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Abstract 

Argonne National Laboratory (ANL) of the US is collaborating with the Kharkov Institute 
of Physics and Technology (KIPT) of Ukraine to develop and construct a neutron source 
facility. The facility is planned to produce medical isotopes, train young nuclear 
professionals, support Ukraine’s nuclear industry and provide capability to perform reactor 
physics, material research, and basic science experiments. It consists of a subcritical 
assembly with low-enriched uranium fuel driven with an electron accelerator. The target 
design utilises tungsten or natural uranium for neutron production through photonuclear 
reactions from 100-MeV electrons. The accelerator electron beam power is 100 KW. The 
neutron source intensity, spectrum, and spatial distribution have been studied as a 
function of the electron beam parameters to maximise the neutron yield and satisfy 
different engineering requirements. Physics, thermal-hydraulics, and thermal-stress 
analyses were performed and iterated to maximise the neutron source strength and to 
minimise the maximum temperature and the thermal stress in the target materials. The 
subcritical assembly is designed to obtain the highest possible neutron flux intensity with 
an effective neutron multiplication factor of <0.98. Different fuel and reflector materials are 
considered for the subcritical assembly design. The mechanical design of the facility has 
been developed to maximise its utility and minimise the time for replacing the target, fuel, 
and irradiation cassettes by using simple and efficient procedures. Shielding analyses were 
performed to define the dose map around the facility during operation as a function of the 
heavy concrete shield thickness. Safety, reliability and environmental considerations are 
included in the facility design. The facility is configured to accommodate future design 
upgrades and new missions. In addition, it has unique features relative to the other 
international facilities and it can be used for studying accelerator-driven systems. The 
facility utilisation study shows that this neutron source facility has excellent capability for 
producing different medical isotopes. Several horizontal neutron channels are incorporated 
to perform basic research, including cold neutron source. This paper highlights the design, 
the performed analyses, and the current status of the facility. 
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Introduction 

For more than five years, Argonne National Laboratory (ANL) of the US has been 
collaborating with Kharkov Institute of Physics and Technology (KIPT) of Ukraine to 
develop and construct a neutron source facility [1-28]. The facility has an accelerator-
driven subcritical assembly with low-enriched uranium (LEU) fuel. An electron 
accelerator is utilised for generating neutrons from photonuclear reactions with high 
mass number material, tungsten or natural uranium to drive the subcritical assembly. 
The facility will be utilised to produce medical isotopes, train young nuclear professionals, 
support Ukraine’s nuclear industry and provide capability to perform reactor physics, 
material research and basic science experiments. 

Several studies have been performed to develop the facility design and examine the 
main design parameters to fulfill the above facility objectives. The electron beam target 
assembly design, the spatial energy deposition in the target materials and the intensity, 
spectrum and spatial distribution of the neutron source have been studied as a function 
of the electron beam parameters, target materials, and target configurations. The main 
objectives are to maximise the neutron production from the 100-KW electron beam 
power and to fulfill the different engineering design requirements. Target designs have 
been developed based on these studies and the engineering analyses have been 
performed including heat transfer, thermal hydraulics, thermal stresses, and material 
requirements. The target geometrical configuration has been designed to maximise the 
neutron utilisation in the subcritical assembly and to match the geometry of the fuel 
assemblies. The neutron flux distribution of the subcritical assembly design has been 
examined as a function of uranium fuel enrichment, uranium density, reflector material 
selection, reflector thickness, and target material for keff of ~0.98. The facility design is 
configured to maximise its utilisation by using simple and efficient procedures for its 
operation and maintenance, to ensure safety, reliability, and environmental 
considerations and to allow future upgrades and new functions. The medical isotope 
production capability of the facility has been analysed to define the irradiation locations 
and the sample sizes for about 50 radioactive isotopes. This paper highlights the current 
facility design, the key results from the design analyses and the current status of the 
facility. 

Main components 

The neutron source facility consists of several components, which are integrated for 
steady-state operation. The main components are the target assembly, the subcritical 
assembly, the biological shield, and the radial neutron ports. Auxiliary components are 
also designed to support the operation including cooling loops, fuel loading machine, 
removable biological shield for accessing the subcritical assembly and the target 
assembly, and cold neutron source. The main components are presented with their key 
performance parameters. 

Target assembly 

Several studies have been carried out to investigate the target design choices and the 
accelerator beam parameters for a satisfactory design and an acceptable operating 
performance. The main focus is to maximise the neutron production from the 100 KW 
beam power. The target design has been configured to operate satisfactorily with  
100 MeV electrons. The MCNPX computer program [29] is utilised to determine the 
neutron source intensity, the neutron spectrum, the spatial neutron distribution, and the 
spatial energy deposition in the target assembly as a function of the beam parameters, 
the target materials, and the target design details. The Computational Fluid Dynamics 
(CFD) software packages STAR-CD [30] and STAR-CCM+ [31] are used for the thermal-
hydraulics analyses. The coolant velocity profiles and the spatial temperature 
distributions in the target assembly have been studied using the spatial energy 
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deposition distributions obtained from the MCNPX analyses. The NASTRAN [32] structure 
analysis computer code has been used to calculate the thermal stresses in the target 
materials using the spatial temperature distributions from the CFD analyses. These 
analyses have been iterated to satisfy the temperature and the thermal stress limits for a 
satisfactory operation. Target designs have been developed based on the results of these 
studies and the engineering practices including nuclear physics, heat transfer, thermal 
hydraulics, structure, fabrication, and material requirements. Samples from the target 
studies are summarised in this section. 

The electron beam generates x-rays with a continuous energy spectrum 
(Bremsstrahlung radiation) from the interactions with the target materials. These x-rays 
are absorbed in a variety of photonuclear reactions in the target materials and neutrons 
are produced from these reactions. Target materials with a high atomic number are 
required to maximise the neutron yield. In addition, high melting point, high thermal 
conductivity, chemical inertness, high radiation damage resistance, and low neutron 
absorption cross-section are the desirable properties for the target materials. The physics 
analyses of the possible target materials show that uranium, tungsten, lead, and 
tantalum produce the highest number of neutrons per electron. The physical properties 
of the uranium and tungsten materials, their neutron yields, and the operating 
experience from different accelerator facilities around the world led to their selection to 
generate neutrons. Tungsten has the highest melting point of all metals (~3422 C). 
Uranium target material produces the highest neutron yield per electron due to its photo-
neutron reactions and the additional neutrons from the photo- and the neutron-fission 
reactions. The operating lifetime of uranium target is shorter relative to tungsten because 
of the extra swelling caused by fission gasses. 

In order to characterise each target material, several performance parameters were 
analysed in this study. These parameters include total neutron yield, total energy 
deposition, neutron spectrum, neutron and energy deposition spatial distributions, and 
required target length. Each of these parameters has a particular role in defining the 
target performance and design. A high neutron yield enhances neutron source intensity, 
which defines the neutron flux level and the total power of the subcritical assembly. The 
target energy deposition influences the design of the target coolant system and the 
neutron yield. The neutron spectrum affects the system’s effectiveness in performing 
material characterisations and producing medical isotopes. The spatial neutron 
distribution from the target determines the target position inside the subcritical assembly 
and the neutron source utilisation fraction. All these parameters were studied to define 
the target performance characteristics and the design configuration. The main 
geometrical parameters of the target designs which resulted from parametric and 
optimisation studies are shown in Table 1. The calculated neutron yields are 1.88×1014 
and 3.06×1014 neutrons per second (n/s) using 100 KW electron beam power with the 
tungsten and the uranium target designs, respectively. Figure 1 shows the spatial energy 
deposition normalised to 2 KW/cm2 power density on the beam window and the resulting 
temperature distribution in the tungsten target disks.  

Heat transfer and thermal-hydraulics parametric studies were performed to help 
define the target mechanical configuration, the size of the water coolant channels, and 
the temperature distribution in the target materials. The 100-KW electron beam with  
~2-KW/cm2 uniform beam power density, the 7.5-m/s water coolant velocity inside the 
target manifold, and the 4-atm coolant pressure are used. The analyses showed that 
higher coolant velocity enhanced the target performance. The target material has a 
square geometry and its axis coincides with the electron beam axis. The flow direction of 
the water coolant is perpendicular to the target axis. This arrangement results in a stack 
of disks forming the target design. The water coolant channels between the target disks 
have a constant thickness of 1.75 mm. The average increase in the water coolant 
temperature is less than 5°C for the current coolant conditions. Each target disk is cooled 
from both sides to minimise thermal deformation. The target water coolant channels are 
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connected in parallel to the input and the output manifolds. The analyses defined the 
thickness of the different target disks for a subcooled boiling margin of 30 to 40°C. The 
uranium disks have a 0.7-mm aluminum clad to avoid water coolant contamination with 
fission products while the tungsten disks are coated with tantalum to improve corrosion 
resistance. 

The results from the MCNPX studies using three-dimensional geometrical models 
were used for the CFD thermal-hydraulics analyses. The three-dimensional geometrical 
models account for the target design details. The CFD calculations were performed to 
define the thickness of each target disk. In these analyses, water velocity distribution was 
calculated for each coolant channel and spatial temperature profile was calculated for 
each target disk and each coolant channel using a single geometrical model for the target 
assembly and the three-dimensional MCNPX energy deposition results. Figure 2 shows 
the temperature profile in the uranium material for the 100 KW uniform beam using  
100-MeV electrons. These temperatures fulfill the adopted temperature design criteria. 

The three-dimensional model and the corresponding temperature profiles of the 
uranium and the tungsten targets were imported into NASTRAN computer code for 
thermal stress analyses. The intensity and distribution of the thermal stresses were 
evaluated for normal operating conditions. In the target design, the disks are allowed to 
expand in the radial and axial directions to reduce operating stresses. Thermal stress 
intensity distribution during the normal operation was evaluated. Although thermal 
stresses are secondary stresses, their maximum values are limited to a fraction of the 
material yield stress. This is a very conservative approach, leaving a large design margin 
to account for radiation damage and thermal-cycling effects. These effects are important 
to define the target operating lifetime. The tungsten target results show the peak thermal 
stress is less than 100 MPa. 

 
Table 1. Target design parameters 
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Figure 1. Power density distribution (left) and temperature distribution (right)  
in tungsten target disks 

 

 

Subcritical assembly 

Parametric studies were performed to maximise the neutron flux of the subcritical 
assembly with an effective neutron multiplication of <0.98. Different fuel designs, 
uranium enrichments, and reflector materials were considered. The target assembly is 
placed at the subcritical assembly centre. LEU with <20% 235U and HEU with 90% 235U were 
analysed with two uranium densities of 1.0 and 2.7 g/cm3. The analyses focused on the 
possibility of utilising LEU fuel instead of HEU fuel without penalising the neutron source 
facility performance. Three-dimensional models of the subcritical assembly, including 
the detailed target design, were developed to define the subcriticality level and the 
neutron flux distribution. The target and the fuel assemblies are explicitly modelled 
without any geometrical approximation or material homogenisation to obtain an 
accurate performance characterisation. The MCNPX computer code with continuous 
energy data libraries and S (α,β) thermal data was used for the analyses. Three reflector 
materials, beryllium, water, and carbon were considered. Parametric analyses were 
performed to assess the number of fuel assemblies required to get keff of ~0.98 for 
different combinations of the reflector and target materials, fuel densities, and fuel 
enrichments. The corresponding neutron fluxes were also calculated. 

The results show that the use of the uranium target requires the smallest number of 
fuel assemblies to achieve the desirable keff value. This small number of assemblies is due 
to the extra neutron multiplication produced from the natural uranium target material. 
The subcritical configurations with water reflector require a larger number of fuel 
assemblies as compared to the configurations with beryllium and carbon reflectors, 
because of the neutron absorption in the water. The very small number of fuel 
assemblies limits the subcritical assembly flexibility to study different geometrical 
configurations. In addition, the fuel assembly arrangements with beryllium reflector and 
uranium target are significantly asymmetric. The fuel design of the Kiev research reactor 
with low-enriched uranium (LEU) produced higher neutron flux relative to other fuel 
designs. 

In order to compare the performance of the subcritical assembly for irradiation 
experiments with the LEU and the HEU fuels, the average neutron flux values in different 
locations were calculated. The results show that no significant difference between the 
subcritical assemblies with HEU and LEU fuels was observed. However, the HEU 
subcritical assembly has an extremely small number of fuel assemblies, which limits its 
utilisation for reactor physics experiments, generates difficulties for reactivity 
measurements, and calibration procedures. Consequently, it is desirable to use the LEU 
fuel instead of the HEU fuel to avoid such difficulties. 
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The calculated neutron spectra in the fuel region of the subcritical assembly show 
that about half of the neutrons have energies below 100 keV and the other half are in the 
energy range of 100 keV to 20 MeV. The neutron fraction with energy above 20 MeV is 
very small but impacts the biological shield design. The use of uranium instead of 
tungsten as a target material doubles the neutron flux intensity because of the higher 
neutron yield, as shown from the target analyses. The use of beryllium or carbon 
reflectors produces higher neutron flux relative to the water reflector. A beryllium-carbon 
hybrid reflector design is utilised to provide flexibility to change the subcritical assembly 
configuration since a beryllium assembly can replace a fuel assembly. In addition, the 
fabrication of high density carbon blocks is difficult and expensive relative to beryllium 
blocks. A carbon reflector ring is used around the beryllium reflector. 

Figure 2 shows the MCNPX geometrical model of the subcritical assembly with 
uranium target, LEU fuel, and beryllium-carbon reflector while Figure 3 presents the 
subcritical assembly configurations with tungsten and uranium targets. The main 
parameters of the two subcritical configurations are listed in Table 1 including the 
effective neutron multiplication factors, the average neutron flux in the target coolant 
channel and the first fuel ring, and the energy deposition. Figure 4 shows the energy 
deposition distribution in the different materials of the subcritical assembly with the 
uranium target from the 100-KW electron beam. Figure 5 shows the corresponding total 
neutron flux distributions. 

Table 2. Effective neutron multiplication factor, average neutron flux and energy deposition 
values using beryllium-graphite reflector and 100 kW/100 MeV electron beam 

Target # of 
FAs keff 

Average neutron flux (n/cm2·s) Target 
energy 

deposition 
(kW) 

Subcritical 
energy 

deposition 
(kW) 

Reflector 
energy 

deposition 
(kW) 

Total energy 
deposition 

(kW) First fuel ring Target coolant 
channel 

W 38 
0.95686 

±0.00013 
6.281e+12 
±0.26 % 

7.873e+12 
±0.23% 

85.70 
±0.01% 

69.19 
±0.24% 

5.84 
±0.13% 

160.73 

U 37 
0.97547 

±0.00012 
1.965+13 
±0.26 % 

2.470e+13 
±0.25% 

90.57 
±0.01% 

196.89 
±0.35% 

11.57 
±0.19% 

299.04 

 

Figure 2. MCNPX geometrical model of the subcritical assembly, X-Y cross-section on the left 
and X-Z cross-section on the right 

  

  

 

Beryllium 
Assemblies 
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Figure 3. Subcritical assembly configurations with tungsten target on the left and uranium 
target on the right with beryllium-graphite reflector 

 

Figure 4. Subcritical assembly configurations with tungsten target on the left and uranium 
target on the right with beryllium-graphite reflector 

 

  

Preliminary linac tunnel dimensions. 

Carbon Reflector 

Uranium target with 37 fuel assemblies loaded. 
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Figure 5. Total neutron flux distributions, X-Y map on the left, and X-Z map on the right for 
the subcritical assembly configuration with uranium target and 100-KW electron beam power 

 

Biological shield 

Biological shielding analyses have been performed to define the shield thickness to 
permit personal access to the subcritical assembly during operation. The shielding design 
criterion limits the biological dose to <2.5 mrem/hr. Such dose value allows the worker to 
have 40-hour working week without exceeding the allowable international exposure limit. 
In the design analyses, this value is reduced by a factor of 5 to account for uncertainties 
in the nuclear data, the calculational method, and the modelling details. Elaborate three-
dimensional models have been developed to perform the shielding analyses with MCNPX 
starting with the electron beam. The biological shield of the subcritical assembly has two 
main sections, radial and top sections. The top section includes the top cover of the 
subcritical assembly and the biological shield of the electron beam. 

The parametric shielding results showed that the use of a steel shield zone in front of 
the heavy concrete has a small impact on the biological dose and the shield thickness. 
The heavy concrete density is 4.8 g/cm3 and it is the selected shielding material to reduce 
the cost and simplify the fabrication. In the radial direction, a shielding thickness of  
140 cm is required to reduce the total (neutron and photon) biological dose to  
0.5 mrem/hr, as shown in Table 3. On the top of the subcritical assembly, the water 
coolant in the subcritical assembly pool acts as a shielding material, which reduces the 
required heavy concrete shield thickness. However, the radiation streaming from the 
beam tube and the electron beam losses at the bending beam magnet complicate the 
shielding design in this area. The electron beam losses define the required shield 
thickness of the top section. Figure 7 shows the calculated dose map and the required 
shield dimensions at the top section due to 80-W electron beam losses at the first 
bending magnet. 
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Table 3. Calculated biological dose values around the subcritical assembly with uranium target 
during operation with 100-KW beam power and 140 cm of heavy concrete radial shield thickness 

Radiation source Radiation biological dose (mrem/hr) 

Neutron 0.206 ± 7.24% 

Photon 0.056 ± 4.63% 

Total 0.262 

 
Figure 6. Main dimensions of the biological shield top section on the left and the 

corresponding total biological dose map on the right 

 

Neutron source facility design 

The subcritical assembly facility uses proven techniques and practices for its design, 
operation, and maintenance to enhance its utilisation. The main facility components are 
the target assembly, the subcritical assembly, the biological shield, and the auxiliary 
supporting systems. Figure 8 shows a quarter cut isometric view of the subcritical 
assembly design where the main components are viewed, including the target assembly, 
the fuel assemblies, the beryllium reflector assemblies, the carbon ring reflector, the fuel 
machine arm, the storage racks, and the support grid. The loading and unloading of the 
fuel assemblies, beryllium reflector assemblies, and irradiation cassettes are performed 
without opening the biological shield. Replacing the target assembly requires opening the 
top shield sections without removing the top cover of the subcritical assembly. 

Figure 8 shows the overview of the neutron source facility. It includes the accelerator 
building, the subcritical assembly hall, the attached laboratory building, the secondary 
coolant towers, and the electrical power station to operate the facility. Medical isotopes 
and material testing glove boxes, water distillation facility, back-up diesel generator units, 
temporary spent fuel and used target storage pool, and temporary liquid radioactive 
waste storage are included in the design. At the time of writing this paper, the facility 
was under construction and the expected start-up date was planned for March 2014. 
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Figure 7. Quarter cut isometric view of the subcritical assembly design 

 
 

Figure 8. Isometric view of KIPT accelerator-driven system facility 

 

Conclusion 

The design of the KIPT accelerator-driven subcritical assembly facility has been 
successfully developed using 100 KW – 100 MeV electron accelerator within the 
collaborative activity between ANL and KIPT. The facility is designed with the low-
enriched uranium fuel design of the Kiev’s Research Reactor. The developed design 
satisfies the facility objectives and it has flexibility for future upgrades and new functions. 
It has excellent capabilities to produce medical isotopes, perform basic research using its 
radial neutron beams, perform physics studies, and train young nuclear scientists. At the 
time of writing this paper, the facility was under construction and the expected start-up 
date was palnned for March 2014. 
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