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A B S T R A C T

CORTEX is a EU H2020 project (2017-2021) devoted to the analysis of ’reactor neutron noise’ in nuclear
reactors, i.e. the small fluctuations occurring around the stationary state due to external or internal disturbances
in the core. One important aspect of CORTEX is the development of neutron noise simulation codes capable of
modeling the spatial variations of the noise distribution in a reactor. In this paper we illustrate the validation
activities concerning the comparison of the simulation results obtained by several noise simulation codes with
respect to experimental data produced at the zero-power reactors AKR-2 (operated at TUD, Germany) and
CROCUS (operated at EPFL, Switzerland). Both research reactors are modeled in the time and frequency
domains, using transport or diffusion theory. Overall, the noise simulators managed to capture the main
features of the neutron noise behavior observed in the experimental campaigns carried out in CROCUS and
AKR-2, even though computational biases exist close to the region where the noise-inducing mechanical
vibration was located (the so-called "noise source"). In some of the experiments, it was possible to observe
the spatial variation of the relative neutron noise, even relatively far from the noise source. This was achieved
through reduced uncertainties using long measurements, the installation of numerous, robust and efficient
detectors at a variety of positions in the near vicinity or inside the core, as well as new post-processing
methods.

For the numerical simulation tools, modeling the spatial variations of the neutron noise behavior in zero-
power research reactors is an extremely challenging problem, because of the small magnitude of the noise
field; and because deviations from a point-kinetics behavior are most visible in portions of the core that are
especially difficult to be precisely represented by simulation codes, such as experimental channels. Nonetheless
the limitations of the simulation tools reported in the paper were not an issue for the CORTEX project, as most
of the computational biases are found close to the noise source.
1. Introduction

The goal of the EU H2020 CORTEX project (2017–2021) (Demazière
et al., 2018) is the development of a core monitoring technique capable
of identifying and characterizing the source of the ’reactor neutron
noise’ in an operating nuclear reactor, i.e. the small fluctuations occur-
ring around the stationary state due to external or internal disturbances
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E-mail address: mathieu.hursin@epfl.ch (M. Hursin).

in the core, based on the available neutron detector time series. Reactor
neutron noise is often related to anomalies, whose monitoring is of ut-
most importance for reactor diagnostics (Pázsit and Demazière, 2010).
Information on neutron noise is usually very sparse, as the number
of available out-of-core neutron counters, in-core power/flux monitors,
thermocouples, and pressure transducers is typically small.
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Fig. 1. CORTEX in a picture.
The methodology developed within CORTEX relies on a number of
steps, as illustrated in Fig. 1. One of the most important steps is the ac-
curate determination of the reactor transfer function, e.g. the response
of the reactor to a given perturbation. With this information in place, it
is possible to use an inversion algorithm based on signal processing and
machine learning techniques (Stulík et al., 2019; Stefanos et al., 2020;
Alexandridis, 2020) to determine the location and type of perturbation
causing the signal patterns detected in the time series recorded in the
detectors.

The capability to predict the spatial variations of the neutron noise
distribution is essential, as the detectors may be located far away from
the perturbation or even outside the core.

For the modeling of the reactor transfer function, various solvers
have been developed during the CORTEX project, based on different
approaches, such as lower- and higher-order deterministic methods
and stochastic methods, working either in the time or frequency do-
main (Vidal-Ferràndiz et al., 2020b, 2022; Vinai et al., 2021b; Zoia
et al., 2021; Mylonakis et al., 2021; Rouchon et al., 2019; Yamamoto,
2018). These solvers need to be verified and validated to demon-
strate they can provide reliable information when training the machine
learning algorithms. Extensive work concerning the verification of
the solvers through code-to-code comparisons and the evaluation of
low-order methods via reference solutions generated with high-order
methods has been done (Vinai et al., 2021a, 2023). The present paper
focuses on the validation phase using experimental campaigns con-
ceived specifically for the project (Lamirand et al., 2020c, 2018, 2020b,
2021) at the AKR-2 reactor of the Technische Universität Dresden
(TUD) and at the CROCUS reactor of École Polytechnique Fédérale de
Lausanne (EPFL).

The paper is structured as follows. In Section 2, the strategy of the
validation work is discussed. In Section 3, the generation of experi-
mental data at AKR-2 and CROCUS is briefly presented. In Section 4, a
brief description of the solvers as well as the associated research reactor
models is provided, and in Section 5 the experimental and calculated
neutron noise are compared. In Section 6, conclusions are provided.

2. Validating noise simulators within CORTEX

In order to produce a training dataset for the machine learning
algorithms within CORTEX, the use of a large amount of earmarked
information is needed, i.e. clean detector time series for which the
perturbation is precisely known. Generally speaking, the use of power
reactor data is not practical, as it is usually not earmarked (the shape
and location of the ‘‘noise source’’, e.g., possible mechanical vibrations,
are not known), it is sparse (not enough detectors) and it is also scarce
(not enough reactor cycles available). To achieve the goal envisioned in
the project (training machine learning algorithms with high degree of
spatial accuracy), the number of detectors typically available in power
reactors is too low. This also the case for zero-power research reactors.

As a result, it was decided early in the project to use models
(neutron noise simulators) to produce synthetic data. In order to make
sure that the codes produce reliable data, a comparison to experimental
2

measurements is carried out using dedicated experimental campaigns
(known noise source, large number of detectors and measurements)
conceived and carried out for the purposes of the project.

A meaningful comparison between simulations and measurements
requires various ingredients. First, quantities of interest (QoI) need to
be defined, which are pertinent to the envisioned application of the
models. For the CORTEX project, the target application is the training
of the machine learning algorithms. Second, estimates of these QoI need
to be produced from the codes output and post-processed from the
measured quantities. Third, both modeled and measured QoI need to be
complemented by uncertainty estimates so that the deviations between
the QoI can be put in perspective. The present section focuses on the
definition of the QoI.

2.1. Quantities of interest

For core monitoring purpose, the spatial distribution of the ampli-
tude of fluctuations in the neutron detector signals is extremely useful.
Those fluctuations are called ‘‘neutron noise’’. The amplitude of the
neutron noise at a detector location is the relevant quantity of interest
and should be the desired QoI for the validation exercise in CORTEX.
It should be noted that the phase of the neutron noise could also
provide very relevant information especially for power reactors, see for
example Adorjan et al. (2000).

Even if the absolute and relative (to the mean of the signal) am-
plitude of the fluctuations are of interest, the relative fluctuations are
chosen in this work as they are easier to measure since the knowledge of
the detector efficiency is not required. Moreover, from a representation
point of view, relative fluctuations allow magnifying the deviations of
the spatial distribution of the noise from the fundamental mode, as
shown in Section 2.1.3.

In CORTEX, the experimental data of neutron noise to be used in
the validation of the simulators is produced using zero-power research
reactors, where neutron population fluctuations are induced through
two main types of neutron noise sources (Lamirand et al., 2020a). The
first type (used in AKR-2) is an absorber of variable strength, obtained
from the rotation of a piece of Cadmium whose absorption reaction
rate varies with respect to the rotation angle (Hübner et al., 2020).
The second type (used on both AKR-2 and CROCUS) is a mechanical
vibration. In AKR-2, the mechanical vibration consists in a neutron
absorber that moves linearly back and forth in an experimental channel
located in the vicinity of the reactor core. In CROCUS, the mechanical
vibration is induced by moving fuel rods (COLIBRI program) (Lamirand
et al., 2020a).

On the modeling side, there are two main approaches to determine
the noise amplitude at a given location, based on a given noise source.
In the first approach, the codes make use of the formulation of the
linearized neutron noise equation in the frequency domain and thus
determine the neutron noise as a complex quantity, for each discrete
harmonic of the noise source spectrum (the forcing function as seen
by the reactor core). The noise sources specific to a given perturba-

tion pattern in the core (each with different frequency spectra) are
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combined using the linearity assumption. In the second approach, the
code calculates the evolution of the spatial distribution of the flux as
a function of time by solving the time-dependent neutron transport
equation (or its diffusion approximation) coupled to the evolution of
the delayed neutron precursors, for a given perturbation pattern. Both
approaches have been developed in the neutron noise solvers conceived
during the CORTEX project.

The appropriateness of the diffusion approximation when solving
the transport equation have been investigated in the CORTEX project
(see for example Vinai et al., 2023). The main conclusions of these
investigations is that diffusion is a reasonable approximation far from
the noise source, similarly to the case of regular static reactor physics
calculations.

The phrasing ‘linearity assumption’ refers here to the standard
‘orthodox linearization’ that is assumed by all numerical solvers for the
noise equations working in the frequency domain, in order to make
the equations more tractable. This assumptions consist in dropping
from the Fourier-transformed noise equations all the terms containing
products of perturbed quantities. The validity and limitations of this
approach have been recently discussed in Zoia et al. (2021). On the
contrary, numerical solvers working in the time domain do not need
this assumption (Vidal-Ferràndiz et al., 2020a). Harmonics emerge for
both the noise equations in the frequency domain, and for the Fourier
transform of the noise equations in the time domain: because of the
‘orthodox linearization’, though, differences in the spectral content of
two approaches might differ. Previous analyses have shown that such
differences typically concern higher harmonics, whereas the first noise
harmonic is very similar for both kinds of numerical solvers (Zoia et al.,
2021).

On the experimental side, the noise detectors used to monitor the
neutron fluctuations during the measurement campaigns produce time
series that must be then post-processed in order to generate information
in the frequency domain. For the purpose of this work, time and
frequency domain results are compared in terms of neutron noise
amplitude and phase at the detector locations. The consistency of time
and frequency domain analysis is investigated in Section 2.1.1.

The frequency content of the noise sources involved in this work
is not monochromatic, as shown in Lamirand et al. (2020a), since
several components appear at frequencies multiple of the excitation
frequency 𝜔0. Nonetheless, in this work we have decided to investigate
he first noise harmonic corresponding to 𝜔0, which in the experimental
onfigurations examined here represents the dominant contribution to
he noise spectrum in the frequency domain. Higher harmonics of this
xcitation frequency were considered in the project (Zoia et al., 2021;
mbrozic, 2021).

Another subtlety with the determination of the QoI concerns the
ype of quantity provided by the codes and the measurements. The mea-
urement data naturally include the effects of the detector themselves;
n the simulation side, on the other hand, some of the noise solvers are
apable of taking into account the presence of the detectors on neutron
ransport, whereas other solvers can only compute the flux fluctuations
n coarse regions of the geometry without explicitly modeling the
etector. This is certainly a source of bias for the validation exercise.
ts magnitude is investigated in Section 5.

.1.1. Determination of the relative noise characteristics
For the noise solvers working in the frequency domain, the output

f the codes is the noise field 𝛿𝜙𝑖(𝜔) over a detector region of index
(a cell of a spatial mesh, or a volume for a Monte Carlo code),
ossibly decomposed into several energy groups. In most cases met in
pplications, 𝛿𝜙𝑖(𝜔) is actually a sum over discrete Fourier harmonics,
ach corresponding to a frequency that is a multiple of the forcing
requency 𝜔0: this is typically the case of mechanical vibrations (Zoia
t al., 2021; Ambrozic, 2021). The relative noise is obtained as follows:

𝜙𝑟𝑒𝑙,𝑖(𝜔) =
𝛿𝜙𝑖(𝜔) (1)
3

𝜙0(𝑟𝑖)
where 𝜙0(𝑟𝑖) is the static value of the response considered (flux, reaction
ate), at the location of interest 𝑟𝑖. 𝛿𝜙𝑖 represents the signal fluctuations
round its mean. The QoI is thus obtained directly.

For codes working in the time domain, as well as for experiments,
he determination of the relative noise from time series is sketched
elow to provide a general idea of the approach. We refer the reader
o Ambrožič et al. (2023) for a thorough description of the processing of
xperimental time series; for the noise simulators in the time domain,
ee Vidal-Ferràndiz et al. (2020a), Brighenti et al. (2022).

The detector response to the neutron noise source is proportional
o the reactor power at that time. It is therefore desirable to eliminate
he power drift by subtracting the mean from the temporal fluctuations.
hen, to obtain a relative quantity, the resulting time series is divided
y its mean. The processed time series for a detector i is finally given
y:

𝑁,𝑖(𝑡) =
𝑆𝑖(𝑡) − 𝑆̄𝑖

𝑆̄𝑖
, (2)

where 𝑆𝑖(𝑡) is the original detector signal, 𝑆𝑁,𝑖(𝑡) the normalized signal,
and 𝑆̄𝑖 the mean detector signal. In this work 𝑆̄𝑖 was determined as the
moving average over a number of oscillation cycles, 10 by default, but
could be provided by the user of the code used for the analysis. The
effect that this procedure has on the frequency response of the signal
is provided in details in Ambrožič et al. (2023). Since our quantities
of interests are ratios (see Section 2.1.2) taken in the same frequency
range, the response of numerator and denominator is affected by the
same factor, which in turn minimizes the possible effects on the ratio.

Next, a Fourier analysis of the normalized signal is carried out to
characterize the amplitude and phase of the noise:

𝛿𝜙𝑟𝑒𝑙,𝑖(𝜔) = 𝐹𝐹𝑇 [𝑆𝑁,𝑖(𝑡)], (3)

where FFT stands for Fast Fourier Transform (Heideman et al., 1984).
In general, the FFT-transformed signal in the frequency domain will
contain a superposition of harmonics, each corresponding to multiples
of the forcing frequency 𝜔0. The precise shape of the harmonics and
their relative amplitude depend on several factors, encompassing the
kind of noise source (mechanical vibrations, oscillations, etc.), and
the possible symmetries of the detectors (Zoia et al., 2021; Ambrozic,
2021). In the analysis carried out in this work, we will focus exclusively
on the noise harmonic at 𝜔 = 𝜔0: investigations have shown that it is
legitimate to neglect higher harmonics.

It is not obvious that the right hand side of Eqs. (1) and (3) represent
the same quantity. Starting from the raw signal 𝑆𝑖(𝑡) of detector i, one
can express it as a function of the neutron flux at the detector location
through the detection efficiency 𝜖𝑖:

𝑆𝑁,𝑖(𝑡) = 𝜖𝑖𝜙(𝑟𝑖, 𝑡). (4)

It is assumed that the detector efficiency does not depend on time nor
space, which is a reasonable assumption far from the noise source (the
spectrum does not change over time at the detector location).

The mean detector signal can be defined as:

𝑆̄𝑖 = 𝜖𝑖𝜙0(𝑟𝑖). (5)

By subtracting its mean from the detector signal, one can express
the signal fluctuations with respect to its zero-mean (using standard
notations of Pázsit and Demazière, 2010):

𝑆𝑁,𝑖(𝑡) − 𝑆̄𝑖 = 𝜖𝑖
(

𝜙(𝑟𝑖, 𝑡) − 𝜙0(𝑟𝑖)
)

= 𝜖𝑖𝛿𝜙(𝑟𝑖, 𝑡). (6)

By further dividing by the mean detector signal, one obtains:

𝑆𝑁,𝑖(𝑡) − 𝑆̄𝑖
𝑆̄𝑖

=
𝜖𝑖𝛿𝜙(𝑟𝑖, 𝑡)
𝜖𝑖𝜙0(𝑟𝑖)

=
𝛿𝜙(𝑟𝑖, 𝑡)
𝜙0(𝑟𝑖)

. (7)

Taking the FFT of Eq. (7) leads to a quantity that is comparable to the
relative noise as computed by the noise simulators in the frequency
domain (see Eq. (1)). The results of the FFT stemming from the time-
signal might still differ from the Fourier-domain formulation of the
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noise equations, because of discretization errors in the time series from
experimental measurements: if the series is not ‘‘fine’’ enough, or ‘‘long’’
enough, spurious effects might appear, inducing discrepancies between
the two approaches.

2.1.2. Determination of convenient metrics
The quantity 𝛿𝜙𝑟𝑒𝑙,𝑖 in Eqs. (1) and (3) is not directly useful as

QoI for the validation exercise, since it is a complex quantity whose
physical interpretation is not obvious. However, the associated power
spectral density (see Eq. (8)) is a measure of the noise power at a given
frequency. Therefore, the analysis presented in this work will rely on a
comparison of the power spectral densities

𝑃𝑆𝐷𝑖,𝑖(𝜔) = (𝛿𝜙𝑟𝑒𝑙,𝑖(𝜔))(𝛿𝜙𝑟𝑒𝑙,𝑖(𝜔))†, (8)

where 𝛿𝜙𝑟𝑒𝑙,𝑖 is the relative noise, i identifies a detector location, and
the symbol † is for the complex conjugate value. This quantity defines
the Auto Power Spectral Density (APSD). Instead of considering only
a single detector, it is possible to correlate the noise characteristics of
two detectors i and j to obtain the Cross Power Spectral Density (CPSD):

𝐶𝑃𝑆𝐷𝑖,𝑗 (𝜔) = (𝛿𝜙𝑟𝑒𝑙,𝑖(𝜔))(𝛿𝜙𝑟𝑒𝑙,𝑗 (𝜔))†. (9)

CPSD is a better metric than APSD as it allows filtering some of the elec-
tronic noise of each detector, which is a source of bias in experiments. It
should be noted, however, that both APSD and CPSD might suffer from
boxcar window effects, which will result in deviations between simula-
tions and measurements. These biases are not considered in this work.

Finally, the CPSD amplitudes generated by the post-processing tools
cannot be compared directly, since a normalization constant is in-
volved: for this reason, we have chosen to take the ratios of CPSDs am-
plitudes as the QoI for the validation exercise. Such ratio is expressed
as:

𝑄𝑜𝐼𝑗 (𝜔) =
|

|

|

𝐶𝑃𝑆𝐷𝑖,𝑗 (𝜔)
|

|

|

|

|

|

𝐶𝑃𝑆𝐷𝑖,𝑟𝑒𝑓 (𝜔)
|

|

|

=

√

√

√

√

√

|

|

|

𝐴𝑃𝑆𝐷𝑗 (𝜔)
|

|

|

|

|

|

𝐴𝑃𝑆𝐷𝑟𝑒𝑓 (𝜔)
|

|

|

. (10)

The indices i and j represent two distinct detector locations. The
reference detector (denoted by the subscript ‘ref ’) is a third detector
location, chosen as far as possible from the noise source, to reduce both
the magnitude of spatial variation of the relative neutron noise (see
Section 2.1.3 for details) and possible spectral effects mentioned for
detectors located near the noise source. The quantity on the right hand
side of the second equal sign of Eq. (10) is used nn the computational
side.

From an experimental point of view, the right hand side of the
second equality sign in Eq. (11) is used. Instead of choosing i in an
arbitrary manner, a weighted sum is computed, where the weight of a
given detector i is based on its CPSD ratio uncertainty. Each detector
location i can be used to compute 𝑄𝑜𝐼𝑗 (𝜔). It is desirable to determine
a CPSD ratio based on a mean of multiple estimates as it allows
reducing significantly the uncertainties. With respect to the CPSD ratio
uncertainty, it relies on a bootstrapping approach with the standardized
time series. The sections of the signal used for boostrapping are trun-
cated based on the recorded movement of the noise source (usually a
finite number of cycles). The full CPSD ratio probability distribution
is obtained from the bootstrapping process which allows determining
its maximum likelihood as well as the confidence intervals instead of
relying on a Gaussian approximation (see Ambrožič et al., 2023 for the
full details).

𝑄𝑜𝐼𝑗 (𝜔) =

√

√

√

√

√

|

|

|

𝐴𝑃𝑆𝐷𝑗 (𝜔)
|

|

|

|

|

|

𝐴𝑃𝑆𝐷𝑟𝑒𝑓 (𝜔)
|

|

|

≈
∑

𝑖
𝑎𝑖

|

|

|

𝐶𝑃𝑆𝐷𝑖,𝑗 (𝜔)
|

|

|

|

|

|

𝐶𝑃𝑆𝐷𝑖,𝑟𝑒𝑓 (𝜔)
|

|

|

, (11)

where 𝑎𝑖 is the weight associated with the detector i. It is inversely
proportional to the experimental uncertainty. The quantity after the
4

first equal sign represents the QoI from a computational perspective,
while the quantity after the second equal sign represents the QoI from
an experimental point of view.

Besides the amplitude at a given frequency, the phase between the
detectors i and ref was also considered, as it is a relevant metric for core
monitoring purposes (Adorjan et al., 2000). Given that only one type of
noise source is involved in each experiment and given the small size of
the research reactors involved, no large phase differences are expected
in the observed neutron noise signals; therefore the paper will focus
mainly on the amplitude as QoI, while succinctly discussing the phase
results.

Nonetheless, for the sake of completeness, a short presentation of
how the phase is computed is provided in the following. For the exper-
imental determination of the phase, see e.g. Lamirand et al. (2023b,a).
The phase 𝜑 is defined as

𝜑𝑗 (𝜔) = 𝑎𝑟𝑔(𝛿𝜙𝑟𝑒𝑙,𝑗 (𝜔)) − 𝑎𝑟𝑔(𝛿𝜙𝑟𝑒𝑙,𝑟𝑒𝑓 (𝜔)). (12)

2.1.3. Spatial variations of the noise characteristics
Using the standard notations of Pázsit (1977), the absolute noise at

a given position r and at a time t is given by :

𝛿𝜙(𝑟, 𝑡) = 𝜙0(𝑟)𝛿𝑃 (𝑡) + 𝛿𝜓(𝑟, 𝑡). (13)

The first term on the right hand side represents the point reactor
term driven by the reactivity worth of the perturbation. Its spatial
dependence is determined by the spatial variation of the fundamental
flux distribution 𝜙0. The spatial dependence of the second term is
determined by the non-uniform character of the perturbation. In the
CORTEX project, the latter term will be used in power reactors for
inferring the position of the perturbation.

Expressed in relative terms, the previous equation becomes:
𝛿𝜙(𝑟, 𝑡)
𝜙0(𝑟)

= 𝛿𝑃 (𝑡) +
𝛿𝜓(𝑟, 𝑡)
𝜙0(𝑟)

. (14)

An important aspect for the visualization of the results (and the defi-
nition of the QoI) is apparent from Eq. (14): while the point-kinetics
component of the absolute noise follows the fundamental mode 𝜙0, it
does not depend on r when considering the relative noise distribution.
As a result, any spatial variation shown in the relative noise distribution
can be attributed to the ratio between the space dependent compo-
nent of the noise and the static flux, and thus to the existence of a
space-dependent component in the relative noise.

The difference between absolute and relative noise distributions
for the thermal flux is illustrated in Fig. 2 for the case of AKR-2
reactor. More information about the AKR-2 and the specific experiment
illustrated in Fig. 2 will be provided in Section 3. The noise distribution
shown in Fig. 2 corresponds to mechanical vibrations in the periphery
of the core (depicted by the black circle).

While the spatial distribution of the absolute neutron noise is similar
to the fundamental mode (it has a peak in the core center; the experi-
mental channels are also visible), the relative distribution has a peak at
the location of the noise source, and a spatial dependence is observed.
As one might expect, away from the noise source the magnitude of the
variations is small.

The distribution of the QoI for the thermal flux computed with
CORE SIM+ is shown in Fig. 3. The location of the detectors is shown
in white, the reference detector in red. Variations of the QoI in the 10%
range are expected at detector locations.

Reverting to the expression of the QoI in Eq. (11), one can notice
that the ratio will be 1.0 at any point of the reactor if the reactor
behaves in a point-like manner, e.g. the space-dependent component
of the relative noise is negligible.

As a consequence, deviations of the QoI from 1.0 are observed only
if a spatial component of the noise exists (in the sense of Eq. (13)).
However, we have no information about the magnitude of the spatial
component. Transferring the expression for the relative noise at any
detector location in the frequency domain, computing the APSD (the
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Fig. 2. Absolute (left) vs. Relative (right) thermal noise distribution in AKR-2 8 cm below the core center; triggered by mechanical vibrations, modeled with one of the solver
involved in this work (CORE SIM+, see Section 4 for details). The black circle represents the core boundaries.
Fig. 3. Spatial variation of the QoI in AKR-2 triggered by mechanical vibrations, modeled with CORE SIM+. The black circle represents the core boundaries. The red dot represents
the location of the reference detector.
arguments are dropped for conciseness), and finally using the relation-
ship between point kinetics and spatial components of the noise leads
to

𝐴𝑃𝑆𝐷 = |𝛿𝑃 |2 +
|𝛿𝜓|2

𝜙2
0

+ 1
𝜙0

(𝛿𝑃 †𝛿𝜓 + 𝛿𝑃 𝛿𝜓†), (15)

where 𝜙0 is the fundamental mode response, 𝛿𝑃 is the point kinetic
component of the noise and 𝛿𝜓 is the spatial component of the noise.
Assuming that the reference detector is properly chosen, the spatial
component of the noise will be negligible and the QoI becomes:

𝑄𝑜𝐼 =

√

√

√

√1 +
|𝛿𝜓|2

|𝛿𝑃 |2𝜙2
0

+ 2
𝜙0

ℜ
(

𝛿𝜓
𝛿𝑃

)

. (16)

where ℜ is the real part of a complex quantity. From this expression, it
appears that the deviation of the QoI from 1.0 is a non-trivial function
of the spatial component of the relative noise. The QoI is equal to 1.0
if the spatial component of the relative noise is zero, or if the condition
|𝛿𝜓|2

|𝛿𝑃 |2
= −2𝜙0ℜ

(

𝛿𝜓
𝛿𝑃

)

is satisfied.
As 𝛿𝜓 is a function of space and 𝛿𝑃 is not, this condition cannot

be satisfied everywhere in the problem. As a result, the deviations
from 1.0 observed in Fig. 3 demonstrate the existence of a non-zero
spatial component. However, the data shown in this figure does not
provide direct quantitative information about the magnitude of the
spatial component with respect to the point kinetics one as the RHS
of Eq. (16) does not show a simple dependence on 𝛿𝜓 .

One of the main objectives of the validation exercise is to demon-
strate that the noise simulators can predict the spatial component of
the relative noise. An agreement of the QoI obtained from simulations
and measurements will fulfill this goal, even if the magnitude of the
5

spatial component is not precisely determined; given the magnitude
of the deviations shown in Fig. 3, the uncertainty associated with the
measurements of the QoI needs to be small.

3. Generation of experimental data at the research reactors

In this section, the experiments carried out within the CORTEX
project for the purpose of the validation exercise are summarized. More
details about the experimental campaigns at the research reactors can
be found in the project deliverables (Lamirand et al., 2021, 2018,
2020b) and especially in their overview in Lamirand et al. (2023b,a).

In the CORTEX project, two types of noise sources have been
examined in the research reactors:

• Absorber of Variable Strength (AVS), i.e. an absorber at a given
location but with a time-dependent reactivity worth (AKR-2).

• Mechanical vibrations (MV), e.g. a component of the core with
time-dependent location – achieved here using linearly mov-
ing absorbers (AKR-2 and CROCUS), and a fuel rods oscillator
(COLIBRI device Lamirand et al., 2020a).

3.1. Experiments at AKR-2

Throughout the three campaigns carried out during the project,
the experimental setup in AKR-2 was improved by the use of a high-
precision perturbation linear motor axis (Hübner, 2018), as well as by
an increase in the number of detection channels (and their reliability).
This latter point was achieve through the development of an FPGA-
based acquisition system. Moreover the positioning of detectors with
respect to the core and perturbations evolved to allow measurements
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Fig. 4. Detectors setup during the second (left) and third (right) experimental campaigns at AKR-2.
Table 1
Selected experiments done at AKR-2 for comparisons between experiments and simulations.

Type Excitation frequency (Hz) Location w.r.t. core center (cm) Amplitude (cm) Repetitions Identifier/Campaign number

AVS 2 23.4 – 6 Exp. #21 (Lamirand et al., 2020b)/2nd
MV 2 5.5 3 4 Exp. #20 (Lamirand et al., 2020b)/2nd
closer to the core thanks to a new detection technology based on
miniature scintillators developed by EPFL (see Vincent et al., 2021;
Vitullo et al., 2020 for more details). Finally the development of a
robust and consistent post-processing methodology allowed for a more
reliable estimation of experimental uncertainties in the quantities of
interest (Ambrožič et al., 2023).

In the first experimental campaign at AKR-2, the data acquisition
systems (DAQs) available at TUD and EPFL were successfully compared
with the industry-grade ISTec Sigma system (Rais et al., 2019).

The validation exercise for AKR-2 focused on a subset of the mea-
surements from the second and third campaigns of AKR-2. An overview
of the corresponding detector setups is displayed in Fig. 4. Various types
of detectors were used, aimed at performing measurements as close as
possible to the core. During the third campaign, one miniature fission
chamber was placed in the center of channel 3–4 (detector position #8
in Fig. 4).

The first experiment considered used the AVS as perturbation at a
rotation frequency of 2 Hz. The second experiment is an off-center MV
perturbation with an amplitude of ±3 cm and an oscillation frequency
of 2 Hz. Both configurations were repeated 6 times for the AVS and 4
times for the MV during the two experimental campaigns. The relevant
parameters for each measurement are summarized in Table 1. In gen-
eral, detector #1 is chosen as reference detector due to its location far
away from the core; and because it is not located in the same channel
as the perturbation device.

The choice of the frequency was driven by practical aspects, e.g. to
have a reasonable acquisition lengths and low experimental uncer-
tainty. With respect to the MV experiment, an off-center location was
chosen to allow for easier convergence of the Monte Carlo simulation
(which is notably problematic for this sort of problem (Vinai et al.,
2023)). This will however have a detrimental effect, as it will magnify
the point-kinetics component of the neutron noise. The large amplitude
of the movement is chosen so to improve the signal-to-noise ratio and
reduce the experimental uncertainties as much as possible.

In general, small deviations from 1.0 of the QoI are recorded,
e.g. less than 20%. One noticeable exception is the detector #3 during
MV experiments: as the detector is facing directly the noise source,
large deviations (QoI > 5) are observed. With respect to the phase,
larger than expected deviations from zero have been reported during
the second experimental campaign. These deviations are due to a
synchronization issue of the different DAQs involved, the issue was
resolved during the third campaign.
6

The uncertainty estimates associated with AVS and MV measure-
ments were approximately between 5% and 25% during the second
campaign; and were further reduced between 3% and 18% during the
third one. The magnitude of the experimental uncertainty is tightly
related to the detector efficiency and the type of noise source involved.
The uncertainty estimates have been confirmed through repetition
of the same measurements. This is illustrated in Fig. 5: the spread
of the experimental results through their repetition fits within the
‘propagated’ experimental uncertainties. This gives confidence that the
experimental uncertainties are reliable.

3.2. Experiments at CROCUS

In the framework of the CORTEX project, the COLIBRI device (Lami-
rand et al., 2020a) is used to act as a noise source in the CROCUS
zero-power research reactor of EPFL by oscillating fuel rods. COLIBRI is
located at the West edge of the reactor and can simultaneously displace
up to 18 fuel rods. The amplitude of the oscillation can be selected
between the values of ±0.5 mm and ±2.5 mm; and the oscillation
frequency up to 2 Hz for selected amplitudes.

An overview of the detectors setup during the three experimental
campaigns at CROCUS is displayed in Fig. 6. They are located mostly
at the core periphery, with a few of them located in-core (red disk),
especially during the second and third campaigns.

The validation exercise for CROCUS is focused on a subset of the
measurements listed in Table 2. Detectors #5 and #12 are the reference
detectors during the first and second campaign, respectively, as they are
at distance and are thus assumed to experience global behavior only.
See Lamirand et al. (2018, 2020b, 2021) for the exact numbering of the
detectors in each experimental campaign. The choice of the frequency
was driven by practical aspects, e.g. to have reasonable acquisition
lengths and low experimental uncertainty, while allowing for the effect
of water level fluctuations due to the fuel rod movements to be limited
and taken into account. Indeed, these fluctuations are negligible at
0.1 Hz, and range about 0.2 mm at 1 Hz (i.e., about 0.8 pcm).

4. Modeling the research reactors

Different neutron noise solvers have been used to simulate the
AKR-2 and CROCUS experiments, i.e.
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Fig. 5. Repetitions of the same AVS experiment during the second and third campaign at AKR-2. The detectors ID correspond to the third campaign. Det #4 is used as reference
detector (it has the same location than Det #1 during the second campaign). The error bars represent a 1𝜎 uncertainty.
Fig. 6. Detectors setup during the three experimental campaign at CROCUS. The dark green circles represent the oscillating fuel rods.
Table 2
Selected experiments done at CROCUS for comparisons between experiments and simulations.

Power (W) Excitation frequency (Hz) Selected amplitude (mm) Identifier/Campaign number

1 0.1 2 Exp. #12 (Lamirand et al., 2018)/1rst
1 0.1 1.5 Exp. #7 (Lamirand et al., 2020b)/2nd
1 1 1.5 Exp. #8 (Lamirand et al., 2020b)/2nd
• The Monte Carlo code TRIPOLI-4® developed at CEA. The spa-
tial distribution of the noise is determined based on a Monte
Carlo solution of the continuous-energy transport equation in the
frequency domain (Rouchon et al., 2017, 2019). The noise equa-
tions are solved by transporting particles carrying two statistical
weights, one for the real part and one for the imaginary part
of the noise field. Particle flights are sampled from an exponen-
tial distribution, as for the regular Boltzmann equation, whereas
the collision events are modified by the presence of complex
operators in the noise equations, i.e., an additional imaginary
absorption cross section and a complex delayed neutron yield.
Such terms are dealt with by correspondingly modifying the
probabilities of collision events and the correction factors applied
to the statistical weights. For on overview of the algorithms,
see Rouchon et al. (2017, 2019).

• The transport-based noise solver of APOLLO3® developed at CEA
based on Improved Point-Kinetics (IPK). The spatial distribution
7

of the noise is determined using a 2D multi-group transport
model in the time domain. Differently from the traditional point-
kinetics approach, the angular flux is factorized into a shape
𝑆(𝑟, 𝐸,𝛺, 𝑡) and power 𝑃 (𝐸, 𝑡) functions that preserve their energy
dependence. More details on the IPK model formulation can be
found in Brighenti et al. (2022).

• The diffusion-based solver CORE SIM+ (Mylonakis et al., 2021)
and the transport-based solver NOISE-SN (Yi et al., 2021) de-
veloped by Chalmers University of Technology. The spatial dis-
tribution of the noise is determined via a solution of the two-
energy group formulation in the frequency domain. The calcu-
lation of the spatial distribution of the neutron noise consists of
two steps. In the first step, the fundamental eigenmode of the
steady state problem is obtained. Then, in the second step, the
neutron noise equations are solved in the frequency domain, using
the static neutron flux and the multiplication factor previously
evaluated and assuming no deviation of the perturbed system
from criticality.
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Fig. 7. CORE SIM+ model of the AKR-2 reactor.
Table 3
Summary of the noise models for the validation exercise.

Code Models Sol. to Bolz. Eq. Sol. to Noise Eq. Response Detector model

TRIPOLI-4 CROCUS Monte Carlo Freq. Reac. Rate Yes
MCNP AKR-2 Monte Carlo Freq. Reac. Rate Yes
CORE SIM+ AKR-2, CROCUS Diffusion Freq. Th. 𝜙 No
APOLLO3 CROCUS Det. Transport Time Dep. Reac. Rate No
PARCS CROCUS Diffusion Time Dep. Th. 𝜙 No
FEMFFUSION CROCUS Diffusion Time Dep. Th. 𝜙 No
NOISE-SN CROCUS Det. Transport Freq. Th. 𝜙 No
• The Monte Carlo solver developed by Kyoto University. The spa-
tial distribution of the noise is determined based on a Monte
Carlo solution of the continuous-energy transport equation in the
frequency domain. The algorithm is similar to the one of TRIPOLI-
4, but modifications are introduced to the particle flights instead
of at collision events. Special functions for frequency domain cal-
culation using complex-valued weights have been implemented
into MCNP version 4 (Yamamoto, 2013, 2018).

• The diffusion-based solver FEMFFUSION (Vidal-Ferràndiz et al.,
2020a) developed by Universitat Politècnica de València. The
spatial distribution of the noise is determined based on a solu-
tion of the two-energy group diffusion equation in the time do-
main. This code also has implemented the SPN model. The noise
sources (generic absorbers of variable strength and vibrating fuel
assemblies) are modeled as time-dependent cross-sections.

• The diffusion-based code PARCS (Downar et al., 2002) was modi-
fied for noise analysis by Universitat Politècnica de València. The
spatial distribution of the noise is determined based on a solution
of the two-energy group diffusion model in the time domain.
PARCS is a nuclear core simulator that solves the time-dependent
two-group neutron diffusion equation in three-dimensional Carte-
sian geometry using nodal methods. For the modeling of vibrating
fuel assemblies, an external module was developed to allow the
use of customized time-dependent cross sections. The method-
ology used for these simulations is described in Vidal-Ferràndiz
et al. (2020a).

A summary of the codes involved in the validation exercise for each
reactor as well as the main features of the associated models is shown
in Table 3. For each reactor, at least one deterministic and one Monte
Carlo code are available. As a result, the effect on the bias of modeling
the detector as well as the type of response considered can also be
analyzed.

The computational uncertainty quantification is another key aspect
of the validation exercise. For the needs of the CORTEX project, such
analysis has been carried out only with CORE SIM+ for both AKR-
2 and CROCUS. The computational uncertainties associated with the
QoI are obtained using the GRS (Gesellschaft für Anlagen und Reaktor-
sicherheit) method (Kloos and Hofer, 1999). It consists in performing
multiple calculations in which the code input and modeling parameters
are varied according to their uncertainties. The number of calculations
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and thus the output sample size define the confidence level in the
uncertainty estimates, as given by Wilks’ formula (Wilks, 1991). In this
work, the first and the fourth order Wilks’ formulas for two-sided limits
are selected, for the analysis of AKR-2 and CROCUS, respectively. These
formulas require 93 and 260 samples of code runs each, to determine
tolerance intervals with 95% confidence for the computational uncer-
tainty due to the input parameters. The considered input parameters
were nuclear data, technological parameters (fuel enrichment, pellet
radius, etc.) as well as noise source parameters (amplitude, frequency,
location). More details about the uncertainty and sensitivity analysis
can be found in Yum et al. (2022).

4.1. Modeling the AKR-2 experiments

The three experimental campaigns at the AKR-2 reactors have been
modeled with CORE SIM+ and MCNP. The respective reactor models
are briefly described below.

4.1.1. CORE SIM+ model
The reactor is modeled as a collection of homogeneous regions,

as illustrated in Fig. 7. The set of two-group homogenized nuclear
constants for each region are generated with the Monte Carlo code
Serpent (Leppänen et al., 2014).

Experiments involving both types of noise sources, namely the
vibrating absorber and the rotating absorber, are modeled. The mesh
is refined close to the location of the noise sources. No detectors are
modeled in CORE SIM+, so the noise parameters are determined based
on the thermal (up to 0.625 eV) neutron noise at the mesh location of
the center of the active detector region.

Both noise sources are modeled exactly with a time-dependent
expression of the thermal absorption macroscopic cross section fluctua-
tions. The source description in the frequency domain is obtained by a
Fourier transform of the time-dependent cross sections, keeping only
the contribution of the excitation frequency 𝜔0 to define the source
in the CORE SIM+ simulation. Due to the large size of the AKR-2
reactor compared to the size of the active core, numerical convergence
is extremely challenging. The convergence properties of the model have
been improved by using a multigrid preconditioner which is an exten-
sion of two-grid preconditioner described in Mylonakis et al. (2019).
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Fig. 8. MCNP model of the AKR-2 reactor.
Fig. 9. CORE SIM+ model of the CROCUS reactor.
4.1.2. MCNP model
The MCNP models of the experiments at AKR-2 have been built

specifically for the CORTEX project. An illustration of the MCNP models
is shown in Fig. 8. The detectors are modeled explicitly, but their
sizes and locations were adjusted (larger volume, position closer to the
core) in order to improve the statistics of the noise particles during the
Monte Carlo calculations and reduce the computing time. Typically, the
number of histories (i.e., the number of complex-valued noise source
particles) was 60,000,000 per experiment. Continuous-energy cross
sections from the JENDL-4.0 nuclear data library were used.

The neutron noise source models used for MCNP are similar to the
models developed for CORE SIM+, e.g. the total and scattering cross
section fluctuations are represented in the time domain and transferred
in the frequency domain through Fourier transform. Reaction rates of
the complex-valued weights with the detector materials were calculated
at each detector position.

4.2. Modeling the CROCUS experiments

The three experimental campaigns at the CROCUS reactor have
been modeled with CORE SIM+, NOISE-SN, TRIPOLI-4, APOLLO3,
FEMFFUSION and PARCS. The respective reactor models are briefly
described below.

4.2.1. CORE SIM+ and NOISE-SN models
The CORE SIM+ 3D model of the CROCUS reactor core is illustrated

in Fig. 9. It consists of three homogenized regions, i.e., the inner
9

fuel region, the outer fuel region, and the water reflector. The two-
group homogenized macroscopic neutron cross sections are generated
using Serpent. This modeling approach was demonstrated to be faithful
enough, at least for the calculation of the static neutron flux (Rais et al.,
2017).

The modeling of the COLIBRI experiment is carried out using the
𝜖∕𝑑 method (Pázsit and Karlsson, 1997): the noise source is described
by two Dirac-like perturbations localized at the boundaries of the
region enclosing the moving fuel rods. The accuracy of the 𝜖∕𝑑 over the
exact source model for each harmonic component has been described
in Zoia et al. (2021). The differences between the macroscopic cross
sections of the moving fuel regions and the neighboring regions dictate
the amplitude of each perturbation. The mesh is refined around the
moving fuel rods to accurately model the small fuel rods displacements.

No detectors are modeled in CORE SIM+, so the noise parameters
are determined based on the thermal neutron noise at the mesh location
of the center of the active detector region.

The NOISE-SN model is almost identical to the CORE SIM+ one,
with minor differences in the mesh. An angular discretization corre-
sponding to 𝑆16 is used, while the modeling of the noise source relies
on the 𝜖∕𝑑 model.

4.2.2. FEMFFUSION and PARCS modeling
The FEMFFUSION and PARCS models of CROCUS are made of two-

dimensional Cartesian grids. Each consists of a uniform mesh with
square cells of 2.917 cm by 2.917 cm, i.e. the outer region pitch, which
comprises COLIBRI. It is refined near the moving fuel region to allow
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Fig. 10. PARCS/FEMFFUSION models of the COLIBRI experiment.
for an accurate modeling of the noise source. The mesh is illustrated in
Fig. 10.

Similarly to the CORE SIM+ model, the homogenized cross sections
and kinetic data were generated with Serpent using the approach
described in Rais et al. (2017). The noise source modeling is described
in details in Vidal-Ferràndiz et al. (2020b).

Three oscillations of each experiment were simulated in the time-
domain using both diffusion and 𝑆𝑃3 solvers. The movement of the fuel
rods was considered to be purely sinusoidal. As the differences between
each time step are small, a fine spatial resolution and tight numerical
convergence were required.

4.2.3. TRIPOLI-4 modeling
The TRIPOLI-4 noise calculations for the COLIBRI experiments have

been documented in Vinai et al. (2021a). The main features of the
CROCUS model are recalled here for completeness. A radial cut (mid-
plane) of the CROCUS 3D model is shown in Fig. 11. The detectors are
explicitly modeled. The 18 fuel pins of COLIBRI are modeled as ‘square’
cylinders to simplify the calculations of the noise source terms.

The TRIPOLI-4 calculations were performed using the JEFF3.1.1
nuclear data library. For the criticality calculations, 30’000 neutrons
per batch are considered, and 100 batches were discarded. The noise
calculations were carried out assuming 100’000 independent replicas.
The noise source is modeled exactly through the Fourier transform
of the fuel rods displacements (the 𝜖∕𝑑 approximation is not used).
The COLIBRI movement is assumed to be purely monochromatic (the
inertial effects in the COLIBRI vibrating mechanism are neglected). The
noise parameters correspond to the detector reaction rate fluctuations
and are determined in the active volumes of the detectors. For the
Monte Carlo modeling of vibrating rods, the convergence of the solution
for the noise amplitude at the frequency of interest is extremely slow.
This issue stems from the fact that, because of the shape of the noise
source for this class of noise problems, particle transport involves con-
tributions with weights of opposite signs but nearly identical absolute
value. Their sum, which yields the final noise tallies in the detectors,
is then affected by a large variance.
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4.2.4. APOLLO3 modeling
The APOLLO3 model for CROCUS and the COLIBRI experiments

(Brighenti et al., 2022) is shown in Fig. 12. It is a 2D model where the
axial neutron leakage is modeled through an axial buckling. The noise
calculations are carried out in the time domain, and the detectors are
explicitly represented. The noise parameters are based on the reaction
rates computed in the active detector regions. A multi-group version of
the JEFF-3.1.1 nuclear data library is used.

5. Validation exercise

In this section, the results of the validation exercises performed
using the experimental data produced at AKR-2 and CROCUS are
summarized.

In general, as reported in Yum et al. (2022), the computational
uncertainties due to the input parameters of CORE SIM+, in both AKR-
2 and CROCUS, are lower than the experimental uncertainties. For the
AKR-2 experiments, they lie in the 0.1% range, the largest values being
close to the noise source. For the CROCUS experiments, these values lie
within the few % range for the detectors close to COLIBRI, and around
0.1–0.2% elsewhere. This phenomenon is due to the proximity of the
noise source whose description is the leading source of computational
uncertainty (Yum et al., 2022).

As a result, the computational uncertainties associated with the
CORE SIM+ simulations will not be shown for the case studies at AKR-2
and CROCUS, even though they are available. The Monte Carlo statisti-
cal uncertainties are provided, however, as they are considerably larger
and can sometimes attain the same magnitude as the experimental ones.

5.1. AKR-2 case study

The experimental parameters for the noise source associated with
both measurements, as well as the specific measurement ID are listed
in Table 1. The comparison of the QoI, simulated and measured, for the
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Fig. 11. Radial cut of the TRIPOLI-4 model of the CROCUS reactor.

Fig. 12. APOLLO3 model of the CROCUS reactor.
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Fig. 13. Absorber of variable strength experiment at AKR-2; neutron noise amplitude (left) and phase (right). The computational uncertainties for the phase are negligible.
Fig. 14. Mechanical vibrations experiment at AKR-2; neutron noise amplitude (left) and phase (right).
two experiments considered at AKR-2 are shown in Fig. 13 for the AVS
experiment and in Fig. 14 for the MV experiment. The experimental
data shown is one occurrence of a measurement repeated a number
of times (see 1). As the spread of the experimental results through
their repetition fits within the experimental uncertainties, this choice
is arbitrary and does not impact the conclusion of the case study.

Due to convergence issues with the Monte Carlo solution, the de-
tector #8 is chosen as reference for the AVS experiment as it is closer
to the core. As a result, the QoI will be lower than one for detectors
further away from the noise source. However, this does not change
the implications of a deviation of the QoI from 1.0: it is still a sign
of a non-zero spatial component of the relative noise. With respect
to the representation of the results in Figs. 13 and 14, the noise
parameters (QoI and phase) for the various models and the associated
measurements are shown on the 𝑦-axis at each considered detector
location. On the 𝑥-axis, the detectors are sorted out by their distance to
the noise source, e.g. in Fig. 13, the detector #8 is closer to the noise
source than detector #9. Even though the detector location does not
change during a given experimental campaign, their order might differ
depending on the type of noise source considered, since the AVS and
MV have different locations as described in Section 3. The location of
each detector (and their corresponding ID) is shown in Fig. 4.

When considering the AVS experiment, the QoI calculated with
MCNP and CORE SIM+ are consistent with the experimental results in
the limit of the large uncertainties involved. The CORE SIM+ results
suggest that the spatial component of the relative noise exists with
deviations from 1.0 of the QoI in the 10%–15% range. Close to the
core, the trends of CORE SIM+ are confirmed by MCNP. However,
due to difficulties in converging the Monte Carlo solution, the Monte
Carlo uncertainties are large for the detectors further away, e.g. #5,
#6 and #3. The experimental uncertainties were reduced during the
third experimental campaign at AKR-2, as illustrated in Fig. 5, but not
to a level where the deviations from one observed with the simulations
could be confirmed by measurements.

Unexpected phase differences in the radian range are observed in
the experimental data for certain detectors. These deviations are due to
12
synchronization issues reported during the second campaign at AKR-2
(see Section 3) and are not meaningful.

With respect to the MV experiment, the QoI calculated with MCNP
and CORE SIM+ is close to unity for most of the detectors and agrees
well with the experimental results. The spatial component of the rela-
tive noise appears to be too small to be resolved. The deviations from
1.0 of the QoI are <1% when considering the CORE SIM+ results.

For the detector #3, which is located far from the core, in the same
reactor channel as the noise source, the experimental value for the QoI
is equal to 5.81; the MCNP calculation appears to partially capture the
QoI increase, while the CORE SIM+ model does not. This is a clear
indication that the spatial component of the relative noise is visible for
this detector. It is to be noted that, although far from the active core,
detector #3 is located in the channel crossing the core, where the MV
is set as well.

Similarly to the AVS experiment, unexpected phase differences in
the radian range are observed in the experimental data for certain
detectors. These deviations are due to synchronization issues reported
during the second campaign at AKR-2 (see Section 3) and are again not
meaningful.

In summary, the codes managed to capture the noise behavior in
AKR-2. Due to the detector positions being far from the active core,
the uncertainties could not be reduced enough, especially in the AVS
case, to capture experimentally the spatial component of the relative
noise, except in the specific case of detector #3 in the MV experiment.

5.2. CROCUS case study

The experimental parameters for the noise source associated with
the three measurements, as well as the specific measurement ID, are

1 This is not an outlier, as the magnitude of the QoI is confirmed by
repetitions of the measurement during two campaigns.
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Fig. 15. Experiment 13 during the first experimental campaign at CROCUS; QoI (left) and phase (right). The detector #5 is used as reference.
listed in Table 2. Similarly as for the AKR-2 case study, the experi-
mental data selected for representation is a specific repetition of the
measurement.

The first experiment considered here took place during the first cam-
paign at CROCUS. The QoI and phase are shown in Fig. 15. The results
calculated with diffusion-based solvers such as CORE SIM+, FEMFFU-
SION and PARCS are similar and agree with NOISE-SN (based on a dis-
crete ordinates method) and with FEMFFUSION-SP3. This is expected,
as these simulations make use of very similar reactor models. For the
sake of readability, the SP3 solutions of PARCS and FEMFFUSION as
well as the diffusion solution of PARCS are not shown in Fig. 15.

The solvers predict a similar behavior for the neutron noise, i.e., an
increase of the QoI close to the oscillating fuel rods (from detector #8
to detector #6) and a decrease in other locations that are further from
the perturbation (from detector #6 to detector #5). Due to the large
experimental uncertainties, no significant bias between the models and
the measurement can be observed. Aside from detector #6 (having
more than 60% deviation), a possible spatial component of the relative
noise is hidden in the experimental uncertainties, even though the
simulations suggest that deviations in the 10%–20% range should be
observed for detectors #7, #10 and #3. The phase difference with
respect to the reference detector #5 is approximately zero at any of
the available detector locations; both simulations and measurements
provide consistent results.

A few additional points can be made based on the code-to-code
comparison. First, while the models are fairly consistent far from the
noise source, larger discrepancies are found for detectors #8 and #6.
They are possibly due to neutron transport and spectral effects, which
may be challenging to be properly taken into account in the region close
to the perturbation.

The APOLLO3 model allows for an accurate modeling of the real
COLIBRI oscillations (see Brighenti et al., 2022 for details); this leads
to significant differences close to the perturbation (detectors #8 and
#6) with respect to the other solvers.

The second and third experiments considered in this case study took
place during the second campaign at CROCUS. The QoI and phase are
shown in Figs. 16 and 17 for 0.1 Hz and 1 Hz oscillations, respectively.

For both experiments, the simulations and the measurements yield a
similar behavior for the neutron noise, although discrepancies are again
found near the noise source.

For the detector #2, which is located close to the source, the
experimental value for the QoI is equal to 3.4 for the low and high
frequency measurements. It is not included in the plot.

Statistically significant deviations from one for the QoI are observed
in the experimental results and confirmed by the models. The devia-
tions are in the 10 to 15% range far from the source (detector #5 and
further). A non-zero spatial component of the relative noise is visible
in CROCUS even relatively far from the noise source. The numerical
simulations appear to capture it well.

The phase is negligible away from the noise source. Both measure-
ments and simulations are consistent in this respect. In the experimental
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results, a statistically significant deviation from zero is observed at 1 Hz
(it is less clear at 0.1 Hz, due to the larger experimental uncertainty)
for the detector located behind the COLIBRI device with respect to the
core (detector #14).

With respect to the comparison of the simulation results, TRIPOLI-
4 predicts a decrease of neutron noise amplitude from detector #8 to
detector #14, an increase from detector #14 to detector #2, and a
monotonic decrease when the distance to the noise source increases.
The diffusion-based solvers CORE SIM+ and FEMFFUSION yield a
maximum of the QoI at the location of detector #2, followed by a
monotonic decrease when moving further away from the noise source.
Possible discrepancies close to the noise source (e.g., at the locations
of detectors #8 and #14) may be due to well-known limitations of
diffusion theory close to sources.

The results obtained with TRIPOLI-4, considering QoI based on
either the reaction rates or the thermal flux, are almost identical but
differ at the position of detectors #8 and #14, which are closest to the
noise source and as such are probably sensitive to spectral effects.

6. Conclusions

In this paper we have illustrated the validation activities carried out
within the CORTEX project, targeting the neutron noise solvers used or
developed within the project. Models of the research reactors AKR-2
and CROCUS for the various solvers have been produced to simulate
the neutron noise experiments carried out at both facilities. After the
description of meaningful and convenient quantities of interest for
the purpose of CORTEX, an in-depth comparison of the models and
measurements has been reported.

At AKR-2, measurements were carried out with two types of noise
sources and modeled with diffusion-based and transport-based solvers
in the frequency domain. The reactor is extremely challenging to model
from a deterministic point of view because of the location of the
detectors with respect to the core; and to the presence of experimental
channels. Converging the Monte Carlo solution was also difficult, espe-
cially for the AVS experiments. Overall, the codes managed to capture
the main features of the noise behavior in AKR-2. Due to the detector
positions being far from the core, the experimental uncertainties could
not be reduced, especially in the AVS case, to a level allowing having
experimental evidences that the spatial component of the relative noise
was non-zero. However, local effects were observed in some specific
conditions, e.g. for detectors facing the noise source. It was found
that diffusion-based solvers are not adequate for the modeling of such
features.

Next, a selection of COLIBRI experiments at CROCUS were modeled
using a variety of codes both in the frequency and time domain,
using the transport and diffusion theory. In terms of spatial effects,
statistically significant deviations from one for the QoI were observed
experimentally, even relatively far from the noise source. This was
achieved through long irradiation periods and the possibility to install
detectors in the near vicinity or inside the CROCUS core. A significant
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Fig. 16. Experiment 7 during the second experimental campaign at CROCUS; QoI (left) and phase (right). The detector #12 is used as reference.
Fig. 17. Experiment 8 during the second experimental campaign at CROCUS; QoI (left) and phase (right). The detector #12 is used as reference.
phase difference between detectors could be recorded when placing the
detectors close enough to either sides of the COLIBRI vibrating fuel
rods. Both points suggest that the spatial component of the relative
noise is visible in the CROCUS reactor, despite its compact size. The
solvers managed to capture the noise behavior in CROCUS, except close
to the noise source.

Modeling the detector and considering the reaction rates instead of
the thermal flux QoI does not appear to lead to large differences, as
long as the detector is located sufficiently far from the noise source.
The use of diffusion instead of transport theory does not result in a
large accuracy loss far from the source; however, clear differences are
observed close to the noise source. The conclusions are similar when
considering time or frequency domain calculations. The use of a time
domain approach allows for a more accurate description of the noise
source, for example the non-sinusoidal movement of COLIBRI.

In CORTEX, the experimental data for code validation has produced
using zero-power research reactors. This allowed the production of
earmarked data which could be used to test the performance of the
machine-learning algorithms. Admittedly, due to their size, to the
lack of thermal-hydraulic feedback and to the use of fresh fuel, zero-
power research reactors are not representative of power reactors. The
noise sources also differ: neutron population fluctuations are artificially
produced through the introduction of a mechanical vibration or an
absorber of variable strength. This clearly limits the representativeness
of the measurements in terms of direct applicability to noise problems
in power reactors, for which further investigations will be required.

However, with respect to the objectives of this paper, i.e. demon-
strating that the noise simulators produce a reliable description of the
noise field in a reactor, the limitations reported for the considered
models of CROCUS and AKR-2 may not be an issue for the analysis
of large power reactors. Indeed, most of the issues with the models are
found close to the source. In power reactor analysis, the noise sources
will be further away from the detectors, and the magnitude of the
spatial component should be much larger. In a sense, modeling the
spatial variations of the relative neutron noise behavior in zero-power
research reactors is an extremely challenging problem because of the
14
small magnitude of the spatial component; and because it is most visible
in small reactors through distinct features of the core which are hard
to model, e.g. within the experimental channels.
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