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a b s t r a c t

Charged particle irradiation is a frequently used experimental tool to study damage accumulation in
metals expected during neutron irradiation. Understanding the correspondence between displacement
rate and temperature during such studies is one of several factors that must be taken into account in
order to design experiments that produce equivalent damage accumulation to neutron damage condi-
tions. In this study, spatially resolved stochastic cluster dynamics (SRSCD) is used to simulate damage
evolution in a-Fe and find displacement rate/temperature pairs under ‘target’ and ‘proxy’ conditions for
which the local distribution of vacancies and vacancy clusters is the same as a function of displacement
damage. The SRSCD methodology is chosen for this study due to its computational efficiency and ability
to simulate damage accumulation in spatially inhomogeneous materials such as thin films. Results are
presented for Frenkel pair irradiation and displacement cascade damage in thin films and bulk a-Fe.
Holding all other material and irradiation conditions constant, temperature adjustments are shown to
successfully make up for changes in displacement rate such that defect concentrations and cluster sizes
remain relatively constant. The methodology presented in this study allows for a first-order prediction of
the temperature at which ion irradiation experiments (‘proxy’ conditions) should take place in order to
approximate neutron irradiation (‘target’ conditions).

© 2016 Published by Elsevier B.V.
1. Introduction

Ion irradiation has long been used as a method for experimen-
tally simulating damage in metals expected from neutron irradia-
tion in reactor environments, due to the lower costs, increased
safety, and faster completion of such experiments [1e8]. Although
ion irradiation can cover a wide range of displacement rates and
total doses, the displacement rates in typical ion irradiation ex-
periments intended to simulate neutron irradiation range from
10�2�10�5 dpa,s�1, while neutron irradiation displacement rates
range from 10�7�10�12 dpa,s�1 [2e5,9,10]. Therefore, ion irradia-
tion experiments are often carried out at higher temperatures than
the neutron irradiation conditions they are simulating in order to
l of Mechanical Engineering,
SA.
produce similar defect concentrations and size distributions.
Several experimental and theoretical studies have investigated

the temperature shift required to achieve similar results at different
displacement rates, using metrics for equivalent damage such as
swelling and segregation in alloys [2e4,8,11e15]. However, exper-
imental studies are typically limited in the range of irradiation
conditions tested, while most theoretical studies have used
simplified models of damage accumulation that do not account for
important factors such as displacement cascades [2,4,11,13,14].
Recently, a more advanced modeling study by Xu et al. [15] has
overcome many of these obstacles using a complex cluster dy-
namics tool and displacement cascades resulting from both ion and
neutron damage. In this study, a computational method which
addresses some of these limitations is introduced to aid in the
estimation of experimental parameters such as irradiation tem-
perature in order to simulate accelerated aging of metals using
charged particles as a proxy for neutron damage.
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This paper presents the use of a multi-scale damage accumu-
lation tool, called spatially resolved stochastic cluster dynamics
(SRSCD) [16], to simulate both Frenkel pairs (caused by electrons
and light ions) and displacement cascade damage (caused by heavy
ions and neutrons) over a wide range of displacement rates and
temperatures. SRSCD is a computationally efficient methodology
for simulating damage accumulation in spatially resolved domains
while enabling formation of defect clusters and simulation of
displacement cascade damage. This method is an extension of the
stochastic cluster dynamics (SCD) for damage accumulation in
homogeneous media [17]. The data produced by these simulations
is then used to estimate the temperature shift required to produce
similar damage content when the displacement rate is shifted by
several orders of magnitude. Therefore, damage production is
measured during irradiation for two cases:

1. Target conditions: for example, irradiation at TT¼ 20 �C or
TT¼ 200 �C at the ‘target’ displacement rate fT.

2. Proxy conditions: irradiation at the ‘proxy’ displacement rate fP

and temperature TP required to produce similar radiation
damage accumulation to the ‘target’ conditions.

The temperature shift DTP¼ TP�TT required when changing
from displacement rate fT to fP is presented for rates ranging from
10�2�10�8 dpa,s�1 for both types of irradiation. The above damage
conditions represent a conceptual attempt to model the tempera-
ture shift required during ion irradiation (represented here by the
‘proxy’ conditions) in order to reproduce damage caused by
neutron irradiation (represented here by the ‘target’ conditions). As
the intent of this study is to focus primarily on two variables,
displacement rate and temperature, the irradiation conditions
simulated are not intended to represent realistic irradiation con-
ditions. As such, several variables such as primary knock-on atom
(PKA) spectra and nonuniform irradiation profiles are not treated
here. Therefore, the results presented in this study are intended
only as a first-order approximation of the differences between
neutron and ion damage conditions due to changes in temperature
and displacement rate, and the reported correspondence between
displacement rate and particle flux is for illustration purposes only.

2. Methodology

Irradiation of a-Fe is simulated using SRSCD for three damage
scenarios: (1) Frenkel pair damage to 10�2 dpa in 100 nm thin films
using a 100� 50� 50 nm domain with free surfaces in the x-di-
rection treated as perfect sinks with zero defect concentration and
periodic boundary conditions in the y- and z-directions, similar to
the methodology of Li et al. [18]; (2) cascade damage created by
20 keV primary knock-on atoms (PKAs) to 10�2 dpa inside bulk a-Fe
using a 100� 100� 100 nm domain with periodic boundary con-
ditions in all directions; and (3) cascade damage created by 20 keV
PKAs to 10�2 dpa in a-Fe thin films with thickness ranging from 50
to 200 nm, using the same boundary conditions as case (1). Note
that the use of 20 keV PKAs in this study is intended as a first
approximation for displacement damage from neutron or charged
particle sources capable of inducing displacement cascades, inde-
pendent of incident particle energy. This places effective limits on
the upper and lower bound of particle energies for which these
conditions are a good approximation. These boundary conditions
have been used in previous studies to simulate both ion irradiation
of thin films and neutron irradiation of bulk iron with SRSCD
[19,20]. In all cases, radiation damage is distributed uniformly
throughout the computational domain. Although a non-uniform
distribution of displacement damage would be expected in the
case of thin films, the damage profiles predicted by Stopping Range
of Ions in Matter (SRIM) simulations [21] (see below) are relatively
uniform through the thickness of the material.

The three damage scenarios listed above correspond to ap-
proximations of three different experimental environments: case
(1) corresponds to damage conditions in electron and light ion
irradiation experiments, case (2) corresponds to neutron irradia-
tion conditions, and case (3) corresponds to heavy ion irradiation of
thin films. All allowed defects and reaction rates are the same as in
previous SRSCD simulations of damage accumulation in a-Fe [20].
The defect types included in the simulations in this work are the
following:

1. Single vacancies and self-interstitials: These defects are treated as
spherical and migrate in three dimensions with diffusion rates
given by a standard Arrhenius law,D ¼ D0e

�Em
kbT . They are allowed

to form clusters and annihilate with defects of the opposite type.
2. Small mobile vacancy and self-interstitial clusters: Vacancy and

self-interstitial clusters size 2e4 are treated as spherical clusters
that diffuse in 3D. Pairs of clusters are allowed to combine,
annihilate, and undergo thermal emission of point defects.

3. Larger immobile vacancy clusters: Vacancy clusters size 5 or
greater are assumed to be immobile, spherical defects. These
defects can interact with mobile defects via clustering or anni-
hilation, and can emit single vacancies.

4. Interstitial dislocation loops: Self-interstitial clusters size 5 or
greater are assumed to form circular dislocation loops [22].
These dislocation loops can be mobile and diffuse in 1D. Mobile
dislocation loops can become immobile if two dislocation loops
meet and form a junction [23] or if they encounter a trap.

Migration and binding energies Em and Eb as well as diffusion
prefactors D0 required to compute reaction rates are taken from
atomistic simulations in a-Fe [22,24]. A full description of migration
and binding parameters used in this study is given in Appendix A.
Cases (1) and (3) can be seen as a first order approximation of defect
accumulation in a nanocrystalline material with grain boundaries
that act as sinks, with grain size on the order of the film thickness.

For case (1), displacement damage (in dpa) is calculated by
dividing the number of implanted Frenkel pairs by the number of
atoms in the simulated volume. For cases (2) and (3), displacement
damage is calculated in a similar fashion, by dividing the total
number of displaced atoms in stable defects formed in cascades by
the number of atoms in the simulated volume. To generate cascade
damage inputs in SRSCD, displacement cascades created by 20 keV
PKAs are taken from atomistic simulations performed by Stoller
et al. [25,26]. The cascades are first annealed for 10 ps in the OKMC
code MMonCa [27] in order to allow only reactions triggered
automatically by proximity to occur. By doing so, the defects input
into SRSCD include all clusters formed during the cascade itself.
Note that the use of OKMC in this process does not imply long
timescale simulations in which thermally activated migration and
clustering reactions occur; OKMC is simply used here as a tool for
identifying defect clusters created in atomistic simulations. The
simulations described in cases (1)e(3) are repeated at displace-
ment rates ranging from 10�8�10�2 dpa,s�1, spanning themajority
of experimental neutron and ion irradiation dose rates. The average
concentration of vacancies and vacancy clusters over ten simula-
tions for Frenkel pair damage and five simulations for cascade
damage at each displacement rate and temperature combination is
used as a metric to compare results between different irradiation
conditions. The choice of vacancy concentration as a metric for
equivalent damage accumulation is motivated in this work by the
relatively large number of such defects remaining compared to self-
interstitial clusters at the end of the simulations.

Fig. 1 demonstrates the methodology used in this study to



Fig. 1. Method used to identify equivalent temperatures for irradiation at various
displacement rates in order to simulate room temperature Frenkel pair implantation in
100 nm a-Fe thin films at 10�8 dpa,s�1. The intersection of each curve with the red
arrow (black circles) indicates the displacement rate equivalent temperature. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Temperature shift DTP from room temperature (20 �C) required when changing
from displacement rate fT to fP to produce equivalent vacancy content. Arrows indi-
cate displacement rates that correspond to the use of ion irradiation to reproduce
damage caused by neutron irradiation. Results are shown for Frenkel pair implantation
in 100 nm thin films (2a) and cascade damage in bulk a-Fe (2b).
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compute the ‘proxy’ temperature TP at displacement rate fP

required to produce equivalent damage to room temperature irra-
diation (TT¼ 20 �C) at the ‘target’ displacement rate fT. The irradi-
ation conditions used in Fig. 1 correspond to damage scenario (1)
described above, in which a 100-nm Fe thin film is irradiated to
10�2 dpa. The irradiation time of each data point in Fig. 1 is
determined by the time required to reach 10�2 dpa at the given
dose rate. This methodology is used for all irradiation conditions,
and is outlined in the following steps:

1. The concentration of vacancy defects (single vacancies and va-
cancy clusters) at [TT,fT] is first computed (red arrow).

2. This result is compared to the concentrations found at other
displacement rates fP as a function of temperature TP.

3. An estimate is made of the temperature TP at which the con-
centration of vacancies produced at dose rate fP is the same as at
TT and fT (black circles on Fig. 1). The temperature shift
DTP¼ TP�TT required to produce the same vacancy content at
both displacement rates is then reported.

4. This process is repeated using displacement rates fT,fP2
[10�8,10�2] dpa,s�1.

Therefore, the increase or decrease in temperature DTP required
to produce equivalent radiation damage to room-temperature
irradiation at a different displacement rate is found for a two-
dimensional input space of displacement rates fT and fP, using
vacancy concentration as a metric for equivalent damage. Note that
in order to find the temperature shift required by changing the
displacement rate, all other variables associated with the model
such as the geometry of the simulated sample are the same for
simulations at target and proxy conditions. Therefore, a direct
comparison between ion irradiation near free surfaces (e.g. in thin
films) and neutron damage in a bulk material is not made in this
study.
3. Results

3.1. Temperature shifts DTP

Fig. 2 shows maps of the temperature shift DTP found using the
above methodology for the cases of Frenkel pair irradiation in
100 nm a-Fe (2a) thin films and displacement cascade damage in
bulk a-Fe (2b). Frenkel pair irradiation in bulk a-Fe was also tested,
but results for the estimated temperature shift DTP are similar to
the case of thin films despite the fact that the presence of free
surfaces in the thin film simulations decreased the defect content.
In both cases, increasing the proxy displacement rate fP requires an
increase in proxy irradiation temperature TP to achieve equivalent
radiation damage. Several differences can be seen between the
cases of Frenkel pair and cascade damage in Fig. 2a and b. A greater
temperature shift DTP is required to reproduce radiation damage
accumulation at fT¼ 10�8 dpa,s�1 when fP¼ 10�2 dpa,s�1 for
Frenkel pair damage than cascade damage. However, during
cascade damage the dependence of temperature TP on fT and fP is
much more irregular than for the case of Frenkel pair damage. For
example, a temperature shift DTP of approximately 100 �C is
necessary when fT¼ 10�6 dpa,s�1 and fP¼ 10�5 dpa,s�1, whereas
for the case of Frenkel pair irradiation the value of DTP is below
50 �C for the same values of fT and fP. In addition, for the case of
cascade implantation, little difference is seen between fT¼ 10�8

and fT¼ 10�7 dpa,s�1, implying that no additional defect mobility
is achieved by slowing down the displacement rate below
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10�7 dpa,s�1 at room temperature.
The irregularity in the contour line representing DTP¼ 100 �C in

Fig. 2b is due to statistical fluctuations in the SRSCD output
resulting from the kinetic Monte Carlo framework of the method as
well as the fact that the region where DTPz 100 �C is quite broad
for the case of cascade damage. When DTP¼ 100 �C above room
temperature, small defects and defect clusters are quite mobile and
therefore do not remain in the system, instead annihilating or
clustering to form larger, immobile clusters (see Table A.1). How-
ever, the temperature is not high enough for these larger immobile
clusters to dissociate. This leads to a quasi-steady-state system in
which the damage accumulation is only weakly dependent on
displacement rate for the range of rates studied here. Quantification
of the statistical uncertainty in the values of DTP found in this study
is warranted, but requires an exhaustive statistical study that is
outside the scope of this work. Further discussion of the source of
these irregularities is given in Appendix B.

Although the displacement rates reported in this study are in
units of dpa,s�1, experimental measures of radiation dose are
typically in units of particle flux, or particles cm�2 s�1. In experi-
mental studies using ion irradiation, the relationship between
displacement rate and ion flux is dependent on factors such as the
incident ion mass and energy and the sample thickness. In Fig. 2a,
the estimated ion fluxes required to generate the displacement
rates studied in this work have been estimated using the Stopping
Range of Ions in Matter (SRIM) code [21] for the case of irradiation
of a 100 nm Fe thin film with 50 keV helium ions. The dpa mea-
surement was estimated using SRIM recoil simulations under the
“detailed calculation with full damage cascade” mode and zero tilt
angle between the ion beam and the thin film's surface normal [21].
These fluxes are shown at the top of the chart in units of Heþ

cm�2 s�1. The ion energy chosen is within the range of typical
experimental capabilities [28e30] and generates a relatively flat
damage profile with very little remaining helium in the system
while still producing damage in the form of Frenkel pairs. Fluxes are
not reported for the case of cascade damage in bulk Fe (Fig. 2b)
because these simulations are intended to match neutron damage
conditions. As a reference for ion irradiation experiments, the ion
fluence required to generate 1 dpa of displacement damage in a
100 nm Fe thin film (averaged through the thickness of the film) has
also been computed using SRIM for a range of incident ion energies
for the cases of helium and self-ion irradiation. These results are
shown in Fig. 3. A minimum is reached near 20 keV for helium ion
Fig. 3. Incident ion fluence (ions, cm�2) required to produce 1 dpa of displacement
damage in 100 nm Fe thin foils as a function of ion energy in SRIM simulations.
Displacement damage is averaged over the thickness of the foil.
irradiation and 200 keV for self-ion irradiation as the irradiation
regime shifts from implantation, in which most incident ions stop
in the thickness of the foil, to a regime in which most incident ions
pass through the foil, creating a flatter damage profile. Note that
these results are only intended as a rough guide, as results depend
on film thickness. Therefore a direct comparison between thin film
irradiationwith ions and bulk irradiationwith neutrons is notmade
here, as the intent of this work is to investigate the impact of
changing the displacement damage rate only while keeping all
other irradiation parameters equal.

The region of interest corresponding to the use of ion irradiation
to reproduce damage caused by neutron irradiation at room tem-
perature is shown by arrows in Fig. 2a and b. Although these re-
gions represent a small subset of the entire range of displacement
rates fT and fP simulated in this study, the temperature shift
required to reproduce damage at displacement rates associated
with neutrons using ion irradiation varies by 100e200 �C within
this region for cascade and Frenkel pair damage, respectively. This
result emphasizes the necessity of correctly choosing irradiation
temperature based on the proxy and target irradiation conditions.

3.2. Effect of film thickness

To test the effect of the density of planar sinks such as grain
boundaries and free surfaces on the temperature shift DTP, Fig. 4
shows temperature shifts using cascade damage and the same
irradiation conditions as presented above for thin films with
thickness 50 nm and 200 nm. The free surfaces of the thin films are
treated as perfect sinks. Although some differences in DTP can be
seen when film thickness changes from 50 nm to 200 nm in Fig. 4a
and b, the region of interest for using ion irradiation to reproduce
damage expected from neutron irradiation (indicated by arrows) is
similar for both thicknesses. This region is also similar to the case of
cascade damage in bulk a-Fe shown in Fig. 2b. This result indicates
that for films with thickness greater than 50 nm, film thickness is
not a primary variable when determining temperature shift DTP
required when changing displacement rates.

As in Fig. 2, the estimated ion fluxes required to generate the
displacement rates in Fig. 4 have been computed using the SRIM
code [21] for the case of irradiation of 50e200 nm Fe thin filmswith
3 MeV Feþ ions, similar to the approach of Li et al. [18] for simu-
lating displacement damage in molybdenum thin films irradiated
with krypton ions. These fluxes are shown at the top of Fig. 4a and
b. Self-ion irradiation is a commonly used technique for producing
displacement cascades in experiments due to the fact that no other
atomic species are implanted into the thin film [31,32]. The ion
energy chosen here is within the range of typical experimental
capabilities [29,33] and produces a relatively flat damage profile in
SRIM simulations of damage in thin films. Due to the greater ion
mass and energy, the number of displaced atoms created by each
incident ion is much greater than in the case of helium irradiation
in Fig. 2a, and the ion flux is correspondingly lower for the same
displacement rate f. In addition, the fluxes reported are slightly
different between Fig. 4a and b due to the difference in thickness of
the two simulated thin films.

3.3. Effect of increasing target temperature TT

So far, all results presented in this study assume that the ‘target’
irradiation conditions are at room temperature. Although some
experimental neutron irradiation is carried out at temperatures
below thermal reactor temperatures [34], it is important to un-
derstand how the temperature shifts calculated in this model
change when the reference temperature for irradiation TT is
elevated above room temperature. This case is shown in Fig. 5 for



Fig. 4. Temperature shift DTP at displacement rates fP required to reproduce room-
temperature irradiation results at target displacement rates fT for cascade damage
in Fe thin films with thickness ranging from 50 to 200 nm.

Fig. 5. Temperature shift DTP at displacement rates fP required to reproduce irradia-
tion results for cascade damage in bulk Fe at target temperatures above room tem-
perature: (5a) target temperature TT¼ 200 �C, and (5b) target temperature
120

� �TT� 220
�
C with target displacement rate fT¼ 10�7 dpa,s�1.
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cascade damage in bulk a-Fe. Results are shown for simulations
with variable target displacement rate fT and target temperature
TT¼ 200 �C (Fig. 5a) and simulations with variable target temper-
ature TT and target displacement rate fT¼ 10�7 dpa,s�1 (Fig. 5b).
Several differences are seen between the predicted temperature
shift DTP for the cases of TT¼ 200 �C (Fig. 5a) and TT¼ 20 �C
(Fig. 2b); most notably, the temperature shift required when fP>fT

is much more regular in Fig. 5a due to the increased mobility of
defects at the higher target irradiation temperature.

The dependence of DTP on TT when fT is fixed is investigated in
more detail in Fig. 5b for 120

� �TT� 220 �C. The temperature shift
DTP shown in Fig. 5b changes as a function of TT, indicating that
displacement rates alone are not sufficient to determine the
required temperature shift DTP in an experiment. Note that cascade
damage at fT¼ 10�7 dpa,s�1 produces similar damage content in
SRSCD for temperatures 20

� �TT� 120 �C, resulting in a poor esti-
mate of DTP due to statistical scatter. Therefore, results in this lower
temperature range are not included in Fig. 5b. Overall, ‘target’
irradiation temperature TT is an important parameter in deter-
mining the temperature shift required in the proxy environment
DTP to reproduce damage when displacement rates are varied. A
higher value of TT corresponding to reactor temperatures
(approximately 400 �C) was not used in this study due to complete
annealing of the simulated material at very high temperatures. To
capture damage accumulation at these higher temperatures, a
more advanced model is needed that can capture effects such as
void diffusion and coalescence, defect accumulation at grain
boundaries, and the impact of alloying elements and transmutation
products such as helium.
3.4. Comparison of defect cluster sizes

The use of the concentration of vacancies and vacancy clusters
as a metric for comparing irradiation at different displacement
rates and temperatures assumes that the overall defect state in
materials irradiated at equivalent temperatures and displacement
rates will be the same. However, temperature changes do not lead
to uniform changes in defect behaviors because the activation en-
ergies for various defect binding and migration reactions are not
uniform. Therefore, irradiation at different displacement rates us-
ing the temperature shift DTT shown in Fig. 2 may result in differ-
ences in damage evolution not measured by the vacancy
concentration metric used in this work.

In order to test the quality of vacancy concentration as a metric
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for displacement rate equivalent temperature, profiles of vacancy
cluster concentrations as a function of cluster size are shown in
Fig. 6 for irradiation temperatures TT and TP when the proxy and
target displacement rates fT and fP are different by several orders
of magnitude. Profiles are also shown using high displacement
rates fP while leaving temperature TP¼ 20+ C as a reference. Note
that these figures are intended to show the level of correspondence
between equivalent displacement rate and temperature pairs in
SRSCD simulations, rather than to indicate experimentally
measurable cluster sizes. In all cases, the clusters shown in Fig. 6 are
smaller than the approximately 1.5 nm resolution limit of typical
TEM measurement [18]. Fig. 6a shows a comparison between
10�6 dpa,s�1 and 10�2 dpa,s�1 irradiation with Frenkel pairs, and
Fig. 6b shows a comparison between 10�8 dpa,s�1 and
10�2 dpa,s�1 irradiationwith displacement cascades. In both cases,
when using the value of TP calculated in Fig. 2, cluster profiles are
very similar for irradiation at temperature and displacement rate
pairs [TT,fT] and [TP,fP]. Although only cluster sizes up to 30 are
shown in Fig. 6, cluster profiles show good agreement up to the
largest defect sizes produced in these simulations. By contrast,
Fig. 6. Comparison of profiles of vacancy cluster size for simulations at equivalent
temperatures: (6a) Frenkel pair damage comparing displacement rates of 10�2 and
10�6 dpa,s�1, and (6b) cascade damage comparing displacement rates of 10�2 and
10�8 dpa,s�1. The first two values of the results at room temperature and 10�2 dpa,s�1

are multiplied by 0.01 and 0.1 in 6a and 6b, respectively, for better visualization
(indicated by arrows).
simply irradiating at the higher displacement rate fP while leaving
temperature TP¼ 20+ C leads to a significant underestimate of the
average cluster size in the simulations. This indicates that vacancy
and vacancy cluster concentrations are a goodmetric for comparing
defect accumulation at different displacement rates and tempera-
tures. Similar results were observed using TT¼ 200+ C, indicating
that increased cluster dissociation activity that occurs at these
higher temperatures does not impair the quality of the match be-
tween cluster profiles of equivalent displacement rate/temperature
pairs.

4. Discussion

Although this study addresses the effect of compensating for
changes in displacement rate by changing temperature in irradi-
ated a-Fe, there are several other differences between ion and
neutron irradiation that could have an impact on damage accu-
mulation that are not treated here. In this study, all displacement
cascades are created by 20 keV PKAs, while in ion and neutron
irradiation conditions displacement cascades have different ranges
of PKA energies [10,35]. Some studies have suggested that when
controlling for dpa rate, damage accumulation due to different
cascade energies is similar [20,36,37], but nonetheless differences
between ion and neutron damage could occur due to the different
cascade energy spectra in the two types of damage. As a first
attempt to study the impact of PKA energy on the results obtained
in Fig. 2b, simulations were repeated with PKA energies of 5 and
10 keV. These simulations showed qualitatively similar results to
Fig. 2b and results are therefore not included in this study.

Neutron irradiation of metals also creates transmutation prod-
ucts such as hydrogen and helium [10], which can significantly
influence damage accumulation by acting as traps for dislocation
loops and nucleation sites for bubbles [38e41]. Although ion irra-
diation with both self-ions (causing cascade damage) and trans-
mutation products such as hydrogen and helium has been carried
out experimentally [42], developing truly equivalent conditions to
neutron damage in this case is a very challenging problem. For a
more complete review of challenges associated with simulating
neutron irradiation with charged particles, see the recent paper by
Was [43]. Despite these differences, the results of this study show
that the relationship between displacement rate and temperature
alone is a primary variable for consideration when designing ex-
periments using ion irradiation to simulate neutron damage.

The methodology proposed here is most appropriate when
designing experiments in which the majority of damage accumu-
lation occurs in the grain or thin film interior, rather than at grain
boundaries. For irradiation at high temperatures and/or low
displacement rates, significant damage accumulation can occur at
grain boundaries and triple junctions [44e46], which are not
included in this model. The framework developed here could be
extended to systems containing internal defects including grain
boundaries if a greater understanding of damage accumulation on
such structures is achieved. In addition, neutron irradiation gen-
erates gases such as helium and hydrogen through transmutation
which can influence damage accumulation [3,10,47,48]. Some
experimental techniques include concurrent heavy ion irradiation
and light ion implantation [42,49e52], making experimental
investigation of these phenomena possible. Equivalence between
these more complicated scenarios could be investigated by
expanding this methodology to include helium and hydrogen in the
SRSCD simulations. Stochastic cluster dynamics simulations of tri-
ple beam irradiation have been implemented by others [17,53], but
the relationship between temperature and dose rate has not been
investigated in these studies.

Finally, the results shown in Fig. 2 for Frenkel pairs and cascades



Table A.1
Migration and binding parameters used in SRSCD simulations.

Migration parameters D ¼ D0e
�Em

kbT

Single vacancy Em¼ 0.67 eV, D0¼ 8.2� 1011 nm2/s [24]
2-v cluster Em¼ 0.62 eV, D0¼ 8.2� 1011 nm2/s [24]
3-v cluster Em¼ 0.35 eV, D0¼ 8.2� 1011 nm2/s [24]
4-v cluster Em¼ 0.48 eV, D0¼ 8.2� 1011 nm2/s [24]
Larger v clusters (immobile)
Single interstitial Em¼ 0.34 eV, D0¼ 8.2� 1011 nm2/s [24]
2-i cluster Em¼ 0.42 eV, D0¼ 8.2� 1011 nm2/s [24]
3-i cluster Em¼ 0.43 eV, D0¼ 8.2� 1011 nm2/s [24]
4-i cluster Em¼ 0.43 eV, D0¼ 8.2� 1011 nm2/s [24]
n-i cluster (1D) Em¼ 0.06þ 0.11(n�1.6), [22]

D0¼ (3.5� 1010þ1.7� 1011n�1.7) nm2/s
Binding energies
V2 / V þ V Eb¼ 0.3 eV [24]
V3 / V2 þ V Eb¼ 0.37 eV [24]
V4 / V3 þ V Eb¼ 0.62 eV [24]
Vacancy clusters (n> 4) EvbðnÞ ¼ 2:07� 3:01

�
n

2
3 � ðn� 1Þ23

�
[24]

I2 / I þ I Eb¼ 0.8 eV [24]
I3 / I2 þ I Eb¼ 0.92 eV [24]
Interstitial clusters (n> 3) EibðnÞ ¼ 3:77� 5:05

�
n

2
3 � ðn� 1Þ23

�
[24]
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at 10�2 dpa assume the same total displacement in the ‘target’ and
‘proxy’ conditions, but the computed value of DTP may change as
the total radiation dose increases. Previous studies of the effect of
displacement rate on damage accumulation during cascade im-
plantation have shown that damage accumulation at varying
displacement rates is similar above 10�2 dpa due to overlapping
cascades [54], indicating that the temperature shift DTP required at
higher doses may decrease. This effect was not investigated in this
work due to computational limitations, but deserves treatment in
future studies.

Previous theoretical studies have investigated the relationship
between displacement rate and temperature [2,4,13,14]. In the
work of Mansur [14], a preliminary model is presented that in-
cludes only single vacancies and single interstitials. This scheme
does not account for effects such as defect clustering, displace-
ment cascades, or spatially resolved microstructures. Abromeit [4]
addressed some of these limitations by creating a rate theory
model that includes defect cluster populations, but the problem is
not applied to a specific material and trends related to mecha-
nisms for defect accumulation as a function of displacement rate
are discussed instead. In the model of Short et al. [13], spatially
resolved damage accumulation in thin films is simulated using
displacement profiles from SRIM simulations, allowing investi-
gation of ‘neutron-atypical’ effects such as void formation near
the free surface of the thin film during charged particle irradia-
tion. However, this study also does not include defect cluster
formation or displacement cascades and does not investigate
temperature shifts necessary to simulate neutron damage using
charged particle irradiation. In the work of Xu et al. [15], many of
these limitations have been addressed by including a complex
cluster dynamics model with depth dependence and defect pro-
duction rates based on PKA spectra of both neutron and ion
damage. This study takes a similar approach to the work of Xu
et al., including a detailed rate theory-based damage evolution
model and inclusion of cascade damage. Although complex PKA
spectra are not included in this work, a much larger input space of
dose rates is treated.

5. Conclusions

In this study, the relationship between displacement rate and
temperature are investigated for radiation defect accumulation in
irradiated a-Fe under several irradiation conditions using the
SRSCD simulation framework. The results of this analysis show
that:

1. For irradiation of iron at 20 �C and 200 �C over a wide range of
displacement rates and damage conditions such as damage type
and material microstructure, an equivalent displacement rate
and temperature pair can be found which provides similar
defect accumulation results. This result is in agreement with the
recent modeling work of Xu et al. [15].

2. The temperature shift DTP required during irradiation at a
‘proxy’ displacement rate fP in order to produce similar radia-
tion damage accumulation to irradiation at a ‘target’ displace-
ment rate fT is not simply a function of the difference in
displacement rates. Rather, DTP is shown in this work to depend
on both fT and fP as well as the radiation damage type (Frenkel
pair or cascade damage) and reference temperature TT. Film
thickness is not shown to strongly influence DTP for the limited
irradiation conditions studied.

The methodology described here represents a preliminary step
that can be used during experimental design in order to best
reproduce radiation damage expected in irradiation conditions that
are difficult to achieve in the laboratory, such as low displacement
rate irradiation with neutrons.
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Appendix A. Migration and binding parameters of defects in
a-Fe

Table A.1 shows the list of migration and binding parameters
used in this study for point defects and clusters. Values are taken
from atomistic studies [22,24]. This set of parameters controlling
defect behavior has been used in previous studies using SRSCD and
have been validated by comparison to experimentally measured
defect accumulation [20].
Appendix B. Discussion of irregularity in results due to
statistical fluctuations

In this section, the source of statistical fluctuations in the re-
sults shown in Figs. 2b and 4 will be discussed. To aid in this dis-
cussion, the raw data used to generate Fig. 2 is shown in the
Fig. B.7, with the concentration of vacancy defects (vacancies and
vacancy clusters) given as a function of temperature and
displacement rate. These plots are converted into the plots shown
in Fig. 2 using the method shown in Fig. 1. The contours of the plots
in Fig. B.7 represent iso-curves along which all displacement rate/
temperature pairs produce the same vacancy defect
concentrations.
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Fig. B.7. Concentration of vacancy defects (vacancies and vacancy clusters) for simu-
lation conditions described in Section 3.1. Results are shown for Frenkel pair (B.7a) and
cascade (B.7b) damage. This data is used to generate Fig. 2.

For the case of Frenkel pair irradiation, these contours are
closely spaced, creating a steep gradient of increasing damage
content with increasing displacement rate and decreasing tem-
perature. However, for the case of cascade damage, these contours
are more widely spaced and flatter, indicating a broad range of
temperatures and dose rates in which similar damage content is
produced. Therefore, estimation of the temperature shift required
to match defect content at a given dose rate becomes more sensi-
tive to the naturally occurring variations in defect concentrations
produced by the SRSCD algorithm. This leads to the irregularities in
the contour lines seen in Figs. 2b and 4, especially at 100 �C. It
should be noted that values of (fT,fP) with larger uncertainty in DTP
due to the phenomenon described above are also regions in which
damage accumulation is less sensitive to DTP, making the precision
of the estimate for DTP less critical.
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