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A method to determine the neutron production rate of a spent nuclear fuel
segment sample by means of non-destructive assay conducted under standard
controlled-area conditions is described and demonstrated. A neutron well
counter designed for routine nuclear safeguards applications is applied. The
method relies on a transfer procedure that is adapted to the hot cell facilities
at the Laboratory for High and Medium level Activity of SCK CEN in Belgium.
Experiments with 252Cf(sf) sources, certified for their neutron emission rate, were
carried out at the Joint Research Centre to determine the characteristics of the
detection device. Measurements of a segment of a spent nuclear fuel rod were
carried out at SCK CEN resulting in an absolute and non-destructivemeasurement
of the neutron production rate avoiding any reference to a representative spent
nuclear fuel sample to calibrate the device. Results of these measurements were
used to study the performance of depletion codes, i.e., ALEPH2, SCALE, and
Serpent2. The study includes a code-to-code and code-to-experiment
comparison using different nuclear data libraries.
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1 Introduction

Characterisation of spent nuclear fuel (SNF) is essential for the back-end of the fuel cycle
to support a safe, secure, ecologic and economic handling, transport, storage and disposal of
SNF. From operational safety perspectives, several quantities are to be known (Broadhead
et al., 1995; Gauld and Ryman, 2001; Hu et al., 2016; Govers et al., 2019): the neutron and
γ-ray emission rates and spectra are of interest for radiation protection, the decay heat rate is
required for SNF thermal performance and ageing assessment and the inventory of fissile
nuclides is one of the main drivers for criticality safety considerations and nuclear
safeguards. Similar concerns drive the knowledge of the inventory of other nuclides (e.g.,
14C, 36Cl, 79Se, 94Nb, 99Tc, 129I, 226Ra, 237Np) for the long-term safety assessment of disposal
facilities. Most of these observables are hard to measure directly, in particular in an
operational and industrial context. In addition, these quantities are determined by a
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complex inventory of nuclides with strong varying characteristics
(Žerovnik et al., 2018). Such an inventory, also referred to as source
term, and an evaluation of its evolution over the next thousands of
years can only be estimated by model calculations combined with
results of non-destructive assay (NDA) to verify/validate the
calculations.

The results of model calculations need to be validated and
realistic confidence limits have to be determined (Rochman et al.,
2023; Seidl et al., 2023). Both the validation and estimation of
confidence limits require high quality experimental data. At
present, such data are primarily based on a combination of
destructive chemical and radiochemical analysis methods (OECD
NEA, 2016; Michel-Sendis et al., 2017), involving various steps
starting with the dissolution of the sampled material, affecting
the final uncertainty of the results (OECD NEA, 2011). Data
obtained by NDA are rather scarce and limited to the
measurement of the decay power by calorimetry (McKinnon
et al., 1986; Maeda et al., 2004; SKB, 2006; Murphy and Gauld,
2010). Most of the data originate from measurements at the
calorimeter installed at Clab, the Swedish Interim Storage Facility
(SKB, 2006; Murphy and Gauld, 2010). More extensive discussions
on the use of these data are given in Romojaro (2023) and Ilas and
Burns (2022).

In this work an absolute measurement of the production rate of
prompt fission neutrons by a SNF segment is presented. The
experiments were carried out at the Laboratory for High and
Medium level Activity (LHMA) of SCK CEN, the Belgian nuclear
research centre. A detailed description of the experimental
procedures and conditions is reported in Schillebeeckx et al. (2020).

An absolute measurement of the neutron emission rate of a SNF
segment is desribed by Perret et al. (2021). In that work the total
emission rate including the contribution of (α,n) neutrons and
neutron multiplication by neutron induced fission is determined.
In the present work the neutron correlation technique applying the
point model of Hage and Cifarelli (Hage and Cifarelli, 1985a; Hage
and Cifarelli, 1985b; Cifarelli and Hage, 1986) is used to separate
these contributions and determine the neutron production rate only
due to spontaneous fission. A similar measurement, however, of a
solution from reprocessed SNF was performed by Miura and
Menlove (Miura and Menlove, 1994). Relative measurements of
the total neutron emission rate are described in, e.g., Yokoyama et al.
(1981), Prokopowicz and Pytel (2016) as a valuable tool to assess
axial profiles of the burnup (BU). The latter is most often defined as
the energy released per mass of heavy metal in the fuel. A detailed
discussion on the BU of SNF can be found in another contribution to
this issue (Žerovnik, 2023).

Neutron emission of spent UO2 fuel with a cooling time in the
range of 2–50 years is dominated by spontaneous fission of 244Cm
(Žerovnik et al., 2018). Therefore, results of neutron measurements
can be used to validate the performance of codes to predict the 244Cm
inventory as an alternative to radiochemical analysis that typically
has an uncertainty above 5% (Zwicky et al., 2010; Gauld et al., 2016;
Hu et al., 2017). Starting from fresh UO2 fuel, the most probable
production path of 244Cm starts with the production of 239Pu by the
238U(n, γ) reaction and involves six neutron capture reactions and
four ß− decays. This explains the strong dependence of the 244Cm
inventory of a SNF sample on the BU. Evidently, for the
characterisation of SNF assemblies during industrial operation

the inventory of stable nuclides obtained by radiochemical
analysis, such as 148Nd, cannot be used as BU indicator. The
neutron production rate can be considered as a valuable BU
indicator, similar to the γ-ray emission of 134,137Cs and 154Eu
(Caruso et al., 2007; Vaccaro et al., 2016), to improve the
prediction capabilities of depletion calculations.

Neutron emission is an important observable for nuclear
safeguards applications to verify the plutonium content in SNF
and reprocessed raffinates. Examples of passive NDA methods
measuring the neutron emission of SNF assemblies are the FORK
type of detectors (Rinard and Bosler, 1988) and the more advanced
Differential Die-Away Self-Interrogation (DDSI) (Trahan et al.,
2020) and Passive Neutron Albedo Reactivty (PNAR) (Tobin
et al., 2018) systems. They are based on the neutron emission
from spontaneous fission of 244Cm as primary neutron source. At
present, these methods are primarely applied by nuclear safeguards
authorities. They can also be used by nuclear power plant operators
and safety authorities to verify the design and operation history of
SNF assemblies input data for the estimatation or prediction of the
nuclide inventory and related observables by depletion calculations.
The design and calibration of such NDA systems strongly relies on
theoretical calculations using neutron transport and depletion codes.
The potential to predict the output of the FORK detector by
depletion codes and to improve the verification of declared SNF
characteristics is demonstrated in Vaccaro et al. (2018). Evidently, a
quantitative interpretation of the calculated results requires a
reliable depletion code (including the nuclear data), which has
been validated by experimental data.

The design characteristics and irradition history of the sample
are specified in Section 2. The depletion codes that were validated are
described in Section 3. This section includes a code-to-code
comparison and a study of the impact of nuclear data libraries.
The detection system together with the determination of the main
operating and performance characteristics using certified 252Cf(sf)
sources are discussed in Section 4. The results of the measurements
of the SNF segment sample are given in Section 5 together with a
discussion of the calculated and experimentally determined neutron
production rate. Section 6 summarises the main findings and
provides an outlook.

In this paper, conventional uncertainty propagation based on
normal distributions is applied (JCGM, 2008). All uncertainties are
standard uncertainties quoted at a 68% confidence level and are
given in standard compact notation (JCGM, 2008). For the use of
cross section data from the evaluated nuclear data libraries (e.g.,
ENDF/B, JEFF and JENDL) we refer to the JANIS website
maintained by the Nuclear Energy Agency of the OECD (OECD
NEA, 2023).

2 Characteristics of the SNF segment
sample

A segment sample was taken from a SNF rod that was irradiated
in the Tihange 1 PWR during cycles 20 (from April 1998 until
August 1999) and 21 (from September 1999 until March 2001). The
study of this rod is part of the Rod-Extremity and Gadolinia
AnaLysis (REGAL) program coordinated by SCK CEN
(Eysermans et al., 2022). The assembly from which the rod
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(i.e., rod D05) was taken, was an AFA 2G assembly type
manufactured by AREVA. It consists of a 15 × 15 array of fuel
rods with 21 guide tubes for insertion of control rods or
instrumentation. It contains 188 UO2 rods (4.5 wt% 235U/U) and
16 (U,Gd)Ox fuel rods (10 wt% Gd2O3/(U,Gd)Ox and 2 wt% 235U/
U). At the end of both cycles, after approximately 450 days, stretch-
out operations took place for an additional period of about 50 days,
showing a progressive decrease of the core power and coolant
temperature to maintain core criticality. Because control rods are
fully withdrawn during stretch-out, this stage presents power
peaking in the upper zone of the core (positive axial off-set).
More details of the irradiation history, fuel composition and
geometry are reported in Eysermans and Verwerft (2022).

The rod average burnup, which was reconstructed from core
mapping calculations and the reactor power history, was calculated
as slightly above 50 MWd/kg. The rod has been used in various
research projects, with samples taken for different types of
investigations (Verwerft et al., 2014; Lemmens et al., 2017;
Adriaensen et al., 2020; Mennecart et al., 2020; Eysermans et al.,
2022). The axial variation of the BU was verified by a γ-ray scan. The
result of this scan reveals that the BU in the region between 750 mm
and 3,000 mm (with respect to the bottom of the active part of the
assembly) is almost independent of the position, apart from the
regular depressions at grid positions (every 700 mm) (Schillebeeckx
et al., 2020; Eysermans and Verwerft, 2022).

The sample for the neutron measurements was taken from the
region between 2,056 mm and 2,108 mm from the rod bottom end.
The characteristics of the sample are reported in Table 1. The main
uncertainty of the net weight of the fuel material is due to the

uncertainty on the state of the cladding: uncertainty of the wall
thickness, degree of oxidation and presence of deposits.

A sample for a burnup analysis was taken from the region between
1819 mmand 1842 mm. The results of the burnup analysis are reported
in Eysermans et al. (2022), Govers et al. (2022) and summarised in
Table 2. The inventory of 137Cs, 143+144Nd, 145+146Nd, 148Nd and 150Nd for
this sample was determined by radiochemical analysis. The uncertainty
of the weighted average burnup is the combined standard uncertainty
due to the sampling, weighing, dilution processes and nuclide inventory
analysis. In the calculation of the weighted average of the burnup and its
uncertainty the presence of common uncertainty components were
taken into account. The average count rates resulting from the γ-ray
scan for this sample and the sample used for the neutron measurement
were 2,341 (14) s-1 and 2,337 (7) s-1, respectively. The difference is a
factor 3 less than the combined uncertainty due to counting statistics.

3 Depletion calculations

The neutron production rate by spontaneous fission and (α,n)
reactions in the SNF sample together with the inventory of 137Cs,
148Nd and the main contributors to the neutron production were
estimated using ALEPH2, SCALE and Serpent2. The impact of
nuclear data was verified using Serpent2 combined with different
nuclear data libraries.

3.1 Description of depletion codes and usage

ALEPH2 is a Monte Carlo burnup code developed at SCK CEN
(Stankovskiy and Van den Eynde, 2012). It couples the Monte Carlo
particle transport code MCNP with a deterministic fuel depletion
algorithm based on the RADAU5 solver using an implicit 5th order
Runge-Kutta method (Hairer and Wanner, 1999). The results
presented in this work were obtained with ALEPH version
2.8 using MCNP-6.2 (Werner, 2017). Serpent2 (Leppänen et al.,
2015; Tuominen et al., 2019) is a particle transport and fuel
depletion code developed at VTT, the Technical Research Centre
of Finland. The work in this study was performed with code version
2.2.0. Serpent2 uses the Chebyshev Rational ApproximationMethod

TABLE 1 Characteristics of the SNF segment sample that was used for the
neutron measurements at the LHMA facilities of SCK CEN.

Parameter

Length 52.01 (4) mm

Segment weight 42.616 (1) g

Cladding weight 6.71 (4) g

Net fuel weight 35.91 (4) g

TABLE 2 Results of a radiochemical analysis of a SNF segment sample taken in the region between 1819 mm and 1842 mm for a cooling time of 4,630 days
(Adriaensen and Dobney, 2020). The nuclide inventory (NX) is expressed relative to the initial number of U atoms (NU) and relative to the total weight of the fuel,
i.e., including the oxygen. The BU is expressed relative to the initial amount of uranium. The irradiation-averaged fission yields were calculated using the
irradiation history as input (Eysermans et al., 2022; Eysermans and Verwerft, 2022) according to the method described in (Govers et al., 2022). The BU values were
derived from the inventory assuming 200 MeV per fission. The uncertainties of the BU reflect solely those of the nuclide inventory.

BU indicator Analysis date Nuclide inventory, NX/NU Nuclide inventory (mg/g) Cumulative fission yield BU

MWd/kg

137Cs 21/10/2013 2.539 (55) x 10−3 1.288 (28) 0.06334 52.6 (11)

143+144Nd 05/02/2014 5.701 (60) x 10−3 3.029 (32) 0.10158 53.95 (56)

145+146Nd 05/02/2014 3.643 (38) x 10−3 1.962 (21) 0.06479 53.05 (56)

148Nd 05/02/2014 0.974 (21) x 10−3 0.534 (12) 0.01724 53.3 (12)

150Nd 05/02/2014 0.463 (21) x 10−3 0.257 (11) 0.00836 52.2 (23)

Average: 52.78 (37)
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(CRAM) (Pusa, 2016) to simulate the fuel depletion. SCALE is a
modelling and simulation suite for nuclear safety analysis and design
developed by ORNL, the Oak Ridge National Laboratory of the
United States (Rearden and Jessee, 2017). In this study calculations
were performed with SCALE version 6.2.2, using the TRITON
depletion sequence and coupling the KENO-V.a neutron
transport modules with the ORIGEN depletion solver.

To reduce bias effects in the code-to-code comparison a set of
common design properties and irradiation conditions were defined
to produce similar input models for the ALEPH2, SCALE and
Serpent2 codes. The following common properties and
conditions, which were also assumed in Eysermans et al. (2022),
were adopted:

- cross sections are Doppler-broadened at 600 K for the coolant
and cladding and at 900 K for the fuel;

- a constant coolant density was evaluated according to the
coolant pressure and the irradiation-averaged temperature at
the sample height;

- a constant boron concentration of 500 wt. ppm–corresponding
to the irradiation-averaged concentration–is used;

- the smeared density of the fuel was used. In the case of
burnable poison rods, the theoretical density of the blend
was taken;

- since the density of the cladding material (M5) was not known,
Zircaloy-4 was used as cladding material.

In addition, a number of simplifications and user’s choices
independent from the burnup code were adopted and are
reported below.

A 2D assembly model (infinite lattice) was adopted to reproduce
the fuel assembly geometry. Reflective conditions were applied at the
assembly boundaries. Hot dimensions were modelled with all codes
for the assembly pitch and for the rod pitch, to account for the spacer
grid thermal expansion.

Different choices were made on the spatial discretization of the
Bateman equations into so-called depletion zones. In the Serpent2,
SCALE and ALEPH2 models each fuel rod–either UO2 or gadolinia
rod–was treated as an independent depletion zone. A concentric equi-
volume radial meshing (16 depletion zones in SCALE and 5 depletion
zones in ALEPH2 and Serpent2) of the burnable poison rods and of
the fuel rod D05 was implemented to better characterize the effective
neutron fluence rate and, hence, burnup peaks at the pellet periphery
for UO2 fuel, inwards “onion-peeling” or “shell-like” depletion of
155Gd and 157Gd in burnable poison rods. Therefore, both choices
should give similar results. The irradiation history of the sample in
fuel rod D05 was incorporated in all models using depletion steps
shorter than 1 MWd/kg.

ALEPH2 uses the Monte Carlo code MCNP-6.2 (Werner, 2017)
for the neutron transport calculations and determines the neutron
fluence and its energy distribution using a fine energy structure. The
latter is used together with energy dependent cross sections to
calculate spectrum averaged reaction rates that are fed into the
Bateman equation solver. A total of 105 neutron histories per batch
and 225 active batches were used. The same approach and same
number of neutron histories were used for the Serpent2 calculations.
In the SCALE calculation the neutron transport was performed
using the Monte Carlo package KENO-V.a in multi-group mode,

using 238 energy groups. For these calculations 20,000 histories per
batch and 5,000 active batches were used. With these specifications,
the uncertainty of the 244Cm inventory due to Monte Carlo counting
statistics is less than 0.5%.

The neutron fluence was normalized to the power history that
was determined for the sample in fuel rod D05. For the ALEPH2 and
Serpent2 calculations the power history was normalised tomatch the
experimental inventory for 148Nd in Table 2. For the SCALE
calculation this inventory was slightly underestimated by 0.11%.
This approach reduces the bias associated to the different energy
deposition algorithms implemented in the burnup codes, and to the
related user’s choices.

The calculations were carried out using different nuclear data
libraries for neutron induced cross sections, fission product yields
and radioactive decay data, i.e., JEFF-3.1.2, JEFF-3.3, JEFF-4T1,
ENDF/B-VII.0, ENDF/B-VII.1, ENDF/B-VIII.0, JENDL-4.0u, and
JENDL-5.0. The method and nuclear data used for the production
of (α,n) neutrons in SCALE are adopted from the SOURCES code
(Shores, 2000; Wilson et al., 2009). The corresponding thick target
yields (TTY) were combined with the Serpent2 nuclide vector to
determine the (α,n) contribution. The neutron emission by (α,n)
reactions in ALEPH2 is derived by combining microscopic (α,n)
cross sections with alpha-particle stopping powers from ASTAR
(NIST, 2023). Table 3 compares the specific neutron emission rates
resulting from the microscopic cross sections in TENDL-2015
(OECD NEA, 2023) and JENDL-AN/2005 (Murata et al., 2006)
with those of SCALE. The data in Table 3 reveal that the specific
neutron emission rates in SCALE are on average about 5% and
10% larger compared to those calculated in ALEPH2 using the
JENDL-AN/2005 and TENDL-2021 libraries, respectively. For
the ALEPH2 calculations the JENDL-AN/2005 cross sections
were used.

3.2 Results

The calculated inventory of 137Cs, 148Nd and 244Cm, BU and
neutron emission rates are compared in Table 4. The data are for a
cooling time of 6,437 days, which corresponds to the date of the
neutron measurements. The neutron production rate associated to
spontaneous fission results for 97.7% and 1.6% from 244Cm(sf)
and 246Cm(sf), respectively. Hence, the uncertainty of the
calculated production rate is strongly determined by the
uncertainty of the 244Cm inventory. Results in Fiorito et al.
(2015), Leray et al. (2016), Zu et al. (2016) and Rochman et al.
(2018) show that at present this uncertainty is about 10% and
mainly due to the uncertainty of the 242Pu(n,γ) and 243Am(n,γ)
cross sections (Zu et al., 2016). An assessment of the status of cross
section evaluations of the 238,240,241,242Pu isotopes in Nobre (2019)
reveals that the evaluation procedures to estimate these cross
sections for the latest versions of the main libraries did not include
all experimental data. Hence, the status of these cross sections in
the data libraries can be improved. The relative contribution to the
neutron production rate resulting from (α,n) reactions is
estimated to be about 2%. This contribution is dominated by
the α-decay of 244Cm, 238Pu and 241Am, i.e., for 41%, 32%, and 22%,
respectively. Details about the production paths of the nuclides
contributing to the neutron production are given in Fiorito et al.
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(2021). Their recommended decay properties are given in DDEP
(2023).

Since for the calculations with ALEPH2 and Serpent2 the
same assumptions and conditions were used to produce the input
model, there is a very good agreement between their results when
using the same nuclear data library. The 137Cs inventory is
identical. The small difference of 0.6% in BU is most probably
due to a difference in energy production nuclear data. The
difference of 1% in 244Cm inventory is found back in the
neutron emission rate using the recommended decay and
neutron emission nuclear data. The larger difference in
calculated neutron emission rates of about 2.5% using the
specified JEFF-3.3 nuclear data library suggests that not all
nuclear data can be traced back to the same library. This

effect together with the small difference in 244Cm inventory
requires further investigation. The difference between
ALEPH2 and SCALE using the ENDF/B-VII.0 library as
reference library are larger. The 137Cs and 244Cm inventory
differ by 2% and 4%, respectively, while the BU differs by less
than 0.7%. Differences can be expected due to the model
differences described in Section 3.1. However, they cannot
explain the difference in, e.g., the 137Cs inventory which is
most probably due to a difference in cumulative fission yields.
It should be noted that some of the nuclear data in the SCALE
version 6.2.2 differ from those in ENDF/B-VII.0 as discussed in
more detail in the SCALE manual (Rearden and Jessee, 2017).

The results obtained with Serpent2 are used to study the effect of
nuclear data. Due to the normalisation to the 148Nd inventory,

TABLE 3 Specific neutron production by (α,n) reactions in UO2, i.e., neutron emission rate permass of nuclide. The specific neutron emission rates adopted in SCALE
are compared with those derived from a combination of stopping powers in ASTAR (NIST, 2023) and (α,n) cross sections in TENDL-2021 (OECD NEA, 2023) and
JENDL-AN/2005 (Murata et al., 2006). The latter are given relative to those adopted in SCALE.

Code Specific neutron production by (α,n) reactions in UO2

238Pu 239Pu 240Pu 241Am 242Cm 244Cm

Production rate (s-1 g-1)

SCALE 1.63 × 104 4.52 × 101 1.72 × 102 3.29 × 103 4.45 × 106 9.23 × 104

Ratio

SCALE 1 1 1 1 1 1

JENDL 0.93 0.94 0.91 0.91 1.00 0.97

TENDL 0.90 0.91 0.88 0.88 0.95 0.93

TABLE 4 Nuclide inventory for 148Nd,137Cs and244Cm, BU and neutron production due to spontaneous fission Ssf and (α,n) reactions Sα. Results obtained with
ALEPH2, SCALE and Serpent2 using different nuclear data libraries are given. The Ssf rates are derived by using the data in the library and the decay data and
neutron emission data recommended in DDEP (2023) and Santi and Miller (2008).

Code Library Nuclide inventory, NX/NU BU Ssf (LIB) Ssf (REC) Sα/Ssf

148Nd x 10−4 137Cs x 10−3 244Cm x 10−5 MWd/kg s-1g-1 s-1g-1

ALEPH2 JEFF-3.3 9.740 2.225 6.290 53.25 640.1 642.4 0.020

SCALE ENDF/B-VII.0 9.729 2.241 6.380 54.01 653.0 652.1 0.017

Serpent2
(2.1.29)

ENDF/B-VII.0 9.740 2.285 6.633 54.37 683.7 678.1 0.020

ENDF/B-VII.1 9.740 2.274 6.710 54.39 689.4 685.3 0.020

ENDF/B-VIII.0 9.740 2.274 6.701 54.38 688.5 684.3 0.021

JEFF-3.1.2 9.740 2.248 6.110 54.18 632.5 623.8 0.021

JEFF-3.3 9.740 2.225 6.354 53.57 656.8 648.9 0.021

JEFF-3.3 (1) 9.740 2.290 7.149 55.24 739.4 730.5 0.020

JEFF-3.3 (2) 9.740 2.249 6.644 54.21 686.8 678.6 0.021

JEFF-3.3 (3) 9.740 2.246 6.599 54.12 682.2 673.9 0.021

JEFF-4T1 9.740 2.248 6.410 54.16 662.6 654.6 0.021

JENDL-4.0u (4) 9.740 2.301 7.009 55.07 715.9

JENDL-5.0 9.740 2.253 7.194 54.97 738.4 733.9 0.020

(1) σ(n,γ) = 0 for 147Nd.

(2) σ(n,γ) for 147Nd from JENDL-4.0u.

(3) σ(n,γ) for 147Nd from JEFF-4T1.

(4) No data available to calculate Ssf.
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nuclear data affecting this inventory will have a direct impact on
other observables. The largest effect is observed for the 244Cm
inventory and neutron production rate. This is due to the high
relative sensitivity of the 244Cm inventory to the number of fissions,
which is about 3.8 for the REGAL sample at the end of irradiation.
The impact of the 147Nd(n,γ) reaction is illustrated by the results
obtained with JEFF-3.3 and different data for the 147Nd(n,γ) cross
section. Table 5 shows that the spectrum averaged cross sections
derived from the cross section in JENDL-4.0u and JEFF-4T1, which

are based on Suyama and Mochizuki (2005) and Rochman et al.
(2016), respectively, are lower compared to those derived from the
other libraries. A reduction of the 148Nd production by the
147Nd(n,γ) reaction will be compensated by an increase in the
number of neutron induced fission reactions. This results in an
increase of the 137Cs and 244Cm inventory, the BU and neutron
emission rate. A similar compensation effect occurs when the
cumulative fission yields are changed. The difference in
cumulative fission yields of 148Nd in Table 6 explains differences

TABLE 5 Spectrum averaged capture cross sections <σ(n,γ)> for 147Nd,238U,239,240,241,242Pu,243Am and244Cm derived from the σ(n,γ) cross sections adopted in different
libraries. The values derived from the JEFF-3.3 library are given together with the values derived from other libraries relative to those of JEFF-3.3.

Library Spectrum averaged capture cross sections <σ(n,γ)>(b)

147Nd 238U 239Pu 240Pu 241Pu 242Pu 243Am 244Cm

<σ(n,γ)>(b)

JEFF-3.3 37.416 0.846 49.790 83.448 33.803 25.402 51.843 16.789

Ratio

ENDF/B-VII.0 1.000 1.009 0.986 1.015 1.000 1.113 0.897 1.053

ENDF/B-VII.1 0.990 1.007 0.988 1.014 0.999 0.998 1.004 1.000

ENDF/B-VIII.0 1.000 1.002 0.986 1.002 1.000 1.000 1.010 1.001

JEFF-3.1.2 0.990 1.007 0.989 0.999 1.000 0.999 0.883 0.940

JEFF-3.3 1 1 1 1 1 1 1 1

JEFF-4T1 0.663 1.000 0.986 1.033 1.000 1.027 0.932 1.000

JENDL-4.0u 0.619 1.011 0.980 1.012 1.000 0.999 1.000 1.001

JENDL-5.0 0.619 1.006 0.986 1.012 1.000 1.043 0.996 0.952

TABLE 6 Cumulative fission yields for 137Cs and148Nd for neutron induced fission of235U and239Pu by thermal neutrons adopted in different data libraries. The values
derived from the JEFF-3.3 library are given together with the values derived from other libraries relative to those of JEFF-3.3.

Library Cumulative fission yields

235U (n,f) 239Pu(n,f)

137Cs 148Nd 137Cs 148Nd

Yield

JEFF-3.3 6.090 (63) x 10−2 1.693 (12) x 10−2 6.580 (80) x 10−2 1.685 (15) x 10−2

Ratio

ENDF/B-VII.0 1.0162 (51) 0.9887 (35) 1.0042 (50) 0.9745 (48)

ENDF/B-VII.1 1.0162 (51) 0.9887 (35) 1.0042 (50) 0.9745 (48)

ENDF/B-VIII.0 1.0162 (51) 0.9887 (35) 1.0042 (50) 0.9745 (48)

JEFF-3.1.2 1.0215 (113) 0.9930 (69) 1.0013 (122) 0.9842 (98)

JEFF-3.3 1 1 1 1

JEFF-4T1 1 1 1 1

JENDL-4.0u 1.0141 (74) 0.9870 (74) 1.0038 (50) 0.9743 (49)

JENDL-5.0 0.9890 (49) 0.9901 (49) 0.9922 (50) 0.9739 (59)
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between the results derived with JENL-4.0u and those with JEFF-
3.3 using the 147Nd(n,γ) cross section from JENDL-4.0u.

The BU derived from the different code/libraries combinations
varies between 53.33 MWd/kg and 55.07 MWd/kg. This suggests
that a normalisation of calculated data to the delivered power can
vary by 3.3% depending on the code and nuclear data library that is
used. The observed variation can only partly be explained by
differences in nuclear data influencing the 148Nd inventory. As
mentioned before, the calculated BU in Table 4 also depends on
assumptions made about the energy production due to neutron
induced fission and some capture reactions. Note that the BU
derived from the inventory of BU-indicators but not based on a
full depletion calculation, such as those in Table 2, are often biased
since they do not account for differences in the reaction processes
contributing to the energy production. An extensive discussion on
the determination of the BU is presented in Žerovnik (2023).

Evidently, the calculated 137Cs inventory is affected by both the
normalisation and its cumulative fission yield. The ratio of the
calculated and experimental 137Cs inventory varies between
0.982 and 1.016. The higher value obtained with JENDL-4.0u is
due to the normalisation to the 148Nd inventory. The lower value
when using the JEFF-3.3 library is consistent with the results in
Eysermans et al. (2022). The reduction using the JEFF-3.3 library
compared to JEFF-3.1.2 is due to the reduction of 2.1% in cumulative
fission yield for 137Cs of JEFF-3.3 compared to the one in JEFF-3.1.1
(see Table 6). This reduction, which is almost twice the quoted
uncertainty, requires a clarification from the evaluators.
Unfortunately, the combined uncertainty of the experimental
inventory is larger than the difference in adopted yields and
cannot be used to make a judgement.

The results in Table 4 and Table 5 show that differences in the
recommended 242Pu(n,γ) and 243Am(n,γ) cross sections result in
differences in the theoretical estimates of the 244Cm inventory and
neutron emission by spontaneous fission. The smaller estimates
calculated with JEFF-4T1 compared to those obtained with JEFF-
3.3 combined with the 147Nd(n,γ) cross section in JEFF-4. T1 are due
to the reduction in the 243Am(n,γ) cross section. Due to the different
processes involved in the 244Cm production compensating effects
occur. E.g., the increase in 244Cm production by the 243Am(n,γ)
reaction using the cross section in ENDF/B-VII.1 compared to
ENDF/B-VII.0 is compensated by a reduction in 243Am inventory
due to a smaller 242Pu(n,γ) cross section.

Table 4 compares the calculated neutron production rates
provided by the codes, using the specified nuclear data library,
and the rates derived from the calculated nuclide inventory using
the half-life and branching for spontaneous fission recommended
by the Decay Data Evaluation Project (DDEP) (DDEP, 2023) and
the average number of prompt fission neutron from the
evaluation of Santi and Miller (Santi and Miller, 2008).
Apparently, none of the libraries adapted fully the values for
the decay data and average number of prompt fission neutrons
recommended by the DDEP (DDEP, 2023) and Santi and Miller
(2008). A maximum difference of almost 1.5% is noticed for the
results obtained with JEFF-3.1.2. Differences in nuclear data
relevant for the estimation of the decay heat of SNF between
the main libraries (JEFF, ENDF/B) and recommended decay
libraries (ENSDF, DDEP) are also discussed by Doran et al.
(2022).

4 Neutron detection system for SNF
sample measurements

4.1 Experimental details

The neutron detection system is a transportable neutron well
counter that is routinely used for nuclear safeguards verification
measurements. The design is based on an Active Well Coincidence
Counter (AWCC) device developed at the Los Alamos National
Laboratory (US) (Menlove, 1979). A schematic representation with
the transfer and transport containers inserted in the measurment
position is shown in Figure 1. This figure is based on the MCNP
input geometry using version 5.1.60 (X-5 Monte Carlo Team, 2005).
The AWCC consists of 42 3He proportional counters embedded in
polyethylene that is used as a neutron moderator. The counters are
divided into six groups of seven counters. Each group is connected to
one Amptek A111 hybrid charge sensitive preamplifier,
discriminator and pulse shaper board (Swansen, 1985).

The logic output of each board is send to a logic OR gate. The
output of this OR gate is used as an input for a shift register
(Swansen et al., 1980; Krick and Swansen, 1984) and a CAEN
DT5751 digitiser (CAEN, 2023). The latter produced list-mode
data of the time of arrival of each detected event and was used to

FIGURE 1
Schematic representation of the neutron detection system with
the SNF segment sample in the transfer and transport containers. The
figure is based on the MCNP input geometry using the version 5.1.60
(X-5 Monte Carlo Team, 2005). More details are given in
Schillebeeckx et al. (2020).
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register Rossi-alpha spectra. The JSR-12 shift register was used to
register the total number of detected events and the number of
events that are detected in two time windows that are opened
(triggered) by each neutron detection event. The width of these
windows, referred to as the gate width, was set to tg = 64 μs. The first
window is opened a short time (or pre-delay) tp = 4.5 μs after each
trigger event. The accumulated content, mostly referred to as “Reals
+ Accidentals” or “R + A”, is due to a contribution of real coincident
events and accidental coincident events. The second gate is opened
at a very long time delay after the first gate. Its content provides a
direct measure of the accidental coincident events. From the counts
in these two windows the recorded totals and reals rate are derived
which are denoted by T and R, respectively.

Hot cell facilities are mostly not suited to accommodate a
detection system as shown in Figure 1. Therefore, a dedicated
procedure was developed to transfer a SNF sample from the hot
cell to the neutron detection system eliminating the risk of
contamination and minimising the radiation exposure of staff. A
detailed description of the full detection system and the expected
and measured radiation dose levels is given in (Schillebeeckx et al.,
2020).

4.2 Characteristics derived from
measurements with certified 252Cf(sf)
sources

Experiments with radionuclide sources were carried out at JRC
Ispra to determine the operating and performance characteristics of
the neutron detection device that was developed for the SNF
measurements, i.e., the well counter including the transfer and
transport containers.

The count rate as a function of high voltage was derived for
different measurement conditions including measurements with a
252Cf(sf) source combined with a 8 GBq 137Cs source and with the
SNF segment sample. The high voltage plateau obtained with the
SNF sample shows a clear reduction of the width due to the
increased γ-ray pile-up background (Schillebeeckx et al., 2020).
Therefore, the operating voltage for the experiments with the
SNF sample was set at the lower edge of the plateau, i.e., at
2000 V (Schillebeeckx et al., 2020).

The main characteristics, i.e., the parameters for an empirical
dead time correction, the gate fraction and detection efficiency, for
the full detection system including transfer and transport containers
were derived from measurements with compact 252Cf(sf) sources
that were certified for their neutron production rate. The sources
were produced from the same base material and encapsulated in an
A3024 capsule type of Eckert and Ziegler (Eckert & Ziegler, 2023).
The 248Cm decay product of the base material was separated on 16/
09/2017. The isotopic composition of the base material at 30 January
2018 is given in Table 7. The sources were certified for the neutron
production rate at NPL, the National Physical Laboratory (UK),
based on measurements applying the manganese sulfate bath
technique (Roberts and Parfitt, 2010) and using a detection
system consisting of a moderating assembly combined with three
10BF3 proportional counters. The latter was calibrated with a
standard source of a similar type for which the neutron emission
rate was previously measured by the manganese bath technique. The

certified production rates together with the neutron emission rate at
the time of the calibration experiments with the neutron detection
system are given in Table 8. The total uncertainty together with the
contribution of the uncorrelated and correlated components are
specified. For the calculation of the neutron emission rate at the time
of experiments the isotopic composition was taken into account.

Theoretical estimates of the measured totals and reals rate
denoted by Tm and Rm, respectively, can be expressed as:

Tm � gT T0 (1)
Rm � gR R0 (2)

with T0 and R0 the theoretical estimates of the singlets and doublets,
respectively, and gT and gR factors to account for dead time effects in
the counting system. In this work empirical expressions as a function
of the measured totals rate have been used for these corrections [see
Swansen et al. (1980), Krick and Swansen (1984)]:

gT � e d1+d2 T( )T (3)
gR � e d3+d4 T( )T (4)

with (d1, d2, d3, d4) free parameters. Applying the point model
proposed by Hage and Cifarelli (Hage and Cifarelli, 1985a; Hage and
Cifarelli, 1985b; Cifarelli and Hage, 1986) and Böhnel (Böhnel,
1975) the theoretical estimates of singlets T0 and doublets R0 are
related to the detection efficiency εsf and the neutron emission
properties of a spontaneous fission point source by (Croft and
Henzlova, 2013):

T0 � εsf Ssf 1 + rε,d
]d

]sf 1( )
( ) (5)

R0 � ε2sf f
]sf 2( )
]sf 1( )

Ssf (6)

with Ssf the production rate of prompt fission neutrons from
spontaneous fission and ]sf(1) the first order and ]sf(2) the
second order normalised factorial moments of the neutron
multiplicity distribution. The number of delayed fission neutrons
per spontaneous fission event is denoted by ]d and the ratio of the
detection efficiency for delayed and prompt fission neutrons by rε,d.
The gate fraction f is the number of detected correlated events
within a gate width tg that is opened at a time tp after each detected
event relative to the number of detected events in the time interval
[0,∞), with tp � 0 and tg → ∞.

The factorial moments for prompt neutron emission and
number of delayed neutrons after spontaneous fission of 252Cf
and 244Cm together with the half-life and fraction for
spontaneous fission for these nuclides are reported in Table 9.
The normalised factorial moments at the time of the

TABLE 7 Isotopic composition (relative number of atoms) of the Cf base
material at 30/01/2018.

Isotope NX/NCf

249Cf 0.075

250Cf 0.124

251Cf 0.041

252Cf 0.760
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measurements (]sf(1) = 3.7567; ]sf(2) = 5.9730) were calculated
based on the isotopic composition at the date of the experiments.
They are very close to those for pure 252Cf(sf). The relative detection
efficiency (rε,d = 1.10) for the delayed neutrons was estimated byMC
simulations using the energy distribution recommended in Carlson
et al. (2018) for prompt fission neutrons and the one of ENDF/
B-VIII.0 for the delayed neutrons. Note that the impact of the
delayed neutrons is extremely small. By neglecting their
contribution, the neutron production rate for prompt fission
neutrons is overestimated by about 0.2% and the detection
efficiency for prompt fission neutrons underestimated by
about 0.1%.

A least squares fit was applied to adjust the dead time parameters,
gate fraction and detection efficiency to the observed totals and reals
rates with the neutron production rates, the factorial moments, total
number of delayed fission neutrons and relative detection efficiency
for delayed fission neutrons including their uncertainties as input
data. A procedure proposed by Fröhner (Fröhner, 1997) was followed
by considering all the input data, including nuclear data, together with
their uncertainties on the same footing as the experimental data. In the
fit, the correlated and uncorrelated uncertainty components of the
certified neutron production rates were separated. This was realised by
introducing a normalisation factor for the correlated uncertainty
component. This factor together with its uncertainty was also
treated as an experimental input.

The experimental data could be reproduced limiting the
exponential exponents for the dead time correction in Eqs 3, 4 to
the linear term, i.e., d2 = d4 = 0. The final parameters together with
their uncertainties and correlation matrix are given in Table 10. From
the values in Table 10 a ratio d3/d1 = 4.40 (25) is derived, which is
within two standard deviations consistent with the common assumed
ratio d3/d1 = 4 (Krick and Swansen, 1984). The gate fraction f = 0.6267
(45) is in very good agreement with the values that were derived in
Schillebeeckx et al. (2020) from an analysis of the Rossi-alpha
distribution. The gate fraction in Schillebeeckx et al. (2020) was
determined by a parameterization of the Rossi-alpha distribution

using a sum of two exponentials and by a direct numerical integration.
This resulted in gate fractions f = 0.6268 (5) and f = 0.6278 (10),
respectively. The detection efficiency εsf = 0.2859 (18) derived from
the fit is in very good agreement with the detection efficiency εsf =
0.2852 (10) which was derived in Schillebeeckx et al. (2020) from the
same experimental data, however, without any knowledge of the
emission rate of the neutron sources. The main difference with the
results of Schillebeeckx et al. (2020) are the uncertainties of the derived
detector characteristics. The uncertainties in Schillebeeckx et al.
(2020) are only due to counting statistics, while in the present
analysis additional uncertainty components due to the certified
neutron production rates are propagated. Note that the neutron
production rates derived in Schillebeeckx et al. (2020) by an
absolute method applying the point model of Hage and Cifarelli
(Hage and Cifarelli, 1985a; Hage and Cifarelli, 1985b; Cifarelli and
Hage, 1986) are within less than 1% fully consistent with the certified
values in Table 8.

4.3 Characteristics for measurements with a
SNF segment sample

The characteristics for measurements with the SNF sample were
derived by combining experimental data with results of Monte Carlo

TABLE 8 Neutron emission rate (Sn) of the252Cf(sf) neutron sources that were certified for their emission rate at NPL. The total uncertainty (u) together with the
correlated (uc) and uncorrelated (uu) components are given.

ID Method Date Sn/(1/s) Relative uncertainties

100 x u/Sn 100 x uc/Sn 100 x uu/Sn

Q2-991 BF3 07/11/2018 4.304 (38) x 104 0.89 0.48 0.75

Q2-987 Mn-bath 28/11/2018 2.219 (15) x 105 0.64 0.48 0.42

Q2-988 Mn-bath 01/11/2018 1.372 (7) x 106 0.50 0.48 0.13

TABLE 9 Half-lives (DDEP, 2023), fraction for spontaneous fission (DDEP, 2023), normalised factorial moments derived from the multiplicity distribution of the
prompt fission neutrons for 244Cm(sf) and252Cf(sf) in Santi and Miller (2008) and delayed neutron emission data from Nichols et al. (2008). The average total
number of prompt fission neutrons for 252Cf(sf) resulting from the neutron standards project (Carlson et al., 2018) is also given.

Nuclide T1/2 (sf) fraction νsf(1) νsf(2) νd νd/νsf(1)
244Cm 18.11 (3) a 1.36 (1) 10−6 2.710 (10) 2.971 (37) 0.0033 (10) 1.22 (36) 10−3

252Cf 2.6470 (26) a 3.086 (8) 10−2 3.757 (10) 5.9759 (95) 0.0086 (10) 2.29 (27) 10−3

252Cf (Carlson et al., 2018) 3.7551 (18)

TABLE 10 Parameters for the empirical dead time correction, gate fraction and
detection efficiency derived from measurements with certified 252Cf(sf)
sources.

Parameter Correlation matrix

d1 = 0.225 (16) μs 1 0.84 0.63 −0.57

d3 = 0.986 (18) μs 1 0.55 −0.42

εsf = 0.2859 (18) 1 −0.88

f = 0.6266 (45) 1

Frontiers in Energy Research frontiersin.org09

Schillebeeckx et al. 10.3389/fenrg.2023.1162367

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1162367


simulations with MCNP using the version 5.1.60 (X-5 Monte Carlo
Team, 2005).

Given the good agreement between the gate fraction derived
from the least squares fit with the certified 252Cf(sf) sources and the
one derived from the direct integration of the Rossi-alpha
distribution, the gate fraction for the measurements with the SNF
sample was determined from an integration of the Rossi-alpha
distribution. This resulted in a fraction f = 0.6338 (45)
(Schillebeeckx et al., 2020). The uncertainty was increased based
on the results obtained with the 252Cf(sf) sources in Section 4.2.

To derive the detection efficiency for measurements with the
cylindrical SNF segment sample from the one for a 252Cf(sf) point
source Monte Carlo simulations were performed. This resulted in
correction factors to account for the difference in geometry and
difference in the energy distribution of the emitted neutrons. The
results are reported in Table 11. In this table the ratio between the
detection efficiency for a cylindrical SNF sample with the neutron
emitting material homogeneously distributed in the sample and a
252Cf point source is given. The table also reports the detection
efficiency for (α,n) neutrons, delayed fission neutrons and prompt
fission neutrons due to neutron induced fission in the SNF sample
relative to the detection efficiency for prompt fission neutrons from
a 252Cf(sf) point source. The difference between the efficiency of
prompt fission neutrons from the SNF sample and the 252Cf point
source is mainly due to the geometry. Details about the calculations
are given in Schillebeeckx et al. (2020). The results in Schillebeeckx
et al. (2020) reveal that the impact of the assumptions made about
the energy distribution of the neutrons and the radial distribution of
the neutron emitting material in the sample is less than 0.2%.

5 Results and discussion

5.1 Results

The measurements to determine the neutron production rate of
the SNF sample were carried out at the LHMA facility of SCK CEN
on 15/10/2018, corresponding to a cooling time of 6,437 days. The
totals and reals rates resulting from the measurements with the SNF
sample are reported in Table 12 together with the applied dead time
correction and background contributions. The background data in
Table 12 are derived from results of repeated measurements during a
period of 40 days. The uncertainties are the standard deviations of
the repeated measurements. During the same period the stability of

the device was verified by repeated measurements with a 252Cf(sf)
point source. The standard deviation of the decay corrected neutron
intensity derived from the totals and reals rates applying the point
model of Hage and Cifarelli (Hage and Cifarelli, 1985a; Hage and
Cifarelli, 1985b; Cifarelli and Hage, 1986) was 0.12%.

Following the point model developed by Hage and Cifarelli
(Hage and Cifarelli, 1985a; Hage and Cifarelli, 1985b; Cifarelli and
Hage, 1986) and in particular the event tree logic applied in Hage
and Cifarelli (1985b), the totals and reals rate derived from the
measurements with the SNF sample can be expressed as:

T � εsf Ssf ls + rε,α lα α + rε,d ld r],d( ) + rε M pIs ]Is 1( ) + pIα ]Iα 1( )α + pId ]Id 1( ) r],d( )[ ]
(7)

R � ε2sf f Ssf
]sf 2( )
]sf 1( )

l2s + rε 2ls pIs ]Is 1( ) M + r2ε pIs ]Is 1( )( )2 M2[ ]
+ ε2sf f Ssf r

2
εM

2 × pIs]Is 2( ) + pIα]Iα 2( ) α + pId]Id 2( )r],d( )[
+ p ] 2( )
1 − p ] 1( )

pIs]Is 1( ) + pIα]Iα 1( ) α + pId]Id 1( )r],d( )] (8)

with:

- Ssf the production rate of prompt fission neutrons from
spontaneous fission in the SNF sample;

- α the ratio between the production rate of neutrons produced
by (α, n) reactions and the production rate of prompt
spontaneous fission neutrons;

- r],d the ratio between total number of delayed fission neutrons
and prompt spontaneous fission neutrons;

- εsf the detection efficiency for prompt spontaneous
fission neutrons produced by the SNF sample (i.e., for
244Cm(sf));

- rε,α the ratio of the detection efficiency for neutrons
produced by (α, n) reactions and prompt spontaneous
fission neutrons;

- rε,d the ratio of the detection efficiency for delayed fission and
prompt spontaneous fission;

- rε the ratio of the detection efficiency for prompt fission
neutrons from neutron induced and spontaneous fission;

- ls probability that a prompt spontaneous fission neutron
escapes from the sample;

- lα probability that an (α, n) neutron escapes from the sample;
- ld probability that a delayed fission neutron escapes from the
sample;

- pIs the probability that a prompt spontaneous fission neutron
creates an induced fission reaction in the sample;

TABLE 11 Detection efficiency for (sf) and (α,n) neutrons, delayed fission neutrons from244Cm(sf) and prompt fission neutrons due to neutron induced fission in the
SNF sample relative to the detection efficiency for prompt fission neutrons from a 252Cf(sf) point source. The uncertainties due to the simulated number of histories
are smaller than the last significant digit.

Energy distribution Efficiency relative to a 252Cf(sf) point source

252Cf(sf), Watt spectrum (a = 0.462 MeV, b = 1.104 MeV) 1.0246

244Cm(sf), Boykov et al. (Boykov et al., 1997) 1.0261

244Cm(sf), Watt spectrum (a = 0.620 MeV, b = 0.952 MeV) 1.0265

(α,n) spectrum from Rinard et al. (1981) 0.9908

Delayed fission neutrons (ENDF/B-VIII.0) 1.1078
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- pIα the probability that an (α,n) neutron creates an induced
fission reaction in the sample;

- pId the probability that a delayed fission neutron creates an
induced fission reaction in the sample;

- p the probability that a prompt fission neutron created by
induced fission creates an induced fission reaction in the
sample;

- M the leakage multiplication for prompt fission neutrons
created by induced fission or the average number of fission
neutrons that escape from the sample per first generation
prompt fission neutron;

- ]sf(1) and ]sf(2) the first and second order normalised factorial
moments of the neutron multiplicity distribution for prompt
fission neutrons from spontaneous fission;

- ]Is(1) and ]Is(2) the first and second order normalised factorial
moments of the neutron multiplicity distribution for prompt
fission neutrons due to neutron induced fission by prompt
spontaneous fission neutrons;

- ]Iα(1) and ]Iα(2) the first and second order normalised factorial
moments of the neutron multiplicity distribution for prompt
fission neutrons due to neutron induced fission by (α, n)
neutrons;

- ]Id(1) and ]Id(2) the first and second order normalised factorial
moments of the neutron multiplicity distribution for prompt
fission neutrons due to neutron induced fission by delayed
fission neutrons;

- ](1) and ](2) the first and second order normalised factorial
moments of the neutron multiplicity distribution for neutron
induced fission by prompt fission neutrons from induced fission.

The relation between the leakage multiplication M, the leakage
probability l, the probability for neutron induced fission p and the
first order factorial moment is given by:

M � l
1 − pν 1( )

(9)

Equations 7–9 rely on the so-called fast fission concept, which
assumes that a fission cascade is of negligible duration in time and
neutron induced fission by neutrons moderated in the
surrounding material can be neglected. In Eqs 7, 8 a
distinction is made between properties of the different
primary neutron sources and the prompt fission neutrons
from neutron induced fission. However, it is assumed that the
properties for all prompt fission neutrons resulting from neutron
induced fission are independent of the neutron inducing a fission
reaction. Assuming that all neutrons follow a similar energy

distribution, the contribution due to delayed neutrons can be
neglected and neutrons are only absorbed by neutron induced
fission, the expressions in Eqs 7, 8 reduce to those proposed in
(Hage and Cifarelli, 1985b):

T � εsf Ssf M 1 + α[ ] (10)

R � ε2sf f Ssf M
2 ]sf 2( )

]sf 1( )
+ p ] 2( )
1 − p ] 1( )

1 + α( )[ ] (11)

Equations 7, 8 were applied to derive the production rates due to
spontaneous fission and (α,n) reactions in the SNF sample from the
totals and reals rate in Table 12 and the input data specified in Table 13.
The gate fraction and detection efficiencies used for these calculations
were discussed in Section 5.2. Details about the determination of the
other quantities are given in Schillebeeckx et al. (2020). The leakage
multiplication M = 1.006 (2) assumed in the present work is fully
consistent with the one derived in Kim et al. (2004).

TABLE 12 Results of the SNF segment sample neutron measurements at the LHMA of the SCK CEN. The data were obtained for a cooling time of 6,437 days.

Totals Reals

Measured count
rate (1/s)

Dead time
correction

Net count rate
(1/s)

Measured count
rate (1/s)

Dead time
correction

Net count rate
(1/s)

SNF
segment

7465.7 (60) 1.0017 7474.0 (60) 1486.4 (40) 1.0074 1496.3 (40)

Background 4.25 (16) 1.07 (8)

TABLE 13 Input parameter data to derive the neutron production rates from
the totals and reals rates using the relations in Eq. 7 and Eq. 8.
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The final neutron production rate due to spontaneous fission
and the ratio of neutrons produced by (α,n) reactions and by
spontaneous fission are reported in Table 14. The table includes
the results obtained by applying Eqs 10, 11 and those of
Schillebeeckx et al. (2020). The latter were obtained by applying
the point model of Hage and Cifarelli (Hage and Cifarelli, 1985a;
Hage and Cifarelli, 1985b; Cifarelli and Hage, 1986) in an absolute
way without the use of any certified neutron source. For the neutron
emission due to spontaneous fission the maximum difference is
about 0.6%. The impact of the various assumptions that can be made
to go from Eqs 7–11 are discussed in more detail in Schillebeeckx
et al. (2020). This discussion together with the results in Table 14
reveal that the production rate of spontaneous fission neutrons is not
very sensitive to these assumptions. However, the influence on the
neutron production by (α,n) reactions is larger.

The uncertainty of the neutron production rate due to
spontaneous fission is about 2%, which is a reduction by a factor
2 compared to the uncertainty of the 244Cm inventory derived by
radiochemical analysis (Eysermans et al., 2022). The contribution to
the uncertainty of the counting statistics, detection efficiency, gate
fraction, first and second order factorial moments for 244Cm(sf) and
multiplicity are specified in Table 15. This table reveals that the main
contribution is due to the second order factorial moment, detection
efficiency and gate fraction. The impact of the detection efficiency
and gate fraction can be reduced by improving the design of the well
counter, i.e., by increasing the detection efficiency, optimising the
moderator/detector geometry to create a single exponential
behaviour of the Rossi-alpha distribution and optimising the
electronics to reduce the dead time. To reduce the uncertainty of
the factorial moments new dedicated experiments are required.

5.2 Discussion

The production rate by spontaneous fission divided by the
amount of fuel derived from the direct neutron experiments is 678
(12) s-1 g-1. This value is within uncertainties in agreement with the
one derived from the experimentally determined nuclide inventory,
which is 699 (28) s-1 g-1 (Romojaro, 2022). The α-ratio Sα/Ssf = 0.039
(17) is almost a factor 2 larger compared to the one derived from the
nuclide inventory which is Sα/Ssf = 0.020 (1) (Romojaro, 2022). The
latter is in good agreement with the calculated values in Table 4. Given
the uncertainty of more than 40% of the α-ratio derived from the
neutron measurements it is hard to discuss this value.

To compare the theoretical and experimental production rates,
the uncertainty of the experimental value has to be combined with
the uncertainty of the experimental inventory of 148Nd, which is at
present 2%. This results in a combined uncertainty for the
experimental production rate due to spontaneous fission of 4%.

Considering the 4% relative uncertainty of the experimental
neutron production rate due to spontaneous fission, most of the
calculated results agree with the experimentally determined value.
The best agreement is obtained for the results with ENDF/
B-VII.0 and JEFF-3.3 using the 147Nd(n,γ) cross section of
JENDL-4.0u, both combined with the recommended decay and
neutron emission data. The results obtained with JEFF-
3.3 support the reduction of the 147Nd(n,γ) cross section
proposed in Suyama and Mochizuki (2005) and Rochman et al.
(2016). Since the ENDF/B-VII.0 data are obtained with a larger cross
section for the 147Nd(n,γ) reaction, the good agreement with the
experimental data results from a compensating effect due to
differences in, e.g., 242Pu(n,γ) and 243Am(n,γ) cross sections (see
Table 5). The largest deviations are observed for JENDL-4.0u and
JENDL-5.0, which would question the lower cumulative fission yield
for 148Nd adopted in these libraries (see Table 6). Evidently, due to
the above mentioned compensating effects more quantitative
conclusions are hard to be drawn.

7 Summary and outlook

An absolute non-destructive measurement of the neutron
production rate of a SNF sample in standard controlled area
conditions was presented. The sample was a segment taken from
a SNF rod that was irradiated in the Tihange 1 PWR reactor to a
burnup of 50 MWd/kg. The composition and design specifications
of this fuel rod and the irradiation conditions are well documented.
The SNF segment sample used for the neutron measurements was
characterised for its net fuel weight. Additional representative

TABLE 14 Neutron production rate due to spontaneous fission Ssf and α-ratio resulting from different methods to analyse the experimental data in Table 12. The
results are for a cooling time of 6,437 days.

Analysis method Ssf/(1/s) α = Sα/Ssf ρ(Ssf, Sα)

Schillebeeckx et al. (2020), Eq. 7 and Eq. 8 24,505 (375) 0.036 (15) - 0.972

This work, Eq. 7 and Eq. 8 24,358 (460) 0.039 (17) - 0.960

This work, Eq. 10 and Eq. 11 24,463 (490) 0.035 (18) - 0.964

This work, M = 1, l = 1 and p = 0 25,000 (465) 0.019 (16) - 0.960

TABLE 15 Contribution of the counting statistics, the detection efficiency, gate
fraction, first and second order factorial moments for 244Cm(sf) and neutron
multiplication to the uncertainty of the derived neutron production rate due to
spontaneous fission and the α-ratio.

Uncertainty component, xj
uxj
xj

uSsf,j

uSsf

uα,j
uα

Totals rate, T 0.0008 <0.01 0.05

Reals rate, R 0.0027 0.15 0.17

Detection efficiency, εsf 0.0055 0.60 0.35

Gate fraction, f 0.0071 0.40 0.45

First order factorial moment]sf(1) 0.0037 0.20 0.25

Second order factorial moment]sf(1) 0.0120 0.67 0.80

Multiplication, M 0.0020 0.01 <0.01
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samples were characterised by radiochemical analysis for different
types of investigations such as the inventory of fission products used
as BU indicators.

The neutron measurements were performed using a neutron
well counter that was designed for routine nuclear safeguards
applications. They were carried out at the LHMA facility of SCK
CEN (BE) on 15/10/2018, corresponding to a cooling time of
6,437 days. The characteristics of the detection device were
determined at JRC Ispra (IT) by measurements with 252Cf(sf)
point sources that were certified for their neutron production
rate at NPL (UK). The characteristics for measurements with the
SNF sample were derived by combining experimental data with
results of Monte Carlo simulations. Finally, the neutron production
rate due to spontaneous fission Ssf and the α-ratio between neutrons
from (α,n) reactions and spontaneous fission were derived from the
totals and reals rate applying an extension of the point model of
Hage and Cifarelli. This resulted in a specific neutron emission rate
due to spontaneous fission of 678 (12) s-1g-1 and a relative
contribution of (α,n) neutrons of α = 0.039 (18). The neutron
production rate due to spontaneous fission, which primarily
originates from 244Cm(sf), is determined with an uncertainty that
is a factor 2 smaller compared to the uncertainty of the 244Cm
inventory derived from radiochemical analysis. This neutron
emission rate from spontaneous fission is in very good agreement
with the emission rate calculated from the experimentally
determined nuclide inventory. An analysis of the different
uncertainty components reveals that the uncertainties can be
reduced by optimising the design of the detection system and
improving the status of the neutron multiplicity distribution for
244Cm(sf). An optimised detection system opens the possibility to
measure high neutron emitting samples from irradiated MOX fuel
and samples with a low neutron emission rate and relatively high γ-
ray emission rate, such as the segments from the bottom and top part
of the fuel rod.

The results demonstrate that the NDAmethod presented in this
work is a valuable radiometric method to complement
radiochemical analysis techniques for depletion code validation.
It does not require chemical treatments such as dissolution of the
SNF sample including the cladding and further dilution and/or
chemical separation processes. Evidently, this reduces the impact of
systematic effects due sample preparation and the final uncertainty.

A code-to-code comparison was presented including results
derived with different nuclear data libraries. The study reveals
that differences of more than 3% can be expected between the
BU estimated by different codes and libraries. This limitation in the
BU prediction directly affects the performance of depletion codes to
estimate key observables such as the decay power and γ-ray and
neutron emission properties of SNF assemblies. Therefore, a better
understanding of BU estimators, in particular those provided by the
operator and the one derived from depletion codes, is required.

A comparison of results obtained with SCALE and
ALEPH2 demonstrates the need of using traceable nuclear data
to understand their impact. The impact of different nuclear libraries
was studied based on results obtained with Serpent2. The study
included the role of the 147Nd(n,γ) reaction cross section to predict

the nuclide inventory of 148Nd that was used to normalize the data.
In addition, the role of the cumulative fission yields for 137Cs and
148Nd and the cross sections of capture reactions leading to the
creation of 244Cm was discussed.

A comparison between experimental and calculated neutron
production rates supports a reduction of the 147Nd(n,γ) cross section
in JENDL-4.0 and JEFF-4T1. In addition, we recommend to adopt in
the evaluated data libraries the decay data recommended by DDEP
(DDEP, 2023), the average prompt fission neutrons evaluated by
Pauli and Santi (Santi andMiller, 2008) and to review the cumulative
fission yields, including their uncertainties, for some key nuclides
like 137Cs and 148Nd. To improve the use of the neutron production
rate of a spent fuel sample as a BU indicator and to support the
development of passive neutron NDA systems the status of the
242Pu(n,γ) and 243Am(n,γ) reaction cross sections has to be
improved.
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