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Abstract: On-site inspection system to estimate Uranium (U)/Plutonium (Pu) mass density in nuclear fuel debris in TEPCO Fukushima 
Daiichi nuclear power plant is proposed by using the portable 950 keV / 3.95 MeV X-ray / neutron sources. The two portable X-ray / 
neutron sources have been already applied to on-site transmission inspection of real bridges in Japan. Two colored X-ray CT is applied 
to determine three dimensional (3D) atomic number distribution of the debris and nuclear resonance transmission absorption (NRTA) 
enables identification of U/Pu. Thus, we can estimate U/Pu mass density so that the criticality control is available for safe storage of the 
debris. We have successfully performed a proof-of-principle experiment using model debris samples. The next experiment using new 
model debris samples containing real natural U is planned in 2019. Further, we are proposing a quick in-site U/Pu mass density 
estimation system for mass-extraction of large amount of fuel debris from the reactors. 
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1. Introduction 

In the TEPCO (Tokyo Electric Power Company 

Holdings) Fukushima Daiichi accident, the melt down 

of nuclear fuel occurred in the units 1, 2 and 3. Huge 

amount of melted fuel debris stays in their bottoms. 

These nuclear debris consist of nuclear fissile material 

such as Uranium (U), Plutonium (Pu) and other nuclear 

materials. They need to be controlled through 

measuring and quantification. According to NDF 

(Nuclear Damage Compensation and 

Decommissioning Facilitating Corporation) roadmap 

for fuel retrieval from Fukushima Daiichi nuclear 

reactor unit 1, 2, and 3, the fuel retrieval is scheduled to 

start in 2021. However, one of the main problems 

associated with this activity is the uncertainty of the 
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radioactivity distribution in the target fuel debris. By 

analyzing small debris samples extracted from the units 

by a robot, a detailed mapping of the physical and 

chemical properties of the fuel debris in the units 

should be obtained. If this can be realized, it would 

significantly contribute to efficient debris retrieval and 

the reduced exposure of workers to radiation. In 

particular, the necessary information for application to 

metrological control is the distribution of uranium and 

plutonium content in fuel debris lumps. Therefore, for 

this purpose, a method of analyzing the debris and 

determining its composition on-site is required.  

Some established methods on nuclear debris analysis 

like laser-induced breakdown spectroscopy (LIBS) 

which can be used on-site nuclear reactor core [1]. 

However, as the analyzed sample would be 

instantaneously evaporated to induce light-emitting 

plasma, it would be difficult to obtain the weight 

information of the debris as well. On the other hand, 
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induction coupling plasma mass spectrometer 

(ICP-MS) method that has been established by IRID 

(International Research Institute for Decommission) to 

analyze Fukushima Daiichi nuclear debris [2] has 

minimum destructive effect to the sample, but it is not 

available for on-site use.  

Polychromatic X-ray CT method has been chosen as 

it has very good capability of identifying material with 

large gap on their atomic number (Z). It is suitable for 

detecting uranium and plutonium which have the high 

Z number among other materials in the nuclear debris. 

Even so, it is difficult to set a proper threshold in order 

to get accurate identification of materials with close Z 

number [3]. Although we may be able to get atomic 

number distribution, it would be still hard to identify 

the elements such as uranium and plutonium. Among 

many issues for contents analysis of the fuel debris, is 

the most crucial criticality safety control. For this 

purpose, another nuclear debris screening method 

which can determine the existence of uranium and 

plutonium with higher accuracy to complement the 

X-ray CT imaging result is needed.  

Local nuclear waste facility Ningyo-Toge has 

established several techniques on uranium and 

plutonium identification in spent nuclear fuel such as 

fast neutron direct interrogation and gamma-ray to 

determine enrichment [4]. But these methods are 

mainly applied to uniform, large quantity nuclear waste 

drums, aside from the measurement equipment being 

heavy and stationary. Therefore, it would be unsuitable 

for the purpose of this research, as its approach is the 

on-site screening. Estimation of U/Pu mass density in 

the fuel debris and criticality safety is expected before 

it is stored in the waste cans. One of other practical 

methods for identifying the mixed composition of a 

nuclear debris sample is via neutron resonance 

transmission analysis (NRTA). In NRTA, the neutron 

energy is measured via a neutron time-of-flight (TOF) 

method using a pulsed neutron source, which enables 

the specification of the neutron energy to be absorbed 

by the corresponding nuclide in the sample. As a 

reference regarding this method, a research on uranium 

and other minor actinides identification for Fukushima 

nuclear debris using NRTA has been conducted by the 

cooperation between Japan Atomic Energy Agency 

(JAEA) and Joint Research Center (JRC) [5]. Their 

main subject for identification is the rock-like and 

particle-like mixed-elements nuclear debris, which 

analysis is more complex and challenging due to their 

uncertainties in various aspects. They did an 

experiment using Geel Electron Linear Accelerator 

(GELINA) with 100 MeV energy and flight path of 

10-12.5 meters. As the result, they have successfully 

identified each element contained in a mixed sample 

that represents nuclear debris. It is proved that NRTA 

could be an effective way to analyze mixed-elements 

nuclear debris. However, many existing pulsed neutron 

sources are large in size and require a long flight path, 

and therefore, on-site use near the site of the nuclear 

reactor is impossible. On the other hand, transporting a 

sample to the large neutron TOF facility is not possible, 

since the transportation of fuel debris is strongly 

limited by the management in regards to nuclear 

security. In this case, there is a need for a compact and 

portable pulsed neutron source that can be used for 

on-site NRTA in the decommissioning operations, 

capable of short-distance TOF within a few meters. 

Through analytical calculations, it was determined that 

2.5 m of TOF can only measure neutron energies up to 

100 eV. Using this information as reference, we can 

determine the list of uranium and plutonium isotopes 

with neutron energy absorption values below 100 eV, 

where those isotopes will be the identification targets 

for this on-site NRTA system. Based on the Japanese 

Evaluated Nuclear Data Library (JENDL) reference of 

neutron reactions cross-section values for each isotope 

and considering their abundance, the isotopes 

subjected to identification would be 238U, 235U, 239Pu, 
240Pu, and 242Pu [6].   

For effectivity and efficiency of these nuclear debris 

analysis, an on-site preliminary screening should be 

performed before detailed analysis is done at nuclear 
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research facilities. Under the collaboration of the 

University of Tokyo, JAEA (Japan Atomic Energy 

Agency) and the University of Sheffield, we propose 

an on-site nuclear debris screening system by using two 

colored X-Ray inspection and neutron energy 

resonance analysis. The diagram in Fig. 1 shows the 

flow of on-site screening of nuclear debris activity. 

 
Fig. 1  Schematic of on-site nuclear debris screening activity before detailed analysis at nuclear research 

facilities. 
 

On-site screening activity, the effectivity and 

efficiency for the fuel debris analysis can be increased. 

Decommissioning the Fukushima Daiichi nuclear 

power reactors is a very long and complicated process. 

Therefore, any efforts aiming more efficient 

decommissioning process is a very valuable asset. By 

having on-site screening activity, good nuclear debris 

samples can be selected and will make the detailed 

analysis of it easier later. Furthermore, this system can 

also perform an area dose mapping to estimate the 

distribution of debris content from the whole area using 

Kriging method.  

While measurement using two colored X-ray CT can 

identify the material’s atomic number, neutron energy 

resonance is specific to each material’s isotope, which 

would be useful in the process of screening nuclear 

debris. For this purpose, an isotope identification 

system is needed, and it can be achieved by using 

NRTA, a non-destructive analysis method to detect and 

identify isotopes inside a material. Requirement for 

NRTA is a pulsed neutron source, and therefore this 

research’ focus is developing the neutron source 

system which is compact and mobile enough for on-site 

screening activity, but also able to detect the neutron 

resonance of radioactive material especially U and Pu 

inside the debris. 

The objective of this research is to make a compact 

isotope detection system for nuclear debris on-site 

screening, by utilizing low-energy electron linac-based 
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neutron source for neutron energy resonance analysis 

through TOF method.  

2. 950 keV/3.95 MeV Electron Linac 
X-ray/Neutron Sources 

We use X-band (9.3 GHz) linac based 950 keV/3.95 

MeV X-ray sources for the inspection of the actual 

bridge [7, 8]. The systems are shown in Figs. 2 and 3, 

respectively.  

In the former, the electrons are accelerated up to 950 

keV by radio frequency (RF) fields. We also adopted 

the side-coupled standing wave type accelerating 

structure. Electrons are injected into a Tungsten target 

that generates bremsstrahlung X-rays. The generated 

X-rays are collimated by a Tungsten collimator into the 

shape of a cone which has an opening angle of 17 

degrees. Most important is the X-ray intensity, which is 

50 mSv/min at 1 m for a full magnetron RF power of 

250 kW. The system consists of a 50 kg X-ray head, 50 

kg magnetron box, and stationary electric power source 

and water chiller unit. The X-ray head and magnetron 

box are portable, and because they are connected to 

each other by a flexible waveguide, only the position 

and angle of the X-ray head are finely tuned. We have 

optimized the design with respect to X-ray intensity, 

compactness, and weight. The parameters of the 950 

keV X-ray source are summarized in the table of Fig. 2. 

We place an X-ray detector on the opposite site of the 

X-ray source between the object and source to detect 

the transmitted X-rays through the object. We use a flat 

panel detector (FPD) from Perkin Elmer Corporation 

for the detector.  
 

 
Fig. 2  950 keV portable X-band linac based X-ray source and its specifications. The maximum X-ray energy is 950 keV. The 
system consists of three units: X-ray head, magnetron, and power units. 

 

 
Fig. 3  3.95 MeV portable X-band linac based X-ray source and its major parameters. The system consists of four units: 
X-ray head, magnetron, power, and chiller units. 
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The 3.95 MeV system is shown in Fig. 3. This 

system consists of a 62 kg X-ray head with target 

collimator of 80 kg, magnetron box of 62 kg, electric 

power sources of 116 kg, and water cooling system of 

30 kg. The X-ray head and magnetron box are portable 

and the position and angle of the former are also finely 

tuned. The X-ray intensity of this system is 2 Gy/min at 

1 m. 

Calculated attenuations in concrete for the X-rays 

from the 950 keV/3.95 MeV sources are shown in Fig. 

4. The results indicate that concrete with thicknesses of 

up to 400 mm and 800 mm can be penetrated by the 

950 keV/3.95 MeV sources, respectively. 

In order to be able to perform neutron TOF 

measurement, a pulsed neutron source is needed. 

Usually this kind of neutron source were produced by 

large-sized, high-energy particle linear accelerator, but 

by using X-Band type electron linac which compensate 

its small size with high frequency, the size of the 

neutron source can be reduced greatly and even 

possible for mobility. 

 
Fig. 4  Schematic of the compact X-Band electron linac-based neutron source. 

 

The 3.95 MeV X-Band electron linac coupled with 

Tungsten and Beryllium is the system that we are using 

for this compact neutron source [9]. By using electron 

linac, we can make a pulsed neutron source system by 

shooting a neutron target with electron. Tungsten (with 

Copper layer as cooler) will convert these electrons 

into Bremsstrahlung X-ray, which then exposed to 

neutron target. Using a material with low threshold 

energy such as Beryllium (1.67 MeV) as neutron target 

will trigger photonuclear reaction by only using a 

relatively low energy electron, resulting in a more 

compact system of pulsed neutron source. 

Through PHITS simulation, the estimated neutron 

flux production is 3.86  105 n/cm2/sec and it can detect 

neutron energy up to 100 eV by using a 2.5-meter TOF 

path. 

3. Two Colored X-ray CT Analysis 

CT is a reconstruction technique which enables to 

obtain cross-sectional images of scanned object. The 

cross-sectional images are displayed as a 

two-dimensional distribution of the CT values, which 

is equivalent to the X-ray linear attenuation coefficient 

μ.  is a function of X-ray energy, atomic number and 

electron density of a scanned object, as below. 

 = f(E,  Z, ρ)                     (1) 

The relations between the X-ray energy and linear 

attenuation coefficient of major nuclear materials are 
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given in Fig. 5. In the X-ray energy range between 

100 keV and a few MeV almost all materials have 

smooth curves. Therefore, a simple fitting can be 

applied to simulate the curves. 

If we can obtain the linear attenuation coefficient 

for two X-ray energies, we have the two coefficients, 

μl and μh, for the lower and higher X-ray energies as El 

and Eh, respectively, as given in Eqs. (2) and (3).  

μl= f(El , Z, ρ)                      (2) 

μh= f(Eh, Z, ρ)                    (3) 

In case that the coefficient has a smooth curve, the 

ratio of the two coefficients, μl /μh can be 

approximated by using a simple polynominal function 

as a function of the atomic number, Z (see Fig. 6). 

Thus, when we can get a three dimensional 

distribution of μl and μh, we can estimate the atomic 

number, Z, with a few errors. This is the procedure of 

the two colored X-ray CT to obtain the three 

dimensional distribution of the atomic number of a 

sample. 

 
Fig. 5  Relations between X-ray energy and linear attenuation coefficient of major materials. 

 

 
Fig. 6  Relation between the ratio of attenuation coefficients for low/high energies, μl /μh and atomic number, Z. 
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X-rays generated at the tungsten (W) targets 

irradiated by accelerated electrons are called as 

Bremsstrahlung and have polychromatic spectrum 

different from the monochromatic X-rays. Therefore, 

when we apply the 950 keV and 3.95 MeV linac-based 

X-ray sources to the two colored X-ray CT, we have to 

have certain errors originated from the the 

monochromatic X-rays.  We try to apply the two 

X-ray sources to evaluation the material contents 

distribution up to a certain accuracy. Fig. 7 shows the 

result of the X-ray CT reconstruction experiment using 

nuclear debris dummy sample consisting of Fe and Pb. 

Fe is the major component in the nuclear fuel debris. Pb 

is used to model U and Pu because the atomic number 

of Pb, 82, is closer to those of U and Pu, 92 and 93, than 

Fe. Hence, we try to simulate discrimination of U and 

Pu from Fe. Spatial resolution of our X-ray CT 

reconstruction was evaluated as 1 mm by our 

application to bridge inspection [8]. Measured results 

of attenuation coefficients for 950 keV and 3.95 MeV 

X-ray sources and its ratio for different thickness of 

sample are shown in Fig. 7. It is clear the ratio is rather 

insensitive for the sample thickness. The imaging result 

in Fig. 6 also shows a high contrast between the 

materials with large gap of Z value. As a 

proof-of-principle, this result proves that the 950 

keV/3.95 MeV X-band electron linac-based 

polychromatic X-ray source can be used for atomic 

number identification of the material inside nuclear 

debris, especially in distinguishing uranium and 

plutonium with higher Z from other material inside 

nuclear debris with lower Z (zirconium, SUS, etc.). 

Now we can obtain a three dimensional distribution 

of components in nuclear fuel debris with 1 mm spatial 

resolution and discriminate U and Pu from the major 

components of Fe. Resolution of weight evaluation 

becomes almost 100 mg. However, a few error of the 

atomic number must occur and we cannot identify the 

existence of U and Pu definitely. In order to solve the 

problem, we additionally perform NRTA as mentioned 

in the following chapters. 

 
Fig. 7  Images related to the X-ray CT reconstruction 
experiment using nuclear debris dummy sample. 
Cross-section of the image reconstruction of the model 
sample. 
 

 
Fig. 8  Plots of attenuation coefficient of Fe and Pb sample 
with different thickness. Attenuation coefficient ratio of Fe 
and Pb for measurement using 950 keV and 3.95 MeV 
X-ray source. 

4. Neutron Energy Resonance Experiment 
Results with 3.95 MeV Electron Linac-Based 
Neutron Source 

To verify the capability of the compact neutron 

source system, the experiment on neutron energy 

resonance measurement using model material samples 

has been performed. The experimental setup is shown 

in the Fig. 4. The compact neutron source system 

consists of 3.95 MeV X-Band electron linac, with 

Tungsten plate attached at the neutron output head to 
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produce X-rays that irradiate Beryllium inside the 

neutron target box to produce pulsed neutrons. TOF 

path is 2.5 m with accelerator pulsewidth of 2.5 s. 

Through the TOF measurement, the model material 

samples are set in front of the neutron detector of 

Helium-3 gas and exposed to pulsed neutron at 2.5 m 

distance. During this exposure, neutron resonance 

absorption occurs when a material has the same 

neutron cross-section with certain neutron energy from 

pulsed neutron source. Otherwise neutron with 

different energy will pass through and recorded by the 

neutron detector. The resonance in the neutron TOF 

spectrum can be use to identify the sample material an 

its isotopes. Through analytical calculations, it was 

determined that 2.5 m of TOF can only measure 

neutron energies up to 100 eV. Using this information 

as reference, we can determine the list of uranium and 

plutonium isotopes with neutron energy absorption 

values below 100 eV, where those isotopes will be the 

identification targets for this on-site NRTA system. 

Based on the Japanese Evaluated Nuclear Data Library 

(JENDL) reference of neutron reactions cross-section 

values for each isotope and considering their 

abundance, the isotopes subjected to identification 

would be 238U, 235U, 239Pu, 240Pu, and 242Pu [6]. 

Fig. 9 shows the numerical  result of an NRTA Monte 

Carlo simulation with a 2.5 m flight path, using a 

sample material of uranium and plutonium mix 

containing the aforementioned isotopes. This 

simulation result shows that the positions of the 

resonance dips of plutonium and uranium isotopes 

occur in different neutron energy ranges and can be 

distinguished from each other. According to the plot, 

the resonance dips for isotopes of plutonium are in the 

0.1-5 eV range of the neutron energy spectrum, and in 

the 6-50 eV range for isotopes of uranium. 

 
Fig. 9  Plot of an NRTA simulation result for a material with different contents. The resonance dips represent the specific 
isotopes (only 238U, 235U, 239Pu, 240Pu, and 242Pu were used in this simulation). 

 

Materials for the isotope detection experiment are 

pure metal plate samples of indium and tungsten. They 

were chosen because their isotopes have relatively low 

neutron absorption energy with a high cross-section 

value according to the reference from JENDL. 

Therefore, the resonance dips would be easier to 

observe within this compact neutron source energy 

spectrum. Indium has neutron resonance value close to 

that of plutonium isotopes between the range of 0.1-5 

eV in the neutron energy spectrum, and tungsten to that 
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of uranium isotopes between the range of 6-50 eV. 

Plate-shaped samples with thickness of 0.1 mm each 

were located in front of the 3He detector, and since the 

sample is larger than the detector window, the effective 

detection area would be 2080 mm2. Three plates of 

indium and tungsten each were stacked alternately 

together to form a total plate thickness of 0.6 mm 

where indium was exposed by neutrons first and 

tungsten last. The obtained neutron spectrum for the 

mixed sample measurement is shown in Fig. 10. The 

detected neutron spectrum shows several resonance 

dips of different energies that correspond to different 

isotope materials that are sufficiently distinguished 

from each other to be used for identification of the 

materials in the sample. The value of the resonance 

dips matches the references from JENDL for the 

isotopes 115In (1.37 eV and 3.55 eV) and 186W (14.2). It 

indicates that this system is able to detect several 

different isotopes in a mixed sample simultaneously. 

This measurement result satisfies the condition where 

there are distinguishable resonances dip in the 0.1-5 eV 

range and in the 6-50 eV range, which represents 

plutonium and uranium isotopes area, respectively. It 

also shows that the system will be able to identify 

whether the detected resonance dip belongs to 

plutonium or uranium isotopes in a one-time 

measurement. 

 
Fig. 10  NRTA result for In+W sample (20x80x0.3x2 mm3, entire detector area size) with He-3 detector. 

 

Now we try to find minimum size for a few hours 

NRTA by the 3.95 MeV X-band electron linac-based 

pulsed neutron source system. Fig. 11 shows the plot of 

the neutron TOF measurement by using the smallest 

sample size possible, which is 20  20 mm2 and 1.2 mm 

thickness (0.6 mm for each In and W). Based on this 

study, if we store the fuel debris into about 10 mm  10 

mm  2 mm planar cell, a few hours NRTA 

measurement could be available. 
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Fig. 11  NRTA result for In+W sample (20200.82 mm3, smallest sample size) with He-3 detector. 

 

In the next stage, we are going to use new model 

material samples with real natural U and B to verify 

our scenario for the real nuclear materials in 2019. 

The new model material samples are under 

development at University of Sheffield, UK. 

5. Proposal of Practical System for Fuel 
Debris Mass Extraction and Criticality 
Safety 

If a preliminarily stack database on correlation of 

attenuation constants and elements measured by both 

X-ray CT and NRTA were made, U and Pu can be 

identified. By combining 3D X-ray CT reconstruction 

results with the resolutions of 1 mm and ~100 mg, the 

density of U and Pu can be estimated for criticality 

safety evaluation. 

The main objective of this research is to make a 

meaningful contribution to criticality calculations for 

nuclear debris containers, via the determination of 

uranium and plutonium material density. 

Short-distance NRTA will complement X-ray CT 

system used to study nuclear debris, whereby this 

measurement method combination can be used to 

estimate the size and weight of the uranium and 

plutonium content in the debris, which is necessary for 

material density calculation. Due to its limited sample 

shape for measurement and long measuring time, for 

the consideration of practical use of the screening 

system, this short-distance NRTA will be used at the 

test extraction step for the purpose of system 

calibration, as shown by the scheme in Fig. 12. Namely, 

the 3D distribution of atomic number can be evaluated 

with a few errors by two colored X-ray CT and U/Pu 

can be identified by NRTA. Thus, the mass density of 

U/Pu can be estimated. We are going to stack enough 

data base on the correlation between measured X-ray 

attenuation coefficients and atomic number range of 

U/Pu. We plan to verify this former phase of our 

scenario till 2020. When mass-extraction of nuclear 

debris starts in 2021, the actual screening process will 

be conducted by a fast line detector system by 

polychromatic X-ray CT of partial angle using about 20 

degrees cone X-ray beam and parallel motion of 

delivery of real nuclear debris. Fig. 13 shows the 

schematic of the latter phase of the scenario. The line 

detector system and how it contributes in the criticality 

estimation before proceeding to nuclear debris storage. 

In the current stage of development, artificial 

elongation of reconstructed image happens due to the 

partial angle CT. This error has been evaluated for the 

X-ray bridge inspection and the diameter of reinforced 

iron wires and rods can be estimated with the spatial 

resolution of 1 mm [7, 8]. Therefore, we can get 3D 

distribution of the X-ray attenuation coefficient and 
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output the mass density of U/Pu quickly. If the mass 

density of U/Pu is more than 3-5 %, we have to treat the 

debris very carefully to avoid the risk of criticality and 

store them in smaller cans of about 200 mm diameter 

with the neutron absorber of B. If it is less, they are 

stored in larger cans with about 400 mm diameter. 

 
Fig. 12  Former phase of the proposed scenario of on-site combined two colored X-ray CT, to determine 3D distribution of 
atomic number with a few errors, and NRTA, to identify U/Pu for estimation of the mass density of U/Pu. 

 

 
Fig. 13  Latter phase of proposed scenario of on-site X-ray analyses for discriminating debris depending on U/Pu density for 
criticality safety. 
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6. Conclusion 

We have proposed the combined two colored X-ray 

CT and NRTA using the potable 950 keV/3.95 MeV 

X-band linac-based X-ray/neutron sources for on-site 

nuclear fuel debris analysis in Fukushima. We can 

approximately discrinimate U/Pu and Fe with the 

spatial resolution of 1mm. The minimum sample size 

for NRTA by the 3.95 MeV system is 20 mm  20 mm 

 1.6 mm for two hours. We are going to do a 

proof-of-principle experiment using U containg 

samples made of University of Sheffied in 2019. We 

will confirm the quantitative feasibity of our method 

forward preliminary analysis of small samples and 

future mass extraction of the fuel debris.  
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