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• Need of large-scale lithium experimental platform

• Development of LEAP

• LEAP as an interface to fusion facilities 

Content



PPPL’s mission & alignment with DOE’s strategic goals

Developing the scientific knowledge and advanced engineering to 
enable fusion to power the U.S. and the worldMission 1

• Optimizing the magnetic confinement system
Spherical torus

• Developing models and measurements to predict, optimize and control fusion
AI/ML; High-performance computing

• Taming interactions between the plasma
and the reactor walls
Liquid metals

• Designing superconducting magnets that
can withstand years of use
Engineering

Fusion Innovation Research Engine 
(FIRE) Collaboratives



Li coated wall increases confinement

LTX-β
Low recycling regime

NSTX 
Li enhanced pedestal H mode
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 (e

V
)

Boyle, 2023Gerhardt et al. 2014 NF



Liquid lithium as PFC 

NSTX-U Divertor region: 
High magnetic field (BT~1T); 
High heat flux (~10-100MW/m2)

Khodak ANL 2023
● Divertor, limiter, and alternative first wall material

○ Low-Z, getter impurities, low-recycling

○ Self-healing

○ Enhanced heat transfer



Liquid lithium as PFC 

● Divertor, limiter, and alternative first wall material

○ Low-Z, getter impurities, low-recycling

○ Self-healing

○ Enhanced heat transfer

● Challenges

○ Fluid stability 

○ Li/LiH circulation, plumbing

○ Alkali metal: safety, erosion

Kaita, 2000



Surface instability → droplet injection

NSTX, 2012

Jaworski, 2013



Surface instability → droplet injection

Growth rate

Gravity Body force on 
Li (e.g., JXB)

Stabilization due 
to surface 

tension

Destabilization 
due to K-H

R-T like

● Im(ω) > 0, the wave is unstable



LMPFCs to be tested in NSTX-U/LMCE

Simplified Li vapor box Capillary Porous System with 
Flow (CPSF) 

Divertorlets:  j×B flows Li in row 
of vertical cascades

Li-Metal Infused Trench (LiMIT)
TEMHD drives radial circulating flow

Menard et al. 
2024 LMCE 
whitepaper

Liquid Lithium divertor designs → need subcomponent prototyping



LMPFC challenge: Li/LiH circulation and transportation

● Fast flow designs ~1-10m/s

● Significant MHD drag
○ Insulating/magnetic field 

shielding piping
○ External current drive

● Li/LiH separation requires high 
volumetric flow rate ~1 L/s for 
tritium recycling (e.g., Ono et al. 
2017). 

● Requires higher Li mass above 
current 5 lb inventory at PPPL’s 
lithium labs. 



LMPFC challenge: Lithium safety

https://www.youtube.com/watch?v=5mvWQdad31o&t=3s

● Lithium is reactive with water and air
Li[s] + H2O[g] = LiOH[s] + 1/2H2, ΔH298 K = −243 kJ/mol 

● Li[s] + 1/6N2[g] = 1/3Li3N[s], ΔH298 K = −55 kJ/mol

This reaction is catalyzed by the presence of moisture in the air.

● Li[s] + 1/2O2[g] = 1/2Li2O[s], ΔH298 K = −299 kJ/mol

Lithium is incompatible with moisture, oxygen, and nitrogen (safety + impurity).

Ignition temperature in air varies from 180°C to 640°C depending on surrounding 
conditions. Reaction is sensitive to moisture and other impurities. 

Solid lithium at room temperature is not pyrophoric, except for lithium powders. 
Molten lithium (180.50℃) is considered to be pyrophoric.



Sandia incident in 2011

Lithium-helium heat exchanger failure due to 
liquid metal embrittlement, liquid lithium 
sprayed abruptly onto a pipe holding the 
coolant → Hydrogen explosion. 

- Careful selection of materials to 
work with Lithium

- Robust system design to mitigate 
potential hazard

LMPFC challenge: Lithium safety

Nygren et al. 2021 FED



Challenges: 

Prototyping different liquid lithium PFCs
 
Fast-flow designs, tritium recycling 

Safety

A larger Li mass experimental platform is needed for LM PFCs Prototyping 

Experimental platform design principle: 

Flexible, versatile

Large Lithium inventory (~50 lb)

Robust safety features and protocols



• Testing full sectors of fast-flowing Li systems and 
LM PFCs with heat sources and B-fields. In 
planning phase. FDR for glovebox completed.

• Central component is (2m x 3m x 2m) 
prefabricated modularized glove box.

• Led by PPPL, designed to handle up to 50lb of 
liquid Li. Largest working liquid Li fusion 
experiment in US.

• Argon purging during operation (H2O / O2 level 
<1000 ppm) to ensure safety and inert 
environment.

• Equipped gloves and quick-open door for easy 
access and maintenance between operations.

The Gloveroom Solution



LEAP system

1.0 LEAP Facilities
A-2

1.3 Storage & 
Transfer

A-3

1.2 Cleaning 
System

A-3

1.1 Gloveroom
A-2

1.1.1 Custom 
Enclosure

A-2

1.2.2 
Ventilation

A-3

1.2.1 Fume 
Hood
A-3

1.2.3 Cleaning 
Station

A-3

1.3.1 Chemical 
Storage

A-3

1.3.2 
Glovebags

A-3

1.1.2 Gas 
Purging

A-3

1.1.3 HVAC
A-3

1.1.4 Control & 
Monitoring *

A-3

1.4 Prototype 
Fixature

A-3

1.5 Commodity 
Hardware

A-3

LEAP Systems
A-1

2.0 Li Loop Systems
A-1

2.1 Li Plumbing
A-1

2.2 Magnet
A-2

2.3 Heating 
A-2

2.4 Diagnostic & 
Control*

A-3
*Commercial sensors and 
data acquisition systems



Design Choices & Comparison 

ANL, Sodium loopUIUC, Li Loop in MEME

yxu@pppl.gov

UW-Madison, 
Sodium loop

What is the optimal secondary enclosure design for LEAP?

FRIB, Michigan State



Design Choices & Comparison 



Case 1: Air-tight 1st confinement 

Li 
System

Room Air

Air-tight 1st confinement

Hazards

H2 (bulk 
H2O)

H2 
(moisture)

Li Fire 
(O2)

Li Fire 
(N2)

Li Smoke 
(fire) Asphyxiation

Severe: 5 Moderate: 
3

Moderate: 
3

Moderate: 
3 Moderate: 3 Low: 2

2.5 1.5 3 3 3 0

Low facility complexity:
Ventilation & Emergency Exhaust; 
H2 Detector

Full exposure when 
failure

Exposure when failure 
but under control* No exposure

x1 x0.5 x0

* Numbers are based on qualitative assessment of the hazard (Momo & Yufan) 



Case 2. ANL Alkali metals facility #1 (wet scrubber)

Alkali 
Metals 
System

Room Air

Water-tight 2nd confinement

Hazards

H2 (bulk 
H2O)

H2 
(moisture)

Li Fire 
(O2)

Li Fire 
(N2)

Li Smoke 
(fire) Asphyxiation

Severe: 5 Moderate: 
3

Moderate: 
3

Moderate: 
3 Moderate: 3 Low: 2

Full exposure when 
failure

Exposure when failure 
but under control* No exposure

x1 x0.5 x0

0 1.5 1.5 1.5 1.5 0

High facility complexity:
Ventilation & Emergency Exhaust; 
H2 Detector;
Wet scrubber system

* Numbers are based on qualitative assessment of the hazard (Momo & Yufan) 



Case 7. FRIB @MSU (air-tight 2nd + Ar-filled)

Li 
System

Room Air

Air-tight 2nd confinement

Ar

Hazards

H2 (bulk 
H2O)

H2 
(moisture)

Li Fire 
(O2)

Li Fire 
(N2)

Li Smoke 
(fire) Asphyxiation

Severe: 5 Moderate: 
3

Moderate: 
3

Moderate: 
3 Moderate: 3 Low: 2

Full exposure when 
failure

Exposure when failure 
but under control* No exposure

x1 x0.5 x0

0 0 0 0 0 1

Low facility complexity:
Ar source;
Airtight 2nd containment;
Ventilation & Emergency Exhaust; 

* Numbers are based on qualitative assessment of the hazard (Momo & Yufan) 



• Optimal design for LEAP at PPPL has been identified:
Safety working with molten Lithium
Complexity of facility involved with the design
Operation and procedure

• Secondary enclosure: Ar-filled, prefab, SS modular glove box, 2m x 3m x 2m

Optimal design for LEAP

LEAP



Site & Space

1000 sqft lab space 



Gloveroom features

Vendor: MBraun

Prefab by vendor(s)
SS, modularized metal panels



Gloveroom features

Room Air 
Purge Inlet

Feedthrough Panel

Heat Exchanger
(to 10kW chiller)

Circulation 
Blower

Gas 
Sampling 
Unit

To Vent

Safety O2 Sensors with 
Redundant Valves.

Pressure sensor & backup



Ar purging

● Purging Ar in the gloveroom can reach lower ppm, 
but costly. 

● If fill the room slowly from the bottom with less 
mixing → Perfect replacement requires only two 
300 ft3 cylinders. 

● Using liquid Ar tanks might be cost-effective for 
purging event. 200L → 20 cylinders. Outgassing ~ 
1% per day

● Our strategy: use an liquid Ar tank during purging 
event and use a few 300 cu ft cylinders for pressure 
regulation Ar cylinder manifold Liquid Ar tanks



LEAP’s scientific missions

Phase I: limited Lithium (~5lb)

Testing liquid lithium divertorlet prototype

Phase II: full inventory (~50lb)
Potential tests: 

● Li/LiH plumbing
● Heat and momentum transfer of CPS-lid 

channel flow
● Gradient B effect on PFC designs
● In-situ material analysis



LM: Incompressible fluid

Momentum equations: 
Re (Inertia/viscous), 
Ha (Lorentz/viscous), 
Ra (Buoyancy/diffusion), 
We (Inertia/surface tension),
Pr (thermal diffusion/viscous diffusion) – material properties. Pr ~ 0.01 in LM

Energy equations: Pe, Nu – heat transfer efficiency

Induction equation: Rm (magnetic induction/magnetic diffusion), usually Rm<1

Liquid metal governing parameters



Parameter Space
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LEAP will be able to simulate small 
Li flow channels at higher Ha. 

For open surface LEAP experiments 
have a realistic surface tension
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1cm < L < 10cm



Loop design P&ID: Plumbing



Loop design P&ID: Gas/Vac/Vent



Loop design P&ID: Electrical



Li Loop Apparatus in LEAP

Moving Magnet Pump
(up to ~50 GPM)

Cold Trap

To expansion tank

Permanent Magnet ~0.5T 
No cooling needed, uniform field region 
(13cm x 20cm x 5cm).
Material: N48M or Equivalent Nd-Fe-B. 
Manufacturer: SABR. Flowmeter

Li inventory: ~20kg
Operation: ~10kg 

1m

2m

0.6m

  Alternative angled diagnostic flanges

Leak-proof 
valves, VCR 
fittings 

Cartridge heaters & 
adjustable mounting provisions

1” diameter 
piping



Moving Magnet Pump

EM Flowmeter



Cold Trap: reduce impurities in Li

Momozaki, 2024



Pipe joint leak detection

Schwartz et al. 2014



State-of-art LM diagnostics and simulation

Available Toolkits

Laser profiler
Surface dynamics

Doppler Probes
Velocity

XRF
High-Z impurity

FreeMHD code



• Decentralized lithium distribution 
system?

• LEAP system can be a real size 
modularized system for fusion 
reactors.

• Safe, engineering redundancy.

LEAP as an interface to fusion facilities



Design review for the loop design by FY25 Q1

Facility renovation at ESAT

Phase I operation in 2025

Updates and plans



Design Committee

yxu@pppl.gov

* Alphabetical order

R. Majeski Chairperson, Lithium Expert Committee Chair

R. Ellis Chief Engineer, TA, Mechanical 

D. Cai Responsible Engineer, Lithium Expert Committee

E. Kolemen Co-PI, Principle Physicist

Y. Momozaki Lithium expert, Argonne National Laboratory, External

M. Hvasta Alkali Metal System Engineer, External

ES&H, ESD* J. Brockman, J. Fleming, N. Gerrish, J. LaCarrubba, N. Morreale, T. 
Sandt, M. Swanek, H. Wetzel

F&SS* K. Jacobs, E. V. Janica, J. Lewis, C. Roames, C. Shaw

Planning* V. Bommisetty, K. Petura 



• LEAP is important for testing full sectors of fast-flowing lithium systems

• Lithium Experimental Application Platform (LEAP) design 
Versatile, reliable, large inventory
High magnetic field, high heat flux 
LM diagnostics for temperature, velocity, magnetic field, etc. 

• Potential novel integration with fusion reactors. 

Conclusion





Backup slides





Design Choices & Comparison 

LEAP

● Taking consideration of facility complexity and 
waste management:
Watertight 2nd confinement
Airtight 2nd confinement
Wet Scrubber (water supply+waste drain)
Dry Scrubber (waste exhaust)
Ventilation & Emergency Exhaust
H2 Detector
Dehumidifier
H2O Monitor
O2/N2 Monitor

● Higher facility index → costly, more 
infrastructure needs, and often more 
complicated procedures.

● Normal glovebox is difficult to work with (height 
~0.8 [m] & weight limit), unable to modify and 
expand.  

https://docs.google.com/spreadsheets/d/1cdHOzg8biV6Jy7lIJw0-4UiGypue7NUiM4pnxM-yNj8/edit?usp=sharing

https://docs.google.com/spreadsheets/d/1cdHOzg8biV6Jy7lIJw0-4UiGypue7NUiM4pnxM-yNj8/edit?usp=sharing


Experimental Platform & LM PFCs

Divertor region: high magnetic field (BT~1T); high 
heat flux (~10-100MW/m2)

Fast flow designs → high volumetric flow rate 
~1 L/s Lithium pumping required for tritium recycling (e.g., Ono et al. 2017). 

Liquid Lithium divertor designs → need subcomponent prototyping



Scope PDR chits Updates Planning

#6 Need to show the calculation of how much argon is needed 
during filling and during operation. And make a decision on the 
bottle type and size.

● Sweep-through purging (assumes perfect mixing)

Variable Value Units
Volume, V 12 m^3
Flow Rate, Q 10 ft^3 / min

C1 210000 Initial oxygen 
concentration [ppm]

C2 1000 Target oxygen 
concentration [ppm]

● Perfect mixing purging requires seven 300 ft3 cylinders 
and three hours to reach 1000 ppm for O2.
 

● Empirically, vendor recommended using 1 standard 
bottle of Ar (300 ft3) to purge a standard 0.82 m3 glove 
box with mixing. → ~14 bottles for LEAP.



● Purging Ar in the gloveroom can reach lower ppm, 
but costly. 

● If fill the room slowly from the bottom with less 
mixing → Perfect replacement requires only two 
300 ft3 cylinders. 

● Using liquid Ar tanks might be cost-effective for 
purging event. 200L → 20 cylinders. Outgassing ~ 
1% per day

● Our strategy: use an liquid Ar tank during purging 
event and use a few 300 cu ft cylinders for pressure 
regulation Ar cylinder manifold Liquid Ar tanks

Scope PDR chits Updates Planning



Scope PDR chits Updates Planning

#7 Need to resolve issue of water in ESAT. Waterproof design of secondary containment may be sufficient, but 
the lab would need to change the current requirements for lithium facilities.

Waterline at ESAT has been investigated. No major hazard or concern was raised. Waterproof panels and floor drains 
could be used to derisk. But the gloveroom is a secondary containment with waterproof walls. The lab might need to 
change the current requirements for lithium facilities.



#8 There will be many penetration on the glove box for electrical, gas 
and potential water cooling. For FDR these interfaces need to be shown 
in detail. 

• Interfaces use vacuum-grade KF flanges and hermetic electric 
feedthroughs for power connection. 

• The modularized panel design allows future upgrades and 
modifications for feedthroughs and connections. 

Scope PDR chits Updates Planning

Power Feedthroughs w. KF flange

MBraun 
Product



Scope PDR chits Updates Planning

#9 A fire cabinet is needed to store up to 50 lb of lithium

We agree with the comment that a fire cabinet is needed to initially store up to 50 lb of lithium. After operations, and for 
the majority of time, lithium will be stored in the dump tank inside the gloveroom.



Vendor visits: Inert & MBraun

Scope PDR chits Updates Planning

Y. Xu visited MBraun in March 2024.



Laminar Ar filling 

Door clamps with O2 lock

Gloves

Feed throughs

Scope PDR chits Updates Planning



Flooring: 

Single-piece stainless steel bottom floor

SS fluid dike (no rubber)

Studs and vertical support beams

Scope PDR chits Updates Planning



SAD & Procedure Progress

SAD: 
A screening for the potential hazards associated 
with LEAP was performed using a checklist 
based on SAD for PPPL’s LTX and Argonne 
National Laboratory's “Aware”, a work planning 
and control application, which identifies and 
analyzes hazards and controls.

Procedure: 
In development

Available on LEAP website

Scope PDR chits Updates Planning



Procurement 

Scope PDR chits Updates Planning

Inert 
Quote: $391,132.36
Timeline: ~20 weeks
Features:

less expensive
slower lead time (6 months)
uncertainty in high-temp

MBraun 
Quote: $421,294.00
Timeline: ~16 weeks
Features: 

larger team, 
faster turnover, 
iso9001, 
past collaborations with national lab
capable of high temperature design
slightly more expensive

MBRAUN’s National lab client list. 
MBRAUN team members assist in writing 
the standards for labs and the AGS 
committee.

·         NREL
·         Sandia
·         Los Alamos
·         Lawrence Livermore
·         Savannah River
·         NETL
·         Idaho
·         Oak Ridge
·         PNNL
·         Brookhaven
·         Argonne
·         AMES
·         LBNL















Rhoads, 2013




