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Abstract 
There is a continuous need in the nuclear industry to characterize irradiated nuclear fuel rods 
and assemblies, both for fuel performance and for safeguards purposes, and consequently 
there are various destructive and nondestructive measurement techniques available to meet 
this need. Gamma spectroscopy is one such nondestructive technique, which has been 
extensively used for a variety of fuel characterization applications. Furthermore, gamma 
tomography – a combination of gamma spectroscopic measurements and tomographic 
reconstruction – has in recent years been demonstrated as an efficient technique for 
characterization of irradiated nuclear fuel assemblies on a rod-by-rod basis without the need 
to dismantle the fuel. This thesis comprises four scientific papers in which novel applications 
of these two techniques have been developed and evaluated.  

The major part of this work has been performed at the Halden Boiling Water Reactor 
(HBWR), where a gamma tomography measurement system is currently under construction, 
as presented in this thesis. The methods and evaluations presented in this work are based on 
the conditions at the HBWR. 

Based on gamma spectroscopy, a novel nondestructive method for determining fission gas 
release which occurs over short irradiation sequences has been developed, comprising the 
measurement and analysis of short lived isotopes in individual fuel rods. The method has 
been demonstrated based on gamma-ray spectra recorded from an experimental fuel rod 
irradiated in the HBWR.  

Based on gamma tomography, a novel method for identifying failed fuel rods within a 
nuclear fuel assembly has also been developed. The method comprises the measurement of 
gamma rays emitted in the decay of selected fission gas isotopes in the gas plenum region of 
a fuel assembly, tomographic image reconstruction of the internal source distribution and 
subsequent analysis of the resulting image in order to determine if any of the fuel rods in the 
assembly has unexpectedly low activity, indicating that it is a leaking fuel rod. Simulation 
studies performed for HBWR fuel show highly promising results for gamma rays emitted in 
the decay of two selected fission gas isotopes.  

The methods will be further investigated at the HBWR, by performing dedicated gamma 
spectroscopy measurements and by using the tomographic measurement system currently 
under construction. 
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1 Introduction 
There are over 400 operating nuclear power plants in the world [1], which supply around 
13% of the world’s electricity [2]. The vast majority of these are Pressurized Water Reactors 
(PWRs) and Boiling Water Reactors (BWRs). The nuclear fuel assemblies powering these 
reactors must tolerate intense neutron irradiation, high temperatures and pressures, and 
aggressive chemical environments. The fuel must perform reliably in this challenging 
environment, within safe limits, during normal operation and accident conditions. Ensuring 
that nuclear fuel behaves as designed is achieved through modeling, simulations, post-
irradiation examinations (PIE), and experiments conducted in commercial as well as research 
reactors. Some parameters of importance with regard to fuel performance are: 

• Cladding integrity – Maintaining the integrity of the fuel rod cladding is important 
since it is a barrier to the release of radioactive fission products into the primary loop, 
keeping doses to plant workers at a low level.  

• Burnup and Power distribution – These parameters are a function of the neutron flux, 
and have implications for the safe operation of the fuel, i.e. safety margins are, in part, 
based upon the burnup of the fuel and the rod-by-rod power distribution.  

• Fission gas release (FGR) – Fission gasses released from the fuel pellets into the free 
volume within a fuel rod contribute to increasing pressure within the fuel rod and lead 
to reduction in the thermal conductivity of the fill gas. Fission gas release must be 
accurately taken into account to ensure the fuel operates within the design limits.  

There are many nondestructive and destructive methods available to characterize nuclear fuel 
in spent fuel pools and in hot laboratories. Destructive methods normally require expensive 
transport of the fuel to hot-laboratories for measurement and special disposal considerations. 
Nondestructive methods, on the other hand, have the advantage that fuel may be 
characterized repeatedly during its lifetime, without any consequences for disposal. 
Furthermore, the relative cost-effectiveness of nondestructive methods implies that a larger 
number of fuel assemblies may be characterized.  

In addition to characterization in terms of fuel performance, nondestructive measurements are 
also important to control the non-diversion of fissile material – part of the international 
efforts to ensure non-proliferation of nuclear weapons – also known as nuclear safeguards. 

The detection of gamma rays emitted by fission products contained in nuclear fuel has long 
been used as a nondestructive means to characterize irradiated fuel and to perform safeguards 
verification measurements. Gamma spectroscopy is a well-known and established method for 
recording and analyzing the emitted gamma rays, which depending on their emitting isotopes, 
reveal a variety of information about the fuel. Gamma spectroscopy may be applied to either 
individual fuel rods or to entire assemblies. Recently, gamma spectroscopy has been 
combined with tomographic reconstruction techniques to allow for characterizing the gamma-
ray source in individual fuel rods without the need to remove them from a fuel assembly for 
individual measurements.  
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This thesis comprises four scientific papers, contributing to the ongoing efforts to ensure safe 
and economical operation of nuclear fuel. Paper I describes the feasibility of analyzing short-
lived fission gasses using gamma-spectroscopy measurements at short cooling times and 
Paper III covers a novel method of determining percent fission gas release based on these 
isotopes. Paper II describes a tomographic measurement device under development at the 
Halden Boiling Water Reactor (HBWR), and Paper IV covers a novel method for identifying 
failed fuel rods based on tomographic fission gas measurements. 

The work has been performed at the HBWR, and accordingly, the studies have based on the 
conditions there.  
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2 Nuclear Fuel  
Nuclear fuel assemblies in commercial water-cooled reactors have many similar design 
features regardless of the type of reactor. The fuel consists of ceramic pellets, made of either 
UO2 or a mixture of UO2 and PuO2 (so called MOX fuel), which are contained in metal tubes 
that are welded shut on both ends. The metal tubes are generally an alloy of Zirconium and 
are referred to as cladding tubes. The sealed cladding tubes containing the fuel are referred to 
as fuel rods. The fuel rods are bundled together into a fuel assembly containing from ~100 to 
~300 fuel rods, depending on the fuel type. The rod-to-rod spacing is maintained by metal 
spacer grids. At the lower and upper ends of each fuel assembly is a lower and upper tie-plate 
or nozzle. Figure 1 shows a BWR, PWR, and HBWR fuel assembly where many of the sub-
components are visible. 

   
Figure 1, BWR (left) and PWR (middle) and HBWR (right) fuel assemblies showing some of the 
fuel assembly sub-components. The assemblies are not illustrated to scale relative to each other. 
The images are reproduced by courtesy of Westinghouse Electric Sweden AB, and the Institute 

for Energy Technology – OECD Halden Reactor Project.  

Fuel assemblies are designed such that individual fuel rods may be removed to allow for 
inspection or for removal and/or replacement of failed fuel rods. In some fuel assembly 
designs some fuel rods are part of the structure of the assembly, and are much more difficult 
to remove. The process of removing fuel rods from a fuel assembly is often time consuming 
and it involves the risk of inflicting handling damage to the fuel. Removing fuel rods from an 
assembly may also raise safeguards concerns. In spite of these issues plant operators often 
find that the benefits associated with the dismantling of fuel assemblies for measurement 
outweigh the risks and individual fuel rods are removed in order to perform destructive or 
nondestructive PIE.   
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3 Gamma Spectroscopy on Nuclear Fuel 
Gamma spectroscopy is a well-established and widely used technique for characterizing 
nuclear fuel, where the analysis of isotope-specific gamma-rays allows investigation of the 
fuel properties to which the emitting isotopes correspond. Specifically, the content and 
distribution of the selected isotopes within the fuel is determined and correlated to the 
respective fuel property. Gamma-ray spectra recorded from fuel rods with approximately 3 
days and 1 year cooling time respectively are shown in Figure 2. Each of the peaks seen in 
the spectra corresponds to the characteristic gamma-rays emitted in the decay of some fission 
product.     

 

 

Figure 2, Gamma-ray spectra recorded using an HPGe detector. The top spectrum is from a 
fuel rod with approximately 3 days cooling time, and the bottom spectrum is from a fuel rod 

with approximately 1 year cooling time. Although not indicated in these spectra, the gamma-ray 
emission from the former is much stronger than from the latter. 

As seen in Figure 2, the gamma-ray spectrum after a short cooling time contains significantly 
more gamma peaks than the spectrum recorded after a longer cooling time. At short cooling 
times, the strong gamma-ray emission from short-lived isotopes may hinder the analysis of 
gamma peaks from long-lived isotopes. As a result, one must often wait for the short-lived 
isotopes to decay before measuring and analyzing long-lived isotopes.   
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3.1 Established Gamma-ray Spectroscopy Applications 

Some fuel properties for which gamma spectroscopy is an established technique of 
investigation are listed in Table 1 along with the isotope which corresponds to the fuel 
property and the energy of the gamma rays emitted in the decay of the respective isotope(s). 
References documenting the investigation of each of the properties are also listed. 

Table 1, Common fuel properties investigated using gamma spectroscopy, along with the 
corresponding radioactive isotope, its half-life and energies of emitted gamma rays. 

Fuel Property Isotope Half-life Gamma-ray  
energy [keV] 

Reference(s) 

Power distribution* 140Ba/140La 12.75 days 1596 [3], [4], [5] 
Burnup* 137Cs 30.08 years 662 [6] 
Integrated Fission  
Gas Release 

85Kr 10.75 years 514 [7], [8], [9], 
[10], [11], [12] 

Irradiation history* 137Cs  
134Cs 

30.08 years  
2.07 years 

662 
605, 796 

[13] 

Initial Composition  
(UO2 vs. MOX)* 

134Cs  
154Eu 

2.07 years  
1.6 years 

605, 796 
1275 

[14] 

*Characterization measurements are also used as a means to perform verification of the fuel for nuclear 
safeguards purposes. 

All of these measurements, with the exception of integrated fission gas release, are performed 
on either individual fuel rods or entire fuel assemblies. Integrated fission gas release 
measurements are only performed on individual fuel rods. Measurements performed for 
safeguards verification are typically performed on entire assemblies since dismantling fuel to 
measured individual fuel rods may itself raise safeguards concerns.  

3.2 Proposed Novel Application for Gamma-ray Spectroscopy  

Papers I and III explore a novel application of gamma-ray spectroscopy, whereby the release 
of fission gasses which has occurred over short irradiation sequences may be determined for 
the purpose of enhancing knowledge of the mechanisms and timescales of the FGR 
phenomenon. Determining FGR, which over short periods of irradiation, is of particular 
interest in research reactor settings such as at the HBWR, where experiments often involve 
short irradiation cycles where fuel is subjected to intentional transients during which the fuel 
behavior is investigated.  

Currently, pressure sensors are used in selected specially-built fuel rods at the HBWR to 
monitor the real-time fuel rod internal pressure. Measurements using this method are limited 
to those experimental fuel rods in research reactors that are equipped with pressure sensors. 
An alternative, generally-applicable nondestructive method is desired in order to allow FGR 
characterization of fuel which is not equipped with pressure sensors or in fuel rods in which 
the pressure sensors have become unreliable.  
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In Paper I the decay properties of the fission gas isotopes most abundant in the fuel at the end 
of a one-year cycle were evaluated to determine if any of these isotopes emitted gamma rays 
at suitable energies, and had suitable half-lives, such that they could be measured after short 
decay times. Three isotopes were identified and further evaluated by calculating the expected 
count rate at the detector for five of their emitted gamma-ray energies, based on MCNP [15] 
simulations of the gamma-ray transport through the fuel to the detector setup. The 
calculations were also verified by analyzing experimental gamma spectroscopy 
measurements from two fuel rods which had cooled for two days and twenty-three days, 
respectively. Three gamma-ray energies were identified as feasible for measurement after 
short decay time. The isotopes along with their corresponding half-lives, gamma-ray 
energies, and branching ratios are listed in Table 2. 

Table 2, Short-lived isotopes identified in Paper I as potentially useful for determining fission 
gas release in fuel rods with short decay time. 

Isotope Half-life  γ energy 
[keV] 

Branching ratio 
[% decays] 

133Xe 5.24 days 81 38 
133mXe 2.19 days 233 10 

135Xe 9.14 hours 250 90 
 
In Paper III a method, based on the feasibility demonstrated in Paper I, was developed for 
quantifying %FGR which occurs over short time periods. Specifically, Paper III focused on 
measuring the 81 keV gamma rays emitted in the decay of 133Xe present in the plenum of the 
fuel rod and comparing that to the amount produced in the fuel. The method was 
demonstrated using measurement data from experimental fuel irradiated in the HBWR. 
However, because the data had not initially been collected for this purpose, the uncertainty in 
the resulting %FGR was larger than normally expected. The major sources of uncertainty 
stem from incomplete knowledge of the physical arrangement of the measurement set-up, and 
from a lack of characterization of the  relative detector efficiency at 81 keV and 1596 keV.  

While this method is generally applicable, i.e. it may be applied to any fuel rod with a gas 
plenum, at commercial or research facilities, it is expected to be applied primarily at research 
facilities where the power history is such that the FGR behavior may be of interest over short 
time periods, and where it is possible to perform measurements before the short-lived 
isotopes have decayed away.  
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4 Gamma Tomography on Nuclear Fuel 
Gamma tomography is a technique for characterizing nuclear fuel based on gamma 
spectroscopy measurements and tomographic reconstruction techniques. Here, Single Photon 
Emission Computed Tomography (SPECT) is used, which involves two basic steps: 1) 
recording the gamma radiation field surrounding the fuel assembly using gamma 
spectroscopy, and 2) reconstructing the assembly’s internal source distribution using 
tomographic techniques. A major advantage of gamma tomography is that all fuel rods in a 
fuel assembly may be characterized simultaneously without the need to dismantle the fuel.  

4.1 Gamma Tomography Measurement Devices 

Two gamma tomography devices have been previously developed and demonstrated for use 
on irradiated commercial fuel assemblies. The first device was developed for fuel 
performance investigations [16], and the second was developed for safeguards purposes [17]. 
Both of these devices were designed for characterization of commercial fuel assemblies, 
underwater, in spent fuel storage pools at nuclear power plants or interim storage facilities. 
The measurement sequence for each of these devices was/is based on rotating a set of 
collimated detectors around the fuel at a selected axial location. Figure 3 shows a top, 
schematic view of the first of these two gamma tomography devices.   

 

Figure 3, Top schematic view of the fuel performance gamma tomography device in [16], 
showing how the collimated detectors rotated around the fuel assembly which was placed in a 

water filled channel in the center of the device. 

As described in Paper II, there is currently a novel gamma tomography system under 
development at the HBWR. Unlike the two previously-mentioned gamma tomography 
measurement devices, the measurement system at the HBWR is designed to rotate the fuel in 
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front of the detector, and to measure the fuel in air inside a shielded enclosure instead of 
underwater. Figure 4 shows a side cutaway conceptual view of the HBWR gamma 
tomography system, which is now under construction. In this device the fuel is lifted and 
rotated while the detector is translated from side-to-side.  

 

Figure 4, Side cutaway conceptual view of the HBWR gamma tomography measurement 
system.  

The HBWR gamma tomography system will be used for investigating fuel performance 
parameters such as power and burnup distributions for various experimental fuel assemblies 
irradiated in the HBWR. In addition, the system will be used as an experimental platform for 
investigating further applications and refinements of the gamma tomography technique for 
nuclear fuel assemblies, including FGR and leaker rod identification (see section 4.3).  

4.2 Previously Demonstrated Applications of Gamma Tomography on 
Nuclear Fuel Assemblies 

Gamma tomography is based on gamma spectroscopy measurements, and it follows that 
many applications of gamma tomography are similar to the applications of gamma 
spectroscopy, but with gamma tomography there are additional capabilities to study spatial 
dependencies of the fuel properties under investigation. In particular, gamma tomography can 
be used to characterize all fuel rods in an assembly simultaneously, without the need to 
dismantle the fuel. 
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There are numerous examples of gamma tomography measurements on individual fuel rods, 
however, the technique has seldom been applied on whole fuel assemblies. Some examples of 
demonstrated applications on fuel assemblies are the following:  

• Determination of rod-by-rod power distribution in irradiated BWR fuel assemblies at 
the Forsmark Nuclear Power Plant in Sweden [18],  

• Determination of rod-by-rod burnup using an experimental gamma tomography 
measurement set-up at the CLAB facility in Sweden [19], 

• Safeguards partial defect verification demonstrated using a laboratory mock fuel 
assembly at Uppsala University in Sweden [19], and using a gamma tomography 
device for of commercial nuclear fuel developed for the IAEA [17]. 

4.3 Proposed Novel Application of Gamma Tomography  

In the event that fuel cladding fails during reactor operation, the operator has to identify the 
assembly containing the failed rod in order to remove it from the core. It is also of interest 
from an operator’s perspective to identify the failed rod(s) within the assembly to be able to 
replace them and reintroduce the assembly into the core for further irradiation. At present, 
reliable methods exist for locating the failed assembly; however, the currently used methods 
for determining which rod is failed in the assembly are not always adequate [20]. As an 
alternative, gamma tomography has been suggested as a method for identifying leaking rods 
[21].  

In Paper IV, a simulation study was performed to investigate the feasibility of the novel 
application of gamma tomography measurements for locating failed rods within a failed fuel 
assembly. The application is specifically based on measuring gamma rays emitted in the 
decay of a fission gas isotope in the gas plenum region of a fuel assembly and where a 
leaking rod is expected to be identified in the reconstructed image by its relative low activity. 
Simulations were performed based on the gamma rays emitted in the decay of 133Xe, 135Xe, 
and 85Kr, in order to assess each isotope’s suitability for measurement. These isotopes are 
listed in Table 3 along with their respective half-lives, emitted gamma-ray energies, and 
linear attenuation coefficients for various materials present in nuclear fuel and/or in the 
measurement setup. 

 Table 3, Fission gas isotopes used for simulation studies of gamma tomography as a leaker rod 
identification method, listed along with their half-lives, gamma-ray energies, and linear 

attenuation coefficients for selected materials. 

Isotopes Half-life Gamma-ray  
energy [keV] 

Linear attenuation coefficients [cm-1] ‡ 

Water 
Stainless 

Steel Zircaloy 
Air  

(1 atm) 
Helium 
(30 atm) 

133Xe 5.24 days 81 0.183 4.538 11.01 0.00020 0.00022 
135Xe 9.14 hours 250 0.127 0.976 1.068 0.00014 0.00016 

85Kr 10.75 years 514 0.096 0.659 0.560 0.00011 0.00012 
‡ from National Institute of Standards and Technology, XCOM, Photon Cross Sections Database 
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The results of these simulations indicate that the method is feasible for leaker rod 
identification when measuring the 250 keV gamma rays emitted in the decay of 135Xe or the 
514 keV gamma rays emitted in the decay of 85Kr. As an example, a reconstructed image 
using the 250 keV energy gamma rays is presented in Figure 5, in which one failed rod that 
was simulated with a fission gas content of 10% of the intact fuel rods may be discerned. In 
the reconstructed images obtained based on simulations of the 81 keV gamma-ray energy, the 
failed rod was not discernible, even when materials with the minimum attenuation were used 
in the simulations.   

 

Figure 5, Reconstructed image showing feasibility of leaker rod identification using gamma 
tomography in a simulated measurement of the 250 keV gamma rays emitted by 135Xe.  

While this application of gamma tomography was determined to be theoretically possible, the 
measurement of these particular gamma rays is however challenging. The short half-life of 
135Xe means that it must be measured within the first days after the fuel is removed from the 
reactor, and the emission properties of the 514 keV gamma rays mean that measurements 
based on 85Kr must be carried out after the fuel has been allowed to cool for at least six 
months. Additionally, measurements based on 85Kr may be problematic because of the 
expected low emission rate of the 514 keV gamma rays and the presence of the interfering 
positron annihilation peak at 511 keV. Furthermore, the study showed that the expected 
measurement time may be unacceptably long if efforts are not made to maximize count rates. 

The simulation study was based on a uniform rod-by-rod fission gas content distribution, 
except for the failed rod which contained ten times less fission gas than an intact rod. This 
uniform fission gas distribution is not expected in practice since the rod-by-rod fission gas 
concentration is known to vary widely from rod-to-rod, which may lead to a difficult-to-
interpret image, i.e. rods with low fission gas release may be indistinguishable from leaking 
rods. Due to this, it is suggested that the reconstructed data be compared to the predicted rod-
by-rod fission gas content distribution as calculated by e.g. the STAV code [22].  
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5 Outlook 
The novel gamma spectroscopic method of determining %FGR and the novel gamma 
tomographic method for locating leaking rods in a fuel assembly will be further investigated 
and benchmarked using the tomographic device currently under construction at the HBWR - 
a unique opportunity to develop and refine these methods. Experimental fuel irradiated in the 
HBWR is intentionally subjected to a variety of operating conditions, is available for 
characterization a short time after the end of irradiation, and is furthermore, extensively 
characterized using calibrated in-core measurements as well as calibrated destructive and 
nondestructive methods during PIE. These conditions offer a unique opportunity to obtain 
experimental data for further investigation and benchmarking of the novel methods presented 
in this thesis.  

The HBWR gamma tomography equipment is expected to perform the first test 
measurements in early 2013. Extensive measurement campaigns are planned in which 
applications of the gamma tomography technique will be investigated and evaluated, 
including the novel method of leaker rod identification. Measurements will be performed in a 
well-controlled laboratory setting where there is access to a wide variety of experimental and 
standard fuel assemblies and where cooling times range from hours to decades. There is 
expected to be high accuracy in the measurements using this device since it has been 
designed with favorable materials with regard to gamma-ray attenuation and since the 
measurements will be performed in air, allowing the use of high resolution HPGe detectors.  
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