








                          O-28
ELM Suppression by Li Deposition on NSTX Graphite Divertor Surfaces 
D. K. Mansfield* a, H. W. Kugel a, R. Maingi b, M. G. Bell a, R. Bell a, S. Kaye a, R. Kaita a, B. LeBlanc a, D. Mueller a, S. Paul a, L. Roquemore a, P. W. Ross a, S. Sabbagh d, H. Schneider a, C. H. Skinner a, V. Soukhanovskii e, J. Timberlake a, L. Zakharov a
a Princeton Plasma Physics Laboratory, Princeton, NJ 08543

b Oak Ridge National Laboratory, Oak Ridge, TN 37831

c University of California at San Diego,  La Jolla, CA 92093

d Columbia University, New York, NY 10027

e Lawrence Livermore National Laboratory, Livermore, CA 94551
Lithium evaporated onto plasma facing components in the NSTX lower divertor has made dramatic improvements in discharge performance. As lithium accumulated, discharges previously exhibiting robust Type-1 ELMs gradually transformed into discharges with intermittent ELMs and finally into ELM-free discharges. During this sequence, other discharge parameters changed in a complicated manner. As the ELMs disappeared, energy confinement improved and remarkable changes in edge and SOL plasma parameters were observed. These results indicate that active modification of plasma surface interaction can preempt large ELMs. 
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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 fraction of particles (and perhaps energy) lost across the separatrix and near the scrape-off layer (SOL) they will present serious power handling problems to future fusion devices. For example, the allowable energy loss per ELM was recently revised downward to 0.3% of the plasma stored energy in the International Thermonuclear Experimental Reactor (ITER) [4].


Hence suppressing ELMs has been an important 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 conditioning to eliminate both Type I and Type V ELMs. Similar ELMs suppression was observed in recent NSTX experiments [11]. Here, however, ELMs elimination was studied in more detail and with optimized diagnostics.

2. Experimental

Experiments to assess the effects of lithium coatings on ELMs were carried out on NSTX using an improved generation of the LITER evaporator and employing new operating tactics [12]. Using recently-installed shutters to temporarily suppress Li vapor from the LITER ovens, evaporation onto the lower NSTX divertor was accomplished selectively for  10 minutes immediately before individual high power discharges but suppressed during the preceding  6.5 min He glow conditioning that followed each high powder discharge. Deposition was also suppressed during each  1sec high power discharge. Further, to improve deposition uniformity, LITER was expanded from a single to a dual evaporator system [13]. Using both evaporators, deposition rates as high as 85 mg/min were accomplished. These new suppression tactics can be compared to previous single-oven LITER operation when typically deposition was accomplished continuously including during both He conditioning and high power discharges [* ].

Initial externally-controlled discharge parameters in this study were chosen to produce high-recycling, neutral-beam-injection (NBI) heated discharges with reliable ELM activity. These experiments were begun after several months of NSTX operation without lithium. Hence recycling from plasma facing components (PFCs) at the time of these experiments was representative of nude graphite.

From previous NSTX experience, ELM abatement was anticipated shortly after lithium deposition began. The purpose of this work, therefore, was to introduce lithium slowly into a few discharges held at fixed external parameters to observe phenomenology of ELM suppression by wall conditioning.
3. Results

The experiments have documented dramatic decreases in ELMs activity with concomitant increases in plasma energy confinement when the NSTX lower divertor PFCs were gradually changed over 25 discharges from nude graphite surfaces to graphite with a thin coating ( thickness ) of lithium. 

The experiment can be separated into two phases: (a) zero-to-low initial evaporation rates and (b) higher evaporation rates with higher Li accumulation.


a. Zero-to-Low Initial Evaporation Rates


Shown in Fig (1) are plasma parameters for a reproducible reference discharge (129019) taken just before lithium deposition began. Deposition at 8 mg/min from each LITER oven (total: 16 mg/min) began immediately after reference discharge 129020. Also shown in Fig 1 are summaries of two of the first five discharges following the start lithium evaporation. A decrease in Ohmic flux consumption resulting in longer discharge duration was an immediate consequence of lithium deposition. A decrease in line-integral density and an increase in plasma energy confinement were also clearly seen in the first few discharges after the start of lithium conditioning. 

Also shown in Fig 1, as indicated by D radiation emitted from the lower divertor, pronounced changes in ELM frequency or amplitude were not readily apparent during the first two or three post-conditioning discharges. However, by the fifth discharge following the start of lithium conditioning (129025), a clear change in behavior was observed when ELM amplitude dropped intermittently to zero for extended periods of time. 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 began a pronounced rise that was interrupted shortly before the arrival of a large ELM followed by a compound ELM (t  430 ms) which reduced energy confinement. After these events, stored energy began another pronounced rise which continued until ELMs began again at t  550 ms. These events are highlighted by arrows in Fig 1.

ELMs reaction to the beginning of lithium conditioning is also documented in Fig 2 in which are shown D signals from t = 200 ms to 400 ms for a no-lithium reference shot as well as for the first five discharges after evaporation began. The ELMs can be seen to change slowly over the course of the first five discharges after evaporation began. On the fifth discharge, however an extended period of ELM-free behavior was apparent (this is also displayed in Fig 1). 

b. Higher Evaporation Rates with Higher Accumulation 

As the experiment progressed, changes in external discharge parameters had to be made owing to the pronounced improvements in plasma performance that took place as previously deposited lithium accumulated on the PFCs and as “new” lithium was deposited at increasingly higher rates. In particular, because plasma energy confinement was generally increasing as lithium accumulated at fixed beam power (4 MW), a beta limit ( = ##) was typically reached early in the discharge and degraded subsequent plasma performance. Further, because plasma line-integrated density at fixed fuelling rate (NUMBER TL/sec) was generally decreasing as lithium accumulated, locking of rotating modes was also observed and also degraded plasma performance. Hence, to ameliorate both of these effects simultaneously, NBI power was reduced (from 4 to 2 MW) and fuelling was increased (from # to ## TL/s). As a result, a new regime of plasma performance characterized by completely ELM-free behavior and concomitantly improved energy confinement was observed. This is displayed in Fig 3 in which are shown plasma parameters for a no-lithium reference discharge as well as for a discharge with a higher fuelling but much lower NBI power (shot 129038). This discharge was occurred well after the lithium campaign began and therefore received the benefit of a lithium accumulation of 5734 mg of which 767 mg were deposited in the  10 minutes preceding this discharge owing to an increased lithium evaporation rate of 70 mg/min at work during that phase of the experiment. It is noteworthy that this discharge (129038) achieved the same stored energy as the reference discharge but required only half the NBI power. 

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 enhanced 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 kinetic profiles from a no-lithium reference discharge and shot 129041 shown in Fig.3. The data are displayed for a time just before the beta limit was reached in 129041 and shows pronounced effects of lithium conditioning. 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 is also seen to decrease on either side of the pedestal while the pedestal density is unchanged.  A pedestal-like feature also appears on the edge toroidal rotation while the core rotation actually drops. This rotation behavior is not presently understood.

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 [ ]. Clear changes in shape and magnitude of the SOL density suggest strong pumping due to evaporated lithium was at work.
4. Discussion and Conclusions

The observed ELMs mitigation phenomenology involved neither a gradual increase in ELM period nor a gradual reduction in ELM amplitude. Instead, ELMs in this study were suppressed 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 anywhere in the data. Hence, the most obvious manners in which ELMs can be replaced by quiescent behavior (i.e.: by decreased ELM amplitude, by decreased ELM frequency or by a combination of both) was not at work in the ELMs mitigation caused by lithium conditioning. This simple observation should be incorporated into any theory describing ELMS mitigation by PFC conditioning.


Immediate increases in stored energy during ELM-free periods are obvious in Figs 1 and 3. Further, in all cases in the data, the absence of ELMs, whether transient or lasting for the entire discharge duration, was accompanied by pronounced increases in energy confinement. 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 for both the elimination of ELMs as well as for improvement of plasma performance.
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Figure Captions:
 Fig 1:
 Plasma parameters 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 indicated by arrows. 
Fig 2: ELM activity displayed for a no-lithium discharge and for the first five discharges after starting lithium evaporation at a constant 16 mg/min.
Fig 3: Plasma parameters of a no-lithium (129019) and two ELM-free discharges that benefitted from both a large lithium accumulation and a high evaporation rate.
Fig 4: Kinetic profiles 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 a no-lithium ELMing (1290##) and for a lithium-treated ELM-free discharge (1290%%).    
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