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FACILITY REACTIVITY 

 
 

Abstract 
 

Argonne National Laboratory (ANL) of USA and Kharkov Institute of Physics and 
Technology (KIPT) of Ukraine have been collaborating on developing and constructing a 
neutron source facility at Kharkov, Ukraine.  The facility consists of an accelerator-driven 
subcritical system.  The accelerator has a 100 kW electron beam using 100 MeV 
electrons.  The subcritical assembly has keff less than 0.98.  To ensure the safe 
operation of this neutron source facility, the reactivity of the subcritical core has to be 
accurately determined and continuously monitored.  A technique which combines the 
area-ratio method and the flux-to-current ratio method is purposed to determine the 
reactivity of the KIPT subcritical assembly at various conditions.  In particular, the area-
ratio method can determine the absolute reactivity of the subcritical assembly in units of 
dollars by performing pulsed-neutron experiments.  It provides reference reactivities for 
the flux-to-current ratio method to track and monitor the reactivity deviations from the 
reference state while the facility is at other operation modes.  Monte Carlo simulations 
are performed to simulate both methods using the numerical model of the KIPT 
subcritical assembly.  It is found that the reactivities obtained from both the area-ratio 
method and the flux-to-current ratio method are spatially dependent on the neutron 
detector locations and types.  Numerical simulations also suggest optimal neutron 
detector locations to minimize the spatial effects in the flux-to-current ratio method.  The 
spatial correction factors are calculated using Monte Carlo methods for both measuring 
methods at the selected neutron detector locations.  Monte Carlo simulations are also 
performed to verify the accuracy of the flux-to-current ratio method in monitoring the 
reactivity swing during a fuel burnup cycle. 
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MEASURING AND MONITORING KIPT NEUTRON SOURCE 
FACILITY REACTIVITY 

 
 

1. Introduction 
 
Argonne National Laboratory (ANL) of USA and Kharkov Institute of Physics and 

Technology (KIPT) of Ukraine have been collaborating on developing and constructing a 
neutron source facility at Kharkov, Ukraine [1].  The main function of this facility is to 
generate medical isotopes, to provide neutron source for material research and studies, 
and to serve as an educational facility for training young nuclear scientists.  This neutron 
source facility utilizes a 100 kW electron beam accelerator to drive a subcritical 
assembly.  Neutrons are produced from the interactions of 100 MeV electrons with a 
natural uranium target or a tungsten target.  The generated neutrons from the photo 
nuclear reactions leak out of the target zone and multiply in the fuel of the subcritical 
assembly.  The subcritical assembly has a hexagonal shape fuel assemblies with low 
enriched uranium and aluminum clad.  The active fuel length is 50 cm.  Beryllium 
assemblies are used as a reflector material around the fuel assemblies forming a 
hexagonal zone.  The outside length of this hexagonal zone is ~23.8 cm.  Graphite 
reflector is placed outside the hexagonal zone to improve the neutron economy.  The 
whole subcritical assembly is submerged in a water tank and the tank dimensions are 2 
m diameter and 3 m height.  Figure 1 shows the calculational models of the facility with 
different fuel configurations.  Depending on the target material, the neutron multiplication 
factor keff of the subcritical is around 0.975 for the configuration with a natural uranium 
target and 37 fuel assemblies.  It is 0.957 for the configuration with the tungsten target 
and 38 fuel assemblies. 
 

To ensure the safe operation of the KIPT neutron source facility, the neutron 
multiplication factor keff has to be less than 0.98 during any operating mode, i.e., the 
normal operation mode, the reactor refueling mode, or the maintenance mode etc.  

Therefore, the reactivity  of the subcritical assembly which is inversely proportional to 
the keff has to be continuously monitored. 
 

For a conventional nuclear reactor close to a critical condition, a lot of techniques 
such as the slope method, the area-ratio method, or the rod-drop method can predict 
accurately the reactivity.  In such reactors, the fundamental flux mode corresponding to 
the eigenvalue parameter keff dominates over the high order harmonics and determines 
the spatial- and spectral- distributions of the neutron flux [2].  The KIPT subcritical 
system operates either at ~0.975 or ~0.957 keff.  As keff of the subcritical system moves 
far away from 1.0, all the harmonic modes including the fundamental mode and the high-
order harmonic modes become important in determining the spatial shape of the neutron 
flux.  In the deep subcritical systems, it is a challenging tusk to separate the fundamental 
flux mode from the other high-order harmonic flux modes to determine the 
corresponding dominant eigenvalue keff. 
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                                (a)                                                                        (b) 

 
                                      (c)                                                                         (d) 

Figure 1.  Monte Carlo models of the KIPT neutron source facility (a) X-Y view with the 
tungsten target and 38 fuel assemblies, (b) X-Y view with the tungsten target and 42 fuel 
assemblies, (c) X-Y view with the nature uranium target and 37 fuel assemblies (d) X-Z 
view of the facility 
 

Since the accelerator-driven subcritical systems are considered to transmute 
nuclear wastes [3], a lot of studies around the world have been devoted to 
understanding the reliability of the traditional methods for determining the reactivity of 
the subcritical systems [4-6].  The general approach usually involves numerous 
comparisons of the numerical simulation results with the actual experimental data.  Till 
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now, measuring and monitoring the reactivity of a subcritical core is still one of the main 
issues for operating ADS systems.  
 

Specifically, the traditional techniques such as the rod-drop method, the source 
multiplication method, the pulsed-neutron experiments, and the noise analysis method 
etc. have been examined to determine the absolute reactivity of the subcritical core at 
deep subcritical states [4-7].  Those methods are accurate for systems close to critical 
condition.  However, for deep subcritical systems, the point kinetics approximations are 
found to be not accurate.  The obtained reactivities from these conventional methods are 
accurate for systems close to critical condition.  The measured reactivities from these 
conventional methods are sensitive to the neutron detector position in the assembly and 
the neutron detector type in deep subcritical systems.  Monte Carlo simulations have 
been extensively carried out carefully to calculate the spatial correction factors of the 
obtained keff values with the traditional methods.  Particularly, the area-ratio method from 
pulsed-neutron experiments are found to be a reliable method in determining the 
absolute reactivity of a subcritical system even at deep subcritical states after applying 
the spatial correction factors.  These factors can be accurately calculated for each 
detector location using Monte Carlo simulations. 
 

For subcritical assemblies operated at full power, the traditional methods cannot 
track the reactivity variations during operation.  Few new techniques have been 
purposed to provide on-line reactivity measurements for subcritical systems, such as the 
flux-to-current ratio method and the source-modulation method [8-11].  These 
techniques have not completely tested in the experimental programs of the accelerator 
driven subcritical systems.  Numerical validations of these techniques are also limited.  
In particular, the source-modulation technique performance was very poor as shown with 
simple analytical numerical models [12].  Talamo and Gohar [7] purposed a 
superposition technique to simulate the detector responses in a pulsed-neutron source 
experiment.  Monte Carlo simulations using similar technique can be used to simulate 
the detector responses in a subcritical system driven by a modulated source.  As shown 
in Appendix A and B this numerical simulation showed also the poor performance of the 
source-modulation method for determining the reactivity of the subcritical assembly for 
all the selected detector positions. 

 
In this work, the pulsed-neutron experiments with the area-ratio method were first 

used to determine the absolute reactivity of the KIPT neutron source facility at different 
fuel loading stages.  The dynamic neutron detector responses from the pulsed-neutron 
source were calculated using the Monte Carlo methods and the results were used to 
determine the proper parameters for the future pulsed-neutron source experiments 
performed in the KIPT facility.  Also, Monte Carlo simulations were performed to 
calculate the spatial correction factors for the area-ratio method.  

 
In addition, the flux-to-current ratio method was adopted to track the reactivity 

variations of the KIPT facility.  Numerical simulations were performed to examine the 
performance of this method using several KIPT numerical models [13-14].  The spatial 
effects of the method were investigated and the spatial correction factors were 
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calculated.  These analyses helped determine the final position of the neutron detectors 
in the KIPT facility. 

 
The actual fuel assembly loading sequence was selected for the KIPT facility with 

the tungsten target assembly.  A procedure of measuring and monitoring the reactivity of 
the KIPT facility at various fuel loading stages was purposed.  The spatial correction 
factors corresponding to each of these fuel loading stages at each detector locations 
were calculated. 
 

Monte Carlo simulations were performed to simulate the responses of the neutron 
detectors of the KIPT facility during the fuel loading mode and at full power operation 
mode.  In the fuel loading mode, the pulsed neutron source is at low power and low 
frequency while in the full power mode the neutron source is generated with 100 KW 
electron beam with a high frequency.  The flux-to-current ratio method was used to 
monitor the reactivity swing during the burnup fuel cycle, which has 18 fuel stages.  
Monte Carlo simulations were performed to calculate the spatial correction factors at 
each stage of the fuel burnup cycle.   
 
 

2. The Area-Ratio Method 
 
A. Theory 
 

The area-ratio method is used in the pulsed-neutron experiment to determine the 
reactivity of a subcritical assembly.  In a pulsed-neutron experiment, the reactivity 𝜌 in 
dollars of the subcritical assembly is given by the negative ratio of the prompt-neutron 
area Ap and the delayed-neutron area Ad: 

 

 
(1)  

𝜌($) =
𝜌

𝛽
= −

𝐴𝑝

𝐴𝑑
 

 
Where the delayed-neutron area Ad is obtained by integrating the delayed neutron fluxes 
over the pulse period, and the prompt-neutron area Ap is obtained by integrating the total 
neutron fluxes and subtracting the delayed-neutron area. 
 

To perform a pulsed-neutron experiment, external pulsed source neutrons are 
injected into the subcritical core periodically.  The neutron flux level in the subcritical 
core is monitored by the neutron detectors placed inside the subcritical assembly.  
During the experiment, the subcritical assembly is operated at a low power level.  The 
pulsed source period has to be long enough such that the prompt neutron population 
generated due to the external pulsed-neutron source dies out completely.  The pulsed-
neutron source period has also to be small compared with the half-live of the fastest 
decay group of the delayed neutrons, such that the delayed neutron population 
accumulated during all the previous source periods remains almost constant inside the 
source period.  Figure 2 shows a typical detector response in a subcritical assembly 
simulated using the Monte Carlo method [15]. 
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Figure 2.  A typical neutron detector response in a pulsed-neutron experiment and the 
diagram of calculating neutron areas for the area-ratio method. 

 
In actual experiments, Ap and Ad are neutron areas measured from the neutron 

detector responses after thousands of source periods are injected into the subcritical 
assembly.  The neutron population in the subcritical assembly reaches a delayed-
neutron equilibrium status as shown in Figure 2.  The delayed neutron background level 
𝜙𝑑  is assumed to be a constant and is fitted from the detector responses at each 
detector location.  The delayed neutron area is the integration of this constant 
background over the pulse period T:  

 
 

(2)  𝐴𝑑 = 𝜙𝑑𝑇. 
 

The total neutron area is the integration of the total detector response over the pulse 
period, and the prompt neutron area Ap is the total neutron area subtracting the delayed 
neutron area. 
 

The area-ratio method in Equation (1) is derived based on the assumption that the 
subcritical reactor is a point assembly.  In an actual experiment performed in the deep 
subcritical system, the reactivities obtained at different neutron detector locations are 
found to be different and are dependent on the type of neutron detectors being utilized at 
that position. 
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B. Spatial Correction Factor 
 

The spatial dependence of the area-ratio method has been explored thoroughly in 
the past research studies [4-6].  The neutron areas can be calculated with numerical 
simulations.  If the prompt neutron flux 𝜙𝑝 is separated from the total neutron flux 𝜙𝑡 by 

ignoring the delayed neutrons, a transport equation solely for the prompt neutron flux 
can be obtained as: 
  (3)  

1

𝑣

𝜕𝜙𝑝

𝜕𝑡
+ 𝑳𝜙𝑝 = (1 − 𝛽)𝜒𝑝𝑭𝜙𝑝 +  𝑄 

 

 

 

(4)  
1

𝑣

𝜕𝜙𝑡
𝜕𝑡

+ 𝑳𝜙𝑡 = (1 − 𝛽)𝜒𝑝𝑭𝜙𝑡 + ∑𝜒𝑑𝑖𝜆𝑖𝐶𝑖
𝑖

+ 𝑄 

 
  (5)  

𝜕𝐶𝑖
𝜕𝑡

+ 𝜆𝑖𝐶𝑖 = 𝛽𝑖𝑭𝜙𝑡 

 
Where p and di are the prompt neutron and the ith group of delayed neutron fission 

spectra respectively,  is the delayed neutron fraction, the operators L and F are the 
neutron destruction and the neutron fission operators respectively, and Q is the external 
time-dependent neutron source.  The prompt neutron area within a pulse period is then 
equal to the integration of the detector reaction rate contributed from the prompt 

neutrons: 𝐴𝑝 = ∫ 𝜎𝑑𝜙𝑝(𝑡)𝑑𝑡
𝑇

0
, where 𝜎𝑑 is the corresponding cross section of the neutron 

sensitive materials for detecting neutrons.  The delayed neutron area is the reaction rate 

contributed from the delayed neutrons: 𝐴𝑑 = ∫ 𝜎𝑑𝜙𝑑𝑑𝑡
𝑇

0
 , or it can be calculated through 

the total neutron area subtracting the prompt neutron area: 𝐴𝑑 = 𝐴𝑡 − 𝐴𝑝 = ∫ 𝜎𝑑(𝜙𝑡 −
𝑇

0

𝜙𝑝)𝑑𝑡. 

 
For the Monte Carlo method, the neutron areas are obtained by tallying the 

reaction rates at the neutron detector location.  One simulation is performed if the 
contributions of the prompt neutrons and delayed neutrons to the tallies can be 
separated.  Or the neutron areas are calculated with two separate simulations for the 

prompt neutron flux ∫ 𝜙𝑝(𝑡)𝑑𝑡
𝑇

0
 and for the total neutron flux ∫ 𝜙𝑡(𝑡)𝑑𝑡

𝑇

0
 respectively: 

 

 

(6)  𝑳∫ 𝜙𝑝(𝑡)𝑑𝑡
𝑇

0  

= (1 − 𝛽)𝜒𝑝𝑭∫ 𝜙𝑝(𝑡)𝑑𝑡
𝑇

0

+ ∫ 𝑄(𝑟, 𝑡)𝑑𝑡 
𝑇

0

 

 
  

(7)  𝑳∫ 𝜙𝑡(𝑡)𝑑𝑡
𝑇

0

= 𝜒𝑭∫ 𝜙𝑡(𝑡)𝑑𝑡
𝑇

0

+ ∫ 𝑄(𝑟, 𝑡)𝑑𝑡 
𝑇

0

 

 
The reactivity in dollars obtained at the detector location 𝑟𝑑 is calculated as: 

 

 

(8)  𝜌𝑎𝑟𝑒𝑎−𝑟𝑎𝑡𝑖𝑜(𝑟𝑑) = − [
𝐴𝑝

𝐴𝑑
]
𝑀𝐶
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The actual reactivity in dollars 𝜌($)𝑀𝐶 can be obtained from the Monte Carlo criticality 
calculations [17], the spatial correction factor at the detector location rd is calculated as: 

 

 

(9)  𝑓𝑀𝐶(𝑟𝑑) = −𝜌($)𝑀𝐶 × [
𝐴𝑑
𝐴𝑝
]

𝑀𝐶

 

 
The reactivity after the spatial correction at that detector position is then: 

 
 

(10)  𝜌𝑐𝑜𝑟𝑟𝑒𝑐𝑡(𝑟𝑑) = 𝜌
𝑒𝑥𝑝(𝑟𝑑) × 𝑓

𝑀𝐶(𝑟𝑑) 
 

The use of spatial correction factor 𝑓𝑀𝐶 eliminates the spatial effects in the area-ratio 
method in past experimental programs [4, 5].  The area-ratio method is found to be a 
consistent and a reliable method in determining the absolute reactivity of a subcritical 
assembly. 
 
 

3. The Flux-to-Current Ratio Method 
 
A. Theory 
 

The flux-to-current ratio method is purposed for on-line monitoring of the reactivity 
variation of the KIPT subcritical assembly.  It is formulated from the point kinetics 
equations assuming that the subcritical core is driven by a steady state external source 
S: 

 

 

(11)  0 =
𝑑

𝑑𝑡
𝑃(𝑡) =

𝜌 − 𝛽

Λ
𝑃(𝑡) + ∑ 𝜆𝑖𝐶𝑖(𝑡)

𝑖=1,6

+ 𝑆 

 
  (12)  

0 =
𝑑

𝑑𝑡
𝐶𝑖(𝑡) =

𝛽𝑖
Λ
𝑃(𝑡) − 𝜆𝑖𝐶𝑖(𝑡), 𝑖 = 1…6 

 
   

Where, P is the power of the subcritical assembly, Ci is the ith group delayed neutron 

precursor density function, i is the ith group precursor decay constant,  is the effective 

delayed neutron fraction,  is the reactivity and  is the mean generation time of the 

subcritical assembly.  Then the reactivity  of the subcritical core can be calculated as: 

 

 

(13)  𝜌 =
𝑆Λ

−𝑃
 

 
   

For the KIPT subcritical assembly, the external source intensity S is directly proportional 
to the current of the accelerator beam, which is monitored continuously for the 
accelerator operation.  The power of the system is replaced by the neutron detector 
response at certain locations since it can be measured and tracked.  During operation, 

the reactivity  of the subcritical core in equation (13) is formulated to be inversely 
proportional to the flux-to-current ratio [10]: 

 

 

(14)  𝜌 = 𝐶
𝐼

< 𝜖, 𝜎𝑑𝜙 >𝐸
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Where C is a constant factor, < 𝜖, 𝜎𝑑𝜙 >𝐸  is the neutron detector response at the 
detector locations, 𝜖 is the neutron detector efficiency, and I is the accelerator beam 
current.  The absolute value of the constant factor C is complicated to be determined.  
To obtain the reactivity of the subcritical assembly, the reactivity at a reference state is 
often assumed to be known: 

 

 

(15)  𝜌𝑟𝑒𝑓 = 𝐶
𝐼𝑟𝑒𝑓

< 𝜖, 𝜎𝑑𝜙𝑟𝑒𝑓 >𝐸
 

 
When the subcritical assembly deviates from the reference state, the reactivity at the 
new state is obtained by taking the relative flux-to-current ratios between these two 
states: 

 

 

(16)  𝜌𝑛 = 𝜌𝑟𝑒𝑓 [
< 𝜖, 𝜎𝑑𝜙𝑟𝑒𝑓(𝑟) >𝐸/𝐼𝑟𝑒𝑓

< 𝜖, 𝜎𝑑𝜙𝑛(𝑟) >𝐸/𝐼𝑛
] 

 
where the subscript “n” represents the subcritical assembly at the new state.  
 

The flux-to-current ratio method is simple and is easy to be implemented.  It is fast 
responding to the reactivity variations in the subcritical assembly.  However, the method 
can only provide reactivity of the subcritical assembly relative to a reference point.  Other 
methods are required to provide the absolute reactivity of the subcritical assembly at the 
reference state.  
 
 
B. Spatial Correction Factor 
 

Similar to the area-ratio method, the reactivities obtained from the flux-to-current 
ratio method depend on the neutron detector locations and the neutron detector types.  
In addition, the obtained reactivities also depend on the differences between the 
configurations of the new state and the reference state.  Equation (16) utilizes the point 
kinetics approximations and it is assumed the point kinetics parameters such as the 

neutron mean generation time , the effective delayed neutron fraction , the spatial 
effects due to a localized external source, etc. are the same for the reference and the 
new states.  All these effects can be accounted for into a correction factor at each 
detector location.  The correction factor 𝑓 is defined as: 

 
 

(17)  𝜌𝑐𝑜𝑟𝑟𝑒𝑐𝑡 = 𝜌𝑒𝑥𝑝(𝑟𝑑) × 𝑓(𝑟𝑑) 
 

Where 𝜌𝑐𝑜𝑟𝑟𝑒𝑐𝑡(𝑟𝑑) is the correct reactivity of the subcritical assembly, and 𝜌𝑒𝑥𝑝(𝑟𝑑) is the 

reactivity obtained from the flux-to-current ratio method at detector location 𝑟𝑑. 
 

The spatial correction factor can be calculated numerically.  Monte Carlo 
simulations are utilized for calculating the correction factors.  First, the detector 
responses < 𝜖, 𝜎𝑑𝜙(𝑟𝑑) >𝐸 at the selected neutron detector location corresponding to a 
fixed steady state source can be calculated at both the reference and the new states.  

Second, the reactivity 𝜌𝑟𝑒𝑓
𝑀𝐶  of the subcritical assembly at the reference state can be 

obtained using the k-eigenvalue calculations.  Then, using the flux-to-current ratio 
method, the reactivity at the new state can be calculated as: 
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(18)  𝜌𝑛
𝑓𝑙𝑢𝑥−𝑡𝑜−𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝑟𝑑) = 𝜌𝑟𝑒𝑓

𝑀𝐶 ×
< 𝜖, 𝜎𝑑𝜙(𝑟𝑑) >𝑟𝑒𝑓

𝑀𝐶

< 𝜖, 𝜎𝑑𝜙(𝑟𝑑) >𝑛
𝑀𝐶  

 
With the actual reactivity of the subcritical assembly at the new state calculated from the 

k-eigenvalue calculation𝜌𝑛
𝑀𝐶, the correction factor f can then be numerically obtained as: 

 

 

(19)  𝑓𝑀𝐶(𝑟𝑑) =
𝜌𝑛
𝑀𝐶

𝜌𝑟𝑒𝑓
𝑀𝐶 ×

< 𝜖, 𝜎𝑑𝜙(𝑟𝑑) >𝑛
𝑀𝐶

< 𝜖, 𝜎𝑑𝜙(𝑟𝑑) >𝑟𝑒𝑓
𝑀𝐶  

 
 
 
C. KIPT Spatial Corrections for the Flux-to-Current Ratio Method 
 

Monte Carlo numerical simulations were performed to study the spatial 
dependence of the measured reactivities using the flux-to-current ratio method for the 
KIPT neutron source facility with the tungsten target.  To perform the numerical 
validations, the keff of the KIPT neutron source facility was varied by loading different 
number of fuel assemblies into the subcritical assembly.  The number of fuel assemblies 
was varied from 35 to 42 and the fuel loading pattern for each stage is shown in Figure 
3.  The keff value for each fuel loading configuration is listed in Table I.  The keff values 
are in the range of 0.908 to 0.978. 
 

Configuration 35 Configuration 36 Configuration 37 Configuration 38

Configuration 39 Configuration 40 Configuration 41 Configuration 42  
Figure 3.  Fuel loading patterns of the KIPT neutron source facility with tungsten used in 
the Monte Carlo simulations 

 
To apply the flux-to-current ratio method, the configuration with the 35 fuel 

assemblies was selected as the reference state.  The accelerator beam power driving 
the subcritical assembly was the same for all the configurations.  The neutron fluxes are 
tallied along the y-axis direction in the range of -30 to 30 cm at the middle plane (z=25.0 



11 

 

cm) or at the upper end of the graphite radial reflector (z=60 cm) as shown in Figure 4.  
The detector geometry was not explicitly modeled in these simulations.  Figures 5 and 6 
plot the calculated spatial correction factors at the two different elevations, respectively.  
The statistical errors of the Monte Carlo simulations are small with the maximum value of 
~2% and the statistical values are not plotted in these figures for clarity.  The results 
show that the flux-to-current ratio method has a strong spatial dependence.  The spatial 
corrections are larger when the detectors are closer to the external neutron source 
region located around y=0.  For detector positions away from the external neutron 
source, i.e., detectors at z=60.0 cm as shown in Figure 5, the spatial corrections are 
much smaller even at the detector positions directly above the external source. 

 
 
Table I:  Monte Carlo criticality calculations of the KIPT subcritical assembly 

configuration with the tungsten target and 35 to 42 fuel assemblies. 
 

# of Fuel 
Assemblies 

keff 𝜌 
# of Fuel 

Assemblies 
keff 𝜌 

42 0.97855 ±0.00012 -0.0219 41 0.96924 ±0.00012 -0.0317 

40 0.95977 ±0.00012 -0.0419 39 0.95026 ±0.00012 -0.0523 

38 0.94052 ±0.00012 -0.0632 37 0.93099 ±0.00012 -0.0741 

36 0.92105 ±0.00012 -0.0857 35 0.90777 ±0.00012 -0.1016 

 

Fuel

Target

               

Graphite

Target

Fuel

Beryllium

 
(a)                                                                 (b) 

Figure 4.  (a) Top view and (b) Side view of the calculational model showing the neutron 
flux tally positions in the numerical models of the KIPT neutron source facility with the 
tungsten target and 42 fuel assemblies. 
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Figure 5.  Spatial correction factors at the fuel middle plane (z = 25 cm) for the 
configurations with the tungsten target and 35 to 42 fuel assemblies. 

 

 
Figure 6.  Correction factors at the z = 60 cm plane for the configurations with the 
tungsten target and 35 to 42 fuel assemblies. 
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4. Determination of Neutron Detector Positions in KIPT Subcritical 
Core 

 
A. Numerical Simulation Studies of the Neutron Detector Positions 
 

The KIPT neutron source facility selected a configuration with 38 fuel assemblies 
for the tungsten target and a configuration with 37 fuel assemblies for the uranium 
target. Previous simulation results indicate that it is very important to select carefully the 
detector positions.  The best positions suggested are the regions away from the external 
sources.  To determine the accuracy of the reactivity measurements and define optimal 
positions for the neutron detectors, the correction factors calculated numerically for the 
flux-to-current ratio method act as guidance to determine the neutron detector positions 
in the KIPT neutron source facility.  Again, the flux-to-current ratio method is considered 
to monitor the reactivity variations during the KIPT operating modes. 
 

For the numerical simulations with the natural uranium target and the number of 
fuel assemblies from 20 to 37, the fuel loading patterns are shown in Figure 7, and their 
keff values are listed in Table II.  The keff values vary in the range of 0.75 to 0.975.  The 
reference configuration has 20 fuel assemblies.  Similarly for the numerical simulations 
with the tungsten target and the number of fuel assemblies from 18 to 38, the fuel 
loading patterns are shown in Figure 8, and their keff values are listed in Table III.  The 
reference configuration has 18 fuel assemblies loaded.  
 

Three radial rings for the detector positions in the water zone away from the 
external neutron source and outside the graphite reflector were examined.  The axial 
positions of the radial rings are at the z-plane of 𝑧 = 65 cm, which is 5 cm above the 
graphite reflector.  The ring radii are 26, 40, and 54 cm, respectively.  In each radial ring, 
twelve He-3 detectors are symmetrically arranged in the numerical simulations.  Each 
detector is labeled by two numbers, the first number represents the radial ring number.  
The ring number are 1, 3, and 5.  The second number represents the angular position in 
the ring starting from 1 to 12 as shown in the Figure 9 (a).  For comparison, another 12 
detector positions are also considered at the fuel middle plane with z = 25 cm and radius 
= 65 cm in water tank outside the radial graphite reflector as shown in Figure 9 (b).  The 
ring number for these detectors is 7. 
 

At all these selected detector positions, the He-3 detector responses were tallied 
without explicit simulation of the detector geometries.  The spatial correction factors 
calculated at all detector positions are plotted in Figures 10 and 11.  The Monte Carlo 
statistical errors are also plotted in these figures.  The spatial corrections for most of the 
detectors at the second ring position (r, z) = (40, 65) cm are within 5%.  At the other 
detector radial positions, the spatial corrections are all less than or around 10%.  
Figures 12 and 13 show the calculated mean spatial correction factors averaged over 
the 12 detector positions of each radial ring.  For all the cases, the correction factors are 
greater than 1.0 at the first ring (r, z) = (26, 65) cm, and less than 1.0 at the third ring 
(r, z) = (54, 65) cm.  Since the detector positions move gradually away from the target 
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zone, the numerical results indicate that an optimal radial position for the flux-to-current 
ratio method exists around the second position, where the spatial corrections can be 
kept small while the keff of the subcritical core varies within a large range. 
 
Table II:  Monte Carlo criticality calculations of the different KIPT neutron source facility 

configurations with the uranium target and 20 to 37 fuel assemblies. 
 

# of Fuel 
Assemblies 

keff 𝜌 
# of Fuel 

Assemblies 
keff 𝜌 

20 
0.75114 

±0.00011 
-0.33131 32 

0.91645 
±0.00011 

-
0.09117 

22 
0.78212 

±0.00011 
-0.27858 33 

0.92917 
±0.00012 

-
0.07623 

24 
0.81309 

±0.00012 
-0.22988 34 

0.94137 
±0.00011 

-
0.06228 

26 
0.83918 

±0.00011 
-0.19164 35 

0.95413 
±0.00012 

-
0.04808 

28 
0.86451 

±0.00011 
-0.15672 36 

0.96589 
±0.00013 

-
0.03531 

30 
0.88957 

±0.00013 
-0.12414 37 

0.97547 
±0.00011 

-
0.02515 

31 
0.90293 

±0.00013 
-0.10751    

 
 
Table III:  Monte Carlo criticality calculations of the different KIPT neutron source facility 

configurations with the tungsten target and 18 to 38 fuel assemblies. 
 

# of Fuel 
Assemblies 

keff 𝜌 
# of Fuel 

Assemblie
s 

keff 𝜌 

18 
0.70864 
±0.00016 

-0.41115 33 
0.90037 
±0.00012 

-0.11065 

24 
0.80290 
±0.00014 

-0.24549 34 
0.91237 
±0.00012 

-0.09605 

26 
0.82133 
±0.00013 

-0.21754 35 
0.92529 
±0.00013 

-0.08074 

28 
0.83975 
±0.00014 

-0.19083 36 
0.93800 
±0.00013 

-0.0661 

30 
0.85838 
±0.00014 

-0.16499 37 
0.94774 
±0.00013 

-0.05514 

31 
0.87325 
±0.00013 

-0.14515 38 
0.95724 
±0.00013 

-0.04467 

32 
0.88709 
±0.00014 

-0.12728 --- --- --- 
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Configuration 20 Configuration 22 Configuration 24 Configuration 26 Configuration 28

Configuration 30 Configuration 31 Configuration 32 Configuration 33 Configuration 34

Configuration 35 Configuration 36 Configuration 37

 
Figure 7.  Fuel loading patterns of the KIPT neutron source facility for the Monte Carlo simulations with the uranium target 
and 20 to 37 fuel assemblies. 
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Configuration 18 Configuration 24 Configuration 26 Configuration 28 Configuration 30

Configuration 31 Configuration 32 Configuration 33 Configuration 34 Configuration 35

Configuration 36 Configuration 37 Configuration 38

 
 
Figure 8.  Fuel loading patterns of the KIPT neutron source facility for the Monte Carlo simulations with the tungsten target 
and 18 to 38 fuel assemblies. 
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(a) 

 
(b) 

Figure 9.  Detector positions in KIPT neutron source facility (a) horizontal view at z = 
65.0 cm (b) vertical view at the centerline. 
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Figure 10.  Correction factors of the KIPT neutron source facility configurations with the 
uranium target and 22 to 37 fuel assemblies. 
 

 
Figure 11.  Correction factors of the KIPT neutron source facility configurations with the 
tungsten target and 18 to 38 fuel assemblies. 
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Figure 12.  Average correction factors of the KIPT neutron source facility configurations 
with the uranium target and 22 to 37 fuel assemblies. 
 

 
Figure 13.  Average correction factors of the KIPT neutron source facility configurations 
with the tungsten target and 18 to 38 fuel assemblies. 
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B. Neutron Detector Positions in the KIPT Subcritical Assembly 
 

The neutron detector positions selected in the KIPT subcritical assembly are based 
on the physics consideration discussed above and the characteristics of the used 
neutron detectors.  In the KIPT neutron source facility, U-235 fission chambers are 
utilized to measure the neutron flux level.  The selected detectors operate with a neutron 
flux up to 5x1010 n/cm2.s.  Therefore, Monte Carlo simulations were performed to define 
the neutron flux map in the zone shown in Figure 14 (a).  In this zone, the neutron 
detectors can be installed inside the water reflector above the radial graphite reflector.  
In addition, this zone was used in the previous physics simulations to locate the optimum 
neutron detector positions.  For this simulation, the subcritical configuration uses the 
natural uranium target and the maximum fuel loading of 37 fuel assemblies.  This 
configuration has the highest neutron multiplications among all the subcritical 
configurations for this facility.  The linear accelerator is assumed to be operated at full 
power of 100 kW.  Based on the obtained neutron flux map shown in Figure 14(b), the 
selected detector position is (r, z) = (54.0, 72.5) cm, which is 12.5 cm above the graphite 
reflector.  The neutron flux level at this position is calculated to be 1.6x1010 n/cm2.s, and 
the background photon flux level at this position is 2.9x1011 p/cm2.s. 
 
 

 
(a)  

(b) 

 
Figure 14.  (a) Neutron flux tally zone and (b) Neutron flux level map above the graphite 
reflector for the KIPT neutron source facility with the uranium target, 37 fuel assemblies, 
and 100 KW electron beam power. 
 
At this select radial position, as shown in Figure 15 (a), six U-235 fission chambers are 
placed at the optimal position surrounding the hexagon subcritical assembly.  Half of 
these neutron detectors have low neutron sensitivity of 10-6 counts/neutron and the other 
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half have high neutron sensitivity of 10-3 counts/neutron.  Another three U-235 fission 
chambers with high neutron sensitivity of 10-3 counts/neutron are placed at the inner-
surface of the biological shield at (r, z) = (107.0, 25.0) as shown in Figure 15 (b), which 
are further away from the neutron target zone.  Monte Carlo simulations are performed 
to calculate the neutron flux level at these detector positions, and found that at detector 
9, the neutron flux level is about three orders of magnitude lower than at the selected 
optimal positions. 
 
 

5. Determination the Reactivity of the KIPT Subcritical Assembly 
during the Fuel Loading Process 

 
 
A. KIPT Fuel Assembly Loading Pattern 
 

The KIPT neutron source facility will start its operation first with the core 
configuration which uses the tungsten as the target.  In this core configuration, there will 
be maximum 38 fuel assemblies loaded at the fresh fuel core.  Figure 16 indicates the 
designed sequence for loading all these fuel assemblies into the core.  The 
corresponding keff at each of these fuel loading stages is calculated by the Monte Carlo 
code and is listed in Table IV. 
 
 
Table IV:  Effective neutron multiplication factor (Keff) values of the KIPT neutron source 

facility with the tungsten target and different number of the fuel assemblies. 

# of Fuel 
Assemblies 

keff 𝜌 
# of Fuel 

Assemblies 
keff 𝜌 

4 0.27453±07 pcm -2.643 8 0.43518±08 pcm -1.298 

12 0.54366±10 pcm -0.839 14 0.59978±10 pcm -0.667 

16 0.65184±10 pcm -0.534 18 0.69984±10 pcm -0.429 

20 0.73317±11 pcm -0.364 22 0.76409±11 pcm -0.309 

24 0.79373±11 pcm -0.260 26 0.81757±11 pcm -0.223 

28 0.83993±12 pcm -0.191 30 0.86181±12 pcm -0.160 

31 0.87518±12 pcm -0.143 32 0.88789±12 pcm -0.126 

33 0.90087±12 pcm -0.110 34 0.91316±12 pcm -0.095 

35 0.92564±12 pcm -0.080 36 0.93751±12 pcm -0.067 

37 0.94738±12 pcm -0.056 38 0.95714±12 pcm -0.045 
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(a) 

 

Det 7: 10-3

Det 9: 10-3

Det 8: 10-3

 
(b) 

 

Figure 15.  Neutron detector locations at: (a) the selected optimal detector locations 
and (b) the biological shield surface at the middle fuel plane. 
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Figure 16.  The KIPT fuel assembly loading sequence for the subcritical assembly with 
the tungsten target and the maximum fuel loading of 38 assemblies 
 

During the fuel loading process, the subcritical assembly reactivity at each fuel 
loading stage will be measured by performing a pulsed-neutron experiment and will be 
also monitored with the Flux-to-Current Ratio Method.  The electron accelerator will be 
operated at lower power and low frequency for the pulsed neutron experiments.  The 
neutron fluxes in the subcritical core are measured by the three sets of U-235 fission 
chambers.  The area-ratio method will be applied in the pulsed-neutron experiment to 
measure the reactivity.  The spatial correction factors calculated at each detector 
locations at the corresponding fuel loading stage will be applied to correct the reactivity 
values.  The final reactivity at the fuel loading stage is the mean value among all the 
corrected reactivities at all these locations. 
 
 
B. Pulsed-Neutron Experiments in the KIPT Neutron Source Facility 
 

To define the appropriate pulse parameters for performing the pulsed-neutron 
experiments in the KIPT subcritical assembly, Monte Carlo simulations were performed 
to calculate the average response from the six neutron detectors at the selected position 
(r, z)=(54.0, 72.5) cm due to one neutron at time t=0.  Figure 17 shows the numerical 
simulation results for the subcritical assembly with the tungsten target and 24, 30, 34, or 
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38 fuel assemblies respectively.  Similar results were obtained for the subcritical 
assembly with the natural uranium target as shown in Figure 18.  The detector response 
from the prompt neutrons was also simulated for one configuration as shown in Figure 
18.  As expected, the neutron flux in the subcritical assembly decreases and vanishes 
faster as the number of the loaded fuel assemblies decreases.  In the fully loaded 
subcritical assembly with the uranium target, the prompt neutron response in the neutron 
detector vanishes after about ~40 ms relative to the contribution from the delayed 
neutrons.  The half-life of the fastest-decayed delayed neutron precursor group is ~80 
ms.  Thus, in order to perform a pulsed neutron experiment, the pulse period is selected 
to be about 50 ms.  The external beam power of the linear accelerator is around 10 W, 
which generates adequate counting rate. 
 

The calculated average neutron detector counting rates for the subcritical 
configurations with the tungsten and the natural uranium targets are shown in Figures 19 
and 20, respectively.  The subcritical core is driven by a linear accelerator with beam 
power of 10 W and pulse frequency of 20 HZ.  The detector responses are calculated 
using the pulse superposition technique to obtain the delayed neutron equilibrium.  The 
neutron detector sensitivity is assumed to be 10-3 counts/neutron.  As shown in Figure 
19 for the core configurations using the tungsten target, the counting rates for the 
delayed neutron background are ~54 counts/s for the core configuration with 38 fuel 
assemblies and ~3 counts/s for the configuration with 24 fuel assemblies.  Figure 20 
shows that the counting rates of the delayed neutron background are ~323 counts/s with 
37 fuel assemblies, and ~2.5 counts/s with 20 fuel assemblies. 
 

To achieve a statistics error less than 1% in the measured delayed neutron 
background, for the KIPT subcritical assembly with the uranium target or the tungsten 
and the maximum number of fuel assemblies fully, the required accumulation time of the 
pulsed-neutron source experiment was estimated to be ~0.5 and 3 minutes, 
respectively.  This time was estimated to be ~1 hour for the subcritical assembly with the 
20 or 24 fuel assemblies. 
 
 
C. KIPT Subcritical Assembly Reactivity Measurement at Each Fuel Loading 

Stage. 
 

To determine the reactivity of the KIPT subcritical assembly at each fuel loading 
stage, the subcritical core is driven by the external linear accelerator with lower power of 
10 W and with low frequency of 20 HZ.  The neutron fluxes in the subcritical core are 
measured by the nine U-235 fission chambers at the selected positions.  The area-ratio 
method will be applied to measure the reactivity, which will require long counting time for 
the fuel stages with low number of fuel assemblies.  The spatial correction factors 
calculated at each detector locations at the corresponding fuel loading stage will be 
applied to measure the reactivity.  The final reactivity at the fuel loading stage is the 
mean value among all the corrected reactivities at all these locations.  This measured 
reactivity at any fuel loading stage can be used as the reference reactivity for 
determining the reactivities at all the previous fuel loading stages using the flux-to-
current ratio method.  The spatial correction factors for the flux-to-current ratio method 
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will be applied at each location and each fuel loading stage.  The final reactivities at 
those stages are the mean value of the corrected reactivities among all the detectors. 
 
 
D. Flux-to-Current Ratio Method Measurement at the KIPT Fuel Loading Stages 
 

The flux-to-current ratio method assumes the subcritical core is driven by a steady 
state external neutron source at the reference state and at the new state.  In the pulsed-
neutron source experiment, the external neutron source is a pulsed source and is always 
time-dependent.  Correspondingly, the neutron fluxes and the neutron detector 
responses are solutions of the time-dependent Boltzmann equation, and have fine time-
dependent structures: 
 

 

 

(20)  
1

𝑣

𝜕𝜙(𝑟, 𝑡)

𝜕𝑡
+ 𝑳𝜙(𝑟, 𝑡) = (1 − 𝛽)𝜒𝑝𝑭𝜙(𝑟, 𝑡) +∑𝜒𝑑𝑖𝜆𝑖𝐶𝑖(𝑟, 𝑡)

𝑖

+ 𝑄(𝑟, 𝑡) 

 
  (21)  

𝜕𝐶𝑖(𝑟, 𝑡)

𝜕𝑡
+ 𝜆𝑖𝐶𝑖(𝑟, 𝑡) = 𝛽𝑖𝑭𝜙(𝑟, 𝑡) 

 
 

To calculate the average neutron flux, the time-dependent Boltzmann Equation 
(20) is integrated over the pulse period T.  At delayed neutron equilibrium status, the 
Boltzmann equations satisfy the periodic conditions: 𝜙(𝑟, 0) = 𝜙(𝑟, 𝑇), 𝐶𝑖(𝑟, 0) = 𝐶𝑖(𝑟, 𝑇) 
and 𝑄(𝑟, 0) = 𝑄(𝑟, 𝑇).  Therefore it is possible to eliminate the delayed neutron term from 
the Boltzmann equation and Equation (7) of the total neutron area is obtained.  Its 
solution is the average neutron flux of the subcritical assembly with the external source 
strength equal to the pulsed-neutron source integrated over the pulse period. 
 

To apply the flux-to-current ratio method in the pulsed-neutron experiment, the total 
neutron flux area is integrated over the pulse periods and the neutron flux is averaged 
over the pulsed periods.  Figure 21 shows the time-dependent averaged neutron flux 
over the pulse periods.  It is normalized to the steady-state neutron flux which is 
calculated from a fixed source problem with the same source strength for the 
configuration with the tungsten target.  The figure shows that the average neutron flux 
equals to the steady state neutron flux after the delayed neutrons reach an equilibrium.  
Therefore, the flux-to-current ratio method can use the pulsed-neutron experimental data 
to measure the reactivity of the subcritical assembly. 
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Figure. 17  Monte Carlo simulations of the neutron fluxes from one neutron pulse 
injected in the KIPT subcritical assembly with the tungsten target for different fuel 
loading stages. 
 
 

 

Figure 18.  Monte Carlo simulations of the neutron fluxes from one neutron pulse 
injected in the KIPT subcritical assembly with the uranium target for different fuel loading 
stages. 
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Figure 19.  Monte Carlo simulations of the detector counting rates of the KIPT subcritical 
assembly with the tungsten target for different fuel loading stages driven by 10 W 
electron beam pulses with 20 HZ frequency. 
 
 

 
Figure 20.  Monte Carlo simulations of the detector counting rates of the KIPT subcritical 
assembly with the uranium target for different fuel loading stages driven by 10 W 
electron beam pulses with 20 HZ frequency. 
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Figure 21.  Monte Carlo simulations of the averaged time-dependent neutron flux from 
each pulse normalized to the steady state neutron flux with the same source strength for 
the KIPT subcritical assembly with the tungsten target for different fuel loading stages. 
 
 
E. Spatial Correction Factors for the Area-Ratio Method and the Flux-to-Current 

Ratio Method 
 

Monte Carlo simulations were performed to calculate the spatial correction factors 
for the area-ratio method and the flux-to-current ratio method for the 20 fuel assembly 
loading stages.  For both methods, the neutron detector responses were simulated by 
tallying the U-235 fission reaction rates in the neutron detector active volume.  The 
neutron detector sensitive material U-235 is not explicitly simulated, because its mass is 
in the order of milligrams and the self-shielding effects can be ignored in this case.  The 
external neutron source is generated from a separate Monte Carlo electron photon 
neutron coupled simulation.  In the coupled simulation, the energy, position, and 
direction of the neutron particles produced from the electron nuclear reactions in the 
target zone are recorded into a source file.  This source file was used for the Monte 
Carlo neutron transport simulations to tally the reaction rates in the neutron detectors. 
 

The spatial correction factors were calculated at the nine detector positions as 
listed in Tables V to X, and the values are plotted as well in Figures 22 and 23.  The 
spatial correction for the area-ratio method are small and are ≤ 3% at the nine neutron 
detector positions when more than 35 fuel assemblies are loaded into the subcritical 
assembly.  The spatial correction gradually decreases as the effective multiplication 
factor of the KIPT subcritical assembly increases.  The spatial correction is slightly less 
than 10% with only 24 fuel assemblies loaded in the subcritical assembly.  The 
corresponding statistical errors for the calculated correction factors are all around or less 
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than 0.5%.  The correction factors for the configurations with less than 24 fuel 
assemblies loaded are also calculated.  The maximum spatial corrections are around 
10%-20% at the subcritical assembly configuration with 4 fuel assemblies.  Its keff 
calculated from Monte Carlo simulation is only ~0.275.  The associated statistical errors 
for those correction factors are around 1-2%. 
 

For area-ratio method, as shown in Figure 22, the spatial correction factor values 
are always larger than 1.0, except at detector position 9 which are always less than 1.0.  
It is due to the difference in neutron spectrum at this position.  For instance, Monte Carlo 
simulations show that 91% of neutrons at detector 7 and 8 have energy less than 1 eV.  
However, at detector position 9, only about 34% of neutrons have energy below 1 eV.  In 
addition at detector position 9, half of the neutrons have energy larger than 1 keV, and 
30% of the neutrons have energy larger than 1 MeV.  The detector position 9 is far away 
from the neutron channels of the subcritical assembly.  Unlike detector position 7 and 8, 
most of neutrons need to go through the water tank in order to reach detector position 9.  
Therefore, a large portion of thermal neutrons is absorbed in the water tank, and the 
neutron flux level is about one order of magnitude less than that at positions 7 and 8. 
 

The spatial correction factors for the flux-to-current ratio methods are all less than 
10% when more than 14 fuel assemblies are loaded into the core.  The statistical errors 
of the numerical calculations are around or less than 0.1%.  As shown in Figure 23, the 
spatial corrections are significantly larger at the first few fuel loading stages, which 
indicates at such deep subcritical states, the flux-to-current ratio method is not accurate, 
and the reactivities derived based on the flux-to-current ratio method will have to be 
corrected with the correction factors.  
 

The spatial correction factors of flux-to-current ratio method at all the neutron 
detector positions are consistent and their values are close to each other when the 
number of the loaded fuel assemblies in the subcritical assembly is less than 30.  After 
that, the spatial correction factors start to deviate from each other.  These variations are 
due to the specific fuel loading pattern adopted in the KIPT subcritical assembly.  
According to Figure 16, at the earlier fuel loading stages, two or four assemblies are 
loaded into the subcritical assembly at the same time.  Their positions are always on the 
opposite site of the hexagon geometry and these added assemblies are at similar 
distancing from the neutron detectors surrounding the hexagon.  After loading more than 
30 fuel assemblies, one fuel assembly is loaded in each fuel loading step.  The new fuel 
assembly position is always closer to one of neutron detectors, and away from the 
others.  This results in a larger perturbation in the neutron detector response, which is 
closer to the new fuel assembly.  Consequently, the spatial correction of this neutron 
detector changes significantly. 
 

The spatial correction factors at the nine neutron detectors are grouped together 
based on their radial positions and their sensitivities.  Figure 24 shows that for the flux-
to-current ratio method, the averaged spatial correction factor value for each group is 
~1.0 when more than 30 fuel assemblies are loaded into the subcritical assembly.  Thus, 
the numerical simulations suggest that using multiple neutron detectors surrounding the 
hexagon core can indeed reduce the spatial effects in the flux-to-current ratio method 
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when the reactivity perturbation induced into the core is not symmetric with respect to 
the detector positions. 
 

 

Figure 22.  Monte Carlo calculated spatial correction factors of the area-ratio method for 
each neutron detector location in the KIPT neutron source facility with the tungsten 
target for each fuel loading stage. 
 

 

Figure 23.  Monte Carlo calculated spatial correction factors of the flux-to-current ratio 
method for each neutron detector location in the KIPT neutron source facility with the 
tungsten target for each fuel loading stage.  The reference configuration is the previous 
fuel loading stage. 
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Figure 24.  Group average correction factor values for the area-ratio method and the 
flux-to-current ratio method for the KIPT neutron source facility with the tungsten target 
for each fuel loading stage. 
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Table V:  Monte Carlo calculated correction factor values of the area-ratio method for 

neutron detectors 1, 3 and 5 (group 1) of the KIPT neutron source facility with the 
tungsten target for each fuel loading stage. 

# 
Fuel 

keff 
Detector # 1 Detector # 3 Detector # 5 Average 

f std f std f Std f std 

4 0.2745 1.1238 0.0242 1.1689 0.0234 1.1278 0.0237 1.1398 0.0249 

8 0.4352 1.1132 0.0144 1.1091 0.0144 1.0844 0.0145 1.1021 0.0156 

12 0.5437 1.1137 0.0216 1.1319 0.022 1.1075 0.0222 1.1176 0.0127 

14 0.6 1.0487 0.0178 1.1199 0.017 1.1464 0.0169 1.1034 0.0505 

16 0.6518 1.0728 0.0145 1.1249 0.0142 1.1515 0.0138 1.1154 0.04 

18 0.6998 1.1024 0.0117 1.1078 0.0117 1.0937 0.0116 1.1013 0.0071 

20 0.7332 1.0722 0.0103 1.0767 0.0101 1.0903 0.0101 1.0797 0.0094 

22 0.7641 1.0799 0.0094 1.0837 0.0094 1.0973 0.0093 1.0869 0.0091 

24 0.7937 1.0661 0.0076 1.089 0.0075 1.0567 0.0076 1.0704 0.0166 

26 0.8176 1.0796 0.0067 1.0714 0.0067 1.0621 0.0066 1.071 0.0088 

28 0.8399 1.0651 0.0071 1.0491 0.007 1.0671 0.007 1.0604 0.0099 

30 0.8618 1.0574 0.0089 1.0532 0.009 1.0633 0.0089 1.0579 0.0051 

31 0.8752 1.0531 0.0058 1.0362 0.0061 1.0455 0.0061 1.0449 0.0085 

32 0.8879 1.0379 0.0069 1.0539 0.007 1.0384 0.007 1.0434 0.0091 

33 0.9009 1.0504 0.0061 1.0384 0.0064 1.0447 0.0063 1.0445 0.006 

34 0.9132 1.0453 0.0054 1.0372 0.0054 1.0336 0.0055 1.0387 0.006 

35 0.9256 1.0305 0.0048 1.0239 0.0047 1.0143 0.005 1.0229 0.0081 

36 0.9375 1.0257 0.0041 1.0187 0.0041 1.0262 0.0041 1.0235 0.0042 

37 0.9474 1.019 0.011 1.0112 0.0113 1.0403 0.0112 1.0233 0.015 

38 0.9571 1.0281 0.0093 1.0219 0.0093 1.0223 0.0093 1.0241 0.0034 
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Table VI:  Monte Carlo calculated correction factor values of the area-ratio method for 
neutron detectors 2, 4 and 6 (group 2) of the KIPT neutron source facility with the 

tungsten target for each fuel loading stage. 

# 
Fuel 

keff 
Detector # 2 Detector # 4 Detector # 6 Average 

f std f std f std f std 

4 0.2745 1.0798 0.0241 1.1100 0.0237 1.1126 0.0236 1.1006 0.0182 

8 0.4352 1.0874 0.0145 1.1079 0.0143 1.0880 0.0143 1.0943 0.0116 

12 0.5437 1.1289 0.0217 1.0891 0.0222 1.1235 0.0219 1.1136 0.0216 

14 0.6 1.1447 0.0171 1.0631 0.0174 1.1295 0.0168 1.1113 0.0434 

16 0.6518 1.1253 0.0138 1.0824 0.0143 1.0655 0.0144 1.0905 0.0308 

18 0.6998 1.0855 0.0116 1.0869 0.0117 1.1022 0.0116 1.0915 0.0093 

20 0.7332 1.1032 0.01 1.0866 0.0102 1.0841 0.0102 1.0912 0.0104 

22 0.7641 1.0883 0.0093 1.0775 0.0093 1.0685 0.0094 1.078 0.0099 

24 0.7937 1.0824 0.0076 1.0844 0.0075 1.072 0.0076 1.0796 0.0067 

26 0.8176 1.0732 0.0066 1.0611 0.0066 1.0713 0.0066 1.0685 0.0065 

28 0.8399 1.0521 0.007 1.069 0.007 1.0575 0.0071 1.0595 0.0086 

30 0.8618 1.0503 0.0089 1.0643 0.0089 1.0471 0.009 1.0538 0.0091 

31 0.8752 1.0396 0.006 1.0428 0.0061 1.0639 0.006 1.0487 0.0132 

32 0.8879 1.0397 0.007 1.0332 0.0069 1.04 0.007 1.0376 0.0038 

33 0.9009 1.0358 0.0064 1.0373 0.0063 1.0428 0.0061 1.0386 0.0037 

34 0.9132 1.0436 0.0054 1.0389 0.0053 1.0424 0.0053 1.0416 0.0025 

35 0.9256 1.0305 0.0048 1.036 0.0048 1.0322 0.0048 1.0329 0.0028 

36 0.9375 1.0231 0.0041 1.0263 0.0041 1.0112 0.0041 1.0201 0.0079 

37 0.9474 1.0084 0.0112 1.0094 0.0113 1.0399 0.011 1.019 0.0179 

38 0.9571 1.0304 0.0094 1.0175 0.0094 1.0139 0.0093 1.0206 0.0087 
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Table VII:  Monte Carlo calculated correction factor values of the area-ratio method for 
neutron detectors 7, 8 and 9 (group 3) of the KIPT neutron source facility with the 

tungsten target for each fuel loading stage. 

# 
Fuel 

keff 
Detector # 7 Detector # 8 Detector # 9 Average 

f std f std f std f std 

4 0.2745 1.2058 0.0115 1.1888 0.0187 0.7764 0.0378 --- --- 

8 0.4352 1.1668 0.0074 1.1407 0.0115 0.8815 0.0255 --- --- 

12 0.5437 1.1320 0.0082 1.1396 0.0095 0.8398 0.0181 --- --- 

14 0.6 1.1177 0.0071 1.1425 0.0080 0.8954 0.0136 --- --- 

16 0.6518 1.1049 0.0072 1.1328 0.0058 0.9276 0.0304 --- --- 

18 0.6998 1.1177 0.0145 1.1175 0.0064 0.9254 0.0125 --- --- 

20 0.7332 1.0902 0.0064 1.1162 0.0047 0.9254 0.0076 --- --- 

22 0.7641 1.0929 0.0064 1.0950 0.0053 0.9725 0.0200 --- --- 

24 0.7937 1.0674 0.0071 1.0792 0.0062 0.9553 0.0079 --- --- 

26 0.8176 1.0721 0.0065 1.0795 0.0062 0.9673 0.0134 --- --- 

28 0.8399 1.0775 0.0066 1.0713 0.0078 0.9722 0.0072 --- --- 

30 0.8618 1.0776 0.0068 1.0684 0.0065 0.9893 0.0098 --- --- 

31 0.8752 1.0669 0.0064 1.0548 0.0050 0.9866 0.0089 --- --- 

32 0.8879 1.0544 0.0054 1.0386 0.0054 0.9853 0.0068 --- --- 

33 0.9009 1.0508 0.0047 1.0582 0.0070 0.9838 0.0063 --- --- 

34 0.9132 1.0413 0.0043 1.0478 0.0044 0.9972 0.0071 --- --- 

35 0.9256 1.0382 0.0041 1.0377 0.0070 0.9956 0.0047 --- --- 

36 0.9375 1.0284 0.0039 1.0219 0.0059 0.9913 0.0049 --- --- 

37 0.9474 1.0355 0.0077 1.0373 0.0059 1.0093 0.0065 --- --- 

38 0.9571 1.0188 0.0038 1.0291 0.0067 1.0017 0.0051 --- --- 
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Table VIII:  Monte Carlo calculated correction factor values of the flux-to-current ratio 
method for neutron detectors 1, 3 and 5 (group 1) of the KIPT neutron source facility with 

the tungsten target for each fuel loading stage.  The reference configuration is the 
previous fuel loading stage. 

# 
Fuel 

keff 
Detector # 1 Detector # 3 Detector # 5 Average 

f std f std f std f std 

4 0.2745 --- --- --- --- --- --- --- --- 

8 0.4352 0.6673 0.0017 0.6712 0.0017 0.6663 0.0017 0.6683 0.0026 

12 0.5437 0.8326 0.0025 0.8226 0.0025 0.8331 0.0025 0.8294 0.0060 

14 0.6 0.9066 0.0029 0.9421 0.0029 0.9426 0.0029 0.9302 0.0206 

16 0.6518 0.9627 0.0025 0.9288 0.0025 0.958 0.0025 0.9496 0.0184 

18 0.6998 0.9714 0.0023 0.9722 0.0023 0.9371 0.0023 0.9599 0.02 

20 0.7332 0.9549 0.0022 0.9627 0.0022 0.9738 0.0022 0.9637 0.0095 

22 0.7641 0.986 0.0021 0.9635 0.0021 0.9712 0.0021 0.9735 0.0114 

24 0.7937 0.9693 0.002 0.9849 0.002 0.9657 0.002 0.9732 0.0102 

26 0.8176 0.9761 0.0018 0.97 0.0018 0.9865 0.0018 0.9775 0.0083 

28 0.8399 0.9909 0.0018 0.98 0.0018 0.9752 0.0018 0.982 0.0081 

30 0.8618 0.9736 0.0024 0.9924 0.0024 0.9793 0.0024 0.9817 0.0097 

31 0.8752 1.0472 0.0023 0.9703 0.0023 0.973 0.0024 0.9956 0.0436 

32 0.8879 0.9692 0.0021 0.9993 0.0021 1.0013 0.0021 0.9897 0.018 

33 0.9009 1.0039 0.0022 0.9707 0.0023 1.0035 0.0023 0.9924 0.0191 

34 0.9132 0.9731 0.0021 1.0488 0.0021 0.9759 0.0021 0.9981 0.0429 

35 0.9256 1.0018 0.002 1.0028 0.0019 0.9661 0.002 0.9899 0.0209 

36 0.9375 0.9757 0.0019 0.9746 0.0018 1.0491 0.0019 0.9986 0.0427 

37 0.9474 1.0212 0.0038 0.9777 0.0039 0.9959 0.0038 0.9979 0.0219 

38 0.9571 0.9689 0.0049 1.0336 0.005 0.9793 0.0049 0.9931 0.0347 
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Table IX:  Monte Carlo calculated correction factor values of the flux-to-current ratio 
method for neutron detectors 2, 4 and 6 (group 2) of the KIPT neutron source facility 

which with the tungsten target for each fuel loading stage.  The reference configuration 
is the previous fuel loading stage. 

# 
Fuel 

keff 
Detector # 2 Detector # 4 Detector # 6 Average 

f std f std f std f std 

4 0.2745 --- --- --- --- --- --- --- --- 

8 0.4352 0.6679 0.0017 0.6688 0.0017 0.6705 0.0017 0.6690 0.0013 

12 0.5437 0.8262 0.0025 0.8296 0.0025 0.8264 0.0025 0.8274 0.0019 

14 0.6 0.9449 0.0029 0.9096 0.0029 0.9417 0.0029 0.9318 0.0195 

16 0.6518 0.9573 0.0025 0.9638 0.0025 0.9238 0.0025 0.948 0.0215 

18 0.6998 0.942 0.0023 0.9702 0.0023 0.9762 0.0023 0.9626 0.0182 

20 0.7332 0.9777 0.0022 0.9541 0.0022 0.9595 0.0022 0.9637 0.0124 

22 0.7641 0.9699 0.0021 0.9846 0.0021 0.9657 0.0021 0.9733 0.0099 

24 0.7937 0.9635 0.002 0.9706 0.002 0.9868 0.002 0.9735 0.0119 

26 0.8176 0.9871 0.0018 0.9756 0.0018 0.9678 0.0018 0.9768 0.0097 

28 0.8399 0.976 0.0018 0.993 0.0018 0.983 0.0018 0.984 0.0086 

30 0.8618 0.9791 0.0024 0.9752 0.0024 0.9894 0.0024 0.9812 0.0074 

31 0.8752 1.002 0.0023 0.9644 0.0024 0.9967 0.0023 0.9874 0.0204 

32 0.8879 0.9693 0.0021 1.0464 0.0021 0.9753 0.0021 0.9958 0.0429 

33 0.9009 0.9776 0.0023 0.9743 0.0023 1.0496 0.0022 0.9993 0.0426 

34 0.9132 1.004 0.0021 1.0061 0.0021 0.9673 0.0021 0.9921 0.0218 

35 0.9256 1.0475 0.0019 0.9714 0.002 0.9765 0.002 0.9973 0.0425 

36 0.9375 0.966 0.0018 1.0048 0.0018 0.9985 0.0018 0.9895 0.0208 

37 0.9474 0.9869 0.0038 0.9801 0.0039 1.0479 0.0038 1.0041 0.0373 

38 0.9571 0.9921 0.0049 1.0125 0.005 0.9646 0.0049 0.9894 0.024 
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Table X:  Monte Carlo calculated correction factor values of the flux-to-current ratio 
method for neutron detectors 7, 8 and 9 (group 3) of the KIPT neutron source facility with 

the tungsten target for each fuel loading stage.  The reference configuration is the 
previous fuel loading stage. 

# 
Fuel 

keff 
Detector # 7 Detector # 8 Detector # 9 Average 

f std f std f std f std 

4 0.2745 ---- ---- ---- ---- ---- ---- ---- ---- 

8 0.4352 0.6546 0.0013 0.6512 0.0015 0.631 0.0036 0.6454 0.0090 

12 0.5437 0.8136 0.0013 0.8194 0.0014 0.8045 0.0033 0.8125 0.0053 

14 0.6 0.9197 0.0013 0.9354 0.0013 0.947 0.0033 0.9339 0.0097 

16 0.6518 0.9344 0.0016 0.9462 0.0011 0.9261 0.0030 0.9355 0.0071 

18 0.6998 0.9718 0.0018 0.9397 0.0011 0.9290 0.0025 0.9465 0.0158 

20 0.7332 0.9505 0.0018 0.9686 0.0011 0.9723 0.0023 0.9637 0.0082 

22 0.7641 0.9700 0.0018 0.9650 0.0011 0.9525 0.0022 0.9624 0.0064 

24 0.7937 0.9803 0.0025 0.9666 0.0014 0.9667 0.0022 0.9712 0.0056 

26 0.8176 0.9722 0.0036 0.9787 0.0016 0.9824 0.0023 0.9777 0.0037 

28 0.8399 0.9788 0.0030 0.9741 0.0019 0.9655 0.0025 0.9728 0.0048 

30 0.8618 0.9794 0.0018 0.9780 0.0021 0.9807 0.0023 0.9794 0.0010 

31 0.8752 1.0246 0.0018 0.9755 0.0018 0.9841 0.0022 0.9943 0.0185 

32 0.8879 0.9683 0.0018 1.0019 0.0017 0.9743 0.0028 0.9813 0.0127 

33 0.9009 1.0244 0.0019 1.0054 0.0021 0.9677 0.0028 0.9986 0.0204 

34 0.9132 0.9700 0.0022 0.9771 0.0020 1.0277 0.0028 0.9909 0.0223 

35 0.9256 0.9849 0.0020 0.9673 0.0023 1.0472 0.0027 0.9986 0.0297 

36 0.9375 0.9882 0.0022 1.0285 0.0027 0.9680 0.0024 0.9943 0.0218 

37 0.9474 1.0304 0.0028 1.0044 0.0026 0.9737 0.0025 1.0023 0.0201 

38 0.9571 0.9679 0.0026 0.9754 0.0030 1.0046 0.0026 0.9824 0.0137 
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6. Tracking the Reactivity Variations of the KIPT Subcritical Core at 
Full Power Operation Mode 
 
A. Simulated Neutron Detector Responses during the Normal Operation of KIPT 
 

At normal operation mode, the KIPT neutron source facility is driven by the 100 kW 
electron beam.  The electron beam frequency is 625 Hz, which generates a pulse every 
1.6 ms.  Within such a short pulse, the prompt neutron population is contributed from 
several successive pulses.  Monte Carlo simulations were performed to simulate the 
average detector responses at the selected neutron detector position (r,z)=(54.0, 72.5 
cm) of the KIPT neutron source facility with the tungsten target.  The selected neutron 
detector sensitivity is 10-6 counts/neutron.  Figure 25 plots the simulated detector 
responses within one pulse when the KIPT subcritical assembly has different number of 
fuel assemblies.  The numerical simulations are obtained by the superposition technique 
using the 625 Hz frequency to include the delayed neutron equilibrium status.  As shown 
in the Figure 25, the neutron detector responses have fine time-dependent structures 
within the pulse period.  However, this structure is much smoother compared with the 
responses obtained from the pulsed-neutron experiment with low frequency.  Similarly, 
the averaged neutron fluxes over the pulse period are also compared with the steady 
state neutron fluxes with same source strength.  It is found that the averaged neutron 
fluxes over the pulse period are identical to the steady state neutron fluxes after the 
delayed neutrons reach an equilibrium status.  Thus, the averaged neutron fluxes over 
the pulse period can be used in the flux-to-current ratio method to monitor the reactivity 
variations in the KIPT subcritical assembly. 

 
Figure 25.  Monte Carlo calculation of the detector counting rates after the KIPT 
subcritical core reaching the delayed neutron equilibrium status.  The subcritical 
assembly is loaded with 24 to 38 fuel assemblies and it is driven by a 100 kW electron 
beam with 625 Hz frequency. 
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B. Flux-to-Current Ratio Method Utilization for Monitoring the Reactivity Change 
of the KIPT neutron Source Facility during Normal Operation 

 
As soon as the subcritical assembly starts, its keff value will significantly decreases 

during the first two-day of operation due to the build-up of xenon fission gas.  For 
example, for the subcritical assembly with the uranium target, its Keff value will decrease 
from 0.975 to 0.966.  Then the keff value will slowly decrease during normal operation 
due to the burnup of the fuel fissile material.  The KIPT subcritical assembly does not 
have control rods or burnable poison material to compensate for the lost reactivity.  To 
compensate for the lost reactivity, the fuel assemblies will be moved gradually away 
from each other to enhance the slowing down of the neutron population.  Such effect will 
increase the Keff value because of the increase of the fission reaction rate of U-235 
fissile fuel isotope.  Therefore during operation, the subcritical assembly fuel 
configuration will change from a compact fuel configuration to a larger configuration with 
fuel assemblies distributed over all the rings of the hexagon at the end of the fuel burnup 
stage. 
 

The applicability of the flux-to-current ratio method to monitor the reactivity swing at 
the normal operation mode was explored using one of the KIPT fuel burnup model15.  As 
shown in Figure 26, a fuel burnup cycle with 18 fuel burnup stages is designed for the 
KIPT subcritical assembly with the natural uranium target.  As shown in Figure 26, to 
compensate for the lost reactivity of a fuel burnup stage, a few fuel assemblies are 
moved away from their neighbors at the beginning of the next fuel burnup stage. 
 
 

 

Figure 26.  Fuel loading patterns of KIPT subcritical assembly at different burnup stages 
for configuration with natural uranium target. 
 

Stage 1 Stage 2 Stage 3

Stage 6 Stage 12 Stage 18
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The spatial correction factors for the flux-to-current ratio method were calculated 
using the fresh fuel assemblies at the beginning of fuel burnup stage 1 as the reference 
subcritical assembly configuration.  Then, the spatial correction factors were calculated 
at the beginning and at the end of each burnup stage.  Only the detectors at the selected 
optimal positions were considered.  As shown in Table XI, the spatial correction factors 
increases as the fuel burnup stage gradually deviate from the first fuel burnup stage.  By 
the beginning of the fuel burnup stage 18, the spatial correction factors can be as large 
as ~30%, even though the keff of the subcritical core does not change significantly from 
the reference core. 
 

To improve the reactivity monitoring accuracy of the flux-to-current ratio method, 
the reference state needs frequent update.  For instance, as more fuel assemblies 
moved intermediate reference points such as the assembly configurations at the 
beginning of stage 3, 6 and 16 can be added.  At these “intermediate” reference points, 
the selected reference state is close to the monitored configuration, and the absolute 
reactivities are determined by the area-ratio method.  The spatial correction factors 
based on these intermediate reference core configurations were also calculated as 
shown in Table XI, which are much smaller and can be kept within a few percent. 
 

The spatial correction factors at the end of each fuel burnup stage were calculated 
if the assembly configuration at the beginning of each particular burnup stage is selected 
as the reference point.  As listed in the last column of Table XI, these spatial corrections 
are all extremely small which indicates that during each fuel burnup stage, if the 
reactivity at the beginning of the fuel burnup stage can be determined, the flux-to-current 
ratio method can be utilized to track the reactivity swing very accurately over that fuel 
burnup stage.  Usually, the fuel burnup stages can last long from around 30 days to 80 
days.  
 

Table XI.  Calculated average spatial correction factors at optimal detector positions 
for KIPT subcritical assembly with natural uranium target. 

Burnup 
Stage 

Keff 
Averaged F (with Fixed 

Reference Point) 
Averaged F (with Updated 

Reference Points) 

Beginning 
of Stage 

End 
of Stage 

Beginning 
of Stage 

End 
of Stage 

Beginning 
of Stage 

End 
of Stage 

1 0.9756 0.9665 --- 1.010±0.006 --- 1.010±0.006 

2 0.9698 0.9661 1.020±0.031 1.028±0.025 1.020±0.031 1.007±0.008 

3 0.9698 0.9661 1.033±0.040 1.032±0.043 1.033±0.040 0.998±0.005 

6 0.9706 0.9673 1.054±0.021 1.063±0.025 1.021±0.023 1.009±0.005 

12 0.9690 0.9665 1.128±0.018 1.132±0.015 1.057±0.033 1.004±0.004 

18 0.9690 ---- 1.289±0.082 --- 1.066±0.056 --- 
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The spatial correction factor at the end of first burnup stage is also small as shown 
in Table XI.  Thus, these numerical simulations demonstrate that the flux-to-current ratio 
method can be utilized not only to monitor the reactivity variations in the KIPT subcritical 
assembly due to the buildup of the poison fission gases, but also to monitor the reactivity 
variations within each fuel burnup stage with reference core configurations updated at 
the beginning of the fuel burnup stage. 
 
 

7. Summary 
 

A technique is proposed in this report, which combines the area-ratio method with 
the flux-to-current ratio method to measure and to monitor the reactivity of the KIPT 
subcritical assembly during the operation of the KIPT neutron source facility.  Specifically, 
when the KIPT neutron source facility is in the fuel loading mode, the area-ratio method 
with the pulsed-neutron experiment is utilized to measure the absolute reactivity at each 
fuel loading stage.  The area-ratio method is also utilized to provide reference reactivities 
for other operation modes.  When the neutron source facility is operated at full power, 
the flux-to-current ratio method is utilized to monitor the reactivity changes due to fuel 
burnup and to track the reactivity variations due to other conditions. 
 

Extensive number of simulations were performed to study the capability of the 
purposed technique for the KIPT neutron source facility.  Specifically, Monte Carlo 
simulations are performed to study the spatial effects of both the area-ratio method and 
the flux-to-current ratio method by placing neutron detectors at different locations in the 
subcritical assembly.  The spatial correction factors for both methods were calculated at 
all the selected detector positions.  The simulation results show that both the area-ratio 
method and the flux-to-current ratio method are sensitive to the neutron detector 
positions.  Numerical simulations show that with multiple neutron detectors placed inside 
the subcritical assembly, there are optimal neutron detector positions inside the water 
tank for minimizing the spatial corrections for the flux-to-current ratio method. 
 

Based on the results from these numerical simulations, six U-235 fission chambers 
are placed at an optimal position, which is 12.5 cm above the graphite reflector and 54 
cm radially from the subcritical core center line with the detectors facing the middle of 
the flat surface of the hexagon boundary.  Another three U-235 fission chambers are 
placed at inner-surface of the biological shield.  For the KIPT subcritical assembly 
configuration with the tungsten target and 38 fuel assemblies, Monte Carlo simulations 
were performed to calculate the spatial correction factors for both methods at all the nine 
detector positions for the 20 fuel loading stages. 
 

At the selected neutron detector optimal positions, Monte Carlo simulations were 
performed to simulate the detector responses obtained from the pulsed-neutron 
experiments with different number of fuel assemblies.  The numerical simulations 
determined that the required accelerator beam power is 10 W and the pulse frequency is 
20 Hz.  The detector counting rates at the selected optimal positions are calculated, 
which defined the required counting time for the pulsed neutron experiments in order to 
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obtain good measurement accuracy.  Based on the results from these numerical 
analyses, a procedure was established for using both the area-ratio method and the flux-
to-current ratio method to determine and monitor the reactivity of the KIPT subcritical 
assembly during the fuel loading stages. 
 

Monte Carlo simulations were performed to study the accuracy of the flux-to-
current ratio method for monitoring the reactivity of the KIPT subcritical assembly during 
the fuel burnup cycle.  The spatial correction factors for the measured values using this 
method were calculated based on KIPT fuel burnup cycle which is divided into 18 fuel 
burnup stages.  The results indicate that the measurements using the flux-to-current 
ratio method is not very accurate when the subcritical assembly fuel loading pattern is 
significantly different from that of the reference state fuel loading pattern.  In this case, 
the area-ratio method shall be used to update the reference reactivity to maintain the 
accuracy of the flux-to-current ratio method for monitoring the reactivity changes during 
the fuel burnup cycle.  The flux-to-current ratio method is found to be very accurate on 
monitoring the reactivity swing within each fuel burnup stage, if the reference reactivity at 
the beginning of the fuel burnup stage is measured by the area-ratio method. 
 

In this report, numerical simulations have demonstrated that the technique of 
combining the flux-to-current ratio method and the area-ratio method is capable of 
measuring and monitoring the reactivity of the KIPT neutron source facility during the 
different operating modes. 
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Appendix A: Monte Carlo Simulations and Validations 
of the Source-Modulation Method 

 
A. Theory 

 
The source-modulation method has been purposed to determine the absolute 

reactivity of a subcritical system while the system is operated at full power [6].  It is one 
of the dynamic methods which utilize a time-dependent external source to measure the 

reactivity  [8].  It is directly derived by assuming the subcritical fission assembly 
satisfies the point kinetics equations: 

 

 

(22)  
𝑑

𝑑𝑡
𝑃(𝑡) =

𝜌 − 𝛽

Λ
𝑃(𝑡) + ∑ 𝜆𝑖𝐶𝑖(𝑡)

𝑖=1,6

+ 𝑆(𝑡) 

 
  (23)  𝑑

𝑑𝑡
𝐶𝑖(𝑡) + 𝜆𝑖𝐶𝑖(𝑟, 𝑡) =

𝛽𝑖
Λ
𝑃(𝑡)  𝑖 = 1,… , 6. 

 
It assumes that the external neutron source has a fixed component but fluctuates 
periodically with a modulated component: 

 
 

(24)  𝑆(𝑡) = 𝑆0 + Δ𝑆 cos(𝜔𝑡) 
 

where S is the amplitude of the neutron source modulation part, and  is the frequency 
of the modulated part of the neutron source.  To solve the point kinetics equations, 
assuming that the system has been in the asymptotic states using the periodic external 
neutron source.  Laplace transform is applied to obtain the simple relationship between 

the amplitude of the power variation P and the external neutron source variation S as 
follows: 

 

 

(25)  
Δ𝑃

𝑃
=

𝜌($)

𝜌($) − 1

Δ𝑆

𝑆
 

 
Where ($) is the reactivity of the subcritical assembly in dollars.  P is measured as the 

variation of the detector responses at the detector locations, and S is replaced by the 
fluctuations of the current of the accelerator beam. 
 

Equation (25) shows that the source-modulation method can provide the absolute 
reactivity of the system.  It does not require reference value and only requires a small 
modulation term during the normal continuous operation.  This method is derived from 
the point kinetics assumption.  However, the total power is replaced by the neutron 
detector response which is a localized quantity. 
 

Wright and Pazsit investigated the source-modulation method using a one-
dimensional numerical model [12], and found that the source-modulation method has 
very poor performance in their analyses.  They conclude that the poor performance 
originates from of the replacement of the total power with the local detector responses.  
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To extend their studies, the applicability of the source-modulation method is studied 
through the numerical simulations of a modulated source varying periodically in a 
numerical model using YALINA thermal facility [7]. 
 
 

B. Monte Carlo Simulations  
 

The numerical model of the YALINA thermal is chosen for this study, with 4 
detectors MC1 to MC4 arranged at the four corners of the subcritical assembly, and two 
detectors EC5 and EC6 in the reflector zone as shown in Figure 27.  The external 
source is assumed to be a modulated source: 

 

 

(26)  𝑆(𝑟, 𝑡) = 𝑆0(𝑟) [ 1 +  0.1 × 𝑠𝑖𝑛 (
2𝜋

𝑇
𝑡)] 

 
To simulate the detector response corresponding to the sinusoidal external source, its 
response to the first source period 𝑆𝑇 is calculated using the Monte Carlo method as 
shown in Figure 28: 

 

 

(27)  𝑆𝑇(𝑟, 𝑡) = {
𝑆0(𝑟)[ 1 +  𝑓 sin(𝜔𝑡)] 𝑡 ∈ [0, 𝑇]

0 𝑡 ≥ 𝑇
 

 
Therefore, the superposition technique [7] was used to obtain the asymptotic detector 
response as shown in Figure 29.  
 

MC1 MC2

MC3 MC4

EC5

EC6

 
Figure 27.  Monte Carlo model of the YALINA-thermal subcritical assembly 

configuration 18. 
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Figure 28.  Monte Carlo simulation of the MC1 detector response 𝑅𝑇 in the YALINA-

thermal subcritical assembly using the external neutron source 𝑆𝑇(𝑡). 

 
Figure 29 .  Calculated asymptotic detector responses at MC1 within one period with 1 to 

5000 periods accumulated in the YALINA-thermal subcritical assembly. 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0

20

40

60

80

100

120

140

Time (s)

D
e
te

c
to

r 
re

s
p
o
n
s
e
s

MC1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

50

100

150

200

250

Time(s)

D
e
te

c
to

r 
re

s
p
o
n
s
e
s

after total period number nT=0

after total period number nT=100

after total period number nT=500

after total period number nT=1000

after total period number nT=2000

after total period number nT=4000

after total period number nT=4999



48 

To apply the source-modulation method, as shown in Figure 30, the asymptotic 
detector responses are fitted with a sinusoidal function which has an undetermined 
amplitude variation factor 𝑓𝑧 and the phase shift 𝜓 over a source period: 

 

 

(28)  𝑅(𝑟, 𝑡) = [ 𝑎0 + 𝑓𝑧𝑠𝑖𝑛 (
2𝜋

𝑇
𝑡 + 𝜓)] 𝑡 ∈ [0, 𝑇) 

 
Table XIII lists the average detector count 𝑎0 , the amplitude variation  𝑓𝑧 , the phase 
shift 𝜓 obtained from the fitting function of all the six detector responses.  Two types of 
detectors U-235 and short He-3 detectors are assumed in the simulations without explicit 
simulation of the detector geometry.  The calculated reactivities and keff at each detector 
location were calculated and listed in Table XII.  The “true” reactivities are obtained from 
the Monte Carlo k-eigenvalue calculations.  Clearly, the source-modulation method has 
underestimated the absolute value of the reactivity by more than 50% at every detector 
location for each detector type. 
 

 
Figure 30.  The simulated asymptotic detector response responses at MC1 position and 

its sinusoidal fitting in YALINA-thermal subcritical assembly. 
 
 

The numerical simulations of the source-modulation method clearly show a spatial 
dependence in the phase shift at different detector positions in Table XII, which indicates 
that the high order spatial harmonics cannot be ignored in this problem. 
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Table XII:  Numerical simulations of the source modulation method for the YALINA-thermal 
subcritical assembly (Monte Carlo calculated parameters 𝛽𝑒𝑓𝑓 = 0.0073, 

𝑘𝑒𝑓𝑓 = 0.9654, and 𝜌 = −4.90 $). 

Detector MC1 MC2 MC3 MC4 EC5 EC6 

𝑓𝑧 
U-235 10.41 13.61 13.71 13.61 8.64 4.37 

He-3 97.59 127.24 128.17 127.31 81.05 41.16 

𝑎0 
U-235 153.66 200.90 203.47 200.96 130.21 67.00 

He-3 1440.50 1878.50 1902.50 1879.40 1221.80 630.72 

𝜓 
(degree) 

U-235 --34.90 -35.52 -36.28 -35.85 -42.31 -47.92 

He-3 -34.85 -35.49 -36.23 -35.81 -42.16 -47.74 

𝑓 = 
𝑓𝑧

𝑎0Δ𝑄
  

U-235 0.68 0.68 0.67 0.68 0.66 0.65 

He-3 0.68 0.68 0.67 0.68 0.66 0.65 

𝜌($)* 
U-235 -2.101 -2.099 -2.064 -2.099 -1.969 -1.878 

He-3 -2.101 -2.099 -2.065 -2.100 -1.971 -1.878 

𝑘𝑒𝑓𝑓 
U-235 0.9849 0.9849 0.9852 0.9849 0.9858 0.9865 

He-3 0.9849 0.9849 0.9852 0.9849 0.9858 0.9865 

* 𝜌($) =
𝑓

𝑓−1
 

 
Equation (25) also indicates that the source-modulation method is very sensitive to 

the experimental errors or the spatial corrections made to the experimental 

measurements.  For instance, if defining the flux-to-current variation ratio f as: 𝑓 =
Δϕ

𝜙

ΔS

𝑆
⁄ , 

Equation (25) can be reformulated as follows: 

 

 

(29)  𝜌($) =
𝑓

𝑓 − 1
 

 
Considering the reactivity of the subcritical systems ranging from -15$ to -3$, 1% 
increment or spatial corrections made to the flux-to-current variation ratio will lead to the 
corrections of the reactivity ranging from 19% to 4% respectively, depending on the 
reactivity of the subcritical system.  Therefore, the above numerical analysis shows that 
the source-modulation method seems not reliable in determining the absolute reactivity 
of the subcritical system at the reference states.  
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Appendix B: Monte Carlo Sampling of the Modulated 
External Source 

 
 

A. Sampling algorithm: 

For the sinusoidal source: 

𝑆(𝑟, 𝑡) = 𝑆0(𝑟) + 𝑓𝑆0(𝑟) sin (
2𝜋

𝑇
𝑡) = 𝑆0(𝑟) [1 + 𝑓𝑠𝑖𝑛 (

2𝜋

𝑇
𝑡)]. 

Within one source period, the total area of the source is calculated to be: 

𝑆𝑡𝑜𝑡𝑎𝑙 = ∫𝑆(𝑟, 𝑡)𝑑𝑡

𝑇

0

= 𝑆0(𝑟)𝑇. 

The area in each quadrant is: 

𝑆1 = ∫𝑆(𝑟, 𝑡)𝑑𝑡

𝑇
4

0

= 𝑆0(𝑟)𝑇 [
1

4
+
𝑓

2𝜋
], 

𝑆2 = ∫𝑆(𝑟, 𝑡)𝑑𝑡

𝑇
2

𝑇
4

= 𝑆0(𝑟)𝑇 [
1

4
+
𝑓

2𝜋
], 

𝑆3 = ∫ 𝑆(𝑟, 𝑡)𝑑𝑡

3𝑇
4

𝑇
2

= 𝑆0(𝑟)𝑇 [
1

4
−
𝑓

2𝜋
], 

𝑆4 = ∫𝑆(𝑟, 𝑡)𝑑𝑡

𝑇

3𝑇
4

= 𝑆0(𝑟)𝑇 [
1

4
−
𝑓

2𝜋
]. 

Selecting random number 𝜖1 ∈ [0, 1] to determine the quadrant of the sampling time point first: 

𝑖𝑓 

{
 
 

 
 𝜖1 ≤ 𝑠1                                             1𝑠𝑡  

𝑠1 < 𝜖1 ≤ (𝑠1 + 𝑠2)                      2𝑛𝑑

(𝑠1 + 𝑠2) < 𝜖1 ≤ (𝑠1 + 𝑠2 + 𝑠3) 3𝑟𝑑

(𝑠1 + 𝑠2 + 𝑠3) < 𝜖1                       4𝑡ℎ

 

In the first quadrant, if assuming the current time is at 𝑡1, then the accumulative area between 

𝑇[0, 𝑡1] can be calculated as: 



51 

𝑆1(𝑡1) = ∫ 𝑆(𝑟, 𝑡)𝑑𝑡

𝑡1

0

= 𝑆0(𝑟)𝑇 [𝑡1 +
𝑓

2𝜋
(1 − cos(2𝜋𝑡1)]. 

Selecting random number 𝜖2 ∈ [0, 1], the time sampling of 𝑡1can be calculated with: 

𝜖2 =
𝑆1(𝑡1)

𝑆1
=
[𝑡1 +

𝑓
2𝜋 (1 − cos

(2𝜋𝑡1)]

1
4 +

𝑓
2𝜋

. 

Correspondingly, if the sampling point is at the second quadrant, the time point can be obtained 

as: 

𝑡2 = [
1

2
− 𝑡1] 𝑇. 

When the sampling time point is in the third quadrant: 

𝑆3(𝑡3) = ∫ 𝑆(𝑟, 𝑡)𝑑𝑡

𝑡3

𝑇
2

= 𝑆0(𝑟)𝑇 [𝑡3 −
1

2
−
𝑓

2𝜋
(1 − cos (2𝜋(𝑡3 −

1

2
)]. 

Similarly, selecting random number 𝜖2 ∈ [0, 1], the time sampling 𝑡3 can be calculated as: 

𝜖2 =
𝑆3(𝑡3

′ )

𝑆3
=
[𝑡3
′ −

𝑓
2𝜋 (1 − cos

(2𝜋𝑡3
′ )]

1
4 −

𝑓
2𝜋

. 

And: 

𝑡3 = [
1

2
+ 𝑡3

′ ] 𝑇. 

Similarly, the corresponding sampling point if it is in the fourth quadrant can also be obtained as: 

𝑡4 = 𝑇 − 𝑡3
′ . 
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B. Sampling Matlab program and Fortran program in the MCNPX code 

package: 

The Matlab program:  

% Matlab model to sample the time-dependent sinusoidal source function 
clear; 
close all; 
  
T = 0.02; % period = 0.25 s 
f = 0.1; % source variation factor 
  
nps = 2.0E+7; % total sampled source points 
s_1 = 0.25 + f/2/pi; 
s_2 = s_1 + 0.25 + f/2/pi; 
s_3 = s_2 + 0.25 -f /2/pi; 
a=1.0; 
b=f/2/pi; 
  
N_t = zeros(1, nps); 
ep=rand(2,nps); 
  
for i=1:1:nps 
    ep1 = ep(1,i); 
    ep2 = ep(2,i); 
    err = 1.0E-07; 
    if ep1 < s_2 
        % sampled time points in the first quadrant 
        c = ep2 * (0.25 + b) - b; 
        tmp = solv_time(a, -b, c, 1.0E-7); 
        if ep1 < s_1 
            N_t(i) = tmp*T; 
        else 
            N_t(i)= (0.5 - tmp)*T; 
        end 
    else 
        c=ep2 * (0.25 -b) + b; 
        tmp = solv_time(a, b, c, 1.0E-7); 
        if ep1 < s_3 
            N_t(i) = (0.5 + tmp)*T; 
        else 
            N_t(i) = (1.0 - tmp)*T; 
        end 
    end 
end 
  
hist(N_t,100) 
x=(1:1:1000)*0.002; 
N_s=hist(N_t, x) 
 
function [y,n_loop] = solv_time(a,b,c,ep) 
% solve for f(y) = ay + bcos(2piy) - c =0 
% where y >=0 
y=0.0; 
n = 0; 
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n_max = 1.0E+5; 
f_y = a * y + b * cos( 2 * pi * y) - c; 
while (abs(f_y) > ep && n < n_max) 
    d_f_y_1 = a - b * 2 * pi * sin(2 * pi * y); 
% Newton's method 
%    y = y  - f_y /d_f_y_1; 
% Second order householder's method  
    d_f_y_2 = -b*4*pi*pi * cos(2*pi * y); 
    y = y - f_y * d_f_y_1/(d_f_y_1^2 - f_y * d_f_y_2/2); 
    f_y = a * y + b * cos( 2 * pi * y) - c; 
    n=n+1; 
end 
if(n >= n_max) 
    n_loop = -1; 
    return; 
else 
    n_loop = n; 
end 
  
end 
  

MNCPX source subroutine: 
!#ident source.F from deck 
      subroutine source 
!        dummy subroutine.  aborts job if source subroutine is missing 
!        if nsr=0, subroutine source must be furnished by the user. 
!        at entrance, a random set of uuu,vvv,www has been defined. 
!        the following variables must be defined within the subroutine 
!        xxx,yyy,zzz,icl,jsu,erg,wgt,tme and possibly ipt,uuu,vvv,www 
!        subroutine srcdx may also be needed 
      use global_data 
      implicit real(kindr) (a-h,o-z) 
      implicit integer(kindi) (i-n) 
      real(kindr) ::  ww_x 
      dimension engtb(180) 
      data engtb /2.00905,2.00912,2.00933, 2.00967, 2.01015, 2.01077, 
     &  2.01153, 2.01242, 2.01345, 2.01462, 2.01592, 2.01736,  
     &  2.01894, 2.02065, 2.0225, 2.02449, 2.02661, 2.02886,  
     &  2.03126, 2.03379, 2.03645, 2.03925, 2.04218, 2.04525,  
     &  2.04845, 2.05178, 2.05525, 2.05885, 2.06258, 2.06644,  
     &  2.07044, 2.07457, 2.07882, 2.08321, 2.08773, 2.09237,  
     &  2.09714, 2.10205, 2.10707, 2.11223, 2.11751, 2.12291,  
     &  2.12844, 2.1341, 2.13987, 2.14577, 2.15178, 2.15792,  
     &  2.16418, 2.17055, 2.17705, 2.18365, 2.19038, 2.19721,  
     &  2.20416, 2.21122, 2.21839, 2.22567, 2.23306, 2.24055,  
     &  2.24815, 2.25585, 2.26365, 2.27155, 2.27955, 2.28765,  
     &  2.29584, 2.30413, 2.31251, 2.32098, 2.32953, 2.33818,  
     &  2.3469, 2.35571, 2.3646, 2.37357, 2.38261, 2.39173,  
     &  2.40092, 2.41017, 2.4195, 2.42888, 2.43833, 2.44784,  
     &  2.45741, 2.46703, 2.4767, 2.48641, 2.49618, 2.50599,  
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     &  2.51584, 2.52572, 2.53564, 2.54559, 2.55557, 2.56557,  
     &  2.5756, 2.58564, 2.5957, 2.60578, 2.61586, 2.62594,  
     &  2.63603, 2.64612, 2.6562, 2.66628, 2.67634, 2.68639,  
     &  2.69641, 2.70642, 2.7164, 2.72635, 2.73627, 2.74614,  
     &  2.75598, 2.76578, 2.77552, 2.78521, 2.79485, 2.80442,  
     &  2.81394, 2.82338, 2.83275, 2.84205, 2.85127, 2.86041,  
     &  2.86945, 2.87841, 2.88728, 2.89604, 2.90471, 2.91327,  
     &  2.92172, 2.93006, 2.93828, 2.94638, 2.95435, 2.9622,  
     &  2.96992, 2.97751, 2.98495, 2.99226, 2.99942, 3.00643,  
     &  3.01329, 3.02, 3.02655, 3.03294, 3.03917, 3.04523,  
     &  3.05112, 3.05684, 3.06238, 3.06775, 3.07294, 3.07794,  
     &  3.08276, 3.08739, 3.09183, 3.09609, 3.10014, 3.104,  
     &  3.10767, 3.11113, 3.11439, 3.11745, 3.12031, 3.12296,  
     &  3.1254, 3.12763, 3.12966, 3.13147, 3.13308, 3.13447,  
     &  3.13565, 3.13661, 3.13736, 3.1379, 3.13822, 3.13833/ 
! 
      wgt=1.0 
      jsu=0 
      icl=0 
      jt=0 
!     z-cylinder source 
!     sample position from the RDUM parameter 
!     rdum =[radius, height/2, center_x, center_y, center_z,amp, prd] 
      r=rdum(1)*sqrt(rang()) 
      TH=2.*pie*rang() 
      xxx=rdum(3)+r*cos(TH) 
      yyy=rdum(4)+r*sin(TH) 
      zzz=rdum(5)+rdum(2)*(2.*rang()-1.0) 
!     sampling the cosine angle from distribution 1 
      call smpsrc(www,1,IB,FI) 
      TH=2.*pie*rang() 
      ww_x=sqrt(1-www**2) 
      uuu=ww_x*cos(TH) 
      vvv=ww_x*sin(TH) 
      erg=engtb(180-int(acos(www)/pie*180.0)) 
      icl=namchg(1,idum(1))  
      if (idum(2) .eq. 0) call smptmsn 
      if (idum(2) .eq. 1) call smptmsqur 
      if (idum(2) .eq. 2) call smptmunf 
!      call smptm 
!      call smptmsqur 
      return 
      end 
!      
      subroutine smptmsqur 
!     sample a time dependent source with the following proba form 
!     s(r,t)=s_0(r) + f_amp*u(t+n*prd) 
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!                   - (1-(1+f_amp)*f_w)*u(t+(n+f_w)*prd) 
      use global_data 
      implicit real(kindr) (a-h,o-z) 
      implicit integer(kindi) (i-n) 
! 
      real(kindr) :: amp, prd, f_pw 
      real(kindr) :: s_1, s_2 
      real(kindr) :: ep1, ep2 
 
      amp=rdum(6) 
      prd=rdum(7) 
      f_pw=rdum(8) 
      s_1 = (1 + amp) * f_pw; 
      ep1 = rang() 
      ep2 = rang() 
      if (ep1 .lt. s_1) then 
          tme = ep2 * prd * f_pw 
      else 
          tme = (f_pw + ep2*(1-f_pw)) * prd 
      endif 
      return 
      end 
! 
      subroutine smptmunf 
!     sample a time dependent source with the following proba form 
!     s(r,t)=s_0(r) 
      use global_data 
      implicit real(kindr) (a-h,o-z) 
      implicit integer(kindi) (i-n) 
!      
      real(kindr) :: amp, prd 
      real(kindr) :: s_1, s_2 
      real(kindr) :: ep1, ep2 
!      
      amp=rdum(6) 
      prd=rdum(7) 
      ep1 = rang() 
      tme = ep1 * prd 
      return 
      end 
! 
      subroutine smptmsn 
!     sample a time dependent source with the following probability form 
!     s(r,t) = s(r) * (1 + f_amp * sin(2*pi /f_period * t) 
      use global_data 
      implicit real(kindr) (a-h,o-z) 
      implicit integer(kindi) (i-n) 
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! 
      real(kindr) :: amp, prd 
      real(kindr) :: a, b, c, s_1, s_2, s_3 
      real(kindr) :: err, ep1, ep2 
      real(kindr) ::  stme 
 
      amp=rdum(6) 
      prd=rdum(7) 
      a=1.0 
      b = amp/2.0/pie 
      s_1 = 0.25 + b 
      s_2 = s_1 * 2.0 
      s_3 = s_2 + 0.25 - b 
      ep1 = rang() 
      ep2 = rang() 
      err=1.0E-7 
      if (ep1 .lt. s_2) then 
          b=-b 
          c = ep2 * (0.25-b)+ b 
          call sroot(a, b, c, err, stme) 
          if (ep1 .lt. s_1) then 
              tme = stme *prd 
          else 
              tme = (0.5 - stme) * prd 
          endif 
      else 
          c = ep2 * (0.25-b) + b 
          call sroot(a, b, c, err, stme) 
          if (ep1 .lt. s_3) then 
             tme = (0.5 + stme) *prd 
          else 
             tme = (1.0 - stme) *prd 
          endif 
      endif 
      return 
      end 
!      
      subroutine sroot(a1, b1, c1, err1, y) 
      use global_data 
      implicit real(kindr) (a-h,o-z) 
      implicit integer(kindi) (i-n) 
      real(kindr) :: a1, b1,c1,err1, y 
      real(kindr) :: fy, dfy1, dfy2, ycos 
!      
      y=0.0 
      nloop=0 
      nmax=10000 
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      ycos=cos(2*pie*y) 
      fy=a1*y+b1*ycos-c1  
      do while (abs(fy) .ge. err1 .and. nloop .le. nmax) 
               dfy1=a1-b1*2*pie*sqrt(1-ycos**2) 
          dfy2=-b1*4*pie**2*ycos  
          y=y-fy*dfy1/(dfy1**2-fy*dfy2/2) 
          ycos=cos(2*pie*y) 
          fy=a1*y+b1*ycos-c1 
          nloop=nloop+1 
      enddo 
      if (nloop.gt.nmax)  nloop = -1 
      return  
      end                                                                 
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