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Nuclear reactor cores achieve sustained fission chain reactions through the so-called “critical state”—a subtle
equilibrium between their material properties and their geometries. Observed at macroscopic scales during
operations, the resulting stationary neutron field is tainted by a noise term that hinders various fluctuations
occurring at smaller scales. These fluctuations are either of a stochastic nature (whenever the core is operated at
low power) or related to various perturbations and vibrations within the core, even operated in its power regime.
For reasons that are only partially understood using linear noise theory, incidental events have been reported,
characterized by an increase of the power noise. Such events of power noise growth, sometimes up to seemingly
unbounded levels, have already led in the past to voluntary scramming of reactors. In this paper, we will use a
statistical field theory of critical processes to model the effects of neutron power noise. We will show that the
evolution of the neutron field in a reactor is intimately connected to the dynamic of surface growths given by
the Kardar-Parisi-Zhang equation. Recent numerical results emerging from renormalization-group approaches
will be used to calculate a threshold in the amplitude of the reactor noise above which the core enters a new
criticality state, and to estimate the critical exponents characterizing this phase transition to rough neutron fields.
The theoretical model of nonlinear noise built in this paper from ab initio statistical mechanics principles will be
correlated and compared to data of misunderstood reactor noise levels and reactor instabilities and will be shown

to provide both qualitative and quantitative insights into this long-standing issue of reactor physics.
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I. INTRODUCTION

A. Phenomenology of nuclear instabilities

More than 430 nuclear reactors are currently in oper-
ation worldwide, the vast majority of them being thermal
water-moderated reactors: neutrons are slowed down through
successive scattering by protons and induce fissions on heavy
nuclei once thermalized. Among these reactors, the two main
technologies are pressurized water reactors (PWRs) and boil-
ing water reactors (BWRs). While both technologies benefit
from a long and extensive experience feedback—dating back
to the 1970s—neutron flux fluctuations measured by in-core
and ex-core instrumentation have attracted much attention
for two opposite reasons. On the one hand, this so-called
“neutron noise” is a powerful diagnostic tool to characterize
and eventually locate reactor core perturbations [1]. On the
other hand, large noise baselines in PWR reactors and in-
stability events with sometimes sudden increases in noise in
BWRs have themselves been a recurrent cause for concern.
Originally termed reactor instabilities, the phenomenology of
these largely unexplained sudden neutron noise patterns soon
caught the attention of reactor physicists (see, for instance,
the OECD international benchmark on the Swedish BWR
Ringhals 1 core [2]). Since then, several such events have
occurred in BWRs, noticeably in Sweden and Mexico [3].
The attention devoted to neutron noise has recently been re-
newed, taking the form of international collaborations [4], as
recent measurements in various PWR reactors have identified
drifts and contained increases of their neutron noise during
operations. Furthermore, many of these reactors exhibit a
high baseline of noise during normal operation, such as in
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pre-Konvoi and Konvoi PWRs in Germany [5], Switzerland
[6], or Spain [7,8], and even more recently in the first op-
erating EPRs [9]. Although normal noise levels depend on
reactors (they are close to 0.2% [10] for Westingouse PWRs,
2% for Konvoi, and 5% for pre-Konvoi [11]), both a pro-
gressive increase exceeding 10% [12] and sudden unstable
events developing on a ~1 min timescale have been recorded,
particularly on BWRs [3,13]. In these last cases, fluctuations
would swiftly exceed these values, leading to immediate re-
actor scramming [14]. Depending on local regulations and
industrial procedures, some reactors now have a reduced nom-
inal power to avoid the development of such instabilities,
with a threshold usually set between 8% and 10% [11]. On
top of that, many reactor automatic protection systems are
based on the calculation of the time derivative of the core
power to eventually prevent unwanted power excursion. This
strategy can be affected by high neutron noise, thus translating
a commercial matter into a nuclear safety concern.

B. Modeling of stochastic noise

The current understanding and modeling of neutron noise
is based on neutron transport theory, which aims at studying
the behavior of neutron gas evolving in multiplicative me-
dia. Neutron transport theory is key to reactor physics, as it
constitutes the foundation upon which simulation codes are
developed and used to support all industrial activities revolv-
ing around reactors, such as radiation shielding and criticality
safety studies, fuel cycle management, and reactor operations,
just to name a few. It supposes that the average behavior
of the dilute neutron gas is faithfully described by a linear
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Boltzmann equation, clearing the path to the development and
use of various approximation schemes. The most widespread
of these schemes is the so-called diffusion theory: neutrons are
considered at thermal equilibrium so that the spatiotemporal
characteristics of their population—and the associated core
power distribution—are properly reproduced by a simple heat
equation [15]. With proper adjustments of the coefficients of
diffusion equations, the numerical schemes are so accurate
that they are implemented in the automatic protection systems
of many commercial reactors for core operations and scram-
ming procedures. However, power fluctuations can affect the
overall statistics of neutrons within the reactor. At start-up,
for example, the so-called zero-power state of the core can be
subjected to stochastic fluctuations, arising from the random
path of neutron flights and from the stochastic nature of the
fission process, producing variable numbers of neutrons each
time heavy nuclei are fissioned. The fission process in fact
equips the random walk with a branching structure [16-18].
Building on a number of theoretical studies [19-21], recent
experimental results [22] have provided a concrete example
of such low-power phenomena developing in the core: the
emergence of spatiotemporal correlations, dubbed “neutron
clustering,” offers a concrete example of an in sifu mechanism
ultimately leading to deviations from the expected neutron
distribution.

C. Modeling of power noise: The linear noise hypothesis

At high reactor power, the need to cool the core imposes
high coolant flow rates, leading to various vibrations of its
components such as the internals, the fuel rods, or the assem-
blies. Because the water serves as a neutron moderator, these
vibrations therefore translate in a random noise on local reac-
tivities (i.e., related to the net production of neutrons) because
induced fissions are extremely sensitive to the incoming neu-
tron energies. The observable consequence is that the neutron
flux, measured by in-core or ex-core detectors, also develops
fluctuations around its mean value. As previously pointed
out, the neutron noise can be used as a diagnostic tools to
characterize and eventually locate reactor core perturbations
[1], but it is also perceived as a safety concern. Indeed, on
the one hand, reactor automatic protection systems calculate
in real time a derivative of the flux to appreciate its varia-
tions. This enables detection, for instance, of accidental power
transients: blinding such a protection system may jeopardize
the safety strategy. On the other hand, more worryingly, high
reactor noise levels and instabilities sometimes appear: power
fluctuations and oscillations progressively or abruptly might
increase to require, ultimately, reactor scramming procedures
[14]. Such events have attracted a great deal of attention in
the past 50 years to the present day [4] and have triggered
theoretical [23] and numerical [24] investigations. Known to
be associated with fluctuations in coolant temperature and
vibrations of reactor components, these events and the param-
eters that influence them are still only partially understood [5].

Linear noise theory is the main theory upon which this
understanding of neutron noise is based. Its derivation relies
on fundamental principles of neutron transport and assumes
a linearity in the summation of neutron noise sources. Under
this assumption, both a theoretical description of its properties

and numerical schemes can be devised, either using determin-
istic (i.e., mesh based) codes, or using Monte Carlo transport
codes. Many such codes have been built over the years, such
as the CORE-SIM simulation tool [25], just to name the most
recent one. In the context of a simplified two-group scheme,
this tool is a meme to estimate eigenvalues, eigenvectors,
and first-order neutron noise capable of robust predictions
(see [26,27] for instance). More or less recent works using
complex numbers to describe the neutron noise sources have
also progressively been conceived and improved, also leading
to accurate first-order noise numerical schemes, such as the
exact weight cancellation [24]. However, since the 1960s,
it is known that self-induced (i.e., nonlinear) power oscilla-
tions can lead to reactor instabilities, particularly in BWRs
[28]. In an attempt to describe such events, a few numerical
schemes were elaborated, the most recent one being based on
a ladder expansion technique implemented over a Galerkin
finite-element method [29]. The rarity of such numerical
codes, which rely on heavy approximations and assumptions,
can partly be explained by the difficulties to build any theo-
retical models of nonlinear noise that could help in validating
them. Also, because the theoretical models themselves con-
tain different degrees of phenomenological observations, no
analytical predictions have helped as of yet to confirm the
validity of the numerical tools. One of these theoretical mod-
els of nonlinear noise recently published [30] hinges on a
common experimental observation made during various noise
incidents/accidents mentioning abrupt changes in the noise
following a smooth variation of the reactor control parameter
(such as, for instance, the boron carbide control rods), and it
indeed suggests there may be a relationship between nonlinear
neutron noise and a Hopf bifurcation consecutive to a phase
transition. Such a formulation describing neutron noise in
terms of phase transition was recently devised [31] thanks to
recent developments in the statistical field theory of reaction-
diffusion processes [32]. While limited to stochastic neutron
noise, the fluctuations of the neutron population arising from
their branching random walk were formally related to critical
phenomena, even in the presence of stabilizing feedback (such
as the Doppler effect [33]). These fluctuations were proved to
be related to a time-directed percolation process and to shift
the effective random walk of neutrons from a diffusive to a
superdiffusive behavior [31]. Because such counterreactions
do not occur at the “zero power” stage of the reactor, this
model was limited to describing numerical artifacts occurring
during the simulation of the neutron transport in multiplica-
tive media (such codes implement a feedback through the
so-called population control mechanism [21,34] that stabilizes
the neutron statistics [35]).

This model, while limited to describing stochastic fluctua-
tions, nevertheless paved the way to a proper modeling of real
neutron noise occurring during the power regime of reactors,
using a similar statistical field theory of critical processes. In
Sec. II we will describe the statistics of neutrons in fissile
media using a stochastic heat equation with multiplicative
noise. Relating this equation to the celebrated Kardar-Parisi-
Zhang (KPZ) equation, we will show that the reactor might be
subjected to a roughening phase transition, where the neutron
field becomes rough and is described by the exponents of
the KPZ universality class, even when reactor feedbacks are
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considered. Using results from both perturbative and non-
perturbative numerical approaches to estimate both the phase
transition threshold and the fixed point value, Sec. III will first
briefly present the phenomenology of reactor instabilities and
then select two reactor instability events so as to correlate the
roughening transition model with reactor experimental data.

II. NUCLEAR REACTOR MODEL
AND THE KPZ EQUATION

At start-up, the power in nuclear reactors can be extremely
small—around 1 kW—and the associated neutron statistics
is therefore close to 10° cm™3, lending itself to stochastic
fluctuations. The power regime is instead associated with
high neutron densities: indeed, when the reactor reaches its
nominal power, the neutron densities are 10' cm~3, and
stochastic fluctuations have been totally washed out. At this
point, fission reactions release gigawatts of thermal power:
such a heat source must be transferred from the primary to
the secondary loop through increased flow rates of the coolant
primary pumps. The subsequent temperature fluctuations and
induced vibrations are therefore intrinsically associated with
high neutron densities and high fuel temperatures, and feed-
back effects might need to be taken into account for a proper
description of the neutron gas. In this section, we will first
build a simple reactor model in the intermediate temperature
regime—where thermal feedback mechanisms can safely be
neglected—and then in the high-temperature regime, adding a
quadratic field to model the Doppler temperature effect.

A. Nuclear reactor model

While research and development reactor physics codes rely
on solving the transport equation on fine energy meshes (such
as 281 energy groups for the EDF COCAGNE code [36]), in-
dustrial numerical schemes dedicated to in sifu operation of
light-water reactors in real time most often rely on the two-
group diffusion approximation [37]: thermal neutrons induce
fissions and outgoing neutrons belong to a fast energy group
prior to their slowing down to the thermal group. Both groups
are simple diffusion equations with proper experimentally
adjusted coefficients. Even a one-group diffusion equation al-
lows us to grasp the main spatial features of the neutron
field. The temporal behavior is also adequately described by a
double timescale: most neutrons produced during fissions are
called prompt neutrons and are emitted on a short (107'* s)
timescale, while a small fraction of these neutrons, which are
called delayed neutrons, are produced following electroweak
interactions within fission fragments on rather long timescales
(from 1 s to 1 min). However, the study of stationary spa-
tial distribution can safely be based on only one effective
timescale, denoted A. Finally, as is usually done, the resulting
one-group diffusion equation is supplemented by a stochastic
term that models the random temporal and spatial fluctuations
within the core. The resulting equation can be written as

%n(z, 1) = DAn(E. 1) + %n()’é, D+ oEE DG 1), (1)

where n(X,t) denotes the neutron density field, D is the
diffusion coefficient, A is the three-dimensional Laplace

operator, p is the dimensionless reactivity (a net balance
between neutron productions by fissions and neutron disap-
pearance by captures), and o& (X, t) is an uncorrelated white
noise of strength o given by

(E@DER, 1)) = 8@ -3¢ —1) 2)

[6 being the standard Dirac delta function and &(X,7) the
normalized component of the uncorrelated white noise]. The
multiplicative white noise term reflects the various periodic
fluctuations in the power regime (see, for instance, Ref. [38]
among many others) that occur on different spatial scales: for
instance, in pressurized water reactors (PWRs) the smallest
perturbation size a is such that @ ~ 1 cm, and it is associated
with temperature fluctuations in the coolant flow [8], while
mechanical vibrations of the core components range from
intermediate scales up to the whole reactor typical size L—
between two and three orders of magnitude above. In fact,
both scales introduce natural regularization of the white noise:
a in the UV sector and L in the IR sector. Noticeably, stochas-
tic fluctuations occurring on microscopic scales cannot be
adequately grasped by such a multiplicative noise model but
can instead be described by additive noise [31].The potential
contribution of such a multiplicative stochastic noise to signif-
icant nonlinear effects in reactor physics, potentially leading
to instabilities, has been recently acknowledged [30] through
the use of catastrophe theory as a possible phenomenological
explanation. In the next subsection, a comprehensive approach
to solving the power noise equation is proposed based on a
close connection between reactor power noise and the dy-
namic of surface growths.

B. The roughening transition model
1. Reactor power noise and dynamics of surface growth

Known in statistical physics literature as the stochastic
heat equation (SHE) with multiplicative noise, Eq. (1) can be
reformulated using the following change of variables:

_,pe/A
c=2D T 3)

D v
v=D, n=--o,
where a free positive parameter A was introduced. Then,
associating the neutron density field n(X,t) to a height
field h(X,t) through a Cole-Hopf transformation n(X,t) =
exp[%h(i, t)] allows us to map our stochastic heat equation to
a A-parametrized family of Kardar-Parisi-Zhang (KPZ) equa-

tions supplemented by an additive term c,
0 Ao
Eh(x, 1) =vAh+ E(Vh)2 +nEE, 1) +c, 4)

where v, n, and ¢ will be referred to, respectively, as the
diffusion coefficient, the strength of the noise, and the speed
of the surface growth in the KPZ equation. Whenever the
reactor is stationary, p is close to 0 and the constant term ¢
also becomes small. Conversely, the KPZ equation is mapped
onto the SHE through
A=2 D * 5

pIA == =V, o= )
This connection between the power noise equation of reactor
physics and the KPZ equation, which relates the power fluc-
tuations of a reactor to the dynamics of surface growth, went
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largely unnoticed in the reactor physics community. To better
understand it, and since the choice of a particular Cole-Hopf
transformation fixes the relative amount of stochasticity and
of nonlinearity in the KPZ equation, it is possible to choose
the natural gauge A/v = 2, which leads to the equation

%h(?c, 1) =DAh+D(VhY + o £E@E 1)+ p/A.  (6)

This particular form underlines a simple alphabet connecting
the neutron density field to surface growth. In fact, the speed
of surface growth is given by the reactivity state of the reactor:
when the reactor is supercritical with constant positive reac-
tivity p, the surface grows at a speed p/A. Also, while the
neutron diffusion coefficient D drives both the smoothing by
evaporation and the lateral growth of the surface in the same
proportions (in this particular gauge), the multiplicative noise
of the reactor in the power regime becomes an additive noise
in the KPZ equation. In a spirit of generality, in the following
we will not fix any particular gauge, and we will use Egs. (3)
and (5) to connect the KPZ equation and the SHE equation.
We will, however, set p to 0 when numerical applications
will be tackled as only reactors close to criticality will be
considered.

2. KPZ renormalization in dimensiond = 3

Surprisingly, when looking at characterizing the KPZ uni-
versality class, it is customary to use the inverse Cole-Hopf
transformation so as to get rid of A nonlinearity in the
KPZ equation. In this context, the multiplicative noise equa-
tions describing reactor fluctuations are used, in a mirror
approach, as a means to solve surface growth equations, and
no gauge related to the Cole-Hopf transform needs to be fixed.
In an effort to briefly summarize the large literature on the
subject, the study of fluctuations in statistical field theory can
be reduced to three steps: (i) the white noise is first regu-
larized introducing a momentum scale «, (ii) a field theory
in the manner of Janssen—De Dominicis—Martin-Siggia-Rose
(JDMSR) [39-42] is employed to relate the calculation of
observables to an effective «-regularized action Sy, and finally
(iii) a renormalization-group (RG) analysis is performed to
define hypothetical fixed points in the RG flow procedure and
to calculate the critical exponents of these fixed points. In our
case, the white noise regularization can be done following
Ref. [43] by taking the UV limit k= — 0 of a spatially
colored noise,

E@DER, 1)) =81 — 1)V (X —X), (7

with Ve (F = % — ) = (k//7)*e" " being the momentum-

dependent spatial correlation of the noise model, such that

Vi (F) —— §(7). Interestingly enough, this noise regulariza-
K—> 00

tion is extremely close to physical noise models built to
reproduce flow temperature fluctuations in reactor physics [8].
Observables (O[n]) can then be expressed as a functional
integral over noise configurations through

(O, = / Dt OnlPIE], ®)

where the normalization constant has been intentionally omit-
ted and where P[-] is the probability of a given noise

configuration £, assumed to be Gaussian in the following.
Still following the JDMSR approach, this functional integral
is shown to be equal to

(O[n)), = / DnDii O[n] exp <71 )

In this expression, the auxiliary field 7(X, ) has been intro-
duced, and the effective action S, for a critical medium is
given by

Seln, n] = /dtd)'c'ﬁ()'c', 7)[0; — %]n(}?, T)

_ j‘; / dtdzd¥'i(z, Tn(, 1)V, (& — 2)AE, )

x n®@, 1) (10)

with a time rescaling T = 2D¢, and using the notation g =
%2 for the bare coupling constant. Taking the UV limit and
neglecting the power of the fields higher than quadratic (con-
sidered to be irrelevant under the renormalization group [43])
finally leads to

Seln, ii] —> /dtd)? |:ﬁ()?, [0, — %]n()?, ) — g(nﬁ)2j|.
(11)

Restraining the action to (nfi)> powers of the neutron field
suggests a mapping between the intuitive picture of two-boson
attractive interactions in particle physics [43], and the contact
interaction of traveling noise sources (seen as perturbation of
the neutron field) in reactor physics. Past a certain threshold
in the amplitude of the vibrations/fluctuations encoded in the
coupling constant g, the noise perturbations traveling in the
reactor become ‘“‘sticky” and start to add up and to roughen
the neutron field. Unlike in linear noise theory, this nonlin-
ear interaction opens the door to potential beyond-mean-field
effects that can adequately be analyzed used renormalization-
group techniques, as in the following.

3. Roughening phase transition

Introducing the dimensionless running coupling

Seln, ii] ——> /drd?c |:r"z(7c, 6. — 2. o) — g(nﬁ)2i|,
K00 2 4

12)

8= %I{, the renormalization of g is achieved by requiring the

scattering amplitude (between two noise perturbations) to be

k (i.e., cutoff) -independent, which takes the form of fixed
points in the dimension d = 3 Callan-Symanzik equation

g . @

Ik 4m)321r@3/2)
(T is the standard Gamma function.) This equation possesses
two fixed points. The fixed IR point § = 0 corresponds to
k — 0, setin practice by the IR cutoff ¥ ~' = L. The fixed UV
point g, = (47)3?I"(3/2) corresponds to k — 0o, obtained
in practice for k! = a. In agreement with Refs. [44-46],
when considering numerical applications, we will set the min-
imum spatial scale a close to unity [46] since a = ¢/, where

¢ is the crossover length [46] below which no fluctuations are
included [47]. As discussed in Sec. IT A, in the power regime

(13)

o>
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the minimal spatial scale of fluctuations is considered to corre-
spond to temperature perturbations with ¢ ~ 1 cm [8]. Using
these notation, the bare noise coupling oy corresponding to
the roughening transition threshold can be expressed in terms
of the bare diffusion coefficient of Eq. (1) following

o2 =4JmDc¢. (14)

4. Renormalized parameters and critical exponents

Below this neutron noise threshold, the behavior of the
reactor should be given trustably by the mean field. Above
this threshold, the RG flow pushes the coupling ¢ and the
coefficients of Eq. (1) toward renormalized values associated
with the so-called strong noise regime. Therefore, the critical
state within the reactor shifts to the KPZ universality class.
The renormalized value g* of the UV fixed point in dimension
d = 3 is shown to be close to g* ~ 5/2 g. [47], which leads
to a (spatial) scale-dependent expression of the renormalized
parameters o, and D, given by

D,
ol = 10732 =%, (15)
K

When «~! increases from the microscopic scale a to the
macroscopic scale L, the parameters acquire effective mean-
ing: o, and D, are, respectively, the observed/effective noise
and the diffusion coefficient at the spatial scale kL. o, and D,
can be expressed in the form of power laws characterized by
the universal dynamical exponent z and the universal rough-
ness exponent yx,

D, ~ k%79, (16)

o2 ~ D), (17)

with z 4+ x =2 (which is enforced by the Galilean invari-
ance). Numerically, different estimates of critical exponents
are found in the literature, such as y = 0.33 [48], x = 0.3
[49], or x = 0.17 [47], and in the following we will retain
x =~ 0.3, thus fixing z >~ 1.7. From a reactor physics point
of view, a scaling following (Ax)* o« At with z sensitively
less than 2 tends to shift the random walk of neutrons from a
diffusive behavior to a semiballistic one and might drastically
change the spatial distribution of neutrons within the core,
thus unambiguously signing its strong noise criticality regime.

5. Rough neutron fields

The fact that nonlinear addition of noise sources tends
to roughen the neutron field through the persistence of such
sticky noise perturbations is nicely described using the expo-
nent y, defined as the roughness Wj, of the interface in the KPZ
equation, which scales as W, ~ L* for sufficiently large L
and for large times. Although no equivalent exponent emerges
from the study of the SHE equation with multiplicative noise,
it is possible to estimate the “roughness” of the neutron field
under mild assumptions. Indeed, most nuclear reactors are
considered decoupled in the sense that their typical size L (a
few meters) is very large compared to the neutron’s typical
traveled path length before capture, which is a few centimeters
[50], ensuring the validity of the L* scaling of the roughness
of the KPZ interface. In the parametric sector where A <<
v/h (which can be set by tuning A since the SHE is connected

to a A-parametrized family of KPZ equations, and assuming
that 4 is bounded), the relation between the neutron field
n(X, t) and h(X, t) becomes linear, thus ensuring a linearity (at
first order) between the roughness of the neutron field W,, and
the roughness of the KPZ interface through W, = (2’\—U)2Vi/'h =

(Z)\—U)zLx. The noise term 7 is, however, enhanced by this
reparametrization (we have chosen a small nonlinearity /high
noise gauge), which acts as a prefactor but leaves the scaling
law valid: at first order, the roughness of the neutron field
should also scale as LX. In the general case, independently
of any particular approximation, and without calculating a
precise scaling law, the neutron density field is by definition
an exponential function of a potentially rough height field.
This indicates that decoupled nuclear reactors develop in the
power regime the equivalent of neutron clustering [22] in the
stochastic regime, and that the neutron field of the SHE also
presents a roughness if the roughening transition of the KPZ
equation is attained.

C. Stochastic heat equation with feedbacks
1. Multiplicative noise with a wall

When the reactor power is increased, stabilizing feedbacks
kick into action. The most prominent one is the Doppler
broadening of the cross-sections: in a thermal reactor, where
neutrons are slowed down by elastic collisions in the mod-
erator (water plus additional nuclei such as boron), the
broadening of these cross-sections under a temperature in-
crease enlarges the heavy nuclei resonances and constitutes
a trap for neutrons that are captured by the nuclei. Unable
to participate in the chain reaction, the reactivity p is sen-
sitively diminished. Most models capture this effect using
a term proportional to —n? [51-53]. In [31], a stochastic
noise model was built taking feedbacks into account. Para-
doxically, this zero-power noise model of nuclear reactors
adequately describes the maximal power attained by Monte
Carlo simulations, which, as of today, can simulate—in terms
of neutrons—only a few Watts on modern parallel computing
architectures [22]. This model was therefore convenient for
understanding simulation artifacts. Now, the same approach
can be applied to the power noise model of a real reactor,
given by Eq. (1) and supplemented by the —an?® term. This
model—of a stochastic heat equation with multiplicative noise
plus powers of the field—has already been extensively stud-
ied in the literature, and, in the following, the main results
demonstrated in Refs. [48,54] are recalled. Whenever it is
supplemented with a feedback term of strength characterized
by the coupling constant ¢, the stochastic equation with mul-
tiplicative noise Eq. (1) becomes

a
(€, 1) = DANGE. 1) + 0§ F. DnE. 1) + %n()?, £)
—an(x, ). (18)
Using as before the Cole-Hopf transform, and using the natu-

ral gauge 2)‘—]) = 1, the resulting equation is identical to Eq. (6)
minus a supplementary term,

9 _
Soh(E.1) = DA+ D(VY +0 £(E.1)+ % —ad®, (19)
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which is a KPZ equation with a wall. This wall acts as a
pinning structure constraining the evolution of the neutron
density field, and the criticality of the reactor corresponds to a
pinning/depinning phase transition.

2. Common features with the KPZ equation

A renormalization-group analysis of the multiplicative
noise equation (with a wall) and the simple KPZ equation (i.e.,
without a wall), however, indicates that they share several
common points [54]: both have two fixed points separating a
low noise Gaussian phase and a strong noise phase. Also, the
transition point to the strong noise regime is still given by the
same value of the dimensionless running coupling constant
8. calculated in Eq. (14), and, in the case of the strong noise
phase, the critical exponent z that governs the spatiotemporal
scaling is also unchanged with respect to the KPZ equation,
indicating an effective superdiffusive behavior of the neutron
random walk. Consequently, x should also be unaffected,
as well as the k-scaling of the effective parameters o, and
D, . But supplementary critical exponents are associated with
the pinning/depinning phase transition (via the presence of
the wall), and the reader is referred to [48,54] for more
information.

III. REACTOR NOISE AND INSTABILITIES

We have seen that decoupled reactors might reach a new
criticality regime dictated by the universality classes of the
KPZ equation and the multiplicative noise SHE equation for
high noises given by Eq. (14). In this section, we will provide
more quantitative insight on the previous findings, and we will
correlate them with two particular events that exhibited strong
noise patterns and power instabilities.

A. Phenomenology

The state of the art in the understanding of neutron noise
relies on the analysis of the characteristic frequencies at which
fluctuations occur. The typical frequency spectrum is different
on BWRs and PWRs: while peaked at frequencies below 1 Hz
(often close to 1/2 Hz), the spectrum is rather flat for BWRs,
which develop stronger and more frequent noise events, and
the white noise hypothesis is hence more realistic. In contrast,
the spectrum of PWRs is closer to a decaying exponential
(still in the frequency domain) [55]. For both reactors, fluc-
tuations can be either out-of-phase (or regional) whenever
they have opposite signs in different regions of the core (e.g.,
upper/lower part of the core) or in-phase (or global) when
they are synchronized throughout the core. This leads to C-
or S- shaped vibration of the assemblies [56], connecting
the neutron noise to mechanical vibrations of the core com-
ponents between 1 and 50 Hz (of fuel rods and assemblies
and thermal shield below 25 Hz, and of the reactor vessel
and internals below 50 Hz). Below 1 Hz, they are believed
to be connected to temperature fluctuations in the primary
loop. The two mechanisms have different control pathways
on the neutron population: in the case of coolant temperature
fluctuations, both the density and the Doppler effect modify
the probability to slow down neutrons and hence their capacity
to reproduce through fissions, while in the case of mechanical

vibrations, it is the interassembly coolant thickness that is
modified.

In the next two subsections, a neutron noise model relying
on the strong noise hypothesis will be built, and correlated on
two sets of experimental data—one corresponding to a PWR
and the other to a BWR—so as to grasp at a minimal cost the
wide variety of neutron noise events.

B. Almaraz-Trillo PWR noise data

Because of their commercial nature, data released from
power plants in general and concerning neutron noise in
particular are relatively scarce. Among the published data
available, experimental measurements associated with in-
creased noise levels from the 1000 MW Almaraz Trillo PWR
reported in 2011 [12,57] present an interesting scheme, as
can be observed in Fig. 1, giving the time evolution of the
root mean square of the neutron noise measured by ex-core
detectors (left plot), as proposed by these references, and a
projection of the noise amplitudes in a histogram aiming at
presenting both the average noise and its typical deviations
(right plot). In fact, throughout the cycle, this noise is pro-
gressively amplified by a factor of 2 between cycles 8 and
25, with intracycle variations ranging from 4% to 14% at
their extremum. In this section, this data sample will be used
for comparison with the roughening phase transition model
derived above, looking first at the overall amplitude of the
noise and then at the variations of the noise. At cycle 20, no
more general trend seems to affect cycle-to-cycle fluctuations,
and the noise response of the reactor seems stationary. A
histogram that reports the noise amplitude from that cycle
is shown in Fig. 1. The average noise value extracted from
this graph is estimated to be close to 10%. The large periodic
oscillations in the noise itself can be attributed to intracycle
effects. Indeed, to compensate for the reactivity loss due to
fuel burnup effects, boron is used at the beginning of the
cycle in an amount adjusted in such a way that the reactivity
through the cycle stays constant. The effect of this intracycle
variation of the boron concentration will be discussed in the
last paragraph of this subsection.

1. Noise amplitude from the roughening transition

Making the assumption that reactor instabilities are related
to the roughening transition, the noise threshold at which
the transition occurs can also be numerically evaluated, in
a context where spatial patterns of noise, while presenting
involved structures, as analyzed, for example, in the linear
noise theory [56], are neglected. The noise given by Eq. (14)
is associated with Eq. (1), which, once solved, gives access
to the neutron density field n(X,¢). Closely following the
approach detailed in [23], and since we are only interested in
temporal fluctuation of a spatially averaged noise, Eq. (1) can
be rewritten factorizing the purely time-dependent amplitude
P(t) out of a remaining spatial part of the neutron density that
is considered constant, n(x, t) & ny. Equation (1) hence takes
the simplified form

9 _ P >
5, PO = PO +oEE DP(). (20)
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FIG. 1. Almaraz-Trillo PWR data from [12,57]. Left plot: RMS of the neutron noise amplitude (in %) as a function of time (in arbitrary
units). Local minima correspond to BOC measurements and local maxima to EOC measurements. Right plot: noise amplitude histogram of all

measurements. The estimated average noise is 8%.

In addition, the spatiotemporal noise term n(X, 1) = c&(%, t)
and its intensity o were implicitly related through the
definition

M@ OnE, 1)) = 0?8 F —X)8(t — 1), 1)

the spatial dependence of which can be readily integrated over
the whole reactor of volume V = f dx? still assuming that we
are only interested in the temporal component of the noise.
Therefore, the resulting temporal noise takes the form

(n(t)n(t’))/dx3 = a28(t —z’)/dx353(7c), (22)
02
(nm@") = 780 —1), (23)

hence recasting Eq. (20) in a classical white noise equation
" pay= 2Py + 2L P 24)
a A A

[where §p is the first-order perturbation of the reactor reactiv-
ity, and where we have used the notation §p/A = \LFVE (1) for

the volume-rescaled noise coupling]. To derive an equation for
the noise from this equation as suggested by Ref. [23], P(t)
is also split in a (time) fluctuating component §P(¢) plus a
constant term Py. Second-order terms are neglected, and the
system is considered to be close to criticality so that one
obtains the equation for the fluctuations,

O spiy =Ly =2

ot TA YT W
or equivalently in the frequency domain w, after a Fourier
transform

§(1)Po, (25)

SP(w) _ o?
P() - Vw

(26)

This equation connects the fluctuations in the amplitude factor
of the neutron density, i.e., the neutron noise §P/F,, to the
reactivity noise 8 p, which was formulated as a function of the
noise coupling term o . Following Eq. (14), the neutron noise

at which the roughening transition occurs, noted |§P/Py|. is
given by

2
Ot

« VYw

SP
Py

= 4\/5E 27)
Vw

A numerical estimation of this term can be worked out by
setting the observation frequency w to 1 Hz—close to its
maximum—and using a cylindrical reactor volume of typical
radius » = 150 cm and H = 400 cm to calculate V. Since
the criticality state of the reactor is controlled by thermal
neutrons, the bare diffusion coefficient D is set to 10° cm? s~!
as suggested by the thermal energy PWR data of [8]. Also in
accordance with this reference, and as stated in the previous
section, ¢ ~ 1 cm is the minimal spatial scale below which
no power fluctuations occur, and it can be associated with
a temperature-induced change of the fuel absorption cross-
section. For these parameters, the RMS of the noise amplitude
is A/|6P/Py|x =~ 15%. As can be observed in the right plot of
Fig. 1, the experimental data present a bimodal distribution,
the noise amplitude progressively drifting within the cycle
from a local minimum value to a local maximum value. The
average value (over all available cycles) is, as discussed in the
previous paragraph, close to 10%. Given the level of detail
of the roughening transition model, its value can be consid-
ered to be very close to these experimental data. Indeed, any
increase/decrease in the minimal correlation length ¢ linearly
affects the noise threshold estimation. But this length differs
sensitively from a few mm to a few cm depending on scarce
experimental measurements and widely varying theoretical
modeling [8,23]. Beyond this agreement, it should be noted
that Eq. (27) sets the dependence of the noise at which the
transition occurs on other physical parameters: the bigger the
reactor volume V—or the smaller the diffusion coefficient
D—and the smaller the noise (i.e., the vibration level) at
which the reactor meets the rough regime. This prediction
could also lend itself to experimental confirmation.
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FIG. 2. Zoom on cycle 24 of the Almaraz-Trillo PWR data. The
noise amplitude (in %) is represented as a function of time (in a.u.).
The data (blue dots) are compared to linear behavior predicted by

the roughening phase transition of the KPZ equation (orange dashed
line).

2. Cycle effect and boron dilution

In addition to the progressive cycle-to-cycle drift in the
reactor noise amplitude, Fig. 1 also exhibits a strong intracycle
variation of this amplitude, leading to the bimodal distribution
observed: points in the histogram characterized by small noise
values are measurements at the beginning of the cycle (BOC),
while points characterized by large values correspond to end
of cycle (EOC) measurements. A zoom on cycle 24 given in
Fig. 2 shows the intracycle behavior with a linear increase
in the noise, ranging from less than 6% at BOC to 14% at
EOC. While more contained in the previous cycles, this linear
increase is reproduced in each cycle. Once again, it is possible
to resort to the roughening transition model to understand and
quantify these variations. Indeed, at BOC boron is diluted into
the moderator to anticipate reactivity effects during cycle: the
large capture cross-section 0% of this isotope in the thermal
range ensures that excess reactivity of the fuel is compensated
by the proper amount of BOC boron dilution. During the
cycle, boron is consumed by the neutron flux ¢ following a
Bateman equation for the boron atom density Ng(?),

dNp

dt
which can be readily integrated to find the boron concentration
time dependence Ng(t) = NB(O)e_"z%’ [where the neutron
flux ¢ is assumed to be constant, and where Ng(0) is the
boron concentration at BOC]. Insofar as the boron absorption
macroscopic cross-section L2 is related to the boron ab-
sorption microscopic cross-section through Ef )= NB(t)of
(N quantities stand for atom densities in cm™ and o; for
microscopic cross-sections in cm?), it is therefore possible
to estimate the time-dependent total boron absorption cross-
section through

= —0BNpo, (28)

£8(1) = £B(0)e%?". (29)

Now, Eq. (26) indicates that the neutron noise |‘;—f| is propor-
tional to the diffusion coefficient D. Since neutron transport
theory tells us D = % for isotropic media, with ¥, = ¥; +

X+ Ef (t) (X, being the total macroscopic cross-section,

Y, is the total scattering cross-section, and X is the total
fission cross-section of the medium), it follows that injecting
Eq. (29) into the neutron noise expression and performing a
double first-order development at small times ¢ of the resulting
expression allows us to obtain the time variation of the neutron
noise within a cycle via

sP

=c+C Gf¢l+0(l2). (30)
P

This equation, where constants ¢; and c¢; have been in-
troduced, was hence derived supposing that the boron
macroscopic absorption cross-section dominates other ab-
sorption cross-sections while being small compared to the
macroscopic scattering cross section. This is supported by
PWR exploitation data since £~ 0.1 cm~! and %, is
roughly two orders of magnitude above. As a consequence,
the intracycle noise amplitude variation predicted by our
model should at first order follow a linear increase in time.
Results of this model are superimposed on the data of cycle
24 (see Fig. 2), showing a very good agreement.

In this subsection, we considered a—close to—stationary
reactor with a long-term high noise level, and we showed that
its noise amplitude was compatible with the noise associated
with the roughening transition. To better assess a potential
switch from a Gaussian behavior to a rough behavior in a
nuclear reactor, the ideal situation would be to consider a
hypothetical event in which the reactor switches, on small
timescales, from standard operating conditions (assumed to
belong to the Gaussian fixed point) to a degraded state of
the reactor with a high neutron noise level (that could be
correlated to the strong noise regime) and to try to associate
the shift in the critical parameters to the universal exponents
of the phase transition. Such situations of abrupt neutron noise
increase are more frequently met with BWRs, and therefore,
in the next subsection, the Laguna Verde BWR incident is
discussed.

C. Laguna Verde emergency incident
1. BWRs

Noisy baselines and instability events occur more fre-
quently in BWRs than in PWRs, and they also seem to develop
on smaller timescales or equivalently with heavier tails in the
frequency spectra. By comparison to PWRs, BWRs have a
slightly harder neutron spectrum: a proper modeling of their
noise would require the so-called two-group approximation,
where two coupled noisy diffusion equations should be used
for each energy group. But their particularity is believed to
be associated with the two-phase coolant flow: liquid water is
injected at the bottom of the reactor and subject to a liquid-
vapor phase transition during its travel through the core. The
resulting scale-free structure of bubble sizes during the boiling
crisis has recently been experimentally put into evidence and
shown to belong to the percolation universality class [58]. The
minimal size of the bubbles is considered to be ~0.01 cm
[59,60] and defines the minimal correlation length ¢, which,
recalling Eq. (27), lowers the threshold in the noise amplitude
associated with the roughening transition from an order of
magnitude compared to PWR, thus eventually occurring at
I8P/ Pyl = 1.5%. This is relatively consistent with empir-

014119-8



ROUGH NEUTRON FIELDS AND NUCLEAR REACTOR ...

PHYSICAL REVIEW E 110, 014119 (2024)

~ w &

Noise amplitude (%)

-

8

"

14\J |

0 100 200 300 400 500 600 700
Time (s)

Reactor power (% NP)
¥

w
5]

8

FIG. 3. Bottom plot: experimental data of the Laguna Verde
BWR 1995 instability event extracted from Refs. [3,59,61], present-
ing the average power level vs time, as recorded by APRM detectors.
Top plot: linear interpolation of the neutron noise amplitude during
the event.

ical observations that concern more frequent and abrupt noisy
events in BWRs than in PWRs.

2. The event

To provide more quantitative insight into such phenomena
and to illustrate such an event occurring on short timescales,
the 1995 Laguna Verde emergency incident is now consid-
ered [3,59,61,62]. It happened in January of 1995, during the
startup of the reactor, and it lasted 723 s. During that time,
power oscillations grew apparently unbounded, even though
the power was slightly decreased in an attempt to control their
amplitude (see the bottom plot of Fig. 3, where an extraction
of visible data points from the previous references has been
performed). As the maximum peak-to-peak value of the oscil-
lations reached 10%, a scramming procedure was triggered.
The top plot of Fig. 3 presents the growth of the noise during
the event, using an interpolation of the raw data after subtract-
ing the average decrease trend in power. As can be observed,
the initial noise amplitude was below 1%, indicating stable
behavior of the reactor, but an apparent exponential growth
was initiated with a period close to 100 s.

3. Shift in power spectra due to roughening transition

The roughening transition to a strong noise regime
could once again provide information on this particular
phenomenology. Indeed, the scale-free behavior of the boiling

[58] discussed above mirrors a scale-free correlation length
«~! and could enforce the scale invariance hypothesized
by the renormalization procedure. As discussed before, the
roughening transition threshold is lower due to the minimal
size of the bubbles, explaining that BWRs might be more
prone to enter a rough noise regime. In the case of Laguna
Verde, the tripping of the reactor occurred during a change in
equilibrium where the power was rather constant on average
(it was initially lowered during the first stage of the incident),
but where the noise amplitude was promptly increasing. Un-
like the PWR case in the previous subsection, where a strong
noise equilibrium was hypothesized, the emergency procedure
most probably prevented such a regime (if any) in Laguna
Verde. Since noise amplitudes characteristic of this regime
cannot consequently be estimated, interpreting this change
in the behavior of the reactor requires us to use other tools,
such as a frequency spectrum analysis. Equation (26) can be
rewritten as

SP(w)
Py

= 5p(w)Go(w), 31

where the reactivity perturbation §p is defined as before, and
where Go(w) = wLA is the so-called zero-power reactor trans-
fer function [63]. For more realistic transfer functions that
take into account complex space-dependent thermal-hydraulic
and neutron phenomena, the differential Eq. (24) is sen-
sitively modified, and the effective transfer function G(w)
could present substantial deviations from Gy. In any case,
auto-power spectrum density (APSD) signals are often char-
acterized by power laws for the w spectrum, which allow one
to understand rapid kinetic changes in the reactor. However,
trying to appreciate the hypothetical change in APSD power
laws associated with the roughening transition can be based
on the fact that the change from normal behavior to a strong
noise regime is only dictated by the shift in the tails of § p(w).
For a white noise signal, §p is constant. This corresponds
to the temporal white noise n(X, t) associated with the bare
noise coupling o. In the strong noise regime, o, acquires
an effective meaning and depends on the observation scale
k! the strength of the effective noise coupling is crucially
dependent on this scale. The scale-dependent change in the
effective noise amplitude is given as a power law associated
with a critical exponent, and, using Eq. (17), it takes the form

o2(k) oc kb, (32)

with 0}, =3x + 1 and x >~ 0.3 (see Sec. IIB 4). Now, since
perturbations in the case of BWR are believed to be mainly
correlated with void effects arising from the two-phase flow,
a simplified model can be postulated that inversely relates
the frequency scale w at which the reactor is observed to
the spatial scale «~! at which it is observed. In fact, the
coolant transports perturbations at a constant velocity v & 100
cm s~!'. At a given position, the duration associated with a
perturbation is hence given by w™!' = 27« ~! /v, from which
the proportionality between w and « is hypothesized. In this
model, a small perturbation of x~! ~ 1 cm corresponds to
10 Hz, whereas a quarter-core perturbation of x~! ~ 100 cm
corresponds to 1 Hz: these perturbations will define the dy-
namic frequency range for the observations. Finally, it is
possible to appreciate the change in the spectrum of the reac-
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FIG. 4. Experimental data of the Laguna Verde BWR 1995 insta-
bility event [3,59,61]. Fluctuation function as proposed by Ref. [59]
presented vs frequency w, during a stationary operation of the La-
guna Verde reactor (data: blue solid line, fit: blue dashed line) and
during the emergency incident (data: orange solid line, fit: orange
dashed line).

tor transfer function G(w) when the core shifts from normal
operating conditions to a strong noise regime, using

‘(SP(w)‘ G(w)
— | x
P

S (33)
Therefore, the RMS of the noise amplitude should approxi-
mately scale as w~'/? under normal conditions [with G(w) =
Go(w) o< 1/w)], while the scaling associated with a strong
noise regime should be given by w™[1/2+Gx+D/21 ~ 4)=3/2,
To appreciate whether such a change had occurred during the
Laguna Verde incident, data were reanalyzed according to the
methodology of Ref. [59]. This paper compares a standard
sequence of recorded data of Laguna Verde at nominal power
(NP) to the data recorded during the incident. Since the reac-
tor was operated at 30% NP at the outbreak of the incident
and, furthermore, during a power decrease, Alvarez-Ramirez
et al. proposed a detrended noise analysis of the sequence.
The results of the analysis, consistent with Ref. [59], appear
in Fig. 4, where the fluctuation values of the experimental
data are extracted from Ref. [59] but presented as a function
of the frequency w and adjusted only by focusing on large
values w (over a 700 s signal). The blue points represent the
fluctuation values associated with the Laguna Verde reactor
operating under normal conditions [the G(w) function], while
the orange data points are experimental data recorded during
the incident. The noise amplitude estimated by the detrended
fluctuation function clearly follows a different w scaling. The
results of the adjustment using power laws of both signals are
indicated in the plot. The normal sequence, labeled “stationary
operating conditions,” indeed exhibits a frequency power law
of 0.4, close to the 1/,/w associated with a white noise signal.
This anticorrelation most probably indicates the presence of
feedbacks that keep the signal stationary [59]. Concerning
the incidental signal, labeled “emergency incident,” the fit of
the slope on a log-log scale is also coherent with [59], and
equal to 1.89 with a 2% confidence interval, when observed
in the dynamic range of 1-10 Hz. This value is sensitively
higher than the value calculated for the strong noise regime

but still coherent given the level of simplifications of the
model. It shall be noted that, while various perturbative and
nonperturbative estimates agree on x values close to 0.3 or
above [43,48,49,64], Ref. [47] finds a value of 0.17—hence
sensitively lower—resulting in a scaling w~!3, differing even
more from the Laguna Verde data. This estimation of x uses
the BMW numerical scheme [65], which proved to be efficient
for O(N) models. As a matter of fact, if the real value of x
in dimension 3 was below 0.2, not only would the w scaling
get closer to normal functioning of the reactor, but also the
laws of neutron transport would get closer to the standard
diffusive behavior (as z would be above 1.8). As a final re-
mark, 1/w? noise spectra were also characterized in this range
for the APSD of high-noise events observed in PWRs [5],
which could indicate that the insights provided by the strong
noise-induced shift in the frequency power law calculated for
BWRs could also contribute to understanding open issues of
PWR noise measurements.

IV. CONCLUSION

Small and limited power fluctuations are key to the safety
of nuclear reactors. On the one hand, automatic protection
systems rely on them to assess the reactor power time deriva-
tive and take appropriate actions. On the other hand, neutron
noise measurements are sometimes used to assess the condi-
tion of operating reactor cores. However, for reasons that are
only partially understood using linear noise theory (on which
both theoretical and numerical modeling of neutron power
noise are based), the fluctuations themselves can sometimes
increase to unusual levels, as in some PWRs, or grow un-
boundedly, as has been observed in some BWRs, and hence
pose direct safety concerns.

Leveraging on the intimate connection between reactor
fluctuations models and the celebrated KPZ equation, a
field-theoretic approach to the neutron noise phenomenon
has been proposed in this paper. Using results from renor-
malization approaches, this nonlinear noise model could
be solved and predicted that, above a given threshold in
the amplitudes of the vibrations or perturbations affect-
ing the core, the reactor could switch to a new criticality
state, profoundly different from standard criticality. The
neutron fields characterized by this phase transition are in-
deed rough, in direct analogy to the dynamics of surface
growth, even when feedback mechanisms are taken into
account.

Two specific events were then considered to benchmark
this neutron noise model. First, the noise amplitude mea-
sured during a noise increase of the Almaraz-Trillo PWR
was compared to the noise threshold of the roughening tran-
sition, showing agreement within a few percent. Second,
the small minimal correlation length related to the two-
phase flow of BWR was shown to lower this threshold
in the noise amplitude even further down to values cur-
rently met during operations, hence eventually explaining
why these reactors are more prone to develop high noise
events. Data from the Laguna Verde BWR accident in 1995
were used in particular to show that the spectral frequency
shift separating standard and incidental operation of this
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reactor could also be related to the roughening transition
model.

From the perspective of reactor physics, this theory, if
further supported by data, could help to characterize and
understand instabilities, especially those occurring in BWRs,
and hopefully could be used to design diagnostic tools to
prevent their appearance. For example, the use of largest
Lyapunov exponents has been proposed [13] in the context of
real-time analysis of BWR plant data, which typically implies
fractional exponents similar to those derived using the rough-
ening transition model. This seems to be all the more feasible
as the Lyapunov exponents of the SHE with multiplicative
noise have recently been derived, albeit in lower dimensions
[66]. For PWRs, long-term trends (over many cycles) in noise
amplitude have been measured in various reactors. Such phe-
nomena may also benefit from interpretation in light of the
roughening phase transition. Indeed, if, as has been calculated,
temperature fluctuations and core component vibrations put
the reactor close to the phase transition limit, any small-scale
persistent perturbation would explain such long-lasting trends.

To be quantitatively conclusive, different improvements of
the current work will be required. In particular, the numeri-
cal values of the coupling constant and of universal critical
exponents used in this work were extracted from the BMW
renormalization-group numerical scheme [65], based on var-
ious assumptions. A scheme dedicated to reactor physics
would require us to remove some of these assumptions and in
particular to take into account finite-size media with absorb-
ing boundaries, and to solve the two-energy group coupled
diffusion equation.

Finally, on a different note, from the perspective of sta-
tistical physics, BWR noise events could represent a first
measurement of critical exponents of the KPZ universality
class in dimension d = 3, thus confirming the adage that every
cloud has a silver lining.
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