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Abstract

Time or « eigenvalues are key to several applications in reactor physics, en-
compassing start-up analysis and reactivity measurements. In a series of recent
works, a Monte Carlo method has been proposed in order to estimate the ele-
ments of the matrices that represent the discretized formulation of the operators
involved in the a-eigenvalue problem, which paves the way towards the spectral
analysis of time-dependent systems (Betzler, 2014; Betzler et al., 2014, 2015,
2018). In this work, we improve the existing methods in two directions. We
first show that the a-k modified power iteration scheme can be successfully ap-
plied to the estimation of the matrix elements in the direct formulation of the
eigenvalue problem, which removes the bias on the fundamental eigenvalue and
eigenvector of the discretized matrix, similarly to what happens for the fission
matrix in the k-eigenvalue problems. Then, we show that the matrix elements for
the adjoint formulation of the a eigenvalue problem can be estimated by using
the Generalized Iterated Fission Probability method, which we have introduced
in order to compute the fundamental adjoint « eigenfunction. We will verify the
proposed algorithms and probe their convergence as a function of the size of the
discretized matrices on some simplified benchmark configurations where exact
reference solutions can be obtained.
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1. Introduction

The characterization of the time behaviour of the system under analysis is
key to several applications emerging in reactor physics, including pulsed neu-
tron reactivity measurements (Pazsit and Pal, 2008; Cao and Lee, 2010; Hansen,
1985), reactor period analysis (Keepin, 1965; Zoia and Brun, 2016; Zoia et al.,
2016; Nauchi, 2013), reactor start-up (Pfeiffer et al., 1974), material control and
accountability in critical assemblies (Sanchez and Jaegers, 1998), accelerator-
driven systems (Persson, 2008) and perturbation theory (Yamamoto and Sakamoto,
2019; Favorite, 2018; Yamamoto and Sakamoto, 2019; Jinaphanh and Zoia, 2019).
The time evolution of neutron transport is governed by the Boltzmann equation,
possibly coupled to the equations for the delayed neutron precursors (Bell and
Glasstone, 1970). Monte Carlo simulation is considered as the gold standard
for the simulation of neutron transport, in that almost no approximations are
introduced, contrary to faster but approximate deterministic methods. Due to
their high computational cost, Monte Carlo methods have been so far mostly de-
voted to the analysis of stationary systems. However, thanks to the increasing
CPU power, the direct (kinetic) simulation of time-dependent transients includ-
ing neutrons and precursors has become accessible and will establish itself as the
reference verification tool for deterministic solvers in non-stationary regime in
the near future (Sjenitzer and Hoogenboom, 2013; Faucher et al., 2018).

Beside kinetic simulations, the assessment of the time evolution of the neu-
tron population can be usefully complemented by the spectral analysis of the
Boltzmann operator (Duderstadt and Martin, 1979). This is tantamount to de-
termining the so-called time (or a) eigenvalues and eigenmodes that stem from
supposing variable separation and a time dependence of the kind exp(at) for both
the neutron flux and the precursor concentrations. The eigenvalues «, carrying
the units of inverse time, correspond to a set of characteristic reactor frequencies;
the dominant « eigenvalue, i.e., the one having the largest real part, physically
represents the inverse asymptotic reactor period, and the associated dominant
eigenmode {goa, cl, - ,c{j represents the asymptotic distribution of neutrons and
precursors (for families 1 to J) within the reactor at long times. Several Monte
Carlo methods exist to determine the dominant @ eigenvalue and eigenmode,
encompassing the a-k modified power iteration (Brockway et al., 1985; Cullen,
2003; Zoia et al., 2015), the time-source technique (Shim et al., 2015) and root
finding procedures (Hoogenboom, 2002; Nauchi, 2013; Josey, 2018). Despite
some successful attempts, direct Monte Carlo simulation of higher @ eigenval-
ues and eigenmodes has received only limited attention (Yamamoto, 2011). In
this context, matrix-filling Monte Carlo methods have recently drawn much in-
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terest (Betzler, 2014; Betzler et al., 2014, 2015, 2018): the underlying idea is to
estimate by Monte Carlo simulation the elements of a matrix whose eigenvalues
and eigenvectors converge to the true a eigenvalues and eigenmodes in the limit
of a sufficiently fine discretization of the phase space (Betzler et al., 2018) !. This
approach is very similar in spirit to the better-known fission matrix method for
k-eigenvalues (Dufek and Gudowski, 2009; Carney et al., 2014). Although the «
eigenvalues and eigenmodes thus estimated are generally biased because of the
finite size of the matrix, this method allows obtaining a fairly accurate picture of
the entire spectrum and thus grasping the time evolution of the system (Betzler
et al., 2014, 2015), even for complex three-dimensional configurations (Betzler,
2014; Betzler et al., 2018). Moreover, once the a spectrum and the associated
eigenvectors have been determined from the matrix, the full time-dependent evo-
lution of the neutron and precursor populations can also be reconstructed, at least
in principle, by using the direct and adjoint matrices (Betzler et al., 2018).

The proposed matrix-filling Monte Carlo method based on a transition rate
method related to the adjoint formulation of the « eigenvalue equation > suffers
however from two approximations: the first is due to the fact that the exact ad-
joint formulation is in practice replaced by a forward formulation, in order to
avoid the explicit simulation of backward random walks (Betzler, 2014; Betzler
et al., 2018). The second is due to the fact that the matrix elements are estimated
and filled in the course of a k-eigenvalue or c-eigenvalue Monte Carlo calcula-
tion, which induces a systematic bias even on the fundamental eigenvalue and
eigenvector (Betzler, 2014; Betzler et al., 2018). Although both approximations
vanish in the limit of a sufficiently fine discretization of the phase space, for real-
istic systems this might require very large matrix sizes, entailing severe memory
footprint issues: contrary to the fission matrix, where only a spatial discretiza-
tion is required, the matrix associated to a-eigenvalue problems demands a full
discretization of the phase space, including space, direction and energy (Betzler,
2014).

In this work we will improve the estimation of the matrix elements for «
eigenvalue problems in two directions. First, we will show that it is conve-
nient to fill the elements of the matrix by using the a-k modified power itera-

'We remark in passing that an independent approach has been recently proposed for @ eigen-
value problems, based on a time-discretization of the fission matrix (Josey and Brown, 2019).
However, it appears that such method allows only determining the eigenvalues but not the eigen-
vectors.

2This is required since the authors formally work with the propagator of the underlying ran-
dom walks, which is by construction associated to the adjoint evolution operators (Betzler, 2014;
Betzler et al., 2018).
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tion: this approach allows natively preserving the fundamental eigenvalue and
eigenvector, which will be computed exactly 3. Second, we will show that it is
actually possible to compute the matrix elements corresponding to the adjoint «
eigenvalue equations by using the Generalized Iterated Fission Probability (IFP)
method that we have recently introduced (Terranova et al., 2017): the obtained
adjoint-weighted matrix will correspondingly preserve the fundamental (adjoint)
eigenvalue and eigenvector, as opposed to building the adjoint operator matrix
by transposing the direct operator matrix.

This paper is organized as follows: in Sec. 2 we will briefly recall the direct
and adjoint formulation of the a eigenvalue problem. In Sec. 3 we will detail the
Monte Carlo algorithms that allow estimating the matrix elements corresponding
to the discretized formulation of the operators appearing in the a eigenvalue
equations, for both the direct and adjoint problems. Numerical examples for
the verification of the proposed algorithms will be discussed in Sec. 4: for this
purpose we will consider some simplified benchmark configurations where exact
reference solutions can be obtained. A discussion concerning the obtained matrix
operators and their application to realistic configurations is presented in Sec. 5.
Conclusions will be finally drawn in Sec. 6.

2. The « eigenvalue equations

Time eigenvalue equations are obtained from the Boltzmann equation for the
time-dependent neutron flux ¢(r,Q, E,f) and from the equations for the time-
dependent delayed neutron precursors c;(r,#) by postulating variable separation
of the kind ¢(r, Q, E, 1) = ¢, (r, 2, E) exp(at) and ¢ (r,1) = cl (r)exp(at) (Bell and
Glasstone, 1970). This leads to the system of eigenvalue equations

J
@ _ Xy E)
;<ﬁa+£goa—77pgoa+zj: 2 C W
acq,j=Fd,jpa —AjCa,js
j=1,---,J. Here L denotes the net disappearance operator
L=Q-V+Z,— ffdﬂ’dE’Zs(r, Q' E' - Q,E), 2)

3The same choice appears to have been independently proposed by (Variansyah et al., 2019).
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¥ » the prompt fission operator

E
?‘p:)% f f dQ dE'vp(E)E4(r. E"), 3)

and ¥ ; the delayed fission operator associated to precursor family j

7:d,j:ffdﬂ,dE’vd,j(E’)Zf(r,E’), 4)

where X, y and v stand respectively for the macroscopic cross section of reaction
x, fission spectrum and multiplicity, and A; are the precursor decay constants for
family j. In order to keep notation to a minimum, we consider a single fissile
nucleus. The system in Egs. (1) can be rewritten in a suggestive matrix form as

Ay = aB, 5)
for the generalized eigenfunction vector ¥, = {@q,Ca.1,"** »Ca, j}T, where we have
defined the matrix operators

E E
Fp—L /ll)mifr ). /l‘IXdZI-/;r )
F. -1 0
A= T . ©)
Fas 0 o =l
and
% 0 --- 0
01 --- 0
B=(. . . . (7
00 --- 1

The spectral properties of the eigenvalue system in Eq. (5) are highly non-trivial
and have attracted intensive research efforts. For a review of the prompt case (i.e.,
when the precursors contributions are neglected), see, e.g., (Larsen and Zweifel,
1974); the general problem including precursors has received comparatively less
attention (Kaper, 1967). The conditions for the well-posedness of Egs. (5) have
been extensively analyzed (Larsen and Zweifel, 1974; Duderstadt and Martin,
1979). Under mild assumptions, a dominant discrete eigenvalue a exists, which
is simple, real, larger than the real parts of all the other @, and whose associated
eigenfunction is non-negative (Larsen and Zweifel, 1974). This ensures that,
after a transient, the neutron and precursor population will grow or decay in time
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as oc ¢®’, Due to the symmetrical nature of the involved operators, the complex
eigenvalues « (if any) come in conjugate pairs and are typically associated to
oscillatory modes (Larsen and Zweifel, 1974).

The equations adjoint to Egs. (1) are obtained from the adjoint Boltzmann
equation for the time-dependent adjoint neutron flux ¢'(r,Q, E, ) and from the
equations for the time-dependent adjoint precursor concentrations c;(r, 1) by pos-

tulating again variable separation of the kind goT(r, Q. E )= goZ,(r, Q.F) exp(—cﬁ 1)
and c;(r, 1) = cl j(r) exp(—oﬂt) (Bell and Glasstone, 1970). This leads to the sys-
tem

T
(01
—0at L = Tyga+ ) vaj(EYLr.E)e

/ ()
. (E") .
akcl’j = /ljffdﬂ’dE’Xd’i—;)(pé(r, Q' E') = Ajcaj,
j=1,---,J. Here L' denotes the adjoint net disappearance operator
Li=-Q.V+3,- f f dQdE'S(r,QE — Q' E') 9)

and 7:; the adjoint prompt fission operator

r,E’
Fi = vp(E)L/(x. E) f f dﬂ’dE’%. (10)
V4
The system in Egs. (8) can be again rewritten in matrix form as
Ayl =o' BTyl (11)
for the generalized adjoint eigenfunction vector :,[/T = { Tl el }T where
o = P o Cas]

we have defined the matrix operators

Fo=L VaBZAE) o vay(E)EATE)
| dQ dE ) — 0 1)
ulf a6y e 0 A
J 4r J

and B' = B. The adjoint and forward eigenvalue spectra are the complex con-

125 jugates of each other, i.e., coincide on the complex plane, and the eigenmodes

satisfy a bi-orthogonality condition (Bell and Glasstone, 1970).
6
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For given reactor configuration and external source, the full time-dependent
solution ¢ = {¢,c1 ---,cs}! can be expanded in terms of the a eigenfunctions as

1
Y, QE 1) = > wilt W, (1, Q, E) + (5, Q,E, ), (13)

where { is a residual non-separable function stemming from the continuum por-
tion of the a spectrum (if any) and [ is the total number of eigenvalues a; asso-
ciated to Egs. (5) (Bell and Glasstone, 1970; Duderstadt and Martin, 1979). The
coeflicients w; of the expansion satisfy the differential equations

dwi(t) _ i)+ (@a;» Q)

d (Pa 1Par)y + DL sCar))

(14)

involving the adjoint eigenfunctions and the external source Q. The brackets
denote integration over all phase space variables.

3. Monte Carlo estimators for the operators

In order to derive a numerically tractable formulation of the systems in Egs. (5)
and (11), we would like to replace the operators by matrices whose elements can
be explicitly computed (Betzler et al., 2018). For this purpose, it is convenient to
discretize the phase space over elements of the kind an dr me dQ ng dE, where

Vn, Q and E, denote space, angle and energy intervals, respectively. The idea
is then to approximate any generic operator H appearing in Egs. (5) and (11) by
its average over the phase space element n,m, g: this defines the matrix elements

<7_{f >n,m,g
<f >n,m,g ’

for an arbitrary weighting function f. Consequently, the eigenvalue problem in
Eq. (5) is replaced by the matrix formulation

Hn,m,g = <7_{>n,m,g = (15)

AY, = aBY, (16)
and the adjoint problem in Eq. (11) is replaced by
ATl = oBTYT (17)

Once the matrix elements have been estimated, the spectrum and the eigen-
vectors can be extracted by using standard linear algebra libraries (Betzler, 2014),
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similarly to what is done for the fission matrices for k-eigenvalue problems (Car-
ney et al., 2014). In the limit of a sufficiently fine discretization of the space,
angle and energy intervals, A, B — A, B and AT = AT, so that the spectrum and
the eigenvectors of the matrices converge to those of the exact formulation. The
accuracy of the introduced approximation and the rate of convergence depend
on the choice of the weighting function. We are thus left with two constraints:
the matrix elements H, ,, , must correspond to scores that can be practically es-
timated by Monte Carlo methods, and the weighting function must be chosen so
to minimize the discretization bias.

3.1. Estimating the direct matrix elements

In order to fill the elements of the (direct) fission matrix corresponding to k-
eigenvalue problems, the natural choice is to use the fundamental k-eigenmode,
which can be estimated by the regular power iteration method in Monte Carlo
criticality calculations (Carney et al., 2014). This approach preserves the fun-
damental eigenvalue and eigenvector that can be computed from the resulting
matrix, in the sense that they are unbiased independently of the size of the dis-
cretization intervals *.

By analogy, and in view of obtaining a similar unbiased estimate of the fun-
damental eigenpair, it seems reasonable to choose the fundamental a-eigenmode
as a weighting function for the forward eigenvalue problem in Eq. (5). The
fundamental eigen-pair {@,,} can be determined by applying the Monte Carlo
implementation of the a-k power iteration >, which was originally proposed for
prompt decay constants (Brockway et al., 1985) and then extended to the gen-
eral case with neutrons and precursors (Hoogenboom, 2002; Nauchi, 2013; Zoia
et al., 2015). The idea is to iteratively seek the dominant @ value that makes
Egs. (1) exactly critical with respect to a fictitious k-eigenvalue applied to the
production terms on the right hand side. For positive «, the term a/v on the left
hand side is interpreted as an additional capture cross section in the modified
power iteration (Brockway et al., 1985; Cullen, 2003). For negative a, a/v is
usually moved to the right hand side of the equation and interpreted as an ad-
ditional production term (Brockway et al., 1985; Cullen, 2003). However, the

4This property however does not carry over to higher eigenvalues and eigenvectors of the
direct fission matrix, nor to the fundamental (and higher) eigenmode of the transposed fission
matrix (Carney et al., 2014).

5 As mentioned, a few other methods exist to estimate {a, Vo), each with distinct merits and
drawbacks (Zoia et al., 2015; Nauchi, 2013; Shim et al., 2015; Josey, 2018). Here we have
chosen the a-k method, which is relatively straightforward and can be conveniently adapted to
adjoint calculations, independently of the sign of the system reactivity (Terranova et al., 2017).
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standard implementation of this algorithm has been shown to be numerically
unstable, possibly leading to abnormal termination (Hill, 1983). An improved
a-k algorithm has been proposed by introducing a copy operator with associated
cross section —na/v, with n > 0 (Zoia et al., 2014, 2015): this overcomes the lim-
itations for the case of negative a by preserving the balance between destructions
and productions (Mancusi and Zoia, 2018). Finally, the term 4;/(4; + @) acts as
a positive weight multiplier for the delayed neutrons (the dominant eigenvalue
must satisfy @ > —min [4;]). For a detailed description of the algorithm, we refer
the reader to (Zoia et al., 2015).

Suppose now that we partition the phase space into N space intervals, M
angle intervals and G energy intervals. The method proposed in this work for the
direct matrices closely follows the strategy of (Betzler et al., 2018), except for
the choice of ¢, and c,,; as the weighting functions. The corresponding matrix
elements will be thus filled by using the following Monte Carlo estimators. For
the speed matrix, the only non-trivial terms are of the kind (v_l(pC,)n,m,g, which
correspond to the average time spent by a neutron in the interval n,m, g during
the cycles of the a-k power iteration. For the total collision operator we have
(Zt@a)nm,g» Which can be estimated at each collision event. For the scattering,
prompt and delayed fission operators we have the matrix elements

<<Zs(r’ Q,’E, - Q’ E)()D(Y(r’ Q”E,»m’,g’)n,m,ga (18)
LE
</\/p(r )<Vp(E,)Ef(r’E,)‘;0a/(r’Q/’El»m’,g')n,m,ga (19)
and
(va J(ENVZp (@, ENpa (0, Q' E )y g )ns (20)

respectively, which can be again computed at collision events. The leakage term
is first transformed by applying the Gauss theorem, and reads

Q- V(Pa(ra Q, E))n,m,g = <‘fS ar'Q.- ngoa(r’, Q, E)>m,g, (21)

where S, is the surface enclosing the space element n and n is the normal to
the surface. This term can be estimated by computing the current of neutrons
streaming in and out the surfaces of the space element n, projected over the
flight direction Q (Betzler, 2014).

As for the terms that must be weighted by the precursor concentrations, ob-
serve that ¢, ; can be transformed into terms weighted by the neutron flux ¢, by

9
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using |
Ca,j = mﬁ,j%% (22)

from Egs. (1) and noting that « is known at each cycle of the a-k power iteration
after convergence has been achieved. We have thus the matrix elements

Aj x4, E)
a+d; 4r

(

va, J(ENZf(r, E o (X, Q' E )y g ), (23)

which have the same structure as those of the prompt fission operator.

Finally, the denominators needed to normalize the matrix elements can be
computed by estimating {(@q )nm,g and {cq, j)n-

When including the precursor contributions, the total matrix operator size
is (NMG +N fJ)z, where Ny < N is the number of fissile regions for which the
precursor contributions must be assigned. Mainly due to the structure of the
gradient operator and of the diagonal matrix associated to the precursor decay
constants (Betzler, 2014), the matrix operator is however considerably sparse.
Assuming a Cartesian grid for the space coordinates, with N,, Ny and N, com-
ponents along each axis (N = Ny X N, X N,), the maximum number of non-null
matrix entries is

MG [NMG + NeNy(N; = 1)+ NyN-(Ny = 1) + NyN-(Ny = )|+ NyJ
< (NMG +NJ)?, (24)

which is an important issue when considering real-world applications.

3.2. Estimating the adjoint matrix elements

Once the discretized matrix A has been filled, the adjoint matrix AT can be
in principle obtained by transposing A (Betzler et al., 2018), similarly as done
for the adjoint fission matrix in k-eigenvalue problems (Carney et al., 2014).
This approach would preserve the spectrum © (and in particular the fundamental
eigenvalue) but would also induce a bias on the fundamental adjoint eigenvector,
since the matrix elements would have been weighted by the forward fundamental
eigenmode ¢, instead of the adjoint fundamental eigenmode <p2 (Betzler et al.,
2018). This issue is entirely analogous to what happens for the adjoint fission

This consideration follows from the spectrum of a transposed real matrix being identical to
the spectrum of the original matrix.

10
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matrix in k-eigenvalue problems (Carney et al., 2014). Although this bias van-
ishes in the limit of sufficiently large matrices, for the sake of numerical accuracy
(and in view of reducing the memory footprint) it would be convenient to esti-
mate the adjoint matrix elements directly.

In a recent work, a generalization of the Iterated Fission Probability (IFP)
method has been proposed in order to evaluate <pZ (and more generally bi-linear
forms requiring both ¢, and cpz,) by relating the fundamental adjoint eigenfunc-
tion to the neutron importance /, (Terranova et al., 2017), similarly to what
is done for the regular k-eigenvalue IFP formulation (Nauchi and Kameyama,
2010; Kiedrowski et al., 2011). The Generalized IFP method provides estimates
of the neutron importance /, in a@-eigenvalue problems by recording the descen-
dants after a given number of latent generations for an ancestor neutron starting
with coordinates r,Q,E. In practice, I, is estimated by using a fixed-source
calculation, where neutrons are followed over the latent generations. The funda-
mental « eigenvalue is assumed to be known before running the calculation. For
a > 0, the additional term /v acts as a sterile capture, as mentioned above: neu-
trons can contribute to /, only being promoted to the next latent generation by
prompt and delayed fission (in this latter case, their weight is assigned a correc-
tion factor 4;/(4;+a)). For a <0, neutrons can contribute to /, also via the copy
operator with associated cross section —npa/v. The corresponding importance
I, x goj, of the ancestor neutron is estimated at the end of the latent generations
as

(Ph0)ec > i, (25)

where 7; is the corresponding statistical weight of the descendants collected at
the end of the Generalized IFP cycle for the neutrons initially sampled from
a fixed source Q, the sum being extended over the ancestors (Terranova et al.,
2017).

For the direct matrices, the a-k power iteration ensures that particles are sam-
pled according to the fundamental eigenmode distribution and matrix elements
can be constructed as regular reaction rates, as detailed above. For adjoint ma-
trix elements, on the contrary, the idea is to carefully select a source distribution
Q such that Eq. (25) yields the desired adjoint matrix element. Indeed, the ad-
joint matrix elements illustrated in the previous sections can all be written in
the form of a scalar product involving a ‘source’ weighted by the fundamental
adjoint mode, which can be thus estimated by computing the neutron impor-
tance function by the Generalized IFP method. Bearing in mind these consid-
erations, two cases are encountered: if the source for the matrix element is a

probability density function (e.g., a fission spectrum), this probability density
11
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can be straightforwardly used so as to sample the initial coordinates of the neu-
tron whose importance must be assessed. If the source for the matrix does not
lend itself to be interpreted as a probability density function (e.g., the total cross
section appearing in the adjoint collision matrix (ZtgoT>nmg), then an artificial
uniform coordinate is sampled in the selected bin corresponding to the matrix
element, and the source appearing in the expression of the matrix element will
be used as a final weighting factor for the obtained importance following from
the sampled neutron. For the discretized operators, a uniform meshing of the
phase space is preferred, since the effect of the distribution will vanish when
normalizing by the bin-integrated adjoint flux (cp*)nmg.

Similarly as in the direct case, the non-trivial part of the speed matrix is
represented by a diagonal matrix with element (%gﬂ Ynmg- The scattering

(Z(0, QE — Q' ENGL (0, E o ¢ dnmgs (26)
and fission
X (r’ E/) + , ,
p(EVZf 0, EX= 0 (0.2 E )t g Y (27)

matrix elements are obtained by uniformly sampling the incident energy and di-
rection, then sampling the scattering (respectively fission) spectrum and finally
computing the adjoint flux by using the Generalized IFP scheme. It is worth not-
ing that the normalization of these elements is performed with respect to the in-
tegrated adjoint flux (goi)mm,g, which requires a separate calculation, as (gol)n,m,g
stems from a source different from those needed for Egs. (26) and (27).

The adjoint leakage matrix is expressed by applying again the Gauss theorem
in order to convert the volume integration into a surface integration over the
boundaries of the spatial bin. This leads to

(—Q- Vol (r,. Q. E)pmg =~ f dr'Q 0t Q. E)g. (28)
Sn

The expression in Eq. (28) can be given a probabilistic interpretation: the integral
over the surface means that the starting points for the neutron ancestors must be
taken uniformly over the boundaries of the spatial bins. The angular factor Q- n,
where n is the normal vector of the surface S, implies that the starting direction
for the ancestors must be sampled by respecting an isotropic incident flux on
S, 7. This completely defines the source for the importance calculation of the
leakage term.

"The term cosfy = £ -n implies that in polar coordinates ancestors starting on the surface
must enter the domain with 8y = arcsin(2£ — 1) in two dimensions and 8y = 1/2arccos(1 —2¢£) in
three dimensions, & being uniformly distributed in (0, 1] (Zoia et al., 2012).

12
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The adjoint precursor concentrations (cj.)n can be estimated by resorting
again to the adjoint neutron flux, using

3 A; (E") .
1 aevae B o ), (29)
J 4r

a+/lj

This leads to the following matrix elements

<Vd JE)Zs(r E)<)Lﬂ) QY E D g s (30)

which have the same structure as those of the adjoint prompt fission operator.

4. Numerical simulations

In order to assess the impact of using the a-k power iteration and the Gen-
eralized IFP method in order to fill the matrix elements of the direct and adjoint
a matrices, respectively, we have selected some simplified benchmark configu-
rations that allow more easily probing the proposed methods by comparing the
obtained results to reference solutions.

4.1. The rod model

The rod model is among the simplest space- and direction-dependent trans-
port problems: neutrons move at constant speed v along a line, where only
two directions of flight are allowed, namely forward (€ = +) and backward
(Q =-) (Wing, 1962). We will furthermore assume that scattering and fission
are isotropic. Defining ¢, (x,+) the angular flux in the positive and negative di-
rection, the a eigenvalue equations read

0 o
22 () + ] S 5 ) = L0, 31

where we have defined ¢, (x) = @ (x, +) + @ (x,—), and
Lo =2 +Vp2f+Z Vd]Zf (32)

Let us consider a segment [0, L], with leakage boundary conditions ¢,(0,+) =0
and ¢, (L,—) = 0. It is possible to derive an equation for ¢,(x) alone, namely,

92 D, -1
-D, 2()0@(35) = ga' < QDQ(X), (33)
Ox 13 D,
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Figure 1: The spectrum of the rod model with neutrons and two precursor fami-
lies, as from Eq. (37). Model parameters are the following: L=2,v=1, £; =2,
2.=1,2y=3,v=2,8=0.006, v, = (1 -p)v, 41 =0.02, 51 =0.004, vg1 =B1v,
A2 =04, 81 =0.002, vg2 = Bov.

with Robin boundary conditions ¢,(0) — D00, (0) = 0 and ¢, (L) + Dq0pe(L) =

0, and
1

Dy=——. 4
o5 (34)

The general solutions of Eq. (33) can be explicitly derived (Grebenkov and
Nguyen, 2013), and read

0a(X) = \ZaDo — lcos(—vgall))a_lx]+sin[—wa_1x), (35)

a DCI

from which we can obtain the angular flux ¢, (x, +) and the precursor concentra-
tion {

Ca,j = mvd,jzfﬁ%(x) (36)
by observing that the particle current P, (x) = @ (x, +) —@q(x, —) satisfies Py(x) =

—Dy0xpq(x). The adjoint eigenmodes satisfy the relation goZ(x, +) = @o(x, F).
14
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Table 1: Parameter values for the rod model.

weighting function o ay a3
exact -0.91112104 -1.1402085 -1.5903273 + 0.46007369i
a-k -0.91112673  -1.1408138  -1.5924502+ 0.45965067:
Generalized IFP -0.91102399 -1.1410052  -1.5923255+ 0.45948174i
k -0.91103714 -1.1404864 -1.5923147 + 0.45890215i
fixed-source -0.91135365 -1.1407772  -1.5927331 + 0.45864404i

Table 2: Rod model. Comparison of the @ eigenvalues obtained from the ma-
trices filled with the method shown in the first column, for N = 1024 spatial
meshes.

The « eigenvalues stem from the dispersion law (Zoia et al., 2015)

A@) =2 oDy - 1cos(—”§“l]))"_1L] — oDy cos[—vgaDDa_lLJ =0, (37)

a (07

which is obtained by imposing the boundary conditions on the general solutions
in Eq. (35). The zeros of Eq. (37) form the discrete spectrum of the a eigen-
values for the rod model. When the precursor contributions are neglected, A(a)
yields a finite number of real eigenvalues, plus a countable infinity of complex
eigenvalues associated to oscillating modes (Montagnini and Pierpaoli, 1971);
when precursors are taken into account, J additional sets of denumerable real
eigenvalues are introduced by the J singularities at @ = —A, accumulating at the
right of each —A;. For an illustration, see Fig. 1. Equation (37) can be solved
numerically by any root tracking algorithm: the direct and adjoint modes can
be then obtained based on Eq. (35). As such, the rod model is ideally suited to
verify the accuracy of the modal analysis methods described above.

4.1.1. Analysis of the direct eigenpairs
We begin our analysis by considering the case of direct eigenvalues and
eigenfunctions. The physical parameters for the rod model are given in Tab. 1.
For this example, we have chosen a deep sub-critical configuration and we have
neglected the contributions of precursors. The dominant a-eigenvalue is ag =
—0.91112 (with corresponding k-eigenvalue ko = 0.21945). The matrix elements
15
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Figure 2: The first few (angular) eigenmodes ¢, (x,+): the eigenvectors of the
A matrix filled by the Monte Carlo calculation (symbols) are compared to the
exact solutions stemming from Eq. (35) (solid lines). Blue circles: fundamental
eigenmode ¢, (x, +); red squares: second eigenmode ¢, (x,+); green triangles:
third eigenmode ¢, (x, +).

have been computed as described in the previous sections, based on the a-k
power iteration. Since the transport model does not depend on energy and only
two discrete directions are allowed, the only discretization left is with respect to
the space coordinates, which makes easier the investigation of the convergence
of the proposed methods.

The Monte Carlo matrix-filling calculation based on the a-k power iteration
has been run with 103 inactive cycles, 10> active cycles used for scoring the
matrix elements, and 10° particles per cycle. The results of the spectral anal-
ysis from the a-weighted matrices are recalled in Tab. 2 for a discretization of
N = 1024 spatial meshes. An excellent agreement is found between the numer-
ical values coming from the A matrix filled by the Monte Carlo calculation and
the exact results stemming from the roots of the dispersion law in Eq. (37). Cor-
respondingly, the first few eigenfunctions are compared in Fig. 2 for the same
spatial discretization: again, an excellent agreement is found between the eigen-
vectors of the A matrix filled by the Monte Carlo calculation and the exact solu-
tions stemming from Eq. (35).

As discussed in the previous sections, an important issue concerns the con-
vergence of the eigenvalues and eigenvectors of A with respect to the size of the

16
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matrix, i.e., the discretization of the viable phase space. The key point is that the
use of the a-k power iteration in order to weight the matrix elements by the fun-
damental ¢, eigenfunction is expected to preserve the fundamental eigenvector
of A for any choice of the matrix size. For the purpose of probing the behaviour
of A, in addition to the a-weighted matrix we have produced two other matrices
obtained by weighting their respective elements by using the fundamental mode
of the k-eigenvalue power iteration (with 107 inactive cycles, 10° active cycles
used for scoring the matrix elements, and 10° particles per cycle) and by using
the flux resulting from a fixed-source calculation starting from a uniformly dis-
tributed isotropic source within the domain (with 108 particles). In the limit of
very large N, all these methods are expected to yield comparable results and to
converge to the exact limit ‘A. The corresponding numerical values are recalled
in Tab. 2 for N = 1024 spatial meshes and different weighting functions.

The convergence analysis of the o eigenvalues as a function of the spatial
discretization N and of the choice of the weighting function for A is shown in
Fig. 3. As conjectured, the fundamental eigenvalue aq resulting from the a-
weighted matrix A is unbiased with respect to the exact reference root of the
dispersion law in Eq. (37), independently of the discretization N (Fig. 3, left).
On the contrary, the fundamental eigenvalues aq resulting from the matrix A
with the two other weighting schemes shows a bias that is progressively reduced
as N increases. Even for this very simple benchmark example, it takes roughly
N =128 in order for the other schemes to converge to the true fundamental eigen-
value, which motivates the choice of the a-weighting schemes. Concerning the
second and third eigenvalue a1 and a3, as expected the higher-order eigenfunc-
tions are not preserved and the a-weighting method does not offer any specific
advantage (Fig. 3, right). For higher-order eigenvalues the rate of convergence of
the three schemes is similar, and it requires approximatively N = 256 to achieve
the asymptotic value.

An important issue concerns the impact of the noise intrinsically induced
by the Monte Carlo method on the elements of the matrices: in particular, we
are interested in assessing the effects of such noise on the derived spectrum and
eigenvectors. For this purpose, we have performed an ensemble of independent
replicas of the a — k power iterations and we have computed the average and
the dispersion of the obtained a spectrum and eigenvectors, as a function of
the number of simulated particles per cycle. Numerical findings are reported in
Tab. 3 and show that the standard deviation of the first few eigenvalues scales
roughly as 1/ VP, P being the number of particles per cycle.

In order to perform a similar analysis on the behaviour of the eigenmodes,

17
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Particles per cycle @ a1 Rela 3] Im[as 3]

exact -0.91112104 -1.1402085 -1.5903273 =+ 0.46007369
103 -0.91112119  -1.1449719 -1.6075309 =+ 0.45378447
Average 10* -0.91112275 -1.1450849 -1.6076210 =+ 0.45387262
10° 091111714  -1.1450994  -1.6076153 + 0.45386983
10°3 2.4 x107° 47 %1075 33 x107° 6.6 x107°
Std 10* 7.6 x107° 1.4x107° 1.0 x107° 2.0 x107°
10° 2.4 x107° 47 %1070 3.1 x107° 6.5 x1070

Table 3: Rod model. Comparison of the eigenvalues obtained from the matrices
scored during 10% replicas of a —k power iterations, each using 10° inactive
cycles, 10° active cycles and a variable number of particles per cycle.

weighting function Ry R, Ry3
exact 0.59054194 3.0407604 1.2570206
a—k 0.59067879 3.0393783 1.2640341
k 0.59067531  3.0424330 1.2634575

fixed-source 0.59038753  3.0501619 1.2631744

Table 4: Rod model. Comparison of the firs few estimators R; obtained from the
matrices filled with the method shown in the first column, for N = 1024 spatial
meshes.

we have introduced an estimator defined as the normalized integral of the i-th
eigenfunction over the half-domain, namely,

L
| f% Par,i(X, +)dx]

S ,
| Jy pariCx, +)d

R; (38)

where L is the length of the rod. The reference value for R; can be computed
based on Eq. (35). The numerical values for the first few R; are compared to
the exact solutions in Tab. 4 for N = 1024 spatial meshes and different weighting
functions.

The converge analysis of the estimator R; estimated by the matrix A as a
function of the spatial discretization N and of the choice of the weighting func-
tion for A is shown in Fig. 4. As conjectured, the estimator Ry associated to the
fundamental eigenfunction resulting from the a-weighted matrix A is unbiased

with respect to the exact solution, independently of the discretization N. On the
18
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420

Particles per cycle Ry R, Ry

exact 0.59054194  3.0407604 1.2570206
103 0.59049101 3.0517314 1.3023678

average 10* 0.59052498  3.0530707 1.3020484
10° 0.59053354 3.0511973  1.3020092

10°3 7.7 %1070 33x1073  22x1073

Std 10* 24x107° 1.0x1073 55x107*
10° 74%x107°  33x10* 62x107°

Table 5: Rod model. Comparison of the estimators R; obtained from the matrices
scored during 10% replicas of a —k power iterations, each using 10° inactive
cycles, 10° active cycles and a variable number of particles per cycle.

contrary, the estimator Ry resulting from the matrix A with the two other weight-
ing schemes shows a bias that decreases with increasing N. It takes roughly only
N = 8 in order for the k-weighted scheme to converge to the true fundamental
eigenvalue, which can be understood by observing that the deviation between
¢wk0(x,+) and ¢4 0(x,+) 1s rather small for the parameters chosen here. For the
matrix weighted on the fixed-source flux, the deviation is much larger, and con-
vergence is achieved after N = 256. Concerning the estimators Ry and R, associ-
ated with the second and third eigenfunction, all weighting schemes are biased,
and the rate of convergence of the three schemes is similar, the asymptotic value
being attained after approximatively N = 128.

In order to assess the impact of the noise induced by the Monte Carlo method
on the eigenvectors, we have performed an ensemble of independent replicas of
the a — k power iterations and we have computed the average and the dispersion
of the obtained a eigenvectors, as a function of the number of simulated particles
per cycle. Numerical findings are reported in Tab. 5 and show that the standard
deviation of the first few estimators R; scales approximately as 1/ VP, P being
the number of particles per cycle.

4.1.2. Analysis of the adjoint eigenpairs

We will now focus on the adjoint matrix AT, whose elements have been filled
by using the Generalized IFP method, as detailed above. For this example, the
Monte Carlo calculation has been performed with 10® particles, and 15 latent
generations. The @ value needed for the Generalized IFP algorithm has been
obtained from the direct calculations done in the previous section. The results
of the spectral analysis from the adjoint @-weighted matrix are recalled in Tab. 2
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Weighting function Rg R'I R; 3

exact 4.0945806x10~!  4.0407604  1.654407

Generalized IFP 4.1054467x1071  4.0016557 1.6529283
a-k and transposition  4.0981832x107!  4.0324929  1.6583581

Table 6: Rod model. Comparison of the adjoint estimators Rj obtained from the
matrices filled with the method shown in the first column, for N = 1024 spatial
meshes.

for a discretization of N = 1024 spatial meshes. An excellent agreement is found
between the numerical values coming from the A" matrix filled by the Monte
Carlo calculation and the exact results stemming from the roots of the dispersion
law in Eq. (37). This means that the relation ' = @ on the spectrum of the «
eigenvalues is correctly preserved when weighting AT by the fundamental eigen-
function goj, 8. The first few adjoint eigenfunctions are compared in Fig. 5 for
the same spatial discretization: again, an excellent agreement is found between
the eigenvectors of the AT matrix filled by the Generalized IFP method and the
exact solutions stemming from the eigenfunctions adjoint to Eq. (35). Observe
in particular that 902 satisfies cpz(x, +) = o (x,—), as expected.

The convergence of the eigenvalues associated to the AT matrix is analyzed
in Fig. 3: not surprisingly, the convergence of the eigenvalues with respect to the
matrix discretization N follows the same pattern as in the direct case. The fun-
damental eigenvalue « is similarly preserved by the matrix A", independently
of N, whereas the higher eigenvalues are not and converge to the true values in
the limit of large N.

In order to analyze the behaviour of the adjoint eigenmodes, we introduce
the estimator

L
e
Ly el

The reference value for Rl.T can be computed based on the adjoint eigenfunctions
derived from Eq. (35). Numerical values corresponding to the generalized IFP
method and to the transposed matrix obtained from the @ —k method are recalled

(39)

8This property is also preserved when approximating A” by taking the transposed matrix
AT (although A is weighted by the direct fundamental eigenfunction), since by construction
transposition preserves the spectrum.
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in Tab. 6 for N = 1024 spatial meshes. The converge analysis of the estimator R}L
estimated by the matrix A™ as a function of the spatial discretization N is shown
in Fig. 6. As conjectured, the estimator R(T) associated to the fundamental adjoint
eigenfunction resulting from the adjoint a-weighted matrix A is unbiased with
respect to the exact solution, independently of the discretization N. As for the
estimator Ri associated with the second eigenfunction, the adjoint a-weighted
matrix A" yields a biased result, which converges to the exact limit after approx-
imatively N = 32.

In the same figure we also display the estimators of the adjoint eigenfunc-
tions obtained by taking the transposed direct a-weighted matrix A” in order to
approximate AT. Figure 6 shows that this approach leads to a bias on RIT for
the fundamental and the first eigenfunction. Although the bias vanishes as ex-
pected in the limit of large N, this analysis suggests that it is general preferable
to compute A" rather than approximating the adjoint-weighted matrix by using
the transposed matrix A7,

4.2. A continuous-energy transport model

We consider now a continuous-energy transport model in an infinite medium.
The model includes scattering with an amnesia kernel (Duderstadt and Martin,
1979), capture and fission with two precursor families. All cross sections X, are
assumed to have a 1/ VE behaviour, i.e., 2(FE)= 29 / VE. The scattering kernel
M(E) is a Maxwell distribution ® with average energy E;. The prompt Xxp(E) and
delayed x4, j(E) fission kernels are also assumed to be Maxwellian distributions
with average E, and Eg4 j, j = 1,2, respectively. The fission multiplicities are
taken constant, for the sake of simplicity. The resulting a eigenvalue problem
reads

[% +z,(E)]goa(E):M(E) f dE'Sy(E")pa(E") +xp(E) f dE"vpXy(E)¢a(E)

4 , -
+Zj: 2+t f dE'vy jZf(E)a(E'), (41)

9The normalized Maxwell probability density M(x) is given by

2 1
N (40)

M) = AL

where 0 is the average of the distribution.
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where v(E) = VE. By virtue of the simple functional forms chosen for this
configuration, the eigenvalues and eigenfunctions can be determined exactly. In
particular, the eigenvalues are the roots of the dispersion law

A@) = a+%)-v,% Z Ty =0, (42)
where X0 = 20 ¥Y, and the eigenfunctions read
VE |50 0
E)= SOM(E) +vpZ9xp(E) + —vaZpxaj(E)|. (43
#ulE) = g | BME) + 3y () Z o Ea (B, (43)

for the values « that satisfy the dispersion law. As for the adjoint eigenvalue
problem, we have the equation

[@wt(E)]%(E) Zy(E) f dE' M(E')pl(E")+vpX f(E) f dE X p(E o (E)

+Z Lva B8 [ B EUE). @)

By inspection, the eigenfunctions are QDZL,(E) = 1, independently of @, with the
same associated spectrum as in the direct problem.
For this example, we have chosen the following parameters: X0 = 0.6, 20 =

0.3, Z(} =0.1; for the fission multiplicities we have set v, =2 and v4,; = B,v4, with

vqg =0.5, 81 =0.25 and B> = 0.75; for the scattering law we have taken E = 1073;
for the prompt and delayed fission kernels we have taken the averages £, = 1,
E;1 =0.1 and E;2 = 0.01, respectively; for the precursor decay constants we
have taken A; = 2.5 and A, = 5.

The first few eigenvalues obtained from the matrices are compared to the ref-
erence solutions in Tab. 7 for N = 1024 energy meshes. The direct eigenfunctions
resulting from the matrices filled by a-k power iteration (with 103 inactive cy-
cles, 103 active cycles and 10° particles per cycle) are compared to the analytical
solutions in Fig. 7, for a discretization corresponding to G = 256 energy intervals.
The first few modes are in excellent agreement with the reference solutions. The
numerical findings for the adjoint problem, obtained from the Generalized IFP
method with 108 particles and 15 latent generations, are shown in Fig. 8: again,
an excellent agreement is found between the eigenvectors stemming from the
matrices and the exact solutions, despite the fact that the adjoint eigenfunctions

for this problem are degenerate.
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weighting function 7 aq a
exact -0.44365178  -2.5149493 -5.0413989

a-k -0.4436851 -2.5149039  -5.0414104
Generalized IFP -0.443671223 -2.5149282 -5.0413210

Table 7: Continuous-energy model. Comparison of the first few eigenvalues
obtained from the matrices scored with the method shown in the first column,
with N = 1024 energy groups.

5. Discussion

The examples discussed in the previous section are very simple and have
been precisely chosen in order to compare the obtained numerical results against
reference solutions. In view of the application of the proposed methods to real-
world reactor configurations, some issues must be carefully examined and taken
into account.

The first concerns the size of the matrix operators and hence the involved
memory footprint. A first glance to the involved order of magnitudes might
suggest that the overall size of the matrices involved in a-eigenvalue problems
may become too large to work with for any practical case, due to the need of
separately discretizing space, direction and energy (contrary to the k-eigenvalue
problem, where only a spatial discretization is typically required (Dufek and Gu-
dowski, 2009; Carney et al., 2014)). Consider for instance a three-dimensional
configuration, and assume that each variable is partitioned into 10% bins: this
would lead to a total number of 10'° bins, i.e., to a number of 10?° matrix en-
tries. This applies to both direct and adjoint matrices. Such huge number clearly
corresponds to an unaffordable memory footprint '° on current machines (and on
future, at least for a very long time).

In practice, however, the a-eigenvalue matrices have been already applied to
realistic systems, including small research reactors (Betzler, 2014; Betzler et al.,
2018): as discussed in Sec. 3, the involved matrices have a sparse nature, and
the number of non-null entries is much smaller that the total size of the matrices
(see in particular Eq. (24)). Furthermore, one can often take advantage of the
existing symmetries in order to reduce the dimension of the problem. Moreover,
for the energy and angle variable 10? bins are probably excessive with respect
to most problems of interest. To provide an example, for a two-dimensional

10Suppose that each entry is represented by a double-precision floating-point number.
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representation of a reactor core, by taking Nx = N, = 10? for the spatial mesh,
M = 8 for the directions, G = 30 for the energy groups and J = 6 for the precursor
families, we would have ~ 6 x 10!3 bins for the full matrix, but less than ~ 6 x 108
non-null entries. Even in this case, however, and despite all the simplifications,
the memory footprint would be challenging for current machines. Numerical
tests of convergence should be also performed a posteriori in order to ensure that
at least the spatial shape of the eigenvectors has been correctly captured. The
benchmark configurations examined in this manuscript clearly do not address
these problems, since only a single dimension has been discretized and careful
convergence tests were thus possible.

The second issue concerns the applicability of these matrices to the analysis
of system changes. The whole a-eigenvalue expansion is based on the assump-
tion that the physical properties of the system under analysis (such as cross sec-
tions, fission spectra, multiplicities, etc.) do not evolve with time: eigenvalues
and eigenvectors are computed for a specific state. In real-world configurations,
these properties naturally change, due to external actions (control rod move-
ments), physical feedbacks (Doppler effect, etc.), or both. In principle, once the
system changes the computed alpha eigenvalues and eigenvectors are no longer
valid and cannot be used. This leads to two different approaches: one can either
introduce (short) time steps and re-compute the required matrices at each time
step, or use some clever interpolation between the initial and final configura-
tions of the system. The former method would lead to an unreasonable memory
occupation (and most probably also computation time). The latter method has
been suggested (Laureau et al., 2015) and successfully applied (Laureau et al.,
2017b) for the Transient Fission Matrix approach, and seems thus much more
promising '!.

In view of these considerations, and based on the increasing availability of
direct time-dependent Monte Carlo simulations for reactor physics problems
(which natively include moving geometries and physical feedbacks (Sjenitzer

and Hoogenboom, 2013; Faucher et al., 2018)), the main interest of the a-eigenvalue

matrix operators seems for higher-order mode analysis rather than for recon-
structing the time evolution of a system via eigenmode expansion: knowledge
of the first few a-eigenvalues and eigenfunctions for a given reactor state might
help, e.g., in locating the most appropriate detector positions for on-line core
monitoring. Nonetheless, a comparison in terms of performances and accu-

"n particular, the application of perturbation techniques such as correlated sampling has
been shown to enhance the performances of the interpolation methods in realistic applications,

including multi-physics feedbacks (Laureau et al., 2017a).
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racy with respect to existing matrix-based methods (using time-dependent Monte
Carlo methods as a reference) for the approximation of the reactor kinetics will
deserve further investigation.

6. Conclusions

Knowledge of the a eigenpairs is key to several applications in reactor physics.
In a series of recent works, it has been proposed to use Monte Carlo methods in
order to estimate the elements of the matrices that represent the discretized for-
mulation of the operators involved in the a-eigenvalue problem. In this work, we
have suggested some strategies to overcome two possible shortcomings of the
existing algorithms. We have shown that the bias possibly appearing on the di-
rect fundamental eigenvalue and eigenvector for smaller sizes of the discretized
matrix can be removed by using the a-k modified power iteration method as
a weighing function. This corresponds to weighting the matrix elements by the
fundamental mode ¢,,, which is expected to preserve the fundamental eigenvalue
and eigenvector of the matrix, similarly to what occurs for the fission matrix in k-
eigenvalue problems. We have successively shown that the matrix associated to
the adjoint a-eigenvalue problem can be estimated by using the Generalized It-
erated Fission Probability method, which was recently introduced as a reference
Monte Carlo method to compute the fundamental adjoint « eigenfunction. Since
this approach corresponds to weighting the matrix elements by the fundamen-
tal adjoint eigenfunction, the fundamental adjoint eigenvector of the discretized
matrix will be similarly preserved.

The proposed direct and adjoint methods have been verified on two bench-
mark problems where exact reference solutions were available for both the eigen-
value spectrum and the direct and adjoint eigenfunctions, and their convergence
and accuracy have been extensively assessed. The impact of alternative weight-
ing schemes (such as the k-eigenvalue fundamental mode or the flux resulting
from solving a fixed-source problem) and the differences between the adjoint
matrix and the transposed direct matrix are most probably emphasized by the
choice of the benchmark problems presented in this paper: future work will be
aimed at extensively assessing the performances and the robustness of the pro-
posed method for more realistic configurations combining spatial and energy
heterogeneities.

We conclude by observing that the strategy presented in this paper in order
to fill the matrix elements of the adjoint matrix by the Generalized IFP method
might be easily extended to the k-eigenvalue formulation: instead of using the

transposed direct fission matrix, one could use the regular IFP method (which
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yields the importance function for the k-eigenvalue problems) so as to produce
the adjoint fission matrix, thus avoiding the bias on the fundamental adjoint
eigenvector.
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Figure 3: Convergence of the first few eigenvalues «; as a function of the number
of spatial meshes N and of the weighting function for the matrix A. Left: the
fundamental eigenvalue «g; right: @ and a,. Black solid lines correspond to
the exact reference values from the roots of the dispersion law in Eq. (37). Blue
circles correspond to results obtained from the a-weighted A matrix; red squares
to the k-weighted A matrix; green triangles symbols to the matrix A weighted by
a fixed-source flux. Solid lines have been added to guide the eye. In addition,
we display with magenta diamonds the corresponding eigenvalues obtained from
the adjoint matrix AT weighted by the adjoint a-eigenfunction resulting from the
Generalized IFP method.
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Figure 4: Convergence of the first few estimators R; as a function of the num-
ber of spatial meshes N and of the weighting function for the matrix A. Black
solid lines correspond to the exact reference values based on Eq. (35). Blue cir-
cles correspond to results obtained from the a-weighted A matrix; red squares
correspond to the k-weighted A matrix; green triangles correspond to the ma-
trix A weighted by a fixed-source flux. Left: the estimator Ry associated to the
fundamental eigenfunction ¢, o(x,+); right: the estimator R; associated to the
second eigenfunction ¢, 1(x,+) and the estimator R, associated to the second
eigenfunction ¢, 2(x,+). Solid lines have been added to guide the eye.
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Figure 5: The first few (angular) adjoint eigenmodes gol(x, +): the eigenvectors
of the A matrix filled by the Monte Carlo calculation (symbols) are compared to
the exact solutions stemming from the equation adjoint to Eq. (35) (solid lines).
Blue circles: fundamental adjoint eigenmode goj,o (x,+); red squares: second ad-

joint eigenmode 9021 (x,+); green triangles: third adjoint eigenmode gozz (x,+).
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Figure 6: Convergence of the first few estimators Rj as a function of the number
of spatial meshes N. Black solid lines correspond to the exact reference values
based on Eq. (35). Blue circles correspond to results obtained from the adjoint
a-weighted AT matrix; red squares correspond to the direct a-weighted AT ma-
trix. Left: the estimator Rg associated to the fundamental adjoint eigenfunction

(pl o(x, +); right: the estimator RJIr associated to the second adjoint eigenfunction

(,02; ,(x,+) and the estimator R; associated to the second adjoint eigenfunction

(,o:; ,(x,+). Solid lines have been added to guide the eye.
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Figure 7: A continuous-energy transp303rt problem. Comparison of the direct
eigenfunctions resulting from the matrices filled by a-k power iteration (dis-
played as symbols) with the reference solutions given in Eq. 43 (displayed as
solid lines). Left: blue circles denote the fundamental eigenfunction ¢, (E):
right: red squares the second eigenfunction ¢, (E) and green triangles the third
eigenfunction @, (E).
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Figure 8: A continuous-energy transport problem. Comparison of the adjoint
eigenfunctions resulting from the matrices filled by Generalized IFP method
(displayed as symbols) with the reference solutions given in Eq. 43 (displayed as
solid lines). Blue circles denote the fundamental adjoint eigenfunction 9020 (E);

red squares the second adjoint eigenfunction (,0:;1 (E); green triangles the third
adjoint eigenfunction ‘PZZ (E).
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