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Abstract 

Lithium wall conditioning has been used in a recent campaign evaluating high performance negative central shear (NCS) 
discharges. During this campaign, the highest values of stored energy (4.4 MJ), neutron rate (2.4 × 1016/s), and nTi'r 

(7 × 102o m-3  keV s) achieved to date in DIII-D were obtained. High performance NCS discharges were achieved prior to 
beginning lithium conditioning, but it is clear that shot reproducibility and performance were improved by lithium 
conditioning. Central and edge oxygen concentrations were reduced after lithium conditioning. Lithium conditioning, 
consisting of up to four pellets injected at the end of the preceding discharge, allowed the duration of the usual inter-shot 
helium glow discharge to be reduced and reproducible high auxiliary power discharges, PNB1 --< 22 MW, were obtained with 
plasma currents up to 2.4 MA. 
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1. Introduction 

A lithium pellet injector has been installed on DIII-D to 
apply a coating of lithium to the surface of the DIII-D 
graphite tiles. The goal of this wall conditioning is to 
reduce recycling and light atom impurity influxes for high 
triangularity discharges where the present DIII-D active 
cryopump is not effective because of geometrical con- 
straints. Lithium pellets were first injected into eight VH- 
mode reference discharges to commission the injector. 
During these discharges, pellets injected, into the current 
rampup phase triggered brief ( <  200 ms) phases of en- 
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hanced confinement with characteristics similar to the 
lithium pellet enhanced performance (PEP) mode reported 
on the C-Mod device [1]. Lithium pellet injection was then 
used during a campaign to evaluate negative central shear 
(NCS) discharges. In this paper we describe the effect of 
lithium conditioning on these high performance discharges. 

Lithium pellet injection was first used on Alcator C as 
a diagnostic to measure the current density profile [2]. In 
similar work on the TFTR tokamak it was observed that 
lithium pellets also affected recycling and impurity influx 
[3] leading to the use of lithium pellet injection on TFTR 
as a routine wall conditioning technique resulting in dra- 
matically improved confinement for supershot discharges 
[4]. Despite the success of lithium conditioning on TFTR, 
other devices, e.g. JIPP-TIIU, TdeV, and C-Mod, have 
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reported modest or no improvement after the application of 
lithium [5-7]. 

The DIII-D lithium pellet injector follows closely the 
design of the MIT Alcator C-Mod injector [8], and was 
constructed in collaboration with the MIT Plasma Fusion 
Center group. It is a four barrel injector (four pellets per 
discharge) and can be upgraded to increase the number of 
injected pellets if necessary. Two sizes of pellets are 
available: 1.5 mm 3 and 4.5 mm 3 producing an equivalent 
change in electron density of 1.0 and 2.9 × 10]9/m3, 
respectively. Pellet velocity can be varied, but typical 
speeds are 500-600 m / s  using helium propellant. Pellets 
are injected 15 cm above the midplane. Equivalent lithium 
deposition for the large pellet is 2 / 3  monolayer assuming 
uniform distribution over the DIII-D centerpost or ten 
monolayers if the lithium were deposited in a l0 cm 
annulus on the floor. Actual deposition will be discussed in 
Section 3. 

In this paper we refer to high performance DIII-D 
discharges which we define as: I v > 1.6 MA, WMH D > 2 
MJ, PNB > 10 MW, and T t h / / T J E T _ D I I I _ D  > 1. 

2. Lithium conditioning in DIII-D 

The effect of lithium pellet injection on both central 
oxygen and central carbon concentrations is plotted in Fig. 
1. Central concentrations were determined by: UV impu- 
rity charge exchange lines, calculated neutral beam pene- 
tration which is benchmarked against emission from the 
motional Stark effect diagnostic, and electron density pro- 
files measured by Thomson scattering. Concentrations in 
Fig. 1 were averaged from 500 to 1000 ms for discharges 
with 10 MW <PNBmax < 22 MW over 6 days of the 
December 1995 high performance NCS campaign [9]. Up 
to four lithium pellets were injected into the end of several 
discharges with most of the lithium on the last day. 
Cumulative lithium injection during this campaign is also 
shown in Fig. 1. Pellets before discharge #87934 were 
used primarily for system checkout. A controlled experi- 
ment using lithium conditioning was not possible during 
this period and discharge conditions, e.g. shape and beam 
power varied throughout this sequence, although the strike 
point locations remained approximately fixed. There is a 
noticeable decline in central oxygen concentration when 
lithium conditioning is applied, particularly when compar- 
ing high plasma current discharges, shown as solid squares. 
There is little or no reduction in central carbon concentra- 
tion with lithium conditioning, although carbon is the 
dominant central impurity. During this campaign, similar 
high performance discharges were periodically used to 
evaluate machine conditions. Three discharges, shown by 
arrows in Fig. 1 are compared in Fig. 2. After lithium 
conditioning (one pellet was injected at the end of dis- 
charge #87935 and three pellets for #87967), there is a 
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Fig. 1. Central oxygen concentration (a), and central carbon 
concentration (b) for most beam heated discharges over a six day 
negative central shear campaign. Solid squares are for highest 
current discharges, > 2.2 MA. Cumulative lithium injected during 
this campaign is also plotted. Highest performance discharges, 
producing record values of RoD, WMH D, and nTis" occurred at the 
end of this campaign with lithium conditioning. 

reduction in both central oxygen and edge oxygen inferred 
from impurity line radiation, although again, no consistent 
reduction in carbon was noted. Although all discharges had 
the same neutral beam power (3.6 MW) from 300 to 2000 
ms, differences in programming the neutral beam rampup 
phase from 2000 to 2250 ms caused differences in the time 
of peak stored energy. 

Although the three 2.0 MA discharges plotted in Fig. 2 
allow a comparison of the effect of lithium conditioning, 
there was little change in the global plasma parameters 
such as peak stored energy or neutron rate. Lithium condi- 
tioning can play a more important role in higher current 
discharges. A comparison of three such discharges, Ip = 2.4 
MA, PNBmax = 12.7--15.9 MW, is shown in Fig. 3. Two 
of these discharges were during a period characterized by 
locked modes and disruptions. Although the discharge 
evolution up to 2.2 s differed in these cases, all oxygen 
lines and central oxygen concentration were lower after 
lithium conditioning (#87979). Central carbon concentra- 
tions were actually higher but the incremental increase 
during the high performance phase was less for the dis- 
charge with lithium conditioning. MHD activity (Fig. 3(c)) 
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was lower for the lithium conditioned discharge and the 
onset of these MHD oscillations were delayed. 

During the last sequence of high current discharges, 
Ip > 2.2 MA, shown in Fig. 1 no disruptions or locked 
mode activity was observed, as opposed to earlier in the 
campaign when nearly all high current discharges before 
#87930 exhibited locked modes or disruptions. The high 
current discharges after #87975 produced the highest val- 
ues of stored energy (4.4 MJ), neutron rate (2.4 × 1016/s), 
and nTis- (7 × 1020 m -3 keV s) achieved to date in 
DIII-D. This last sequence was also accompanied by the 
most lithium conditioning during the campaign. However 
we note that several factors besides lithium conditioning 
may have contributed to the absence of disruptions and 
locked modes. In particular, the L to H transition time and 
early density evolution were varied between these se- 
quences. 

Helium glow conditioning before tokamak discharges is 
an important technique in DIII-D to obtain low recycling 
and high current reproducible discharges [10]. For best 
performance in reference VH-mode discharges, extending 
the glow duration from the standard five minute session to 
ten minutes is necessary [11]. The extensive use of lithium 
conditioning (e.g. shots 87966-87980) allowed a reduction 
in the glow time from ten minutes to eight minutes with no 
adverse affect on the next tokamak discharge. Since an 
eight minute glow did not adversely affect the time be- 
tween tokamak discharges (limited by computer acquisi- 
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Fig. 2. Time evolution of oxygen and carbon impurities for three 
similar discharges shown by arrows in Fig. 1; lp = 2 MA, B T = 2.1 
T, PNB(0.3-2.0 s)= 3.6 MW, and PNB(2.15-2.75 s)= 18.5-20.9 
MW. 
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Fig. 3. Central oxygen (a) and carbon (b) concentrations for 
highest current (2.4 MA) discharges during the NCS campaign. 
Discharge #87979 (solid lines) was during the period of maxi- 
mum lithium conditioning. Other discharges, with no lithium 
conditioning were during a shot sequence dominated by locked 
modes, e.g. #87923 (dotted lines) and disruptions. Although 
discharge #87925 (dashed lines) had no locked modes, MHD 
oscillations (c) were higher than other discharges. Highest stored 
energy (d) was achieved after lithium conditioning. 

tion and power supply cool down), no glow scan was 
performed to further minimize the glow time. 

3. Deposition of lithium in DIII-D 

In order to evaluate the effectiveness of lithium pellet 
conditioning, it is important to assess lithium deposition. 
For the high triangularity discharges reported in this paper 
the strike points were approximately fixed, although the 
shape was varied during the discharge so that the dominant 
strike point was at the ceiling (in order to stay in L-mode), 
the floor (to induce H-mode) or approximately balanced. 
Lithium pellets were injected after the high performance 
phase, near the end of the discharge. Early injection during 
current ramp-up was not attempted in order not to affect 
the evolving negative central shear current density profile. 
The majority of lithium was injected into either a balanced 
double null configuration, or a shape with the lower null 
defining the last closed flux surface. 

Lithium line radiation was observed by a midplane 
SPRED UV spectrometer and a visible divertor spectrome- 
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Fig. 4. Lithium visible line radiation (Lill) viewed at the outer 
lower divertor strike point, averaged during the current rampup 
phase. The number of pellets injected near the end of the dis- 
charge is also plotted• Early neutral beam power was higher for 
incremental shot #4, PNB~(0.3-2.0 S)= 4.9 MW, than for the 
other discharges, PNm(0.3-2.0 s)= 3.6 MW. 

ter. Except for anomalous events (e.g. locked modes, 
disruptions, or high MHD activity), lithium (Lilll) was 
only observed at the midplane during or immediately after 
pellet injection. Lithium (LiI and LilI) line radiation was 
observed by the divertor spectrometer after pellet injection 
and during the current ramp-up phase of the next tokamak 
discharge. However, as shown in Fig. 4, divertor lithium 
lines were only significantly above background for one 
discharge after pellet injection. 

Lithium deposition was also monitored by long term 
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Fig. 5. Areal concentration of lithium (a), measured by nuclear 
reaction analysis for six coupons removed after the NCS cam- 
paign. Position of the coupons are shown as triangles (b), relative 
to the lower outer strike point and scrape off region (5 mm and l0 
mm midplane SOL flux surfaces are shown as dashed lines). 
Outline of the DIII-D plasma facing surface is also shown. 

floor coupons. After termination of the December 1995 
NCS campaign, DIII-D was baked to 350°C, vented, and 
the coupons were removed. Lithium had only been de- 
posited in a fixed configuration, i.e. the strike points did 
not vary. The deposition of this lithium on six coupons is 
shown in Fig. 5. We note that deposition occurred over the 
entire portion of the floor covered by the coupons, includ- 
ing directly under the high heat flux portion at the lower 
outer strike point. Furthermore, except for the outermost 
coupon, deposition appears quite uniform. Nuclear reaction 
analysis (NRA) detected 20% of the lithium 5 /xm or more 
beneath the graphite coupon's surface. 

4. Discussion 

The use of lithium pellet conditioning in DIII-D has 
had the most notable effect in the reduction of oxygen, 
both central and edge, even though oxygen is not the 
dominant impurity. Other tokamaks have documented the 
importance of oxygen reduction [12], although the mecha- 
nism is not well understood. As shown in Figs. 1-3, the 
central oxygen concentrations in DIII-D are significantly 
less than those of carbon; quantitative measurements of 
edge oxygen and carbon were not done for these dis- 
charges. TFTR has reported the most substantial reduction 
in carbon, not oxygen [13]. 

Lithium conditioning was used for the highest perfor- 
mance DIII-D discharges. We note however that the corre- 
lation between this conditioning and high performance is 
somewhat circumstantial, since no dedicated experiment 
was performed to evaluate the effect of the lithium. The 
effect of the lithium conditioning is most noticeable for the 
highest current, highest performance discharges. Clearly 
oxygen was reduced after introduction of lithium. Further- 
more, the last sequence of high current discharges did not 
disrupt or have locked modes and the time for inter-shot 
helium glow was reduced, which was not possible during 
previous campaigns to achieve high performance dis- 
charges. However discharges with performance nearly as 
high as those with lithium conditioning were produced 
earlier in this campaign. 

Although not shown here, reference VH-mode dis- 
charges at lower current, stored energy and neutron fluxes 
did not see appreciable changes in oxygen concentration 
after lithium conditioning. This may explain why other 
devices without as much auxiliary heating power and 
generally lower heat fluxes to the wall have observed little 
or no benefit from lithium conditioning [5-7]. 

Based on the floor coupons, lithium appears to be 
deposited in a broad region of the scrape off layer. Lithium 
also is observed to a surprising depth, even in regions 
exposed to high heat flux. Calculations of nuclear stopping 
distance indicate that lithium should not penetrate further 
than 100 ,~ [14], although lithium was measured to depths 
of 2 × 10 -s A (20 ~m). In this experiment, we cannot rule 
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out baking as a possible mechanism to distribute and 
deposit the lithium, since DIII-D was subjected to a high 
temperature bake before the coupons were removed. 

We can also estimate the uniformity of deposition by 
comparing the total amount of lithium injected to the areal 
density measured by the coupons. We estimate that 2.4 × 
10 22 Li atoms have been deposited in DIII-D by the pellet 
injector and the average areal density measured by the 
coupons is 450 Li a toms/nm 2. If Li concentrations are 
homogenous on the 70 m 2 of graphite surface, then the 
NRA analysis estimates a total of 3.2 × 1022 lithium atoms 
in DIII-D. These numbers are within the uncertainties in 
the measurements, and thus we conclude that lithium has 
been more or less uniformly deposited within DIII-D. 

The time scale for the lithium to become uniformly 
deposited can only be roughly estimated. Data from Fig. 1, 
where lithium was not injected on every consecutive dis- 
charge, implies that the reduction in oxygen extends over 
several discharges. However, as shown in Fig. 4, lithium 
deposited in the divertor region is rapidly eroded on the 
time scale of a single shot. Since lithium is eventually 
deeply deposited in the graphite, its effect in reducing 
oxygen may be limited by lithium diffusion into the 
graphite, The transitory effect of lithium conditioning has 
also been observed on TFTR, where highest performance 
supershots require up to two preparatory discharges for 
lithium pellet injection [13] and lithium pellet injection is 
routinely used. 

Although lithium pellet injection produced lower recy- 
cling in TFI'R, no such reduction has been observed in 
DIII-D. There are several possible reasons for this. First 
peak heat flux to the graphite tiles is considerably lower in 
DIII-D diverted discharges than in TFTR inner wall lim- 
ited discharges, so thermal desorption due to tile surface 
heating is less in DIII-D. Furthermore, helium glow condi- 
tioning is done before every DIII-D tokamak discharge to 
maintain recycling at a low level [10] and thus reductions 
in recycling with lithium conditioning might not be as 
pronounced in DIII-D. Finally, DIII-D lithium condition- 
ing has been primarily done at the end of discharges, 
where the effect on recycling is expected to be less than if 
pellets are injected during the current ramp-up phase as 
done in TFTR. Furthermore, the quantity of lithium in- 
jected per discharge in DIII-D is significantly less; there 
has been no attempt yet to optimize DIII-D lithium condi- 
tioning. 

In conclusion, lithium conditioning has been imple- 
mented in DIII-D and was used during a campaign to 
evaluate high performance NCS discharges. Lithium condi- 
tioning seems to be most effective in reducing oxygen and 

in locked mode avoidance for high current ( >  2.2 MA) 
discharges. The lithium appears to be uniformly dis- 
tributed, although the time scale (i.e. the number of dis- 
charges) to accomplish this is still not determined. How- 
ever, lithium is rapidly eroded (on the time scale of one 
discharge) in the divertor region. Future work will focus 
on optimizing lithium deposition, finding the operating 
space over which lithium conditioning is effective, and 
using lithium pellets during the current rampup phase to 
reduce recycling. 
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