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In the past decade, various institutions have developed small modular reactors and microreactors with the aims of
reducing capital costs and improving safety through simplified reactor systems. Monitoring the core power distribution
is crucial for detecting abnormal core conditions. Although in-core neutron detectors are currently used for this purpose,
they face harsh environments, increasing the risk of failure. In contrast, ex-core detectors, placed outside the reactor,
offer a milder environment. We have developed a monitoring method using ex-core detectors, called PHOEBE. In this
study, we experimentally reconstruct the power distribution of the Kindai University Research Reactor (UTR-KINKI)
using neutron detectors placed outside a thick shield. We develop a new method for adjusting the neutron detector
response coefficients to reproduce a known power distribution based on measurement results. With the new method,
the results show good agreement with a 4.06% average difference from the reference power distribution.
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I. Introduction

Small modular reactors (SMRs) and microreactors have
been developed by various institutions over the last decade.
These small-scale nuclear reactors aim to reduce capital costs
and improve safety through simplified reactor systems.

In terms of assuring nuclear safety, monitoring of the core
is one of the key technologies. Monitoring the core power
distribution is important for detecting abnormal core
conditions. Currently, in-core neutron detectors are used for
this purpose. However, these are exposed to the harsh
environment of the in-core, including high temperature, high
pressure and high radiation, and this increases the risk of
detector failure. In contrast, ex-core detectors are placed
outside the reactor where the environment is milder.
Therefore, if ex-core detectors are able to monitor the core
conditions of the SMRs, the risk of detector failure can be
decreased.

Against this background, we have proposed a core power
distribution monitoring method by ex-core detectors based on
power correlation between fuel regions, called PHOEBE. !
Furthermore, PHOEBE was demonstrated on a research
nuclear reactor and a critical assembly, specifically, Kindai
University Reactor (UTR-KINKI) and Kyoto University
Critical Assembly.>

In these demonstration experiments, neutron detectors

were placed near the fuel assembly within 50 cm from the core.

However, it is expected that neutron detectors will be placed
in more peripheral regions of the nuclear reactor.

Thus, the present study experimentally examined the
possibility of power distribution reconstruction based on ex-
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core detectors placed in more distant regions from the core.
Specifically, neutron detectors were placed outside the
biological shield.

I1. Theory of the Reconstruction Method: PHOEBE

PHOEBE uses the detector response coefficients ¢;; and the
power correlation coefficients between fuel regions f;;, which
constitute matrices C and F as shown in Egs. (1) and (2).

C= (Cij)mxn(1si5m,15jsn) W
F=(fy) @

where 7 is the number of detectors and m is the number of fuel
regions. Figure 1 shows an outline. The detector response
coefficient is defined as the number of neutron counts in the
detector from a specific fuel region, while the power
correlation coefficient is defined as the fission reaction
induced by another fuel region.

The matrix C can be rewritten as Eq. (3) in terms of /" and
C where C’ includes the factor of power correlation between
fuel regions, and the sizes of matrices C and C’ are the same.

mxm,(1sism,1<j<sm)

C =FC 3)

Furthermore, detector response D' = (d}, d», ..., d,) can be
evaluated using Eq. (4),

D=CR 4

where RT = (¥, r2, ..., 1) is the power density vector in each
fuel region. In this equation, D and C’ are known by
measurement and pre-evaluation, respectively. Consequently,
power distribution R is reconstructed by solving an inverse
problem of Eq. (4). The PHOEBE improves the estimation
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ability by considering the interactions between fuels by Eq.
A3).
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Fig. 1 Outline of detector response and power correlation
coefficients. The former represents the relationships between fuel
and detectors shown as D in this picture, while the latter
represents the relationships between fuel shown as Q.

I1I. Criticality Experiment with UTR-KINKI

1. Experimental Setup

We carried out a criticality experiment with a test reactor,
UTR-KINKI,” to examine the reconstruction of the power
distribution in a reactor from neutron detectors outside the
thick shield. The reactor is a light-water moderated, graphite
reflected, heterogeneous enriched uranium thermal reactor
with a thermal power of 1 W. Figure 2 illustrates the core
configuration of the reactor. This core is separated into north
and south sides, with six fuel assemblies in each. Each fuel
assembly is numbered from west to east, like N1, N2, ... N6
for the north side.
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Fig. 2 Configuration of UTR-KINKI core. The right side of the
picture corresponds to the north and the left to the south. Fuel
assemblies are separated into north and south sides.
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The reactor is equipped with a regulating rod (RR), a shim
safety rod (SSR), and safety rods. During the experiment, the
safety rods are completely extracted so that the RR and SSR
are used to alter the power distribution of the core. In the
present experiment, two cases were measured. The
experiment conditions are shown in Table 1. Note that 0%
represents full insertion and 100% represents full extraction
of the rod position of each rod. Case A was measured as the
nominal condition and Case B was measured as a distorted
power distribution case. Their power distributions are shown
in Fig. 3, as evaluated by MVP3 (Monte Carlo code for Vector
Processors®) with JENDL-4.” This figure shows that the
output of the south side (S) is higher than that of the north side
(N) for Case B. In this experiment, we referred to the
simulation result and aimed to reproduce this distorted
distribution of case B.
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Fig. 3 Simulated results of the relative power distribution. The
horizontal axis shows the fuel assembly number and the vertical
axis shows the relative power. The gray line represents the
nominal case (A), and the blue line represents the distorted case

(B).

We measured neutron counts for the two cases at various
positions outside the biological shield. The neutron detector
positions are shown in Figure 4. Neutron counts at four
positions are measured in the experiment. A single neutron
rem counter was used for neutron detection to mitigate the
impact of detector variability. Hence, four measurements
were taken for 10 minutes each, changing the detector
positions during reactor operation.

Table 1 Conditions of the experiment.

Power SSR RR
Case ID E)\Vx;’]e Position Position
[%] [%]
Case A (Nominal) 1.0 94.7 10
Case B (Distorted) 1.0 67.3 100




Progress in Nuclear Science and Technology, Volume 8, 2025 183

Dis'azV

g ——
- =

- - . .
> \\\ Blolqglcal
« »_ Shield
& 9
s Y
r h -
. A
£ A
7 A
[ 1
[} )
S | DET1
3 . i
DET3 N
v ]
[ ¥
L ’
L} '
% ;
A *
b 4
* ’
AN s
\\s I,l
T - ._-"’
" DET2

Fig. 4 Schematic view of the rector and neutron detector positions
(top). The square area indicated by magenta in the center is the
reactor, and the cyan area around it is biological shielding. Each
picture (bottom) shows the measurement point.

2. Reconstruction Result with the Existing Method

We reconstructed the relative power distribution of the fuel
assemblies from the neutron counts at the positions by using
PHOEBE. The detector response coefficients calculated by
MVP3 were used for the reconstruction.

The reconstructed power distribution of Case B is shown in
Figure 5. In this figure, the blue line for MVP is the reference
power distribution. The horizontal axis shows the fuel
assembly number as defined in Fig. 2 and the vertical axis
shows their relative power. In Case B, in which the output
distribution is distorted, the output of the south side (S) is
higher than that of the north side (N). However, the estimated
result shown by the orange line did not reproduce the
reference power distribution, and the north-south difference is
overestimated. This seems to be because the outside
environment of the biological shield is so complex that the
actual coefficients deviate from those of the simulation. Since
this kind of situation is expected to occur in real cases,
correction methods for the coefficients are needed.

3. A New Reconstruction Method Adjusting the
Coefficients

Precise evaluation of the detector response coefficients was
difficult for the detector positions in the experiment. We
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Fig S.
orange line shows the estimate by the existing reconstruction
method and the blue line shows the reference calculated by MVP
simulation.

Relative power distribution of fuel assemblies. The

therefore developed a new method as shown in Fig. 6.
Although it prepares the coefficient table in advance by
simulation, the same as before, we also added a new part to
modify the coefficient table to reproduce the actual data of the
detectors in the nominal distribution before reconstruction.

The adjustment was performed by solving the inverse
problem of Eq. (4). Since the power density vector (R) is
obtained by simulation, we can adjust C’ by reproducing the
measured detector counts D. Since the coefficients can correct
the difference between simulation and actual environment,
this is expected to improve the reconstruction ability.

Existing flow
Correction part

I Detector counts (Case B) I

Power distribution
Estimation

Power distribution ' Coefficient table
of Case A 1 adjustment

I Detector counts (Case A as Nominal) I

Fig. 6 Overview of the reconstruction method. The blue box
shows the existing flow, and the red box shows the new part for
adjusting the detector response coefficients. The adjustment part
corrects the coefficient to reproduce the measured detector
count.

4. Results and Discussion

The power distribution reconstruction results of Case B
before and after adjustment of the detector response
coefficient table are shown in Fig. 7. In this figure, the blue
line for MVP shows the reference power distribution, and the
orange line shows the estimated power distribution by the new
method. Thanks to the new correction method of the
coefficients, the estimated results show good agreement with
the reference power distribution, with an average difference
of 4.06%.
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Fig.7 Relative power distribution as reconstructed by new
method. The orange line shows the estimated result and the
blue line shows the reference. The estimated result reproduces
the reference distribution well.

This improvement indicates that the deviation of the
coefficients can be modified using measured data. The new
method is applicable to complex environments which makes

it difficult to evaluate the coefficients precisely on simulations.

IV. Conclusion

The power distribution of UTR-KINKI was experimentally
estimated with an average difference of 4.06% from the
reference power distribution. This result was evaluated based
on the ex-core detector outside the biological shield. Initially,
the power distribution could not be reconstructed without
adjusting the detector response coefficient table. By contrast,
the estimated power distribution was improved by the table
adjustment.

The results suggest that the present method of detector
response coefficient table adjustment is effective. In future

work, this method will be expanded to other geometries.
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