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The morphology of single PWR UO2 fuel rods has been investigated by employing computerised gam-
ma-ray transmission tomography. Four highly burnt fuel rods of different burnups (from 52GWd/t to
126GWd/t) and a fresh rod have been investigated. This paper describes the tomographic station built
to acquire the projections together with the related experimental procedure, followed by the description
of the image reconstruction techniques implemented. The principal results obtained are presented and an-
alysed at three levels. First, the derived linear attenuation coefficient matrix, which is very useful for the
implementation of emission tomography, is discussed. Second, the variation of density as a function of rod
radius is presented, showing an interesting morphological change of the fuel with burnup. Particularly for
the highest burnup sample, the periphery is characterised by a lower density (a steep decrease of almost
10% from the adjacent region) characteristic of an ultrahigh-burnup high-porosity structure. Finally, the
nondestructive derivation of the volume-averaged fuel density was performed, compared with other exper-
imental data, and plotted as a function of burnup, so that an interesting linear relationship between density
and burnup was established, providing a potential indicator for the noninvasive determination of nuclear
fuel rod burnup.

KEYWORDS: transmission tomography, nondestructive techniques, fuel density, high burnup,
spent fuel, light water reactors

I. Introduction

In the process of evaluating nuclear fuel performance, dif-
ferent types of nondestructive methods have been character-
ised and applied, e.g., gamma-ray spectrometry,1) neutron
measurements,2) and reactivity and calorimetric measure-
ments.3) Thus, the development, application, and validation
of suitable experimental techniques of investigation play a
very important role. For example, the implementation of
computer tomography, widely used in medical applications,
is a noninvasive technique that can be employed successfully
in the investigation of single fuel rods as well as entire fuel
assemblies. This technique, although not new in nuclear fuel
characterisation,4–9) is a growing area due to the continued
progress of computer science that makes possible the imple-
mentation of more sophisticated and better performing algo-
rithms for the reconstruction of images.

Computerised tomography, in essence, is the reconstruc-

tion of an internal image of an object from external observa-
tions. In particular, the aim of transmission tomography is
to obtain information regarding the nature and position of
materials inside a body, using the absorption of a physical
entity (gamma ray, X-ray, light, ultrasound) crossing the
body itself. In contrast, emission tomography uses the obser-
vation of events that originate from inside the body.

In the case of transmission tomography applied to nuclear
fuels, this technique can be considered both as a nondestruc-
tive analysis method for fuel rod density investigations and
as a way to determine within-rod spatial distribution matri-
ces of the linear attenuation coefficient. This technique
was applied previously to radioactive waste packages,6,7)

but not to irradiated fuel rods as investigated here.
In this work, the applied procedures and results obtained

for the gamma-transmission tomography conducted on burnt
and fresh fuel samples, previously deployed in the LWR-
PROTEUS Phase II experiments,10) are presented. A fresh,
400-mm-long UO2 segment containing 3.5% by weight
235U and four burnt PWR UO2 fuel rod segments also of
400mm length, two with very high (52GWd/t and
71GWd/t) and two with ultrahigh (91GWd/t and
126GWd/t) pellet-averaged burnup values, have been inves-
tigated. The burnt samples have about 10 years of cooling
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time in the first three cases and 4 years in the last case. All
the rod segments were encapsulated in Zircaloy overclad-
ding (300–400 mm in thickness) to prevent their being dam-
aged and to guard against contamination, the gap between
the cladding and overcladding being filled with helium at
200 kPa. A new tomographic cell station was designed, built,
and used for these investigations.

Section II gives a brief description of the experimental
procedure, with the tomographic cell station and the current-
ly applied procedures for transmission tomography recon-
struction. The principal results obtained in terms of recon-
structed 2D images of linear attenuation coefficient matrices
are presented in Sec. III-1, whilst within-rod fuel material
density distributions and volume-averaged densities are re-
ported in Secs. III-2 and III-3, respectively. Final conclu-
sions are given in Sec. IV.

II. Experimental Procedure

1. Tomography Working Principles
The basic requirement for a tomographic station is the

ability to generate cross-sectional images of an object—a
fuel rod in this case—on the basis of measurements of �-rays
emitted by, or transmitted through, separate ‘‘slices’’ of this
object. For this reason, it is necessary to traverse the fuel rod
laterally with respect to the collimator slit, making many
steps across the whole width of the fuel rod and measuring
the intensity of the �-rays at each step. The set of intensity
data collected for all the steps of a particular traverse is
called a projection (see Fig. 1). In order to reconstruct the
‘‘image’’ of the object, a number of projections need to be
recorded. This is done by rotating the object around its cen-
tral axis and collecting the projections at different angular
positions.

As indicated in Fig. 1, the tomographic station can operate
in two different ways: using an external �-source, such that
the projections coming from the source can give information
about the internal morphology of the object (transmission),
or without the external source, such that the projections

collected belong only to the internal source distribution
(emission), giving information about the within-rod activity
distribution f ðx; yÞ. Here, only the procedures relevant to
transmission tomography are detailed; the description of
the emission tomography will be published separately.

2. Tomographic Cell Station
The measurement station, built at the zero-power research

reactor PROTEUS of the Paul Scherrer Institute, is an instal-
lation specifically designed for the nondestructive investiga-
tion of highly active spent fuel rod segments of 400mm
length, primarily for high-resolution and single-emission
transmission tomography. The station is a structure consist-
ing of a lead shielding enclosure, a tungsten collimator, a re-
mote handling system with the associated control system, a
high-purity germanium (HPGe) detector with a support for
the cryostat, a system for the injection of an external gamma
source, and a set of neutron detectors. It is operated in com-
bination with the PROTEUS transport flask/sample chang-
er,10) which loads an individual fuel segment into the station
from the top, after which a remotely controlled clamping
system ensures that the sample is secured in an accurately
known position by means of a ‘V’ channel (see Fig. 2).

The collimator is a block of tungsten of 150mm length
with an internal slit of 0:2� 20mm, with a capability to
modify the slit width if required. The lead shielding enclo-
sure, 200mm thick, was designed to host the remote clamp-
ing system. The latter is mounted on a base plate, which
can be moved by a system of gears and stepping motors to
traverse the sample past the collimator and to rotate it to
different angular positions.

The gamma measurement equipment consists of an
EG&G ORTEC HPGe coaxial detector, which has an 18%
relative efficiency and a 1.67 keV resolution for the 1332
keV 60Co photopeak. The HPGe is shielded with a cadmium
and copper casing to stop the X-ray fluorescence produced
in the lead. The detector is connected to an EG&G
ORTEC DSPec Plus digital gamma-ray spectrometer,11)

a comprehensive unit containing an analogue-to-digital con-

Fig. 1 Schematic illustration of the basic principles of the tomographic station. The fuel rods under investigation have a
central UO2 region of 9.14mm diameter (before fuel swelling), the original cladding with external diameter of
10.76mm, and a Zircaloy overcladding with internal and external diameters of 11.2 and 11.8mm, respectively, the
internal void being filled with helium.
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verter, a digital shaping amplifier, and high-voltage power
supply. The spectra acquisition and analysis software is
the Gamma-Vision multichannel analyser program from
EG&G ORTEC.12) A lead filter of 30mm thickness was
placed in front of the detector, to attenuate effectively the
low-energy scattered gammas and consequently to reduce
the detector dead time.

As a fundamental requirement for transmission tomogra-
phy measurements, a �-source must be driven into the inter-
nal cavity of the station. For this purpose, a commercial
gamma projector was rented and used for the measurements.
Model Delta 880 of CONTROLTECH13) is a compact expo-
sure device normally used for industrial gamma radiography.
It is designed to host different source types and projects the
source through a guide tube of 2m length. The gamma-ray
projector body is made of depleted uranium and weighs
22 kg.

The �-source used was 60Co with a total activity of
2412MBq (65.2mCi) and dimensions of 1mm diameter
by 2mm length. In order to use the cobalt source with the
gamma projector in the tomography station, a special device
was built. This device allows the penetration of the source
guide tube into the enclosure shielding and ensures that the
location of the source in the final position is as close as
possible to the sample and in line with the collimator slit
opening. Figure 2 shows the view from the top of the inter-
nal part of the shielding enclosure during a cold test
campaign, with the gamma projector device terminal, the
dummy rod gripped in the clamping system, and the tungsten
collimator.

3. Projections Acquisition and Sinograms
High-resolution �-spectrometry is the basis of the tomo-

graphic investigations illustrated here. The methodology
used for the photopeak treatment, particularly for the need
to derive the non-Gaussian gamma-peak areas properly,
has been fully described in available reports14,15) and is thus
not repeated here.

Transmission tomography was employed in each case
by measuring the relative intensities of the 1.173 and
1.332MeV gamma rays produced by the external 60Co
source. Thus, photons emitted by the 60Co, together with
photons from long-lived gamma-emitting fission products
present in the burnt samples, were recorded using an HPGe
detector, for different lateral positions s and angular posi-
tions � of the sample (see Fig. 1). Each recorded spectrum
was analysed in order to derive, for each measurement
step, the count rate corresponding to the different �-lines
of interest.

Each session of tomographic investigations comprised a
total number of measurements [k � m], where k is the num-
ber of lateral displacements of the rod with respect to the
collimator slit and m the number of rotations of the rod.
In each case, the lateral step size used was 0.2mm and the
angular interval was 45�. The acquisition time of each single
measurement pðs; �Þ was between 10–20min, with m ¼ 8

and k typically �60.
Once the projections had been acquired and corrected for

count time and for slight mechanical deviations of the
clamping system, the final sinograms were obtained. A sino-
gram is a suitable way to store the projections for image re-
construction. A single projection view pðs; �Þ, corresponding
to parallel lines relative to a specific angle, is stored in the
sinogram as a single column for all s measured. Each column
in the sinogram consists of the projection views at a given
angle. In practice, this means a change in domain from a
Cartesian hxyi system to a polar hs�i system.

4. Image Reconstruction Procedure
As already mentioned, in transmission tomography, beams

of radiation are passed through the body being inves-
tigated, from various positions and at various angles. Each
beam is detected on the side of the body opposite from
the beam source, and its detected intensity is compared
with its unattenuated intensity. These data are collected at
various angles, from 0 to 360 degrees. The property that
is computed in transmission tomography is the linear at-
tenuation coefficient, at various points in the object’s cross
section.

The body, viz., the fuel rod, can be assumed to be a
regular cylinder. Considering the intensity of the emitted
beam I0, the intensity I of the detected beam is I0 � e�T ,
where the function T , the transmittance of the object, is
given as

lnðI0=IÞ ¼ Tðs; #Þ ¼
Z
L

�lðx; yÞdl; ð1Þ

where �lðx; yÞ is the linear attenuation coefficient of the
object at the point ðx; yÞ and L is the line along which the
beam travels.

Theoretically, any problem concerning reconstruction
from projections is an ill-posed problem, because the analyt-
ical approach needs an infinite number of measured projec-
tions as input, which is unreasonable in practice. Neverthe-
less, this problem has been studied over many years in a
large number of scientific, medical and technical fields, so
that many different techniques have been developed. The

Fig. 2 View from the top of the internal part of the shielding. The
gamma projector device terminal, the dummy rod gripped into
the clamping system, and the tungsten collimator are shown.
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approach followed in this work is based on several of these
methods, and may be summarised in two main steps: first, an
analytical method, filtered back-projection (FBP),16) was
used to generate a first-guess image. Then, an iterative stat-
istical method, penalised maximum-likelihood expectation
maximisation (PML) for transmission tomography,17) was
used to iterate on the first-guess noisy image and to generate
the final linear attenuation coefficient matrix. In particular,
this technique was integrated with a paraboloidal-surrogates
coordinate ascent (PSCA) algorithm,18) to accelerate the
iterative convergence process. This approach was found to
perform very well for the present work.

In brief, the filtered back-projection method consists of
taking the inverse of the Radon transform of the function
Tðx; yÞ, which represents the unknown linear attenuation
function. Because the Radon transform is given by the
collection of the line integrals of the function T , which are
indeed our measured projections, it is possible to calculate
its inverse.19) Effectively, the image is first back-projected
and then filtered with a two-dimensional ramp filter.

The iterative method used, i.e., the penalised maximum-
likelihood expectation maximisation, is based on maxi-
mum-likelihood expectation-maximisation (ML-EM) tech-
niques,20,21) where a penalty term is included in the opti-
misation process. This penalty, or regularisation, term
(accounting for a priori information such as smoothness) is
added to the function to be maximised (objective function),
and this is the specificity of the penalised ML-EM tech-
niques,17) as well as of all the so-called ‘‘penalised’’ methods.
The objective function to be maximised is the difference in
the log-likelihood (Lð ~ff Þ) and the penalty function (Rð ~ff Þ),
the trade-off between the two being controlled by a param-
eter �:

�ð f Þ ¼ lnLð ~ff Þ � �Rð ~ff Þ: ð2Þ

� is a regularisation parameter that controls the trade-off
between resolution and noise. It must be either estimated
subjectively beforehand or calculated via an additional iter-
ative process to be developed. Because the image noise
increases with further iterations, the regularisation process
becomes necessary to maintain this noise at a reasonably

low level. A very interesting improvement of the penal-
ised-likelihood image reconstruction technique, employed
in this work, is the paraboloidal-surrogates coordinate as-
cent (PSCA) method.18) In brief, it uses a global surrogate
function for the original objective function, which is not
separable but has a simple quadratic form, to accelerate
the convergence, thus reducing the noise propagation. It
has several variations, depending on how one chooses the
parabola curvatures. For its application to nuclear fuel rods,
a ‘‘fast pre-computed’’ curvature,18) usually monotonic, is
recommended.

The practical implementation of the computerised tomog-
raphy was made with the Aspire 3.0 code, developed by
J. Fessler at the University of Michigan.22) This is a sparse
iterative reconstruction library, for image reconstruction,
which implements several reconstruction techniques, analyt-
ical and iterative, and allows the use of different penalties
and resolution properties. Details about the current proce-
dure are available elsewhere.14)

III. Results and Discussion

The resolution of the images is 64� 64, where each pixel
width is 0.2mm. The slit width of the collimator was fixed
(uniform sampling) to be equal to the pixel width for all
measurements (0.2mm). All the images generated here are
produced with the 1.332MeV photopeak.

1. Attenuation Coefficient Matrices
Figure 3 shows the within-rod distribution of the linear

attenuation coefficient �lðx; yÞ [in cm�1] evaluated at the
individual pixels, as derived for the 52GWd/t sample. On
the left is the FBP image, and on the right the PSCA-PML
image. The FBP image is a noisy but realistic image. The
noise was not immediately suppressed, to avoid alteration
of the physical properties of the object (especially at the
edge of the rod). The noise treatment is carried out using
statistical methods. By using the PSCA algorithm, the noise
is suppressed during the iterative process without com-
promising the validity of the reconstruction. By observing
the PSCA-PML image, the difference in the attenuation

Fig. 3 Within-rod linear attenuation coefficient distribution (64� 64 pixels) �lðx; yÞ [cm�1] for the 52GWd/t sample.
Filtered-Back-Projection image (left) and Paraboloidal-Surrogates Coordinate Ascent Penalised Maximum Likelihood
image (right).
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values between the Zircaloy cladding material and the UO2

fuel matrix becomes evident. From this image, it is
not possible to distinguish very well the gap between the
cladding and the overcladding. This is more visible after
applying a higher resolution, which was introduced when
the �ðlÞ image was converted to a density image, as shown
in the next section.

The most important goal of the attenuation map is the
investigation of inhomogeneities in the physical structure
of the fuel matrix, in order to use these maps to apply appro-
priate attenuation corrections for further nondestructive
studies such as emission tomography. In Fig. 4, the PSCA-
PML images illustrate the linear attenuation reconstructions
for (a) the fresh sample, and (b) to (d) for the spent fuel sam-
ples with burnups of 71, 91 and 126GWd/t, respectively.
These reconstructions have been obtained using an edge-
preserving Huber penalty function with a ‘‘2nd-order neigh-
bourhood,’’ and the trade-off parameter � ¼ 9, performing
a total of 30 iterations.

2. Density Distribution
The reconstruction was based on the same techniques

and routine as those described in Sec. III-1, with the same
penalty parameters, but changing the regularisation param-
eter � (� ¼ 7) such that the noise is slightly increased in
the final image as the resolution at the edge of the rod is
improved. In this way, it was possible to better differentiate

the overcladding from the cladding region. Because the
collimator slit width is only 200 mm, it is not easy to dis-
tinguish regions of 125 mm (the gap between cladding and
overcladding) or 300 mm (the thickness of the overcladding
for the 126GWd/t sample). The final density distribution
�ðI; jÞ was derived from the reconstructed linear attenuation
matrix �lðI; jÞ using the following formula:

�ði; jÞ ¼
�lði; jÞ
�m

ð3Þ

where �m is the tabulated mass attenuation for the given
material, and i; j the pixel indices.

In order to increase the displayed resolution, the image
was converted from 64� 64 to 128� 128 pixels (pixel
width of 100 mm) by simply splitting the original pixel into
four pixels.

In Fig. 5, a vertical cut view of density distributions for
all the samples, derived using azimuthally averaged sino-
grams, is shown. Here, the decrease in fuel density with
burnup can be easily observed. The density of the cladding,
which should be identical for all the cases, shows discrepan-
cies between the samples. This is because the slit of 200 mm
width cannot properly resolve the void zone between the
cladding and the overcladding and, as a consequence, this
region is seen as a mixture of Zircaloy and helium, produc-
ing, as a result, a lower density in the image. It is, however,
possible from this plot to distinguish the overcladding and

Fig. 4 Within-rod linear attenuation coefficient �lðx; yÞ [cm�1] distribution for (a) fresh fuel, (b) 71GWd/t,
(c) 91GWd/t, and (d) 126GWd/t spent fuel segments, derived using the Paraboloidal-Surrogates Coordinate Ascent
Penalised Maximum Likelihood algorithm.
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the cladding of the rod. The actual dimensions of the clad-
ding and the overcladding are graphically illustrated in the
same picture, to help in the comprehension of the results.
It is worth noting that the gap between the pellet and clad-
ding is expected to be completely closed for the samples
investigated here, due to clad creep-down and the swelling
of the pellets.

Special attention to the 126GWd/t sample needs to be
given here, which shows a very singular density profile.
We can observe a lower density zone at the periphery of
the fuel pellet, then a step with a higher density region
(a factor of �1:1 between the two), followed by a decrease
in density going towards the centre of the rod. The radial
extent of the lower density peripheral region (�1mm) ap-
pears to correspond to a high-burnup-structure region with
a much higher level of porosity such that it yields a lower
overall density.23)

The uncertainty (1�) in the central region is <0:7%,
whilst the periphery is characterised by higher values
(1.2%–2.5%, depending on the sample). These uncertainties,
for the two distinct regions, central and peripheral, were
derived from the results of a sensitivity study carried out
as follows: First, noise was introduced into the input sino-
grams, so as to derive new sinograms using the relation

Snoisy ¼ Sclearð1þ n�PÞ ð4Þ

where Sclear is the sinogram without perturbation, � is the
statistical uncertainty of the measurements, n is the order
of � to be tested, and P is a Gaussian probability function,
all in matrix form. The artificially noisy sinograms (Snoisy)
were then processed, and the images so obtained compared
with the image reconstructed without added noise.

3. Average Density vs. Burnup
The fuel rod average density was derived by directly using

the data from the measured projections, without tomographic
treatment. The density is derived from the calculation of the
attenuation in the fuel, as well as in the cladding and over-
cladding:

I ¼ I0 � exp��UO2
xUO2 � exp��zryxzry ð5Þ

where I0 is the intensity of the emitted beam, I is the inten-
sity of the detected beam, � is the linear attenuation coeffi-
cient in the fuel pellet (UO2), and in the cladding and over-
cladding material (zry), xUO2

and xzry are the path lengths in
UO2 and Zircaloy, respectively.

The final density � is given as

� ¼ � ln
I

I0

� �
�

1

xUO2
�UO2

ðmÞ
�

1

exp��zryxzry
; ð6Þ

where �ðmÞ is the mass attenuation coefficient in the fuel
pellet (UO2).

The density derivation was made with the central 36
measurements, uniformly sampled by 0.2mm steps, of each
projection data set. The final value has been obtained as a
weighted mean of all the projections. The uncertainty is an
average sigma (�) derived using the net measured counts,
given as

�k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1ffiffiffiffi
Ik

p
� �2

þ
1ffiffiffiffi
I0

p
� �2

s
; ð7Þ

where Ik is the net area measured at position k and I0 is the
net area measured directly with the beam (i.e., without a
sample in between). These two errors are added in quadra-
ture, as the quotient of Ik=I0 is the major term responsible
for the total error. The currently assessed uncertainties are
�0:6% for all the samples.

The average fuel density is plotted as a function of the
burnup in Fig. 6. A clear decrease in density with burnup
is observed. These results are compared with fuel density
measurements for the two extreme cases, viz., the manu-
facturer’s data for the fresh sample and a PSI-Hotlab
Archimedes measurement for the 126GWd/t sample.24)

Fig. 5 Density [gcm�3] distribution profiles for the various fuel
rod samples. Each plot is a vertical cut view of density distribu-
tion derived with azimuthally averaged images. The original im-
age has 128� 128 pixels. Uncertainty bars are present for the
central zone, and for the periphery (on the left side, between
the cladding and overcladding). The actual dimensions of the
cladding and overcladding are graphically shown (730 and
300 mm thick, respectively).
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Fig. 6 Average fuel pellet density values from the current gamma
transmission investigations (Gamma-Tr.), together with the re-
sults from a PSI-Hotlab Archimedes measurement for the
126GWd/t sample (Archimedes) and from the manufacturer’s
data for the fresh sample (Manufacturer’s data).
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The agreement is seen to be excellent. Furthermore, the
assumption of a linear relationship between the density
and the burnup is seen to be reasonable, even after account-
ing for the known slight increase in density from re-sintering
in fresh fuel at the beginning of irradiation.

IV. Conclusions

A gamma tomographic cell station has been designed,
built, and used for gamma-transmission tomographic inves-
tigations performed on burnt and fresh PWR UO2 fuel rod
segments.

The application of transmission tomography to single
fuel rods has been shown to be a feasible and interesting
option to achieve the nondestructive determination of fuel
density distributions. Interesting results have been produced,
particularly for the 126GWd/t sample, which shows a very
singular density profile. A lower density zone at the periph-
ery of the rod was observed, then a step with a higher density
region (a factor of �10% between the two), followed by a
decrease in density going towards the centre of the rod.
The radial extent of this lower density peripheral region
(�1mm) seems to correspond to the high-burnup-structure
region, with high porosity, as reported elsewhere.23)

Furthermore, because transmission tomography can be
used in combination with emission tomography, a linear
attenuation coefficient matrix was derived, to be employed
in the emission reconstruction process, so as to increase
the final image accuracy. This work has been already carried
out14) and will be presented separately.

The currently acquired projections have also been used to
determine the average densities of the fuel segments. The
deduced values were compared with other experimental data
and showed a high degree of consistency. Furthermore, a
linear relationship between fuel density and burnup has been
indicated, even after considering the slight pellet densifica-
tion that occurs in fresh fuel at the beginning of irradiation
in the core. It is relevant to note that, once the linear relation-
ship between fuel density and burnup has been validated,
one may eventually be able to evaluate the burnup directly
from the current type of density assessment using gamma
transmission.

Future developments that might further improve the ex-
perimental procedure described here would include a strat-
egy focused on privileging the acquisition of projections at
the periphery of the rod. For instance, reducing the slit width
and the step size, and increasing the acquisition time of the
spectra when measuring the rod periphery, may improve the
resolution of the reconstructed image at the rod edge.

Furthermore, the tomographic measurements applied cur-
rently to UO2 fuels may be extended to MOX fuels. The pos-
sibility of providing a noninvasive assessment of MOX fuel
density variation with burnup would be of particular interest.
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