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What is international safeguards?

• Credible conclusions on a State’s fulfilment of their 
safeguards obligations



33 Open slide master to edit

International Atomic Energy Agency (IAEA)

• “The Agency shall seek to accelerate 
and enlarge the contribution of 
atomic energy to peace, health, and 
prosperity throughout the world [and 
that assistance] is not used in such a 
way as to further any military 
purpose.”

IAEA at a Glance 2021

https://www.iaea.org/sites/default/files/20/09/iaeaataglance.pdf
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Role of IAEA Safeguards

• Three main goals

– Non-diversion of nuclear material at declared facility 
(detection of diversion)

– Absence of undeclared production or processing of nuclear 
material at declared facilities (detection of misuse)

– Absence of undeclared nuclear material or activities

• Safeguards is not

– Physical security

– Discovery of insider threat or non-state actors
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Safeguards Agreements

• Comprehensive Safeguards Agreements (CSAs)

– Applied to all Non-Nuclear Weapons States (NNWS) in the NPT

– Verify that state’s declarations are correct and complete

– But main limitation is the only on declared material

• Additional Protocol (AP) to safeguards agreements

– In 1997, gives IAEA access to (in some states):

• Information on whole nuclear fuel cycle within state

• Complementary Access to facilities and locations within state

• Use of environmental sampling for undeclared activities
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Nuclear Fuel Cycle
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Significant quantities (SQ) and Timeliness of 
Detection

• SQ: approximate amount of nuclear material for which 
the possibility of manufacturing a nuclear explosive 
device cannot be excluded

• Inspection frequency based on timeliness goals

IAEA Safeguards Glossary 2022

https://www-pub.iaea.org/MTCD/Publications/PDF/PUB2003_web.pdf
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Safeguards Activities

• Nuclear Material Control and Accounting (NMC&A)

– Verification of inventory and any inventory changes

– Statistically based random sampling, material balance areas

– Includes NDA and DA, radiation and otherwise

• Containment & Surveillance

– Includes seals, video surveillance, and related systems

– Helps maintain continuity of knowledge of safeguarded 
material

• Design Information Examination and Verification

– Design information of facilities is submitted to IAEA

– Inspectors verify with drawings, visual observation, etc.
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Safeguards Activities

• Nuclear Material Control and Accounting (NMC&A)

– Verification of inventory and any inventory changes

– Statistically based random sampling, material balance areas

– Based upon material balance areas (MBAs)

– Includes NDA and DA, radiation and otherwise

• Containment & Surveillance

– Includes seals, video surveillance, and related systems

– Helps maintain continuity of knowledge of safeguarded 
material

• Design Information Examination and Verification

– Design information of facilities is submitted to IAEA

– Inspectors verify with drawings, visual observation, etc.

Cherenkov 

Gamma

Weight

Neutron 

IAEA Techniques and 
Equipment

Weight

https://www.iaea.org/publications/8695/safeguards-techniques-and-equipment
https://www.iaea.org/publications/8695/safeguards-techniques-and-equipment
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Safeguards Activities

• Nuclear Material Control and Accounting (NMC&A)

– Verification of inventory and any inventory changes

– Involves statistically based random sampling

– Includes 

• Containment & Surveillance

– Includes seals, video surveillance, and related systems

– Helps maintain continuity of knowledge of safeguarded 
material

• Design Information Examination and Verification

– Design information of facilities is submitted to IAEA

– Inspectors verify with drawings, visual observation, etc.
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Safeguards Activities

• Nuclear Material Control and Accounting (NMC&A)

– Verification of inventory and any inventory changes

– Involves statistically based random sampling

– Includes NDA and DA, radiation and otherwise

• Containment & Surveillance

– Includes seals, video surveillance, and related systems

– Helps maintain continuity of knowledge of safeguarded 
material

• Design Information Examination and Verification

– Design information of facilities is submitted to IAEA

– Inspectors verify with drawings, visual observation, etc.
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https://www.iaea.org/sites/default/files/23/06/sg-implementation-2022.pdf


1313 Open slide master to edit

Neutrinos not a good fit for current safeguards

• Safeguards approaches have been well-established

• Neutrino detection technology limited in 

• Neutrinos will likely not replace traditional technologies

– Only relevant in reactor facilities

– Alternative methods exist, i.e. item accountancy

– Enrichment and reprocessing facilities are of large concern

• Limited utility in undeclared situations to verify 
completeness (e.g., AP)
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NuTools Study – Potential for Neutrinos

U.S. study to evaluate practical uses of neutrinos in nuclear 
energy and security

Relevant Findings:

▪ End User Engagement: “.. neutrino technology R&D 
community is only beginning to engage attentively with end 
users … further coordinated exchange is necessary”

▪ Technical Readiness: “... novel system such as a neutrino 
detector requires a dedicated qualification exercise.”

▪ Neutrino System Siting: “... requires a balance between 
intrusiveness concerns and technical considerations, where 
the latter favor a siting as close as possible”

▪ Advanced Reactors: “… present novel safeguards challenges 
which represent possible use cases for neutrino monitoring”

▪ Future Nuclear Deals: “… interest within the policy 
community in neutrino detection as a possible element of 
future nuclear deals”



Advanced Nuclear 
Reactors



1717 Open slide master to edit

Advanced Reactor Landscape

Advanced Nuclear Map 2022
Third Way

https://www.thirdway.org/graphic/2022-advanced-nuclear-map-charting-a-breakout-year
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Advanced Reactor Classes
 From Advanced Nuclear Map 2022

Cross-cutting:
Small modular, 

micro-reactors, and 
nuclear batteries

Molten  salt
High 

temperature 
gas

Super-
Critical 

Water/CO2

Sodium Fast
Lead-

cooled fast
Fusion

Accelerator-
Driven

U.S. DOE Advanced 
Reactor Fact Sheet

https://www.energy.gov/ne/articles/advanced-reactor-technology-development-fact-sheet


1919 Open slide master to edit

Filtering down classes

Filter Number

Total 142

Exclude Fusion or 

Accelerator

119

Exclude SMR and 

Micro

71

Exclude Super-

Critical CO2/H2O

68

Molten  salt
High 

temperature 
gas

Super-Critical 
Water/CO2

Sodium Fast
Lead-cooled 

fast
Fusion

Accelerator-
Driven
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Filtering down to relevant types

Filter Number

Total 142

Exclude Fusion or 

Accelerator

119

Exclude SMR and 

Micro

71

Exclude Super-

Critical CO2/H20

68

Molten  salt
High 

temperature 
gas

Super-Critical 
Water/CO2

Sodium Fast
Lead-cooled 

fast
Fusion

Accelerator-
Driven



2121 Open slide master to edit

Molten salt reactors

Molten  salt
High 

temperature 
gas

Super-
Critical 

Water/CO2

Sodium- and 
Lead-

cooled Fast

Lead-
cooled fast

Fusion

Accelerator-
Driven

These are the main types funded by the U.S. DOE 
Advanced Reactor Demonstration Projects (ARDP)

https://www.energy.gov/oced/advanced-reactor-demonstration-projects
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Molten Salt Reactors (MSRs)

Holcomb. “Overview of 
MSR Technology.” (2017)

https://www.nrc.gov/docs/ML1733/ML17331B114.pdf
https://www.nrc.gov/docs/ML1733/ML17331B114.pdf
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Molten Salt Reactor Design Features

• Reactor with fuel dissolved 
in fluoride or chloride salt

• Advantages

– Thermodynamically stable 

– Good heat transfer

– Chemically inert

• Variety of types

– Molten salt cooled vs. fueled

– U vs. Th fuel cycle

– Fast vs. thermal

• Designed and operated at 
ORNL in 1960s Molten Salt Reactor 

Experiment (MSRE)

Holcomb. “Overview of 
MSR Technology.” (2017)

https://www.nrc.gov/docs/ML1733/ML17331B114.pdf
https://www.nrc.gov/docs/ML1733/ML17331B114.pdf
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MSR Safeguards Challenges

• Homogeneous mixture of fuel, salt, fission products, etc.

• Passive or active removal of fuel salt

• Potential online reprocessing while reactor is operational

• Thorium fuel cycle (233U production)

• Chemical compatibility of instrumentation

• Some MSRs are designed as breeder reactors

• Bulk accountancy measures not used at current 
reactors

Kovacic et al. (2018)

https://www.osti.gov/biblio/1474868
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High-Temperature Gas Reactors

Molten  salt
High 

temperature 
gas

Super-
Critical 

Water/CO2

Sodium- and 
Lead-

cooled Fast

Lead-
cooled fast

Fusion

Accelerator-
Driven
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High-Temperature Gas Reactors (HTGRs)

• Often helium cooled, graphite moderated

• Greater thermal efficiency

• Many are pebble bed reactors (PBR)

– TRISO particle fuel*

• Extremely robust, cannot melt, passive cooling

• Retention of fission products

• Typically UO2 or UCO

• Online refueling

• O(105) per reactor

– First TRISO particles were

    tested in UK DRAGON reactor

*Note that some 
MSR designs have 

TRISO fuel

Schematic of pebble 
bed operation

DOE-NE and X-energy

Seibert et al. J. Nucl. Mat. (2019)
Demkowicz. INL report. (2019)

https://www.energy.gov/ne/articles/x-energy-developing-pebble-bed-reactor-they-say-cant-melt-down#:~:text=The%20reactor%20continuously%20refuels%20by,the%20bottom%20of%20the%20core.
https://www.sciencedirect.com/science/article/abs/pii/S002231151831198X
https://inldigitallibrary.inl.gov/sites/sti/sti/Sort_24838.pdf


2727 Open slide master to edit

HTGR/PBR Safeguards Challenges 

• Large numbers of pebbles, likely not IDed

– Infeasible for item verification

• Continuous loading of pebbles

• Variation in pebble irradiation histories

• Bulk accountancy measures not used at current 
reactors

Kovacic et al. 
(2020)

https://www.gen-4.org/gif/upload/docs/application/pdf/2022-11/advanced_reactor_safeguards_-_nuclear_material_control_and_accounting_for_pebble_bed_reactors65.pdf
https://www.gen-4.org/gif/upload/docs/application/pdf/2022-11/advanced_reactor_safeguards_-_nuclear_material_control_and_accounting_for_pebble_bed_reactors65.pdf
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Sodium- and Lead-Cooled Fast Reactors

Molten  salt
High 

temperature 
gas

Super-
Critical 

Water/CO2

Sodium- 
and Lead-

cooled Fast

Lead-
cooled fast

Fusion

Accelerator-
Driven
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Sodium/Metal-cooled fast reactors (SFR)

• Better fuel utilization

– Can use U/Pu mixed fuel (e.g., from spent fuel)

– Breeding of fuel from 238U

• Typically metal fuel

• Limited transuranic waste

• Improved safety

– Lower operating pressure

– Higher operating temperature

– Negative reactivity feedback
EBR-II at Idaho National 

Laboratory
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SFR Safeguards Challenges

• Potential for breeding high quality plutonium

• Visual inspection of fuel not possible

• Inaccessibility of fuel

• Need to maintain continuity of knowledge during fuel 
handling

A. Garrett et al. 
PNNL. 2021.

https://gain.inl.gov/SiteAssets/AdvancedReactorSafeguards/KeyThrustArea5/PNNL-31977_ARS_IAEA_Interfaces.pdf
https://gain.inl.gov/SiteAssets/AdvancedReactorSafeguards/KeyThrustArea5/PNNL-31977_ARS_IAEA_Interfaces.pdf
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Sodium- and Lead-Cooled Fast Reactors

Molten  salt
High 

temperature 
gas

Super-
Critical 

Water/CO2

Sodium- 
and Lead-

cooled Fast

Lead-
cooled fast

Fusion

Accelerator-
Driven

Cross-cutting:
Small modular, 

micro-reactors, and 
nuclear batteries

U.S. DOE Advanced 
Reactor Fact Sheet

https://www.energy.gov/ne/articles/advanced-reactor-technology-development-fact-sheet
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Cross-Cutting:
Small Modular Reactors (SMR) and Microreactors

• Varied deployment (SMR, micro)

– Difficult to access via inspections

• Mass produced (SMR, micro)

– Design validation, country of production vs. operation

• Multiple modules (SMR)

– Individual unit verification
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Safeguards Challenges of SMRs

B. Boyer “Understanding the Specific Small 
Modular Reactor Safeguards Challenges.” 2016

https://nucleus.iaea.org/sites/INPRO/df13/Presentations/028_Understanding%20the%20Specific%20Small%20Modular%20Reactors%20Safeguards%20Issues.pdf
https://nucleus.iaea.org/sites/INPRO/df13/Presentations/028_Understanding%20the%20Specific%20Small%20Modular%20Reactors%20Safeguards%20Issues.pdf
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Other Considerations: 
High-Assay Low-Enriched Uranium

• Most commercial reactors have 235U < 5%

• Advanced reactor designs are aiming to be < 20%

– Designated as HALEU

• Potential safeguards impacts

– New material category (e.g., HEU, LEU)

– Inspection frequency

– Fuel cycle facilities

Brookhaven National Lab

https://www.nationalacademies.org/documents/embed/link/LF2255DA3DD1C41C0A42D3BEF0989ACAECE3053A6A9B/file/D510EFD2C81FFF967900DB1152D2AB4D70DEBEFED05F?noSaveAs=1
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Summary of Safeguards Challenges for 
Advanced Reactors, Relevant for Neutrinos

Technology Feature Types Safeguards Challenge

Fuel form (non-

countable or easily 

transportable fuel)

MSR, PBR Item accountancy not sufficient, 

burnup validation, etc.

Online refueling MSR, PBR Increased resource demand 

(e.g., inspections, remote 

monitoring)

Long-lived cores SMR, SFR, HTGR, 

Micro

No core information for extended 

periods of time

Higher enrichment Various Physical protection, higher BU,

Multi-unit SMR Individual unit verification

Remote area 

operation

SMR, Micro Challenging inspections
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How could neutrinos play a role?
Technology 

Feature

Safeguards Challenge Potential opportunities

Fuel form (non-

countable or 

easily 

transportable 

fuel)

Item accountancy not sufficient, 

burnup validation, etc.

Neutrinos agnostic to 

fuel form, but 

measurements difficult 

when outside reactor

Online 

refueling

Increased resource demand 

(e.g., inspections, remote 

monitoring)

N/A, likely difficult

Long-lived 

cores

No core information for 

extended periods of time

Neutrinos do not need 

access to the core

Higher 

enrichment

Physical protection, higher BU Neutrinos could 

provide inventory 

measurements

Multi-unit Individual unit verification Single unit verification 

possible

Remote area 

operation

Challenging inspections Provide continuity of 

knowledge



3737 Open slide master to edit

Summary

• ARs have complicated and varied designs

• IAEA safeguards is an established landscape that is 
changing with new advanced reactor technologies

• Neutrino detection will likely not be a primary solution, 
but perhaps a complementary one

• Future application studies need to be developed in 
conjunction with AR technology developers

• For advanced reactor safeguards:
Advantages Disadvantages

Non-intrusive measurement High reliability / long operation 

times

No need for core access (e.g., 

nontransparent coolant, long lived cores)

Interpretability of results / 

usability of data

Can give information on reactor status 

changes and contents

Reactors only small piece of 

safeguards
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