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This paper describes the first noncontact elastic vi-
bration measurements of an object in a high gamma ra-
diation field. Using a laser-coupled resonant ultrasound
technique, the vibration modes of an Inconel hollow
capped cylinder were measured as the gamma radiation
field was increased to 10* Gy/h. This measurement tech-
nique allowed shifts in the resonant frequency of the
sample’s vibration modes to be tracked over a 170-h
period. The vibration mode frequencies changed in a
manner consistent with the temperature dependence of
the elastic stiffness coefficients of the material. These
results demonstrate the efficacy of the laser approach for
real-time resonant ultrasound measurements in this se-
verely hostile nuclear environment.

I. INTRODUCTION

Advances in nuclear reactor design are hindered by a
paucity of materials property data for candidate struc-
tural materials, particularly at the higher projected oper-
ating temperatures and radiation doses. These data have
been quite expensive to obtain, both in terms of reactor
time to irradiate the specimens and in materials property
testing. Currently, it is necessary to place many replicate
samples in the reactor, remove one at the end of each
desired interval, and measure its properties off-line, usu-
ally within a hot cell. This approach requires significant
reactor time and operational interruptions, entails con-
siderable personnel exposure to radiation, and creates
radioactive waste. A better approach would be to place a
single sample in the reactor for an extended period and
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measure its properties at the desired time intervals in situ
and in real time. The goal of this work was to demon-
strate the efficacy of making measurements on a sample
in a high radiation environment and using these measure-
ments to follow changes in the material properties as a
function of irradiation time. Elastic measurements on an
Inconel sample located in a high gamma radiation field,
reported here, show changes in the material elastic stiff-
ness due to radiation heating.

Acoustic nondestructive evaluation techniques have
long been used to assess changes in industrial materials
in less extreme environments. For instance, measure-
ments have been reported on thermal aging /embrittlement
in duplex stainless steels,' residual stress in steel,> and
alteration of texture in aluminum? and copper* sheets.
Ultrasonic wave propagation has been used to observe
changes in dislocation densities in aluminum?® and mi-
crostructure stability due to cold work of Ti-modified
austenitic stainless steel and other materials of interest to
the nuclear community.® Vibrating sample internal fric-
tion measurements have identified the onset of plasticity
in many materials.” Recently, the acoustic method was
used to measure properties of radioactive materials in a
hot cell.®

Through optical means, ultrasonic measurements can
be noncontacting, offering the possibility of making mea-
surements in high radiation fields. The technique, known
as laser ultrasonics, optically generates and detects acous-
tic waves of all types. It requires no couplant or invasive
sample preparation and uses the sample surface itself for
transduction. Consequently, laser techniques are highly
predictable and quantitative. Optical methods allow great
control over the location of the measurement sites and
their spatial and temporal absorbed intensity distribu-
tion. This allows measurements at virtually any fre-
quency or acoustic wavelength of any specific elastic
wave mode.

Optical generation and detection techniques are well
documented. Bunkin, Kolomensky, and Mikhalevich? and
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Gusev and Karabutov'? described the resulis of research
on generation from laser sources of all types, primarily in
metals and liquids. Scruby and Drain'' have compiled
work on thermoelastic and ablation generation as well as
the use of laser techniques for detection of all types of
ultrasonic wave modes. Optical detection methods are
based on time domain processing using homodyne, het-
erodyne, Fabry-Perot,'? and, more recently, photorefrac-
tive interferometry.'’~'> At Idaho National Laboratory,
all of these approaches are used for point measurements
and imaging of acoustic motion under severe environ-
mental conditions, such as sintering of ceramics'® and
solidification of molten metals,'” and on materials with
diffusely reflecting surfaces (e.g., paper).'® The high de-
gree of predictability and absolute calibration afforded
with optical techniques is unprecedented in acoustics, as
transducer artifacts are virtually eliminated.

For the work reported here, an approach based on
laser resonant ultrasound spectroscopy (LRUS) was se-
lected. The transient pulse-echo measurement techniques
described above are very useful for measuring material
properties along a line between the source and detection
points. But to get information on all of the elastic prop-
erties of a material, it is necessary to make measurements
using multiple pairs of source-detector transducers at sev-
eral locations. In contrast, resonant ultrasound spectros-
copy (RUS) and LRUS simultaneously measure many
modes, allowing determination of all of the elastic con-
stants of the sample with a single measurement. Further-
more, modern computational methods allow accurate
calculation of the resonant frequencies of samples in
shapes of interest to the nuclear community. For a shape
such as the hollow capped cylinder used in this study, the
computation can be performed on a PC in a reasonable
time.

This paper describes the first totally noncontacting
RUS measurement of vibrations in a hollow capped In-
conel cylinder located in a gamma radiation field of 10*
Gy/h. The design of the sample positioning and laser
light delivery and collection apparatus are described. Re-
sults are reported for totally noncontacting remote mea-
surements of a split vibration mode over the course of
170 h in the gamma radiation field.

1. EXPERIMENTAL SETUP

The Advanced Test Reactor (ATR) at Idaho National
Laboratory has a gamma tube facility for high gamma
radiation experiments. It consists of an empty vertical
tube with a sealed bottom that is located near a fuel
storage grid in the canal outside the reactor containment
vessel. Fuel elements are loaded into the grid around the
tube to provide the desired gamma radiation level.

For these experiments, a mechanical light pipe that
allowed free space laser beam propagation was con-
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structed and installed in the gamma tube. Figure 1 shows
the experimental layout.

Laser beams for generating and detecting ultrasonic
waves in the sample were directed into the top of the light
pipe and retlected by mirrors through free space to the
bottom, ~10 m from the laser equipment. At the bottom,
a small concave mirror directed the source laser beam
onto the sample surface and a parabolic mirror focused
the detection laser beam onto the sample and collected
the scattered light. Metallic mirrors rather than glass lenses
were used to minimize radiation damage. Controls for
sample positioning, including insertion and extraction
from the tube, and for all mirror orientations were de-
signed into the top of the light pipe.

The Inconel sample was a cylindrical tube, ~6.35 mm
in diameter by 25.4 mm long, with welded end caps.
Figure 2 shows a cutaway view of the sample in the
holder. The holder contacted the sample at only three
points in order to minimize vibrational constraints and
allowed repeatable insertion and removal of the sample
without repositioning the light pipe. A contact thermo-
couple monitored the temperature of the sample holder.

Apulsed Nd:YAG laser, producing ~7 ns, | mJ pulses
of 532 nm light at a repetition rate of 4 to 20 Hz, was used
for sample excitation. The excitation location could be
positioned on the sample to optimize excitation for spe-
cific vibration modes.

An interferometric detection scheme suitable for an
industrial setting was constructed using a continuous
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Fig. 1. Diagram of the LRUS apparatus for measurements in
the ATR gamma tube facility.
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Fig. 2. Sample insertion holder that allowed automatic align-
ment of the sample within the focusing range of the
excitation and detection laser beams.

Nd:YAG laser at 1064 nm and a high-speed photorefrac-
tive system to demodulate the reflected light.'? The sys-
tem measured the ultrasonic normal displacement motion
of the sample surface. The photorefractive interferom-
eter used automatically adjusts for environmental vibra-
tions, can form interference with diffuse or multiple
speckle reflection from the rough sample surtace, and
does not require a stabilization feedback system. No ad-
verse effects from environmental vibrations were ob-
served, even though there was ongoing work in the canal
area.

Piezoelectric transducers (source and detection)
served as two of the contact points in the sample holder
and aided in aligning the laser beams as well as providing
redundant measurements. Although the two techniques,
laser and piezoelectric, found several modes at the same
frequencies, some modes were preferentially observed
with one technique or the other because of different source
and detector locations.

1. LASER RESONANT ULTRASOUND
SPECTROSCOPY MEASUREMENTS

Transient motion was induced in the sample through
the thermoelastic effect due to local heating. The excita-
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tion beam spot was large enough to avoid ablation. The
resulting motion of the sample surface due to the vibra-
tion modes was recorded with a transient digitizer oscil-
loscope. Sample “ringing” was recorded for periods up to
200 ms. Fourier transformation of the time sequence pro-
duced spectra of the vibration modes. Each laser pulse
excited several different vibration modes. This can be
seen in the spectrum from 40 to 150 kHz obtained from
the sample during the test and shown in Fig. 3. Figure 3
also shows the vibration frequencies calculated for the
sample using the elementary XYZ basis function ap-
proach of Visscher et al.'” The mode notation is as fol-
lows: Agy, Agy, ... are two-fold symmetric lateral
squeezing modes; Ay, Ajy, ... are three-fold lateral
squeezing modes; By, By, ... are bending modes; Cy, Cy,
... are longitudinal modes; and Ty, T, ... are torsional
twisting modes. The approximate noise level of the sig-
nal can be seen as the signal amplitude between the res-
onant peaks.

The Ay mode was monitored during this experi-
ment. Figure 4 shows the spectrum of this mode in more
detail before fuel was inserted around the gamma tube.
This mode is actually split, most likely because of a
slight asymmetry in the sample and the contact of the
piezoelectric transducers at the top corner along a diag-
onal. These two resonances were tracked as they changed
frequency during gamma irradiation.

At the start of the experiment, the radiation level was
~90 Gy/h. The fuel elements were inserted in three steps
(approximately one-third at each step). Both the temper-
ature and resonance frequencies changed markedly as
radiation heating increased the temperature and de-
creased the vibration mode resonant frequencies; see
Fig. 5. The temperature rose and then leveled off after
each fuel insertion. Equilibrium was reached after ~1 to
2 h when the heat flux due to radiation was balanced by
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Fig. 3. Laser resonant ultrasound spectrum recorded from the
cylindrical sample and the predicted modes.
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Fig. 4. Detail of spectrum of the lowest lateral squeezing Agyy
mode that was monitored throughout the test.
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Fig. 5. Time history of the sample temperature and resonant
frequencies for the split Ay mode. Equilibrium pla-
teaus occur ~1 to 2 h after each tuel insertion.

the heat loss to the canal water. The temperature in-
creased from ~20°C to ~65°C during the fuel insertions
and subsequently decreased to ~55°C as the radiation
level decreased because of decay after ~170 h. The res-
onant mode frequencies decreased ~200 Hz, or 0.4%, in
a pattern that directly followed that of temperature. The
measured radiation level was >10* Gy/h at the end of
the experiment.

The Ay average mode frequency prior to irradiation
was consistent with a Young’s modulus of 179.0 GPa and
Poisson’s ratio of 0.308. These values, which compare
well with published values?® of 177.3 GPa and 0.31 at
21°C for Inconel 783, were used to predict the resonant
mode frequencies indicated in Fig. 3. Figure 6 shows the
resonant frequency as a function of sample temperature
for the entire experiment. The resonant mode frequencies
decreased linearly with temperature, indicating that, as
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Fig. 6. Measured resonant mode frequencies as a function of
sample temperature for 170 h. The dotted lines are a
linear fit to the data with a slope of —3.7 Hz/°C for the
two modes.

expected, the changes were due principally to sample
heating from the irradiation. Changes in resonant mode
frequency occurred because of thermal expansion and
the accompanying reduction in density and also because
of elastic stiffness temperature dependence.

Modeling the Ay resonant mode frequency using
only thermal expansion (coefficient of ~1 X 1073 per
°C) and its density change indicates that this mode fre-
quency should increase by ~ 10 Hz over the temperature
range incurred, contrary to the decrease we observed.
However, when the model includes the changes in Young’s
modulus and the shear modulus (or Poisson’s ratio) for
Inconel 783 (Ref. 20), the predicted Ay, resonant mode
frequency decreases with temperature at —4.8 Hz/°C,
which is comparable to the experimental value of —3.7
Hz/°C. The origin of the discrepancy between the pre-
dicted and measured slope is unknown. Only the nominal
data for Inconel 783 from Ref. 20 were used in the pre-
diction; more detailed information concerning the tem-
perature dependence of the elastic properties for this
specific material sample would be required to provide a
predicted value with higher confidence.

An interesting observation was that both mode fre-
quencies increased by a small irreversible amount after
150 h, as the sample began to cool. No opportunity
existed to confirm this irreversible change in mode fre-
quency, so one can only speculate that some sort of
microstructural change occurred because of the gamma
irradiation that increased the elastic constants by a small
amount. Large changes in the microstructure due to gamma
irradiation are not expected for a polycrystalline alloy,
such as Inconel; however, such changes have been ob-
served for single component materials, such as copper.”!
Further research is necessary to establish the validity of
this speculation; however, the results do illustrate the
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potential use of the laser acoustic approach for measur-
ing, in situ, changes in material microstructure due to
irradiation. It should also be noted that the signal from
the piezoelectric transducers deteriorated substantially
more than the LRUS signal during the course of the

experiment.

IV. CONCLUSION

Using a laser-based acoustic method, the mechanical
properties of an object in a high gamma radiation field
have been measured by a noncontacting technique for the
first time. This demonstrated the ability of a laser exci-
tation and detection technique to measure the acoustic
vibrations of material parts, in situ to a high gamma
radiation field and in real time. The frequency of a split
vibration mode of an Inconel 783 capped tube was mon-
itored over 170 h as the gamma radiation field was in-
creased to ~10* Gy/h. Theoretical modeling of the Ay
vibration mode predicted that the mode frequency would
decrease with increasing temperature in a manner con-
sistent with changes in the elastic moduli because of
radiation heating of the material. Good agreement be-
tween the theoretical modeling and the physical measure-
ments was obtained.
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