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Abstract—Verification of spent nuclear fuel is a prerequisite for
disposal in a geological repository. The verification method needs
to be reliable and quick and allow non-destructive investigation
of the fuel assemblies to ensure the integrity of the fuel prior to
disposal. Recently IAEA has approved Passive Gamma Emission
Tomography (PGET) to be used as a tool in rod-level examination
of assemblies. The PGET device consists of CZT gamma ray
detector banks arranged in a torus that rotates around the fuel
assembly in the middle. Gamma activity profiles are recorded
from all angles around the assembly in underwater measurements. Recently, we proposed a method for reconstructing an
image of the spent fuel assembly from measured 1D gamma ray
profiles. The method is based on simultaneous reconstruction of
activity and attenuation images with sufficient prior information,
formulating the reconstruction as a constrained minimization
problem with a data fidelity term and regularization terms.
We have now performed tests to ensure this reconstruction
method tested earlier on simulated data also works with data
from measurements at the Finnish nuclear power plants. We
report results that show detection of individual missing fuel
rods in a varied range of different fuel assembly types and fuel
parameters: 10 different fuel types with burnups between 5.72
and 55.0 GWd/tU, cooling times between 1.87 and 34.6 years
and initial enrichments between 1.9 and 4.4%. Reconstructions
are compared to information about known anomalies and water
channel positions in the assemblies. The reconstruction method
is concluded to be suitable for safeguards verification of BWR
fuel in the context of the geological disposal of spent nuclear
fuel in Finland. For VVER-440 fuel further work is needed to
investigate the ability to detect missing rods near the center of
the assembly.
Index Terms—geological repository, iterative reconstruction,
nuclear fuel, nuclear safeguards, PGET, tomography, verification.
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I. I NTRODUCTION
PENT nuclear fuel needs to be verified reliably before disposal in a geological repository. The International Atomic
Energy Agency (IAEA) approved at the end of 2017 the
non-destructive verification method Passive Gamma Emission
Tomography (PGET) to be used for this purpose. Other stateof-the-art methods (e.g. FORK detectors) can only detect a
gross deviation of material in the fuel assembly, but PGET
has been demonstrated to accomplish reliable rod-level detection [1], [2]. This is crucial for ensuring effective nuclear
safeguards of the final repository. Finland will be the first
country in the world to start disposal of spent nuclear fuel
in a deep geological repository around the mid-2020’s, and
the construction of the underground facility is ongoing at
Olkiluoto, Eurajoki.
First PGET images of fuel assemblies of different types
and with varying cooling times and burnups were published
in [3] and [4]. These results indicated the need for improved
image reconstruction and analysis methods. Recently, we
proposed a method in which attenuation and activity images
are simultaneously reconstructed from the data by formulating
the reconstruction as a constrained minimization problem and
solving it with a Levenberg-Marquardt type of method [5]. The
present study shows that this reconstruction method produces
high-quality results from real data from the two now operating
Finnish nuclear power plants. A single missing rod can be
detected from a wide range of different assembly types and
parameters. The results are significant both in the context
of Finnish safeguards and the global context of nuclear fuel
disposal.

S

II. M ATERIALS AND METHODS
The used datasets are from measurements in the two Finnish
nuclear facilities, Olkiluoto and Loviisa, during the years
2017-2020. The data were collected from hexagonal VVER
and square BWR assemblies, featuring 10 different assembly
types and a total of 77 individual assemblies. Among these
there are assemblies with known features, for example with 1
to 3 completely removed fuel rods, burnable absorber rods or
partial rods.
A. PGET Device
The PGET device contains 174 highly collimated CdZnTe
gamma-ray detectors arranged in 2 linear arrays on the opposite sides of a torus and rotated around the fuel assembly to
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collect data from all angles. Data were collected in underwater
measurements in four different energy windows (400-600
keV, 600-700 keV, 700-1500 (or 700-1000) keV and 1500+
(or 1000+) keV), chosen optimally for the gamma peaks
of the radioactive nuclei present. All reconstructions in this
conference record contribution are from the 600-700 keV
window, which contains the 661 keV gamma peak from 137 Cs,
the most abundant gamma ray emitter in spent fuel. See [3]
for device details.
B. Imaged Spent Nuclear Fuel
The 10 different measured assembly types are VVER440 and 9 BWR type assemblies (SVEA-64, SVEA-96,
SVEA-96 OPTIMA, SVEA-100, ATRIUM10, GE12, GE14,
9x9-1AB and 8x8-1). The assemblies show a wide range of
different operating parameters: burnups range from 5.72 to
55.0 GWd/tU, cooling times from 1.87 to 34.6 years and initial
enrichments from 1.9 to 4.4 %. Measurements were conducted
with different amounts of projection angles and some with
vertical or horizontal displacement or rotation of the assembly.
C. Data Analysis and Image Reconstruction
The acquired data are processed before reconstruction.
Faulty or misbehaving detectors are compensated by interpolating values from adjacent detectors and a sensitivity correction is performed on the detector array to compensate for
different qualities of the detectors.
Activity and attenuation images are simultaneously reconstructed from the postprocessed data using the iterative
scheme introduced in [5]. The reconstruction is formulated
as a constrained minimization problem with a least squares
data fidelity term and regularization terms. Linear bounds for
activity and attenuation are estimated from the data and from
the attenuation values for uranium oxide and water. Among the
two regularization terms proposed in [5], the results reported
here use the geometry aware prior where a full grid of fuel rods
is fitted onto the measurement area based on an initial filtered
back-projection reconstruction. The other method utilizes a
smoothness-promoting prior and needs less initial assumptions
from the fuel.
III. R ESULTS
A VVER-440 assembly is hexagonal in shape and has a
water channel position in the middle. The assembly in Fig. 1
(BU 55.0 GWd/tU, CT 4.6 a) also has five burnable absorber
rods and three removed rods. The linear bounds used in the
reconstructions are shown on the left. The rods get grouped by
their characteristics, and present rods (blue) have high activity
and attenuation values, but the water channel rod (yellow) has
lower activity and attenuation. The three missing rods (black)
have very low activity and attenuation. Same kind of grouping
of similar rod positions can be seen on the right. The three
missing rods have a very low activity compared to other rods
with the same distance from the center, end up far to the left
and are thus classified missing. The burnable absorber rods
(green) are accurately classified as present by the algorithm.

Fig. 1. Rod classification plots for the same VVER-440 assembly as in Fig. 3
on the right. Linear bounds and average rod values are shown in the activityattenuation plane on the left, rod activity difference from its neighbors as
a function of the distance from the assembly center is shown on the right.
Circles represent individual rods and colors denote ground truth rod type (blue
for present, yellow for water channel, green for burnable absorber rod and
black for missing rod).

Missing rod and partial rod detection is demonstrated in
Fig. 2, which shows reconstructions from an ATRIUM10
assembly which has eight partial length rods and a 3x3 water
channel in the middle, as well as two missing rods. The results
shown are from measurements at the normal measurement
height (top row) and 1.5 metres higher (bottom row), where
the emitting parts of the partial rods in the assembly geometry
disappear from view. The two missing rods are accurately
classified at both heights.

Fig. 2. Activity (left column) and attenuation (middle column) reconstructions
and classification into missing (orange) and present (blue) rods (right column)
for the ATRIUM10 assembly. Top row reconstructions are from data measured
at normal measurement height and bottom row 1.5 m higher, where the partial
fuel rods disappear from view.

Activity and attenuation images are presented in Fig. 3
for three fuel assembly types. On the left, the SVEA-64
assembly (BU 32.6 GWd/tU, CT 20.7 a) has two rods that
have been in the reactor for only 2 out of 4 fuel cycles,
appearing darker in the lower-left part of the assembly. The
middle 8x8-1 assembly (BU 18.6 GWd/tU, CT 34.6 a) has a
visible water channel near the middle. This assembly has a
long cooling time, demonstrating reconstruction quality also
for long-cooled assemblies, which is extremely relevant in the
deep geological disposal context. On the right, the VVER-440
assembly (BU 55.0 GWd/tU, CT 4.6 a) has three missing rods
in the left corner. The water channel in the middle is a bit
darker, as are the burnable absorber rods near the corners.
Rods are accurately classified into missing and present for
these three assemblies.
Occasionally, fuel rods are falsely classified by the algorithm. These mislassification rates for all 85 conducted

works as a reliable basis for fuel rod classification. A single
missing fuel rod can be detected from PGET measurement
data for a variety of different fuel types and parameters. The
method is well suited for safeguards verification of spent
nuclear BWR fuel at the Finnish nuclear power plants in the
context of the geological disposal. For VVER-440 fuel there
is work to be done to verify the ability to detect missing rods
near the center of the assembly.
For a more detailed description of the results and methods,
please see our publication in [6].
Fig. 3. Activity (top row) and attenuation (bottom row) reconstructions for
assembly type SVEA-64 with two partially irradiated rods (left column), 8x8-1
with a high CT and a water channel (middle column) and VVER-440 with 3
missing rods, 5 burnable absorber rods and a water channel (right column).

measurements are presented in Table I.
For all 39 Olkiluoto assemblies (a total of 47 measurements
as 8 assemblies were measured at two heights), the amount of
misclassified missing rods is 3.92 %. The value for the 38
Loviisa measurements is significantly higher, 65.22 %, which
is due to the fact that in most cases the central water channel
is not correctly classified. This matter is further discussed
in [6]. The overall misclassification percentages for all rod
types are 0.94 % for the Olkiluoto and 0.66 % for the
Loviisa campaigns. In total for all measurements across both
measurement locations, the percentage is 0.79 %.
TABLE I
P ERCENTAGE OF RODS IN A CERTAIN CATEGORY CLASSIFIED CORRECTLY
OR FAULTILY IN THE TWO DIFFERENT MEASUREMENT LOCATIONS
THROUGHOUT ALL 85 MEASUREMENTS (47 AT O LKILUOTO AND 38 AT
L OVIISA ).

Missing rods correctly classified
Missing rods faultily classified
Present rods correctly classified
Present rods faultily classified
Total misclassifications

Olkiluoto

Loviisa

96.08 %
3.92 %
99.29 %
0.71 %
0.94 %

34.78 %
65.22 %
99.96 %
0.04 %
0.66 %

Further results show that we can detect a burnup gradient in
an assembly as well as see intra-rod activity differences. The
effect of assembly geometry assumptions on the reconstruction
is also studied by varying the assumed rod pitch and diameter
and by deliberately choosing the wrong assembly geometry as
a prior. These aspects are investigated to better understand the
limitations of the method in detecting the diversion of nuclear
material in a fuel assembly. For more details on these studies
the reader is directed to [6].
IV. D ISCUSSION AND CONCLUSION
The current classification of rods into only two distinct
categories needs to be extended in the future to include the
possibility of nuclear material diversion by other means than
just removing a whole rod. Future work also includes software
revision and reconstruction process automation as well as
developing the activity-attenuation bound estimation.
The results show that the method for simultaneous reconstruction of activity and attenuation images we developed [5]
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