14] to be transparent to the electrons. They also play a
major role in low energy (a few tens of keV) irradiation
experiments, due to the shallow penetration depth of the
incident ions. In Fe, for example, vacancy loops have been
identified close to the surface when irradiating with heavy
ions of low energy and at low doses [2,15].
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In this work, we investigate the effect of surfaces on the
statistics of the defects constituting the primary radiation
damage in Fe and W. We also consider the differences in
the formation of the damage underlying the dissimilarity
in observations of defects in the two materials. We use MD
simulations to study the experimentally invisible defect
size range. With a statistical analysis of results, we are
able to shed light also on events which may occur too
rarely to be directly captured by MD, due to the limited
number of simulations that can be performed, in contrast
to the thousands of impacts which are recorded in typical
TEM experiments.

Simulation methodology. — We have simulated full
collision cascades in W and a-Fe using molecular dynamics
methods. Simulations of bulk cascades were performed us-
ing periodic boundary conditions in all directions, and by
choosing the primary knock-on atom (PKA) from among
the lattice atoms. Thin foil irradiation was simulated with
periodic boundaries in two directions, and free surfaces in
the z-direction. An incident ion was placed above the sur-
face, and given the desired kinetic energy in a chosen angle
towards the surface. Various PKA energies were employed
in this study; the values, and the numbers of simulations
for each case, are detailed in Tables 1 and 2.

Cascades in W were simulated with the MD code PAR-
CAS [16], using the interatomic potential by Derlet et al.
[17], with the short range part fitted by Bjorkas et al.
[18]. Bulk simulations were performed in a cubic cell of 48
nm side length. The direction of the PKA in the bulk was
varied randomly, with a uniform distribution over the unit
sphere. Foil simulations were performed in a cell with di-
mensions 48 x 48 x 65 A, where the lattice was oriented to
give a (014)-surface. The incident ion trajectory formed a
15 degree angle with the surface normal. This geometry
corresponds to that used in recent in-situ TEM experi-
ments [9]. Simulations in Fe were performed using the
MD code MDCASK [19], with the interatomic potential
of Dudarev and Derlet [20], modified for short range in-
teractions following the procedure described in [21]. Bulk
simulations were performed in a cubic cell of 34 nm on
each side, where the polar and the azimuthal angles of the
PKA were varied for the different cases. Thin film simu-
lations were performed in a cubic cell of 40 nm to a side,
oriented along a (001) direction. The incident angle was
22 degrees, corresponding to the geometry used in [13].

Electronic stopping S, in the form of a friction term was
included in the simulations in W, since recent results in-
dicate an effect of the dynamic treatment of electronic en-
ergy losses on the residual damage [22]. The friction term
follows the Lindhard model [23], and is independent of
position, with the magnitude determined by SRIM calcu-
lations [24]. In W simulations, it was applied to all atoms
with a kinetic energy larger than 10 eV [22]. In Fe, tradi-
tionally no electronic energy losses have been included in
collision cascade simulations [5-7,21], and here we present
results using that same convention. The effect on the de-

fect statistics of including or excluding S, was nevertheless
investigated for chosen conditions in each material, and is
presented in the last part of the results section. The way
of introducing S, in the Fe simulations is similar to that in
W, with the friction term applied to atoms with a kinetic
energy larger than 5 eV.

In the ballistic scenario of the binary collision approxi-
mation, the number of defects Nygr produced from cas-
cades depends on the initial PKA energy Ep 4, the elec-
tronic energy losses E,;, and the threshold displacement
energy (TDE) E,4, according to the Norgett-Robinson-
Torrens (NRT) formula [25]

0.8(Epxa — Fep)
2E, :

NNRT = (1)
where the term in parentheses equals the damage energy
Fiam, i.e. the energy available to the ionic system. In
order to compare cascade simulations in different materi-
als, and those performed with and without electronic en-
ergy losses, it is therefore reasonable to consider them in
terms of the reduced damage energy E,. = Egqm/Eq [26].
We calculate the reduced damage energy from the TDE
predicted by the interatomic potential, determined as the
minimum energy needed to displace an atom in a given
direction ET" (6, ¢), averaged over all directions [27]

v T[T B, 6) sin g df do
Ed = 2 o . : (2)
Jo " [ sin6dfde

For the potentials used here, ES" is 84.5 eV for W [18§]
and 35 eV for Fe [21]. The values of E,. for the various sim-
ulations depend on the method used for electronic energy
losses, and are given in Tables 1 and 2.

Residual defects were identified using a Wigner-Seitz
cell method which determines the location of vacancies
and self-interstitials in a crystal lattice. Defects were
then grouped into clusters: two vacancies were consid-
ered to be in the same cluster if the distance between
them was within the 2nd nearest-neighbor distance, while
the 3rd nearest-neighbor distance was assumed for self-
interstitials. Size-frequency distributions of defect clus-
ters were determined by binning the data on the number
of occurrences of each cluster size into roughly logarith-
mic bins, taking care that the bin width was sufficient to
include at least a few data points in each bin.

Results. — Our results show that in both Fe and W,
the frequency f(IN) per ion of the occurrence of defect
clusters of size IV closely follows power laws of the form

A

(3)
where N is the size of the defect in terms of the number of
point defects included in the cluster, and A is a frequency
scaling factor, in agreement with earlier work in W [8].
However, when considering defects down to the smallest
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Fig. 1: Size-frequency distributions of SIA clusters from cas-
cade simulations in bulk and thin foil, in Fe and W, initiated
by 50 and 150 keV PKAs, respectively, which yield similar re-
duced damage energy FE,.

sizes, including single point defects, we find that two power
laws emerge in several cases.

The size-frequency distribution of single point defects
and smaller clusters of size N < 10 follow scaling laws with
the same slope in Fe as in W. In addition, the frequency
of the defects is approximately the same in the two mate-
rials, when comparing defects from cascades with similar
reduced damage energy F, (see Figs 1 and 2).

The difference between Fe and W becomes apparent in
the distribution of the larger clusters. For bulk cascades
in Fe, larger clusters of both vacancy and interstitial type
follow the same scaling law as small clusters, while in bulk
W, both vacancy and interstitial type clusters of size N 2>
10 follow a scaling law with a lower value of S. Parameters
for the best fit of the power laws are given in Table 1.

Surface effects.  The effect of the surface on the dis-
tribution of interstitial-type defects in both materials is
minimal, but discernible as a slight preference for the for-
mation of smaller defects, leading to a steeper slope in
the distributions. This preference arises from the portion
of cascades which occur very close to the surface. When
the liquid core of the heat spike extends to the surface, it
causes the cascade to erupt, ejecting large amounts of ma-
terial in the form of sputtered atoms and atom clusters.
Such cascades form only very few and small interstitial-
type clusters.

In the case of vacancy-type defects, the difference be-
tween the bulk and foil cascade damage is clear, and es-
pecially pronounced in Fe. Near-surface cascades readily
form large vacancy clusters, due to the ejection of material,
and material flow to the surface causing an underdense re-
gion to form in the core of the cascade. The size-frequecy
distribution of these surface-induced vacancy clusters also

T T T T T T

10° M8, T
| --- 50 keV Fe, foil

o —— 50 keV Fe, bulk |
150 keV W, foil

150 keV W, bulk

Frequency / ion

1 3 5 10 20 50 100 200
Vacancy cluster size

Fig. 2: Size-frequency distributions of vacancy clusters from
cascade simulations in bulk and thin foil, in Fe and W, initiated
by 50 and 150 keV PKAs, respectively, which yield similar
reduced damage energy E,.

follows a power law, with a slope that is roughly the same
as that for vacancy clusters in bulk W. Thus, in W, the
surface mainly has the effect of increasing the overall fre-
quency of vacancy-type defect clusters, with only a slight
decrease in slope of the power law. In Fe, however, the
surface mechanism gives rise to a new scaling law for the
larger vacancy clusters, with S =~ 1.7. In both materi-
als, the smallest vacancy-type defects still follow the same
power law as in bulk cascades, with S =~ 3. Parameters for
the best fit of the power law to the distributions of defect
clusters in thin foils are given in Table 2.

Electronic energy losses. ~ We find that simulations
with and without electronic stopping in Fe result in the
same distributions for both vacancy- and interstitial-type
defects, as shown in Fig. 3 and Table 2. Only an over-
all scaling of the frequency occurs due to the difference in
damage energy with the two methods, from PKAs with
the same initial energy.

In W, however, the treatment of electronic energy losses
affects the slope of the frequency-size distribution for both
interstitial and vacancy clusters. Fig. 4 shows the distri-
butions from 200 keV bulk cascades including S, in the
simulations, and for bulk cascades without S, with the
same total damage energy, Egq.n, = 140 keV. The effect of
the dynamic energy losses can be seen in the distribution
of the larger clusters, which shows a decrease in the slope
when S, is excluded (see Table 1). This effect is espe-
cially apparent in the vacancy cluster distribution. The
distributions of small clusters remains roughly the same.

Discussion. — The different scaling laws appearing
in the defect distributions in W and Fe, and in bulk and
thin foils, indicate the presence of different defect forma-
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Material FEpga (keV) No. cascades note E, type A S

W bulk 150 38 FE. ~ 43 keV 1300 SIA (Small) 24.1 £ 1.0 2.3+ 0.1
W bulk 150 38 E. ~43keV 1300 SIA (large) 5.7+ 1.6 1.6 £0.1
W bulk 150 38 E. ~43keV 1300 vac (small) 96.5 + 9.0 3.2+0.1
W bulk 150 38 E. ~43keV 1300 vac (large) 11.0 £ 6.1 2.0+0.2
Fe bulk 50 18 1o S, 1400  SIA (al) 531+13 26=+02
Fe bulk 50 18 no S, 1400 vac (all) 58.2 £ 1.2 2.7+ 0.1
W bulk 200 10 E. ~60keV 1700 SIA (small) 26.9 4+ 1.6 22 4+0.1
W bulk 200 10 E¢ =60 keV 1700 SIA (large) 9.3+ 24 1.5 £ 0.1
W bulk 200 10 E. ~60keV 1700 vac (small) 1493 +3.8 3.0+0.1
W bulk 200 10 E. ~60keV 1700 vac (large) 234 +83 2.0+0.2
W bulk 140 5 no S, 1700 SIA (small) 27.3 £2.3 2.5 4+0.2
W bulk 140 5 no S, 1700  SIA (large) 2.0 £0.2 1.1 &+ 0.03
W bulk 140 5 no S 1700  vac (small) 152.0 £6.0 3.0+ 0.1
W bulk 140 5 no Se 1700  vac (large) 0.6 £0.1 1.1£0.1

Table 1: Scaling law parameters for defects in bulk cascades in W and Fe, from cascade simulations with an initial PKA energy

Epka and reduced damage energy E,.

Material FEpga (keV) No. cascades note E,. type A S

W foil 150 49 E. ~ 45 keV 1200 SIA (smaﬂ) 25.7 £ 2.0 24 + 0.1
W foil 150 49 Eo ~45keV 1200 SIA (large) 99+ 1.5 1.8 £0.1
W foil 150 49 E., ~45%keV 1200 vac (small) 135.1 £114 3.0+0.1
W foil 150 49 E. ~45keV 1200 vac (large) 6.7+ 1.0 1.7+ 0.1
Fe foil 50 20 no S, 1400 STA (all) 58.1 £ 1.2 2.8 £ 0.1
Fe foil 50 20 no S, 1400  vac (small) 104.7 £ 1.1 3.1 +0.1
Fe foil 50 20 no S, 1400  vac (large) 6.0+ 1.1 1.7 £ 0.1
Fe foil 100 20 no S, 2900 STA (all) 128.8 &+ 1.16 2.8 + 0.07
Fe foil 100 20 no Se 2900 vac (small) 153.8 £1.3 3.0+ 0.2
Fe foil 100 20 no Se 2900 vac (large) 6.2+ 1.7 1.6 £0.1
Fe foil 100 20 FE. ~ 33 keV 2200 SIA (all) 85.5 + 1.2 29 £+ 0.1
Fe foil 100 20 FEo ~33keV 2200 vac (Smaﬂ) 1224 + 1.3 3.0 £ 0.2
Fe foil 100 20 FE. ~33keV 2200 vac (large) 4.1 + 2.8 1.6 £0.2

Table 2: Scaling law parameters for defects in foil cascades in Fe and W.

tion mechanisms. The size-frequency distributions of the
smallest defects, in both bulk and foil cascades, follow the
same power laws in Fe and W. Furthermore, the frequency
of occurrence of these defects is similar for both materials
in simulations with similar reduced cascade energy, indi-
cating a connection to the ballistic phase of the cascade.

In bulk W, a separate mechanism for the formation of
large defect clusters is apparent, which is absent in Fe, and
yields a scaling law with S =~ 1.6 for STA and S ~ 2.0 for
vacancies. This formation mechanism is likely related to
the energy density of cascades, which is higher in W than
in Fe, due to the lower mass and lower subcascade splitting
threshold of the latter. A dependence on energy density is
further demonstrated by the sensitivity of the scaling law
to the method of treating electronic energy losses in W.
The difference is especially apparent in the vacancy clus-
ter distribution, yet cannot be ascribed to different cooling
rates, since the S, energy losses take place exclusively dur-

ing the initial ballistic phase of the cascade [22], and thus
do not affect the cooling rate of the heat spike. In fact, the
size of the liquid evolves similarly in both cases. Rather,
in simulations where S, is included, it is likely that the
initially higher energy of the PKA and subsequent recoils
results in an increased probability for the energy to be
deposited in a more wide-spread region. The higher like-
lyhood for compact energy deposition in cascades where
S is excluded translates into an increase in large defects,
and thus a decrease in the slope of the scaling law. A
mechanism of defect formation depending on the cascade
energy density is in agreement with experimental obser-
vations [28] as well as MD simulations [6], showing that
larger defects are formed from heavier projectiles, which
deposit their kinetic energy in a more compact region.

A third mechanism for vacancy defect production occurs
in near-surface cascades, and involves flow of material to
the surface, leaving large underdense regions in the cas-
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Fig. 3: Scaling laws for SIA (top) and vacancy (bottom) defect
sizes in Fe thin foil from 100 keV PKAs, simulated with and
without Se..

cade core. This mechanism has been reported in previous
studies [10, 11], and is present in both W and Fe. The
effect of this surface-induced mechanism is especially pro-
nounced in Fe, since it introduces a different distribution,
as compared to bulk, for large vacancy-type defects.

The slope of the scaling law for large vacancy-type de-
fects formed by the latter two mechanisms is the same.
The size-frequency distribution is thus likely a result of
the recrystallization processes taking place in the core of
the heat spike, once the conditions for a depleted zone
have been met by the removal of material.

The different defect formation mechanisms present in W
and Fe means that cascade simulations respond differently
to electronic energy losses. On the one hand, the effect of
electronic energy losses that we observed in W indicates
the importance of including electronic stopping in these
simulations. In Fe, on the other hand, the standard prac-
tice of excluding electronic energy losses is supported by

® — 200 keV PKA with S
A --- 140 keV PKA without S,

Frequency / ion
=
T

2 5 10 20 50 100 200
Interstitial cluster size

® —— 200 keV PKA with S,
A --- 140 keV PKA without S,

Frequency / ion
=

2 5 10 20 50 100 200
Vacancy cluster size

Fig. 4: Scaling laws for SIA (top) and vacancy (bottom) de-
fect sizes in bulk W, from cascades with total damage energy
FEgam = 140 keV simulated with and without Se.

our results, which indicate that the main factor affecting
damage production in Fe is the total damage energy, with
little effect of the dynamics of energy removal.

The scaling laws found in this work show that no defect
clusters large enough to be seen in TEM are likely to form
in Fe directly from collision cascades in bulk. Thus visi-
ble defects in bulk samples have likely formed as a result
of the thermal evolution of the invisible primary damage.
In thin foil irradiation, however, the flow of material to
the surface in a heat spike causes the in-cascade forma-
tion of large vacancy clusters. In MD simulations of cas-
cades in bce metals, such as a-Fe and W, STA-type defects
generally cluster in 2-dimensional configurations, as dislo-
cation loops, while vacancies mainly form 3-dimensional
clusters. Such vacancy clusters are often not perfect voids,
but rather form depleted zones, which have been directly
observed in W [29,30] as a result of ion irradiation. The
large vacancy clusters in Fe observed in our simulations
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may nevertheless become visible in TEM micrographs af-
ter collapse due to cascade overlap, as has been speculated
in the literature (see, e.g., [28]). Corresponding large SIA
defects do not form from this process, and thus SIA de-
fects in Fe large enough to be visible must have formed
from coalescense and aggregation of smaller defects.

On the other hand, in W there is a fairly large prob-
ability of in-cascade formation of visible defects of both
SIA and vacancy type, also in the bulk. The frequency of
vacancy-type defects in W foil irradiation is higher than
that in bulk, due to the same surface-induced process of
vacancy cluster formation as that present in Fe foils, while
STA defects are formed with similar frequency as that in
bulk. However, the formation of large STA defects happens
only in cascades which do not erupt through the surface,
and thus only from ions that have penetrated deeply into
the sample. Hence small STA defect clusters are favoured
in foil irradiation.

Conclusions. — We have shown that the size-
frequency distribution of defects in the primary damage
of both Fe and W follows power laws. The smallest de-
fects are formed with similar efficiency in both materials.
A mechanism for the production of large SIA and vacancy
clusters depending on the energy density of cascades is ef-
fective in self-ion or neutron irradiation in bulk W, but
not in Fe. The impact of the surface on defect statistics
is more evident in Fe than in W, due to the different bulk
behaviour. The surface affects the formation of large va-
cancy clusters, while the distribution of single vacancies
and small clusters remains largely unaffected. The forma-
tion of SIA clusters is only slightly affected by the surface,
with a preference for small clusters in foil irradiation of
both W and Fe.
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