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Abstract. The safety improvement of nuclear reactors requires continuous efforts in understanding the
fundamental physical quantities related to the fission process. In neutronic models, the reactor dynamics is
covered by the kinetic parameters to characterize the temporal behavior of the neutron population subject to
perturbations. The reactor transfer function is a frequency domain analogy of this temporal description. It can
be measured experimentally through transfer function analysis via noise analysis or kinetic modulation, for
the study of reactor stability and kinetic parameters. This paper summarizes the experimental measurements
of reactor transfer function through kinetic modulation. Extensive work have been conducted experimentally,
starting from the beginning of reactor physics research. An overview is given regarding various experimental
designs and conducted analyses. The concepts of the modulation system are also discussed. The current work
is limited to online contents and internal archives of CEA Cadarache due to difficulties in accessing references

traced back to 1950s.

1 Introduction

The understanding of reactor dynamics, which are gov-
erned by the behavior of the in-core neutron population,
is crucial for the operation and safety analysis of nuclear
reactors. When a reactor is close to criticality, the so-
called reactivity and kinetic parameters can be defined as
integral properties of the entire core to describe the tem-
poral evolution of the neutron population, referred to as
the point kinetics (PK) approximation derived from the
neutron transport equation [1]. Inspired by control system
engineering, a comprehensive understanding of reactor
system stability was developed within the PK framework,
known as the reactor transfer function (RTF) analysis [2].
The practical measurement of this transfer function in the
reactor core relies on Fourier analysis using either neutron
noise methods or modulation methods.

Reactor noise, also known as “pile noise” concerns the
reactor power variation subject to statistical fluctuations
due to branching in fission processes [3-5] during stable
reactor operation. Therefore, few modifications of the core
configuration are required to conduct noise measurement.
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Nevertheless, the interpretation of experimental data is
complex due to the presence of parasitic noise sources, e.g.,
vibration induced effects and noise generated by electronic
devices.

The modulation method, by contrast, introduces a con-
trolled modulation of the reactor power. Additionally, the
amplitude of the modulation, adjusted by the experimen-
tal design, makes it possible to override the uncertainties
due to undesired noise sources including the pile noise
[6]. The method was used extensively in nuclear data
improvement [7] owing to the precision of the data. A peri-
odic modulation system of reactivity or source strength,
referred to as a modulator, produces a periodic variation
of the reactor power. The measured RTF yields infor-
mation about the kinetic parameters and the modulation
magnitude, as will be shown in the next section. Therefore,
by assuming the former as known the reactivity worth of
samples is measured. The inverse application as the mea-
surement of kinetic parameters, is investigated in various
applications using a known modulation [8].

Experimental studies on the modulation method first
appeared in the 1950s. A considerable amount of mod-
ulator designs and in-core experiment methodologies are
documented. At the present time, much fewer modulation
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studies can be found in the literature. Nonetheless, the
method is being actively used and its new possible applica-
tions have been suggested [9]. To the authors’ knowledge,
multiple modulators have been built, tested [10,11] and
operated [12-16] in the last 10 years.

At the experimental physics, instrumentation and safety
studies service (SPESI) of CEA Cadarache, a new modu-
lation device is currently under development. Its purpose
would be to offer flexible, accurate and high performance
modulation capabilities while satisfying the enhanced
safety requirements for in-core experiments.

This paper is part of the design studies realized for
such a new modulation device. We intend to summa-
rize the experimental work conducted in determining the
RTF of low power reactors and designing the associated
modulators, for studies ranging from the 1950s to 2020.
Considering the span it would be nearly impossible to give
an exhaustive review. Therefore, cited work are selected
to be representative in the experimental methodology or
in the modulator designs. Section 2 introduces the mathe-
matical background of the RTF analysis. Section 3, we
then review the applications of the RTF experimental
studies. An overview of reactivity or source modulator
designs is given in Section 4.

2 Theory

2.1 Point kinetic model

In a nuclear system, the temporal evolution of the neutron
population N (t) and that of delayed neutron precursors
C;(t) are described in the PK approximation as [17]:

A _ PO =2 Py DIMCH) + QM) 0
dCZ‘(t) _ Bz . A
= KN(t) —XNCi(t) fori=1,2,..,n

The involved parameters are the reactivity p(t), the
source strength Q(t) and the kinetic parameters: the
prompt neutron generation time A (s), the delayed neu-
tron fractions B; and the associated decay constants \;
(s71) for the precursor group i in a n-group approxima-
tion.

The PK model can be represented as a Linear Time
Invariant (LTI) system shown in Figure 1. Such a system
is characterized in the frequency domain by a transfer
function: a ratio between complex amplitude of the output
and the input of the system.

The feedback effects will be first considered negligible
for the derivation of the Zero Power Transfer Function
(ZPTF). This is consistent for reactors operating at low
power (amount would be dependent on fuel type) or the
Zero Power Reactors (ZPRs).
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Fig. 1. LTI representation of a nuclear reactor in the framework
of PK.

2.2 Derivation of the zero power reactor transfer
function

Applying Laplace transform to small perturbations p(t) =
po + 0p(t) of an initial steady state (i.e. critical or
subcritical), the ZPTF is obtained [18]:

1 dN(s) 1
G(s) = — = . 2
(s) No dp(s)  As+ 30 Sii — o (2)

The initial condition lim SN (¢) = lim dp(t) = 0 is in
t—0+t t—0+

accordance to the initial steady state hypothesis. The

variable s stands for the complex variable, with units s=1.

A similar derivation for a neutron source perturba-

tion gives the source transfer function [19]. Note that it

is different from the ZPTF by a normalization constant
A/N()I

1 6N(s) A
)= N 500 T N

G(s)- 3)

2.3 Reactor transfer function with feedback effects

The ZPTF characterizes a nuclear system without feed-
back effects, which is an “open-loop” system in analogy of
the control theory. With a proper multiphysics coupling to
PK, a power reactor can be considered as a “closed-loop”
system and the RTF becomes:

G(s)
@) = TG Hs) )
where H(s) is the power-to-reactivity feedback transfer
function to account for temperature related effects.

The closed-loop RTF can be measured with the same or
similar modulation experiments (that will be detailed in
Sect. 4) as the ZPTF that is determined for a low power
configuration. The knowledge of these two transfer func-
tions gives an estimation of H(s) based on experimental
results using equation (4). The H(s) is rather determined
analytically by thermomechanical modelings than being
measured experimentally. Therefore, modulation exper-
iments allow the validation of analytical modelings, so
that they can be applied to reactor operation and stabil-
ity studies, and can be further extended to system analysis
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Fig. 2. Typical ZPTF for light and heavy water moderated reactors.

of nuclear power plants. The interested reader is referred
to [20-22].

2.4 Experimental consideration

The modulation experiments are conducted with the
introduction of a periodic reactivity or source modulation
of angular frequency w (rads~!). The resulting reactor fre-
quency response is expressed by substituting the complex
variable s in G(s) by jw:

o 1
Gljw) = a(w) + jb(w) (5)
where j2 = —1 and
n iwz
a(w) = —po + Z N2 (6)

b(w) = (A + Z ﬁ)w. (7)

The interpretation of the experimental data resorts
to the amplitude ||G(jw)| and the phase arg[G(jw)] of
the ZPTF. An example of their profiles is illustrated
in Figure 2, with the delayed neutron data taken from
the Keepin data set [23], A = 25 us for a light water
reactor (LWR) and A = 1000 ps for a heavy water reac-
tor (HWR). A detailed discussion is given in [24] about
the contribution of prompt and delayed neutrons in the
amplitude and the phase response.

Experimentally, the observable is the recorded signal
of a neutron detector, which allows the inference of the
temporal evolution of the in-core neutron flux level. The
amplitude and phase of the ZPTF are estimated as:

[ON(Gw)l 1

G (jw)ll = No  [I6pGiw)]

(®)

ON (jw) Car
] QMWM ©)

arglGie)] = arg | "

p(jw) }

As shown in equation (8) the analysis of ZPTF ampli-
tude measurement requires a normalization over the initial
neutron population and the reactivity modulation ampli-
tude before direct comparison with theoretical values. For
this purpose, the amplitude calibration of the modula-
tion is mandatory. By contrast, the phase lag between the
input modulation and the output is independent of the
amplitude, as indicated by equation (9).

It should be noted that the knowledge of dp(jw) has
to be inferred from a parameter x(jw), or eventually a
combination of multiple ones. z(jw) quantifies the per-
turbation applied to the reactor (such as a mechanical
motion, discussed in Sect. 4) that generates a modulation
of reactivity effect. dp(jw) and x(jw) do not necessarily
share the same frequency domain behavior in terms of
amplitude or phase. Therefore, a calibration or an esti-
mated relationship (the “transfer function”) between them
is of importance in the RTF analysis.

The experiment is conventionally done with at least one
ex-core neutron detector (e.g., fission chambers, ioniza-
tion chambers), so that the PK approximation remains
valid in measurements. Detectors located at different
distances from the modulator could record different fre-
quency responses in the amplitude or the phase. Therefore
with a combination of multiple detectors, in-core or ex-
core, the investigation can be extended to study spatial
kinetic effects.

Some time constants of fluctuating phenomena in light
water moderated nuclear reactors are summarized in
Table 1. The measurement of ZPTF or RTF in a certain
frequency range would yield the reactor dynamic response
induced by the corresponding phenomenon, when the per-
turbation is small so that the reactor can be considered as
an LTI system. The differences in the order of magnitude
between these phenomena suggest interest in conducting
modulation experiments (i) at low frequency (~ mHz to
~ Hz) to measure the dynamics of delayed neutrons and
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Table 1. Time constants of fluctuation phenomena in
light water reactors (after [25]).

Phenomena s~!
Delayed neutron effect 1073 to 1
Thermohydraulic effect 0.1 to 10
Prompt neutron effect 1 to 100
Subcooled boiling effect 10 to 3000
Space-dependent effect 1000 to 108

thermohydraulic effects; (ii) at high frequency (up to ~
kHz) for prompt neutron related and spatial effects.

3 Overview of reactor transfer function
measurement

The experimental determination of the RTF, to the extent
of this work, is based on the detection of reactor power
variations during a periodic modulation in reactivity or
source strength. In this section, a historical review of
modulation experiments for RTF measurement is given.

3.1 Studies before 1980s

The transfer function analysis was extensively applied in
the early years (1950-1980) of reactor physics research. A
large number of ZPTF determination studies can be found
in the literature. They were either conducted on ZPRs or
power reactors in a low-power configuration. Conferences
exclusively dedicated to the topic, during the 1960s, were
found in the literature [8,26,27].

The initial motivation was to investigate reactor stabil-
ity analysis or anomaly detection, such as feedback effects,
flux tilt or boiling. This kind of analysis was first con-
ducted in 1952 through reciprocal movement of a control
rod on CP-2 [6] and then applied to different types of
research reactors.

A number of studies during this period investigated
kinetic parameter measurements at zero power [28-34].
The measured ZPTFs were compared to the analytical one
with a chosen set of kinetic parameters, or alternatively
used for the estimation of kinetic parameters of inter-
est in the given reactor. Works on fast reactors focused
essentially on the prompt neutron generation time and
the prompt decay constant o = /A, while in the case
of thermal reactors the total delayed neutron fraction or
number of groups in the PK model were investigated. Sev-
eral authors [35-38| addressed the observed discrepancies
between experimental data and theoretical values using
previously evaluated kinetic parameter sets. However, no
clear common conclusion could be drawn due to uncer-
tainties in experimental data, limits in data acquisition
systems and computational tools.

For power reactors the transfer functions were deter-
mined using a two-step approach: first, measurements at
zero power were conducted and then at successively higher
power. This allowed the determination of the ZPTF and
the power RTF, and consequently the power-to-reactivity

feedback. Therefore the measurements also contributed
to analytical modelings in thermohydraulics. These mea-
surements are documented for frequencies from 1 mHz to
8 Hz [29,36,39,40], which is consistent with the frequency
range of interest for thermohydraulic parameters (e.g. void
fraction, flow velocity).

While the common approach in the measurement trans-
fer function assumes a point-like reactor behavior, several
works [41-44] investigated spatially dependent transfer
function measurements in comparison with analytical
predictions. These studies were based on the code devel-
opment in spatial reactor kinetics. Spatial and spectral
effects are taken into account through a multienergy
group neutron diffusion equation in a multi-region reac-
tor model. It was shown that, for large or loosely coupled
cores the measured ZPTFs were in accordance with the
spatial kinetic models and differed from PK results [17]
at high frequency with respect to the prompt decay con-
stant «, as shown in Figure 3. Remarkably, the reported
space-dependent transfer function were mainly measured
in systems moderated or reflected by heavy water and
graphite. A possible explanation is the low values of « in
these systems, which makes the spatial effects much easier
to observe than LWRs or fast reactors. In the work of [45],
two periodic modulations 180° out of phase were gener-
ated to emphasize the excitation of spatial mode fluxes in
the ZPTF measurement. Nevertheless, the complete sup-
pression of the fundamental mode was nearly impossible
due to limitations in the mechanical drives.

The energy dependence of the transfer function mea-
surement is not only impacted by the reactor behavior
itself, but also the detection process. The topic was how-
ever rarely addressed in the early literature for modulation
experiments. Variations of the neutron spectrum in the
near surrounding of the detector influence the neutron
detector’s efficiency and consequently the ZPTF ampli-
tude, especially when the detector is close to the localized
modulation [46]. Several possible methods to consider this
impact can be found in the recent literature for low fre-
quency (smaller than «) measurements. One approach
is to compare measurements made at different detector
positions using the ZPTF phase response, which is inde-
pendent of the detector efficiency [47]. [16] suggests that
the imaginary part of the ZPTF shows few spatial and
spectral dependence on the core response. Therefore, for
the purpose of comparison, an arbitrary normalization
can be chosen so that the imaginary parts of the ZPTF
measurements are as close as possible to each other.

3.2 After 1980

The subject seemed to be sidelined between 1980 and the
beginning of the twenty-first century. The number of stud-
ies on modulation experiments reduced significantly. Only
a few references can be cited [48-51] during this period.
A possible explanation for this observation can be the
decrease in the number of operating ZPRs. Advances in
code development for reactor physics simulations may also
made the experimental modulation studies less attractive
in inferring the core parameters.
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Fig. 3. Experimental transfer function of the NORA reac-
tor (Institute for Energy Technology, Norway) compared with
computations [42].

Starting from 2000, several modulation studies with a
focus on the determination of kinetic parameters, espe-
cially for delayed neutron parameters, are found in the
literature [13-15,52-54]. The kinetic parameter evalu-
ations in major nuclear data libraries rely essentially
on experimental data, and the impact of undocumented
uncertainty and experimental conditions of various exper-
iments are difficult to quantify. Discrepancies observed
in the libraries led to inconsistency in the computation
of reactor kinetic response. The international effort in
the improvement of delayed neutron data [55] could be
part of the motivation of the new experimental kinetic
modulation works.

Since the emphasis was put on the delayed neutron
behavior, rather slow modulation (from 0.001 Hz to up to
2 Hz) were performed, which were much lower compared

Frequency(Hz)

Fig. 4. ZPTF phase measured in the MINERVE reactor [54]
compared with equivalent results with the kinetic parame-
ters from Brady & England (ENDF/B-VIIL.OA4 [56]), Keepin
6-group (JENDL-4.0 [57]) and Keepin 8-group expanded (JEFF-
3.3 [58)).

to earlier studies. In order to improve the precision of
the acquired data, long time acquisition is required with
respect to the modulation period. In accordance, the
amplitude of the modulation was observed to be in the
order of 1 cent to limit the power drift. Additionally,
the digital signal processing methods were extensively
used over the recorded modulation input to extract the
information contained in a large number of frequency
harmonics. A similar approach in the data analysis was
adopted in these works: kinetic parameter fittings were
conducted on experimental data, and then compared to
computed values with kinetic parameter sets from com-
mon nuclear data libraries. An example of the comparison
is given in Figure 4.

4 Review of design of modulation systems

4.1 Source modulation

Neutron source modulations were primarily applied to
subcritical reactors and accelerator-driven systems, known
as the Pulsed Neutron Source (PNS) techniques [17]. In a
PNS experiment, periodic neutron pulses are injected into
a subcritical system and the resulting power transients
are measured. Although the measurements are conven-
tionally analyzed as time series, Fourier analysis of PNS
experiments were also found in the literature [59,60]. How-
ever, due to the distortion of the PK behavior, spatial
corrections are required at high source modulation fre-
quency. Another source modulation approach, as used in
the work of [61], consists in a neutron source coupled with
a rotating neutron poison disc that modulates the ther-
mal neutron intensity periodically, while the contribution
at higher energy remains almost constant. It should be
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noted that source modulation is not exclusively performed
using pulses: continuous modulation (e.g., sinusoidal) is
also technologically viable [62]. Thorough discussions and
considerable amount of works on the subject are covered
in [63-65].

The source intensity in past works varied from 10° to
10 ns~!, and the source size ranged from several cen-
timeters to meters, covering compact sealed neutron tubes
[66-68] and boosters [69,70]. Commercialized miniature
neutron sources containing Cf-252 in sealed casings were
mentioned in the literature. The spontaneous fission of
this isotope produces about 2.3 x 10° ns~! ug~!. Stud-
ies conducted in [71-73] used the mechanical oscillation
of compact sources for reactivity and kinetic param-
eter measurements. Specific nuclear reactions can be
used to generated mono-energetic neutrons, for instance
"Li(p,n)"Be (keV neutrons), 3H(p,n)*He (MeV neutrons),
2H(d,n)*He (2.5MeV neutrons) and *H(d,n)*He (14 MeV
neutrons). Neutrons with continuous energy spectra can
be generated with electron linear accelerators, as the
result of Bremsstrahlung photons interacting with fissile
materials.

4.2 Reactivity modulator

A reactivity modulator generates a periodic reactivity
variation of the core. The most widespread modulator
concept was the so-called pile oscillator [7]: the reactivity
variation is induced by an oscillatory motion (e.g. linear
motion or rotation) of a sample material in order to mea-
sure its reactivity worth. The same concept was also used
for RTF measurements.

4.2.1 Linear modulator

Numerous modulator experiments have been conducted
using a linear motion oscillator, in the analogy of verti-
cally positioned fuel rods or control rods. Experiments
using existing control rods of the reactor to study its
dynamics is relatively simple to implement. The reactivity
variation is produced by periodic insertion and extraction
of the oscillator. The generated modulation depends on
the velocity of the mechanical motion.

The linear motion of control rods or safety rods, how-
ever, was usually limited to approximately 5Hz. The
local flux depletion induced by the control rod affects the
validity of PK approximation and additional corrections
for spatial effects are required for RTF analysis [43,74].
Alternatively, oscillator rods of low reactivity worth were
designed to allow fine adjustment of reactivity effects. A
popular concept in this aspect is the system containing an
outer stationary layer (stator) and an inner movable layer.
The stator consists of a neutron poison that screens out
efficiently the influence of thermal neutrons to the inner
layer. Thus the oscillator reactivity is minimized when the
inner layer is nested in the stator. An example of such a
system is illustrated in Figure 5, including a moving pis-
ton (right) and a stationary sleeve (left). Different relative
positions between neutron-absorbing paint (Gadolinium),
in white, have variable reactivity worth (up to a maximum
of about 5 pcm) due to the screening effects.

Fig. 5. Linear self-shielded reactivity modulator in ZED-2
reactor: a piston (right) and sleeve (left) coupling [15].
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Fig. 7. Typical geometries of rotary modulators (after [78]).

Table 2. Typical rotary rod oscillator in past experimental studies.

Material Geometry Reactor Reactor type Power Frequency (Hz)

B4C + Na Asymmetric  Enrico Fermi [36] SFR ~0 0.001-10

B4C 100 MW

Boral poison Self-shielded SRE [79] SFR ~0 0.05-20

Cd-+H20 Self-shielded KEWB [30] Thermal, solution fueled ~0 1-260

Enriched and natural ~Asymmetric Zephyr [29] Fast ZPR ~0 0.002-3

Uranium

Cd+H20/Cd+U Self-shielded SPERT-I-B [80] LWR 1 kW 0.002-18.4

Cd Self-shielded LPTR [32] LWR Subcritical!  0.005-150
GTRR [42] HWR ~0 0.1-40

Cd-+PE? Asymmetric OSURR [33] MTR 1 kW 0.013-60

! Critical with photo-neutron source.

2 Polyethylene.

The driving system of linear oscillator has its capac-
ity reduced for high frequency motion due to structural
vibration and limits in the transmission system. There-
fore, discontinuous pseudo-random binary motion [15,38,
51,75,76] is preferred for the high flexibility it offers to the
experimental setup. This kind of motion is driven by a
binary sequence generated with a deterministic algorithm
and has a similar statistical behavior to true stochastic
sequence. Its rich frequency spectra (a large number of
harmonics) lead to the possibility to simultaneously mea-
sure the RTF at multiple frequencies by a proper design.
As shown in Figure 6, dedicated algorithms can be used to
generate binary sequences with desired spectral properties
[51,77]. The use of a linear actuators were observed to dis-
tort the designed signal from square-like to trapezoid-like
ones. The practical form of the modulation input had to
be taken into account for Fourier analysis.

4.2.2 Rotary modulator

Mechanical vibrations induced by the linear motion also
impact inevitably the measured frequency response, which
led to the development of rotary modulators. Compared
to linear systems, rotary rods offer a much larger range of
operational frequencies while the mechanical driving sys-
tem remains simple and stable. This was of interest for
wide frequency band modulation experiments. The reac-
tivity variation can be generated either with an azimuthal
asymmetry in the geometry or in the composition, or
through a rotor-stator coupling with self-shielding effect.

Several representative rotary rod concepts are shown in
Figure 7. The reactivity modulation frequency is found in
the literature up to 260 Hz [32], thanks to the performance
of rotary shafts. Almost all modulation experiments were
conducted with a uniform speed continuous rotation,
with the exception of the work of [40] in the 10 MW
JRR-3 reactor. Remarkably, the authors applied a pseudo-
random rotary motion up to 70 rad s~! over a self-shielded
modulator. The maximal frequency, which is much lower
compared to continuous rotation experiments, might be a
choice for compatibility with on-power applications.

In terms of modulator material, the most commonly
used poisons were cadmium and boron as shown in
Table 2. In several modulator designs, the neutron poison
was coupled with moderating material to adapt the mod-
ulation efficiency to fast reactor spectrum. Aluminium
was mostly chosen as the structural material for its
transparency to neutrons.

The coupling of multiple modulators in the same reac-
tor, in order to broaden the measurable frequency range
and operational conditions, was also studied in the litera-
ture [10,36]. Indeed, separating low/high frequency mod-
ulations or low/high power experiments relieves design
and safety criteria over the drive system. Figure 8 shows
a combination of two modulators that are functional
at different frequency ranges, which were recently used
in the AKR-2 reactor [11]. It should however be noted
that a frequency range overlap was required to ana-
lyze experimental data recorded with different modulators
(having different moderation strengths) as a whole for
RTF determination.
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Fig. 9. Reactivity modulator of the IBR-2 reactor: two rotating
reflectors [85]).

4.3 Miscellaneous modulators

Alternative modulator concepts to mechanical motions
were also suggested and investigated in the literature. The
designs were based on special features of the dedicated
reactor type, thus they required less effort in core con-
figuration modification than mechanical modulators. In
pool-type reactors, reactivity modulation can be produced
by the variation of in-core water level. [81] suggested a
pneumatic system for water level oscillation in a heavy
water moderated pool-type ZPR. A similar concept was
tested in the CANDU reactors [82] where light water com-
partments were oscillated to measure kinetic parameters.

In the work of [83] a boiling water loop was built to
determine the transfer function between void fraction and
flow rate, while the latter varied periodically. The exper-
iment was however conducted out-of-pile. The measured
transfer function was coupled to the ZPTF for the overall
RTF estimate of boiling water reactors. A type of research
reactor dedicated to neutron time of flight experiments is
found in the literature [84]. This so-called periodic pulsed
reactor has a moving reflector or fuel element, as shown
in Figure 9.

References [86-88] discussed using variable magnetic
fields or laser light as a reactivity control system, by
successive polarization and depolarization of atoms. This
relies on the large spin-dependence of neutron scattering
and capture cross sections. Neutron spin filters following
this principle are used for fundamental physics application
[89]. However, no experimental device has been observed
in the reactor physics field probably due to the difficulties
in in-pile integration.

4.4 Calibration of the modulation

As discussed in Section 2.4, the analysis of RTF amplitude
requires a normalization based on the modulation ampli-
tude. Static methods, such as source multiplication [14] or
null reactivity with a reference control rod [32,33], require
the source or the control rod to be calibrated. Asymptotic
period and inverse kinetic methods were performed by sev-
eral authors [18,30,34] for various incremental positions
of the modulator, in order to estimate time-dependent
reactivity variation during modulator operation based
on calculated or previously measured kinetic parame-
ters. Another approach, adopted in [13] for oscillation
experiments in the MINERVE reactor, relied on neutronic
simulations to calculate the reactivity worth of reference
samples (gold or light water).

It is observed that the reactivity calibration methodol-
ogy was not always documented in the literature. Among
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the documented ones, it is observed that in most cali-
bration approaches the reactivity estimation was based
on a combination of experimental and calculated data.
Indeed, the reactivity is not directly an experimental
observable, but a calculated quantity that can either be
estimated in simulations or be inferred from kinetic mea-
surements through the knowledge of kinetic parameters.
Therefore, uncertainties and biases related to the arbi-
trary choice of kinetic parameters is difficult to quantify.
A possible experimental procedure to surmount this diffi-
culty, suggested in [90], is to experimentally determine all
the kinetic parameters experimentally and holistically (for
instance through parameter fitting of kinetic experimental
data).

5 Concluding remarks

Kinetic experiment based on reactivity or source mod-
ulation can be analyzed in the frequency domain with
the reactor transfer function model. Reactivity and source
modulation systems were designed, and modulation exper-
iments were extensively conducted during 1950s and
1970s. The initial motivation was to study the system
stability for reactor control. Efforts have then been made
regarding the determination of reactor kinetic parameters.
Several authors also investigated space-dependent effects
in the measured transfer function, relative to detector’s
position. Since 1980, similar experimental studies became
scarce. The lack of performance in electronics systems
and computing power of the early studies limited the
quality of experimental data analysis, and the associated
uncertainty was not well documented.

The modulators were designed to adapt to the spe-
cific reactor of interest and the application. They showed
various forms and different functional frequency ranges.
Reactivity modulation system, driven by a mechanical
motor was the most commonly adopted design option by
virtue of its simplicity and performance.

The modulation technique regained some attention
recently. The technological advances, as compared to the
early studies, reveal new possibilities to experimental
designs. Robust modulator design and data acquisition
system would allow high precision transfer function mea-
surement for accurate and reliable estimation of kinetic
parameters and spatial kinetic modeling. The high quality
experimental data could also contribute to the validation
of innovative numerical tools currently under develop-
ment, towards the improvement of safety analysis and
online surveillance of nuclear reactors.
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