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1.0 Introduction and Background

Low-z impurities are injected into magnetic fusion devices to improve plasma performance, e.g. wall
conditioning', control of edge-localized modes (ELMs)?, and enhancement of power and particle exhaust.
In this topic, we propose to continue experiments that inject a range of impurities for wall conditioning,
plasma-material interactions, and plasma performance enhancement studies. The use of low-z impurities to
improve performance is discussed in this sub-section, while technical details of the actuators: the impurity
powder dropper (IPD)?, the impurity granule injector (IGI)* 3, and flowing liquid lithium limiters (FLiLi)®,
are discussed in the Methods sub-section.

Wall conditioning and performance enhancement, ELM suppression

One of the first demonstrations of the benefits of low-z coatings was the use of gaseous boronization
applied before a campaign to enable access to quiescent, very high confinement, or VH-mode discharges’.
Well-established, gaseous boronization nevertheless entails handling hazardous gases (e.g. B2Ds), which
usually require interruption of experimental operation and evacuation of the facility. More recently pre-
conditioning of the walls with inter-discharge Li evaporation allowed systematic recycling reduction and
confinement improvement® °, and elimination of ELMs'* !''. However gaseous and evaporative impurity
choices are limited; injection of solid materials opens up a range of usable materials. Moreover, inter-
discharge conditioning procedures are inapplicable to long-pulse devices, where coatings are expected to
erode significantly during a single discharge. Thus, we highlight examples of solid low-z real-time material
injection for discharge improvement, starting with Li as the lowest Z impurity.

Li powder injection directly into H-mode discharges in NSTX'2, EAST'3, and DIII-D'* reduced the ELM
frequency and improved edge stability. Fig. 1 compares a sequence of ~ 25 sec long discharges in EAST
with Li injection (red) and without (black)'®. The baseline divertor D, emission, indicative of the overall
recycling flux, was reduced by more than
50%. ELMSs, which can be observed as the
small ‘spikes’ in the D, emission, were
completely eliminated during the periods of
Li injection, and reappeared when Li
injection was terminated, e.g. #41075.
These early promising studies were
conducted on graphite PFCs in all three
devices, and in EAST, had relatively poor
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Fig. 1: D, emission from a sequence of discharges with
Li powder injection (red) and without (black). Li powder

injection resulted in ELM suppression. [13]
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Due to concerns of Li chemical reactivity and hydrogenic species retention in a reactor, most fusion
devices choose to condition walls with boron instead. Experiments carried out in the DIII-D tokamak
explored the possibility of generating boron coatings in “real-time”, by injection of B and B enriched
powders during tokamak operation. Boron injection into DIII-D H-mode plasmas (graphite PFCs)
correlated with reduction of recycling and impurity concentrations during the initial plasma current ramp
(Fig. 2)'5. Despite higher fueling from the gas feedback system, the electron density was markedly lower

in the discharges following B conditioning. These types
@ of studies need to be extended to long pulse devices,

| Electron density (10 2 m'S)

6 i 1 and also those with high-Z PFCs, to determine if real-
i time injection could maintain good wall conditions for
at the duration of the pulse.

To uncover the governing physics, it is necessary to
investigate powder ablation in the boundary plasma, the
impurity transport in the scrape-off layer (SOL) and
divertor, and the plasma-surface interactions and
plasma chemistry of film generation on the PFCs.
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Regarding ablation, investigation of the circumstances
under which powder experiences neutral gas shielding
(NGS), typically above a critical individual particulate
diameter, could become important, since NGS reduces
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, ablation rates and amplifies penetration depth'¢.

Power exhaust enhancement

Power exhaust with acceptable heat flux to PFCs
remains a strong concern for future reactors. Solid W
PFCs have an accepted steady heat flux limit of 5-10
MW/m?, depending on the neutron damage, and the size
and frequency of ELM transients on top of the steady
heat flux. Nearly all reactor designs with solid PFCs
require radiated power from the divertor and edge
regions to reduce the plasma heat flux directly on the divertor. The problem is exacerbated by the
experimentally-identified narrowing of the heat flux footprint with increasing midplane poloidal magnetic
field'”", projecting a ~ Imm upstream SOL width in reactors, requiring even higher levels of dissipation
to reduce peak heat fluxes to acceptable levels.

The preferred method to radiate away plasma power is addition of noble gases, e¢.g. Ne in present day
devices, and Ar and Kr in future devices. However low-z gases such as N, seem to offer an additional
benefit of confinement enhancement in metal-walled devices like AUG and JET?°, whereas Ne does not.
N> injection may be problematic in future devices, however, due to the formation of tritiated volatile
ammonia, which can be difficult to reprocess in the tritium plant. Thus there is interest in using other low-
z impurities to augment divertor radiation.

Present day divertors typically operate with a temperature below 20 eV, in either the high recycling or
partially detached state. With the use of recently developed solid impurity injection techniques, it is
conceivable to use solid material injection for power exhaust. A calculation of the predicted cooling rate
rates for several low-Z elements was done with a radiative-coronal model including finite impurity lifetime.
For typical divertor conditions with T. <20 eV, B is predicted to be the best radiator; compounds such as
BN can also be evaluated".
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Fig. 2: (a) Discharge ramp-up electron

density before (blue, orange) and after

(yellow, purple, green) B conditioning,

showing lower density due to reduced wall
fualing 141

ELM mitigation via ELM pacing with impurity pellets

While ELM elimination is the preferred control method to completely obviate the periodic transient heat
flux, the ability to run fully ELM suppressed cases with acceptable energy confinement and impurity control
remains uncertain and therefor unproven for future devices. A backup ELM control method is ELM pacing



at rates much faster than the natural ELM frequency, while counting on a reduction of the ELM amplitude
and peak heat flux with increasing driven ELM frequency. This can be done with frozen deuterium fuel
pellets, or with impurity pellets. Deuterium pellets have the drawback of adding fuel and recycling while
triggering ELMs, while impurity pellets face the prospect of generating dust; both options should be
pursued in parallel. The focus of this proposal is on the use of impurity pellets, discussed below.

ELM triggering and pacing with a lithium granule injector (LGI) was first demonstrated on EAST?.
ELMs were paced, but at close to the natural ELM frequency, due to the technical limits on granule injection
rate (~ 50 Hz) of this first LGI design. While this was a critical proof-of-principle for ELM pacing via
impurity injection, there was no expected or observed reduction of peak heat flux in this study.

An LGI capable of injecting granules
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‘ o ipapud deployed on DIII-D, which can also
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800 800 ISR operate with a natural ELM frequency of
600 600 10-20 Hz under certain conditions. Fig. 3

shows that the natural ELM frequency
was multiplied by factors of about 5-6,
with a corresponding drop of peak heat
flux on the outboard side (panel (b)), but
% 50 100 150 e 50 100 150 a slower drop at the inner divertor?®.
/At (HZ] 1/t (HZ) While this first result appeared
promising, further experiments on DIII-D
showed that the ELM size and peak heat
flux could not be uniformly reduced in the
ITER baseline scenario®. In that case the
small ELMs augmented large ELMs, but
the large ELM frequency dropped, and the amplitude went up as collisionality was decreased. Moreover
ITER needs® a frequency enhancement and peak heat flux reduction between 20 and 50. Thus more
research is needed to assess the applicability of this technique for ITER and other future devices.

To project to future devices, it is important to characterize and model the pellet ablation physics, to
determine whether the pellets deposit sufficient particles in the steep gradient region. 3D MHD modeling
has indicated a critical density and pressure perturbation to trigger a 3D ballooning mode?*; a model
benchmarked with DIII-D data for deuterium pellets was used to project the critical deuterium pellet size
and speed for ELM triggering in ITER*. Such a projection needs to be done for impurity pellets: the Z-
dependence of the ablation physics and penetration depth needs benchmarking, as does understanding when
neutral gas shielding allows deep penetration for impurity pellets, as it does for deuterium pellets. The first
step, i.e. impurity pellet physics, was initiated with penetration depth measurements and modeling of the
DIII-D ELM triggering with LGI?, using a neutral gas shielding model for impurities with a single free
parameter?’. The same model was applied to assess Be pellet ablation and penetration depth for ITER?,
The next step is to quantify the size and speed of the necessary Be pellet for ELM triggering in ITER with
edge stability calculations. Also, projection for reactors remains an outstanding issue.
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Fig. 3: peak heat flux as a function of inverse time
between triggered ELMs at the inner strike point
(ISP) and outer strike point (OSP) in DIII-D. [21]

Flowing liquid metal PFCs

Liquid metal PFCs are being considered as an alternative to solid PFCs for reactors, due to the extreme
conditions of simultaneous plasma-material interaction from particle and heat flux, and neutron
bombardment. The liquid metal PFCs separate the PMI, which occurs in the near surface layer of the liquid,
from the neutron flux, which must be handled by the substrate material. There are a number of fusion
devices that have done research with liquid metal PFCs, including T-3, CDX-U, T-11M, FTU, NSTX, LTX,
HT7 and EAST. Most of the R&D has been done with liquid Li, which improves energy confinement; a
few studies with liquid Sn have also been initiated. Here we give examples of two recent studies using
flowing liquid lithium limiters: in HT-7 and EAST.



Two flowing Li limiters were tested in the HT-7 device (Fig. 4)*: a gravitationally driven flowing liquid
lithium (FLiLi) limiter Trench
(left panel), and a plate
with limit metal infused
trenches (LIMIT) that
uses TEMHD driven
flow*°. Both limiters were
compatible with robust
ohmic plasma operation; a
marked reduction in
D, light emission was &
observed, indicating
reduced recycling flux.

A new version of the
FLiLi device was built for
EAST. This first
generation FLiLi limiter
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Fig. 4: Two flowing liquid metal limiters tested in the HT-7 device: a
gravity driven flowing liquid lithium (FLiLi) limiter (left panel), and a plate
with limit metal infused trenches (LIMIT) that uses TEMHD driven flow.
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Fig. 5: Comparison of two ohmic discharges with a into the FLiLi limiter via a transfer box, and the
flowing liquid lithium limiter inserted at the EAST limiter assembly was inserted into EAST on
midplane, with (red) and without (black) Li flow. [6] the Material And Plasma Evaluation System

(MAPES) apparatus. To summarize the first
results®: the FLiLi limiter was compatible with ohmic plasmas (Fig. 5), and also RF-heated H-modes, even
when placed within 1 cm of the separatrix, with modest improvements in plasma performance. During times
of strong PMI, intense green light emission from the plasma indicative of singly charged Li ions was
observed, qualitatively similar to plasma emission during Li powder injection. Inspection of the limiter after
exposure revealed marked damage on the right side (ion drift side), due to PMI. In particular localized
regions where the stainless steel coating had been removed and Li interacted with the underlying copper
were evident. In addition the distributor developed a large crack that connected the small hole, preventing
uniform flow along the surface. Two upgraded versions of the FLiLi device were tested during the previous
project period, as described in the next section.



The LiMIT concept®®, developed at the UI-UC, uses TEMHD to flow liquid lithium?!- 32, This uses the

same principle as thermocouples, where two dissimilar metals produce a thermo-electric voltage via the
Seebeck Effect. Li has one of the largest Seebeck coefficients®* ** with respect to stainless steel, W and Mo.
LiMIT uses a series of solid metal trenches filled with liquid lithium in a tile design (Fig. 6). As a heat flux
source is incident on the surface of the trenches, for example a divertor heat stripe or at the first wall the
SOL plasma, the lithium and trenches heat up and produce a voltage. The bottom of the trenches is attached
to a bulk heat sink that has cooling lines running through it which will cool the bottom of the trenches. A
different voltage will be generated. o ————
Thus, with a temperature gradient in a Wt —> \
conducting liquid, a current is formed
and returns in the solid trenches. The
trenches are situated perpendicular to
the toroidal magnetic field then a JxB
force is established and flows the liquid
metal. This is the base of the TEMHD
pump that can flow the lithium with no
moving parts®.

The LiMIT concept has been
experimentally verified in laboratory
experiments. LIMIT was tested in Ul-
UC’s high heat flux device, SLiDE™®,
and demonstrated the flowing metal
using an electron beam as the heat flux
source. It was also tested in HT-7

demonstrating its ability to operate Figure 6: 3-D and sectional schematics of Liquid Metal Infused
within a larger fusion device®. Its Trenches (LiMIT) explaining how the temperature gradient
ability to operate in high heat fluxes produces a thermo-current which in-turn creates flow due to a J x
was also shown at MAGNUM-PSI”". B force. Upper right shows current density and specific force

In DeVEX as part of the TELS project cajculations for typical operating conditions. [30-32]
LiMIT was shown to be able to operate

at different angles, not just horizontally*® and high energy pulsed plasmas showed that with the right trench
design the high surface tension of lithium will ensure that there is no material ejection from the exposed
flowing surface™®.
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1.2 Results

Wall conditioning and performance enhancement, ELM suppression, and power exhaust enhancement

EAST: Lithium powder was injected via a conventional powder dropper based on a design originally
used in NSTX'2 Since the first ELM suppression results in EAST that used carbon PFCs', the upper
divertor in EAST had been replaced with an ITER-style tungsten mono-block. Results from AUG with
metallic PFCs using Li pellet injection had not shown neither performance enhancement nor ELM
modification*’; this raised the possibility that Li stability and confinement benefits may occur only in
devices with low-Z PFCs. New experiments were therefore conducted with Injection of solid Li micro-
spheres using the new W upper divertor in EAST. These new experiments were successful: ELMs were
eliminated in discharges with Li powder injection using the upper tungsten divertor*!; Li powder injection
and conditioning also contributed to the achievement of record 100 s pulse lengths in EAST*. The likely
cause of the edge stability improvement that resulted in ELM stabilization is pedestal-localized turbulence
and/or recycling reduction that resulted in a density and pressure profile change, mirroring results with Li
evaporation in NSTX* and Li injection in DIII-D8,



Fig. 7 compares four discharges in EAST: three in a sequence with constant Li injection rate, followed

a few discharges later by an ELMy H-mode

reference with no Li powder*'. In addition to s
progressively easier ELM suppression in the — 70592
discharge sequence, the baseline D, was —
continuously reduced, indicating a progressive
conditioning effect, as also observed in NSTX 4/, NB blips e
with pre-discharge Li evaporation®. Note that | ) 3
the stored energy was decreased by up to 10% 5 °
in the final discharge; we hypothesize that 5
because recycling continues to be reduced even 1504
at a constant Li injection rate, a reduced Li _ ()
powder injection rate could have been used with 2R
increasing shot number, to maintain ELM s 509
suppression with the minimal effect on density 04
and stored energy.
Analysis of the recycling reduction aimed to _ °]@ N; 1@
quantify the change in divertor recycling g;-, 1 i j
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& 6107 ] Fig. 7: Upper divertor D, emission from (a)
z;_% 410"} ] reference #70597, (b) first discharge with dropper
2107} 5) ] #70591, (c) se'cond. discharge yvith dropper
- #70592, (d) third discharge with dropper #70593.
’ Also shown in panel (e) is the Li-II line emission
- 2= (f) the plasma stored energy, Wwmnp, and (g) the
% 15:10° E line density from the POINT diagnostic. [41]
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0.000 dropped the recycling coefficient by about 25% (Fig. 8)*. The
075 080 085 090 095 1.00 uncertainties in this analysis are unfortunately relatively large,

R
Fig. 8: results of SOLPS analysis of
discharges with ELM suppression by
Li powder injection. A net reduction
of the recycling coefficient by ~
25% is the best match to the data.
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due to lack of heat flux data from IR thermography; that will be
remedied in the next project period with the implementation of
a new long wavelength IR camera.



AUG and KSTAR: Whereas the use of Li injection has limited (but growing) interest in the worldwide
community, due to safety and tritium retention issues, B is a more common choice for wall conditioning. A
new IPD was designed by staff at the Princeton Plasma Physics Laboratory (PPPL) to inject a wider range
of impurity species than the original dropper, include boron compounds®. This IPD is now deployed on the
ASDEX-Upgrade, DIII-D, EAST and KSTAR devices, and one will soon be installed on LHD. The new
design is based on an original design that dropped spherical, non-sticky impurities through an aperture on
a vibrating piezoelectric disk driven at resonant frequencies; the injected impurities accelerated via gravity
into a drop tube and into the boundary plasma'2. The IPD uses piezoelectric crystals for a horizontal drive
off the edge of a surface into a drop tube, and is compatible with a wide range of impurity species and
particle sizes, including boron-based compounds®. The IPD consists of four reservoirs that can each hold a
separate material. Powders fall from the reservoirs onto troughs that, when vibrated by piezoelectric
actuators, drop the powder into a common drop tube and into the plasma (Fig. 9). The orientation and
mechanical resonant frequency of each of the four sub-systems is set to minimize incidental dropping of
powders in separate reservoirs. The dropped powders pass through an optical flow meter in order to monitor
the flow rate, and a photodiode mounted at the top points down the length of the drop tube to watch for
light emission from the plasma when powders reach the plasma periphery. An example of the calibrated
flow rate for two difference materials is shown in Fig. 9c. The powders fall a total distance of several meters,
depending on the specific implementation at each site.

Experiments carried out in the ASDEX-Upgrade (AUG) and KSTAR tokamaks, explored the utility of
real-time boron coating generation, via injection of B and B enriched powders during tokamak operation.
AUG  These results complement the DIII-D results with B
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point the conventional boronization conditioning effect
had worn off. Fig. 10 compares the time evolution of two such discharges in AUG: both had low gas puffing
for low density/collisionality, and magnetic perturbations for ELM suppression. While there were modest
differences between these identically programmed discharges, there was no evidence of a degradation of
wall conditions between them. Thus it can be concluded that the conditioning effect from one or two high
B injection rate conditioning discharges lasts for at least 4 subsequent discharges, at least 30 shot seconds,
and a cumulative 200 MJ of input energy. Finding the conditioning lifetime requires additional experiments,



the subject of future experiments. Other measured improvements due to the B conditioning at high injection
rates included reduction of O and W influx from limiters. For completeness we note that boron injection
into ELMy H-Mode KSTAR discharges was tried and showed reduced recycling, similar to DIII-D and
AUG, but also mitigation of ELMs. This ELM mitigation effect in KSTAR was even more pronounced
with BN injection, as discussed in the next paragraph.

Conceptually BN injection is of interest because of the potential effects of N to enhance radiated power,
combined with the positive effects of B for wall conditioning. BN injection into AUG increased both the
radiated power (by > 100%) and energy confinement (by 10-20%) (Fig. 11), similar to N, gas injection.
Moreover the generation of ammonia was reduced by more than 90% with solid BN injection, as compared
to gaseous N injection* *®. In comparison, the first BN injection in KSTAR H-mode discharges resulted
in substantial changes in ELM stability: 5 sec long ELM-quiescent phases were observed (graphite PFCs),
along with clear changes in edge turbulence relative to the ELMy H-mode with ~ 100 Hz ELMs!°. Fig. 12
shows that the effect in KSTAR depends on the injection rate: short bursts at high injection rate are more
effective at ELM suppression than long bursts at low rates. Note that due to time delays in the drop tube,
the injection starts about one second after the orange time markers in the figure, and lasts for at least one
sec longer than the programmed duration, obviating causality assessment via time correlation.

ELM mitigation via ELM pacing with

impurity pellets in EAST

g 2 As stated in the background section, the
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experiments have identified a size threshold of > 500 um Li granules for ELM triggering on EAST* (Fig.
13), in agreement with complementary experiments on DIII-D*!. However the natural ELM frequency of
the available discharges was ~ 200-250 Hz, i.e. well above the maximum injection capability of LGI
granules at 700 um and 900 um. Thus it was not possible to assess whether the peak heat flux was affected
with ELM triggering. It was however observed that use of 300 um at 800 Hz injection frequency increased
the overall ELM frequency to 600 Hz, despite the fact that each granule did not trigger an ELM*. Rather
the edge stability was changed via granule injection to a smaller, more rapid ELM regime, with reduced
peak heat flux. The extrapolability of such a technique, ELM frequency enhancement without 1:1 pellet-
ELM pacing, to future devices merits further investigation.

Good progress was made on granule ablation and penetration physics. The ablation rate of the injected
granule(G), in accordance with the NGS model'® **%° is proportional to the granule shielding factor n and
governed by the equation:

8m
G = o5 qsNSg where qsis the heat flux to the granule as defined by:
1 8T\ /2 .
qs = = n,T, ( e) with ne, T and m. as the electron density, temperature and mass
2 me respectively. The granule physical parameters are subsumed within the

variable &g which contains the granule radius rg, the granule density ng,

the sublimation energy of the granule AH and the granule surface temperature T and is denoted by
£, = E [ AH + ET ] Y n this model, the only unknown parameter a priori is the granule
9 35 shielding factor 1, nominally a measure of the effectiveness of the
granule at shielding the incoming flux. This was used as an adjustable
parameter. Since adjusting the granule shielding factor varies the temporal duration of an ablation event,
the NGS model was benchmarked by matching the calculated and observed ablation times. Granule
injection into EAST discharges was simulated with averaged Thomson scattering data for the edge profiles.

The granule shielding factor for lithium granule injections into DIII-D was found?® to be approximately
0.3 and this value was utilized for the first simulations of granule injection into EAST. With n = 0.3, the
calculated ablation duration of 1.3 ms was very close to the recorded granule ablation time of 1.2 ms.
However this same granule shielding factor overestimated the ablation time for small granules, thus over
estimating the penetration depth, indicating missing physics in this model.

Built upon previous work in mass injection technology development, fast imaging and coupling of
experimental data with physics-driven models®'-*°, LANL and collaborators have led and contributed to the
impurity injection studies in three directions during the previous funding cycle: a.) Experimental
characterization of pellet-plasma interactions by demonstrating a new dual-filter technique’; b.) Supplying
pellet ablation models to the BOUT++ code in order to simulate and predict impurity pellet penetration,
and c.) Introduction of hollow pellet injection concept for magnetic fusion applications®’. The three
activities are distinct and closely coupled to each other. The dual-filter imaging technique is to collect high-
resolution images of pellet ablation for modeling and understanding of the pellet transport and ablation (e.g.
Fig. 14). The model development through collaboration is for experimental data explanation and further
improvements of injection technology. The efforts in experiment and modeling culminated in the new
hollow pellet injection concept that is attractive to steady-state long-pulse plasma operations including in-
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situ wall conditioning, ELM control, power and particle exhaust control, impurity transport, etc. as
explained in other sections of the proposal.

Better understanding of injected-mass-plasma interactions requires spatially and temporally resolving
diagnostics that can characterize the in-situ dynamics of the mass interactions with plasmas. Fast imaging
can be used to characterize the ionization dynamics such as the propagation of the ionization front, which

w/ filter

Fig. 14: (Top) An
image of a lithium
granule ablation in the
EAST experiment;
(Bottom) similar
image of a lithium
granule image when
using a dual-
wavelength filter to
demonstrate resolution
of the granule from the
ablation plasma
background [57].

moves at the thermal sound or higher speed, and mixing of the neutral atoms
with the ambient plasma. Multi-wavelength spectral imaging is promising
since different parts of the plasma give away different spectral signatures. We
demonstrated a dual-spectral imaging technique based on a monochromatic
camera (Vision Research) sensor and filters with two narrow bandwidth
passing optical wavelengths. The method is shown to improve image contrast
significantly as shown in Fig. 14 for similar cases with and without the filter.
In addition to its simplicity, the techniques also compare favorably with
alternatives such as color cameras and methods using a filter wheel. Further
improvements through relative filter area ratios and plenoptic imaging were
previously described®. We also plan to extend the technique to other
wavelengths.

Flowing liquid metal PFCs in EAST

Due to its strong chemical reactivity with vacuum impurity gases,
maintaining a clean Li plasma-facing surface for hydrogen pumping requires
continuous flow for long pulse discharges, a key purpose of the flowing liquid
Li (FLiL1i) limiter program in EAST® 5%, Three generations of limiters have
now been exposed to EAST H-mode plasmas. Table 1 compares their design
characteristics, and the types of plasmas exposed to them.

Table 1: Comparison of three generations of the FLiLi limiter

Generation  Heat Sink SS thickness JxB Max. Paux Max. Qexn  Max. Wump
(mm) pumps (MW) (MW/m?) (kJ)
1 Cu+SS 0.1 1 1.9 3.5 120
2 Cu+SS 0.5 2 4.5 4 170
3 Mo (TZM) NA 2 8.3 TBD 280

A 2™ generation flowing liquid Li limiter was designed with several upgrades® to prevent the damage
observed in the 1* generation system. First a thicker stainless steel protective layer (0.5mm vs. 0.1 mm)
was used to prevent PMI from exposing the Cu heat sink to the liquid Li. Next an additional j x B magnetic
pump was added for a more uniform supply of Li to the distributor on the top of the limiter. In addition,
surface texturing was implemented in the 2™ generation, which improved the wetting uniformity of the
liquid Li flowing on the front face. Also, an improved method for manufacturing the top Li distributor from
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two pieces was developed; this new design avoided the crack that developed during deployment of the 1
generation distributor.

The 2™ generation limiter was inserted into plasma discharges on two separate dates®!, demonstrating
an ability to restart Li flow after it has been stopped for more than a week. Camera images after the first
exposure showed a relatively pristine limiter surface, but photographs after the second exposure showed
streaks on the plasma-facing surface, indicating the formation of surface-contaminating compounds that
may have hindered free flow in the second exposure. The limiter plate condition after plasma exposure for
the 2" generation showed no visible damage, whereas the 1% generation limiter showed visible damage on
the right hand side of the limiter face®” %. In addition the fractional surface area that was un-wetted by the
Li was <20% in Gen 1, vs. ~70% in Gen. 2.

The upper divertor D, emission and ELM size were continuously reduced in otherwise constant
discharge conditions into which the 2" generation limiter was inserted®': plasma current I, = 0.45 MA,
toroidal field Bi=-2.5 T, Paix=2.9 MW, in an upper single-null configuration with ion grad-B drift toward
the lower divertor. These results showing progressive conditioning and ELM mitigation are qualitatively
similar to Li powder injection on EAST*, as well

36 [
as with pre-discharge Li evaporation in NSTX*, EE 24 et et (a)
Finally, short-lived true ELM-free phases (and also < 12y - " ;
ohmic H-modes) were observed for the firsttime in =~ " 3 : ] 2w *
EAST with increasing tg and transient Hrogyr < 2 =R . & " .
when the 2™ generation limiter was inserted. We o . ®)
refer to these as true ELM-free H-modes because ~ '§ g '
of the density accumulation observed, whichisnot 2 =04}
seen in the ELM suppressed cases observed with g’ Aaz ' P ‘
e.g. real-time Li powder injection. E = & & ” R

The performance of the limiter and plasma & = o . ! - J -
0 1 2 3 4 5

characteristics is shown as a function of increasing Ay HORTIIG POWS M)

a'ux.iliary power®! in Fig. .1 5. Itcan be seen that the  Fijg_ 15: Performance of 2™ generation limiter and
limiter temperature rise from near-surface  plasma emission vs. auxiliary heating power Puu:
thermocouples, the plasma Li-Il emission, and the  (a) limiter temperature rise, (b) Li-II emission, (c)
Fe-XV emission all increase with increasing Pux. D, emission, and (d) Fe-XVIII emission,

The increasing Fe emission, likely from PMI with  normalized by line-average density. [61]

dry spots on the limiter surface, and/or with the

distributor or collector, motivated use of a substrate more resistant to sputtering, e.g. W or Mo. Using a 1-
D infinite slab thermal conduction model, we computed from the thermocouple temperature rise that a peak
heat flux ~ 4 MW/m? was exhausted by the 2™ generation FLiLi in the discharge with Pau ~ 4.5 MW®!,
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Due to the continuing success of the FLiLi limiter program, a 3™ generation limiter constructed entirely
of TZM, an alloy with > 99% Mo, was fabricated by conventional manufacturing techniques®>. Mo was
chosen due to its higher sputtering resistance, as compared to stainless steel, and its good compatibility with
conventional manufacturing, as compared to tungsten. The front face of the limiter was polished for a
mirror-like finish to facilitate flow. The 3™ generation FLiLi was inserted into the edge of EAST H-mode
plasmas in an upper single-null configuration with ion grad-B drift toward the upper divertor. Fig. 16
compares®? a reference discharge (black) with one in which the FLiLi limiter was inserted to within 3 cm
of the separatrix (red) with I, = 0.55 MA, B;=2.5 T, Pax= 7.9-8.3 MW, EM pump current = 100 A. The
neutral Li line emission is higher with the limiter inserted, as expected, while the D, emission from the
upper divertor is substantially lower. The stored energy is slightly higher with the limiter inserted, though
this is partly due to modestly higher heating power. The line-average density is comparable. Overall the
limiter performed well for this set of discharges. Upon removal, however, damage to the electron drift side
of the limiter plate was evident, as was damage to the right hand side of the collector. The reasons for the

damage are under investigation.

e W‘fh ,FL',L' In addition to the exposure of FLiLi limiters

1.0 T T 6
I A ] e 1 in EAST H-mode plasmas, significant progress

S Zost ‘ 1z g i 1 was made on manufacturing of LIMIT limiters
1 T F i for EAST. Two plates with LIMIT groves were
1o ° h~ ——+t* ] manufactured, and brazing of He cooling lines
19 _osl ] is progressing, with the goal of exposing
] § § ] LIMIT in EAST H-mode plasmas in the
15 . 1 summer of 2019. A second set of LIMIT plates,
1o 2o ' 1 scaled down by ~ 10% to fit within HIDRA, are
g) s M 1 being manufactured.
1= '} ]
e ofvd v v v L1 Surface science experiments in EAST

First wall conditioning and material
injection influence long-pulse operation
and plasma performance in tokamaks.

o s 10 o 5 0 More specifically, the physical and

Time(s) Time(s) . . .
. X . chemical interaction of the plasma and
Fig. 16: Comparison of plasma with (red - #81637) neutral gas with the plasma-facing

d without (black-#81510) the 3™ tion FLiLi .
anc withou ( _ac : ) Fe o generation FLILL components (PFCs) affects fuel recycling
limiter inserted: (a) Li-1I emission, (b) Upper d on. N . £ PECs al
divertor D, emission, and (c) Plasma stored energy, and retention. Net erosion o § also

defines a source of impurities and is a

(d) line-average density, (e) neutral beam injected X i
power, (f) low frequency lower hybrid power, (g) crucial factor to understand material

high frequency lower hybrid power, and (h) electron migration in a tokamak. With low-Z wall

-
o
T
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>
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T
ECRH
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o 4]
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cyclotron resonant heating power. The auxiliary cgnditiqning, ‘e.rosi'on and migration of
heating power with FLiLi was 6% higher, partly high-Z impurities is exacerbated because
resulting in higher stored energy. [62] wall conditioning materials, such as

lithium and boron, are more efficient at
sputtering molybdenum and tungsten than deuterium. Net erosion rates are, however, notoriously
difficult to measure in tokamaks, due to limited diagnostic access and the competing processes of
gross erosion and prompt re-deposition, as well as deposition from long-range material
migration. Deposited depth marker layers have been used in the past to measure campaign-
averaged net erosion rates in tokamaks®’. While this allows for a distinct and well-defined depth
marker, it involves deposition of multiple layers rather than working with bulk materials. For the
proposed work we use selected isotopes as depth markers, which we implant at known depth in
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bulk materials using an ion accelerator and analyze with a different beam with the same

accelerator. This technique has the advantage of
using bulk materials and can be combined with
traditional ion beam analysis techniques to
characterize the elemental composition of the
surface and/or plasma-deposited layers, yielding
valuable information on net erosion sources,
material migration, and retention properties during
long-pulse operations. Figure 17 shows the spectra
of three samples with fluorine on or implanted in
the material.

The implanted depth marker technique for ex situ
analysis has been developed for net erosion
measurements in EAST. We have utilized the Material
And Plasma Exposure System (MAPES) for outboard
mid-plane exposure (flowing liquid Li limiters are also
mounted® on MAPES). We have installed modified first
wall tiles for exposure to the inboard midplane (Fig. 18).
Analysis of these samples is in progress.

14

Depth marker analysis spectra
10

——Implanted 1.5 um
1 um erosion in EAST 2018 campaign

——Surface Marker
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Fig. 17: Nuclear reaction analysis of the
implanted depth marker a) before and b)
after exposure on the HFS in EAST for the
2018 campaign compared to c) a LiF

surface marker. Courtesy of Dr. Kevin
. 5 ¥ [ | | n
Marked samples at the First Wall

Fig. 18: Pictures of implanted samples
mounted in modified first wall tiles on the
high field side in EAST (top row) and on
MAPES located at the H port (bottom row).
Courtesy of Yudong Xie, ASIPP.
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