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Using  photothermal  radiometry  (PTR)  an  ion-irradiated  ZrC  sample’s  thermal  properties  are  measured
by  fitting  frequency-scan  data  to a theoretical  model  for the surface  temperature.  The  technique  is  shown
to measure  thermal  properties  without  physical  contact  of  a  very  small  sample.
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. Introduction

Photothermal methods provide an attractive option for nuclear
aterial property measurements, largely since no physical con-

act is required, small samples can be used, and the sample
emains unchanged by the procedure [1].  This allows photother-
al  methods to be implemented in post-irradiation examination

PIE) applications, and precludes the need for many samples to be
repared for destructive measurements.

The foundation of a photothermal measurement stands upon
hermal diffusion waves. By considering the Fourier transform of
he heat equation, the frequency response of a thermal system
o periodic excitation can be examined. Thermal waves are very
iffusive, and only travel a short distance before dispersing. This
istance is characterized by the thermal diffusion length �j, given
y Eq. (1),  where ˛j is the thermal diffusivity of layer j:

j =
√

2˛j

ω
(1)

s can be seen from the definition, the thermal diffusion length

s dependent on both the angular frequency of excitation ω, and
he thermal diffusivity of the medium through which the wave
asses. This leads to the definition of � as the thermal wave
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number in Eq. (2),  where i is the imaginary unit. Since � is complex,
it expresses both amplitude and phase components of the thermal
wave number:

�j = 1 + i

�j
(2)

By exciting thermal waves on the surface of a sample and mea-
suring the surface temperature through radiometry, the thermal
properties of the sample can be computed [2].  This is due to thermal
effects which closely resemble reflection and refraction [3,4].

In this work, the measurement of a proton-irradiated zirconium
carbide (ZrC) sample is reported. The properties were measured
using photothermal radiometry (PTR), through the use of frequency
scans and curve fitting. PTR has previously been proven effective for
ceramic samples such as ZrC, although the curve fit process is often
restricted to very few degrees of freedom, which has not been done
in this study [5–7]. The objective of this study was  to examine and
demonstrate the feasibility of PTR technique for certain PIE sam-
ples, when the irradiation damage is only limited to a thin surface
layer (∼23-�m).  These preliminary results demonstrate the effec-
tiveness of PTR as a potential post-irradiation examination (PIE)
technique and suggest that further investigation be done.

2. ZrC sample
ZrC is important to nuclear industry because of its potential
as a material for advanced nuclear fuels. Because of this and the
available data it was selected as the prototypical sample material.
The sample was  500-�m thick, with two distinct layers of material
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Nomenclature

� thermal diffusion length
 ̨ thermal diffusivity

ω angular frequency of modulation
i layer index (subscript)
� thermal-wave number
j layer index (subscript)
i imaginary constant
ı beam radius
� complex surface temperature
F mean beam intensity
k thermal conductivity
L layer thickness
R sample–environment interaction coefficient
� layer interaction coefficient
b ratio of thermal effusivities
C specific heat
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hich have been damaged by proton bombardment to 1.75 dis-
lacements per atom (dpa) at 600 ◦C. The stoichiometry of the ZrC
ample was approximately one, and the sample was not actively
eleasing radiation.

By irradiating the sample its thermal properties changed to form
hree major layers in the structure. The first layer is merely dam-
ged by the radiation, but the protons have not embedded. This
ayer is 23-�m thick. The next layer is only 5-�m thick, but con-
ains the embedded protons as well as lattice damage. The third
nd final layer is undamaged. The layer thickness estimations are
aken from SRIM calculations done by the lab which provided the
rradiated sample [8].  These layers are not definite regions with
onstant properties, but for this study they are treated as such to
ake the curve-fit results more stable. Therefore, the PTR measure-
ent reflects an averaged value for each layer.
The layered structure of the sample causes thermal waves

nduced at the surface to be out of phase with the heat flux cre-
ting the waves. It is predominantly this phase lag which allows
he thermal properties of the sample to be measured using the PTR

ethod.
This particular sample serves as a prototypical sample for PIE.

rradiation experiments with proton or other ion sources often
roduce small, layered samples which are ideally suited for PTR
easurement. For PIE applications, small samples are especially

esirable in the case of radioactive materials, since the small size
ramatically improves the safety of handling the sample. Addi-
ionally, because most accelerators have limited space for sample
rradiation, small sample sizes are preferred.

. Experimental methods

Fig. 1 represents the experimental setup used to measure the ZrC
ample’s photothermal response. A 629 nm laser diode with sinu-
oidally modulated intensity excites thermal waves on the sample’s
urface at a particular frequency, directed by the lock-in amplifier
hrough the laser controller. Using the dielectric constants for ZrC in
he 629 nm range the extinction coefficient was computed, which
redicts a penetration depth on the order of 50 nm [9].  Therefore,
etal film was not required for the laser to heat the sample and

he thermal waves can be practically treated as originating from the

ample’s surface. The sample’s heated surface emits added infrared
adiation which is collected and focused by paraboloidal mirrors to

 mercury cadmium telluride (MCT) detector with a 1 mm2 collec-
ion area, the signal of which passes through a pre-amplifier and
Detector

Fig. 1. PTR setup.

on to the lock-in amplifier. The lock-in amplifier is controlled by
a computer using National Instruments LabView for which a vir-
tual interface (VI) has been written which runs the frequency scans
and records the data. The PTR system used was build previously for
other research [10].

The sample was  scanned using a laser power on the order of
100 mW and 63% of the beam’s intensity was contained within a
circle 322 �m in diameter. The beam’s diameter was measured by
moving a photo detector with a 50-�m aperture across the stage
and measuring the beam intensity, as shown in Fig. 2. A Gaus-
sian lineshape was  fitted to this profile and the resulting standard
deviation from the fit was  taken as the beam radius, ı.

The ZrC sample was scanned from 500 Hz to 5000 Hz using the
LabView interface. Fifteen actual readings were taken at each fre-
quency, but only the last ten were averaged together for the actual
measurement; the standard deviation from this average among
the last ten samples was also computed. The first five readings
are dropped because it takes some time for the thermal system
to achieve a stable periodic state.

A glassy carbon sample with known properties was also scanned
at the same frequencies in order to obtain the transfer function of
the system as configured. The carbon sample is part of the PTR setup
in Toronto [10]. The raw data for the sample function is multiplied
by the transfer function to remove bias from the system at each
frequency, and convert the measured voltages into effective tem-
peratures. This allows the transformed data to be fit against the
analytical model.

4. Fundamental theory
Sensor Position (mm)
87.87.67.47.2

Fig. 2. Laser beam intensity profile.



166 K. Horne et al. / Materials Science and Engineering B 177 (2012) 164– 167

Table  1
Thermal properties of irradiated ZrC at room temperature [15,16].

Property Layer I Layer II Bulk Units

Layer thickness L ∼23 ∼5 ∼470 �m
Thermal conductivity k 10.4 10.0 20.5 W/(m K)
Thermal diffusivity ˛ 1.95 6.95 8.88 1 × 10−6 m2/s
Specific  heat C 813 219 352 J/(kg K)
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used as initial guesses to the simplex method. The two-tiered opti-
mization approach ensures that the resulting fit parameters cannot
be subject to a bad initial guess. The accuracy of such fit methods
p

Thermal effusivity ef 7430 

emperatures by multiplying it by the transfer function. Then, the
ample data can be used to compute the thermal properties of the
rradiated layer of the sample through the use of a non-linear curve
t. This is known as the frequency-scan method.

The layered structure of the sample is what enables PTR to mea-
ure the thermal properties of the sample. Changes in thermal
roperties effectively reflect and refract thermal waves much like
hanges in dielectric constant affect electromagnetic waves. In a
ayered structure like that shown in Fig. 3, an analytical model can
e written which predicts the surface thermal waves for the case
f 1D heat propagation, shown in Eqs. (3) through (5).  The surface
hermal wave �,  is a complex value since the thermal wave num-
er contains the imaginary unit i, not to be confused with the layer

ndex, j. Because � is complex, it represents both the magnitude
f the thermal wave and its phase relative to the forcing function
f the oscillation (the incident laser). In this model, F is the mean
eam intensity, Lj is the thickness of each layer, and bij is the ratio
f the thermal effusivities for layers i and j [11]:

(N)
1 = F

4k1�1

[
(1 + R1)(1 + �(N)

21 e−2�1L1 )

1 − R1�(N)
21 e−�1L1

]
(3)

(N)
j+1,j

=
(1 − bj+1,j) + �(N)

j+2,j+1(1 + bj+1,j)e−2�j+1Lj+1

(1 + bj+1,j) + �(N)
j+2,j+1(1 − bj+1,j)e−2�j+1Lj+1

(4)

(N)
N,N−1 = (1 − bN,N−1) + RN(1 + bN,N−1)e−2�N LN

(1 + bN,N−1) + RN(1 − bN,N−1)e−2�N LN
(5)

n these equations, N is the number of layers in the material, and
j is the thermal conductivity of the jth layer. All subscripts are
ayer indications, and bij is the thermal effusivity of layer i divided
y that of layer j. R1 and RN are coefficients accounting for heat
ransfer with the environment. For a surface j, the R coefficient can
e computed using Eq. (6),  where hj is convection coefficient:

kj�j − hj

j =

kj�j + hj
(6)

The environmental heat transfer coefficients for this sample, R1
nd RN, were computed to be very nearly one, corresponding to no

Fig. 3. Layered sample structure and nomenclature.
800 6880 W
√

s/(m2 K)

convection from the sample’s surfaces. Substituting these values,
and actualizing the implicit recursion for a three layer sample Eqs.
(3)–(5) are changed into (7)–(9):

�(3)
1 = F0

2k1�1

[
1 + �(3)

21 e−2�1L1

1 − �(3)
21 e−2�1L1

]
(7)

�(3)
21 = (1 − b21) + �(3)

32 (1 + b21)e−2�2L2

(1 + b21) + �(3)
32 (1 − b21)e−2�2L2

(8)

�(3)
32 = (1 − b32) + (1 + b32)e−2�3L3

(1 + b32) + (1 − b32)e−2�3L3
(9)

A major simplification to the model is used in these equations,
since the thermal properties of an irradiated sample actually vary
and do not form distinct layers like those normally considered with
PTR. By using a three-layer model, the constant variation in prop-
erties is simplified to the averages for each region.

This multi-layer model was  programmed as a Fortran 95/2003
function and serves as the basis for the curve fit. Experimental
data, both from the sample and the glassy carbon, are read into
the computer’s memory.

A residual function took in the fitting parameters and generated
the predicted response using the multi-layer model. The difference
between each data point and the model’s prediction was computed,
and then Gaussian statistics took into account the uncertainties in
the data to produce a goodness-of-fit metric. The metrics from all
the points were root-sum-squared, producing the full residual.

The residual was minimized using a combination of brute force
and the Nelder–Mead simplex method [12]. The fit parameters
were each given a range, and a number of points in that range to
check. The ranges together make up a search domain and the com-
binations of the points make up points in that domain which are
has been explored in previous works [13].

Fig. 4. Phase of sample data and curve fit.
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Fig. 5. Amplitude of sample data and curve fit.

The results presented here were computed on a ten pro-
essor Beowulf cluster in several hours. The significance of the
omputation time required for the curve fits is 2-fold. First,
he brute-force algorithm which calls the simplex method is
asily parallelized, since each range is independent of the oth-
rs. Second, the computational cost of accurately fitting the
eat transfer model for even the one-dimensional case is very
igh.

. Results

After processing the captured data, the thermal properties of
he layer of interest, which has the implanted protons, are sum-

arized in Table 1. The curve fits solved for the thermal diffusivity
nd effusivity of each layer. Because the density of ZrC has been
hown to remain nearly (<0.5%) unchanged by this type of irra-
iation, from these two properties the thermal conductivity and
pecific heat may  also be computed [8,14].  All values are measured
t room temperature.

The curve fit which produced these values is shown along
ith the sample data in Figs. 4 and 5 . The frequencies scanned
ere selected by first scanning the entire range supported by

he PTR system (500–80 kHz), and then using the range with
eviation for the curve fit. Both of the fits well-represented the
xperimental data, although in lower frequencies the phase does
ot match quite as well. The deviation may  be due to three-
imensional effects not considered by the 1D model used for the
urve fits.

The calculated thermal conductivity is in agreement with results
btained previously using neutron or ion irradiation by the Oak-
idge National Laboratory and other studies [17,18]. The other
roperties are mostly lower than the bulk, which is consistent with
hin layers of a material when compared to the same properties for

 bulk. The increase in specific heat measured in the first layer is not

onsistent with measurements done by others on similar ceramics,
nd suggests that further study is needed [19,2].  The decrease in
hermal conductivity in the thin layer is caused by defects in the
attice from the proton bombardment.

[
[

[
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6. Conclusion

The thermal properties of a ZrC sample were measured and
shown to agree with other measured values for similar samples.
Although the results are only preliminary, the successful use of
PTR for measurement of a prototypical irradiated sample’s ther-
mal  properties demonstrates the method’s effectiveness as a tool
for PIE. Small layered samples can be effectively measured with-
out damage or physical contact. These capabilities are well-suited
for evaluation of irradiated samples, especially those from nuclear
accelerators, because of the small size and layered nature of such
samples. Additional measurements of similar samples should be
done to better understand how this measurement can be used in
the nuclear field.

Further investigation is ongoing, and includes both theoretical
and experimental work. The effects of a continuously varying prop-
erty such as truly exists in the ZrC sample are being considered, as
well as the overall uncertainty of a PTR measurement and subse-
quent calculations from that measurement. A PTR system is being
constructed at Utah State University to run measure the properties
of more samples like the one considered in this paper.
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