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*International Atomic Energy Agency

Most of the enriched %3°U
fuel in a reactor core is in
fact 238U, which can be
converted #*°Pu.

Pu can be extracted via
chemical reprocessing.

1 significant quantity:

~8 kg of Pu ready for use
within days (3 months for
Pu in irradiated fuel)



Antineutrino flux - infé?ght ihto the core
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Gigawatt days per metric ton
of ingoing uranium fuel

Hayes, Vogel, 2016

Gigawatt days per metric ton
of ingoing uranium fuel
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0(10°°) antineutrinos per GW,, .

Antineutrino flux and spectrum
depends on the fissioning isotopes.

Four main isotopes with
time-dependent fission fractions in
233J-fuelled reactor.


https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102115-044826

Antineutrino flux - in'gi\ght ihto the core
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Days into Cycle

0(10°°) antineutrinos per GW,, .

Antineutrino flux and spectrum
depends on the fissioning isotopes.

Four main isotopes with
time-dependent fission fractions in
233J-fuelled reactor.

Time-dependent antineutrino
emission bears information about
the reactor operating power and
composition of the core.


https://doi.org/10.1063/1.3080251
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Neutrinos for non-prolifération

Antineutrinos / MeV / fission
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Inverse beta decay (IBD) tried and

tested means of detection.
Vogel, Wen, Zhang, 2015
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Inverse beta decay cross section (cm?)

Neutrinos offer a continuous,
non-intrusive means of monitoring.

Measurement of the antineutrino flux and
spectrum has the potential to observe and
verify:

reactor on/off cycle and power

reactor distance (ranging)

reactor direction (pointing)

core composition and burn-up
diversion of 1 SQ fissile material
antineutrinos from nuclear waste 5


https://doi.org/10.1038/ncomms7935

Non-Proliferation Treaties provide the framework for the International
Atomic Energy Agency (IAEA) to monitor all stages of the nuclear fuel cycle.

milling conversion enrichment

1. Diversion of nuclear material

o 2. Undeclared production or
mining fabrication .
processing of nuclear
front end of cycle .
———————————— material
' gl 3. Undeclared nuclear material
_________ or facility

back end of cycle

final spent fuel interim
disposition reprocessing* storage

Source: Pennsylvania State University Radiation Science and Engineering Center (public domain)



Non-Proliferation Treaties provide the framework for the International
Atomic Energy Agency (IAEA) to monitor all stages of the nuclear fuel cycle.

milling conversion enrichment

1. Diversion of nuclear material

o 2. Undeclared production or
mining fabrication .
processing of nuclear
front end of cycle .
———————————— material
' gl 3. Undeclared nuclear material
_________ or facility

back end of cycle

final spent fuel I interim

disposition reprocessing* I storage

Source: Pennsylvania State University Radiation Science and Engineering Center (public domain)




The monitoring gap -"‘advanced reactors
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A::?::: Light-Water ?
sy i, Non-homogenous fuel
High-temperature reactors (HTRs) j
production, Uses TRISO fuel o
5
o LARGE, CONXEPI:\O-:‘,‘tL REACTOR SMALLUI::(')(I)Dz)LDAS:'EEJACTOR
E A. Vargas/IAEA
[t
€ Small modular reactors:
Q. . .
7 multi unit, low power

HTR-PM, Wu et al,2022 (20-300 MW)
Online loading and

reprocessing

Neutrinos are fuel-form agnostic and do not require access to the core.
Interest in detectors built into the design of new reactors and mobile monitors.


https://nuclearinnovationalliance.org/advanced-nuclear-reactor-technology-primer
https://doi.org/10.1155/2022/1817191
https://www.iaea.org/newscenter/news/what-are-small-modular-reactors-smrs

Monitoring applicatig\ﬁs in this talk

1. Far-field monitoring (> ~10 km). 3. Spent fuel monitoring

APS/Alan Stonebraker

2. Near-field monitoring (< ~50 m)




Water-based far-ﬁeld*monlformg
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Water-based detectors are scalable to very large sizes for far-field detection.

First antineutrinos have been seenin a

2 Flnnervolume  — paw signa | PUre water Cherenkov detector by SNO+
2102k —+ Data, Sideband | from reactors > 240 km away (composite
0] . 4 A
a F & g Accidentals 1 reactor signal).
10 — Reactor IBD E
1 1 : - For far-field application we need more
1 : J*r-“ﬁ‘ 1 advanced technology to observe a single
107 & - 5 .
: 1 "‘HIHL 1 reactor in a complex reactor landscape:
2 LAl £ I L L
TpP b 0 15 20 23 ® reactor op/off cycle and power
SNO+. 2023 ® reactor distance

® reactor direction 0


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.091801

Water-based reactor'monitor testbed

BUTTON-30 30-tonne low-background testbed for hardware and fill media,
with a focus on low-energy antineutrino detection for non-proliferation.

VR —

Under construction in Boulby Mine.

e \Very low-background environment.

® Advanced photosensor technology.

e Novel fill materials e.g. water-based liquid
scintillator (WbLS).

Final construction phase beginning in September 2024.
Planning underway for BUTTON ~1 ktonne i



Hybrid detector for f\aﬁ?—fiefd‘ monitoring

EOS

e 20 tonne (4-tonne ID)

e WbLS testbed

® Commissioning
now!

Demonstration of:
® Spectral sorting and ps photodetection

for Cherenkov-scintillation separation.
® Direction reconstruction.

® 25 0r 100 ktonne
® Reactor monitoring,

range and direction at
>1000 km

12
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Latest near-field capabilitieS:

Residual antineutrinos Reactor pointing
E 50:_ B + Mean Reconstructed v, Direction
g E + Data 46 ; DATA ---------------- :: Statistics Only
g 40:— S _é_ Prediction i % Reactor to Detector Direction
s b Double Chooz 44}
- 30— } g:'lelifnina?;) . i
205_ oy Near g 42:*
i = 0
- 401
10_— B
- 38|
(1] bbbl sl -
- —‘{— 36—
% Double Chooz,2023 ' | PROSPECT. 2024
1 15 2 2.5 3 3.5 4 94 96 98 100 102 104
Visible Energy (MeV) 0 (deg)
e spent fuel in the cooling pools Angular resolution on reactor
® assemblies in the shut down reactor direction < 3°

® assemblies kept for the next cycle "


https://indico.ph.liv.ac.uk/event/1195/contributions/7174/attachments/3116/4297/20230920_AAP_DoubleChooz_thiago2.pdf
https://arxiv.org/pdf/2406.08359v1

Gd-doped liquid scinﬁ]latgf monitor

The 1-tonne Gd-doped LS iDREAM detector at the Kalinin nuclear power
plant (Russia) at ~20 m from the core.

Started taking data in spring 2021 Simple design.

Active and passive shielding.
Easy mounting.

No need for daily
maintenance.

Remote control of all
systems of the detector.

14



5Li-doped plastic scintillatof monitor

PANDA is made of °Li-doped plastic scintillator cubes with 3D segmentation
and has topological particle ID.

Next phase:

new location and more

i

shielding.

Prototype measured backgrounds 3 m from core at 20 MW JRR-3 research

reactor in Japan.
15
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Mobile reactor monitor

MAD - deployment in
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2D segmented
~250kg
®Li-doped PS
pulse-shape
discrimination

CHANDLER

3D segmented
600 kg

WLS PS cubes
®Li-doped Zn$S
topological PID
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Opaque quui,gl....scintilj,'{i\tor near-field detector

CLOUD near-field detector at Chooz with 5-10 tonne LiquidO (LiquidO
Consortium 2021) opaque scintillator target.

~35 m from core
& ~3 m overburden

Y [cm]
N
o

955587

= > 200 pe/MeV
BB sub-ns timing

~10 000 IBD interactions per day

CLOUD-I: development of non-intrusive reactor monitoring. 17


https://www.nature.com/articles/s42005-021-00763-5
https://www.nature.com/articles/s42005-021-00763-5

.. 9
Spent nuclear.fuel.monitoring

S

Spent nuclear fuel (SNF) is stored in casks in interim facilities at nuclear power
plants - requires decades of active monitoring.

1,000,000

il
I

Total for spent fuel

100,000 =

10,000 A

1,000
Actinides &
100 41 daughters

Radioactivity (relative scale)

¢ Radioactivity of
] uranium ore .
"Dry Storage of Spent Nuclear Fuel" by "
NRCgov is licensed under CC BY 2.0. 5 Fission & activation products
0 10 1,000 100,000
Years after processing 18

Corkhill & Hyatt, 2018



https://www.flickr.com/photos/69383258@N08/7845746956
https://iopscience.iop.org/book/mono/978-0-7503-1638-5

- e !
nuclear fuel monitor

Neutrinos for. spent
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Brdar et al, 2017

Potential for observation of IBD from
S and *°Y (1 SQ Pu results in 2 mol
of %°Sr).

A neutrino detector could perform:

cask-by-cask monitoring
long-term monitoring

detection of diversion of SQ Pu
remote monitoring from outside
shielding

19


https://doi.org/10.1103/PhysRevApplied.8.054050

a »~
Mobile spent_nuclearfuel monitor,

VIDARR is now running ~40 m from large store of spent nuclear fuel at
Sellafield nuclear facility, UK

® 2 tonnes of PS bars
® Gd-doped mylar sheets between layers
® Energy threshold ~120 keV

Expected rate ~10 antineutrino
interactions/day (R. Mills NNL).

20
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CEvNS for safeguarding

Coherent Elastic T g
EF
Neutrino Nucleus % 10
Scattering (CEVNS) s LF
i -,gm =
Ve\‘\\“ I %10-3 =
.\ w0t
Nuclear e
recoil 107 g
V6+N%V6+N 1060:%.— .4.

— 184\ CEVNS
...... 4Ge CEVNS T Vet
............ 283i CEVNS

— IBD

No Fhresll'nold

® Largest cross section
® Low-threshold detectors (keV)
e Small detectors

1 1 2 3 4 5 6 7 L 1 1 1 8 1 1 1 1 9 1 1 1 I10
neutrino energy [MeV]

Many projects ongoing at reactors
and new technologies being
explored (Talk by Irina).

21


https://agenda.infn.it/event/37867/contributions/234020/attachments/122219/178681/Talk-CENNS-Neutrino24.pdf

L & |
Neutrinos for.nuclear'safeglards -

Detector materials, technology and prototypes with potential to meet
monitoring requirements probably already exist but...

...more work is needed to demonstrate the technology and the application,
and to perform more challenging monitoring such as burnup verification,
monitoring outside the fence, and so on.

Strongest use cases address the new challenges of advanced reactor types:
e Safeguarding by design - detector built into reactor design
® Mobile, above-ground detectors

Strong Applied Antineutrino Physics (AAP) community meet annually to
discuss reactor monitoring and other antineutrino applications - next meeting in
Aachen 28th - 30th October this year! 22


https://www.phys.hawaii.edu/aap/

Backups

23



The monitoring gap - advanced reactors

2022 Advanced Nuclear Map

HIGH-ASSAY LOW-ENRICHED URANIUM
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Water Cherenkov:‘mid t6-far-field

6 ktonne Gd-doped detector with 20% photocoverage and active muon veto:

. 5000
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Standoff Distance (km) Standoff Distance (km)

Exclusion of unknown reactor Confirmation of declared 3 GWth
from a given region. reactor at 26 km standoff.

Untangling degeneracy in reactor power and standoff:
limited by energy resolution (Akindele et al, 2023).

25



https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.19.034060

Water-based far-field m6nitor

N4y

BN

Gd-water & Gd-WbLS, passive muon veto, 3 GWth reactor, 150 km
standoff, known reactor landscape and other backgrounds.
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Sensitivity to single reactor complex up to 200 km away:

minimum requirement Gd-doped WbLS (Kneale, Wilson et al, 2023)
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.20.034073

»
Water Cherenkoyv for far-field -monitoring
Gd-doped detector with 40 % photocoverage

. XX Absent cosmogenics

50 1 i ) Different detector sizes evaluated
o] o ¢ for low, medium and high reactor
I $ : background levels.
5 8 2 Reactor background:

8 . T 2 o Detectable within 1 year, with no

08 e Medium independent background

N gL * M g measurement.

0 10 20 30 40 50 60

Fiducial Mass (kt)

Scalability for true far-field monitoring:
Limited by position resolution (Li et al, 2022)
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.034059

Gd-WbLS for far-field mbnitoring

Gd-WDbLS, passive muon veto, 3 GWth reactor, 150 km standoff, known
reactor landscape and other backgrounds.

1.00

Fourier transform converts energy
spectrum to distance to reactor.
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Ranging using Gd-doped WbLS:
timely ranging limited by detector performance (Wilson et al, 2024)
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https://arxiv.org/html/2303.16661v4

. A
Mobile reactor detector

The subsystems will observe reactor on/off transition within hours
(3 GW,, reactor from 25 m)

it Time to see neutrinos at 99% CL at North Anna (2D subsystem) , Time to see neutrinos at 99% CL at North Anna (3D subsystem)
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2D °Li-doped PSD PS system 3D °Li-ZnS & WLS PS system



