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Abstract

Plasma-facing components (PFCs) that incorporate flowing liquid lithium sur-
faces are a promising technology because they can provide a renewable interface,
modify recycling, support power exhaust, and potentially connect PFCs with
fuel recovery. The deployment of liquid lithium PFC technology, however, is
constrained by lithium chemical reactivity, fire and aerosol hazards, vacuum
and inert gas operation, maintainability, and the need for rapid experimental
iteration. Part 1 of this work develops a hazard-complexity metric for select-
ing secondary-containment architectures for flowing liquid-lithium systems. The
framework is applied to six representative containment scenarios and to the
Lithium Experimental Application Platform (LEAP), currently under construc-
tion at Princeton Plasma Physics Laboratory. LEAP uses a modular, room-sized
argon glovebox as an inert secondary containment boundary for a staged flow-
ing lithium program incorporating heating, diagnostics, magnetic field exposure,
and future device interface capability. The analysis indicates that an inert, air-
tight secondary enclosure without scrubbers around an enclosed lithium loop
provides a practical balance between hazard reduction and facility complexity
for the present LEAP design requirements. This architecture offers a deployable
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pathway for lithium PFC development and a transferable design logic for other
reactive or conductive liquid metal systems.

Keywords: Liquid Lithium, Secondary Containment, Plasma-Facing Components,
Fusion Technology

1 Introduction

1.1 Liquid lithium systems for fusion reactors

Liquid metals have high thermal and electrical conductivity and unique surface prop-
erties, making them desirable candidates for a wide range of applications in science and
engineering (e.g., [1–3]). Liquid lithium, the lightest alkali metal (Z = 3), and lithium
alloys are especially attractive for fusion science and technology because they have
been proposed to address three key challenges at once: (i) self-replenishing plasma-
facing components (PFCs) that survive extreme heat and particle fluxes, (ii) improved
confinement via modified boundary conditions, and (iii) breeding, retention, transport,
and recovery of fusion fuel species. There has been a decades-long interest in imple-
menting liquid-metal plasma-facing components and liquid-metal fuel-cycle concepts
for fusion devices [4–9] since the pioneering work by Golubchikov et al. (1996) [10]
and subsequent experiments on Russian T-11 tokamak using liquid lithium capillary
porous system (CPS) [11].

Flowing lithium used as a plasma-facing component offers a self-renewing interface:
the exposed surface can be continuously replenished, which reduces cumulative dam-
age from intense heat and particle fluxes. In contrast, a solid plasma-facing component
presents a stationary near-surface region, and heat removal is ultimately constrained
by conduction through the solid and by allowable surface temperatures set by melt-
ing, recrystallization, and thermomechanical limits. Without resurfacing, solid PFCs
can also undergo self-amplifying degradation: leading edges, gaps, and tile/module
misalignment concentrate the parallel heat flux and create localized hot spots. These
overloads can drive cracking, recrystallization, and melting in solid divertor compo-
nents, while the resulting surface deformation further worsens nonuniformity in heat
flux [12–14]. Transient loads can also trigger crack growth and melt-layer motion or
erosion, accelerating damage once overheating begins [15]. Arcing provides another
localized erosion mechanism and can become more likely on damaged metal surfaces
[16].

Unlike solid materials, liquid lithium can leverage forced convection as an
added heat-removal mechanism, so heat-flux handling can be controlled by tailoring
flow velocity, wetted geometry, and heat extraction. Several concept families have
therefore been pursued, including divertorlets [17, 18], thin-film fast flows [19–21],
capillary-porous systems with flow (CPSF) [22], LiMIT-style thermoelectric-MHD-
driven surfaces [23], and lithium vapor-box divertors [24, 25]. These concepts span
a broad design space for lithium-enabled power exhaust, including low-recycling
flowing-surface approaches as well as vapor-shielded, high-recycling divertor regimes.
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Experiments and simulations have demonstrated liquid-lithium PFC prototypes oper-
ating at incident heat fluxes of order ∼ 10MW/m2 [18, 21, 26, 27] while avoiding
excessive evaporation. Although so far the heat handling capabilities of these proto-
types remain below the O(102) MW/m2 levels often projected for divertors in compact
pilot-plant or reactor concepts (e.g., [28]), flowing lithium remains an attractive
research direction. Ongoing experiments and near-term demonstrations are expected
to clarify the achievable operating window and the key physics and engineering
constraints that will determine its viability for reactor-relevant power exhaust [29].

Lithium’s affinity for hydrogen isotopes lowers wall recycling, which can increase
edge neutrals temperature, relax edge temperature gradients, and reduce the turbu-
lence drive associated with temperature gradients from cold neutral returning from
the wall [30]. This lithium-accessible low-recycling regime paved a new way for future
fusion reactor designs and operations. Across devices such as CDX-U [30], LTX-β[31],
NSTX/NSTX-U [32], FTU [33], TJ-II [34], HT-7 and EAST [35], lithium conditioning
or lithium-based PFCs, such as limiters, have been associated with improved confine-
ment, modified edge profiles, and, in some operating regimes, mitigation or suppression
of ELM activity [36, 37].

Fig. 1 Lithium systems in a fusion reactor. a) Schematics of a liquid lithium divertor with D/T
extraction at the first wall. D/T enters the lithium divertor via a low-recycling regime, forming lithium
deuteride, LiD, and lithium tritide, LiT. These lithium hydrides are further concentrated via an in-
situ MHD centrifuge and transported to a distillation column system, where deuterium and tritium
can be extracted and used as fuels. Figure adapted from Ono et al., Nucl. Fusion (2017) [5], and de
Castro et al., Phys. Plasmas (2021) [7] b) Example of a fusion breeding blanket design. Figure adapted
from the lead-lithium blanket design study of Spherical Tokamak Advanced Reactor (STAR) [38].

The deuterium/tritium (D/T) fuel cycle functions as the “circulatory system”
of a fusion plant [39]. Tritium must be bred, extracted, processed, delivered to the
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plasma, recovered from exhaust streams, and continuously recycled while maintain-
ing rigorous accountancy and minimizing permeation losses. In most pilot-plant and
reactor concepts, lithium-bearing blankets are the primary pathway to tritium self-
sufficiency [38, 40, 41], which tightly couples blanket materials, tritium transport, and
fuel-processing performance. In addition, tritium trapped in the first wall and divertor
must be actively recovered and routed back into the fuel cycle, motivating flowing-
liquid architectures that can provide both a low-recycling boundary and a controllable
extraction pathway.

A further coupling arises because a lithium plasma-facing layer can itself become
a significant tritium breeding region. In a three-dimensional neutronics study of an
FNSF-like design with a 2.51 cm liquid-metal first wall, Bohm et al. (2019) [42] found
that a lithium first wall increased the Tritium Breeding Ratio (TBR) by approxi-
mately 13% relative to the baseline when tritium produced in the lithium first wall
was assumed to be recovered, but reduced the effective TBR by approximately 31%
when that tritium was not recovered [42]. In that study, the lithium also reduced peak
neutron-induced damage to the first wall and hydrogen/helium production relative to
the baseline, indicating potential neutronics benefits beyond plasma-surface renewal.
Nevertheless, the large sensitivity of TBR to first-wall tritium recovery means that
reactor-relevant lithium PFCs must be treated as part of the fuel-cycle system, not
only as heat-exhaust or wall-conditioning components. This strengthens the need for
flowing-lithium test stands that can investigate intermediate questions of hydrogen-
isotope transport, concentration, extraction, and recirculation in addition to MHD
flow and plasma-facing performance.

Figure 1 a) illustrates a conceptual liquid-lithium divertor in which D/T species
entering the divertor are absorbed into the lithium and converted into lithium hydrides,
which are then removed from the plasma-facing region, concentrated (e.g., by an in-
line MHD-based centrifuge), and processed in downstream systems such as distillation
column systems to recover and re-inject deuterium and tritium into the fueling loop.
Figure 1 b) shows a representative lead-lithium breeding blanket configuration in the
design study of the Spherical Tokamak Advanced Reactor (STAR), highlighting that
the blanket design, tritium breeding and extraction, and primary heat removal are
inherently coupled at the system level.

Accordingly, the central question for liquid lithium systems in fusion is no longer
whether they are scientifically compelling, but whether the remaining science and
engineering gaps can be closed on timelines compatible with reactor and pilot-plant
deployment, and whether they can be effectively integrated with existing fusion pilot-
plant designs. The DOE Fusion Science and Technology Roadmap [9] identifies liquid
metal plasma-facing components as a promising path for fusion power exhaust, but
also makes clear that several gaps remain. These include free-surface and MHD flow
stability, impurity control, lithium-material compatibility, heat transfer, component
reliability, hydrogen isotope extraction, and D/T inventory management. Address-
ing these gaps requires more than isolated material tests. Flowing lithium systems
must be operated at relevant temperatures, flow speeds, magnetic fields, and interface
conditions so that transport, corrosion, impurity buildup, diagnostics, and recovery
concepts can be evaluated together. Dedicated lithium and lithium-alloy test stands
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are therefore needed to move from small component studies toward controlled flowing
configurations, device-facing inserts, and eventually integrated liquid-metal core-edge
and fuel-cycle platforms.

1.2 Legacy experience from alkali-metal fission systems

Large-scale liquid alkali-metal infrastructures have been developed primarily for liquid-
metal-cooled nuclear fission reactor facilities [43]. The world’s first breeder reactor
prototype, the Experimental Breeder Reactor-I (EBR-I), was commissioned in 1951
[44] and used a sodium–potassium eutectic alloy (NaK) as the coolant. More recently,
the Sodium-cooled Fast Reactor (SFR) has been pursued as a Generation IV reactor
concept currently under development [45]. Alkali-metal coolants offer several advan-
tages over current water-based reactors. Because sodium atoms are weak neutron
moderators, fast-spectrum operation is facilitated, thereby enabling efficient transmu-
tation and significantly reducing the production of transuranic waste [46]. The high
boiling points of sodium and NaK yield large available temperature margins, increas-
ing the permissible temperature rise in the coolant. High boiling points also allow the
systems to operate at lower pressures. Consequently, liquid-metal-cooled systems can
achieve higher thermodynamic efficiency than water-cooled systems, despite the lower
specific heat capacities of liquid metals compared to water [47]. Sodium and NaK are
also relatively abundant and exhibit favorable chemical compatibility with structural
steels and many types of nuclear fuel cladding materials [48]. Nevertheless, the deploy-
ment of large-scale alkali-metal coolant systems presents significant challenges arising
from the corrosive and highly reactive nature of these metals, as well as their propen-
sity to leak. Therefore, rigorous design measures and specialized operational protocols
are required to prevent, detect, and mitigate fires and other hazardous events [49].
This need is underscored by several historical incidents involving sodium fires, such
as the sodium leak and subsequent fire at the Monju Nuclear Power Plant in 1995
[50]. Classical sodium and NaK handbooks [48, 49] provide valuable guidance for com-
ponents, handling, and safety practice. International efforts to build fission systems
cooled by liquid metals or molten salts have also invested extensively in safety and
liquid-metal materials compatibility, driven in large part by the requirements of liquid-
metal fast breeder reactors (LMFBRs), e.g., [51]. These lessons translate directly to
fusion lithium facilities, which share many material and system-scale hazards.

1.3 Lithium-specific safety requirements

Development and implementation of liquid lithium systems at a reactor scale remains
challenging. Lithium characteristics and risks have been discussed extensively in pre-
vious studies [7, 52]. Liquid lithium produces exothermic reactions with air and
moisture. Lithium’s reaction with water generates hydrogen, creating explosion risk.
Lithium is also considered pyrophoric in powder form or liquid at elevated tem-
peratures. The flowing lithium systems must address general alkali-metal safety
requirements, such as leak prevention, inerting strategy for exclusion of air and mois-
ture, hydrogen-generation risk, fire consequence management, contamination control,
maintainability, and reliable operation during off-normal events. Moreover, any leak
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or spill can generate corrosive and toxic aerosols and can mobilize radionuclides in
tritium-containing lithium systems [52]. Past lithium loop incidents (e.g., [53, 54])
have already demonstrated credible leak and fire scenarios.

As a result, the design of liquid lithium systems should mainly focus on its con-
tainment strategy and minimizing the contact of non-compatible or reactive materials
with lithium. Using IFMIF-DONES as a concrete design study, D’Ovidio et al. (2023)
[52] presents a defense-in-depth fire protection strategy for large liquid-lithium facil-
ities. A large-scale lithium system should implement robust primary confinement
by mechanical codes and standards, minimization and segmentation of inventory
where possible, room inertization (He/Ar) with gas monitoring, stainless-steel lin-
ers to prevent Li–concrete reactions, catch pans and drain and recovery systems,
leak/smoke/flame detection, and compartmentalization isolation. A key conclusion
is that for large lithium fires, fixed chemical-agent suppression may be unreliable,
so passive measures (such as inerted rooms, spill capture and drainback, structural
heat sinking, compartmentalization, etc.) are favored as the main line of defense,
complemented by appropriately selected Class-D agents (e.g., Lith-X, Natrex-L, cop-
per powder, carbon-based agents) and aerosol filtration strategies. Application of
the MELCOR-fusion code has been demonstrated to analyze the transient accident
associated with the lithium system for IFMIF-DONES test cell [55].

A series of regulatory standards for alkali-metal systems has been established. The
International Building Code (section 307, 2021 edition) defines the maximum allowable
quantities for a lithium system in a controlled area [56]. For example, the code limits
storage and closed-container use to 22.68 kg of lithium per control area (this increases
to 45.36 kg per control area when lithium is stored or used in a ventilated enclosure).
The limit is 4.54 kg for open systems. A building may be permitted to have multiple
control areas, up to four in total.

On fire protection, U.S. National Fire Protection Association Standard for Com-
bustible Metals (NFPA 484) [57] covers facility design requirements, fire and explosion
protection, powder, processing, machining, fabricating, finishing, storage, handling,
etc., with applicable threshold masses. Other alkali metals fire protection stan-
dards can be found in The International Fire Code (IFC) [58], and the related
defense-in-depth framework is covered in Fire Protection in Nuclear Power Plants
(IAEA-TECDOC-1944) by the International Atomic Energy Agency (IAEA) [59]. It
is strongly recommended, and in some cases required when the applicable NFPA
484 thresholds are met, to develop a fire protection plan and notify the local fire
department, and make sure all personnel are trained to fight lithium fires.

Plumbing and piping system design under pressure and heating can refer to ASME
B31.3, Process Piping Code [60], and ASME BPVC, the Boiler and Pressure Vessel
Code [61], if applicable.

1.4 Risk-informed approach with infrastructure and
operational complexity

It is sometimes neglected that safety systems that impose excessive procedural burden
can increase operating cost and degrade overall safety by increasing the likelihood of
human error. As outlined in human reliability analysis frameworks that have been
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used in nuclear safety, task complexity and procedure quality are performance-shaping
factors that increase estimated human error probability. As a consequence, designs
that require extensive and highly complex operational procedures tend to be more
error-prone [62].

These considerations motivate a fusion-oriented design framework that bal-
ances lithium safety requirements against infrastructure and operational complexity,
enabling rapidly deployable research-scale flowing-lithium test stands. This need is
most acute for platforms built for rapid iteration, where frequent hardware changes,
evaluation of multiple PFC concepts, open-surface operation, strong magnetic fields,
and eventual integration with a confinement device must all be accommodated on
compressed development timelines. An integrated lithium platform, as a part of the
technology development itself, should provide a stable safety boundary and standard-
ized services that enable repeated test → modify → downselect cycles, while initiating
a credible pathway toward integration of lithium systems and reactors.

In this study, we introduce a generalized design framework and secondary-
containment choices for flowing liquid-lithium systems in fusion applications, with
emphasis on safety, maintainability, and implementation in laboratory and industrial
environments. Specifically, we present a reusable, risk-informed system engineering
framework for selecting secondary-containment architectures for flowing liquid-lithium
facilities and demonstrate the approach through the modular “gloveroom” concept
used in the Lithium Experimental Application Platform (LEAP) at the Prince-
ton Plasma Physics Laboratory (PPPL). The framework links mission requirements,
including device-facing constraints, maintainability, prototyping flexibility, and facil-
ity readiness, to industrial safety and regulatory considerations. Although the present
work centers on lithium, the design logic is intended to provide transferable engineering
principles for a broader class of liquid metals and conductive fluids.

The paper is organized as follows. Section 2 introduces the hazard-complexity
evaluation framework for lithium systems. Section 3 identifies a general downselect
list of six secondary containment options. Section 4 presents the design requirements
for flowing-lithium systems in LEAP and describes the selected modular secondary-
containment architecture as an example. Section 5 discusses LEAP’s interfacing
strategy with fusion devices and considerations on the limitations of the gloveroom.

2 Methodology for determining containment
architecture

There is no single secondary-containment solution that is optimal for every flowing
lithium system. The appropriate design depends on the intended lithium inventory,
operating modes, expected failure consequences, required flexibility for upgrades, and
the degree of integration with facility infrastructure. For fusion applications, this trade
space is especially important because the same platform must often support lithium
safety, open-surface or vacuum interfaces, magnetic compatibility, maintainability,
rapid experimental iteration, etc.
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To make these tradeoffs explicit, we formulate a streamlined downselection metric
for comparing candidate secondary-containment architectures in terms of two com-
peting quantities: lithium hazard and facility complexity. Here, hazard represents
the likelihood and consequence of lithium exposure to reactive environments, while
facility complexity represents the infrastructure, controls, monitoring systems, and
operational burden required to reduce that exposure. In general, additional safety
features can lower the frequency or consequence of hazardous events, but they also
increase hardware complexity, maintenance requirements, and procedural demands.
Conversely, simpler systems may be easier to build and operate, but can leave fewer
barriers between lithium and incompatible environments. The preferred architecture
is therefore not necessarily the most elaborate one, but the one that provides sufficient
hazard reduction without imposing unnecessary facility or operational complexity. In
this work, the design metric is used as a comparative tool to identify that balance for
research-scale flowing lithium systems.

2.1 Design Penalty Index

To compare candidate secondary-containment architectures on a common basis, we
introduce a semi-quantitative design penalty index, Q, that balances hazard reduction
against system (infrastructure and operational) complexity. The index is intended as
a comparative engineering tool for early-stage architecture downselection, not as a
substitute for formal safety analysis, code compliance, or project-specific safety review.
Lower values of Q correspond to more favorable overall designs. Table 1 summarizes
the symbol definitions used in the metric.

Table 1 Definitions of symbols used in the hazard-complexity
metric.

Symbol Definition
H Hazard index [eq. (1)].
C Complexity index [eq. (1)].
Q Design penalty index [eq. (2)].
hi Impact score of hazard mode i.
cj Complexity score of safety feature j.

p
(H)
i Exposure weighting for hazard mode i.

p
(C)
j Requirement weighting for safety feature j.

α Hazard weighting coefficient.
β Complexity weighting coefficient.
γeff Mitigation effectiveness [eq. (3)].
γ Nominal mitigation effectiveness [eq. (4)].
kH Hazard sensitivity coefficient.
kC Complexity sensitivity coefficient.
xm Boolean of whether mitigation feature m is included.
ηm Mitigation contribution of feature m.
x Selected mitigation features vector.
X Set of acceptable design choices.
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We define two main parameters, the intrinsic hazard and the complexity risks.
The hazard index H represents the severity of the relevant lithium-specific failure
consequences for a given system, such as reaction with air or moisture, aerosol gener-
ation, hydrogen production, radionuclide mobilization, and oxygen-deficiency hazards
associated with inerting. The complexity index C represents the added facility and
operational risk required by the containment concept, including enclosure require-
ments, atmosphere-control systems, detection systems, scrubbing or recovery systems,
and the associated procedural and administrative burden. These indices represent risks
that can be written as a sum of individual expectations based on Bernoulli’s expected
utility hypothesis for risk analysis [63],

H =
∑

i

p
(H)
i hi, C =

∑

j

p
(C)
j cj , (1)

where hi ∈ [0, 5] represents the severity level or impact of each hazard mode in the
lithium system, with 0 indicating negligible impact and 5 the highest impact and
consequence. cj ∈ [0, 5] indicates the complexity impact associated with each safety
feature, with 0 indicating negligible impact and 5 indicating the largest contribution to
system complexity. In general, the higher cj is, the more demanding, costly, and thus

riskier it is to deploy a given feature. The corresponding weights p
(H)
i and p

(C)
j represent

the probability of occurrence for each hazard mode and probability of implementing
certain safety features, respectively.

We can further develop this from simple superposition to capture more nonlinear
and intricate connections between hazards and complexity risks. It can be postulated
that:

• Different designs are limited by various constraints and thus focus differently on
hazards and complexity risks.

• A safety feature may become less effective when applied to a more hazardous system
or when embedded in a more complex facility with more failure modes, interfaces,
and operational dependencies.

These two conjectures lead to three coefficients: the hazard weighting coefficient, α;
the complexity weighting coefficient β; and the mitigation effectiveness, γeff . The haz-
ard weighting coefficient, α ∈ [0, 1], and the complexity weighting coefficient, β ∈ [0, 1],
define the practical design focus on addressing hazard and complexity risks. When
α = 0, the system design ignores the occurrence of any safety hazards, whereas facil-
ity complexity is not constrained at β = 0 (e.g., infinite budget and perfect graduate
students). It should be noted that α and β should be determined relatively to reflect
on the design interest, since H is not necessarily equal to C. In addition, the mitiga-
tion effectiveness γeff ∈ [0, 1] represents how effectively the selected safety architecture
reduces the hazard in practice, where γeff = 0 corresponds to an ineffective safety
feature and γeff = 1 corresponds to ideal, perfect hazard mitigation.
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The design penalty index can be estimated as a simple mathematical model to
qualitatively capture the basic interplay between the risks,

Q = αH (1− γeff) + βC, (2)

where the first term represents the residual hazard penalty after accounting for the
effectiveness of the safety architecture, while the second term represents the direct
penalty associated with system complexity. For fixed mitigation effectiveness, this form
gives the desired behavior: Q increases with larger hazard and greater complexity, and
decreases as mitigation effectiveness improves.

The definition of mitigation effectiveness is less certain. In many cases, we can
simply assume γ = 1 if mitigation effectiveness is included, or 0 if it can be ignored.
However, because practical effectiveness may degrade as the intrinsic hazard and sys-
tem complexity increase, we can choose to model an effective mitigation coefficient as
a function of H and C,

γeff = γ exp (−kHH− kCC) , (3)

where kH > 0 and kC > 0 are hazard and complexity sensitivity coefficients selected by
users, respectively. The exponential form ensures 0 < γeff ≤ γ. The nominal mitigation
effectiveness γ can itself be constructed from the selected safety features. For example,
a binary xm ∈ {0, 1} denotes the presence or absence of mitigation feature m, such as
inerted secondary containment, atmosphere monitoring, drainback, spill capture, or
aerosol filtration, then

γ = 1− exp

(

−
∑

m

ηmxm

)

, (4)

where ηm is the contribution of feature m to the overall mitigation effectiveness. This
representation ensures that γ remains bounded between 0 and 1, so that 0 ≤ γeff ≤ 1,
while also capturing diminishing returns as more safety features are added.

The residual hazard term in eq. (2) can also be interpreted from a reliability
perspective. In a full component-level treatment, a hazard contributes to the residual
hazard penalty only when the primary hazard containment fails and the relevant safety
layers also fail during the operating period. Such a treatment could be constructed from
component mean-time-between-failure data and the assumed safety-layer structure.
However, those data are generally unavailable during early-stage facility design, and
the resulting model would introduce many system-specific parameters. The present
study therefore uses the compact hazard-complexity form in eq. (2) as a comparative
downselection metric, while Appendix A gives a reliability-based interpretation of the
mitigation term.

The optimal secondary-containment concept is then obtained by minimizing Q
over the set of acceptable design choices x ≡ (x1, x2, x3, ...) ∈ X,

x
∗ = arg min

x∈X
Q(x), (5)

subject to any additional project-specific constraints, such as lithium inventory, open-
surface operation, magnetic-field compatibility, vacuum interfaces, available building
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infrastructure, or code-related requirements. This optimization also allows investiga-
tion of the optimal continuous design features (e.g., argon purge rate, oxygen and
moisture set point, spill-capture capacity, and redundancy level) to understand which
features are most valuable when added safety begins to have diminishing returns and
how strongly complexity penalizes further mitigation.

i Hazards hi Justification
1 H2 generation with bulk water 5 Large quantity of hydrogen gas can be

generated in a short time. Explosion risk.
2 H2 generation with air moisture 4 Accumulation of hydrogen over time.

Explosion risk.
3 Lithium Fire with O2 3 Exothermic reaction. Oxide also reacts with

water to form hydroxide.
4 Lithium Fire with N2 2 Mild exothermic reaction. Can generate

toxic ammonia gas with moisture and O2.
5 Lithium aerosol/smoke 3 Reduce visibility, toxic, radionuclides

mobilization. Indication of fire.
6 Asphyxiation by inert gas 1 Inert containment hazard, can be mitigated

through monitoring and control, not common.

Table 2 List of hazards and their impact, hi, in a generic lithium system. These hazards will
be considered in the analysis of this study.

j Safety Feature cj Justification
1 Watertight 2nd containment 2 Relatively low complexity. Simple waterproof

material and design.
2 Airtight 2nd containment 3 Medium complexity. Airtight seal or vacuum

system are often available off-the-shelf.
Requires maintenance and leak check.

3 Wet scrubber 5 Very complex and less common. Difficult to
build and maintain. Needs dedicated water
supply and waste drain.

4 Dry scrubber (O2/N2) 4 Requires maintenance. Need to replace
filter/scrubber and add exhaust. Expensive.

5 Ventilation & exhaust 3 Medium complexity. Emergency exhaust to
avoid aerosol and hydrogen accumulation.

6 Dehumidifier 2 Commercial product available.
Requires additional maintenance.

7 H2 detector 1 Low impact. Easy to deploy.
8 H2O/O2/N2 analyzer 1 Low impact. Easy to deploy.

Table 3 List of safety features and their impact, cj , on complexity in a generic lithium
system. These safety features will be considered in the analysis of this study.

In the present study, this minimization is evaluated over a finite set of repre-
sentative containment architectures rather than solved as a continuous optimization
problem. A detailed derivation of the optimization problem in eq. (5) is shown in
Appendix B.
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The design penalty index provides a transparent basis for comparing contain-
ment strategies, identifying the dominant safety drivers, while balancing risk reduction
against implementation burden. This risk-informed matrix can be adapted to differ-
ent classes of alkali-metal systems simply by changing the modes, their impacts, and
probabilities. In the present work, this theoretical framework is used as a structured
downselection method for representative containment scenarios and to support the
modular inerted secondary-containment architecture adopted for LEAP.

2.2 Simplified parameters

The probability and severity of lithium-related hazards are difficult to quantify pre-
cisely and are strongly dependent on the specific system configuration. For an initial
evaluation of secondary-containment concepts, we therefore adopt a simplified and
conservative assumption: the comparison is conditioned on a primary-containment
breach for all candidate designs, and therefore a secondary containment is required
by definition. Under this condition, the primary containment itself is not used to dis-
tinguish between architectures. Instead, the comparison focuses on how the selected
secondary-containment concept modifies the operator or facility exposure to the result-
ing hazards. For example, hydrogen generation from moisture is more likely if leaked
lithium is exposed to ambient air than if the same leak occurs within an inert-gas-filled
secondary enclosure, even when both systems use highly reliable primary contain-
ment. This simplification allows the design matrix to isolate the safety value of the
secondary-containment architecture itself.

The impact of the hazards hi, and the impact on the complexity risk cj , are both
assumed to be generic and independent of the design. For simplicity, discrete, non-
zero integers are used so that hi, cj ∈ {1, 2, 3, 4, 5} in ascending order of impact.
Table 2 shows common lithium system related hazards with justification that have
been included in the analysis for this study and table 3 shows a list of common safety
features used in lithium systems and their impact on complexity with justification

that has been considered in this study. Furthermore, p
(H)
i is defined as

p
(H)
i =











1 full exposure upon failure

0.5 possible exposure to hazard but under control

0 no exposure to hazard

(6)

This assumes the scenario that primary containment has failed. Here, “under control”
means any lithium escaped from the primary containment is under automatic facility
control so no or little manual operation is required. Similarly,

p
(C)
j =











1 if feature is needed

0.5 if feature is optional

0 if feature is not needed

(7)
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Therefore, the probability of having a certain feature has been effectively translated
to whether this feature is needed in the system. For instance, an essential feature has
a 100% probability of showing up in the system.

Fig. 2 Six scenarios for the liquid metal containment systems. (A) A minimalistic setup: a primary
containment for liquid lithium. (B) A watertight or semi-airtight secondary containment encloses the
airtight primary containment and is also connected to a wet scrubber. (C) A typical dry room: a
humidity-controlled secondary containment is connected to a dehumidifier or a dry filter system. (D)
A glovebox with open-surface liquid metal: airtight primary containment is filled with inert gas and
connected to a dry filter system. (E) A basic glovebox setup: airtight secondary containment is filled
and purged with inert gas, such as argon, but does not connect to any filters or scrubbers. (F) A fully
equipped glovebox with oxygen, humidity, and/or nitrogen filter and scrubbers. Negative pressure is
implemented for containing radionuclides.

3 Lithium system scenarios and requirements

We can summarize existing lithium containment systems into six general example
scenarios, as shown in the six panels of fig. 2. These six scenarios do not exhaust all
the options for developing lithium systems. They are treated as representative cases
that have been used in the downselect for this study. Each scenario corresponds to a

unique set of p
(H)
i and p

(C)
j .

Scenario A (Minimalistic) setup is shown in fig. 2 (A). Liquid lithium is contained
inside an airtight primary containment, usually filled with inert gas, such as argon, or
under vacuum for free-surface operations. There is essentially only one barrier between
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liquid lithium and the room environment. This is the simplest approach for various
tabletop lithium systems with a limited amount of lithium, and therefore has a low
complexity risk. However, it is the least safe option because the leaked lithium would
have direct exposure to the exterior environment with oxygen, nitrogen, moisture and
even possibly bulk water in case of failure. Table 4 reflects that scenario A is under
exposure to hydrogen generation via moisture, lithium fire, and smoke. Hydrogen
generation with bulk water can be limited by facility controls, such as excluding nearby
water sources or using dry or pre-action sprinkler systems. Nevertheless, scenario A
needs the least amount of safety features (hydrogen detector and ventilation) and
hence has the lowest complexity risk among all scenarios, as shown in table 5.

Scenario B (Wet scrubber) shown in fig. 2 (B) is a uniquely designed secondary
containment (which can be an enclosure or a building) that connects to a wet scrubber
system. In case of a liquid metal fire, the generated gas and smoke can be directed
to a water container for reaction and passivation (e.g., the METL sodium system at
Argonne National Laboratory). The wet scrubber does not completely mitigate the
fire and hydrogen hazards, but has been implemented as a control method to constrain
the consequences of a lithium incident. Scenario B in table 4 lists most of the hazards

as under control, p
(H)
i = 0.5. Because there is a watertight secondary containment, it

is unlikely lithium will see any bulk water to generate hydrogen, p
(H)
1 = 0. However,

wet scrubbers are less common in lithium processing, and they are difficult to build
and maintain. They also require dedicated water supplies and waste drains that are
isolated from lithium usage. Therefore, we consider that wet scrubber has the highest
complexity risk impact among all the safety features (table 3).

Scenario C (Dry room) shown in fig. 2 (C) is a humidity-controlled only setup
with airtight secondary containment. These dry-room scenarios are commonly adopted
in lithium battery production. Therefore, there is no moisture or bulk water, and
hydrogen generation upon failure can be eliminated. Therefore, a hydrogen detector is
optional. Lowering the moisture in the secondary containment also lowers the reaction
speed of oxygen and nitrogen with lithium. However, exposed lithium can still ignite
and react with oxygen and nitrogen in the air at a high temperature. Therefore,

p
(H)
i = 0.5 for fire and smoke, as shown in table 4.
Scenario D (Glovebox I) shown in fig. 2 (D) is a glovebox setup with dry filters and

an open lithium surface. It is similar to Scenario A, except that an airtight containment
is filled and purged with argon gas. Argon purge and filtration will maintain low levels
of oxygen, humidity, and nitrogen, often at ∼ 1 ppm or lower, to minimize lithium
reaction with air inside the glovebox. This glovebox is essentially just an atmosphere-
controlled primary containment under near-room pressure. This is often considered
safe for a small amount of lithium (grams) operation. However, due to the lack of

secondary containment, p
(H)
i = 0.5 for all hazards. Because the enclosure is inerted

with argon, oxygen monitoring is required to manage oxygen-deficiency hazards.
Scenario E (Glovebox II) shown in fig. 2 (E) is a simple glovebox or enclosure with

reduced functionalities: airtight secondary containment around an enclosed primary
containment, and is filled and purged with inert gas, such as argon. This setup does
not connect to any filters or scrubbers, and generally can reach ≲ 1000 ppm of oxygen,
humidity, and nitrogen by purging, sufficient for secondary containment to suppress
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Table 4 Hazard index, H, and qualitative level of exposure to

hazards, p
(H)
i for each scenario (A to F). The value is estimated

according to eq. (6). Here, p
(H)
i = 0 means low probability of expo-

sure to hazards after failure of primary containment, p
(H)
i = 0.5

means possible exposure to hazards but under some level of auto-

matic control, and p
(H)
i = 1 means full exposure or high probability

of hazard to occur upon failure of the primary containment. The
impact hi is taken from table 2.

i Hazards hi
p
(H)
i

A B C D E F
1 H2 (bulk H2O) 5 0.5 0 0 0.5 0 0
2 H2 (moisture) 4 1 0.5 0 0.5 0 0
3 Li Fire (O2) 3 1 0.5 0.5 0.5 0 0
4 Li Fire (N2) 2 1 0.5 0.5 0.5 0 0
5 Li Smoke (fire) 3 1 0.5 0.5 0.5 0 0
6 Asphyxiation 1 0 0 0 0.5 0.5 0.5

Hazard index, H 14.5 6 4 9 0.5 0.5

and eliminate fire or hydrogen generation. Because the enclosure is inerted with argon,
it also introduces a controlled asphyxiation hazard from a leak in the glovebox.

Scenario F (Glovebox III) shown in fig. 2 (F) is a fully-equipped glovebox or
enclosure with oxygen, humidity, and nitrogen scrubbers. The primary or secondary
containment can be enclosed by a negative pressure to avoid any radioactive breach if
it is involved. This also provides additional margin for overpressure [52]. There is no
exposure to hazards even if the primary containment is breached. However, scenario
F requires most of the safety features and thus has the highest complexity index, as
shown in table 5.

Table 5 Complexity index, C, and qualitative level of feature requirement,

p
(C)
j for each scenario (A to F). The value is estimated according to eq. (7),

in which p
(C)
j = 0 means the feature is not needed for the setup, hence zero

probability of appearance in the system. p
(C)
j = 0.5 means optional and p

(C)
j =

1 means necessary and crucial for the confinement. The impact cj is taken
from table 3.

j Safety feature cj
p
(C)
j

A B C D E F
1 Watertight 2nd containment 2 0 1 0 0 0 0
2 Airtight 2nd containment 3 0 0 1 1 1 1
3 Wet scrubber 5 0 1 0 0 0 0
4 Dry scrubber (O2/N2) 4 0 0 0 1 0 1
5 Ventilation & exhaust 3 1 1 1 1 1 1
6 Dehumidifier 2 0 0 1 0.5 0 1
7 H2 detector 1 1 1 0.5 0.5 1 0.5
8 H2O/O2/N2 analyzer 1 0 0 1 1 1 1

Complexity index, C 4 11 9.5 12.5 8 13.5
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Fig. 3 Design penalty index Q map for the six representative secondary containment scenarios. The
contour shows Q = αH(1 − γeff) + βC with γeff = γ exp(−kHH − kCC), using α = 0.7, β = 0.3,
γ = 1.0, and kH = kC = 0.1. Points A–F correspond to the six containment scenarios based on
existing liquid lithium systems listed in fig. 2. Scenario E, corresponding to the LEAP gloveroom
architecture, gives the lowest penalty index, Q ≈ 2.6, indicating a favorable balance between reduced
lithium hazard exposure and moderate facility complexity.

4 Lithium Experimental Application Platform
(LEAP)

4.1 Gloveroom containment solution

We present the Lithium Experimental Application Platform (LEAP), currently under
construction at Princeton Plasma Physics Laboratory, as a case study. LEAP is a mod-
ular, argon-inert liquid lithium test platform for flowing lithium PFC development,
diagnostic validation, safety architecture evaluation, and future device integration
studies. The initial system is designed for a lithium inventory of 22.68 kg (50 lb),
remaining below the IBC’s maximum allowable quantity of 45.36 kg (100 lb) for a
control area using a ventilated enclosure.

Figure 3 summarizes the tradeoff between hazard reduction and implementation
complexity for the six representative containment scenarios under the PPPL design
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Fig. 4 (a) A model of LEAP gloveroom with a Phase I liquid lithium loop inside. (b) Example prod-
uct of a customized atmosphere-controlled enclosure. Courtesy of Inert Corp. (c) Another example
product. Courtesy of M.Braun Inc.

preference used in this study. This example uses safety-prioritized weighting param-
eters, with α = 0.7, β = 0.3, γ = 1.0, and kH = kC = 0.1. The contour field shows
that the design penalty index Q increases with both hazard index H and complexity
index C, with a nonlinear contribution from the degradation of the effective mitigation
coefficient. Scenario A is penalized by its high residual hazard despite its low com-
plexity, whereas Scenarios B, C, D, and F reduce selected hazards by adding more
infrastructure and operational controls. Scenario E, corresponding to the LEAP glove-
room architecture, lies in the low-hazard, moderate-complexity region and gives the
lowest penalty value, Q ≈ 2.6. Under the present design priorities, this supports the
selection of an inert, airtight secondary enclosure around an enclosed lithium loop for
research-scale flowing lithium systems.

The ranking in Figure 3 should be interpreted as a design-specific downselection
result rather than a universal ordering of containment strategies. Different facilities
may assign different values to α, β, γ, kH , and kC depending on lithium inventory,
open-surface operations, tritium relevance, available infrastructure, staffing, and reg-
ulatory constraints. For example, a tritium processing system may justify the added
complexity of Scenario F, whereas a small gram-scale lithium experiment may accept
a simpler architecture. The value of the framework is that these priorities can be made
explicit and varied systematically, allowing the preferred containment architecture to
follow the mission requirements rather than being prescribed a priori.

The defining feature of LEAP is a room-scale, prefabricated glovebox that serves
as the secondary containment boundary (3.93m L×2.37m W ×3.35m H). As shown
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in fig. 4 (a), it is a commercially fabricated, fully customized, walk-in argon enclosure
that houses the lithium loop while maintaining a continuously purged and monitored
inert atmosphere during operation, with target oxygen, nitrogen, and moisture lev-
els below 1000 ppm. Figure 4 (b) and (c) show two examples of the modularized
gloverooms used for additive manufacturing, nuclear, or pharmaceutical applications.
The enclosure is sized to support lithium experiments with a high-field magnet, with
fully customized interface panels for gas, vacuum, electrical, cooling, and diagnos-
tic feedthroughs, as well as future connections to external vacuum vessels. Active
circulation inside the enclosure improves gas mixing, temperature uniformity, and
analyzer response, while monitoring of oxygen, moisture, temperature, and hydrogen
provides operational awareness during both inert operation and access conditions. The
gloveroom also integrates facility-level functions that are difficult to achieve with a
conventional glovebox, including door access with oxygen threshold interlocks, active
HVAC (6.59 kW, or 22 500BTU/hr), viewing ports, HEPA filtration, and anchor points
and support structures for the liquid lithium and magnetic field systems. The enclo-
sure and loop interfaces have completed PPPL design review processes, providing a
traceable design basis for lithium operation in a national laboratory environment. In
this sense, the LEAP gloveroom is not only a protective enclosure but also a standard-
ized experimental infrastructure that combines inert secondary containment, modular
utility access, and device-integration capability for iterative, flowing lithium PFC
development.

A phased development strategy is used for the LEAP flowing lithium loop, with
each stage increasing the level of physics integration and operational complexity. Phase
I is an enclosed loop containing 2.27 kg (5 lb) of lithium, with a test section passing
through a uniform magnetic field of up to 0.5T. This phase will characterize the
pressure and flow performance of the moving magnet pump, validate thermometry and
velocimetry diagnostics, and demonstrate lithium flow at up to 16GPM (1L/s) under
strong magnetic field conditions relevant to flowing lithium PFC and hydrogenic fuel
transport concepts [5].

Phase II extends LEAP to porous or open-surface lithium flow with applied
heating and magnetic field exposure, using inventories up to 22.68 kg (50 lb). This
phase will require modifications to the piping and support structure to accommodate
PFC-relevant test articles. The primary goal is to characterize open-surface liquid
lithium PFC performance under combined thermal loading and magnetic field con-
ditions, including MHD pressure drop, heat transfer scaling, surface stability, and
lithium-induced erosion or compatibility effects.

Phase III will develop interface strategies between LEAP and existing fusion
devices, such as NSTX-U, to enable a continuous flowing lithium PFC loop coupled
to a divertor surface. This stage is intended to move from standalone loop valida-
tion toward device-integrated operation, where lithium delivery, recovery, diagnostics,
safety controls, and secondary containment must operate as a coordinated system.
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Table 6 Representative numerical inputs used to evaluate the LEAP gloveroom archi-
tecture in the design penalty framework. LEAP is treated as Scenario E in tables 4
and 5. The values are semi-quantitative estimates intended for comparative downselec-
tion rather than probabilistic risk assessment.

Symbol LEAP value Basis
α 0.7 User-defined safety-prioritized weighting.
β 0.3 User-defined complexity weighting.
H 0.5 Hazard index for Scenario E, calculated from table 4.
C 8.0 Complexity index for Scenario E, calculated from table 5.
γ 1.0 Nominal mitigation effectiveness is included.
kH 0.1 Representative hazard sensitivity of effectiveness.
kC 0.1 Representative complexity sensitivity of effectiveness.
γeff 0.4 Mitigation effectiveness calculated from eq. (3).
Q 2.6 Design penalty index calculated from eq. (2).

5 Discussion

5.1 Integration of LEAP with fusion devices

The LEAP architecture by itself should be distinguished from plant-scale blanket
loops and full fuel-cycle test facilities. LEAP is designed as a research-scale, modular
secondary-containment platform for flowing lithium PFC development, diagnostic val-
idation, MHD flow studies, safety architecture evaluation, and future device-interface
concepts. It is therefore not intended to replace industrial-scale blanket or tritium
fuel-cycle facilities, such as integrated lithium-lead and fuel-cycle test systems being
developed for plant-relevant blanket and tritium-processing demonstrations. At larger
plant scale, other containment strategies, including double-wall piping, leak-before-
break design philosophy, guard vessels, segmented drain tanks, inerted pipe chases,
and dedicated tritium confinement systems, may be more appropriate than a room-
scale gloveroom. The value of LEAP is instead to provide a flexible intermediate
platform and vacuum interface where lithium PFC concepts, flow control, diagnostics,
hydrogen-isotope uptake and recovery concepts, and confinement-device interfaces can
be developed before translation to larger blanket or fuel-cycle infrastructure.

The National Spherical Torus Experiment-Upgrade (NSTX-U) at the Princeton
Plasma Physics Laboratory has features that are useful for a practical demonstration
of integrating LEAP into a fusion device. The NSTX-U machine is equipped with
15MW of neutral beam injection (NBI) and 6MW of ion cyclotron resonance heating
(ICRH), which can provide high heat loads to the divertor.

Because NSTX-U is a spherical tokamak, the surface area of the divertor is
relatively small compared with those of large aspect ratio tokamaks with similar
plasma heating capabilities. This practical advantage was demonstrated with the liquid
lithium divertor (LLD) in NSTX. The NSTX device was the predecessor of NSTX-U
and had the same divertor surface area.

The LLD was located on the outboard divertor as shown in fig. 5. It consisted
of four segments with a radial width of 22 cm, separated by a row of graphite tiles
that included a radial array of Langmuir probes for measurements at the divertor
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Fig. 5 (a) Conceptual drawing with two LEAP gloverooms around the vacuum vessel in NSTX-U
Test Cell. The exterior structure of the modular gloveroom can be modified to save space. Location
of the gloverooms is arbitrarily chosen for illustration purposes only. (b) Conceptual LEAP interface
with NSTX-U. LEAP enables a flexible interfacing by argon-to-vacuum feedthroughs with flange
connections to the interior of NSTX-U’s lower divertor region, where LLD segments were placed.
Photo of LLD is adapted from H. Kugel et al., Fus. Eng. Design (2012) [32]. Liquid lithium divertor
is coupled to a supply/drain system contained in LEAP’s gloveroom system. Even though no tritium
operation is planned for NSTX-U, the return loop can be used for pumping deuterium and tritium to
the extraction manifold in Fusion Power Plants (FPPs) with a similar method. The cleaned lithium
will re-enter the supply line.

strike points. There was also a toroidal gap that electrically isolated the inboard and
outboard divertors. Each LLD segment consisted of a 0.25mm stainless steel sheet
that was dynamically bonded to a 2.2 cm thick copper substrate. A 0.17mm layer of
molybdenum was plasma-sprayed onto the stainless steel. This formed a surface with
45% porosity for retaining static liquid lithium, which was kept liquefied with heaters
in the copper substrate.

The LEAP system is intended to provide flowing liquid lithium from the outboard
edge of the outboard divertor to the toroidal gap. Because the LEAP gloverooms are
modular, their number around the NSTX-U vacuum vessel can be adjusted to meet
lithium inventory, pumping power, and flow required by any flowing liquid lithium
divertor design. A possible configuration for the LEAP gloverooms in the NSTX-U
Test Cell and a conceptual interface with the vacuum vessel are shown in fig. 5.

The modularity of the LEAP system is itself a safety feature. Each LEAP glove-
room are expected to accommodate only their individual lithium inventories. In that
way, no component has to meet the safe handling requirements for the entire lithium
inventory. Each LEAP gloveroom also feeds liquid lithium into a common manifold
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inside NSTX-U vacuum vessel. This redundancy allows NSTX-U to be provided with
liquid lithium if any LEAP gloveroom becomes inoperable.

5.2 Limitations and considerations of the LEAP lithium loop
and gloveroom

The LEAP gloveroom provides a practical secondary containment solution for flowing
lithium experiments, but its room-scale argon enclosure also introduces operational
limitations. The most important are purge time and argon consumption. For a con-
ventional sweep-through purging, the required inert-gas volume can be estimated from
the complete-mixing relation V̇ t = V ln(C0/Ct), with a correction factor K used to
account for nonideal mixing [64]. K = 1 is perfect mixing. The argon purge time is

t =
V

KV̇
ln

(

C0

Ct

)

, (8)

where V is the enclosure volume, V̇ is the argon purge rate, C0 is the initial oxygen
concentration, and Ct is the target concentration. For V ≈ 12m3 (424 ft3), V̇ =
10 scfm, C0 = 210 000 ppm, and Ct = 1000 ppm, the ideal complete-mixing estimate
gives t ≈ 3.8 h and ∼ 2300 scf of argon. With a mixing correction factor of K = 0.5,
the estimate increases to t ≈ 7.6 h and ∼ 4500 scf of argon. A standard 230-liter
argon dewar (liquid cylinder) typically provides approximately 6000 standard cubic
feet (SCF). The gloveroom targets 1000 ppm oxygen, nitrogen, and moisture, rather
than glovebox grade impurity levels near ∼ 1 ppm, as the gloveroom is intended only
to provide inert secondary containment, not ultra-high purity materials processing.

This constraint can be alleviated by the slow argon displacement technique, with
gas inlets placed near the floor so denser argon can slowly and effectively displace
air upward toward the exhaust path, reducing total argon usage to several times the
volume of gas inside the gloveroom. After the target atmosphere is reached, active PID-
controlled circulation can then be initiated and used to homogenize gas composition,
improve temperature uniformity, and provide representative analyzer responses. A
liquid argon dewar is preferred for extended campaigns because it reduces cylinder
changeout burden and better supports slow purge, cover gas operation, and repeated
inerting cycles. Moreover, flexible enclosure geometry conforming to the contour of the
lithium system using modularized enclosures and compartments can effectively reduce
the enclosed volume.

The second limitation is access. Since personnel entry is incompatible with an
oxygen-deficient argon atmosphere, maintenance must be planned around purges. The
third limitation is scale: increasing the enclosure size would improve access and support
taller Phase II open-surface flow geometries, but would also increase purge volume,
argon demand, HVAC load, and atmosphere control burden. These limitations moti-
vate the staged LEAP approach, in which Phase I validates enclosed pipe flow, gas
handling, monitoring, and thermal management before larger inventory, open surface,
and device interface operations are introduced.
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6 Summary and conclusions

This work presents a risk-informed design framework for selecting secondary contain-
ment architectures for flowing liquid lithium systems. Rather than treating safety and
facility complexity as independent objectives, the framework evaluates their qualitative
tradeoff through a design penalty index. When applied to representative containment
scenarios under PPPL design requirements, the analysis identifies an argon-purged
enclosure around an enclosed lithium loop as a favorable architecture for lithium PFC
development.

The LEAP case study demonstrates how this tradeoff can be implemented in
practice. A modular argon gloveroom provides an inert secondary containment bound-
ary that suppresses the dominant lithium reaction pathways while preserving access,
diagnostics, hardware flexibility, and future device interface capability. The architec-
ture also introduces practical constraints, including purge time, argon consumption,
oxygen-deficiency controls, and access planning. These costs are acceptable for a staged
research platform that must progress from enclosed pipe flow to open-surface lithium
PFC testing and eventual fusion-device integration.

Containment architecture should be treated as part of the technology develop-
ment pathway, not merely as supporting infrastructure. For flowing lithium PFC test
systems, a modular inert gloveroom offers a practical middle ground between bench-
scale gloveboxes and dedicated lithium facilities. More broadly, the hazard/complexity
framework provides a general method for adapting lithium system designs to differ-
ent inventories, operating modes, facility constraints, and fusion applications. The
same logic can also inform other liquid metal systems where safety, maintainability,
diagnostics, and rapid iteration must be balanced.

Beyond fusion, liquid-metal systems are used in metallurgy [65], pharmaceuti-
cals [66], soft and flexible electronics [67], and laboratory studies of astrophysical
and geophysical magnetohydrodynamics [68–71]. Despite differences in working fluid,
temperature, and hazard profile, these systems share a common challenge: reactive,
conductive, or high-temperature fluids must be contained without imposing imprac-
tical complexity. The containment logic and design penalty index developed here
can therefore be adapted to other liquid-metal systems, particularly alkali-metal sys-
tems, where chemical reactivity, inerting, diagnostics, and operational access must be
balanced.
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Appendix A Reliability-based interpretation of the
mitigation term

The design penalty index used in the main text is intended as a compact downselection
metric. A more detailed reliability-based form can be written if component-level mean-
time-between-failure (MTBF) data are available. For a component k with MTBF, the
corresponding failure frequency is

λk =
1

MTBFk

. (A1)

Assuming independent Poisson failures, the probability that component k does not
fail during an operating period T is

P0,k(T ) = exp(−λkT ). (A2)

For hazard mode i, let Ki denote the set of components that contain the hazard, such
as lithium-wetted piping, tanks, or loop components. The probability that at least one
of these hazard-containment components fails during T is

P
(H)
i (T ) = 1− exp

[

−
∑

k∈Ki

λ
(H)
k T

]

. (A3)

Similarly, let Mi,n denote the set of components forming safety layer n for hazard
mode i. The probability that safety layer n fails during T is

P
(C)
i,n (T ) = 1− exp



−
∑

m∈Mi,n

λ(C)
m T



 . (A4)

If exposure to hazard mode i requires failure of the hazard containment and simul-
taneous failure of all relevant safety layers, the residual exposure probability can be
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approximated as

P
(res)
i (T ) = P

(H)
i (T )

∏

n∈Li

P
(C)
i,n (T ), (A5)

where Li is the set of safety layers assigned to hazard mode i. A reliability-based
design penalty index can then be written as

Qrel = α
∑

i

p
(H)
i hiP

(res)
i (T ) + βC. (A6)

This expression provides a physical interpretation of the residual hazard term in the
simplified metric. In particular, eq. (2) may be interpreted as a lumped form in which

1− γeff ∼ P (res). (A7)

In early-stage design, however, the component-level failure frequencies are usually
unknown. A reduced heuristic form can be obtained by assuming that the summed
hazard-containment failure frequency scales with the hazard index and that the
summed safety-layer failure frequency scales with the complexity index,

∑

k

λ
(H)
k T ∼ λ(H)HT,

∑

m

λ(C)
m T ∼ λ(C)CT. (A8)

If the number of safety layers also scales with the complexity index, the residual hazard
factor can be approximated as

P (res) ∼
[

1− exp
(

−λ(H)HT
)] [

1− exp
(

−λ(C)CT
)]C

. (A9)

This gives the reduced reliability-inspired penalty index

Qred ∼ αH
[

1− exp
(

−λ(H)HT
)] [

1− exp
(

−λ(C)CT
)]C

+ βC. (A10)

Equation (A10) is not used as the primary scoring method in this work because
the lumped failure frequencies and scaling assumptions are not independently known
for the candidate architectures. It is nevertheless useful as an interpretation of why
an intermediate level of facility complexity can be preferred: additional safety layers
reduce residual hazard exposure, but increasing complexity also introduces additional
components, interfaces, and failure modes.

Appendix B Optimization of the design penalty
index

For convenience, the design penalty indices for different design options are written as

Q(x) = αH (1− γeff(x)) + βC(x), (B11)
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with
γeff(x) = γ(x) exp(−kHH(x)− kCC(x)) , (B12)

and

γ(x) = 1− exp

(

−
∑

m

ηmxm

)

. (B13)

The optimization problem is
min
x∈X

Q(x), (B14)

where X denotes the set of acceptable design choices.
If the design features are binary (absent/present), xm ∈ {0, 1}, which is suggested

in section 2, the problem is not solved by continuous first-order conditions. Instead,
the actual optimum is obtained by discrete search, as used in our current study. This
search is practical when the number of candidate safety features is modest. However,
for the completeness of the problem, we hereby include continuous design features (e.g.,
argon purge rate, oxygen and moisture set point, spill-capture capacity, redundancy
level) and demonstrate a continuous relaxation, which can be useful for ranking feature
sensitivity.

B.1 General first-order condition

Let
E(x) = exp(−kHH(x)− kCC(x)) , (B15)

so that
γeff(x) = γ(x)E(x). (B16)

Then the design penalty indices become

Q(x) = αH(x) (1− γ(x)E(x)) + βC(x). (B17)

Differentiating with respect to a generic and continuous design variable xm gives

∂Q

∂xm

= α
∂H

∂xm

(1− γE)− αH
∂(γE)

∂xm

+ β
∂C

∂xm

. (B18)

Applying the product rule,

∂(γE)

∂xm

= E
∂γ

∂xm

+ γ
∂E

∂xm

, (B19)

and
∂E

∂xm

= −E

(

kH
∂H

∂xm

+ kC
∂C

∂xm

)

. (B20)

Therefore,
∂(γE)

∂xm

= E
∂γ

∂xm

− γE

(

kH
∂H

∂xm

+ kC
∂C

∂xm

)

. (B21)
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Substituting into eq. (B18) yields

∂Q

∂xm

= α
∂H

∂xm

(1− γE)− αHE
∂γ

∂xm

+ αHγE

(

kH
∂H

∂xm

+ kC
∂C

∂xm

)

+ β
∂C

∂xm

.

(B22)

From eq. (B13),

∂γ

∂xm

= ηm exp

(

−
∑

n

ηnxn

)

= ηm(1− γ). (B23)

Substituting eq. (B23) into eq. (B22) gives

∂Q

∂xm

= α
∂H

∂xm

(1− γE)− αHE ηm(1− γ)

+ αHγE

(

kH
∂H

∂xm

+ kC
∂C

∂xm

)

+ β
∂C

∂xm

.

(B24)

An interior optimum x
∗ must satisfy

∂Q

∂xm

∣

∣

∣

x
∗

= 0 for all m. (B25)

B.2 Special case: fixed H, linear C

A practically useful simplification is to treat the intrinsic hazard level as fixed for a
given experiment class,

H(x) = H0,
∂H

∂xm

= 0, (B26)

and to model the complexity as a weighted linear sum,

C(x) =
∑

m

cmxm,
∂C

∂xm

= cm. (B27)

Then eq. (B24) reduces to

∂Q

∂xm

= −αH0E ηm(1− γ) + αH0γE kCcm + βcm, (B28)

where
E = exp(−kHH0 − kCC(x)) . (B29)

This derivative indicates whether increasing the extent or strength of the mitigation
feature m would reduce the penalty in the continuous relaxation of the problem. Thus,
the first-order condition becomes

−αH0E ηm(1− γ) + αH0γE kCcm + βcm = 0. (B30)
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The first term represents the hazard-reduction benefit of adding the feature m and is
largest when the intrinsic hazard is high, and the current mitigation level is still lim-
ited. The second term is complexity-induced degradation of effectiveness. The third
term is the direct complexity penalty. This last penalty is independent of hazard reduc-
tion physics. It simply reflects that complex systems are harder and more expensive
to build and run.

Equation (B30) has a clear interpretation: a safety feature should be included only
up to the point where its reduction of residual hazard is matched by the added penalty
from increased facility complexity and from the loss of practical effectiveness caused
by that extra complexity.
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