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Abstract
Experiments in the HIDRA stellarator show that the inferred lithium net-loss suppression factor Reff, which absorbs effects 
from redeposition, recycling, and slow evaporation, remains between 0.91 and unity across hydrogen and helium plas-
mas. This implies a lithium lifetime far longer than would be expected from the evaporation rate alone. Lithium surface 
temperature locking appears only intermittently, and high-temperature operation consistently drives lithium release that 
overwhelms the available fueling. As a result, the plasma transitions quickly to a lithium-dominated regime, preventing 
sustained operation in vapor-shielding-relevant conditions. Despite HIDRA’s relatively low densities and particle fluxes, 
these findings highlight that unmitigated lithium vapor readily contaminates the confined plasma, underscoring the need 
for active capture or control to achieve stable lithium-based plasma–material interaction regimes.
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Rapid Vapor-Driven Plasma Contamination and Suppressed Net 
Lithium Surface Loss in the HIDRA Stellarator

Rabel Rizkallah1,2 · Andrew Shone1,3 · Daniel O’Dea1,3 · Davide Curreli1 · Daniel Andruczyk1

purity across multiple tokamak devices. Early work on the 
Tokamak Fusion Test Reactor (TFTR) and National Spheri-
cal Torus Experiment (NSTX) showed that lithium acts as 
a strong getter, effectively reducing wall recycling and low-
ering edge neutral density [4, 5]. Subsequent experiments 
on the Frascati Tokamak Upgrade (FTU) reported increased 
core density and up to 20% longer confinement times with 
lithium limiters [6], while results from the Lithium Tokamak 
Experiment (LTX) showed flatter edge temperature profiles 
under lithiated conditions [7]. These effects are typically 
attributed to reduced hydrogen (H) recycling and impurity 
content, which together lead to lower edge temperature gra-
dients and improved global confinement [8, 9]. Lithium has 
also been linked to ELM mitigation and pacing, where small 
lithium injections at the plasma edge suppress large type-I 
ELMs by triggering smaller, more frequent bursts [10, 11].

However, despite these advantages, lithium’s high vapor 
pressure and chemical reactivity constrain its operational 
temperature window. Modeling and experiments suggest 
that temperatures between 670 − 720 K mark the transi-
tion between low- and high-recycling regimes [12], while 
excessive evaporation above 970 K can contaminate the 
plasma [13]. Safety considerations further exclude water 
cooling, and the strong lithium-hydrogen affinity that aids 
recycling control also introduces tritium (T) retention con-
cerns. In reactor-scale systems such as ITER or DEMO, 

Introduction

Power exhaust remains one of the most critical challenges 
for magnetic confinement fusion reactors [1] with heat 
fluxes expected in reactor-grade divertors to exceed the 
thermal limits of conventional solid plasma-facing compo-
nents (PFCs). Liquid metal (LM) concepts have therefore 
emerged as a potential solution, offering self-healing sur-
faces, tolerance to transient loads, and improved plasma-
surface compatibility [2, 3]. Among these, lithium (Li) has 
attracted particular interest due to its low melting tempera-
ture, low atomic number, and beneficial effects on plasma 
performance.

Lithium coatings and liquid lithium limiters have dem-
onstrated marked improvements in confinement and plasma 
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this necessitates active tritium recovery, for which several 
approaches have been proposed, including thermal desorp-
tion and centrifugal separation of Li-T compounds [14, 15]. 
Nonetheless, reliable control of lithium inventory and reten-
tion remains an open technological challenge.

Another promising feature of lithium-based PFCs is the 
phenomenon of vapor shielding. Under intense plasma 
bombardment, lithium evaporation can form a vapor cloud 
between the plasma and the target surface. This vapor layer 
radiates and dissipates a substantial fraction of the incident 
energy, reducing the net heat load on the PFC and effectively 
increasing its power-handling capability [16, 17]. Early the-
oretical work by Sestero on high-Z vapor blankets antici-
pated this radiative buffering effect [18], later confirmed in 
experiments with liquid tin [19] and lithium [20]. Measure-
ments have shown that the surface temperature of liquid 
tin [19] or lithium [21, 22] “locks” around 1070 − 1170 K, 
remaining nearly constant even as the upstream plasma flux 
increases. This arises from the dynamic balance between 
plasma heating, evaporation, and cooling through excita-
tion, ionization, and recombination in the vapor cloud [23]. 
Vapor shielding can also drastically decrease the net evapo-
ration from the liquid metal surface and thereby increase 
the temperature operational window [2], which is very 
important for lithium. Both modeling and experiments have 
demonstrated that vapor shielding can dramatically reduce 
net lithium evaporation when the lithium redeposition 
fraction approaches unity. Using the redeposition-aware 
power-balance model of [24] together with lithium-supply 
constraints from [25] suggests tolerable incident heat fluxes 
of order ∼ 20 MW m−2 for Magnum-PSI conditions, and 
potentially exceeding 100  MW  m−2 in tokamak-relevant 
regimes where the dissipated energy per lithium particle is 
higher, albeit at evaporative fluxes that may be challenging 
for reactor operation. In this work we quantify a net-loss 
factor f, defined as the ratio of the observed net lithium loss 
to that predicted by a reference evaporation source model, 
and define its complement Reff = 1 − f  which parameter-
izes the reduction of net lithium loss from the surface rela-
tive to the reference evaporation model. By construction, 
Reff absorbs both local recycling/return of lithium and any 
reduction of the effective evaporation rate due to surface 
conditioning. This makes Reff, and equivalently f, a key 
metric for lithium PFC viability.

Recent experiments on Magnum-PSI have validated sev-
eral key elements of lithium vapor-shielding phenomenol-
ogy, including locked surface temperatures and tolerance 
of transient ELM-like loads up to 0.75 MJ m−2 [20, 21]. 
However, these studies also revealed discrepancies between 
modeled and measured surface temperatures unless redepo-
sition effects and radiation from returning lithium particles 
were included. Furthermore, surface analyses indicate that 

a LiD layer can persist up to 1120 K [21], well above the 
expected deuterium desorption temperature [26, 27], sug-
gesting complex surface chemistry that could affect both 
flow and evaporation.

Despite substantial progress, the physics of lithium 
vapor shielding and redeposition remains incompletely 
understood. In particular, the spatial distribution of the 
vapor, its influence on plasma parameters, and the dynam-
ics of lithium reattachment to the surface are still uncertain. 
These processes are central to determining whether lithium 
can provide reliable and safe operation in reactor-relevant 
regimes. The present work probes net lithium surface loss 
and lithium-driven cooling signatures in the HIDRA clas-
sical stellarator, where controlled experiments on lithium-
coated surfaces are conducted under steady-state hydrogen 
and helium plasma conditions. We infer f and Reff from a 
mass-balance approach and interpret these metrics in the 
context of local recycling/return, surface conditioning, and 
plasma contamination constraints.

Methods

The Hybrid Illinois Device for Research and Applications 
(HIDRA) is a mid-sized classical l = 2 stellarator with a 
five-fold toroidal symmetry [28]. The device has a major 
radius R0 = 72 cm and minor radius a = 19 cm, and is 
equipped with microwave heating up to 21 kW. HIDRA 
operates at magnetic fields up to ∼ 1 T and has demon-
strated continuous steady-state operation for up to 180 min-
utes in the low-field regime (≲ 0.1 T).

The conducted experiments aimed at assessing lithium 
operational regimes and net lithium loss from the surface 
in a toroidal magnetic geometry. Lithium samples were 
introduced using the HIDRA Material Analysis Test-stand 
(HIDRA-MAT), an in-situ exposure system attached to 
HIDRA [29]. Figure 1 shows a top view schematic of the 
HIDRA vessel, with the location of HIDRA-MAT and sup-
porting diagnostics: spectrometers, RGAs, pressure gauges, 
and reciprocating Langmuir probe. The two turbo pumps of 
HIDRA are located approximately on the south- and north-
facing sides of the stellarator and referred to as the “south 
turbo” and “north turbo”, respectively. Lithium droplets 
were deposited on a tungsten disk (15 mm diameter, 3 mm 
thick) inside HIDRA-MAT and allowed to wet the surface 
(see Fig.  2), before transferring the sample into the main 
chamber for plasma exposure. A thermocouple positioned 
∼ 1 − 2 mm below the surface monitored the sample tem-
perature. Diagnostics included an Ocean Insight HR2000 
spectrometer, SRS100 residual gas analyzers, Pfeiffer PKR 
251 pressure gauges, cameras, and a reciprocating Lang-
muir probe for edge Te and ne profiles.
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HIDRA plasmas were stable and reproducible under 
fixed operating conditions and initial reference plasmas 
were obtained before lithium introduction. The rotational 
transform was held near ι/2π ≈ 1/3 for consistency with 
prior PMI campaigns. The experimental sequence included 
a power scan at 20%, 50%, and 90% forward power on the 
6 kW magnetron and variation of the radial sample position. 
In practice, lithium injection disrupted plasma stability at 
magnetron powers above 20%, limiting high-power shots. 
Sample position adjustments were guided by thermocouple 
trends to control lithium evaporation.

Plasma Characteristics

The HIDRA magnetic topology has been previously mapped 
and reproduced computationally [30]. Using the methodol-
ogy described in [31], the Edge Monte-Carlo 3D (EMC3) 
code [32, 33] was used to estimate heat and particle fluxes to 
a sample mounted on HIDRA-MAT. Simulations employed 
a magnetic grid including the measured error field and 

assumed 6 kW microwave heating, since only the low-power 
magnetron was operational during this campaign. The mod-
eled fluxes indicate that the side surface of a sample in the 
near scrape-off layer receives the highest incident heat due 
to local field-line orientation. With 6 kW of input power, 
front-surface heat fluxes where the lithium is deposited peak 
near 30 kW/m2, while side-surface fluxes reach ∼400 kW/
m2. Particle fluxes are correspondingly low, on the order 
of 1022 m−2 s−1 on the front surface and 1023 m−2 s−1 on 
the side. We note that the modeled heat fluxes are orders 
of magnitude lower than those in linear plasma devices or 
tokamak divertors where vapor shielding is typically dis-
cussed. Nevertheless, the observed plateau temperatures are 
comparable to the locking temperatures reported in lithium 
vapor-shielding experiments in these higher-flux devices. In 
this work we therefore use the term “temperature locking” 
to describe a plateau consistent with strong lithium-driven 
evaporative and radiative cooling, without claiming a fully 
developed vapor-shielding regime.

Electron temperature and density were measured using a 
reciprocating Langmuir probe with a tungsten tip of 5 mm 

Lithium droplet

Tungsten sample

Deposited lithium droplet

1 cm 1 cm

Fig. 2  Left: application of a lithium droplet onto the tungsten target in HIDRA-MAT. Right: lithium wetting of the tungsten sample

 

Fig. 1  Top view schematic of the 
HIDRA vessel and main diagnos-
tics location
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length and 0.96 mm diameter. The ion current in HIDRA 
does not exhibit clear saturation, consistent with obser-
vations from WEGA and attributed to the presence of a 
fast-electron population [34, 35]. A two-temperature Max-
wellian electron distribution is therefore assumed. Follow-
ing Stangeby’s formulation [36], the probe current in such 
plasmas can be written as:

I = Ii
sat

{
1 −

√
2mi/πme

1 + fn
×

[
(1 − σs) exp

(
e (V − Vp)

kBTes

)

+ (1 − σf ) fn

√
fT exp

(
e (V − Vp)
kBTesfT

) ]}
,

� (1)

where Ii
sat is the ion saturation current, fn is the density 

ratio of the fast electrons to the slow electrons, fT  is the 
temperature ratio of the two electron components, V is the 
probe bias voltage, σs and σf  are respectively the secondary 
electron emission coefficient for the slow and fast electrons, 
and Tes is the temperature of the slow electrons. Neglect-
ing secondary-electron emission, Eq. (1) provides robust fits 
to HIDRA probe traces. Typical results show slow-electron 
temperatures of 1 − 5 eV and fast-electron temperatures 
near 180 eV, with fn < 0.05. Example profiles for hydrogen 
and helium plasmas are shown in Fig. 3. The electron tem-
perature increases near the last closed flux surface (LCFS), 
particularly in hydrogen plasmas, and then decreases toward 
the magnetic axis, a behavior consistent with past WEGA 
findings [34, 35]. Electron densities typically range from 
1018 to 5 × 1018 m−3 inside the LCFS, and between 1017 
and 1018 m−3 in the near scrape-off layer, which is more 
relevant for the HIDRA-MAT exposures.

Results

Net Lithium Evaporation and Loss-Reduction 
Fraction Reff

Net lithium loss factors were estimated for shots in which 
both the initial and final lithium masses could be quanti-
fied. We infer the net-loss factor f and report its complement 
Reff = 1 − f , which we interpret as an effective loss-reduc-
tion fraction which would absorb effects of prompt rede-
position, recycling and slow evaporation due to surface 
contamination. The initial lithium inventory was deter-
mined from the droplet size and the lithium evaporation 
rate inferred from the surface temperature. Thermocouples 
mounted 1 − 2  mm below the tungsten surface recorded 
sub-surface temperatures; these were taken as representa-
tive of the lithium surface temperature. The initial lithium 
mass was estimated from camera images by spatially cali-
brating each image using the known tungsten sample size, 
extracting the two-dimensional droplet profile, and revolv-
ing that profile about its symmetry axis to reconstruct the 
droplet volume. The lithium mass was then obtained by 
multiplying the reconstructed volume by the lithium den-
sity at the relevant temperature. The lithium mass per drop-
let obtained from this image-based method was validated 
against earlier calibration depositions for which the mass of 
a single droplet was measured directly, showing good agree-
ment. We therefore report the initial lithium amounts with 
an estimated uncertainty of ∼15%.

The lithium evaporative flux Jvap
Li (T ) is used here as 

an effective mapping between the measured sample tem-
perature and an estimated lithium particle source, consistent 

Fig. 3  Slow electrons Te (top) and ne (bottom) profiles in a hydrogen 
plasma at 20% forward power (shot #4068) and a helium plasma at 
90% forward power (shot #3983), versus the distance from the separa-
trix r − rsep. The vertical dashed line indicates the separatrix location
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with published lithium evaporation datasets and with evapo-
rative formulations adopted in prior experimental [37] and 
numerical [38, 39] PMI studies. A practical motivation for 
using a fitted expression rather than a direct vapor-pressure 
model is to remain consistent with these established datasets 
and models. In this work we use the following temperature-
dependent relation for Jvap

Li :

log10[Jvap
Li (T )] = a − b

T
+ d

1 + exp
(
− T −c

s

) ·� (2)

where Jvap
Li  is in m−2 s−1, T is the lithium surface tempera-

ture in K, and a, b, c, d, and s are fitting coefficients listed in 
Table 1. The reported coefficients are rounded for readabil-
ity; the fit function itself is what is used in the subsequent 
analysis. Over the temperature window accessed in this 
campaign, this fit remains in good agreement with fluxes 
implied by standard lithium vapor-pressure correlations via 
Hertz–Knudsen/Langmuir estimates.

With the defined net-loss factor f and Reff fraction, the 
net evaporative loss is given by the relation:

Γnet = f ΓLi = (1 − Reff) ΓLi,� (3)

where ΓLi is the total lithium evaporation source from the 
droplet:

ΓLi = Ad Jvap
Li (T ),� (4)

and Ad is the exposed lithium surface area estimated from 
the camera images of the deposited droplet. Both Γnet and 
ΓLi and particle fluxes in units of s−1. Curvature-depen-
dent corrections to the evaporation rate are expected to be 
negligible for the mm-scale droplets used here and are not 
included. For simplicity we treat the exposed lithium area 
Ad as constant over the interval used to define tevap. In real-
ity, the droplet shape and exposed area may evolve during 
evaporation and surface conditioning such as oxide and 
hydride formation may modify the effective evaporation 
rate. These effects are not explicitly modeled here and are 
absorbed into the effective mass-balance estimate of f, and 
thus Reff. The values of Reff reported later on are therefore 
effective mass-balance estimates over tevap.

The total number of lithium atoms initially present in a 
lithium droplet is:

NLi = Vd
ρLi(T )

mLi,atom
,� (5)

where Vd is the droplet volume, mLi,atom is the mass of one 
lithium atom, and ρLi is the lithium mass density obtained 
in kgm−3 from [40–42] as:

ρLi(T ) = −9.74 × 10−2 T + 560.5,� (6)

with T the temperature in K.
By completely evaporating the lithium droplet over a 

measured time interval tevap, identified from the inflection 
point in the surface-temperature trace, mass conservation 
gives:

NLi = Γnet tevap = f ΓLi tevap.� (7)

Rearranging, the net-loss factor is:

f ≈ NLi

ΓLi tevap
≈ NLi

Jvap
Li (T ) Ad tevap

,� (8)

and therefore Reff is given by:

Reff ≈ 1 − NLi

Jvap
Li (T ) Ad tevap

·� (9)

Figure 4 shows the temperature evolution for a helium dis-
charge at 90% forward power with the sample positioned 
18 mm from the LCFS. Shot #4184 is the reference shot (no 
lithium on the sample) and shot #4194 is the shot with the 
lithium sample. The inflection point in the temperature trace 
marks the time at which the droplet has fully evaporated. 
Shot #4194 was preceded by two shots involving the same 
lithium droplet; although the earlier shots were farther from 
the LCFS and produced limited evaporation, the combined 
mass balance over all three shots yields a loss-reduction 
fraction of approximately Reff = 0.91. Effective Reff frac-
tions for subsequent lithium shots were determined in the 
same manner by combining temperature profiles with RGA 
and spectroscopic signatures of lithium release. The results 
are summarized in Table 2.

Of the inferred Reff fractions, one case (shot #4330) has 
Reff tending toward unity within the mass-balance uncer-
tainty (equivalently f → 0), while the remaining values all 
show high Reff ≥ 0.91 (f ≤ 0.09). The exceptional value 
for shot #4330 corresponds to the smallest gap between 
the lithium sample and the plasma (12 mm from the LCFS 
within uncertainty). At this proximity, the sample may have 
acted as a limiter with enhanced plasma–surface interac-
tion. Evaporated Li can then ionize close to the sample and 
be guided by magnetic/sheath fields to re-impact nearby 

Table 1  Fitting coefficients for Eq. (2). Values are rounded for read-
ability
a b [K] d c [K] s [K]
30.6 7.12 × 103 1.0 690 100
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surfaces (including the sample), increasing the inferred Reff 
from the mass balance. The other values greater than 0.9 
are numerically similar to redeposition fractions reported 
in [43], but given the very different plasma conditions this 
comparison should be regarded as qualitative only. We how-
ever emphasize that Reff inferred from Eq. (9) is an effec-
tive, model-referenced metric: while Reff ≈ 1 can reflect 
true local recycling/return of lithium in the HIDRA-MAT/
sample environment, including redeposition, it can also 
reflect suppressed effective evaporation relative to the ref-
erence Jvap

Li (T ) due to surface conditioning with possible 
oxide or hydride layers formation.

Using edge conditions Te ∼ 2–3  eV and ne ∼ 1017

–1018  m−3, and a lithium surface temperature T ∼ 800
–1000  K (neutral thermal speed vLi ∼ 1–2  km  s−1), the 
characteristic distance before an electron-impact process 
k (excitation or ionization) is λk ≃ vLi/(ne⟨σv⟩k), where 
the rate coefficient ⟨σv⟩k is taken from standard lithium 
electron-impact atomic data. For the above ne range, Li-I 

excitation lengths are typically λexc ∼ mm–cm, consistent 
with Li-I emission arising close to the sample. Ionization is 
more sensitive to the electron-energy distribution: a purely 
Maxwellian edge with Te ∼ 2–3 eV can imply much longer 
λion, whereas the existing fast electron population reduces 
λion to the cm–102 cm range. Heavy-particle scattering can 
be estimated from kinetic theory as λnn ≃ (nnσnn)−1 with 
∼ 4–40  cm characteristic distances. Overall, these mm–
cm scales are comparable to the HIDRA-MAT and sample 
dimensions, supporting near-sample excitation and possibly 
ionization as well as local return/recycling pathways con-
tributing to suppressed net lithium loss as captured by Reff.

Temperature Locking

Several HIDRA shots exhibit temperature locking consistent 
with strong lithium-driven cooling, including evaporative 
losses and enhanced radiative/ionization losses evidenced 
by the growth of Li-I/Li-II emission and visible lithium 
plasma. Similar temperature-limiting behavior has been 
reported in vapor-shielding studies on other devices, albeit 
typically at much higher plasma heat fluxes than in HIDRA. 
Because a temperature plateau can arise under steady heat 
flux without a directly observed near-surface vapor cloud 
formation, we interpret the present observations conserva-
tively as lithium-driven cooling rather than definitive evi-
dence of a vapor-shielding regime.

Shot #4068 shows clear evidence of temperature locking. 
Conducted at 20% forward power in a hydrogen plasma, 
the sample was advanced toward the plasma in 1 mm steps, 
from a 3 cm to a 1.8 cm distance from the separatrix (attained 
2250 seconds into the shot), where a steep temperature rise 
occurred, holding the position thereafter. This resulted in a 
locked surface temperature around 1030 K.

In a similar hydrogen plasma shot also with 20% forward 
power (shot #4330), the sample was progressively advanced 
from 3 cm distance from the separatrix to 1.4 cm at the 720 
seconds mark and kept there for the remainder of the shot. 
The lithium surface rose to nearly 970 K before abruptly ris-
ing to ∼ 1030 K before the shot terminated. It is unclear 
whether this jump reflects depletion of the lithium layer, 
a sudden increase in plasma flux, or a bad thermal contact 
at the thermocouple junction. The rapidity of the increase 
compared to other shots suggests the latter is more likely, 
with the 1030 K matching the temperature lock achieved 

Table 2  EffectiveRefffractions estimates
Shot number Plasma gas Initial lithium amount (mg) Refffractions
4192–4194 He 63 ± 9 0.91
4303–4304 H 85 ± 13 0.96
4311 H 84 ± 13 0.92
4330 H 63 ± 9 ≥ 0.999(point estimate:R calc

eff = 0.999944)

Fig. 4  Sample temperature profiles from thermocouples for the refer-
ence (#4184) and lithium (#4194) shots. The red vertical dashed line 
indicates the point where all the lithium has been evaporated
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in shot #4068. The corresponding time traces are shown in 
Figs. 5 and 6.

The locking temperature was also observed in a helium 
discharge (shot #3983) at 90% forward power. During this 

discharge however, the plasma entered a period of unsta-
ble behavior accompanied by widespread visible sparking 
inside the HIDRA vessel. This event led to the rapid deple-
tion of the lithium layer, after which the sample temperature 
rose above the 1030 K locking temperature. The corre-
sponding surface temperature evolution is shown in Fig. 7.

Lithium Contamination

Pushing for vapor shielding studies on HIDRA reveals 
challenges arising from the high lithium evaporation rates. 
Because the device typically operates with gas flow rates 
of only a few standard cubic centimeters per minute, lith-
ium evaporation can rapidly become the dominant particle 
source. Figure 8 illustrates the transition observed in shot 
#4068 from a hydrogen plasma to one dominated by lithium 
emission as evaporation increased. The green emission in 
the final frame of Fig. 8 corresponds to the Li-II 548 nm 
line, indicating the presence of a lithium ion population. 
The appearance of Li-II is consistent with the hot-electron 
tail characteristic of HIDRA plasmas. Its emergence and the 
strong growth of Li-I/Li-II line emission imply that lithium 
excitation and ionization channels are active, providing 
radiative and ionization power sinks in addition to latent-
heat removal by evaporation. As lithium became dominant, 
the hydrogen line intensities diminished, as shown in the 
spectrometer data of Fig. 9. All three detected hydrogen vis-
ible lines from the Balmer series (Hα, Hβ and Hγ) dropped 
during the high lithium evaporation phase, combined with 
a strong increase in the 610 nm and 670 nm lithium neu-
tral lines and in the Li-II 548 nm line. The lithium ion sig-
nal persisted until shortly before the lithium on the sample 
was exhausted. During this phase, the chamber pressure 
decreased by nearly an order of magnitude (Fig. 10), with 
no loss of microwave power or increase in reflected power 
observed.

Lithium contamination also occurred during helium dis-
charges, though to a lesser extent. Shot #4194 (90% forward 
power), previously discussed, shows an even stronger Li-II 
signal than shot #4068 (Fig. 11), consistent with the higher 
plasma power. However, the neutral helium line intensities 
did not decrease as dramatically as the hydrogen lines did in 
shot #4068. This difference can be explained from the high 
chemical reactivity of lithium with hydrogen, and from the 

t=500 [s] t=2400 [s] t=3000 [s]

Fig. 8  Progressive lithium contamination (from left to right) during 
shot #4068

 

Sparking event

& Li depletion

Helium plasma

Fig. 7  Surface temperature time evolution during shot #3983 under a 
helium plasma

 

Hydrogen plasma

Fig. 6  Surface temperature time evolution during shot #4330 under a 
hydrogen plasma

 

Hydrogen plasma

Fig. 5  Surface temperature time evolution during shot #4068 under a 
hydrogen plasma
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lower lithium evaporation rate in shot #4194, which tem-
perature remained approximately 100 K below that reached 
in shot #4068 (Fig.  4). Still, lithium rapidly became the 
dominant impurity in the plasma, with strong increases in 
the neutral 610 nm and 670 nm lithium lines and a small 
increase in the 812 nm line.

Lithium shots in helium generally exhibit characteristic 
pressure behavior. For shot #4194, in addition to the over-
all drop in chamber pressure attributed to lithium reacting 
with impurities, the helium partial pressure shows a marked 
decrease coincident with lithium entering the plasma. These 
profiles are shown in Fig.  12 with the pressure drop per-
sisting until the lithium reservoir is depleted. Differences 
between the north and south pressure measurements resulted 
from a partially closed gate valve throttling the north turbo 
pump. A similar decrease in helium partial pressure during 
lithium exposure has been reported previously [44], where 
lithium-helium pumping was proposed as a possible mecha-
nism. Further analysis of this phenomenon is presented 

Fig. 12  Top: drop in the HIDRA chamber pressure for shot #4194 mea-
sured at both the south and north turbo pumps of HIDRA. Bottom: 
drop in the helium partial pressure as observed from the RGA traces 
during shot #4194 as compared to the reference shot #4184

 

Fig. 11  Rise of lithium emission intensities and decrease of the helium 
emissions during shot #4194, in correlation with the temperature pro-
file and RGA trends shown in Figs. 4 and 12 respectively

 

Strong Li

evaporation

& locking

temperature

Hydrogen plasma

Fig. 10  Drop in the HIDRA chamber pressure measured at both south 
and north turbo pumps for shot #4068, indicated in the blue rectangle, 
coinciding with the strongest lithium evaporation rate at the 760◦C 
surface locking temperature shown in Fig. 6

 

Strong Li evaporation

& locking temperature

Fig. 9  Rise of the lithium emission intensities at the expense of the 
hydrogen emissions indicated in the blue rectangle, in correlation with 
the temperature time evolution of Fig. 6 for shot #4068

 



1 3

Page 9 of 12     39 Journal of Fusion Energy           (2026) 45:39 

and discussed in [45], with new dedicated experiments still 
ongoing.

To assess whether HIDRA could tolerate low lithium 
evaporation rates without strong plasma contamination, 
additional experiments were performed with the lithium 
surface temperature restricted to 670 − 800 K, well below 
the plateau temperatures observed in this study and below 
the conditions typically associated with vapor-shielding 
studies in higher-heat-flux devices. Figures 13 and 14 show 
results from hydrogen shots #4317 and #4322, both at 50% 
forward power. The temperature profiles are obtained from 
two thermocouples (TC1 and TC2), deployed on the down-
stream and upstream facing sides of the sample. Despite the 
low temperatures, both shots exhibited significant reduc-
tions in hydrogen line intensities concurrent with rising 
Li-I and Li-II signals. In Fig. 14, in particular, the decrease 
in the hydrogen lines correlates closely with the increase 
in the Li-II emission. Even at these modest temperatures, 
both the evaporation and thermal sputtering rates are sev-
eral orders of magnitude larger than the hydrogen gas feed 
rate, resulting in rapid plasma dilution. Larger devices with 

higher fueling rates and higher plasma densities would be 
much less sensitive to such low levels of lithium evapora-
tion. Experiments on Magnum-PSI, for example, operate 
with gas flows of order standard liters per minute, and no 
transition to a lithium plasma nor any Li-II emission was 
observed under similar lithium exposure conditions [22]. 
Although HIDRA can reach slightly higher electron tem-
peratures (particularly near the LCFS) and supports a hot-
electron population, the transition to a lithium-dominated 
plasma is primarily driven by the imbalance between lith-
ium evaporation and the available fueling.

Mitigation strategies involve capturing lithium vapor 
before it reaches the plasma. Concepts such as the lithium 
vapor box [46, 47] employ geometric confinement and 
staged condensation to recycle lithium locally while pre-
venting contamination of both the bulk plasma and device 
walls. Implementing a similar vapor-capture solution tai-
lored to HIDRA would significantly broaden the accessible 
parameter space for future lithium experiments.

The observed transition from a hydrogen/helium plasma 
to a lithium-dominated plasma may involve additional phys-
ics beyond a simple neutral-flux ratio argument. Species-
dependent confinement, changes to the local power balance 
induced by increased radiation from lithium, and altered 
ionization/recombination balance can modify temperatures 
and densities and thereby the observed emissions. Our data 
show strong correlation between evaporative timing, pres-
sure/RGA drops, and lithium line growth, consistent with 
the evaporative-flux-dominated explanation, but the alter-
native mechanisms cannot be fully excluded without addi-
tional measurements.

Conclusions

Lithium experiments on the HIDRA classical stellarator 
yielded Reff fractions ≥ 0.91 and net-loss factors f ≤ 0.09
, with one discharge exhibiting Reff very close to unity. 
Because Reff is inferred from a model-referenced mass bal-
ance, it should be interpreted as a net loss-suppression met-
ric that absorbs effects of local recycling/return of lithium 
as well as suppressed effective evaporation due to surface 
conditioning.

Attempts to access vapor-shielding-relevant conditions 
in HIDRA revealed several challenges. Temperature pla-
teaus/locking were observed in multiple discharges, but the 
temperature traces alone do not establish a vapor-shielded 
regime; we interpret them conservatively as lithium-driven 
cooling through evaporation and radiative/ionization losses. 
Even when the lithium surface temperature remained rela-
tively low (720 − 800 K), far below the observed plateau 
temperatures, the evaporated lithium rapidly contaminated 

Hydrogen plasma

Fig. 13  Top: rise of lithium transitions at the expense of the hydrogen 
transitions during shot #4317. Bottom: corresponding surface temper-
ature time evolution from both thermocouples (TC 1 and TC 2)
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the nominal plasma fuel, producing a transition to a lith-
ium-dominated plasma in every shot. Spectroscopic mea-
surements consistently showed the growth of Li-I and Li-II 
lines at the expense of the hydrogen or helium lines, dem-
onstrating that HIDRA’s operational conditions allow only 
a narrow margin before lithium contamination becomes 
overwhelming. Even with the high retention fractions, the 
lithium impact on the plasma was severe.

These observations underscore the necessity of intercept-
ing or containing lithium vapor before it can enter the core 
plasma. While trace lithium can be tolerated, and may even 
be beneficial to plasma operation, strong fuel dilution and 
impurity takeover, as observed on HIDRA, are undesir-
able. Given lithium’s high evaporation rate, particularly at 
elevated surface temperatures, any successful experimental 
configuration must control the fraction of lithium entering 
the plasma relative to the total plasma volume and fueling 
rate. Approaches such as the lithium vapor box concept 
offer a promising path toward enabling controlled lithium 
experiments on HIDRA over a wider operational space.
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