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1
INTRODUCTION

For Christ’s sake, Soddy, don’t call it transmutation.
They’ll have our heads off as alchemists.

Ernest Rutherford, to his colleague Frederick Soddy
on the discovery of transmutation of thorium, 1901.

Picture: Homer Simpson ©FOX Broadcasting Company
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1. Introduction

In an Accelerator-Driven System (ADS) [Nifenecker et al., 2003; Kadi and Revol,
2002] accelerated particles create external source neutrons that drive a subcritical
reactor. Thanks to the subcriticality of the reactor, fuels with a small delayed
neutron fraction can be used in a safe way, i.e. in a reactor with a larger margin
to supercriticality. Therefore, on the long term, the incineration of long-lived ra-
diotoxic minor actinides (MA) can be envisaged in ADS. Subcriticality monitoring
is required for both operational as well as safety reasons.

In this first chapter, the conceptual design of ADS is presented and the moti-
vation of ADS is discussed. The ongoing projects are discussed and candidate
reactivity measurement techniques are presented. The MYRRHA and VENUS-F
reactors will be investigated in this thesis, being the major ongoing demonstrator
project and zero power operational facility, respectively. Finally, the research topic
is explained and coupled to the structure of this PhD thesis text.

1.1 ADS Physics and Technology

In an ADS, a particle accelerator, a spallation target and a nuclear reactor with
a subcritical core are coupled, as shown in Fig. 1.1 [Nifenecker et al., 2001].
The accelerated particles, usually protons in power ADS designs, impinge on a
spallation target, where they produce external source neutrons that drive the
subcritical reactor. This section discusses the general neutron physics and main
components of a full-scale ADS.

The fission power of an ADS is directly proportional to its beam current by
[Gandini and Salvatores, 2002; Salvatores et al., 1994]

P =
keff

1−keff

ip E f

ν
Zφ∗ (1.1)

with P the total power (W), keff the effective multiplication factor of the reactor,

ip the number of incident protons per second (1/s), E f the average energy per fis-
sion (J), ν the average neutron yield per fission, Z the number of source neutrons
per incident source proton and φ∗ the neutron source efficiency [Gandini and
Salvatores, 2002; Mellier, 2005]. φ∗ is defined by

φ∗ =−ρ

!
Fφ
"

〈S 〉
(1.2)
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1.1. ADS Physics and Technology

Figure 1.1: Concept of an Accelerator-Driven System.

with ρ=
keff−1

keff
the reactivity of the reactor. The term

!
Fφ
"

represents the total

production of neutrons by fission, 〈S 〉 is the total production of neutrons by the
external source and the brackets indicate integration over volume, solid angle
and energy.

The fluxφ (in n/cm2/s) is the solution of the inhomogeneous transport equa-
tion [Bell and Glasstone, 1985]

(F − L )φ+S = 0 (1.3)

with F the fission operator, L the transport operator comprising neutron lea-
kage, neutron collisions and neutron scattering, and S the source strength (n/cm3/s):

Fφ =
χ (E )

4π

∫ ∞

0

d E ′
∫

4π

d $Ω′ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ ,%Ω′, E ′) (1.4)

Lφ = $Ω.∇φ(r⃗ , $Ω, E ) +Σt (r⃗ , E )φ(r⃗ , $Ω, E )−

∫ ∞

0

d E ′
∫

4π

d $Ω′Σs (r⃗ ,%Ω′ → $Ω, E ′ → E )φ(r⃗ , $Ω, E )

(1.5)

S = S (r⃗ , $Ω, E ) (1.6)
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1. Introduction

The neutron source efficiency can also be defined as

φ∗ =

1−keff
keff

1−ks
ks

(1.7)

with ks the source multiplication factor

ks =

!
Fφ
"

!
Fφ
"
+ 〈S 〉

(1.8)

The neutron source efficiency plays an important role in the ADS performance
assessment. It expresses the importance of the external source generated neutrons
relative to the neutrons generated by fission in the subcritical reactor. A value
higher than 1 can reduce proportionally the proton beam current requirement
for a given subcriticality level. Typical values vary around unity, e.g. between
0.9 (for a source positioned at the core-reflector interface) and 1.1 (for a source
positioned at the centre height) [Gandini and Salvatores, 2002].

The accelerator provides high energy charged particles that drive the subcri-
tical core. The choice between a linear accelerator or a cyclotron is application
dependent. In order to reduce thermal stresses, a power ADS should be extremely
reliable with regard to beam interruptions.

The spallation target provides the source neutrons that feed the fission process
in the core. In case of a power ADS, they are produced by the spallation reaction of
charged particles on a heavy metal target. An optimal target creates a maximum
amount of neutrons per incident particle and per unit energy of the beam, and
is able to remove the heat generated by the spallation process. Therefore, the
target must be cooled. In case of power ADS, liquid (metal) targets are candidate
to fulfill these requirements. Both lead and lead-bismuth eutectic are two pri-
mary candidates for the production of spallation targets in a power ADS. For the
separation between the coolant and the beam guide (in vacuum), a beam window
is foreseen [Keyers, 2010] in the ongoing designs. The period for replacement
of the window due to radiation damage (by protons) is therefore an important
parameter in the operation of a power ADS.

The coolants considered for fast reactors are also candidates to serve for ADS.
Given the high power densities, liquid metals such as sodium, lead and lead-

4



1.2. Motivation for Accelerator-Driven Systems

bismuth are suitable candidates. Also gases, such as helium and CO2, are possible
candidates. A comparative overview of both liquid metals as well as gases as
coolant is provided in [NEA, 2003], Chapter 4. For an ADS, lead and lead-bismuth
have the additional advantage to serve as coolant as well as spallation target.

The subcritical reactor of an ADS acts as an amplifier for the source neutrons.
The neutron energy spectrum of the subcritical reactor depends on its composi-
tion. A fast neutron spectrum leads to a better energetic yield for the transmuta-
tion of Minor Actinides (MA)1, as well as a lower MA production. Power control in
an ADS reactor can be performed by control rod movements or by beam current
variations.

1.2 Motivation for Accelerator-Driven Systems

1.2.1 History

A comprehensive overview of the history of ADS is provided by [Gudowski, 1999;
Kadi and Revol, 2002]. Already in 1940, E.O. Lawrence (USA) and W.N. Semenov
(USSR) studied the use of accelerators to provide neutrons. In 1941, Glenn Seaborg
was the first to produce Plutonium by using a 6 MeV deuteron accelerator im-
pinging on U-238. In 1950, Lawrence proposed the Material Testing Accelerator
(MTA) at the Lawrence Livermore Radiation Lab to produce Pu-239 from depleted
uranium [Van Atta, 1977]. In 1952, W.B. Lewis (Canada) recommended to use
an accelerator for the production of U-233 from thorium, for the CANDU reac-
tors [Bartholomew and Tunnicliffe, 1966]. Both projects were slowed down or
stopped by the discovery of rich uranium deposits in the USA and the reliability
and cost of accelerator beams. The concept of accelerator breeding was also stu-
died by Russian scientists. R.G. Vassylkov [Vassylkov et al., 1978]made a neutron
yield experiment in depleted uranium blocks using the Dubna accelerator.

Renewed interest in ADS was gained in the 1980s at Brookhaven National Lab
(USA) [Brookhaven National Laboratory, 2013], when the USA decided to slow

1Nuclear transmutation is the conversion of one chemical element or isotope into another
through nuclear reactions or through radioactive decay. Transmutation technology has the potential
to greatly reduce the long-term negative effects of radioactive wastes on human populations by
reducing its radioactive half-life. This is the case for the MAs, i.e. the actinide elements (with
atom number 89 until 103) other than uranium and plutonium, which are called major actinides.
Minor actinides concerned in nuclear fuel are neptunium-237, americium-241, americium-243,
curium-242 through -248, and californium-249 through -252.

5



1. Introduction

down the development of critical fast reactors, and in the 1990s at CERN (Switzer-
land), when C. Rubbia became convinced that accelerator technology is mature
enough for an exploitation of the ADS idea. He proposed a proton accelerator
driven subcritical system with fast neutrons, based on thorium fuel and lead
as spallation target, moderator and coolant [Rubbia et al., 1995]. Later on the
scientific feasibility and the verification of the principle of energy amplification
by a high energy cascade were proven in experiments such as FEAT [Andriamonje
et al., 1995] and TARC [Arnould et al., 1999].

1.2.2 Motivation

Incineration and Transmutation

Today, multiple ADS projects are ongoing at different continents. They are pre-
sented in § 1.4. The principal goal, which makes an industrial scale ADS unique,
is the incineration of large quantities of nuclear waste. A subtle difference should
be made between transmutation and incineration.

During transmutation, a neutron capture causes the transformation of a ra-
dioactive nucleus. However, as stable nuclei could be transformed in radioactive
ones, the method may require an initial separation of the isotopes that should
be transmuted. Incineration is related to nuclear fission following neutron cap-
ture. This method goes on with transuranic elements and is already applied on
plutonium, causing energy and neutron production.

Concerning safety, when inserting a considerable fraction of transuranic ele-
ments (in particular minor actinides) in a reactor fuel, its delayed neutron fraction
decreases. This effect makes a critical reactor more difficult to control and limits
the concentration of MA in fast reactor (FR) MOX fuel to 2.5 % ( [IAEA, 2009a],
Section 6.2.1). An alternative approach is to burn MA in an ADS, guaranteeing
that in all conditions of operation, a sufficient margin to criticality is foreseen (see
§ 1.6.1).

Concerning the decay heat removal issue (the second important safety issue of
a typical critical nuclear installation), no fundamental changes appear by using
an ADS. The power density remains an important factor to study, and is design
dependent.

6



1.3. Subcriticality Monitoring Techniques

Thorium ADS

A second motivation for an ADS is related to the use of thorium (Th). Th-232 is a
fertile material. It is not fissionable by thermal neutrons, but can be converted
into a fissile material by neutron absorption and subsequent nuclei conversions.
Th-232 can be used for the production of fissile U-233 material. The fission of this
isotope causes less radiotoxic waste (due to minor actinides) than the fission of
U-235 or Pu-239 ( [Nifenecker et al., 2003], Chapter 11). If a low reactivity variation
is required during operation, a reactor with plutonium and minor actinides fuel
is recommended rather than a thorium reactor, in order to reduce the required
beam power in an industrial ADS.

1.2.3 Challenges

Compared to the incineration of minor actinides in (critical) fast reactors, chal-
lenges of industrial ADSs will be related to the fabrication of the fuel with a high
concentration of minor actinides, towards the reliability of the accelerator and to
other design-dependent technological issues.

Moreover, before studying incineration of minor actinides, partitioning is the
first step to pass when studying the feasibility of transmutation of spent fuel minor
actinides. A good overview of advanced fuel cycle partitioning is given in [IAEA,
2009b], Section IV, [Baetslé, 2001], Chapter 3 or [Chauvin et al., 2011]. Today,
separation of minor actinides has only been demonstrated in small quantities,
and needs to be simplified in order to allow upscaling to technological levels.
Heterogeneous recycling of minor actinides is a way to avoid the dilution by trou-
blesome nuclides, such as Cm-244 (as a major source of α-radiation), throughout
the fuel fabrication step. Current research is only in an early stage of development.

1.3 Subcriticality Monitoring Techniques

Different techniques for subcriticality monitoring exist, based on manipulations
with the ADS source. For each technique, multiple evaluation methods are pos-
sible, as both static and dynamic reactor physics can be applied in order to de-
termine the reactivity value. The static approach relies on an integration of the
detector response over a certain time period, whereas dynamic methods study
the time dependent profile of the detector response. An overview of the exis-
ting techniques and related evaluation methods is provided in Table 1.1. In this
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1. Introduction

section, each evaluation method is presented, focusing on the applicability to
subcriticality monitoring.

Technique Evaluation Method Static (S)
Dynamic (D)

Pulsed neutron source Area S § 1.3.1
α D § 1.3.1
kp D § 1.3.1
Noise D § 1.3.6

Source jerk Integrated (ISJ) S § 1.3.2
Standard (SJ) S § 1.3.2
α D § 1.3.2
kp D § 1.3.2

Source modulation Prompt jump S § 1.3.3

Continuous beam Current-to-flux (CTF) S-D § 1.3.4
Source multiplication S § 1.3.5
Noise D § 1.3.6

Table 1.1: Overview of the different reactivity monitoring techniques for ADS and their
related evaluation methods.

1.3.1 The Pulsed Neutron Source (PNS) Technique

During the Pulsed Neutron Source (PNS) experiment [Sjöstrand, 1956], (Dirac
shaped) neutron pulses are introduced in a subcritical reactor. The required
period of the pulse (in general in the order of 0.1-1 ms) depends on the reactor
design. In order to obtain a repetitive detector output, the prompt decay of the
detector response on a neutron pulse should have died out before the next pulse
is noticed in the detector response. Secondly, many (about 200000) pulses should
be given to establish a stable ’delayed’ level in the detector output of a pulse train
[Baeten et al., 2006].

The PNS technique will be studied in this work as a candidate to determine
the initial reactivity level before (power) operation of the ADS, as this technique
requires the neutron to work in pulsed mode. From the pulse shape detector
output, different evaluation techniques exist that provide the reactivity of the

8



1.3. Subcriticality Monitoring Techniques

reactor in dollars 2.

Figure 1.2: Graphical representation of the evaluation methods applicable on the PNS
technique. [Bell and Glasstone, 1970]

The static evaluation of the PNS technique by the area (also called Sjöstrand)
method [Sjöstrand, 1956] provides the subcriticality level of the reactor by the
ratio of two areas in the decay of the neutron density after a pulse, as shown in
Fig. 1.2:

−ρ

β
=

Ap

Ad
(1.9)

with ρ the reactivity, β the delayed neutron fraction, Ap the area related to the
prompt decay of the neutron density and Ad the area related to the delayed decay
of the neutron density.

The area method is a well-known robust method. Robust means that the reacti-
vity (in dollars) can be derived directly from the ratio of the integrated prompt and
delayed neutron fissions, without other reactor physics parameters intervening.

Dynamic evaluation techniques, such as the prompt decayα-method [Simmons
and King, 1958; Garelis and Russell, 1963; Bell and Glasstone, 1970], are based on
the prompt decay of the neutron density to determine the reactivity level. The
prompt decay method allows to determine the reactivity via

ρ =αΛ+βeff (1.10)

2ρ=1 $ corresponds to ρ=βeff , the effective delayed neutron fraction of the fuel.

9



1. Introduction

with α the fundamental time eigenvalue of the subcritical system (1/s), i.e. the
slope of the prompt neutron decay indicated in Fig. 1.2, and Λ the generation
time (s).

Dynamic methods however are sensitive to some kinetic integral parameters
values (e.g. the neutron generation time Λ) that are cumbersome to measure
precisely and lose their physical significance [Dulla et al., 2011]. Therefore, these
methods are less robust [Jammes et al., 2006] than the static ones.

Another dynamic method, the kp method [Perdu et al., 2003], provides the re-
activity by fitting the recorded pulse response to an interpretation model that
makes use of a calculated fission time distribution. This method requires a signifi-
cant calculational effort and a precise model description. This makes the method
less robust than e.g. the area method.

1.3.2 The ADS Source Jerk Techniques

The source jerk technique [Ott and Neuhold, 1985] comprises the rapid removal
of a neutron source out of an ADS. Both the physical removal of a (continuous)
external neutron source or an interruption of the accelerator neutron source can
represent the source jerk. Two types of source jerks exist.

The Integrated Source Jerk (ISJ) method consists in the evaluation of the neu-
tron population over the complete dying-out time of the signal (in the order of
hundreds of seconds), see [Ott and Neuhold, 1985], section 9-4:

−ρ

β
=

n (0)
∑q

i=1
ai
λi∫∞

0
n (t )d t

(1.11)

with n (0) the neutron density before beam stop, ai =
βi

β the delayed neutron
fraction in precursor group i , λi the precursor decay constant of group i , and∫∞

0
n (t )d t the time integral from t=0 s (after beam interruption) until the dying

out of the final precursor neutrons.

The (beam interruption) Source Jerk (SJ) method consists in determining the
ratio of the prompt to the slowly decaying delayed neutron population directly in
the first hundreds of µs after beam interruption, as shown in Fig. 1.3:

−ρ

β
=

n0−n1

n1
(1.12)
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1.3. Subcriticality Monitoring Techniques

Figure 1.3: Graphical representation of the beam interruption Source Jerk (SJ) method.
[Becares and Blazquez, 2012]

Both methods provide the reactivity of the subcritical reactor in dollars. For
good statistics, the source jerk technique requires repetition (as for the PNS tech-
nique), whereas the integrated source jerk technique requires a high initial flux
level and cannot be repeated.

During operation of an ADS, only the (beam interruption) source jerk mode
is a candidate for subcriticality measurements. By briefly interrupting the con-
tinuous beam at regular times, a cross checking of reactivity is performed. Then
the equivalent continuous beam current is the average value over the period of
the beam interruption. The limiting factor to apply this technique is the beam
interruption time, which should not be too long in order to avoid thermal stresses
in the ADS, and which may not be too short in order to allow to determine with
sufficient statistics the delayed neutron level.

The (beam interruption) source jerk technique allows also dynamic evaluation
methods such as the α-methods and the kp method, described in § 1.3.1 and
[Billebaud et al., 2009]. In case the standard method (eq. (1.12)) cannot be used,
e.g. because of a too long beam interruption time, these methods can serve as
alternative.

1.3.3 The Source Modulation Technique

The source modulation technique [Baeten et al., 2006; Carta and D’Angelo, 1999;
Ott and Neuhold, 1985] consists in changing the frequency of a pulsed source, as
shown in Fig. 1.4. When looking on a macroscopic time scale, one can determine

11



1. Introduction

the reactivity level, as for the source jerk technique, based on prompt and delayed
neutron densities:

−ρ

β
=

nH −nC

nC −nL
(1.13)

Figure 1.4: Graphical representation of the source modulation method on a microscopic
(top) and macroscopic (bottom) level. [Baeten et al., 2006]

The technique can be used as a calibration technique during start-up, but easier
evaluation methods for techniques with fixed frequency (e.g. the PNS technique)
exist. In theory, this method is an alternative for the standard source jerk tech-
nique. In reality, it is technologically complicated to change from continuous
beam to a source modulation mode.

1.3.4 The Current-to-Flux (CTF) Technique

The Current-to-Flux (CTF) technique ( [Mellier, 2005], § 9.1, and [Becares et al.,
2013]) relates the reactivity level of a subcritical reactor with continuous neutron
source to the ratio between beam current (or source neutrons) and flux (or neutron
density, or fission neutrons, or power):

ρ =−c
S

φ
(1.14)

withφ the neutron flux (n/cm2/s), S the accelerator beam current (A) and c the
Current-to-Flux (CTF) proportionality coefficient (n/cm2/s/A). The proportiona-
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1.3. Subcriticality Monitoring Techniques

lity coefficient c can be calibrated if a reference reactivity is known. No other
parameters are involved in the expression for the reactivity, this makes the CTF
method robust as on-line reactivity monitoring technique during operation.

The CTF technique is only a relative monitor. Therefore, the behaviour of
the proportionality coefficient, which takes into account the spatial dependent
evolution of the dynamic behaviour of the neutron flux, can vary during operation
of the ADS. Cross-checking with an absolute reactivity measurement technique is
required at a regular base.

1.3.5 Source Multiplication Method

The source multiplication method [Ott and Neuhold, 1985; Blaise et al., 2011]
allows to determine the subcriticality level of a new reactor state (‘2’) starting
from another reactor state (‘1’) with a known subcriticality level, by keeping the
neutron source constant and measuring the differences in neutron density (or
detector count rates):

ρ2

ρ1
=

n1

n2
(1.15)

The source multiplication technique is static, so statistics on the count rates
(and the derived reactivity level) can be improved by increasing the measurement
time. This method is robust, as no other parameters than count rates and reactivity
levels are applied. It can be applied to determine a reference subcritical level
against which the techniques mentioned in this paragraph can be validated. To
do so, a slightly subcritical state is obtained from a critical reactor by the rod
drop technique [Ott and Neuhold, 1985]. From this state, the subcriticality level
of deeper subcritical reactors can be determined by the source multiplication
method (see § 2.5).

1.3.6 Noise Measurement Techniques

Noise methods are based on the study of the neutron fluctuations in a reactor.
Several noise measurement techniques are available to determine reactivity levels,
such as the Rossi-alpha, Feynman-alpha and the Cross Power Spectral Density
(CPSD) techniques [Uhrig, 1956; J.A. Thie, 1963]. These reactivity measurement
methods rely on the determination of the prompt neutron fundamental time
decay constant α.
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The noise techniques have the advantage to determine the reactivity level on
an absolute scale. However, the methods are quite complicated to analyse, as no
simple reactivity value can be determined by point kinetics evaluation techniques.
Moreover, for an acceptable signal-to-noise ratio for ADS reactivity measurements,
it is recommended to add a pulsed neutron source to the existing continuous
beam [Baeten, 2003]. This is only possible at zero power operation. By doing this,
evaluation techniques approach the dynamic PNS evaluation technique, which is
not such a robust evaluation technique as its static alternative (see §1.3.1).

1.3.7 Experience with Zero Power Facilities

The main experiments related to subcriticality monitoring were performed du-
ring the FP5 MUSE project experiments [Soule et al., 2004; Mellier, 2005], at the
MASURCA zero power facility at CEA Cadarache, France, and during measure-
ments at the YALINA booster in Sosny, Belarus [Persson et al., 2005; Becares et al.,
2013]. During both experiments, there was no possibility to obtain a reference
subcriticality level via the alternative methodology presented in § 1.3.5.

A conclusion of this research programme is that an on-line reactivity monitoring
methodology should consist of a combination of several techniques, for each stage
of operation of an ADS. As a continuous monitor, the current-to-flux method
seems a promising candidate, but needs to be tested extensively [Soule et al.,
2004].

The reactivity was calibrated during MUSE with a relative accuracy of 10 % via
the PNS technique [Soule et al., 2004; Cao and Lee, 2010]. The area method for
the analysis of the PNS calibration experiment came out as a promising method,
not depending on kinetic parameters [Mellier, 2005]. Particular attention should
be paid to the careful determination of a ‘reference’ reactivity level (for validation
purposes) and to perform measurements with sufficient statistics.

The area method seems the most robust evaluation method for the PNS tech-
nique. Fitting techniques [Soule et al., 2004] require the knowledge of kinetic
parameters, and the kp technique is sensitive to calculations and their related
models [Chabod et al., 2014].

Beam interruption evaluation techniques could offer an additional reactivity
cross-check, but could not be tested during the MUSE project. A so-called reflector
effect (slow beam decay in the reflector after beam interruption) could hamper
the efficient determination of reactivity levels via pulsed or beam interruption

14



1.3. Subcriticality Monitoring Techniques

techniques in that region. This effect should be investigated [Becares et al., 2013].
The Integrated Source Jerk (ISJ) method was not tested during MUSE, but can only
be used during start-up, as the beam needs to be stopped for a while. The source
strength should be high enough to assure good statistics of the ISJ method [Mellier,
2005].

Noise measurements seem to be interesting only close to criticality. In more
deep subcritical reactors, long measurement times are required and the accuracy
is limited [Berglof et al., 2011]. In order to improve the accuracy, noise measure-
ments with a pulsed neutron source are investigated [Mellier, 2005], however they
can serve only as start-up method. For that purpose, more robust techniques are
available without the need to know the neutron generation time Λ.

1.3.8 Selected Monitoring Techniques

Based on the nature of the subcriticality measurement techniques and experience
feedback presented in this section, an overview of the candidate monitoring
techniques is presented in Table 1.2. One can conclude that one single technique is
not sufficient to monitor the subcriticality of an ADS during all stages of operation.
For a power ADS such as MYRRHA (see § 1.4), the start-up mode ends by moving
the control rods to reach the desired reactivity level. Afterwards, the beam level is
raised until 1 % of nominal power (Cold Zero Power - CZP). From that moment
on, the beam power will rise and only short interruptions of the beam are allowed,
to limit thermal stresses in the reactor.

In this work, the PNS area method is studied as a robust start-up reactivity
measurement method (with the ISJ technique as alternative). The current-to-
flux monitor, combined with the source jerk interim cross-checking technique is
proposed for analysis as on-line reactivity monitor during operation. The selection
is based on the robustness of the method and the technological ability to perform
the experiment on (a full power) ADS.

The rod drop - source multiplication method will be applied in order to provide
a subcriticality level via an alternative pathway against which the different selected
techniques can be tested.
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1.4. Ongoing ADS Projects

1.4 Ongoing ADS Projects

A recent overview on the international ongoing ADS programmes is given in
[Gohar, 2012]. The latest status report from the OECD Nuclear Energy Agency
(NEA) dates from 2003 [NEA, 2003]. In this section, an overview of the major
ongoing ADS programmes is given, ranging from zero power experiments to
power ADS.

1.4.1 Europe

Zero-Power Experiments

Subcritical reactor physics and reactivity measurement techniques were investi-
gated between 2000 and 2004 within the European Framework Programme (FP5)
project MUSE (MUltiplication avec Source Externe) [Soule et al., 2004; Mellier,
2005]. Sodium and lead reactors with 30 wt% MOX fuel were implemented at the
MASURCA facility at CEA Cadarache, driven by the GENEPI deuteron accelerator.

On an international level, research went on at the YALINA facility in Belarus [Go-
har and Smith, 2010], coordinated by the IAEA and International Science and
Technology Centre (ISTC), between 1997-2008. The YALINA-Booster is a subcriti-
cal fast-thermal reactor. The reactor consists of a fast central lead zone with 36
wt% enriched U (booster), a thermal PolyEthylene (PE) zone with natural U, a
radial graphite reflector and a front and back biological shielding of borated PE.

In 2006 the GUINEVERE (Generator of UnInterrupted NEutrons at the VEnus
REactor) project was launched within the European FP6 IP-EUROTRANS col-
laboration [Knebel, 2006; Baeten et al., 2008] (2005-2010), in order to develop a
methodology for reactivity monitoring in ADS. The existing zero-power VENUS
facility at SCK•CEN, Belgium, was modified towards VENUS-F: a fast spectrum
lead reflected system that can be operated in both critical and subcritical mode.
In the latter mode, the reactor is coupled to the GENEPI-3C accelerator [Baylac
et al., 2010], an updated version of the GENEPI-2 machine previously used for the
MUSE experiments.

In February 2011, VENUS-F passed its first criticality. The first coupling with
the accelerator was realised in October 2011. Today experiments go on in the
framework of the FP7 Project FREYA (Fast Reactor Experiments for hYbrid Appli-
cations) [Kochetkov, 2010; Kochetkov et al., 2013].
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The MYRRHA Demonstrator Project

Today, the main European ADS research is grouped into European Framework
Programmes (FP). The Belgian nuclear research centre SCK•CEN inspired the Eu-
ropean ADS research with its national ADONIS (Accelerator Driven Operated New
Irradiation System, 1995-1997) and MYRRHA (Multi-purpose hYbrid Research
Reactor for High-tech Applications, 1998-2005) projects [Aït Abderrahim et al.,
2012; Van den Eynde et al., 2012, 2014]. While ADONIS was a water cooled 1.5
MWth ADS design with a U-235 fuel target to produce Mo-99 for medical appli-
cations, MYRRHA aims to serve as a fast neutron material test facility, as well as
to prove the feasibility of transmutation in a demonstrator ADS. The target and
coolant is eutectic Pb-Bi, foreseen to be driven by 350 MeV protons in a MOX fuel
core. The MYRRHA design power evolved from 30 MWth (2002) towards 52 MWth
(2005).

Later on, the MYRRHA knowledge base was shared for the European FP6 project
IP-EUROTRANS [Knebel, 2006] (2005-2009), a successor of the FP5 PDS-XADS
project (2001-2004) [Bianchi et al., 2006]. Detailed design studies were carried
out in the so-called XT-ADS version of MYRRHA. Then the FP7 CDT (Central
Design Team) project (2009-2012) [De Bruyn and Fernandez, 2012] was launched
to obtain a more advanced design of a flexible irradiation facility FASTEF (FAst
Spectrum Transmutation Experimental Facility) with a maximum power of 100
MWth, able to work in both subcritical and critical mode.

In 2010, the Belgium government expressed its support to realise the MYRRHA
project after a positive evaluation of the project proposal by the MYRRHA Inter-
national Review Team (MIRT) [Aït Abderrahim et al., 2008; OECD/NEA, 2009],
coordinated by the OECD on request of the Belgian government. During the 2010-
2014 period SCK•CEN has to finalise the Front End Engineering Design (FEED) to
secure the licensing, and to set-up an international consortium for the financial
and technical support to the project.

Today MYRRHA is presented as a multi-purpose facility to perform research for
Generation IV fission reactors, fusion, fundamental physics and transmutation
studies, meanwhile producing radio-isotopes. Since 2010, MYRRHA is recognised
on the priority list of the European Strategy Forum on Research Infrastructures
(ESFRI) [ESFRI, 2010], as well as by the Strategic Research and Innovation Agenda
of the Sustainable Nuclear Energy Technology Platform (SNETP) [SNETP, 2013].
The complete installation should be operational by 2024, making it today the
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1.4. Ongoing ADS Projects

most concrete ADS demonstrator design in the world.

The European Facility for Industrial Transmutation (EFIT)

In the framework of the IP-EUROTRANS FP6 project, a design study was made for
an industrial transmutation machine, called EFIT [Artioli et al., 2008; Mansani
et al., 2011]. EFIT consists of a 800 MeV proton accelerator, providing spallation
neutrons inside a Pu-MA fueled core, cooled by Pb, with a 400 MWth power.

1.4.2 Japan

Japan’s ADS programme envisages the transmutation of transuranics and the
generation of nuclear energy [Pyeon, 2013]. On the long term, a 800 MWth design
is proposed with a 1.5 GeV∼20 MW proton beam, Pb-Bi spallation target and
coolant, and (Pu+MA)N+ZrN fuel with a 2.5 ton MA initial inventory. Experiments
today are ongoing with regard to the target window and Lead-Bismuth Eutectic
(LBE) loops (JLBL1-3).

The Kyoto University runs the KUCA subcritical assembly [KUCA, 2013], which
is driven by a 14 MeV D-T neutron source in a highly enriched uranium core with a
PE reflector. Recently, KUCA has been combined with a proton beam accelerator
to supply spallation neutrons to its subcritical reactor.

In the near future, Japan aims to construct the Japan Proton Accelerator Re-
search Complex (J-PARC), which will host TEF-T (an ADS target test facility),
foreseen to be operational by 2017, and TEF-P (a transmutation physics zero
power critical assembly), foreseen to be operational by 2022.

1.4.3 China

The Chinese ADS programme [Pyeon, 2013] is related to fissile material breeding.
Measurements are being performed on VENUS-1, operated by the Chinese Insti-
tute of Atomic Energy (CIAE). VENUS-1 is a subcritical physics experiment, driven
by a 14 MeV pulsed neutron source in a reactor with a fast (natural U in an Al grid)
and thermal (enriched U in PE) zone.

In 2011, the Chinese Academy of Science (CAS) announced to build an ADS sys-
tem, including the development of the China LEad Alloy cooled Reactor (CLEAR).
Four phases of development are foreseen: a lead based zero-power facility (CLEAR-
0), a 10MWth lead-bismuth cooled research reactor (CLEAR-I) to be built in the
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2010s, a 100MWth lead alloy cooled experimental reactor (CLEAR-II) to be built in
the 2020s, and a 1000MWth lead alloy cooled demonstration reactor (CLEAR-III)
to be built in the 2030s.

1.4.4 India

India’s ADS programme [Degweker et al., 2013] aims to support the thorium fuel
cycle by producing U-233. Also the transmutation of nuclear waste is considered
on the long term. The first phase of research covers the different ADS research
domains such as a windowless spallation target and Heavy Liquid Metal (HLM)
experiments with mercury and lead-bismuth. A physics experiment is available at
the PURNIMA labs at the Bhaba Atomic Research Centre (BARC). In a further stage,
the development of two demo ADS (of 1 and 40 MWth power) with a spallation
neutron source of LBE (cooled by light water) are scheduled.

1.4.5 The United States of America (USA)

Although the USA have no national full ADS project, they are active in the construc-
tion of an electron accelerator driven system in Ukraine at the Kharkov Institute of
Physics and Technology (KIPT), via an IAEA collaboration [Gohar, 2012] (see § 1.2).
This ADS, which should be operational in 2014, will operate with low enriched
uranium as fuel, water as coolant and beryllium as reflector.

Other US research deals with the development of an ADS concept for the na-
tional spent fuel inventory (by Argonne National Laboratory), material test stands
(at Los Alamos National Laboratory) and the physics of ADS using zero power
facilities. For the latter, experiments were carried out at the YALINA booster in
Belarus [Gohar and Smith, 2010].

1.4.6 Other International Programmes

In 2013, the IAEA reports that 18 countries are performing R&D in one or more
domains of the ADS research: Argentina and Brazil (physics programme), Poland
and Belarus (experimental physics programme), Italy and Russia (physics and
technology programme), South Korea and Spain (transmutation programme),
Norway (energy and thorium fuel cycle studies) and Germany (complete ADS
programme) [Gohar, 2012].
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1.5 The EFIT, MYRRHA and VENUS-F Reactor Designs

In this section, the design of the industrial EFIT ADS, the MYRRHA demonstrator
and the VENUS-F zero power facility are presented. First the EFIT study is pre-
sented to show the transmutation capacities of an industrial design, and to check
the expected reactivity swing during operation of an industrial ADS. Then the
MYRRHA project is discussed, being the most advanced demonstrator ADS project
currently ongoing. On this design, the subcriticality monitoring methodology
will be applied. Finally, VENUS-F will serve for the validation of the subcriticality
monitoring concept for the MYRRHA demonstrator ADS.

Table 1.3 provides the main characteristics of the three systems. VENUS-F can,
thanks to a (unique) critical reference state, validate the different subcriticality
monitoring techniques for MYRRHA and perform benchmarking activities. For
the MYRRHA project however, the research is focused on beam reliability, the
study of power effects and the behaviour of the Pb-Bi coolant. For EFIT studies,
the minor actinide fuel design, the fuel performance and the lead coolant are the
main challenges.

VENUS-F MYRRHA EFIT

Power Max 500 W 65-100 MWth 400 MWth

Accelerator D, 250 keV P, 600 MeV P, 800 MeV

Neutron Source (D,T) fusion neu-
trons

spallation neu-
trons

spallation
neutrons

Fuel Metallic U (30 wt%
enriched)

MOX (30 wt% en-
riched)

Pu-MA

Coolant Pb simulated
coolant

Pb-Bi Pb

Table 1.3: Main Characteristics of VENUS-F, MYRRHA and EFIT. [Uyttenhove and Van
den Eynde, 2012]

1.5.1 EFIT

As industrial transmuter, EFIT aims to burn about 42 kg/TWh minor actinides, up
to 20-25 % of the initial heavy metal in the fuel within 4-6 years. These goals should
be met in a U-free fuel, by obtaining a break-even Pu balance. A flat reactivity
profile is envisaged around keff=0.97 ± 0.01, to limit the compensation by beam
current variations or control rod movements. As electricity production with an
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acceptable efficiency is foreseen, higher primary circuit temperatures are reached
with Pb: 400 ◦C at reactor inlet and 480 ◦C at reactor outlet.

The design of the EFIT reactor is presented in figure 1.5. Inside the core, 3 (or 6)
rings of fuel assemblies can be hosted, comprising 198 position for fuel assemblies
and 19 positions for the spallation target. The core barrel is completed with 252
positions for Pb dummy assemblies and absorber elements. Two types of fuels
are studied, one with ceramic MgO (CERCER) and the other with metallic Mo
(CERMET) as matrix material. In order to optimise the goals with regard to burn-
up and reactivity swing, the fuel assembly parameters are optimised [Uyttenhove
et al., 2011b; Sobolev et al., 2011b]. The final reactor design foresees an active fuel
height of about 90 cm.

Figure 1.5: The EFIT reactor design from [Mansani et al., 2011] (1-core, 2-active zone,
3-diagrid, 4-primary pump, 5-cylindrical inner vessel, 6-reactor vessel, 7-reactor cavity,
8-reactor roof, 9-reactor vessel support, 10-rotating plug, 11-above core structure, 12-
target unit, 13-steam generator unit, 14-fuel handling machine, 15-filter unit, 16-core
instrumentation, 17-rotor lift machine).
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1.5.2 MYRRHA

At the time of the writing of this text, the MYRRHA design is in continuous evolu-
tion. A general description of the MYRRHA project is found in [Aït Abderrahim
et al., 2008], and the latest design status is presented in [Aït Abderrahim and
Baeten, 2012; Aït Abderrahim et al., 2012; Van den Eynde et al., 2014]. In this
work, the MYRRHA-FASTEF (FAst Spectrum Transmutation Experimental Facility)
reactor will be studied [De Bruyn and Fernandez, 2012; Sarotto et al., 2013].

The layout of the MYRRHA-FASTEF reactor is shown in figure 1.6. While MYRRHA-
FASTEF is a pool-type ADS, the reactor vessel houses all the primary systems. The
reactor has a double stainless steel vessel with an outer diameter of about 8 m
and a height of about 11 m. The inner vessel contains all the LBE and the outer
vessel serves as secondary containment in case the inner reactor vessel breaks.
The reactor cover closes the vessel and supports all the in-vessel components. In
the MYRRHA-FASTEF design, the diaphragm divides the LBE into a hot (upper)
and a cool (lower) pool. Two axial pumps circulate the LBE while two primary
heat exchangers per pump will cool the LBE. The main parameters are listed in
Table 1.4.

Fuel assembly length 200 cm

Nominal power 100 MWth

Reactor inlet temperature 270 ◦C

Reactor outlet temperature 410 ◦C

Coolant velocity inside the reactor 2 m/s

Coolant pressure drop 2.5 bar

Primary coolant LBE

Secondary coolant saturated water/steam

Tertiary coolant air

Table 1.4: Main Characteristics of MYRRHA-FASTEF.

MYRRHA can be operated in both critical and subcritical mode. The MYRRHA-
FASTEF reactor is cylindrical, with an active fuel height of 60 cm inside the as-
sembly with length 200 cm, and a variable width (critical core radius of about 60
cm), depending on the subcriticality level of the reactor and the experimental
assemblies inside. The core radius is limited by the barrel with internal radius
71.5 cm. The reactor consists of typical mixed U-Pu oxide (MOX) fuel assemblies,
LBE dummy assemblies, dedicated reflector assemblies, control rods and safety
rods. Different positions can be loaded with In-Pile Sections (IPS), foreseen for
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~11 m  

1 

2 

3 
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7 

Figure 1.6: The MYRRHA-FASTEF reactor design from [De Bruyn and Fernandez, 2012] (1-
reactor vessel, 2-cover, 3-diaphragm, 4-core, 5-primary pump, 6-primary heat exchanger,
7-in-vessel fuel handling machine).

experiments and isotope production units. The windowed beam-tube spallation
target for operation in subcritical mode fits in the central fuel assembly position.
As an example, Fig. 1.7 shows the FASTEF Beginning-Of-Life (BOL) subcritical
core configuration.

The design of a MYRRHA fuel assembly (FA) is similar to the liquid sodium
cooled fast reactors (SFR) [Sobolev et al., 2011a]. Each FA consists of a hexagonal
bundle (hexagon pitch of 5.225 cm) of cylindrical fuel elements (also called rods
or pins, 126 for the MYRRHA-FASTEF design) surrounded by a hexagonal shroud
(wrapper), as shown in figure 1.8. The upper and lower ends of the shroud are
connected to the inlet and outlet nozzles guiding a LBE coolant through the FA.
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Figure 1.7: The MYRRHA-FASTEF BOL subcritical core design from [Sarotto, 2011]
(orange: 57 FAs, yellow: 7 IPS including the spallation unit, green: 6 control rods, white:
3 safety rods, light blue: 36 inner dummy LBE assemblies, dark blue: 42 outer dummy
YZrO assemblies, red circles: available positions for inserts from the top).

Figure 1.8: The MYRRHA-FASTEF fuel assembly design ©SCK•CEN.
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1.5.3 VENUS-F

During the GUINEVERE project, the VENUS facility, hosted at the SCK•CEN
site in Mol (Belgium) was modified from the existing zero-power thermal water-
moderated VENUS reactor towards the fast VENUS-F reactor. The GENEPI-3C
accelerator [Baylac et al., 2010], an updated version of the GENEPI-1 machine
previously used for the MUSE experiments, was installed in a new accelerator
hall on top of the existing VENUS bunker. Deuterons accelerated to an energy of
220 keV hit a Ti-Tritium target in the middle of the core, producing 14 MeV fusion
neutrons. A picture of the updated VENUS facility (with additional accelerator
room) is shown in Fig. 1.9 and 1.10.

Figure 1.9: The VENUS-F accelerator hall.

As the zero power VENUS-F reactor should be representative for a full scale
ADS like MYRRHA, solid lead blocks are chosen as reactor material within the
existing VENUS vessel. The reactor design is almost symmetrical, as shown in
figure 1.11. A detailed design of the VENUS-F reactor for the GUINEVERE project
is given in [Uyttenhove et al., 2009]. In the centre of the cylindrical reactor (with
radius 80 cm and height 160 cm), a 12x12 grid is introduced, in which square
assemblies (width 8 cm) fit. This core grid will mainly be filled with lead and
fuel assemblies (FAs), as well as with safety and control rods, and experimental
assemblies. Around the fuel, a 40 cm lead top and bottom reflector is foreseen, as
well as a radial reflector around the grid that fills the existing VENUS vessel.

The fuel assemblies for the first VENUS-F core, analysed in this thesis, are
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Figure 1.10: The VENUS-F reactor bunker.
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Figure 1.11: The VENUS-F reactor design ©SCK•CEN.
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designed based on the experience from the MUSE project. The fuel rodlets are
made of metallic uranium 30 wt. % enriched in U-235, with a diameter of 1.27 cm
and a height of 20.32 cm. Three of them are piled up in a 5x5 lattice filled with
lead blocks and fuel rodlets, as shown in figure 1.12, in order to obtain an active
fuel height of 60.96 cm, representative for the MYRRHA reactor design. The fuel
is arranged in a symmetrical way in the 5x5 grid of the FA, so possible types of FAs
can comprise 4,9,13 or 25 positions in the 5x5 grid. Above the active fuel part, the
top reflector is included in the fuel assembly in order to allow easy manipulations
inside the grid.

Pb top reflector 

Active fuel height 

Stainless steel 
casing 

U rodlets 

Pb elements 

Pb plates 

Figure 1.12: The VENUS-F fuel assembly design ©SCK•CEN.

The lead assemblies of the VENUS-F reactor are similar to the fuel assemblies,
except for the active fuel part. In that zone, the complete 5x5 lattice is filled with
lead elements.

6 safety rods are foreseen in a fixed position of the grid to cover any type of
reactivity insertion in the reactor. They have the same design as a fuel assembly,
except for the top reflector, which is replaced by boron carbide (B4C). This design
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leads to a double reactivity effect: inserting the safety rods implies not only an
introduction of neutron poison but also a removal of the fuel. Two control rods
with B4C inside the 12x12 grid can be introduced in the reactor for fine-tuning
the reactivity level.

Also different types of experimental assemblies can be loaded in the 12x12 grid.
Thanks to this set-up a symmetrical and so-called ’clean’ and ’modular’ reactor is
obtained, that is representative for a lead cooled ADS.

1.6 Research Outline

In this section, the PhD research question is motivated and described. Finally, the
structure of the thesis is presented.

1.6.1 Motivation for an Accurate Reactivity Monitoring System

The main goal of on-line subcriticality monitoring in ADS is to guarantee a suf-

ficient margin against criticality during all stages of operation of an ADS [NEA,
2003]. From the other side, for full-power ADS, one strives for the highest keff level
for economical reasons, i.e. to limit the required beam power (in eq. (1.1)) of the
accelerator.

In this view, the reactivity impact of different accidental scenarios is estimated.
The maximum (positive) reactivity insertion limits the upper value for keff of an
ADS. The maximum allowable keff level is also depending on the operational
mode of the installation. Power feedback effects induce a decrease in reactivity
for a temperature increase in the reactor. The elimination of this effect should be
taken into account in the Cold Zero Power (CZP) operational phase.

Preliminary estimations of the maximum allowable subcriticality level were
done in the framework of the XT-ADS [Van den Eynde, 2009] and EFIT [Artioli et al.,
2008] project. The results are shown in Fig. 1.13. A safety limit of 1000 pcm (per
cent mille, as in [Van den Eynde, 2009], value not motivated) is taken into account
for the two designs. For XT-ADS an operational level for keff=0.95 is determined
without margin for monitoring uncertainty, whereas for EFIT, keff=0.97 is foreseen
with a 1000 pcm reactivity measurement uncertainty. The 1000 pcm remains a
reference target for subcriticality monitoring at zero-power ADS [Baeten et al.,
2008].
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Figure 1.13: Determination of the maximum operational reactivity level in ADS for
XT-ADS and EFIT.

In the framework of the licensing of the MYRRHA project, a detailed analysis of
accident scenarios is performed to investigate carefully the maximum positive
reactivity insertion [Ariën, 2014] for this ADS. In this note, the overcooling experi-
ment appears to be the accident yielding the largest positive reactivity insertion
in both critical and subcritical mode. For the subcritical mode, the maximum
allowable keff value is 0.993 at Cold Zero Power (CZP) and 0.98 at Hot Full Power
(HFP) (taking into account some limitations as present in § 4 of the note). From
there, the measurement uncertainty should be subtracted to obtain the maximum
operational keff level. No safety margin is discussed yet in [Ariën, 2014].

Besides the safety purpose, the reactivity of an ADS needs follow-up for opera-
tional reasons, in order to measure the burn-up of the fuel. Especially for EFIT,
designed with a Pu and MA core, special attention should be paid to reactivity
swing, starting from keff = 0.95, rising with 0.01 before decreasing [Uyttenhove
et al., 2011b].

The specific goal of this work is to investigate the uncertainty on the reactivity

monitoring itself. The uncertainties are related to the parameters involved in
the evaluation method, to the detector type, its efficiency, and the location of
the detectors. The role of the detector positioning is explained in the following
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paragraphs.

1.6.2 Spatial Corrections on Subcriticality Measurement Results

All evaluation methods for the candidate reactivity measurement techniques
presented in § 1.3 are based on point kinetics and therefore only valid close to
criticality. Therefore, the reactivity values obtained by a measurement technique
should be corrected by so-called spatial correction factors (SCFs). The common
approach during previous and ongoing experimental programmes includes simu-
lations of the experiment by deterministic and probabilistic codes (see [Chevret
et al., 2014; Marie et al., 2013; Dulla et al., 2014] for VENUS-F). These calculations
allow to obtain (precise) SCFs at specific detector locations. Moreover, some
experimental techniques are difficult to simulate by using probabilistic codes.

This work aims to understand the SCFs of the selected experimental techniques
for a complete ADS reactor, not only for specific detector positions. Rather than
calculating SCFs precisely, it is important to know the behaviour of the SCFs
during the different operational phases of an ADS. Therefore, the SCFs for the
evaluation methods of candidate experimental techniques are derived analytically
via static modal analysis. In this view, a static approach is chosen to simplify the
determination of the SCF (see also § 1.3). By performing modal analysis of the SCF
of the considered experimental techniques, the SCF behaviour can be understood
by studying the eigenmodes characteristics in an ADS. The understanding is
validated by 3D simulations of the SCF for the selected experimental techniques.

A reactivity monitoring system for ADS should be robust. As a first step, ro-
bust evaluation methods are selected in § 1.3.8. Secondly, the theory developed
in this work aims to identify robust detector positions by means of a thorough

understanding of the SCF of the selected experimental techniques. Robust po-
sitioning does not exclude spatial correction factors to be applied, but requires
detector positions with a constant (or small change in) SCF during different phases
of operation of an ADS.

1.6.3 Validation of a Subcriticality Monitoring Methodology on a
Zero-Power ADS

In order to confirm the analytical development and simulation methods of the

SCFs for reactivity monitoring techniques, the different candidate measurement
techniques will be assessed on the VENUS-F ADS presented in § 1.5.3. Thanks to
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the modular character of the installation, different cores can be loaded. Moreover,
the critical reference state allows to determine a ‘reference’ subcriticality level
via an alternative methodology (see § 2.5) to evaluate the selected measurement
techniques.

Operational parameters are determined on VENUS-F for the different expe-
rimental techniques (e.g. pulse frequency, beam interruption time, detector
specifications, ...). Measurement uncertainties on the point kinetic reactivity
values are derived. SCFs obtained by modal analysis and experiment simula-
tions (made by the same calculational tool) are validated by measurement results.
Thanks to the development of the SCFs for the complete ADS reactor, robust

detector positions and types are determined for different phases of operation

of a zero-power ADS.

1.6.4 Robustness of Subcriticality Monitoring for a Power ADS

As a final step to set up a monitoring methodology, an extrapolation towards
a demonstrator ADS (MYRRHA) is made. Different aspects proper to a reacti-

vity monitoring system for a demonstrator (power) ADS like MYRRHA are stu-
died based on the methodology validated in the previous section. The above
mentioned parameters of the selected experimental techniques are checked for
MYRRHA. The effect of burn-up, inhomogeneous core loadings and accidental
conditions is investigated.

Finally, the outcome of this work presents an approach to a robust reactivity
monitoring system for ADS. Detector types and positions are selected for a power
ADS, able to limit the uncertainty on the reactivity during normal operation, and
able to identify possible incident scenarios.

1.6.5 Thesis Structure

The related reactor physics behind each selected monitoring technique is studied
by modal analysis in Chapter 2. In this chapter also the calculation tools are pre-
sented. In Chapter 3, the analytical SCFs for the selected monitoring techniques
are validated by VENUS-F measurement results and completed by experiment
simulations. Chapter 4 deals with the extrapolation of the techniques towards a
demonstrator power ADS (MYRRHA).
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2
SPATIAL EFFECTS

IN SUBCRITICALITY MONITORING

Whenever anyone says, ‘theoretically’, they really mean, ‘not really’.

Dave Parnass (1941-), Canadian computer scientist pioneer.

Picture: Lambda ©Sigfried Lundberg
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The selected candidate methods (from § 1.3) for subcriticality monitoring (start-
up, continuous monitoring, interim cross-checking) are under theoretical investi-
gation in this chapter. Point kinetics evaluations of the monitoring techniques
need to be corrected for the spatial variation of the flux in a subcritical core with
an external neutron source. The physical understanding of the Spatial Correc-
tion Factor (SCF) for each experimental method is indispensable to study robust
subcriticality monitoring.

In this chapter, the SCFs are determined analytically in terms of λ-modes,
via static modal analysis by neutron diffusion theory. The motivation for static
modal analysis is given in § 1.6.2. Moreover, the analytical approach allows a
full understanding of SCFs, and the identification of the important contributing
factors to the SCF for each selected monitoring method.

In addition to the analysis of the selected measurement methods, the advantage
of a reference critical state for subcriticality monitoring is presented, in order
to obtain an alternative ‘reference’ subcriticality level to validate the selected
techniques. The spatial dependence of this alternative pathway is discussed. At
the end of this chapter, the calculational tools are presented, which will be used
to perform a modal analysis and to simulate experiments in the next chapters.

2.1 Modal Analysis Approach

2.1.1 λ-Eigenmodes

The behaviour of a nuclear reactor is determined by the distribution of the neu-
trons in the system as a function of time, space and energy. The prediction of
this behaviour is obtained by solving the transport equation or Boltzmann equa-
tion [Bell and Glasstone, 1985]. In steady state and presented in operator form,
this equation becomes

(F − L )φ+S = 0 (2.1)

withφ the neutron flux, S the source strength, F the fission operator and L the
transport operator comprising neutron leakage, neutron collisions and neutron
scattering as explained in § 1.1.

The λ-eigenvalue problem is set up by scaling the fission operator F with λ in
the homogeneous Boltzmann equation, i.e. (2.1) with S=0. Each eigenmode l of
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the flux is then associated with an eigenfunctionφl [Bell and Glasstone, 1970]

Lφl =λl Fφl (2.2)

The smallest eigenvalue λ1 is equal to the inverse of the effective multiplication
factor keff .

The application of λ-mode analysis has been used for the modal study of insta-
bilities in reactors, e.g. for oscillations typical for Boiling Water Reactors (BWRs).
When calculating λ-modes for a BWR case [Verdu et al., 1994], a typical shape of
the harmonics is obtained, as shown in Fig. 2.1. The first higher modes are two
azimuthal ones, followed by an axial mode and two azimuthal (so-called rotating)
modes. In the following chapters, λ-mode analysis of he VENUS-F and MYRRHA
subcritical cores are performed, as motivated in § 2.1.3, in order to check the
pattern of the mode shapes.

Figure 2.1: Typical 3-dimensional shapes of static spatial eigenfunctions for a critical
BWR reactor. [Verdu et al., 1994]
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2.1.2 Reconstruction of a Subcritical Fixed Source System by
λ-Modes Amplification

Static modal analysis can be applied to determine the amplification coefficient
of each eigenfunction in order to reconstruct the full flux solution of a static
fixed source problem [Bell and Glasstone, 1970]. The outcome of this analysis
allows determining the validity of a point kinetics approach, to distinguish im-
portant modes contributing to the full solution and to determine the number of
modes required to reconstruct the fixed source problem with a sufficient degree
of accuracy.

The general (i.e. time-dependent) modal expansion of the neutron flux is writ-
ten as

φ(r⃗ , $Ω, E , t ) =
∞∑

l=1

Pl (t )φl (r⃗ , $Ω, E ) (2.3)

Pl (t ) is the amplification factor of mode l . An infinite number of modes is needed
to reconstruct the full flux [Bell and Glasstone, 1970]. In its static form, Pl becomes
a constant.

Between the modes there exists an orthogonality relationship, obtained by
multiplying the λ-eigenvalue problem (2.2) for mode l with the adjoint mode m

(indicated with the + sign):

(λl −λ
+
m )
!
φ+m , Fφl

"
= 0 (2.4)

with

〈X , Y 〉=

∫

4π

∫

E

∫

V

X (r⃗ , $Ω, E )Y (r⃗ , $Ω, E )d V d E d $Ω (2.5)

By introducing eq. (2.3) in the static transport equation (2.1) and multiplying
with the adjoint eigenfunctionφ+m , one obtains the amplitude Pl for each mode:

Pl =−

!
φ+l ,S
"

(1− 1
λl
)
!
φ+l , Fψl

" (2.6)

with S the steady state neutron source density (n/cm3/s).
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In problems that are geometrically symmetric, often degenerate eigenvalues
show up (λl=λm for l ≠ m). In that case, more than one (mostly two, rarely
three) eigenfunction is associated to the same eigenmode. As a consequence, a
set of equations needs to be solved to obtain the amplification factors. For two
degenerate modes l and m the system of equations becomes

)
(1−λl )
!
φ+m , Fφl

"
(1−λm )
!
φ+m , Fφm

"

(1−λl )
!
φ+l , Fφl

"
(1−λm )
!
φ+l , Fφm

"
*)

Pl

Pm

*
=

)
−
!
φ+m ,S
"

−
!
φ+l ,S
"
*

(2.7)

The development of this theory on a basic example is shown in [Uyttenhove et al.,
2012b].

2.1.3 Diffusion Theory to understand Spatial Dependence of
Reactivity Measurement Techniques

The evaluation methods of experimental techniques for subcriticality measure-
ments make use of point kinetics theory to obtain an expression for the reactivity.
Therefore, one assumes that the flux can be represented by a single, called fun-
damental, mode [Duderstadt and Hamilton, 1976]. In an ADS however, a local
external neutron source is introduced in a subcritical core and many modes (so-
called harmonics) are amplified to contribute to the total flux. When applying
point kinetics evaluation techniques, Spatial Correction Factors (SCFs) are needed
to correct the obtained results [Dulla et al., 2005].

The choice of static evaluation methods for the selected experimental tech-
niques is motivated in § 1.6.2. Moreover, when performing static modal analysis,
analytical expressions for SCFs are obtained in the following sections for the
considered evaluation methods for the experimental techniques, by means of
diffusion theory. This approach allows a better understanding of the behaviour of
the SCFs throughout subcritical cores of ADS, compared to SCFs determined by
experiment simulations. Diffusion calculations are chosen for the sake of compu-
tational cost and availability of an appropriate software code for the purpose of
this work (see § 2.6).

The approximations related to diffusion theory ( [Duderstadt and Hamilton,
1976], 4.IV) and eigenmode calculations [Saracco et al., 2012] need to be evaluated
for each case study. In the case of fast ADS systems, only the limitation on the
flux gradient could hamper a proper interpretation of calculational results close
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to large flux gradients (control rods, neutron source,...). Several mean free paths
away from any sources or boundaries (in a weakly absorbing medium), the flux
is slowly varying in space and the diffusion theory is valid. In this work however,
one aims to understand the spatial dependence in ADS cores to check robustness
of detector positions, rather than determining precise correction factors. For the
latter purpose, probabilistic software codes are more appropriate.

2.2 Start-up Reactivity Monitoring Techniques

2.2.1 The Area Method Evaluation of the Pulsed Neutron Source
Technique

The area method (also called Sjöstrand method) [Sjöstrand, 1956] is a static eva-
luation for subcriticality measurements by means of a Pulsed Neutron Source
(PNS), presented in § 1.3.1. It states that the reactivity of a subcritical system
driven by a pulse train of external source neutrons, can be estimated by the ratio
of two areas in the decay of the neutron density (or proportional detector signal)
after a pulse, as shown in eq. (1.9) and Fig. 1.2.

In order to derive the area ratio by point kinetics, the time dependent behaviour
of the homogeneous point kinetics equations for neutron density n (t ) and precur-
sor density C (t ) is derived via basic reactor theory and Laplace transformation

(assuming
|ρ−β |
Λ
>>λ):

n (t ) = A1e s1t +A2e s2t (2.8)

C (t ) = A1
β

Λ(s1+λ)
e s1t +A2

β

Λ(s2+λ)
e s2t (2.9)

with Λ the neutron generation time (s), λ the average decay constant of the pre-
cursors (1/s), and

s1 =
ρ−β

Λ
(2.10)

s2 =
ρλ

ρ−β
(2.11)
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The coefficients A1 and A2 are determined via the initial conditions at t=0. Sup-
pose at t=0 a Dirac pulse from an external neutron source with strength S (n/s)
in a subcritical medium with C (0)=0, then the neutron density is given by [Baeten
et al., 2006]1

n (t ) = S

)
e
ρ−β
Λ

t +
λβΛ

(ρ−β )2
e
−ρλ
ρ−β t

*
(2.12)

The theory can be easily expanded towards more groups of delayed neutrons.
For clarity, only one family of delayed neutrons is shown in eq. (2.12). One can
distinguish the prompt and delayed contribution to the neutron density via the
different exponential constants.

The area method however is only valid when the asymptotic precursor concen-
tration is reached, i.e. after (tens of) thousands of pulses with pulse period T . In
that case

C (0) =−
Sβ

ρλT
(2.13)

In [Baeten et al., 2006] the derivation of the neutron density is performed for an
infinite pulse train

∑∞
n=0δ(t −nT )S :

n (t ) = S

)
e
ρ−β
Λ

t +
βΛ

(ρ−β )ρT
e
−ρλ
ρ−β t

*
(2.14)

At t = 0 the neutron density is slightly higher than S due to the delayed neutron
contribution from the second term in eq. (2.14). When integrating (2.14) over
the period T and separating the prompt from the delayed contribution, (1.9) is
obtained, as [Baeten et al., 2006]

Ap =
ΛS

(ρ−β )T
(2.15)

Ad =
SβΛ

(ρ−β )ρT
(2.16)

1At t=0 the second term in eq. (2.12) can be neglected.
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2.2.2 Modal Analysis of the SCF for the Area Method

Definition of SCFarea

In this work, SCFs will be applied on reactivity values obtained by point kinetics,
in order to obtain a credible estimation of the reactivity at different locations in a
subcritical core. They will depend on the reactivity level, the fuel burn-up, the
detector type used for the measurements, etc. In this section, the SCF for the area
evaluation of the PNS experiment is defined as

SCFarea(r⃗ ) =

Ap (r⃗ )

Ad (r⃗ )
ρref

β

(2.17)

withρref the reference ‘true’ reactivity value (in $, see § 2.5), Ap and Ad the detector
counts during a pulse at a detector location, associated to prompt and delayed
neutrons, as in eq. (1.9).

Derivation of SCFarea

In Appendix III of [Sjöstrand, 1956] the modal analysis of SCFarea is determined via
age theory for a one energy group case in a homogeneous core. In this paragraph, a
general multigroup area (Sjöstrand) correction factor is derived via modal analysis
and diffusion theory, with one lumped family of precursors.

The diffusion equation for total flux and precursor density is written as (notation
as in [Duderstadt and Hamilton, 1976])

1

v

∂ φ(r⃗ , E , t )

∂ t
=

∇.D (r⃗ , E )∇φ(r⃗ , E , t )−Σt (r⃗ , E )φ(r⃗ , E , t ) +

∫ ∞

0

Σs (r⃗ , E ′ → E )φ(r⃗ , E ′, t )d E ′

+χp (E )

∫ ∞

0

(1−β )ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ , E ′, t )d E ′+χd (E )λC (r⃗ , t ) +S (r⃗ , E , t )

(2.18)

∂ C (r⃗ , t )

∂ t
=β

∫ ∞

0

ν(E )Σ f (r⃗ , E )φ(r⃗ , E , t )d E −λC (r⃗ , t ) (2.19)
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Assuming the precursor density constant during the pulse, C (r⃗ ) corresponds to a
fixed source problem with constant neutron source strength S

T :

C (r⃗ ) =
β

λ

∫ ∞

0

ν(E )Σ f (r⃗ , E )φ(r⃗ , E , t )d E (2.20)

As the integral of the flux over the pulse is required to determine the prompt
and delayed areas, we introduce eq. (2.20) in eq. (2.18) and integrate over a time
interval T . Moreover, as for the PNS experiment evaluation,φ(t = T )≡φ(t = 0),

∫ T

0

1

v

∂ φ(r⃗ , E , t )

∂ t
d t =

1

v

+
φ(t = T )−φ(t = 0)

,
= 0=

∫ T

0

∇.D (r⃗ , E )∇φ(r⃗ , E , t )d t

−Σt (r⃗ , E )

∫ T

0

φ(r⃗ , E , t )d t +

∫ T

0

∫ ∞

0

Σs (r⃗ , E ′ → E )φ(r⃗ , E ′, t )d E ′d t

+χ (E )

∫ T

0

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ , E ′, t )d E ′d t +

∫ T

0

S (r⃗ , E , t )d t (2.21)

with χ (E ) =χp (E )(1−β ) +χd (E )β .

When performing a modal expansion of the neutron flux:

φ(r⃗ , E , t ) =
∞∑

n=1

Pn (t )φn (r⃗ , E ) (2.22)

the k -eigenmodes (kn=
1
λn

) are the solution of the homogeneous steady state
solution of eq. (2.18):

∇.D (r⃗ , E )∇φn (r⃗ , E )−Σt (r⃗ , E )φn (r⃗ , E ) +

∫ ∞

0

Σs (r⃗ , E ′ → E )φn (r⃗ , E ′)d E ′

+
χ (E )

kn

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′ = 0 (2.23)

Substituting the eigenmode expression for∇.D (r⃗ , E )∇φn (r⃗ , E ) in eq. (2.21) yields:
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∞∑

n=1

∫ T

0

Pn (t )d tχ (E )
1−kn

kn

∫ ∞

0

ν(E ′)Σ f (E
′)φn (r⃗ , E ′)d E ′ =

∫ T

0

S (r⃗ , E , t )d t

(2.24)

In order to obtain an expression for
∫ T

0
Pn (t )d t , we multiply both sides by the

adjoint functionφ+m (r⃗ , E ) and apply the orthogonality relationship (2.4). Then,
supposing no degenerate eigenvalues,

∫ T

0

Pn (t )d t =
kn

1−kn

-
φ+n (r⃗ , E ),
∫ T

0
S (r⃗ , E , t )d t
.

/
φ+n (r⃗ , E ),χ (E )
∫∞

0
ν(E ′)Σ f (E ′)φn (r⃗ , E ′)d E ′

0 (2.25)

with the meaning of the brackets 〈〉 as explained in eq. (2.5).

The total area under the pulse can then be written as

At (r⃗ ) =
∞∑

n=1

∫ T

0

Pn (t )d t

∫ ∞

0

Σd (E )φn (r⃗ , E )d E =

∞∑

n=1

kn

1−kn

-
φ+n (r⃗ , E ),
∫ T

0
S (r⃗ , E , t )d t
.

/
φ+n (r⃗ , E ),χ (E )
∫∞

0
ν(E ′)Σ f (E ′)φn (r⃗ , E ′)d E ′

0
∫ ∞

0

Σd (E )φn (r⃗ , E )d E

(2.26)

with Σd the macroscopic cross section for the detector of interest. In order to
investigate the spatial dependence of the complete core for the area method, Σd

is independent of its position.

In a similar way, the expansion coefficient
∫ T

0
Pn ,p (t )d t related to the prompt

eigenvalue problem can be calculated. Therefore, the fission operator F in (2.1)
is modified towards its prompt equivalent Fp . This corresponds to a replacement
of χ (E ) by (1−β )χp (E ) in eq. (2.21). Then
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2.2. Start-up Reactivity Monitoring Techniques

Ap (r⃗ ) =
∞∑

n=1

kn ,p

1− (1−β )kn ,p

-
φ+n ,p (r⃗ , E ),
∫ T

0
S (r⃗ , E , t )d t
.

/
φ+n ,p (r⃗ , E ),χp (E )

∫∞
0
ν(E ′)Σ f (E ′)φn ,p (r⃗ , E ′)d E ′

0

∫ ∞

0

Σd (E )φn ,p (r⃗ , E )d E (2.27)

The area ratio can now be determined via

Ap (r⃗ )

Ad (r⃗ )
=

Ap (r⃗ )

At (r⃗ )−Ap (r⃗ )
(2.28)

φn (r⃗ , E ) is the solution of eq. (2.23), and φn ,p (r⃗ , E ) is the solution of the same
equation with χ (E ) replaced by χp (E ). Therefore, one can suppose

-
φ+n (r⃗ , E ),
∫ T

0
S (r⃗ , E , t )d t
.

/
φ+n (r⃗ , E ),χ (E )
∫∞

0
ν(E ′)Σ f (E ′)φn (r⃗ , E ′)d E ′

0 ∼=

-
φ+n ,p (r⃗ , E ),
∫ T

0
S (r⃗ , E , t )d t
.

/
φ+n ,p (r⃗ , E ),χp (E )

∫∞
0
ν(E ′)Σ f (E ′)φn ,p (r⃗ , E ′)d E ′

0

(2.29)

as both eigenfunctions appear as a ratio in this formula. By a similar reasoning,
kn ,p=(1-β )kn can be replaced by kn when introducing eq. (2.26) and (2.27) in eq.
(2.28), as for mode n

kn ,p

1−(1−β )kn ,p

kn
1−kn
−

kn ,p

1−(1−β )kn ,p

∼=

kn
1−(1−β )kn

kn
1−kn
− kn

1−(1−β )kn

(2.30)

Then

Ap (r⃗ )

Ad (r⃗ )
=

∑∞
n=1

kn
1−(1−β )kn

In

∫∞
0
Σd (E )φn (r⃗ , E )d E

∑∞
n=1

kn
(1−(1−β )kn )

βkn

1−kn
In

∫∞
0
Σd (E )φn (r⃗ , E )d E

(2.31)

via eq. (2.28), with
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2. Spatial Effects in Subcriticality Monitoring

In =

-
φ+n (r⃗ , E ),
∫ T

0
S (r⃗ , E , t )d t
.

/
φ+n (r⃗ , E ),χ (E )
∫∞

0
ν(E ′)Σ f (E ′)φn (r⃗ , E ′)d E ′

0 (2.32)

In order to identify the SCF for the area method, n = 1 is separated from the
summation in eq. (2.31) and, according to eq. (2.17)

Ap (r⃗ )

Ad (r⃗ )
=
−ρ

β
SCFarea =

−ρ

β

1+
∑∞

n=2

In (1−(1−β )k1)kn

∫∞
0
Σd (E )φn (r⃗ ,E )d E

I1(1−(1−β )kn )k1

∫∞
0
Σd (E )φ1(r⃗ ,E )d E

1+
∑∞

n=2

In k 2
n (1−(1−β )k1)(1−k1)

∫∞
0
Σd (E )φn (r⃗ ,E )d E

I1k 2
1 (1−(1−β )kn )(1−kn )

∫∞
0
Σd (E )φ1(r⃗ ,E )d E

(2.33)

with ρ = k1−1
k1

the reactivity. Then

SCFarea(r⃗ ) =

1+
∑∞

n=2

In (1−(1−β )k1)kn

∫∞
0
Σd (E )φn (r⃗ ,E )d E

I1(1−(1−β )kn )k1

∫∞
0
Σd (E )φ1(r⃗ ,E )d E

1+
∑∞

n=2

In k 2
n (1−(1−β )k1)(1−k1)

∫∞
0
Σd (E )φn (r⃗ ,E )d E

I1k 2
1 (1−(1−β )kn )(1−kn )

∫∞
0
Σd (E )φ1(r⃗ ,E )d E

(2.34)

Analysis

In order to understand the behaviour of SCFarea in an ADS core, the parameters
that contribute to the area method SCF in eq. (2.34) require further attention. First
of all, it is important to note the similarity between numerator and denominator in
eq. (2.34). The only difference is inside the k -eigenvalue ratio. As β << 1, one can
reduce this factor to kn (1−k1)

k1(1−kn )
in the numerator and (kn (1−k1)

k1(1−kn )
)2 in the denominator.

This ratio is positive in both numerator and denominator, however the influence
of this factor on the SCF is dominated by the term in the denominator.

If the neutron source of the ADS is positioned in the centre of the core, modes
that obtain a maximum in the centre of the core are highly amplified (represented
by a high numerator in eq. (2.32)). Moreover, the factor kn (1−k1)

k1(1−kn )
is exponentially

decreasing for ADS (e.g. see Fig. 3.16), so higher order modes are reduced by this
factor. Therefore, one could assume that close to the zeros of the first higher order
modes with a maximum in the centre, the spatial correction factor should be close
to unity. At these locations the contribution of the most important modes (except
from the fundamental one) to the SCF is extinguished.
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2.2. Start-up Reactivity Monitoring Techniques

This location is not necessarily a suitable detector location, but provides va-
luable information about the boundary between SCF < 1 (safe overestimation of
the keff level) and SCF > 1 (unsafe underestimation of the keff level). Criteria for
robust detector positioning are developed in the next chapters of this thesis.

2.2.3 The Integrated Source Jerk Method

An alternative calibration method for the initial subcriticality level determination
in ADS could be the Integrated Source Jerk (ISJ) method, presented in § 1.3.2. The
ISJ method allows determining the reactivity value (in $) of a subcritical core by
analysing the neutron decay after stopping the external neutron source (i.e. the
accelerator beam in an ADS) until complete dying out of the neutron population,
according to eq. (1.11).

The ISJ evaluation method makes use of inverse point kinetics theory to obtain
the expression (1.11) for the reactivity. Therefore, as for the area method, spatial
corrections need to be investigated to improve the point kinetic estimation. Given
the nature of the method, the spatial correction for the ISJ method can be different
from the one for the PNS area method, influencing the applicability of the ISJ
method for calibration purposes.

2.2.4 Modal Analysis of the SCF for the ISJ Method

Definition of SCFISJ

The definition of SCFISJ is similar to the one of SCFarea:

SCFISJ (r⃗ ) =
β

ρref

∫∞
0
Σd (E )φ(r⃗ , E , 0)d E

∑q
i=1

ai
λi∫∞

0

∫∞
0
Σd (E )φ(r⃗ , E , t )d E d t

(2.35)

with ρref the reference ‘true’ reactivity value (in $, see § 2.5),φ(r⃗ , E , 0) the flux at
time ‘0’ (corresponding to the stable state before interruption of the beam) and q

the number of precursor groups.

Derivation of SCFISJ

The steady state fluxφ(r⃗ , E ,0) and precursor density C (r⃗ ,0) before beam inter-
ruption are derived from the diffusion equation (2.18) and (2.19). By integra-
ting over the time period after the beam stop, i.e. from t=0 s to t=∞, with
φ(r⃗ , E ,∞)=C (r⃗ ,∞)=0
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2. Spatial Effects in Subcriticality Monitoring

−
φ(r⃗ , E , 0)

v
=

∫ ∞

0

1
∇.D (r⃗ , E )∇φ(r⃗ , E , t )−Σt (r⃗ , E )φ(r⃗ , E , t )

+

∫ ∞

0

Σs (r⃗ , E ′ → E )φ(r⃗ , E ′, t )d E ′

+χp (E )

∫ ∞

0

(1−β )ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ , E ′, t )d E ′
2
d t +χd (E )λ

∫ ∞

0

C (r⃗ , t )d t

(2.36)

−C (r⃗ , 0) = β

∫ ∞

0

∫ ∞

0

ν(E )Σ f (r⃗ , E )φ(r⃗ , E , t )d E d t −λ

∫ ∞

0

C (r⃗ , t )d t (2.37)

The initial flux just at beam interruption time becomes

φ(r⃗ , E , 0)

v
= n (r⃗ , E , 0) =

∫ ∞

0

−
1
∇.D (r⃗ , E )∇φ(r⃗ , E , t )−Σt (r⃗ , E )φ(r⃗ , E , t )+

∫ ∞

0

Σs (r⃗ , E ′ → E )φ(r⃗ , E ′, t )d E ′

+χ (E )

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ , E ′, t )d E ′
2
d t −χd (E )C (r⃗ , 0) (2.38)

with n (r⃗ , E , 0) the steady state neutron density before beam interruption. Equa-
tion (2.38) is expanded to

n (r⃗ , E , 0) =−
∞∑

n=1

∫ ∞

0

Pn (t )d t
1
∇.D (r⃗ , E )∇φn (r⃗ , E )−Σt (r⃗ , E )φn (r⃗ , E )

+

∫ ∞

0

Σs (r⃗ , E ′ → E )φn (r⃗ , E ′)d E ′+χ (E )

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′
2
−χd (E )C (r⃗ , 0)

(2.39)

Now, the homogeneous steady state diffusion equation (2.23) is used to intro-
duce the eigenmodes of the system in equation (2.39). In order to determine
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2.2. Start-up Reactivity Monitoring Techniques

∫∞
0

Pn (t )d t , the summation is eliminated by making use of the orthogonality
relationship (2.4) between the eigenfunctions. Therefore, from the previous equa-
tion,

∫ ∞

0

Pn (t )d t =
1

ρn

−
!
φ+n (r⃗ , E ), n (r⃗ , E , 0) +χd (E )C (r⃗ , 0)

"

/
φ+n (r⃗ , E ),χ (E )
∫∞

0
ν(E ′)Σ f (E ′)φn (r⃗ , E ′)d E ′

0 =
Rn

ρn
(2.40)

with

Rn =−

!
φ+n (r⃗ , E ), n (r⃗ , E , 0) +χd (E )C (r⃗ , 0)

"

/
φ+n (r⃗ , E ),χ (E )
∫∞

0
ν(E ′)Σ f (E ′)φn (r⃗ , E ′)d E ′

0 (2.41)

Using the definition eq. (2.35), SCFISJ becomes

SCFISJ =
β

ρ

q∑

i=1

ai

λi

∑∞
n=1 Pn (0)
∫∞

0
Σd (E )φn (r⃗ , E )d E

∑∞
n=1

∫∞
0

Pn (t )d t
∫∞

0
Σd (E )φn (r⃗ , E )d E

(2.42)

Via (2.40) one gets

SCFISJ =β
q∑

i=1

ai

λi

3P1(0)
∫∞

0
Σd (E )φ1(r⃗ , E )d E +

∑∞
n=2 Pn (0)
∫∞

0
Σd (E )φn (r⃗ , E )d E

R1

∫∞
0
Σd (E )φ1(r⃗ , E )d E +

∑∞
n=2 Rn

ρ1
ρn

∫∞
0
Σd (E )φn (r⃗ , E )d E

4

(2.43)
or finally

SCFISJ =β
q∑

i=1

ai

λi

P1(0) +
∑∞

n=2 Pn (0)

∫∞
0
Σd (E )φn (r⃗ ,E )d E
∫∞

0
Σd (E )φ1(r⃗ ,E )d E

R1+
∑∞

n=2 Rn
ρ1
ρn

∫∞
0
Σd (E )φn (r⃗ ,E )d E
∫∞

0
Σd (E )φ1(r⃗ ,E )d E

(2.44)

When simplifying this equation to point kinetics, one neglects the first term
in the numerator of eq. (2.41). This is also done to obtain the point kinetics eq.
(1.11). Indeed, as before interruption of the beam, via point kinetics,

C (0) =
βn (0)

Λλ
(2.45)
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one notices that C (0) exceeds many times n (0). Therefore, by making the same
assumption in eq. (2.41) using point kinetics

R1 =
C (0)

νΣ f φ1
=

1

νΣ f

keffβ

λl

P1(0)φ1

v
(2.46)

and with one group of precursors for simplification, one gets, as the summations
disappears in equation (2.44)

SCFISJ =
β

λ

P1(0)

R1
= 1 (2.47)

as expected.

Analysis

SCFISJ is more complex to analyse than SCFarea. The factor is determined by two
terms (P1(0) and R1) linked to the fundamental mode, and two summations with
higher modes that are related to the spatial correction. Terms with a high amplifi-
cation Pn (0), i.e. with a maximum in the centre of the ADS core, will contribute
significantly to SCFISJ . Therefore, the spatial correction factor will be closer to
unity at positions where these modes have zero crossings, as for SCFarea. Secondly,
the denominator summation will be reduced for higher modes, as

ρ1
ρn

decreases
with increasing mode number.

2.3 The Current-To-Flux Reactivity Monitor

2.3.1 Point Kinetics Analysis

By monitoring the ratio of the beam current and the flux level of an ADS using
a continuous accelerator current, one can evaluate the reactivity by using the
relation (1.14). This formula can easily be derived from point kinetics [Duder-
stadt and Hamilton, 1976]. The proportionality coefficient c can be defined in a
different way, taking into account the measurement methods for S and φ. The
relationship between current and flux only remains valid when c does not vary as
a function of time, i.e. when there is no variation of spatial dependence in time,
when the source neutron production does not vary, etc. This section provides a
deeper insight into the proportionality between beam current and neutron flux,
taking into account the spatial dependence by modal analysis.
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2.3.2 Modal Analysis of the SCF for the CTF Method

Definition of SCFCTF

As alternative to the CTF coefficient in point kinetics, the SCF for the CTF reactivity
ratio between the two states in the monitoring process is defined as

SCFCTF =

ρ′C T F
ρC T F

ρ′r e f

ρr e f

(2.48)

with the original known (calibrated) state indicated without prime, and the actual
state with prime. ρ(’)CTF is the reactivity obtained via the CTF monitor in (see
eq. (1.14)), and ρ(’)ref is the ‘true’ reactivity obtained via another reference tech-
nique such as the PNS method at the original state, or an interim cross-checking
technique such as the beam trip method at the actual state. In point kinetics
equivalent, SCFCTF corresponds to c

c ′ .

Derivation of SCFCTF

In order to identify the spatial dependence in the CTF relationship, we start - si-
milar to the PNS SCF determination - from the stationary homogeneous diffusion
equation in which the eigenmodes are introduced, i.e. eq. (2.23). By replacing
the flux Laplacian in the stationary diffusion equation with eliminated precursor
term (from eq. (2.18) and (2.19)) by the stationary eigenfunction expansion from
eq. (2.22) one finds

∞∑

n=1

Pn

5
Σt (r⃗ , E )φn (r⃗ , E )−

∫ ∞

0

Σs (r⃗ , E ′ → E )φn (r⃗ , E ′)d E ′

−
χ (E )

kn

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′
6
−Σt (r⃗ , E )

∞∑

n=1

Pnφn (r⃗ , E )

+

∞∑

n=1

∫ ∞

0

Σs (r⃗ , E ′ → E )φn (r⃗ , E ′)d E ′+χ (E )
∞∑

n=1

Pn

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′

+S (r⃗ , E ) = 0

or
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∞∑

n=1

Pn
1−kn

kn
χ (E )

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′ = S (r⃗ , E ) (2.49)

Similar to the derivation of the SCF for the area method, an expression for Pn is
derived via a multiplication with the adjoint functionφ+n (r⃗ , E ) and application of
the orthogonality relationship (2.4). Therefore, from (2.49)

Sn =−ρn I f ,n Pn (2.50)

with

Sn =
!
φ∗n (r⃗ , E ),S (r, E )

"
(2.51)

I f ,n =

7

φ∗n (r⃗ , E ),χ (E )

∫ ∞

0

ν(E ′)Σ f (E
′)φn (r⃗ , E ′)d E ′
8

(2.52)

Therefore, the ratio for the change in flux between the two monitoring states is
written as

∑∞
n=1 P

′

nφ
′

n (r⃗ , E )
∑∞

n=1 Pnφn (r⃗ , E )
=

∑∞
n=1

S
′

nφ
′

n (r⃗ ,E )

ρ
′
n I
′
f ,n

∑∞
n=1

Snφn (r⃗ ,E )
ρn I f ,n

=
ρ1

ρ′1

1+
∑∞

n=2

S
′

n I
′

f ,1ρ
′

1φ
′

n (r⃗ ,E )

S
′
1 I
′
f ,nρ

′
nφ
′
1(r⃗ ,E )

S1I
′
f ,1φ1(r⃗ ,E )

S
′
1 I f ,1φ

′
1(r⃗ ,E )

+
∑∞

n=2

Sn I
′
f ,1ρ1φn (r⃗ ,E )

S
′
1 I f ,nρnφ

′
1(r⃗ ,E )

(2.53)

The modal SCFCTF becomes, via eq. (2.48),

SCFCTF =
S ′

S

∑∞
n=1 Pn

∫∞
0
Σd (E )φn (r⃗ ,E )d E

∑∞
n=1 P

′
n

∫∞
0
Σd (E )φ

′
n (r⃗ ,E )d E

ρ′
(1)

ρ(1)

=
S ′

S

S1I
′

f ,1

∫∞
0
Σd (E )φ1(r⃗ ,E )d E

S
′
1 I f ,1

∫∞
0
Σd (E )φ

′
1(r⃗ ,E )d E

+
∑∞

n=2

Sn I
′

f ,1ρ1

∫∞
0
Σd (E )φn (r⃗ ,E )d E

S
′
1 I f ,nρn

∫∞
0
Σd (E )φ

′
1(r⃗ ,E )d E

1+
∑∞

n=2

S
′
n I
′
f ,1ρ
′
1

∫∞
0
Σd (E )φ

′
n (r⃗ ,E )d E

S
′
1 I
′
f ,nρ

′
n

∫∞
0
Σd (E )φ

′
1(r⃗ ,E )d E

(2.54)
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When the beam current is not changed between the two states, S=S ′ and eq.
(2.54) becomes

SCFCTF =

∑∞
n=1 Pn

∫∞
0
Σd (E )φn (r⃗ ,E )d E

∑∞
n=1 P

′
n

∫∞
0
Σd (E )φ

′
n (r⃗ ,E )d E

ρ′
(1)

ρ(1)

=

S1I
′

f ,1

∫∞
0
Σd (E )φ1(r⃗ ,E )d E

S
′
1 I f ,1

∫∞
0
Σd (E )φ

′
1(r⃗ ,E )d E

+
∑∞

n=2

Sn I
′

f ,1ρ1

∫∞
0
Σd (E )φn (r⃗ ,E )d E

S
′
1 I f ,nρn

∫∞
0
Σd (E )φ

′
1(r⃗ ,E )d E

1+
∑∞

n=2

S
′
n I
′
f ,1ρ
′
1

∫∞
0
Σd (E )φ

′
n (r⃗ ,E )d E

S
′
1 I
′
f ,nρ

′
n

∫∞
0
Σd (E )φ

′
1(r⃗ ,E )d E

(2.55)

Please note that Sn can differ from S ′n for S=S ′ if e.g. the beam position changes
between the actual (indicated with prime) state and the original (indicated without
prime) state.

Analysis

When comparing SCFCTF to SCFarea from eq. (2.34), one notices a dedicated
term in the nominator, different from 1, due to the difference in fundamental
mode between the original and the perturbed case. Only a slight difference in
fundamental mode shape between the original and perturbed case can cause
a SCF different from 1 as starting point. Moreover, similar to SCFPNS, modes

that obtain a maximum in the centre of the core will be amplified (high S (′)n
S (′)1

factor). One also notices the decreasing contribution of higher modes due to the
decreasing factor

ρ1
ρn

.

2.4 The Source Jerk Interim Reactivity Cross-Checking

Method

2.4.1 Point Kinetics Evaluation

The standard Source Jerk (SJ) method ( [Ott and Neuhold, 1985], section 9.3) eva-
luates the repetitive fast removal of a neutron source out of an initially stationary
subcritical medium. In the case of ADS operation, the accelerator beam is in-
terrupted. Contrary to the Integrated Source Jerk (ISJ) method from § 2.2.3, the
beam is restored quickly in order to avoid thermal stresses in the ADS. The beam
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interruption should however be long enough to identify the prompt neutron decay
(order of microseconds). The period of the source jerk comprises also the time
needed for the beam to obtain its original level (in the order of milliseconds).

Before the removal of the source (state ‘0’ at t=0 s), the neutron and precursor
population are given by

n0 =
ΛS

−ρ
(2.56)

C0 =
βn0

Λλ
(2.57)

with S the average source strength in equilibrium conditions, andλ the one-group
precursor decay constant.

In order to obtain an expression for the absolute reactivity level, the evolution
of the neutron density n (t ) directly after a beam stop (supposing a constant
precursor level) is given by

n (t ) =

)
ΛS

−ρ
+
β

ρ−β
n0

*
e
ρ−β
Λ

t −
β

ρ−β
n0 (2.58)

After the dying out of the prompt neutrons (state ‘1’) the neutron density is
given by

n1 =−
β

ρ−β
n0 (2.59)

Therefore, by using the detector count rates at the two states ‘0’ and ‘1’, expression
(1.12) for the reactivity is found

ρ

β
=

n1−n0

n1
(2.60)

2.4.2 Modal Analysis

Definition of SCFSJ

Similar to the definition of the other reactivity measurement SCFs, the definition
of SCFSJ is given by the difference between the measured reactivity via (1.12) and
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the reference reactivity (in $)

SCFSJ (r⃗ ) =
1

ρref

∫∞
0
Σd (E )φ0(r⃗ , E )d E −

∫∞
0
Σd (E )φ1(r⃗ , E )d E

∫∞
0
Σd (E )φ1(r⃗ , E )d E

(2.61)

Determination SCFSJ

For the determination of SCFSJ , the precursor concentration will be kept constant,
as only the first microseconds after a beam stop are considered. Therefore, using
equations (2.18) and (2.19) after elimination of the neutron source one gets

1

v

∂ φ(r⃗ , E , t )

∂ t
=∇.D (r⃗ , E )∇φ(r⃗ , E , t )−Σt (r⃗ , E )φ(r⃗ , E , t )

+

∫ ∞

0

Σs (r⃗ , E ′ → E )φ(r⃗ , E ′, t )d E ′+χp (E )(1−β )

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ , E ′, t )d E ′

+χd (E )β

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φ(r⃗ , E ′, 0)d E ′ (2.62)

By expanding the flux in eigenfunctions, and introducing the eigenmodes via
(2.23)

1

v

∞∑

n=1

d Pn (t )

d t
φn (r⃗ , E ) =

∞∑

n=1

Pn (t )

)
χp (E )(1−β )−

χ (E )

kn

*∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′

+

∞∑

n=1

Pn (0)χd (E )β

∫ ∞

0

ν(E ′)Σ f (r⃗ , E ′)φn (r⃗ , E ′)d E ′ (2.63)

By multiplying with the adjoint eigenfunction and applying the biorthogonal
relationship (2.4) one can write

d Pn (t )

d t
= An Pn (t ) +Bn (2.64)

with
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An =

-
φ+n (r⃗ , E ),
9
χp (E )(1−β )−

χ (E )
kn

:∫∞
0
ν(E ′)Σ f (E

′)φn (r⃗ , E ′)d E ′
.

/
φ+n (r⃗ , E ), 1

vφn (r⃗ , E )
0 (2.65)

Bn =

/
φ+n (r⃗ , E ),χd (E )βPn (0)

∫∞
0
ν(E ′)Σ f (E

′)φn (r⃗ , E ′)d E ′
0

/
φ+n (r⃗ , E ) 1

vφn (r⃗ , E )
0 (2.66)

Then the initial flux conditions are used to determine the behaviour of the
amplification coefficient Pn (t ) as a function of time

Pn (t ) = (Pn (0) +
Bn

An
)e An t −

Bn

An
(2.67)

Finally, for the definition of state ‘1’ in the SCF, the exponential in eq. (2.67)
disappears. Expanding the point kinetics evaluation (1.12) of the dollar reactivity
towards full fluxes, one gets

∑∞
n=1(Pn (0) +

Bn
An
)
∫∞

0
Σd (E )φn (r⃗ , E )d E

∑∞
n=1

Bn
An

∫∞
0
Σd (E )φn (r⃗ , E )d E

(2.68)

and, with

χ (E ) = (1−β )χp (E ) +βχd (E ) (2.69)

the separation of n=1 and isolation of
β
ρ(1)

leads to

SCFSJ =

1+
∑∞

n=2
ρn
ρ1

Pn (0)
P1(0)

In
I1

J1
Jn

∫∞
0
Σd (E )φn (r⃗ ,E )d E
∫∞

0
Σd (E )φ1(r⃗ ,E )d E

L1
J1
+
∑∞

n=2
Pn (0)
P1(0)

Kn
I1

J1
Jn

∫∞
0
Σd (E )φn (r⃗ ,E )d E
∫∞

0
Σd (E )φ1(r⃗ ,E )d E

(2.70)

with
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In =

7

φ+n (r⃗ , E ),χ (E )

∫ ∞

0

ν(E ′)Σ f (E
′)φn (r⃗ , E ′)d E ′
8

(2.71)

Jn =

7

φ+n (r⃗ , E ), (χp (E )(1−β )−
χ (E )

kn
)

∫ ∞

0

ν(E ′)Σ f (E
′)φn (r⃗ , E ′)d E ′
8

(2.72)

Kn =

7

φ+n (r⃗ , E ),χd (E )

∫ ∞

0

ν(E ′)Σ f (E
′)φn (r⃗ , E ′)d E ′
8

(2.73)

Analysis

The SCFSJ has a similar form as the SCFarea in (eq. 2.34), although the scaling
integrals are a little more complicated. The same tendency can be seen in both
the numerator and the denominator. When assuming χp (E )≈χ (E ), the term

ρn
ρ1

and all related integrals disappear in the second term of the numerator, and
ρ1
ρn

is created in the second term of the denominator. Therefore, the contribution
of higher modes to the SCF is reduced by the increasing denominator term for
higher modes.

For an ADS with a neutron source in the centre of the core, one could (as for the
PNS area method) again assume that close to the zeros of the higher order modes
with n low and a maximum in the centre, the SCF should be close to unity.

2.5 Obtaining a Reference Subcriticality Level

In order to validate the candidate experimental techniques for subcriticality mea-
surements, it is recommended to have a (zero-power) test facility at a well-known
reference subcriticality level. The methodology to obtain a reference subcriticality
level is explained in § 2 of [Uyttenhove et al., 2011a].

First a critical reference state is required. In this state the so-called rod drop
experiment ( [Ott and Neuhold, 1985], section 9-3C) is performed to obtain a slight
subcritical state. Then the Modified Source Multiplication (MSM) method [Blaise
et al., 2011] is applied to link the slightly subcritical state to any other subcritical
level.

55



2. Spatial Effects in Subcriticality Monitoring

2.5.1 Rod Drop Technique

The rod drop technique is based on the rapid insertion of a control rod (in this case
from a critical state). The subsequent time evolution of the neutron population is
recorded and the reactivity is derived by the inverse point-kinetics method [Soule
et al., 2004; Mellier, 2005]:

ρ(t ) = β +Λ
d

dt

+
ln(n (t )
,
−λβ

∫ t

0

n (t ′)

n (t )
e −λ(t−t ′)d t ′ −Λ

s (t )

n (t )
(2.74)

with n (t ) the neutron density (n/cm3), s (t ) the source strength (n/s), β and λ the
effective delayed neutron fraction and the corresponding decay constant (1/s),
and Λ the neutron generation time (s).

For fast reactors with a very short generation time, the expression above can
be simplified using micro kinetics (i.e. the study of the time dependencies of the
average fission chains, see [Ott and Neuhold, 1985], Chapter 7). The result for the
reactivity in $, for clarity shown for one group of precursors, becomes [Klooster-
man et al., 2002]

ρ(t )

β
=

1

n (t )

;

n (t ) +n0

<

e −λt −λ

∫ t

0

n (t ′)e −λ(t−t ′)d t ′
=>

(2.75)

Using this expression, the reactivity value can be evaluated at whatever time
after the rod drop experiment. For statistics, it is recommended to fit the value
by calculating ρ(t )x N (t ) at every timestep after the rod drop ( [Lecouey et al.,
2015b] for VENUS-F). By fitting this equation to the results of a set of repeated
experimental data, an accurate reactivity value of the slightly subcritical state is
obtained. For small antireactivity insertions (up to 0.5 $), no spatial correction is
needed.

2.5.2 Modified Source Multiplication Method

The MSM method relates the reactivity levels of two subcritical states (1 and 2) to
the detector count rates in the two states (assuming a constant neutron source)
via a spatial correction factor. Using the common parameters as in [Blaise et al.,
2011] one gets
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2.6. Experiment Simulation via the DALTON Diffusion Code

ρ2

ρ1
= SCFMSM

∫∞
0
Σd (E )φ1(r⃗ , E )d E
∫∞

0
Σd (E )φ2(r⃗ , E )d E

(2.76)

with SCFMSM being equal to the SCFCTF from eq. (2.55) with a constant source
(S=S ′).

2.5.3 Analysis

This methodology to obtain a reference subcriticality level is also subject to spa-
tial correction factors. The same analysis as for the CTF method (see § 2.3.2) is
applicable. As for the other candidate measurement techniques, an intelligent
choice of the neutron source and the detector position can reduce the necessity
of a spatial correction.

It is not foreseen that demonstrator or power ADS will be able to work in critical
mode. The different approach to obtain the reference reactivity level however
allows a validation of the proposed experimental techniques mentioned in this
chapter, e.g. on a zero-power experimental facility.

2.6 Experiment Simulation via the DALTON Diffusion

Code

2.6.1 Description

DALTON [Boer et al., 2008, 2010] is a 3D diffusion code developed by TUDelft. The
code can solve fixed source problems and calculate fundamental and higher order
λ and α-modes through the Arnoldi method by linking with the ARPACK package
[Lehoucq et al., 1998]. Forward and adjoint calculations are implemented. For
spatial discretisation, a second order accurate finite volume method is applied.

Moreover, DALTON is also able to perform transient analyses with or without
precursors. The implementation in the DALTON code is based on implicit time
integration of the diffusion equation [Pautz and Birkhofer, 2003]. Thanks to these
features, both experiment simulations and modal analysis can be performed by
the same code in an efficient way. Thanks to the modular character of the code,
subroutines can be added easily to process the simulation data needed for the
evaluation of each experimental technique.
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2. Spatial Effects in Subcriticality Monitoring

In the following chapters, static modal analysis will be compared to experiment
simulations in DALTON. This approach allows to assess the capability of modal
analysis to understand the SCFs for reactivity measurement methods (determined
in the sections above). This section explains how the experiment simulations are
performed in DALTON.

2.6.2 Start-up Reactivity Monitoring Methods

The area method (see § 2.2.1) is only valid when an equilibrium condition of pre-
cursors is obtained in the system, i.e. when C (0) =C (T ). This only happens after
a few hundred thousand pulses [Baeten et al., 2006]. The precursor decay during
the pulse is assumed to be negligible, given the short pulse period (hundreds of
µs), compared to the precursor decay constants.

Contrary to probabilistic codes such as MCNP(X) [Pelowitz, 2008, 2011], one
can bypass the time consuming simulation of the building-up of precursors by
using an initial flux and precursor concentration estimation. As long as the pulse
period T is much smaller than the decay of the precursors, constant precursor
concentrations can be used as initial conditions. The precursor concentration
can be linked to the steady state flux φav(r⃗ , E ) from a stationary fixed source
problem. In that case, the source strength Sav is equal to the pulse source strength
S averaged over the pulse period T . Then, using eq. (2.20):

C (r⃗ ) =
β

λ

∫ ∞

0

ν(E )Σ f (r⃗ , E )φav(r⃗ , E )d E (2.77)

The average flux and the related precursor concentration are used as initial
conditions for the simulation of a few pulses. Mostly 3 pulses are sufficient to
obtain a stable reactivity value via the area method. Pulses for the PNS experiment
are simulated as a Dirac pulse during one time step of 1 µs, used to simulate the
complete experiment. The area values do not change when simulating the Dirac
pulse during more than one time step, given the nature of the PNS area method.
The introduced number of neutrons however should be correct.

For the integrated source jerk method first a fixed source calculation with full
source strength S is performed. The output flux and precursor concentration
of this calculation is used as input for the time dependent calculation, which is
simply a decay simulation. The decay time is in the order of tens of seconds, as
the longest-living precursor should die out. Therefore, an appropriate time step of

58



2.7. Summary

the time-dependent calculation is 0.1 s. There is no need for precise simulations
of the prompt jump after beam interruption, seen the integrated character of the
method.

2.6.3 Current-to-Flux Reactivity Monitor

The simulation of the CTF reactivity monitor is straightforward and based on
fixed source calculations and calculations of keff , the fundamental lambda mode.
In this way, the CTF parameter c can be determined via eq. (1.14). Different
reactor states can be compared to study the evolution of the CTF parameter and
to identify robust detector positions (e.g. places with a constant SCFCTF , see next
chapters of this work).

2.6.4 Source Jerk Interim Cross-Checking Method

For the source jerk interim cross-checking method, the same calculations as
for the integrated source jerk method are used. The output of the fixed source
calculation with source strength S is used as input of the time dependent decay
simulation. For this method however, only a few tens of microseconds after beam
interruption are sufficient to determine the required flux levels. Therefore, the
time step of the time-dependent calculation is chosen equal to 1 µs.

The actual average source strength will be slightly lower than S , as the source
jerk experiment is repeated for statistical reasons. Therefore, the real precursor
concentration should correspond to the average source strength, taking into
account the repeated small beam interruptions. As the beam interruption time is
much smaller than the time to restore the flux level, this effect is assumed to be
negligible.

2.7 Summary

As the available evaluation methods to determine the reactivity level rely on
point kinetics theory, Spatial Correction Factors (SCFs) need to be applied on
the measured reactivity values. Static modal analysis of each selected evaluation
method for subcriticality measurements is outlined in this chapter.

Via modal analysis, the SCFs for the different methods are determined ana-
lytically. This approach allows a straightforward understanding of the spatial

59
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dependence for the PNS area method, the Integrated SJ method and the CTF
method. The modal SCF for the SJ method is more complex to interpret.

If an ADS core can be modified towards a critical reactor without major design
changes (e.g. in some zero-power facilities), a so-called reference subcriticality
level can be derived starting from criticality via the rod-drop technique and the
Modified Source Multiplication (MSM) method. Although this procedure is also
subject to spatial dependence, a subcriticality level to validate the candidate
measurement techniques is derived via an alternative methodology.

The DALTON diffusion code is extended in order to simulate the selected expe-
rimental techniques. Thanks to its ability to calculate forward and adjoint modes,
both modal analysis and experiment simulation can be performed with this code.
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3
VALIDATION BY EXPERIMENTAL RESULTS

FROM SUBCRITICALITY MEASUREMENTS

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are.
If it doesn’t agree with experiment, it’s wrong.

Richard Feynman, The Character of Physical Law, 1965.

Picture: The VENUS-F facility at SCK•CEN, Mol (Belgium).
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3. Validation by Experimental Results from Subcriticality Measurements

In this chapter, the modal analysis of the SCFs for the selected reactivity monito-
ring methods from Chapter 2, as well as the SCFs from experiment simulations are
validated by experimental results from the zero-power VENUS-F ADS (described
in § 1.5.3).

First the VENUS-F subcritical ‘reference’ state (SC1) is derived. Starting from
this configuration, the PNS area and Integral Source Jerk (ISJ) candidate start-up
reactivity measurement methods are tested. Then, a case study for subcriticality
monitoring is analysed. Finally, the Source Jerk (SJ) candidate interim reactivity
cross-checking technique is assessed. The validation of the various experiments
are completed by simulations for different energy groups and reactor configura-
tions, in order to derive detector type and positioning recommendations for the
different phases of ADS operation.

The subcriticality measurements are carried out on VENUS-F by different Euro-
pean partners within the FREYA project [Kochetkov, 2010; Kochetkov et al., 2013].
The facility is described in § 1.5.3. The related calculational model used in this
chapter is presented in Appendix A.

All experiments and simulations in this (and the next) chapter are performed
in the centre plane of the VENUS-F reactor. As common ADS designs have their
neutron source located in the centre of the core, the centre plane is the suitable
location to reduce the SCFs for all selected experimental techniques. This choice
is motivated in Chapter 2 and this chapter.

3.1 The VENUS-F Subcritical ‘Reference’ State

Thanks to the modular character of the VENUS-F reactor, it is possible to operate
in critical or subcritical mode. Via the steps explained in § 2.5, a ‘reference’ subcri-
ticality level is derived, for which the selected measurement methods are tested.
The estimation of this level for the VENUS-F SC1 configuration is described in
detail in [Lecouey et al., 2015b]. In this section, only a short overview is provided,
focusing on the spatial correction factors (SCFs) related to this methodology.

3.1.1 The VENUS-F Critical Reactor

Before assessing subcriticality measurement techniques, the first configurations
made in the VENUS facility were critical. The critical state CR0 considered in this
work is shown in Fig. 3.1, consisting of 97 fuel assemblies (FAs), the control rods
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3.1. The VENUS-F Subcritical ‘Reference’ State

positioned at 497.3 mm1, with the PEAR (PEllet Absorber Rod) experimental rod
in its upper position. The related detector characteristics are shown in Table 3.1.

The design choices (such as fuel assembly design and reflector dimensions)
as well as the licensing requirements (e.g. a sufficient safety rod worth able to
deal with reactivity incidents) for the first VENUS-F critical configurations are ex-
plained in [Uyttenhove et al., 2011a; Mercatali et al., 2010]. After obtaining the first
criticality in VENUS-F, licensing [Uyttenhove et al., 2012a] and characterisation
[Uyttenhove, 2013] experiments are performed, to understand the neutronics
behaviour of this homogenous lead fast reactor. This analysis, out of the scope of
this work, comprises the measurement of radial and axial flux profiles, spectral
indices, peak flux factors, and control and safety rod performances.

No Name Deposit Mass (mg)

1 CFUL659 235U (≈ 92 wt%) 1000
2 CFUL658 235U (≈ 92 wt%) 1000
3 CFUL653 235U (≈ 92 wt%) 1000
4 RS10072 235U (≈ 90 wt%) 100
5 RS10071 235U (≈ 90 wt%) 100
6 RS10074 235U (≈ 90 wt%) 100
7 RS10075 235U (≈ 90 wt%) 100
8 CFUF34 235U (≈ 100 wt%) 1
9 CFUM21-668(325) 235U (≈ 90 wt%) 10

10 CFUM21-667(326) 235U (≈ 90 wt%) 10

Table 3.1: Detectors (uranium fission chambers) in the VENUS-F reactor for the subcriti-
cal experiments analysed in this work.

3.1.2 The PEAR Drop Experiment

In order to derive a ‘reference’ subcritical state at a keff level about 0.96, first
a slightly subcritical state needs to be derived, as explained in § 2.5. To do so,
the experimental PEAR rod with a light antireactivity worth is dropped into the
critical reactor, and via inverse point kinetics (see § 2.5.1), a slight subcritical state
is determined.

1The control rods have an active length of 600 mm. At 0 mm the rods are completely introduced
in the core, at 600 mm they are fully withdrawn.
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SR2 

SR1 SR6 
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Figure 3.1: Setup of the VENUS-F critical CR0 reactor (97 FAs) at middle height with
associated detector locations (orange - fuel, blue - lead, grey - stainless steel, SR - safety
rod, CR - control rod, PEAR - experimental PEllet Absorber Rod). The yellow star indicates
the position of the external Am-Be source.

After statistical analysis of the different detector outputs during this experiment,
a reactivity value of -0.1881 ± 0.0024 $ is found for this reactor state [Lecouey
et al., 2015b]2. This reactivity value is obtained by fitting the experimental data
for ρ$(t ).N (t ) against N (t )with a linear curve (N (t ) being the average count rate
from the different PEAR drop experiments), and by selecting the detectors that are
not affected by spatial effects from the PEAR rod drop, as these effects are not taken
into account in this methodology (close to critical). Using this methodology, the

2ρ=1 $ corresponds to ρ=βeff . A value of 722 pcm is used in [Lecouey et al., 2015b] for the
VENUS-F CR0 and SC1 configurations, based on deterministic calculations with the ERANOS
code [Bianchini et al., 2010]. This value is applicable to all reactivities in dollar on VENUS-F in this
work. MCNP(X) calculations lead to a value of βeff=731 pcm. This value was determined before the
construction of VENUS-F (see [Uyttenhove et al., 2011a], Table 1) and confirmed by calculations
with the updated VENUS-F input file (see [Uyttenhove, 2012]) after commissioning of the reactor.
Recently, experimental results confirmed calculations: βeff=731 ± 12 pcm [Doligez et al., 2015].
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3.1. The VENUS-F Subcritical ‘Reference’ State

uncertainty on the delayed neutron parameters (βi and λi ) is by far the dominant
term in the final uncertainty of the reactivity estimate (see [Lecouey et al., 2015b]).

3.1.3 The MSM Experiment to obtain the VENUS-F SC1 Configuration

The Modified Source Multiplication (MSM) method (see § 2.5.2) relates the reacti-
vity level of two subcritical states via the detector count rates of both states. In
this case, the reactivity level of the slightly subcritical reactor (described above) is
known via the rod drop experiment in the critical CR0 configuration.

Starting from this slight subcritical state, the 4 central assemblies are removed
from the VENUS-F core and replaced by the GENEPI-3C beam line. In this way,
the VENUS-F SC1 configuration is obtained (93 FAs, with the control rods still
at 479.3 mm), shown in Fig. 3.2. The reactivity measurement techniques will be
tested on this configuration in the next sections of this chapter.

An Am-Be neutron source in the reflector of the VENUS-F reactor is used to
relate the detector count rates in the slightly subcritical state and the SC1 configu-
ration to their reactivity levels. SCFs should be applied to the count rates to link
them to the SC1 reactivity level. In [Lecouey et al., 2015b], the SCFs are calculated
by means of detailed MCNP calculations with a detailed VENUS-F model [Uyt-
tenhove and Steckmeyer, 2014]. By doing this, the variation in reactivity levels of
the different detectors disappears, and the average absolute value of 5.28 ± 0.13 $
is found as ‘reference’ subcriticality level for the SC1 configuration. A thorough
sensitivity analysis (mainly related to MCNP calculation models and detector
models) shows the accuracy of the SCF (see [Lecouey et al., 2015b]). From this
state, other subcriticality levels can be derived again via the MSM method, e.g.
for the SC1 state with control rods up and down (see [Lecouey, 2014; Lecouey
et al., 2015a]).

3.1.4 Discussion

This section provides the derivation of a ‘reference’ subcritical level of the VENUS-
F SC1 configuration, starting from the critical state. We call this a ‘reference’
level, as the reactivity values obtained by the selected subcriticality measurement
techniques can be compared to this level, obtained via an alternative methodology.
This approach is only applicable to modular zero-power ADS like VENUS-F, i.e.
installations which allows an easy installation of the accelerator beam line, to go
from critical to subcritical mode.
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Figure 3.2: Set-up of the VENUS-F SC1 configuration (93 FAs) at middle height with
associated detector locations (orange - fuel, blue - lead, grey - stainless steel, white - air or
vacuum (in the central beam line), SR - safety rod, CR - control rod, PEAR - experimental
PEllet Absorber Rod). The yellow star indicates the position of the external Am-Be source.

One should, however, take into account the spatial dependence of the MSM
method. Therefore, this ‘reference’ subcritical level is also subject to calculated
SCFs. Moreover, the uncertainty on the delayed neutron parameters of the rod
drop technique is dominating the final uncertainty of the SC1 subcriticality level.

Thanks to the use of probabilistic code calculations, using detailed reactor
models, the SCFs for the MSM method are accurately calculated at the detector
locations. In the following sections, however, the spatial behaviour of the candi-
date reactivity measurement techniques will be tested throughout the complete
VENUS-F reactor. Instead of calculating precisely SCFs at the detector locations,
this work will focus on the physics of the SCFs in order to determine detector
types and locations for ADS operation.
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3.2 Subcriticality Monitoring during Start-up

In this section, experimental results are presented from the selected VENUS-F
start-up monitoring techniques. As defined in § 1.3.8, the Pulsed Neutron Source
(PNS) technique and the Integrated Source Jerk (ISJ) technique are candidates to
measure the reactivity during start-up, i.e. at Cold Zero Power (CZP) until 1 % of
nominal power.

The experimental results confirm the understanding of SCFs for both tech-
niques, and show their usefulness in a zero-power ADS. SCFs are simulated for
the complete VENUS-F core and compared to experimental results at different
detector locations. The understanding of the spatial behaviour is assessed by
modal analysis, and detector types and positions for robust reactivity monitoring
during start-up are investigated.

3.2.1 Pulsed Neutron Source and Integrated Source Jerk Experiments
in VENUS-F Subcritical Configurations

PNS (see § 1.3.1) and ISJ (see § 1.3.2) experiment results are analysed for two
VENUS-F configurations with different subcriticality levels: SC1 and SC4. Their
layouts are presented in Fig. 3.2 and Fig. 3.3. The characteristics of the detectors
in these configurations are described in Table 3.1.

The ‘reference’ subcriticality levels for both SC1 and SC4 can be obtained via the
alternative pathway (i.e. the rod drop and MSM experiments) as described in §
3.1. For SC1,
??ρref

??=5.06± 0.13 $, i.e. 3653 pcm (with CRs at 600mm, see [Lecouey

et al., 2015b; Lecouey, 2014]) is obtained in this way. For SC4,
??ρref

??= 17.70 ± 0.13
$, i.e. 12779 pcm is obtained via precise MCNP calculations [Uyttenhove and
Steckmeyer, 2014].

For the PNS experiments, (quasi) Dirac pulses are given every 500 µs in the
centre of the core. The GENEPI-3C accelerator provides pulses of 1 µs with about
20 mA peak current. This corresponds to an injection of about 106 neutrons per
pulse. After stabilisation of the delayed neutron levels, the experiment is repeated
to obtain good statistics on the area method results. For the ISJ experiments, the
continuous GENEPI-3C beam is interrupted and the decay of the neutron chains
in the reactor is followed.

The available experimental reactivity values (from [Marie et al., 2013; Kochetkov
et al., 2014; Kochetkov, 2014]) are given in Fig. 3.4 for both the PNS area method
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Figure 3.3: Set-up of the VENUS-F SC4 configuration (64 FAs) at middle height with
associated detector locations (orange - fuel, blue - lead, grey - stainless steel, white - air or
vacuum (in the central beam line), SR - safety rod, CR - control rod, PEAR - experimental
PEllet Absorber Rod).

and the ISJ method for each detector. For the SC4 core, the experimental reactivity
values and SCFs are shown in Fig. 3.5 for the ISJ method for each detector.

In order to understand the spatial corrections needed for both subcritical states,
the experimental PNS area and ISJ reactivity values are compared to the ‘reference’
reactivity levels, according to the SCF definitions (2.17) and (2.35). The related
SCFs, to be applied to the measurement values, are shown in Fig. 3.4 and Fig. 3.8
for the SC1 core, and in Fig. 3.5 for the SC4 core.

Except for the CFUF34 detector for the PNS SC1 experiment, both SCFarea and
SCFISJ are smaller than unity in all detector positions, which indicates a safe un-
derestimation of the absolute reactivity by both methods for almost all detectors.
E.g. for the CFUL658 detector for the PNS SC1 experiment, SCFarea=0.883 cor-
responds to
??ρ
??=3226 pcm, an underestimation of the absolute reactivity value by
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Figure 3.4: Absolute reactivities (in $) and SCFs (and their absolute uncertainty) for the
SC1 VENUS-F configuration (with CRs at 600 mm) at different detector locations obtained
by the PNS area, the ISJ and the SJ method.

??ρref

??=5.06 ± 0.13 $. Detectors 9 and 10 were
not available (NA) when the ISJ experiments were performed on SC1. From [Marie et al.,
2013; Kochetkov, 2014; Kochetkov et al., 2014; Chevret et al., 2014].

427 pcm.

For the ISJ method, only results from detectors in the outer reflector are avai-
lable for interpretation. The result for the detector in the fuel shows a too high
uncertainty, due to the low detector count rates. The experiment can be per-
formed only once, as the ADS is shut down, and therefore difficult to reproduce.
In particular for the SC4 configuration, the results of the ISJ technique show a
too high uncertainty (because of low count rates) to draw any conclusions about
spatial dependence.

The applicability of the ISJ method on power ADS will thus depend on flux
level, subcriticality level and detector type. As the uncertainty on the PNS method
can be reduced by performing longer measurements, in theory, every level of
subcriticality can be measured with a sufficient degree of accuracy.
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Figure 3.5: Absolute reactivities (in $) and SCFs (and their absolute uncertainty) for the
SC4 VENUS-F configuration (with CRs at 600 mm) at different detector locations obtained
by the ISJ method.

??ρref

??= 17.70 ± 0.13 $. From [Kochetkov, 2014; Kochetkov et al., 2014].

3.2.2 Validation of Experiment Simulations

In this section PNS and ISJ experiments in VENUS-F are simulated using the
DALTON diffusion code (see § 2.6). Appendix A presents the VENUS-F XYZ model
for the DALTON code simulations, as well as the related 6 energy groups (repre-
sentative for the VENUS-F spectrum and applied detectors).

In order to validate the SCFs for the area method (defined by eq. (2.17) and the
ISJ method (defined by eq. (2.35)), the incident is simulated via time-dependent
calculations. The result from the experiment evaluation (e.g. the area ratio) is
scaled on the ‘reference’ keff , obtained via an eigenmode calculation. Thanks to
this approach, the SCF for both experiments is determined through the complete
reactor and evaluated by experimental results (for the VENUS-F SC1 configura-
tion). For all simulations the detector cross section, Σd (E ) equals unity.
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PNS

For the PNS experiment simulations, a pulsed source of 1 µs is implemented in
the highest (i.e. the first) energy group of the VENUS-F model in DALTON (with
bunker
??ρref ,DALTON

??=3709 pcm, without bunker
??ρref ,DALTON

??=4082 pcm, see App.
A). Different pulse shapes are found throughout the reactor for the lowest energy
group (representative for the U-235 detectors), as shown in Fig. 3.6.

For the PNS method, special attention should be paid to thermalising effects.
They considerably influence the pulse shapes and thus the experimental results,
as U-235 detectors are used in the VENUS-F configurations for measurements (see
Table 3.1). The VENUS-F bunker (made from barite concrete) is such an element.
It thermalises and reflects neutrons, increases the absolute reactivity of the reactor
(by 371 pcm for the DALTON calculations), and has a significant broadening effect
on the pulse shapes. Therefore, an appropriate pulse period should be chosen (for
VENUS-F i.e. 500 µs), in order to let the prompt neutron decay disappear by the
end of the pulse period. The effect of thermalising elements is slightly noticeable
in the other energy groups and other detector positions, but less pronounced.

Figure 3.6: Simulated PNS responses in the lowest energy group (i.e. group 6) at different
locations in the VENUS-F SC1 configurations across the X-axis at centre height (Y =Z=0).
The flux level corresponds to a unit source strength implemented in the highest energy
group 1 during the first time step of 1 µs.

Fig. 3.7 shows the behaviour of the simulated SCF of the lowest energy group for
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the area method through the complete VENUS-F reactor by 2D plots at different
heights above the centre of the core. The behaviour of the SCF is symmetrical to
the centre plane of the VENUS-F SC1 configuration. SCF > 1, an (unsafe) overesti-
mation of the absolute reactivity level, is found inside a sphere of about 20 cm
from the centre of the core. In the reflector, the reactivity is (safely) underestima-
ted by 3-4 % (SCFarea=0.96-0.97),

??ρarea

?? is 111-148 pcm higher than
??ρref

??= 3709
pcm .

Figure 3.7: Simulated SCFarea for the lowest energy group (i.e. group 6) at different
heights in the VENUS-F SC1 configuration (with bunker): 0 cm (center plane), 20 cm
(fuel), 39 cm (top reflector) and 59 cm (top reflector). The dashed line corresponds to the
boundary of the 12x12 grid in which the assemblies are loaded, indicated in grey in Fig.
3.2.

The simulated PNS area method results are slightly affected by the presence of
the VENUS-F bunker. The top graph of Fig. 3.8 shows the experimental results
and the difference in simulated SCF for the area method with and without bunker
in the middle plane of the VENUS-F reactor, across the X-axis. For the clarity of
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3.2. Subcriticality Monitoring during Start-up

the figure, radial symmetry is supposed, justified by the SCF profiles at different
heights in Fig. 3.7. Therefore, the location of the detectors on the X-axis on Fig. 3.8
corresponds to their radius to the centre of the core.

Good agreement between simulations and measurements is found for the
area method in the fuel and inner reflector zone. In the outer reflector zone (in
particular for detectors 2 and 3), local external thermalising elements that are
not modeled in DALTON significantly affect the agreement between calculations
and experiments (see e.g. [Chevret et al., 2014; Chevret, 2014a] for the same
effect in the source jerk experiment, shown by MCNP(X) calculations with precise
modelling).

PNS Area Conclusion

One concludes that the outer reflector zone of the VENUS-F reflector at centre
height is the suitable location for start-up reactivity monitoring in VENUS-F via
the PNS area method. In that region, the absolute reactivity is safely overestimated:
SCFarea=0.96-0.97, which means that e.g. for the DALTON simulations,

??ρarea

?? is
111-148 pcm higher than

??ρref

??= 3709 pcm. The simulation results are confirmed
by experimental values.

Although SCFarea is different from unity, the outer reflector is preferred as de-
tector location because of the small gradient in SCF. Attention should be paid to
(local) thermalising elements for U-235 detectors. This issue could be avoided by
the use of threshold detectors, investigated further in this section.

ISJ

The simulation of the ISJ experiment in DALTON is analysed in this paragraph.
The decay of the neutron population is simulated (see § 2.6, timestep dt=0.1 s)
for the lowest energy group (representative for the U-235 detectors) in Fig. 3.9
for the first 200 s3. The contribution of the flux after 200 s to the integral in eq.
(2.35) is negligible. The decay in the outer reflector is a little slower than in the
inner reflector and fuel zone. The thermalising effect of the bunker is clear in the

3Because of the long calculation time, only the first 65 s of the decay are calculated for the
configuration with bunker in Fig. 3.9. For the same reason no SCFISJ is available for the configuration
with bunker in Fig. 3.8. The influence of the bunker on SCFISJ will be limited seen the integrated
character of the method. Only the decay slope of the detector could be slower. During the first 65 s,
this is, however, not the case.
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Figure 3.8: Simulated PNS (top) and ISJ (bottom) SCF (lines) and measurement results
(dots) across the X-axis at centre height of the VENUS-F SC1 configuration (Y =Z=0). As
the detector locations are not on the X-axis, the corresponding radius to the centre of the
core is shown. The vertical line indicates the core-reflector interface.
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3.2. Subcriticality Monitoring during Start-up

outer reflector: a higher thermal flux component is found. The general slope of
the decay, however, does not change significantly while taking into account the
VENUS-F bunker.

Figure 3.9: Simulated ISJ responses in the lowest energy group (i.e. group 6) at different
locations in the VENUS-F SC1 configuration across the X-axis at centre height (Y =Z=0).
The flux profile corresponds to the decay of a unit source strength implemented in the
highest energy group 1, stopped at t=0 s.

Fig. 3.10 shows the simulated SCFISJ of the lowest energy group (defined by
eq. (2.44)) for the ISJ method through the complete VENUS-F reactor, by 2D
plots at different heights above the centre of the core. The behaviour of SCFISJ is
symmetrical to the centre plane of the VENUS-F SC1 configuration. SCFISJ > 1, an
(unsafe) overestimation of the absolute reactivity level, is found inside a sphere
of about 20 cm from the centre of the core. In the midplane, a symmetrical SCF
profile is found. In the reflector, the absolute reactivity is (safely) underestimated
by 2-3 %. SCF profiles similar to the PNS ones are found.

The experimental ISJ results are presented in the Fig. 3.8 bottom graph and
compared to the simulation results. For the clarity of the figure, radial symmetry
is again supposed, justified by the SCF profiles at different heights in Fig. 3.10.
Therefore, the location of the detectors on the X-axis on Fig. 3.8 corresponds to
their radius to the centre of the core. Good agreement between simulations and
measurements is found for the ISJ method in the outer reflector zone. Unfortu-
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Figure 3.10: Simulated ISJ SCF for the lowest energy group (i.e. group 6) at different
heights in the VENUS-F SC1 configuration: 0 cm (center of the core), 20 cm (fuel), 39 cm
(top reflector) and 59 cm (top reflector). The dashed line corresponds to the boundary of
the 12x12 grid in which the assemblies are loaded, indicated in grey in Fig. 3.2.

nately, this is the only zone where accurate measurement data are available.

ISJ Conclusion

The optimum zone for ISJ detector positioning is similar to the one of the PNS
area method. Again the outer reflector zone of the VENUS-F reflector at centre
height is the suitable location for start-up reactivity monitoring in VENUS-F via
the ISJ method. In that region, the absolute reactivity is safely underestimated.
The simulation results in that region are confirmed by experimental values.
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Comparison between PNS area and ISJ method

The ISJ method shows the same spatial dependence trend as the PNS area method
for the VENUS-F SC1 configuration. The PNS area method is however, due to its
nature, more sensitive than the ISJ method to local thermalising elements that
affect the detector results (see detectors 2 and 3 for the PNS area method in Fig.
3.8). Precise calculations (as shown in [Chevret et al., 2014; Chevret, 2014a]) are
required to improve the agreement between experiments and simulations for
these detectors. The issue of thermalising elements could be avoided by the use
of threshold detectors, and will be checked in future experimental programmes
on VENUS-F.

We conclude that although the spatial dependence of both methods is quasi
similar, the PNS area method is more robust: it is reproducible and independent
of the delayed neutron constants. Therefore, the ISJ method will be excluded as
candidate for power ADS start-up reactivity monitoring in Chapter 4.

3.2.3 Modal Analysis Understanding of Spatial Correction Factors

In order to understand the behaviour of the SCF for the different experimental
methods, modal analysis is applied in this thesis. For the PNS area method, SCFarea

obtained by modal analysis is presented in eq. (2.34). For the ISJ method, the
SCFISJ obtained by modal analysis is presented in eq. (2.44). Again Σd (E )=1 is
supposed for the analysis.

VENUS-F Eigenfunctions

As a first step, we have a look at the VENUS-F eigenfunctions. They are calcu-
lated in DALTON and plotted for the VENUS-F SC1 configuration (with bunker)
in Figures 3.11, 3.12 and 3.13 for the total flux. The total flux is the sum of the
eigenfunctions for each energy group. The shape is similar for each group, e.g. for
the 9th mode in Fig. 3.14. For a simple symmetric 2-zone VENUS-F model with
1 energy group cross sections (see Appendix A), the shape of the eigenfunctions
follows a structured sequence of azimuthal and axial modes (as in Fig. 2.1), as
shown in [Uyttenhove et al., 2012b]. In the VENUS-F case, the shapes of subse-
quent modes are combinations of the ones in Fig. 2.1. The general behaviour of
the modes, however, remains unchanged.

Most (power) ADS have the source in the centre of the core [Nifenecker et al.,
2003]. Therefore, the fundamental mode is significantly amplified and contributes

77



3. Validation by Experimental Results from Subcriticality Measurements

Figure 3.11: XY (Z=0) and Z (X=Y =0) plots of the 1st to the 3rd eigenfunction of the
VENUS-F model of the SC1 (with CRs out) configuration. The sum over the 6 energy
groups of each mode is shown.
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Figure 3.12: XY (Z=0) and Z (X=Y =0) plots of the 4th to the 6th eigenfunction of the
VENUS-F model of the SC1 (with CRs out) configuration. The sum over the 6 energy
groups of each mode is shown.
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Figure 3.13: XY (Z=0) and Z (X=Y =0) plots of the 7th to the 9th eigenfunction of the
VENUS-F model of the SC1 (with CRs out) configuration. The sum over the 6 energy
groups of each mode is shown.
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significantly to the full flux solution [Uyttenhove et al., 2014]. SCFs close to unity
will therefore be found in the central plane. This conclusion can also be retrieved
from the analytical expression of the SCFs for the selected experimental tech-
niques, in eq. (2.34),(2.44),(2.54) and (2.70). For this reason detector positioning
exercises focus on the reactor centre plane, also in this work.

The first (fundamental) mode has no zero crossings and a maximum in the
centre of the core. The next modes (2-8) do not show maxima in the centre of the
core. The 9th mode is the first higher mode with a maximum in the centre of the
core, and has a zero crossing at a radius of about 25 cm from the centre of the core
at centre plane height. Higher modes show a more complicated shape. For the
first 50 modes, only few modes have their maximum in the neighbourhood of the
centre of the core.

When looking into the different energy groups, one notices that the shape of a
mode does (almost) not change through the different energy groups, although
the amplitude of the mode varies per energy group. This is shown in Fig. 3.14,
providing the 9th eigenfunction of each energy group for the VENUS-F SC1 confi-
guration. The zero crossing remains for each energy group around 20-25 cm from
the centre of the core at centre plane height.

Important modes for the VENUS-F ADS flux reconstruction

The full flux of the VENUS-F SC1 configuration with continuous source can be
reconstructed by the summation of each amplified mode (see eq. (2.6) and §
2.1.2). The full solution is in principle obtained with an infinite number of modes.
In practice, most of the experimental techniques for the determination of ADS
reactivities [Soule et al., 2004; Mellier, 2005] rely on point kinetics, in which only
the first (fundamental) mode of the flux is taken into account.

For the VENUS-F ADS, having the neutron source in the centre of the subcritical
core, much more than 100 modes are needed to reconstruct the full solution
accurately (see Fig. 10 in [Uyttenhove et al., 2014]). Indeed only few of these 100
modes have a maximum in the centre of the core, given the profile sequence of
the modes in Fig. 2.1. The 9th mode contributes significantly to the full solution,
being the first mode with a maximum in the centre of the core (different from the
fundamental one), as shown in [Uyttenhove et al., 2014].
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Figure 3.14: XY (Z=0) and Z (X=Y =0) plots of the 9th eigenfunction for each energy
group of the VENUS-F model of the SC1 (with CRs out) configuration, from the highest
(top left) to the lowest (bottom right) energy level.
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Analysis of the SCF for the PNS area and ISJ technique

The modal analysis approach is interesting to understand the reactor physics
behind important modes contributing to the SCFs for experimental techniques.
In Fig. 3.15, the SCF for the PNS area method by modal analysis (see eq. (2.34)) is
shown for the VENUS-F SC1 configuration for the lowest energy group.

One notices the important role of the 9th mode to SCFarea, which provides the
shape of the SCF from this mode on. SCF remains unity along the X-axis for the
first 8 modes: their amplification factors (see eq. (2.6)) are small. By taking into
account only 9 modes, SCFarea=1 is found at about 20-25 cm from the centre of
the core (depending on the energy group), i.e. the zero crossing of the latter mode
for the concerned energy group.

Other higher modes obtaining their maximum at the centre of the core are
also contributing significantly to the SCF shape. Also these modes have zero
crossings at a radius of about 20-25 cm from the centre of the core. Therefore, the
location with correction factor equal to unity remains almost unchanged at about
a radius of 20-25 cm from the centre of the core with increasing number of modes
contributing.

Moreover, the contribution of the higher modes to the SCF is reduced by the
numerator correction factor kn (1−k1)

k1(1−kn )
and the denominator factor (kn (1−k1)

k1(1−kn )
)2 in eq.

(2.34), as shown for the VENUS-F reactor in Fig. 3.16) for the first 100 modes.
Nevertheless, these higher modes are required to approximate the simulated SCF
profile further away from the centre of the core, i.e. to adapt SCFarea to local
perturbations (such as the VENUS-F control rods in this case).

For the ISJ method, almost the same conclusions from modal analysis as for
the PNS area method can be made, as expected in § 2.2.4 and eq. (2.44). As
for SCFarea, the strongly amplified modes - i.e. the modes with a high Pn (0) -
contribute significantly to the SCFISJ . The 9th mode is the first mode (different
from the fundamental one) with a high Pn (0) value.

Again, SCFISJ=1 is found at about 20-25 cm from the centre of the core (de-
pending on the energy group), i.e. the zero crossing of the latter mode for the
concerned energy group. Also higher modes with a maximum in the centre of the
core exhibit a zero crossing at this location. Therefore, the same conclusions can
be made as for the PNS area method. This is confirmed by the simulation results,
shown in Fig. 3.8 (bottom).
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Figure 3.15: SCF for the PNS area method in the VENUS-F SC1 configuration along the
X-axis (Y =Z=0), obtained by modal analysis and simulation. The vertical lines indicate
the core-reflector interface.

Conclusion for Modal Analysis

For ADS with the neutron source in the centre of the core, the 9th eigenmode
is contributing significantly to the full flux solution of ADS with a centre in the
source, as it is the first higher mode (i.e. different from the fundamental mode)
with a maximum in the centre of the core. Even more important is the contribution
of the 9th mode to SCFarea (and similar, to SCFISJ ), as the contribution of higher

modes to the SCFs is reduced (e.g. by kn (1−k1)
k1(1−kn )

and (kn (1−k1)
k1(1−kn )

)2 in eq. (2.34)).

Higher eigenmodes (i.e. higher than the 9th) with a maximum in the centre of
the core show also a zero-crossing at about 20-25 cm from the centre of the core
(depending on the energy group), i.e. the same location of the 9th eigenmode.
Therefore, the boundary between SCF < 1 and SCF > 1 remains unchanged from
the 9th eigenmode on (see Fig. 3.15), and can thus be determined by analysing this
eigenmode only for VENUS-F. This conclusion is evaluated for less homogeneous
configurations in § 4.2.2 (for the MYRRHA power ADS).
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Figure 3.16: Evolution of the numerator and denominator k-factor of eq. (2.34) for the
VENUS-F SC1 configuration for 100 modes.

3.2.4 Robustness Checks for the PNS Area Methods

In this section, two robustness checks for start-up reactivity monitoring are per-
formed: the choice of detector type and the change in SCFarea during core loading.

Detector Type Choice

In § 3.2.1, the experimental PNS and ISJ results are shown for U-235 detectors on
VENUS-F. The simulated SCFs are validated by experimental results in the lowest
energy group. In order to study the effect of the detector type, the SCF for the
PNS area method is shown in Fig. 3.17 for each energy group of the VENUS-F SC1
configuration model.

Due to the high energetic neutron source, the SCFarea is the highest in the first
energy group for both methods. The shape of the 9th eigenfunction is similar for
all energy groups (see Fig. 3.14), but the zero crossing radius of the mode differs.
As a consequence, the position on the X-axis where SCFarea=1 shifts from 20 cm
for group 6 to 37 cm for group 1. The absolute reactivity level in the reflector is
quasi independent on the neutron energy group. The same energy dependence is
found for SCFISJ .
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It is important to notice that this model does not include local thermalising
elements, which are present around the VENUS-F reactor. As shown in Fig. 3.8,
the PNS results are affected by these effects. One may assume that these elements
do not perturb SCFarea for higher energy groups (e.g. threshold detectors). This
statement can only be evaluated by simulations of the PNS method in probabilistic
codes that can take into account local perturbations. That research falls out of
the scope of this work.

As a conclusion, the choice of the outer reflector is reconfirmed for reactivity
monitoring during start-up. SCFarea<1 and does not differ from 0.96-0.97 depen-
ding on the detector type. Threshold detectors could be more robust against local
thermalising elements. This issue is studied more in detail in chapter 4 for power
ADS.

Figure 3.17: Simulated SCFs for the PNS area method across the X-axis (Y =Z=0) in the
centre plane of the VENUS-F SC1 configuration for the different energy groups of the
model. The vertical line indicates the core-reflector interface.

Subcriticality Level

In this paragraph SCFarea is studied for the SC1 (see Fig. 3.2), SC4 (see Fig. 3.3),
SC5 and SC6 (see Fig. 3.18) VENUS-F configurations. These states have different
subcriticality levels, varying from keff=0.751 to keff=0.961, as indicated in Table
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3.2. Fuel assemblies are symmetrically placed around the middle of the VENUS-F
core to obtain these configurations.

SR2 

SR1 SR6 

SR5 

SR3 SR4 

CR1 

CR2 

PEAR 

Figure 3.18: Set-up of the VENUS-F subcritical SC5 and SC6 configuration at middle
height (orange - fuel, blue - lead, grey - stainless steel, SR - safety rod, CR - control rod,
PEAR - experimental PEllet Absorber Rod). The shaded fuel assemblies should be replaced
by lead assemblies in the SC5 configuration to obtain the SC6 state.

Fig. 3.19 shows the SCFs of the considered configurations along the X-axis of
the VENUS-F reactor, for the thermal energy group (in case the same detectors
are used as for the SC1 experiments), as well as for the integrated flux. The same
SCF profiles are noticed for different subcriticality levels, although the SCFarea=1
crossing is getting closer to the reactor centre (for the integrated flux) with de-
creasing level of subcriticality. This effect originates from the difference in zero
crossing of the 9th eigenmode (see § 3.2.3).

For the SC4-SC6 configurations, SCFarea<1 everywhere in the reactor for the
thermal detector. In general, the SCFs approach unity with increasing subcri-
ticality level: the higher keff , the less (safety) margin in underestimation of the

87



3. Validation by Experimental Results from Subcriticality Measurements

Name keff Number of FAs Fig.

SC1 0.961 93 3.2
SC4 0.885 64 3.3
SC5 0.821 48 3.18
SC6 0.751 38 3.18

Table 3.2: Calculated subcriticality levels, number of FAs (including the ones in the
SRs) and description reference for the different VENUS-F configurations used in the
simulations for start-up reactivity monitoring.

Figure 3.19: Simulated SCFs for the PNS area method across the X-axis (Y =Z=0) in the
centre plane of the VENUS-F reactor for different subcritical configurations: SC1, SC4,
SC5 and SC6. The vertical line indicates the core-reflector interface.

absolute reactivity level.

As a conclusion we notice a large variation in SCFarea in the outer reflector for
the different levels of subcriticality. A maximum (safe) underestimation of the
absolute reactivity level of 16 % is obtained by the thermal detector in the SC6
configuration (i.e. 5305 pcm on an absolute level of 33156 pcm). The closer to
criticality, the smaller the underestimation. This overconservative effect should
be taken into account for ADS core loading procedures.
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3.2.5 Conclusion for Start-up Reactivity Monitoring

The two selected candidates for start-up reactivity monitoring, the PNS area and
ISJ method, are investigated in this section on VENUS-F. Simulations are modally
analysed to understand the behaviour of the SCFs, and validated by experimental
data.

The ISJ experimental count rates suffer from low statistics and the experiment
is difficult to reproduce, which makes it not applicable for low flux machines
(such as VENUS-F) or deep subcritical states. Also the uncertainty on the delayed
neutron data influences the uncertainty of the ISJ results. From this viewpoint,
the PNS area method is more robust than the ISJ method, and will be selected as
start-up reactivity monitoring method. Moreover, the experiment is reproducible,
so statistics depend on the measurement time.

For the PNS area method, special attention should be paid to local thermalising
elements affecting the VENUS-F experimental results (in the reflector). This
disadvantage, however, is supposed to disappear when using threshold detectors.

The SCFs of the PNS area method and ISJ method are simulated by DALTON
for different configurations. Simulations are in agreement with the experimental
results, except for 2 detectors in the outer reflector, where the PNS area results
are influenced by local thermalising elements. The simulated SCF behaviour is
similar for both methods and confirmed by modal analysis.

The SCF for both methods equals unity around a radius varying from 20 to 25
cm from the centre of the core, depending on the detector type. This distance
corresponds to the zero crossing of the first higher harmonics with a maximum
in the centre of the core (i.e. the 9th mode). Studying the 9th eigenmode allows
thus to identify the boundary for a safe SCF.

A safe overestimation of the absolute reactivity level is found in the reflector (SCF
< 1), whereas getting closer to the centre of the core, an (unsafe) underestimation
of the reactivity is found. In the reflector, SCFarea=0.96-0.97, which means that
e.g. for the DALTON simulations,

??ρarea

?? is 111-148 pcm higher than
??ρref

??= 3709
pcm. Therefore, the reflector zone is considered as the recommended location
for detector positioning, moreover the SCF gradient is small in this zone (except
from the thermalising elements in this zone when using thermal detectors).

When decreasing the subcriticality level during start-up, the (safe) overestima-
tion of the reactivity level in the VENUS-F reflector decreases. The SCF, however,
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stays smaller than unity. This conservative effect is the highest in the lowest
energy group, but also for the highest energy group, the SCF for the VENUS-F SC1
configuration remains smaller than unity.

3.3 Subcriticality Monitoring during Operation

For a power ADS such as MYRRHA (see § 1.5.2), no (long) beam interruptions
are allowed during normal operation from the moment 1 % of nominal power is
obtained. Therefore, the continuous Current-to-Flux (CTF) monitor is candidate
to monitor (changes in) reactivity during operation of an ADS (see § 1.3.8).

By measuring the ratio of source neutrons to count rates from detectors in the
reactor, the reactivity is monitored, according to equation (1.14). The evolution
of c , the CTF proportionality coefficient, needs to be investigated during ADS
operation, in order to identify the need for interim reactivity cross-checking (and
re-calibration of c ).

Changes in reactivity in ADS can be global (e.g. burn-up) or local (e.g. control
rod ejection). As there is no significant burn-up of the VENUS-F fuel, a control rod
variation case study is made in this chapter in order to understand the monitoring
of local perturbations. More CTF applications during normal ADS operation and
incident conditions are studied for power ADS in § 4.3 and 4.4.

In this section, the case study will be validated by experimental data from
VENUS-F. Moreover, SCFs for this experiment will be simulated (withΣd (E )=1) for
the complete VENUS-F core, and assessed by modal analysis. Detector types and
positions for robust reactivity monitoring during this experiment are investigated.

3.3.1 Case Study Experimental Results - VENUS-F Control Rod Worth
Estimation

For the rod worth experiment, the control rods CR1 and CR2 (with B4C poison)
are introduced in the VENUS-F SC1 configuration (as shown in Fig. 3.2, described
in § 1.5.3), driven by a constant beam of about 400 µA (corresponding to a source
of about 1010 n/s).

The source neutron monitoring on VENUS-F (for the CTF technique) is ex-
plained in [Billebaud et al., 2010] and [Uyttenhove and Krasa, 2013]. These
neutrons should be measured for the CTF monitoring on VENUS-F, rather than
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the beam current. Indeed, due to target consumption, beam positioning etc., the
number of neutrons produced per unit of current is not constant.

The source neutron monitoring is performed by registration of the α-particles
created during the D-T fusion reaction in addition to the 14 MeV source neutron.
Also the parasitic D-D reaction should be taken into account. During this reaction
there is a 50 % chance to make a 2-3 MeV neutron and a He-3 atom. The other half
of the reactions leads to a proton and a T atom. Therefore, the parasitic source
neutrons are measured by measuring the protons. The parasitic source neutrons
have a (slightly) different angular distribution, therefore the ratio of D-T neutrons
to D-D neutrons should be constant in order to assure consistent CTF monitoring.

The study of the source neutron monitoring is ongoing. For the case study
performed in this work, the runs are performed under constant source neutron
production. The absolute source neutron production is not precisely known, but
not needed. More important is the need for a constant neutron source production
to avoid changes in the CTF proportionality coefficient c in eq. (1.14) due to
changing source neutron specifications.

The detectors in the reactor are shown in Table 3.1. The control rods are posi-
tioned at 600 mm (completely out of the core) and at 0 mm (fully inserted). The
count rates are measured in both positions with a sampling time of 1 s.

SCFCTF ,exp, defined in eq. (2.54), is determined by scaling the ratio of the detec-
tor count rates in the two states to the ratio of the reference reactivities in both
states. As reference (experimental) reactivity values, -5.06 ± 0.13 $ is taken for the
SC1 configuration with CRs up, and -6.25 ± 0.13 $ for the SC1 configuration with

fully inserted CRs [Lecouey et al., 2015b; Lecouey, 2014]. Therefore,
ρ′ref ,exp

ρref ,exp
=1.24 ±

0.04.

The SCFCTF ,exp for the detectors in the VENUS-F reactor is shown in Fig. 3.20,

varying from 0.987 to 1.132. If SCFCTF ,exp < 1, then
ρ′CTF ,exp

ρCTF ,exp
<
ρ′ref ,exp

ρref ,exp
, and thus the

control rod worth is (safely) underestimated. E.g. for SCFCTF ,exp=0.987 (detector
8), ρ′CTF ,exp=-6.19 ± 0.18 $, a safe underestimation of the true value of -6.25 ± 0.13

$4.

Close to the perturbation (detectors 7, and in less extent 2 and 3) the control

4The major part of the uncertainty on both reactivity values is due to the reference reactivity
uncertainty, applied to determine both ρ′ref ,exp and ρ′CTF ,exp. This is a systematic error, therefore we
can make the conclusion about underestimation.
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rod worth is overestimated (SCFCTF ,exp > 1), whereas for detectors 1, 5, 8 and 9,
less than 1 % discrepancy from the reference value is found. To understand these
results, simulations and modal analysis will be applied in the next sections.

SR2 

SR1 SR6 
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SR3 SR4 

CR1 

CR2 

PEAR 

SCF, exp = 1.006 ± 0.039, 
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Figure 3.20: SCFs of the CTF monitoring of the CRs worth of the VENUS-F SC1 configu-
ration at different detector locations.

3.3.2 Validation of the Experiment Simulations

In this section, the DALTON code (see § 2.6) is used to simulate the CTF case
study above. The related XYZ model for the DALTON code is described in App.
A, and 6 energy groups (representative for the VENUS-F spectrum and applied
detectors) are chosen to perform the calculations. In order to determine SCFCTF by
simulation, the reference reactivities are obtained via the fundamental eigenmode
calculation, whereas fixed source calculations are performed to determine the
fluxes at the different detector positions.

The simulated SCFCTF for the monitoring of the control rod drop experiment
are presented in Fig. 3.21 through the complete VENUS-F reactor, by 2D plots
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at different heights above the centre of the core. One notices almost everywhere
inside the reactor SCFCTF > 1, i.e. an (unsafe) overestimation of the control rod
worth. Only inside a quasi-sphere of 20 cm around the centre of the core, the
control rod worth is underestimated. Close to the perturbations (i.e. the control
rods) high values of SCFCTF are found. The effect of the VENUS-F bunker (see
§ 3.2.2) on this experiment is not relevant, as two static states of the VENUS-F
reactor are compared, with the same systematic error from the bunker.

When comparing the experimental results to the ones obtained by simulations
(see also Fig. 3.20), one notices the same tendencies in SCFCTF . Absolute num-
bers, however, differ significantly. The SCFs obtained by simulations turn out to
be systematically higher than the experimental values (except for detector 10),
especially closer to the perturbation (detectors 2, 3, 6 and 7). This can be due to
the limitations of diffusion theory to model local perturbations. The experimental
control rod worth is 861 ± 28 pcm, whereas DALTON only finds 802 pcm.

3.3.3 Interpretation by Modal Analysis

Modal analysis is applied to understand the behaviour of SCFCTF . The modal
expression for SCFCTF , provided by eq. (2.54), is shown in Fig. 3.22 and compared
to the simulation results for the lowest energy group. The interpretation is more
complex for this experiment than for absolute reactivity measurement techniques
such as the PNS area method, as two reactivity states are compared.

In the centre of the core, the modal SCFCTF is almost identical to the simulated
one for the case of one mode. This effect appears due to the small difference in
amplification of the fundamental mode between the original and the perturbed
state to obtain the full flux (see eq. (2.6)), given the small change in keff between
the two states.

A slightly asymmetrical profile of SCFCTF is found at the core-reflector interface,
because of the asymmetrical position of the control rods around the X-axis. Much
more modes are needed to approach the simulated SCFCTF in that region, as
modes with local maxima at those zones will be amplified. These modes affect
also the SCFCTF in the centre of the core.

Being the first higher mode with a maximum in the centre of the core, the 9th
mode is again important as lower order modes (high

ρ1
ρn

) with centre in the core

are strongly amplified (high Sn
S1

). SCFCTF = 1 is found around the zero crossing of
the 9th mode, which is almost identical for the original and perturbed state.
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Figure 3.21: Simulated CTF SCF for the lowest energy group (i.e. group 6) at different
heights in the VENUS-F SC1 configuration: 0 cm (center of the core), 20 cm (fuel), 39 cm
(top reflector) and 59 cm (top reflector). Contour lines are indicated from 0.95 to 1.2. The
dashed line corresponds to the boundary of the 12x12 grid in which the assemblies are
loaded, indicated in grey in Fig. 3.2. The detector positions are indicated on the picture
at centre height.

3.3.4 Robustness Check on Energy Dependence

In § 3.3.2, SCFCTF ,exp results for the concerned case study are shown for U-235
detectors available in the VENUS-F reactor. The experimental results are therefore
validated by simulations in the lowest energy group. In order to study the effect
of the detector type, the simulated SCFCTF is shown in Fig. 3.23 for each energy
group (as defined in Appendix A) of the VENUS-F SC1 model.

Due to the presence of the source neutrons in the first energy group, SCFCTF

is smaller for the first energy group in the centre of the core than for the other
energy groups. Indeed, given the lower keff level in the perturbed state (indicated
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Figure 3.22: SCF for the CTF case study experiment in the VENUS-F SC1 configuration
along the X-axis (Y =Z=0), obtained by modal analysis and simulation for the lowest
energy group. The vertical lines indicate the core-reflector interface.

Figure 3.23: SCF for the CTF case study experiment in the VENUS-F SC1 configuration
along the X-axis (Y =Z=0), for different energy groups, obtained by simulation. The
vertical lines indicate the core-reflector interface.
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with prime), the contribution of the source neutrons is more important in this
state, leading to SCFCTF differing from unity for the highest energy groups in the
centre of the core.

The location where SCFCTF=1 shifts from 20 cm for group 6 to almost 40 cm
for group 1 on the X-axis. It is also important to notice the specific profile of the
lowest energy group. This profile is due to local thermalising elements, such as
the VENUS-F control rods (at the core-reflector interface on the X-axis). One can
assume that these effects will less affect the SCFs with increasing energy groups.
Therefore, the higher energy groups seem more robust, showing smaller gradients
in SCFCTF . This statement can only be evaluated by simulations in detailed models
with probabilistic codes, which falls out of the scope of this work.

3.3.5 Conclusion and Outlook

In this section, the control rod drop case study experiment in the VENUS-F SC1
configuration is performed in order to understand the SCFCTF for reactivity moni-
toring. For a decrease in reactivity (e.g. in this case a local rod drop), an (unsafe)
overestimation of the decrease (SCFCTF > 1) is obtained in the reflector zone and
close to the perturbation. The SCFCTF for this experiment is close to unity in
the centre of the core. The U-235 detectors used in this experiment are more
sensible for the concerned experiment because of the B4C in the control rods,
which causes a broader zone with SCFCTF > 1.

Qualitative agreement is found between experimental results and simulations,
although the DALTON diffusion code is not able to simulate SCFCTF for this ex-
periment quantitatively correct. The simulations overestimate the experimental
results. For accurate SCFCTF values, probabilistic transport codes are needed to
assess local perturbations. Modal analysis enhances the understanding of the
global behaviour of the SCFCTF through the subcritical reactor.

The final aim of the current-to-flux monitor is to track global and local per-
turbations in the core, causing changes in reactivity, for operational and safety
reasons. Only one case study with a local perturbation is examined in this sec-
tion. More research in this field is performed in the next chapter, where reactivity
monitoring will be assessed for a power ADS, with probabilistic codes. Therefore,
in this chapter, no conclusions on reactivity monitoring are made.
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3.4 Interim Reactivity Cross-Checking Techniques

During normal operation, an interim cross-checking of the CTF reactivity monitor
can be required, as explained in § 3.3. The (beam interruption) source jerk (SJ)
technique (presented in § 1.3.2) is selected in § 1.3.8 as interim reactivity cross-
checking technique. Thanks to experimental results from the VENUS-F ADS, the
choice of the beam interruption frequency and period is assessed in this chapter,
simulated SCFs (as defined in eq. (2.61) withΣd (E )=1) are evaluated and analysed,
and robust detector types and positions are determined.

3.4.1 Source Jerk Experiments in VENUS-F Subcritical
Configurations

Several (beam interruption) SJ experiments are carried out in various VENUS-F
configurations with different subcriticality levels and varying core heterogeneity,
as presented in [Chevret et al., 2014; Chevret, 2014b], in order to test the robustness
of this method. In this section, only the source jerk experiment results from the
standard SC1 configuration (see Fig. 3.2) are evaluated, as this is the standard
state at the foreseen operational keff level of an ADS. The detectors in this reactor
are identical to the ones used for the PNS experiment (see Table 3.1).

For the SJ experiments described in this section, the continuous beam of 400 µA
is interrupted for 2 ms every 25 ms (i.e. a frequency of 40 Hz), and corrected with a
stability factor to compensate for the instability of the beam after the interruption
(see [Chevret et al., 2014]). Due to the low flux of the VENUS-F ADS, about 105

beam interruptions are needed to obtain sufficient statistics on the count rates.
Similar to the PNS experiments from § 3.2, the alternative pathway as described
in § 3.1 provides a reference reactivity of -5.06 ± 0.13 $ [Lecouey et al., 2015b;
Lecouey, 2014] (CRs at 600 mm). This reference level allows an evaluation of
SCFSJ , defined by eq. (2.61).

Experimental SCFSJ in the VENUS-F SC1 configuration, from [Chevret et al.,
2014], are shown in Fig. 3.4, and compared to the PNS method results from § 3.2.
Similar to the PNS method, the reference reactivity uncertainty is contributing
significantly to the total uncertainty on the SJ results. The results obtained by
both techniques underestimate the absolute reactivity level (i.e. SCF < 1) in the
(inner and outer) reflector zone, which is safe. For detector 8 inside the fuel, both
PNS and SJ results match the reference reactivity value. The SCFSJ for detector 2,
3 and 7 are the smallest, due to global and local thermalising elements [Chevret,
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2014a]. This effect is even stronger for the SJ technique than for the PNS area
method.

The obtained experimental SCFSJ are successfully validated against precise
MCNP simulations in [Chevret et al., 2014]). This work aims to simulate and
understand the spatial behaviour of the SJ technique through the complete sub-
critical reactor. This analysis is performed in the next paragraph.

3.4.2 Validation of Experiment Simulations

In this section, the SJ experiment is again simulated with the DALTON diffusion
code (see § 2.6). The related XYZ model for the DALTON code is described in
and App. A, and 6 energy groups (representative for the VENUS-F spectrum
and applied detectors) are chosen to perform the calculations. For a consistent
evaluation of the SCF, the experiment simulation results from DALTON are scaled
on a reference keff obtained via an eigenmode calculation in DALTON, using the
same calculation model. Thanks to this approach, SCFSJ for this experiment is
determined through the complete reactor, and evaluated by experimental results
from the VENUS-F SC1 configuration.

For the SJ experiment simulation, the decay of the full flux in the first 500 µs
after beam stop is simulated. Different decay shapes are found throughout the
reactor for the lowest energy group (representative for the U-235 detectors used
for the VENUS-F experiments), as shown in Fig. 3.24 (with Σd (E )). For the SJ
experiment the bunker has a clear influence on the decay shape of the lowest
energy flux in the outer reflector.

Similar to the PNS area method, thermalising elements (not modeled in DAL-
TON) can affect the SJ evaluation method for VENUS-F. As shown in Fig. 3 of
[Chevret et al., 2014], not all prompt neutron chains have died out in one de-
tector in the outer reflector at the end of the beam interruption, affecting the
measurement results of the SJ technique (because of an erroneous determination
of n (1) in eq. (1.12)). Therefore, the use of threshold detectors (or a longer beam
interruption time) can help solving this issue.

Fig. 3.25 shows the behaviour of the simulated SCFSJ through the complete
VENUS-F reactor (without bunker), by 2D plots at different heights above the
centre of the core. The behaviour of SCFSJ is almost symmetrical to the centre
plane of the VENUS-F SC1 configuration. SCFSJ > 1, an (unsafe) overestimation of
the subcriticality level, is found inside a sphere of about 20 cm from the centre of
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Figure 3.24: Simulated source jerk responses in the lowest energy group (i.e. group 6)
at different locations in the centre plane of the VENUS-F SC1 configuration (Y =Z=0).
The flux level is normalised to the full flux before the beam interruption in the concerned
energy group.

the core. In the midplane, a symmetrical SCF profile is also found. In the reflector,
the reactivity is (safely) underestimated by 3-4 %. The SCF results are similar
to the ones of the PNS method (see Fig. 3.7). This is a logical effect, as the SJ
technique is the inverse of the PNS technique.

SCFSJ simulated and experimental values are shown in Fig. 3.26. For the clarity
of the figure, radial symmetry is supposed, justified by the SCF profiles at different
heights in Fig. 3.25. Therefore, the location of the detectors on the X-axis on
Fig. 3.26 corresponds to their radial distance to the centre of the core. Similar to
the PNS area experimental results, good agreement is found in the fuel and inner
reflector zone. In the outer reflector zone, local external thermalising elements
not included in the DALTON model affect the agreement between calculations
and experiment (even stronger than for the PNS method, see top Fig. 3.8).

3.4.3 Modal Analysis of the Spatial Correction Factor

The modal analysis of the SCF formula for the SJ method (eq. (2.70)) and the PNS
area method (eq. (2.34)) is similar. The same conclusions are made for the SJ
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Figure 3.25: Simulated SJ SCF for the lowest energy group (i.e. group 6) at different
heights in the VENUS-F SC1 configuration: 0 cm (center of the core), 20 cm (fuel), 39 cm
(top reflector) and 59 cm (top reflector). The dashed line corresponds to the boundary of
the 12x12 grid in which the assemblies are loaded, indicated in grey in Fig. 3.2.

method as for the area method in § 3.2.3.

3.4.4 Conclusion and Outlook

The SJ method is investigated for interim reactivity cross-checking in this section.
The beam interruption experiment is simulated, analysed and validated by expe-
rimental data for the VENUS-F SC1 configuration. The spatial dependence for
this method is similar to one for the PNS method, which allows a fixed detector
positioning for absolute reactivity measurements during start-up and operation
of a zero-power ADS.

Again, a safe overestimation of the reactivity level is found in the reflector (SCFSJ

< 1). For the SJ experiments in the VENUS-F SC1 configuration, around 105 beam
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Figure 3.26: Simulated SJ SCF (line) and measurement results (dots) across the X-axis in
the centre plane of the VENUS-F SC1 configuration (Y =Z=0). As the detector locations
are not on the X-axis, the corresponding radius to the centre of the core is shown in this
figure. The vertical line indicates the core-reflector interface.

interruptions are needed to obtain sufficient statistics on the reactivity level, which
takes about 500 s. For a power ADS with a higher flux level, less beam interruptions
could be needed, but special attention should be paid to thermalising elements.
This issue is discussed in § 4.3.5.

3.5 Conclusion and Outlook

In this chapter, the theoretical analysis from Chapter 2 of the spatial correction
for the candidate reactivity measurement techniques is validated by experimental
results from the VENUS-F zero-power facility. First, the results from a ‘reference’
subcritical state are presented, obtained via an alternative methodology, which
allows the validation of the candidate subcriticality measurement techniques.

Concerning start-up of ADS, the PNS area method is selected, rather than the
ISJ method, which shows the same spatial dependence but with higher uncertain-
ties. Thanks to the repetitive character of the PNS area method, better statistics
are gained at low flux levels or deep subcritical levels than for the ISJ method.
Moreover, the uncertainty on the ISJ method always comprises the uncertainty
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on the delayed neutron parameters.

Global agreement between experiments and simulations is found for the PNS
area method. The reflector zone is the recommended location for detector posi-
tioning during VENUS-F start-up: a robust, safe overestimation (SCFarea < 1) is
found for the different subcriticality levels, and the gradient of SCFarea is small.
For the VENUS-F SC1 configuration, the simulated SCFarea=0.96-0.97, therefore
the simulated
??ρarea

?? is 111-148 pcm higher than
??ρref

??= 3709 pcm. Modal analysis
allows, via the study of the 9th eigenmode, the identification of the boundary
between SCFarea > 1 and SCFarea < 1.

For interim cross-checking of the reactivity, the same spatial dependence is
found for the SJ technique as for the PNS area method, which allows the use of
the same detector locations for start-up reactivity measurements as for interim
reactivity cross-checking.

The SCF of both methods are sensitive to (local and global) thermalising ele-
ments, not modelled in detail in the DALTON diffusion code models. For the SJ
technique, they imply a longer beam interruption time, which could cause unac-
ceptable thermal stresses in power ADS. To avoid this issue, the use of threshold
detectors is recommended for these techniques.

ADS reactivity monitoring during operation is performed by means of the
Current-to-Flux (CTF) technique. The CTF monitor aims to detect sudden changes
in reactivity (due to local perturbations) for safety purposes, and the follow-up
of burn-up, a global reactivity change, for operational purposes. Unfortunately,
the DALTON diffusion code is not able to model quantitatively correctly the local
reactivity changes. The trends in SCFCTF for monitoring local perturbations are
however clear, and are investigated for the control rod drop case study experi-
ment in the VENUS-F SC1 configuration. The control rod worth in the SC1 state
is (unsafely) overestimated in almost the complete reactor (SCFCTF > 1), except in
the centre of the core.

More insight into reactivity monitoring on ADS will be gained in the next chapter.
Then the follow-up of burn-up in the core of a power ADS will be monitored, and
local perturbations will be simulated, in order to identify and quantify incident
scenarios. This will be done by means of a probabilistic transport code, able to
overcome the limitations of diffusion theory and deterministic codes.
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4
SUBCRITICALITY MONITORING

IN A POWER ADS

Everything should be made as simple as possible, but not one bit simpler.

Albert Einstein

Picture: The MYRRHA facility at the SCK•CEN site.
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4. Subcriticality Monitoring in a Power ADS

MYRRHA is the major ongoing power ADS project in Europe. In this chapter,
the MYRRHA reactor will serve as an example of a power ADS to develop a detec-
tor positioning strategy for subcriticality monitoring. The development of this
strategy is based on the theoretical understanding about the spatial dependence
of reactivity measurements in ADS from Chapter 2, applied to the selected subcri-
ticality measurement techniques from § 1.3.8. As an outcome of this work, the
subcriticality monitoring conclusions from the zero-power VENUS-F ADS (see §
3.5) are extended to MYRRHA.

First, the PNS technique is simulated as a start-up technique. Then, the Current-
to-Flux (CTF) monitor is assessed as a relative monitoring technique during the
operational phases of an ADS. The need for recalibration by the source jerk interim
cross-checking technique is discussed.

In order to investigate the robustness of the proposed detector positioning stra-
tegy, the combination of detector types and signals is considered for the reactivity
monitoring methodology. Moreover, several hypothetical (reactivity) incident sce-
narios are simulated to study how they can be detected by the reactivity monitor.

4.1 Selected MYRRHA Subcritical Cores for Reactivity

Monitoring

4.1.1 MYRRHA Cores

The general concept of the MYRRHA ADS is presented in § 1.5, as well as a general
fuel assembly design. A detailed description and motivation for the design of
the MYRRHA subcritical cores is given in Chapter 12 of [Sarotto, 2012] and in
[Malambu and Stankovskiy, 2012]. In this section two typical subcritical MYRRHA-
FASTEF cores are presented, used to investigate subcriticality monitoring.

The MYRRHA Beginning-Of-Life Core

The Beginning-Of-Life (BOL) core is the first core that will be loaded after con-
struction of the MYRRHA facility. The core inventory is shown in Fig. 4.1. 58 fresh
fuel assemblies with 30 wt. % enriched Pu (including 1.65 wt. % Am) are loaded,
in order to obtain a keff value approximating 0.96 (this value is motivated in §
1.6.1). The core is completed by the spallation target in the central position, 6
satellite In-Pile Sections (IPS) to host experiments, 6 control rods, 38 LBE dummy
assemblies and 42 YZrO reflector assemblies at the core boundary.
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spallation target 

fuel assembly 

IPS 

Pb-Bi reflector 
dummy assembly 

control rod 

YZrO reflector 
assembly 

Figure 4.1: MYRRHA-FASTEF subcritical BOL core at middle height [Malambu and
Stankovskiy, 2012; Sarotto, 2012].

The first MYRRHA core (BOL) has a calculated keff=0.965 [Malambu and Stankovskiy,
2012; Sarotto, 2012], decreasing towards keff=0.948 after 90 days of irradiation (i.e.
the cycle duration). After the first cycle, new fuel assemblies will be added step
by step, in order to obtain an equilibrium core with a fixed reactivity decrease
of about 1500 pcm during the cycle. The evolution of keff in the transition from
the BOL to the equilibrium Beginning-Of-Cycle (BOC) core is shown in Fig. 4.2.
About 7 cycles are needed to obtain equilibrium conditions.

The MYRRHA Subcritical Equilibrium Core

The MYRRHA subcritical equilibrium core is presented in Fig. 4.3. The core con-
sists of 72 fuel assemblies, arranged in 6 concentric zones of fuel with different
burn-up levels. The equilibrium core has a calculated keff=0.967 at BOC, decrea-
sing until 0.952 at EOC (End of Cycle). At the end of the cycle, 6 new assemblies
are loaded in the second zone. The other zones are reshuffled according to the
schedule presented in Fig. 4.4, and the fuel assemblies of zone 5 are discharged.
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Figure 4.2: Simulated time-evolution of keff from BOL to BOC (from [Sarotto et al., 2013]).

x 

x 

spallation target 
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fuel assembly zone 2 

fuel assembly zone 3 

fuel assembly zone 4 

fuel assembly zone 5 

fuel assembly zone 6 

IPS 

Pb-Bi reflector 
dummy assembly 

control rod 

YZrO reflector 
assembly 

Figure 4.3: MYRRHA-FASTEF subcritical BOC core at middle height [Malambu and
Stankovskiy, 2012; Sarotto, 2012]. The assemblies indicated by a cross are used in § 4.4
for incident scenario studies.
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Figure 4.4: Reshuffling scheme of the MYRRHA-FASTEF subcritical equilibrium core.

4.1.2 Case Studies during Normal Operation

In this chapter, the selected subcriticality monitoring techniques from § 1.3.8 are
tested for specific power ADS characteristics on the MYRRHA cores. First the PNS
area method will be checked as start-up monitoring technique on the Cold Zero
Power (CZP) core, i.e. the MYRRHA BOL core from Fig. 4.1 at room temperature.

Beyond the CZP state, no long beam interruptions are allowed any more during
normal ADS operation. Only a few long beam interruptions are allowed per
MYRRHA cycle, because they cause considerable thermal stresses in the structural
materials. The reactivity will be monitored by the Current-to-Flux (CTF) monitor,
eventually combined with short beam interruptions for reactivity recalibration. In
this work, the need for this recalibration is investigated between three important
states in ADS operation:

• during heating up of the core from CZP to Hot Full Power (HFP) on the BOL
core (temperature feedback)

• during the reaching of the equilibrium core, i.e. between the BOL and the
BOC core (core enlargement)

• during burn-up of an equilibrium core, i.e. between the BOC and EOC
equilibrium core (core composition and thus spectrum change)
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4.1.3 Calculational Tools and Methods

Two numerical codes are used for the simulation of the selected reactivity mea-
surement techniques for MYRRHA. The DALTON code (see § 2.6.1) is used for the
modelling of the PNS area method (see § 2.6.2) for start-up reactivity monitoring

of the MYRRHA core (see § 4.2). Considering the time-dependent character of
the simulations, the use of deterministic codes is recommended to reduce calcu-
lational costs. Moreover, as there is only one type of fuel assembly loaded in the
core, the analysed MYRRHA BOL core is considered homogeneous (apart from the
IPS). This allows the use of a diffusion code to understand the spatial dependence
of this experimental technique.

For the reactivity monitoring during operation (see § 4.3 and further sections),
static simulations are performed to investigate the CTF monitor. Therefore, pre-
cise Monte Carlo calculations are performed using MCNP(X) [MCNP Team, 2005;
Pelowitz, 2011]. Flux or fission rates in a fixed source subcritical core will be simu-
lated and compared to a reference keff value. Moreover, a mesh superimposed
on the geometry (TMESH card) allows the 3D interpretation of the SCF for the
different CTF experiment simulations.

4.2 Subcriticality Monitoring during Start-up

In Chapter 3 the different candidate reactivity monitoring techniques are tested
on the VENUS-F ADS. The PNS area method is selected for start-up reactivity
monitoring, rather than the ISJ method (see § 3.2.5). The reflector zone turned
out to be a suitable detector location (see § 4.6), given the conservative SCF value
(SCFarea < 1) and small spatial gradient of SCFarea in this region. In this section
the same method will be tested on the MYRRHA BOL core (at CZP) in order to
evaluate these conclusions for a power ADS.

4.2.1 Pulse Shapes

Similar to VENUS-F (see § 3.2.2) the PNS technique is simulated in DALTON by
introduction of neutron pulses (of 1 µs in the highest neutron energy group) in
the centre of the MYRRHA BOL core (see Fig. 4.1). The XYZ DALTON model of the
MYRRHA BOL core (keff=0.97205) is described in App. B, as well as the 6 energy
groups structure (representative for the MYRRHA spectrum) to perform the calcu-
lations. At steady state, i.e. after build-up of the delayed neutron contribution, the
pulse shapes found in the MYRRHA core are shown in Fig. 4.5 at several locations,
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for the highest (group 1, representative for threshold detectors) and the lowest
energy group (group 6, representative for thermal detectors).

The outer reflector is in this case located outside the MYRRHA core barrel,
whereas the inner reflector corresponds to the Pb-Bi and YZrO reflector assemblies
(see Fig. 4.1). The centre core location is in the middle of the fuel zone, not at an
IPS position.

Compared to the VENUS-F pulse shapes from Fig. 3.6 without bunker, the
MYRRHA PNS experiments will need about a 100 µs period (i.e. the time until
the prompt neutron chains from the pulse have decayed), twice as long as for
VENUS-F. The delayed neutron level of the thermal energy group (indicated by
the dashed line) does not vary in the MYRRHA core, whereas this level increases
further away from the centre of the core for the VENUS-F pulse shapes. Without
taking into account influencing (thermalising) elements outside the reactor, the
detector type influence on the PNS pulse shape is slightly smaller for the MYRRHA
core than for the VENUS core. The presence of the IPS does not affect the PNS
pulse shapes in the core.

Figure 4.5: Simulated PNS responses for different neutron energies at different loca-
tions along the X-axis (Y =Z=0 cm) in the MYRRHA BOL core (at CZP). The flux level
corresponds to a unit source strength implemented in the highest energy group during
the first time step of 1 µs.
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4.2.2 Spatial Correction Factors

The simulated SCF for the area method is shown for the detectors that monitor
the six energy groups of the MYRRHA BOL core model (see App. A) in Fig. 4.6
at centre height. The choice of the centre height for detector positioning for
start-up reactivity monitoring is motivated by modal analysis in § 2.2.2. Although
the MYRRHA spallation neutron source is not a point source, the modelling as a
point source in the centre core is an acceptable approximation for simulations
[Malambu and Stankovskiy, 2012], which motivates the choice of the centre plane
for detector positioning.

The behaviour of SCFarea for the MYRRHA BOL core is similar to the one of the
VENUS-F SC1 core (presented in Fig. 3.7 for the lowest energy group). Inside
a sphere in the centre of the core with radius 25 cm, SCFarea > 1. Outside this
sphere, the absolute reactivity value is (safely) underestimated (SCFarea < 11). For
higher energy groups, one notices a local decrease in SCF (still smaller than unity)
around the IPS locations.

For all energy groups, SCFarea shows a small gradient in the outer reflector,
varying from 0.96-0.97 for the highest energy group up to 0.97-0.99 for the lo-
west energy group. Therefore, with thermal detectors, the absolute reactivity is
underestimated by 3 % at maximum, i.e. 86 pcm on a value of 2875 pcm.

Similar to VENUS-F (see § 3.2.3), the profile of the MYRRHA SCFarea for the
PNS experiment can be explained by modal analysis. The typical shapes of the
MYRRHA eigenfunctions are similar to the ones of VENUS-F. Also the zero cros-
sings of the 9th eigenfunction (see Fig. 4.7) are for the MYRRHA core at about
the same radius from the centre of the core than for the VENUS-F core for the
different energy groups. This is due to the similar radial dimensions for fuel and
reflector of the considered VENUS-F and MYRRHA cores.

4.2.3 Recommendations for Subcriticality Monitoring during
Start-up

Based on PNS experiment simulations for the MYRRHA power ADS, we confirm
the conclusions from the zero-power VENUS-F experiment in § 3.2.5 for start-up

1For absolute measurement techniques (such as the area method), SCF<1 indicates an un-
derestimation of the true absolute reactivity level. Indeed, as defined in eq. (2.17), SCFarea=

ρarea
ρref

.

If SCFarea<1,
??ρarea

??<
??ρref

??, therefore via the area method, a keff value higher than the true one is
measured, which is a safe approach.
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reactivity monitoring. The reflector is the appropriate zone for detector positio-
ning during start-up. In that region, the gradient of the SCF for the area method
is small and SCFarea remains smaller than unity (a safe underestimation of the
absolute reactivity level) during core loading. Thermal detectors are most suitable
for the reactivity measurements (if no thermalising elements are present), as their
SCFarea is closest to (but smaller than) unity.

For the MYRRHA core, we can add that local perturbations in the fuel zone (such
as IPS) do not influence the global profile of the SCF for the PNS area method.
The first higher eigenmode with a maximum in the core remains a considerable
contributor to the full flux profile, and its zero crossing remains the boundary
between SCFarea smaller or bigger than unity.

111



4. Subcriticality Monitoring in a Power ADS

Figure 4.6: Simulated SCFarea for highest (i.e. group 1, top left) to the lowest (i.e. group 6,
bottom right) energy group in the MYRRHA BOL core at centre height. The black circle
indicates the MYRRHA core barrel.
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Figure 4.7: XY (z=0) plots of the 9th eigenfunction for each energy group of the MYRRHA
model of the BOL core, from the highest (top left) to the lowest (bottom right) energy
level. The black circle indicates the MYRRHA core barrel.
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4.3 On-line Subcriticality Monitoring during Normal

Operation

4.3.1 Aim and Method

In this section the evolution of the SCF of the CTF monitor is assessed during
normal operation. Therefore, SCFCTF is studied for the three phenomena during
normal operation, presented in § 4.1.2: temperature feedback, core enlargement
and core burn-up.

For each operational stage, the SCFCTF is examined for 3600 sampling points
in a 100x100 cm2 square in the centre plane of the MYRRHA core, as shown in
the next figures. For an ADS with source in the centre of the core, the midplane
is most suitable having the lowest SCFCTF (see Chapter 2, in particular § 2.3.2).
Due to the high computational time, it is difficult to obtain SCF values with an
acceptable uncertainty (smaller than 1 %) outside this square area. Deterministic
(mode) calculations show however the constant SCF value in the outer reflector if
no perturbation occurs in that region.

All reference reactivity values as well as CTF fission rates are obtained via MC-
NPX calculations (see § 4.1.3), using the MYRRHA-FASTEF model from [Stankovskiy
and Malambu, 2011] presented in [Malambu and Stankovskiy, 2012].

As detector signals can be combined for reactivity monitoring, 5 zones of de-
tector locations are identified: the outer reflector (outside the core barrel, 64
samples), the inner reflector (inside the core barrel, 64 samples), the complete
reflector (i.e. with the core barrel region, 256 samples), the core (i.e. without the
spallation target zone, 256 samples) and the total reactor (i.e. core and complete
reflector, 1024 samples).

This exercise is performed with as much as possible detector locations, in
order to define the SCF boundaries via the minimum and maximum values, and
to estimate the variance of the SCFs per zone. In reality, a limited number of
positions are available for monitoring because of practical and technological
constraints. Therefore, in-core instrumentation will become difficult to install in
the MYRRHA core [Vermeeren, 2015].

At the writing of this thesis, the detector type and operation mode for the
MYRRHA reactor are not yet defined. Most probably, fission chambers will be
chosen, seen their flexibility in mass, operation mode and spectrum [Vermeeren,
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2015]. Therefore, the reactivity monitoring is simulated in this section for a ther-
mal (U-235) and a threshold (Np-237) detector, to investigate the influence of the
detector spectrum on the SCFCTF .

4.3.2 From Cold Zero Power to Hot Full Power at Beginning Of Life

As a first step the CTF is assessed for the monitoring of the temperature feedback
effect during start-up, which causes a decrease on keff level. Suppose the reference
reactivity level is obtained (at room temperature) via the PNS technique (see
§ 4.2), by applying the proper SCF for the PNS technique. From this level the
reference proportionality coefficient c of the CTF technique can be obtained at
each position in the reactor via eq. (1.14).

The SCFCTF
2 to be applied on c is shown in Fig. 4.8 for the 2 detector types at

centre height, supposing
??ρCTF

??=
??ρref

??=2875 ± 5 pcm (calibrated) and
???ρ′ref

???=3696

± 5 pcm. The prime state concerns the new HFP reactivity level at the MYRRHA
operating temperatures (see [Malambu and Stankovskiy, 2012]). Without recal-
ibrating c , SCF varies between 0.95 and 1.03 for the U-235 detector, and from
below 0.9 to 1.03 for the Np-237 detector in the centre plane of the core.

Table 4.1 shows SCFCTF ,av for this case study for different detector types and
zones defined in § 4.3.1. The threshold detectors provide (unsafe) overestimations
of SCFCTF ,av by 1.1 % at maximum, whereas the thermal detectors overestimate
up to 2.2 %.

By monitoring with threshold detectors only in the core, the reactivity monito-
ring is almost correct (SCFCTF ,av=0.999) with a 0.011 standard deviation on the
SCF value. This location will be excluded however as a candidate monitoring zone,
due to practical constraints [Vermeeren, 2015]. Therefore, the (inner) reflector
zone will be chosen. In this region SCFCTF ,av=1.011 for threshold detectors, which
means an unsafe overestimation of the absolute reactivity decrease by 41± 7 pcm.
On the reference reactivity of 3696 ± 5 pcm in the prime state, this means an error
of 1.1 %.

The temperature feedback effect would not be noticed at locations where
ρCTF

ρ′CTF
=1, i.e. at locations where SCFCTF ,av=

ρref

ρ′ref
, being 1.344. This will nowhere

be the case.

2SCFCTF is defined in eq. (2.48). SCFCTF > 1 indicates in this case an unsafe overestimation of
the new absolute reactivity value, SCFCTF < 1 a safe underestimation.
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Figure 4.8: SCFCTF for the MYRRHA BOL core temperature feedback at centre height,
for a U-235 (top) and Np-237 detector (bottom). The maximum relative uncertainty on
SCFCTF is 1 %. The black circle indicates the MYRRHA core barrel.
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Reactor Zone U-235???ρ′CTF ,av

??? SCFCTF ,av σ max min

outer reflector 3770 1.020 0.004 1.031 1.012
inner reflector 3777 1.022 0.004 1.029 1.013
total reflector 3774 1.021 0.004 1.031 1.008

core 3751 1.015 0.011 1.029 0.985
total reactor 3774 1.021 0.007 1.034 0.985

Np-237???ρ′CTF ,av

??? SCFCTF ,av σ max min

outer reflector 3737 1.011 0.007 1.029 0.994
inner reflector 3737 1.011 0.003 1.016 1.002
total reflector 3737 1.011 0.005 1.029 0.994

core 3692 0.999 0.011 1.011 0.954
total reactor 3729 1.008 0.008 1.029 0.954

Table 4.1: Overview of SCFCTF between the CZP core (
??ρref

??=2875 ± 5 pcm) and the HFP

BOL core (
???ρ′ref

???=3696 ± 5 pcm) in the centre plane of the MYRRHA core for a U-235

(thermal) and Np-237 (threshold) detector. For the different reactor zones, the average
SCF and its standard deviation σ is given, as well as the minimum and maximum SCF
value.

4.3.3 From Beginning Of Life to Begining Of Cycle

Before reaching the MYRRHA equilibrium core (from Fig. 4.3), different cores
with increasing amount of fuel assemblies (and increasing fuel burn-up) are
loaded. The evolution of keff for these cores is shown in Fig. 4.2. The monito-
ring of the increase in keff between the first (BOL, calibrated e.g. via source jerk,
??ρCTF

??=
??ρref

??=3696 ± 5 pcm) and last (BOC,
???ρ′ref

???=3193 ± 5 pcm) core at power,

before reaching equilibrium, is evaluated by SCFCTF in Fig. 4.9 for both thermal
(U-235) and threshold (Np-237) detectors.

In this case, a different behaviour is noticed between thermal and threshold
detectors. Whereas the U-235 detectors unsafely overestimate the increase in keff

(SCFCTF ,av > 1, up to 1.612 in the core), the Np-237 detectors show SCFCTF ,av lower
and higher than unity in the different reactor zones.

Table 4.2 shows the average SCFCTF for different detector types and zones. The
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average of the set of threshold detectors in the outer reflector provides the re-
activity level correctly (SCFCTF ,av=0.991), although the difference between the
minimum and maximum SCF is considerable. At locations with SCFCTF=

ρref

ρ′ref
=1.16

(e.g. in the core with a thermal detector), the change in reactivity is not detected.

Figure 4.9: SCFCTF from the MYRRHA BOL to BOC core, at centre height, for a
U-235 (top) and a Np-237 (bottom) detector. The maximum relative uncertainty
on SCFCTF is 1 %. The black circle indicates the MYRRHA core barrel.
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Reactor Zone U-235???ρ′CTF ,av

??? SCFCTF ,av σ max min

outer reflector 3397 1.064 0.007 1.082 1.047
inner reflector 3487 1.092 0.024 1.177 1.069
total reflector 3429 1.074 0.017 1.177 1.047

core 3864 1.210 0.148 1.612 1.082
total reactor 3605 1.129 0.103 1.612 1.047

Np-237???ρ′CTF ,av

??? SCFCTF ,av σ max min

outer reflector 3164 0.991 0.017 1.031 0.954
inner reflector 2944 0.922 0.030 0.983 0.860
total reflector 3081 0.965 0.036 1.042 0.860

core 3238 1.014 0.131 1.192 0.761
total reactor 3129 0.980 0.085 1.192 0.761

Table 4.2: Overview of SCFCTF between the BOL core (
??ρref

??=3696 ± 5 pcm) and the

BOC equilibrium core (
???ρ′ref

???=3193 ± 5 pcm) in the centre plane of the MYRRHA core,

for a U-235 (thermal) and Np-237 (threshold) detector. For the different reactor zones,
the average SCFCTF and its standard deviation σ is given, as well as the minimum and
maximum SCF value.

4.3.4 Monitoring the burn-up of an equilibrium cycle

During a MYRRHA equilibrium cycle, the reactivity decreases from
??ρref

??=3193

± 5 pcm (BOC) to
???ρ′ref

???=4987 ± 5 pcm (EOC). The impact on SCFCTF is shown in

Fig. 4.10 for the two different detector types at centre height.

Although the reactivity variation is considerably higher in this case than be-
tween the BOL and BOC cores (in § 4.3.3), SCFCTF slightly smaller than unity (a
safe approach) is found, except close to the centre of the core.
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Figure 4.10: SCFCTF between BOC and EOC of the MYRRHA equilibrium core, in the
MYRRHA centre plane, for a U-235 (top) and a Np-237 (bottom) detector. The maximum
relative uncertainty on SCFCTF is 1 %. The black circle indicates the MYRRHA core barrel.

Table 4.3 shows SCFCTF in different zones of the MYRRHA core with different
types of detectors. One notices a similar behaviour of both detectors in the diffe-
rent regions of the reactor. The average SCFCTF varies between 0.971 and 0.982 for
a U-235 detector, and between 0.981 and 0.989 for a Np-237 detector. A noticeable
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difference between the reactor core and the reflector can be found, due to the
higher gradient of SCFCTF in the centre of the core. Therefore, for both detectors,
the smallest standard deviation for SCFCTF can be found in the (inner) reflector
(σ=0.004).

For this case, threshold detectors in the inner reflector are the optimal choice,
as they safely underestimate the decrease in absolute reactivity by 55 pcm.

Reactor Zone U-235???ρ′CTF ,av

??? SCFCTF ,av σ max min

outer reflector 4892 0.981 0.005 0.990 0.966
inner reflector 4897 0.982 0.003 0.991 0.973
total reflector 4897 0.982 0.004 0.994 0.966

core 4842 0.971 0.011 0.983 0.929
total reactor 4882 0.979 0.008 0.998 0.929

Np-237???ρ′CTF ,av

??? SCFCTF ,av σ max min

outer reflector 4912 0.985 0.008 1.003 0.969
inner reflector 4932 0.989 0.003 0.998 0.983
total reflector 4922 0.987 0.006 1.004 0.969

core 4892 0.981 0.018 0.996 0.896
total reactor 4922 0.987 0.010 1.004 0.896

Table 4.3: Overview of the SCFCTF for burn-up monitoring between BOC (
??ρref

??=3193 ± 5

pcm) and EOC (
???ρ′ref

???=4987 ± 5 pcm) in the centre plane of the MYRRHA core for a U-235

(thermal) and Np-237 (threshold) detector. For the different reactor zones, the average
SCFCTF and its standard deviationσ is given, as well as the minimum and maximum SCF
value.

4.3.5 Role of the Interim Cross-checking of the Absolute Reactivity
Level

At the time of writing of this thesis, the MYRRHA accelerator beam interruption
time and frequency still need to be specified. If a short beam interruption could
be repeated on the continuous MYRRHA beam, the source jerk method (see §
1.3.2) is a candidate for interim cross checking. This method allows the operator
to obtain an absolute reactivity value (in dollars). The applicability of this method
on a power ADS depends however on several issues.
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At first, the maximum allowable beam interruption time needs to be defined.
This time is limited by the maximum allowable thermal stresses in the core and
structural materials. As the beam for the source jerk method behaves inversely to
the PNS method, we can conclude that for the actual MYRRHA model (defined
in App. B), a beam interruption time of 200 µs could be sufficient (see Fig. 4.6).
This model however does not take into account the thermalising elements out-
side the core, which can considerably influence the beam interruption time (see
the bunker effect in VENUS-F, Fig. 3.6). This effect could be reduced by using
threshold detectors.

Secondly, the time for the beam to restore to its initial level plays a role. The
beam should be stable again after interruption before a next beam interruption
can be performed. This stabilisation time determines the source jerk period, i.e.
the beam interruption time and the time to restore the beam to its original stable
level.

Thirdly, the frequency of the beam interruption is under study. Depending on
the number of beam interruptions needed for sufficient statistics, this parameter
determines the time needed for an interim reactivity cross-check. The measure-
ment time will, seen the nature of the method, always be significantly longer than
the time needed to measure the current-to-flux ratio.

Finally, the required measurement time for acceptable accuracy depends also
on the type and position of the detector, and its efficiency. Therefore, the related
conclusions from VENUS-F on the required measurement time for the SJ method
(see § 3.4.4) cannot directly be extrapolated to MYRRHA.

The spatial dependence of the source jerk method (see § 2.4.2) is similar to the
PNS area method, developed in § 4.2.2 for the MYRRHA BOL core. Also for other
cores (e.g. the BOC core), one expects the same behaviour of SCFarea, and thus
also for SCFSJ .

One concludes that at this time, it is too early to draw conclusions about the
importance of the source jerk method for absolute reactivity cross-checking. It
is in any case useful to estimate SCFCTF not only during normal operation, but
also in incident conditions. Although specific instrumentation is foreseen to
detect incidents, it is useful to know how the reactivity monitor reacts on different
incident scenarios. This question is studied in the next section.
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4.4 Robustness of the Reactivity Monitoring against

Incident Scenarios

In this section, the ability of the CTF monitor to detect and identify incidents in
a power ADS is checked. From a safety point of view, the maximum operational
subcriticality level is limited by the maximum positive reactivity insertion during
incidents (see § 1.6.1) in order to avoid criticality and large power excursions
through source multiplication. The role of reactivity monitoring in incident con-
ditions is therefore different for power ADS than for critical power reactors: in
addition to other instrumentation, the CTF monitor could help to detect abnormal
situations, and to understand the response of detectors to an incident scenario.

In order to understand the behaviour of the CTF monitor during incident sce-
narios, three classes of incident scenarios are studied: a local perturbation in the
reflector (see § 4.4.1), a local perturbation in the core (see § 4.4.2) and a global
perturbation without reactivity change (see § 4.4.3). All scenarios are applied on
the MYRRHA EOC core (

??ρref

??=4987 ± 5 pcm, determined by MCNPX criticality
calculations) as example.

4.4.1 Control Rod Expulsion

One of the incident scenarios studied for the MYRRHA core is the control rod
expulsion. In normal operation, the MYRRHA control rods are latched below the
core. When the control system fails, the control rod is propelled by buoyancy
forces upwards completely through the core until the upper plenum, as it is lighter
than LBE.

As a first study, the effect of one expulsed control rod (indicated by a cross in
Fig. 4.3) is studied here. This incident scenario (e.g. in the EOC core) corresponds
to a positive reactivity insertion∆ρref of 81 ± 7 pcm.

The measured change in reactivity∆ρCTF for this incident is shown in Fig. 4.11
for a thermal and threshold detector at centre height. Both detectors show the
same behaviour, i.e. an unsafe underestimation of the reactivity increase (SCFCTF

> 1) in the core, a (safe) overestimation of the reactivity increase (SCFCTF < 1) close
to the perturbation in the outer reflector, and an (unsafe) underestimation of the
reactivity increase (SCFCTF > 1) far away from the perturbation in the reflector.

The effect of combining detector signals is shown in Table 4.4. For each detec-
tion zone, the average reactivity change is calculated. All zones provide with both
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4. Subcriticality Monitoring in a Power ADS

detector types a good monitoring of the reactivity insertion, i.e. maximum of 42
pcm error on
??ρref

??=4987 pcm (i.e. 0.9 %). The incident in the outer reflector can
be identified by a larger spread in outer reflector SCFCTF values for both detectors.
Close to the perturbation, SCFCTF is significantly smaller than unity.

Figure 4.11: Measured change in reactivity ∆ρCTF after control rod expulsion in the
MYRRHA equilibrium core at EOL, at centre height, for a U-235 (top) and a Np-237
(bottom) detector. The maximum relative uncertainty on∆ρCTF is 1 %. The black circle
indicates the MYRRHA core barrel.

124



4.4. Robustness of the Reactivity Monitoring against Incident Scenarios

Reactor Zone U-235 Np-237

outer reflector +76 +81
inner reflector +66 +61
total reflector +71 +66

core +42 +42
total reactor +61 +56

Table 4.4: Overview of the average reactivity increase∆ρCTF ,av in the different reactor
zones for the monitoring of a CR expulsion (∆ρref=+81 ± 7 pcm) in the centre plane of
the MYRRHA EOC core for a U-235 (thermal) and Np-237 (threshold) detector.

4.4.2 IPS Sensitivity

In order to study a case of a positive reactivity insertion in the centre of the
MYRRHA core, the IPS indicated by a cross in Fig. 4.3 is replaced by LBE in the
equilibrium core at EOC. This incident scenario (e.g. in the EOC core) corresponds
to a positive reactivity insertion∆ρref of 161 ± 7 pcm.

The related measured change in reactivity∆ρCTF for this incident is shown in
Fig. 4.12 for a thermal and a threshold detector at centre height. Only close to the
perturbation a considerable overestimation of the reactivity increase is measured.

The combination of signals leads for both detector types to an acceptable mo-
nitoring of the reactivity change, presented in Table 4.5. The incident can be
identified by a contradictory behaviour of thermal and threshold detector close
to the perturbation.
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Figure 4.12: Measured change in reactivity∆ρCTF after a positive reactivity insertion in
the MYRRHA equilibrium core at EOL, at centre height, for a U-235 (top) and a Np-237
(bottom) detector. The maximum relative uncertainty on∆ρCTF is 1 %. The black circle
indicates the MYRRHA core barrel.
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4.4. Robustness of the Reactivity Monitoring against Incident Scenarios

Reactor Zone U-235 Np-237

outer reflector +151 +166
inner reflector +166 +161
total reflector +161 +166

core +151 +166
total reactor +161 +166

Table 4.5: Measured change in average reactivity∆ρCTF ,av in the different reactor zones
for the monitoring of an ADS source height increase (∆ρref=0 pcm) in the centre plane of
the MYRRHA EOC core for a U-235 (thermal) and Np-237 (threshold) detector.

4.4.3 Source Height Variation

Not only reactivity variations need to be interpreted correctly by the CTF monitor.
Also incident scenarios without reactivity changes need to be identified. In this
paragraph the influence of a source height increase of 5 cm (e.g. after beam
window break, see [Keyers, 2010]) is studied for the MYRRHA EOC core.

The influence of this incident on the estimated reactivity is shown in Fig. 4.13 for
both a thermal and a threshold detector at centre height. This incident is charac-
terised by a homogeneous small increase of the measured reactivity through the
complete core (except close to the spallation source), also shown by the average
values∆ρCTF ,av in the different reactor zones in Table 4.6.
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Figure 4.13: ∆ρCTF after a source height increase in the MYRRHA equilibrium core at
EOL, at centre height, for a U-235 (top) and a Np-237 (bottom) detector. The maximum
relative uncertainty on the ∆ρCTF is 1 %. The black circle indicates the MYRRHA core
barrel.
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4.5. Discussion

Reactor Zone U-235 Np-237

outer reflector +35 +50
inner reflector +55 +60
total reflector +45 +55

core +60 +65
total reactor +55 +60

Table 4.6: Overview of∆ρCTF ,av for monitoring a source height variation in the centre
plane of the MYRRHA EOC core (∆ρref=0) for a U-235 (thermal) and Np-237 (threshold)
detector.

4.5 Discussion

A combination of relative reactivity monitoring via the CTF monitor and abso-
lute measurements via the SJ method is investigated in this thesis for reactivity
monitoring during operation of an ADS. For the MYRRHA ADS, the feasibility of
reproducible stable short accelerator beam interruptions is still under discussion
today. Therefore, in this chapter the accuracy of the CTF monitor is checked
during different stages of operation without recalibration to determine the bound-
aries of the measurement accuracy.

For the MYRRHA ADS, the CTF monitor provides good reactivity estimates
(without recalibration) by intelligent detector positioning. Indeed, for the different
phases of operation, (average) SCFCTF close to unity can be found, when detectors
are simulated in the complete centre plane of the MYRRHA core. In reality, the
installed number of detectors will be limited by practical constraints and the
required accuracy of the measurement.

To deal with the limitation in number of detectors in a conservative way, the
extreme SCF value in the considered detection zone is applied as a boundary.
For the three stages considered for normal operation, this is SCFCTF=0.860 (for
a threshold detector in the outer reflector core enlargement case, see Table 4.2),
indicating an absolute estimated reactivity value of 2746 pcm instead of 3193 pcm,
i.e. 447 pcm error in monitoring. Therefore, 500 pcm could be a suitable order of
magnitude for the accuracy of the CTF monitoring in the MYRRHA core during
ADS operation without any recalibration, independent of the detector type.

This first estimation of the accuracy of the CTF monitor shows the methodology
to follow, but needs of course to be finetuned. If possible, the accuracy value could
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4. Subcriticality Monitoring in a Power ADS

be reduced by interim cross-checking of the absolute reactivity value. Moreover,
once the detailed MYRRHA core design is available, this work can be performed
in detail, and the evolution of the estimated reactivity during operation can be
simulated with additional intermediate steps.

The identification and quantification of reactivity incidents in § 4.4 are more
complicated than the normal reactivity monitoring presented in § 4.3. In this
work, three types of incident scenarios are studied to show the reaction of the
reactivity monitor to each of them. We conclude that thanks to a combination
of detector signals at different locations, one is able to identify each of these
scenarios.

In reality, too much detectors are required to identify (and quantify) each in-
cident scenario (only 3 typical scenarios are studied here). Moreover, specific
instrumentation is foreseen to detect the considered types of incidents. This
exercise shows however the behaviour of the CTF monitor of each of the types
of incidents. If needed, detectors could be installed in such a way to identify a
specific type of incident, complementary to other instrumentation.

4.6 Conclusion

In this chapter the reactivity monitoring is investigated for the operation of a
power ADS. Different positions and types of detectors are investigated to set-
up a monitoring tool for the MYRRHA ADS. In order to assure robust reactivity
monitoring, the combination of detector signals in a specific reactor zone is
recommended.

For the start-up of MYRRHA at CZP (keff=0.97205), the same conclusions can be
drawn as for the zero power VENUS-F ADS. The outer reflector in the centre plane
of the reactor is the appropriate zone for detector positioning given the small
spatial gradient in the SCF. In this region the absolute reactivity level (in pcm) is
(safely) underestimated by maximum 3 % (i.e. 86 pcm on a reference absolute
reactivity of 2875 pcm), using thermal detectors. Using threshold detectors, SCFs
closer to unity are found, indicating a lower (but still safe) underestimation of the
absolute reactivity level. The use of threshold detectors is however recommended,
as it avoids the issue of thermalising elements (see Chapter 3).

For the reactivity monitoring during operation, the use of both thermal and
threshold detectors is studied in different zones of the reactor. During the three
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phases of operation of a power ADS, the detector recommendations are shown in
Table 4.7, excluding the core as detector location zone for practical reasons. Using
the appropriate detector type in the inner or outer reflector zone, the (absolute)
reactivity can be correctly monitored or the SCFCTF is slightly (safely) smaller than
unity, except for the temperature feedback case. During temperature increase, the
reactivity decrease is unsafely overestimated by 1.1 % (i.e. 41 pcm on a reference
level of 3737 pcm).

Operation Phase
??ρref

??
???ρ′ref

??? Detectors Positioning
??ρ′CTF

?? SCFCTF (σ)

Temperature feedback 2875 3696 THR Inner refl. 3737 1.011 (0.003)
Core enlargement 3696 3193 THR Outer refl. 3164 0.991 (0.017)

Fuel burn-up 3161 4987 THR Inner refl. 4932 0.989 (0.004)

Table 4.7: Overview of the detector type and positioning choice for optimum reactivity (ρ
in pcm) monitoring of the MYRRHA full-power ADS during different phases of operation.
??ρref

?? is the calibrated absolute reactivity at the beginning of the phase,
???ρ′ref

??? and
??ρ′CTF

??

are respectively the true and the CTF reactivity at the end of the phase. THR = Threshold
detector, TH = Thermal detector. All detectors are foreseen to be positioned in the centre
plane of the core.

If no SJ reactivity cross-checking can be applied, as a first approach, a conser-
vative boundary of 500 pcm is proposed on the measured CTF reactivity during
operation without correction. This value is derived from the maximum SCF value
found in the MYRRHA reflector, during operation. To improve the accuracy of
the measurement, a set of detectors is recommended in the reflector region. The
number of detectors will however be determined by practical constraints.

The importance of the CTF monitor accuracy within the monitoring system
will depend on the role of the Source Jerk (SJ) (absolute re-calibration) technique
specifications. More information about the accelerator beam is required in order
to estimate the required time for a precise absolute reactivity re-estimation. The
spatial dependence of the SJ method is similar to the PNS area method.

Complementary to normal operation, the CTF monitor could help to detect and
locate incidents. For that purpose three types of incident scenarios are studied: a
local perturbation in the reflector, a local perturbation in the core (both leading to
a reactivity increase) and the monitoring of an incident without reactivity change.
The way in which these incidents can be detected and quantified is shown in
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Table 4.8.

In reality, a considerable set of detectors will be required at different locations
in the reactor to identify (and quantify) the different incident scenarios. Therefore,
other instrumentation is installed. This exercise could however help to understand
the behaviour of the reactivity monitoring tool on incident scenarios. Moreover,
if needed, a detector could be installed at a specific location to identify one type
of incident (e.g. as a back-up in case other instrumentation fails).

Incident ∆ρref Detectors Identification ∆ρCTF

CR expulsion +81 THR/TH Close to pert. +81
IPS ejection +161 THR Close to pert. +161

Window break 0 TH/THR Global change +35

Table 4.8: Overview of the detector type, identification zone, and detector positioning for
optimum reactivity variation (ρ in pcm) monitoring of incident scenarios in the MYRRHA
power ADS EOC core (

??ρ
??=4987 pcm). THR = Threshold detector, TH = Thermal detector.

All detectors are foreseen to be positioned in the centre plane of the core. Incidents can
be identified close to the perturbation or globally in the core.
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This thesis provides a methodology and set-up of a robust reactivity monitoring
tool for Accelerator-Driven Systems (ADS), in order to guarantee a safe margin to
criticality. The robustness of the reactivity monitoring tool is defined in different
fields: the choice of the measurement techniques, the evaluation methods to
derive the reactivity from experimental data and the detector type and positioning.

Major achievements in this work are the analytical development of Spatial
Correction Factors (SCFs), to be applied on the reactivity value obtained via point
kinetics evaluation methods. Thanks to modal analysis, one is able to understand
the behaviour of SCFs in a subcritical core and identify robust detector positions.

Modal analysis and experiment simulations are compared to experimental
values from the VENUS-F ADS. The outcome of this work provides valuable infor-
mation to set up detector positioning rules for zero-power ADS. Moreover, as a
final step, an extrapolation towards a power ADS is made, in order to study the
effect of specific full-power issues (such as temperature feedback and burn-up)
on reactivity monitoring.

5.1 Conclusions

The Choice of Static Evaluations of the Selected Measurement Techniques

Based on an evaluation of the existing measurement techniques and experience
feedback from the previous European project MUSE, a combination of different
experimental techniques is proposed for ADS reactivity monitoring during all
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stages of operation. The Pulsed Neutron Source (PNS) is selected as absolute
reactivity measurement technique for the start-up phase (i.e. from core loading
until 1 % of full power). The Current-to-Flux (CTF) relative reactivity monitor
is the candidate for reactivity monitoring during operation (i.e. from 1 % of
full power on, no long beam interruptions allowed). As the CTF monitor can
only detect changes in reactivity, the short Source Jerk (SJ) interim cross-checking
technique is included in the reactivity monitor. This proposal is successfully tested
on the VENUS-F zero-power ADS during the GUINEVERE and FREYA European
Framework Programmes.

To derive the reactivity value from the experimental results, static evaluation
methods are used in this work: the area method for start-up, the static CTF method
during operation and the static SJ method for interim cross-checking of the ADS
reactivity. These methods are supposed to be more robust, as they do not depend
on the knowledge of kinetic parameters (e.g. the neutron generation time).

The interpretation of the experimental results from VENUS-F using these me-
thods is succesfully validated for the first experimental campaigns on VENUS-F.
Thanks to a reference VENUS-F critical core, the experimental results can be
compared to a subcriticality level obtained by an alternative methodology (i.e. a
combination of the rod drop and Modified Source Multiplication (MSM) method).
Moreover, an extrapolation exercise on the MYRRHA power ADS is performed by
simulations in order to investigate the performance of the monitoring methodo-
logy, taking into account specific power effects.

Modal Analysis of the SCFs for Robust Detector Locations

The evaluation methods proposed in this thesis are based on point kinetics and
need to be corrected with SCFs to obtain the correct reactivity value. Static modal
analysis is applied in this work to derive analytical expressions of SCFs for the se-
lected experimental techniques. The DALTON diffusion code is extended to both
simulate the selected experimental techniques and perform the modal analysis
of subcritical cores.

The first higher eigenmode with a maximum in the centre of the core is impor-
tant for the modal analysis to study the detector positioning of ADS with source
in the centre of the core. In the VENUS-F and MYRRHA ADS, this is the 9th mode,
showing one zero crossing at about 20-25 cm from the centre of the core. This
mode has a considerable contribution to the total flux of typical ADS core designs,
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and also to the SCF of the different selected evaluation methods. Moreover, other
higher modes with a maximum in the centre of the core (with more zero crossings)
have the same zero crossing location as the 9th mode.

For absolute reactivity measurements, the location without any spatial cor-
rection (SCF=1) is located at the zero-crossing of the 9th mode. Indeed, at this
position, the contribution to the SCF of modes with a high contribution to the
full flux (and SCF) is eliminated, and the relative contribution of the fundamental
mode to the total flux increases. The zero crossing position of this mode identifies
the boundary between a SCF< 1 (a safe underestimation of the absolute reactivity
value) and SCF > 1 (an unsafe overestimation of the absolute reactivity value).

Robust detector locations for absolute reactivity measurement techniques are
not necessarily locations with SCF=1 for the different experimental methods. A
better criterion is the spatial gradient of the SCF. Therefore, we will look for zones
with a low gradient in SCF, and with SCF < 1, preferably close to unity if one wants
to avoid to calculate correction factors. Moreover, for the relative CTF monitor,
the small shift of the zero crossing of the 9th mode between two states can cause
high spatial gradients of SCFCTF close to the zero crossing location of this mode.
As a consequence, this location is not robust for relative reactivity monitoring.

As a general rule, all proposed detector positions are in the same plane as the
ADS source, i.e. (close to or) at the centre height of the core. At this height, the
SCFs are closest to unity.

Reactivity Monitoring Tool Specifications for ADS Start-up

For the start-up phase of an ADS , the reflector zone is the recommended zone
for detector locations. During core loading, SCFarea is significantly smaller than
unity (i.e. a safe underestimation of the absolute reactivity value), rising with
increasing subcriticality level. As SCFarea=0.96-0.97, the absolute reactivity level
in the VENUS-F SC1 core (

??ρ
??=3709 pcm, a typical subcriticality level for ADS

operation) is safely underestimated by 111-148 pcm.

Experimental results from VENUS-F show a clear influence of local thermalising
elements (in this case the VENUS-F bunker) on the profile of SCFarea. This issue
can be avoided by the use of threshold detectors, but no experimental results
with this type of detector are available yet.

Moreover, thermalising elements extend the required pulse period for the area
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method. Typical values for the area method are between 200 and 500 µs. Periods
up to 1 ms are needed to reach the delayed neutron level for the area method,
if thermalising elements are present. This increases the measurement time for
good statistics, in particular for zero-power ADS or at deep subcritical states.

For the MYRRHA ADS, the same conclusions are found, with similar SCFarea

values for the (outer) reflector.

Reactivity Monitoring Specifications for ADS Operation

The reactivity monitoring tool for an ADS during operation comprises the relative
CTF monitor and the SJ interim cross-checking method. Depending on the beam
interruption capability of a full power ADS accelerator, interim cross-checking of
the absolute reactivity level is possible via the SJ method. The CTF monitor can
be recalibrated using this information.

MYRRHA is used as a case study for the static CTF monitor, taking into account
the power ADS reactivity monitoring during normal operation. Three stages of
operation are identified: the monitoring of the temperature feedback during
heating of the core, the core enlargement during the first MYRRHA cores, and the
monitoring of the burn-up of the MYRRHA equilibrium core.

Based on deviations from unity of SCFCTF ,av, the core is the optimum location
to monitor temperature feedback, whereas the reflector is the optimum location
for core enlargement and burn-up monitoring. SCFCTF ,av values between 0.989
and 0.999 are found, with standard deviationσ=0.005-0.017. This corresponds to
deviations of the measured reactivity from the real value of maximum 0.9 % for
the three stages of operation.

For technical reasons, it will be difficult to install detectors inside the MYRRHA
core. If for all stages of operation the reflector zone is chosen for CTF monito-
ring, one should take into account a positive SCFCTF = 1.011 (σ=0.005) for the
monitoring of temperature feedback, i.e. an unsafe overestimation by 41 pcm of
the absolute reactivity increase of 821 pcm (i.e. 1.1 % on the HFP reactivity).

The variance σ on SCFCTF ,av is calculated supposing a number of detectors
corresponding to the mesh grid in the simulations (e.g. 64 for the outer reflector).
In reality, the number of detectors will depend on the required accuracy of the
reactivity monitoring tool and the reliability of the detectors. Using a limited
number of detectors, it is recommended to take the most extreme SCFCTF value
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in the reflector as a boundary for the CTF reactivity without recalibration. This
value is 0.860 (threshold detector in the outer reflector core enlargement case,
see Table 4.2), indicating an absolute reactivity value of 2746 pcm instead of 3193
pcm, i.e. 447 pcm error in monitoring. Therefore, 500 pcm could be a suitable
order of magnitude for the accuracy of the CTF monitoring in the MYRRHA core
during ADS operation without any recalibration, independent of the detector
type. The use of threshold detectors is however recommended to avoid the effect
of thermalising elements.

The combination of many detector signals will be needed for the identification
of reactivity incidents in MYRRHA. Specific (more straightforward) instrumenta-
tion is foreseen to identify the different incident scenarios. In case of a specific
incident that needs follow-up by the reactivity monitoring tool, a dedicated de-
tector can be installed, e.g. close to the perturbation.

Finally, the spatial dependence of the static SJ interim cross-checking method
is similar to the PNS area start-up monitoring method, and the outer reflector
is thus the preferred location. The beam interruption time at power needs to be
minimised to reduce thermal stresses in the ADS. This is an additional motivation
for the use of threshold detectors, similar to the PNS area method.

5.2 Recommendations

Required Accuracy of the Reactivity Monitoring Tool

The ADS reactivity monitoring tool will have different final specifications de-
pending on the safety function it fullfills. If the safety function of the reactivity
monitoring tool is related to normal operation, the number of detectors deter-
mines the accuracy of the measurement. If many detectors are installed, one is
also able to identify different incidents by studying the response of each detector
(group) to the simulated incident. For the latter purpose, it is obvious that other
(more straightforward) detection systems will be installed.

Another question related to the measurement accuracy concerns the use of
the SCFs for the different methods used for reactivity monitoring. Will they be
applied as an envelope to determine the uncertainty margin to be applied on the
non-corrected reactivity value, or will they be calculated and applied on the non-
corrected value? In the latter case an uncertainty on the calculational tools and
models will be taken into account. These licensing questions need to be clarified
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before making conclusions about the accuracy of the reactivity measurement tool.
The higher the accuracy, the higher the allowed operational keff level, which is
beneficial for the operational cost of the ADS.

Importance of the Interim Cross-Checking Technique

At the time of writing, it is not yet clear if (and how frequent) the accelerator
beam of a power ADS can be interrupted to perform the static SJ evaluation of the
absolute reactivity level. An important factor is also the beam restoration time, i.e.
the time the beam needs to restabilise at its original level. This time determines
the period of the interruptions.

The performance of the static SJ method determines the importance of the
CTF monitor. If short beam interruptions can be continuously performed with
a reasonable period of interruption, absolute reactivity measurement are often
available during operation of the ADS. The availability depends on the number of
repetitions to achieve satisfying precision on the non-corrected reactivity value.
The importance of the CTF monitor decreases if frequent recalibrations of the
CTF monitor can be performed on-line. The safety function of the CTF monitor
is in that case limited to the quick detection of abnormal events. Needless to say
that also the SJ interim cross-checking method is subject to its own SCFs.

Additional Measurements on VENUS-F

As an outcome of this work, several conclusions are drawn from simulations on
VENUS-F, which can be validated with additional measurements on VENUS-F that
are currently ongoing or planned. At first, measurements with threshold detectors
can be performed to check the sensitivity of the SCFs to thermalising elements.
Also measurements at different subcriticality levels are foreseen to check the
start-up reactivity monitoring approach. A sound validation of simulations is
indispensable for the licensing of the reactivity monitoring tool.

Secondly, different aspects proper to power ADS need special attention, and
are envisaged for (representative) experiments in VENUS-F: inhomogenities such
as IPS, core enlargement exercises, and the simulation of burn-up. Finally, the
simulations in this work are performed using a general MYRRHA design, and two
types of detectors. Specific calculations should be performed with the final design
of the ADS, taking into account the selected detector design. Special attention
should be paid to new design changes that can affect the behaviour of the SCFs.
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A
THE VENUS-F MODELS IN DALTON

This appendix describes the calculational models of the VENUS-F core used in
the DALTON diffusion code, which is presented in § 2.6.1. Both the geometry de-
scription as well as the methodology to generate the cross sections are discussed.

A.1 Geometry Description

Two models of VENUS-F are made in order to perform modal analysis and experi-
ment simulations with the DALTON code. The first (basic) model comprises the
reactor only, as described in § 1.5.3. The second model extends the first one with
the (approximately modelled) VENUS-F barite bunker surrounding the reactor.
The model is not accurate, but represents the main elements that determine the
VENUS-F reactor physics parameters (for subcriticality monitoring).

Because of the square geometry of the VENUS-F assemblies, a cartesian (XYZ)
model structure is applied. Therefore a square lead reflector outside the 12x12
grid is applied in this approximated model equivalent (i.e. with a similar average
outer reflector thickness) to the cylindrical outer reflector. The vacuum in the
beam line is not modelled, and the 4 central assemblies are completely filled by
lead reflector. The number of cells is chosen in such a way to obtain at least 3 cells
per fuel assembly along the X and Y axis. The number of cells is limited to allow
time-dependent calculations with DALTON in a reasonable calculational time.
The basic model therefore consists of 75645 (41x41x45) cells, the extended model
of 557685 (81x81x85) cells.

The structure of the VENUS-F geometry in DALTON is shown in Fig. A.1 for the
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extended model. A detail zoom on the core at different heights is shown in Fig.
A.2.
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A.1. Geometry Description

Figure A.1: Extended VENUS-F model for calculations in DALTON: vertical cut (y=0 cm,
top figure) and horizontal cut (z=0 cm, bottom figure) at middle height. The gridlines on
the plot correspond to the cells of the model.
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Figure A.2: VENUS-F Reactor model for calculations in DALTON: horizontal cuts at z=-39
cm (bottom reflector, top figure), at middle height z=0 cm (reactor core, middle figure)
and at z=39 cm (top reflector, bottom figure). The gridlines on the plot correspond to the
cells of the model.
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A.2 Cross Section Generation

The cross sections of VENUS-F used for DALTON calculations are determined
similar to the ones used for VENUS-F simulations with other deterministic codes
(e.g. [Bianchini et al., 2010]). The ECCO module of ERANOS [Rimpault, 2002] is
used. For DALTON a condensation into 6 energy groups is performed, in order to
reduce the calculational time (for time dependent calculations in particular).

The structure of the 6 energy groups is shown in Table A.1. The choice of the
boundaries is made based on the analysis of the neutron energy spectrum in
VENUS-F [Uyttenhove et al., 2011a] (which is similar in critical mode to the
subcritical mode spectrum [Krasa et al., 2014]). Sensitivity checks were carried
out on the group boundaries, and comparison with experimental keff values (for
the CR0 and SC1 cores) are in good agreement with experimental values (see Table
A.2). Also by probabilistic MCNP calculations [Uyttenhove and Steckmeyer, 2014]
similar results are obtained, e.g. for the VENUS-F bunker effect on the reactivity.

Energy Group Range

1 E > 1 MeV
2 497.8 keV < E ≤ 1 MeV
3 111.1 keV < E ≤ 497.8 keV
4 55.2 keV < E ≤ 111.1 keV
5 9.12 keV < E ≤ 55.2 keV
6 E ≤ 9.12 keV

Table A.1: Boundaries of the 6 neutron energy groups for the VENUS-F calculation in
DALTON.

model with bunker model without bunker experiment (i.e. with bunker)

CR0 1.00467 1.00150 1
SC1 0.96424 0.96078 0.964 ± 0.001 [Lecouey et al., 2015b]

Table A.2: Comparison of the keff results for the VENUS-F CR0 and SC1 cores: DALTON
calculations versus experiments. The SC1 core has the control rods positioned out of the
core, i.e. at 600 mm.
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B
THE MYRRHA MODEL IN DALTON

This appendix describes the calculational model of the VENUS-F MYRRHA used
in the DALTON diffusion code, which is presented in § 2.6.1. Both the geom-
etry description as well as the methodology to generate the cross sections are
discussed.

B.1 Geometry Description

A simplified model of MYRRHA is made in order to perform modal analysis and
experiment simulations with the DALTON code. The MYRRHA core consists of
hexagonal assemblies (see e.g. Fig. 4.1). In DALTON an equivalent XYZ model is
set up. In order to guarantee a correct reactor modelling, the different hexagonal
rings in the core are transferred to rectangular rings in DALTON, assuring the
same corresponding volume per ring.

Per ring the proportion of different types of assemblies is maintained. E.g. for
the first ring in the MYRRHA Beginning Of Life (BOL) core in Fig. 4.1, half the
assemblies is fuel and the other half is In-Pile Sections. In DALTON a rectangular
ring is created with the same volume as the first ring. Half the volume is taken by
fuel and the other half by IPS. The vacuum in the beam line is modelled as air.

The number of cells is chosen in such a way to obtain at least 3 cells per fuel
assembly along the X and Y axis. The number of cells is limited to allow time-
dependent calculations with DALTON in a reasonable calculational time. The
model therefore consists of 220932 (57x57x68) cells.
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B. The MYRRHA Model in DALTON

The structure of the MYRRHA geometry in DALTON is shown via a vertical cut
(y=0 cm) in Fig. B.1. The reactor modelling at different heights is shown in Fig.
B.2.

Figure B.1: Vertical cut (y=0 cm) through the MYRRHA model. The gridlines on the plot
correspond to the cells of the model.
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B.2. Cross Section Generation

Figure B.2: Horizontal cut at different heights through the MYRRHA model for calcula-
tions in DALTON: z=-58 cm (top figure), z=0 cm(middle figure) and z=39 cm (bottom
figure). The gridlines on the plot correspond to the cells of the model.

B.2 Cross Section Generation

The cross sections of MYRRHA used for DALTON calculations are calculated simi-
lar to the ones used for MYRRHA determistic calculations in [Sarotto et al., 2013].
The ECCO module of ERANOS [Rimpault, 2002] is used. Similar homogenisation
of the reactor materials is used as presented in [Sarotto, 2012].
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B. The MYRRHA Model in DALTON

For DALTON a condensation into 6 energy groups is performed, in order to
reduce the calculational time (for time dependent calculations in particular). The
structure of the 6 energy groups is made similarly to VENUS, as shown in Table
A.1, seen the consistency in neutron spectra between VENUS-F and MYRRHA
(see [Krasa, 2013]).

Sensitivity checks are carried out on the group boundaries, and comparison
with probabilistic MCNP calculations is done for the MYRRHA BOL core. Whereas
for the MYRRHA BOL core, keff=0.95375 is found, MCNP (v1.4 of the MYRRHA
input file, see [Stankovskiy and Malambu, 2011]) provides keff=0.96436.
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C
LIST OF ABBREVIATIONS

ADONIS Accelerator Driven Operated New Irradiation System
ADS Accelerator-Driven System

BARC Bhaba Atomic Research Centre
BOC Beginning-Of-Cycle
BOL Beginning-Of-Life
BWR Boiling Water Reactor
CAS Chinese Academy of Science
CDT Central Design Team
CIAE Chinese Institute of Atomic Energy

CLEAR China LEad Alloy cooled Reactor
CPSD Cross Power Spectral Density

CR Control Rod
CTF Current-To-Flux
CZP Cold Zero Power
EFIT European Fast Industrial Transmuter
EOC End-Of-Cycle

ESFRI European Strategy Forum on Research Infrastructure
FA Fuel Assembly

FASTEF FAst Spectrum Transmutation Experimental Facility
FEED Front End Engineering Design
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C. List of Abbreviations

FR Fast Reactor
FREYA Fast Reactor Experiments for hYbrid Applications

GUINEVERE Generator of Uninterrupted Intense NEutrons at the VEnus REactor
HFP Hot Full Power
HLM Heavy Liquid Metal
IPS In-Pile Section
ISJ Integrated Source Jerk

KIPT Kharkov Institute of Physics and Technology
LBE Lead-Bismuth Eutectic
MA Minor Actinides

MCNP Monte Carlo N-Particle
MIRT MYRRHA International Review Team
MOX Mixed OXide
MSM Modified Source Multiplication
MTA Material Testing Accelerator

MUSE MUltiplication avec Source Externe
MYRRHA Multi-purpose hYbrid Research Reactor for High-tech Applications

NEA Nuclear Energy Agency
PE PolyEthylene

PEAR PEllet Absorber Rod
PNS Pulsed Neutron Source
SCF Spatial Correction Factor

SCK•CEN StudieCentrum voor Kernenergie - Centre d’étude de l’Energie Nucléaire
SJ Source Jerk

SNETP Sustainable Nuclear Energy Technology Platform
SR Safety Rod
TH THermal (detector)

THR THReshold (detector)
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Summary

This thesis provides a methodology and set-up of a reactivity monitoring tool
for Accelerator-Driven Systems (ADS). The reactivity monitoring tool should gua-
rantee the operation of an ADS at a safe margin from criticality. Robustness is
assured in different aspects of the monitoring tool: the choice of the measurement
techniques, the evaluation methods to derive the reactivity from experimental
data, and the detector type and positioning.

In the first chapter of the work, the experience from previous research pro-
grammes (mainly MUSE and YALINA) is used to select appropriate experimental
techniques for reactivity monitoring. A combination of three techniques is as-
sessed to monitor reactivity: The Pulsed Neutron Source (PNS) technique (with
the Integrated Source Jerk (ISJ) method as alternative) for start-up (until 1 % of
nominal power) and the Current-to-Flux (CTF) combined with the Source Jerk
(SJ) technique during ADS operation.

Static evaluation methods are used to derive the reactivity from the experimen-
tal value: the area method for start-up, the static CTF method during operation,
and the static SJ method for the interim cross-checking of the ADS reactivity.
These are more robust than dynamic evaluation techniques, as they do not de-
pend on the knowledge of kinetic parameters. In the second chapter of this thesis,
the spatial correction factors (SCFs) are defined that need to be applied on the
reactivity values obtained by point kinetics. Via modal analysis, the SCFs are
derived analytically for the selected evaluation methods.

Extensions are made to the existing DALTON diffusion code in order to perform
modal analysis and time-dependent experiment simulations. In this way modal
analysis helps to understand the behaviour of the simulated SCFs of the complete
subcritical core.

In the third chapter the proposed reactivity monitoring methods are tested on
the zero-power VENUS-F ADS. Thanks to the modular core, VENUS-F can operate
in both critical and subcritical mode. The experimental reactivity results can
therefore be compared to a value obtained by an alternative methodology, starting
from a critical core. The experimental results confirm the modal analysis and
experiment simulations. For both absolute reactivity measurement techniques
(PNS area method and SJ method) SCF < 1, i.e. a safe overestimation of the
absolute reactivity value, is found outside a sphere at the centre of the core with a
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radius of about 20 to 25 cm, depending on the energy group. The SCF=1 location
corresponds to the zero crossing of the first eigenfunction (different from the
fundamental one) with a zero crossing outside the centre of the core.

The outer reflector is chosen as robust location for the detectors during start-up
and interim cross-checking reactivity monitoring during operation, as in this zone
SCF < 1 with a small spatial gradient. For the VENUS-F first subcritical core SC1,
SCFarea=SCFSJ=0.96-0.97 (depending on the detector type), which corresponds
to an overestimation of

??ρ
??=3709 pcm by 111-148 pcm. Special attention should

be paid to (local) thermalising elements, considerably influencing the SCF. This
issue could be solved by the use of threshold detectors.

Finally, reactivity monitoring during operation in the MYRRHA ADS is studied
in order to take into account the full-power aspects of reactivity monitoring. For
the start-up reactivity monitoring and interim reactivity cross-checking MYRRHA
behaves similar to VENUS concerning the SCFs for the evaluation methods. The
(outer) reflector is therefore the recommended detector zone, preferably using
threshold fission chambers as instrumentation.

For the simulation of reactivity monitoring during operation, MCNP is used
as appropriate simulation tool to deal with the MYRRHA core inhomogeneities.
The relative CTF monitor is evaluated between three stages of operation: the
temperature feedback during core start-up (from 1 % nominal power on), the
core enlargement during the first MYRRHA cores, and the burn-up during the
MYRRHA equilibrium core.

Again, the MYRRHA outer reflector turns out to be a suitable detector loca-
tion for reactivity monitoring also during operation, independent of the detector
type. A safe (under)estimation of the absolute reactivity decrease is obtained for
all stages of operation, except for the temperature feedback case. For practical
reasons, only a limited number of detectors will be installed in the reflector. There-
fore, a conservative boundary value of 500 pcm could be appropriate to take into
account the locations with extreme SCFs, in case no re-calibration of the relative
CTF monitor via the SJ method is possible.

As a conclusion, it is possible to measure the reactivity in an ADS by combining
different experimental techniques. The accuracy of the reactivity monitor will de-
pend on the safety function it has to fulfill and the related licensing requirements.
If it is possible to perform short (in the order of hundreds of µs) reproducible
accelerator beam interruptions with a stable beam restoration, the absolute re-
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activity during operation can be determined via the SJ cross checking technique.
In that case, the accuracy of the reactivity monitoring tool can be improved. The
higher the accuracy, the higher the operational keff level, which is beneficial for
the operational cost of an ADS.
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Samenvatting

Dit proefschrift levert een methodologie en het ontwerp van een systeem om de
reactiviteit van een Accelerator-Driven System (ADS) te monitoren. Dit systeem
moet de veilige werking van een ADS garanderen, met een veilige marge om
kritikaliteit te vermijden. De robuustheid van het systeem wordt verzekerd op
verschillende vlakken: de keuze van de meettechnieken, de evaluatiemethodes
om de reactiviteitswaarde af te leiden uit experimentele data, het type detectoren
en hun locatie.

In het eerste hoofdstuk van het proefschrift wordt de ervaringsterugkoppeling
van voorgaande onderzoeksprojecten (hoofdzakelijk de MUSE en YALINA pro-
jecten) gebruikt om geschikte experimentele technieken te selecteren voor reactivi-
teitsmonitoring. Een combinatie van drie technieken is hiervoor onderzocht: de
gepulste neutronenbron (PNS) techniek (met de Integrated Source Jerk (ISJ) tech-
niek als alternatief) voor de opstart (tot 1 % van het nominaal vermogen), en de
Current-To-Flux (CTF) techniek gecombineerd met de Source Jerk (SJ) techniek
tijdens de werking van het ADS.

Om de reactiviteit af te leiden uit de experimentele data worden statische eva-
luatiemethodes gebruikt: de oppervlaktemethode voor opstart, de statische CTF
methode tijdens bedrijf, en de statische SJ methode voor het tussentijds contro-
leren van de reactiviteit van het ADS. Deze methodes zijn meer robuust dan dy-
namische methodes, aangezien ze niet afhangen van de kennis van de kinetische
parameters. In het tweede hoofdstuk van dit proefschrift worden de ruimtelijke
correctiefactoren (SCFs) gedefinieerd die worden toegepast op de reactiviteits-
waarden verkregen via de puntkinetiek. Via modale analyse worden de SCFs voor
de geselecteerde evaluatiemethodes analytisch afgeleid.

De reeds bestaande DALTON code werd uitgebreid om modale analyse en tijds-
afhankelijke simulaties van experimenten uit te voeren. Zo kan modale analyse
helpen om het gedrag van de gesimuleerde SCFs te begrijpen in de volledige
subkritische kern.

In het derde hoofdstuk worden de voorgestelde methodes voor reactiviteits-
monitoring getest op het nulvermogen VENUS-F ADS. Dankzij de modulaire kern
kan VENUS-F in zowel kritische als subkritische toestand bedreven worden. Daar-
door kunnen de experimentele reactiviteitswaarden vergeleken worden met een
waarde verkregen via een alternatieve methodologie, die vertrekt van een kritische
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kern. De experimentele waarden bevestigen de modale analyse en de simulatie
van de experimenten. Voor beide methodes (PNS en SJ) die een absolute waarde
van de reactiviteit opleveren wordt SCF < 1 (dit is een veilige overschatting van
de absolute reactiviteitswaarde) verkregen buiten een bol in het centrum van de
kern met een straal van 20-25 cm, afhankelijk van de energiegroep. De locatie
waar SCF=1 komt overeen met de nuldoorgang van de eerste eigenfunctie met
een nuldoorgang die niet in het centrum van de kern ligt (en verschillend van de
fundamentele eigenfunctie).

De buitenste reflector wordt gekozen als robuuste detectorlocatie tijdens opstart
en voor de tussentijdse reactiviteitscontrole tijdens bedrijf, aangezien in deze zone
de SCF< 1 met een kleine ruimtelijke gradiënt. Voor de eerste subkritische VENUS-
F kern SC1, is SCFarea=SCFSJ=0.96-0.97 (afhankelijk van het type detector), wat
overeenkomt met een overschatting van

??ρ
??=3709 pcm met 111-148 pcm. Speciale

aandacht dient te worden besteed aan (lokale) thermaliserende elementen die de
SCF aanzienlijk kunnen beïnvloeden. Deze kwestie kan opgelost worden door
het gebruik van detectoren met een drempelwaarde.

Tot slot wordt de reactiviteitsmonitoring tijdens bedrijf van het MYRRHA ADS
bestudeerd, om de aspecten met betrekking tot vol vermogen in rekening te
brengen bij reactiviteitsmonitoring. Voor de opstart en de tussentijdse reactivi-
teitscontrole gedraagt MYRRHA zich zoals VENUS met betrekking tot de SCFs van
de evaluatiemethodes. Daarom is de (buitenste) reflector de aangewezen zone
voor de detectoren. Er worden bij voorkeur splijtingskamers met een drempel-
waarde als instrumentatie gebruikt.

Voor de simulatie van de reactiviteitsmonitoring tijdens uitbating is MCNP
gebruikt als simulatiecode, om de sterk inhomogene MYRRHA kern te modelleren.
De relatieve CTF reactiveitsmonitoring wordt geëvalueerd tijdens drie fases in
bedrijf: de temperatuursterugkoppeling tijdens opstart (vanaf 1 % nominaal
vermogen), de kernvergroting tijdens de eerste MYRRHA kernen en de opbrand
tijdens de MYRRHA equilibrium kern.

Opnieuw blijkt de buitenste reflector de aangewezen locatie voor de detectoren
voor reactiviteitsmonitoring, ook tijdens bedrijf, onafhankelijk van het detec-
tortype. Een veilige (onder)schatting van de daling van het absolute reactiviteits-
niveau wordt voor alle uitbatingsfases verkregen, behalve voor de temperatuurs-
terugkoppeling. Omwille van praktische redenen worden maar een beperkt aantal
detectoren in de reflector geïnstalleerd. Daarom zou een conservatieve grens-
waarde van 500 pcm geschikt kunnen zijn om rekening te houden met locaties
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met extreme SCFs, in het geval geen hercalibratie van de relatieve CTF reactivi-
teitscontrole mogelijk is via de SJ methode.

Het blijkt mogelijk om de reactiviteit van een ADS te meten door verschillende
experimentele technieken te combineren. De vereiste nauwkeurigheid van de
reactiviteitsmonitoring hangt af van de veiligheidsfunctie van het systeem en van
gerelateerde vereisten om een uitbatingslicentie te verkrijgen. Als het mogelijk
is om korte (in de orde van honderden µs) repetitieve onderbrekingen van de
deeltjesbundel van de accelerator uit te voeren met een stabiel herstel van de
bundel, kan de absolute reactiviteit bepaald worden door tussentijdse controle
via de SJ techniek. In dat geval kan de nauwkeurigheid van het reactiviteitsmoni-
toringsysteem verbeterd worden. Hoe hoger de nauwkeurigheid, hoe hoger het
keff niveau tijdens bedrijf, wat voordelig is voor de exploitatiekost van een ADS.
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