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C. Jammes, P. Filliatre,  Zs. Elter, V. Verma, G. de Izarra, H. Hamrita, M. Bakkali, N. Chapoutier, A-C. Scholer, 

D. Verrier, C. Hellesen, S. Jacobsson Svärd, B. Cantonnet, J-C. Nappé, P. Molinié, P. Dessante, R. Hanna, 
M. Kirkpatrick, E. Odic, F. Jadot     

 Abstract– The neutron flux monitoring system of the French 
GEN-IV sodium-cooled fast reactor will rely on high-
temperature fission chambers installed in the reactor vessel and 
capable of operating over a wide-range neutron flux. The 
definition of such a system is presented and the technological 
solutions are justified with the use of simulation and 
experimental results. 

I. INTRODUCTION 

RANCE has a long experience of about 50 years in 
designing, building and operating sodium-cooled fast 

reactors (SFR) such as RAPSODIE, PHENIX and SUPER 
PHENIX. Fast reactors feature the double capability of both 
reducing nuclear waste and saving nuclear energy resources 
by burning actinides. Since this reactor type is one of those 
selected by the Generation IV International Forum, the French 
government asked, in the year 2006, CEA, namely the French 
Alternative Energies and Atomic Energy Commission, to lead 
the development of an innovative GEN-IV nuclear-fission 
power demonstrator. The major objective is to improve the 
safety and availability of an SFR.  

In this paper, we show that the architecture of the neutron 
flux monitoring (NFM) system will rely on in-vessel high-
temperature fission chambers (HTFC) featuring wide-range 
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flux monitoring capability based on the higher order 
Campbelling method. The definition of such a system is 
presented and the technological solutions are justified with the 
use of simulation and experimental results. 

II. SYSTEM DEFINITION AND DESIGN 

A. Application of systems engineering methodology 
The NFM system is one of the important measurement 

systems in order to insure a high level of both nuclear safety 
and power plant availability.  

One recalls that the main objective of nuclear safety is the 
achievement of proper operating conditions, prevention of 
accidents and mitigation of accident consequences, resulting 
in protection of workers, the public and the environment from 
undue radiation hazards [1].  

In systems engineering, the availability of a system is its 
ability to be ready to achieve its required mission in defined 
operational conditions, assuming that required resources and 
existing support means are present [2]. In order to comply 
with this key operational requirement, the NFM system has to 
be both reliable and maintainable, that is capable of achieving 
a continuous mission and undergoing modifications and 
repairs, respectively. A system with these capabilities is said 
to feature dependability. In addition, the nuclear safety of a 
nuclear reactor is actually another dependability requirement, 
which is called innocuity in systems engineering [2]. 

The definition and design of the NFM of the French GEN-
IV SFR is being conducted in accordance to the methodology 
of systems engineering. This is an iterative process that is 
composed of three main activities [2]: 

• Definition of technical requirements: analysis and 
translation of end-user expectations into consistent and 
exhaustive technical requirements. 
• Definition of logical architecture: definition of the 
elements constituting the functional, behavioral, temporal 
views of the system (functions, input-output flows, modes, 
transitions, triggers, etc.), and of their arrangement. 
• Definition of physical architecture: definition of the 
elements constituting the physical view or architecture of the 
system (system elements/components, physical interfaces, 
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connectors, etc.), and of their arrangement 
architecture. 

B. Main functional requirements 
The main functions of the NFM system ar

control and power level monitoring from start
It is also required to monitor possible change
distribution within the core region in order
local melting accident.  

C. Requirements for integration 
The neutron detectors will have to be ins

reactor vessel because locations outside the v
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detectors under the vessel is not feasible due t
a core-catcher that prevents from inserting n
this region; (ii) The lateral and upper neutron
of which is to limit the damage and radiologi
neutrons outside the core, will also dramatic
neutron flux amplitude, making thus diffic
detection outside the vessel itself above or by
vessel.  

Another important point is to limit the num
detectors in order to impact the mechanical 
as possible, and to alleviate their installation a

At the present stage of the French GEN-
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core outlet temperature sensors.  A few H
locations are thus available. These neutron de
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above the fuel assembly heads. A limitation o
that the ACS moves with the rotating pl
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is the one within the core support structure 
advantages of the CSS region are the follow
fixed structure and thus the HFTCs could
serviceable even during fuel handling operat
no neutron absorbing material along the neu
(iii) The sodium temperature is lower and st
limitation of this location comes from the di
HTFC and their appropriate guide-tubes. 

III. NEUTRON TRANSPORT SIMULA

Neutron-transport calculations allow us to
most appropriate regions for HTFC installa
interest are located inside the vessel, out of 
the neutron shield. 

A. Neutron transport modelling  
To calculate particle propagation over a lo

many decades of attenuation, a Monte Car
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following paper, only the TRIPL
presented. 

Prior to any TRIPOLI-4 calculat
the detector locations has to be gene
used ROOT data analysis and v
together with classes of templates 
programming language. This approa
for building the geometry, and it is 
dealing with complex geometry.  
As shown in [7] and [8], the re
calculation present large statistica
calculation time. The large size of th
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B. In-vessel regions of HTFC installations 
The neutronics studies for the HTFC inst

and CSS regions (Sect. II.C) were perfo
assumption that the reactor operate at full po
are summarized as follows: 

1) The detector responses results in th
confirm that this location is a good cand
installation. The power operation and even th
the flux distribution due to an inadvert
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As an example, Fig. 2 displays the deviatio
chambers responses at the bottom of the AC
withdrawal of a peripheral control rod.  

 

Fig. 2. Fission chamber responses at the bottom of the
(ACS). The detector responses reflect the change in th
the core region due to an inadvertent control rod withdr
assemblies in red surround the control rod. They are the
change in flux. 
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IV. HTFC DEVEL
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A. HTFC modeling 
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B. Physical design 
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Fig. 6. Axial cross section of the new HTFC structure
 
 Fig. 6 shows the new structure of this 

designed to take into account the differenc
material thermal expansion coefficient 
dimensions. The main characteristics of these
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detector envelope being one cathode. 
• An outer diameter of 48 mm. 
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• A sensitive length of 210 mm. 
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high temperature. 
• A uranium thickness of 1 mg/cm2. 
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C. Impact of partial discharges 
The HTFC fissile layer is subject to part
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Fig. 7. Calculation of the enhanced electr
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In addition, the effect of temperat
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Fig. 8. Experimental discrimination of neutron pulses from partial 

discharges. 
 

the half maximum) of the collected pulses. The distribution 
has two well separated peaks. The peak related to the longer 
width can be identified with the neutron pulses (since the 
results match the date provided by Photonis). It was assumed 
that pulses with shorter width are created by the partial 
discharges. This was verified through measurements without 
neutron flux.  

The partial discharges distribution shows that the mean 
half-height width is about 30 ns. We have verified this latest 
distribution with the same chamber but without neutron flux. 

Despite the apparent similarity between the two types of 
pulses, we have shown that we are able to discriminate these 
partial discharge pulses of those produced by the fission 
products in the HTFC using the half-height width of the 
measured pulses. 

V. SIGNAL PROCESSING DEVELOPMENT 
The fission chambers traditionally operate in three different 

modes (namely the pulse, the Campbelling and the current 
mode for low, middle-high and high count rates respectively). 
These operational modes require different electronic systems 
hence resulting a deficiency of robustness. Recently it was 
shown that the overlap of these modes is not necessarily 
guaranteed. For the newly developed NFM a unified mode is 
proposed via the higher order Campbelling methods. 

A. High-order Cambelling method 
The fission chamber signal is described by a filtered 

Poisson process. One recalls that the Campbelling mode of 
such signal is based on the signal variance, which is the 
second-order cumulant as well. The generalization of this 
method gives proportionality between the higher order 
cumulants of the signal and its count rate s0: 

 
      (1) 

 
where the proportionality is given by a coefficient including 
the raw moments of the amplitude distribution w(x) and the 
integral of the pulse shape f(t). Hence the application of 
Higher order Campbelling methods essentially means the 
measurement of the higher order cumulants n. [22], [23]. 

 

 
Fig. 9. Noise rejection and linearity of HOC methods (in presence of 

Gaussian white noise) 
 
It was shown through numerical simulations that the 

application of the third order Campbelling mode is reliable 
and can guarantee linear estimation over a wide count rate. It 
can also sufficiently reject the impact of electronic noise and 
suppress the impact of pulses not originating from neutron 
events (Fig. 9). 

Due to the relatively fast convergence of the third order 
cumulant estimation the monitoring of transient events with 
HOC modes is also reliable.  

Campbelling mode based on the third-order cumulant will 
permit to ensure the HTFC response linearity over the entire 
neutron flux range using a signal processing technique that is 
simple enough to satisfy design constraints on electric devices 
important for nuclear safety. 

B. Experimental calibration 
An experimental campaign devoted to the required 

calibration process of HOC method was also carried out at the 
MINERVE facility. The calibration implies the determination 
of the proportionality coefficient, therefore the determination 
of the pulse shape and the pulse amplitude distribution in 
Eq. (1). 

Our experimental setup consisted of a current-sensitive 
CFUL01 fission chamber placed in the reflector zone of the 
MINERVE reactor. The CFUL01 is a fair representation of the 
HTFC. The fission chamber was connected to a wide range 
pre-amplifier. Then, the output signal was digitized at high 
sampling frequency during a large time span with an advanced 
digital oscilloscope.  

At low reactor power levels pulses were collected 
separately. Even at low power there is a small possibility to 
measure pileup events, hence during the post processing of the 
results the pileup events were found and these events were not 
taken into account during the determination of the calibration 
coefficient. These results provided information about the 
amplitude distribution of the pulses hence the raw moments of 
this distribution. Based on the collected pulses the mean pulse 
shape was also defined. This information enabled us to 
determine the calibration coefficients summarized in Table 1. 

At medium and high power levels longer signals were 
collected. At medium levels the pulses moderately overlap. 



 

  
TABLE I. FISSION CHAMBER CALIBRATION COE

 
CUMULANT ORDER CALIBRATION COEFFIC

 2  9.74·10-19  
 3  5.40·10-24  
 4  3.76·10-29 

 
 
 

Fig. 10. Experimental validation of HOC technique lin
 

As a result, counting them separately is 
estimate the count rate of the signal. T
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and compare with the estimation coming fro
HOC mode. 

 As one can see in Fig. 10, the Campbellin
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low count rates.  It is also shown that the
provides a linear estimation of the count rate
levels as well. Hence the application of the 
reliable. 

 

C. Electronic implementation 
The electronic system design must me

requirements such as temperature stability,
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Fig. 11.Functional flow-block diagram of 
in a FPGA circuit. The digitized input signal 
to estimate 2 and 3  cumulants. Each opera
cycle: exponentiation, summation and divisi
the use of an accumulator that consists of an 
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