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h i g h l i g h t s

" Thermal diffusivity maps at the microscopic level are obtained.
" Histograms of the thermal diffusivity distribution quantify the homogeneity.
" Pore distribution and cluster detection of pure urania and gadolinea is achieved.
" Different fabrication protocols can be quantitatively compared.
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a b s t r a c t

The photothermal photodeflection technique is shown to provide information on the homogeneity
of fuel pellets, pore distribution, clustering detection of pure urania and gadolinea and to provide a
two-dimensional mapping of the thermal diffusivity correlated to the composition of the interdiffused
Gadolinium and Uranium oxide. Histograms of the thermal diffusivity distribution become a reliable
quantitative way of quantifying the degree of homogeneity and the width of the histogram can be used
as a direct measure of the homogeneity. These quantitative measures of the homogeneity of the samples
at microscopic levels provides a protocol that can be used as a reliable specification and quality control
method for nuclear fuels, substituting with a single test a battery of expensive, time consuming and
operator dependent techniques.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

It has long been recognized that the addition of gadolinium to
UO2 pellets extends the fuel cycles, increases burnup and opti-
mizes power density distribution. The effect is due to the large
neutron absorption cross section of gadolinium acting as a burn-
able poison at the beginning of the core life [1–3]. A burnable poi-
son is a material used in reactors to provide a negative moderator
coefficient at the beginning of reactor life and help shape core
power distribution. It is added to a reactor core in order to burn
out during mainly the first operating cycle; consequently the poi-
son is consumed during operation and at the end of life, the burn-
able poison rod assembly is discharged [4].

Despite these advantages a deleterious effect appears in the sin-
tering process limiting the amount of gadolinium that can be
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added, with the appearance of cracks, pores and gadolinea clusters
that have to be kept below established levels [5].

The CNEA (Atomic Energy Agency from Argentina) has set up a
project to design and build a small nuclear power plant named
CAREM. The first stage is the construction and operation of the
demonstration plant of about 27 MW, CAREM 25, to validate the
technology and step forward towards the final development of
the commercial versions. The development of manufacturing pro-
cesses compatible with production requirements and quality
restrictions gives rise to the need for detection and characteriza-
tion techniques reliable, fast and inexpensive capable of determin-
ing as many relevant parameters as possible in a single test.

Usually, the UO2–Gd2O3 pellets are prepared by sintering a mix-
ture of mechanically blended powders of UO2 and up to 10 wt.% of
Gd2O3, and the obtained materials are expected to be mostly solid
solutions of the (U,Gd)O2 type [6].

In spite of the high sintering temperature (�1700 �C), inhomo-
geneous gadolinium distribution can occur and Gd2O3 clusters may
be found at the sintered pellet. This is very undesirable, because
Gd2O3 clusters will cause internal cracks and porosity in the pel-
lets, which, in turn, will affect fuel performance and, eventually,
cause fuel rod failure.
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Fig. 1. Schematics of the mechanisms involved where it is shown that the surface
expands due to the heat absorbed from the modulated pump laser and the
deformation deflects the probe beam at the modulating frequency, thus modifying
the power detected by the photodiode after being clipped by the knife.
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Differences of porosity and grain size are observed in the
microstructure of sintered pellets, depending on the Gd content
and its distribution. It is well known that the grain size dimin-
ishes as the Gd concentration increases. The sintered pellets
present a mixture of UO2 and other (U,Gd)O2 phases with variable
Gd concentration, with an inhomogeneous microstructure. The
homogeneity characterization is then necessary for a production
control to qualify the process and the final product. Several tech-
niques have been used to probe the interdiffusion kinetics of gad-
olinium in the UO2 matrix and the presence of non-exhausted
gadolinia. In particular, X-ray diffraction and scanning electron
microscopy have been the most frequent characterization
techniques employed to analyze the chemical homogeneity in
UO2–Gd2O3 pellet [7].

Additionally a micrographic technique is performed to produce
an image of the pellet surface. The sample has to be cut, polished
and color etched; in the image the free gadolinia, urania and solid
solution grains reflect different colors [7]. This analysis is time con-
suming and sensitive operator skills and has a tendency to over-
estimate the occurrence of free Gd2O3.

In this work photothermal deflection microscopy [8] is shown
to provide information on the homogeneity of fuel pellets, pore
distribution, clustering detection and provides a two-dimensional
mapping of the thermal diffusivity distribution of the matrix, cor-
related to the composition of the interdiffused Gadolinium and
Uranium oxide. As compared to prior characterization techniques
this new method provides quantitative results, reducing the oper-
ator dependence of the micrographic techniques mentioned be-
fore. The technique will be presented in the next section,
providing a detailed description of the data processing, the results
in Section 3 and a discussion on the processed data in Section 4
with a final section with an enumeration of the conclusions.
2. Experimental

2.1. The photothermal technique

The experimental setup is described in detail in Ref. [9] and ref-
erences therein. A pump laser emitting at k = 532 nm is modulated
at the desired frequency (between 30 kHz and 5 MHz) and is fo-
cused on the sample surface by means of a microscope objective.
A probe laser emitting at k = 690 nm is focused besides the pump
about one spot size away and the reflection is detected by means
of a photodiode after being clipped by the knife edge. A digital
camera allows the precise focusing, observation of the sample
and the measurement of the beam size. The signal is filtered by a
lock-in amplifier in order to extract the modulated component
both in amplitude and phase at the pump beam modulation
frequency.

The technique used is based on a method reported before
[8–10] consisting on heating the surface by a modulated laser
beam and the simultaneous detection of the reflectance change
[11–14], due to the temperature rise, and the deflection of the
probe beam [15,16], due to the surface deformation caused by
the localized thermal expansion, as described in Fig. 1. The deflec-
tion is sensed by intercepting part of the beam with a knife edge,
generating in this manner a modulation of the detected signal as
the beam oscillates laterally.

The photoreflectivity signal depends on the particular wave-
length used for the probe beam, and eventually can be selected
as to make this contribution negligible for particular materials. In
a previous work [10] it was shown that if the contribution of the
photodeflection is much larger than that of the change in reflectiv-
ity (as will be shown valid for this case), only the dominant mech-
anism needs to be taken into account and the detected signal
(modulated component of the reflected probe at frequency x)
can be written as:

Sx ¼ Bgðx=x0Þ ð1Þ

with

B ¼ PPPxR
ds
dxb
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where Px is the modulation depth of the pump power, Pp is the
probe beam power, R is the reflectivity of the sample at the probe
wavelength, R0 is the reflectivity of the sample at the pump wave-
length, s is the transmission of the optical system between the sam-
ple and the detector, xb is the beam center position at the knife edge
plane, xK is the knife edge position, zf is the focal distance of the
objective, r is the incident spot size, kz is the thermal expansion
in the z direction, Kr is the thermal conductivity parallel to the sur-
face. B is a factor that depends on the material and beam size while
g is a complex dimensionless function that depends on the beam
separation and on the material only through the critical frequency
x0 = 2pf0:

x0 ¼
2Dr

r2 ð3Þ

where Dr is the thermal diffusivity parallel to the surface.
From the fit of the measured signal by Eq. (1) and using B and

x0 as the adjustable parameters the critical frequency and hence
the thermal diffusivity can be determined.

From Eq. (2) the material properties influencing the amplitude
of the signal are the ratio of the thermal expansion coefficient di-
vided by the thermal conductivity. For pure UO2 pellets the ratio
is 1.3 � 10�6 m/W [17,18] and for the sintered UO2–Gd2O3 pellets
it is even larger, around 2.8 � 10�6 m/W. These values are much
larger than those for the materials used before with this technique
[8–10] indicating that this material should be an excellent candi-
date for the method.

Fig. 2 shows a typical behavior of the frequency dependence of
the amplitude and phase delay of the signal. In this case the phase
of the complex signal depends only on the arguments of the func-
tion g in Eq. (1). Such arguments are only the beam sizes, shapes
and separations, the modulating frequency and the thermal diffu-
sivity (the only sample dependent coefficient). If the beams and
modulating frequency are kept constant while scanning, the



Fig. 2. Typical behavior of the frequency dependence of the phase delay and
amplitude of the signal. Photodeflection is the dominant part in this case. From the
fit a critical frequency x0 = 2pf0 is retrieved that corresponds to that at which the
heat diffuses a length equal to the pump beam size in one modulation period.

Fig. 3. Typical dependence of the normalized thermal diffusivity with the phase
delay for a beam separation of 1.33 times the spot size. The calibration must be
performed for the beam separation used.
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change in the phase of the signal can only arise from a change in
the thermal diffusivity. This fact can then be used to retrieve the
thermal diffusivity by only measuring the phase delay at constant
frequency, if the beam sizes and separations are also kept constant.

In Fig. 3 the thermal diffusivity, normalized to the diffusivity D0

is plotted as a function of the phase delay. Where D0 is defined by

D0 ¼ xr2

2
ð4Þ

which corresponds to the thermal diffusivity that has its critical fre-
quency x0 equal to the modulating frequency x. In this particular
case the pump–probe beam separation was 1.33 times the pump
beam radius (a slightly different curve is obtained for different
beam separations and must be computed again if the beam separa-
tion changes). The slope ranges between 3% and 9% per degree, indi-
cating that small variations in the diffusivity yield large changes in
the phase delay and hence by scanning the sample while measuring
the phase delay it should be possible to map the thermal diffusivity
variations with very high sensitivity. In this manner selecting a con-
stant beam size and modulation frequency, the parameter D0 is
determined and scanning the sample at fixed beam separation from
the plot of Fig. 3 the thermal diffusivity map can be constructed.
The procedure is to scan the surface at constant modulation fre-
quency and building three images. One is the total reflected probe
power which corresponds to the optical image of the sample (that
can be also obtained with a digital camera installed in the setup),
this two images are shown for an example in Fig. 4a (camera)
and Fig. 4b (optical image), this example corresponds to a region
of sample II described in Section 2.2. The other two images are
the amplitude and phase delay of the photodeflection signal.
2.2. Samples

Two different batches of (U,Gd)O2 pellets were produced and
the samples obtained were named Type I and Type II. The
UO2 + Gd2O3 powders were blended by mixing the precursors in
double cone blender, with an intensifier bar, rotating at 32 rpm,
for 4 h. The UO2 used to prepare all samples was an ex-ammonium
uranyl carbonate powder with impurity content less than
150 ppm, specific surface area (BET) of 5.4 ± 0.1 m2/g, average par-
ticle size of 8.6 ± 0.2 lm (Sedigraph), and O/U ratio of 2.05 ± 0.01.
The Gd2O3 raw powder was of commercial grade (i.e., 99,9 % pure),
with average particle size of 2.7 ± 0.2 lm, picnometry density 7 g/
cm3, specific surface area (BET) of 2.7 ± 0.1 m2/g and was calcinat-
ed at 900 �C during 2 h before mixing.

The pellets were pressed in composition batches, where ‘‘green’’
pellets were obtained with pressure 300 MPa at ambient tempera-
ture. The pressing process was done in a floating table press, hav-
ing green densities in the range 51–53% theoretical density.

The two different samples prepared differed in the sintering cy-
cle as shown in Fig. 5. The sintering cycle was conducted under a
99.999% H2 atmosphere, at a flow of 200 ml/min, in molybdenum
furnace, raising the temperature up to 1650 �C during 2 h for Type
I and 1750 �C for 8 h for Type II (Fig. 5). For comparison, one batch
of pure UO2 pellets was prepared.

For the photothermal characterization the samples were encap-
sulated and polished to obtain an optically flat and reflective sur-
face. A microscopic image of a sample of Type I is shown in
Fig. 6a, displaying a region of 612 lm � 458 lm. The pores appear
clearly as dark regions. Fig. 6b shows a similar image obtained for a
sample Type II. The reduced pore density and size is evident al-
ready with these images. The small frame in each image indicates
the size of the area scanned by the photothermal technique, show-
ing that the sampling is representative of the material under study.

The electronic bandgaps of uranium and gadolinium oxides are
very different. UO2 has a direct bandgap at 2.1 eV at room temper-
ature which corresponds to a photon of k = 590 nm [19,20] and the
penetration depth is of the order or less than 1 lm for photons of
2.3 eV used as pump (k = 532 nm). This provides an adequate fit to
the basic theoretical assumptions for the model used, i.e. a pene-
tration depth significantly smaller than the beam diameter
(6 lm). This guarantees that the pump beam is absorbed in a thin
layer much smaller than the thermal diffusion length. Conversely
the gadolinea has a negligible absorption at these scales, with a di-
rect electronic bandgap between 5 eV and 5.5 eV depending on the
fabrication method [21,22] which falls in a wavelength range of
deep UV (<250 nm). The gadolinea results transparent at the pump
laser wavelength and hence produces no photothermal signal. This
was verified measuring in a large gadolinea cluster found in one of
the samples that could be identified directly by eye. The absence of
photothermal signal was used as a way to identify pure gadolinea
clusters larger than the optical resolution of the microscope. The
UO2 has a refractive index of n = 2.3 [23] yielding a reflectivity at
normal incidence of 15%. Gadolinea has a refractive index between
1.75 and 1.9 [22,24], yielding a reflectivity between 8% and 10%.
These values are too similar to be distinguishable by direct obser-
vation in the microscope.



Fig. 4. Typical image obtained with the photothermal microscope. (a) Optical image with a camera, (b) scanned optical image obtained from the reflected probe beam, (c)
amplitude of the photothermal signal, (d) phase delay of the photothermal signal.

Fig. 5. Thermal cycle of the UO2 + Gd2O3 sintered samples. Type I full line, Type II
dashed line.
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The use of the photothermal signal to distinguish the homoge-
neity of the sintered material relies in the following two facts: one
is that urania and gadolinea have very different thermal diffusivi-
ties, with D(UO2) = 0.027 cm2/s [25,26] and D(Gd2O3) = 0.118 cm2/
s, (measured by the flash method in a sample prepared for this pur-
pose) and hence a mixture of the two materials should have a ther-
mal diffusivity somewhere in between, i.e. larger than that of
urania. The second one is that the interdiffused sample has a ther-
mal diffusivity lower than that of urania as determined for samples
with 10% Gd by the flash method [27,28], yielding D(UO2 + 10%
Gd2O3) = 0.0156 cm2/s which is more than 40% lower than urania,
allowing the clear distinction between the mixture and the inter-
diffusion on one side and a determination of the homogeneity, as
the method used has a resolution of about 5% (understanding by
resolution the distinction within one scan, while accuracy is of
about 15% and is a comparison with a standard).
3. Data processing

The system described in the experimental section acquires four
images per scanned area. An example is shown in Fig. 4. Fig. 4a is
the camera image of the region to be scanned. Fig. 4b is the re-
flected power of the probe beam and corresponds to an optical im-
age (reflection) of the scanned region. This image has the
resolution limited by the probe beam size (approximately 3 lm ra-
dius) while the camera image has the resolution of the objective
(1.3 lm at the center) convolved with the pixel size (0.6 lm at



Fig. 6. Micrographs of the samples taken with a camera on an optical microscope.
(a) Type I. (b) Type II. The inserted squares show the typical scan area for each
photothermal image.

Fig. 7. Processed images from Fig. 4. (a) Pore locations (black) after binarization of
the scanned optical image (Fig. 4b), (b) gadolinea clusters after binarization of the
amplitude filtered by the pore location, (c) thermal diffusivity obtained by the curve
of Fig. 3 after rejecting the points either with pores or gadolinea.
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the sample). Fig. 4c and d are the amplitude and the phase angle
delay of the complex photothermal signal provided by the lock-
in amplifier at the modulation frequency.

The optical image Fig. 4b presents dark regions consistent with
those of the camera picture Fig. 4a that corresponds to pores larger
than the optical resolution. As mentioned before the gadolinea has
a direct electronic bandgap at an energy corresponding to 250 nm
photon wavelength [21,22] and does not absorb the radiation at
the pump wavelength. Hence pure gadolinea will not heat with
the pump laser and will not expand, yielding null amplitude in
the signal as also seen at the pore locations. Consequently the
amplitude image (Fig. 4c) has a very low value (within the noise le-
vel) for regions with pores or pure gadolinea. The regions with low
reflectivity (Fig. 4b) will correspond to pores and the regions with
low photothermal signal (Fig. 4c) will be the sum of the regions
with pores and with pure gadolinea. Once the regions with pores
and gadolinea are identified and deleted from the phase delay im-
age, the remaining points will correspond to regions with a signif-
icant amount of UO2. For these regions the procedure described in
the previous section is used to retrieve the thermal diffusivity.

The procedure just described can be automated as follows: a
threshold is defined for the reflectivity image (Fig. 4b) and the pic-
ture is binarized with ones above the threshold and zeros below.
This binary image directly provides a map of pores in black. The re-
sult for this procedure applied to Fig. 4b is shown in Fig. 7a. A sim-
ilar binarization is carried out with the amplitude image to reject
the points with null signal arising from the non-absorbing sites



Fig. 8. Thermal diffusivity obtained from the calibrating curve of Fig. 3 after
rejecting the points either with pores or gadolinea. The small frame indicated shows
a cluster identified as urania (see Section 4).
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(pores and gadolinea). To choose the threshold for this second
binarization the following algorithm was used: the signal from re-
gions corresponding to pores where taken as background noise, for
these zones a mean value of the amplitude and standard deviation
were determined. The new threshold was established as the mean
background value plus twice the background standard deviation,
leaving in this manner 98% of the noise below the threshold. Sim-
ilar signal levels (noise) are expected from the gadolinea regions
that, as described before, should not yield any photothermal signal
due to the lack of optical absorption of the pump beam. This new
binarized image will have zeros where there is a pore or a gadolin-
ea cluster and ones elsewhere. The inverse of this binarized figure
(ones at the pores and gadolinea), when multiplied by the pore
binarization, yields zeros everywhere except at the locations of
the gadolinea clusters. Inverting this figure a map is obtained with
zeros at the gadolinea locations (see Fig. 7b). The binarized ampli-
tude image is then multiplied by the phase delay image yielding
the retrieved phase delay everywhere except where there is a pore
or a gadolinea cluster (zero in the binarized amplitude). From this
filtered phase delay image the thermal diffusivity is retrieved as
shown in Fig. 7c. All diffusivity maps for different samples are pre-
sented with the same color scale for ease of comparison.
Table 2
Mean value, standard deviation and relative width from histograms of all samples.
Where UO2 pure denotes a sample prepared as reference. IA and IB are two regions of
3.1. Results

The procedure described in Section 3 was repeated in two re-
gions of the two samples and for pure UO2. The regions explored
are denoted by Ia and Ib for Type I; IIa and IIb for Type II. Only
the processed images for the pore and gadolinea localization and
the thermal diffusivity for one of the samples (Ia) is presented.
The first sample (Type I) was less homogeneous and had larger
pores and gadolinea clusters. The processed results for sample Ia
were already shown in Fig. 7a where the first image shows the
pores in black after binarization of the reflectivity image. The pore
area fraction was obtained from this figure and is depicted for all
samples in Table 1 as percent of the surface with pores larger than
the resolution of the beam (3 lm radius). Fig. 7b shows the bina-
rized image with the location of the gadolinea clusters larger than
the beam size, and the percentage occupied by gadolinea clusters
are also shown in Table 1. Fig. 7c is the thermal diffusivity for
the same region showing a large inhomogeneity.

A second region of the same sample denoted Ib presented sim-
ilar results. The pores and gadolinea fraction for this region can
also be found in Table 1.

Two regions for the second sample (Type II) were analyzed.
Both showed smaller pores and gadolinea clusters. In the first re-
gion (IIa) a large cluster of higher diffusivity (Fig. 8) is observed
with a background of smaller diffusivity. The larger diffusivity is
consistent with the reported values for the UO2 [25,26]. To check
this hypothesis a pure UO2 sample was scanned. The pore fraction
(Table 1) resulted much smaller than that of the samples contain-
ing Gd. The very small fraction of gadolinea measured (Table 1) is
an indication of the resolution of the technique, as obviously this
sample has no gadolinea clusters and the false reading arises from
noise.
Table 1
Pore and gadolinea fraction for two regions of samples I and II and for pure UO2.

Sample Pore fraction (%) Gd2O3 fraction (%)

Ia 27 ± 8 26 ± 6
Ib 24 ± 3 8 ± 4
IIa 4 ± 0.3 1.28 ± 0.6
IIb 8.3 ± 2 1 ± 0.3
UO2 2.5 ± 0.5 0.6 ± 0.3
4. Discussions

From the pore fraction analysis (Table 1) and the observation of
the binarized pore maps (Fig. 7a, and similar figures for the other
samples not shown) it can be concluded that the increase in the
sintering temperature and longer duration has reduced the fraction
and sizes of the pores.

The Gadolinea content was also substantially reduced (see
Table 1) and the cluster sizes is also much smaller in sample II as
was inferred from the observation of the corresponding images.
In fact for sample II the gadolinea clusters content is very close
to the detection limit of the technique, which is determined by
the fraction of false positives identified in a sample without Gado-
linium content (0.6% according to Table 1). False negatives can also
appear for very small gadolinea grains as the technique has a spa-
tial resolution determined by the pump laser beam size used (3 lm
radius). It is possible to measure with smaller beam sizes provided
that the modulating frequency is scaled according to Eq. (3).

The size distribution of the gadolinea clusters can be retrieved
from the binarized images provided by the technique using stan-
dard image analysis.

For the analysis of the homogeneity of the remaining matrix,
histograms of thermal diffusivity distribution were preformed for
the thermal diffusivity maps as the ones shown in Figs. 7c and 8.
The results for the mean value and standard deviation for all re-
gions analyzed are presented in Table 2, together with the relative
width (standard deviation divided by the mean value). In Fig. 9 the
histogram for pure UO2, one region of each samples I and II are de-
picted for comparison.
sample Type I. IIA, IIB, IIC are different regions of sample Type II; in particular
IIA_cluster is an isolated region of region IIA shown in Fig. 8.

Sample description Mean (cm2/s) Std (cm2/s) Std/mean

UO2 pure 0.0297 0.0046 0.155
IA 0.0190 0.0097 0.51
IB 0.0185 0.0129 0.697
IIA 0.0185 0.0048 0.26
IIA_cluster 0.0260 0.0037 0.14
IIB 0.0194 0.0046 0.24
IIC 0.0248 0.0056 0.226



Fig. 9. Histogram of the thermal diffusivity obtained for the pure UO2 sample and
for the regions shown in Fig. 7c and 8 for samples Types I and II respectively.
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The precision of the method as determined for calibrating sam-
ples of other materials is of 5% in the fluctuations of the retrieved
thermal diffusivity after different tests at constant beam separa-
tion and beams sizes. The variations of the beam separations and
sizes from day to day give rise to accuracy substantially worse than
the precision, as an error of 10% in the beam separation (300 nm
change) yields an 8% error in the thermal diffusivity. The beam size
error also introduces an error as seen from Eq. (3), with a 10% inci-
dence in the accuracy if a 5% error is made in the determination of
the beam size. Hence measurements made in a single scan (same
image) at constant beam sizes and separations should have an
inherent width in the histogram of 5% and accuracy between 10%
and 20% (absolute position of the mean value, i.e. calibration).
The 15% width of the histogram shown in Fig. 9 for pure UO2 can
be attributed to real fluctuations in the sample arising probably
form fluctuations in the grain and nanopores sizes that act as ther-
mal barriers reducing the diffusivity value. In fact as the thermal
wave diffuses into the material, the presence of pores were the
wave is multiply scattered yield an effective medium of smaller
diffusivity than the defect free material, and a dispersion in pores
distribution hence broadens the histogram.

From the precision of 5% in the determination of relative
changes in the thermal diffusivity within one image, being the
thermal diffusivity proportional to the critical frequency (Eq. (3))
and as our electronics can scan a range from 30 kHz to 5 MHz,
the contrast of the technique as installed has a contrast in the
determination of the thermal diffusivity of

C ¼ 1
0:05

ln
fmax

fmin

� �
ffi 100 ð5Þ

As the maximum and minimum diffusivities that can be measured
scales with the pump beam area, the dynamic range of the mea-
surement shifts with the spatial resolution, that is determined as
discussed before by the pump beam size. For the beam size used
in our experiments (3 lm radius) the thermal diffusivity span of
the instrument as set is 8 � 10�3 cm2/s to 1.4 cm2/s.

To evaluate the effect of day to day fluctuations in the beam
sizes and separations, two images were taken of the same region
denoted by samples IIb and c (images not shown). The results
are presented in Table 2. As discussed before the same width ap-
peared in both scans but with a different location of the mean va-
lue, shifted by 22%. The relative width of the histograms is larger
than that of pure UO2, which is expected from the additional disor-
der provided by the presence of another fluctuating parameter
(composition). This shows that the histograms widths are reliable
and the absolute value retrieved for the thermal diffusivity has
an error of the order of 20%.

The analysis of the histograms also shows clearly that two re-
gions of the same sample have similar widths (homogeneities)
and that sample II is substantially more homogeneous than sample
I (see relative widths in Table 2).

In particular it should be noticed that one of the histograms in
Fig. 9 (corresponding to the image of Fig. 8) is quite asymmetric
with the appearance of a two lobe distribution. From the observa-
tion of Fig. 8a cluster of high thermal diffusivity is easily recog-
nized and indicated with a rectangular frame. Performing a
histogram in the frame area a diffusivity value shifted towards that
of pure UO2 is found (IIA_cluster in Table 2) with a width identical
of that obtained for the pure sample (see Fig. 9). This result allows
us to identify this cluster as composed of almost pure UO2.
5. Conclusions

It has been shown that the photothermal photodeflection tech-
nique provides thermal diffusivity maps at the microscopic level in
ceramic samples of nuclear interest. The microscopic map of the
thermal diffusivity was shown to be a powerful way of determin-
ing the homogeneity of the fabricated sample. Histograms of the
thermal diffusivity distribution are a reliable quantitative way of
quantifying the degree of homogeneity and the width of the histo-
gram can be used as a direct measure of the homogeneity.

As the thermal diffusivity of the interdiffused (U,Gd)O2 phases
is much lower than any of the pure oxides, the technique can dis-
tinguish inter-diffused material from conglomerates of pure gado-
linea and urania nanoparticles, even in the case this particles are
much smaller than the optical resolution of the microscope. In fact
such mixtures would have thermal diffusivities larger than that of
urania. Such information at microscopic level could only be ac-
quired for similar samples with a delicate and time consuming
electron back scattering diffraction experiment.

The technique not only determined the thermal diffusivity but
also in the same scan was able to localize, quantify and measure
the microscopic and mesoscopic pores providing the relative area
they occupy. Similar measurements of gadolinea clusters were per-
formed due to the distinct electronic bandgap of gadolinea as com-
pared to urania. Using green pump laser light the urania phases
were strongly absorbent, providing a large photothermal signal
while gadolinea did not absorb and hence gave a null signal that
was used to identify its presence.

Due to the lower thermal diffusivity of interdiffused uranium
and gadolinium oxides as compared to pure gadolinea and urania,
the technique can establish if the sintering process yielded a
homogeneous interdiffused sample or else if there is a mixture of
grains. Clusters of urania grains with low or null gadolinium con-
tent were also identified in this manner.

The comparison of samples manufactured with different proce-
dures allowed a clear identification of the improvements obtained
after changing the fabrication protocol.

Finally it can be stressed that as the technique provides quanti-
tative measures of the homogeneity of the samples at microscopic
levels, it provides a protocol that can be used as a reliable specifi-
cation and quality control method for nuclear fuels.
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