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Implementation of a frequency-domain neutron noise analysis method in a
production-level continuous energy Monte Carlo code: Verification and

application in a BWR

Toshihiro Yamamoto”

Research Reactor Institute, Kyoto University, 2 Asashiro Nishi, Kumatori-cho,

Sennan-gun, Osaka, 590-0494, Japan

Abstract

A Monte Carlo algorithm for solving the transport equation of the neutron noise in
the frequency domain has been newly implemented into a production-level continuous
energy Monte Carlo code, MCNP. Using the continuous energy Monte Carlo code,
accurate neutron noise calculations can be performed with fewer approximations. The
implemented algorithm is based on a method that was previously developed by the
author of this paper. The modified code is currently applicable to neutron noise
calculations only within the plateau frequency range. The modified code is applied to
the neutron noise calculations in a one-dimensional homogeneous multiplying system to
verify its effectiveness through comparison with a two-energy group in-house
research-purpose code. The neutron noise calculations for a benchmark model of a
BWR core are performed using the modified MCNP code. The spatial and frequency

characteristics of the neutron noise propagation in the BWR core are investigated
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through the calculations. The neutron noise near the noise source differs largely from

the point kinetics because of the higher order mode effect.

Keywords: Monte Carlo; neutron noise; frequency domain; BWR.

1. Introduction

Measuring neutron noise (i.e., the difference between a time-varying neutron flux
and its steady state value) in a reactor core is an effective means for core monitoring or
diagnoses, such as an unseated fuel assembly, abnormal vibrations of the internal core
structures, or flow blockage (Jonsson et al., 2012; Viebach et al., 2017). Research
activities on the core monitoring technique are being pursued by many institutions.
Recently, the CORTEX project, a research and innovation action aiming at developing
an innovative core monitoring technique using the fluctuations in neutron flux, started
in the Euratom 2016-2017 work program (Demaziere et al., 2017). The reconstruction
or unfolding of the noise source is an important process to identify the anomalies
occurring within the reactor core. Various reconstruction or unfolding techniques have
been developed to date (Glockler and Pézsit, 1987; Demaziére and Andhill, 2005;
Hosseini and Vosoughi, 2013; Hosseini and Vosoughi, 2014). Regardless of the
technique used for the reconstruction or unfolding process, the calculation of the
neutron noise at the detector positions caused by an anticipated noise source is required
to solve an inversion problem to identify the anomalies in a core. The response of the
neutron noise induced by a noise source can be calculated by an analytical formula
(Behringer et al., 1977; Pazsit and Analytis, 1980; Jonsson et al., 2012) or by solving
the neutron noise diffusion or transport equation in the frequency domain. Thus,
developing a noise calculation method with high accuracy is an important task towards

enhancing nuclear safety through the use of reactor noise diagnostics.
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A variety of calculation tools for obtaining the neutron noise responses have been
developed thus far; they are mostly based on diffusion theory (Demaziére, 2004;
Demaziere and Pazsit, 2009; Pazsit and Demaziére, 2010; Larsson et al., 2011;
Demaziere, C., 2011; Larsson and Demaziére, 2012a; Larsson and Demaziere, 2012b;
Hosseini and Vosoughi, 2012). The extension of the noise calculation to transport
theory was attempted by (Yamamoto, 2013) and (Rouchon et al., 2017). In these studies
involving transport theory, the neutron noise transport equation was solved using the
Monte Carlo method. In (Yamamoto, 2013), the neutron noise distributions were
calculated both using diffusion theory and using the Monte Carlo method. The
comparison highlighted the unsatisfactory results of diffusion theory, particularly near
the noise source position, suggesting the necessity of introducing the transport method
for neutron noise calculations. Unlike the diffusion equation for neutron noise, which
can be solved using the conventional numerical techniques, the Monte Carlo method is
confronted with some difficulties, especially for low- and high-frequency noise. If a
conventional Monte Carlo algorithm (i.e., implicit capture and Russian roulette, etc.) is
employed, a very large number of particles having positive or negative weights are
produced for low- and high-frequency noise, resulting in abnormal termination of the
computation. The positive and negative weights need to be canceled to prevent the
exploding number of particles, but a special technique must be introduced for the
cancellation because no two particles exist at the same position. In contrast, the
difficulty of the exploding number of particles does not occur for the plateau frequency
range (Rouchon et al., 2017), which is approximately between 0.01 Hz (=4/(2r)) and 40
Hz (=(1 + plA)/(2r)) for light water reactors. To circumvent this difficulty that occurs
outside the plateau frequency region, Yamamoto (2013) and Yamamoto and Sakamoto

(2015) introduced a weight cancellation technique and a power iteration-like algorithm.
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However, the countermeasures for managing the exploding number of particles demand
that the whole calculation domain should be discretized into many small subdomains,
where positive and negative particle weights are cancelled. Installing the weight
cancellation technique into a production-level Monte Carlo code would cause the code
to be less versatile. Thus, the numerical application in (Yamamoto, 2013) was limited to
a homogeneous simple geometry that was modeled using an in-house research-purpose
code. Rouchon et al. (2017) developed a new Monte Carlo method that does not require
the weight cancellation technique. The new method removes the implicit capture
technique and adds a pseudo total cross section to the neutron noise equation.

The advantage of introducing the continuous energy Monte Carlo method for
neutron noise calculations is that the Monte Carlo method can model the
three-dimensional fine structures in a power reactor core without spatial
homogenization and it is free from the inaccuracy involved in energy group collapsing.
The implementation of the frequency domain Monte Carlo method into a
production-level continuous energy Monte Carlo code is important in terms of
expanding the availability of the method. Remarkable improvement in the accuracy of
the neutron noise calculation can be expected by using the continuous energy Monte
Carlo code. Neutron noise Monte Carlo calculations in the frequency domain have thus
far been performed using an in-house research-purpose code. Thus, to expand the
implementation of the Monte Carlo method in neutron noise calculations, in this paper,
the frequency domain Monte Carlo method is implemented into a production-level
continuous energy Monte Carlo code, MCNP 4C (Briesmeister, 2000). The Monte
Carlo technique adopted in this paper is based on the previously developed
complex-valued weight Monte Carlo method in (Yamamoto, 2012; Yamamoto, 2013).

The method used in this paper is available only for the plateau frequency range, where
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the number of particles can be controlled without introducing a new method. The
implementation of the methods developed in (Rouchon et al., 2017) or some other
useful techniques will be left as a future work.

As the first step, the verification of the modified MCNP code is performed by
comparing the code with the in-house research-purpose Monte Carlo code (Yamamoto,
2013) for a very simple multiplying system. Next, neutron noise transport calculations
are performed for a BWR benchmark model. The properties of the noise propagation

within the BWR core structure are discussed.

2. Neutron Noise Equation in the Transport Theory

The fundamental theory on the propagation of neutron noise in the frequency
domain has been presented in previously published literature reports. Within the
diffusion approximation, the neutron noise propagation has been discussed in many
publications (Behringer et al., 1977; Behringer et al., 1979; Demaziere, 2004;
Demaziere and Pazsit, 2009; Larsson et al., 2011; Demaziére, C., 2011; Larsson and
Demaziére, 2012a; Larsson and Demaziére, 2012b). Transport theory has been recently
introduced in some papers (Yamamoto, 2013; Yamamoto and Sakamoto, 2015;
Rouchon et al., 2017). In this section, the transport equation to be solved for neutron
noise propagation in a reactor core is only briefly explained.

The neutron noise in the time domain is defined by

ONr,Q, E 1) =o¢(r, Q,E,t)— ¢y (r,Q,E), (1)

where ¢(r,Q, E,t) =the neutron flux at position r with energy E and direction Q at
time t, and the subscript “0” denotes the mean value. The neutron noise is induced by
the fluctuation of the macroscopic cross sections around their mean value:

oX,(r,E,t) =2, (r,E,t) - 2,o(r,E), (2)
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where x = t, s, or f. The neutron noise in the frequency domain is obtained by Fourier
transforming the neutron noise in the time domain:

SHr Q. E,0) = _+:5¢(r, Q,E t)e "tdt (3)
where @ = the angular frequency and i=+/—1. The neutron noise transport equation in
the frequency domain is derived from the time-dependent neutron transport equation
and the equation for the delayed neutron precursor density using a linear approximation

and a Fourier transformation. The equation finally obtained is shown below:

Q-Vohr,Q E, o)+ 2y (r,E)og(r,Q,E, m)
:J4”dQ'JdE'Zso(r,Q'—> Q.E'> E)Sir, Q' E', 0)

(E) iwp o . .
" 4;;(z|<efr (1_ ia)”)hﬂdﬂ [dE"VvZ (o (r E')og(r. @' E', 0) (4)
- Ui(aé) SH(r,Q,E,w)+S(r,Q,E,w),

where X =the macroscopic total cross section, X, = the macroscopic scattering cross
section, 2'; =the macroscopic fission cross section, y = the fission neutron spectrum,
v =the number of neutrons per fission, v = the neutron speed, g = the fraction of the
delayed neutrons, A = the time decay constant of the delayed neutron precursors, and S
= the noise source. For simplicity, the fission neutron spectrum of the delayed neutrons
is assumed to be the same as that of the prompt neutrons. Furthermore, one delayed
neutron group is assumed. The noise source, which is induced by the temporal
fluctuations of the macroscopic cross sections, is defined by

S(r,Q,E,w)=-02,(r,E,0)¢y(r,Q,E)
+L”dﬂ'J'dE'§25(r,Q'—> Q.E'> E,0)d (r, Q' E) (5)

x(E) iof o | -
+4;zkeff (1_iw+/1jf4,,d9fd5 voXs (r,E', @)dy(r, Q' E")

where 6%, (r,E,w) isthe Fourier transform of the fluctuation of the reaction x:
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55, (rE@) =[x, (r,E,t)e " dt. 6)

In most cases, our interest is focused on a neutron noise propagation in a critical state

reactor core. Thus, the neutron production terms in Egs. (4) and (5) are divided by ke to
eliminate the bias in the calculated ke that usually deviates from unity.

Eq. (4) is the transport equation to be solved for the neutron noise propagation in a

critical state reactor core. In the next section, an algorithm to solve this equation using

the Monte Carlo method is explained briefly.

3. Monte Carlo Algorithm to Solve the Neutron Noise Equation

Some algorithms for solving the neutron noise transport equation, Eq. (4), have
been proposed, e.g., those published in (Yamamoto, 2013; Rouchon et al., 2017). As
stated in Sec. 1, a special technique is required to suppress the diverging particle
population that stems from fission chain reactions in a frequency domain neutron noise
propagation. The abovementioned two papers present different proposed methods for
suppressing the divergence. However, it is known that the divergence does not emerge
for the plateau frequency range that extends approximately between A and 1 + f/A,
where A = the prompt neutron generation time. Implementing the algorithm for
avoiding the problem of divergence into a production-level Monte Carlo code may
require an enormous number of modifications. In this paper, an algorithm for solving
the neutron noise transport equation, Eq. (4), which is valid for the plateau region only,
is implemented into a production-level Monte Carlo code, MCNP (Briesmeister, 2000).
In other words, the modified code, where the algorithm for suppressing the divergence
is not implemented, does not have the capability to calculate the neutron noise outside
the plateau frequency range.

In this section, the fundamentals to solve the neutron noise transport equation, Eq.
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(4), are briefly shown; the approach is based on a previously published paper. The
method presented by Yamamoto (2013) is different from that presented by Rouchon et
al. (2017). This paper follows the algorithm of Yamamoto (2013).
(1) Transport of particles

First, a particle originates from the site of a noise source. The position, direction,
energy, and weight of the particle are determined according to Eq. (5). The weight is
generally complex-valued. Determination of the source term is not straightforward and
Is left to future work because the steady-state neutron flux ¢, must be calculated.

To solve Eq. (4) using the Monte Carlo method, we must take into account the third
term on the right-hand side of Eq. (4) during the random walk processes of the Monte
Carlo calculation. Several methods are available to accomplish this task (Yamamoto,

2013; Rouchon et al., 2017). The method adopted in this paper is as follows. As the

particle flies a distance s; in the jth flight path, the initial weight W; changes to

w _i_co ew. P P B
Wj+l_WJexp[ Uj(E)SJJ WJ(COS[UI(E)SJ] Ism(“J(E)SJJJ, K

where the particle weight W; is a complex-valued quantity and the real and imaginary
parts can be positive and negative. The flight distance s; is determined by

sj=—(ng/ 2, where & is a uniform pseudo-random number from (0, 1), which is

identical to the conventional Monte Carlo algorithm. Eq. (7) indicates that the particle

weight changes continuously during the flight path. Thus, after the jth flight path over

the distance s;, the track length estimator is described by

o S'st' =W, iUj(E)[exp[— o st—l]
v;j(E) @ v (E)
=W; Uj(E)[sin[ @ sj}ri[cos{ist—lﬁ.
1) v;(E) v;(E)

(2) Implicit capture and Russian roulette

s.
TL; =j0’Wj exp(—
(8)
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At each collision, the implicit capture is used as for the conventional Monte Carlo

method. A weight W; before collision changes to

b . s
W/ =W; =5 =Re[W;]==+i-Im[W;]==, 9
! [Wl]zt [ ’]zt ®)

after the collision, where Re[‘] = real part and Im[-] = imaginary part. The Russian
roulette game is applied separately to the real and imaginary parts when either or both
of ‘Re[\NJ—’]

the real or imaginary part is killed but the other part still survives, the particle keeps

and ‘Im[Wj’ ]‘ are less than a lower weight cutoff boundary. When either

being transported. The particle with the complex-valued weight is killed by the Russian
roulette game only when both its real and imaginary parts are killed at the same time.
(3) Treatment of fission neutrons

The determination of the reaction type at each collision is identical to that of the
conventional Monte Carlo method. As seen in Eq. (4), however, the weight of each

particle produced by a fission reaction is given by

Wi =118 ] (10)

keff iw+ 1

where W; is a particle weight before weight reduction via implicit capture. The weight,

W e, is assigned to each particle produced by the fission reaction.

A very similar algorithm was successfully implemented into the MCNP code for
adding a new function of the B; approximation (Yamamoto, 2012). The modified
MCNP code was verified through comparison with other deterministic codes. In this
paper, the algorithm shown above is also implemented into MCNP. In the next section,
the modified MCNP is applied to neutron noise calculations in a one-dimensional
homogeneous multiplying system. For verification of the modified code, the results are

compared with those calculated using the 2-group in-house research-purpose Monte
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Carlo code developed in (Yamamoto, 2013).

4. Numerical Tests using Monte Carlo Calculations for Neutron Noise Analyses
4.1. Verification through comparison with the 2-group calculations

In this section, a continuous energy Monte Carlo code modified for frequency
domain calculations is used to calculate neutron noise distributions in an infinitely long
cylindrical geometry. The cylinder is composed of a homogeneous uranyl nitrate
aqueous solution. The ?*°U enrichment is 9.98 wt%, and the uranium concentration is
254 g/L. For verification of the modified continuous energy Monte Carlo code, MCNP,
two-energy group Monte Carlo calculations are performed as reference calculations
using an in-house research-purpose code that was developed in (Yamamoto, 2013). The
code for the reference calculations was verified through comparison with the
deterministic calculations using diffusion theory (Yamamoto, 2013). The group
constants used for the two-energy group calculations are prepared using the thermal
reactor analysis code, SRAC (Okumura et al., 2007). The energy boundary is 0.993 eV.
The group constants are listed in Table 1. The anisotropic scattering is considered up to
P, order. The cylinder has a diameter of 53.36 cm. A vacuum (i.e., non-reentrant)
boundary condition is imposed at the outer boundary. An isotropic noise source is
placed at the center of the cylinder. Source particles with a weight of unity are emitted
only in the 2nd energy group (below 0.993 eV in the MCNP calculations). The
multigroup and pointwise nuclear libraries used in this paper are based on the nuclear
data library JENDL-4 (Shibata et al., 2011). The parameters of the delayed neutrons are
£=0.007 and A = 0.08 s. Although the continuous energy Monte Carlo code can use the
6-group delayed neutron parameters (fraction, decay constant, and neutron spectrum) of

each nuclide, this function is disabled in the modified code in this work.

10
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[Table 1]

Before performing the neutron noise calculations, the criticality calculations for
ketr’s used in Eq. (4) are performed using MCNP and the multigroup code. The keg’s are
0.99996 + 0.00008 and 0.93292 + 0.00007, respectively. The difference between the
calculated kess is relatively large, which is understandable considering the group
condensation, the scattering treatment, and some other approximations in the
two-energy group calculation. The comparison between the two Monte Carlo
calculation codes is not meant to achieve complete agreement between them. The
objective of the comparison is to determine whether the neutron noise calculations using
the continuous energy Monte Carlo code can reproduce the tendency of the multigroup
calculations.

The continuous energy Monte Carlo calculations, which are incapable of
suppressing the diverging particle population, can be performed for the frequency range
between 0.02 Hz and 15 Hz. The prompt neutron generation time of the fuel solution is
64.2 £ 0.3 ps, which is calculated using MCNP6 (Pelowitz et al., 2014) based on an
option for the point-kinetics parameters (the iterated fission probability method). Thus,
the plateau frequency range is roughly from 0.01 Hz (= A/(2rn)) to 17 Hz (= (1 +
PIA)(2r)). This range is almost identical to the frequency range (0.02 Hz ~ 15 Hz) in
which the continuous energy Monte Carlo calculations for the neutron noise in the fuel
solution can be performed. Figs. 1 and 2 show the radial distributions of the real part
and the imaginary part of the neutron noise in the 1st group, respectively. The neutron
noise flux is calculated using the track length estimator. In the figures, the results
calculated using MCNP are compared with those using the two-energy group code for
the frequency of 0.02 Hz as a representative of many results. Each neutron noise flux is

normalized to be the same at the innermost point. Figs. 3 and 4 show the same results

11
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for the 2nd group. Although the results calculated using the MCNP code do not
necessarily agree well with those obtained using the two-energy group code, the
qualitative trends of the noise distributions are well reproduced. The trend for 0.02 Hz
shown in Figs. 1-4 can be observed at other frequencies between 0.02 Hz and 15 Hz.
The phase shifts and the amplitudes of the neutron noise in the 2nd group calculated
using both codes are compared in Figs. 5 and 6, respectively. The position of the
neutron noise is located at r = 13.34 cm (the midpoint between the center of the cylinder
and the outer boundary). The amplitude of each neutron noise signal is normalized to be
the same at 1 Hz. In the same manner as the flux distributions, the phase shifts and the
amplitudes calculated using MCNP are in qualitative agreement with those using the
two-energy group code. In conclusion, the Monte Carlo algorithm for solving the
neutron noise equation in the frequency domain has been successfully implemented into
a production-level continuous energy Monte Carlo code insofar as the frequency is

within the range of the plateau frequency.

[Fig. 1][Fig. 2][Fig. 3][Fig. 4][Fig. 5][Fig. 6]
4.2. Neutron noise calculations in a BWR benchmark model

The MCNP code modified for neutron noise calculations is used for the analysis of
the neutron noise propagation in the benchmark model of a BWR core. The geometry of
the fuel assembly is based on the benchmark model proposed by the special committee
of the Atomic Energy Society of Japan (2003). The geometry of the assembly and the
materials of the fuel rods are shown in Fig. 7. Two water rods are installed in the
assembly. The cladding and the channel box are made of zirconium. The void fraction is
0% in the water rods and the water channel. Within the channel box, three cases are
considered for the void fraction: 0%, 40%, and 70%. The whole core of this model is

composed of a 16 by 16 array of the unirradiated assemblies, as shown in Fig. 8. All

12
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fuel assemblies are identical, and they extend infinitely and uniformly in the vertical
direction. No control rod is included in this model. The temperatures of the fuel pellets
and other materials are 900 K and 600 K, respectively. This model does not represent a
realistic core configuration. The objective of this study is not to perform a faithful noise
simulation in a BWR in operation; rather, the objective is to investigate the property of
noise propagation in an array of BWR assemblies.
[Fig. 7][Fig. 8]
An isotropic point noise source is placed at the center of the core, as shown in Fig.
9, which is a magnified figure of the area enclosed by the dotted square in Fig. 8. The
noise source point is located at the intersection of the water channel. The energy
spectrum of the noise source is assumed to be the same as the thermal neutron spectrum
at the source position. The spectrum of the noise source is shown in Fig. 10. The noise

source is emitted below 1 eV. Thus, the noise source is given by

L do(r,Q,E)dQ, E <leV

11
0, E>leV, -

S(r,Q,E,a))oc{

where ¢,(r,Q,E) is calculated in the kes-eigenvalue calculation for the model. The
neutron noise is detected at the intersections of the water channels where the in-core
monitors are installed in a BWR. The detection positions are shown in Fig. 9. An empty
cylinder with a height of 10 cm and a diameter of 1.76 cm is placed at each detector
position at the same elevation as the noise source. A particle with a complex-valued
weight passing through the empty cylinder is tallied as a noise signal using the track

length estimator.
[Fig. 9][Fig. 10]
The criticality calculations are performed to obtain the value of ke that is used in

Eq. (10). The ke’s for the core with the void fraction of 0%, 40%, and 70% are 1.08934

13
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+ 0.00010, 1.05973 + 0.00009, and 1.02631 + 0.00010, respectively. The prompt
neutron generation times that are calculated using MCNPG6 are 26.2 £ 0.2 us, 25.7 £ 0.2
us, and 25.2 £ 0.2 ps for the void fractions of 0%, 40%, and 70%, respectively.
Therefore, the plateau frequency range is from approximately 0.01 Hz to 44 Hz.
Alternatively, the frequency range where the neutron noise calculations can be
successfully performed using MCNP ranges from 0.02 Hz to 35 Hz.

Fig. 11 shows the horizontal distribution of the amplitude of the thermal neutron
noise (below 1 eV) for several frequencies (0.02 Hz, 1 Hz, and 35 Hz). The void
fraction in Fig. 11 is 40%. The amplitude naturally decays with the distance from the
noise source. Fig. 12 shows the horizontal distribution of the amplitude of the thermal
neutron noise at 1 Hz for the void fractions of 0%, 40%, and 70%. Each amplitude is
normalized to be the same at the nearest detector position. The neutron noise decays
more rapidly with the distance from the noise source as the void fraction decreases
because the neutron noise is prone to undergo more scattering and absorption in a lower
void fraction. This can be easily deduced by analogy with the propagation of neutrons.

[Fig. 11][Fig. 12]

The frequency dependence of the amplitude of the thermal neutron noise for the
void fraction of 40% is shown in Fig. 13. The frequency dependences at two positions
(“H1” and “D3” in Fig. 9) are compared. The frequency dependence of the point
Kinetics approximation is also shown in Fig. 13. Under the point kinetics approximation,
the frequency dependence of the neutron noise is represented by the zero-power reactor

transfer function (Duderstadt and Hamilton, 1976):
1

ia)(AJr 'B_ j
At+io

where A = 25.7 ps, = 0.007, and A= 0.08 s . As seen in Fig. 13, the frequency

Go(w) = (12)

14
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dependence of the thermal neutron noise is relatively small at the position near the noise
source, “H1”, and the dependence becomes more significant with the distance from the
noise source. At position “D3”, which is 65 cm away from the noise source, the
frequency dependence is close to that of the point kinetics. Fig. 14 compares the phase
shift of the thermal neutron noise at several detector positions (“H1”, “H2”, “H3”, and
“H4”). The phase shift of the point kinetics Gy(w) is also shown in Fig. 14. In the
same manner as the amplitude, the phase shift varies slightly with the frequency at the
position near the noise source (“H1”), and it differs greatly from the point kinetics. In
contrast, as the detector position departs from the noise source, the phase shift

approaches the point kinetics behavior.
[Fig. 13][Fig. 14]
These spatial dependences and the departure from the point kinetics behavior can

be explained by considering that the neutron noise comprises higher order modes.
Although the quantitative investigation of the higher mode effects is an important
subject for the reactor noise research, this subject is beyond the scope of this paper and
will be considered in future work. A recent approach to investigate the
space-dependence of the neutron noise proposed by Pazsit and Dykin (2018) may be
promising. We can conclude that the frequency dependence of the neutron noise is
largely affected by the detector position. Although the detector near the noise source is
very sensitive to the noise source, the detected neutron noise may deviate from the point
kinetics behavior. This characteristic regarding the spatial dependence of the neutron
noise must be considered when we conduct neutron noise research.

The efficiency of the neutron noise calculation depends on the frequency. As the
frequency decreases toward zero, the neutron noise equation, Eq. (4), becomes

equivalent to the fixed source calculation in a critical state, where the fission chain
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reactions continue endlessly. Alternatively, in the high frequency region, an
unmanageable number of particles are produced via the third term on the right-hand side
of Eq. (4) (i.e., —iwdgp/v). Thus, the calculation efficiency becomes worse in the low-
and high-frequency ranges. Fig. 15 shows the relative figure of merit of the amplitude
of the thermal neutron noise at position “H1” as a function of frequency. The
calculation efficiency is maximum at approximately 1 Hz. The current Monte Carlo
algorithm used in this study is not only inapplicable to the frequency outside the plateau
range but also requires a long calculation time for the frequency range, even if the
calculation can be successfully performed. The future work involves developing a novel
algorithm to streamline the noise calculation to reduce the calculation time as well as
preventing the exploding number of particles in the low and high frequencies.
[Fig. 15]
5. Conclusions
The Monte Carlo algorithm for solving the neutron noise equation in the frequency
domain was implemented into a production-level continuous energy Monte Carlo code.
One of the difficulties in the Monte Carlo algorithm is determining how to control the
growing number of particles produced for the low- or high-frequency noise. Some
techniques have been proposed in (Yamamoto, 2013) and (Rouchon et al., 2017) to
circumvent this difficulty. However, implementing these techniques into the modified
code would require major modifications and was thus not considered in this study. The
modified code can be applicable to the approximate frequency range between 0.02 Hz
and A + p/A (several tens of Hz). The modified MCNP code was used for the neutron
noise calculations in a one-dimensional homogeneous fuel solution. The calculation
results are compared with those obtained using the two-energy group in-house

research-purpose code. The relatively good agreement between the two codes pointed
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out the validity of the modified MCNP code.

The modified MCNP code is applied to the neutron noise calculations for a
collection of benchmark model BWR assemblies. Near the neutron noise source, the
frequency dependence of the amplitude and the phase shift differs largely from that of
the point kinetics. However, the frequency dependence becomes similar to the point
kinetics as the detector departs from the noise source. Such a spatial dependence of the
neutron noise is considered to be caused by higher mode effects. The neutron noise
detected near the noise source is most sensitive to the neutron source, and it is likely to
deviate from the point kinetics behavior. The higher order mode effect must be
considered as one of the targets of future work.

The implementation of the algorithm for controlling the number of particles
remains a topic for future work. The weight cancellation method (Yamamoto, 2013) is
difficult to implement into a production-level Monte Carlo code. The method proposed
by Rouchon et al. (2017), where the implicit capture is disabled and a pseudo total cross
section is added to the noise equation, is expected to be viable in a production-level
Monte Carlo code. However, the calculation efficiency becomes worse outside the
plateau frequency range. Thus, a novel algorithm for improving the calculation

efficiency should be pursued for future development of this research.
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Figure legend

1 Distribution of neutron noise in the 1st group (real part).

2 Distribution of neutron noise in the 1st group (imaginary part).

3 Distribution of neutron noise in the 2nd group (real part).

4 Distribution of neutron noise in the 2nd group (imaginary part).

5 Amplitude of neutron noise in the 2nd group vs. frequency.

6 Phase shift of neutron noise in the 2nd group vs. frequency.

7 BWR assembly for neutron noise calculations.

8 Plan view of the entire core configuration for the noise calculations.

9 Magnified figure of the area enclosed by the dotted square in Fig. 8.

10 Spectrum of the noise source.

11 Horizontal distribution of thermal neutron noise (40% void fraction).

12 Horizontal distribution of thermal neutron noise (1 Hz).

13 Amplitude of thermal neutron noise near and far from the noise source and point
kinetics vs. frequency.

14 Phase shift of thermal neutron noise at several points and point kinetics vs.
frequency.

15 Relative figure of merit of amplitude vs. frequency at “H1”.
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Fig. 1 Distribution of neutron noise in the 1st group (real part).
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Fig. 2 Distribution of neutron noise in the 1st group (imaginary part).
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Fig. 8 Plan view of the entire core configuration for the noise calculations.
Yamamoto

Fig. 9



D3

A 2 E B

D2

1 P e

Noise :

s
i
35

Fig. 9 Magnified figure of the area enclosed by the dotted square in Fig. 8.
Yamamoto



0.25

020
=
S
= 0.15 }
S
IS
3010 |
%
L 005 }
0.00 == '
0.001 0.01 0.1

Energy of noise source (eV)

Fig. 10 Spectrum of the noise source.
Yamamoto



0.15

. * 0.02 Hz
—~ s .
c:é U1 1 Hz
~ ] A
2 010 | : 35 Hz
= i
2e)
s D1 .
=
S H2 . .
= 0.05 +F i 4 .
c D2H3 X :
< H4D
OOO 1 1 1 1 1 1

0 10 20 30 40 50
Distance from the noise source (cm)

Fig. 11 Horizontal distribution of thermal neutron noise (40% void fraction).
Yamamoto

60

70



0.14

[ ]
012 | H1
= o 0%
<010 ¢ s = 40%
= D1 0
© 008 | . * 710%
o [
@ (-]
5 006 | H2 R
= s
£ 004 F D2 H3 MK
< ® e
0.02 | H4 D3
OOO 1 1 1
0 20 40 60

Distance from the noise source (cm)

Fig. 12 Horizontal distribution of thermal neutron noise (1 Hz).
Yamamoto

80



0.045
e D3 (64.66 cm)

. a H1 (15.24 cm)
g A —Point Kinetics
~ ¢ —é-
§ 0.035 | 4y
=
2 %
<

0.025 : : :

0.01 0.1 1 10 100
Frequency (Hz)

Fig. 13 Amplitude of thermal neutron noise near and far from the noise source and point

kinetics vs. frequency.
Yamamoto



3
[ )
-5 i [ J L 2
0| 0 ’
- B ®
i e H1 (15.24 cm) ¢
* o $

+ H2 (30.48 cm)
A H3 (45.72 cm)
o H4 (60.96 cm)
—Point kinetics

1
N
o
T
-8~

Phase shift (degrees)
o

25 F

0.01 0.1 1 10
Frequency (Hz)

Fig. 14 Phase shift of thermal neutron noise at several points and point kinetics vs.

frequency.
Yamamoto

100



1.0 F °

([

[<B)

208 | °

= o

g .

= 0.6 .

p=

204 |

T

o 02

na o .

0.01 0.1 1 10 100

Frequency (Hz)

Fig. 15 Relative figure of merit of amplitude vs. frequency at “H1”.
Yamamoto



Table

Table 1  2-group constants of uranium solution used for the neutron noise calculations.

1st group 2nd group

(10 MeV ~ 0.993 eV) (0.993eV ~)

5 (em™) 5.2521E-1* 2.4809E+0

T (em™) 3.1443E-3 2.4527E-2

vZi (em™) 1.5657E-3 6.9229E-2

Zoogsg (cm™)” 4.8226E-1 2.4275E+0

Tagsg (em™) 5.0618E-1 9.6501E-1
Zs0gogar (em™) 7 3.9151E-2 -
Zagogu (em™) 7 8.8551E-3 -

v (cm/s) 2.0889E+7 2.8386E+5

*Read as 5.2521x10 %, " P, component, Py component





