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ABSTRACT

Fission chambers are the detector of choice for online, in-vessel neutron flux measurements.
One of their interesting features is their ability to be operated in different modes, depending on
their counting rate. This open the possibility, provided that the acquisition chain is accordingly
designed and that the chamber specifications are wisely chosen, to monitor the neutron flux over a
wide dynamics of reactor power with the same detector.

This paper studies the case of a fission chamber alongside with a preliminary design of the
foreseen ASTRID demonstrator. The quantities of interest, namely the fission rate, saturation curve,
mean current, pulse shape, spectral density, are computed with a combined usage of the various
modelling tools our team has developed within a decade. It is shown that the fission chamber can
deliver a signal that is easy to interpret over seven decades of reactor power.
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1. INTRODUCTION

Sodium-cooled fast neutron reactors (SFR) have been selected by the Generation IV International Fo-
rum, thanks to their double capability of reducing nuclear waste and saving nuclear energy resources
by burning actinides [1]. For a proper monitoring of the reactor in routine operations, and to ensure
that any abnormal situation is detected quickly enough, a special attention is to be paid to the in-vessel
instrumentation, which is to be designed right from the beginning of the reactor design.

Fission chambers are widely used for neutron flux measurements. Those detectors may experience
a wide range of constraints, of several magnitudes, in term of neutron flux, γ-ray flux, temperature.
Hence, designing a specific fission chamber and measuring chain for a given application is a demand-
ing task, that can be achieved by a combination of experimental feedback and simulating tools, the latter
being based on a comprehensive understanding of the underlying physics. A very attractive property
of fission chambers is the possibility to operate them in three modes, namely the pulse mode (in which
individual pulses are counted), current mode (in which the mean current is considered) and fluctuation
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mode (in which the quantity of interest is the variance of the current). The mean current and the vari-
ance are proportional to the count rate according to Campbell theorems. Both current and fluctuation
modes are used when count rates are so high that individual pulses cannot be individuated. Provided
that the acquisition chain is accordingly designed and that the chamber specifications are wisely cho-
sen, this allows the chamber to deliver a signal that is easy to interpret over seven or so decades of
reactor power.

In this paper, we examine as a working example a fission chamber, alongside with a preliminary design
of the foreseen ASTRID demonstrator [2, 3]. A numerical modelling of the signal is performed by using
the various tools our team has developed within a long lasting effort in joining theoretical, modelling
and experimental studies to improve design, signal analysis and diagnosis of FC in mock-up, industrial
and material testing reactors, e.g. [4–11]. The paper is organized as follows: we give the input data
(Sec. 2), we compute the signals in all modes (Sec. 3). Then the possibility to cover seven decades of
reactor power is examined (Sec. 4). Then we conclude (Sec. 5).

2. INPUT DATA

2.1. Neutron flux

We consider the ASTRID core in its so-called CFV configuration [12–14], assumed to be at equilibrium
and nominal power. In the rest of the paper, two locations are considered to put the detectors, both
of them being inside the reactor vessel: above the core and below the core, referred as BCC and P
respectively. The neutron flux at these locations is computed to be 1.1×1010 n/cm2/s (BCC) and 1.9×
109 n/cm2/s (P). The neutron flux is assumed to be spatially constant over the detector volume. The
spectrum is essentially fast, however the degradation by sodium absorption is slightly more pronounced
for P than for BCC.

2.2. The fission chamber

The fission chambers studied in this article have been designed by PHOTONIS to work at 600 ◦C,
hence their generic acronym CFHT. They have a cylindrical body with a diameter of 48 mm enclosing
two pairs of electrodes, all coated over a sensitive length of 211 mm. The width of the inter-electrode
gap can be either 1.5 mm (the label will be CFHT1.5 in this paper) or 1.0 mm (CFHT1.0). The fissile
material is uranium 235 (U235) at 92% purity, under the form of U3O8 with a density of 8.38 g/cm3.
The surface mass is about 1.1 mg/cm2 (with a small difference between CFHT1.5 and CFHT1.0) so
that we have exactly for both chamber types 1 g of the isotope 235U. The electrodes and the body are
made of stainless steel (316L) of density 8.0 g/cm3. The insulating material is alumina (Al2O3) of
density 3.76 g/cm3.



3. CHAMBER SIGNAL

3.1. Fission rate within the fissile deposit

A tool that computes the fission rate and the evolution of the isotopic composition of the fissile deposit
under a given neutron flux and spectrum has been developed by our team and described in details
in [4, 5]. It relies on the DARWIN suite [15] that solves the Bateman equations.

The fission rate within a deposit of 1 g of U235 (purity 92%) has been computed for the locations
BCC and P using the JEFF3.1 library [16], validated for the SFR [17]. It is 4.2× 108 s−1 for BCC,
1.5× 108 s−1 for P. The evolution of this fission rate, taking into account the isotopic evolution of the
deposit, is negligible (about 10−5 for 15 years at nominal power).

It has been checked by a neutron transport calculation that the self-protection, i.e. the fact that fissile
layer is protected from the incoming neutron flux by itself and the surrounding structures of the cham-
ber, is negligible. The issue of self-absorption (i.e. the fission products loose a part or their energy
within the fissile coating) has been dealt in another work of our team [18]. With a surface mass of the
coating of 1.1 mg/cm2, 9% of the fission products are stopped within the deposit, so that increasing
the fissile mass while keeping the geometry would not increase the sensitivity in a linear way. From
the time being, this effect is not taken into account in Sec. 3, in which the fission rate and the count
rate are assumed to be identical.

3.2. Modelling of the signal

The modelling of the interactions of the fission products with the filling gas of the fission chambers,
and the collection of the created electron-ion pairs, has lead our team to develop the CHESTER suite,
described in details in [9]. This suite use the GARFIELD suite of CERN [19] and several of our
previous works [7, 20]. It received a partial experimental validation at reactor BR2 of SCK•CEN [21].
The output of CHESTER is a catalogue of individual histories of fission events in the fissile layer of
the chamber (for a given fission rate), yielding a fission product that ionize the gas, the production of
electron-ion pairs, their collection and the induced current. A straightforward post-processing allows
to retrieve the quantities of interest.

CHESTER was designed to deal with fission chambers with a single inter-electrode space and only one
coated electrode, so for the CFHT we ran CHESTER four times (one per coated electrode, with the
corresponding fission rate) and summed the results. This approach is justified because the range of the
fission products within the electrodes is computed to be around 10 µm, well below the thickness of the
electrodes; and because the probability that a column of electron-ion pairs created by a fission product
coming from the anode crosses a column coming from the cathode is estimated to be only 1× 10−5

(we took a column radius of b = 6 · 10−4 m [22]).



 V (V)∆
0 500 1000 1500 2000 2500 3000 3500

I(
A

)

0

0.02

0.04

0.06

0.08

0.1

0.12
3−10×

CFHT15, 1 bar, P

CFHT15, 1 bar, BCC
CFHT15, 2 bar, P

CFHT15, 2 bar, BCC

CFHT15, 4 bar, P

CFHT15, 4 bar, BCC
CFHT10, 1 bar, P

CFHT10, 1 bar, BCC

CFHT10, 2 bar, P

CFHT10, 2 bar, BCC
CFHT10, 4 bar, P

CFHT10, 4 bar, BCC

Figure 1. Saturation curves of CFHT1.5 and CFHT1.0, with pressures of 1, 2 and 4 bar, at BCC and
P locations.

3.3. Saturation Curve

CHESTER is used to compute the density of the creation of electron-ion pairs within the inter-electrode
space for a given fission rate. Note that this quantity does not depend on the bias voltage. The density
of creation of electron-ion pairsN is then used to compute the saturation curve, i.e. the retrieved mean
current as a function of the bias voltage ∆V . For that, we assume that diffusion processes are negligible
and that the quantities of interest depend only of the radial coordinate r (both hypotheses have been
checked at the end of the process). Then the conservation of the electron and ion densities ne and na
reads (see [23] and references therein):

−1
r
∂
∂r
rneve = Tsource,e − Tloss,e

−1
r
∂
∂r
rnava = Tsource,a − Tloss,a

Tsource,a − Tloss,a = rN + αrneve − krnena
(1)

in which ve, va, α and k denote the electron and ion velocities, the Townsend first ionization coefficient
(which describes the avalanche process), and the recombination coefficient. The velocities and α are
computed by CHESTER as a function of the electric field (so of ∆V ), hence as a function of r, given
the usual formula for the electric field Ec(r) = ∆V/ (r ln (r2/r1)), where r1 and r2 are the inner and
outer electrodes. Because of the very presence of drifting electrons and ions in the filling gas, the
actual electric field departs from that formula, a phenomenon called the space charge effect. However,
a first-order evaluation showed that this departure is always below 5% for ∆V > 100 V, and hence can
be neglected.
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Figure 2. Mean electron (left) and ion (right) pulses for the CFHTs.

For k, we make use of the experimental results of [24] about columnar recombination, from which we
have k/b = (2.6±0.8)×10−6 m2/s: hence we take k = 1.6×10−11 m3/s with b = 6·10−4 m [22]. The
system 1 is numerically solved. Denoting qe the elementary charge, h the length of the inter-electrode
space, ra the anode radius, the mean current is then:

I = 2πhqerane(ra)ve(ra) (2)

A correction is then applied to account for the columnar recombination [24]. The saturation curves
that are obtained for CFHT1.5 and CFHT1.0, with pressures of 1, 2 and 4 bar, are shown on Fig. 1.
A fission chamber is usually operated with near the saturation point, defined as the inflection point
of the saturation curve. It corresponds to the situation in which all the created charges are eventually
collected at the electrodes. The saturation point is found to be identical for P and BCC locations. The
saturation plateau, within which the bias voltage can vary without a significant change of the mean
current, is comfortably large in all cases. For instance, for the CFHT1.5 at 1 bar, the saturation point is
given by ∆Vsat = 450 V, but the current differs from I(∆Vsat) by less than 5% for 130 ≤ ∆V ≤ 760.
It is worth noticing that the saturation for the CFHT1.5 at 2 or 4 bar, and for the CFHT1.0 at 4 bar, is
not reached before 1000 V: indeed, limiting the pressure to 1 or 2 bar for the CFHT1.5 and CFHT1.0
respectively allows to work around the usual value of 500 V. In the rest of this paper, it is assumed that
the chamber is operated at saturation regime.

3.4. Pulse Shape

The mean electron and ion pulses are computed for the CFHT1.5 and CFHT1.0, at 1, 2, and 4 bar, with
a bias voltage corresponding to the saturation point of Sec. 3.3. They are shown on Fig. 2. The shapes
are roughly triangular, the rising time (that can be distinguished on electron pulses only) corresponds
to the time of flight of the fission products within the gas. In all configurations, the collection time is
close to 0.1 µs for the electron pulse, 30 µs for the ion pulse.
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Figure 3. Spectral densities of the CFHTs.

3.5. Mean current

The signal of the chamber as a function of time is simulated by attributing a date to each individual
pulse of the CHESTER catalogue, the dates are randomly chosen according to a Poisson process. Then
the computation of the mean current is straightforward. The mean current is found to be proportional
to the fission rate, at it should be, and agrees well with the current of the saturation point of Sec. 3.3.
The coefficient of proportionality is the sensitivity of the fission chamber in current mode: it is given
on Tab. I.

Dealing with mean current, as it is done when the chamber is operated in current mode, has a major
drawback: the γ flux also generates a current that can be of the same order of magnitude as the neutron-
induced signal (e.g. [25]), without any way to make a discrimination. The γ flux has been estimated
for the BCC location to be 9.8 × 1010 γ/cm2/s. It mostly comes from the activation of the sodium.
The induced current comes mainly from the ionization of the filling gas by electrons generated by the
γ-rays that interact with the chamber structures. In a previous paper, we showed how to evaluate this
current with a MCNP calculation [8]. It is found that the γ-induced current of the CFHT is about 10%
of the neutron-induced current, so that it may be possible to operate the CFHT in current mode as long
as precise measurements of the neutron flux are not required.



Table I. Sensitivity in current and fluctuation mode (in the 20 − 300 kHz band) of the CFHTs. The
unit c/s stands for counts per second.

Pressure (bar) Tension (V) Scurrent Sfluctuation
10−12A/(c/s) 10−26A2/Hz/(c/s)

CFHT1.5
1 450 0.083 0.42
2 950 0.165 1.56
4 2000 0.285 4.25

CFHT1.0
1 150 0.057 0.16
2 450 0.113 0.79
4 900 0.211 2.85

3.6. Spectral Densities

The spectral density conveys the sensitivity of the chamber in fluctuation mode as a function of the
acquisition frequency. It is shown on Fig. 3. For a clearer view, we show only a phenomenological fit
of the raw results of the simulation (see [9]). Three plateaus, separated by rather smooth transitions,
can be observed:

• below 1× 104 Hz, a plateau that corresponds to both electron and ion pulses;

• between 1× 106 Hz and 1× 107 Hz, a plateau that corresponds to the electron pulses;

• for higher frequencies, the spectral density tends towards zero, albeit in practice we would ob-
serve the noise of the acquisition chain, not simulated here.

The sensitivity of the CFHTs in the 20− 300 kHz band is given on Tab. I.

4. MODE OVERLAP

The fission chamber is intended to work over a large dynamics of reactor power. This implies to be
able to make it functioning either in pulse or fluctuation mode, with an overlap, over seven decades or
so up to nominal power.

Although there is no lower limit to the pulse mode, if the fission rate is too low, the required acquisition
time to reach a sufficient signal to noise ratio may be prohibitive. In the fissile layer, the fission events
occur according to a Poisson process the intensity is given by the fission rate τ100 computed in Sec. 3.1,
multiplied by the fraction f of its nominal power the reactor is used. The relative uncertainty on the
fission rate (assuming it comes only from the Poisson process) is given by:

δτ =
√
N =

√
τ100f∆t (3)



in which N is the number of fission events registered during the time interval ∆t. The value of f
beyond which δτ is higher than 10% for ∆t = 1 s is 2× 10−8 for BCC, 7× 10−8 for P.

The higher limit of the pulse mode is given by the value of f above which the probability that two
individual pulses overlap is considered to be too high for a correct inference of the fission rate. In
practice, only electron pulses are considered. The probability that the time interval between two pulses
is lower than the collection time Tcoll is given by:

p(t ≤ Tcoll) = 1− e(−τ100fTcoll) (4)

If we decide that this probability must be lower than a threshold c, then the limit on f is given by:

fmax,pulse =
− ln(1− c)
Tcollτ100

(5)

The result is found to depend only loosely on the geometry and pressure, as a consequence of the fact
that the collection time is almost constant, as seen on Fig. 2. For c = 0.1, we have fmax,pulse = 2 ·10−3

for BCC and fmax,pulse = 6 · 10−3 for P.

The assessment of the lower limit of the fluctuation mode, and its overlap with the pulse mode, has
been studied in depth in [11]. With a collection time about 0.1 µs, without noise, the relative difference
between the estimation of the fission rate with the fluctuation mode and its actual value is kept below
10% for for a fission rate higher than 2× 106 s−1: hence the minimum fraction f of the nominal power
of the reactor to use the fluctuation mode is fmin,fluc = 5× 10−3 for BCC and fmin,fluc = 10× 10−3

for P. The linearity of the response in fluctuation mode also depends on the noise (coming from the
electronic devices of the measuring chain). Assuming a white noise, then its standard deviation must
be lower than 8% of the signal to keep the error on the estimation of the fission rate below 10%. It is
noticeable that fmin,fluc is slightly above fmax,pulse, so that the overlap between the two modes is quite
poor for 10−3 ≤ f ≤ 10−2: the fission rate will be underestimated in pulse mode, overestimated in
fluctuation mode. The problem ca be addressed in two ways (possibly in combination):

• increase the bias voltage (but still within the saturation plateau), as fmax,pulse is proportional
to ∆V and fmin,fluc is inversely proportional to ∆V (in both cases because Tcoll is inversely
proportional to ∆V );

• estimate a correction to apply on the inferred fission rate, by using the techniques devised in [11]
which have been used to evaluate fmin,fluc and fmax,pulse: as the overestimation or underestima-
tion is about 10%, such a correction is achievable.

The higher limit of the fluctuation and current modes depend on the specifications of the measuring
chain: the delivered bias voltage must not be affected by the current given by the chamber. As this
current is about 100 µA, this constraint is not difficult to achieve.



5. CONCLUSION

In this paper, we have used in combination the various modelling tools that our team has developed
since a decade, to predict the signal of fission chambers within the context of a sodium-cooled reactor.
It has been shown that the CFHT are able to monitor the neutron flux over a large dynamics of reactor
power, encompassing seven decades. Future works will focus on the experimental validation of these
results; the questions of the integrity of the CFHT under temperatures well above 600 ◦C, to cover
accidental situations, and its endurance over many temperature cycles, will be also addressed.
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