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To prevent the unauthorized spread of radioactive materials, it is essential to detect and monitor
spent nuclear fuel. This paper investigates the feasibility of using a detector based on transition edge
superconductors to monitor spent Canada deuterium uranium fuel in two distinct scenarios. The first of
these considered the monitoring of a CANSTOR container at the location of the Gentilly-2 nuclear
power plant. The fuel in a CANSTOR container is contained within baskets, which are then stored in
tubes in the container. An individual detector with a mass of 1 kg is not sensitive to the removal of a
single basket from the container without an unfeasibly long monitoring time. When an entire tube in the
container is emptied (equivalent to approximately 5% of the fuel in the container), the results are
improved. The second scenario examined the feasibility of monitoring a single dry storage container
(DSC) at the Pickering site. The DSCs are much smaller than a CANSTOR container and contain
approximately 7.4 tonnes of spent fuel. The background due to the neutrinos from the nearby reactors
at the Pickering site was also evaluated. It was found that monitoring DSC was unfeasible due to the
high reactor neutrino background. Both studies utilized fuel that was 30 years old; monitoring a
container loaded with spent fuel that is younger would require a shorter monitoring time due to the fuel’s
higher radioactivity.
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I. INTRODUCTION

The monitoring and accountancy of spent nuclear fuel
are crucial to prevent the proliferation of nuclear materials.
Neutrinos are a candidate of interest to monitor spent

fuel [1,2]. Their minuscule cross section means that any
detected neutrinos will be unaffected by any of the
shielding surrounding the spent fuel, and that the rate of
events will simply depend on the distance between the
spent fuel and the detector. Furthermore the shielding will
not alter the energy spectra of the neutrinos in any way.
However, the tiny interaction cross section of the neutrinos
poses several experimental challenges as the low interac-
tion probability also results in a low event rate.
Recent studies have looked into placing a large liquid

scintillator-based detector near the spent fuel to detect ν̄e
produced in the spent fuel via the inverse beta decay
interaction [3]. The scintillator detectors would need to
be on the order of tens of tonnes in order to get a
sufficient event rate. The large size of these detectors
and the large amount of equipment associated with them
may make their placement at a spent fuel storage site
difficult in practice.
Detectors based on transition edge sensors (TESs) [4]

use a much smaller active detector volume and therefore

are much more compact than traditional scintillator detec-
tors. The size of the detector can be much smaller than
traditional detectors by exploiting the recently observed
coherent elastic neutrino-nucleus scattering (CEνNS) [5–7],
which has a much larger cross section than both electron
scattering and inverse beta decay.
This study describes the detection method of TES-based

neutrino detectors and calculates the anticipated signal
from spent Canada deuterium uranium1 (CANDU®)
fuel [8] stored in waste fuel containers. Possible signal
backgrounds are investigated, and the viability of using
the technique to monitor spent CANDU fuel is given.
We explore the interaction rates of calcium, tungsten,
and oxygen as they are the constituent elements of the
target (CaWO4) planned for use in the NUCLEUS experi-
ment [9]. The successful operation of the NUCLEUS
detector will confirm the viability of this technique for
monitoring spent fuel.
The fuel from CANDU reactors is stored in different

containers depending on the reactor site in question. The
spent fuel produced at Gentilly-2 nuclear power plant is
stored in large concrete CANSTOR containers [10]; each
container can store up to 12,000 spent fuel bundles. Nuclear
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fuel produced at the Pickering and other plants in Ontario is
stored in smaller containers known as dry storage contain-
ers (DSCs); each DSC can store up to 96 fuel bundles [11].
The background event rate at spent fuel storage sites is
highly unknown and highly dependent on detector design.
Also, rates will vary depending on location; for example,
the DSC at Pickering will have an additional background
due to neutrinos produced in the adjacent operating
reactors. In this paper we first describe the mechanism
for the detection of neutrinos using a TES. We then
describe how the expected rate of events due to neutrinos
emitted by the spent fuel is calculated, before summarizing
the expected backgrounds to the neutrino signal. The
sensitivity of the detector to the removal of spent fuel
from both CANSTOR and DSC detectors is presented
followed by a discussion of the results and the feasibility of
the technology to monitor spent fuel.

II. TES-BASED NEUTRINO DETECTION

TES-based neutrino detection uses a TES thermally
coupled to a cryogenically cooled bolometer. When a
particle interacts within the bolometer it produces a
miniscule rise in the bolometer’s temperature, which is
detected by the TES.

A. The CEνNS interaction

The interaction channel used to detect neutrinos is
CEνNS. In this interaction the neutrino interacts with the
nucleus as a whole, scattering elastically. The interaction is
flavor insensitive, which means this interaction provides a
value of the flux of neutrinos of all flavors rather than
just one. The differential cross section of the interaction is
given by [12]

dσ
dEr
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G2

F

4π
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WmN

�
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2E2
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whereGF is the Fermi coupling constant,mN is the mass of
the nucleus,QW represents the weak nuclear charge, FðERÞ
represents the form factor, Er is the recoil energy of the
nucleus, and Eν is the energy of the incoming neutrino. In
Eq. (2) N is the number of neutrons within the nucleus and
Z the number of protons, and sin2 θW ≈ 0.231.
The value used in the following sections for the form

factor is [13]
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value of c is dependent on the mass number (A) of the

nucleus and is given by c ¼ 1.23A1=3 − 0.6 fm; the values
for s and a are 0.9 fm and 0.52 fm respectively.
The approximate maximum recoil energy of the inter-

action is given by 2E2
ν=mN.

The dependence of the cross section on the product of
mN and N means many more interactions will take place
with a heavier nucleus. However, the kinematics of the
interactions causes heavier nuclei to recoil with a lower
kinetic energy. Hence, a lower detector threshold is
required to fully exploit this increased interaction rate
when a heavier target nucleus is used.

B. The TES mechanism

The interaction of the particle within the target results in
a miniscule rise in the temperature of the target. The rise
in temperature depends on the choice of material and the
temperature of the target [14]. Using the 300 g CaWO4

crystal described in [14] and approximating the temper-
ature increase simply as ΔT ¼ ΔE=C where C is the heat
capacity of the crystal a 500 keV deposition of energy
within the target results in a 0.61 μK increase in the
crystal’s temperature. Therefore, in order to detect these
interactions the temperature of the target must be mea-
sured with accuracy on the order of μK. TESs act as very
sensitive thermometers and measure this change in tem-
perature [4]. They consist of a piece of superconducting
material kept just below the critical temperature of the
material. When the TES is heated above its critical
temperature, it ceases to be superconducting, and its
resistance begins to increase from zero, resulting in a
minor potential difference across the TES. This minor
voltage differential can be read and converted into an
electronic signal for the interaction. Because the TES
operates so close to the critical temperature, it must be
kept in a temperature-controlled environment. Instead of
directly detecting the voltage, a superconducting quantum
interference device (SQUID) can be used as a magne-
tometer to measure the change in current across the TES
as a result of heating above its critical temperature.
Utilizing the SQUID in this manner reduces the number
of thermal couplings between the TES and other compo-
nents, as well as the detector’s thermal noise. The
fundamental threshold of the detector depends on the
thermal noise of the detector [15]. The noise from
the target depends on the target mass, material, and
operating temperature; increasing the size of the target
increases the noise and threshold of the detector,
although this can be compensated for by decreasing the
temperature [15]. An alternative option is to use multiple
target crystals with masses of the order g with a TES
monitoring each individual target; this is the method that
the NUCLEUS experiment plans to use to scale up to a
1 kg detector mass [16]. Note that the critical temperature
of the TES needs to be tuned to the operating temperature
of the cryostat.
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III. DETERMINING THE RATE
OF NEUTRINO EVENTS

The determination of the neutrino interaction rate can
be broadly split into two parts. The first of these is the
determination of the neutrino flux. This involves finding
the composition of the spent fuel in records and then
combining the composition with the neutrino emission
spectrum and activities of each of the isotopes in order to
construct the overall spectrum. The second part of the
calculation involves scaling the neutrino spectrum to
account for the distribution of the spent fuel in the
container, and then combining it with the interaction cross
sections to obtain an event rate.

A. Construction of the neutrino spectrum
from spent CANDU fuel

To construct the overall neutrino spectrum from the spent
fuel, the composition of the fuel and the neutrino spectra
from the constituent isotopes are combined. The compo-
sition of the fuel and the Zircaloy cladding was obtained
from [17]. For this study we used the composition obtained
from a burnup of 220 MWh=kgU and a fission power
of 720 kW per fuel bundle. The neutrino spectra were
obtained by using the BetaShape spectra [18–25]. Several
of the listed isotopes in the spent fuel lacked BetaShape
predictions, and therefore they were not included in the
flux; this resulted a 0.1% reduction in the total neu-
trino flux.
The neutrino spectra from the fuel and the cladding

30 years after being removed from the reactor calculated
using this method are shown in Fig. 1. The five isotopes
with the largest neutrino flux above 1.5 MeV are shown as

well as the sum of the other isotopes. Similar to other spent
fuel the dominant neutrino emitter is found to be 90Y [3].
The remainder of the named isotopes in the figure
contribute only a small fraction to the overall neutrino
rate. Past the endpoint of the 90Y the neutrino flux drops
by 8 orders of magnitude. Neutrinos are produced up to
beyond 4 MeV; however, at that point the flux of neutrinos
is less than a factor of 10−10 of the peak flux. The neutrino
emissions from the Zircaloy cladding surrounding the fuel
are also dominated by the emissions from 90Y. The overall
flux from the cladding is small compared to that of the
fuel, and therefore only the emissions from the fuel are
studied in the following sections. In the following studies
we consider the mass of uranium in each fuel bundle as
19.2 kg; this corresponds to the 37 element CANDU fuel
bundle [17].

B. Geometric effects

A CANSTOR container is 21.6 m long, 8.1 m high and
7.5 m deep. Twenty tubes are distributed in two rows of ten,
with the spent fuel stored in cylindrical steel baskets in the
tubes [10]. Each basket contains 60 fuel bundles, and each
tube contains ten baskets. The positions of the tubes
within the container were approximated based on the
drawings in [10]. Figure 2 shows the geometric factor gB
(used later in Eq. (5). In order to evaluate this, all the fuel
in each basket and the detector were treated as a point
source, giving the simple scale factor 1=ð4πd2Þ where d is
the distance between the center of the fuel basket and the
center of the target material. The fuel in the tubes farther
from the sensors contributes significantly less than the
nearby fuel.

FIG. 1. The neutrino spectra from spent fuel and cladding 30 years after removal from the reactor calculated using the fuel composition
in [17] and the BetaShape spectra. The data for the spectra are available in the Supplemental Material [26].
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C. The overall event rate

The overall event rate assuming a pointlike source and
detector is given by Eq. (4), where g is the geometric factor
[given by 1=ð4πd2Þ where d is the distance between the
detector and source], NT is the number of target nuclei
within the detector, dσðEνÞ

dT is the differential cross section
given by Eq. (2), and fðEνÞ is the flux of neutrinos from
the spent fuel:

dR
dT

¼ gNT

Z
dσðEνÞ
dT

fðEνÞdEν: ð4Þ

In the following studies each fuel basket is considered
to be a point source. Assuming all the fuel in the container
has the same age, the overall observed flux from the
CANSTOR container will be the sum of these point
sources:

dRT

dT
¼

�
NT

Z
dσðEνÞ
dT

fðEνÞdEν

�X
B

gB; ð5Þ

where gB is the geometric factor for each basket.
For the monitoring of the DSC the inner cavity of the

container is considered to be a uniform source of neutrinos.
The DSC can be approximated as a point source where the
geometric factor g in Eq. (4) is calculated using

g ¼ 1

4π

Z Z Z
1

jx⃗ − p⃗j2 dxdydz ×
1

V
; ð6Þ

where x⃗ ¼ ðx; y; zÞ is the vector being integrated over the
inner cavity of the DSC, p⃗ is the position of the sensor,
and V is the volume of the inner cavity. The dimensions of

the inner cavity are (1.046, 1.322, 2.520) m [27]. Assuming
the sensor is placed 1 m off of the ground and 2 m from the
center of the long side of the DSC, the value of g is
7.746 × 10−7 cm−2.
The dRT

dT distribution due to a full CANSTOR container
for various target materials is shown in Fig. 3. The number
of events detected depends on the threshold of the detector
and thematerial. Heavier elements such as 184Whave a much
larger cross section than lighter nuclei. However, owing to
their increased mass they recoil at a much lower energy
than lighter nuclei such as 16O. The optimal choice of target
material depends on the exact threshold achievable.

IV. BACKGROUNDS TO THE NEUTRINO SIGNAL
FROM SPENT FUEL

Several sources of background could affect the rate of
events; these include secondaries due to cosmic ray muons
and intrinsic gamma background events [9]. The rate of
background events strongly depends on the location and
design of the detector. Furthermore, the backgrounds in
these types of detectors may not be fully characterized.
Many dark matter experiments using a similar detection
mechanism report an excess rate of events below 100 eV
[9]. In the following section we make no assumption about
the background rates and explore the same range of rates
as in [2] from 10−2 background events per day up to
10,000 background events per day. A rate of 10,000 events
is expected for a detector on the surface unshielded from
cosmic rays [2].
As spent fuel is often stored on site at reactor complexes,

an additional source of background may be the neutrinos
from the nearby reactors. As the Gentilly reactors are
currently being decommissioned this source of background
will not be present for monitoring of the CANSTOR
containers. However, the monitoring of the DSCs at the
Pickering plant will be subject to this background. The
background rate due to reactor neutrinos will depend on

FIG. 3. The recoil energy spectra of various target elements
from 30-year-old spent fuel in a CANSTOR container.FIG. 2. The geometric factor gB in units of cm−2 for each of the

baskets in a CANSTOR container when viewed from the front.
The detector is positioned 2 m from the center of the long face of
the container and 1 m off of the ground.
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the position of the spent fuel relative to the reactors and the
power output of the reactors.

A. Backgrounds due to nearby reactors
at the Pickering Generating Station

At the time of drafting this manuscript six of the eight
CANDU reactors at the Pickering plant are operational.
In order to estimate the background due to the reactors
the location of the monitoring of the DSCs is chosen to be
the center of the “Dry Storage Facility Phase 1” in Fig. 1
of [28] which shows a map of the Pickering site. The
approximate distance between the monitoring area and
each reactor was estimated using the same figure, and the
results are shown in Table I.
The flux from the reactors at the dry storage facility can

be seen in Fig. 4. The thermal power of all the cores was
assumed to be 1,744 MWth [29].
The rate of events due to the reactors at Pickering for

various thresholds and targets is shown in Fig. 5. Owing to
the higher energies of the neutrinos the recoil energies are
much higher than that of the spent fuel. For example, when
the tungsten target is used the end point of the 30-year-old
fuel is around 60 eV; in contrast, the end point for recoils
due to neutrinos from the reactor is greater than 600 eV.

The overall interaction rates for various thresholds are
shown in Table II. As mentioned previously, the lighter
nuclei show the lowest rates due to the smaller cross section
but are less affected by changes in threshold as their recoil
energies are higher than that of heavier nuclei.

V. SENSITIVITY OF THE DETECTOR

In this section, two scenarios are presented. The first
is the monitoring of spent fuel stored in a CANSTOR
container at the Gentilly-2 facility. The sensitivity of the
detector to missing fuel at various locations in the container
is investigated. The sensitivity to a missing single fuel
basket and that to an entire tube being empty are inves-
tigated. The second scenario involves the monitoring of
waste fuel at the Pickering facility inside a single DSC. For
a variety of thresholds and target materials, the exposure
time necessary to distinguish between a full and partially
filled container is investigated.
Regardless of the scenario the ability to distinguish

between a full container and a container with missing fuel
can be estimated by using the Gaussian approximation to
the Poisson distribution as shown in Eq. (7), where the term
on the left represents the difference in counts between a
full container and a container with missing fuel and the
term on the right represents the uncertainty due to random

TABLE I. The distance from the reactors at the Pickering site to
the detector in the monitoring area, estimated using Fig. 1 in [28].

Reactor number Distance to reactor (m)

1 649.0
4 448.8
5 294.5
6 239.7
7 159.6
8 112.5

FIG. 4. The calculated total neutrino flux from all the operating
CANDU reactors calculated using the standoff distances indi-
cated in Table I and the neutrino spectra in [30].

FIG. 5. The calculated differential rate of recoil events for
various targets due to neutrinos produced by the reactors at
Pickering assuming the standoff distances in Table I.

TABLE II. The calculated interaction rate due to the reactor
neutrino flux shown in Fig. 4 in counts/kg det/day for various
target isotopes and detector thresholds.

Threshold (eV) 40Ca 184W 16O

1 1.73 11.65 0.70
5 1.67 10.18 0.69
10 1.61 8.83 0.68
20 1.50 6.94 0.65
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fluctuations. μF is the rate of events due to a full container,
and μm is the rate of events due to a partially empty
container. t is the time for which the measurement takes
place, and b is the rate of backgrounds:

ðμF þ bÞt − ðμm þ bÞt ¼ Z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμF þ bÞt

p
: ð7Þ

The exposure required to achieve a given sensitivity can
be found by rearranging Eq. (7) for t, as shown in Eq. (8):

t ¼ Z2ðμF þ bÞ
ðμF − μmÞ2

: ð8Þ

Rather than requiring a certain level of sensitivity, or
confidence that the outcome of the measurement is not
attributable to a statistical fluctuation, a limit on the rate of
false alarms can be defined. A false alarm is defined as a
measurement that falls outside of the confidence interval
due to a random statistical fluctuation.
The time between false alarms T can be defined as the

measurement time divided by the false alarm probability,
as shown in Eq. (9):

T ¼ t
PðZÞ ; ð9Þ

where PðZÞ ¼ 1
2
½1 − erfð Zffiffi

2
p Þ�.

Substituting in the equations for PðZÞ and t yields
Eq. (10):

T ¼ 2ðμF þ bÞ
ðμF − μmÞ2

Z2

1 − erf
�

Zffiffi
2

p
� : ð10Þ

Equation (10) can be numerically solved for Z, which
in turn can be substituted into Eq. (8) to determine the
measurement time t that would result in a given false
alarm rate.

A. Using the TES detector to monitor
a CANSTOR container

When the detector is used to monitor a CANSTOR
container two scenarios have been studied. The first is that a
single basket is missing from the container; the second is
that an entire tube’s worth of fuel missing.

B. Removal of an individual basket

The exposure required to reach a sensitivity of Z ¼ 3 for
a tungsten target for various background levels and various
baskets being removed is shown in Fig. 6.
When a level of Z ¼ 3 is required, in the best-case

scenario the measurement exposure is more than 150 kg
years. Assuming a one-sided Gaussian fluctuation the
probability of a 3σ fluctuation is 1.35 × 10−3. As the false
alarm rate can be found by dividing the measurement time

by the fluctuation probability which results in a false alarm
rate approximately once every 100,000 years for a 1 kg
detector, the time associated with this false alarm rate is
significantly longer than the duration of fuel storage within
the container. Therefore, such a high level of sensitivity is
not warranted when a 1 kg detector is used to monitor the
spent fuel.
The measurement time required to reach an false alarm

of once every 100 years of running for a 1 kg detector is
shown in Fig. 7. For a single basket the best-case scenario
where the closest basket is removed, a measurement can
be made approximately once every 16 years for a 1 kg

FIG. 6. The exposure time required to reach a sensitivity of 3σ
for various thresholds and background levels when the nearest or
farthest CANSTOR baskets are removed for a pure tungsten
target. The solid line gives the exposure required to obtain
sensitivity to the removal of the basket which is closest to the
detector. The dashed line gives the exposure for sensitivity to the
farthest basket being removed.

FIG. 7. The measurement time required for a false alarm rate of
once every 100 years for various background levels and thresh-
olds when a pure tungsten target is used. The solid lines represent
the scenario where the basket nearest to the detector is removed,
and the dashed lines refer to the scenario where the basket farthest
from the detector is removed.
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detector. If the measurement time is to be greatly shortened,
a large detector is required. The measurement period for the
removal of the farthest baskets is longer than 15,000 days,
implying that only about two measurements can be taken
every 100 years. In addition, the statistical uncertainty in
these observations is so high that one out of these two will
be a false alarm. For thresholds above 1 eV no curves
are shown for the furthest basket being removed as the
measurement time means only one measurement can be
made in a 100 year period. As greatly enlarging the
detector’s size is impractical, numerous TES-based detec-
tors will be required to monitor the entire container if
sensitivity to removal of a single basket is required over an
acceptable time period. Note that a single basket corre-
sponds to only approximately 0.5% of the total fuel in the
container. The need for a long exposure time to discrimi-
nate between a full container and one that is 99.5% full is
not unexpected given the low rate of neutrino events.

C. Removal of an entire tube

The time required to reach a sensitivity of Z ¼ 3when an
entire tube is removed is shown in Fig. 8. For the tube being
emptied that is closest to the detector an exposure of
approximately 3.6 kg years is required to build up 3σ
sensitivity if the background rate is 0.01 counts per day
and the threshold of the detector is 1 eV. However, the
measurement exposure rises by up to 245 kg years when the
farthest tube from the detector is emptied.
The measurement time required to reach a false alarm

rate of one per century kg of exposure for entire tubes being
emptied is shown in Fig. 9. For the tube being emptied that
is closest to the detector the measurement period needs
approximately 652 kg days with a 1 eV threshold and 0.01

background events per day. In contrast, when the tube
farthest from the detector is emptied the measurement
exposure is increased to 7,200 kg days.

D. Using the TES detector to monitor a DSC

Assuming the same 30-year-old fuel used in the
CANSTOR studies is inside the DSC,2 the overall differ-
ential rate can be given by Eq. (4). The rate of events due to
spent fuel in a full DSC as a function of detector threshold
can be seen in Fig. 10.

FIG. 8. The exposure required to reach 3σ sensitivity as a
function of background level for various thresholds when various
CANSTOR tubes are removed for a pure tungsten target. The
solid lines give the exposure to obtain sensitivity to the tube being
emptied that is closest to the detector. The dashed line gives the
exposure for sensitivity to the farthest tube being emptied.

FIG. 9. The measurement time required to result in a false alarm
rate of once every 100 years for an empty tube in the container for
various background levels and thresholds when a pure tungsten
target is used. The solid lines represent the exposure required when
the tube nearest to the detector has had all the spent fuel removed
and other tubes are unchanged. The dashed lines represent the
exposure required when the tube farthest from the detector has had
all its spent fuel removed, keeping all other tubes unchanged.

FIG. 10. The rate of events for various materials for a sensor
placed 2 m from a DSC full of 30-year-old spent fuel as a function
of detector threshold.

2This is a conservative assumption as the fuel bundles used at
Pickering are of a slightly different design and contain 20.1 kgU
per bundle compared to the 19.2 considered here.
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Modifying Eq. (7) such that μm ¼ fμF, where f is the
fraction of fuel in the container, one obtains Eq. (11), which
can be rearranged into Eq. (12):

ðμF þ bÞt − ðfμF þ bÞt ¼ Z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμF þ bÞt

p
; ð11Þ

t ¼ Z2ðμF þ bÞ
ð1 − fÞ2μ2F

: ð12Þ

Figure 11 shows the time to reach 95% confidence
that the container is not full for various thresholds and
materials. The background rate b in Eq. (12) is given by
b ¼ β þ βνðτÞ, where β is the background rate as consid-
ered in the CANSTOR scenario and βνðτÞ is the rate of
neutrino events due to the nearby reactors for a given
threshold τ as listed in Table II.
Regardless of the target used, a significant exposure time

is required to monitor an individual DSC. The target with
the largest cross section (184W) and the lowest threshold
requires almost 100,000 days of monitoring in order to
determine whether the DSC is less than half full.
Monitoring individual containers for such a large amount

of time is impractical. Part of the reason for such a
significant run time is the high rate of the neutrino events
from the reactors. For a 20 eV threshold and a tungsten
target the rate of neutrino events from the fuel is less than
one per kg−1 day−1; however, the number of background
events due to reactor neutrinos is 6.94 kg−1 day−1. Note
that the recoils from the spent fuel are lower in energy than
the recoils due to the reactor neutrinos; therefore, this
background can be mitigated using an upper energy cut.
Table III shows the upper energy cut which would keep
99% of the spent fuel recoils when the detector threshold
is 1 eV. Applying this upper energy cut to the reactor
backgrounds shown in Table II results in a reduction of rate
seen in the third column of Table III; for a 1 eV threshold
this corresponds to a reduction of the reactor background to
63% of its precut value. Even with this correction the rate
due to the reactors is several orders of magnitude higher
than the rate of neutrinos, and the measurement time
remains significantly higher than practically feasible.

VI. DISCUSSION

The sensitivity studies in the previous section explored
detectors on a ∼kg scale. Currently planned bolometers for
neutrino detection range from a few grams to a kilogram
scale with thresholds below 10 eV [9]. The threshold of the
detector increases proportionally as M2=3, where M is the
target size [31]. To compensate for this, as the target
gets larger the operating temperature of the detector needs
to be reduced to keep thermal noise at the same level
and to maintain the same threshold [15]. Alternative
options are to segment the detector into multiple smaller
detectors [15,32]. The segmentation of detectors could
also enable improved background rejection [32]. Readout

FIG. 11. The exposure in kg days required to obtain a 95% confidence that the detector is not full for various target materials.
The x axis is the background rate (β) in counts per kg det per day. The y axis is the fraction of the DSC that is full. Each column
corresponds to a different detector material. A 1 eV threshold is used for all materials.

TABLE III. The recoil energy where 99% of the interactions
with energies above 1 eV occur and the reduction in the reactor
background neutrino background (in counts/kg det/day) if this cut
is applied.

Target Energy cut (eV) Reduction in reactor rate

16O 484.1 −0.26
184W 43.0 −4.36
40Ca 194.4 −0.64
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systems for x-ray TES-based detection for are currently
being developed with approximately 3000 TES-based
detectors [33]; hence the segmentation of the detector will
not add unreasonable complexity to the readout systems.
A further challenge to neutrino detection is the monitor-

ing at the surface. The estimated background rate for an
un-shielded detector on the surface is 10,000 counts per
day [2]. Significant effort will be required to evaluate and
identify backgrounds and to design the detector to mitigate
these. Future studies into fuel monitoring can use back-
ground measurements made by detectors with similar
designs and locations such as NUCLEUS [9] and
Ricochet [34]. These background calculations will also
inform the design of the detector. An additional option
would be to install the detector underground near the site,
although this would significantly increase the construction
complexity and overall detector cost, which may not be
feasible around spent fuel containers.

A. The sensitivity in the context of safeguards

The results above can also be expressed in terms of the
sensitivity to the mass of Plutonium being diverted from
spent fuel storage. The particular isotope of interest for
nuclear safeguards is 239Pu.
The mass of 239Pu in an individual fuel bundle was

calculated using the 239Pu activities for both the cladding
and the fuel in [17]. For fuel with burnup 220 MWh=kgU
and a fission power of 720 kW per fuel bundle the mass of
239Pu in the fuel itself is 50.81 g per bundle. The mass of
239Pu inside the cladding is on the order of 100 s of μg per
bundle. The mass of 239Pu inside a CANSTOR basket is
approximately 3.11 kg, and the mass in a CANSTOR tube
is 10 times this. For sufficient safeguarding, the detector
needs to be sensitive to individual baskets being removed.
Performing the same calculation for the DSC shows that the
mass of 239Pu contained within a DSC is 4.97 kg. Like the
CANSTOR basket this represents a significant quantity of
239Pu; therefore accurate determination of the amount of
fuel within a DSC must be quickly determined.

VII. CONCLUSIONS

The feasibility of using a TES-based detector to
monitor spent CANDU fuel was explored in two scenar-
ios. The first of these was the monitoring of a CANSTOR
container at the Gentilly-2 site. The detector was insen-
sitive to a single basket being removed; when the basket
closest to the detector is removed, a measurement time of
150 years with a 1 kg detector is required to obtain a
signal with 3σ significance. When the farthest basket

from the detector is removed an exposure time of
107 days is required when using a 1 kg detector to obtain
3σ significance. It should be noted that a single basket
corresponds to 0.5% of the total fuel in a CANSTOR
container, so a long exposure is required to distinguish
such a small difference in rate. The results are more
promising when an entire tube of the CANSTOR con-
tainer is emptied (which corresponds to 5% of the total
fuel in the container). When the tube nearest to the
detector is emptied for a 1 kg detector a total measure-
ment time of 3.6 years is required in order to obtain 3σ
significance from a full container. However, owing to
geometric effects this measurement time is increased to
245 years when the tube farthest from the detector is
emptied. In order to monitor a entire CANSTOR con-
tainer, multiple detectors with sizes on the order of tens of
kilograms located around the container to minimize
geometric effects would be required.
The second scenario explored was the monitoring of

an individual DSC located at the Pickering site. In this
scenario there are additional backgrounds caused by the
neutrinos produced by the nearby reactors; the rate of these
backgrounds is much higher than the rate of events due to
the fuel in the container. The combination of the high
neutrino rate from the reactors as the relatively small
amount of spent fuel in the DSC makes monitoring DSC
using their neutrino emissions currently unfeasible.
In both scenarios the exposure in kg days was explored.

Detectors with sizes on the order of 10s of kilograms are
required to monitor the spent fuel in a CANSTOR container
within a reasonable time frame. Detectors of this size are
not unfeasible with the development of a 1 kg scale detector
planned in the near future [9]. As the target size limits
the energy threshold of the detector, current detectors use
multiple target arrays. The use of multiple arrays also aids
in discriminating background events. Furthermore, this
modularity means that a shorter monitoring time can be
achieved by simply adding more targets provided there is
room in the cryostat.

ACKNOWLEDGMENTS

We gratefully acknowledge the insightful exchanges
with Bhaskar Sur and his suggestion to explore the use
of TES-based detectors for neutrino detection and nuclear
recoil measurements. We also thank Oleg Kamaev for his
careful review of this paper. This work is funded by the
Federal Nuclear Science & Technology fund through
Atomic Energy Canada Limited (AECL). We appreciate
all the help and support provided by AECL.

NEUTRINO-BASED SAFEGUARDS OF CANDU SPENT FUEL … PHYS. REV. D 109, 096038 (2024)

096038-9



[1] O. Akindele, N. Bowden, R. Carr, A. Conant, M. Diwan, A.
Erickson, M. Foxe, B. L. Goldblum, P. Huber, I. Jovanovic
et al., Nu tools: Exploring practical roles for neutrinos in
nuclear energy and security, Technical Reports No. PNNL-
31870; TRN: US2301931, 2021, https://doi.org/10.2172/
1826602.

[2] C. von Raesfeld and P.Huber, Use of CEvNS to monitor
spent nuclear fuel, Phys. Rev. D 105, 056002 (2022).

[3] V.Brdar, P.Huber, and J.Kopp, Antineutrino monitoring of
spent nuclear fuel, Phys. Rev. Appl. 8, 054050 (2017).

[4] K. Irwin and G. Hilton, Transition-edge sensors, in
Cryogenic Particle Detection (Springer Berlin Heidelberg,
Berlin, Heidelberg, 2005), pp. 63–150.

[5] K.Scholberg (COHERENT Collaboration), Observation
of coherent elastic neutrino-nucleus scattering by COHER-
ENT, Proc. Sci. NuFact2017 (2018) 020.

[6] D. Akimov, J. B. Albert, P. An, C. Awe, P. S. Barbeau, B.
Becker, V. Belov, A. Brown, A. Bolozdynya, B. Cabrera-
Palmer et al., Observation of coherent elastic neutrino-
nucleus scattering, Science 357, 1123 (2017).

[7] D. Akimov, J. B. Albert, P. An, C. Awe, P. S. Barbeau, B.
Becker, V. Belov, I. Bernardi, M. A. Blackston, L. Blokland
et al. (COHERENT Collaboration), First measurement
of coherent elastic neutrino-nucleus scattering on argon,
Phys. Rev. Lett. 126, 012002 (2021).

[8] M.Tayal and M.Gacesa, Fuel, in The Essential CANDU
(University Network of Excellence in Nuclear Engineering
(UNENE), 2017), Chap. 17, 10.1117/12.2056920.

[9] V.Wagner, G.Angloher, A.Bento, L.Canonica, F.Cappella,
L.Cardani, N.Casali, R.Cerulli, I.Colantoni, A.Cruciani
et al., Exploring CEνNS of reactor neutrinos with the
nucleus experiment, J. Phys. Conf. Ser. 2156, 012118
(2021).

[10] N. Macici, Spent fuel dry storage experience at Gentilly-2
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France, 2013), Vol. 7.
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