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a b s t r a c t

A simple method for the evaluation of the burnup of a materials testing reactor (MTR) fuel element by
gamma spectrometry is presented. The method was applied to a highly enriched uranium MTR nuclear
fuel element that was irradiated in a 5 MW pool-type research reactor for a total period of 34 years. The
experimental approach is based on in-situ measurements of the MTR fuel element in the reactor pool by
a portable high-purity germanium detector located in a gamma cell. To corroborate the method, ana-
lytical calculations (based on the irradiation history of the fuel element) and computer simulations using
a dedicated fuel cycle burnup code ORIGEN2 were performed. The burnup of the MTR fuel element was
found to be 52.478.8%, which is in good agreement with the analytical calculations and the computer
simulations. The method presented here is suitable for research reactors with either a regular or an
irregular irradiation regime and for reactors with limited infrastructure and/or resources. In addition, its
simplicity and the enhanced safety it confers may render this method suitable for IAEA inspectors in fuel
element burnup assessments during on-site inspections.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Knowledge of nuclear fuel element (FE) burnup data is essen-
tial to ensure nuclear reactor safety and to enhance reactor op-
eration and performance. In this paper, FE burnup is defined as the
fraction of initial 235U nuclei that underwent fission, and FE de-
pletion is defined as the fraction of initial 235U nuclei that under-
went either fission or radiative capture. These two quantities,
linked via the capture-to-fission ratio [1], are equivalent to each
other via the energy-per-fission quantity. Burnup is usually mea-
sured, via destructive or non-destructive methods, in units of the
total energy produced by the fuel normalized by the initial weight
of heavy metals in the fuel elements, e.g., MWd/kgU.

Destructive methods for evaluating FE burnup are character-
ized by good accuracy without the need for detailed historical ir-
radiation data [2–4]. However, these methods require complex and
expensive infrastructure, entail substantial risk of exposure to high
radiation levels, and involve chemical processes and expertize that
rarely exist in research reactor facilities. Non-destructive assays
(NDA), on the other hand, are safer and can be executed practically
in any nuclear reactor, but they are usually less accurate [4–6]. One
of the most common NDA methods for evaluating fuel burnup is
gamma spectrometry [3–5,7–9]. Here, the overall activity of a
specific fission product, whose production rate is proportional to
the fission rate (e.g., 137Cs), is determined and later used to derive
FE burnup using the irradiation history [5,8,10–12]. NDA methods
have no significant radiation safety issues and usually require re-
latively short measurement durations (minutes).

The determination of burnup using NDA methods based on
HPGe gamma-ray spectrometry, using fission product activities as
monitors, has become very popular since the 1970's [8,13–15].
Most studies focused on spent fuel from NPPs, e.g., PWRs [16–23],
BWRs [16,24–30], Pebble bed [31,32], and MOX fuel [18,26,33].
Fewer studies focused on RRs fuel, e.g., TRIGA [34–38], MTR
[15,39], and other [38,40,41]. Moreover, some studies were de-
voted to high burnup spent fuel [16,19–22,30] and many studies
involved validation by comparison to destructive chemical meth-
ods [20,21,25,27,30] and to numerical simulations [17–19,21–
23,28,29,31,32,36–39,41]. Finally, most studies utilized special
purpose gamma-ray spectrometry measurement systems [15–
20,26,27,29,30,33–37,39,41,42]. For a comprehensive list of refer-
ences see the review by Parker 2015 [43] and refs therein.

The vast majority of studies in this field address FEs from nu-
clear reactors with regular irradiation regimes, such as nuclear
power plants, isotope production facilities and research reactors. A
regular irradiation regime, in which reactor power, cycle lengths,
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and cooling period durations do not change dramatically over
time, enables the use of an alternative approach to evaluate fuel
burnup, i.e., based on the measured activity ratios of fission and
activation products, e.g., 134Cs/137Cs or 154Eu/137Cs. However, the
activation products 134Cs and 154Eu are relatively short lived, and
as such, they are not applicable to determining the absolute
burnup of FE that underwent irregular operation regimes and/or
that were subjected to long irradiation periods (e.g.,420 years).
They are, however, applicable for determining the relative axial
distribution of the burnup along the FE.

This study investigated the use of gamma spectrometry, a
simple, NDA method, to evaluate the burnup of a MTR nuclear FE
that was irradiated at Israeli Research Reactor #1 (IRR1), located at
the Soreq Nuclear Research Center, for a period of 34 years. The
experimental approach was based on remote measurements of the
gamma spectrum of the FE using a high-purity germanium (HPGe)
detector. Gamma spectra were obtained for the entire FE and for
different axial segments. The experimental results were compared
both to analytical calculations and to computer simulations with
the well-known ORIGEN2 burnup code [44].
2. Israeli research reactor #1 (IRR1)

The measurements were carried out at IRR1, a 5 MW swimming
pool type reactor operated by the Israel Atomic Energy Commission
(IAEC) since June 1960 [45] (Fig. 1). Pool nominal dimensions are
11.0 m�6.1 m�9.7 m, and it contains 400 m3 of deionised water
(“light water”). The reactor core is fueled by 24–30 highly enriched
(93%) uranium (HEU) plate-type MTR FEs. Each FE contains 23
parallel fuel plates mounted between two lateral aluminum hold-
ers. Overall FE dimensions are 7.6 cm�8.0 cm�87.3 cm, with an
active length of 60 cm. Each fuel plate measures 0.051 cm thick, and
it is enclosed in 0.038 cm thick aluminum cladding. According to
the fuel manufacturer (CERCA, France), cladding integrity is guar-
anteed up to a burnup of 90%. However, due to various operational
considerations, e.g., fuel depletion and flux distribution in the core,
IRR1 safety regulations permit maximal FE burnup that is much
lower than the manufacturer's limit.

The measurements and calculations were done on fuel element
5 (FE5), which was selected due to its long and highly irregular
irradiation history and its (expected) high burnup level. FE5 was
irradiated intermittently between the years 1977 and 2011 under a
wide variety of core configurations and in both the center and
along the periphery of the core. Therefore, FE5 can be considered
an excellent representative of an “average FE”, and as such, the
exact core configuration during each irradiation cycle can be
Fig. 1. Front view of IRR1.
neglected. Furthermore, since the FEs consist of 93% HEU, the
power was dominated by the thermal fission of 235U, and ren-
dering the contributions from other fissile materials negligible
[45].
3. Burnup evaluation by analytic calculation

The burnup of a FE is the ratio between the amount of fissile
material consumed by fission and the initial amount of fissile
material. The initial amount of 235U in FE5 was approximately
12.23 g per plate and 281.40 g for the entire FE, with associated
uncertainty of less than 0.05 g [46]. The amount of 235U consumed
by fission was derived principally from the irradiation periods and
the corresponding power levels. The estimation of the yearly
power relied on two documentation sources: the first comprised
monthly reports that specified the amounts of energy (in MWH)
produced by IRR1 during the different irradiation cycles, and the
second comprised yearly and semi-yearly operational reports on
the status of the reactor's nuclear fuel inventory and the amount of
energy produced (in MWD).

Two assumptions were necessary. First, FE5 was considered to
be representative of an average FE because over time it had been
shifted between most of the positions in the reactor’s core (i.e., 13
out of 20 possible conventional sites during 34 years). The second
assumption was that 1 MWD is equivalent to the consumption of a
total of 1.22 g235U, which is the 235U consumption value calculated
for a typical FE in IRR1 [47]. During the first 15 years of FE5 irra-
diation period, the average power experienced yearly by it, shown
schematically in Fig. 2, exhibited only minor fluctuations. Begin-
ning in the early 1990s, however, FE5 irradiation was characterized
by irregularities, including significant changes in the power level
and in the lengths of the irradiation periods, including periods
where FE5 was not irradiated (i.e., was outside the core, e.g., 2005–
2007). These changes resulted from the shuffling of FE5 location in
the core. Based on the irradiation history and the assumptions
above, the total amount of 235U consumed in FE5 between 1977
and 2011 was 159.9 g. The uncertainty in the amount of final fissile
material was estimated using the relative uncertainty in the in-
formation about the reactor's irradiation history, which was 5%.
Therefore, the overall burnup for FE5 is 48.972.4%.
Fig. 2. Average power produced yearly by FE5 in IRR1 between 1977 and 2011.
During 2000, 2003, 2005–2007 and since 2012 FE5 was outside the core.
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4. Burnup evaluation by gamma spectrometry

The burnup of FE5 and its axial profile were evaluated based on
the radioactive fission and on the activation products 137Cs, 134Cs,
and 154Eu (“burnup indicators”). Key properties of these radio-
nuclides within the FEs – e.g., low neutron-capture cross sections
(including precursors) and low migration (including precursors) –
render them suitable for burnup evaluation [8,48]. Moreover, re-
lying on these properties ensures that only a weak dependence
exists between fission yields and reactor operating history and
between radionuclide activity ratios and burnup. Likewise, this
approach also ensures that the fission product density is propor-
tional to the number of fissions, which minimizes the decay cor-
rections. In addition, 137Cs, 134Cs, and 154Eu have high energy and
resolvable characteristic gamma-rays, properties that make them
good candidates for burnup evaluation by gamma spectrometry
methods.

The fission product 137Cs is linearly dependent on the integral
neutron flux, and as such, it is less dependent on the irradiation
history. The comparable durations of the irradiation period and of
the half-life of 137Cs (30.1 y) dictated the inclusion of a significant
decay correction. Moreover, the accumulation of 137Cs in the fuel
shows that it has weak sub-linear dependence on FE burnup. In
contrast, the half-lives of 134Cs (2.06 y) and 154Eu (8.60 y), sig-
nificantly shorter than the 34-year irradiation period of FE5, make
them unsuitable to be used for evaluations of the absolute burnup
of FE5, which was instead performed using 137Cs. However, 134Cs
and 154Eu were used to evaluate the relative axial burnup and to
study its dependence on these shorter lived activation products.
The axial distributions of 154Eu and 137Cs contain revealing in-
formation about the entire irradiation history, including the axial
distribution of the power density in the FE during irradiation.
Likewise, the axial distribution of 134Cs is similarly informative, but
for a much shorter period of approximately 10 years. Finally, the
axial distributions of both 154Eu and 134Cs are proportional to that
of the burnup in FE5 under two (reasonable) assumptions. First,
the axial power distribution that FE5 experienced during its long
irradiation history is similar to an average axial power distribution,
and second, this average axial power distribution did not change
dramatically during the irradiation period.
Fig. 3. Scheme of the experiment
4.1. Experimental setup

The experimental setup used in this study is presented in Fig. 3.
FE5 was remotely moved by a motorized lever into a fixed position
inside the reactor pool and facing the detector. Its position was
monitored via an underwater camera. The detector used in this
study was a portable HPGe detector (model Falcon 5000, Canber-
ra) with a relative detection efficiency of 22% and a resolution of
1.9 keV at gamma energy of 1332.5 keV (60Co). The HPGe detector
was situated in a “gamma cell” (commonly found in research re-
actors) separated from the pool by a thin aluminum window (at a
depth of 8.46 m). The Falcon 5000 is equipped with built-in signal
processing units (amplifier and multi-channel analyzer) and a high
voltage power supply. The detector was remotely controlled by a
dedicated tablet (connected by a LAN cable). The Genie 2000
software [49] was used for data acquisition and analysis. The de-
tection efficiency for the gamma-ray energy of the burnup in-
dicator, 137Cs (661.7 keV), was calculated using the in situ object
counting system (ISOCS), which is Monte-Carlo software based on
comprehensively validated MCNP code [50,51]. The geometry and
the material composition of the experimental setup, including the
detector's inner structure, the radiation source, and their relative
positions, were used as input for the ISOCS software. In the fra-
mework of this study, efficiency calculations were validated from
measurements of a cylindrically shaped 60Co calibration source
with a total activity of 10875 Ci and whose dimensions were
40.6 cm�Ø0.6 cm [52]. The source was inserted into the reactor
pool and measured under conditions similar to those used for FE5
[47].

Two types of measurements were carried out. The first was used
to determine the total burnup. Here, the distance between the FE and
the gamma cell’s aluminum window was 191.5 cm and the distance
between the aluminum window and the detector was 17 cm (see
Fig. 3). A rectangular lead wall measuring 61 cm�61 cm�15 cm
with a small aperture (6 cm�15 cm�20 cm) was positioned be-
tween the detector and the aluminum window. The aperture di-
mensions and the detector-source distance provided a solid angle
that was sufficient to cover the entire FE. The second measurement
was used to determine the burnup distribution along the main axis
of FE5. Here, a lead wall (61 cm�61 cm�15 cm) with a narrow
aperture (4 cm�20 cm�15 cm), positioned in the gamma cell
al setup (see text for details).
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between the detector and the aluminum wall, was used to focus on
discrete sections of FE5. The aperture dimensions and the detector-
source distance allowed measurements to be made of six non-
overlapping axial segments (10 cm each). The vertical position of FE5
was varied by a dedicated tool holder. The distance between FE5 and
the aluminum window was 158 cm and the distance between the
aluminum window and the detector was 108 cm.

The simple shielding arrangements described above guaran-
teed a sufficient signal-to-noise ratio, i.e., via the attenuation of
high energy gamma-rays and secondary events (caused by the
interactions of particles emitted from FE5 with the surrounding
media).

4.2. Determination of the burnup

The burnup (BU) of a FE is defined as the ratio between the
number of 235U nuclei that underwent fission in the FE, Nfiss, and
the initial number of 235U nuclei in the FE, N0,

=
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n ), n is the total number of
irradiation periods, ti is the duration of the ith irradiation period, τi

is the time interval between the end of the ith irradiation period
and the end of the last irradiation period, and λ is the decay
constant of the fission product. The parameters Pi, ti, and τi were
calculated for each irradiation period i from IRR1 documentation
history. Accounting for the measurement period and the asso-
ciated uncertainty evaluated from the irradiation history data, the
decay correlation factor for 137Cs was found to be ±1. 8 0. 1.

The number of fission product indicators can be obtained di-
rectly from a measurement of the fission product activity in the FE,
given by
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where tc is the time that elapsed between the end of the last ir-
radiation and when the measurement was made (being 2.62 years
for FE5). The specific activity A of a burnup indicator is given by
Eq. (5) (which neglects decay corrections during the measure-
ment),
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where R is the ratio between the net photo-peak area of the fission
product’s characteristic gamma-ray and the measurement live-
time (i.e., count rate), and Q is the gamma-ray emission prob-
ability, being ±84. 99 0. 20% for 137Cs for the gamma-ray energy of
661.7 keV [54]. Finally, ε is the detection efficiency, which includes
attenuation factors accounting for the various media the gamma-
ray passes through between the source and the detector. For the
first measurement set, the detection efficiency for the gamma-ray
energy of 661.7 keV, derived from Monte-Carlo simulation, was
found to be ( )± × γ−1. 4 0. 1 10 counts/13 . The uncertainty of the
detection efficiency was estimated by propagating the uncertainty
along the distance between the FE and the aluminum window
(71 cm). Finally, the explicit relation between the burnup and the
measured photo-peak count rate of 137Cs for FE5 is
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4.3. Experimental results

Two sets of gamma-ray measurements were performed. The first
set was used to determine the absolute burnup of FE5 via the activity
of the fission product 137Cs (Fig. 4, top). The spectrumwas acquired for
5 min with a relatively low dead time of less than 2%. The peaks
associated with 137Cs (661.7 keV), 134Cs (795.9 keV), and 154Eu
(1274.4 keV) are clearly distinguishable from the Compton continuum
and from those of other radionuclides typically found in a reactor pool
environment after operation (e.g., 24Na). All of the fuel elements (in-
cluding FE5) were located more than 6m from the gamma cell, and a
background measurement revealed no ambient contributions within
the region-of-interest around the burnup indicator’s photo-peaks
(dashed blue lines along the bottom images in Fig. 4).

The count rate for 137Cs was found to be 1.0970.10 s�1, which
was translated to an activity of 243722 Ci using Eq. (5). Thus, the
absolute burnup, determined based on the activity measurement
and the irradiation history according to Eq. (6), was found to be
52.478.8%. The dominant contributions to the uncertainty in the
burnup measurement originated mainly from the statistical un-
certainty in the measured count rate (9%), the uncertainty in the
calculated detection efficiency (7%) and the uncertainty in the ir-
radiation history (5%).

The second set of measurements was used to determine the
relative axial burnup distributions of FE5. To minimize any sys-
tematic uncertainties, all measurements were performed in se-
quence and during identical live times (4 min). Fig. 5 shows the
normalized photo-peak count rates (661.7 keV, 795.9 keV and
1274.4 keV) of the corresponding burnup indicators (137Cs, 134Cs,
and 154Eu) that appear in the measured gamma-ray spectrum
(Fig. 4). The horizontal error bars represent uncertainties in posi-
tion and the vertical error bars represent statistical uncertainties
in the photo-peak count rates. The relative axial distributions ex-
hibit similar non-symmetric cosine-like axial profiles around the
center of FE5. This result is consistent with the IRR1 safety analysis
report and the position of the control blades in the upper part of
the core [45]. The burnup in the FE is about 40% higher at its center
than along its edges, an effect that has been observed in other
studies [11,53]. Nevertheless, the resulting relative axial profiles of
the three burnup indicators are significantly different, especially
along the edges of the FE. Due to its relatively long half-life decay
constant, only minor losses have occurred in the (integral) irra-
diation information stored in the 137Cs signal since 1977. In con-
trast, the signals of 154Eu and 134Cs, which have shorter half-lives,
store (integral) irradiation information of later, much shorter time
periods. The profile of 137Cs, therefore, is flatter than those of 154Eu
and 134Cs, and the profile of 154Eu is flatter than that of 134Cs.
5. Burnup evaluation by simulations

To further verify the experimental results, the dedicated
burnup code ORIGEN2 was used to assess FE5 burnup. This code



Fig. 4. A typical gamma-ray spectrum for FE5 positioned in IRR1 (top) and a zoom-in on the main photo-peaks of 137Cs, 134Cs and 154Eu (bottom). The bottom figures also
show the background signal (dashed blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Relative burnup for 137Cs, 134Cs and 154Eu along the active length of FE5.

Table 1
Geometry and composition of a fuel element.

Component Dimensions Isotope Density [g/cc]

Fuel plate (meat) 0.051�6.23�60 cm3 235U 6.41781E-1
238U 4.83046E-2
Al 2.46444Eþ0

Cladding 0.038 cm Al 2.70000Eþ0
Water 0.105 cm H2O 9.95670E-1
Support plate 0.475 cm Al 2.70000Eþ0
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includes various reactor models and cross section libraries for
actinides, fission products and activation products (together with
their half-lives), and fission yields for both neutrons and photons
[44]. The dimensions and isotopic composition of each component
in the FE are presented in Table 1. The code, which solves the
burnup equations using the matrix exponential method, calculates
both mass and activity for a very wide range of materials and
isotopes, including fission products, actinides and activation pro-
ducts, and as such, it accounts for most of the known types of
nuclear reactions. By default, the code implements the point re-
actor model for burnup calculation. The input file thus describes
23 fuel plates that constitute a total initial amount of 281.4 g of
235U (93% enrichment), two additional support plates, and water



Fig. 6. Calculated activities of 137Cs, 154Eu, and 134Cs in FE5 between 1977 and 2011. Fig. 8. Calculated activities of 154Eu (red) and 134Cs (blue) and their normalized
ratio (black) in FE5 between 1977 and 2011. The average power per element per
year is schematically depicted with bars. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Summary of burnup results for FE5 using
three independent methods.

Method Burnup [%]

Analytical 48.972.4
Experimental 52.478.8
Simulations (ORIGEN2) 49.172.5
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flowing between the plates. The irradiation history, including the
yearly average power level per FE (shown in Fig. 2) was used in the
calculations.

Fig. 6 shows the calculated concentrations and activities of
137Cs, 134Cs, and 154Eu, and Fig. 7 shows the mass of 235U and the
burnup of FE5. Thus, the calculated burnup of FE5 at the time of
the experimental measurements was found to be, according to
ORIGEN2, 49.172.5%.

The calculated activity and activity ratio of the radionuclides
134Cs and 154Eu in FE5 between 1977 and 2011 are shown in Fig. 8.
Due to the irregular irradiation regime and the short decay time
scales compared to the length of the total irradiation period, the
activity ratio of these radionuclides is not injective, which further
supports the statement that this quantity cannot be used to de-
termine fuel burnup.
6. Summary and discussion

This study presents the burnup evaluation of an MTR type fuel
element irradiated for a period of 34 years in an irregular irra-
diation regimes using gamma spectrometry. The burnup was as-
sessed via two independent calculation-based approaches. The
Fig. 7. Calculated burnup (blue) and 235U mass (red) of FE5 between 1977 and 2011.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
measured and calculated burnup results for FE5 are summarized
in Table 2. The assumptions used in this paper (i.e., average yearly
power and the use of FE5 as an average element) seem to be
sufficient for the evaluation of fuel element burnup using a simple
and quick method with good accuracy. According to Table 2, the
deviation between the calculated value (by simulations) and the
measured value is 5.2% for the burnup of FE5 and that the mea-
sured value is higher than the calculated values. This result is
consistent with previous studies showing, under more complex
experimental settings, deviations of up to 8% between calculated
and experimental values [12].

The burnup evaluation method presented in this paper is un-
ique for two reasons. First, the experimental setup and the mea-
surement procedures are simple, inexpensive, safe and highly
flexible, and can be deployed and implemented relatively quickly.
Moreover, no special purpose systems were constructed for this
experiment, and the infrastructures used are common in most
existing pool type research reactors around the world. Second, the
measurements can be carried out by the reactor’s operating team.
Likewise, International Atomic Energy Agency inspectors can also
exploit this method as a simple and immediate tool for evaluating
the burnup levels of fuel elements during safety inspections.

Another important conclusion arising from this study refers to
the adequacy of the calculation scheme used to verify the ex-
perimental results. The calculation scheme used in this study is
based on several important assumptions. The first one is that FE5
is representative of an average FE because over time it had been
shifted between most of the positions in the reactor’s core. This
assumption, although seems bold, is proved to be sufficiently ac-
curate for FE5. However, it can be generalized to any FE in any
research reactor that was irradiated for a long period in many
different locations in the core. The second assumption is that al-
though the reactor was operated for 2–3 days a week for 6–7 h
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each time, the burnup calculation can rely on a much coarser
temporal resolution, e.g., using yearly power averages per FE. This
assumption was also verified and the use of coarse temporal re-
solution, e.g., a year, substantially simplifies the calculations
without a significant toll on accuracy. The third assumption is that
1 MWD is equivalent to the consumption of a total of 1.22 g 235U,
and not the thermal reactors’ approximate value of 1.25 g
235U/MWD. This value was calculated for a typical FE in IRR1 and
has significant effect on the interpretation of the experimental
results. Hence, it is highly recommended to calculate this con-
sumption rate and not use approximate values.

Finally, it was demonstrated that the use of activity ratio of
different isotopes, either measured or calculated, cannot be used
to estimate the absolute burnup of FEs in research reactors char-
acterized by highly irregular irradiation regime. A detailed de-
scription of the calculation schemes, including a comparison be-
tween different Monte Carlo codes, different burnup modules and
different geometrical models used in this study will be published
in a complementary paper.
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