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Intro to Safeguards – Bulk Facilities

• As opposed to item facilities where all nuclear material is 
kept in item form and the integrity of the item remains 
unaltered (i.e. reactors, labs, critical assemblies, storage).

• In bulk facilities, nuclear material is held, processed or used 
in bulk form (i.e. pellets, powders, liquids, gases).

• Facility accountancy may be organized in multiple Material 
Balance Areas (MBA).

• Such as:
• Conversion,

• Enrichment,

• Fuel fabrication,

• Reprocessing, and

• Storages
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Bulk Facility
Features Relevant To Safeguards

•Throughput is normally larger than the inventory at any 
given time.

•Nuclear material inventory is in constant movement:  it 
may change its location, physical form, and chemical 
composition.

•Non-product materials (scrap and waste) are generated 
in relatively large quantities.

•Various types of holdup must be addressed: operating 
holdup; Un-Measureable Inventory (UMI); equipment 
holdup; and, residual holdup.
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Basic Electrochemical Process
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Rotary Riffler: Design and Experiments
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Hot Cell Riffler (Final) Design

•Support safeguards 
technologies for the 
accounting of special nuclear 
material prior to fuel 
processing.  

•The objectives of riffling were: 
• To prove the riffling randomization 

sampling concept would work on 
used LWR fuel 

• To split LWR fuel with a narrow 
particle-size distribution into 
representative, 3-5% relative 
standard deviation (RSD) for 
elements of interest such as U and Pu



Rotary Riffler: Conclusions
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•Out of cell testing indicated the following
• Low feed rate = lower RSD

• Lower funnel height (fall distance) – lower RSD

• Rotation speed of drum, no difference between 15 – 35 RPM 

• Use particles <850um

•In cell testing
• CeO2 – riffler performed better in cell

• dUO2 – 3/6 sample splitter performed well

• Reducing the particle size created more fines (riffle the fines?)

• Riffler may be comparable to grab samples?



OR Voltammetry Probe

• Purpose: provide process monitoring data & confirmatory 
measurements to detect abnormal behavior and potential 
misuse of the OR.

• Two working electrodes (WE)
• 1.6 mm Stainless steel rod
• 1.6 mm Iridium wire

• SS Counter electrode (CE)
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Working Electrodes

Reference Electrodes

Counter Electrode

• Two reference electrodes (RE)
• Ni wire pseudo RE

• Ni/NiO RE



OR Voltammetry Field Tests
• Conditions:

• Hotcell operation

• LiCl-1 wt% Li2O

• 650°C

• Group I & II fission 
products present

• Trace amounts of 
U/TRU

• Results:
• Li2O detected

• LiOH present

• No U/TRU 
detectable

• Suitable for PM
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ER Voltammetry Probe

• ANL-developed Multielectrode Array Voltammetry Sensor 
being tested in HFEF at INL

• Purpose: 
• provide process monitoring data, detect abnormal 

behavior and potential misuse of the ER
• Track U/TRU concentrations quantitatively
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Hoyt et al. JNMM, 2021, XLIX, No. 1, 87-98.



• Purpose: In situ instrumentation to 
selectively monitor U and Pu 
concentrations in near real-time

• Consists of a silver/silver chloride 
reference electrode & a U-β” alumina 
membrane electrode

• The U-β” alumina membrane was ion-
exchanged in UCl3 making it only 
conductive to U3+

• Concentration changes in the salt result 
in shifts in the open circuit potential 
(OCP) as measured by the Actinide 
Sensor

• The same approach is possible with Pu
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ER Actinide Sensor

U-β” alumina ion-exchanged 
at 735°C for 120 hours



Actinide Sensor
• OCP measured between 0.43 & 1.13 mol% UCl3

• OCP shift was -22.8 mV vs the theoretical value of -21.4 mV

• CeCl3 & LaCl3 added to the salt to explore selectivity of the 
U-β” membrane

• Sensor performed well and could detect shifts in UCl3 
concentrations in the salt while remaining insensitive to rare 
earth concentrations
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After 500+ 

hours of testing



Triple Bubbler

• Purpose: Process monitoring and nuclear material accountancy 
of ER salt, specifically a measure of the total mass of SNM. 

• Developed* for operation in molten salt to measure:
• Density, Immersion depth, & Surface tension

• Independent depth measurements recorded for comparison.
• Measurements are consistent
• ~1.2% uncertainty (Random & Systematic)
• ~1.5% accuracy

• Uncertainty for density and Surface tension was 0.54% and 
12.4%, respectively
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*Williams et al., Journal of Industrial and Engineering Chemistry, 2018. 63, 149-156.

    Williams et al., Nuclear Engineering and Technology, 2020. 52, 1452-1461.



Triple Bubbler
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Dipper in

Dipper 

out w/ salt

Return salt w/out dipper

Two focused experiments

(a)  Salt removal… Volume change
• Two dippers removed,  each containing ~400g salt

(b)  Adjust salt temperatures… Density changes
• Salt temperature adjusted to 475°C then raised to 525°C



Salt Sampling: Current

ER Salt sampleOR Salt Sample
 

•Purpose: Collect discrete samples for NDA and 
DA analysis.

•Standard approach is using a cold dip-rod.



Salt Sampling: Under development

•Sampling flow loops combined with 
online spectroscopy
• UV-VIS

• LIBS

•Application in Pyro & MSRs

•Salt vacuum techniques

•ANL to test salt sampling 
approaches at INL
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Online Molten Salt Aerosol 

Sampling Loop



Material Sampling

•Drill samples and debris from anode baskets

•Drill samples from ER distillation U product
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Electrorefiner Radiation Monitor (ERRM)

•The ERRM monitors neutron and gamma-ray 
radiation fluxes emitted from the ER during 
process operation
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ERRM installed next to the ER vessel in 
mockup (left) and in cell (right).

•consists of four detectors 
embedded in graphite and 
surrounded by lead shielding:
• two 3 He tubes (4 atm, 12-

inch active length)

• one 235 U Fission Chamber: 
12-inch active length

•  one Ion Chamber (IC).



Electrorefiner Radiation Monitor (ERRM)

• Installed in the HFEF next to the ER, the ERRM monitored U ER and 
U/TRU recovery operations during MOX processing

• It provided useful data on ER operations while functional, 
particularly while removing U/TRU products, moving material in cell, 
and while operating the NRAD TRIGA reactor

18INL/MIS-20-58674

Removal of U/TRU Product



In-Situ Pu Measurements in U/TRU Product
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• U/TRU product primarily U and Pu with 
minor actinides and rare earths (RE)
▪ ~0.4 Am-0.1 Np-0.1 RE (wt%)

▪ Am, Np, and RE have negligible effect on 
melting point of alloy

• U-Pu phase diagram well established

A. Perron et al., J. Nucl. Mat. 454 (2014), 81-95.

U-Pu Binary phase diagram

• Li et al. US Patent , 9,121,807 B1, 201​5​.

• Westphal and Li, ​presented​ to NuMat 2016​, Montpelier, France,  Oct. 2016​



In-Situ Pu measurements in U/TRU Product
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Three representative U/TRU products were measured during field testing 



Summary

• Riffler
• Design and testing at INL and future studies

• Oxide Reduction (OR) Voltammetry Probe
• Successful field testing showed longevity and suitable results for process monitoring

• Electrorefiner (ER) Voltammetry Probe
• Active testing in INL facilities.

• Actinide Sensor
• Technology is sensitive to U

• Triple Bubbler
• Successfully demonstrated in the ER with uncertainties of less than 1.5%

• Salt & Material Sampling
• Exploring existing and developing novel approaches.

• ERRM
• Previous testing at INL and future studies

• In-Situ Measurement of Pu in U/TRU Product
• Successfully measured the Pu concentration of representative U/TRU products with 

uncertainties of ~5%
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