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ABSTRACT 
 

Measurement of sub-criticality is a challenging and required task in nuclear industry 
both for nuclear criticality safety and physics test in nuclear power plant. A relatively 
new method named as Modified Neutron Source Multiplication Method(MNSM) was 
proposed in Japan. This method is an improvement of traditional Neutron Source 
Multiplication(NSM) Method,  in which three correction factors are applied 
additionally. In this study, MNSM was tested in calculation of rod worth using an 
educational reactor in Kyung Hee University, AGN-201K. For this study, a revised 
nuclear data library and a neutron transport code system TRANSX-PARTISN were 
used for the calculation of correction factors for various control rod positions and 
source locations. Experiments were designed and performed to enhance errors in 
NSM from the location effects of source and detectors. MNSM can correct these 
effects but current results showed not much correction effects.  

 
 
1. Introduction  
 
In this study, a theory of modified neutron source multiplication(MNSM) method[1] was tested 
in a small educational reactor, AGN-201K. This method is an improvement of correction to a 
conventional neutron source multiplication(NSM) method[2] using correction factors 
considering source location and detector locations. It has already been tested at Kyoto 
University Critical Assembly and a PWR plant core. A reactor tested in this study is a small 
core which has a sensitive effect of source location in a complex geometry.[3] 
Generation of cross section library was developed and a SN code, PARTISN was used for the 
evaluation of adjoint flux as well as real flux.  
In order to investigate an effectiveness of correction, experiments for NSM method were 
designed to enhance the location effects of source as well as detector. Three kinds of 
correction factors were calculated in advance of experiment for all conditions of different 
control rod locations, source locations and detector locations. 
 
 
2. Modified Neutron Source Multiplication Method 
 
Conventional NSM method[2] is a straightforward and easy method to evaluate a control rod 
worth. This method is an economical one because expensive device is not required and only 
source and detectors are required. However, this method can be worked only for the steady 
state and cannot be used for the dynamic mode. Higher mode flux is not concerned and 
measured reactivity is highly dependent on the perturbations of sources and detectors 
locations. And also measurement is not reliable when the signal is weak and sub-criticality is 
very deep from critical condition. The basic formula for this method is as the following Eq. (1). 
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Here ref  is a reactivity at a reference sub-critical state, n  is a reactivity at n state, refM  is a 

count rate at a reference state and nM  is a count rate at n state. MNSM method[1]  applied 

three correction factors like as the following Eq.(2). 
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Derivation of three correction factors were derived from kinetics equations in Ref.[1]. ext
nC  is an 

extraction correction factor which is defined as a ratio of fundamental mode extraction of 

reference state to n-state. im
nC  is an importance field correction factor which is defined as a 

ratio of importance weighted source intensity of n-state to reference-state. sp
nC  is a spatial  

correction factor which is defined as a ratio of detector signal from fundamental mode flux of 
n-state to reference-state. Those three correction factors are defined as ratios of weighted 
integral sum of eigenvalue fluxes or fixed source fluxes. In this problem weighting has been 
done by adjoint fluxes. Therefore, for each state of sub-criticality where control rod position are 
different, eigenvalue multi-group diffusion problems should be solved for normalized real 
fluxes and normalized adjoint fluxes.  For each sub-criticality state, fixed source problems 
should be also solved for normalized fixed source fluxes. Therefore three kinds of problems 
should be solved in advance for all kinds of reactor conditions in order to solve three kinds of 
fluxes. These three kinds of fluxes should be put into formula for three correction factors as a 
energy-group weighted integrals as well as spatial node-volume adjoint-weighted integrals. At 

each reactor condition-n, three correction factors sp
n

im
n

ext
n CCC ,,  are calculated as a ratio to 

the reference state. This is a drawback of this method, we should know exactly the reference 
state reactivity just below the critical state. This method needs an extensive calculation burden 
compared with the other method. However, once you have a proper calculation tool, 
computational cost is not a problem anymore at these days because of increased computing 
power.  Once we prepared correction factor tables for each given conditions without 
measurement, all sub-critical reactor conditions can be evaluated as an interpolation scheme 
with computing automation. 
 
 
3. Reactor AGN-201K 
 
Research and Education Reactor, AGN-201K is a zero-power reactor which has been 
operated at Suwon campus of Kyung Hee University(KHU) since 1982. It was originally 
installed at Colorado State University in 1967 and was moved to Korea in 1976. It was 
dedicated for education for nuclear engineering students in KHU. Because of obsolescence, 
refurbishment project was carried out with government research fund during the period of 2004 
through 2007. Reactor power was up-rated by 100 times and an old analog-type operational 
console and I&C parts were replaced. Additional shielding walls and a new digital-type console 
were also installed. The average thermal flux at the central hole is 3.0x108#/cm2-sec. The 
maximum thermal power of AGN-201K is 10 watt. Therefore there is no cooling system for a 
homogeneous reactor. Core is a cylinder of 25.6cm diameter and 24cm height and consists of 
9 disks which is a homogeneous mixture of 19.5w/o UO2 powders and polyethylene. There is a 
small diameter glory hole penetrating the core central zone which is utilized for neutron 
activation. There are 4 beam ports (8 in total in both direction) which penetrate a 20cm-thick 
graphite reflector zone outside of core.  Reflector zone is surrounded by 10cm-thick lead for 
gamma shield and 55cm-thick water for neutron shield. Safety against nuclear transients and 
hypothetical radiation accidents was proved by accident analysis. [7], [8] 
 



Two safety rods and one coarse control rod have a reactivity worth of 1.25% and one fine 
control rod has 0.3%. Neutron flux is measured at three locations outside of reflector zone in a 
biological shield water. Therefore flux measurement is very weak to see many effects from the 
reactor console. They are connected to reactor protection systems. Additional detector system 
is used for this study to investigate an location effects. 
 
 
4. Calculation Tool & PARTISN Model 
 
AGN-201K has water at the core boundary, graphite as a reflector outside of core and 
polyethylene as a homogeneously mixed moderator with fuel. Cylindrical geometry core is 
complex because of cylindrical shape holes and control rods. There is no proper calculation 
tools and cross section library for the calculation of flux, adjoint flux and fixed source flux in 
AGN-201K. In a previous study in 2006, PARTISN(PARallel, TIme-dependent SN)[5] and 
ZZ-KASHIL-199N[6] was chosen after a verification study in which results of PARTISN were 
compared with MCNP and DANTSYS for AGN-201K. PARTISN is a time-dependent, parallel 
processing, neutron transport calculation code developed at Los Alamos National Laboratory 
as a expanded version of DANTSYS.  ZZ-KASHIL-199N library is a library (of 199-groups for 
total and 35 groups for thermal)  developed for HELIOS code for LWR applications. was 
chosen to be the best.  
The following Fig.1 is a cross-sectional view of AGN-201K and its PARTISN calculation model. 
Because of complex configuration, an approximate model was established where cylindrical 
control rod was approximated as a volume equivalent cylindrical node pieces. Total lengths 
were divided into 31 nodes in R-direction, 10 nodes in theta-direction, 66 nodes in Z-direction. 
 

     

Fig. 1.  Cross-sectional view of AGN-201K and mesh configuration for PARTISN 

 
The following Fig. 2 and Fig.3 show normalized group-163(thermal) flux shapes and their 
adjoint flux shapes along the line passing two control rod and core center positions at the 
axially center plane. Fluxes were calculated at 5 sub-critical state of 5 coarse control rod(CR) 
positions. As we expected flux shape is quite symmetric except minor deviations in shape near 
the CR positions. 
Fig.4 and 5 show normalized fixed source thermal (group-163) flux shapes along the line 
passing two control rod and core center positions at the axially center plane when the source is 
located at the core center and at the core boundary. There were no differences among different 
subcritical states, but big differences in shape as the source location moved. 
 
 



    
Fig. 2.  Normalized real flux shape for group-163 along the center line 

 
 

 
Fig. 3.  Normalized adjoint flux shape for group-163 along the center line 

 
 

    
Fig. 4.  Normalized fixed source flux shape for group-163 along the center line 

(with source at the center) 
 
 

    
Fig. 5  Normalized fixed source flux shape for group-163 along the center line 

(with source at the core boundary) 



5. Experimental Results 
 
NSM experiment was done for the five subcritical state including one as a reference state. This 
experiment is a straightforward experiment with source and detectors. In order to check an 
effectiveness of correction factors. experiments were done for different source locations and 
detector locations. 
 
5.1 Source Position Effect to Detector 
 
Three different source location were tested for NSM experiment. Fig. 6 shows geometrical 
layout of source and detector in use. The case s0c0 has higher importance because source is 
located at the center and has a more capability of source multiplication before leakage. s1c0 
and s2c0 has the same condition in source multiplication, but s2c0 case longer distance 
across the core between source and detector. Therefore source multiplication effect will be the 
highest in s0c0 and s2c0 and the lowest in s1c0. Fig. 7 & Table 1 shows this expectation is 
right. However control rod depth brought the same sensitivity along the positions. The 
differences in reactivity from the source location change is high and this should be corrected by 
the correction factors. 
 

 
Fig. 6  Three different source location layout 

 
 

   
Fig. 7. Measured CR rod worth curve for different source locations 

 

CR Position s0c0 s1c
0  

s2c
0  

12cm  1  1  1  

9cm  1.25 1.18 1.23 

6cm  1.42 1.35 1.37 

3cm  1.50 1.44 1.48 

0cm  1.56 1.51 1.53 

Table 1: Measured CR rod worth for different source locations 



 
5.2 Detector Position Effect to Source 
 
Four different detector location were tested for NSM experiment. Fig. 8 shows geometrical 
layout of source and detector in use. The case s0c0, s0c1, s0c2 have the same importance of  
source multiplication because detector is located with the same distance from the source at the 
center. However sensitivity from CR depth is different from each other. CR is located at the 
middle between source and detector in s0c0, at the shifted location to the side between source 
and detector in s0c1, and at the other side location between source and detector in s0c2. 
Therefore sensitivity would be high in the order of s0c0, s0c1, s0c2. In case of s0c3, detector is 
located outside of water tank and signal is very weak enough to make experimental 
measurement  wrong. Fig. 9 & Table 2 shows this expectation is not right every case. 
Sensitivity of control rod depth did not show the same order. The differences in reactivity from 
the detector location change didn't show any differences. 

 

 
Fig. 8  Four different detector location layout 

 
 

 
Fig. 9. Measured CR rod worth curve for different detector locations 

 
 

CR Position  s0c0 s0c1 s0c2 s0c3 

12cm 1 1 1 1 

9cm 1.25 1.16 1.19 1.39 

6cm 1.42 1.31 1.38 1.68 

3cm 1.50 1.42 1.49 1.83 

0cm 1.56 1.52 1.56 1.67 

Table 2: Measured CR rod worth for different detector locations 
 
 



 
6. Correction Effects 
 
Three correction factors were calculated for five CR positions for three source locations. 
Following figures shows the calculated correction factors, but magnitudes of them are almost 
unity even though trend of change are reasonable. The maximum deviation from the reference 
state were less than 1%. Therefore correction was not done effectively as shown in Fig.13. 
 

 
Fig. 10 Calculated correction factors of s0c0 layout 

 

 
Fig. 11 Calculated correction factors of s1c0 layout 

 

 
Fig. 12 Calculated correction factors of s2c0 layout 

 
 



 

  
Fig. 13 Integral rod worth before and after the correction 

 
 

7. Conclusions 
 
The whole procedure of MNSM method was done for a educational small zero power reactor, 
AGN-201K and NSM experiments showed a relatively large effect in source location changes 
in sub-criticality measurement. For an evaluation of correction factors, approximated core 
model was solved for fluxes , adjoint fluxes and fixed source fluxes. Even though flux shapes 
are dependent on source locations, calculated correction factors are very insensitive. The 
maximum differences in correction factors are less than 1%. Therefore correction in 
sub-criticality measurement was not done effectively. More analysis should be done in order to 
explain this result.  
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