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a b s t r a c t

Lithium evaporated onto plasma facing components in the NSTX lower divertor has made dramatic
improvements in discharge performance. As lithium accumulated, plasmas previously exhibiting robust
Type 1 ELMs gradually transformed into discharges with intermittent ELMs and finally into continuously
evolving ELM-free discharges. During this sequence, other discharge parameters changed in a compli-
cated manner. As the ELMs disappeared, energy confinement improved and remarkable changes in edge
and scrape-off layer plasma properties were observed. These results demonstrate that active modification
of plasma surface interactions can preempt large ELMs.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

During H-modes, large edge pressure and current gradients in
toroidal fusion devices are thought to drive transient instabilities
known as edge localized modes (ELMs) [1]. Numerical simulations
have identified peeling and/or ballooning modes as candidate
instabilities generating filamentary structures that burst outward
across flux surfaces during periodic non-linear growth phases
[2,3]. Because ELMs carry a substantial transient heat and particle
load into the scrape-off layer (SOL), they will present serious
power-handling problems to future fusion devices. For example,
the allowable energy loss per ELM in the international thermonu-
clear experimental reactor was recently revised downward to 0.3%
of the plasma stored energy [4].

Hence, active mitigation and suppression of ELMs has been an
important international research thrust [5,6]. In the National
Spherical Torus Experiment (NSTX), a wide range of ELMs has been
observed [7,8]. In particular, ordinary Type I ELMs with individual
stored energy reductions of 5–15% are common, as are smaller
Type V ELMs [9,10]. This work describes the use of lithium condi-
tioning in which both Types I and V ELMs disappeared, resulting in
quiescent ELM-free discharges. Similar ELM disappearance was ob-
served in recent NSTX experiments [11]. Here, however, ELM dis-

appearance was studied in more detail and with more
diagnostics. Our more general observation of confinement
improvement with lithium has also been reported in other devices
[12–15], whereas the use of lithium as a PFC material has also been
discussed elsewhere [16,17].

2. Experimental method

Experiments to assess the effects of lithium coatings on ELMs
were carried out using an improved generation of the NSTX LITh-
ium EvaporatoR (LITER) and employing new operating procedures
[18]. Using recently installed shutters to block Li vapor from the LI-
TER ovens, evaporation into the lower NSTX divertor was sup-
pressed selectively during �1 s high-power discharges and the
�6.5 min He glow conditioning that followed each discharge.
Evaporation proceeded, however, for �10 min immediately before
each high-power discharge. Further, to improve deposition unifor-
mity, LITER was expanded from a single to a dual evaporator sys-
tem [11]. These new conditioning techniques differed from
previous single-oven LITER operation when deposition proceeded
continuously, including during both high-power discharges and
He conditioning [18]. Using both evaporators, deposition rates as
high as 85 mg/min were accomplished.

Initial externally controlled machine parameters in this study
were chosen to produce high-recycling, neutral-beam-injection
(NBI) heated plasmas with reproducible Type 1 ELMs. These
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experiments were begun after several months of NSTX operation
without lithium. Hence, the no-lithium reference discharges taken
at the start of these experiments were representative of recycling
from the existing boron-treated graphite plasma facing compo-
nents (PFCs) [19,20].

From previous NSTX experience, ELM disappearance was antic-
ipated shortly after lithium deposition began. The purpose of this
work, therefore, was to observe phenomenology of ELM disappear-
ance caused by wall conditioning by introducing lithium slowly
into a few discharges held at fixed external parameters.

3. Results

The experiments have documented dramatic decreases in ELM
activity with concomitant increases in plasma energy confinement
when the NSTX lower divertor PFCs were gradually conditioned
over �25 discharges from lithium-free graphite surfaces to graph-
ite with a thin coating of lithium. This work can be separated into
two phases: (a) zero-to-low initial evaporation rates and (b) higher
evaporation rates with higher Li accumulation.

3.1. Zero-to-low initial evaporation rates

Shown in Fig. 1 are traces of the Da radiation emitted from the
lower divertor and the plasma stored energy. The data displayed
are for a reproducible reference discharge (129019) taken just be-
fore lithium deposition began as well as for two of the first five dis-
charges following the start of lithium evaporation (129021 and
129025). Deposition at 8 mg/min from each LITER oven (total:
16 mg/min) began immediately after reference discharge 129020.
As seen in Fig. 1, longer discharge durations, resulting from a de-
crease in inductive flux consumption was an immediate conse-
quence of lithium deposition. Further, an increase in plasma
energy confinement was also observed in the first few discharges
after the start of lithium conditioning and was accompanied by a
modest (�4%) decrease in line-average density.

As indicated by Fig. 1 Da signals, pronounced changes in ELM
frequency or amplitude were not readily apparent during the first
two or three post-conditioning discharges. By the fifth discharge

following the start of lithium (129025), however, a clear change
in behavior was observed when ELM-free periods appeared inter-
mittently for extended periods of time. It should be noted that
an obvious reason for the variability of the duration of these quies-
cent phases is not evident, i.e., there is no transport or MHD pre-
cursor just before the onset of the ELMs that terminate the quies-
cent phases. An immediate increase in energy confinement when
the ELMs disappeared is also evident. Starting when ELM activity
is clearly absent (t � 300 ms) plasma stored energy in 129025 be-
gan a pronounced rise that was interrupted shortly before the arri-
val of a large ELM followed by a compound ELM (t � 430 ms)
which reduced energy confinement. After these events, another
ELM-free period began and stored energy began another pro-
nounced rise which continued until ELMs began again at
t � 550 ms. These events are highlighted by arrows in Fig. 1.

The impact of lithium conditioning on ELMs is documented in
more detail in Fig. 2. Displayed are Da signals from t = 200–
400 ms for a no-lithium reference shot (129019) and for the first
five discharges after evaporation began (129021-25). The ELMs
can be seen to change slowly over the course of the first few dis-
charges after evaporation began. On the fifth discharge, however,
an extended period of quiescent behavior was apparent (also dis-
played in Fig. 1).

3.2. Higher evaporation rates with higher accumulated lithium

As the experiment progressed, changes in external machine
parameters had to be made owing to the pronounced improve-
ments in plasma performance that took place as previously depos-
ited lithium accumulated on the PFCs and as ‘new’ lithium was
deposited at higher rates. In particular, because plasma energy
confinement was generally increasing as lithium accumulated at
fixed beam power (4 MW), a beta limit (bN � 5.5) was typically
reached early in the discharge and degraded subsequent plasma
performance. Further, because plasma line-average density at fixed
fuelling rate (49 torr-l/s) was generally decreasing as lithium accu-
mulated, locking of rotating modes was also observed and also de-
graded plasma performance. Hence, to ameliorate both of these
effects simultaneously, NBI power was reduced (to 2 MW) and
fuelling was increased (to 58 torr-l/s). As a result, an ELM-free H-
mode with improved energy confinement was observed. This is
displayed in Fig. 3 where plasma parameters are shown for a no-

Fig. 1. The Da (curves a–c) and stored energy traces (curve d) of a no-lithium
(129019) as well as the first (129021) and fifth (129025) discharges after lithium
evaporation began. ELMs clearly changed during 129025; two ELM-free periods
were accompanied by transient increases in energy confinement as indicated by
arrows. All Da data are displayed on identical arbitrary scales.

Fig. 2. ELM activity displayed in detail for a no-lithium discharge and for the first
five discharges after starting lithium evaporation at a constant 16 mg/min. The total
amount of lithium accumulated changed uniformly from 0 to �800 mg by just
before the fifth discharge. All Da data are displayed on identical arbitrary scales.
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lithium reference discharge as well as for a discharge with higher
fuelling but much lower NBI power (129038). This discharge oc-
curred well after the lithium campaign began and, therefore, re-
ceived the benefit of a lithium accumulation of 5734 mg of which
767 mg were deposited in the �10 min preceding this discharge
owing to an increased lithium evaporation rate of 70 mg/min. It
is noteworthy that 129038 achieved the same stored energy as
the reference discharge but required only half the NBI power. Spe-
cifically, the energy confinement time relative to the ITER-97L H-
mode global scaling increased from about 1.7 to 2.7, i.e., by 60%.
This large improvement in energy confinement bears a similarity
to the VH-mode in DIII-D [21]; in NSTX discharges, however, a sec-
ular increase in radiated power fraction is observed for the longest
ELM-free lithium-enhanced discharges, which was absent in the
DIII-D VH-mode data.

Also shown in Fig. 3 is the behavior of another discharge
(129041) during which NBI power was raised to 3 MW at
t = 450 ms. This discharge was also ELM-free and remained so even
after the increase in NBI heating. An increase in stored energy
without any apparent density change was observed during this en-
hanced heating phase which ended when a global beta limit was
reached at �520 ms. This discharge received the benefit of
8348 mg of accumulated lithium of which 970 mg was deposited
in the �14 preceding minutes at a rate of 70 mg/min.

Shown in Fig. 4 is a comparison of ne, Te, Ti, and Vu profiles from
a no-lithium reference discharge and shot 129041 (displayed in
Fig. 3). The data are displayed for a time just before the beta limit
was reached in 129041 and show pronounced effects of lithium
conditioning. Relative to ELM-timing in 129019, the ne and Te are
just before the onset of a large Type I ELM (from Thomson scatter-
ing), whereas the Ti and Vu are from slightly earlier in the discharge
because of the 10 ms averaging window of the charge exchange

recombination diagnostic. Aside from obvious increases in both
Ti(0) and Te(0), it is clear that extremely large increases occurred
at the plasma edge so that edge-pedestal-like features (�600 eV)
are apparent in both Ti and Te. Electron density can also be seen
to decrease on either side of the pedestal while the pedestal den-
sity at R � 1.35–1.37 m was unchanged. A pedestal-like feature
can also be seen to appear on the edge toroidal rotation while
the core rotation dropped. This rotation behavior is not presently
understood, but may be related to changes in the radial electric
field.

The strong edge modification shown in Fig. 4 was also observed
in the plasma SOL. Displayed in Fig. 5 are two edge density profiles
measured with an X-mode reflectometer in 129024 during ELM
activity and in 129041 with no ELMs [22]. Distinct changes in
shape and magnitude of the SOL density indicate strong pumping
due to evaporated lithium.

Fig. 3. Plasma parameters of a no-lithium (129019) and two ELM-free discharges
(129038 and 129041) that benefitted from both a large lithium accumulation and a
high evaporation rate. All Da data (curves a–c) from these discharges are displayed
on identical arbitrary scales. Line-average densities as well as NBI powers are
displayed in curve d while the plasma stored energies are shown in curve e.
Discharge 129041 was deliberately driven to a beta limit by increasing the NBI
power at t = 450 ms.

Fig. 4. Kinetic profiles (ne, Te, Ti, and Vu) of an ELMing no-lithium (129019) and an
ELM-free discharge (129041, see Fig. 3). Some data are displayed at slightly
different times owing to differences of individual diagnostic data collection rates.

Fig. 5. Measured SOL density profiles for an ELMing discharge with a small lithium
accumulation (129024) and for the ELM-free discharge (129041) discussed in Figs. 3
and 4 with much higher lithium accumulation.
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4. Discussion and conclusions

An ELM-free H-mode with improved confinement characteris-
tics was observed, due to lithium coating of the graphite divertor
tiles in NSTX. The transition from ELMy to ELM-free H-mode in-
volved neither a gradual increase in ELM period nor a gradual
reduction in ELM amplitude. Instead, ELMs in this study disap-
peared in a series of abrupt intermittent omissions in their
growth (highlighted by asterisks Fig. 2). This was particularly
clear in 129025 (bottom Fig. 2). The nine ELMs preceding the
quiescent period did not exhibit significantly different periods
from the nine ELMs seen in the no-lithium discharge at the same
time (top panel), nor was the period of these particular nine
ELMs (shot 129025) increasing just before the quiescent period.
Further, no evidence of decreasing ELM amplitude exists any-
where in the data. Hence, the most obvious manner in which
ELMs can be replaced by quiescent behavior (e.g., by decreased
ELM amplitude, by decreased ELM frequency, or by a combina-
tion of both) was not at work in the ELM-free H-mode enabled
by lithium conditioning. This simple observation should be incor-
porated into any theory describing ELMS modification by PFC
conditioning [23,24].

Immediate increases in stored energy during ELM-free periods
are obvious in Figs. 1 and 3. Further, in all cases, the absence of
ELMs, whether transient or lasting for the entire discharge dura-
tion, was accompanied by pronounced increases in energy confine-
ment. This observation, when considered together with the
profound changes in edge and SOL parameters (Figs. 4 and 5)
caused by a thin layer of lithium, indicate that lithium conditioning
of divertor PFCs can be a powerful tool to achieve ELM-free dis-
charges with improved plasma performance. Although these dis-
charges are transient in nature, techniques to trigger small ELMs
to create quasi-steady discharges are presently being developed.
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