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INTRODUCTION
Recent development of position sensitive neutron detector such as PSPC(Helium-3 Position Sensitive

Proportional Counter ) enabled us to measure spatial neutron flux distribution very rapidly 2.(Fig.l)
Especially, the PSPC working together with LN9000 multi parameter system, which is a product of
Laboratory Equipment Corporation, enables us to measure both neutron flux distribution and time-sequential
data of neutron detection signals, simultaneously3. Major purpose of our study is the development of
advanced subcriticality monitor by using the PSPC. In nuclear fuel reprocessing plants, monitoring the
spatial profile of neutron flux by using the detector is very beneficial in sight of criticality safety, because
spatial profile information appeals visually. Moreover the neutron flux measured by PSPC can be applied to
various subcriticality inferring method, such as Modified Neutron Source Multiplication method3 which
makes use of neutron count rate levels, Variance -to-Mean ratio method or Rossi-cc method which are based
on the noise analysis, and Exponential Experiment method which makes use of spatial profile of neutron
flux. In this paper, the inferring method of both subcriticality and fuel distribution used under nonuniformed
systems is proposed. Its basic concept is the 'pattern matching" between measured neutron flux distribution
and beforehand calculated reference fluxes.

PROPOSE OF NEW CONCEPT OF SUBCRITICALITY ESTIMATION
The conventional subcriticality estimation methods have any problems. Almost all the methods need

any theoretical correction factor for attaining high accuracy. Nuclear code is often used to calculate the
correction factor. There are some cases that the estimated subcriticality depends strongly on the calculated
correction factor. On the other hand, the continuous energy Monte Carlo codes ( such as MCNP4A, MVP )
predict static reactor characteristics very accuratelly. Therefore "Indirect Bias Estimation method" has been
already proposed by Yamamoto . This method obtains the bias in calculated keff by using the difference
between measured and claculated count rates. Another problem is that almost all the subcriticality estimation
methods do not take into account of nonunifonnity of fuel. It may be serious problem in nuclear fuel
reprocessing plants where fuel solution is treated.

Generally speaking, we can regard a subcriticality estimation as a BLACK BOX. This BLACK BOX
makes an output of subcirticality corresponding to neutron count rate input.(Fig.2) In conventional method,
the true substances of the BLACK BOX are Modified Neutron Source Multiplication technique, Feynman a
and others. Their method have theoritically clear base in the view point of reactor physics. On the other
hand, we proposed the use of artificial neural network or "Pattern matching" as BLACK BOX which have
less theoritical base on reactor physics. These method are wholly based on the calculated value supporting
by recent advancement of computer code accuracey for criticality safety. The most difference between
"Indirect Bias Estimation method" and our method is that our object is to deal with the unkonwn nonuniform
system.

AN ATTEMPT OF SUBCRITICALITY ESTIMATION BY USING
ARTIFICIAL NEURAL NETWORK

At first, we adopted an artificial neural network as BLACK BOX. Its network composition is
conventionally used one(Fig.3). Input layer neuron are 35, hidden layer one are 20, and output layers neuron
is one. Learning algorithm is a conventional back propagation method, the number of leaning samples are 36
and unknown "measured" fluxes are 85. Figure 4 shows the trained neural network performance. In this
figure, the horizontal axis shows true keff(effctive neutron multiplication factor) and the vertical axis
indicates the estimated keff. Figure 5 shows the conventional source multiplication method. Comparing
these results, there is no significant difference between both estimations. Artificial neural network requires
very long learning time, and exactly complete BLACK BOX. So the neural network approach has no

- 113 -



JAERI-Conf 99-004

advantage compared with the source multiplication method approach. Hence we conclude that the neural
netwrok method is not the best way, and we should find another method, such as "Pattern matching"
method.

SUBCRITICALITY ESTIMATION METHOD BASED ON "PATTERN MATCHING"
We make the database of neutron flux profile, its magnitude and subcriticality in various range of fuel

concentration in advance. To estimate subcriticality from the measured neutron flux, at first, a few neutron
flux profile similar to the measured flux one are selected by "Pattern matching " method. This method means
the comparison between "measured neutron flux" and reference neutron fluxes(Fig.6). In this step "measured"
and reference neutron flux are normalized as equation (1) and (2).

i i \
j , O (z2), ... ,0 izn)).

1**1 (2)
(z2 ), ... ,®R (zn )).

I.P. = < X • XR > (3)
Here, $ denotes the measured neutron flux and $ R denotes the reference flux. An index I.P. denotes the
inner porduct of vector XandXR . The I.P. is used as similarity index between "measured" and reference
fluxes. A few pattern with higher index, namely these inner product close to 1.000, are picked up. The
second step is determination of keff. This scheme is essentially the source multiplication technique(Fig.7).
At first we make the correlation curve of total neutron counts and keff by using the magnitudes of a few
refernce pattern selected in the "Pattern matching" procedure. By using this correlation curve, we can
estimate keff-value from total neutron counts of measured flux.

FUEL DISTRIBUTION ESTIMATION METHOD
In convenience, we suppose one energy group, one dimensional neutron diffusion equation. Steady

state neutron balance equation with a fixed neutron source is expressed as follows,

-ID (c (z))V$(z) + Sfl(c (z)Mz) = vS/c (z))0(z) + Sic (z)). (4)

Here, D, Sa vSf denote diffusion coefficient, absorption cross section, and fission cross section,
respectively. S is the source term. These parameters depend on fuel concentration c(z). If we suppose that
spatial change of diffusion coefficient D is negligible small, equation (4) will be change as follows,

-D (c {z))V2<&{z) + S a (c (z)Mz) = v S / c (z)Mz) + Sic (z)). (5)

If we know the fuel concentration dependence of these cross sections and neutron source, and their
dependence can be expressed as the following polynomial of fuel concentration c(z),

D (c (z)) = Do + Dx-c (z) , (6)

S,(c (z)) = S, i 0 + Sa>1-c iz) , (7)

vl,f(c(z)) = vS^0 + vE^-c (z) , (8)

S (c (z)) = Sx-c (z) , (9)

we can solve the equation(5) and obtain an unknown fuel concentration c(z) at each spatial point.
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Above discussion is valid in one energy group theory. To deal with much more realistic situation, two
neutron energy group theory should be used at least. Hence , in practice, it is difficult to determine the fuel
concentration distribution analytically by using equation (10). So we try to use the "Pattern matching" method
to decide the fuel concentration c(z) at each spatial point.

The first procedure of fuel concentration distribution estimation is exactly same as the keff
estimation.(Fig.6) The "pattern matching" is performed between the reference neutron profile and an
unknown profile. Then a few candidate of fuel concentration is selected by using the similarity index. The
second procedure is that we make the correlation curve of neutron counts and fuel concentration at each
spatial point by using the set of reference pattern selected by the "Pattern matching"(Fig.8). And then the
fuel concentration at each spatial point can be determined.

NUMERICAL EXPERIMENTS
To confirm the validity of our new "Pattern matching" method, numerical experiment was carried out.

In convenience, two dimensional, two energy group diffusion calculation was done. The system investigated
is the cylindrical tank(Fig.9). Its height is 100cm. Its diameter is 60cm. The tank is filled with 10wt%
enriched uranyl nitrate solution. The non-uniform fuel distribution is represented by five layers filled with
different solution. Five fuel concentrations are selected from 110 to 190gU/l by 20gU/l step. Position
sensitive neutron detector is set along outside the tank vertically. It is supposed that the spontaneous fission
source distributes proportional to the fuel concentration. At first, to get the reference database consisting of
flux profile, its magnitude and subcriticality, eigenvalue problem and fixed source problem are solved. The
3125 cases, namely 55 cases, were calculated as the whole reference patterns. Next, to examine "Pattern
matching" method, the unknown "measured " neutron flux were prepared as their concentration varied from
120gU/l to 180gU/l by 20gU/l step.

RESULT
The results of the subcriticality estimation by using this "Pattern matching" method is illustrated in

Fig. 10. Estimated keff agreed well with true keff. For comparison, the result of the conventional Source
multiplication method is illustrated in Fig. 11. The conventional source multiplication method contains very
large estimation error. Our new "pattern matching" method gives much more accurate subcriticality than
conventional method.

Figure 12 shows the best estimation results of fuel distribution. The estimated fuel concentration
distribution agreed well with the true fuel concentration distribution. Figure 13 shows the worst case. The
estimated fuel distribution agreed relatively with the true fuel distribution in even worst case.

CONCLUSION
We proposed new subcriticality and fuel concentration estimation method. This method is based on

"Pattern matching" of neutron flux profile. Numerical experiments were performed, a new method estimates
subcriticality with higher accuracy than the conventional neutron source multiplication method.
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Fig. 1 HeIium-3 Position Sensitive Proportional Counter (PSPC) and its counting system.
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Fig.3 Subcriticality estimation by using artificial neural network.
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Fig.4 Comparison of keff estimated by Neural Network
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Fig. 5 Comparison of keff estimated by Source

Multiplication method and the true one.
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Fig.8 Estimation of fuel concentration distribution by

virtue of the correlation curve at each spatial point

between total neutron count and tiiel concentration.
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Fig.9 The system calculated.
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Fig. 10 Comparison of keff estimated by

"Pattern Matching" method and the true one.
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