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ABSTRACT
In many countries, spent nuclear fuel is planned to be stored in a geological repos
itory. Before the final encapsulation, safety parameters such as decay heat, criti
cality, and dose rate need to be ensured. A gamma scan of the spent nuclear fuel
assemblies in the pool can extract valuable information needed to verify or update
the declared values before the encapsulation. Gamma scans can be used to esti
mate values such as burnup, cooling time, or initial enrichment [1], but also decay
heat [2]. This paper presents results from a fullenergy peak area evaluation study
of experimental gammaray spectra acquired from measurements using a highpurity
germanium detector on 47 spent nuclear fuel assemblies from Sweden in 2016 and
2019. The assemblies chosen are UO2 fuel and represent a large span in cooling
time, burnup, and initial enrichment [3]. The gamma spectra were acquired in the
spent fuel pool of the Clab facility. As part of the measurement analysis, one wishes
to determine the fullenergy net peak areas associated with selected fission prod
ucts. This work presents results obtained using different methods to evaluate the
fullenergy peak areas, including the use of different background estimations.

In the determination of important safety parameters using gamma spectroscopy,
it is crucial to consider uncertainties originating in the peak area analysis. The un
certainty from the fullenergy peak area without the background has been evaluated
and compared between the different models.
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1 Introduction
For many countries, such as Sweden, it has been proposed to store highly radioactive waste
in a geological repository [4]. To ensure the safety of the repository for geological time scales,
safety and design conditions must be fulfilled. The spent nuclear fuel assemblies in Sweden
are coming either from pressurized water reactors (PWRs) or boiling water reactors (BWRs).
Once the spent nuclear fuels (SNFs) have cooled down after outtake from the reactor core, they
are transported and placed in water ponds at the Clab facility, located near Oskarshamn, which
is a national interim storage facility where SNFs are stored [5]. The proposed final repository
is a geological one where the SNFs will be stored in cooper canisters [5]. Once all canisters
are placed in the geological repository, the remaining space is backfilled with bentonite [5]. The
geological repository is based on a multibarrier system which includes the engineered canister
then the rocks (bentonite and host rock). In Sweden, 11’000 tonnes of spent nuclear fuel is
expected for the final repository, representing approximately 5’600 cooper canisters [5]. The
current copper canister design allows for a maximum of 4 PWR or 12 BWR fuel assemblies.
The SNFs position and orientation are carefully calculated in order to fulfil the safety and design
requirements. Some limitations are the multiplication factor, the decay heat, the gamma and
neutron dose rates for instance. Experimental validation of calculations are needed to calibrate
and validate calculations, before the encapsulation. For instance, count rate of some radionu
clides extracted from passivegamma scans on SNFs can be used to validate calculated gamma
dose rate or the decay heat [2]. In this study, the objective is to estimate the uncertainty in the
peak area determination of those radionuclides from the SNFs using results of passive gamma
ray measurements. In particular the uncertainty coming from the parameters of the models will
be investigated, and compared for the different models.

In 2016 and 2019, two gamma scans measurement campaigns at Clab were performed, on
Swedish SNFs [3]. The SNFs were scanned axially using a high purity germanium detector
(HPGe). The analysis of these gamma scans involves determining fullenergy peak areas and
their corresponding uncertainty for the safety parameters needed to be computed. Careful dis
crimination between the signal and the background is not trivial. In this paper, only the Cs137
peak are be studied, as it is the dominant radionuclide in spent nuclear fuel with cooling time
between 10 to 30 years [6].

This study is structured as follows; Section 2 is the description of the fuel assemblies and
set up used for the measurements. Section 3 presents the different models to compute the
fullenergy peak area, in particular the functions used to describe the signal and background
contributions. The results of the study are in Section 4 where the comparison of the uncertainty
from the fullenergy peak area determination without the background for the different models is
presented.

2 Fuel data and measurement campaign information

2.1 Fuel assembly information
The assemblies measured in both measurement campaigns are part of the SKB50 assemblies.
The SKB50 assemblies are a set of assemblies carefully selected to represent a large range
of initial enrichments, burnups and cooling times in the Swedish SNF inventory. Different NDA
measurement techniques have been used to measure these fuel assemblies, thereby creating
a unique collection of data [3, 6, 7]. Among these 50 assemblies, half of them are PWR SNFs
and the other half are BWR SNFs. For the PWR SNFs, the initial enrichment ranges from 2.1%
to 4.1%, the burnup ranges from 20 to 53 GWd/tU [8] and the discharge year varied from 1984
to 2009 [3]. The PWR fuels are either of 17x17 or 15x15 type and are coming from different
commercial vendors [3]. For the BWR SNFs in the SKB50, the initial enrichment spans from
1.3% to 4.0%, the burnup ranges from 9 to 46 GWd/tU [8] and they were discharged from
the reactor between 1985 to 2006 [3]. The BWR SNFs also come from different commercial
vendors and are of different geometries (both 10x10 or 8x8).

2.2 Experimental setup used for the measurement campaigns of 2016 and 2019
The measurements took place in 2016 and 2019 at Clab in Sweden. [3]. The raw data of each
SNF is available in Ref. [3]. The SNFs located in the pool were vertically scanned, using a HPGe
detector, as detailed in Ref. [6]. The detector comes from Canberra Industries, model GX4018.
It is equipped with cryostat model CP5PlusSL and preamplifier model 2002CSL. The data
was acquired using Lynx from Canberra Industries. A Cs137 calibration source was positioned
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along the line of sight of the detector during all measurements (SNFs and background) [3].
There are 166 gamma spectra available from the 50 different SNFs, facing the detector with
different corners.

3 Models description used to evaluate the fullenergy peak area
In this section, two different approaches to determining the fullenergy peak are described. One
approach involves the use of fitting functions to describe the background and signal compo
nents, while the other one builds on numerical integration of signal counts above the background
level.

3.1 Energy spectrum
In Ref. [3] the assemblies were measured continuously during the axial scan, also during part
of the recording when the assembly is not in front of the detector. The time window selection
allows taking into account only counts when the assembly was in front of the detector. If the
total measurement time was taken into account, the total count rate would be much lower as
the background can represent a large proportion of the measurement time. For each spectrum
measurement, it is one corner that is facing the collimator slit. During the recordings, for each
batch (group of measurement) a livetime, where the deadtime has been compensated for,
is associated with the realtime. Therefore the dead time is already corrected in the spectra
studied in this paper. Fig. 1 is an example of a collected energy spectrum obtained. In Fig 1,
the xaxis corresponds to the energy deposited by the photon in the detector, expressed using
ADCchannels as well as energy. For the energy calibration from ADCchannel to keV, it has
been assumed that the peak with the highest count rate corresponds to the fullenergy peak
of Cs137 decay at 662 keV. This energy calibration is not used in this study but added in this
figure for comprehension purpose.
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Figure 1: Total count rate for the SNFs: PWR01, corner 135.

3.2 Fullenergy peak area determined by the peak fitted models
For the determination of critical safety parameters, information on the fullenergy peaks in a
gamma spectrum is required. One way to obtain such information is to describe the peak(s)
using mathematical functions. The signal part of the fullenergy peak can often be described
using a Gaussian function, but sometimes a tailing function is also required to fully describe
it. In addition, the peak is often located on a continous background, which also needs to be
described and subtracted before the peak information can be determined. One component of
the background is due to the Compton continuum resulting from the detection of gammaray
with a higher energy [9]. The full peakfitting model can thus be described using a function
describing the sum of the gammaray peak (P(x)), the background (B(x)) and a tailing function
(T(x)) if needed.

In this work, the function ”fit” in the lmfit package in Python has been used for the peak anal
ysis Ref. [10]. The method is fitting the data with either ’leastsq’ or ’least_squares’ depending
on which method gives the smallest χ2

ν value (see section 4.1).
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3.2.1 Fullenergy peak

The signal part of the fullenergy peak is here proposed to be described using a Gaussian
function and a tailing function.

3.2.1.1 Gaussian function
The fullenergy peak is described with a Gaussian function, see Eq. 1.

P (x) = a1 · exp(−(x− µ)2/σ2) (1)

where a1 is a scale parameter, µ is the mean value of the peak, and σ is related to the width of
the peak. x are the channels of the spectrum (proportional to the energy deposited).

This function has been largely used in literature to describe fullenergy peaks in gamma
energy spectra Ref.[9].

3.2.1.2 Tailing function
As Knoll writes in Ref. [9]: ’Tailing can arise from several physical effects, including imperfect
charge collection in some regions of the detector, or secondary electron and Bremsstrahlung
escape from the active volume’. As a result, a lower energy than the fullenergy peak are
recorded for some photons in the detector. In this study, the tailing term is included in the full
energy peak area. The tailing function from Ref. [11] is shown in Eq. 2. For some spectra, no
tailing terms are necessary and for others, one is needed.

T (x) = a3 · (exp(B(x− µ))) · (1− exp((−1/σ2)(x− µ)2)) · δ (2)
where a3 is a scale parameter, µ is the mean value of the Gaussian peak, and σ is related to
the width of the peak. B is a fixed parameters of the tailing function linearly dependent on the
fullenergy peak area. (Avoiding to have B as a free parameter allows to stabilize the fit). δ
takes the value 1 when x < µ and 0 when x is above µ. x are the channels of the spectrum
(proportional to the energy deposited).

Fig. 2 is an example where a tailing term is needed to best describe the data, consisting of
a Gaussian function, a tailing function and a background described by an error function.
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Figure 2: Cs137 fullenergy peak of PWR01 with a fit consisting of a Gaussian function, a tailing
function and a background described by an error function. The background and the tailing terms
are shown with the dotted line in blue and black.

The tailing is not always required to describe the data. It is only needed when then Gaus
sian peak is unable to fit properly the lowenergy edge of the fullenrgy peak that an additional
component such as a tailing function is required. Therefore, in Section 4 it is determined for
each spectrum if the tailing term is needed or not.

3.2.2 Background function

The background is modeled as erfc function and a constant. The erfc function models the
Compton scattered gammarays under investigation, i.e., the one that creates the fullenergy
peak. I.e, even if these Compton scattered gammarays have the same origin as the fullenergy
peak, they are commonly attributed to the background , since they are not part of the full
energy peak. The erfc function is the result of a convolution between a step function and a
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Gaussian peak Ref. [12]. The contribution to the background from gammarays originating from
other sources or processes are described with a constant function. The background function is
defined in Eqs. 3 and 4

B(x) = a2 · erfc((x− µ)/σ) + constant (3)

erfc(x) = 1− 2√
π

∫ x

0
e−t2 dt (4)

where a2 is a scale parameter, µ is the mean value of the Gaussian peak, and σ is related to
the width of the peak. x are the channels of the spectrum (proportional to the energy deposited).

3.3 Fullenergy peak area determined by numerical integration
As a second approach, peak area determination using numerical integration is discussed. In this
approach, the background is subtracted from the signal and subsequently all signal counts are
summed. I.e., after a fit, the background is subtracted, channel by channel from the counts and
the fullenergy peak area is approximated by summing the counts left. Hence, the challenge is to
find the best description of the background. In this work, three different methods to estimate the
background are discussed: the best fitted model as determined in the previous section, a linear
background and the background function determined using only the edges of the fullenergy
peak. Note that numerical method are good only when fullenergy peaks are easy separable,
therefore not always applicable.

3.3.1 Numerical integration using best fitted model, NIBFM

For this method the background is simultaneously fitted together with the peak as in section 3.2.
I.e., the background level is determined from the best fitted model (the model that fits the data
the best between the one with or without the tailing term).

3.3.2 Numerical integration fitting background using only edge channels, NIE

In this method, a sequential fit of the peak and the background is performed. First the full spec
trum is fitted similar as in in Section 3.3.1. Subsequently, the parameters defining the the full
energy peak are fixed. Finally, the background parameters (erfc function and constant value)
from Section 3.2.2 are fitted using only the edge channels. By first defining the peak and subse
quently fitting the background in a region where the spectrum is dominated by the background,
a better fit to the background can be obtained. Since the NI (Numerical Integration) methods
only need a good method to define the background level, this method is considered to be best
practise and is the reference method for the paper.

3.3.3 Using linear background

Instead of determining the background using a fitted model that tries to reproduce the physics
of the background, it is not uncommon to simply represent the background with a linear func
tion. The parameters of the linear function are only determined using the edge channels of the
spectrum.

4 Results
4.1 Criterion for model selection for fitted models
There is a need to determine which fit is performing best for each spectrum in order to determine
the number of counts in the fullenergy peak of Cs137. In particular, it is of interest to know if
there is a need for a tailing term or not.

In order to select which fit perform the best, one can look at the reduced chisquared value
(will be called chisquared value for the rest of the paper for simplicity), well known to evaluate
the goodness of a fit (χ2

ν).
For each of the 166 gamma spectra available in Ref. [3], two fits were applied (Gaussian

peak and erfc background without/with tailing function). The best model for each gamma spec
trum is determined from the smallest χ2

ν value. The Fig. 3 displays the distribution of the dif
ference between the two χ2

ν values obtained from the fits with or without tails for all of the 166
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spectra. A positive difference indicates that the fit with the tailing function has a smaller χ2
ν

compared to without tailing term. Out of the 166 spectra, only 32 had a χ2
ν smaller without

the tail but the difference in these χ2
ν is at a maximum 0.64. Whereas for spectra with a very

high count rate, having a tailing term in the fit largely improves the χ2
ν value. One can also

observe that the different background id (different measurement campaigns with various atten
uation plates, presented in Ref. [3]) also seems to influence the preference of the tailing term
or not. It is coming from the choice of the detector during the different measurement campaigns.
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Figure 3: Difference in χ2
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Figure 4: Cumulative histogram of χ2
ν for all fit

ted models and 166 gamma spectra of Ref. [3].

It is also possible to look at the cumulative histogram of the χ2
ν for all gamma spectra in

Fig. 4. It is clear that it is not wise to choose a model and apply it blindly to all spectra because
in some cases another model will better fit the data. The highest χ2

ν values are fitted models
without the tailing term. Like in Fig. 2, adding a tail term can significantly improve the fit. De
tailed comparison and recommendation are presented in Section 4.3.

4.2 Peak area evaluation and uncertainty
First, the fullenergy peak was fitted using one of the models (with or without the tailing func
tion). The fit of the models was performed using the fit function of the lmfit package in Python
Ref. [10]. Once the parameters of the models have been found, one can evaluate the counts
of each channel with the model and remove the background.

In order to evaluate the uncertainty in the fullenergy peak area, one needs to take into ac
count the uncertainty coming from the parameters estimated with the fits. For that, the covari
ance was extracted from the result of the fit. The Jacobian of the fitted functions was calculated
using the SymPy Python’s library [13]. The uncertainties in the fullenergy peak area value were
calculated using Eq.5.

Area uncertainty =
√
JArea ∗ JParameters ∗ Cov ∗ JT

Parameters ∗ J
T
Area (5)

where Cov is the covariance matrix of the parameters of the fit given by the ”fit” function of the
lmfit package in Python Ref. [10]. JParameters is the Jacobian of the fitted model with respect
to the parameters of the fit. JArea is the Jacobian of the function that described the peak area,
with respect to the predicted count per channel. This is one of the methods that can be used to
account for a nonperfect parameterisation of the data (see Eq. 5).

To compute the uncertainty for the numerical integration methods, it was decided to use
again Eq. 5, and the square root of the total area, see Eq. 6.

Area uncertainty =

√
(
√
total area)2 + (uncertainty from Eq.5)2 (6)

For the numerical methodNIE , the ratio between the
√
total area and the uncertainty from Eq.5

is compared (see Eq. 6). In average, the
√
total area is 1.43 higher than the uncertainty from Eq.5.

The minimum ratio in the 166 spectra is 1.08, and the maximum ratio is 1.63. Therefore in all
the spectrum the

√
total area component of the uncertainty is the bigger.
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It is then possible to compare the fullenergy peak area calculated by the different models.
Each peak area evaluation has been normalized to the value of the numerical integration using
the best fitted method and for each spectrum.

In Fig. 5 and Tab. 1 one can observe that the fit with the numerical integration using a linear
model sometimes estimates a larger peak area than the other methods, like the best fitted model
or other numerical integration. This is due to the fact that this model doesn’t well represent the
physics and failed to represent in particular, the edges the fullenergy peak. This method is
sometimes used because it is simple to apply [14].
In section 3.3.1, the model used to describe the background for each fuel assembly, is selected
based on the (lowest) χ2

ν value. (So it is the Gaussian peak, the background function and possi
bly the tailing function). By using this knowledge, the numerical integration (NIBFM ) described
in section 3.3.1 uses this method to discriminate the background.
The numerical integration using only the edges of the fullenergy peak (NIE) to fit the back
ground is then used as a reference method to the other fitted model in Fig. 5 and Tab. 1. The
advantage of such method is to ignore the shape the fullenergy peak.

As expected, the numerical integration using the bestfitted model (NIBFM ) is closest to the
reference model, NIE (the closest to 1) as their methodology is the most alike, see shown in
Tab. 1.
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Figure 5: Cumulative histogram for the normal
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energy peak for each spectrum.

Mean Std
Numerical integration

using the linear background 1.0023 0.0025
Numerical integration

using the best fitted model 0.9987 0.0018
Best fitted
method 0.9950 0.0035

Table 1: Mean and standard deviation (std) of
the normalized fullenergy peak relative to the
numerical integration using the edges of the full
energy peak for each spectrum.
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Figure 6: Ratio of the numerical integration
using the best fitted model (cf Sect. 3.3.1) to
the numerical integration using the edges (cf
Sect. 3.3.2) for the full peak area depending on
the χ2

ν .

One can see that in Fig.6, the difference be
tween the numerical integration using the best
fitted model (NIBFM ) and the numerical inte
gration using the edges (NIE) is within 0.2% for
73% of the spectrum measurements and within
0.5% for 95% of the spectrum measurements.
For low χ2

ν values the differences in the full peak
area are negligible. Whereas, for the χ2

ν above
10, the deviation can reach up 1%.
For the best fitted model, compared to the nu
merical integration using the edges (NIE), the
difference between 0.2% drops to 20% and
within 0.5% to 57%. The maximum difference
even reached 2%.
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4.3 Comparison between uncertainties between the differentmodels to evaluate
the fullenergy peak area

Concerning the relative uncertainty, one can observe in Fig. 7 that the fitted models (black and
red crosses) have significantly lower uncertainties. Indeed the numerical integration methods
the main term comes from the

√
total area compared to the uncertainty from Eq.5 that is only

used in the fitted methods (cf discussion following Eq. 6 in Section 4.2).(The numerical integra
tion using only the edges (NIE) is the reference method). Notice that for χ2

ν»1, the uncertainty
from the fitted models can no longer be trusted because they are not able to reproduce the data
sufficiently, which is the case for most of the spectra in this study (see Fig. 4).

For the numerical method using the bestfitted method (NIBFM ), the uncertainty is similar
to the numerical uncertainty using only the edges (NIE). However NIE uses only the channels
on the edges of the fullenergy peak therefore the number of data points to determine the back
ground is reduced, which slightly increased the uncertainties.
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On Fig. 8, one can observe the relative uncertainty for all the models. As expected from
Fig. 7, NIE is the method that has the higher uncertainty. It decreases when the fullenergy
peak area, because the counting statistics improves (mainly the term

√
total area). At maxi

mum the uncertainty is 0.6% for the reference, and 0.2% in average. The relative uncertainty
in 8 can be fitted to a exponential relation depending on the fullenergy peak area which is:
Relative uncertainty [%] = (Fullenergy peak area)−0.4844 · 112.1.

5 Conclusion
The aim was to compute the fullenergy peak area of the SNF gamma scan data provided by
Ref. [3]. In order to compute the fullenergy peak area, different models have been compared.
The fullenergy peak has been described using either a Gaussian function and possibly a tailing
function together with different background models, or using numerical integration of signal
counts with different background models. The reduced chisquared values has been used to
evaluate the performance and select the best fitted model. It tends to indicate that the tailing
term should be used when fitting a spectrum but also that preferences depends on the detector
used. The uncertainty coming from the parameters of the fitted models and the uncertainty
due to pure counting statistics were compared for fullenergy peak area Cs137 from Ref. [3].
On average, the numerical integration gives higher uncertainties than the other methods tested
in this study on the fullenergy peak area after subtraction of the background. However other
methods such as the fitted models has uncertainties that cannot be trusted for χ2

ν»1. Therefore
this method (integration using only the edges, INE) should be used in similar cases. In this
study, only uncertainties from the counting statistics have been studied. However, other sources
would need to be considered when using the area of fullenergy peak in an SNF spectrum for
quantitative analysis, such as positioning of the SNF or the setup’s geometry.
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