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The dynamic interactions of ions with matter drive a host of complex evolution
mechanisms, requiring monitoring on short spatial and temporal scales to
gain a full picture of a material response. Understanding the evolution of
materials under ion irradiation and displacement damage is vital for many
fields, including semiconductor processing, nuclear reactors, and space sys-
tems. Despite materials in service having a dynamic response to radiation
damage, typical characterization is performed post-irradiation, washing out
all information from transient processes. Characterizing active processes
in situ during irradiation allows the mechanisms at play during the dynamic
ion-material interaction process to be deciphered. In this review, we examine
the in situ characterization techniques utilized for examining material
structure, composition, and property evolution under ion irradiation. Covering
analyses of microstructure, surface composition, and material properties, this
work offers a perspective on the recent advances in methods for in situ mon-
itoring of materials under ion irradiation, including a future outlook exam-
ining the role of complementary and combined characterization techniques in
understanding dynamic materials evolution.

INTRODUCTION

Ion irradiation of materials on various spatial and
temporal scales is used to alter material microstruc-
tures, compositions, properties, and functions.
Material structure and performance can be
enhanced or degraded through the reorganization
of surfaces, the implantation of chemical species, or
the creation of defects depending on the ion species,
energy, angle, etc., leading to sputtering,1,2 accu-
mulation of defects, phase changes,3 morphological
changes, surface structures,4,5 inducing nanostruc-
tures on polymers,6 semiconductors,7 and metals.8

Ion beams can also be used for implantation,9

waveguide formation,10 functionalization of inter-
faces and surfaces, or emulation of exposure to
extreme radiation environments, such as outer
space or nuclear reactors.11–14

Post-irradiation examination (PIE) is typically
conducted to examine the impact of irradiation on
materials. Evaluating post-irradiation microstruc-
tural evolution can be done with a variety of
microscopies from optical to electron, through com-
positional analysis with surface and bulk spectro-
scopies, and through a wide range of property
testing platforms. However, PIE is not ideal for
understanding the dynamic evolution of materials
exposed to ion beams as it only offers two examina-
tion conditions: pristine and post-irradiation. These
snapshots in time cannot directly provide the tran-
sient microstructures and properties that dictate
the final behavior. Tailoring the properties of
advanced materials requires an understanding of
the full temporal and spatial dynamics during
exposure to precisely engineer targeted perfor-
mance. In situ measurements during ion irradiation
allow for the transient behavior of materials to be
deciphered. With in situ characterization focusing
on the microstructure, properties, and performance
of materials, continuous time-resolved monitoring of(Received September 6, 2021; accepted October 19, 2021;
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these dynamics becomes possible. The ability to
diagnose the damage to or modification of materials
depends on the quality and nature of the charac-
terization method used. Elucidating the transient
states correlating structure-property relationships
in materials in real time can be used to enhance our
fundamental understanding of material evolution
and thus better design engineered materials.

As a result, there is a need for facilities that
characterize materials at combined spatial and
temporal scales to probe their structure and perfor-
mance in situ under complex radiation environ-
ments. Various characterization tools exist to probe
materials ex situ on many length scales, offering
morphological and compositional information, along
with material properties, including x-ray tech-
niques, electron beam imaging, and laser-based
spectroscopies. Integrating these techniques within
ion irradiation facilities enhances our understand-
ing of the dynamics of ion-material interactions to
advance material design and function.

In this short review, we summarize methods used
for in situ monitoring of materials under ion
irradiation. Figure 1 highlights the structure and
property analysis methods which have been
deployed as in situ irradiation tools. In addition,
potential new techniques that could be incorporated
with in situ irradiation are discussed. This review
starts with structure and composition, transitions to
characterizing material properties, traversing
across the probe wavelengths of in situ materials
characterization tools deployed for materials under
irradiation with ions. This review will focus on
in situ materials characterization tools for ions with
energies from �1 MeV to �100 MeV as significant
diagnostics and studies have been performed on
other energy ranges, including those found in
focused ion beam (FIB) microscopes (lower

energies)15 to high energy physics.16 With this
coverage of current and upcoming in situ irradiation
techniques, we hope to offer experiment designers a
concise accounting of tools available to target
whichever type of dynamic behavior is of interest
to them.

IN SITU STRUCTURE CHARACTERIZATION
TOOLS

Ion Beam Characterization Techniques

While the primary focus of this review will be on
ion beams as tools to introduce damage and alter
materials, they are also routinely utilized to char-
acterize materials through Ion Beam Analysis (IBA)
techniques. Facilities for in situ IBA including
Rutherford Backscatter Spectrometry (RBS) and
Elastic Recoil Detection Analysis (ERDA) of mate-
rials under ion irradiation have been designed to
study irradiation dynamics. Use cases include the
behavior of materials under nuclear reactor-rele-
vant ion exposure conditions,17–19 defect fundamen-
tals in semiconductors,20 perovskites,21 and
metals,22 chemical degradation of polymers,23 and
atomic mixing at metal-ceramic interfaces.24

Through these techniques, the dynamic depth-re-
solved composition and crystallinity can be deci-
phered in real-time, but the nuanced study of
individual microstructural defects and the subse-
quent properties are not possible.

Electron and Positron Beam Characterization
Techniques

The direct evolution of morphology and defects in
real-time either at the nano- or micro-scales can be
probed at high resolution via electron beam imag-
ing. Analyzing the surface and sub-surface struc-
ture of materials in real time is important in

Fig. 1. Schematic of characterization tools and associated depth resolutions which have been deployed for structural and property interrogation
of materials during ion irradiation.
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understanding dynamic evolution, as evolving
microstructures dictate the performance and appro-
priate applications of materials

Few systems have been developed for in situ
monitoring of materials under irradiation in a
Scanning Electron Microscope (SEM). The micro-
ONE system, shown in Fig. 3a at Sandia National
Laboratories represents one of the only integrated
in situ SEM/ion irradiation facilities currently oper-
ating.25 With this analysis, irradiation-induced sur-
face morphology changes of any material that can be
imaged in an SEM can be probed in real-time,
offering a dynamic understanding of surface evolu-
tion. Initial results have focused on the morphology
of the nanoscintillator material PbWO4 powder
under proton irradiation as shown in Fig. 2.

There are multiple benefits and drawbacks to
imaging materials under simultaneous irradiation
in the SEM. This analysis method offers high
resolution imaging of the surface morphology of a
bulk material and allows for spatial chemistry
information with energy dispersive x-ray (EDS)
analysis and spatial crystallographic information
with electron backscatter diffraction (EBSD) anal-
ysis. However, there are synergistic electron and ion
beam effects that must be considered. Energetic
electron and ion beams can both introduce defects,
heat samples, charge samples, or change material
chemistry while imaging, all of which can compli-
cate identification of ion-induced mechanisms.26,27

In the example presented in Fig. 2, the high
magnification SEM imaging resulted in clear charg-
ing and ablation of the PbWO4 powder from the
surface. As such, care must be taken to isolate the
effects of ion damage in all in situ electron
microscopy irradiation experiments. More gener-
ally, the observer effect needs to be extensively
considered in any and all in situ techniques. Addi-
tionally, concerns regarding the integrity and per-
formance of secondary and backscatter electron
detectors in SEMs must be considered. Many detec-
tors are susceptible to damage by ion beams or may
be overloaded by ion-induced secondary electron
emission, necessitating the use of creative experi-
mental designs and imaging schemes. Nonetheless,
in situ SEMs represent an emerging opportunity to
study the evolving surface of materials under
irradiation. Figure 3a–b shows two in situ irradia-
tion SEM systems.

After IBA, the combination of in situ transmission
electron microscopy (TEM) with ion irradiation is
probably the most common in situ tool and has been
reviewed elsewhere.28,29 Figure 3c-e shows three
examples of in situ irradiation TEM facilities
around the world. The nanometer resolution of the
TEM is ideal for observing the dynamics of disloca-
tion loop nucleation and growth, bubble formation,
bubble to cavity evolution, grain growth, phase
transformations, phase segregation, and many
other microstructural process in real-time through
electron beam imaging and diffraction. However,

the thin film nature of the TEM observation can
complicate the interpretation of results due to the
small volume of material and the higher surface-to-
volume ratio. But, with proper experimental design,
these limitations can be minimized. This section will
highlight the general capabilities of the in situ ion
irradiation within the TEM, with examples of
materials under heavy, light, and multi-beam ion
irradiation.

Ion irradiation within the TEM is primarily used
to create either knock-on type damage or chemical
doping within the TEM lamella. Any material that
can be made into a TEM specimen can be studied
during in situ ion bombardment including met-
als,30–40 nanoparticle systems,38,41,42 and ceram-
ics.43–45 These facilities and the subsequent
studies have demonstrated the potential benefit of
nanostructure materials to engineer radiation tol-
erance.46,47 Figure 4 displays the power of in situ
TEM studies which allow, for example, the contin-
uous monitoring of crystal order and disorder at
oxide interfaces,48 and visualization of irradiation-
induced dislocation loop motion in Cu.49 Both of
these examples highlight the use of in situ TEM to
understand dynamic defect mechanisms that drive
bulk material responses.

In situ He and other noble gas ion implantation is
used to investigate gas bubble and cavity formation
and evolution in materials in real-time. In situ TEM
has been used to examine He bubble formation and
microstructural response in materials proposed for
use in nuclear reactors, such as W,50,51 zircaloy,52

Mo,53 SiC54,55 and Si,37 as well as in model metal
systems such as Fe56,57 and Ni, NiCr, and FeCr,56

and in minerals to simulate the effects of solar
winds on space dust.58 Particular interest has been
dedicated to deciphering the impacts of grain
boundaries on He bubble dynamics, elucidating
the He-bubble tolerance of nano-grained or nanos-
tructured materials.50,57,59

While single ion irradiation offers information on
the mechanisms dictating fundamental material
responses, materials in harsh environments such
as nuclear reactors may be exposed to simultaneous,
multiple particle bombardment, or complex nuclear
reactions. Therefore, concurrent irradiations of
materials with both a range of ion species and
energies are needed to simulate these complex
environments. Studies have examined the mobility
of dislocations in Fe in the presence of He,60 bubble
growth and linkage behavior in SiC,61 void forma-
tion in Ni,62 and the dependence of single, dual, and
triple ion beam (helium/deuterium/gold) irradiation
on cavity formation and evolution.63 Overall, in situ
TEM irradiation has proven one of the most consis-
tent and reliable tools for the investigation of the
transient, ion-induced effects on materials at the
nanoscale. Additionally, advanced analytical micro-
scopy tools have been deployed recently on multi-
beam irradiation facilities to probe the chemistry
and structure of materials through Electron Energy
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Loss Spectroscopy (EELS), Energy Filtered-TEM
(EF-TEM), Scanning Transmission Electron Micro-
scopy (STEM), Energy Dispersive x-ray Spec-
troscopy (EDXS)64 and Automated Crystal
Orientation Mapping (ACOM).65

In addition to electrons, positrons are also used to
investigate defect evolution within materials
through positron annihilation spectroscopy (PAS

or PALS). Capabilities for in situ positron doppler
broadening for investigating defect evolution of bulk
materials under irradiation have been developed.66–72

PAS offers unique sensitivity to vacancy-type defect
formations on scales as small as monovacancies. In
one example, Tsuchida et al. used in situ PAS to
investigate the enhanced radiation tolerance of
nanocrystalline Ni simultaneously implanted with

Fig. 2. In situ proton irradiation of PbWO4 within the SEM. The lack of topographical SEM contrast indicates material ablation following localized
exposure to a 3 MeV H ion beam to the indicated fluences in the region of interest (orange box) demonstrating the ability for localized monitoring
of surface damage of materials under irradiation.
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light ions.73 However, challenges remain in quanti-
tively recovering defect information (such as specific
vacancy cluster size and density) through the
indirect responses measured using PAS. Nonethe-
less, advanced facilities for in situ PAS are under
development in several countries.72

X-ray Characterization Techniques

X-ray-based characterization tools are utilized to
characterize material composition, phase, and
strain evolution under ion irradiation. X-ray Photo-
electron Spectroscopy (XPS) is a surface-sensitive
characterization technique used to track the bond-
ing states and compositions of the first few layers of
surface atoms of materials.74 In situ XPS facilities
have been developed for monitoring compositional
changes in the first layer of atoms that drive surface
responses without exposure to air.75–77 Multicom-
ponent semiconductor materials can undergo sur-
face nanostructuring driven by irradiation-induced
segregation. The surface chemistry evolution of
GaSb and CdZnTe under low energy ion bombard-
ment have been analyzed with in situ XPS, showing
a trend towards elemental segregation.78–80 Fig-
ure 5a–b shows the Interaction of Materials with
Particles and Components Testing (IMPACT) facil-
ity designed for in situ investigations of material

surfaces under ion irradiation, and corresponding
in situ, in vacuo XPS data of GaSb under ion
bombardment, showing the surface compositional
changes that can occur in multi-component semi-
conductors under ion irradiation. In situ Grazing
Incidence x-ray Scattering (GISAXS) has also been
developed for analyzing the nanostructure evolution
of semiconductor materials under irradiation.78,81

Beyond semiconductors, the evolution of plasma-
facing materials in future nuclear fusion reactors
must be deciphered to ensure safe and continued
core reactor performance. In vacuo XPS systems
have been developed for characterizing the surface
composition of materials exposed to fusion plas-
mas.77,82,83 These methods are useful for character-
izing near-surface features due to the probing depth
of x-rays used, which is vital for surface nanostruc-
turing or preferential sputtering for materials that
are altered at the surface by ion irradiation. How-
ever, higher energy ions or materials susceptible to
deeper damage require other characterization tools.

X-ray Diffraction (XRD) allows one to probe
beyond the first layer of atoms to understand both
composition and crystal structure. In situ XRD
systems for monitoring materials evolution in real-
time under ion bombardment have been developed
by Grygiel.84 Initial studies have investigated the
amorphization kinetics of SrTiO3 under

Fig. 3. In situ ion irradiation SEMs: (a) The micro-ONE system at Sandia National Laboratories, (b) the in situ ion irradiation SEM (I3SEM) at
Sandia National Laboratories. In situ ion irradiation TEMs: (c) the Hitachi H-9000NAR at Argonne National Laboratory, USA, (d) the FEI Tecnai-
200 at the JANNuS facility at CSNSM, France, and (e) the Hitachi H-800 at Wuhan University, China, reprinted with permission from Ref. 28.
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Fig. 4. In situ observation of heavy ion irradiation in various materials showcasing the ability for in situ TEM irradiation to probe dynamic behavior,
such as (a) percolation of disorder at oxide interfaces under Au irradiation, reprinted with permission from Ref. 48 and (b) the motion of
dislocations in Cu under Cu irradiation, reprinted with permission from Ref. 49.
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simultaneous ion bombardment, with minimal loss
in signal. The ALIX facility offers the first ability to
probe materials crystallinity evolution and compo-
sition in real-time with XRD. Figure 5c–d shows the
experimental design of the ALIX facility, with an
ion beam interfacing into and x-ray diffractometer
(c) and resulting diffraction patterns of SrTiO3

under ion bombardment (d) showing a loss in
crystallinity as the irradiation fluence progresses.

Optical-Infrared Characterization
Techniques

Imaging of materials with electron beams and
tracking composition with x-ray techniques allows
for material microstructure to be monitored in real-
time. Optical- and laser-based techniques can also
be used for material structure monitoring to indi-
rectly probe the ion-irradiation induced changes.
These techniques can be deployed in situ with ion
irradiation as they are non-destructive and are not
affected by the electro-magnetic fields needed to
manipulate ion beams. Common techniques for
understanding ion effects on materials include
luminescence,85 reflectivity,86,87 and ellipsometry.88

In situ monitoring of materials has even been used
to detect single ion strike events in materials
through ion beam induced luminescence
(ionoluminesence).89

Ellipsometry is commonly used to evaluate the
properties of thin films, probing the near-surface
morphology and roughness of materials. Typically
used to evaluate thin films following fabrication,
ellipsometry has been interfaced for in situ moni-
toring of thin film growth.90 Recent studies have
integrated ellipsometry into ion-irradiation facili-
ties to track the structure of materials under ion
bombardment.88,91 Hada et al. evaluated surface
damage evolution of thin films under Ar ion bom-
bardment using ellipsometry, to show measure-
ments of sputtering yields via analysis of resulting
film thicknesses during synergistic ion bombard-
ment.88 Advancing beyond thin film thickness mea-
surements, Wong et al. monitored the structure of
bulk tungsten under He irradiation using in situ
ellipsometry, offering a non-destructive method for
evaluating the surface roughness of W under high
temperature He irradiation to understand the sur-
face nanostructure (fuzz) dynamics that may evolve
in nuclear fusion plasma-facing materials.91

Optical reflectivity is a common technique for
analyzing material evolution, as the reflectivity can
depend on surface damage, crystallinity, or phase of
a material. Reflectivity is especially important for
the use of metallic mirrors in extreme environments
where they may be exposed to high fluences of low
energy ion bombardment. In situ reflectivity is a
useful diagnostic tool for materials destined for use

Fig. 5. (a) In situ XPS facility (IMPACT at Purdue University, USA) for tracking surface composition of materials, reprinted with permission of AIP
Publishing from Ref. 75 (b) GaSb under ion irradiation, tracking surface composition progression through ion fluence reprinted with permission
from Ref. 79. (c) in situ XRD set-up (ALIX facility at CEA, France) used for studying the crystallinity and composition of bulk materials during
simultaneous irradiation, including deciphering the impact of irradiation on the crystallinity of SrTiO3 (d), reprinted with permission of AIP
Publishing from Ref. 84.
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in these environments and can be used for materials
down-selection or design enhancement. Urabe et al.
and Ono et al. evaluated the optical reflectivity of
Mo and steel under He irradiation, showing that the
real-time deterioration of reflectivity is intense and
depends on the ion energy and changes with
dose.87,92 In addition, reflectivity can be employed
for in situ monitoring of phase change dynamics in
phase-change materials, such as germanium-anti-
mony-tellurium (GST).3,93 Figure 6 outlines the key
experimental facilities and results for optical spec-
troscopies of ion-material interactions.

Ion-irradiation-induced luminescence is a non-
thermal, photon emission technique that can be
used to probe the dynamic responses of damage and
relaxation in ceramics and glasses when light is
emitted as ions hit a target material. The perfor-
mance of ceramics and glasses where ionolumines-
cence occurs under irradiation warrants
investigation as the absorption and emission prop-
erties can be influenced by point defects, by phase
changes or crystallization, by local ordering, and by
chemical doping. Therefore, the dynamic evolution
of photoemission under simulated irradiation envi-
ronments may be used as an indicator of irradiation
effects in many materials and is particularly impor-
tant for understanding the dynamic evolution and
failure of scintillator devices. Integrated facilities

for monitoring of materials evolution have been
developed with multiple optical spectroscopy tech-
niques94 and dedicated luminescence characteriza-
tion.95 Although luminescent techniques offer
limited spatial resolution, they are useful for mon-
itoring defects in the near-surface immediately
following ion strikes in materials of many types.

Nagata et al. utilized in situ ionoluminesence of
zirconia under H and He irradiation to non-destruc-
tively probe the evolution of damage. Via in situ
monitoring, the role of oxygen deficiencies within
the zirconia matrix on H and He trapping was
elucidated.96 Srivastava et al. investigated the role
of ion species on the damage evolution within
zirconia, utilizing ionoluminesence and showed
clear differences in the luminescence response
during Si or He ion bombardment were observed,
therefore demonstrating incident particle discrimi-
nation.97 Saavedra et al. utilized similar techniques
to understand the radiation damage in fused silica
under various irradiation conditions.98 The ionolu-
minesence spectra collected during in situ monitor-
ing showed an ion dose and species dependence,
indicating the high dose He irradiation is required
to incur similar damage as low dose O and Si
irradiation. Sunitha et al. applied in situ ionolumi-
nescence monitoring to a rare-earth-activated phos-
phor, CaSiO3:Dy3+, under Si ion irradiation to

Fig. 6. (a) Experimental set-up for investigating in situ reflectivity of materials under He irradiation, reprinted with permission from Ref. 87. (b)
Reflectivity of GST under ion bombardment to correlate ion-induced phase changes with reflectivity, reprinted with permission from Ref. 3. (c) In
situ monitoring of W surfaces with ellipsometry to understand the evolution of He irradiation induced surface morphology development, reprinted
with permission from Ref. 91 under the terms of the Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND). (d)
In situ ion-induced luminescence intensity of fused silica, showing the impact of bonding states, and the temporal resolution of in situ studies,
reprinted with permission from Ref. 96.
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generate an understanding of the impacts of ion
irradiation on the surface bonding and resulting
phosphor behavior.99

Raman spectroscopy is laser-based technique that
can be used to track material composition and
structure in inorganic materials (mostly non-metal-
lic) through the inelastic scattering of incident
photons from crystal vibrational modes. It is versa-
tile, rapid, and non-destructive, making it ideal for
in situ monitoring of materials under ion bombard-
ment. Raman studies are particularly suited to
ceramic materials under irradiation, which can
undergo compositional and phase changes through
the accumulation of defects modifying their Raman
signatures. Large-scale experimental facilities for
in situ monitoring of materials under ion irradiation
with Raman spectroscopy have been designed and
implemented, most notably in France. The JANNuS
facility, developed by Beck et al., has been used to
monitor irradiation-induced damage through many
characterization tools including an in situ Raman
spectrometer interfaced with an ion accelerator.94

The schematic of an experimental facility developed
for in situ Raman spectroscopy measurements is
shown in Fig. 7a, with Fig. 7b showing initial
results detailing the loss of order in 6H-SiC under
ion irradiation.100

Miro et al. utilized in situ Raman spectroscopy to
study defect accumulation and amorphization in
materials with nuclear reactor applications, includ-
ing SiC, ZrO2, and B4C.100 This work showed that
tracking Raman-active phonon modes allows new
insight into phase changes, amorphization, and
dynamics of irradiation-induced degradation. Sig-
nificant work has focused on characterizing UO2

in situ in simulated applications environments
using Raman spectroscopy.101–103 Canizares et al.
developed a portable in situ Raman spectroscopy
diagnostic tool and explored the surface dissolution
of UO2 under combined He2+ irradiation and H2O
exposure.101 In similar studies, the performance of

UO2 in an Ar/H2 environment with simultaneous
He irradiation have been studied.102 Later, Gutier-
rez et al. investigated UO2 specimens using in situ
Raman spectroscopy under heavy ion irradiation
using the JANNuS platform.104 They showed that
no amorphization was observed in this nuclear fuel
material at very high damage levels, but that the
dynamic observation of defect evolution as mea-
sured by Raman differed significantly compared to
that observed using IBA. This study in particular
highlights the need for multiple dynamic methods
capable of capturing in situ evolution during dam-
age accumulation. For the sake of safety and
reliability, multiple methods should be used to
confirm material dynamics observed initially using
one preferred method if possible. Additional in situ
Raman experiments have been carried out in other
facilities on diamond during noble gas implantation
to provide insight into the behavior of carbonaceous
materials in astrophysical environments.105

IN SITU PROPERTIES CHARACTERIZATION
TOOLS

Methods used to directly monitor microstructural
evolution during ion bombardment, like those dis-
cussed above, are key to developing a fundamental
understanding of structural and chemical defect
generation in many material systems. However, it is
the effects of these defects on material performance
(strength, thermal conductivity, etc.) that are the
limiting factors in material deployment in extreme
environments. These performance properties dic-
tate when and how often materials will fail to meet
engineering criteria. Understanding when these
failures will occur via structure-property correla-
tions is the ultimate goal of studying and under-
standing the defects and microstructures formed
under radiation extremes. While much success has
been demonstrated in the last several decades in
gaining this mechanistic understanding through
in situ microstructure monitoring, more recently

Fig. 7. (a) Schematic of Raman spectroscopy facility designed for in situ investigations of materials under simultaneous ion bombardment. (b)
Progression of in situ Raman spectroscopy spectra of 6H-SiC during simultaneous ion bombardment showing the dynamics of amorphization,
reprinted with permission from Ref. 100.
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new areas of focus have emerged, that seek to target
some (or any) of the performance characteristics of
materials directly during ion beam irradiation.

These in situ property-focused techniques bear
several stringent requirements that limit what
types of material properties may be accessed. Fun-
damentally, methods being used to test performance
in situ must not themselves induce changes in
microstructure in the materials being subject to
external stimuli. It has therefore been of paramount
importance to designers of in situ property testing
methods to rely on non-destructive methods which
are able to interrogate performance without the
probe itself serving as an external stimulus.

The set of in situ property test methods with the
longest history have been electrical in nature. Such
electrical-based probes can be used to directly
measure the performance of semiconducting mate-
rials and devices106–108 or to indirectly use charac-
teristics such as resistivity to infer irradiation-
driven changes in microstructure, phase, etc.109–111

More recently, laser-based photoacoustic techniques
have been deployed to measure thermoelastic prop-
erties directly during ion irradiation.112,113 Contact-
based ultrasonic techniques have also been deployed
in ion beam and other radiation environments to
observe changes in elasticity and detect irradiation-
induced events through acoustic emission, but
applications of these methods have been narrow so
far.114,115

Before discussing each of these classes of exper-
iments in turn, we note that by targeting perfor-
mance characteristics directly, these methods all
capture the integrated effects of defect accumula-
tion and microstructure evolution across all defect
sizes from the nanoscale to the microscale. While
methods such as in situ microscopy must by nature
be targeted at one primary length scale of interest
(SEM vs. TEM for example), methods which capture
material properties directly will integrate the
effects of defects at all scales as long as the
representative sampling volume remains larger
than the scale of individual defects.116 The capabil-
ity to capture defect effects across all sizes, down to
the mono-vacancy or -interstitial level, becomes
especially important when seeking to measure
transient populations of defects that would be
present during system operation, a power-generat-
ing nuclear reactor or in-flight satellite for example,
but which may not be captured through ex situ
property testing once active defect generation is
stopped.

In Situ Optical/Infrared Spectroscopy

Of possible methods to record thermophysical
material properties, laser-based photothermal or
photoacoustic methods have been identified as some
of the most promising to deploy as in situ ion
irradiation tools. A variety of these methods have
been used to study ion irradiation effects ex situ

including time domain thermoreflectance
(TDTR),117 spatial domain thermal reflectance
(SDTR),118 and laser-based resonant ultrasound
spectroscopy.119 Each of these methods share char-
acteristics of being all-optical, non-destructive mea-
surements conducted without contact with the
specimen of interest. However, to date, the most
expansive use of in situ laser-based thermophysical
property measurement techniques has come from
the application of transient grating spectroscopy
(TGS).115,116,119–122 All of these photothermal and
photoacoustic methods fall into the category of
pump-probe techniques where some form of laser
excitation is provided to induce a response in the
material in question. Following excitation, a prob-
ing laser detects the material response through
physical displacement, the thermoreflectance effect,
or some combination of both.

Dennett et al. have deployed in situ ion irradia-
tion transient grating spectroscopy (I3TGS) on an
ion beamline, combining a long working distance
free-space TGS optical experiment with a 6 MV
tandem ion accelerator.120 A schematic of the sam-
ple environment used for I3TGS is shown in Fig. 8a.
This system can track thermal conductivity and
near-surface elastic modulus in real time during ion
beam exposure. To date a majority of studies
conducted using the I3TGS beamline have focused
on the detection of volumetric swelling as a result of
high-temperature ion irradiation. Swelling as indi-
cated through an initial increase in surface acoustic
wave (SAW) velocity due to interstitial clusters,
followed by a turnover and reduction due to porosity
generation was observed in situ during Ni ion
irradiation of pure, single crystal Ni.120 More
recently, a series of in situ irradiation experiments
on Ni-based complex concentrated solid solution
alloys has explored the relative void swelling
response of increasingly chemically-disordered
materials.116 For alloys such as NiCoCr where the
ultimate void size remains small, in situ TGS
experiments are able to determine the onset of
volumetric void swelling through changes in elastic
properties before these voids would be easily count-
able using standard, post-irradiation STEM.

The unique insight available through in situ
property monitoring using TGS is highlighted in
Fig. 8b. Here, a polycrystalline, refractory multi-
principle element alloy (rMPEA) with composition
30Mo-24Nb-23Zr-13Cr-7Al-4Ta, was exposed to 10
MeV Si2+ ions at 450�C. The target dose level for
this experiment was �100 dpa. However, after only
31 dpa, the ion beam experienced an unexpected
failure. As evidenced by the evolution in SAW
velocity during this initial irradiation period, the
effective elastic modulus rapidly decreased with
irradiation, reaching a steady state around 15 dpa.
When active defect generation ceases, the temper-
ature remains stable at 450�C, promoting defect
annealing. This annealing is evident in a gradual
increase in the SAW velocity, which approaches
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another steady state. While on paper a failed
experiment, the continuous record of thermoelastic
material properties is nevertheless able to offer
dynamic information with respect to the dose nec-
essary to reach defect saturation and the time
necessary to anneal those defects which are recov-
erable. All of this detail would otherwise be unavail-
able in a traditional PIE on bulk specimens.

In Situ Electrical Property Characterization

Materials used in electronic devices can have
their properties and performance tailored via ion
irradiation or may be used in extreme environments
and subject to irradiation during operation. The
evolution of electronic materials under irradiation
can be used to validate device performance under
simulated operational environments or determine
when properties are precisely tuned for the desired
application. Deploying in situ resistivity and I-V
curve monitoring tools offers the opportunity to
probe the dynamics of electronic device failure,107

monitor phase transformations in complex materi-
als,123 or identify critical doses resulting in changes
in superconductivity.109

Through in situ monitoring of I-V curves, device
performance or tailoring of electronic barriers can
be interrogated. Baranwal et al. investigated the
impacts of swift heavy ions on metal-semiconductor

interfaces of diodes to offer insights into controlling
the Schottky barrier height through ion irradia-
tion.106 Praveen et al. studied the effects of ion
irradiation of Si-Ge transistors to show that oxygen
irradiation induced more degradation of device
performance than boron irradiation.107 Tracking
resistivity can also offer a non-destructive evalua-
tion of material changes under irradiation, through
defect introductions or phase changes. The dynamic
evolution of resistivity of GaAs and Si crystals
under ion irradiation has been tracked in situ to
decipher the effects of electronic and nuclear stop-
ping.108,111 High temperature superconductors may
be used in future nuclear fusion reactors and
exposed to radiation; however, changes in their
performance in irradiation conditions remains a
largely open question. Borges da Costa et al. used
in situ resistivity measurements of NiAl films at 77
K under Ar irradiation to show dynamic increasing
and decreasing resistivity as fluence progresses.109

Similarly, Marwick et al. and Ovchinnikov et al.
showed changes in resistivity of complex supercon-
ducting alloys attributed to phase transformations
and order-disorder transitions at critical, specific
doses that would otherwise be inaccessible or
unidentifiable with solely ex situ monitoring.110,123

Fig. 8. (a) Experimental arrangement for in situ ion beam irradiation with transient grating spectroscopy thermoelastic property monitoring,
reprinted with permission from Ref. 115. (b) Example I3TGS experimental record for high temperature irradiation of a refractory multi-principle
element alloy with 10 MeV Si ions, showing the continuously-recorded ion beam current, the TGS-measured surface acoustic wave (SAW)
velocity, and the surface-measured bulk sample temperature. Rapid elastic softening as evidenced by the decrease in SAW velocity during
irradiation is observed via non-destructive methods.
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In Situ Mechanical Testing

Interrogating mechanical properties of materials
under ion irradiation allows the degradation and
failure of materials to be understood taking an
engineering approach, moving beyond simple imag-
ing and towards correlating microstructural evolu-
tion with dynamical property changes. While
accessing mechanical properties non-destructively
(elasticity) the strains remain small enough that
effectively no irreversible change is caused by the
presence of the probe. An additional class of radi-
ation-accelerated dynamics has been studied
through the use of in situ creep experiments on
several length scales.124–127 While operating outside
of the prescription of ‘‘no irreversible changes’’,
these creeps tests seek to understand how the
additional defects generated through irradiation
affect deformation already ongoing, not to interro-
gate dynamics which are primarily or solely driven
by irradiation.

Xu et al. examined in situ the creep performance
of T-91 steel under proton irradiation in a combined
end station with mechanical testing on an ion
accelerator.124,127 Recently, Briggs et al. developed
a versatile testing end station for tensile, fatigue,
and creep at temperature up to 1000�C and ion
energies up to 100 MeV to advance understanding of
the dynamic deformation response of materials
under combined extreme external stimuli.128

Small-scale mechanical testing can probe the
nanoscale features that drive the bulk material
properties. In first of its kind in situ TEM irradia-
tion-induced creep experiments, Dillon et al. showed
the evolution of nanoscale Cu/W laminate pillars
under high energy ion bombardment.125 Subse-
quent experiments have examined the irradiation-
induced creep behavior in high entropy alloys and
Zr, demonstrating the ability to elucidate funda-
mental nanoscale mechanical deformation mecha-
nisms that occur during ion irradiation.129,130

Figure 9 highlights in situ ion irradiation mechan-
ical characterization facilities in bulk (a) and on the
TEM scale (b).

Materials under ion irradiation undergo complex,
dynamic processes that can alter the material
morphology, composition, structure, and, result-
ingly, the properties. We have attempted to show
that in situ monitoring of materials under ion
irradiation is a diverse field offering a wealth of
methods to future experiment designers: monitoring
microstructures through x-ray spectroscopy and
diffraction techniques, electron beam imaging, and
laser-based spectroscopies; and monitoring proper-
ties through laser-based methods, electrical connec-
tions, and bulk and nanoscale mechanical testing.
Nonetheless, more and more diverse tools should
and are being developed to interrogate material
evolution in situ in combined irradiation and exter-
nal stimuli environments via multiple characteri-
zation techniques. Our current and future tools will

allow a widening field to advance the understanding
of materials evolution during the dynamic material-
irradiation process.

FUTURE DIRECTIONS

Through the miniaturization and adaptation of
materials characterization techniques and property
testing platforms, the scope of materials and irra-
diation conditions that can be explored in situ has
greatly expanded. Through the last few decades, the
integration of characterization tools onto ion beam
accelerators, as Fig. 10 shows, has enhanced in situ
materials monitoring. The future of in situ
microstructure monitoring during ion irradiation
relies upon the ability to diagnose dynamic material
evolution with advanced characterization tools.
Recent advances in electron optics have provided
unprecedented advances in spatial and temporal

Fig. 9. (a) Experimental design for testing irradiation-induced creep
on bulk samples, showing the ion beam, load direction, and bulk
sample, reprinted with permission from Ref. 127. (b) TEM
micrographs detailing the experimental setup of nanoscale in situ
irradiation-induced creep experiments, indicating the nanoindentor
and Cu/W laminate, and deformation (interfacial shearing
mechanisms), reprinted with permission from Ref. 125.
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resolution as seen in both the dynamic TEM
(DTEM)131 and Aberration-Corrected TEM (AC-
TEM),132 respectively. If successfully combined with
in situ ion bombardment these new capabilities offer
nanosecond and sub-angstrom resolution, which can
provide new insights into inherently dynamic and
atomic-scale processes. In a similar way, the
advancements and miniaturization in SEM and
other lower energy electron microscopy techniques
make them ripe for in situ ion beam integration.
Beyond electron microscopy, the evolution of surface
composition and structure can continue to be
explored via a range of advanced characterization
techniques. One can envision characterizing gas-
covered surfaces via near-ambient pressure XPS,133

integrating an ion beam with a synchrotron light
source,134 re-igniting prior in situ irradiation Scan-
ning Tunneling Microscopy (STM)135,136 and Atom
Probe Tomography (APT) studies137,138 investiga-
tions, and combining multiple IBA techniques with
ion accelerators.139 Additionally, given careful engi-
neering considerations, in situ characterization
with Secondary Ion Mass Spectrometry (SIMS),
Atomic Force Microscopy (AFM), and Gas Chro-
matography Mass Spectrometry (GCMS) can be
envisioned.

In situ monitoring of material properties under
irradiation will rely on advances of optical spectro-
scopies, pump-probe techniques, and integrated
testing platforms. TDTR techniques have been
deployed for in situ monitoring of battery materials
thermal conductivity under charge cycling140 and
can be envisioned to be used for similar character-
ization for in situ irradiation facilities. Transient
thermoreflectance (TTR) has been used to study
porosity and consolidation in situ during fabrication
of 3-D printed metals and could be envisioned to
investigating similar material property evolution
under ion irradiation.141 Similarly, in situ Fourier
Transform Infra-Red Spectroscopy facilities for
tracking photocatalysis during fabrication and
under visible light and UV irradiation and have
been developed142,143 and could be adapted into ion
accelerators. Recent work showing the sensitivity of
differential scanning calorimetry (DSC) and ther-
mal gravitation analysis (TGA) to radiation-induced
defects in polymers materials motivate the consid-
eration of combining this type of thermal analysis
with in situ ion irradiation.144 Finally, in situ angle-
resolved photoemission spectroscopy has been
shown to be a powerful tool in the investigation of
electrical properties of bulk specimens and

Fig. 10. X-ray, electron, and photon techniques can be combined with ion irradiation for continued investigations of dynamic material processes.
Future facilities and experiments will integrate multiple characterization tools in situ for real-time monitoring of material structure and property
transients on wide spatial-temporal scales to gain a complete picture of material evolutions, reprinted with permissions from refs Refs.
84,94,126,135.
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heterostructures during synthesis or modifica-
tion145; adding ion-beam processing to the available
stimuli could open new opportunities for device
optimization.

Figure 10 outlines the history of in situ irradia-
tion characterization facilities, integrating individ-
ual characterization tools. However, as Fig. 10
indicates, future in situ characterization facilities
will combine analysis techniques and environments
for multi-scale transient materials analysis in sim-
ulated real-world application environments. For
example, in situ irradiation in an Environmental
TEMs (ETEM) with a quantitative mechanical stage
could explore the combined effects of irradiation,
gas environments, and mechanical loads simulta-
neously. Future ion beam facilities can also combine
multiple characterization techniques to offer a more
complete picture of the dynamic, multi-scale struc-
ture-property evolution of materials under ion irra-
diation. Investigating the performance of materials
under synergistic external stimuli with combined
characterization tools will better advance under-
standing of real-world material performance.
Future studies can build upon prior work to advance
understanding of the corrosion performance of
materials under combined ion irradiation and cor-
rosive environments to test material performance in
simulated advanced nuclear reactors.146 The only
limitations to the widening spatial and temporal
scales for the in situ characterization of materials
under ion irradiation are one’s creativity and the
laws of physics.

CONCLUSION

Ion irradiation is frequently used to change the
composition, structure, and properties of materials,
from polymers through semiconductors to metals.
Ion beam exposure can result in surface modifica-
tion, local doping, and nanoscale restructuring in a
myriad of complex forms. The ability to design novel
materials through ion irradiation necessitates
material analysis beyond typical post-irradiation
characterization, thus, requires in situ techniques
to probe the real-time evolution of materials. This
brief review highlighted the numerous electron, ion
beam, x-ray, optical/IR-based, and mechanical test-
ing techniques that have been developed for in situ
monitoring of material structure and property
dynamics during ion bombardment. The greatest
value of in situ monitoring is the ability to capture
transient processes dictating material responses
under controlled external stimuli. The ability to
perform combined in situ characterization and
property monitoring of materials offers a holistic
approach to tracking and understanding of material
performance in often-complex real-world applica-
tion environments.
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