
ISSN (Print): 2328-3491, ISSN (Online): 2328-3580, ISSN (CD-ROM): 2328-3629 

              

American International Journal of  
Research in Science, Technology,  
Engineering & Mathematics 
              

 

         
 

 

AIJRSTEM 15-308© 2015, AIJRSTEM All Rights Reserved                                                                                                               Page 7 

Available online at http://www.iasir.net 

 

 

AIJRSTEM is a refereed, indexed, peer-reviewed, multidisciplinary and open access journal published by 
International Association of Scientific Innovation and Research (IASIR), USA 

(An Association Unifying the Sciences, Engineering, and Applied Research) 

 

 
Computational Study of the NGAT using MCNP5 

A. Justinien Franck Ratovonjanahary
1
, Alain Robert Lebrun

2
, Young Gil Lee

2
 

1
Laboratoire de Physique Nucléaire et Physique de l’Environnement (LPNPE),  

University of Antananarivo, MADAGASCAR. 
2
NDA Section, Division of Technical Support, Safeguards Department, I 

International Atomic Energy Agency (IAEA), Vienna, AUSTRIA. 

 

 
 

I.  Introduction 

The present work focused on a computational simulation study of an instrument used for Spent Fuel verification 

which is an essential part of IAEA Safeguards. During a Nuclear Power Plant (NPP) operation, Plutonium is 

produced in the irradiated fuel assemblies and is continually increasing. Since the 
235

U and 
239

Pu cannot be 

measured directly, because their gamma rays are masked by the intense fission product background, the Non 

Destructive Assay (NDA) techniques aim to detect radiation from spent-fuel assemblies: 

- Neutrons - from actinides (mainly 
242

Cm and 
244

Cm) 

- Gamma rays - from fission products (mainly 
137

Cs) 

This work focuses on the computational study of the Neutron and Gamma Attribute Tester (NGAT) using the 

version 5.0 of the Monte Carlo N-Particles transport code (MCNP5). The neutron detector of the NGAT has 
3
He 

as detector, High Density Polyethylene (HDPE) as moderator and lead as gamma shielding; and the gamma 

detector is a 20 mm
3
 crystal CdZnTe detector. The goal of NGAT is underwater verification of spent fuel. Spent 

fuel contains 
244

Cm which emits neutrons and 
137

Cs which emits gamma rays at 662 keV. Therefore, detection 

of neutrons plus gamma rays at 662 keV is a qualitative evidence of spent fuel. 

For the neutron part, the goals were to optimize the NGAT design and to understand the detection capabilities in 

terms of maximum distance from measured item to ensure proper detection. The detector response as a function 

of the distance source-detector was calculated. Then, the effect of boron and HDPE on the detector sensitivity 

was studied. The purpose of this study was to determine the thickness of HDPE suitable to induce an increase in 

the number of thermal neutrons reaching the detection area for incident neutrons with energy following the 

Maxwellian distribution. 

 

For the gamma part, the goal is to study the response of the CdZnTe detector. The gamma ray energy 

distribution from a spent nuclear fuel is of great complexity, so the simulation adjustment of gamma detection is 

not obvious and needs time. For the present simulation, the "PWR 17x17 Burnup: 60GWd/t Cooling time: 

5475d=15y” energy distribution was used. 

 

Abstract: The Neutron and Gamma Attribute Tester (NGAT) is a prototype of a neutron and gamma detector, 

conceived and developed by the NDA section of the Division of Technical Support of IAEA Safeguards, which 

aims to underwater verification of spent fuel containing 
244

Cm which emits neutrons and 
137

Cs which emits 

gamma rays at 662 keV. The neutron detector of the NGAT has 
3
He as detector, High Density Polyethylene 

(HDPE) as moderator and lead as gamma shielding; and the gamma detector is a 20 mm
3
 crystal CdZnTe 

detector. The simulation of the NGAT’s neutron detector was performed by the Dr. A. Justinien Franck 

Ratovonjanahary during his training at the IAEA Safeguards in 2006. This simulation showed that some 

improvement can still be made with respect to e.g. increasing the detector’s HDPE moderator thickness by a 

factor of two for an optimal thermal neutron production, therefore for an optimal detection condition. The 

simulation of the response of the CdZnTe gamma detector was rather difficult because the gamma ray energy 

distribution from a spent nuclear fuel is of great complexity and detector efficiency is very limited. This 

gamma detection simulation code is still to be improved in terms of computational feature in order to have a 

better accuracy within a court run time. However a simulation tool has been ready for reuse by SGTS 

personnel as a basis for further studies of the NGAT. In particular it will allow to timely assessing the 

performance of NGAT in particular situations such as the determination of the detection limit of the 

irradiated pins in containers declared free of nuclear material. 
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A. The MCNP 

MCNP is a general-purpose, continuous-energy, generalized-geometry, time-dependent, coupled 

neutron/photon/electron Monte Carlo transport code. It can be used in several transport modes: neutron only, 

photon only, electron only, combined neutron/photon transport where the photons are produced by neutron 

interactions, neutron/photon/electron, photon/electron, or electron/photon. 

II.  The Neutron and Gamma Attribute Tester (NGAT) 

The neutron detector of the NGAT has 3He as detector, High Density Polyethylene (HDPE) as moderator and 

lead as gamma shielding; and the gamma detector is a 20 mm3 crystal CdZnTe hemispherical detector. 

 

Figure 1. The neutron detector part of the NGAT 

 
 

Figure 2. The gamma detector part of the NGAT 

 
III.  Computational study of the NGAT’s neutron detector 

A. Computational basis 

For Monte Carlo simulation, the MCNP code version 5.0 was used. All results were given for starting neutrons 

of energy distribution following the Maxwellian function given by the Built-In function for Source Probability 

No. f = -2 of MCNP. The Maxwell fission energy spectrum (defined in the range 100keV – 10MeV) is given by: 
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p(E) = C E1/2 exp(−E/a), where a is a temperature in MeV. The Maxwellian ISO standard spectrum was used, 

where a is equal to 1.42MeV.  

For the output, the tally f4 relating to the track length estimation of particles flux was used followed by the tally 

multiplication fm4 with ENDF/B reaction number 103 relating to (n,p) nuclear reaction, since the 3He undergo 

a (n,p) reaction when hit by thermal neutron. This corresponds to the calculation of the neutrons count rate per 

volume unit of the detector area. Therefore, multiplying the tally F4 results by the volume of the detector will 

give the neutrons count rate within the detector area. 

 

B. The neutron source 
252

Cf source was used for neutron source. The aim of this experiment is to study the neutron detector response 

from a uranium spent fuel assembly. Actually, the main neutron source isotope existing in such a spent fuel is 
244

Cm but 
252

Cf was used since it is the available source in the NDA laboratory and the energy spectra of 

spontaneous fission neutrons from 
244

Cm and 
252

Cf are very similar. 

The 
252

Cf spectrum is slightly “harder” than that of 
244

Cm. These are Watt spectra, using parameters from the 

MCNP manual. 

 

C. The simulated geometries 

C1. The geometry of the detector was divided in three main parts: 

- The detector itself. It is a 
3
He gas detector, simulated with a density of 5.0172x10-4 g/cm

3
 and with a 

cylindrical geometry. 

- The second one is the neutron moderator. It is a High Density Polyethylene (HDPE), simulated with a density 

of 0.95 g/cm
3
 and with a cylindrical geometry surrounding the detector. 

- The third one is the gamma shielding. It is lead, simulated with a density of 11.34 g/cm
3
 and with also a 

cylindrical geometry surrounding the HDPE. 

 

C2. The source is placed at a certain distance from the detector along the “y” axis, the origin of the axis is 

being on the outer surface of the detector and the “y” axis is passing through the centre of the detector. 

 

D. The run time effect 

The source was placed at 5 cm from the detector and the run time was varied from 5 minutes to 2 hours. The 

error decreases when the run time is increased. The decrease of the error with the increase of run time is shown 

in the table 1 and illustrated in the figure 3. 

 

Table 1. The error decreases with run time 
Run time (min) Neutron count rate error 

5 3.33E-02 0.0129 

10 3.40E-02 0.0091 
15 3.40E-02 0.0076 

30 3.40E-02 0.0055 

45 3.38E-02 0.0045 
60 3.38E-02 0.0038 

120 3.39E-02 0.0027 

 

Figure 3. The error decreases with run time. 
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Even if a Monte Carlo error of less than 0.05 is generally reliable, the following calculations are all made with a 

run time of 30 minutes for making sure of their reliability. 

 

E. The detector response as a function of the distance source-detector 

The source and the detector are modelled under water and the distance d between them is varied from 3 mm to 

25 cm (Figure 4). Bellow 3 mm, the MCNP calculates the tally F4 with only few number of neutron histories 

and presents a very big error, therefore these values were not taken. The HDPE was removed. The neutron count 

rate as a function of the distance source-detector was plotted. When the source is placed at a distance for less 

than 5 cm from the detector, the neutron count rate is increasing first until the distance reaches 1 cm, then it 

decreases. After 5cm, the neutron count rate is decreasing exponentially, as shown in the figure 5. This 

exponential decrease is also confirmed when plotting with logarithmic scale because from a distance of 5 cm the 

neutron count rate in such a scale is decreasing linearly. 

 

Figure 4. The distance d between the source and the detector along the y axis is varied. 

 
Figure 5. Neutron count rate as a function of the distance source-detector Clear water was used (no boron 

was added). 

 
 

These two plots are the same but the one in the right is put in a logarithmic scale. It can be seen in the 

logarithmic scale that the neutron count rate is decreasing linearly with the distance source-detector when this 

distance is more than 5 cm. 

 

F. The detector response as a function of the angular position of the source 

The source is now moved along the z axis. The x and y coordinates are kept constant (0 cm and 5 cm 

respectively). This experiment aims to see the effect of the angular position of the source from the detector on 

the detector response. 

 



Ratovonjanahary et al.,  American International Journal of  Research in Science, Technology, Engineering & Mathematics,  10(1),  March-

May 2015, pp. 07-15 

AIJRSTEM 15-308© 2015, AIJRSTEM All Rights Reserved                                                                                                               Page 11 

Figure 6. The angular position of the source from the detector is varied. 

 
First of all the polyethylene was put around the detector, afterwards it was removed. This is in order to see the 

effect of the polyethylene at the same time. Boron was added into water in both cases. The maximum neutron 

count rate is recorded when the source is placed in the y axis, which means when the angle α (Figure 6) is equal 

to zero (Figure 7). This count rate is decreasing when the source is placed far from the y axis. The figure 7 

shows the distribution of the detector response as a function of the angular position of the source. The neutron 

count rate is increasing when HDPE is put around the detector. This effect is explained further in the following 

section. 

 

Figure 7. The neutron count rate as a function of the angular position of the source from the detector 

 
 

G. The effect of boron and HDPE 

Boron is used in spent fuel pool to prevent criticality. Therefore, we have to face presence of boron in many 

facilities. This simulation aimed to study the effect on the detector response when adding HDPE around the 

detector (
3
He) and when adding some natural boron in water. The density of the HDPE is normally 0.95 and the 

natural boron contains normally 19% of 
10

B and 81% of 
11

B. 15g/l of boron was simulated to be added to water. 

The source was simulated in different distances from the detector within the y axis. 
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Figure 8. The effect of the HDPE and the boron on the detector response. 

 
 

The 
3
He tube detects only thermal neutrons, which leads to the fact that 

- moderator (polyethylene) may be needed and must be optimized, 

- presence of boron induces depletion of the thermal neutron flux in the thermal region of the spectrum. 

Our optimization target is for use in spent fuel pool with presence of boron. 

Since the boron is a neutron absorber, the fact of adding boron in water decreases the number of neutrons 

reaching the detector. That is why the neutron count rate decreases when there is boron in water (Figure8). 

Contrarily, the polyethylene is a neutron moderator so the fact of adding HDPE should increase the number of 

thermal neutrons reaching the detector. However, the HDPE decreases the neutron count rate (Figure8) which 

means decreasing the number of neutrons reaching the detector. This is due to the fact that the water is also a 

moderator so after passing through the water, neutrons are already moderated enough and the polyethylene will 

be more absorber than moderator. But once boron is added, neutrons which are not absorbed by the boron are 

always fast neutron and will be moderated by the polyethylene. That is why when the water is containing boron, 

HDPE is needed. 

 

H. The effect of HDPE density 

This simulation actually aims to study the adequate thickness of needed HDPE to ensure the best moderation. 

However, it is not convenient to change this thickness as a parameter. The easiest way to parameter HDPE is to 

parameter its density.  

Figure 9. Neutron count rate as a function of the HDPE density 
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When an adequate density is found, it is easy to convert it into thickness. Since HDPE is a good moderator when 

the water is containing boron, during this experiment 15g/l of natural boron was added to water. Actually, the 

density of HDPE is around 0.95 but for calculation this density was varied from 0.5 to 5. The distance source-

detector was varied from 5cm to 30cm.Neutron count rate was plotted as a function of polyethylene density. All 

the curves have a peak at a polyethylene density of about 2 (Figure 9) which means that the ideal polyethylene 

density for the best neutron moderation is two times the actual HDPE density which is 0.95. Therefore, if one 

maintains the density of HDPE, its thickness should be multiplied by two to have the same moderation effect as 

the polyethylene of a density equal to 2. 

IV.  Computational study of the NGAT’s gamma detector 

A. Computational basis 

If for neutron detection simulation, energy distributions following built-in functions for source probability are 

available in the MCNP code version 5.0 library, they are not for gamma detection simulation. 

B. The gamma source 

Spent fuel verification is essential to Safeguards, and NDA verification techniques are used for that purpose. 

That is why a PWR fuel assembly was simulated in this work with the goal of analysis of the response of the 

simulated NGAT’s gamma detector. The gamma ray energy distribution is rather of great complexity. Since the 

aim of this part of study is to simulate the gamma detector response from the gamma emission of a spent nuclear 

fuel, for the present simulation the "PWR 17x17 BU: 60GWd/t  

CT: 5475d=15y” energy distribution was used. This distribution is described as followed: 

For the output, the tally f4 for photon was used followed by the tally multiplication fm4 with ENDF/B reaction 

number-5 relating to a total microscopic cross-section (photoatomic data), and this last is followed by the tally 

energy card E4 0.05 650i 2 which tallies into 650 bins to get an energy spectra. 

C. The simulated geometries 

The geometry of the detector is divided in three main parts: 

- The detector itself. It is a CdZnTe detector, simulated with a density of 5.78 g/cm
3
 and with a cylindrical 

geometry. Actually the gamma detector is a 20 mm
3
 cubic crystal CdZnTe detector but for the simulation the 

whole cylindrical detector housing was considered as detector for the reason of increasing the number of 

detected photons. 

- The second one is the collimator. 

- The third one is the gamma shielding. It is lead, simulated with a density of 11.34 g/cm
3
 and with also a 

cylindrical geometry surrounding the CdZnTe. 
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The source is placed 10 cm from the detector along the “y” axis which is the collimator 30 axis, the origin of the 

axis is being in the centre of the fuel assembly. 

Figure 10. The gamma ray energy distribution 

 
D. Simulation of the NGAT’s gamma response from a PWR fuel assembly 

For this simulation, the source distribution and the detector’s feature are as described above. The outer basis of 

the collimator is placed 10 cm away from the center of the spent fuel. The collimator is simulated wider than it 

is in reality. The reason is to reduce the computer running time with the maximum number of detected photons. 

For the same reason, the importance of the detector cell was set as high as possible. The importance of a cell is 

used to terminate the particle’s history if the importance is zero, or if it is not equal to zero, to help particles 

move to more important regions of the geometry. Also for the same reason as to increase the number of the 

detected photons, the direction of the photons from the source was biased in such a way that a big proportion of 

these photons are controlled towards the collimator. The programme is run for 8 hours. Even with such a long 

run time the spectrum is not acceptable because it is not smooth enough and even the peaks appearing above 1.3 

MeV do not appear yet. 

Figure 11. Simulated NGAT’s gamma spectrum from a PWR fuel assembly. nps = 100000000 
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“nps” stands for number of particle stories. That means the more this number is big the more the particle stories 

used in the programm is big and the best the spectrum is. As it can be seen in the results above, nps is equal to 

884080 when the computer run time was 8 hours. That is why the gamma spectrum result is much better with 

nps equal to 100000000. It can also be seen in these results that the number of particle collisions is bigger and 

the error is smaller when the nps is bigger. This small error confirms the accuracy of the results when the nps is 

bigger. However, this relatively big number of nps needs also a relatively very long computer run time, which is 

not very convenient. After all, the spectra given by nps=100000000 is acceptable and the figure 11 shows, with 

their respective names, the two isotopes most prominent in fuel assemblies with 15 years cooling time which is 

the cooling time used in the programm. 

 

V. Conclusion 

A safeguards issue may arise for fuel assemblies that display measurement results are inconsistent with declared 

information. That is why fuel verification is essential to Safeguards. The NGAT as presented here is a prototype 

of a neutron and gamma detector, conceived and developed by the NDA section of the Division of Technical 

Support of IAEA-SG especially for fuel verification purposes. It is however very important to make sure of the 

efficiency of this particular equipment. 

The neutron signal from spent fuels arises from transuranic elements 
242

Cm and 
244

Cm spontaneous fission and 

which is especially suitable for quantitative verification of nuclear material, whereas the gamma signals from 

spent fuel arise from decay of fission products 137Cs and activation products and which is used for qualitative 

verification of nuclear material. 

The MCNP code is a very powerful tool for simulating the capabilities and performance of this detector. The 

simulation of the NGAT’s neutron detector showed that some improvement can still be made with respect to e.g. 

increasing the detector’s HDPE moderator thickness by a factor of two for an optimal thermal neutron 

production, therefore for an optimal detection condition. A simulation of the detector response as a function of 

the distance source-detector and as a function of the angular position of the source has also shown that the 

detector has to be positioned as close as possible to the fuel assembly (5 cm to 10 cm) and in a perpendicular 

direction, for having a better detector response. 

The simulation of the response of the CdZnTe gamma detector was rather difficult because the gamma ray 

energy distribution from a spent nuclear fuel is of great complexity and detector efficiency is very limited. The 

simulation adjustment of gamma detection was not obvious and needed a relatively long time especially 

compared to the practical exercise time duration. This gamma detection simulation code is still to be improved 

in terms of computational feature in order to have a better accuracy within a court run time. However a 

simulation tool has been ready for reuse by SGTS personnel as a basis for further studies of the NGAT. In 

particular it will allow to timely assessing the performance of NGAT in particular situation. 
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