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non-monoenergetic primary knock-on atom energies. The influence of near-surface denuded zones and im-

planted ion effects is analyzed, including diffusional broadening effects. At high ion irradiation energies, “swift
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heavy ion” effects can lead to enhanced defect production or recovery. lon energies of 10-50 MeV typically
offer a good compromise for minimizing near-surface, implanted ion, and swift heavy ion effects.
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1. Advantages of ion beams for radiation effects research

Charged particle irradiation studies have been utilized for under-
standing irradiation effects on the microstructure and microchemistry
in materials for many decades [1-3]. It is well established that ion irra-
diations can reproduce essentially all of the standard microstructural
features observed in neutron-irradiated materials (dislocation loops,
cavities, radiation-induced solute segregation, radiation-induced pre-
cipitation, etc.). Charged particle irradiations are a valuable comple-
mentary tool to bulk neutron irradiation studies, and in many cases
provide unique capabilities to explore radiation effects phenomena. In
particular, they allow the possibility to carefully and systematically con-
trol irradiation conditions over a wide range of doses in order to explore
important test conditions such as exposure temperature, dose rate (in-
cluding pulsed irradiation effects) and primary knock-on atom (PKA)
energy. High displacement damage levels of ~100 displacements per
atom (dpa) or higher can be achieved rapidly at relatively low cost
with average PKA energies comparable to that of neutron or fission frag-
ment irradiations, with little or no induced radioactivity [4,5]. lon beams
provide opportunities for improved experimental control that are diffi-
cult or impossible to perform during reactor neutron irradiations such
as separate effects testing. For example, simultaneous dual or triple
ion beam studies can quantify the roles of helium and hydrogen trans-
mutation products on microstructural evolution during irradiation [6].
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The thermal control region is located immediately adjacent to the irra-
diated region in the same sample, enabling quantitative differentiation
of thermal- vs. radiation-induced microstructural changes.

The capability to produce controlled amounts of displacement dam-
age under well-defined experimental conditions enables ion irradia-
tions to be the preferred approach over neutron irradiations for many
fundamental radiation effects studies. The length scale of the irradiation
damage region for ion beams with MeV energies (~1 pm) is sufficiently
large to extract microstructural information relevant for bulk irradiation
conditions. By utilizing cross-section analysis techniques, the depth de-
pendence of the damage rate and cumulative damage level can in prin-
ciple be used to explore multiple dose rates and damage levels within a
single fluence specimen. The near-atomic-scale resolution now achiev-
able in modern electron microscopes and atom probe tomography al-
lows chemical and defect cluster information to be obtained on scales
comparable to that from modeling and simulation studies such as mo-
lecular dynamics. Valuable depth-dependent structural and chemical
information can also be obtained from a variety of Rutherford spectrom-
etry, nuclear reaction analysis [7], and/or glancing incidence x-ray dif-
fraction measurements. In addition, technology improvements in
time-dependent “4-dimensional” transmission electron microscopy
[8] and synchrotron x-ray sources [9] enable valuable kinetic informa-
tion to be obtained from in-situ ion irradiation studies in specialized fa-
cilities where the ion beams are linked to an electron microscope [10] or
synchrotron beam line. Important defect production information can be
obtained from analysis of bulk vs. thin foil ion irradiated specimens [11,
12]. Similarly, ion beam irradiations can enable important experimental
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validation of fundamental radiation effects processes, such as confirma-
tion of molecular dynamics simulations of glissile defect clusters that
may exhibit one-dimensional migration [13,14].

2. Limitations of ion beams for investigating neutron radiation
effects

These important experimental benefits can be contrasted with a
number of well-known limitations associated with ion beam irradia-
tions that require careful data interpretation. Due to the limited pene-
tration depth of ion beams in materials it is difficult to extract bulk
property information from the irradiated region beyond microstructural
and microchemical information, although promising improvements in
nanoscale thermal conductivity [15-18] and mechanical property [19,
20] techniques are under development.

A general limitation of ion beam irradiations is that the PKA recoils
are distributed over a relatively wide range of energies compared to
neutron irradiations, with most of the collisions producing low energy
recoils due to long-range Coulombic interactions. For example, over
80% of the PKAs have energies <1 keV for 1 MeV self ion irradiation of
medium mass targets such as Cu or Fe whereas the maximum PKA en-
ergy extends up to 1 MeV; in contrast, about 80% of the PKAs from
1 MeV neutron irradiation have energies within a factor of two of the
maximum PKA energy of ~60 keV [21]. Therefore, near-monoenergetic
PKA irradiations generally cannot be achieved using ion beams. Fig. 1
summarizes molecular dynamics simulations of the calculated surviving
defect fraction (normalized to the NRT dpa) versus PKA energy for dis-
placement events in Fe at 100 K [22]. The inset figure summarizes the
calculated weighted defect recoil spectra W(T) versus PKA energy for
1 MeV neutrons and several ions in Cu, where W(T) is defined as the
fraction of displacement damage produced in recoils of energy T [21].
The displacement events for ion irradiation occur over a wider energy
range compared to neutrons, with a significantly higher fraction of
low-energy and high-energy recoil events for the same average value
of W(T). For example, ~20% and ~40% of the calculated displacement
damage in Cu is associated with PKA energies below 10 keV for 1 MeV
Kr and Ne ions, respectively, compared to <2% for 1 MeV neutrons.
Whereas the surviving defect fraction is approximately constant at
high PKA energies due to onset of subcascade formation [22] (>10 keV
for medium-mass targets such as Fe, cf. Fig. 1), it increases rapidly at
low PKA energies. Overall, the larger fraction of low energy PKAs for
ion irradiation compared to neutron irradiation produces smaller-
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Fig. 1. Calculated surviving defect fraction (normalized to the NRT dpa) versus PKA energy
for displacement events in Fe at 100 K [22]. The inset figure summarizes the calculated
weighted defect recoil spectra W(T) versus PKA energy for several 1 MeV light ions and
neutrons in Cu [21].

sized defect clusters created directly within displacement cascade
events (with potentially different stability and mobility) and a higher
surviving defect fraction per dpa compared to neutron irradiations.

Energetic ion beams (>1 MeV) also produce high amounts of ioniza-
tion per displaced atom along with an increased proportion of very low
collisional energy transfers (below the threshold for stable displace-
ment damage) compared to neutrons. These high ionization and sub-
threshold collision energy processes may cause pronounced increases
in defect diffusion and point defect recombination relative to neutron ir-
radiation conditions [23-29], particularly for energetic light ions. Since
the energy transfer associated with subthreshold collisions (i.e., up to
~25-40 eV) is much higher than typical defect migration energies
(~1 eV), subthreshold collisions can stimulate enhanced point defect
migration and recombination in all irradiated materials [28,29]. Howev-
er, further research is needed to quantify the importance of subthresh-
old collisions on defect evolution under a wide variety of irradiation
conditions. The high amount of ionization per dpa for ion compared to
neutron irradiations can also produce potentially dramatic reductions
in surviving defect production in nonmetals such as semiconductors
and ceramic insulators [23-27]. <10% of the energy loss of ~1 MeV me-
dium-mass ions is associated with displacement damage collisions
(with the majority energy loss associated with electron/ionization in-
teractions), vs. approximately equal magnitudes of electronic and nu-
clear stopping powers for PKAs associated with neutron collisions. The
ratio of ionization to nuclear stopping power increases with decreasing
mass and increasing ion energy above ~1 MeV [23]. lonizing radiation
environments up to electronic stopping powers of ~10 keV/nm are typ-
ically of no consequence in metals due to their high concentration of
conduction electrons, but can produce dramatic microstructural differ-
ences such as pronounced defect cluster coarsening or inhibition of
amorphization in semiconductors and insulators compared to low ioni-
zation per dpa irradiation conditions [23-27].

An important advance in accelerator technology over the past few
decades is the capability to raster a finely focused ion beam in order to
achieve uniform irradiation fluences over the exposed area. However,
the use of rastered or pulsed beams (frequencies of 0.1-250 Hz) has
been shown in several experimental studies to lead to suppressed
void swelling at intermediate temperatures [30-33]. Modeling studies
indicate that the irradiation pulsing associated with beam rastering
can alter the microstructural evolution, with effects most pronounced
at pulse frequencies near ~1-100 Hz at intermediate temperatures
[32-34]; the beam pulsing effect is predicted to disappear at very high
pulse frequencies. Although further experimental and modeling studies
are needed to quantify the material-, dose rate- and temperature-
dependent conditions where beam pulsing effects become significant,
it is recommended that defocused beams should generally be used in-
stead of rastered beams for irradiation effects studies at elevated tem-
peratures. Some slight electromagnetic wobbling of a defocused beam
(where the ion flux at a given position never falls below ~50% of the
peak flux) may be an alternative to provide a more uniform fluence
over broad irradiated regions.

In order to take advantage of the high dose rate (which varies with
depth) for typical ion irradiations, careful experimental planning and
interpretation is required to enable quantitative comparison with neu-
tron irradiation (lower dose rate) conditions. For example, in order to
achieve comparable defect arrival rates at features such as sinks or de-
fect cluster nuclei, high dose rate irradiations must be performed at
higher temperature compared to low dose rate irradiations [35,36]. Un-
fortunately, this quantitative “temperature shift” is predicted to vary for
different microstructural features (e.g., voids, interstitial dislocation
loops, precipitates), since they depend on rate-controlling processes
such as vacancy or solute migration with different thermal activation
energies. Furthermore, kinetic rate theory analyses [32] predict a differ-
ent functional dependence when trying to achieve equivalent point de-
fect arrival fluxes at sinks versus when trying to achieve equivalent
dislocation loop concentrations; in general, these analyses indicate no
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single “temperature shift” can be used to correlate irradiations per-
formed at different dose rates [37]. The dose rate effect also changes
its functional form for recombination-dominant (low temperature) ir-
radiations compared to sink-dominant (high temperature) irradiations
[36], and is expected to follow different functional dependencies for the
nucleation vs. growth phases of microstructural evolution. Neverthe-
less, it is worth noting that some limited studies have reported relatively
good quantitative agreement between ion and neutron irradiations for
multiple microstructural features (voids, dislocation loops, G phase pre-
cipitates) using a single temperature shift for the high dose rate ion irra-
diated ferritic/martensitic steel [38]. Further experimental and
modeling studies are needed to comprehensively quantify the effect of
dose rate and irradiation temperature on the microstructural evolution
of cavities, precipitates, dislocation loops, and network dislocations. An
additional consideration is that a limited number of neutron [39-41]
and ion [42,43] irradiation studies on austenitic [39-42] and ferritic/
martensitic [43] steels have reported that void swelling at a given
dose decreases with increasing dose rate due to a lengthening of the
transient low-swelling regime. However, the reported dose rate depen-
dence of the transient low-swelling regime is inconsistent between the
neutron and ion irradiation data sets (e.g., no swelling in Fe-Cr-Ni aus-
tenitic alloys would be predicted for 10> dpa/s ion irradiations up to
1000 dpa based on extrapolation of the neutron dose rate database).
Therefore, extrapolation of void swelling results from high dose rate
ion irradiations to neutron-relevant conditions is challenging due to
current limitations in quantitative understanding of dose rate effects.
This would be a profitable area for additional research.

For high beam flux experiments, it is important to utilize appropriate
thermal management procedures (good thermal contact of the samples
to temperature-controlled heat sinks) and continuous surface tempera-
ture monitoring to accurately control and measure the specimen irradi-
ation temperature. For medium-mass MeV ion beams the deposited
heat flux associated with irradiations at ~10~> dpa/s corresponds to a
few W/cm?, which is on the order of the heat applied by furnaces for in-
termediate temperature ion irradiations.

3. Near-surface and implanted ion effects

A defect-depleted zone is typically observed in irradiated materials
due to the reduction of point defect supersaturation in the vicinity of
planar sinks such as grain boundaries or free surfaces. Near-surface de-
fect depletion is observed for both interstitial- (e.g., dislocation loops)
[44-46] and vacancy-type defect clusters (e.g., voids) [2,30,31,43,47-
49]. For recombination-dominant conditions typical for void swelling
the denuded zone width is proportional to (D,/P)'# where D, is the va-
cancy diffusivity and P is the damage rate, whereas for sink-dominant
conditions the denuded zone width is proportional to C;'/? where C; is
the sink density [50,51]. Several researchers have reported a localized
peak void swelling regime at depths immediately adjacent to the de-
nuded zone at free surfaces or along grain boundaries [52-56]. This
peak swelling zone has been attributed to localized interstitial depletion
as a result of longer interaction mean free paths for interstitial defect
clusters due to one-dimensional glide (vs. predominantly 3-dimension-
al random walk diffusion for vacancies) [57,58] or other mechanisms
causing biased loss of interstitials to the surface [59,60], or alternatively
due to spatially-varying dislocation densities near planar sinks [61].
Similar near-surface enhancement of vacancy dislocation loop size and
density has been attributed to preferential loss of self-interstitial
atoms to the surface [62]. The width of the near-surface depleted zone
should be routinely reported and this region should be always excluded
from ion-neutron correlation evaluations. If evidence of an adjacent
“peak zone” for defect cluster formation or growth is detected, this
peak zone should also be reported and excluded from quantitative
ion-neutron correlation analysis.

The bombarding ions are deposited in a subsurface region near the
peak displacement damage region, where they may exert chemical

and/or excess-interstitial defect imbalance effects. Significant im-
planted ion effects have been reported regarding enhanced
amorphization of ceramics [63-66], modified dislocation loop evolution
in metals and ceramics [46,63,67], reduced alpha prime precipitate for-
mation in Fe-Cr alloys [68], and suppression of void swelling in numer-
ous metals [31,35,43,48,49,69-73]. Besides possible chemical effects,
the implanted ion region introduces a localized excess of interstitial
atoms, which creates an imbalance in the normal vacancy and intersti-
tial supersaturation concentrations [60,70,73-76]. For recombination-
dominant conditions (low to intermediate temperatures), pronounced
effects on void nucleation in face centered cubic metals such as Ni are
calculated to occur for injected ion concentrations g; > 10~* atom frac-
tion per dpa[73,75,76]. The implanted ion concentration profile at tem-
peratures where defects are immobile is approximately Gaussian and is
readily calculated using computer codes such as SRIM [77], but at ele-
vated temperatures diffusional broadening of the implanted ion profile
due to thermal and radiation-enhanced diffusion [48,78-80] must be
considered, which will preferentially induce diffusion of the implanted
ions toward the surface [48].

Since the near-surface and implanted-ion zones can dramatically
modify the local microstructure during ion irradiation, the depth-de-
pendent microstructure should be examined over the entire ion range
to confirm the existence of suitable “safe zones” and microstructural
characterization must generally be performed at these intermediate
“safe zone” depths to avoid these artifacts. Fig. 2 summarizes examples
of the near-surface and implanted ion effects on the interstitial disloca-
tion loop microstructure for 2 MeV Al™ ion irradiated MgAl,0,4 ceramic
at 650 °C for irradiation at the same flux to two fluences that vary by a
factor of 8 [46,63]. A dislocation loop denuded zone is observed within
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Fig. 2. Calculated displacement damage and implanted ion profiles for 2 MeV Al* ions in
MgAl,0, (a) [46,63] compared to observed cross-section TEM images after 4.6 x 10%°/m?
(b) [46,63] and 3.8 x 10%'/m? (c) [46] at 650 °C. Assuming a sublattice-averaged
displacement energy of 40 eV, these fluences produce peak damage levels of ~14 and
101 dpa, respectively. Metallic Al colloid precipitates are visible as white contrast
features in d, e) [63,81] for implanted ion concentrations >0.2 at.%.
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~0.4 um from the irradiation surface at both fluences. The microstruc-
ture in the ion implanted region is significantly affected by metallic Al
colloid precipitation [63,81] for implanted ion concentrations
>0.2 at.%. In particular, dislocation loops visible in the midrange region
(~0.4-1 um depths) are replaced with network dislocations and metal-
lic precipitates in the implanted ion region (~1.1-1.6 um depths) of the
lower fluence sample for damage levels of ~5-14 dpa. This conversion
of dislocation loops to network dislocations did not occur outside of
the implanted ion region for damage levels up to at least ~30 dpa, as
demonstrated in the midrange regions (~0.5-1 pm depths) of the
higher fluence sample in Fig. 2c.

For elevated-temperature ion irradiations exploring phenomena
such as void swelling, the ion energy needs to be sufficiently high to en-
able analysis to be performed in a midrange region (>0.2-0.4 pm wide)
that is well separated from the near-surface (denuded and peak swell-
ing regions) and implanted ion zones. For example, the reported peak
void swelling temperature is 450-480 °C for ferritic/martensitic (FM)
steels irradiated with Fe ions at a dose rate near 10> dpa/s [43,82-
84]. Prior ion-irradiated FM steel studies have observed significant
near-surface void swelling suppression at 450-475 °C at depths within
~400 nm from the surface [30,31,43,49,85]. This surface-affected zone
increases with increasing irradiation temperature [48,50,86,87]. Re-
garding implanted ion effects, FM steel ion irradiation studies at 450-
475 °C have observed pronounced void swelling suppression due to im-
planted ions for irradiated midrange regions located as far as ~600-
800 nm from the calculated peak implantation depth [30,31,43,49,85].
This corresponds to calculated as-implanted ion concentrations of ¢;
~2 x 107 %/dpa, but the actual excess Fe concentration at this depth
will be larger due to diffusional broadening (thermal and radiation-en-
hanced) that will preferentially cause diffusion of the implanted Fe to-
ward the irradiated surface [48].

Fig. 3 shows the calculated temperature-dependent void de-
nuded zone near the surface and the injected ion-affected region
(g; > 10~ %/dpa) for 5 MeV Fe ion irradiated Fe-10%Cr at midrange
doses of 50-500 dpa (projected ion range ~1500 nm, range stran-
gling ~230 nm). For simplicity, surface sputtering effects were ig-
nored [88]. The dose-independent near-surface void denuded
zone width Ax, was calculated assuming recombination-dominant
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Fig. 3. Calculated temperature- and depth-dependent regions affected by the free surface
and injected ions for Fe-10%Cr steel irradiated with 5 MeV Fe* ions at 10~> dpa/s to dose
levels of 50-500 dpa. A relatively wide analysis region exists between the surface-affected
and injected ion-affected regions at 50 dpa (400-900 nm depths near the peak swelling
temperature of 450 °C), but diffusional broadening causes this safe analysis region to
disappear at higher doses and temperatures.

conditions using Ax, ~ (Dy/P)"* ~ [exp(— Eym/4KkT)]/P'/4 where
Evm is the vacancy migration energy (0.7 eV) and P is the damage
rate [50,51]. We assumed a constant ion beam damage rate
(1073 dpa/s) with a corresponding radiation enhanced diffusion
coefficient for FM steel at ~500 °C of Dyeq = 1 x 10~ '8 m?/s [89],
and used a smoothly varying Dyeq = 1 x 1072 t0 4 x 10~ '® m?/s be-
tween 227 °C and 627 °C to account for temperature dependence [78,
79]. The precise Dy eq value would depend on the defect sink strength
evolution during irradiation associated with precipitates and other mi-
crostructural features. Depth-dependent variations in the dose rate
were ignored. The as-implanted Fe ion concentration profile was calcu-
lated using SRIM [77], and subsequent diffusional broadening was ana-
lytically estimated using Eq. (1), which is the solution to Fick's 2nd law
for a constant flux ¢ of implanted solute in a semi-infinite solid, where
C is the solute concentration, N, is the host atomic concentration, t is
time and x is the diffusion distance from the initial injected solute loca-
tion [90]:

)
exp-———
C= 2(100 V Dredt 1:’4Dredl-L _ X erfc X (-1)
NatDyeq Vi 2v/Dregt ~ 2+/Dregt

From the SRIM as-implanted ion distribution, the injected Fe solute
exceeds &; = 10~%/dpa for depths between 1040 and 1725 nm due to
range straggling. Radiation enhanced diffusion during the implantation
causes the implanted ion profile to broaden preferentially toward the
surface with increasing dose and temperature. The diffusion-broadened
injected solute exceeds & = 10~ %/dpa at progressively shallower
depths with increasing dose and temperature. At an irradiation temper-
ature of 450-500 °C (relevant for void swelling studies in ion irradiated
FM steels), a midrange region at depths ~450-900 nm is calculated to be
relatively unaffected by near-surface or implanted ion effects for a dose
of 50 dpa. However, as the dose increases to 500 dpa there is essentially
no midrange region that is not affected by either near-surface or im-
planted ion effects at 450-500 °C. The quantitative accuracy of the pre-
dicted broadening of the injected ion region in Fig. 3 is contingent on
the assumed radiation enhanced diffusion values and the relevant criti-
cal injected ion concentration for suppressing void nucleation and
growth (each of which are poorly quantified for FM steels). Further re-
search to better quantify these fundamental parameters would be valu-
able for improved estimates of safe analysis zones.

The predictions summarized in Fig. 3 are in general agreement with
depth-dependent void swelling data for 3.5-5 MeV Fe ion irradiated FM
steels: Although the data exhibit some variability due to generally low
overall void swelling, the reported swelling is often sharply peaked in
a narrow range of depths near 500-800 nm [30,31,43,49,85], suggesting
pronounced near-surface and injected ion suppression of void swelling
at shallower and deeper depths, respectively. Analyses similar to that
used to construct Fig. 3 predict that self-ion energies below 5 MeV
would yield progressively smaller midrange regions suitable for arti-
fact-free characterization. For example, for Fe ion energies <2 MeV (im-
planted ion range ~ 700 nm) there is predicted to be no irradiated region
that would not be affected by either near-surface or implanted ion ef-
fects at 450-500 °C even at relatively low doses of ~50 dpa and, for com-
monly used Fe ion energies of 3.5-4 MeV, implanted ion or near-surface
artifacts are predicted to occur at all irradiation depths for doses above
~200 dpa. The reported high dose steady state swelling rates for FM
steels such as HT9 and 9Cr—1Mo Alloy 91 following 3.5-5 MeV self
ion irradiation [30,43,49,84,85] are generally lower than observed
after neutron [91] irradiation (0.033 to 0.08%/dpa for ions vs. ~0.2%/
dpa for neutrons). Although there are several possible contributing fac-
tors including damage rate and/or transmutant He effects, Fig. 3 predicts
that surface and/or injected ion effects may be contributing to the ob-
served lower void swelling rates in these 3.5-5 MeV high dose ion irra-
diation studies.
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4. Tradeoffs in optimized ion beam energy for exploring neutron ra-
diation effects

One obvious approach to provide a broader midrange irradiation re-
gion unaffected by near-surface or implanted ion effects is to increase
the ion energy. For example, increasing the Fe ion energy to 9 MeV
(mean range of 2.7 um) for the analysis summarized in Fig. 3 would pro-
vide over 1 um additional separation between the surface- and im-
planted ion-affected regions compared to 5 MeV ions. However, the
ion energy cannot be increased indefinitely since at very high ion irradi-
ation energies new radiation effects phenomena associated with in-
tense localized ion track ionization emerge in addition to traditional
knock-on displacement damage. These “swift heavy ion” effects have
been observed to occur in metals [92-98], semiconductors [99-101]
and inorganic insulators [ 102-107] above material- and ion velocity-de-
pendent threshold values for electronic stopping power of ~1-
50 keV/nm. A wide variety of new radiation-induced phenomena asso-
ciated with the intense ion track ionization have been observed within
or adjacent to the ion tracks, including enhanced defect production
(point defects and defect clusters), enhanced annealing of defects pro-
duced by conventional knock-on displacement damage, and phase
transformations including crystalline-crystalline, crystalline to amor-
phous, and amorphous to crystalline. Since the radiation-induced phe-
nomena associated with swift heavy ions involve different physical
mechanisms for defect production and radiation-enhanced recombina-
tion compared to conventional displacement damage, interpretation of
swift heavy ion experimental data for prediction of neutron irradiation
behavior is problematic. In materials with a high threshold for ion
track damage, swift heavy ion effects may be negligible for self-ion irra-
diations up to ~1 GeV due to insufficiently intense ionization to induce
track damage (in these cases, track damage can only be induced using
very heavy ions or ion cluster beams). However, in general for medium
mass materials the self-ion energy associated with the onset of swift
heavy ion effects is typically in the range of 50 MeV (radiation-sensitive
materials) to several hundred MeV (moderate ion track sensitivity).

To date the preponderance of ion-beam irradiation studies on mate-
rials have been performed at either relatively low energy (<100 keV

near-surface implantation supporting, e.g., the electronics industry or
surface modification technologies) or at intermediate energy (0.1-
5 MeV, for a variety of irradiation material science and nuclear technol-
ogy objectives). A minority of fundamental and applied studies have uti-
lized high-energy ion beams, including those related to light ion
irradiation and He implantation studies [108-110], spallation radiation
effects research [111-113], nuclear fuels [114,115] and inert matrix fuel
hosts or ceramic waste forms [107,116-118]. The relative lack of studies
using high energy ions is in part associated with historical accelerator
facility capability and cost considerations. Low energy high beam cur-
rent ion implanters are low cost and therefore widely deployed, partic-
ularly for industrial applications. Intermediate energy ion accelerator
facilities serve a variety of scientific purposes for physics and materials
science research; typical tandem accelerators with dome voltages of
1-5 MeV are commonplace at universities and research institutions
and can enable irradiation studies at ion energies of ~1-25 MeV de-
pending on the selected ion charge state (accelerated beam current de-
creases with increasing ion charge state due to the lower probability of
producing highly ionized ions). In order to access high energy ion irradi-
ations, historically expensive cyclotrons or other large scale, costly ac-
celerators were required. Recent technology advances that have
reduced the size and cost of “compact” cyclotrons and other high energy
accelerators may facilitate increased utilization of higher energy ion ir-
radiations in the future.

Fig. 4 provides an overview of particle energy versus penetration
range for ions, electrons and neutrons in steel. The upper energy limit
is set at ~100 MeV to avoid the swift heavy ion regime (and threshold
nuclear reactions such as spallation for the case of protons that may in-
duce high radioactivity and altered defect production processes). Three
spatial regimes are outlined, corresponding to nanoscale near-surface
displacement cascades (relevant for direct comparison of cascade fea-
tures to computer simulations such molecular dynamics, but difficult
or impossible to extract property changes), micron-scale intermediate
ranges accessible with MeV ion irradiations (neutron-relevant micro-
structures for self-ions, good linkage to computational simulations,
and possibility for limited nanoscale property testing) and millimeter-
scale accessible with low-mass multi-MeV charged particle irradiations
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Fig. 4. Overview of particle energy vs. penetration range for ions, electrons and neutrons in steel. Considerations of neutron-relevant PKA energies, sufficient penetration depth for
separation of implanted ion and near surface artifacts, capability for small-scale irradiated property measurements, and avoidance of the swift heavy ion regime highlight the potential

benefits of ~10-50 MeV ion irradiations.
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(low PKA energy cascades for light ions, but potential for obtaining bulk
property changes). Electron irradiations with energies ~1-10 MeV are
useful for some fundamental radiation effects studies [2,119], and they
offer an additional potential advantage of providing bulk irradiated ma-
terials properties data such as tensile strength and uniform elongation
since the range of electrons in steel at these energies is ~1 mm. Howev-
er, due to their low mass, electrons can only transfer ~50-300 eV to the
host atoms during collisions and therefore cannot simulate the energet-
ic displacement cascades that are typical for in-core nuclear reactor
applications.

Energetic self-ion irradiations offer several advantages for funda-
mental studies of radiation effects in materials, including the possibility
to examine the microstructures of energetic displacement cascades and
quantitatively compare the observations with predictions from
multiscale computer simulations at similar length scales. As previously
discussed, the somewhat broad distribution in cascade energies for in-
termediate and high-energy Fe ions as compared to that of neutrons is
of potential concern, but the ability to quantitatively examine the de-
tailed cascade structure is important for eventually settling whether or
not this effect is of practical importance. A larger question regarding in-
termediate mass ions is the benefit of moving from intermediate to high
energy. As illustrated in Fig. 4, while increasing the self-ion energy from
2 - 5MeV to 10-50 MeV will provide a much larger intermediate-depth
irradiated region (with roughly neutron-relevant PKA aspects) for mi-
crostructural characterization without near-surface or implanted ion ar-
tifacts, mechanical and physical property testing will continue to be
limited to the micron-scale. Alternatively, by decreasing the mass of
the ion while increasing ion energy a complementary regime can be
accessed whereby lower-energy displacement cascade microstructures
and extended irradiated ranges (~10 um-1 mm) more appropriate for
acquiring material engineering properties can be achieved. A disadvan-
tage of lower mass ions is that they produce fewer displacements per
ion, so the beam current must be greatly increased in order to achieve
high doses in a reasonable time period (creating problematic heat re-
moval and temperature control issues). The bounding example shown
in Fig. 4 is that of protons in steel where current state of the art small
specimen test technologies could be utilized to provide engineering-rel-
evant tensile and fracture properties on through-thickness irradiated
samples up to moderate doses.

5. Summary and conclusions

lon irradiations offer indispensible scientific value for understanding
specific aspects of the typically very complex radiation effects phenom-
ena in materials. Indeed, in many aspects ion beams are better suited for
these fundamental scientific studies than neutron irradiations due to
generally superior experimental control and accessibility during irradi-
ation as well as the ability to individually vary key experimental param-
eters such as ion energy, flux and ion species in order to systematically
explore single-effects parameters such as PKA spectrum, dose rate and
temperature. lon beams generally offer advantages for in-situ irradia-
tion microstructural and chemical studies compared to neutron
irradiations.

However, in general it is not possible for accelerated damage rate ion
beam experiments to simultaneously achieve all aspects of the micro-
structure associated with lower dose rate neutron irradiation condi-
tions, due to the wider range of PKA spectra (in particular more
pronounced probability of low energy collisions), higher ionization
per dpa, dose rate effects, and near-surface and injected ion phenomena
present for typical ion irradiation conditions. The higher proportion of
low energy PKA events for ion irradiations increases the primary defect
production efficiency whereas the increased ionization (in nonmetals)
and/or subthreshold collisions may enhance point defect recombina-
tion; this can lead to either an increase or decrease in defect accumula-
tion compared to neutron irradiation depending on detailed
experimental conditions. Similarly, the effects of dose rate on

microstructural evolution are predicted to be different for the various
microstructural components, so that a single “temperature shift” cannot
be generally applied to compensate for dose rate effects. Because of
these differences in radiation phenomena, “emulation” or “simulation”
of neutron irradiation conditions is generally only possible to be
achieved over a limited range of ion beam conditions. The most impor-
tant current roles for ion beam studies are to provide experimental val-
idation for models, improve our understanding of fundamental
radiation effects phenomena, and evaluate the general radiation toler-
ance of candidate engineering materials over a wide range of relevant
environmental conditions.

Many studies have used ion beams of insufficient energy to explore
certain radiation effects phenomena such as high dose void swelling be-
havior, and consequently the reported data are of questionable quanti-
tative value without additional analysis. Near-surface defect free zones
and possible peak swelling or enhanced vacancy loop formation regions
immediately adjacent to the denuded zones are generally observed in
all irradiated materials. The width of this near-surface zone increases
with increasing temperature and decreasing damage rate (Axy ~ (Dy/
P)'/4 for recombination-dominant irradiation conditions that are fre-
quently valid for void swelling conditions), and can approach widths
~1 pm at high temperatures. The subsurface regions near the peak dis-
placement damage region should be avoided due to potential artifacts
associated with the injected ions that produce an imbalance in the inter-
stitial vs. vacancy supersaturation concentration. For elevated tempera-
ture and/or high dose irradiations it is particularly important to consider
diffusional broadening of the as-implanted ion concentration; under
some common irradiation conditions, this can lead to a doubling or larg-
er spread of the as-implanted ion distribution.

Based on considerations of potential artifacts associated with near-
surface regions and injected ion regions, along with avoidance of ion
track damage phenomena that emerge at high electronic stopping pow-
ers associated with energetic heavy ions (swift heavy ion regime), par-
ticularly desirable ion irradiation conditions occur at ~10-50 MeV ion
energies for medium mass self-ions and light ions.
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