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ABSTRACT

The concept of a flowing lithium first wall for a fusion reactor may lead to a significant advance in

reactor design, since it could virtually eliminate the concerns with power density and erosion,

tritium retention, and cooling associated with solid walls. As part of investigations to determine the

feasibility of this approach, plasma interaction questions in a toroidal plasma geometry are being

addressed in the Current Drive eXperiment – Upgrade (CDX-U) spherical torus (ST). The first

experiments involved a toroidally-local lithium limiter (L3). Measurements of pumpout rates

indicated that deuterium pumping was greater for the L3 compared to conventional boron carbide

limiters. The difference in the pumpout rates between the two limiter types decreased with plasma

exposure, but argon glow discharge cleaning was able to restore the pumping effectiveness of the

L3. At no point, however, was the extremely low recycling regime reported in previous lithium

experiments achieved. This may be due to the much larger lithium surfaces that were exposed to
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the plasma in the earlier work. The possibility will be studied in the next set of CDX-U

experiments, which are to be conducted with a large area, fully toroidal lithium limiter.
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I. INTRODUCTION

Reactor studies[1] have identified liquid walls as a potentially “revolutionary” solution of generic

magnetic fusion energy (MFE) first-wall problems, such as heat load and erosion limits of dry

walls, neutron damage and activation, reliability/maintainability of first walls, and tritium

inventory and breeding. To address the practicality of this concept, key liquid lithium-plasma

interaction questions are being addressed in the CDX-U device[2] at the Princeton Plasma Physics

Laboratory (PPPL). Initial investigations were performed with a liquid lithium limiter (L3) probe

supplied by the University of California at San Diego (UCSD). These experiments will be

followed by  discharges utilizing a large area liquid lithium pool as the target.

The benefits of a surface that has low or no recycling conditions have been demonstrated during

the “Deposition of Lithium by Laser Outside of Plasma” (DOLLOP) lithium wall conditioning

experiments,[3] for example, in the Tokamak Fusion Test Reactor (TFTR). Lithium limiter

experiments have also been performed on the T-11M device,[4] where a Capillary Porous System

(CPS) was used to form a “self-restoring” liquid lithium limiter surface.[5]  However,

introduction of large area lithium limiter targets and walls into existing tokamak facilities has not

yet taken place. The primary goal of CDX-U will thus be to study auxiliary-heated discharge

whose surface contact is primarily with a large-area liquid lithium limiters.

Surface conditioning was identified as a critical issue in both the TFTR and T-11M experiments.

The DOLLOP process was a technique where the graphite plasma facing components in TFTR

were conditioned with the deposition of a lithium surface film. Particle recycling in T-11M was

reportedly reduced only after plasma operations were conducted long enough to clean the CPS

limiter surface. For this reason, considerable effort was dedicated to the conditioning of the L3

probe head on CDX-U.
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This paper provides a brief description of CDX-U and L3 (Section II). This is followed by the

procedure to prepare the L3 for plasma exposure in Section III. Three discharge conditions are then

described in Section IV. The first case (Case A) involved a solid L3 head that was loaded with

lithium several days before plasma exposure, but was kept under vacuum prior to its use. In the

second case (Case B), the L3 head was exposed to deuterium plasmas for about a day. It was

subsequently left for several days under vacuum and was not discharged cleaned. For the final case

(Case C), the L3 head was discharge cleaned for a half hour with argon, and exposed to deuterium

plasmas while kept above the melting point of lithium.

The results of the argon glow discharge cleaning are described in Section IV. Pumpout rate

measurements indicated that initially, the deuterium pumping was greater for the L3 compared to

conventional boron carbide limiters. The difference between the two limiters decreased with

plasma exposure, as the recycling became higher, the oxygen emission increased, and the

appearance of the L3 surface changed from shiny to dull. Argon glow discharge cleaning was able

to restore the surface appearance and pumping effectiveness of the L3.

The conclusions are summarized in Section V. The low recycling regime reported in previous

lithium experiments was never achieved in the L3 experiments to date, perhaps due to the much

larger lithium surfaces that were exposed to the plasma in the earlier work. To investigate this

possibility, a fully toroidal lithium limiter is being installed in CDX-U. The surface area is about

2300 cm2, which will provide a larger area for the interaction between the CDX-U plasma and the

lithium surface.

II. DESCRIPTION OF CDX-U AND THE L3 PROBE

The CDX-U facility (Fig. 1) is capable of spherical plasma operations in toroidal fields up to 2.3

kG with a “flattop” of 100 ms. Power supplies for the vertical and shaping fields permit
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discharges with plasma current up to 150 kA for greater than 25 ms. At present, the Ohmic

heating capacitor banks limit the plasma current to about 80 kA. All of the power supplies (with

the exception of the  capacitor banks for the Ohmic heating system and the field null formation

coils) are preprogrammed and controlled by digital to analog waveform generators. The basic

discharge parameters summarized in Table 1 and Fig. 2.

Major Radius (R0) 34 cm

Minor Radius (a) 22 cm

Aspect Ratio (R0/a) ≥ 1.5

Elongation (κ) ≤ 1.6

Triangularity (δ) > 0.2

Toroidal Field (Bt) 0.23 Tesla

Ohmic Current (Ip)  ≤ 80 kA

Pauxiliary (radio

frequency heating )

 ≤ 250 kW

Table 1. CDX-U parameters.

The Ohmic heating system is capable of providing 0.2 MW to CDX-U, and the facility also has a

radio frequency (RF) heating system[2] that is rated at 0.3 MW. The resulting parallel and normal

heat fluxes will be 8-10 MW/m2 and 2-3 MW/m2, respectively, over 25 to 50 ms because of the

compact ST geometry.

The L3 probe was developed at UCSD for the first experiments involving the use of solid and

liquid lithium as a plasma limiter in CDX-U. The head of the L3 probe is a lithium covered rail 5

cm in diameter and 20 cm long (Fig. 3). The rail can be inserted or removed via a double gate

valve airlock system to prevent exposure of the lithium to air. When the limiter is fully inserted, it
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forms the upper limiting surface for the discharge and is intended to define the last closed flux

surface for the discharge (Fig. 1). If the limiter is retracted, ceramic boron carbide rods form the

upper limiting surface for the discharge. The limiter has an internal heater and has been operated in

contact with the plasma over the temperature range of 20 - 300o C.

III. PREPARATION OF THE L3 FOR USE WITH PLASMAS

The initial loading of the L3 head with lithium was conducted in a glove box separate from CDX-

U. The glove box enclosed the end of L3 probe assembly, which included a special loading

chamber for the L3 head. The glove box was kept filled with argon.

A reservoir was attached to the top of the loading chamber. The reservoir was filled with solid

lithium that was stored in bags containing argon and sealed by the supplier. The reservoir

temperature was raised to 500o C using an internal electric heater. The liquid lithium was allowed

to drip from an opening in the base of the reservoir onto the L3 head. The head is covered with a

stainless steel mesh, which absorbed the lithium as the head was moved slowly beneath the

reservoir.

Once the lithium cooled, the L3 head was retracted from the loading chamber and sealed with a

gate valve. The L3 probe assembly also has a replenishing reservoir, which can be filled through

an opening on the end opposite the probe head. This end was placed in the glove box after the head

was loaded with lithium, and filled with solid lithium in an argon atmosphere.

The L3 probe assembly was evacuated and attached to CDX-U through an “airlock” (two valves

shown in Fig. 1) prevent exposure of the L3 head to air. It was maintained at a pressure of about 2

x 10-7 torr for approximately two weeks. The L3 head was thus either in an argon atmosphere or

under vacuum before it was exposed to CDX-U discharges. Visual inspection of the head
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immediately before plasma exposure indicated that it was as shiny as it was immediately after it

was coated with lithium (Fig. 3).

IV. INITIAL PLASMA OPERATIONS AND GLOW DISCHARGE CLEANING

The results of the first operation of CDX-U with a solid lithium limiter (Case A) are shown in Fig.

4. The lower curve is the Dα emission at the L3 head after its exposure to only a few CDX-U

plasmas. The upper curve corresponds to the emission from Case B. The L3 head was exposed to

about a dozen discharges, kept at a pressure of about 2 x 10-7 torr for several days, and exposed to

the plasma once again when the Dα emission was measured. The deuterium prefill required to

obtain breakdown was ≈60% higher in Case A relative to Case B, which also suggests a difference

in surface cleanliness.

The appearance of L3 head was markedly different before (Case A) and after plasma exposure

(Case B). The surface changed from being shiny and metallic to a mottled combination of dull

gray and brown. The first attempt at cleaning the surface was simply to raise the temperature well

above the melting point of lithium. Even at 400o C, or over twice the melting point of lithium, the

surface did not appear to liquefy, and there was no change in the surface appearance. This suggests

that the surface content responsible for the mottled appearance was not volatilized or decompose

significantly at temperatures up to this level. The result is consistent with earlier work, which

showed that temperatures between 800o C and 1200o C may be needed, depending on the nature of

the coating.

The GDC with argon as the working gas was more successful in restoring the surface of the L3

head to its original shiny and metallic appearance. The L3 head served as the cathode. With a bias

voltage of about 250 volts, the arc drew a current of about 0.25 amperes at a pressure of about 70
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millitorr. Under these argon ion bombardment conditions, the head achieved a temperature of

about 250o C and the lithium liquefied.

Figure 5 shows measurements with a residual gas analyzer during glow discharge cleaning. The

primary constituents are hydrogen, water, carbon monoxide, and carbon dioxide. As the

temperature rises and the lithium surface is cleaned, there is a noticeable rise in the hydrogen level.

One explanation is that the water released from the plasma facing components (PFC’s) during

plasma operations reacts with the lithium on the L3 head. This produces lithium hydroxide, which

dissociates during GDC to produce the observed hydrogen.

If lithium deuteride were formed, its dissociation during GDC would lead to the formation of

molecular deuterium and the molecular combination of hydrogen and deuterium. Neither species is

conspicuous in the RGA spectrum, which suggests that deuteride formation was minimal. This

observation thus argues against the creation of a lithium deuteride coating that stops the deuterium

absorption and changes the recycling at the limiter surface.

The low levels of deuterium are also consistent with the small amount of gas that was needed for

plasma operations. The deuterium prefill for CDX-U discharges was typically ≈10-4 T, which

corresponds to 5 x 1018 molecules. Even if all of this gas reacted with the lithium, the amount of

lithium deuteride formed during each discharge would have been about 70 micrograms. This

agrees with observations on T-11M, where desorption of deuterium is reported, but not the

formation of lithium deuteride.[6]

Figure 6 is a photograph of the L3 head during GDC, which still shows the mottling in its central

region.  The entire surface of the head was no longer dull and mottled, but became comparable in

brightness prior to plasma exposure. When the L3 head was originally coated, there were parts of

the mesh that did not contain lithium. As the GDC progressed, these areas became covered when
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the lithium liquefied and flowed around the head.  The GDC was typically continued for about a

half hour after the L3 head temperature reached 250o C. This time was well after the effluent levels

were at a minimum.

The replenishing reservoir mentioned in Section III was designed to permit the addition of lithium

to the L3 head without removing the probe assembly from CDX-U. If there was no lithium

present on the stainless steel mesh that surrounded the L3 head, the liquid lithium had to be

dripped from above as the head was moved beneath it. If the stainless steel mesh already contained

liquid lithium, however, it was supposed to absorb the lithium as it was forced out of the fixed

replenishing reservoir tube.  The flow properties of liquid lithium were demonstrated dramatically

during one GDC attempt.

Argon GDC was in progress, and the head temperature rose to 350o C. Simultaneously, the

replenishing reservoir was heated to the same temperature with its internal heater. A piston for the

reservoir was then intended to force the liquid lithium through a tube leading to the head at a

controlled rate. Instead, the lithium flowed up the tube to the filled head without any motion of the

piston. Enough accumulated so as to create a large drop of lithium below the head.

The reservoir heater was turned off and the GDC terminated as soon as this was observed, but not

before the drop fell to the bottom of CDX-U. The bulk of the lithium was restricted to a deposit

about 13 cm in diameter and a maximum thickness of approximately 4 mm (Fig. 7). Lithium

spheres with diameters greater than a few millimeters were limited to within about 20 cm from the

center of the main deposit. They were restricted to the disposable stainless steel foil that protected

the bottom of the CDX-U vacuum vessel. The area of the lithium was still small compared to the

total surface area of the vacuum vessel, and its presence did not affect plasma operations.

However, the event did clearly demonstrate the siphoning of liquid lithium up the tube against

gravity.
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The argon GDC was used to prepare the L3 for experiments with a clean head kept at above the

melting point of lithium (Case C). In Case C (i. e., after argon GDC), deuterium pumping by the

limiter became comparable to levels during plasma exposure of the L3 head after it was initially

loaded with lithium (Case A). Pumpout rates following a CDX-U discharge are compared in Fig.

8. The rates for a head before plasma exposure (Case A) and shortly after GDC (Case C) are

similar, and are higher than with a head after prolonged plasma operation (Case B).

On a typical CDX-U run day, argon GDC was the first activity. The L3 head was then withdrawn

from the vacuum chamber. The machine was operated with titanium gettering until reproducible

discharges were obtained. There were two titanium getter balls located on the outer wall of the

cylindrical CDX-U vacuum vessel, above and below its horizontal midplane. The sublimation rate

was kept at the lowest setting of 0.1 gm/hour.

The goal was to achieve plasma currents between 60 and 70 kA for pulse durations of about 15 ms

or more. This was typically accomplished after about ten discharges over approximately an hour.

The two gate valves (Fig. 1) were partially closed to prevent the head from being exposed during

gettering, while still maintaining vacuum via the main CDX-U pumping system. The L3 head was

reinserted into CDX-U and plasma operations resumed.

It was possible to change the surface appearance and pumpout rate following this procedure, and

experiments were performed with the L3 head kept above the lithium melting point at 250oC with

its internal heater (Case C).  The results for this case are compared with those for the solid L3 head

after plasma operation described earlier (Case B) in Fig. 9. There is a reduction in oxygen and

carbon levels, which suggests that a clean lithium surface is effective for gettering. In addition to a

lower oxygen emission with the clean L3 head, the discharge is longer because of the reduced

radiation losses.
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The low recycling conditions observed during initial plasma operations with the L3 head (Case A),

however, were not be recovered. It was also not necessary to have the higher prefill required in

Case A to get breakdown. Discharges were then attempted with a head that was subjected to argon

GDC as in Case C, but left solid as in the first experiments (Case A). The step of establishing

discharges with titanium gettering prior to the reinsertion of the L3 head was also eliminated.

These changes also did not recreate the high fueling and low recycling conditions found in Case A.

V. CONCLUSIONS

The present work has demonstrated the effects of argon glow discharge cleaning and the safe

handling of lithium for ST limiter plasma experiments. Perhaps the most conspicuous result with

the L3 was its gettering effect, as shown by the reduction in impurity levels. The observations

about particle control are not as clear, since they are consistent with the plasma interacting with

high recycling surfaces as well as the L3 head. The main high recycling PFC’s in CDX-U were the

stainless steel vacuum vessel walls and the boron carbide limiters that were retained on the center

stack. Although they were farther away from the plasma than the L3 head, boron carbide limiters

were also kept on the top and the bottom of the vacuum vessel to protect these regions.

The initial L3 experiments (Case A) were the first to be performed after a vacuum vessel opening.

As is common when the PFC’s are poorly conditioned, the discharges had high impurity levels

and were short. Since these plasmas did not interact with boron carbide limiters as strongly as they

subsequently did, the L3 head may have had a larger relative effect on the recycling for Case A.

This presumably diminished as the conditioning of the PFC’s improved, and the addition of

titanium gettering also reduced impurities.

Once the PFC’s are well conditioned, the ratio of low to high recycling surfaces becomes more

important. Previous experiments on T-11M with toroidally local limiters, for example, have
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suggested extremely low recycling after extensive conditioning of its lithium limiter.[6] Using their

capability to insert carbon and lithium limiters independently, however, the plasma performance

was the same when they were compared. Their conclusion is that the dominant effect on the

recycling is due to the large surface area coated with lithium following plasma operations, similar

to what occurs in probe deposition techniques,[7] rather than the modest area presented by the

lithium limiter.

In contrast, there was little evidence for extensive lithium coatings on PFC’s inside CDX-U. Fast

camera images through a LiI filter (670.8 nm) suggest that the plasma is interacting with the L3

head (Fig. 10). Visual inspection of the vacuum vessel after it was vented, however, indicated that

the vaporized lithium was restricted to a strip directly above the L3 head position and about 10 cm

wide. Aside from one limiter in this region, most of the boron carbide limiters that constituted high

recycling surfaces in CDX-U remained uncoated.

The lithium experiments to date are complicated by the possibility that surface area is not the only

factor that can affect the recycling. On TFTR, for example, the lithium was deposited on well

conditioned graphite PFC’s.[3] The interaction between the lithium and the carbon created a

surface with new chemical properties that may have had a larger effect on the recycling than

simply insuring a sufficiently coated area. To help resolve this issue, the next set of experiments

are intended to determine the importance of a large lithium surface on the recycling in CDX-U. For

this purpose, a fully toroidal lithium limiter has been installed above the floor of the vacuum

vessel, as shown schematically in Fig. 1.

The target provided by the new limiter extends radially between its inner and outer sidewalls,

which are located at  R=29 cm (=R0-a/4)  and R=39 cm (=R0+a/4).  The limiter target will be

lithium contained in a stainless steel tray consisting of two 180 degree sectors (Fig. 11). The trays
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have raised edges to hold the lithium, but the surfaces they present to the plasma will be small

compared to the overall area of the limiter.

With this geometry, the interaction between the CDX-U plasma and the PFC’s should be

dominated by the lithium. The limiter target sectors will be mounted on insulators that provide

thermal and electrical separation between the limiter target and the vacuum vessel. This will permit

GDC in a manner similar to the technique developed for the L3 head.
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Figure Captions

Fig. 1 - Elevation of CDX-U showing the vacuum vessel, field coil configuration, and L3 limiter

assembly. The plasma contact points with the L3 limiter head and the fully-toroidal liquid lithium

limiter are also indicated.

Fig. 2 - Time evolution of plasma parameters during a typical CDX-U discharge.

Fig. 3 - Photograph of the L3 limiter head prior to plasma explosure. The view is through the side

port of the probe drive assembly when the head is in its retracted position. The primary plasma

contact position is the region on the bottom and toward the left of the head. The stainless steel

mesh surrounding the head can be seen in the section without a lithium coating toward the right of

head.

Fig. 4 - Comparison of filterscope data near the start of CDX-U plasma operations with the L3

head and after several discharges. The filterscope viewed the head through a 656.1 nm Dα filter.

Fig. 5 - RGA measurements during argon GDC. The time dependence of the effluent emission

and the temperature of the L3 head are shown.

Fig. 6 - Photograph of the L3 head in the CDX-U vacuum chamber during argon GDC. The center

of the head, where the interaction with the plasma was the strongest, still shows a coating. The

surface near each end is cleaner. The previously bare region toward the right of the head has

become “wetted” with lithium.

Fig. 7 - Photograph of lithium on the bottom of the CDX-U vacuum vessel after it was vented.

The bulk of the lithium was localized to a region with thickness of about 3 mm and a diameter of

about 13 cm.

Fig. 8 - RGA measurements of pumpout rates of deuterium following CDX-U discharges. The

evolution of the pressure in torr is shown as a function of time in seconds.

Fig. 9 - Filterscope data for the 670.8 nm LiI and the 441.6 nm OII emission with (a) liquid lithium

L3 head shortly after argon GDC, and (b) solid lithium head after extended plasma operation. The

ordinates are in arbitrary units, but reflect the same calibration for each plot.
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Fig. 10 - Photograph of the L3 head during a CDX-U discharge. The underside of the head, which

faces the plasma, is viewed through a 670.8 nm filter. Part of the cylindrical form of the head is

outlined by the emission. While the main contact point is near its center, there is also emission near

the end of the head.

Fig. 11 - Photograph of the fully-toroidal lithium limiter tray. The cutouts are to accommodate the

vertical beam paths for the microwave interferometer and the Thomson scattering laser.
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Fig. 6
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