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Knowing when, why, and how materials evolve, degrade, or fail in radiation
environments is pivotal to a wide range of fields from semiconductor pro-
cessing to advanced nuclear reactor design. A variety of methods, including
optical and electron microscopy, mechanical testing, and thermal techniques,
have been used in the past to successfully monitor the microstructural and
property evolution of materials exposed to extreme radiation environments.
Acoustic techniques have also been used in the past for this purpose, although
most methodologies have not achieved widespread adoption. However, with an
increasing desire to understand microstructure and property evolution in situ,
acoustic methods provide a promising pathway to uncover information not
accessible to more traditional characterization techniques. This work high-
lights how two different classes of acoustic techniques may be used to monitor
material evolution during in situ ion beam irradiation. The passive listening
technique of acoustic emission is demonstrated on two model systems, quartz
and palladium, and shown to be a useful tool in identifying the onset of
damage events such as microcracking. An active acoustic technique in the
form of transient grating spectroscopy is used to indirectly monitor the for-
mation of small defect clusters in copper irradiated with self-ions at high
temperature through the evolution of surface acoustic wave speeds. These
studies together demonstrate the large potential for using acoustic techniques
as in situ diagnostics. Such tools could be used to optimize ion beam pro-
cessing techniques or identify modes and kinetics of materials degradation in
extreme radiation environments.

INTRODUCTION

Materials subject to high levels of radiation
exposure may experience drastic changes in their
structure and properties. Over long periods, these
changes may lead to degradation and eventual
component failure in systems including nuclear
power reactors’® and space systems.>* Radiation-
induced changes may also be used as a forensic tool
in either accident scenarios or nuclear security
applications to determine the environments to
which materials have been exposed.® Targeted
applications of radiation have been wused as
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nanoscale device processing tools for decades, most
notably in the semiconductor industry.® In these
contexts and many others, reliably characterizing
radiation-induced effects on both the structure and
properties of many classes of materials is a vital
challenge.

A wide variety of tools have been used to conduct
post-irradiation examination (PIE) depending on
the radiation-induced effect under investigation.
Standard techniques involve tensile testing to char-
acterize radiation-induced hardening,”® Charpy
impact testing to characterize embrittlement,'®!!
transmission electron microscopy (TEM) to directly
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characterize defect type and density,'*'® and ana-

Iytical electron and x-ray techniques to map radia-
tion-induced segregation or precipitation,* 16
among many others. Challenges often arise when
seeking to investigate materials which have been
subject to direct neutron exposure due to hazards
arising from sample activation. Although these
conditions may most directly emulate those seen
in service conditions, laboratory investigations
using neutrons are often impractical to implement
due to this activation, as well as the limited
availability of neutron sources (e.g., reactors or
spallation sources). Ion beam irradiation is com-
monly utilized to simulate the radiation-induced
evolution expected under service conditions, as ion
beams are readily available, more flexible in their
implementation, and can result in little to no
material activation.'”® Thus, ion beam irradiation
is the tool of choice when seekmg to rapidly screen
new materials being proposed for use in nuclear
systems.

Despite the advantages offered by ion beam
irradiation, new challenges are encountered due to
the limited penetration depth of charged ions com-
pared to neutrons. This limited range severely
reduces the total volume of damaged material
available for examination and has spurred the
development of specialized techniques for PIE of
ion-damaged materials. Microscopy techniques
seeking to evaluate meaningful defect distributions
and densities will often restrict analysis to specific
layers only hundreds of nanometers thick from bulk
implanted samples.'®?° Specialized nanomechani-
cal testing schemes have also been developed—pil-
lar compression, push—pull tensile testing,
nanoindentation, notch testing, and more—to
attempt to recover bulk material properties from
these small volumes.?~2°

One class of underexplored methodologies of
particular interest for the characterization of radi-
ation-induced changes is acoustics. Broadly, these
methods are concerned with the properties of elastic
wave propagation through solid materials. The
speeds at which acoustic waves propagate, the
degree to which they are attenuated, and their
non-linearities can all be used to determine infor-
mation about the material properties and damage
structure. Methods of ultrasonic characterization
have been used for some time as PIE tools on
materials exposed to various levels of radiation. For
example, Matlack et al. used acoustic non-lineari-
ties to study embrittlement in reactor pressure
vessel steels and were able to correlate changes to
specific defect populations.?®?” Etoh and coworkers
used contact ultrasonics to map porosity evolution
in stamless steel exposed to high levels of neutron
irradiation.?® Duncan and coworkers tracked aniso-
tropic changes in acoustic wave velocities in single-
crystal tungsten implanted with helium to confirm
the presence of oriented He-vacancy complexes.?3°

Finally, Dennett et al. correlated changes in acous-
tic wave velocity to volumetric void swelhn§ in
copper self-ion irradiated at high temperature.

Although much has been gained from the wealth
of available PIE methods, the limited snapshots in
dose often mean that transient microstructures and
subsequent properties can be easily overlooked.
In situ measurements during ion irradiation permit
the continuous observation of microstructure, prop-
erties, and system characteristics throughout the
experiment, shedding light on these transient fea-
tures. For example, the ability to measure the
electrical performance of devices during ion irradi-
ation is mature and used in many laboratories.?* In
addition, efforts have been undertaken by several
ion beam laboratories to understand the structural
evolution through a combination of in situ TEM or
Raman spectroscopy.®>2® An even smaller effort
has explored the evolution of thermal and mechan-
ical properties during ion bombardment.?’*°
Efforts are ongoing in the field at a variety of
laboratories to incorporate scanning tunneling
microscopy, scanning electron microscopy, and even
positron annihilation spectroscopy into ion beam
end stations to provide greater insight into chemi-
cal, microstructural, and property evolution as a
function of radiation damage.

Given both the flexibility in implementation and
the ability to evaluate material properties and dam-
age structures non-destructively, acoustic testing is
increasingly being used in this new generation of
in situ monitoring techniques. By “listening” to a
material as it is being exposed to extreme radiation
environments, a time-resolved record of property
evolution and damage events may be recovered.

In this work, we explore two different listening
modalities and how each may be used in the context
of radiation effects. First, acoustic emission (AE)
testing, a passive listening technique, may be used
to track the incidence and location of certain
damage events induced by radiation. Stress-relief
events such as cracking and blistering may emit
transient elastic waves which can be detected and
monitored using contact ultrasonic transducers.
Using a network of sensors, the arrival times of
the elastic waves can be used to localize the source
of the event in real time,* ™3 although such local-
ization has not been implemented in this work. AE
monitoring has been used in a limited number of
irradiation studies i in the past, primarily focusing on
low (100s of keV**) or extremely high (single
GeVs*®%5) energy ion implantation. Here, we focus
on moderate energy ions (single MeVs) such that we
primarily listen to damage accumulation in a
microns-thick surface layer. This method is classed
as passive, as no external stimulus is necessary to
generate the effect measured. Samples acoustically
emitting in this manner will produce signatures in
these environments whether or not a sensor is
affixed.
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In contrast, a second class of active listening
techniques which rely on an external input of
energy may also be applied to track fine changes
in material properties during radiation exposure. In
this category, we use a photoacoustic methodology
known as transient grating spectroscopy (TGS) to
induce and monitor surface acoustic waves on
materials as they are being exposed to radiation.
By providing an impulse of energy from a pulsed
laser, short-lifetime acoustic waves are excited and
their oscillation monitored as they decay.*”*® The
properties of these acoustic waves may be measured
at extremely high resolution in this manner. These
excitations decay on the timescale of tens of
nanoseconds, often much faster than damage is
accumulated, providing a snapshot in time of the
material properties at each excitation. Recently, an
in situ ion beamline at Sandia National Laborato-
ries was commissioned which is dedicated to this
type of continuous characterization.*’

Here, these two methodologies—AE and
TGS—will each be described in detail. A series
of in situ AE experiments are conducted on a
model ceramic (quartz) and face-centered cubic
(FCC) metal (palladium) exposed to 2 MeV
helium ion implantation to demonstrate the
utility of this passive technique on a variety of
material systems. In situ TGS experiments are
conducted on a model FCC metal (copper) during
self-ion irradiation at high temperature. These
tests demonstrate the utility of active listening
at combined extremes of radiation exposure and
temperature.

PASSIVE AND ACTIVE LISTENING
TECHNIQUES

Passive acoustic sampling relies on energy
releases from rapid stress relaxation events within
materials. These events may occur when stresses
are induced on a specimen through any number of
means. Classic examples of stress relaxation events
include cracking, grain boundary debonding, and
phase transformations induced by external load-
ing.’%%3 This technique has been used in geome-
chanics and civil engineering®® to monitor failure
processes and map fracture growth in a number of
different rock tgpes,,‘“""—"r”56 geomaterials, 2435758
and concrete.?®

AE monitoring involves coupling a piezo-electric
crystal, or crystals, to the sample using an adhesive
or acoustic couplant. When a propagating elastic
wave strikes the piezo, the deformation generates a
small electric signal that is magnified using in-line
preamplifiers and recorded with high-speed digital
oscilloscopes. With a multi-channel system, multi-
ple waveforms arriving in short succession can be
used to locate individual acoustic events within the
sample by using the difference in the arrival times
at the different sensors. Uncertainty in these mea-
surements is decreased by increasing the number of

sensors on a sample; as the number of sensors
increases, tomographic reconstruction of damage
events becomes possible.®

The AE data from in situ ion beam irradiation in
this work were recorded with a single Dynasen
0.093” diameter piezo-electric transducer (model
CA-1163) as proof-of-principle experiments. Side-
and front-view schematics of the in situ AE exper-
imental configuration are shown in Fig. 1a and b,
respectively. The transducer pin was electrically
insulated, slotted into an aluminum mounting
block, and pressed flush against the back side of
the sample. Silicone-based vacuum grease was used
as an acoustic couplant. Samples were affixed to the
mounting block using a series of mounting clips,
centered on the pin. During irradiation, the ion
beam spot was steered to the center of the sample,
aligned with the transducer pin. A Mistras Micro-II
Express system with an Express-8 eight channel AE
board was used to monitor and record AE. This
system is capable of filtering, recording, and ana-
lyzing AE hits as well as collecting individual
waveforms. Signals were amplified by 60 dB with
an in-line preamplifier and bandpass filtered for a
range of 200 kHz to 1 MHz. With this Mistras
system, an AE hit is recorded when the signal
crosses a user-defined trigger threshold. The max-
imum signal amplitude able to be registered is
100 dB; no AE hits recorded in this work reached
that limit. Only a single transducer was used in this
scoping study, requiring the use of only a single
channel on the Mistras system. This configuration
was the simplest to implement given the small size
of the samples and the constraints of the multi-
purpose ion beam target chamber. Nonetheless,
these initial point measurements demonstrate the
utility of the AE methodology applied during
irradiation.

In contrast to the relatively simple-to-implement
passive listening technique, active acoustic interro-
gation is accomplished through the use of the
dedicated in situ ion irradiation transient grating

spectroscopy (I>TGS) beamline at Sandia National
Laboratories. This facility is described in detail in a
recent work.*® The transient grating method oper-
ates by exciting surface acoustic waves (SAWs) and
a one-dimensional (1D) transient temperature pro-
file with a well-defined wavelength on the sample
under interrogation. This excitation is generated by
crossing two laser pulses with durations of tens to
hundreds of picoseconds at a known angle at a
sample’s surface, projecting a 1D interference pat-
tern. The standard TGS implementation generates
both of these excitation pulses from a single source
by splitting a pulsed laser with a volumetric diffrac-
tion optic and recombinin§ the + 1 diffraction orders
as the excitation pair.*”%* This geometry, the same
as that implemented on the I’TGS beamline, can be
used to reliably generate single-wavelength excita-
tions with periods in the range of 1-100 ym over
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Fig. 1. (a) Side and (b) front views of in situ AE ion irradiation experiments. The acoustic transducer is electrically insulated and set in a
thermally-conductive mounting block. Samples are clipped to the transducer surface over a layer of vacuum grease to ensure effective coupling.
(c) Top and (d) front views of in situ ion irradiation TGS. Samples are affixed directly to a high-temperature sample manipulator using a series of
clips. A sample surface is excited (pumped) with a periodic laser intensity profile and the resulting excitations are monitored using a continuous

wave probing laser placed inside the excited spot.

spot sizes of several hundred microns. For in situ
experiments, excitations with wavelengths from
4 ym to 10 yum and spot sizes of ~ 200 um can be
generated with a laser energy of 5 uJ applied over a
400 ps pulse at 532 nm and a repetition rate of
1 kHz.

To monitor the oscillation and decay of the
induced acoustic wave(s), a quasi-continuous wave
probing laser is directed into the center of the
excited region. The periodic surface displacement
associated with the SAW acts as a diffraction optic
for this probe laser. By recording the diffracted
intensity of this beam, the dynamics of the excita-
tion may be monitored. In practice, an optical
heterodyne amplification scheme is implemented
to allow SAWs excited with very small amplitudes to
be reliably detected.*” In this work, the probing
laser used is a 785 nm narrow line-width CW laser
modulated with a 25% duty cycle at the pump laser
repetition rate of 1 kHz. The total probing laser
intensity at the sample surface is 10-15 mW. Ana-
lytical models have been developed to extract both
acoustic and thermal transport property data from
TGS measurements.®*¢ Acoustic wave frequencies
and in-plane thermal diffusivity are measured

directly, and the acoustic wave speeds can be
calculated from those frequencies and the measured
projected fringe spacing.

Figure 1c and d show, respectively, top- and front-
view schematics of the experimental geometry used

in the I’TGS system. For in situ irradiations, the
sample is placed at a slightly off-normal incidence to
the ion beam to reduce the effects of ion channeling
in single-crystal samples.*® The TGS laser excitation
is generated outside the high vacuum target cham-
ber and placed incident onto the sample surface at
about 45° to that surface. In this geometry, the
diffracted signal of interest is then reflected along
the corresponding 45° on the other side of the
chamber. That diffracted intensity is monitored on
Si avalanche photodiodes with a bandwidth of 1 GHz
recorded by a 5 GHz, dual-band digital oscilloscope.
Samples are affixed using a series of mounting clips
to a high-temperature resistive heating element
prior to being placed in the measurement position.
One of the mounting clips has a thermocouple welded
to the tip for temperature feedback and control.
Figure 1d depicts a sample mounted to the heating
element, with both the 1D excitation laser spot and
probing laser spot shown (not to scale).
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Table I. Comparison of the passive (AE) and active
(TGS) acoustic techniques used in this study

Technique AE TGS
Temperature Cryo to high Cryo to high
Surface quality Any Mirror
Irradiation conditions Any Any
Dimensionality 3D 2D
Resolution Millimeters Microns
Ease of use Easy Difficult
Contact needed? Yes No
Frequency spectrum Broad Monochromatic
Grain size Any Large/ultrafine

Temperature ranges, dimensionality, and spatial resolution refer
to qualities previously demonstrated, although not all have been
demonstrated in situ during ion beam irradiation.

While stress relaxation events may be directly
monitored in AE to elucidate damage mechanisms,
SAW monitoring in TGS relies on detecting small
changes in material properties due to changes in
microstructure induced by radiation. Such changes
in elastic properties have been attributed to purely
point defect concentrations®” and larger-scale accu-
mulated damage from continuous exposure.?*=3! In
either case, foreknowledge of expected defect effects
on acoustic characteristics allows for highly-re-
solved records of radiation-induced material evolu-
tion to be generated in situ.

Taken together, these two methodologies provide a
set of experimental techniques which may be applied
as in situ diagnostics in a variety of circumstances.
Table I provides a comparison of the two techniques
in terms of characteristics to consider when design-
ing experiments for solid, opaque samples. Given the
overall complexity of the systems necessary for each
type of testing, AE is classed as relatively easy to
implement in the form we describe here, whereas
in situ TGS experiments require significant prepa-
ration to successfully complete. Of particular note is
the mirror-polished surface required for reflective
TGS measurements, while AE samples may have any
surface quality. At present, both methods have been
implemented in situ as single point measurements.
However, in principle, AE testing could be used for
three-dimensional event localization and TGS can be
used to generate two-dimensional maps of evolving
properties across material surfaces. Finally, acoustic
data from TGS experiments on materials with grain
sizes on the order of 10s to 100s of microns, close to the
excitation spot size may be difficult to interpret, as
the elastic anisotropy of most materials may cause
SAWs with multiple velocities to be excited simulta-
neously on neighboring grains. The presence of
multiple SAW velocities drastically increases the
difficulty of tracking small changes in these velocities
to infer microstructure evolution. AE testing, in
contrast, is minimally affected by grain to grain
variations.

In the following sections, recent results from both
in situ AE and TGS testing are discussed. These
experiments cover a wide range of material mor-
phologies, classes, and exposure conditions to show
that acoustic interrogation is indeed a powerful tool
to study radiation-induced material evolution.

IN SITU ACOUSTIC EMISSION
MONITORING

In this work, one sample of palladium foil and two
quartz crystal samples were exposed to interrupted
ion bombardment from a 2 MeV He" beam while
undergoing continuous AE monitoring. Each sample
was larger than the cross-section of the AE trans-
ducer such that the ion beam could not impinge
directly on the pin. Both materials used for these
proof-of-principle tests were legacy samples avail-
able in the laboratory with unknown thermal
histories, and received no preparation prior to being
mounted as shown in Fig. la. For the palladium
exposure, the average applied beam current was
350 nA over a spot size of approximately 2 mm in
diameter. For the quartz experiments, the average
applied beam current was 3.6 nA over the same
~ 2 mm spot. With 2 MeV He™ ions, the resulting
damage layers were approximately 2.9 ym and
5.9 um thick for Pd and quartz, respectively, as
calculated using SRIM and literature displacement
energies.%%"°

Samples were exposed at room temperature with
no active cooling to compensate for local heating
from the ion beam. Interrupted exposures were
conducted by dropping a Faraday cup into the path
of the ion beam upstream of the target chamber
once the desired fluence level was achieved in each
individual exposure event. Fluence levels in each of
the events were measured by collecting charge on a
beam chopper upstream of the target chamber with
a known duty cycle and frequency. The single
palladium sample was exposed to a total fluence of
2.1 x 107 ions/cm? over the course of three expo-
sure events, the first quartz sample to
1.1 x 10" ions/cm? during two exposure events
(low dose), and the second quartz sample to
2.0 x 105 jons/cm? over 13 exposure events (high
dose). Table II describes the fluence levels applied
during each individual exposure event and gives
each of these events a 6-character exposure ID of
the form (Material)(Sample Number)(Exposure
Number). These IDs will be used in the following
discussion to describe the observed AE events
induced by the ion beam.

For the Pd sample, a 33 dB trigger threshold was
used for PD0101 and PD0102, and a 32 dB threshold
was used for PD0103. All quartz exposures were
recorded at a 20 dB threshold, but the value was
raised to 30 dB in postprocessing to remove noise.
Waveforms were recorded at a 10 MHz sampling
rate, leading to a temporal resolution of 0.1 us. For
experiments with Pd, the conductive sample
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Table II. Applied He' ion fluence levels during
each shot of the in situ AE tests

He*
Sample Exposure Fluence
Material no. no. (ions/cm?) ID

Pd 1 1 1x 1016 PD0101
1 2 1 x 107 PD0102
1 3 1 x 1017 PD0103

Total 2.1 x 107
Quartz 1 1 1 x 10 QZ0101
1 2 1x 105  QZ0102

Total 1.1 x 10%®
Quartz 2 1 1 x 10 QZ0201
2 2 1 x 104 QZ0202
2 3 1x 104  QZ0203
2 4 1 x 1014 QZ0204
2 5 1x 101 QZ0205
2 6 1 x 10 QZ0206
2 7 1 x 1014 QZ0207
2 8 1x 10 QZ0208
2 9 1 x 104 QZ0209
2 10 1x 104  QZ0210
2 11 3 x 1014 QZ0211
2 12 5 x 1014 QZ0212
2 13 2 x 1014 QZ0213

Total 2.0 x 10

Exposure IDs are used when describing specific observed AE
events.

resulted in the AE transducer being in weak
electrical contact with the sample mounting block
through the thin film of vacuum grease. Electrical
background noise on the sensor once in the chamber
presented a data collection issue, but grounding,
filtering, and high threshold values eliminated
background electrical noise from triggering false
hits. Little to no AE was recorded when the Faraday
cup was obstructing the beam from the sample,
suggesting that the observed AE resulted from the
ion beam exposure.

Palladium Acoustic Emissions

A total of 14 AE hits were observed in the
palladium foil, 2 hits during PD0101, 11 hits during
PD0102, and 1 hit during PD0103 (Fig. 2a). The first
2 hits were short, moderately-high-amplitude events
(Fig. 2b). In PD0102, events were a mix of short and
long durations, with the highest amplitudes observed
for palladium (Fig. 2b). One extremely long duration
event was observed that lasted 726 us; all other
events were less than 110 us. During PD0103, only a
single short-duration, medium-amplitude hit was
recorded (Fig. 2b) despite the lower trigger

threshold. Finally, an additional hit was observed
shortly after the Faraday cup was closed (Fig. 2a).

Classically, hit amplitude and duration can be
helpful tools in determining damage mechanisms.
High-amplitude, short-duration events are typically
associated with impulse deformation, like the open-
ing of a tensile crack. Longer duration, ringing
events are created by persistent deformation, like
slip along a shear fracture.®*> Under ion beam
exposure, samples will be deforming at the micros-
train level by penetrating He" ions. Hits could be
caused by movement of dislocations, generation of
new dislocation sources, coalescences of dislocation
into bubbles, phase transitions, gas accumulation
and transmission, and crack nucleation and propa-
gation.**"1="* The limited number of observed AE
hits makes it difficult to differentiate between
deformation mechanisms, but the results show at
least two different mechanisms corresponding to
short duration and long duration hits.

Preliminary microstructure analysis revealed
several features which may be responsible for the
observed AE. TEM investigation following focused
ion beam (FIB) lift-out showed a number of pre-
existing cavities in the rolled palladium foil. Micro-
graphs of the peak implantation region, Fig. 2¢ and
d, shows both these cavities as well as helium
bubbles induced via ion implantation. These bub-
bles have an average diameter of 1.5 nm and appear
over a depth range of 584 nm around the implan-
tation peak.%® These bubbles were first observed at a
depth of 2.7 um into the sample surface, corre-
sponding to a helium concentration 2.4 at% at this
implantation energy and fluence. Some cracking of
the foil is also observed in the near-surface region,
likely concentrated around pre-existing cavities.

Further investigation of the as-damaged
microstructure is necessary before a definitive cor-
relation may be drawn between the observed defect
and failure modes and the particular AE signatures
recorded during exposure. Given the presence of two
distinct damage/failure modes, the short hit-dura-
tion mechanism is likely related to the generation of
these bubbles and the higher amplitude hits are
likely related to the more severe deformation asso-
ciated with cracking at or near the surface. An
analysis comparing the energy theoretically
released for each of these two damage modes to
that recorded with AE may help in making that
differentiation.””

Quartz Acoustic Emissions

Substantially higher AE activity was observed in
quartz, despite a two order of magnitude reduction
in ion fluence compared to the palladium exposure.
A total of 3467 hits were recorded during testing for
the first quartz sample, and 19,548 hits were
recorded in the second quartz test (Fig. 3a and c¢).
For the first wafer, AE rates remained around 50
hits/s. For the second wafer, AE rates varied
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Fig. 2. Measured AE activity in palladium foil under ion beam exposure. (a) AE rate and cumulative AE hits versus time for the three ion beam
exposures. The black bar along the x-axis represents exposure events. (b) Amplitude versus duration for AE hits from the three different
exposure events. Transmission electron micrographs of the peak implanted region in Pd using (c) under- and (d) over-focused Fresnel imaging
conditions. Small helium bubbles, 1.5 nm in diameter on average, are observed as light in the under-focused and dark in the over-focused image.

The red arrows indicate a pre-existing cavity in the foil.

greatly, ranging from 10 to 260 hits/s. AE rates were
highest during QZ0201, QZ0208, and QZ0213.
Observed amplitudes ranged from 30 dB to 77 dB,
and durations ranged from 1 us to 649 us (Fig. 3b
and d).

During QZ0102, AE stopped after the first
100 seconds into that exposure. Visual inspection
showed the sample had fractured at the ion beam
spot location. The second wafer did not fracture
despite the higher total ion exposure, suggesting
that fracture most likely occurred due to thermal
expansion at the beam location from the long
continuous exposure. Thermal expansion prior to
cracking could have warped the sample away from
the AE sensor, or the elevated temperature could
have interfered with the vacuum grease, disrupting
the acoustic coupling and preventing recording of
subsequent fracturing. On the second wafer, shorter
exposure steps prevented overheating and ther-
mally-induced cracking.

For the low-dose quartz sample, AE hits can be
divided into three groups (Fig. 3b). The majority of
hits are relatively short duration with amplitudes
varying between 30 dB and 70 dB. There are also a
number of hits with amplitudes around 70 dB with

durations from 100 us to 400 us. The third group of
hits has amplitudes of 30-45 dB with medium
duration. Inspection of waveforms from this latter
group shows that many of these hits are multiple
short hits in quick succession on one recording,
suggesting that total AE is undercounted and that
durations for this group are exaggerated.

AE hits for the high-dose quartz sample can be
divided into similar groupings as the first: short-
duration events with amplitudes ranging from
30 dB to 76 dB, long-duration events up to 649 us
in length, and, in the third group, medium ampli-
tudes from 30 dB to 55 dB with durations exceeding
400 us (Fig. 3d). A temporal evolution in AE can be
observed through the different exposure events. The
long-duration hits over 200 us with amplitudes
around 70 dB all occur in the first three exposures,
QZ0201-03. For QZ0204-06, hits are all short
duration. For later exposures, an increasing number
of hits are the third category of low to moderate
amplitude with medium durations. QZ0211 has a
number of hits at 70 dB with durations less than
200 us, as well as a number of hits at amplitudes
from 50 dB to 60 dB with durations as long as
400 pus. The final exposure, QZ0213, results in
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Fig. 3. Measured AE activity in two quartz wafers under ion beam exposure. (a) First quartz sample AE rate and cumulative AE hits versus time
for the two ion beam exposures. The black bar along the x-axis represents exposure events. (b) First quartz sample amplitude versus duration for
AE hits from the two different exposure events. (c) Second quartz sample AE rate and cumulative AE hits versus time for the 13 ion beam
exposures. Individual exposure events are numbered. (d) Second quartz sample amplitude versus duration for AE hits for all exposure events.

primarily short-duration hits (Fig. 3d). While the
frequencies of measured events is imperceptible to
humans, reducing the speed of events by a factor of
1000 allows for an audible comparison. Some exam-
ples are presented in digital supplementary sound
files for events with high- and low-amplitude hits,
where both single and multiple pulses were
recorded. These combinations represent the differ-
ent types of events observed during irradiation.
Supplementary file names correspond to the ampli-
tude and length of the event and all amplitudes
have been normalized for playback.

The amplitude versus duration plots (Fig. 3b and
d) for the two different quartz samples are similar,
despite the fact the first sample cracked midway
through exposure. This suggests that the same
deformation mechanisms were active in the two
different tests. It also suggests that the AE associ-
ated with macroscopic cracking for the first quartz
sample was either not recorded or obscured by other
AE hits. Further investigation is necessary to
confirm the particular deformation mode associated
with the AE hits recorded in these experiments.
However, given the relatively large acoustic output,

the act of ‘going quiet’ as observed in the low-dose
sample (when AE ceased during exposure) may be
an extremely powerful tool in and of itself when
using ion beams to purposely decouple layers from a
surface (e.g., cleavage during wafer processing).

IN SITU TRANSIENT GRATING
SPECTROSCOPY

To demonstrate active acoustic interrogation, a
series of in situ TGS experiments were conducted
on pure, single-crystal copper. Copper crystals with
dimensions 5 x 5 x 1 mm and {111} surface orienta-
tion were purchased from the MTI Corporation.
Samples are >99.999% pure, mechanically polished
to <3 nm surface roughness, and have surface
orientations within 2° of the given index. These
samples were chosen to extend the previous ex situ
TGS work which was conducted on self-ion irradi-
ated copper.®! In that study, copper samples
exposed at high temperatures were shown to exhibit
microstructure evolution which could be correlated
to changes in SAW speeds across all polarizations on
a {111} surface. For in situ experiments, only one
acoustic polarization may be sampled continuously
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during irradiation. As Dennett et al. previously
found that the (112){111} polarization showed the
largest absolute changes in SAW speed,® copper
crystals were aligned roughly at this polarization
for these exposures. Samples were exposed to

31 MeV Cu®" ions such that the thickness of the
damaged surface layer matches the depth to which
properties are sampled at the applied excitation
wavelength of 4.5 um.?"* Three in situ exposures
were conducted at 400°C, 425°C, and 475°C. Fol-
lowing a 20 min to 40 min temperature ramp from
room temperature, each sample is held for a soak of
~ 20 min—during which baseline measurements
are recorded—prior to high-temperature exposure
with temperatures stable within +0.5°C of the set
point. The motivation for varying the exposure
temperature will be discussed below. During each
exposure, a spinning-wire beam profile monitor
calibrated to a Faraday cup upstream of the target
chamber is used to continuously record the applied
ion beam current. TGS measurements were col-
lected as averages over many individual laser shots
in batches of 35 s at 60 second intervals throughout
each exposure. Relevant parameters for each in situ
TGS experiment are listed in Table III.

Previously, Dennett and coworkers noted that in
this range of experimental conditions, pure copper
will readily undergo volumetric void swelling.
Ex situ TGS testing revealed that, at low exposure
levels, the SAW velocity is observed to increase with
increasing dose before turning over and decreasing
at high dose levels.?! This low-dose stiffening effect
is attributed to an interaction mechanism between
small radiation-induced defect clusters and a native
dislocation network in the crystal matrix, which
increases the effective elastic modulus of the mate-
rial, increasing the measured SAW velocity.”®5°
Sufficient porosity generated due to void swelling
serves to reverse this trend and causes the SAW
velocity to decrease at high doses.®!

The initial irradiation conducted in this series
used the previous work’s set-point temperature of
400°C in an attempt to re-create this stiffening-
followed-by-softening effect directly. Although
exposed to a total dose of 95 displacements per
atom (dpa) at the damage peak (a fluence of
6.7 x 10 jons/cm?), the SAW velocity was observed
to increase steadily and then saturate, rather than
decrease in the high-exposure regime. As a result,

two additional exposures were conducted at 425°C
to a total dose of 127 dpa (8.9 x 106 jons/cm?) and
475°C to a total dose of 99 dpa (7.0 x 106 ions/cm?).
Both of these exposures showed the same trend, an
increase in SAW velocity with exposure level which
never reversed and began to soften as void swelling
occurred. Time-resolved TGS-measured SAW veloc-
ities for all three experiments are shown in Fig. 4.
One feature of note is that, although all three
experiments are conducted along the same surface
polarization, the initial SAW velocity decreases as a
function of exposure temperature. This effect is due
to the expected reduction in the effective elastic
modulus at high temperature.

The data in Fig. 4 clearly do not meet the
expectations set by previous experiments on the
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Fig. 4. Evolution of SAW velocity as a function of exposure time for
each of the Cu self-ion irradiations. For all temperatures, SAW
velocities increase with increasing exposure, with some saturation
behavior evident. Differences in initial SAW velocities as a function of
temperature are consistent with temperature-dependent changes in
elastic modulus.

Table III. In situ TGS exposure parameters for the single crystal (SC) pure copper sample matrix

Surface Ion Ion Spot Avg. beam Meas. Meas.
Material polarization species energy Temp. diameter current time interval
SC Cu ~ (112){111} Cu®* 31 MeV 400°C 1.8 mm 44 nA 35s 60 s
SC Cu ~ (112){111} Cu®* 31 MeV 425°C 2.2 mm 80 nA 35s 60 s
SC Cu ~ (112){111} Cu®* 31 MeV 475°C 2.0 mm 56 nA 35s 60 s

Spot diameter refers to the measured ion beam spot size in the sample plane. The continuously-monitored ion beam current is averaged

over the time of exposure to generate the Avg. beam current column.
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TGS measurement

location
1,000 ym

(b) 400°C

Fig. 5. (a) Post-exposure dark-field optical micrograph of self-ion
irradiated pure copper at 475°C. The laser alignment fiducial and
surface reconstruction due to the ion beam are evident. (b) Low-
magnification, bright-field TEM of self-ion irradiated copper at 400°C.
Faceted voids approximately 500 nm in diameter (lighter regions)
are observed near the defect generation peak, oriented to the single-
crystal surface of the sample (indicated by the dashed yellow line).

same system. To understand why the expected
evolution in SAW velocity was not observed, post-
irradiation optical microscopy as well as FIB lift-out
and TEM was conducted. Figure 5a shows a dark-
field optical micrograph of the 475°C sample. In this
image, the upper section of a square fiducial marker
used for laser alignment during TGS testing is
clearly visible. This fiducial was scribed into the
sample surface prior to exposure. As the scribe lines
strongly scatter the incident lasers, they are used to
target the TGS measurement spot into the center of
the fiducial. Also visible in this image is surface
reconstruction caused by ion beam exposure at high
temperature. This type of phenomenon is commonly
observed for low-energy ion implantation and its
presence in these conditions, although not expected
a priori, is within Jreason.sz_és Post-exposure optical
images of the other two samples showed a similar
arrangement of features. As the ion beam spot is
clearly misaligned from the center of the fiducial
area, it was not located coincident with the laser
measurement spot during exposure. Therefore,
although each copper sample received on the order

of 100 dpa at one particular location, the TGS
response was not being monitored at that particular
location during in situ testing. Likely, the SAW
velocity shown in Fig. 4 is representative of a region
near to the edge of the ion beam spot which only
received a small amount of ion flux in the tails of the
Gaussian profile.

Figure 5b shows a low-magnification bright-field
TEM image of the post-exposure microstructure of
the 400°C sample in the center of the ion beam
location. Here, large, faceted voids approximately
500 nm in diameter with facets aligned with the
single-crystal sample surface are clearly evident at
a depth of 3—4 um from the surface. This location
corresponds to the peak defect generation regime at
this ion beam energy.®® This microstructure is
consistent with that observed previously by Dennett
and coworkers.>! As this TEM sample was extracted
from the ion beam spot and not the TGS measure-
ment location, it lends support to the theory gener-
ated from optical microscopy, namely that these
exposure conditions do indeed cause volumetric
swelling but TGS measurements returned the evo-
lution of material properties from a region experi-
encing significantly less exposure. Similar cross-
sectional imaging of 425°C and 475°C samples
shows a decrease in total swelling as temperature
is increased. This behavior indicates that for this
dose rate, above 400°C, thermal vacancy emission is
high enough to hinder void growth.®® Additional
microscopy of the TGS-monitored region on all
samples will be conducted in the future to confirm
the presence and type of defects in the lower-dose
regime responsible for the stiffening and saturation
observed here.

Following this series of TGS experiments, new
protocols for ion beam—laser coincidence positioning
have been put into place. These systems have since
been shown to correct the misalignment observed

here. With this correction, the dedicated I’TGS
beamline is poised to be a powerful tool for moni-
toring material evolution under extremes of tem-
perature and ion irradiation in the future.

FUTURE DIRECTIONS

The ability to use either passive or active listen-
ing to monitor the effects of ionizing radiation on
materials has great potential for future applica-
tions. Due to the simplicity and ease of set-up of the
single-transducer AE system, it can be easily inte-
grated into many ion beam modification research
and development efforts. For example, the inclusion
of a transducer during a Smart Cut process would
allow beam parameters to be determined for new
material systems beyond single crystals (Si,®” SiC,®®
LiNbO3®®), for new crystal orientations, or for
differing layer thicknesses from a single experiment
where cleavage is directly resolved in time. This
implementation would save scores of ion
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implantation runs and significantly reduce time to
commercialization. In a similar manner, a multiple
transducer system would yield detailed, three-di-
mensional insight into the microscale evolution of
damage that occurs during exposure to any type of
ionizing radiation. This could include the ability to
determine large-scale blistering during noble gas
implantation or tritium decay or cracking and
failure during heavy ion irradiation or operation of
a nuclear reactor.

In a complimentary fashion, active listening
techniques can be used to track the detailed evolu-
tion of the thermal and elastic properties of a range
of materials, both model and commercial. Future
advancements in this technology will permit map-
ping of the property evolution as a function of
location with 10s of micrometer resolution. It has
been demonstrated in this work that TGS can be
performed during ion irradiation and at high tem-
perature, but this method could also be coupled with
other more extreme stressors, such as mechanical
strain, fatigue, laser heating, electrical biasing,
plasma exposure, etc. In addition, considerable
promise exists for using TGS as an in-service
materials monitoring technique where frequent
measurements of TGS-measurable properties could
be correlated to material health. For example, TGS
could be used to assess the embrittlement of large
stainless steel components in nuclear reactors,
which degrade due to spinodal decomposition,”® or
to monitor the copper and phosphorus precipitate
distribution which embrittles pressure vessel
steels.”!

Although this work has focused on AE and TGS
applications during ion beam irradiation, it is easy
to see how these and other advanced listening
characterization and testing techniques can be
applied to a range of laboratory and real-world
radiation environments.

CONCLUSION

In this work, we have described preliminary work
applying two distinct acoustic methodologies for
in situ material monitoring during ion beam irradi-
ation. In a model metal and ceramic, passive
acoustic emission (AE) monitoring records a wealth
of information simply by mounting samples to a
piezoelectric transducer during exposure. In a
model metal at high temperatures, active transient
grating spectroscopy (TGS) tracks the evolution of
radiation-induced defects by their changes on the
elastic and acoustic properties of the material.
While the exact natures of induced defect and
damage events warrant further study for both of
the methodologies used here, the temporal record of
these events provides a map through which further
investigation may be precisely targeted in both
applied fluence and time. The application of these
technologies is mature and minimal work is

necessary to incorporate some modality of acoustic
monitoring into a range of in situ ion beam and
other radiation environments.
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