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INTRODUCTION:  The rod bundle two-phase flow is 

a commonly utilized configuration for nuclear reactor fuel 

assembly. In the state-of-the-art, the accuracy of the two-

fluid model, the most comprehensive and detailed formu-

lation to describe two-phase flow behavior, is heavily de-

pendent on the constitutive equations to close their inter-

facial transfer terms.  In order to develop reliable consti-

tutive equations for rod bundle geometry, understanding of 

the local flow parameters and their profiles which describe 

their gas-liquid interaction behaviors is indispensable. In 

the current joint project between Kyoto University and 

Hokkaido University, adiabatic air-water two-phase flow 

experiment using 6×6 rod bundle geometry was carried out. 

The local void fraction, interfacial area concentration 

(IAC) and interface velocity were measured using in-

house made double-sensor probe, which was manufactures 

using optical-fiber probe. The bubbly flow regime was se-

lected for the test condition to investigate the phase distri-

bution of the bubbles in spherical and distorted particle re-

gimes. At a cross section of the rod-bundle test section in 

several axial locations, 16 measurement points were se-

lected in the octant symmetric triangular zone.  

EXPERIMENTS:  The schematic of the test section uti-

lized in the current project is shown in Fig. 1, which is lo-

cated in the Institute for Integrated Radiation and Nuclear 

Science of Kyoto University. In order to visualize the flow 

behavior, the test section was made of transparent acrylic 

square duct wit ha cross0section of 100 mm x 100 mm cas-

ing. 36 aluminum rods with diameters of 10 mm were in-

serted inside the test section to form a 6 x 6 rod bundle 

geometry. These rods were placed 16.7 mm pitch length 

apart. The hydraulic diameter (DH) of the test section was 

18.7 mm and the overall height of the test section was 3 m. 

In order to prevent the vibration and unwanted flow dis-

turbances, simplified spacer grids were installed at 4 dif-

ferent axial locations. These spacer grids also represent the 

actual spacer utilized in the light water reactor. The puri-

fied water was supplied from the centrifugal pump at-

tached to the water tank and its volumetric flow rate was 

monitored by the electromagnetic flow meter. The com-

pressed air was supplied from the air-compressor and its 

flow rate was monitored using mass-flow meter. They are 

injected into the mixing chamber located at the inlet sec-

tion and well-mixed two-phase flow was injected into the 

test section. Pressure transducers as well as thermocouples 

were utilized to constantly monitor the axial pressure drop 

and fluid temperature for the determination of accurate 

physical parameters.   

In the current phase of the project, the local flow parame-

ters were measured using double-sensor optical probe. 

Measurements at 16 different positions at the axial location 

(z) of z/DH=149 were successfully conducted. Both core-

peaking and wall-peaking phenomena were observed, de-

pending on the flow conditions. For the data processing,

the double-sensor probe algorithm as well as interface-

pairing scheme developed by the previous researchers

were adopted [1]. In order to convert the local parameters

into the area-averaged value, the method proposed by

Yang et al. [2] was adopted. According to the methodology,

the conversion coefficients of the subchannel center and

the rod gap values were determined as 0.662 and 0.243,

respectively.  for core-peaking profiles and 0.479 and

0.430 respectively for wall-peaking profiles.

RESULTS:  For the local parameters obtained in the ex-

periment, typical core-peaking and wall-peaking profiles 

in radial direction were confirmed in the present flow con-

ditions. It was also found that the measured parameters in 

the rod gaps were much smaller than those in the center-

region of the sub-channel. Based on the currently estab-

lished area-averaged void fraction and IAC database, the 

drift-flux model and an IAC correlation were utilized to 

examine their accuracy, respectively. It was found that 

these models are capable of estimating the current experi-

ment within 14.5% and 22.2% error, respectively. 

REFERENCES: 

[1] X. Shen et al., Exp.Comp.Multiph. Flow, (2019) (In 
Press).
[2] Yang, X. et al., Int. J. Heat Fluid Fl., Vol. 34, 85-97 
(2012).

Fig. 1.  6x6 Rod Bundle Test Section [1] 
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INTRODUCTION:  Reactor noise for high-power re-

actors were actively measured in the 1960’s and 1970’s. 

The major focuses of those researches were for the ab-

normality diagnosis or the output stabilization diagnosis, 

and almost researchers were in the field of system control 

engineering or instrumentation engineering. High-power 

reactor noise measurements for dynamics’ analysis of 

reactivity change, reactivity feedback or reactor charac-

teristics itself were few in the time (1960’s and 1970’s), 

because of the powerless measurement system. In this 

research, we plan to measure KUR’s output with pre-

sent-day measurement system and plan to analyze with 

several analysis methods. The results of this work will 

supply some knowledges and technics in the aspect of 

sophistication of reactor noise analysis or simulation 

methods.  

In this year, we tried to measure the reactor nuclide noise 

of the critical & subcritical state KUR core via the fission 

chambers which installed into the KUR control console. 

The experimental work was done in 30 January 2018, 13 

– 14 September 2018 and in 2 October 2018. In the anal-

ysis of the experimental results, we found that some ex-

ternal electrical noises were inserted into the fission

chambers’ signals. The noises have bad effect on the

analysis results of the reactor noise, and in some case, the

noises cannot be separated from the reactor nuclide noise

signals. The situation of the external electrical noise on

the KUR control console’s fission chamber line is re-

ported in this paper.

EXPERIMENTS:  In this experiment, the output signal 

was lined from the control console of KUR. The target 

signal was of the fission chamber #1 & #2. The signal 

was binarized in the control console as a 4V/0.5μ
sec-TTL signal. The signal was measured a time-series 

measurement system (HSMCA4106_LC: ANSeeN Inc.). 

A schematic view of the measurement is shown in Fig.1.  

Fig. 1. Schematic view of the measurement. 

The experimental condition is shown in Table.1. The 

criticality was set from -2.9%Δk/k to critical state. No.1 

– 3 were run on 30 January 2018, No. 4 were run on 13 –

14 September 2018 and No.5-10 were run on 2 October

2018. The restrictions of the reactor room IN/OUT were

set on No.4-10.

Table 1. Experimental condition 

No. 
Criticality 

[%Δk/k] 

Measurement 

Time [sec] 

Restrictions of 

Reactor Room 

IN/OUT 

1 ≈ - 2.9 7,200 × 

2 ≈ - 2.9 1,800 × 

3 ≈ - 2.9 1,400 × 

4 ≈ - 2.9 3,160 〇 

5 - 2.949 3,600 〇 

6 - 2.100 3,600 〇 

7 - 1.153 1,800 〇 

8 - 0.619 1,800 〇 

9 - 0.326 1,800 〇 

10 0 (0.3W) 600 〇 

RESULTS: The external noise incident was separated 

from the normal reactor noise by observing the msec or-

der count rate data of each experimental result.  

The number of the external noise incident is shown in 

Table 2. In No.10, the external noise incident cannot be 

separated from the reactor noise because of the 

high-count rate of the reactor noise itself. 

 From the result, it can be founded that the number of 

external noise incident is strongly related to the re-

strictions of reactor room IN/OUT. This shows that the 

external noise on KUR control console occurs with the 

operation of the reactor room door’s interlock circuit or 

neighbor peripherals.  

Generally, the noise link of different circuits is a result 

of the close connection of power line or ground line. The 

KUR control console power/ground line should be sepa-

rated from the other peripherals to keep the control mon-

itors clear from other noise sources. At least, the KUR 

control console detectors in the present situation are not 

suitable for the pulse-mode reactor noise measurement. 

Table 2. The number of the external noise incident 

No. 
Number of Ext. Noise 

Incident 

Ext. Noise Incident Rate 

[/hour] 

1 3 1.5 

2 4 8 

3 3 7.7 

4 0 0 

5 2 2 

6 0 0 

7 0 0 

8 1 2 

9 0 0 

10 ― ― 
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INTRODUCTION:  On-line surveillance system which 
can visualize and quantitatively evaluate reactor statuses 
will contribute to reactor operation management. Devel-
opment of an on-line reactor core imaging system using 
Cherenkov light started in 2009. Previously, reactor pow-
er of the KUR was successfully estimated from bright-
ness Cherenkov light using a commercial CCD camera[1]. 
In this study, in order to assess of a developing Cheren-
kov light analyzing system, a long- and real-time estima-
tion of the reactor power by the system was performed. 

EXPERIMENTS:  The CCD camera (AEC-100ZL, Q·I 
Inc.) was inserted into core-observation pipe of KUR 
during starting up, keeping the power at 5 MW, and shut-
ting down. The output of the CCD camera had been col-
lected as a movie file and it was used to real-time esti-
mate the reactor power by a developing Cherenkov light 
analyzing system. Figure 1 shows the setting screen of 
the system, which was set to obtain the image brightness 
due to Cherenkov light in the area not overlapping with 
characters was obtained in real time. The conversion fac-
tor from brightness to reactor power was determined as-
suming that the brightness reached maximum at 5 MW. 

RESULTS:  Figure 2 shows the comparison of the re-
actor thermal power from the control system measure 
value and the estimated value by Cherenkov light. At the 
reactor start up, the image brightness by Cherenkov light 
corresponded well to the change of the reactor thermal 
power. During 5MW, the image brightness showed the 

behavior of gradually decreasing followed by recovering 
rapidly several times. After the shutdown, the image 
brightness decreased more gently than the heat output 
and showed a hunting-like phenomenon once. The gentle 
decrease is to be due to the Cherenkov light by radioac-
tive decay of fission products remaining after reactor 
shutdown. On the other hand, as shown in fig. 2, the drop 
followed by recovery at 5 MW and the hunting after 
shutdown were found to be due to the adhesion of air 
bubbles followed by their detachment and the in-core 
cable, respectively.  

CONCLUSION:  As part of the development of the 
visible on-line core surveillance system, a long- and re-
al-time estimation of the thermal power by brightness of 
Cherenkov light was performed in trial. As a result, It is 
found that it is necessary to consider the removal of the 
influence of air bubbles and reactor internals and the in-
fluence of FP on the image brightness. 

REFERENCES: 
[1] N. Ohtsuka, et al., KURRI Progress Report 2013

(2015), P. 215.

Fig. 1.  The setting screen of the Cherenkov light 
analyzing system. The inside of the red border is 
analysis area. 

(a) 

(b) 

Fig. 3.  The shadow of (a) bubble and (b) cable in-
dicated by white dotted circles 

Fig. 2.  The comparison of the reactor thermal power 
from the control system measure value and the esti-
mated value by Cherenkov light. 
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INTRODUCTION: The polyethylene-moderated (sol-
id-moderated) core (A-core) has been designed at Kyoto 
University Critical Assembly (KUCA) for a subcritical 
reactivity estimation experiment. The accelerator-driven 
system (ADS) experiments were carried out at the A-core 
with 14 MeV neutrons, to estimate eff/ value with the 
combined use of reactivity in dollar units ($) and prompt 
neutron decay constant () values obtained by the 
pulsed-neutron source (PNS) method and the Feynman- 
method, respectively. At a near critical state, the value of 
eff/ was experimentally obtained with an injection of 
14 MeV neutrons into the A-core, and examined soundly 
with the consideration of dependence of measured results 
on the detector position and kind. 
EXPERIMENTS: The core configuration of ADS ex-
periments with 14 MeV neutrons is shown in Fig. 1. “F” 
is a normal fuel assembly composed of uranium and pol-
yethylene, and “p” is a polyethylene moderator assembly. 
Subcriticality was attained by full withdrawal of all con-
trol (C1, C2 and C3) and safety (S4, S5 and S6) rods 
from the core, and experimentally deduced by the PNS 
method (extrapolated-area ratio method): about 80 pcm. 
The characteristics of pulsed-neutron beams were as fol-
lows: 0.1 mA current, 20 Hz pulsed repetition and 97 s 
pulsed width. 
RESULTS: Experimental results were summarized as 
shown in Table 1. The values of  [1/s] and $ [$] were 
obtained by the Feynman- (Fig. 2) and the PNS meth-
ods, respectively. Moreover, with the combined use of  
and $, eff/ was deduced experimentally by the 
-fitting method. As shown in Table 1, objective values 
of eff/ were observed remarkably to be valid at near 
critical state (80 pcm), although somewhat depending on 
the location of detector.  

Table 1. Measured results of eff/[1/s] 

Detector [1/s] $ [$] eff/[1/s]

BF-3 #1 319.2 ± 71.6 0.023 ± 0.007 288.2 ± 93.3

BF-3 #2 364.0 ± 75.7 0.016 ± 0.005 223.4 ± 79.5

BF-3 #3 270.4 ± 13.9 0.019 ± 0.003 253.7 ± 37.3

Fiber #1 - 0.021 ± 0.006 243.4 ± 72.1

Fiber #2 268.8 ± 20.7 0.020 ± 0.003 225.4 ± 383.

Fiber #3 310.4 ± 43.0 0.026 ± 0.006 267.0 ± 62.6

Fig. 1. KUCA core configuration 

Fig. 2. Feynman- fitting results 

ACKNOWLEDGEMENT: This research was conduct-
ed under the International Collaboration Research be-
tween UNIST, Korea and Institute for Integrated Radia-
tion and Nuclear Science, Kyoto University.
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INTRODUCTION: The Kyoto University Critical As-
sembly (KUCA) has a polyethylene-moderated (sol-
id-moderated) core (A-core), and the accelerator-driven 
system (ADS) experiments were carried out at the A-core 
with 14 MeV neutrons, to monitor transients (Fig. 1) of 
kinetic parameters in time evolution with an injection of 
14 MeV neutrons. To estimate prompt neutron decay 
constant (the pulsed-neutron source (PNS) and the 
Feynman- method were applied to the ADS experi-
ments.  

EXPERIMENTS: The core configuration of ADS ex-
periments with 14 MeV neutrons is shown in Fig. 2. 
Normal fuel “F” is a normal fuel assembly composed of 
uranium and polyethylene, and “p” is a polyethylene 
moderator assembly. Subcriticality was attained by full 
insertion of C1 control rod into and full withdrawal of 
control (C2 and C3) and safety (S4, S5 and S6) rods from 
the core, and experimentally deduced by the PNS method 
(extrapolated-area ratio method): about 1474 pcm (keff = 
0.985). The characteristics of pulsed-neutron beams were 
as follows: 0.1 mA current, 20 Hz pulsed repetition and 
97 s pulsed width. Transient behavior of neutron counts 
was experimentally measured at the subcritical state in 
the time evolution raging between 1300 and 2800 s, as 
shown in Fig. 1.  

Fig. 1. Neutron counts with beam transients in time 
evolution ranging between 1300 and 2800 
seconds 

RESULTS: Experimental results were summarized as 
shown in Table 1. The values of  [1/s] were obtained by 
the PNS and the Feynman-methods. As shown in Table 
1, the  values by the two methods were observed to be 

valid at subcriticality level keff = 0.985, and resulted ap-
proximately in no difference between the measurement 
methodologies, within an allowance uncertainty. Also, the 
 values were found remarkably to be independent of 
detector positions, with in a relative difference of 5%, as 
shown in Table 1. 

Fig. 2. KUCA core configuration with ADS experiments 
with 14 MeV neutrons 

Table 1. Measured results of  values[1/s] 

Detector PNS method Feynman- method

BF-3 #1 528.3 ± 9.0 511.7 ± 7.9 

BF-3 #2 528.9 ± 8.2 525.5 ± 6.5 

BF-3 #3 532.6 ± 3.4 524.6 ± 2.7 

Fiber #1 551.6 ± 16.0 519.0 ± 15.3 

Fiber #2 531.1 ± 6.6 535.6 ± 5.6 

Fiber #4 538.8 ± 7.9 524.4 ± 7.7 
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INTRODUCTION:  In a general transient in a subcrit-

ical system, reactivity, neutron source intensity S, and 

point kinetic parameters (Λ and βeff) can change simulta-

neously. The monitoring of the subcriticality by the con-

ventional inverse kinetics is difficult for such a simulta-

neous transient, because time variations of neutron count 

rate due to these changes cannot be distinguished in the 

conventional inverse kinetics method, e.g., the neutron 

source strength and the point kinetics parameters are as-

sumed to be constant. To address this problem, authors 

investigate the application of the particle filter (PF) 

method [1,2] and the time-domain decomposition based 

integral (TDDI) method [3] to the subcriticality meas-

urement. The purpose of this study is to demonstrate the 

PF method via subcritical transient experiments con-

ducted at the Kyoto University Criticality Assembly 

(KUCA). Although the reactor-noise measurements un-

der the shutdown-state and the preliminary experiments 

of the TDDI method were also conducted, this report 

focuses mainly on the results of the PF method. 

METHODOLOGY:  In the case of the PF method, 

probability distributions of state variables (neutron num-

ber density n, delayed neutron precursor density Ci, ef-

fective neutron multiplication factor keff, source strength 

of external neutron source S, and neutron generation time 

Λ) are approximated by histograms that consist of N par-

ticles having the state-variable vectors. Based on the 

state-variables at a previous times step, a priori histo-

grams of the state-variables at next time step are calcu-

lated using the point kinetic equations. According to the 

time variation of measurement values (e.g., neutron count 

rates), the histograms of state variables are successively 

updated based on the Bayes estimation. In this study, two 

detector-counts rates were utilized for the likelihood cal-

culations to estimate simultaneously the changes of the 

reactivity ρ=(keff −1)/keff, S, and Λ: one is a BF3 counter 

to detect mainly fission neutrons; the other is a neutron 

rem counter for beam monitor. The likelihood function 

was assumed to be a bivariate normal distribution, where 

the diagonal components were statistical errors of count 

rates and the covariance was neglected. To estimate Λ 

from keff, the relationship between keff and Λ was ap-

proximated by a linear regression model, which was 

evaluated using the continuous energy Monte Carlo code, 

MCNP6.2 [4] with JENDL-4.0u [5] for various control 

rods patterns and the shutdown state in the EE1 cores. In 

the PF method, the system noises of ρ and S at each time 

step were set in proportion to differences of successive 

count rates of BF3 and rem counters, respectively. The 

system noise of Λ was determined by the prediction in-

terval of the linear regression model of Λ with respect to 

ρ. 

EXPERIMENTS:  The transient experiments were car-

ried out in subcritical EE1 cores driven by a D-T neutron 

source. As shown in Fig. 1, two time-variations of neu-

tron count rates [cps] in the 2520 HEU-plates core were 

measured using a BF3 counter at the axial center positions 

in the polyethylene-reflector region and the rem counter 

above the tritium target. At the time (i) shown in Fig. 1, 

the pulsed frequency of deuteron beam were changed 

from 20 to 100 [Hz]. Transients were given by inserting 

three control rods within 

the time-range between 

(i) and (ii). At the time

(ii), 3×3 fuel and reflec-

tor assemblies were

withdrawn for the shut-

down. In the estimation

of (ρ, S, Λ) using the PF

method, the time step Δt

and the total number of

particles N were set to 1

[s] and 10000, respectively.

RESULTS:  The estimated results of ρ and Λ are pre-

sented in Fig. 2, where the reference values of ρ and Λ

were numerical results evaluated by MCNP6.2 [4] with

JENDL-4.0u [5]. Figure 2 shows that the estimated re-

sults of ρ and Λ agreed well with the reference values

within 2σ except for after the time (ii), even when S was

changed. In this study, Λ was expressed by a simple line-

ar regression model with respect to ρ; thus, other meas-

urements (e.g., epithermal neutron count rate for spec-

trum index) may be useful to reduce the bias and uncer-

tainty of the estimated results by the PF method.
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Fig. 2. Estimated results of ρ and Λ by PF method. 

Error bar represents ±2σ of N particles. 
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INTRODUCTION:  The Japan Atomic Energy Agency 
(JAEA) has investigated neutronics of the accelera-
tor-driven system (ADS) of a lead bismuth eutectic 
(LBE) cooled-tank-type core to transmute minor acti-
nides discharged from nuclear power plants. For the de-
sign study of ADS, integral experimental data of nuclear 
characteristics of LBE is necessary to validate cross sec-
tions of lead (Pb) and bismuth (Bi). In present study, 
sample worth measurements were carried out with sys-
tematically changed mixing ratios of lead and bismuth, 
which would be complementary to the previous data of 
Pb and Bi samples individually measured in FY 2013 [1] 
and FY 2017 [2], respectively.  
EXPERIMENTS:  The reference configuration had 
five test rods, which was the same one as the previous 
experiments. The test fuel rods were composed of 40 test 
cells with two HEU fuel plates (1/16 inch thick×2) and 
two Al plates (1/16 inch thick×2) as shown in Figure 1.  

Figure 1. Schematic drawing of test fuel rod. 

Table 1 Pattern of mixing ratios 

Pattern Mixing ratio 
Pb/(Pb+Bi) 

# of plates Cell locations with Pb plates* Pb Bi 
1 100% 40 0 All cells 
2 67.5% 27 13 1st, 2nd, 4th, 5th, …, 37th, 38th, 40th 
3 50.0% 20 20 1st, 3rd, 5th, …, 37th, 39th 
4 32.5% 13 27 3rd, 6th, 9th, …, 36th, 39th 

* Bi plates were loaded in the other cells.

In sample worth measurements, 80 plates of Al (1/16 inch 
thick) were replaced with a total of 40 sample plates of 
Pb or Bi (1/8 inch thick) per each test rod. The mixing 
ratio of Pb and Bi plates was systematically changed as 
shown in Table 1. The pattern 1 equivalent to the previ-
ous one [1] was carried out to check reproducibility of 
sample worth measurements. Table 2 shows the experi-

mental results, together with the previous data for Pb and 
Bi samples individually. From the results of the pattern 1 
(Pb:100%), good reproducibility was confirmed within 
experimental errors. Table 2 also shows that the present 
results smoothly complement between two extremely 
data of the patterns 1 and 5. The sample worth measure-
ments with systematically changed mixing ratios of Pb 
and Bi were successfully carried out from the viewpoint 
of reproducibility with the previous experiment. 

Table 2 Experimental results 

Pattern Mixing ratio 
Pb/(Pb+Bi) 

Measured reactivity worth (pcm) 
Present Previous 

1 100% 156±4 156±8 [1] 
2 67.5% 136±4 －

3 50.0% 124±4 －

4 32.5% 109±4 －

5 0.0% － 84±3 [2] 

RESULTS: Numerical analyses were preliminary con-
ducted with MCNP6.1 together with JENDL-4.0 (J40) 
and ENDF/B-VII.1 (B71). The sample worth was esti-
mated as the difference of the effective multiplication 
factors between the sample-loaded and reference config-
urations, without considering the criticality bias. Figure 2 
shows that the calculations by B71 agree with experi-
mental data except for the pattern 1. On the other hand, 
the calculations by J40 overestimate for all the patterns. 
To clarify the cause of discrepancies in calculation accu-
racy between these libraries, nuclide-wise contributions 
were analyzed changing libraries from J40 to E71 for 
each nuclide. The discrepancies between them seem to be 
mainly due to differences in Al cross sections, not in Pb 
or Bi while the statistical errors should be still reduced.  

Figure 2. Calculation results (C– E values). 
REFERENCES: 
[1] C. H. Pyeon, et al., J. Nucl. Sci. Technol., 53,
602-612, (2016).
[2] C. H. Pyeon, et al., J. Nucl. Sci. Technol., 55,
1324-1335, (2018).
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INTRODUCTION:  An accelerator-driven system 

(ADS) has been investigated to reduce the disposal bur-

den of high-level radioactive waste by transmutation. The 

neutron reactions in the ADS core are dominated by neu-

trons with several MeV energy, but the contribution of 

several tens MeV neutrons to the reactions is not negligi-

ble. In addition, the multiplication factor keff ranges from 

0.97 to 0.93 in the operation of an industrial scale ADS, 

and the influence of source neutrons on the total neutron 

multiplication is considered to vary with the multiplica-

tion factor. The experimental studies of the neutron reac-

tion rates in the core region had been carried out in the 

previous studies with the use of KUCA A-core combined 

with DT (deuterium-tritium) neutron source [1-2]. DT 

neutron source is effective to examine the influence of 

the neutrons below 14 MeV. However, the subcriticalities 

set in the previous studies were very shallow (0.999 ~ 

0.98 in keff). The purpose of the present study is to exam-

ine the influence of the subcriticality on the neutron reac-

tions through the foil activation method by changing the 

keff in range of the industrial-scale ADS operation.  

EXPERIMENTS:  The ADS experiment was per-

formed in PE (polyethylene) moderated uranium core 

combined with DT neutron source. Figure 1 shows the 

core configuration. The fuel assembly (1/8”p60EUEU) 

was composed of 60 unit cells (unit cell: 1/8” PE plate + 

two 1/16” uranium plates). The subcriticality was set 

from 1396 to 8752 pcm (0.986 to 0.920 in keff) by chang-

ing the number of fuel assembly. In, Al, Fe, Au foils were 

employed for the measurement of the neutron reaction 

rates on the basis of the various reaction threshold ener-

gies, and were set at (M-O, 15), and In wire was set along 

(L-Z’, 16-17) to measure the reaction rate distributions of 
115In(n, γ) 116mIn and 115In(n, n’) 115mIn, which were sensi-

tive to thermal and the fast neutrons, respectively. 

RESULTS:  Figure 2 shows the reaction rates of each 

foil in the various subcrilicalities. The measured reaction 

rates tended to decrease as the subcriticality became 

deeper due to the thermal power decrease. (The reaction 

rates of Al and Fe foils were not obtained due to the small 

thermal power in deep subcriticalities.) Their calcula-

tion/experiment values showed the almost stable values 

in the same trends as the previous studies. The one ex-

ample of the measured reaction rate distributions is 

shown in Fig. 3. The peaks in 115In(n, γ) 116mIn and 115In(n, 

n’) were seen in the PE and fuel regions, respectively, 

and their distributions were considered to reproduce the 

thermal/fast neutron distributions well in the core.  

On the basis of the measured reaction rates, the effect of 

source neutrons on the reaction rates and the core char-

acteristics is discussed as future works. 

REFERENCES: 

[1] C. H. Pyeon, et al., J. Nucl. Sci. Technol., 46(10)

(2009) 965-972.

[2] C. H. Pyeon, et al., Ann. Nucl. Ene., 40 (2012)
229-236.

Fig. 1  Core configuration of KUCA A-core 

Fig. 2  Reaction rate variations 

with different subcriticalities 

Fig. 3  Measured reaction rate distributions 

at the subcriticality of 2972 pcm 
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INTRODUCTION: In light-water- or polyethylene- 
reflected thermal reactors, neutron detector for a reactor 
noise analysis must be placed closely to core region to 
observe neutron correlation information. In graph-
ite-reflected thermal reactors, however, the detector may 
be placed far from the region. This is because mean free 
path of neutrons in graphite is longer than that in water or 
polyethylene. The objective of this study is experimen-
tally to confirm a high flexibility of neutron detector 
placement in graphite reflector for reactor noise analysis.  

EXPERIMENTS: The core configuration is shown in 
Fig. 1. “F” denoted a low-enriched fuel assembly, whose 
average enrichment is 5.41wt%. “D” is a driver high-
ly-enriched fuel assembly. “G” is graphite reflector. Or-
ange cell is polyethylene reflector. “1”, “2” and dots are 
BF3 proportional neutron counters (1.0 in. dia., 15.47 in. 
len.). In a critical state, reactor noise analysis was carried 
out using BF3 detector “1” and “2”. The distance from 
core region to detector “1” is about 35cm, and that to 
detector “2” is about 30cm. 
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Fig. 1 Core configuration  
(B7/4”G2/8”p8EUNU+3/8”p38EU) 

RESULTS: Auto-power spectral densities obtained from 
detector “1” and “2” are shown in Fig. 2 and Fig. 3, re-
spectively. These figures also include least-squares fits of 
a conventional formula [1] to the spectral densities to 
determine the prompt-neutron decay constant α0 (βeff/Λ), 
where the fitting was confined to a frequency range from 
1.25 to 50 Hz.  These derived decay constants 67.9±8.2 

and 63.3±14.5 [1/s] were consistent with 63.1 [1/s] cal-
culated by the continuous-energy Monte Carlo code MVP 
version 3 [2] within statistical uncertainty. As can be seen 
from these figures, however, the correlated component is 
being buried in the uncorrelated component and the fit-
ting of Fig.3 is severer than that of Fig.2. This is because 
the detection efficiency of detector “2” is much lower 
than that of detector “1”. The lower efficiency is expected 
to be responsible for the two-layer polyethylene reflector 
between detector “2” and graphite reflector. It is con-
firmed that reactor noise analysis is possible using a de-
tector placed at least 35cm far from core region. The fur-
ther data analysis is in progress. 
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INTRODUCTION:   
Application of the burn-up credit (BUC) is promising for 
efficient storage and transport of irradiated fuel. To take 
BUC, measurements are required to certify the residual 
fissile enrichment of the fuel. For a fresh uranium fuel, 
the 235U enrichment can be determined by measuring γ 
rays from decay of 235U and daughters of 238U. However, 
the method is not available for the irradiated fuel due to 
intense γ ray radiation from fission products (FP). The 
highest energy of FP γ ray is around 3.4 MeV. We have 
measured γ rays of 4.06 MeV from 238U(n,γ) reactions [1] 
and those of a continuum spectrum (3-8 MeV) from fis-
sion reactions [2]. Those γ rays might be measured for the 
irradiated fuel since the energy is higher than that of FP γ 
rays. Accordingly, the γ ray pulse height spectra were 
studied for subcritical cores of different 235U enrichment.  
EXPERIMENTS:  
In the KUCA-A core, two kinds of subcritical cores of 
A1/8"p60EUNUNU and A1/8"p70EUNU fuel  cells 
were mocked up with U-Al fuel plates of 93wt% 235U 
(EU) and the metal uranium of the natural enrichment 
(NU). The average enrichments of those were 3.1 and 
5.4wt%, respectively. In the both cores, 14 fuel cells were 
loaded as shown in Fig. 1. The center of the core was 
void and the start-up neutron source of Am-Be was in-
serted. The fuel cells were surrounded by polyethylene 
and graphite cells. The γ rays from the 238U(n,γ) reactions 
and the fissions were measured with a HP-Ge detector of 
30% relative efficiency. Between the fuel cells and the 
HP-Ge detector, polyethylene blocks of 35 cm thickness 
were loaded to shield the detector from the neutron irra-
diation. From the source, 4.44 MeV γ rays are radiated 
after de-excitation of 12mC produced by 9Be(α,n)12mC 
reactions. To reduce the 4.44MeV γ rays from the source, 
Pb-Bi plates of 15.2 cm thickness is loaded.  
RESULTS:  
In Fig. 2, the measured γ ray spectrum for 
A1/8"p60EUNUNU is shown. Different from the previ-
ous study where 252Cf was as the neutron source [1], the 
pulse height spectrum of γ rays from 12mC are significant 
in spite of the Pb-Bi shield. Another possible source of 
this component might be the inelastic scattering of 12C 
induced by the primary neutron from the Am-Be source 
since the average neutron energy of Am-Be is higher than 
that of 252Cf [3]. For all these γ rays from 12mC and the 
fission, the peak spectrum of 4.06 MeV was identified. 
The counting statistics of the peak are less than 11 % for 
the both cores. The fission γ ray spectra are overwrapped 
by those from 12mC below 4.5MeV. Then the relative fis-

sion γ ray count rates were assessed by integrating the 
spectrum over a region from 4.6 to 5.0 MeV. Then the 
count rate ratio of the 4.06 MeV peak to the fission was 
evaluated as listed in Table 1. The ratio decreases by 
46% from A1/8"p60EUNUNU to A1/8"p60EUNU. The 
relative decrement is consistent with the variation of the 
number ratio of 238U / 235U loaded in the two cores within 
the counting statistics of the γ rays. The consistent result 
indicates the feasibility to determine the enrichment 
235U/U of fuel by the way of the neutron induced γ ray 
spectroscopy. 
REFERENCES: 
[1] Y. Nauchi et al., KURRI progress report 2017 CO3-6,
2018.
[2] Y. Nauchi et al., Journal of Nuclear Science and
Technology, 52(7-8), 1074-1083, 2015.
[3] ISO-8259-1, 2001.

Fig. 1 Mocked up sub-critical core and detector. 
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Fig. 2 γ ray spectrum for core of 3.1wt% 235U. 

Table 1 Count rate ratio of γ ray and 238U/235U 
Count rate ratio Nuclide density ratio

Fuel cell 4.06MeV/fission 238U/235U

EUNUNU(3.1wt%) 0.00796 30.6

EUNU(5.4wt%) 0.00431 17.3

EUNUNU/EUNU 0.541 0.563
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Fig. 3 Measurement and analysis results of reactivity for 
Sm2O3-ZrO2 or Sm2O3-HfO2. 

Fig. 4 Measurement and analysis results of reactivity for 
Eu2O3-ZrO2 or Eu2O3-HfO2. 

Fig. 1 Configuration of E3 core assembled in KUCA. 
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INTRODUCTION: Since current control rods or blades
for light water reactors (LWRs) using Ag-In-Cd alloy or
B4C may be damaged and relocated from the core prior to
serious fuel rod failure during severe accident (SA), the
Central Research Institute of Electric Power Industry is
developing an accident tolerant control rod (ATCR) ap-
plying the novel neutron-absorbing materials based on a
mixture of RE2O3-MO2 (RE = Sm or Eu, M = Zr or Hf).
The ATCR improves the reactor shutdown margin and
neutronic lifetime, and reduces the risk of re-criticality
accident in any reactor conditions including SAs. A reac-
tivity analysis of ATCR in the representative LWRs in-
dicated that those candidate materials have enough reac-
tivity worth comparable to or higher than the convention-
al neutron absorbing materials Ag-In-Cd alloy or B4C 1.
Furthermore, the reactivity worth of RE2O3-MO2 in the
thermal neutron field was validated with a criticality ex-
periment 2. In addition, the applicability of ATCR to the
neutron spectrum hardening cores such as a mixed oxide
fuel reactor is required in the future. This study aims to
validate the epithermal neutron capture reactivity of
RE2O3-MO2.

EXPERIMENTS:  A critical core with thermal neutron
spectrum (E3 core) was assembled in A-core of Kyoto
University Critical Assembly (KUCA) as shown in Fig. 1.
The unit cell of fuel assemblies is composed of a 93%
enriched 235U-Al alloy fuel plate of 2"×2"×1/16" and 3
polyethylene plates of 2"×2"×1/8"/plate. An Al-holder
with an inner diameter of 1.2cm and a depth of 1.969cm
lined with a 0.5 mm thick Cd foil, containing a mixed
powder sample of RE2O3-MO2 was loaded in the center
of core. A prior analysis of neutron flux distribution by
the continuous-energy Monte Carlo code MVP showed
that low energy neutrons less than 0.25 eV are almost
completely removed by the 0.5mm thick Cd lining, as
shown in Fig. 2. The reactivity worth of each sample was
measured with the period method and analyzed using

MVP code with 2.58 
billion neutron histories. 
The statistical error of 

Fig. 2 Thermal neutron removal by 0.5mm thick Cd foil. 

reactivity analysis was less than 1.5pcm. The neutron 
cross section libraries were generated using JENDL- 4.0. 

RESULTS: The measurement results of the epithermal 
neutron capture reactivity for mixed powders of 
Sm2O3-MO2 and Eu2O3-MO2 are shown in Figs. 3 and 4, 
respectively in comparison with the analysis results. The 
experimental uncertainty of 10.4pcm was determined 
from the variation in 6 times measurements of the void 
sample reactivity. For all samples, the reactivity worth 
was predicted within the range of the experimental un-
certainty. From these results, validity of neutron capture 
reactivity of Sm, Eu, Zr and Hf in the epithermal energy 
region was confirmed. As confirmed by the reactivity 
worth analysis in the mixed oxide fuel loaded LWRs, 
RE2O3-MO2 is considered to be applicable as the alterna-
tive control materials. 

[1] H. Ohta, et al., Top Fuel 2016, 17556 (2016).
[2] H. Ohta, et al. Trans. 2018 ANS winter meeting, Vol. 
119, pp425-428 (2018).
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INTRODUCTION:  The Japan Atomic Energy Agency 

(JAEA) started the Research and Development (R&D) to 

improve nuclear prediction techniques for High Temper-

ature Gas-cooled Reactors (HTGRs). The objectives are 

to introduce generalized bias factor method [1] to avoid 

full mock-up experiment for the first commercial HTGR 

and to introduce reactor noise analysis to High Tempera-

ture Engineering Test Reactor (HTTR) experiment. To 

achieve the objectives, the reactor core of graphite mod-

eration system named B7/4”G2/8”p8EUNU+3/8”p38EU 

(1) was newly composed in the B-rack of Kyoto Univer-

sity Critical Assembly (KUCA). The core plays a role of

the reference core of the bias factor method, and the re-

actor noise was measured to develop the noise analysis

scheme. In addition, training of operator of HTTR [2]

was also performed during the experiments.

EXPERIMENTS:  The core configuration is shown in 

Fig.1 “F” is the fuel assembly composed of 8 unit cells, 

which include a 1/16” thickness enriched uranium plate, a 

1 mm thickness natural uranium plate, three 1/2” thick-

ness graphite plates, a 1/4” thickness graphite plate, and 

two 1/8” thickness polyethylene plates, with axial graph-

ite reflectors. The fuel plates (5.41 wt%) was designed to 

realize the averaged fuel enrichment of HTTR (5.9 wt%). 

The polyethylene plate was used to mimic the HTTR 

spectrum. “D” stands for the driver fuel assemblies com-

posed of 38 unit cells, which include a 1/16” thickness 

enriched uranium plate, and, three 1/8” thickness of pol-

yethylene, with axial graphite reflector. “d” stands for the 

partial length driver fuel to adjust criticality. 

Fig. 1 Core configuration (Experiment) 

RESULTS:  Figure 2 shows the inverse count rate in an 

approach to criticality. The detector positions are slightly 

different with the experimental core shown in Fig.1. 

Calculated curve is also shown in the figure. The calcula-

tion is performed by MVP code which is neutron 

transport code based on Monte Carlo method with evalu-

ated nuclear data library of JENDL4.0. The calculation 

curve is obtained only with considering multiplied neu-

trons. However, in the actual core, directly achieved neu-

trons from neutron source are also counted in the detec-

tors. Therefore, the curves by the fission chamber from 

FC#1 to FC#3 are observed upper side of the calculated 

curve. The trend is significant for that of FC#1 because it 

is deployed near the neutron source. Finally, the core was 

reached to criticality with 930 enriched fuel plates and 7 

steps of the approach to criticality. 

0

0.2

0.4

0.6

0.8

1

1.2

500 600 700 800 900 1000

In
ve

rs
e 

co
u

n
t r

at
e 

(-
)

Number of high enriched uranium plate (-)

FC#1

FC#2

FC#3

Calc.
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  After that, reactivity worth of the core was measured. 

It is summarized in Table 1 with C/E values. The calcula-

tions were performed with JENDL4.0, ENDF/B7.0, and 

JEFF3.2. The experimental values were evaluated by 

period method for excess reactivity, by rod drop method 

for control rod, and center rack. Therefore, the C/E value 

of the center rack is large because the drop velocity of 

center rack is slow and against the assumption. For other 

reactivities, the calculations show a good agreement with 

the experimental values. 

Table 1 Measured reactivity and C/E value 

Reactivity C/E

(%Δk/k) J40 B70 F32

Excess 0.200 1.48 1.19 1.32

Control rod C1 0.871 1.22 1.23 1.20

Control rod C2 0.581 1.15 1.14 1.10

Control rod C3 0.530 1.13 1.12 1.14

Center core 1.813 2.15 2.13 2.13

  By the calculation, the well thermalized neutron 

spectra in fuel assemblies were observed as well. Sensi-

tivity coefficients similar to HTGR were expected to 

prepare the data base for the generalized bias factor 

method. 

  Moreover, reactor noise was also measured. Not only 

pulse signal for Feynman-α method, but also continuous 

signal for power spectrum method smoothed by pump 

circuit were measured.   
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INTRODUCTION: 

 In order to perform integral evaluation of neutron cross 

section for minor actinides (MAs), measurements of re-

action rate ratios which are MAs/235U fission rate ratio 

and MAs/197Au at KUCA has been carried out [1]. The 

measured reaction rate ratio had been 241Am/235U fission 

rate ratio, 237Np/235U fission rate ratio and 237Np/197Au 

capture rate ratio at various neutron spectrum fields, re-

spectively. In those experiments, impurities, especially 
239Pu in the MAs has not been quantified, exactly. There 

is some possibility that the fission rate ratios has over 

estimated, because 239Pu has very large fission cross sec-

tion in thermal energy region. 

 Then, the 241Am/235U fission rate ratio in KUCA A core 

was measured. The 241Am sample which was quantified 

the amount 239Pu as impurity. 

EXPERIMENTS: 
 An A1/8”p60EUEU core to measure the fission rate 

ratio was constructed at KUCA A core. A unit cell in the 

1/8”p60EUEU fuel element has 2 enriched uranium 

fuel plates and 1 1/8” thickness polyethylene plate. 
The core has a void region in the center of core and the 

Back-to-back (BTB) fission chamber is inserted into the 

void region as shown in Fig.1. The 241Am foil and 235U 

foil were set in the BTB fission chamber. The sample 

information are shown in Table 1. 239Pu in Am sample 

had been identified and quantified with TOF measure-

ment at KURNS-LINAC [2]. Using BTB fission chamber, 

a MA foil and a 235U foil are able to irradiate in the neu-

tron spectrums, simultaneously. 

 In the experiment, the operational condition shows Ta-

ble 2 and the irradiation time was 240 min. 

RESULTS: 
 Figure 2 shows the PH spectrum from the BTB fission 

chamber. In the figure, the signals from 500 to 3000 

channel are due to 241Am fission events. From those 

signals, the total fission events were 58680±242.23 

counts. In the signal from 235U, the total fission events of 
235U were 1390521±1179.204. Then, the fission rate 

ratio of 241Am/235U were observed as 0.0422±0.0002. 

On the other hand, the fission rate ratio by numerical 

calculation with MVP3.0 and JENDL-4.0 was 0.0410. 

The C/E value was 0.9722±0.42%. 
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Table 1 Sample information [1] 

Sample 241Am 235U 

Target 

Nuclide 

241Am (1.73±0.02)

×1016 

235U (1.49±0.02)

×1016 

Impurities 239Pu 1.2ppm [2] 234U 470ppm 
236U 160ppm 
238U 400ppm 

Table 2 Operational data for sample irradiation 

Control Rod 

position 

(mm) 

C1 714.93 mm 

C2 715.19 mm 

C3 715.24 mm 

S4, S5, S6 1200 mm 

Core temperature (℃) 18.7 ℃ 

Lin-N 1 μA ×35.2 % 

Log-N 2.9×10-7 A 

Gamma monitor 2.3×103 μSv/h 

F: 1/8”p60EUEU fuel element, 

16: 1/8”p16EUEU Partial Fuel element, 

p: 10” polyethylene reflector 

C: Control Rod, S: Safety Rod, 

B: Void region with BTB fission chamber 

Fig. 1 Core configuration 
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Fig.2 PH spectrum from BTB chamber 
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INTRODUCTION: 

 In order to perform integral evaluation of the 232Th cap-

ture cross section, critical experiments with Th loaded 

various cores at KUCA has been carried out [1]. The H/ 
235U nuclide ratio in those cores were about 150 – 315 to 

compensate the negative reactivity worth with Th loaded. 

The results of numerical analysis for the critical experi-

ments showed magnitude of sensitivity coefficients re-

spected for 232Th capture cross sections in the thermal 

energy region larger than the resonance energy region. 

Then, a new critical experiment at KUCA B core which 

has about 70 of the H/235U ratio was carried out.  

EXPERIMENTS: 
 The new critical core consisted of two type fuel ele-

ments. One is Th loaded fuel element, and the other is 

driver fuel element. A unit cell of Th loaded fuel element 

has 3 enriched uranium (EU) plates with 1/16” thickness, 

1 Th plate with 1/8” thickness and 2 polyethylene plates 

with 1/8” thickness. The one Th loaded fuel element has 

27 unit cells. A unit cell of driver fuel elements consists 

of the 1 EU plate and the 2 polyethylene plates. The one 

driver fuel element consists of 49 unit cells. 

Figure 1 shows the core configuration of the critical ex-

periment. There were the 37 Th loaded fuel elements (F) 

and the 17 driver fuel elements (D). In addition, the par-

tial driver fuel element which has 17 or 19 unit cells were 

loaded in order to adjust an excess reactivity worth of the 

critical core. Table 1 shows the critical data of the core. 

RESULTS: 
 First of experiments, the neutronics characteristics of 

the Th loaded core was measured to check on the param-

eters are fallen within the KUCA regulations. Table 1 

shows the measured neutronics characteristics. The all 

characteristics are satisfied with the KUCA regulations. 

 In order to observe a effective multiplication factor (keff) 

of the core, the excess reactivity worth was measured by 

the positive reactor period method. As the 

five-times-measured results, the evaluated excess reactiv-

ity worth was 0.086±0.003 (%dk/k) [2] and the keff was 

1.0009± 0.0003 [2]. Where, the kinetic parameters 

shown in Table 3 were calculated by MVP3.0 [3] and 

JENDL-4.0 [4]. 
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Table 1 Critical data of the Th loaded core 

No. of loaded EU plates 3883 

No. of loaded Th plates 999 

Control Rod 

position 

(mm) 

C1 1201.15 

C2 1206.11 

C3 735.63 

S4, S5, S6 1200 

Core temperature (℃) 20.3 

D D D

D F F F D

D F F F F F D

D F F F F F F F D

D F F F F F F F D

D F F F F F F F D

D F F F F F D

D F F F D

17 19 17

S4 C1

C3 S5

C2 S6

F: Th loaded fuel element, D: Driver Fuel element, 

17, 19: Partial Driver Fuel element, C: Control Rod, 

S: Safety Rod 

Fig. 1 Core configuration 

Table 2 Measured neutronics characteristics of the Th 

loaded core 

Neutronics Charac-

teristics 

Measured 

(%dk/k) 

KUCA Regula-

tion 

Excess reactivity 

(%dk/k) 

0.086 < 0.35( %dk/k) 

Rod worth 

(%dk/k) 

C1 rod 0.244 Max. worth : < 

1/3 of total 

worth 
C2 rod 0.379 

C3 rod 0.430 

Total* (0.244+0.379+ 

0.430)*2 

=2.105 

>Excess reac-

tivity + 1

(%dk/k)

Center core worth 

(%k/k) 

2.176 >1 (%dk/k)

*S4, S5 and S6 rod worth are assumed same value as C1,

C2 and C3 rods by symmetric geometry.

Table 3 Kinetic Parameters 

βeff 7.658E-3 

Λ 3.257E-5 
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INTRODUCTION: The critical approach monitoring by 
neutron measurement is  considered as one of the criti-
cal management methods in the institution which deals 
with nuclear fuels, such as a domestic nuclear power 
plant.  
In this research, the experimental model of the SiC thin 
semiconductor neutron detector (called Test-rig in below 
section) with low gamma ray susceptibility can be used to 
carry out a neutron measurement examination in which 
neutron measurement is possible under high gamma ray 
environment.  
When the characteristics of the Test-rig are evaluated, it 
is expectable to apply from now on as a neutron detector 
for a nuclear power plant or the fuel debris of a Fukushi-
ma Daiichi nuclear power plant.  

EXPERIMENTS:  As shown in Fig. 1, the reactor core 
which consists of a fuel bundle and a neutron source was 
created. The effective multiplication factor of the system 
at this time was estimated about as 0.93 as a result of the 
evaluation in an analysis code. The area from cell number 
“RA14” to “I16" was the space to set the Test-rig, neither 
fuel nor a polyethylene moderator had set. If this area 
was filled with polyethylene, the effective multiplication 
factor was estimated about 0.95.  

The Test-rig was installed to the area from cell number 
“RA14” to “I16", and the neutron from the fuel cell was 
measured. In addition, a fuel cell and a polyethylene 
moderator were not set to “SO18” and "SO19" positions 
of Fig. 1, so that the neutron from the neutron source in-
stalled in the "SO20" position reaches a fuel cell directly. 

RESULTS:  The neutron of about 16,000 counts was 
measured by the measurement for about 3 hours using 
Test-rig, namely, sensitivity becomes about 1.34 cps. As a 
result, it has confirmed that the Test-rig has sensitivity 
equivalent to the sensitivity estimated in the Test-rig de-
sign. It shows that it is possible to measure enough neu-
trons for the sub-criticality monitoring, without needing 
gamma ray shielding under high gamma ray environment 
by manufacturing the SiC thin semiconductor neutron 
detector with which satisfies the requirement specifica-
tion.  

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

KA 2 2 2 2 2 2 2 2 2 2 2 2 2

YO 2 2 2 2 2 2 2 2 2 2 2 2 2

TA 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

RE 2 2 2 2 2 C3 2 2 F 2 2 S5 2 2 2 2 2

SO 2 2 2 2 2 2 F F F F F N 2 2 2

TU 2 2 2 B 2 S4 F F F F F C1 2 B 2 2 2

NE 2 2 2 2 2 2 F F+ F F F+ 2 2 2 2 2 2

NA 2 2 2 2 2 2 C2 F F F S6 2 2 2 2 2 2

RA 2 2 2 2 2 2 2 ND 2 2 2 2 2 2 2

MU 2 2 2 2 B 2 2 2 2 2 2 2 2 2

U 2 2 2 2 2 2 2 2 2 2

I 2 2 2 2 2 2 2 2 2 2

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

C1 control rod B B10 neutron detector

C2 control rod N Neutron source

C3 control rod FC Fission chamber

S4 safety rod UIC Uncompensated Ionization  Chamber

S5 safety rod F Fuel rod

S6 safety rod F+ Fuel rod with neutron emitter

2 Polyethylene

ND Test-Rig

FC
#2

FC
#1

FC
#3

UIC
#6

From now on, a SiC thin semiconductor neutron detector 
that satisfies the sub-criticality monitoring requirements 
can be made. The verification examination is continu-
ously implemented as a neutron detector which can yield 
high sensitivity with high gamma ray extraction ratio, and 
application to the sub-criticality monitoring at nuclear 
power plants or Fukushima fuel debris retrieval work is 
expected. 

Fig. 1. Core of the neutron measurement examina-
tion 
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INTRODUCTION:  The estimation of reactivity of an 

amount of unknown fissile material is one of important 

issues in the field of criticality safety. 

JAEA has been theoretically developing a method to es-

timate the reactivity and composition of fissile isotope 

from neutron count rate alone[1-5]. The method is based 

on a newly developed equation of power in quasi-steady 

state after prompt jump/drop of power due to reactivity 

and/or neutron source change. 

The purpose of the experiment is to obtain the experi-

mental data for the verification and validation of the de-

veloped method. As the first step, the data for the estima-

tion by using new method and other existing methods 

was obtained for comparison to each other. The reactivity 

estimation for a subcritical state close to critical one was 

focused for this time. 

EXPERIMENTS:  A subcritical core was made by 

removing fuel elements from the basic critical core con-

figuration known as 3/8’’ p36EU of A-core. The tritium 

target irradiated with deutron beam was used as the ex-

ternal neutron source. 

BF3 detectors were used. Figure 1 shows the core con-

figuration and the position of the tritium target and BF3 

detectors. 

The condition of deutron beam was tuned so that the neu-

tron count rate was suitable to Feynman- method. 

For the first 1000s, during 2000s and 3000s, in Fig.2, 

neutron count data was obtained under steady state. Then 

the deutron beam was instantaneously cut off. After that, 

neutron count rate decreased and the measurement ter-

minated in 500s after prompt drop of neutron count rate. 

RESULTS:  The estimated value obtained by applying 

the new method to the data was compared to the value 

calculated by using MVP code with JENDL-4.0 cross 

section library. The result is shown in Table 1, which 

shows that the range of C/E was 1.0 and 1.4[5-6]. The 

worse value was obtained for deeper subcriticality. The 

reason may be the lowness of the neutron count rate in 

the quasi-steady state compared to the estimation of 

TRACY experiment data.  

The result indicates that estimated value of reactivity in 

dollar was reasonable in even not desirable condition in 

which neutron count rate was very low.  

In next step, an experiment will be done in much better 

condition in deeper subcritical state. 

MVP new

-0.49 -0.50 1.0 ～50

-1.0 -0.83 1.2 ～30

-1.3 -0.91 1.4 ～20

TRACY -1.4* -1.3 1.1 ～1000

* not MVP, solution level diffrence method

KUCA

CORE
reactivity ($)

C/E

initial

count rate

(cps)
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Table 1.  The comparison of reactivity values esti-

mated by applying new method and calculated by 

using MVP code. 

Fig. 2.  Neutron count rate data. Blue circle shows 

neutron counts per 0.01s and orange line shows a 

profile of averaged neutron counts. 

Fig. 1. Configuration of fuels and devices in 

A-core.
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INTRODUCTION:  The sub-criticality monitoring 
system for preventing criticality accident during fuel de-
bris retrieval has been being  developed by IRID[1]. 
This system is based on Feynman-α method[2]. The 
method is one of well-established sub-criticality meas-
urement methods, but applicability for the sub-criticality 
measurement of fuel debris in Fukushima Daiichi Nucle-
ar Power Plant is not demonstrated so far. The size of the 
fuel debris is one of the issues of the sub-criticality 
measurement. Investigation inside PCV revealed that the 
size of fuel debris reach approximately 5 meters. The 
one-point reactor approximation, which is assumed for 
the formulation of Feynman-α method, could  not be 
valid for such large-scale system. So the sub-criticality 
may not be measured properly. 

EXPERIMENTS:  To investigate the applicability of 
the sub-criticality monitoring system of large-scale fuel 
debris, the following experiment was performed. It is 
known that the degree of flux tilt of large-scale system 
when a perturbation is added is correlated with the first 
order eigenvalue separation (E.S.)1, which is defined by 
the difference between the inverse of first order eigen-
value λ1 and the inverse of zeroth order eigenvalue λ0[3]. 
Therefore, the first order eigenvalue separation (E.S.)1 of 
experimental core was adjusted to simulate the one of 
large-scale system such as the fuel debris. 

The examples of the core configuration are shown in 
Fig. 1. The core consists of two separated cores, and each 
core consists of several fuel elements and polyethylene 
reflectors. The first order eigenvalue separation (E.S.)1 of 
the core was adjusted to same value (approximately 0.01) 
of the large-scale fuel debris to simulate it. The B-10 
lined neutron proportional counters were set in front of 
the two separated cores. The neutron multiplication 
M(=(1/(1-keff)), which is an indicator of sub-criticality, 
was measured with the prototype of the sub-criticality 
monitoring system, when the several type of perturba-
tions that are assumed in fuel debris retrieval (e.g. re-
placement of low reactivity fuel element to high reactivi-
ty fuel element, replacement of fuel element to polyeth-
ylene reflector, etc.) were added to one of the two sepa-
rated cores. 

RESULTS:  The result of the measurement of neutron 
multiplication M is shown in Fig. 2. The vertical axis of 
the graph represents measured neutron multiplication 
Mmeas, the horizontal axis of the graph represents local 

neutron multiplication Mlocal of one of the separated core, 
which is calculated with a Monte Carlo code, MVP[4]. 
The Mmeas agreed well with the Mlocal. It is confirmed that 
the prototype of the sub-criticality monitoring system can 
be applicable for detecting approach to “local” criticality 
of large-scale fuel debris.  
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Fig. 2. Measurement results of neutron multiplication 
M of the cores that simulates large-scale fuel debris 
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Fig. 1. Examples of core configuration 
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2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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(b) Core 2 (keff ~ 0.95)
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B-10 Lined Proportional  Counter

Fuel Element Fuel Element
with Cf 
Neutron Source

Void

Polyethylene 
Reflector

Perturbed 
Fuel Element

(a) Core 1 (keff ~ 0.8)
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