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ABSTRACT: Recently, a Gamma Emission Tomography (GET) system was installed at the OECD-Halden Reactor Project 

(HRP). This type of instrument offers nondestructive assessment of the spatial distribution and amount of fission products in 

an irradiated nuclear fuel assembly. The novel technique has been tested for several applications, including for 

determination of rod-wise fission gas release fractions.  

 

Since the capability of GET to quantify the amount of fission gasses released to the plenum has been demonstrated, it may be 

considered that the technique is likely to also be useful for identification of leaking fuel rods in commercial reactors, which 

has previously been investigated in a simulation study for Halden reactor sized fuel assemblies. However, the larger size 
commercial BWR and PWR fuel assemblies as compared to the small HRP fuel assemblies present more attenuation of the 

gamma radiation, which may adversely affect the performance of the tomographic reconstruction. In addition, the 

concentration of fission gas in the fuel plenum is relatively low for commercial fuel exposed to a normal irradiation history, 

and the 85Kr characteristic gamma ray may be difficult to resolve in a commercial fuel assembly with short cooling time.  

Therefore, the measurement constraints, the suitability of various candidate radionuclides, and the time requirements, for 

such a measurement have been examined for PWR assemblies. For this purpose the radiation transport from the plenum of a 

fuel assembly to a hypothetical collimated detector position was studied using the simulation code MCNP. 

The results are presented in terms of: 

 Examples of the relative signal strength for rods of various locations in the assembly, including rods in the outer 

rows and in the center.  

 Comments on time requirements for the measurements. 

 The visual impact of the activity of the gas plenum activity on a reconstructed cross-sectional image of the plenum. 

 Comments on other relevant measurement constraints. 

 

The feasibility of the technique was demonstrated for PWR assemblies using the activity of 135Xe (250 keV), assuming a total 

measurement time of 10 h with a single detector, and performing tomographic reconstruction with the UPPREC method. In 

this scenario, with the relatively strong attenuation of the gamma rays from the center of the fuel, the quantitative UPPREC 

method proved superior to the qualitative Filtered Backprojection reconstruction technique. 
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I. INTRODUCTION 

 

Recently, a Gamma Emission Tomography (GET) system was installed at the OECD-Halden Reactor Project (HRP). 

This type of instrument offers nondestructive assessment of the spatial distribution and amount of fission products in an 

irradiated nuclear fuel assembly. The novel technique has been tested for several applications, including for determination of 

rod-wise fission gas release fractions. For this purpose, the 514 keV peak of 85Kr was used to measure the concentration of 

fission gas in the plenum relative to the amount produced in the fuel1. 
Due to various reasons nuclear fuel rods occasionally have a failure and start to leak their radioactive content. Possible 

causes include fretting between grid and rod, Pellet-cladding interaction or crud-induced localized corrosion2, 3. The world 

average fuel rod failure rate is about 10-5 (Ref. 3). This means that, while the vast majority of the fuel rods don’t fail, fuel 

failures are still a regular occurrence considering the large number of fuel rods in operation. 

Typically, leaking rods are identified by the concentration of radioactive iodine or uranium in the primary coolant, or by 

detecting release of radioactive noble gasses in the off-gas systems2. In the case of high measured activities, the reactor may 

need to shut down for identification and removal of the failed fuel. Although nuclear fuel is not a dominant cost of nuclear 

reactor operation, the outage time caused by such events present an important loss of income for the plant owner. Therefore, a 

low failure rate of rods is desired as well as expedient localization of the leaking fuel, in the event of a failure. 

This paper investigates the feasibility of a novel technique for identification of the leaking rod in a commercial assembly. 

This technique is based on a gamma-emission-tomographic inspection of the leaker assembly in order to reconstruct the 

emission intensity of a fission-gas radionuclide in a cross-section of the plenum. In the reconstruction, the leaker rod may be 
identified by the lack of gamma emission from the associated rod position. 

II. METHOD 

II.A. Isotope Selection 

Gamma spectroscopic methods of identifying leaker rods take advantage of the presence in the plenum of radionuclides. 
There are various candidates with differing characteristics in terms of half-life, gamma energy and intensity, which affect 

their suitability for the purpose. The foreseen application will be used as soon as possible after the reactor shutdown, this was 

estimated to be about 48 h after the reactor shutdown.  

Some candidate nuclides identified for this purpose are listed in TABLE 1, where the γ emission was based ORIGEN 

calculations performed in previous work, assuming a PWR fuel rod, 4.5 wt. % enrichment and 335 days irradiation to a  

burnup of 10 MWd/kgU (Ref. 4).  The activity has been assumed uniform across all the fuel rods. In this work, a17 x 17 rod 

PWR assembly has been studied. 

The most promising candidate nuclides for the assessment were selected for the simulation study. A PWR assembly, is 
substantially larger than the previously investigated Halden Boiling Water Reactor (HBWR) assemblies1, therefore the two 

peaks of 135Xe (250 keV and 608 keV) were selected for the evaluation of the method in this work. These gamma peaks have 

relatively high energies, which can make them overcome the long distance travelled through the attenuating structures and 

water inside the assembly, combined with relatively high emission intensity in the 48 h cooling time that is foreseen for the 

application.  
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TABLE 1. Radionuclides in the fission gas inventory available for spectroscopic assessment. The candidates are a non-

exhaustive compilation from earlier works, e.g. refs. 4 and 5. The detection efficiency was calculated using the full energy 

deposition probability in a 50 mm HPGe crystal, calculated with MCNP. 

 

Isotope Half-life 
γ energy 
[kev] 

γ emission 
intensity [%] 

Rod emission 
intensity, I, after 48 h 
of decay [s-1] 

Detection efficiency, 
ε (intrinsic, full 
peak) [%] 

85Kr 10.739 a 513.997 0.434 1.30E+09 25.4 
131mXe 11.84 d 163.93 1.95 1.32E+10 46.2 

133Xe 5.2475 d 
80.9979 36.9 4.11E+13 48.7 

160.612 0.1066 6.88E+10 46.3 
133mXe 2.198 d 233.221 10.12 2.39E+11 40.9 

135Xe 9.14 h  
249.794 90 1.30E+12 39.6 

608.185 2.9 4.19E+10 22.6 
 

MCNP6 was used to estimate the intensity of gammas in hypothetical measurement positions outside of the fuel 

assembly. The fuel assembly was assumed to be submerged in water for cooling and the measurement was performed in 

collimated detector positions. The fuel model contains the rods of a typical fuel assembly geometry, 17 x 17 lattice with 25 

guide tube positions. The plenum gas and the plenum springs were modeled as cylinders with inner and outer radii 

corresponding to those of the spring helix. The main parameters of the modeled detector setup are listed in table 2. 100 lateral 

measurement positions and 359 rotational increments of the fuel was assumed. It can be noted that due to the symmetry of the 

modeled assemblies, only 0 - 45 degree rotation was required, and the remaining interval of 46 – 359 was assumed to be 

equal to a symmetrical counterpart inside the simulated interval. An example file from the MCNP models is illustrated in Fig. 

1 where the measurement of a projection at 45 degrees is shown. 
 

TABLE 2. The main parameters of the simulated plenum tomography. 

 

Distance from the collimator to rotation center  185 mm 

Collimator length 200 mm 

Collimator slit width 3 mm 

Collimator slit height 20 mm 

Rotation interval (azimuthally) 0 to 45 degrees in steps of 1 degree. 

Lateral detector interval (step length) 3 mm steps spanning the entire object. 

 
MCNP was used with FT card and the SCX option to create a separate intensity estimate of the probability of reaching 

the detector for gammas emitted of from each individual fuel rod, such that rod response function was achieved, similar to the 

approach used in ref. 7. This allowed for an evaluation of the response of each detector position to each rod activity. In the 

study of the feasibility to distinguish a failed rod, the removal of rod activities mimicking a leaking rod was redundant, since 

guide tubes positions are substituting rods in a pattern stretching across the whole assembly. If the guide tubes are visible, it 

was considered that also a leaking rod would be possible to distinguish. 

The MCNP calculations provided the probability per starting gamma to reach a detector position. The source was defined 

in a limited axial range overlapping the collimator region. In the PWR simulations an axial extension of 10 cm of the source 

was used, centered on the detector elevation. To convert the probability provided by MCNP to the expected number of 

gammas reaching the detector, we considered the parameterized function of eq. 1 for the expected number of counts in a 

detector position, CPS, where the input parameters are explained in TABLE 3. 
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CPS = P * I *  FGR * C * ε * t   (eq.1) 
 

 

TABLE 3. The input parameters of eq. 1. 

Probability per gamma to reach detector (MCNP), P 

According to MCNP result for the 
corresponding measurement position and 
gamma energy 

Rod emission intensity, I Depending on nuclide according to TABLE 1 

Fission gas release, FGR 1% 

Ratio of axial height of modeled source to plenum 
height, C 62% 

Full energy peak efficiency, ε 
Depending on gamma energy according to 
TABLE 1 

Interrogation time per position, t 1 s  
 
 

 
 

Fig. 1. The MCNP geometry of the PWR fuel assembly and collimated detector positions to the upper right corner. 

 

Reconstructions were performed using the fast method of filtered backprojection8 and for selected cases using the UPPREC 

method9. Prior to the reconstructions, Poisson noise corresponding to a realistic measurement time was added to the input 

data. This was done to mimic the performance of a realistic measurement situation, although in reality there may be other 
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sources of uncertainty of the registered count rates, such as (e.g.) electronic drift of the detector, and inadequate dead time 

correction. 
 

III. RESULTS 

 

For a PWR plenum, the self-attenuation of gamma rays in the structures may be an important factor impeding the quality 

of the reconstruction of the inner fuel rods. The sensitivity to individual rods was investigated by comparison of the 

probability of gammas reaching any detector position from each rod in the fuel. The results are shown in Fig. 2 for 0° and 45° 
projection angles for two representative gamma energies, 250 keV and 608 keV of 135Xe. As seen in the figure, the sensitivity 

of the measurement to peripheral rods is much greater than the central rods. This effect, which is mainly due to attenuation of 

gamma rays in the assembly, is enhanced at lower gamma energies. Already at 250 keV of 135Xe, the signal strength from the 

central rods is only 9 % compared with the rods nearest to the detector in the 0 ° projection. For the 608 keV gamma rays of 
135Xe, the same ratio is 21 %. Accordingly, the higher gamma energy is more suitable for assessment of the whole fuel 

assembly, whereas the lower energy is preferentially sensitive to the outermost regions of the assembly. 

 
Fig. 2. Sensitivity to individual rods in terms of the probability of an emitted gamma ray from each rod to reach a detector 

position at 0 degree (top row) and 45 degree (bottom row) projection angles. The colormap is grayscale with black 

corresponding to zero and white to the maximum probability of the projection.  

 

As described in section II, artificial Poisson noise was added to the intensity data from MCNP to evaluate the 

performance of the tomographic reconstruction in a realistic measurement situation and time requirements. 360 angular 

projections were simulated, each with 100 detector positions. Using a time requirement of 1 s per assessment and a single 

detector, the total time requirement is a minimum of 10 h, which excludes time for rotation and translation of the detector 
relative to the fuel. The performance of the reconstruction with the constraint of using 10 h measurement time are shown in 

Fig. 3, the performance without added Poisson noise is added for comparison. 
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Fig. 3. Reconstructions of the simulated 135Xe projections. Upper row: Poisson noise corresponding to 10 h total 

measurement time has been artificially added to the input data. Lower row: Ideal case for comparison (no added noise, only 

errors from MCNP). 

 

As evident in Fig. 3, the identification of the presence of individual rods in the outer region seems possible using an FBP 

reconstruction of the 608 keV gamma rays from 135Xe within the integration time of 1 second per measurement position, 

corresponding to a total measurement time of 10 h for a single detector. In the case of the 608 keV gamma rays of 135Xe, 

although the transmission of the rays from the center of the assembly is enhanced, the benefits of this are more than 

compensated for by the lower emission intensity of that gamma energy. Throughout the assembly, the rods and guide tubes 
are difficult to distinguish due to a high level of noise. 

 

Note that the noise stemming from the background subtraction is neglected in this analysis. However, there may be a 

significant background due to activation of the plenum spring material, in some earlier works using the weaker 85Kr gamma 

rays this has been the dominant source uncertainty10.  

 

As demonstrated by Fig. 2 there is a non-negligible decrease of sensitivity from the central rods due to attenuation in 

rods and surrounding water. This has two adverse consequences; 1) the signal from the central rods is much weaker, which 

unavoidably causes impaired statistics, and 2) the response from pixel activity to detector count rate is made more 

complicated and dependent on the obscuring structures, which in principle can be accounted for. Unfortunately, in the 

conventional FBP method used to provide the reconstructions in Fig. 3 the strong and nonhomogeneous attenuation is not 
taken into consideration. Therefore, the newly developed UPPREC9 reconstruction code, that does take into account the 

attenuation of rods and surrounding medium, was also tested on the same data from MCNP. 

As seen in Fig. 4, the UPPEC reconstructions facilitate the localization of rods as compared to the FBP method, and the 

automatic rod localization procedure of UPPREC correctly distinguished the fuel rods from the empty guide tubes. Thereby, 

we conclude that the 250 keV peak from 135Xe can be used to identify leaking rods in the entire fuel. 
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Fig. 4. Left: Reconstructions of the simulated 135Xe projections (250 keV) using UPPREC. Right: The result of the 

automatic rod localization procedure of UPPREC, all rods locations where correctly distinguished from the 25 guide tube 

locations. 

 

III. CONCLUSIONS  

The simulation study presented in this paper indicates that leaker rod identification is possible using spectroscopic GET 

within reasonable time requirements (1 second interrogation time per position corresponding to a total of 10 h with a single 

detector) in commercial fuel assemblies.  

 

In the case of PWR assemblies, the best results were obtained using 250 keV gamma rays from 135Xe. Using FBP 

provided reconstructions where the guide tubes situated at four rows distance from the outside were clearly distinguishable 

from the surrounding fuel rods by ocular inspection of the tomograms, which indicates that a leaking rod will also be 

detectable if it has lost its radioactive content. Using a quantitative reconstruction code such as UPPREC, which takes the 

attenuation of the gamma rays in the assembly into account, the rods were easily identified throughout the PWR assembly. 
The automatic rod localization procedure could distinguish all the rods from the empty positions. 

Using the higher energy gamma ray of 135Xe (608 keV), the transmittance from the centre of the assembly is enhanced. 

However, the lower emission intensity of this gamma energy compensates to a large extent to the otherwise advantageous 

transmittance.  

 

IV. DISCUSSION 

The simulation study presented in this article is based on several assumptions on key parameters that are of importance for 

the feasibility of the method, such as the burnup, the heat rate prior to shutdown, and the fission gas release fraction. 

Although the selected values represent a case within the typical range, the parameter values may differ to a large extent in 

real fuel assemblies. Therefore the necessary conditions that need to be satisfied for the proposed method to be useful should 

be stressed, i.e: 

 

 Non-leaker rods need to have a measureable quantity of radioactive fission gas in the plenum.  

 Leaker rods must have lost the majority of their fission gas content. 

 Background from activation in plenum springs may impose additional constraints on the measurements (or. 

It may impose a minimum decay time to allow for decay of activation products in the plenum springs, in the case of 

assessment using the long-lived 85Kr). 
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The performance of the method for a wider array of fuel parameters should be studied in greater detail. A deeper study of 

the performance on a variety of simulated fuel histories, with realistic fuel types and burnup histories may be undertaken to 
evaluate the rate of false identification in various scenarios. 

 

It is foreseen that the method may be implemented firstly on BWR fuels, due to the more beneficial size of the assembly. 

In this case special attention may be needed on the rodwise variability of the activity of fission gas. Comparing the expected 

(calculated) rod-wise fission gas inventory to the measured (e.g. with GET) fission gas inventory may further enhance the 

effectiveness of this method.  
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