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Abstract 
 

 
There was considered possibility of creating enough sub-critical system that multiply neutron fluence 

from a primary source by many orders.  
 
For assemblies with high neutron tie between parts, it is impossible. That is why there was developed 

a construction consisting of many units (cascades) having weak feedback with preceding cascades.  
 
The feedback attenuation was obtained placing layers of slow neutron absorber and moderators 

between the cascades of fission material. Anisotropy of fast neutron transport through the layers was 
used.  

 
The system consisted of many identical cascades aligning one by another. Each cascade consists of 

layers of moderator, fissile material and absorber of slow neutrons. The calculations were carried out 
using the code MCNP.4a with nuclear data library ENDF/BV. In this construction neutrons spreads 
predominantly in one direction multiplying in each next fissile layer, and they attenuate considerably in 
the opposite direction. In a calculated construction, multiplication factor of one cascade is about 1.5 and 
multiplication factor of whole construction composed of n cascades is 1.5n. Calculated keff value is 0.9 for 
one cascade and does not exceed 0.98 for a system containing any number of cascades. Therefore the 
assembly is always sub-critical and therefore it is safe in respect of criticality. There was considered using 
such a sub-critical assembly to create a powerful neutron fluence for neutron boron-capturing therapy. 
The system merits and demerits were discussed.  
 



Introduction 
 
Neutron source yield increase is required for many scientific researches and technical applications.  
 
Neutron yield (from reactions (p,n) and (d,n)) of 1014 up to 1015 n/s can be obtained using modern 

accelerators  and cyclotrons [1].  
 
This yield can be increased by another 10 up to 50 times using uncontrolled sub-critical assemblies 

of usual type.  The higher multiplication is impossible for uncontrolled sub-critical assemblies because 
with rising M, keff increases and exceeds acceptable limits. For uncontrolled sub-critical assemblies, the 
criticality safe value 

 
keff <0.95     (1) 

 
However the yields of 1015 up to 1016 n/s are obviously insufficient for many scientific researches 

and applications. For example, multiplication M>1000 is necessary for hybrid electro-nuclear reactors 
(accelerator plus sub-critical assembly) to obtain sufficient power release (with regard to all inevitable 
power loss). This multiplication is anyway unachievable for usual uncontrolled under-critical assemblies. 

 
For boron neutron-capture therapy of malignant tumor, neutron source of 1017 ÷ 1018 n/s requires.  
 
An accelerator for such a source will too expensive. Power release on the target, about 300 kWt, very 

complicates heat removal. In view of complicacy such a plant, its construction supposed to advance as an 
international project [2].   

 
These difficulties can be overcome using sub-critical assemblies based on the principle of neutron 

transport through specially designed heterogeneous media. The anisotropic connection of cascades is 
obtained placing layers of an absorber of slow neutrons and moderators between the layers of fissionable 
material. It gives rise to anisotropy of fast neutron transport through such cascades. That is why the 
systems were named Multiplying Anisotropic Sub-critical Assemblies, briefly Anisotropic Assemblies, 
AA. 

 
In other words, AA is a multi-cascade multiplying assembly having weak feedback of a cascade with 

the preceding cascade. Due to this, neutron multiplication up to several orders can be attained [3]. The 
assemblies are free from the limitation of Condition (1). The multiplication is limited only by heating of 
the last cascades. Such multiplication is impossible for assemblies with strong neutron connection 
between their parts.  

 
Calculated systems consisted of many identical cylinder cascades aligning one by another. Each 

cascade consists of layers of moderator, fissile material (235U, 90 wt %) and slow neutron absorber. In this 
construction neutrons spreads predominantly in one direction multiplying in each next fissile layer, and 
they attenuate considerably in the opposite direction.  

 
A principle possibility to create systems based on anisotropic cascade connection was considered 

already in 1957 [4]. In 1998 L. P. Feoktistov very briefly stated the principles of such a system and used 



the idea in a hybrid thermonuclear reactor project [5]. K. F. Grebenkin et al. at VNIITF suggested a 
project of two-cascade sub-critical electro-nuclear reactor having suppressed cascade feedback [6]. V. F. 
Kolesov and A. A. Malinkin at VNIIEF suggested a two-cascade spherical system with weak feedback per 
account neptunium in the first cascade. They used it in a project of Pulsed Aperiodical Reactor BR-K [7].  

 
In this work in contrast to [4-7], there is studied an assembly having many cascades and neutron 

multiplication by several orders that is limited only with heat sink. 
 
 

Principle of AA Operation  
 
AA operation is based on anisotropic (mono-directional) neutron transport in media consisting of 

alternating layers of moderator (ÑÍ2, D2O, Be), fissionable material (235U) and absorber of slow neutrons 
(10B, Eu, Gd). With proper layer thickness, the following processes take place: 

 
In the first layer fast neutrons are moderated, and the thermal or slow neutrons are absorbed in the 

fissionable layer and multiply by 5 up to 10 times in order to compensate all probable losses. Then the 
fast neutrons pass through the boron layer without significant capture into the next cascade again 
beginning with the moderator layer. Then the process repeats. 

 
In the back direction the neutrons from 235U layer propagate with a significant attenuation because 

after leaving the moderator they are captured in the absorber of slow neutrons and do not reach the 
preceding layer of fissionable material.  

 
Thus a significant difference in neutron fluxes in the forward and the opposite directions. In other 

words, AA is a multi-cascade multiplying system having weak feedback of a cascade with preceding 
cascade. Due to this, neutron multiplication up to several orders can be attained [3]. The systems are free 
from the limitations of Condition (1). The multiplication is limited only by heating of the last cascades. It 
is impossible for assemblies with strong neutron connection between their parts.  

 
 

AA calculations 
 
Different variants of such systems have been calculated using the code MCNP.4a (Monte Carlo 

method) and the nuclear data ENDF/BV.  
 
One calculated system shown in Figure 1 consists of 6 identical cascades. It is about 1.5 m-long and 

about 0.5 m in diameter. Every cascade contains about 70 kg of 235U(90%-enriched). 
 
The multiplication factor equal 1.6 per cascade is obtained in the calculations, the total 

multiplication M=17. The neutron fluence attenuation from a source on right is 120 times, or 2.2 times 
per cascade.  

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Calculated Sub-critical Assembly 
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Figure 2.  The time dependence of fission ratio in uranium 
layers 



The system is sub-critical for any number of cascades: keff=0.90 for a single cascade and keff=0.98 for any 
cascade number exceeding four. This value of keff correspond to safety level of a usual sub-critical 
assembly with multiplication M=50. 

 
The time dependence of the system operation is illustrated in Figure 2. The time dependence of 

fission rate in the 235U layers of every cascade after a momentary neutron pulse on the system entry, at the 
left, is presented. A rising fission wave proportional to neuron flux propagates through the cascade chain. 
The wave front velocity is V=180 m/c. The output neutron pulse duration is 8 ms. 

  
 

AA Merits and demerits 
 
Main merits of AA are criticality safety under condition of normal operation. In a case of an accident 

initiation, it is enough to cut off the primary neutron source, in order to interrupt the neutron yield in all 
the cascades instantly. 

 
The main demerits are connected with high content of 235U in the structure as well as with a potential 

danger of unauthorized or emergency removal from the structure of one/several/all absorber layers. In that 
case the neutron transport anisotropy disappears in those cascades, the keff value is rises abruptly, and the 
sub-critical assembly changes into a supercritical reactor with all after-effects. This demerit can be 
removed using different design methods. 

 
 
AA application area 

  
AA can be used in scientific researches requiring extreme neutron sources as well as in practical 

applications. 
 
AA can find other applications, in particular in medicine. For example, for boron neutron-capture 

therapy of malignant tumor, neutron fluxes in order of 109 n/cm2s require. These neutrons must have 
energy 1 keV up to 30 keV. More fast neutrons are practically prohibitive. Such neutron spectra can be 
obtained using a blanket of especially selected materials. However this blanket requires entry flux about 
1011 n/cm2/s. Such fluxes can be obtained using very power accelerator having ion current 10 up to 30 mA 
and ion energy >10 MeV. Such accelerators are not created for a while yet. Power release on their target 
about 300 kWt very complicates the heat removal.  The project price is evaluated in $ billions. In view of 
complexity and high price of such a plant, its construction supposed to advance as an international project 
[1]. 

 
The above difficulties can be overcome using AA. 
 
A practicable system for neutron-capture boron therapy is shown in Figure 3. In this system, a 

primary neutron flux from an ion accelerator (1 mA, 30 MeV) strikes the first cascade of the multiplying 
assembly. The multiplied flux leaves the system and strikes a moderating blanket consisting of a lead 
block and a block of a special material, fluental (a mixture of aluminium fluoride and lithium fluoride) 
[8]. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In comparison with the original system (without the multiplying assembly), the presented system 

requires primary neutron fluxes approximately by 100 times less and it can operate using already existing 
accelerators. Thus, creation of the unique accelerator becomes unnecessary. 

 
All existing nuclear reactors operate near the criticality. This circumstance produces numerous 

difficulties for reactor designing and maintenance and causes potential danger of any nuclear reactor. This 
danger can be essentially diminished using a very power source of primary neutron in order to transform 
the reactor operation into the sub-critical mode that is not so dangerous. 

 
 

Conclusion 
 
Several AA variants were calculated. A variant consists of 6 identical cascades (Figure 1). It is about 

1.5 m-long and about 0.5 m in diameter.  
 
The calculations show possibility of creation of ASA having neutron multiplication 1.5 per a cascade 

and M=1.5N for N cascades. 
 
The system is under-critical for any number of cascades: keff=0.90 for a single cascade and keff=0.98 

for any cascade number exceeding four.  
 
The calculations confirm that this assembly (with the cascade number N=10-15) can be used for 

increasing neutron yield of existing sources by two-three orders to meet the requirements of boron 
neutron-capture therapy. 

By this time on the base of fulfilled calculations, development of several usable technical projects 
can be started, for example for boron neutron-capture therapy. 
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Figure 3. A system for neutron-capture boron therapy 



 
We plan to continue calculation search of the better constructions regarding size, weight, mass of 

fissionable materials, and neutron multiplication. 
 
We are going to build AA models from units and materials that VNIITF has and to study their 

parameters. 
  
We plan to study AA usage as a primary source in order to transfer power nuclear reactors into a 

sub-critical mode of operation that is more safe than the usual critical mode.  
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