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Abstract 

This work aims at assessing the performance of a 235U enriched fission chamber in order to localize fuel 

debris, prior to dismantling operations, in a flooded primary containment vessel of a damaged nuclear 

reactor such as Fukushima Daiichi. Based on both a comprehensive scan of the environment and the 

detection of neutrons emitted by the melted core, fuel debris can be localized. In this paper, we carry out a 

simulation study using the MCNP6 code to investigate fission chamber response in the frame of fuel debris 

localization measurements in a damaged nuclear reactor. The CFUF34 fission chamber (manufactured by 

PHOTONIS) and the primary containment vessel of Fukushima Daiichi Unit 1 were chosen to conduct this 

work. Impact of different parameters were investigated with MCNP6, such as: neutron energy, water 

temperature, fission chamber position (altitude, lateral shift, and rotation), and sensitivity loss due to 

sediments potentially covering fuel debris. In summary, we show that fuel debris should be sought by their 

thermal neutron signature at a distance of a few centimeters and that potential rotational movements of the 

fission chamber up to 60° have a limited impact on signals measured. We also show that sensitivity loss 

due to sediments potentially covering fuel debris has been evaluated on the order of a factor 10 considering 

a 30 cm-thick sediment layer. On the other hand, experiments were performed to assess the impact of a 
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strong gamma dose rate on fission chamber measurements. These irradiation trials involved a CFUE32 

fission chamber (also manufactured by PHOTONIS) available in our laboratory and three different 

irradiation means: an X-ray tube, an 192Ir source, and a linear electron accelerator. These experiments 

enable to draw the conclusion that the fission chamber is not impacted by the gamma dose rate up to 104 

Gy.h-1, which is in good agreement with specifications provided by the manufacturer (PHOTONIS). In 

addition, no performance degradation was observed after an integrated gamma dose of 2200 Gy on the 

fission chamber in a 10 minute irradiation. However, when the fission chamber is irradiated by gamma 

dose rates above 104 Gy.h-1 (upper limit of the operating domain specified by PHOTONIS), a significant 

gamma background is observed. Nevertheless, as the gamma dose rates at Fukushima Daiichi should not 

exceed 103 Gy.h-1, fission chamber measurements performed towards fuel debris localization in the Primary 

Containment Vessels (PCV) of the units would not be affected by the severe gamma-ray irradiation. 

Keywords: Fukushima Daiichi; fuel debris localization; neutron flux measurement; fission chamber; 

MCNP6 simulation; gamma irradiation trials 

1. Introduction 

Decommissioning of a nuclear power plant is an important and complex task. This is even more critical 

when the reactor has suffered from severe damage to the point of causing the core meltdown, which lead to 

leakage of melted nuclear fuel outside the reactor vessel, in the Primary Containment Vessel (PCV). Three 

units of the Fukushima nuclear power plant encountered such event on the 11th of March 2011. Water was 

injected into the three damaged PCVs to limit core meltdown. Since 2011, several investigations have been 

carried out with the objectives of inspecting the PCVs and trying to localize fuel debris in order to prepare 

dismantling operations. These investigations were performed either by visual inspection thanks to video 

cameras or by muons measurement [1–6]. Measurement of muons gives an overview of main structures 

based on the distribution of surface densities. However, spatial resolution of detectors and the analysis 

method do not enable the detection of small objects in the reactor, fragments of fuel debris for instance [7]. 
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Thus, a precise localization of fuel debris is not known at the current time. Moreover, the diagnosis could 

be significantly different between the three units. 

In a recent past, CEA List has investigated, in partnership with ONET Technologies, the development of a 

detection system, which could be integrated on the carrier of a robot, to perform neutron measurements in 

order to localize fuel debris in the flooded PCV of the Fukushima units. Fuel debris can be localized thanks 

to the detection of neutrons emitted by the melted core components. Nevertheless, a mapping based on X-

ray and gamma spectrometry could also be considered as photons are emitted by fission products such as 

134Cs, 137Cs or 237Np [8, 9]. However, the correlation between the position of fuel debris (neutron emitters) 

and volatile fission products (gamma emitters) is uncertain. Correction factors would be required and, in 

practical, difficult to implement in the Fukushima units. Hence, the localization of fuel debris according to 

their neutron signature represents a solution of interest. 

The deployment of a neutron detection system at Fukushima Daiichi may be confronted to several 

constraints: investigation in a high radiation dose environment (up to 103 Gy.h-1), measurements performed 

underwater, cramped access to enter inside the PCV, and the acquisition time among others. In this 

measurement configuration, the main neutron signal would be coming from thermal neutrons, with 

relatively low fluxes (from 10-1 to 103 n.cm-2.s-1). One could use 3He proportional counters, which are the 

gold standard for neutron detection for many applications, but high risks of sensitivity degradation [10] due 

to the strong gamma dose rate background encountered at Fukushima Daiichi renders these detectors 

unsuitable. Considering the strong measurement constraints faced in this project [11], the choice of neutron 

detectors was oriented towards small fission chambers. 

In this paper, we build a model of fuel debris for the MCNP6 code [12]. Then, thanks to MCNP6 

simulations, we characterize the neutron flux and investigate the response variability of the CFUF34 fission 

chamber (manufactured by PHOTONIS) in the frame of fuel debris localization measurements in a 

damaged nuclear reactor (Fukushima Daiichi unit 1). The CFUF34 fission chamber was chosen mainly for 
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its thermal neutron sensitivity of 10-3 (c.s-1)/(n.cm-2.s-1) and its compactness. Impact of different parameters 

were investigated, such as: fission chamber position with respect to fuel debris (altitude, lateral shift, and 

rotation), and sensitivity loss due to sediments potentially covering fuel debris. On the other hand, 

experiments were performed to assess the impact of a strong gamma dose rate on fission chamber 

measurements. Results obtained with three different irradiation means — an X-ray tube, an 192Ir source, 

and a linear electron accelerator — emitting gamma-rays characterized by different energy spectra at 

different dose rates will be exposed. 

2. MCNP6 model of fuel debris 

A model of fuel debris is required in order to evaluate measurement sensitivity obtained with a fission 

chamber by MCNP6 simulation, on the basis of realistic and comprehensive consideration of the source 

term. Significant discrepancies can be observed in the fuel debris models which are available in the 

literature. This can be explained by the fact that no core melt samples from the Fukushima Daiichi 

damaged reactors are available up to now and will not be before dismantling operations start. Moreover, 

both the density and the chemical composition are expected to be different for the three damaged units as 

amounts of water injected and accident kinetics differ between the units. Fuel debris are likely to be 

heterogeneous, composed of different layers, and to reveal complex chemical mixtures and different crust 

compositions [13]. 

An et al. [14] conducted a melting and solidification experiment in a cold crucible using an induction 

heating technique in order to investigate the composition of the molten core at the Fukushima Daiichi unit 1 

[14]. This paper shows that fuel debris would be composed of two layers: an upper layer which is rich in 

metal (7.0 g.cm-3), containing a high amount of boron carbide (B4C, a neutron absorber); and a lower layer 

which is rich in oxide (7.9 g.cm-3), containing a low amount of B4C. Bonneville et al. [15] provide a model 

of fuel debris determined with an evaluation code known as ASTEC (Accident Source Term Evaluation 

Code) [16]. This model is composed of five layers: fuel debris, heavy metallic layer, oxide layer, light 
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metallic layer, and debris layer. Thicknesses of each layer have not been reported. Nevertheless, consensus 

is reached on the fact that fuel debris: are likely to be composed of species such as U, UO2, Zr, ZrO2, B4C 

and steel; would consist of multiple layers (metal-rich and oxide-rich layers). 

In the present work, fuel debris located in flooded PCVs at Fukushima Daiichi will be simulated with 

MCNP6 considering a 10 cm-thick single layer with a chemical composition determined from the results 

obtained with ASTEC. First, masses in kg per species and per layer for the three Fukushima Daiichi units 

were taken from the paper published by Bonneville et al. [15] and were converted in weight percentages. 

Secondly, we retained the top layer (light metallic layer known as “magma 3” with the ASTEC 

terminology) as fuel debris are located at the bottom of the reactor and measurements would be carried out 

with the fission chamber positioned above the fuel debris. In other words, the fission chamber would be 

sensitive to neutrons emitted from the top of fuel debris, and the neutron emission of layers below would be 

strongly attenuated. Thirdly, in order to make an average model of fuel debris for the three Fukushima 

Daiichi units, we took the weight percentages of each species for the three units and calculated mean 

values. Weight percentages of each species were then calculated for each chemical element. The chemical 

composition of the MCNP6 model considering a uranium enrichment of 3 % is given in Table 1. 
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Table 1. Chemical composition of the MCNP6 simulation model of fuel debris and the isotopic 

composition, considering a uranium enrichment of 3%. 

Element 

 

Weight percentages per element and per isotope 

 

Weight 

percentages per 

element (%) 

Isotope 

 

Weight percentages 

per isotope (%) 

U 45.26 
235U 1.35 
238U 43.91 

O 12.69 16O 12.69 

Zr 25.89 

90Zr 13.32 
91Zr 2.91 
92Zr 4.44 
94Zr 4.50 
96Zr 0.72 

B 0.11 
10B 0.02 
11B 0.09 

C 0.03 12C 0.03 

Fe 11.54 

54Fe 0.67 
56Fe 10.58 
57Fe 0.25 
58Fe 0.03 

Cr 2.88 

50Cr 0.12 
52Cr 2.42 
53Cr 0.27 
54Cr 0.07 

Ni 1.6 

58Ni 1.09 
60Ni 0.42 
61Ni 0.02 
62Ni 0.06 
64Ni 0.01 
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In addition, the density of fuel debris – 7 g.cm-3 – was taken from An et al. [14]. The MCNP6 model of 

duel debris also includes S(α, β) thermal neutron scattering data (given for a temperature of 293.6 K) in 

order to avoid unsuitable free gas treatment at low neutron energies. S(α, β) data were used for the 

following elements: uranium contained in UO2; oxygen contained in UO2; zirconium; and 56Fe. 

Furthermore, the main neutron-emitting nuclide in the melted core is expected to be 244Cm by spontaneous 

fission due to its high specific emission (1.08×107 n.s-1.g-1 [17]). In the frame of the MCNP6 model of fuel 

debris, neutrons are produced according to a Watt fission spectrum of the 244Cm nuclide (����� =

2.1 ��). This spectrum is computed using the following function: 

���� = � exp �−�/�� sinh�√��� 

in which, � is a normalization factor; � and � are specific constants. For the case of 244Cm spontaneous 

fission, � is equal to 902.5 keV and � is equal to 3.72 MeV-1 [18]. 

3. Characterization of the neutron flux 

As fission chamber measurements dedicated to fuel debris localization are meant to be carried out 

underwater in the flooded PCVs of the Fukushima units, first, we evaluated the effect of water on neutron 

energy, and the effect of water temperature on the neutron flux. 

3.1  Effect of water on neutron energy 

An isotropic point source emitting neutrons according to a 244Cm energy spectrum, representing a hot spot 

of fuel debris, was simulated at the center of a 25 cm-radius sphere. The sphere was crossed by a horizontal 

plane through the center. The bottom hemisphere was filled with concrete whereas the top hemisphere was 

filled with water. Concentric spheres of increasing size with radii from 1 to 24 cm by 1 cm steps were then 

simulated inside the 25 cm-radius sphere (all spheres being centered on the neutron source). A scheme of 

the simulation model is shown in Fig. 1. Neutrons were tracked on the surfaces of each top hemispheres 

using an F1 tally in MCNP6 (neutron current integrated over a surface). The neutron flux i.e., the number 
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of neutrons per cm² and per neutron emitted by the source, was obtained by dividing the number of 

neutrons crossing each hemisphere surface by the area of the latter expressed in cm². Fig. 2 presents the 

neutron flux as a function of the distance from a hot spot of fuel debris. The neutron spectrum was divided 

in three energy components: 

- thermal neutrons (energy lower than 0.6 eV); 

- epithermal neutrons (energy from 0.6 eV to 1 MeV); 

- fast neutrons (energy above 1 MeV). 

We can see that the fast neutron component decreases rapidly over the distance from the hot spot of fuel 

debris due to the strong moderation effect of water. The maximum value of the thermal neutron flux is 

reached at 3 cm where thermal neutrons represent 23% of the total neutron flux. The thermal neutron flux 

becomes predominant above a distance of 5 cm, and remains higher than 10-3 neutrons per cm2 and per 

source neutron around 10 cm. The thermal neutron flux is then significantly reduced when the distance 

increases and becomes lower than 10-4 neutrons per cm2 and per source neutron at 25 cm from the hot spot 

of fuel debris. Regarding measurements performed at Fukushima Daiichi, we can conclude that the fission 

chamber will have to be sensitive to thermal neutrons and brought at a few centimeters from the fuel debris. 

 

Fig. 1. Scheme of the MCNP6 model used to characterize the neutron flux. 
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Fig. 2. Neutron fluxes as a function of the distance from a hot spot of fuel debris. 

3.2 Effect of water temperature on the thermal neutron flux 

The water temperature can be modified in the MCNP6 simulation model by taking into account using the 

appropriate S(α, β) thermal neutron scattering data. For the case of light water, S(α, β) data are available for 

two temperatures of interest in the frame of this study: 293.6 K (about 20°C) and 350 K (about 77°C). Fig. 

3 shows the thermal neutron flux as a function of the distance from a hot spot of fuel debris for these two 

water temperatures. Results show that water temperature has a low impact, with a relative difference under 

1% at 3 cm and around 10% at 25 cm. Regarding measurements performed at Fukushima Daiichi, we can 

conclude that the sensitivity of fission chamber measurements will not be strongly impacted by the water 

temperature which is assumed to be in between the two water temperatures considered previously. In the 

following of this study, MCNP6 simulations will be performed considering a water temperature of 293.6 K. 
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Fig. 3. The thermal neutron flux as a function of the distance from a hot spot of fuel debris for either a 

water temperature of 293.6 K or 350 K. 

4. Simulation of fission chamber measurements at Fukushima Daiichi unit 1 

4.1 Choice of the CFUF34 fission chamber 

The fission chamber chosen to carry out neutron measurements in the flooded PCVs of the Fukushima units 

to localize fuel debris should be sensitive to thermal neutrons. In addition, considering deployment and 

measurement constraints at Fukushima Daiichi, the fission chamber should be compact, insensitive to 

gamma-rays, and present waterproof properties. The CFUF34 fission chamber manufactured by 

PHOTONIS would be well-adapted thanks to its: compactness (cylindrical shape, 4.7 mm of diameter and 

85 mm of length); sensitivity to thermal neutrons in pulse mode of 10-3 (c.s-1)/(n.cm-2.s-1); insensitivity to 
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gamma-rays up to 105 Gy.h-1; and waterproof properties. In the following, neutron measurements will be 

simulated using a CFUF34 fission chamber. 

4.2 MCNP6 model of the PCV 

For this study, the environment of the PCV of Fukushima Daiichi unit 1 was chosen. The PCV is made of 

concrete and has a cylindrical geometry with an internal diameter of 5 meters and a height of 8.5 meters. 

Side walls are 50 cm-thick. In the PCV of unit 1, the water level is up to 3 meters. Using the MCNP6 

model of fuel debris presented previously, fuel debris are simulated according to a cylindrical shape and are 

embedded in the concrete slab located at the bottom of the PCV. The volume source emits neutrons in an 

isotropic manner with a 244Cm energy spectrum. The head of the CFUF34 fission chamber is simulated 

above and pointing towards the top of fuel debris. Fig. 4 shows a view of the MCNP6 simulation model for 

a 50 cm large fuel debris cylinder. In order to estimate the response of the fission chamber, we calculate the 

fission rate in the 235U-enriched deposit i.e., the number of fission reactions per neutron emitted by the 

source, thanks to an F4 tally in MCNP6. 

 

Fig. 4. On the left: view of the MCNP6 model representing the PCV of Fukushima Daiichi unit 1. On the 

right: focus on the CFUF34 fission chamber immersed in the flooded PCV and pointing towards a 

cylindrical block of fuel debris. 
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4.3 Effect of fission chamber positioning 

Three effects of fission chamber positioning during measurements were evaluated by MCNP6 simulation: 

altitude (vertical movement from fuel debris); lateral shift (horizontal movement at 1 cm above fuel debris); 

and rotation (see further Fig. 7). First, simulations were performed with the fission chamber placed at 

different altitudes from fuel debris, between 1 and 20 cm by 1 cm steps. Fig. 5 shows the fission chamber 

response according to the altitude from a 50 cm-large fuel debris cylinder. The fission chamber response 

increases rapidly when the fission chamber gets closer to fuel debris. When moving the fission chamber 

from an altitude of 1 cm to an altitude of 15 cm, the fission chamber response would be reduced by a factor 

on the order of 10. 

 

Fig. 5. The fission chamber response as a function of altitude from a 10-cm thick fuel debris cylinder with a 

diameter of 50 cm (see Fig. 4). 
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Secondly, simulations were performed with the fission chamber placed at an altitude of 1 cm from fuel 

debris and with different lateral shifts from 0 to 20 cm by 1 cm steps. Fig. 6 shows the fission chamber 

response according to the lateral shift for the case of a 10 cm-thick fuel debris cylinder with a diameter of 

10 cm. When the fission chamber is positioned above the center of a 10 cm-thick and 10-cm large fuel 

debris cylinder and then shifted 20 cm on the side, the fission chamber response varies by more than a 

factor of 4. 

 

Fig. 6. The fission chamber response as a function of lateral shift when horizontally moved at 1 cm above 

fuel debris cylinder. Results obtained for the case of a 10 cm-thick fuel debris cylinder with a diameter of 

10 cm. 

Thirdly, the potential effect of rotation of the CFUF34 chamber was evaluated by rotating the fission 

chamber in water from 0° to 60°, as shown in Fig. 7. The altitude of the fission chamber was maintained at 

10 cm from a point source emitting neutrons according to a 244Cm energy spectrum. Results obtained are 
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shown in Fig. 8. The impact of a 60° rotation of the fission chamber leads to an increase of the signal of 

10% compared to the value obtained in the 0° reference position. Hence, the rotation of the fission chamber 

during underwater measurements at Fukushima Daiichi would have a limited impact on signals measured. 

 

Fig. 7. View of the MCNP6 simulation carried out to estimate the impact of a potential rotation on the 

fission chamber response. 

 
 

Fig. 8. The fission chamber response as a function of the fission chamber rotation angle. 
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4.4 Effect of sediments above fuel debris 

As mentioned in previous studies [6, 14, 15], fuel debris may be covered by different substances at the 

Fukushima Daiichi units. These substances, referred to as “sediments” in this paper, can absorb a part of 

neutrons emitted by fuel debris below and therefore reduce the measurement sensitivity. Unfortunately, no 

precise information on these sediments is available at this time in terms of chemical composition, density, 

or thickness. In this study we simulated sediments as a compact material covering the bottom of the flooded 

PCV with a chemical composition estimated using data provided by F. Ahmed et al. (2010) [19]: 50.2% 

oxygen; 42% silica; 4.2% calcium; 3.1% carbon; 0.3% iron; and 0.2% hydrogen. A density of 2.5 g.cm-3 

was taken from F. Kazi Aoual-Benslafa et al. (2014) [20]. Different thicknesses of sediments were 

simulated from 0 to 50 cm, with the fission chamber placed at an altitude of 1 cm from the top of the 

sediment layer. A view of the MCNP6 model for the case of a 30 cm-thick sediment layer above a 10-cm 

thick and 50 cm-diameter fuel debris cylinder is shown in Fig. 9 whereas Fig. 10 reports the fission 

chamber response as a function of the thickness of the sediment layer covering fuel debris. When 

comparing the fission chamber response obtained with and without a 30 cm-thick sediment layer above fuel 

debris, measurement sensitivity is reduced by a factor on the order of 10. 

 

Fig. 9. On the left: view of the MCNP6 model representing the PCV of Fukushima Daiichi unit 1. On the 

right: focus on the CFUF34 fission chamber immersed in the flooded PCV and pointing towards a 

cylindrical block of fuel debris covered by sediments. 
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Fig. 10. The fission chamber response as a function of the thickness of the sediment layer covering fuel 

debris. 

 

5. Assessment of fission chamber performance under gamma-ray irradiation 

5.1. Irradiation means 

In order to assess fission chamber performance under high gamma-ray irradiation characterized by different 

levels of dose rate and different energy spectra, trials were conducted sequentially with three irradiation 

means: an X-ray tube; an 192Ir source; and a linear electron accelerator (linac). The X-ray tube was operated 

successively with three high voltage values: 176, 300, and 476 kV. The 192Ir source was placed in a GAM 

120 system and the activity of the source was equal to 2.965 TBq at the date of measurements (192Ir has a 

half-life of 73.827 days [21]). The linac used was the M9-Linatron manufactured by VARIAN (now Varex 

Imaging) located at the SAPHIR platform (CEA Saclay, France) [22]. This linac generates either 6 or 9 

MeV electrons. On the same principle, the linac and the X-ray tube produce photons by Bremsstrahlung in 
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a conversion target. The photon energy spectra are continuous up to an energy depending on the value of 

electron energy or high voltage selected. In contrast, the 192Ir source is characterized by a discrete energy 

spectrum given in Table 2. Furthermore, the irradiation mode is not the same for the three irradiation 

means. The X-ray tube and the 192Ir source irradiate in a continuous manner whereas the linac generates 2.5 

µs pulses at a frequency chosen between 40 and 400 Hz at 6 MeV, and between 40 and 385 Hz at 9 MeV. 

For the case of the linac, the gamma dose rate of interest during the irradiation trials is not the average 

value but the most intensive one, at which the fission chamber is exposed during a 2.5 µs pulse. In the 

following of this paper, gamma dose rates delivered by the linac and expressed in Gy per hour will be given 

as if the irradiation was continuous. To convert the gamma dose rate measured (averaged on one second of 

measurement) to the “continuous” gamma dose rate (obtained during the 2.5 µs pulse), the gamma dose 

rate measured is divided by the fraction of irradiation time, which is equal to the product between the pulse 

duration (2.5 µs) and the pulse frequency (in Hz). The main differences between the three irradiation means 

are summarized in Table 3. 
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Table 2. The six main peaks of the 192Ir discrete gamma-ray spectrum [21]. 

Energy (keV) Intensity (%) 

316.51 82.75 

468.07 47.81 

308.46 29.68 

295.96 28.72 

604.41 8.20 

612.46 5.34 

 

Table 3. The main differences between the three irradiation means. 

 X-ray tube 192Ir source Linac 

Irradiation mode Continuous Continuous Pulsed 

Energy spectra type Continuous Discrete Continuous 

Maximum photon energy 176, 300, or 476 keV 612.46 keV1 6 or 9 MeV 

 

 

 

 
 

1 Considering gamma-rays with intensities above 0.1% [21]. 
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5.2. Experimental protocol 

These experiments were carried out using a CFUE32 fission chamber (manufactured by PHOTONIS) 

which has the same thermal neutron sensitivity in pulse mode as the CFUF34 fission chamber: 10-3 (c.s-

1)/(n.cm-2.s-1). According to the technical specifications provided by PHOTONIS, the CFUE32 fission 

chamber has a cylindrical shape, a diameter of 7 mm, a total length of 150 mm, and an upper gamma dose 

rate limit equal to 104 Gy.h-1. In comparison, the CFUF34 fission chamber has a cylindrical shape, a 

diameter of 4.7 mm, a total length of 85 mm, and an upper gamma dose rate limit equal to 105 Gy.h-1. 

The CFUE32 fission chamber was connected to a Mirion Technologies (CANBERRA) NIM 7821 module, 

which provided a high voltage set at 400 V. The signal delivered by the fission chamber was sent to a 7820 

ADS (Amplification Discrimination System) which includes a current amplifier from the same company. 

The discrimination threshold used to separate pulses of interest from the background noise was set at 400 

mV. The TTL signal delivered by the 7820 module was sent to an AGILENT counting scale (model 

53250A). The latter enabled to register the number of counts detected by the fission chamber. 

Two different neutron sources available in the test facilities were used during these experiments. An 

americium-lithium (AmLi) source was used for experiments performed with the linac and an americium-

beryllium (AmBe) source was used for experiments carried out with the 192Ir source. Fig. 11 shows 

respectively the energy spectra of AmLi and AmBe sources simulated with SOURCES-4C [23]. An AmLi 

source emits neutrons with an average energy of approximately 470 keV whereas an AmBe source emits 

neutrons with an average energy close to 4 MeV. As the CFUE32 fission chamber is mainly sensitive to 

thermal neutrons, the fission chamber was placed inside a detection block made of polyethylene, in order to 

increase the signal due to AmLi or AmBe fast neutron sources, and surrounded by a 1 mm-thick cadmium 

sheet in order to cut thermal neutrons scattered in the irradiation room. 
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Fig. 11. Energy spectra of AmBe and AmLi neutron sources, simulated with SOURCES-4C [23]. 

Three types of measurements were performed. First, the bare fission chamber was irradiated by gamma-

rays to evaluate the gamma background signal alone. Secondly, the fission chamber was positioned in the 

detection block and gamma irradiations were performed in presence of a neutron source next to the 

detection block to determine the impact of gamma-rays on the neutron signal of interest. Thirdly, in order 

to assess the fission chamber performance after a strong integrated dose, the fission chamber was exposed 

in the linac photon beam, and neutron counts were compared before and after irradiation using the same 

measurement protocol. For these three types of measurements, the gamma dose rates delivered to the 

fission chamber were measured using an ionization chamber from PTW Freiburg GmbH. This type of 

detector, often used in the frame of radiation therapy with linear electron accelerators, provides an accurate 

value of the dose rate in real-time. 
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Different levels of gamma dose rates delivered to the fission chamber were tested by changing the distance 

between the fission chamber (or the detection block) and the 192Ir source or the linac beam. For the X-ray 

tube, the high-voltage was also used to change the dose rate. For the linac, the fission chamber (or the 

detection block) was moved inside the photon field at different distances from the electron beam axis. 

Acquisition time was set at one minute for irradiations performed with either the X-ray tube or the linac, 

and at ten minutes for irradiations performed with the 192Ir source. 

5.3. Experimental results obtained with the bare fission chamber 

Count rates measured by the bare CFUE32 fission chamber (without the detection block) according to the 

gamma dose rate delivered by the irradiation mean are gathered in Table 4. Between 43.2 and 2500 Gy.h-1, 

no signal was observed whatever the gamma-ray energy spectra (192Ir source, or X-ray tube operated at 

different high voltages). Measurements between 2790 Gy.h-1 and 471.6 kGy.h-1 were performed with the 

linac. From 2790 to 8280 Gy.h-1, less than two counts were recorded per minute, due to fast photoneutrons 

emitted by the linac [22] and thermalized in the irradiation hall. From 14.3 to 471.6 kGy.h-1, the count rate 

varied between a few dozens and a few thousands of counts per minute. The fission chamber is not 

sensitive to gamma-rays up to a limit of 10 kGy.h-1 as claimed by the manufacturer PHOTONIS. As the 

gamma dose rate at Fukushima Daiichi should not exceed 1 kGy.h-1, fission chamber measurements 

performed towards fuel debris localization in the PCVs of the Fukushima Daiichi units would not be 

affected in this strong gamma dose rate environment. 
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Table 4. Count rates measured by the CFUE32 fission chamber according to the gamma dose rate delivered 

by the irradiation mean. 

Irradiation mean Dose rate (Gy.h-1) Counts per minute 

X-ray tube 

43.2 0 

48.5 0 

61.8 0 

192Ir source 852 0 

X-ray tube 

954 0 

1119 0 

2500 0 

Linac 

2790 1 

3690 0 

5520 0 

8280 2 

14300 58 

21500 11741 

111600 2752 

471600 2805 
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5.4. Experimental results obtained with the detection block 

The number of counts measured by the CFUE32 fission chamber inside the polyethylene and cadmium 

detection block according to the gamma dose rate delivered by the 192Ir source in presence of an AmBe 

neutron source are presented in Table 5, taking into account statistical uncertainties. Neutron counts are 

constant and not disturbed by the gamma dose rate. Measurements performed with an AmLi neutron source 

and the linac confirmed that this conclusion was still valid at 103 Gy.h-1. 

Table 5. Number of counts measured by the CFUE32 fission chamber according to the gamma dose rate 

delivered by the 192Ir source in presence of an AmBe neutron source. 

Irradiation mean Dose rate (Gy.h-1) Number of counts  

192Ir source 

~0 253 ± 16 

3.25 244 ± 16 

6.57 274 ± 17 

27.64 252 ± 16 

56.62 259 ± 16 

 

During the test aiming at assessing the fission chamber performance after a high integrated dose, the linac 

photon beam delivered 2200 Gy to the fission chamber in ten minutes. The numbers of counts obtained 

before and after irradiation, is respectively: 335 ± 18 and 333 ± 18. Despite the high integrated dose, no 

performance degradation of the fission chamber was encountered. 
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6. Conclusion and outlook 

In this study, we investigated the performance of fission chamber towards fuel debris localization in the 

damaged reactors of Fukushima Daiichi by MCNP6 simulation. The calculated neutron flux under water 

showed that fuel debris should be sought by their thermal neutron signature at a distance of a few 

centimeters. Then, we simulated the response profiles of a CFUF34 fission chamber as a function of 

altitude or lateral shift with respect to fuel debris, which will be used in future work to develop fuel debris 

localization algorithm. We also showed that rotational movements of the fission chamber up to 60° would 

have a limited impact on signals measured. Sensitivity loss due to sediments potentially covering fuel 

debris has been evaluated on the order of a factor 10 considering a 30 cm-thick sediment layer. 

Secondly, we assessed fission chamber performance under gamma-ray irradiation at different levels of dose 

rates and with different energy spectra. Trials were conducted with a CFUE32 fission chamber with an X-

ray tube, an 192Ir source, and a linac. These experiments enable to draw the conclusion that the fission 

chamber is not impacted by the gamma dose rate up to 104 Gy.h-1, which is in good agreement with 

specifications provided by the manufacturer (PHOTONIS). It is important to emphasize that the energy 

spectra of the gamma-ray sources did not have an impact either. In addition, no performance degradation 

was observed after an integrated gamma dose of 2200 Gy on the fission chamber in a 10 minute irradiation. 

However, when the fission chamber is irradiated by gamma dose rates above 104 Gy.h-1 (upper limit of the 

operating domain specified by PHOTONIS), a significant gamma background is observed. Nevertheless, as 

the gamma dose rates at Fukushima Daiichi should not exceed 103 Gy.h-1, fission chamber measurements 

performed towards fuel debris localization in the Primary Containment Vessels (PCV) of the units would 

not be affected by the severe gamma-ray irradiation. 

Next steps should consist in designing and testing a measurement system including a fission chamber 

integrated on the carrier of a robot. Trials should first be performed in the laboratory using neutron sources 

in order to acquire experimental data and refine the measurement protocol. On the other hand, fuel debris 
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localization algorithms are being studied [11] and future work will also aim at fine-tuning the 

reconstruction algorithm in view of improving spatial resolution of fuel debris localization. 
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