
RESEARCH

Journal of Fusion Energy (2023) 42:43
https://doi.org/10.1007/s10894-023-00383-7

molybdenum [4–6]. There have been several issues found 
with these high-Z divertor materials such as neutron dam-
age causing embrittlement [7], tungsten fuzz formation [8, 
9], and fuel retention [10]. To address and overcome the 
issues found with solid materials, researchers are exploring 
the use of liquid metals in divertor concepts.

Liquid-metal PFCs have a number of advantages over 
solid PFCs and, in recent years, lithium has emerged as one 
of the leading liquid metals for PFC development. Lithium 
is a low-Z material, has a low melting point (180.5 oC), 
and experimental thermoelectric magnetohydrodynamic 
systems have demonstrated controlled liquid lithium flows 
[11]. Liquid metals possess self-healing properties that can 
mitigate permanent damage caused by transient events such 
as edge-localized modes (ELMs) [12]. This assists in avoid-
ing material degradation during the PFC’s lifetime. Further-
more, studies have demonstrated that introducing lithium 
into the plasma, either intentionally or through PMI, can 
improve plasma performance [13–17]. The high chemical 
reactivity of lithium impedes impurity recycling from the 
walls, thereby enhancing plasma performance. Majeski et 
al. observed increased plasma performance via a low recy-
cling regime in CDX-U when lithium was introduced [16]. 

Introduction

The study of plasma-material interactions (PMI) is of para-
mount importance for the advancement of the field of fusion 
energy. Developing materials that can endure prolonged 
exposure to extreme conditions within a fusion reactor is 
crucial for rendering fusion energy a viable and economic 
alternative to current energy sources. A main research area 
of PMI encompasses the analysis of the interactions between 
the plasma and the wall of the fusion device, as well as the 
characterization of plasma behavior regarding wall interac-
tions sending particles into the plasma [1–3]. Through pre-
cise manipulation of magnetic fields, the thermal load and 
particle flux of the plasma can be directed onto a specific 
region of the wall known as a divertor. The divertor is a 
critical plasma-facing component (PFC) and has tradition-
ally been made from solid materials such as tungsten and 
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The unique properties of lithium make it a compelling candi-
date for PFC development, as it has the potential to enhance 
plasma performance and reduce material degradation.

Lithium inducing a low recycling operating regime 
is beneficial in the case of helium ash removal in fusion 
devices. When the high-energy alpha particle created from 
a DT reaction [D + T → n (14.1MeV ) +He (3.5MeV )] 
collides with other particles in the plasma, it transfers its 
energy before thermalizing. This thermalized alpha par-
ticle is referred to as helium ash and is responsible for a 
decrease in plasma performance [18, 19]. Helium ash build-
up severely deteriorates plasma performance and can halt 
fusion reactions from taking place in the plasma. Currently, 
there is no established way to efficiently remove helium 
ash which poses a significant issue in fusion device design. 
Lithium continues to be incorporated into PFCs and contin-
ues to show promising and advantageous properties which 
may be applicable to the issue of helium ash.

Recent experiments at the University of Illinois Urbana-
Champaign (UIUC) reported unexpected observations of 
low recycling regimes in helium stellarator plasmas induced 
by in-operando lithium evaporations [20]. Experiments 
were conducted in the Hybrid Illinois Device for Research 
and Applications (HIDRA) and lithium evaporations were 
done utilizing the HIDRA-Material Analysis Test-stand 
(HIDRA-MAT) [21–23]. Typical helium plasma densities 
and temperatures in HIDRA are ne = 3 × 1018 m− 3 and Te = 
20 eV, respectively. When lithium was evaporated into the 
helium plasma, neutral pressure decreased by an order of 
magnitude, helium spectral lines decreased despite constant 
electron cyclotron resonance heating (ECRH) and helium 
flow rate into HIDRA, and plasma density increased from 
ne = 3 × 1018 m− 3 to ne = 8 × 1018 m− 3. While lithium was 
confined in the plasma, HIDRA operated in a low recycling 
regime, due to the reduction in background pressure, and 
plasma temperature increased from Te = 20 eV to over Te 
= 50 eV. Analysis of lithium and helium spectroscopic data 
and neutral pressure data yielded a correlation between a 
small amount of lithium ionization to the drop in helium 
lines and a decrease in neutral pressure. With a constant 
flow of helium gas into HIDRA, these data suggested back-
ground helium was actively being retained in HIDRA.

The helium retention behavior that was observed dur-
ing two separate lithium evaporations into HIDRA helium 
plasmas are referred to as the Zeus shots [20]. Helium 
retention produced a low recycling regime that lasted for 
approximately 100 s during each 600 s pulse. Repeating the 
helium retention behavior asserted that this observation was 
an investigable phenomenon. The explanation of the Zeus 
shots used spectroscopy and pressure signals to connect 
lithium ionization to the measured helium reduction. Addi-
tional analysis of these data suggests there are chemistry 

effects responsible for the rapid decrease in impurities, such 
as reactions with oxygen and water, which can be explained 
by the high reactivity of lithium.

Building on the initial observations of helium retention in 
HIDRA, a secondary experimental campaign was launched 
named the Lithium Evaporation EXperiment (LEEX). The 
goal of LEEX was to reproduce what was seen in the Zeus 
shots and capture the necessary diagnostic data to prove 
helium retention was occurring. The Zeus shots provided 
preliminary data indicating the potential of helium reten-
tion, but LEEX aimed to gather more comprehensive data 
to demonstrate definitively that helium retention was occur-
ring. This report will focus on experimental evidence show-
ing lithium’s involvement in helium retention in HIDRA 
and provide foundational support for future experiments to 
investigate the mechanism behind helium retention.

Experimental Setup

The objective of LEEX was to use a systematic approach to 
reproduce the results seen from the Zeus shots and collect 
additional data to verify previously observed helium reten-
tion in HIDRA was a real effect and not the result of an exper-
imental oversight. Separate tests were conducted to examine 
the effect of the toroidal and helical magnets on the diagnos-
tic operation and mass flow controller outputs. These tests 
yielded no indication that the magnets had any effect on the 
collection/output of these data from the diagnostics (exclud-
ing RGA data which is addressed in a subsequent section 
of this manuscript). The experimental procedure began by 
having a 99.95% tungsten sample baked out overnight at 
a temperature of ~ 200 oC. Post-bake out, the sample was 
heated to ~ 275 oC and then approximately 100 g of lithium 
was applied in-vacuo to the heated substrate using HIDRA-
MAT’s Liquid Metal Droplet Injector (LMDI) [24]. The 
heater provided a constant heat source to the sample once 
lithium was applied and throughout the plasma exposure. 
After lithium application, the sample was moved into posi-
tion at a pre-determined distance, D, from the plasma edge. 
Four exposures were done as part of LEEX which included 
one exposure without lithium at D = 25 mm from the plasma 
edge, herein referred to as the control shot, and three expo-
sures with lithium at three distances (D = 0 mm, 25 mm, and 
47.5 mm). A new sample was utilized for every individual 
shot, but HIDRA was kept under vacuum between shots, so 
there was passivated lithium present on the walls from prior 
LEEX shots as the campaign progressed. Plasma shots are 
run before each LEEX evaporation to ensure plasma and 
diagnostic behavior are acceptable and exposure conditions 
are comparable between evaporations. The order of LEEX 
shots were the control shot, D = 0 mm, D = 47.5 mm, and 
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D = 25 mm. Analysis of the results showed no noteworthy 
effect on helium retention from having passivated lithium on 
the wall compared to a bare stainless steel wall. Each LEEX 
shot had a constant helium flow rate of 1 sccm throughout 
the 600 s exposure and a forward heating power of ~ 5 kW, 
mirroring the conditions of the Zeus shots. Post-exposure, 
the sample was retracted back into HIDRA-MAT for further 
characterization. Following surface characterization and 
cool-down of sample temperature and heater, HIDRA-MAT 
was brought up to atmosphere to substitute a new sample for 
the next evaporation shot.

HIDRA Upgrades

The experimental criteria for LEEX to be successful 
demanded that HIDRA and HIDRA-MAT were upgraded 
to have the ability to adequately test the hypothesis that 
helium retention was occurring during lithium evaporations. 
HIDRA was run as a stellarator because long-pulse plas-
mas were necessary to observe the transition from helium 
plasma to lithium plasma and, once the lithium was evap-
orated, the transition from lithium plasma back to helium 
plasma. The plasma shape was changed from an ι = 1/4 to 
an ι = 1/3 to prevent overlap between the plasma edge and 
ECRH antenna which had caused unwanted damage to the 
antenna in previous, high-power shots. An additional tur-
bopump was installed to lower the base pressure of the main 
chamber to approximately 2 × 10−7 torr. This added pump 
increased pumping capabilities and reduced impurities 
inside of HIDRA resulting in a cleaner plasma operation.

A variety of diagnostics were added to HIDRA for 
LEEX and Fig. 1 shows the placement of each diagnostic 

on HIDRA. The final assembly of diagnostics on HIDRA 
included six PKR251 full-range pressure gauges, three 
SRS100 residual gas analyzers (RGAs), three cameras, two 
Ocean Insight spectrometers, MFC gas flow rate monitoring, 
and a reciprocating Langmuir probe (RLP). Spectroscopy 
data was collected using an HR2000 survey spectrometer 
with a usable spectral range of 350 – 1000 nm at 0.475 nm 
resolution. The full spectrum was measured every second 
with an integration time of 10 ms. The contribution of pres-
sure gauge, RGA, and spectrometer data was pivotal in 
confirming the existence of helium retention, as they enable 
direct and independent measurements of helium. These 
diagnostics will be the focus of the results and discussion 
section.

HIDRA-MAT Upgrades

HIDRA-MAT has essential and unique capabilities which 
the LEEX campaign required. A rotatable sample head on 
an actuated linear transfer arm provided adjustment of the 
sample in HIDRA-MAT for sample preparation and charac-
terization. Each sample in LEEX had a lithium drop applied 
to the heated sample (~ 275oC) from the LMDI. After lith-
ium application, the transfer arm enables quick movement 
and precise positioning of the sample in HIDRA for plasma 
exposure. The process of lithium application and sample 
movement was similar to the procedure followed in the 
Zeus shots with the main difference being the redesign of 
the sample head.

The Zeus Shots highlighted issues in HIDRA-MAT’s 
design during lithium evaporations that were modified to 
produce better results in LEEX. Redesigning the sample 

Fig. 1 A schematic top view of 
HIDRA showing LEEX’s diag-
nostics. RGAs are positioned on 
the upper E-ports and spectrom-
eters are positioned on the lower 
E-ports. Other diagnostics and 
pumps are connected to other 
HIDRA ports
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lithium off the sample’s surface, which was confirmed by 
two observations: inspection of the sample post-exposure 
showed the lithium droplet still on the sample surface, and 
the lithium signal in Fig. 3c and d is the same for the con-
trol and D = 47.5 mm case. The helium ion signal in Fig. 3b 
reaches a constant value for the control shot as soon as the 
plasma is struck while the D = 47.5 mm case shows a slight 
decrease in signal over the 600 s shot. There were no con-
clusions that could be made to explain the slight difference 
in trends. However, it can be concluded that having a liquid 
lithium droplet on a sample in the vacuum vessel, with little 
to no evaporation occurring, does not cause a measurable 
effect of helium pumping in HIDRA.

The trends observed in the D = 0 mm and D = 25 mm 
cases are in stark contrast to the other two cases because 
significant lithium evaporation occurred. Thermocouple 
data during the LEEX shots have suggested the sample tem-
perature for significant lithium evaporation is close to 400 
oC and both of these cases surpassed that temperature. Spec-
troscopy data in Fig. 3c and d show significant amounts of 
lithium being excited and ionized for these cases. Lithium 
evaporation happened sooner in the D = 0 mm case than 
the D = 25 mm case because heat flux to the sample was 
greater with the sample closer to the plasma edge. The tim-
ing of the increase and decrease of the 548 nm and 610 nm 
lithium lines match with each other for each case implying 
excitation and ionization happen in parallel. The increase in 
lithium in Fig. 3c and d correlates to the decrease in helium 
signal in Fig. 3a. As lithium evaporates into the plasma, the 
helium signal decreases until the lithium is depleted from 
the sample. Helium signal stays low as the evaporated lith-
ium is confined in the plasma and then the helium signal 
begins to gradually rise as lithium is lost from the plasma to 
the walls. By the end of the shot in the D = 25 mm case, the 
helium signal had recovered to a steady-state value similar 
to the control shot.

There are unique features in Fig. 3a-d that provide valu-
able insight into the potential mechanisms of the observed 

head, seen in Fig. 2b, was the crucial step to establishing 
confidence towards consistent clean lithium evaporations 
and diagnostic measurements. The previous samples were 
cylindrical and were held on the UHV heater by molybde-
num sample clips shown in Fig. 2a. This geometry forced 
the plasma to come into contact with the sample clips before 
the lithium. This interaction causes unwanted sheath forma-
tion at the clips and may have affected lithium evaporation 
dynamics. To overcome this issue, two changes were made. 
The sample was machined into a top hat formation, and a 
stainless steel sample cap was created to hold this sample on 
the heater. The sample cap holding the sample on the heater 
can be seen in Fig. 2b. Two slits for two thermocouples 
were added to the sample cap so temperature measurements 
could be collected and verified. In the Zeus shots, the ther-
mocouples were exposed junctions that were replaced with 
sheathed ungrounded thermocouples to prevent the plasma 
from influencing data collection.

LEEX Results & Discussion

Spectroscopy Data

Two spectroscopic lines for helium (706 nm and 468 nm), 
and two spectroscopic lines for lithium (610 nm and 
548 nm) correlate to an excited and ionized state, respec-
tively, for both elements. These helium and lithium line 
intensities were analyzed throughout the exposure to under-
stand the effect lithium evaporations had on the helium 
plasma. Data for each spectroscopic line of interest were 
compared across each LEEX plasma shot and are shown in 
Fig. 3. Figure 3a shows the helium 706 nm line for the con-
trol and D = 47.5 mm cases which exhibit the same behav-
ior. When the ECRH system is turned on, there is a sharp 
rise, followed by a slow rise to a steady-state value after 
approximately 100 s into the shot. For the D = 47.5 mm 
case, the sample did not heat up enough to evaporate the 

Fig. 2 The heater and sample 
holding configuration for the 
(a) Zeus shots and (b) LEEX 
campaign
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Fig. 4 Normalized pressure 
data for each LEEX plasma 
compared to one another. Cases 
where lithium evaporated from 
the W sample (D = 0 mm and 
D = 25 mm) had large decreases 
in pressure that lasted for > 180 s. 
These reduced pressure intervals 
are referred to as a low recycling 
regime

 

Fig. 3 Spectroscopy line data for each LEEX plasma compared to one 
another for (a) helium 706 nm, (b) helium 468 nm, (c) lithium 610 nm, 
and (d) lithium 548 nm lines. While helium reduction is linked to lith-
ium excitation and ionization once lithium begins to evaporate into the 
plasma, the helium signal takes over 100 s to recover after the peak of 
these processes. For the D = 25 mm case, the first dashed line at t = 35 s 

shows an increase in lithium correlates to a drop in helium denoting 
the transition to the low recycling regime. The second dashed line at 
t = 76 s signals the peak of the lithium signal; however, the low recy-
cling regime remains until the third dashed line at t = 215 s denoting 
when helium line intensity recovers
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Fig. 7 Overlapping RGA, pressure, and spectroscopy data for two 
spectroscopy signals. Saturation of the (a) lithium 548 nm line indi-
cates large amounts of ionization occurring once lithium evaporation 

occurs. The (b) lithium 610 nm signal is chosen in analysis because it 
does not saturate allowing for trends corresponding to the peak to be 
analyzed

 

Fig. 6 Overlapping RGA, pres-
sure, and spectroscopy (helium 
706 nm) data shows the changes 
in signal for these three indepen-
dent diagnostics correlate to one 
another. Matching trends from a 
variety of diagnostics gives con-
fidence that the helium retention 
effect is real and not a diagnostic 
anomaly

 

Fig. 5 Normalized RGA data for 
each LEEX plasma compared to 
one another. The data presented 
is taken from an RGA above the 
lithium evaporation position. 
Helium (M/Q = 4) RGA signal 
displayed decreases in the lithium 
evaporation cases proving the 
retained specie is helium in the 
low recycling regime
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behavior similar to the other cases. However, once lithium 
begins to evaporate, a large pressure decrease is seen in 
D = 0 mm and D = 25 mm at t = 23 s and t = 35 s, respec-
tively. These cases’ pressure drop corresponds to the large 
influx of lithium being evaporated into the plasma shown by 
Fig. 3c and d.

Although the pressure trends in the lithium evaporation 
cases are similar, they are not identical. The D = 0 mm case 
shows a greater decrease in pressure but has more fluctua-
tions during the low recycling regime due to increased PMI 
effects at the sample’s edge. It is noteworthy that the pres-
sure rise after the low recycling regime in the D = 0 mm 
case is much greater than the increase observed in any of 
the shots. This large increase in pressure may be attrib-
uted to enhanced PMI effects, caused by a hotter plasma 
(Te ≥ 50 eV), at the sample’s surface once the lithium has 
been fully evaporated. In contrast, the D = 25 mm case 
shows a smaller decrease in pressure than the D = 0 mm 
case and experiences less PMI due to its position farther 
away from the plasma edge. Following the exhaustion of 
lithium, the pressure remains below the levels observed in 
the control shot to the end of the shot.

Residual Gas Analyzer Data

The addition of RGAs to the HIDRA main chamber pro-
vided another method of measuring helium content. Fig-
ure 5 shows the partial pressure of M/Q = 4 during the shot 
normalized to the constant values before the shot. For the 
purpose of this analysis, helium is assumed to contribute to 
the entirety of the M/Q = 4 signal since helium is the flowing 
gas. These data support both the spectroscopy data in Fig. 3a 
and the pressure data in Fig. 4 regarding helium retention 
behavior. Unlike spectroscopy and pressure data, the RGA 
is affected by HIDRA’s helical magnetic field. The magnetic 
field is the cause of the initial drop in the RGA data during 
the t = 5–10 s interval during its ramp-up. Though there is an 
effect on the RGA, this same effect is present in every shot, 
thus the trends in the data can be compared. All three RGAs 
on HIDRA showed the same trends and Fig. 5 is taken from 
the RGA connected to the E-port above the sample location.

As in the previous datasets, the control and D = 47.5 mm 
cases exhibit a similar trend. In the D = 0 mm case, the drop 
in helium is observed, erratic signal is credited to PMI at 
the edge, and the rise in helium RGA signal follows the 
spectroscopy and pressure data. The decrease at 300 s can 
be matched with Fig. 3a and suggests the rise in pressure 
seen in Fig. 4 is not from an increase in helium. For the 
D = 25 mm case, two peaks in the first 50 s are present, one 
at t = 15 s and the other at t = 35 s, and the rest of the data 
coincides with spectroscopy and pressure data. The spikes 
at the end of each shot are from the ECRH system being 

helium retention effect. The first 35 s of the D = 25 mm 
case in Fig. 3a and c, and 3d, show a strong helium line 
intensity and low, but non-zero, lithium line intensity. At 
t = 35 s, there is a large increase in the lithium lines inten-
sity, associated with significant lithium evaporation into the 
plasma, and the helium line intensity begins to decrease. 
This implies that there is a measurement threshold value to 
observe the retention effect. Comparing Fig. 3a, c and d, the 
rise in helium is not correlated to the large drop in lithium 
signal that happens at t = 76 s. Rather, the helium signal 
begins to rise >100 s after the lithium intensity peak for both 
the D = 0 mm and D = 25 mm cases. The difference in the 
time it takes for the helium signal to rise may be attributed 
to the amount of lithium confined in the plasma. Although 
the amount of lithium evaporated for each case is the same, 
it can be assumed that more lithium makes its way into the 
core of the plasma for the D = 0 mm case. Therefore, it can 
be inferred that more lithium in the plasma would result 
in the retention behavior lasting longer. These data sug-
gest that the measurement threshold for helium retention is 
extremely small, and the amount of lithium being evapo-
rated into HIDRA during the shots is too much to accurately 
identify this threshold. Finally, the helium ion behavior in 
Fig. 3b for the D = 0 mm case is not directly associated with 
the trends seen in Fig. 3a as it is for the other cases. The 
ion signal falls with the initial decrease in helium, but never 
recovers and stays low. After the recovery of helium (i.e., 
after the helium signal rises close to pre-lithium evapora-
tion levels), there is a slight increase in lithium signals for 
the D = 25 mm case, which may have contributed to the rise 
in ion signal. However, there is not enough information to 
explain this behavior.

Pressure Data

The main chamber pressure data for each shot was normal-
ized to the constant pressure value before the shot and is 
presented in Fig. 4. Pressure data from all the full-range 
gauges on HIDRA followed the same trends as the one pre-
sented in Fig. 4 above. Figure 4 describes a similar trend 
to the spectroscopy data in Fig. 3a. When no lithium was 
evaporated into the plasma (control and D = 47.5 mm), the 
pressure initially decreases and then gradually rises. The 
control shot gradually rises until the ECRH is turned off. 
The D = 47.5 mm exhibits the same behavior but there is 
a larger increase in pressure during the shot. No discern-
able reason for this rise can be found in the current data 
other than a possible after-effect from the lithium evapo-
ration (D = 0 mm) that took place before it. The D = 0 mm 
and D = 25 mm cases show a pressure increase at the begin-
ning of the shot, presumably from PMI involving the lith-
ium droplet. The pressure then decreases and increases in 
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in-operando lithium evaporation [20] is a real and repeatable 
phenomenon. The helium retention phenomenon has now 
been reproduced four times in HIDRA and every instance 
of in-operando lithium evaporation in HIDRA resulted in 
helium retention. Upgrades to the sample geometry and the 
HIDRA-MAT sample holder improved the repeatability of 
shot conditions while limiting PMI which was detrimental to 
the durability of the previously used sample holder. Imple-
menting more diagnostic capability through spectrometers, 
pressure gauges, and RGAs provided further insight into the 
effects these lithium evaporations have on helium plasmas 
in HIDRA. Spectroscopy, pressure, and RGA data show 
agreement in trends during each shot and add confidence 
that helium retention is occurring. Spectroscopic data from 
helium and lithium lines show a drop in helium signal coin-
ciding with the rise in lithium signals. It is believed that only 
a small quantity of evaporated lithium is required to see the 
retention effect. A static droplet of lithium on the sample 
surface is not enough to generate the conditions needed for 
measurable retention. Spectroscopy and pressure data from 
LEEX mimic the data seen in the Zeus shots while the addi-
tion of the RGAs verify helium is the particle being retained 
by an unknown mechanism. The mechanism and the loca-
tion at which the mechanism occurs, either at the wall or 
in the plasma, is still unknown. The leading hypothesis 
resulting from LEEX suggests helium retention is occurring 
at the walls of HIDRA. Helium atoms become trapped in 
voids and interstitial sites of a dynamically forming lithium 
lattice on the walls of the machine produced when lithium 
ions lose confinement from the plasma, stick to the wall, 
and cool down. An increase in helium line intensity would 
be measured spectroscopically during the low recycling 
regime if increased helium confinement was the cause of the 
measured RGA and pressure behavior. Since there is no evi-
dence of this or any other spectral lines occurring that were 
not previously observed, retention at the wall is the most 
probable conclusion from the current data. Future experi-
ments on HIDRA will aim to identify the helium retention 
mechanism, characterize the specific conditions required to 
produce retention in HIDRA, and elaborate on this hypoth-
esis. Identifying the mechanism has the potential to have a 
monumental impact on PFC development. If an engineer-
ing solution that utilizes the retention mechanism can be 
integrated into current PFC designs, the issue of helium ash 
build-up in fusion devices could be mitigated.
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turned off and the magnets ramping down. RGA data can 
also be utilized to estimate the helium retention effect. The 
control shot steady-state value (taken as 100% recycling) 
is compared to the minimum values seen in the lithium 
evaporation cases to estimate retention for each shot. Using 
data measured in the D = 25 mm case, helium retention was 
calculated to be 85.3% ± 1% in the low recycling regime. 
This is a significant reduction in helium recycling and has 
never been observed in a toroidal device to the authors’ 
knowledge.

Comparison of Spectroscopy, Pressure, and RGA 
Data

Figure 6 is the culmination of the spectroscopy, pressure, 
and RGA data for the D = 25 mm case discussed previ-
ously. This case is highlighted because the PMI between 
the sample assembly and plasma was reduced compared to 
the D = 0 mm case since the sample was farther from the 
plasma edge. Thus, there is more confidence that trends are 
from lithium-helium interactions for this case. Each data-
set comes from an independent diagnostic that, when com-
pared to one another, confirms the reduction of helium in 
HIDRA during a lithium evaporation is a real effect. Helium 
retention effects and a low recycling regime are present for 
~ 180 s. Pressure shows a major reduction when compared 
to the control shot and the RGA and spectroscopy data con-
firm that the reduction of helium is occurring. Figure 7a 
and b show the relationship of ionized and excited lithium, 
respectively, to the reduction of helium seen in the pressure 
and RGA data. In-operando evaporation and subsequent 
excitation/ionization of lithium into the plasma introduces 
an influx of charged species as can be seen by the saturated 
lithium 548 nm ion signal and lithium 610 nm signal. How-
ever, the drop in helium signal begins before the peak in 
lithium signal suggesting that a small amount of lithium is 
needed for retention to occur. This statement is further sup-
ported when the large decrease in lithium signal observed 
between the t = 76–90 s interval does not induce as large of 
a change in the helium signal. The helium signal continues 
to decrease during this interval and then finds a relatively 
steady minimum value for ~ 100 s. It begins to rise again 
at t = 190 s and transitions out of the low recycling regime 
back to a standard helium plasma without lithium. There 
still are excited species and ionized species present in small 
quantities during the low recycling regime and that may be 
sufficient for elongating the retention effect.

Summary

The LEEX campaign at UIUC has confirmed that previously 
published data observing helium retention in HIDRA due to 
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