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Abstract—Noise measurements in light water reactor systems
aid in generating validation data for integral point Kkinetic
parameter predictions and generating monitoring parameters for
reactor safety and safeguards. The CROCUS zero-power reactor
has been used to support both efforts via measurements with
thermal neutron detectors to observe neutron noise and inorganic
scintillators to observe gamma noise. The cross-correlation of
gamma and neutron noise has been investigated at CROCUS
with separate gamma-only and neutron-only detectors. Organic
scintillators, sensitive to both neutrons and gamma rays, can
be used to cross-correlate gamma-ray and neutron noise with
a single detector type. Herein, we present noise measurements
using organic scintillators in a light-water, zero-power research
reactor for the first time. We discuss data obtained with two
5.08 cm-length by 5.08 cm-diameter cylindrical trans-stilbene
detectors and two 6-mm cubic scintillators — one trans-stilbene
and one organic glass — set in the water reflector of CROCUS and
outside the reactor vessel. The prompt neutron decay constant
was estimated to be acesp = (154 £ 1)s™' at 3 mW critical
from the (,7) signal, which agrees within one standard deviation
overlap with previous measurements with CeBrs; and simulation
in Serpent 2. The (n,n) estimate of acpsp = (145 +23)s™! at
3 mW critical lacked precision but agreed within one standard
deviation overlap with previous 2>°U fission chamber estimates
and simulation in Serpent 2. The 6-mm cubic scintillators were
too inefficient to estimate «, but informed possible small-cell,
high-volume detection systems to improve the (n,n) estimate
capabilities. Based on the high precision estimate of o from the
(7yy) CPSD signal we suggest the further development of theory
to calculate Ser and A from gamma-ray noise measurements and
recommend gamma noise measurements for future simulation
validation and as a method of reactor monitoring.

Index Terms—power spectral density, neutron noise, reactor
noise, organic scintillators, pulse-shape discrimination

I. INTRODUCTION

OISE measurements offer a powerful non-invasive tech-
nique to observe a given fissile system’s kinetic param-
eters. The kinetic parameters encompass the coefficients of
the differential equations describing the temporal behavior

This paper was submitted initially for review on September 30th, 2023. This
work was supported in part by the Consortium for Monitoring, Technology,
and Verification under the Department of Energy National Nuclear Security
Administration award number DE-NA0003920. We thank J-P. Abegg for the
logistical support in getting the sensitive detection equipment from EPFL to
GVA.

F. B. Darby, O. V. Pakari, M. Y. Hua, S. D. Clarke, and S. A. Pozzi
are with the Department of Nuclear Engineering and Radiological Sciences
(NERS), University of Michigan, Ann Arbor, MI 48109 USA (e-mail:
fdarby @umich.edu).

O. V. Pakari, V. Lamirand, and A. Pautz are with the Laboratory of Reactor
Physics and Systems Behaviour, Ecole Polytechnique Fédérale de Lausanne,
1015 Lausanne, Switzerland and the Nuclear Energy and Safety Division, Paul
Scherrer Institut, 5232 Villigen PSI, Switzerland.

of a neutron population in a neutron multiplying medium.
Previous work [1] has provided estimates of kinetic parameters
for the CROCUS zero-power reactor using multiple detector
types to observe the neutrons and gamma rays that arise
from fission. Our work seeks to improve the detector toolkit
by using a dual-particle-sensitive organic scintillator setup.
This approach will detect both neutrons and gamma rays
simultaneously and conduct dual-particle noise with a single
detector type, reducing the complexity of the measurement
system and potentially improving measurement capabilities.

The neutron noise equations are derived using the point
kinetics assumptions, leading to a set of equations that can be
solved cost-efficiently and, if the system indeed allows for the
used assumptions, offer a precise predictor for time-dependent
phenomena of neutron populations [2]. Noise measurements
refer to a method to estimate the prompt decay constant,
a = (Berr — p)/A [3], [4] — where S is the effective delayed
neutron fraction, A is the mean neutron generation time, and p
is the reactivity — via the analysis of time series signals from
detection systems set close to a fissile system. More advanced
neutron noise measurements can also include the determina-
tion of Be and A [5], [6]. These measurements can then
be used for code validation [7], integral parameter databases
[8]-[10], and potentially for nuclear data assimilation [11].

Beyond this, point kinetic parameters remain constant dur-
ing steady-state operations, providing a potential verification
metric for reactor operations. Past and current safeguarding of
nuclear research reactors does not prescribe online monitoring
by default [12], [13]. The frequent estimate of « in a research
reactor from radiation measurements could provide a useful
and reliable supplementary tool for operation monitoring and
verification by corroborating a reactor’s critical (p = 0),
sub-critical (p < 0), or supercritical state (p > 0). These
measurements are reliant on measuring correlations arising
from the fission chain reaction and cannot be spoofed by non-
multiplying neutron sources of similar intensity.

In the past, estimates of the prompt neutron decay constant
from neutron noise measurements of the CROCUS zero-power
reactor at critical (p = 0) were completed with thermal neutron
detectors and inorganic scintillators [1], [5], [14], [15]. Power
spectral density analysis (also known as Cohn-a [3]) was
used to estimate « using the gamma-ray-sensitive inorganic
scintillators (CeBrs) and neutron-sensitive thermal neutron
detectors (?3°U fission chambers) inside or in contact with
the reactor core. The estimates compared well to simulated
values using iterated fission probability (IFP) predictions in
Serpent 2 [16], where the highest accuracy per unit mea-
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surement time was found with (y,7y) correlations [17]. With
adequate experimental precision below typical biases that are
seen between nuclear data libraries (see Figure 1, comparing
IFP simulation using either JEFF3.3 or ENDF/B-8.0), noise
measurements may eventually inform nuclear data evaluation
[8]. The « estimates ranged from 150 s~! to 170 s~! at
critical in the CROCUS reactor as summarized from previous
work in Figure 1. Gamma-ray noise estimates proved to be
more precise and in one standard deviation agreement with
simulated IFP values. Despite noise equations being derived
based on the behavior of neutrons from fission, the gamma rays
appear to carry the same temporal information. The nuclear
data for neutrons from fission is more thoroughly evaluated
than the nuclear data for gamma rays from fission (such
as gamma rays per fission, or the energy spectrum), further
motivating the investigation and improvement of gamma-ray
noise measurements to enable a feedback loop back to gamma-
ray nuclear data.
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Fig. 1: Previous estimates of the prompt neutron decay

constant (o) in CROCUS [1] leveraging CeBrs inorganic
scintillators for gamma-ray detection, 23°U fission chambers
for neutron detection, and the iterated fission probability
(IFP) simulation method in Serpent 2. The APSD and CPSD
methods are described in Section II-D. With the gamma-ray
detectors, noise measurements became more precise than the
differences in alpha estimates from simulation that arise from
different nuclear data libraries (as shown here for JEFF3.3
or ENDF/B-8.0), we expect noise measurements to be able
to contribute to databases for nuclear data evaluation and
benchmarks.

In the previous works, neutron and gamma-ray noise were
measured with neutron-only and gamma-only sensitive detec-
tors. Notably, the detectors were set either into the control
rod tubes in the core center, or very close to the fuel. In
both cases, the detectors influenced the neutron economy of
the reactor (and therefore also the reactor’s prompt decay
constant). This work uses organic scintillator measurements in
the CROCUS zero-power reactor to leverage and investigate
the potential benefits of, dual-particle sensitivity in a single
detector volume for combined gamma-ray and neutron noise
analysis. The organic scintillators in this work detect gamma-

rays via Compton scattering and neutrons mainly via elastic
scattering on hydrogen nuclei. Future work would benefit from
the inclusion of organic scintillators with neutron capture ca-
pabilities, such as lithium or boron-loaded organic scintillators
[18]-[20].

We set three trans-stilbene [21], [22] detectors and one
organic glass (OGS) [23]-[25] detector deep in the CROCUS
water reflector and outside the reactor vessel. Our work shows
the successful application of organic scintillators for noise
measurements in a light-water, zero-power research reactor
for the first time. The detectors were well outside regions
where they could measurably influence the neutron popula-
tion in the reactor, thereby offering a potentially less biased
estimate of « than previous experiments. This is important for
simulation efforts to remain close to the benchmark config-
uration of CROCUS that is part of the International Reactor
Physics Experiments Handbook (IRPhE) [26]. Additionally,
looking at the potential application of noise measurements
for international safeguards efforts, such as a “geometrically
non-invasive” experiment, if successful, could pave the way
towards a supplementary inspection tool for research reactors.

This paper is structured as follows. In Section II, we
describe the CROCUS reactor II-A, the experimental setup
II-B, organic scintillators and the pulse-shape discrimination
technique II-C, and the power spectral density techniques II-D.
We present and discuss estimates of the prompt neutron decay
constant, «, calculated from our experiments in Section III. In
the last Section IV, we discuss conclusions and future work
based on our results.

II. METHODS
A. The CROCUS research reactor

The CROCUS zero-power research reactor is a two-region,
water-moderated uranium core operated by the Laboratory for
Reactor Physics and Systems Behaviour (LRS) at the Swiss
Federal Institute of Technology Lausanne (EPFL). It is housed
in a concrete shielding of about 1.3 m thickness, see Figure 2.
It is a zero-power reactor, with a maximum power of up
to 100 W. The reactor core is an approximately cylindrical
configuration with a diameter of about 58 cm and a height
of 100 cm, consisting of two fuel zones (see Figure 3). The
central zone is loaded with 336 UO, fuel rods (1.806 wt.%-
enriched), set in a square lattice with a pitch of 1.837 cm.
The peripheral zone is loaded with up to 176 thicker, Uy, fuel
rods (0.947 wt.%-enriched) with a pitch of 2.917 cm, also in a
square lattice. The core is brought to criticality by introducing
water from below via pumps, with an excess reactivity at
the maximum water level being 200 pcm. The water level is
controlled by a spillway that allows for 0.1 mm accuracy on
the control of the water level (equivalent to about 0.4 pcm).
The core is located in an aluminum water vessel, its diameter
is 130 cm and its thickness is 1.2 cm [14].

B. Neutron-gamma noise experimental setup

We placed two 5.08-cm-diameter by 5.08-cm-length trans-
stilbene [21], [22] detectors in the water moderator offset 20
cm from the edge of the Uy, zone and on the north (S2N) and
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Fig. 2: Top-down view of the CROCUS reactor from above
the concrete shield. The top wall may be opened when the
reactor is shut down.

east (S2E) sides of the reactor, as detailed in Figure 4a, with
the active volume of each detector centered about the mid-
height of the active fuel volume. A sealed, clear plastic tube
fastened to the grid held the detector in position and protected
the assembly from water. The detectors were connected to
a CAEN DT5730S, 500-MHz, 14-bit digitizer and a CAEN
DT1470ET high-voltage unit [22] in the reactor control room
through diagnostic channels connecting the control room and
containment while maximizing shielding. After a gradual
search for the critical water level (959.3 mm), we measured
the reactor for 120 minutes at 3 mW critical.

In a follow-up measurement, we moved these two detectors
to positions outside the vessel on the north side (S2NW and
S2NE) as shown in Figure 4b. The centers of the two detectors
were 80 cm from the reactor core. Concurrently, we placed two
6-mm cubic detectors, one composed of trans-stilbene (SOE)
and one composed of organic glass (O6N) [25], [27] as close
as possible to the reactor core. We include the organic glass
detector in our measurements due to the rising popularity and
availability of organic glass and because trans-stilbene crystal

U-met fuel U02 fuel

Upper grid
Water
Lower grid

Fig. 3: Schematic view of the CROCUS reactor, showing the
vessel, fuel grids, fuel elements, and water level when in
operation.

detectors are currently unavailable to purchase from a vendor.
After a gradual search for the critical water level (960.0 mm),
we measured the reactor for 120 minutes at 20 mW critical.
Both detector configurations pose essentially no effect on
the reactor kinetic state with positions in the water moderator
and outside the vessel. Previous measurements introduced
detectors in control rod positions and more fissile material
(fission chambers) adjacent to the reactor core, posing direct
effects on the neutron economy. The largest impact on the
kinetic state of our experiment may be caused by the absence
of water where the S6E and O6N detector tubes are located.

C. Organic scintillators and pulse-shape discrimination

Organic scintillators are dual-particle sensitive detectors.
The hydrocarbon volume is sensitive to gamma rays mainly
through Compton scattering on atomic electrons and sensitive
to neutrons mainly through elastic scattering on hydrogen
nuclei. Gamma-ray Compton scattering interactions cause free
electron travel in the scintillator volume that deposits energy
along a track length proportional to the energy of the Compton
scatter. Neutron elastic scatter on hydrogen atoms cause proton
tracks of much shorter length than energy equivalent electrons.
Due to the higher stopping power of protons compared to
electrons, a higher density of triplet excitation states occurs,
resulting in a higher ratio of delayed fluorescence to prompt
fluorescence. For this reason, the light output of neutron elastic
scattering is delayed relative to energy-equivalent gamma-ray
Compton scattering [28]-[30].

The difference in track length also warrants consideration
of the detector geometry. A small detector of the same shape
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Fig. 4: Diagrammatic representations of axial cuts through the
center height of the CROCUS reactor vessel highlighting the
fuel grid, detector positions, and vessel boundary for each
measurement. In (a) the first measurement, the two-inch (5.08
cm) trans-stilbene detectors are placed 20 cm from the edge
of the U zones on the north (S2N) and east (S2E) sides of
the reactor core in the CROCUS moderator. In (b) the second
measurement, the two-inch (5.08 cm) trans-stilbene detectors
are placed outside the CROCUS vessel (S2NW and S2NE),
one 6 mm trans-stilbene detector is placed at the east edge of
the core (S6E), and one 6 mm organic glass detector is placed
at the north edge of the core (O6N).

as a larger detector will have a higher surface area to volume
ratio. The higher this ratio, the more likely scattered particles
are to escape the detector volume. Because the electrons have
a longer track length than protons, the leakage likelihood of
electrons in a small volume is compounded, especially if the
maximum dimension of the detector approaches the mean free
path of the electrons. The same logic applies to the escape of
scattered gamma rays and neutrons. This difference in leakage
will cause gamma-ray interactions to have a decreased absolute
light output and a higher relative decrease than equivalent
neutron interaction light output [31]-[33].

We calibrate the light output of an organic scintillator using
the Compton edge produced by a measured, mono-energetic
(662-keV) 37Cs source [22]. The detectors are calibrated
by fitting the measured pulse-integral distribution for the
Compton edge location (478 keV). When both collisions have

equivalent energy deposition, the neutron light output from
elastic scattering on hydrogen is less than the gamma-ray
light output from Compton scattering [34]. For this reason, the
detectors are only sensitive to fast neutrons. With a detection
threshold of about 700 keV electron equivalent (keVee) this
would equate to a 3 MeV neutron detection threshold [25],
[29].

The incident neutron and gamma-ray radiation may be
discriminated on the fly with charge-integration-based pulse-
shape discrimination. By quantifying the delayed light output
of neutrons in comparison to gamma rays, we discriminate
between the two types of radiation. We quantify delayed
light output with the tail over total ratio (R) defined as
R= foa—;:l, where tail and total are pulse integral values defined
diagrammatically in [22]. Neutron detections will generally
have a higher ratio than equivalent light-output gamma-ray
detections. We use optimal integral gates from [25] to obtain
pulse-shape discrimination distributions.

D. Power spectral density technique

The time-dependent behavior of the neutron flux n(t) can
be described by the point kinetics approximation [2]:

dn(t)  p(t) — Bet N
= n n(t) + Z \ici + S, 1)

with the quantities p, the reactivity, 8., the effective delayed
neutron fraction and A, the prompt generation time. The
beta-delayed neutron precursor concentrations c¢; and decay
constants \; are derived via a balance equation, also known
as the Bateman equation. The prompt neutron decay constant
is defined as

o= Bett — p

K

Using [35], the autocorrelation of a point-like reactor can be
written as:

(@)

1
Pii(r) = SYae™ ", 3)
with Y being
eD,
Y= )
(Betr — p)?

where € is the detector efficiency in counts (C;) over fission
rate (Fp), and D, is the Diven factor [36]. When accounting
for the overlap of uncorrelated fission chains, an autocorre-
lation term 6(7) needs to be added, here neglecting delayed
neutrons for illustrative purposes [17]:

Pii(7) = €Fy - (%Ylae_o”'l + 5(7)) . 5)

This formulation, called the “Rossi-o method”, is a common
noise analysis technique using time interval distributions [4],
[37]. It describes the correlation of a given detection with one
later in time. The e~*!7| term is linked to the prompt fission
chain, i.e., detecting a coincident neutron in a short time delay
(7) will have a higher likelihood than a coincidence in a longer
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time delay to stem from the same fission chain. The prompt
fission chain will eventually terminate - thus, the name prompt
decay constant for the coefficient of the exponential term. The
remaining 0(7) accounts for the uncorrelated, constant time
coincidences with respect to the time delay.

The auto power spectral density method (APSD) is an
arguably more robust method to estimate «. The technique
takes advantage of the frequency domain to focus on the
cutoff frequency directly corresponding to the prompt neutron
decay constant. The APSD of a detector is found by Fourier-
transforming the Rossi-a function, yielding a Lorentzian [17]:

oo
Gii(&}) = / dt . C_thPii(t) =
—o00
GZQF oDy 1
(Bett — p)? 1+ w? /a2
By Fourier transforming the time series of a detector signal,
one may directly fit this expression to obtain ¢, in this case
not an exponential decay, but the Fourier transform of it: a
Lorentzian bell curve with cut-off frequency (f. = 3-).
The cross power spectral density (CPSD) similarly develops

from the cross-correlation of two detectors, which theoretically
removes the white noise [38], [39]:

€iFo + (6)

GiEjFoDl, 1
(Betr — p)* 1 +w?/a?
(N

Gij(w) = / dt'eiiwtpij(t) =

Both APSD and CPSD are fit with the same function:

B
The constant “A” represents the white noise in both APSD and
CPSD. Theoretically, the CPSD distribution would plateau to
zero intensity at high frequencies, but in reality, there remains
some white noise. The uncertainty in « is estimated from a
trust region non-linear least squares fit using the variance term

for the o parameter in the fit covariance matrix.

III. RESULTS AND DISCUSSION

The pulse-shape discrimination heatmaps in Figure 5 con-
trast the discrimination quality of our three types of detectors.
S2E shows two distinct neutron and gamma-ray bands at high
(=~ 0.25) and low (= 0.15) tail over total ratios. The two
bands are distinct over all measured energies due to the high
threshold (about 500 keVee). The heatmap has a dual color
scale, where notably the signals classified as neutrons are two
orders of magnitude less frequent than signals classified as
gamma rays. Additionally, pulse-pileup caused by the intense
gamma-ray flux is visible spanning across both bands. All
pulses with R > 0.2 are classified as neutrons and all pulses
with R < 0.2 are classified as gamma rays. The pulse-pileup
is most significant in the neutron band, where the band has
cells of about 10 counts, but at low energies, the surrounding
pile-up cells can reach about 102 counts. For the east 6 mm
trans-stilbene detector in the second measurement (S6E) the

pulse shape discrimination is quite similar to S2E, except the
neutron and gamma-ray bands have higher respective ratios
(about 0.35 and 0.15 respectively) and separation, the pulse-
pileup is significantly reduced, and the discrimination line is
R = 0.25. Also of note is the maximum light output for the
small detector is lower due to the leakage of scattered particles
and the neutron band is only one order of magnitude lower in
intensity than the gamma-ray band. The O6N detector pulse-
shape discrimination heatmap also has minimal pulse-pileup,
the two bands are broader, the separation between the two
bands is reduced with neutron and gamma-ray band ratios of
about 0.32 and 0.22 respectively, and the discrimination line
is R =0.28.

The resultant auto power spectral density (APSD) distri-
bution from the east detector yields a precise estimate of
o = (155.6+1.4) s—! when fit with equation 8 (see Figure 6a)
without pulse-shape discrimination (note the majority of signal
is gamma-rays). When considering only the signals classified
as neutrons, the estimate is a = (247.1 £ 58.7) s~ ! (see
Figure 6b). The neutron-only APSD is far less precise and
the mean value is not near the expected value. The relative
dispersion over the neutron APSD is much higher and the
relative change in intensity over the neutron APSD is far
lower than the gamma-ray APSD. Both factors decrease the
accuracy of alpha from the Lorentzian fit. The main cause
of this result is the difficulty of detecting fast neutrons in
a thermal, water-moderated environment. More than 10 cm
of water between the reactor core and our detectors greatly
reduced our neutron signal relative to our gamma-ray signal.
It should also be noted that the gamma-ray signal causes pulse
pile-up that pollutes the neutron classification. The gamma-ray
pulse pile-up could introduce interference in the true neutron
signal that deteriorates the expected Lorentzian APSD shape.

Correspondingly, we summarize APSD « estimates of
interest in Table I. All estimates from S2E, S2N, S2NW,
and S2NE are precise and in agreement without pulse-shape
discrimination and when analyzing the gamma-only signal.
The neutron-only estimates for S2E and S2N widely disagree
and S2NW and S2NE are near or within uncertainty of zero.
The second measurement had approximately three times more
water between the reactor and “S2” detectors, meaning that
S2NW and S2NE were far less efficient on the neutron signal
than S2E and S2N, leading to worse neutron-only APSD
estimates. The S6E and OO6N detectors are not included in
the tabulated estimates because all estimates were within three
standard deviations of zero. These detector volumes were too
small to be sensitive to fission noise in the S6E and O6N
positions.

TABLE I: APSD « estimates (s™1)

S2E S2N S2NW S2NE
All | 1556 £ 1.4 | 1574 £ 1.4 | 153.8 £6.3 | 157.5 + 49
¥ 1557+ 1.5 | 1573 £ 1.5 | 1541 £6.5 | 156.7 + 4.9
n 247.1 £58.7 | 101.6 +£20.5 214 £9.8 19.1 £23.6

The cross power spectral density (CPSD) estimate using
the S2E and S2N detectors is o = (154.0 & 1.0) s™*, which
is more precise than the corresponding APSD estimates. The
CPSD distribution (Figure 6¢) has less dispersion than the
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Fig. 5: Pulse-shape discrimination heat maps of tail over total
ratios against the total light output in keV-electron-equivalent
for a) S2E, b) S6E, and c¢) O6N detectors. The color values are
in counts per heatmap cell. The ratio values above 0.2, 0.25,
and 0.28 are taken to be neutrons and below are taken to be
gamma-rays for the S2E, S6E, and O6N detectors respectively.

APSD (Figure 6a), improving the fit precision. The neutron-
only CPSD estimate is o = (145.4 + 23.1) s~!, which is far
less precise than the total CPSD, but does come within one

standard deviation of the total estimate. It should be noted
again that the gamma-ray pulse pile-up significantly pollutes
the neutron classified signals. We also applied CPSD to the
S2NW and S2NE pair. The total and gamma-only values of
about o = (143 & 3) s~ ! are lower than the S2E and S2N
CPSD. The neutron-only value for S2NW and S2NE was not
discernible due to the low neutron efficiency (indicated by
the low intensity in Figure 6d). S6E and O6N showed no
discernible frequency distribution beyond white noise because
of their low efficiency leading to a lack of sensitivity to noise.
All non-zero CPSD estimates are summarized in Table II.

TABLE II: CPSD « estimates (s~1)

All S2E/S2N 1540 =+ 1.0
All S2NW/S2NE 1440 =+ 34
() S2E/S2N 1542 =+ 1.0
(y-y) S2NW/S2NE | 1434 + 34
(n,n) S2E/S2N 1454 £ 231
The gamma-only estimates with the S2E/S2N and

S2NW/S2NE pairs are compared to previous estimates with
CeBr; and simulated Serpent 2 iterated fission probability
(IFP) in Figure 7a. The S2E/S2N pair gamma-only estimates
are in excellent agreement with the previously calculated
values and the precision is similar to the CeBr; measurements
in-core in the control rod tube positions. The S2NW/S2NE
pair gamma-only estimate agrees with the previous APSD
estimates, but the CPSD estimate is just outside of one
standard deviation agreement. Nevertheless, we have provided
promising and comparable estimates for gamma noise without
the need to place detectors in the reactor core. These results
are less invasive and simpler to implement.

The neutron-only estimates are compared for the S2E/S2N
to previous work in Figure 6d. The APSD estimates for the
pair do not agree, but confine 23°U fission chamber values.
The S2E/S2N neutron-only CPSD estimate agrees with the
235U fission chamber value, but the S2E/S2N has quite high
uncertainty in comparison.

IV. CONCLUSIONS AND FUTURE WORK

Our results provide new estimates of the prompt neutron
decay constant, o, of CROCUS at criticality in two 120-
minute measurements. We notably used organic scintillators
to estimate o at a far offset of 20 cm from the reactor
core, demonstrating the effectiveness of organic scintillators
for noise measurements for the first time.

In an attempt to prove dual-particle noise in a moderated
reactor spectrum, the fast neutron signal collected by our
detectors was insufficient to conduct power spectral density
(PSD) analysis reliably on the neutron noise. Nonetheless,
the neutron-only cross-PSD (CPSD) estimate of o was close
to the expected value and merely lacked precision. However,
to improve neutron estimates with organic scintillators, the
possible deployment of lithium or boron-loaded organic scin-
tillators could improve the neutron/gamma-ray signal ratio and
improve neutron-only CPSD estimates of «. By improving the
neutron signal collection, we could add yet another mode of
noise analysis to the evaluation toolkit.
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The gamma-ray noise measurements compare well to pre-
vious measurements and simulations [1], [5], [16], [40]. The
precise estimates from the gamma-ray noise motivate the
future calculation of e and A in CROCUS from gamma-
only CPSD. The current equations used for power spectral
density fitting to calculate [Ser and A are derived for the
neutron population only [6], [41] and leverage neutron nuclear
data. Noise methods based on the gamma-ray signal have been
briefly explored via theory and experimentation [42], [43], but
there is an absence of theoretical development for the power
spectral density technique leveraging gamma-ray noise, and
the determination of ¢ and A from such signals. To calculate
Betr and A with the gamma-ray noise, a re-evaluation of the
power spectral density equation derivation and use of gamma-
ray nuclear data is required and encouraged.

Our estimates of « from the gamma-ray noise for CROCUS
are a reliable and consistent reactor monitoring metric. The
detector configurations in the water moderator and outside
the vessel pose essentially no effect on the core kinetic
state and do not require reconfiguration of the reactor core.
Given minimal perturbation in the system, « is constant
during steady-state critical operation in zero-power systems.
Thus, monitoring « can serve to verify the kinetic state of
a reactor. We propose using frequent monitoring of o during
reactor operation to verify a reactor’s kinetic state and facility
activities, supplementing the international safeguards toolkit.
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