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Chapter 1

Introduction

The work at hand is the result of a master’s thesis project in the winter semester of 2019-
2020 at the Laboratory for Reactor Physics and Systems Behaviour of the Swiss Federal
Institute of Technology Lausanne (LRS-EPFL). The overall goal of the project is to better
understand how gammas are produced, how they behave in nuclear reactors, and more
specifically in CROCUS. For this purpose, the LEAF system (The Large Energy-resolving
detection Array for Fission Gammas) was calibrated, characterized and used for three
applications in CROCUS:

• In-core gamma spectra measurements.

• Delayed gamma fraction determination.

• Gamma noise measurements.

The motivations for each of these focuses are briefly introduced hereafter and will be thor-
oughly presented in the three following chapters.
In a nuclear reactor, gamma-rays are ubiquitous and arise from fissions, decays following
activation of fission products or from capture processes occurring in fuel or in reactor com-
ponents. Gamma-rays have a major contribution to the heating of the reactor structures
and to the surrounding dose rate. Accurately characterizing the gamma field in nuclear
reactors is therefore of strong interest for core operation and safety concerns. First, the
measurements of in-core spectra with the LEAF system may allow the identification and
quantification of isotopes presents in CROCUS. Essential to dose estimates or burn up
calculations, these spectra compared to code predictions could help code validations and
to identify the nuclear processes yet to model in coupled neutron-gamma transport codes,
such as delayed processes. Then, the delayed gamma determination of prompt to delayed
gamma ratios in CROCUS could enable the validation of delayed gamma transport codes,
aiming at a full description of the gamma field in nuclear reactors. Furthermore, since a
substantial part of gamma-rays are side products from fission chains originated by neu-
trons, gamma noise should, as neutron noise, provide the temporal information needed to
determine reactor kinetic parameters. The gammas higher mean free path compared to
neutrons would allow for even less intrusive detector positioning than classic neutron noise
experiments.
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Introduction

Chapter 2 gives a full characterisation of the LEAF detectors including energy and ef-
ficiency calibrations. Chapter 3 presents the gamma field characterisation performed in
CROCUS from the first in-core gamma spectra to the delayed gamma fraction determina-
tion. Chapter 4 introduces the neutron and gamma correlations measurements conducted
in CROCUS. Chapter 5 provides an overview of the project and an outlook to future
projects in CROCUS regarding gamma field investigations and branching noise analysis
using gammas.
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Chapter 2

The LEAF System for the CROCUS
Reactor

The contribution of gamma radiation to the heating and dose of nuclear reactors compo-
nents is significant. Thus, measuring gamma rays is of major interest to experimentally
validate computed spectra, estimate doses or characterize the prompt to delayed gamma ra-
tios. In order to collect such experimental data, gamma detection capabilities were added
to the CROCUS reactor facility at the Swiss Federal Institute of Technology Lausanne
(EPFL). In this chapter we introduce first CROCUS and then in detail the new LEAF sys-
tem, which is composed of two large Bismuth Germanate (BGO) and two Cerium Bromide
(CeBr3) scintillators, and we provide their energy and efficiency calibration.

2.1 The CROCUS reactor

CROCUS is a zero power reactor situated on the EPFL campus. With its maximum al-
lowed power of 100 W, dose rates inside the shielding are acceptably low after shutdown
for flexible use for teaching and research. Figures 2.1a and 2.1b depict the reactor, with
the approximately cylindrical active core being ∼ 60 cm in diameter and ∼ 1m high. Its
fuel is composed of two regions: an inner uranium oxide region with 336 rods enriched to
1.806% and an outer uranium metal region with 176 rods enriched to 0.947%. A vessel of
1.3 m diameter is the outer boundary holding the moderator and reflector, demineralised
light water. The water level, controlled via a spillway, and optionally B4C control rods are
used to control criticality.

2.2 Gamma-ray interactions and detection principles

Gamma radiation arises from radioactive decay of atomic nuclei. The detection of un-
charged gamma particles, unlike charged particles, as alphas or betas, which directly pro-
duce an electrical signal in the detector material by ionization or excitation, relies on
radiation-material interaction involving energy transfers to electrons. Photoelectric effect,

3
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(a) Cross-section (b)

Figure 2.1: Schematics of the CROCUS. (a) Reactor vessel with its internal structures.
The inner part of the fuel consists of uranium dioxide rods while the outer part is uranium
metal rods. Fuel rods are being held by two grids and lie on a base plate. (b) Top-view with
highlighted control rod and peripheral positions used for detector positioning.

Compton scattering or Pair production ([2], Chap.2) are predominant in the energy range
of interest. These charged electrons deposit their energy inside the detector material by
ionization or excitation. The deposited energy is then collected to produce an electrical
signal. The collection process depends on the detector type.

This section gives an overview of the most commonly used gamma detector types considered
for this work and a general description of signal processing for different detection modes.

2.2.1 Gamma detectors for spectrometry

The gamma absorption cross-section being proportional to the material atomic number Z
and to the density, the absorption coefficient of gamma particles in gases is very low so
gaseous detectors will not be described. Hence, gamma radiation detectors for spectrom-
etry are mostly made of solid materials in order to efficiently absorb gamma rays. Then
depending on the material characteristics, different methods to collect the energy deposited
can be used.

Semiconductors Semiconductor materials as insulators have full valence bands, con-
trary to metals. However, semiconductors band gap is much smaller than insulator’s (about
1eV against tens of eV) which may allow excited electrons to be promoted from the valence
to the conduction band, leaving a vacancy. This vacancy can then be filled by another
electron, leaving another vacancy deeper in the occupied bands. If an external electrical

4
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field is applied to the material, the electron seems to move toward the cathode and the
"hole" toward the anode, creating an electrical signal. Since gamma ray energies are a lot
larger than the energy gap, interactions within the material will rise electrons from deep
occupied bands and produce cascades of electron-hole pairs, which actual number will be
directly proportional to the incident energy. Although semiconductors are providing a
direct mean to collect electron-hole pairs and produce an electrical signal, not so many
of them have a low gap and a good electron-hole mobility, are available in high purity at
reasonable cost, and are large enough in volume in order to absorb a significant portion of
gammas. Taking into account these considerations, Silicon and Germanium are the most
used materials for spectrometry purposes.

Scintillators Scintillators may be inorganic crystals, organic plastics and liquids, gas or
glasses. In inorganic crystals, gamma-ray energy conversion into primary electrons follows
the same principles as in semiconductors, however the collection process differs as the en-
ergy from the incident radiation is converted into visible light. When struck by an incident
radiation, electrons of the crystal are excited into the conduction band. These excited elec-
tron will then de-excite down to the valence band by emitting photons. This emission can
be direct in case of fluorescence -only '10 ns delay from the time of the energy deposition
to the emission of light- or retarded through phosphorescence -the electron being trapped
into energy levels which prohibit direct de-excitation. If the emitted radiation is within
visible wavelengths, it can then for instance be detected by a photomultiplier tube (PMT).
As illustrated in Figure 2.2, the scintillation photon strikes the photocathode which, as a
result, emits a photoelectron. Then, a series of dynodes is amplifying the signal by electro-
statically focusing the photoelectrons. The amplified signal is finally collected at the anode.

In order to allow gamma ray spectroscopy, the scintillator material must ideally have the
following properties ([2], Chap.10):

• a large enough light yield: number of secondary photons emitted by the de-excitation
of electrons per unit of energy deposited;

• high stopping power for gamma radiation;

• a linear response with energy;

• transparent to the emitted light;

• short decay time of the excited state to allow high count rates;

• availability at reasonable cost;

• refractive index close to glass to allow coupling to photomultipliers.

Inorganic crystals such as sodium iodide (NaI), caesium iodide (CsI), bismuth germanate
(BGO) or cerium bromide (CeBr3) exhibit these properties.

5
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Figure 2.2: Concept of a scintillator detector. A scintillation crystal is optically coupled to
a photomultiplier tube, connected to a preamplifier. Wiki.org Licence CC BY-SA 3.0

2.2.2 Electronics for signal processing

A detector can be used for spectroscopy as long as the output electrical signal is propor-
tional to the energy of the incident particle. The electronic system aims at collecting the
energy deposited, turning it into an amplified and shaped voltage pulse while the acquisi-
tion system sorts and stores the information ([2], Chap.4). In a scintillation detector, the
PMT is converting the quantity of light emitted in the crystal into a pulse of current at
the anode. This pulse is converted from current into a voltage pulse thanks to a connected
pre-amplifier which consists in a voltage divider (Figure 2.2). Scintillator, photomultiplier
and preamplifier can be combined to form a compact assembly. The resulting voltage pulse
is then amplified by a millivolt-to-volt amplifier. The fast rise time of scintillation pulses
constraints the amplifier time constant to stand within 0.2 to 2 µs.

2.3 The LEAF system

Scintillators were chosen for their flexible use, reasonable price, and nonetheless high ef-
ficiency when compared to semiconductor based detectors. Indeed, scintillators are more
convenient to be used in limited space since they do not need cooling to cryogenic tem-
peratures as HPGe do, and they present a higher radiation hardness which is a valuable
advantage for reactor applications. In total, four detectors were acquired to allow for sym-
metric placement of the system in and around the core. In this section we introduce the
respective detectors in detail and present their characteristics.
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2.3. The LEAF system

2.3.1 The LEAF detectors

Cerium Bromide (CeBr3) The control rod guide tubes of CROCUS, which can be
seen in Figure 2.1b, offer a suitable location for in-core measurements. Due to the high
photon flux in the tubes, a quickly decaying scintillator was required not to be limited
by dead time issues. Cerium Bromide (CeBr3) detectors (Figure 2.3), with a decay time
of 20 ns and a light yield of 45k photons/MeV at a density of 5.2 g/cm3 [3], has been
estimated to be adequate for CROCUS. This relatively new material presents better or as
good results as Lanthanum halides, which were considered to be the reference, in terms
of resolution, sensitivity and linearity of response [4]. CeBr3 scintillators can be used in a
wide range of applications, such as isotopic identification and coincidence counting.

Figure 2.3: Sketch of a CeBr3. Technical drawings are in Appendix A.

Bismuth Germanate (BGO) For ex-core applications a material with high efficiency
was required because of the expected flux drop, and with the intent to detect gamma-rays
up to 10 MeV, which is not possible with CeBr3 due to their small size.. Bismuth Ger-
manate (BGO) detectors, presented Figure 2.4 -with a decay time of 300 ns and a yield of
9k photons/MeV [5]- have been selected.

Figure 2.4: Sketch of a BGO detector. Technical drawings are in Appendix A.
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2.3.2 The electronics of the LEAF system

The high voltage supply and photomultiplier (PMT) signal treatment was handled by the
fully integrated DSA-LX [6] that theoretically allow for MHz count rates to be treated.
These very compact instruments integrate both amplifying and digitization of the signal,
in addition to the high voltage supply. For spectroscopy purposes the output digitized
signal is operated through CANBERRA’s Genie 2000 software on the "LEAF PC", while
for Noise analysis, the amplified signal is directly transmitted to the "PSI Noise PC". This
is summarized on Figure 2.5.

Figure 2.5: Schematic of the electronics used for the LEAF system detection signal process-
ing, either for gamma spectroscopy or for time dependant counting.

2.4 Energy calibration

All four detectors were calibrated using standard Eu-152 sources. No shielding was used
and the sources were placed in contact with the crystals. The resulting spectra are displayed
in Figures 2.6 and 2.7. The DSA-LX’s settings were as follows, for all experiments:

• Rise time of 0.2µs, 0.0µs flat top.

• -610 V and -1260 V of HV for the CeBr3 and BGO PMTs, respectively.

• Lower level discrimination at 0.5% of the maximum channel (214).

• Coarse gain of 6.4 for all detectors.

The energy calibration for the CeBr3 is presented Figure 2.6. In addition to the Eu-152
measurements, a Co-60 source was needed to help in the peak distinction for the BGO
(Figure 2.7), due to its comparatively poorer resolution. The final linear calibrations are
shown in Figures B.1 and B.2 from Appendix B, along with the full width half maximum
as a function of the energy.
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Figure 2.6: Eu-152 spectra acquired with both CeBr3 detectors using DSA-LX for HV supply
and signal treatment.

2.5 Efficiency calibration

The efficiency calibration of a detector is linking the peak area at a particular energy in
the spectrum to the incoming flux of particles. Calibrating a detector in efficiency, in order
to scale the spectra and characterised the source, is prior to any isotope quantification or
activity measurement.

2.5.1 Experimental setups

The efficiency strongly relies on the geometrical setup of source and detector, but also on
the internal conversion process of the detector. Therefore, the experimental setup should
be as precise as possible to allow for an accurate modelling. The Eu-152 sources was
hanged in front of the detector at several distances and no shielding was used. The gamma
background was removed from the spectra but not additional scattering contributions.
The setups are sketched on Appendix C. Both the geometry and materials involved in the
experiments have been carefully chosen in order to be easily implemented and simulated
on codes, as Serpent [7], allowing for photon transport.

2.5.2 Monte Carlo simulation using Serpent 2

Serpent is a Monte Carlo particle transport code developed at VTT Technical Research
centre of Finland [7]. It allows for traditional reactor physics applications such as criti-
cality calculations or fuel cycle studies, multi-physics simulations or neutron and photon
transport simulations.
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Chapter 2. The LEAF System for the CROCUS Reactor

Figure 2.7: Eu-152 and Co-60 spectra acquired with both BGO detectors using DSA-LX for
HV supply and signal treatment.

Both detectors geometries (Appendix D) have been modelled using the simulation code
Serpent 2. The source position and isotope are parameters to be tuned. Serpent allows
photons transport [8] from the source to the detector and photons interactions in the
crystal to be counted thanks to the "det -27" tally [9]. Knowing the energy of the inci-
dent gamma-rays and the energy deposited in the detector crystal, the geometric efficiency
curves of the studied detectors displayed in Figure 2.8 could be retrieved. As expected,
the farther the source the lower the efficiency.

2.5.3 Theoretical discussion on scintillators intrinsic efficiency

A detector absolute efficiency εabs relates the number of gamma-rays emitted by the source
to the number of counts detected anywhere in the spectrum([2], Chap 7). It can be divided
into two terms: the intrinsic εint and the geometric εgeom efficiencies (Equation 2.1) . The
geometric efficiency usually relates the number of gamma-rays emitted by the source to the
number of gamma-rays entering the detector crystal. However, for simulation purposes the
geometric efficiency is defined here as the number of gamma-rays emitted by the source to
the number of gamma-rays which deposit energy in the crystal.

εabs =
Counts

Source
= εint · εgeom =

Counts

N1
· N1

Source
(2.1)

where:

• Counts: Number of counts registered in the acquisition system.
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2.5. Efficiency calibration

Figure 2.8: Simulated geometric efficiency with Serpent for CeBr3 and BGO at several source
distances. The discontinuity on the right-hand side plot at 90 keV corresponds to the K-edge
of Bismuth.

• Source: Number of gammas emitted at the source.

• N1: Number of primary gammas interacting in the crystal.

The defined efficiency is calculated directly from the analysis of the spectra obtained
through the experiments, using Equation 2.2:

εabs(E) =
N(E)

∆t ·A · PE
(2.2)

where:

• N(E): Net peak area at the energy E, obtained from the measured spectrum.

• PE : Probability that the gamma is emitted with an energy E.

• A: Activity of the source at the time of the experiment.

• ∆t: Measurement time.

The geometric term is determined thanks to Serpent simulations with the "det -27" tally
to get a spectrum of pulse heights. The intrinsic efficiency term depends on the technology
of each detector. In the case of a scintillation detector (Figure 2.2), it represents how the
energy deposited in the crystal by gamma interactions is emitted to the photocathode and,
then, transmitted through the PMT.

The intrinsic efficiency, which links the number of primary gammas interacting in the
crystal to the number of counts registered in the acquisition system, depends on the crystal
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scintillation processes and on the PMT design. A thorough derivation of this term is done
in Appendix C and results in the following expression:

εint = εPMT · η · εcrystal ·
hν̄1

hν̄2
(2.3)

where εcrystal is the scintillation efficiency, η represents the fraction of scintillation photons
reaching the photocathode and εPMT is the PMT intrinsic efficiency. hν̄1 is the mean
absorbed energy in the crystal per incident gamma and ν̄2 is the mean emitted energy per
scintillation photon.

Results

Cerium Bromide The efficiency calibration of the CeBr3 detectors was realised with
an Eu-152 source placed at distance d1 = 6 cm and d2 = 10.5 cm. The gamma peaks at
E1 = 121.8 keV , E2 = 344.3 keV , E3 = 778.9 keV , E4 = 964.1 keV and E5 = 1408 keV ,
clearly present in the measured spectra Figure 2.6, were used to determine the respective
absolute efficiencies εabs(Ei) for both CeBr3 detectors. The corresponding geometric effi-
ciencies were obtained thanks to the Serpent simulations.

In light of Equation 2.3, a constant value for εint, is considered:

εdetectorint (E) =
1

2

(1

5

5∑
i=1

εiabs
detector

εigeom

)
d1

+

(
1

5

5∑
i=1

εiabs
detector

εigeom

)
d2

 (2.4)

where for each detector, the ratio between the measured absolute efficiency and the simu-
lated geometric one is made, at each of the five energy considered, for both source distances
d1 and d2. Then, the mean value between the intrinsic efficiencies obtained at these differ-
ent source distances is taken. The results are given in Table 2.1.

Table 2.1: Intrinsic efficiency values for CeBr3 detectors, in counts per gammas interacting
in the crystal.

Detector Intrinsic
Id efficiency

CeBr3 #1 0.09034(1)
CeBr3 #2 0.12172(1)

The measured absolute efficiencies, scaled with the intrinsic efficiency values from Table 2.1,
are compared to the Serpent simulated geometric efficiency curves obtained in Subsection
2.5.2. The results are displayed in the C/E plots Figure 2.9. Judging from these plots, the
measured absolute efficiencies can be correctly scaled by constant intrinsic efficiencies into
the geometric efficiency curves fit 10% confidence bounds. We observe some discrepancies
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2.5. Efficiency calibration

Figure 2.9: C/E plots for CeBr3 efficiencies. Measured absolute efficiencies scaled with
constant intrinsic efficiencies are compared to simulated geometric efficiencies.

at low energy which can be explained either by a high sensitivity of CeBr3 to X-rays or by
an important electronic noise contribution to the low-energy background. X-rays events or
electronic induced counts may add up to the gamma peaks in the measured spectrum and
lead to an overestimation of the εabs values.

From intrinsic efficiency values from Table 2.1 and from the crystal efficiency estimated
before, we can deduce the PMT efficiencies in Table 2.2 (PMT efficiencies ate there includ-
ing the fraction η). It appears that more losses occur in the CeBr3 #1 conversion process
than in the #2.

Table 2.2: PMT efficiency values for 91 and 92 CeBr3 detectors, in counts per scintillation
photons reaching the PMT’s photocathode.

Detector PMT
Id efficiency

CeBr3 #1 0.64(1)
CeBr3 #2 0.86(1)

Bismuth Germanate The efficiency calibration was first tried with an Eu-152 source
but the resolution of BGO detectors does not permit to clearly distinguish the Eu-152
gamma rays. Single peak (n,γ) reactions from gold and indium samples were used to avoid
the resolution obstacle, however, although measured absolute efficiencies show consistency
with respect to source distance and gamma-ray energy, a scaling with constant intrinsic
efficiencies was not possible. According to the results of this investigation, which are fully
presented in Appendix F, the theoretical splitting of the absolute efficiency from 2.3 seems
not to be appropriate for large scintillation crystal where some energy dependent effects
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Chapter 2. The LEAF System for the CROCUS Reactor

must lie under the conversion process. As a result, BGO can not be used yet for appli-
cations needing a quantification of the gamma source, such as dose calculations, but they
can still be used for isotopes identification (cf. Chapter 3) and noise measurements (cf.
Chapter 4).

2.6 In-core efficiency calibration

The LEAF setup was acquired for in-core spectroscopy purposes. In order to quantify the
isotopes identified in the in-core spectra, in-core efficiency calibrations are also needed. The
previous section provides us with the intrinsic efficiencies of the LEAF detectors present in
core (CeBr3 in control rod positions), thus a geometric efficiency for these detectors must
be calculated.

2.6.1 LEAF detectors in core modeling

One CeBr3 detector has been added to the CROCUS Serpent geometry (see Figure 2.10).
As control rod tubes are symmetrically positioned around the core centre, from the be-
haviour of one detector we will be able to assess for both detectors. Since the BGO
detectors are positioned outside the main vessel, to get enough gamma-rays to reach the
crystal would require a population of several billions of particles per simulation batch.
Considering the poor resolution of BGO compared to CeBr3 detectors, and the potentially
high computation time induced by ex-vessel BGO simulations, the BGO efficiency curves
in CROCUS will not be produced.

2.6.2 CROCUS gamma source evaluation

CROCUS can be operated at critical but also at several subcritical states with water level.
Each core configuration corresponds to a different neutron flux and, as a result, to a dif-
ferent gamma source. In order to accurately determine the quantity of isotopes present in
CROCUS, the efficiency curves produced by Serpent simulations should match the opera-
tion levels at which the spectra would be acquired. Although the gamma source is unknown
in CROCUS, it can be inferred from the fission locations after a converged external source
calculation for subcritical levels and from a standard k-static simulation at critical. Then,
using the energy deposition det -27 tally from Serpent [8] and the same procedure as for
the source calibrations detailed in the previous chapter, geometric efficiency curves, as in
Figure 2.11, have been produced.

These computed geometric efficiency curves can be scaled by the intrinsic efficiencies of
CeBr3 detectors, which have been previously determined with the source calibrations. The
gamma source for each CROCUS configuration can than be inferred from the resulting
geometric efficiencies and the in-core spectra presented in the next chapter.
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Figure 2.10: Serpent modelling section sketch of a CeBr3 scintillator in a CROCUS control
rod tube.

Figure 2.11: In core geometric efficiency curve for a CeBr3 scintillator at 800 mm subcritical
state. A water level of 800 mm corresponds to a −1.4$ reactivity. Additional subcritical states
curves are displayed in Appendix G.
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In this chapter we introduced the new gamma spectroscopy system for in-core and ex-vessel
measurements, respectively with CeBr3 and BGO scintillators, in CROCUS. We presented
a detailed geometry, characteristics and calibration to allow for explicit modelling and
permit measurements for validation purposes. The next chapter will emphasis on how
LEAF, as a characterized system, has been used to produce the first measurements of in-
core gamma spectra and to identify and quantify delayed gamma processes in the CROCUS
reactor.
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Chapter 3

Gamma field characterisation in
CROCUS

3.1 In-core gamma spectra in CROCUS

In-core and ex-vessel gamma spectra have been measured in the CROCUS reactor. The
CeBr3 scintillators were positioned in the control rod tubes, while the Bismuth Germanates
were standing close but outside the vessel, both at mid-core height, as sketched Figure
3.1. CROCUS criticality is controlled by the water level and the spectra were acquired
at shutdown and at five different water levels, corresponding to reactivity from -1.4$ to
critical. A $ corresponds to about 750 pcm in CROCUS.
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Chapter 3. Gamma field characterisation in CROCUS

Figure 3.1: Top view of the CROCUS reactor core with LEAF system detectors locations
used for noise measurements.
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3.1. In-core gamma spectra in CROCUS

3.1.1 Isotope identification

The CeBr3 spectra acquired at different water levels, corresponding to subcritical to crit-
ical states, are displayed in Figure 3.2. The resolution of the resolved peaks is better at
shutdown and deep subcritical states where count rates do not induce dead time. All the
spectra reveal a cut-off frequency around 3.3 MeV. In CeBr3 crystals of 5.2g/cm3, photons
of 3.3 MeV have a mean free path of 3.8 cm [10], which is in agreement with the detector
size (cf. Section 2.3). All the fission spectra exhibit an exponential shape. A shift in the
spectrum to higher energies when approaching criticality is to be noticed, especially for the
H(n,γ) peak. Thus, the peak identification has been conducted using mainly the shutdown
fission spectrum. The identified isotopes can be read in Figure 3.2 and will be discussed
while comparing experimental spectra to simulations in the next section.

Figure 3.2: Measured in-core gamma spectra using a CeBr3 detector in the control rod
position for sub-critical and critical configurations. Identified isotopes are indicated directly
on the curves.

The BGO spectra acquired at 500 mm water level deep subcritical state, with and without
the startup neutron source, are displayed in Figure 3.3. An increase in the baseline of the
spectrum measured with the neutron source due to the fission gammas can be noticed.
The H(n,γ) peak is also more pronounced since more neutrons are introduced. BGO
spectra acquisition aims at detecting gamma-rays at energies higher than 3 MeV, to identify
fission reactions contribution to the gamma spectrum. Naturally, the spectrum base line is
increased with the neutron source on. A 10 MeV cut-off energy is observed in both spectra
and corresponds to the BGO crystal size (cf. Section 2.3).
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Figure 3.3: Measured gamma spectra using a BGO detector in the core vessel periphery for
a water level of 500 mm -corresponding to a reactivity of -3.3$, with and without the start-up
neutron source below the core. Identified peaks are indicated in the plot.
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3.1. In-core gamma spectra in CROCUS

3.1.2 Application to the validation of codes

The MCNP6.2 F8 tally [11] along with the ENDF/B-7.1 was used to simulate pulse height
spectra in the detectors and only include prompt processes as fission and (n,γ) reactions’
photons. MCNP was preferred to Serpent since it is the established reference for critical
assemblies. In Figure 3.4, we compare the MCNP pulse height tally and the thermally in-
duced U5 prompt spectrum produced by FREYA v2.0.5 [12] to the experimental spectrum
at critical. All three spectra are arbitrarily normalized to enable a qualitative comparison
of the shapes. The pulse height spectrum modelled with MCNP agrees in quality with the
experiments. For the analysis to go beyond visual inspection, the first of their kind in-core
spectra will need refinement, especially regarding their scaling. While comparing these two
spectra to the FREYA prompt fission spectrum, we can see the important contribution of
the annihilation process and X-rays at energies below 0.7 MeV in CROCUS. For energies
higher than 2 MeV, the MCNP pulse height tally and the experiment spectrum are lower
than FREYA prompt fission spectrum which might be due to the absorption in the water
reflector.

In Figure 3.5 the experimental spectrum of BGO was compared to the MCNP pulse height
tally. We were able with the experiments to identify the predicted H(n,γ) both with
CeBr3 and BGO, the annihilation process and also fission products as Cs-137 and Xe-133
with CeBr3 and La-140 and with BGO. Although BGO measurements are less conclusive
regarding isotopes identification due to the large FWHM, some still unidentified peaks that
were predicted by the MCNP F8 tally, as the 7.8 MeV ray, are visible in the experimental
spectrum. A Serpent 2 gamma tracking history as function of energy is currently being
coded so as to identify these remaining unknown isotopes.

Since resolved peaks of delayed processes not modelled in codes were identified, these
experiments confirm the need for more sophisticated simulations taking missing processes
into account, such as delayed emissions.
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Figure 3.4: Comparison of experimental CeBr3 gamma spectra to the MCNP F8 pulse height
tally of the explicit model and a U-235 fission gamma spectrum obtained with FREYA. The
spectra are arbitrarily normalised to their baseline between 1.5 and 2.5 MeV, to allow for
visual comparison.

Figure 3.5: Comparison of experimental BGO gamma spectrum to the MCNP F8 pulse
height tally of the explicit model. The spectra are arbitrarily normalised to their baseline
above 8 MeV, to allow for comparison.
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3.2 Delayed gamma determination at the CROCUS reactor
by gamma-neutron measurements

The delayed processes not predicted by gamma transport codes and identified by the latest
calibrated in-core gamma spectra point out the need to identify the delayed gamma con-
tribution in reactors, and specifically in CROCUS. The LEAF system fully presented in
the previous chapter, coupled to the Boron Trifluoride neutron detectors used for neutron
noise measurements, provide us with the possibility of achieving a delayed gamma fraction
determination in CROCUS, either integral or energy dependent.

The first studies on this subject [13] using only gamma signal decay after fast transients
were not taking into account the prompt gamma contributions still ongoing after such
transients, and were overestimating the delayed gamma fraction result. The latest study
[14] proposing a time evolution of the delayed gamma signals strongly depends on the
subjective choice made for the signals’ normalisation. In this report, a new method using
neutron and gamma signals, both during reactor steady operation and during fast tran-
sients, is presented. This allows the determination of the delayed gamma fraction not to
be affected by signal normalisation choices.

3.2.1 Experimental setup

The gamma signal is acquired by one Cerium Bromide (CeBr3) from the LEAF system,
placed in the south control rod tube. The neutron signal is obtained by Boron Trifluoride
neutron detectors (BF3) placed at the peripheral positions (Figure 3.6). Ideally, neutron
and gamma detectors should be placed at the same position to allow for local prompt to
delayed gamma ratios determination, but since point kinetics can be assumed in CROCUS
[15], the neutron flux variations are not space dependent so the neutron detector position
is not important. We can thus use the classic peripheral positions for the neutron detectors
and the south control rod for the CeBr3. The north control rod remains in its guide tube
for criticality adjustments purposes and water level is kept constant.
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Figure 3.6: Top view of the CROCUS reactor core with detector locations used for neutron
and gamma measurements.
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3.2.2 Determination of delayed gamma fraction

3.2.2.1 Method

Although the delayed gammas can not be directly distinguished from the prompt in normal
operation, one can use fast reactor transient during which only the prompt component of
the gamma field experiences large variations. For instance, after fast reactor shutdown the
gamma signal sharply drops due to the loss of its prompt fraction. Since prompt gamma
rays are generated by fissions or prompt activation reactions, this prompt fraction must
be proportional to the neutron signal. As a result, measuring both gamma and neutron
signals during a fast reactor transient allows the delayed gamma fraction to be deduced.

The signal measured in the CeBr3 scintillator, which is a combination of the delayed and
prompt gamma signals, can then be expressed as function of the BF3 neutron detector
signal:

SCeBr3 = Sγ,d + Sγ,p = Sγ,d +K · SBF3 (3.1)

Sγ,d = SCeBr3 −K · SBF3 (3.2)

where:

• SCeBr3 : Gamma signal obtained with the CeBr3 scintillator.

• Sγ,d: Delayed gamma signal.

• Sγ,p: Prompt gamma signal.

• SBF3 : Neutron signal obtained with the BF3 neutron detector.

• K: Ratio between the neutron and gamma detectors count rates.

The delayed gamma signal is obtained by dividing Equation 3.2 by the gamma signal value
during steady state reactor operation:

Sγ,d(t)

SCeBr3,steady
=

SCeBr3(t)

SCeBr3,steady
−K · SBF3(t)

SCeBr3,steady
(3.3)

This can be reformulated as

Sγ,d(t)

SCeBr3,steady
=

SCeBr3(t)

SCeBr3,steady
−
SCeBr3,steady
SBF3,steady

· SBF3(t)

SCeBr3,steady
(3.4)

by expanding the definition of K in terms of signals ratio instead of count rates ratio.

Finally, the normalised delayed gamma signal can be written:

Sγ,d,norm(t) = SCeBr3,norm(t)− SBF3,norm(t) (3.5)
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where Snorm = S(t)/Ssteady.

One must pay attention to the validity domain of this formula. In this method, both gamma
and neutron signals are normalised at steady state, before any transient occurs. This
means the delayed gamma signal defined in Equation 3.5 is only valid after the transient
considered. These considerations will be explored in detail in the following subsection.

3.2.2.2 Experimental procedure

In order to apply the methodology exposed in the previous subsection, a steady state
reactor operation at criticality should be followed by a fast negative reactivity insertion
transient.

Fast reactor shutdown Transients commonly used in previous experiments of this kind
([14], [13]) were fast reactor shutdown (SCRAM). Contrary to the JSI TRIGA reactor [14]
which can reach a power of 10 kW, CROCUS is mostly operated at power lower than 1 W.
Therefore, gammas from long-lived isotopes should contribute a lot more to the delayed
gamma fraction in the zero power reactor CROCUS than in the JSI TRIGA reactor.
CROCUS reactivity is also monitored by the water level and SCRAM induces the draining
of the vessel. The resulting water movement causes oscillations in the neutron and gamma
signals, which can be seen on Figure 3.7.

Figure 3.7: Neutron and gamma signals from the SCRAM experiments. Signals are nor-
malised at their steady state average values before SCRAM. The water oscillation can be seen
in the red square.
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Figure 3.8: Screenshot from the control room camera. The Cadmium blade is right in the
middle of the two safety blades.

Cadmium blade drop To avoid the water oscillations aforementionned, a cadmium
blade drop was preferred to perform a quick reactivity insertion without changing the wa-
ter level. This blade can be seen on Figure 3.8.

Usually, the water level corresponding to criticality with the LEAF setup installed is around
962 mm. For this experiment, we chose to operate at a water level of 975 mm and 30 mW
power. Even if the reactivity drop is no more caused by a draining of the vessel, the
cadmium blade insertion might still cause some small water oscillations. To minimize this
potential effect, we chose to operate at a higher water level than the usual 962 mm used
for critical noise measurements. Since the south control rod tube contains the CeBr3, only
the north control rod remains to insert negative reactivity. For criticality to be reached,
its position has to be set to 532 mm. The power level was chosen to satisfy both CeBr3
and BF3 count rates which are order of magnitudes different. The reactor should be oper-
ated at the higher power possible for the BF3 to count enough gammas during the decay
after the cadmium blade insertion, but without triggering too much the CeBr3 dead time,
especially paralysable. At a power of 30 mW with respectively 2.8 kHz and 300 kHz for
BF3 and CeBr3, both conditions were respected.

The experiment timeline is the following, as represented in Figure 3.9:

• t = 0: start of gamma and neutron signal acquisition

• t = t0: neutron source introduction

• t = t1: "manuel" state on (safety blades pulled out and water rising from 500 to 800
mm)

• t = t2: water level set to 975 mm and control rod pulled out to increase power up to
30 mW in supercritical state

• t = t3: control rod inserted down to 532 mm to reach criticality
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• t = t4: power stabilized at 30 mW

• t = t5: Cadmium blade drop.

Figure 3.9: BF3 neutron signal and CeBr3 gamma signal, both normalised to their value at
t = t5. The gamma build-up due to delayed contributions can be seen between t4 and t5. The
horizontal dotted line represents the delayed gamma contribution from long-lived isotopes.

3.2.3 Results

A key point in the determination of the delayed gamma fraction is the choice of the neutron
and gamma signals normalisation point. For illustrative purposes we will first assume that
it should be done at t = t5−, i.e. just before the Cadmium blade drop. The delayed gamma
signals, as introduced Equation 3.5, is then displayed in Figure 3.10.

Figure 3.10: Neutron, gamma and delayed gamma signals decays.
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Right after the Cadmium blade insertion, the delayed gamma signal reaches its delayed
gamma fraction value:

Fγ,d = Sγ,d,norm(t5+) (3.6)

In order to precisely determine this Fγ,d value, the delayed gamma signal decay was fitted
between t5+ and t6 with a two term exponential, to take into account both delayed gam-
mas from fission products and long-lived activation products contributions. The fit was
only performed before t6 since after this time the BF3 count rate was too low to provide a
reliable neutron decay.

This method was then repeated for 100 different neutron and gamma signal normalisation
points between t4 and t5−. The results are shown Figure 3.11.

Figure 3.11: Delayed gamma fraction Fγ,d as a function of the signal normalisation time.
100 points scaled between t4 and t5−, for both BF3 positions. The averaged values of the
"accepted points" and its standard deviation can be read.

The plots from Figure 3.11 should be read closely with Figure 3.9 for a better understand-
ing. Each delayed gamma fraction from Figure 3.11 corresponds to a different normalisation
of Figure 3.9 neutron and gamma signals. In Figure 3.9, both signals are normalised at
t5−, but to produce the results from Figure 3.11, 100 normalisation points were performed
between t4 and t5−. Then, for each of these normalisations, which are leading to plots sim-
ilar to Figure 3.9, a two term exponential fit between t5+ and t6 is done and the delayed
gamma fraction is obtained as described Equation 3.6.

The delayed gamma fraction distribution, from plots Figure 3.11, both present a similar
trend. First a decrease from normalisation time t4 to t = 20 min and then a stabilisation
around a mean value displayed on each plot. By keeping in mind Figure 3.9, we can infer
that delayed gammas take about 8 minutes from the power stabilisation that occurred at
t4 to build up. Therefore, the signal normalisation should not be done before t = 20 min.
"Accepted points" refer to the values after t = 20 min and were the only considered in the
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establishment of the means and standard deviations. Despite this clear cut off at t = 20
min, several points were already closely concentrated around the average delayed gamma
fraction value.

The delayed gamma fractions around the south and north control rods, inferred from the
mean and standard deviations of the data in Figure 3.11, can be read Table 3.1.

Table 3.1: Delayed gamma fraction in CROCUS South control rod.

BF3 position Fγ,d
South 0.3036± 0.0057
North 0.3056± 0.0066

Delayed gamma fractions for both BF3 neutron detector positions are compatible within
their standard deviations, which confirms the validity of the method.

Discussion In experiments conducted at the JSI TRIGA reactor [14], a quick reactor
startup is followed by a fast shutdown, after steady state is reached both in the gamma
and neutron signals. Both signals are normalised as soon as steady ractor power is reached.
Then, the gamma signal increases, as delayed gammas start to build up, and it saturates
to a steady state value. The delayed gamma fraction is assimilated to the steady state
value reached by the normalised gamma signal after delayed gammas have built up. One
can argue that the gamma signal will never reach a constant value since gammas from
activation products will always add up to the signal. This slight increase is due to long-
lived activation products which contribution can be neglected at the JSI TRIGA reactor
when operated at 50 W to 10 kW. However, this is not the case in CROCUS since at low
power operation the gamma background contribution to the whole gamma field can not
be neglected. Thus, a methodology where the delayed gamma fraction determination is
performed after the transient occurred was there preferred. Moreover, we performed a full
investigation on the signals’ normalisation point for the delayed gamma fraction result not
to lay on a visual estimation.
Although previous delayed gamma fraction evaluation performed after fast transients, as
[13], was leading to an overestimation of the delayed gamma fraction, the influence of the
neutron signal has been here taken into account and removed from the delayed gamma
signal after the transient occurred. The delayed gamma fraction obtained in CROCUS is
very similar to the one obtained at the JSI TRIGA reactor core centre, delayed gamma
contribution due to long-lived isotopes being more pronounced in low power reactor CRO-
CUS than in JSI TRIGA though. To have a gamma background lower than 1% of the
full gamma signal, CROCUS should be operated at more than 381±9 mW, but the CeBr3
dead time issues arise at such power.

Outlook These results coupled to the first in core gamma spectra provided by the LEAF
system opens the possibility of delayed gamma fraction determination as function of energy
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measurements

in CROCUS. Cerium Bromides scintillators provide us with well resolved in-core spectra
under 3 MeV while Bismuth Germanates allow acquisition up to 10 MeV, so that the
LEAF system allows for a wide identification of gamma emitters present in CROCUS.
This knowledge added to nuclear data enables an estimation of the relative contribution
of each isotope to the whole spectrum. This can help code validation by stating if the
contribution of a specific isotope is under or overestimated by the simulation. It can also
allow to draw the time dependence of the building up of each isotope identified.
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Chapter 4

Zero power noise measurements in
CROCUS with the new LEAF
system

Neutron noise is a non-invasive method to determine kinetics of a reactor through its
prompt decay constant, effective delayed neutron fraction and mean generation time. In-
stead of performing dynamic experiments, as control rod drop or ejection tests, kinetic pa-
rameters could be inferred from measurements at steady-state and contribute to databases
for code validation. Besides the typical neutron noise measurements, gamma-rays poten-
tial has been of interest [16], [17], [18] as the higher mean free path would in principle
permit ex-core detector positioning. This chapter will introduce the nuclear reactor kinet-
ics theoretical basis needed for reactor noise analysis and present the first gamma noise
measurements performed with the LEAF system in the CROCUS reactor.

4.1 Point kinetics and reactor noise

4.1.1 Boltzmann transport equation to point kinetics

The Boltzmann equation, which was firstly used to describe the kinetic of gases, received
neutron transport developments with the advent of the first nuclear reactors. It was indeed
motivated by the need to predict the generated power to adapt accordingly the cooling
system. Since the reactor power is strictly proportional to the neutron flux, the Boltzmann
neutron transport equation describes the evolution in time of a neutron population as a
function of energy direction and position [19]. To study the kinetic behaviour of a neutronic
system, this equation is almost never deterministically solved with its full space, energy,
angle and time dependence, but rather approximated by diffusion theory when possible,
or treated by stochastic methods as Monte Carlo methods. However, if the independence
of the neutron density with respect to space and energy can be assumed, point kinetics
equations (Equations 4.1 and 4.2) can be obtained from the general neutron transport
equation. How point kinetic equations can be derived from the Boltzmann neutron trans-
port equation is thoroughly presented in Appendix H.
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dA

dt
=
ρ− β̃

Λ
A+

∑
i

λiCi + S (4.1)

dCi
dt

=
β̃i
Λ
A− λiCi (4.2)

with Ci =
(N†

0 ,εi)
ΛF .

where:

• A: time dependant amplitude of the neutron density.

• Ci: time dependant quantity of precursor i per unit volume.

• F = (N †0 ,M̂ϕ): total importance associated to the shape of the flux.

• ρ =
(N†

0 ,
ˆδHϕ)
F : reactivity.

• β̃ =
(N†

0 ,
∑
i

M̂iϕ)

F : effective delayed neutron fraction.

• Λ =
(N†

0 ,ϕ)

(N†
0 ,M̂ϕ)

: prompt generation time.

These parameters are sufficient to describe a reactor’s transients and therefore constitutes
the reactor characteristics. Determining these kinetic parameters is the preliminary work
to any solving of the point kinetic equations.
A reactor in which the point kinetics equations are valid is a point reactor. In such a
reactor the neutron density amplitude evolves without changing its shape. CROCUS can
be considered as a point reactor [15].

Equations 4.1 and 4.2 form a system of first order differential equations. Its solution can
thus be written as a sum of exponentials:

A(t) =
∑
j

A0je
αjt (4.3)

where the A0j coefficients depend on initial conditions. The first exponent is the prompt
neutron decay constant αp explicited in Equation 4.4 , while α2 to α7 are related to de-
layed neutrons contributions. After introducing A0 neutrons into our reactor, the neutron
population will exponentially decay with an αp constant.

αp =
ρ− β̃

Λ
(4.4)
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4.1.2 Reactor noise

It refers to the temporal fluctuation of the power around its steady-state deterministic
constant value [1]. It can be induced by thermal noise, flicker noise, interferences, or
by spontaneous processes as radioactive decays emitting particles with a constant mean
rate. In this last case, the resulting detector signal follows a Poisson distribution, while
in presence of correlated sources, deviations from the Poisson distribution can be observed.

A distinction is to be made between zero power noise and power reactor noise. In sys-
tems where thermo-hydraulic and mechanical noise effects can be neglected, the observed
power fluctuations are referred to as zero power noise or branching noise. This type of noise
only depends on fission chains probabilistic processes, as the amount of neutrons emitted
per fission ν, the time between nuclear interactions τ , or the fission and absorption cross
sections. Zero power noise analysis stands in the measurement of temporal correlations
happening while detecting neutrons from the same fission chains successively. Power reac-
tor or external noise arises from mechanical vibrations, induced by coolant flow, coolant
boiling or local temperature variations, and is causing local macroscopic cross sections to
fluctuate. These vibrations can also be actively induced by rod oscillation as performed in
the COLIBRI experiment [20]. This chapter will lay emphasis on zero power noise.

4.2 Zero power reactor noise analysis methods

This section is adapted from O.Pakari’s thesis [1] and should be referred to for further
details.

The most notable methods for zero power noise analysis are the auto correlation or Rossi-α,
the variance over mean or Feynman-α and the power spectral density or PSD method. All
three are based on the measurement of subsequent pulses from a neutron detector close to
the reactor in order to inspect the statistics of the time between pulses in time or frequency
domain.

Rossi-α method It relies on measuring the time difference between subsequent pulses
of a detector, which relates to the auto correlation of the neutron population. Assuming a
detection of a neutron at a time t0, a second detection t can originate either from unrelated
fission chains or from the same fission chain in a prompt process. Neglecting neutrons in
the fission chain, the total detection probability at time t within a detection time dt can
thus be written:

p(t)dt = Fε(A+Be−αpt)dt (4.5)

with αp describing the exponential decay of probability to detect a neutron from the same
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prompt chain. The constant A describes the uncorrelated detection of two neutrons and
is found to be the count rate of the detector:

A = Fε (4.6)

where F is the fission rate of the system and ε the detector efficiency in counts per fission
in the reactor. B describes the detection of neutrons coming from the same fission chain,
called correlated neutrons:

B =
εDν

2αpΛ2
. (4.7)

Dν is the Diven factor which relates to the prompt neutron yield per fission. As a result,
the prompt decay constant αp can be assessed from the shape of the auto correlation curve.

A second detector can be used and the cross correlation between the two is used instead.

Feynman-α method It is based on the measurement of variance and mean value of
counted neutrons of a variable time bin t. As described in section 4.2.1 the reactor power
and therefore the neutron flux will fluctuate around a mean value. These fluctuations
originate from random or correlated events in fission chains. Therefore, counts in a detector
Z during a time gate t depend on a constant contribution given by the mean neutron
population and a noise contribution characterized by a variance which is correlated to
reactor nuclear characteristics. The Feynman-α method relates the variance to mean ratio
of the detector signal Z to the branching noise:

Z̄2 − (Z̄)2

Z̄
=

V ar(Z)

Mean(Z)
= 1 +

εDν

(ρ− βeff )2

(
1− 1− e−αpt

αpt

)
(4.8)

Contrary to phenomenon with constant mean rate described by Poisson distribution, where
the variance to mean ratio is equal to one, in a nuclear reactor the variance is higher due
to the multiplication process. The variance to mean ratio depends on the time gate t. For
very short t < 1ms, it seems to be one, while for longer gates, the variance increases. The
prompt decay constant αp can be deduced from the shape of this time dependence.

As for the Rossi-α method, a second detector can be used and the covariance to mean ratio
is performed instead:

¯Z1Z2 − Z̄1Z̄2

¯Z1Z2
=
Cov(Z1,2)√

Z1,2
=

ε2F0Dν

(ρ− βeff )2

(
1− 1− e−αpt

αpt

)
(4.9)
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Power Spectral Density method It transfers the Rossi-α auto correlation to the fre-
quency domain by taking its Fourier transform:

Gxy(w) =

−∞∫
∞

dte−iwtp(t) = εF +
ε2FDν

β2
eff

1

1 + w2/αp2
(4.10)

This results in a Lorentzian bell curve with a cut-off frequency at αp. The Fourier transform
of the cross-correlation function is:

Gxy(w) =

−∞∫
∞

dte−iwtp1,2(t) =
ε2FDν

β2
eff

1

1 + w2/αp2
(4.11)

These analysis methods presented here for neutron correlations can also be applied to
gamma and neutron-gamma correlation measurements [21].

4.3 Experimental realisation of zero power noise measure-
ments

This section aims at presenting how from the detectors amplified signals are produced and
fitted Rossi, Feynman or Cohn-α curves. The three methodologies are explained here after
and summed up Figure 4.1.

4.3.1 From time dependant counting to noise analysis

Rossi-α The measurement time stamps between each detector counts are registered and
the number of occurrences for each time stamp is sorted out with respect to time stamp
length. This results in a Rossi-α curve. In practice, the auto correlation function of the
signal acquired with a dwell time of 500 µs is calculated.

Feynman-α For a defined gate length, also called dwell-time, detector counts are reg-
istered. Then, the number of counts per segments, for each gate length, are sorted out
in histograms. The variance to mean ratio for each histogram is calculated in order to
produce a Feynman-α curve. In practice, a gate length of 500 µs is taken to produce the
histogram with the smallest gate length and then sum of segments are taken to get larger
gate length histograms [1].
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Power Spectral Density PSD curves -sometimes also called Cohn-α curves- can be
obtained from two different ways. Either by taking the Fourier transform of the Rossi
distribution, or by taking a specific histogram from the Feynman approach and applying
the Bartlett PSD estimation method. The gate length of the chosen histogram, which
corresponds to the sampling frequency of the signal, should exceed the double of the fre-
quency we want to observe with respect to the Nyquist-Shannon theorem. Taking the
Fourier transform of the auto correlation function to produce PSD curves is in practise
never performed. Instead, the Fourier transform of the 500 µs gate length histogram,
corresponding to a 2000 Hz sampling rate, is taken and multiplied by its complex conju-
gate. The resulting PSD curve is called periodogram. The Bartlett method consists in
cutting the full signal into segments, calculating the PSD curve for each and averaging
it. It is thus reducing the variance of the periodogram, but reducing its resolution. The
segment length should be long enough for the branching phenomenon to be contained
in, but order of magnitudes shorter than the full signal to get a smooth averaging. For
noise experiments a window size that yields a spectral resolution under 0.5 Hz is needed [1].

Figure 4.1: Schematic of the experimental realisation of noise analysis methods. Adapted
from [1].

4.3.2 Noise curve fitting

In order to obtain kinetic parameters as the prompt decay constant αp, these curves need
to be fitted. The functions used to this purpose are presented in section 4.3 and are based
on the point kinetics equations. The goodness of the fitting result relies on the residuals
function of the fit. If the residual distribution is normally distributed around the fit, the
model considered is accurate. Residuals can be defined either as the vertical distance be-
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tween the date point and the fitting curve or by the square of it in order to discriminate
more outliers. Usually, methods as the Maximum Likelihood Estimation (MLE) are used
in order to find the best parameters for a model to best fit the data. However, assuming
Point Kinetics to apply to CROCUS, we can be confident in the trueness of our models
and directly use the Ordinary Least Squares estimator (OLS) for residuals. According to
the Gauss-Markov theorem [22], the OLS stands as the Best Linear Unbiased Estimator
(BLUE) for linear regression models. Although we are considering strongly non-linear
models, we will take the OLS estimator as a first guess.

We are thus able to obtain the best fit parameters for our models, as the αp. The standard
deviation of this parameter is obtained as follows. According to [23], the Hessian matrix
of the residual function is equal to the inverse of the covariance matrix:

COV = H−1 ·MSE (4.12)

where COV is the covariance matrix, H is the Hessian matrix of the residual function
containing all the residuals derivatives. The mean squared error (MSE) of the residuals is
used to weigh the Hessian matrix. The high order terms of the Hessian matrix are very
difficult to estimate so by Taylor expanding it to the first order we get:

COV = (JTJ +O2) ·MSE (4.13)

with J being the Jacobian of the residuals function. As a first estimate, second order terms
are considered to be negligible since second and higher order gradients of the residuals
function would mean that the residuals’ distribution is not normal. The results are thus
presented assuming a first order approximation on the residuals. This assumption should
be verified with Monte Carlo methods as Bootstrapping for the uncertainties’ estimation
[24].

4.3.3 Parameters influencing the curve fitting

Any data set can be fitted by a model. However, not all the fits will result in an accurate
estimation of our model’s variables.

Rossi’s distributions and PSD curves are carrying the same physical information but in
different domains, respectively time and frequency. Therefore, the fitting of the Rossi ex-
ponential and of the Cohn Lorentzian should provide the same αp. However, according to
the investigations developed in Appendix I, the fitting of PSD curves should be preferred
to the fitting of Rossi distributions regarding the obtention of the prompt decay constant.

The cut-off frequency estimation of the PSD curve through the fitting of the Lorentzian
strongly depends on the PSD amplitude plateau. Essentially, the higher the amplitude of
this plateau, the easier a cut-off frequency can be distinguished and the better the fit result
[1]. However, several parameters are influencing the PSD amplitude: the count rate, the en-
ergy of the incident gammas, the detector efficiency and the white noise amplitude around
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the averaged PSD shape. Although in neutron noise the three first parameters all have
the same effect on the PSD amplitude, in gamma noise they have independent behaviours.
This is discussed in Appendix J while trying to determine the optimum threshold for the
gamma correlation measurements with the Cerium Bromides detectors. To be succinct,
increasing the threshold, which means considering higher energy gammas for correlations,
is increasing the CPSD amplitude, but also drastically reduce the count rate and therefore
the statistics. A trade off has to be found.

Regarding Feynman-α curves, the information on the prompt decay constant is not lo-
calised but contained in the whole flexion of the curve. As long as the Feynman variance
to mean (VTM) curve is neither flat nor linear, it seems to be fittable with a multi expo-
nent model. Multi exponent fitting also provides better results for PSD. While Feynman
fits are very sensible to starting points, PSD fits are really robust.

4.4 Neutron and gamma correlation measurements

A first campaign of neutron correlations measurements with He-3 detectors at subcritical
states was conducted in 2018 and the results are standing as the reference data set. In late
2019, gamma correlation experiments have been conducted thanks to the LEAF setup with
the following targets: Can we see gamma noise in CROCUS? If we are able to determine
kinetics parameters as the prompt decay constant αp, is it accurate and reliable compared
to the neutron noise reference? To what extent, regarding the reactivity and distance
variables, do we see noise? This section aims at answering these points.

4.4.1 Neutron noise reference measurements

A series of neutron correlations measurements with He-3 detectors have been performed
in CROCUS in 2019. These experiments covered five subcritical states and five detector
positions around the fuel with two hours measurements each [25]. The configurations
were arbitrary chosen to cover reactivity worths from -1.4$ to critical and several in-vessel
positions up to 20.15 cm from the fuel. The α values obtained for the five subcritical states
at the closest distance to the fuel (4.65 cm), and an additional critical measurement, will
be considered as the "Neutron Noise Reference" in the following sections. Prompt decay
constants simulated with Serpent 2 are also displayed in table 4.1 to allow for comparison.

4.4.2 Experimental setup for gamma noise measurements

The classic LEAF setup positioning used for in-core and ex-vessel spectroscopy, with two
additional Boron Trifluoride (BF3) neutron detectors in peripheral positions is used. The
handling of the high voltage supply and the output signal of these six detectors is described
in Appendix K. While CeBr3 scintillators will always stay in the control rod tubes, the
Bismuth Germanates will be gradually removed from the vessel, according to the map-
ping presented in Figure 4.2, so as to investigate how gamma noise evolves with distance
compared to neutron noise limited range. From locations 2 to 5, the BGO detectors are
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symmetrically removed from the core. Then, in location 6, the north BGO is placed into
the cavity hole while the south one is moved to the cavity north corner. In location 7, the
north BGO is moved deeper into the hole and the south one is kept at the north corner of
the cavity but placed behind a lead shield. From positions 8 to 11, both BGO are placed
side by side, outside the cavity, in direct line with the core. In location 9, the threshold
was set to 0.5 V instead of 0.1 V as in all the other experiments to confirm the hyphotesis
discussed in Appendix J.

Figure 4.2: Top view of the CROCUS hall with all BGO positions used for distance noise
measurements. Adapted from [1].

4.4.3 Cerium Bromide measurements

CeBr3 detectors, which can fit inside the control rod tubes, constitute the in-core measure-
ments tools of the LEAF system. Already providing well-resolved in-core spectra, they
have also been used to reproduce the reference neutron noise measurements with He-3
detectors. Thanks to the BF3 detectors in peripheral positions, we were also able to per-
form another kind of neutron correlation measurements, for comparison with the existing
He-3 data. It also allows for neutron-gamma correlations. All the results are presented in
Appendix L.

Gamma noise best results in term of alpha reliability are provided by Cohn-α CPSD
curves, and Feynman-α CTM curves both fitted with multiple exponent functions (cf. Sec-
tion 4.4.3). The results of Figure 4.3 show that both methods are providing prompt decay
constant α very similar to the neutron noise reference measurements but uncertainties are
lower with CPSD. Numerical values are presented in Table 4.1.
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Table 4.1: Subcritical and critical alphas obtained with CeBr3 correlations measurements
compared to the He-3 reference measurements and to Serpent 2 simulations.

Water Reactivity CTM CPSD Reference Serpent 2
level (mm) ($) α (1/s) α (1/s) α (1/s) α (1/s)

800 -1.4 398.1± 17.3 377.21± 0.59 377.52± 2.35 389.91
850 -0.9 309.89± 3.32 293.54± 0.28 296.84± 1.42 306.39
900 -0.5 230.83± 2.57 226.33± 0.24 231.1052± 0.93 234.20
925 -0.3 198.58± 1.56 195.12± 0.10 199.92± 0.71 202.49
950 -0.1 165.78± 0.53 161.19± 0.08 176.02± 0.85 172.34
962.8 0 154.42± 1.52 147.56± 0.06 154.2± 2.1 158.60

(a) (b)

Figure 4.3: (a) Prompt gamma decay constants, obtained with CTM and CPSD methods,
both as function of reactivity. (b) Comparison of CTM and CPSD prompt gamma decay
constant to the neutron noise reference
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In Figure 4.4, the influence of the correlation type on the CPSD fitting, as function of the
measurement time, is plotted. Both the prompt decay constant and its relative standard
deviation evolutions with time are shown. BF3 neutron correlations, CeBr3 gamma correla-
tions and mixed neutron-gamma correlations are compared to the He-3 neutron reference.
It emerges that gamma correlations with CeBr3 need as short measurements as neutron
correlations with He-3 to converge on reliable prompt decay constants. Gamma correla-
tions are also providing us with the smallest uncertainties among all types of correlations
(cf. right y-axis of Figure 4.4).

Figure 4.4: Prompt gamma decay constant and its relative uncertainty as function of the
measurement length, for CeBr3 gamma correlations, BF3 neutron correlations, neutron-gamma
correlations with these very same detectors, and He-3 reference neutron correlations. Same
plots for other reactivity levels are shown in Appendix L.
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4.4.4 Bismuth Germanate distance measurements

BGO scintillators, allowing for ex-vessel gamma spectra acquisitions account for the high
efficiency detection devices of the LEAF system. While He-3 neutron correlation measure-
ments were performed in vessel at 20.15 cm maximum from the core with poor results [1],
gamma correlation measurements were successful at the reactor hall wall , i.e. outside the
reactor cavity (Figure 4.2), at 6.95 cm from the core centre.

While CeBr3 measurements aim at reproducing the neutron noise reference data with high
fidelity regarding the prompt decay constants, these BGO measurements aspire to find
the gamma noise "limit" distance for CROCUS. To that end, this study stresses on the
Feynman and Cohn-α curves shape evolution with detector distance to the fuel, more than
on their fitting for prompt decay constant determination purposes. The different measure-
ments done are listed in Table 4.2.

Table 4.2: Measurement time in hours for each BGO location and reactivity investigated.

Position 800 mm 900 mm 950 mm 20 mW
(id) ≈ −1.4$ ≈ −0.5$ ≈ −0.1$ Critical
1 - 0.5 - 2.0
2 - 0.5 - -
3 0.5 0.5 - -
4 0.5 0.5 - -
5 0.5 0.5 - -
6 0.5 0.5 - -
7 0.5 0.5 - -
8 - 0.5 - -
9 - 0.5 0.5 -
10 - 0.5 0.5 -
11 - - - 2.0

The CTM and CPSD curves for several BGO distance to the core are shown in Figures
4.5a and 4.5b. The detectors’ locations are reminded in Figure 4.5c. While CTM curves
amplitude are decreasing with distance, an opposit phenomenon is observable with CPSDs.
From locations 2 to 6 the amplitude is increasing. In Figures 4.5d and 4.5e), count rates
and CPSD amplitudes are plotted for positions 2 to 10. While count rates are decreasing
with distance as expected -variations due to shielding left aside-, the CPSD amplitude is
globally increasing. It appears that removing detectors from the core has the same effect
on the CPSD amplitude as increasing the threshold (cf. Appendix J). Increasing the dis-
tance results in filtering out the low energy gammas and, therefore, correlated events seem
to originate only in high energy gammas.
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(a) (b)

(c)

(d) (e)

Figure 4.5: (a),(b): CTM and CPSD curves for several BGO distances from the core. The
CTM curves are showing a non-poissonian behaviour and a clear cut-off frequency can be seen
in CPSD curves. (d),(e): count rates and CPSD amplitude with respect to the BGO locations.
The locations are reminded in (c).
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From positions 8 to 10, the count rates at subcritical levels were too low for the CPSD
amplitude to be larger than the white noise. For the farthest measurement -Position 11-
it was thus chosen to operate at criticality for 2 hours to get the best statistics possible.
At this distance of 6.85 m from the core center, correlated noise can be seen in Figure 4.6a
and, in spite a lot of white noise, a cut-off frequency around 25 Hz -which is the expected
value at critical according to Table 4.1- can be clearly identified in the CPSD from Figure
4.6b.

(a) (b)

Figure 4.6: CTM (a) and CPSD (b) curves for BGO detectors at location 11.

The prompt gamma decay constants resulting from the fitting of the CTM and CPSD
curves produced for each measurement of Table 4.2 are compared to the neutron noise ref-
erence data in Appendix M. For positions up to the cavity whole, constants are comparable
to the reference for the -0.5$ subcritical state. For further distances, the measurements
must be performed at critical for CTM or CPSD to show correlated noise. For the farthest
BGO position possibly achievable in the CROCUS hall, a prompt decay constant within
the 10% of the reference value is obtained (cf. Figure M.2). Hence, the limit in distance
for gamma correlations measurements has not been found in CROCUS. As long as BGO
scintillators were in direct line with the reactor vessel, gamma noise measurements may
be achieved. This assumption will have to be validated or rejected by carrying further
experimentations in other facilities.
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Summary and Outlook

Summary

The overall goal of the master thesis project was to improve the gamma field knowledge
in the zero power reactor CROCUS from the full gamma field characterisation to specific
applications such as zero power noise. LEAF, which consists in a gamma spectroscopy
system, needed a characterisation in order to fulfil further research. All four scintillation
detectors were thus calibrated in energy and efficiency, to be ready for experiments.

Measurements of in-core gamma spectra were performed, at different sub-critical and crit-
ical states of CROCUS, and compared to MCNP6.2 simulations and to a prompt U-235
spectrum produced with FREYA. The comparison of the experiments to MCNP6.2 enables
the identification of resolved peaks of delayed processes not modelled by codes, such as the
fission products Cs-137 and La-140. In the scientific community, a recent effort has been
the determination of delayed gamma contributions. A new method allowing the estima-
tion of local prompt to delayed gamma ratios in the reactor core has been developed. This
technique estimates the delayed gamma fraction to be 0.30 ± 0.01 in the CROCUS control
rod tubes, i.e. in the outer Umetal region of the core.

Neutron noise measurements, allowing for a non-invasive determination of the kinetic pa-
rameters of a reactor, is common practice. The first gamma and neutron-gamma correla-
tions measurements in a reactor, though, were undertaken with the LEAF setup. CeBr3
scintillators allowed for a precise and rapid reproduction of the prompt decay constant
mean values measured with He-3 neutron detectors at different sub-critical and critical
states in CROCUS and predicted with Serpent 2. Beyond these promising results, BGO
scintillators which were selected for their high efficiency, provided us with gamma noise
measurements at distances up to six meters from the reactor core centre, at critical (power
20 mW). At such distances, the multiple exponent CPSD fitting delivered αp values com-
parable to the He-3 neutron measurements.

Outlook
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The first in-core efficiency calibrated gamma spectra, and the new method providing de-
layed gamma fraction measurements, can lead to the determination of prompt to delayed
gamma ratio as a function of the energy in CROCUS. This would complete the gamma
field characterisation of the reactor’s core.

In addition to its gamma spectroscopy capabilities, the LEAF system turns out to be an
efficient gamma noise investigation device and future work on this topic could include:

• Extraction of other kinetic parameters, namely the effective delayed neutron fraction
or the reactivity, which requires additional efforts on the in-core efficiency calibration.

• Estimation of kinetic parameters’ uncertainties through stochastic methods such as
bootstrapping, since the current uncertainty estimates are probably underestimated
first order approximations.

• Application of gamma noise measurements with the LEAF system to other facilities
and possibly industrial sites.

• Application of gamma noise to perturbation noise analysis which are conducted in
the COLIBRI experiments.
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Appendix A

Technical drawings of the LEAF
detectors
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Appendix A. Technical drawings of the LEAF detectors

Figure A.1: Technical drawing of the CeBr3 detector. The PMT is a Hamamatsu Type
R12421.
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Figure A.2: Technical drawing of the BGO detector. The PMT is a Photonis 55 Type
XP4578 PMT.
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Appendix B

Energy calibration of the LEAF
detectors

The linear calibrations for the LEAF detectors are presented Figures B.1 and B.2. The
FWHM displayed on Figure B.3 are comparable to other crystals in literature, e.g. [26].

Figure B.1: Energy calibration results for the CeBr3 detectors.
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Figure B.2: Energy calibration results for the BGO detectors.

Figure B.3: FWHM for the LEAF detectors in dependence of energy, determined with
standard Eu-152 and Co-60 sources.
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Appendix C

Efficiency calibration setup for the
LEAF detectors

The experimental setups for the source efficiency calibrations of the LEAF detectors are
sketched Figures C.1 and C.2. As the geometry of the experiments has to be modelled with
Serpent for simulations, we looked for the simplest design possible. The hanging strings
do not affect photon transport and therefore only the detectors and sources have to be
modelled.

Figure C.1: Scheme of the efficiency calibration experimental setup for BGO scintillators.
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Figure C.2: Scheme of the efficiency calibration experimental setup for CeBr3 scintillators.
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Appendix D

LEAF detectors geometry in Serpent

Both CeBr3 and BGO scintillators have been modelled with Serpent 2, Figures D.1a and
D.1b, for efficiency calibrations with source and in-core. Dimensions are respecting the
technical drawings from Appendix A.

(a) BGO detector. (b) CeBr3 detector.

Figure D.1: Serpent models of the LEAF detectors.
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Appendix D. LEAF detectors geometry in Serpent
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Appendix E

Scintillation detectors intrinsic
efficiency

The gamma energy absorbed in the crystal is ([2], Chap 10):

Ea = N1 · h · ν̄1 (E.1)

where h · ν̄1 =
∑
i
pEi · Ei represents the average energy of the incident gammas, with the

sum taken over all the emission rays of the gamma source.

The scintillation photon energy emitted in the crystal is ([2], Chap 10):

Ee = N2 · h · ν̄2 (E.2)

where:

• N2: Number of scintillation photons.

• hν̄2 = hc
λ̄2

= hc
N2

∫ N2(λ)
λ dλ

with the integration taken over the entire scintillator emission spectrum.

From Equations E.1 and E.2, we can define the scintillation efficiency of the crystal as the
ratio of the emitted energy over the absorbed one : εcrystal = Ee

Ea
.

This crystal efficiency can be quickly approximated. According to [27], for a gamma en-
ergy deposition of Ea = 1MeV , in a CeBr3 crystal, N2 = 45000 luminous photons are
created. This number of secondary photons produced N2 is proportional to the energy
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Appendix E. Scintillation detectors intrinsic efficiency

of the absorbed primary photon. It is also known from [28] that for CeBr3, the emission
spectrum is centered at λ̄2 = 380 nm which corresponds to hν̄2 = 3.27eV . As a result,
εCeBr3 ≈ N2·hν̄2

Ea
≈ 0.14.

The same calculations, using numerical values from [29] and [5], lead to εBGO ≈ 0,02.

However, not all the scintillation photons will reach the photocathode but only a fraction
η = N3

N2
. If these photons are considered to be isotropically emitted inside the crystal,

their probability to reach the photocathode has to be understood as the solid angle ratio
Ω(M)

4π , where Ω(M) represents the solid angle intercepting the photocathode surface from
the interaction position M. This is valid only by neglecting the reflectors placed at the
inner boundaries of the crystal.

The fraction η can be determined by integrating on the crystal volume:

η =
1

V

∫
V

Ω(M)

4π
dV (E.3)

If the crystal is a cylinder of radius R and height H:

η =
1

πR2H

R∫
r=0

H∫
z=0

Ω(r,z)

4π
2πdrdz (E.4)

where:

Ω(r,z) = 2π

(
1− z√

z2 + r2

)
(E.5)

The expression of η presented Equation E.4 is not valid, as the gamma interactions are
not uniformly distributed in the crystal, and the gamma mean free path in the crystal l̄
should be introduced. The Equation E.4 becomes:

η =
1

πR2H

R∫
r=0

l̄∫
z=
√
l̄2−R2

Ω(r,z)

4π
2πdrdz (E.6)

Then, the photomultiplier efficiency εPMT should be very close to 1. Indeed, secondary
photons reaching the photocathode will induce a photoelectron which will be multiplied at
the dynodes of the PMT and accelerated by the applied high voltage (Figure 2.2). At the
output of the PMT, an electric pulse proportional to the energy of the event is produced,
but the number of events is conserved: one emitted photoelectron should give one count
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([2], Chap.10).

Eventually, the intrinsic efficiency can be written:

εint =
Counts

N1
=
Counts

N3︸ ︷︷ ︸
εPMT

· N3

N2︸︷︷︸
η

·N2

Ee
· Ee
Ea︸︷︷︸

εcrystal

·Ea
N1

(E.7)

The remaining terms can be derived from Equations E.1 and E.2 to obtain a more compact
form:

εint = εPMT · η · εcrystal ·
hν̄1

hν̄2
(E.8)
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Appendix F

Efficiency calibration investigation
for Bismuth Germanate detectors

The poor resolution of BGO scintillators prevent us from performing an efficiency calibra-
tion with an Eu-152 source as for CeBr3 detectors. As pointed in Figure F.1, each peak
gathers several gamma rays that are complex to identify. Indeed, the position of visible
peaks on the spectrum do not always match the known gamma rays. For instance, on Fig-
ure F.1, we have a minimum right where the 964.1 keV peak should be. Even by trying to
optimize this repartition of known gamma rays among the few visible peaks, the calculated
absolute efficiencies were not consistent with the simulated curves displayed on Figure 2.8.

Figure F.1: Eu-152 spectrum acquire with BGO #1.

These first experiments with a classic Eu-152 source pointed out the need for "single-peak"
sources not to make mistakes computing the area N(E). Some gold and indium dosimeter
used for the PETALE experiment [30] primary measurements allow us to take advantage
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Appendix F. Efficiency calibration investigation for Bismuth Germanate detectors

of the 197Au(n,γ)198Au and the 115In(n,γ)116m1In reactions producing a single 411.8 keV
gamma peak for gold and a 1097.3 keV and 1294.5 keV double-peak for Indium [31].

The samples were activated thanks to the Pu Be neutron source from the CAROUSEL
facility [32]. Then, the samples’ activity (Equation F.1) was determined using the LOTUS
HPGe from the spectroscopy lab of the EPFL.

A(t0) =
N(E)

∆tHPGe · εHPGE(E) · pE
(F.1)

where:

• A(t0) = A0: Activity of the source right after the HPGe measurement.

• N(E): Net peak area at the energy E, obtained from the measured spectrum.

• PE : Probability that the gamma is emitted with an energy E. (put ref of nuclides
table)

• εHPGE(E): LOTUS HPGe absolute efficiency at the energy E with the source at the
standard measurement distance.

• ∆tHPGe: Measurement time inside the HPGe.

The activity of the samples known precisely, measurements as depicted in Appendix C,
with both BGO and with samples at distances d = [4; 6; 9; 16]cm, have been conducted.
Since the isotopes 198Au and 116m1In have short half-lives, respectively 2.7 days and 54
min, the activity of the samples can’t be considered as constant during the experiments
and the formula presented on Equation 2.2 can’t be used.

A method taking care of the source activity change during the measurements with BGO
detectors is presented below:

At time t0, the number of nuclei in the sample that are to decay is :

N0 =
A0

λ
(F.2)

When we start the measurement with the BGO, this number becomes:

Nstart = N0 · e−λ(tstart−t0) (F.3)
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Similarly, at the end of the measurement:

Nstop = Nstart · e−λ·∆texperiment (F.4)

Since a gamma is emitted per decay, the number of gammas emitted during the experiment
is:

Nemitted = Nstart −Nstop = N0 · e−λ(tstart−t0) ·
(

1− e−λ·∆texperiment

)
(F.5)

On the other hand, the number of counts under the gamma peak at energy E in the
measured spectrum is:

NBGO(E) = Nemitted · pE · εabs BGO(E) (F.6)

So the absolute efficiency can be deduced:

εabs(E) =
NBGO(E)

Nemitted · pE
=

NBGO(E)

N0 · e−λ(tstart−t0) ·
(
1− e−λ·∆texperiment

)
· pE

(F.7)

If the quantity λ ·∆texperiment << 1, we can perform a Taylor expansion of the exponential
function in the neighborhood of 0:

εabs(E) =
NBGO(E)

Nemitted · pE
=

NBGO(E)

N0 · e−λ(tstart−t0) · λ ·∆texperiment · pE
(F.8)

εabs(E) =
NBGO(E)

A(tstart) ·∆texperiment · pE
(F.9)

We finally obtain Equation F.9 the classic expression from Equation 2.2, which prove the
validity of this method.

In Figure F.2 is displayed the single 411 keV gamma peak from 197Au(n,γ)198Au reaction
for samples at distances d = [4; 6; 9; 16]cm. Linear background filters can also be seen. Re-
garding the spectra obtained with activated Indium foils Figure F.3, they are not "clean"
enough to be used. In order to still get absolute efficiency values around 1 MeV, a Na-22
source was used since it has two spaced-enough gamma rays at 511 keV and 1275 keV
(Figure F.4).
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Appendix F. Efficiency calibration investigation for Bismuth Germanate detectors

Figure F.2: Activated gold spectra acquired with BGO #1.

On Table F.1 and Table F.2 can be found the measured absolute efficiency values for BGO
#1 and #2 while on Table F.3 are shown the geometric values simulated thanks to Serpent.
It appears that the εabs values for BGO are one order of magnitude higher than for the
CeBr3 detectors, even if for BGO crystals εBGO ≈ 0.02 < εCeBr3. In addition to that, the
ratio εabs

εgeom
does not provide constant values of εint as for CeBr3 detectors. The physical

process in a crystal that large must definitely be different.

Figure F.3: Activated indium spectra acquired with BGO #1.
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Figure F.4: Na-22 spectrum acquired with BGO #1.

Table F.1: Measured absolute efficiencies for BGO #1

d εabs εabs εabs
(cm) (411 keV) (511 keV) (1275 keV)
4 0.1569(63) 0.1290(2) 0.0650(2)
6 0.1023(41) 0.0933(2) 0.0498(2)
9 0.0590(23) 0.0587(1) 0.0330(1)
16 0.0189(8) 0.0248(1) 0.0107(1)

Table F.2: Measured absolute efficiencies for BGO #2

d εabs εabs εabs
(cm) (411 keV) (511 keV) (1275 keV)
4 0.1494(60) 0.1269(3) 0.0633(3)
6 0.1084(44) 0.0985(2) 0.0500(2)
9 0.0827(33) 0.0576(1) 0.0336(1)
16 0.0338(14) 0.0238(3) 0.0133(1)

A first comparison of the measured and simulated efficiencies for BGO scintillators is dis-
played Figure F.5. The experimental efficiency points are altogether consistent. Indeed,
the efficiency is decreasing while increasing the source distance or the gamma-ray energy.
(except the 511 keV value for the BGO #1 at d=16 cm). Still, three points are not enough
to get a preview of what should be the physical trend. All theoretical efficiency coefficients
presented in Section 4.3 must have an energy dependence in scintillation crystals of that
size.
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Appendix F. Efficiency calibration investigation for Bismuth Germanate detectors

Table F.3: Simulated geometric efficiencies for BGO detectors

d εgeom εgeom εgeom
(cm) (411 keV) (511 keV) (1275 keV)
4 0.12209(7) 0.11960(9) 0.09390(8)
6 0.0834(6) 0.08260(7) 0.06540(6)
9 0.05213(5) 0.05128(10) 0.04146(9)
16 0.02228(3) 0.02214(4) 0.01872(4)

Figure F.5: Comparison of the measured and simulated efficiencies for the BGO detectors
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Appendix G

Simulated geometric efficency curves
for several CROCUS core
configurations
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Appendix G. Simulated geometric efficency curves for several CROCUS core
configurations

Figure G.1: Geometric efficiency curves for four different CROCUS subcritical states. These
curves are the result of Serpent simulations.
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Appendix H

Nuclear reactor kinetics theory

The following derivations are adapted from Prof. Dr. Piero Ravetto’s reactor physics
lectures given at Politecnico di Torino for the Master of Science program in nuclear engi-
neering.

H.1 Time dependent Boltzmann transport equation

A neutron distribution φ in a reactor at time t, direction Ω, energy E and position r can
be described by the linear Boltzmann equation, as a balance equation between losses and
sources S: [

1

v

∂

∂t
+ Σ(r,E) + Ω ·

−→
∇
]
φ(r,E,Ω,t) = S(r,E,Ω,t)

+

∫
dE′

∮
dΩ′Σs(r,E

′)fs(r,E
′ → E,Ω′ ·Ω)φ(r,E′,Ω′,t)

+(1− β)

∫
dE′

∮
dΩ′νΣf (r,E)

χp(r,E)

4π
φ(r,E′,Ω′,t)

+

R∑
i=1

χi(r,E)

4π
λiCi(r,t)

(H.1)

with the initial condition φ(r,E,Ω,t = 0), a null incoming flux boundary condition φ(rs,E,Ωin,t) =
0 and where:

• v is the neutron velocity;

• Σ the macroscopic cross section;

• β the delayed neutron fraction;

• βi refers to the probability that the fission product i is produced in a fission and that

this product will produce one delayed neutron, with
R∑
i=1

βi = β;
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Appendix H. Nuclear reactor kinetics theory

• λi is the decay constant of the precursor i;

• Ci(r,t) the quantity of precursor i per unit volume at point r and at time t;

• λiCi(r,t) the number of neutrons emitted by the precursor i per unit volume and
time at the point r.

In order to solve the neutron transport equation with delayed neutrons, the evolution of
the precursor density Ci must be known :

∂Ci(r,t)

∂t
= −λiCi(r,t) + βi

∫
dE′

∮
dΩ′νΣf (r,E′)φ(r,E′,Ω′,t) (H.2)

The following operators are introduced:

L̂ ≡
∫
dE′

∮
dΩ′Σs(r,E

′)fs(r,E
′ → E,Ω′ ·Ω)v′ − Σ(r,E′)v′ − v′Ω′ · v (H.3)

M̂p ≡ (1− β)

∫
dE′

∮
dΩ′νΣf (r,E)

χp(r,E)

4π
(H.4)

M̂i ≡ βi
∫
dE′

∮
dΩ′νΣf (r,E)

χi(r,E)

4π
(H.5)

with M̂ = M̂p +
R∑
i=1

M̂i.

to simplify Equations H.1 and H.2 as follows:

∂n(r,E,Ω,t)

∂t
= L̂n+ M̂pn+

R∑
i=1

λiεi + S (H.6)

∂εi(r,E,t)

∂t
= M̂in− λiεi (H.7)

The neutron density n is preferred the neuron flux φ and the delayed neutron emissivity
is defined as εi(r,E,t) = χi(r,E)

4π Ci(r,t) with i ∈ [[1,R]]. One can notice that the emissivity
does not depend on Ω since the emission of delayed neutrons is isotropic.
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H.2. Point kinetics equations

H.2 Point kinetics equations

If the independance of the neutron density with respect to space and energy can be as-
sumed, point kinetics equations can be derived from the general neutron transport equa-
tion.

First, we introduce the separability of the neutron density into a time dependent amplitude
A and space and energy dependent shape function ϕ:

n(r,E,Ω,t) = A(t)ϕ(r,E,Ω,t) (H.8)

and we inject it into the Transport and Emissivity Equations H.6 and H.7 to obtain the
Shape Equations:

dA(t)

dt
ϕ+A(t)

dϕ

dt
= A(L̂ + M̂p)ϕ

R∑
i=1

λiεi + S (H.9)

∂εi
∂t

= AM̂iϕ− λiεi (H.10)

With the initial conditions n(r,E,Ω,t = 0) = N0(r,E,Ω) and εi(r,E,t = 0) = M̂i0N0
λi

,
the Shape Equations system provides us with the reference system (L̂0 + M̂0)N0 with
N0,boundary(Ωin).

If we integrate the Shape Equations over energy, direction and position with a weighted
function w like this:

∫
dr
∮
dΩ
∫
dEϕ(r,E,Ω)w(r,E,Ω) = (w,ϕ), we obtain a balance on

weighted particles. Since we would like to take into account the importance (ref adjoint
problem) of each neutron, the initial neutron importance density N †0 from the adjoint ref-
erence system seems to be the best candidate for w.

Eventually, we project the shape equations on w = N †0 to get the Point Kinetic Equations:

dA

dt
=
ρ− β̃

Λ
A+

∑
i

λiCi + S (H.11)

dCi
dt

=
β̃i
Λ
A− λiCi (H.12)

with Ci =
(N†

0 ,εi)
ΛF .

where:
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• F = (N †0 ,M̂ϕ): total importance associated to the shape of the flux.

• ρ =
(N†

0 ,
ˆδHϕ)
F : reactivity.

• β̃ =
(N†

0 ,
∑
i
M̂iϕ)

F : effective delayed neutron fraction.

• Λ =
(N†

0 ,ϕ)

(N†
0 ,M̂ϕ)

: prompt generation time.
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Appendix I

Rossi-α auto correlation function
investigations

In order to produce Rossi distributions from the signals obtained with 500 µs dwell time, the
"xcorr" Matlab inner cross correlation function was used. The results obtained for gamma
correlation measurements of 2h with both CeBr3 at five CROCUS subcritical states and at
criticality are displayed Figure I.1. Since the main part of the decay is happening in 0.01s,
the fit only relies on 20 points. In order to get more points for a better fitting we need to
reduce the dwell time far under 500 µs, which must lead to data size handling problems
and too long calculation time.

Figure I.1: Rossi-alpha curves obtained with CeBr3 correlation measurements.
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(a)

(b) (c)

Figure I.2: Cross correlations obtained by applying the segmenting and averaging method
to the full signal with different segment lengths.

Trying to avoid such problems, the Bartlett method used for PSDs was adapted to the
cross correlation function. Cross correlations were performed on segments of length ten
time shorter than the full signal at first, and on 10000ths of the full signals. The resulting
averaged cross correlation curves are shown Figures I.2a, I.2b and I.2c . A linear trend can
be observed for short segment lengths. This is slightly visible in Figure I.2b and obvious in
Figure I.2c. In order to understand this phenomenon, artificial signals of the same length
as our real measurements were produced using the white Gaussian noise to signal generator
Matlab function "awgn". the same PSD analysis was then conducted on these signals and
the results are presented in Figure I.3. The expected Dirac signal is visible at the origin
but the same linear effect as with the real signals is visible. It appears that for too short
segments the Dirac can not be properly seen but only a Dirac-approximated triangle. This
effect can be avoided by applying standardization to the full signal before welching (Figure
I.4), but it adds noise to the ground line especially around the origin.

Finally, the standardization was applied to the CeBr3 gamma correlation measurements.
The cross correlation functions were calculated on full signals and also on segments so as
to average it. The cross correlation function exponential decays were fitted with multiple
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Figure I.3: Averaged cross correlation curves, produced with several segment lengths, from
artificial signals.

exponents and the resulting prompt decay constant for each CROCUS core configuration
are shown Figure I.5. Judging from these results, it is not worth segmenting and averaging
as the shorter the segments, the larger the overestimation of α. Cross correlation on the
full signal is also providing overestimated decay constants at deep subcritical compared to
the PSD which must carry the same information. As a result, PSD curves, which fitting
results are closer to the reference prompt decay constants, should be preferred to auto or
cross correlation functions.
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Figure I.4: Averaged cross correlation curves, produced with several segment lengths, from
standardized artificial signals.

Figure I.5: CPSD and Cross correlation prompt decay constants as function of reactivity.
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An additional argument against the fitting of the cross correlation function stands in Figure
I.6 displaying the cross correlation curve fitting along with its residuals function. In the
residuals a 20ms periodic oscillation corresponding to the 50Hz frequency is observable.
The cross correlation function is therefore not an exponential but is always oscillating
around it. The resulting uncertainty on the decay constant will be larger by fitting the
cross correlation function than by fitting the PSD where the 50Hz contribution can be
removed by cutting out the corresponding spike.

Figure I.6: Cross correlation curve fitting example.
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Appendix J

Threshold investigation for CeBr3
correlation measurements

Establishing the optimal threshold for BF3 neutron detector is fairly direct by analysing
the pulse height spectrum of the detector. A clear limit between low energy pulses (gamma
rays or noise) and Li-7 and α energy deposition from MeV to 2.79 MeV can be observed.
The threshold is to be set to discriminate out pulses at energy lower than 0.84 MeV which
are not induced by neutrons. The threshold was set to 0,5V for our two BF3 detectors.

For CeBr3 scintillators, the spectrum being a decaying exponential, there is no clear limit
between noise or X-rays and gamma rays of importance. A more thorough study on how
the threshold affects the correlation measurements need to be carried out. To this purpose,
gamma correlation measurements of 30min were acquired with CeBr3 scintillators thresh-
old varying from 0.0V to 1.0V, corresponding to energies from 0 to 1.1 MeV. The PSD and
CPSD curves for each of these measurements are shown Figures J.1a and J.1b.

(a) (b)

Figure J.1: APSD and CPSD curves obtained with CeBr3 detectors for thresholds from 0
to 1.1 MeV. APSD curves have been normalised to their respective high energy mean values.
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The higher the threshold, the lower the amplitude of the APSD curves. The same phe-
nomenon was observed with neutron noise since with BF3 increasing the threshold only
reduces the effective amount of counts seen by the detector and therefore the amplitude of
the curve. Indeed, with BF3 detectors we just count the neutrons at the origin of the (n,p)
reactions, and we miss the information on their energy, while with CeBr3 scintillators, we
detect gamma-rays from low and high energies and increasing the threshold mean filter-
ing low energy gammas. On the contrary, the amplitude of the CPSD is increasing with
threshold, which suggests that the correlated information is contained in the high energy
events detected. Low energy event cut out from the spectrum are not likely to be gammas
from a fission chain that have travelled through the whole core from one detector to the
other. With CPSD we are looking at whole core while in APSD we are looking at a local
behaviour where low and high energy gammas have all the same importance.

As a result a trade-off is to be made between count rate and amplitude while considering
CPSD, as depicted by Figure J.2. The best threshold for our correlation measurements is
0.1V and corresponds to 114 keV on the spectrum. A high count rate is privileged over the
amplitude, which is already high enough to allow for a precise fitting. Figure J.3 shows
that 0.1V threshold is providing us with the most accurate CPSD fit result for the prompt
gamma decay constant α, with the smallest uncertainty.

Figure J.2: Prompt gamma constant and its relative uncertainty as function of the measure-
ment duration, for several CeBr3 thresholds.
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Figure J.3: CeBr3 detectors count rate and CPSD amplitude as function of threshold.
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Appendix K

LEAF setup for noise measurements

Table K.1: LEAF signal processing setup.

Detector EPFL Serial Signal HV Experimental
label number (1/s) output supply position

CeBr3 #1 91 DSA 419 DSA 419 CR North
CeBr3 #2 92 DSA 420 DSA 420 CR South
BGO #1 93 DSA 419 DSA 420 South
BGO #2 94 DSA 420 External HV North
BF3 #1 8 Amplifier External HV Peripheral South
BF3 #2 6 Amplifier External HV Peripheral North
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Appendix K. LEAF setup for noise measurements
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Appendix L

Neutron and Gamma correlation
measurements with CeBr3 and BF3
detectors
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Appendix L. Neutron and Gamma correlation measurements with CeBr3 and BF3

detectors
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Appendix L. Neutron and Gamma correlation measurements with CeBr3 and BF3

detectors
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Appendix M

Bismuth Germanate distance
measurements

91



Appendix M. Bismuth Germanate distance measurements

Figure M.1: Prompt gamma decay constant obtained with CTM curve fitting for BGO
distance measurements.
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Figure M.2: Prompt gamma decay constant obtained with CPSD curve fitting for BGO
distance measurements.

93



Appendix M. Bismuth Germanate distance measurements
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