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Abstract

Injection of non-recycling low to mid Z impurity powders has recently been introduced as a new technique to
mitigate divertor heat fluxes and improve wall-conditioning at DIII-D, which are both of critical importance for the success
of next-step fusion devices. This new technique enables extending the limited number of impurity species and mixtures
usable with conventional gas injection. In this paper, the first radiative power exhaust experiments with impurity powder
injection at the DIII-D tokamak are presented and discussed. Lithium (Li) and boron (B) powders were dropped with rates of
1-50 mg/s directly into the outer strike point located in the closed small angle slot (SAS) divertor during ELMy H-mode
scenarios in upper single null, forward B, configuration (I,~1 MA, B=2 T, Py~ 6 MW, fi; \y~ 80 Hz, n.~ 3.6-5.0x10" m™).
The injection caused a substantial reduction in divertor electron temperature, particle fluxes, and heat fluxes, measured by
Langmuir probes in the SAS. The strong increase of near-target neutral pressure supports transition into divertor detachment
accompanied by an 8-10% degradation in H-mode energy confinement. The radiative power in the divertor scrape-off layer
(SOL) was increased by 37% and 20% for Li and B, respectively. Measurements of the impurity line emission distribution
with tangential cameras show the Li II radiation concentrated along the separatrix leg in the divertor region. In contrast, the
B II emission is concentrated in remote parts of the SOL and attached to the divertor plates. EMC3-EIRENE modeling of
the radiative power exhaust with lithium and boron based on atomic data from ADAS recovers features of the experimental
emission distributions. The analysis shows that the ionization and species-dependent cooling potentials explain the
distribution of power losses, which may cause differences in the details of the divertor plasma distribution measured with
Langmuir probes. Li is found to radiate close to the hot separatrix, while B radiative losses occur more rooted in the SOL
and close to the divertor. The results show that low Z powder injection is a novel and effective method that enhances divertor
dissipation and promotes detachment while maintaining good energy confinement in high-performance discharges.

1. INTRODUCTION

Present plasma-facing component (PFCs) materials cannot withstand heat fluxes above 10 MW/m? predicted for
the next step large-scale fusion reactors such as ITER [1] or a projected future US fusion pilot power plant [2].
Dissipation and spreading of heat fluxes by isotropic low Z impurity line emission is a promising technique to
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prevent melting and damage and extend the lifetime of the exposed wall materials. Currently, tungsten is the
high Z material choice for the ITER divertor and recent and future world-leading reactor experiments [3], [4].
Low to mid Z impurities have to be injected in a controlled manner to enhance the radiation in the boundary of
fusion plasmas and reduce the heat and particle fluxes to the target plates [5]. The ideal regime would be a
high-performance core, a stable H-mode upstream, and a cold and dense divertor downstream. The radiative
power losses by low Z impurities reduce the temperature down to

values that enable volume recombination and the creation of a n_::_g“ m>?, r=0.1 ms
protective neutral gas cushion in front of the targets. In such a 107
regime, the plasma is detached from the divertor targets, and heat
and particle loads suppressed [6]. The conventional approach
widely investigated at tokamaks and stellarators is to inject
impurities in gaseous form to reduce heat fluxes and achieve
detachment in a controlled way. The choice of gases is determined
by their radiation characteristics and may be limited by nuclear
chemistry [7], [8]. The leading candidates are nitrogen and neon
since their temperature-dependent peak radiation is concentrated
in the scrape-off layer (SOL) and around the separatrix, 128
respectively. However, numerical studies have shown that
alternative impurities such as boron (B) may deserve
consideration as well [9]. Yet, toxicity limits the application of B
in gas form. Lithium (Li) is another candidate of interest that is
also predicted to be effective for heat flux dissipation in a lithium
vapor box divertor design [10]. An alternate approach is to replace
solid material walls with a flowing liquid lithium wall which potentially allows to spread and conduct heat
efficiently and safely away [11]. Both Li and B are also used for wall-conditioning to reduce oxygen content and
lower recycling for density control and performance increase. Traditionally, walls were lithiumized and
boronized by evaporation and the glow discharge technique, respectively. More recently, the impurity powder
injection technique was introduced as a novel technique to allow for the injection of alternative impurities in
solid form for various real-time applications. First applications focused on real-time wall conditioning and the
mitigation of edge localized modes (ELMs) which have been demonstrated with B, BN, and Li powders at
DIII-D, EAST, ASDEX-U, and KSTAR [12]-[15].

Cooling potential

[Wm

FiG. 1. Cooling potential for carbon,
nitrogen, mean, bavon, and fifiiem,

In the present paper, first-time experiments at the DIII-D tokamak are presented where radiative power
enhancement was achieved during H-mode by injecting lithium and boron impurity powders into the upper
closed small angle slot divertor. A set of edge diagnostics was used to provide a first assessment and analysis of
two representative shots with Li and B, respectively. A description of the experimental setup, the method, the
experimental scenario, and the first interpretation by modeling will be provided in the following.

2. RADIATIVE DISSIPATION WITH LOW TO MID Z IMPURITY INJECTION

Impurity seeded divertor power exhaust, and radiative mantle experiments generally rely on low to mid Z
impurities due to their capability to radiate at edge temperatures up to a few hundred electron volts avoiding
substantial energy losses in the confinement region. The temperature dependence of the respective cooling
capabilities is represented by the cooling potential shown in figure 1. Here, the curves of carbon, nitrogen, neon,
lithium, and boron are compared against each other. The emission has been calculated with atomic data from
ADAS [16]. Carbon is an intrinsic impurity in DIII-D typically released from graphite PFCs into the plasma
edge by chemical or physical erosion processes. It is very suitable for plasma edge cooling since its radiation
zone extends over several tens of eV. However, graphite is not a material option for nuclear environments due to
tritium retention associated with the co-deposition of hydrocarbons. The current choice of tungsten as a leading
material candidate requires consideration of alternative edge radiators. Nitrogen is the closest to carbon in terms
of radiation characteristics. However, nitrogen should be kept to a minimum due to the production of tritiated
ammonia, which contaminates the uranium beds of the tritium plant. Neon is of interest because it is a
non-reactive high-recycling noble gas well suited for radiative mantle power exhaust. Radiative power exhaust
with the aforementioned conventional radiators have been extensively investigated at TEXTOR, JET, ASDEX,
DIII-D, LHD, and more recently at Wendelstein 7-X [5], [17]-[21].
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The introduction of real-time powder injection extends the range of impurity species for radiative power
exhaust. Impurities in powder form facilitate pure boron application in contrast to gas delivery that requires
toxic or explosive gases like diborane (B,Dy) or strongly diluted compounds such as trimethyl borane (C;DoB).
It also facilitates the use of lithium as well as multi-species mixtures such as boron nitride. It generally delivers
impurities in higher purity without the bonding to fuel and other unwanted impurities, as in the case of
molecular gases.

The cooling potential of boron and lithium in figure 1 shows the opposite evolutions. Boron mostly radiates at
temperatures below 10 eV, while lithium shows maximum radiation above 50 eV, similar to neon (yet has
another peak below 1 eV). In addition to their power exhaust capabilities, boron and lithium are also used for
wall conditioning.

3. THE CLOSED DIVERTOR H-MODE SCENARIO

The experiments discussed in the following were conducted in ~ Fowe m=sfon. - - -~
upper-single null ELMy H-mode in forward B, direction (Ip~1 :__I - .
MA, B=2 T, Pxg~6 MW, f5,~80 Hz, n,~3.6-5.0x1019 m-3). The 7= -
outer strike point (OSP) is positioned in the small-angle slot !
divertor and the ion grad-B drift direction points away from the /| ;
SAS. in this configuration. Figure 2 shows the magnetic | i
equilibrium, the location of the OSP at the SAS target, the |
injection location (green arrow), and the divertor diagnostics. The | T T i n
box in figure 2 shows the SAS geometry in more detail, including N R im)

the array of Langmuir probes (LP), the position of Pressure Gauge

(PG), and the injection tube of the impurity powder dropper (IPD)

[22], [23].

The versatile impurity powder dropper (IPD) [24] is mounted at FIG. 2. The outer strike point is located in
the top of the DIII-D tokamak device at a toroidal angle of 195°. It the small-angle slot divertor (SAS) in this

Z(m)

& R a

has four reservoirs filled with different types of impurity powders Upper Single Null {USN} H-made
and granules. Impurity powders were dropped directly into the equilibrium. The impurity powder drapper
OSP region through a tube into the SAS. The divertor Langmuir is connected to the SAS divertor by a tube
probes and pressure gauge are used to characterize the divertor fovarl. The box shows the locations of the
plasma. Besides, tangential camera diagnostics equipped with Langmuir probe (LP) arvay, the pressure
narrow bandpass interference filters measure line integrated gauge (PG and the impurity powder
brightness of different charge states of injected impurities [25]. drapper (IPD) in the SAS

The closed divertor geometry generally facilitates the dissipation
of heat and particle fluxes due to inherently better neutral
compression [22], [23], [26].

4. DIVERTOR POWER EXHAUST WITH LITHIUM AND BORON POWDERS
4.1 Substantial increase in divertor neutral pressure while maintaining H-mode

In a sequence of experiments, lithium and boron were injected for the first time for the purpose of radiative
power exhaust in H-mode (see FIG. 3). The impurity powder is injected gravitationally at 2.2 s. It falls with a
velocity of ~5 m/s through a ~2 m long tube and reaches the plasma at ~3.2 s. The powder size varies in a range
of 2-100 um. Mass flow rates of 1-50 mg/s were determined with a flowmeter. Two representative shots
#176750 and #176744, with Li and B injection, are discussed in the following. Accurate matching of flow rates
was not possible at this point since some shots showed additional MHD activity perturbing the analysis. These
two shots discussed show comparable conditions and are best cases for comparison. The injection rates were 3.3
mg/s and 35 mg/s for Li and B, respectively (~ 10%° - 10*! at./s). The traces of main discharge parameters are
shown in figure 3 for density, injected neutral beam power, energy confinement time, effective charge, radiative
power near divertor, and divertor neutral gas pressure.
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FIG. 3. Time traces of representative discharges with lithium and boron injection showing line averaged density n,, neutral
beam power Py, energy confinement time 1, effective charge Z,4; divertor SOL radiation, and divertor neutral pressure.

The overview shows that upstream plasma parameters remain almost unchanged during the injection. In
contrast, the divertor pressure shows a substantial increase by nearly a factor of three in the case of lithium and
by a factor of 1.5 in the case of boron. Such an increase in divertor pressure has been associated with increased
dissipation and transition to detachment earlier [23]. A marginal increase in the line averaged density by 5% is
measured in the case of Li, while it drops by ~8% in the case of B injection. Only marginal losses in energy
confinement of -8% and -10% are observed for Li and B, respectively. Boron injection results in an increase of
the effective charge by 50% indicating core dilution. The radiation in the vicinity of the SAS enhances by 37%
and 20% for Li and B, respectively. The base-level divertor SOL radiation prior to powder injection is roughly a
factor of two higher than the core one. The results show that low Z powders are suitable to enhance divertor
neutral pressure during high confinement mode without perturbing the core performance significantly. Thereby,
impurity powders offer similar capability as low Z impurity gases as reported in [18].

3.2 Differences in spatial distributions of lithium and boron emission

Components of the spatial lithium and boron emission  |j
distributions are captured during powder injections  #174750
with the tangential camera. The filters applied extract ff‘14:"'"5 .
Li II at 546 nm and B I1 at 410 nm. Since D-delta and g
C III emit within the bandpass of the filter used to
image boron emission, background emission before
boron injection was subtracted from the camera
images. Some residual contaminating emissivity
might remain due to emissivity changes resulting :“*Dﬁ'c .
. L 176744
from local cooling from the injected powder. The 4258 e
spatial brightness distributions are shown in figure 4. 41055 nm
The top views show the raw camera data, and the
bottom images show the projection, including the
in-vessel geometry to provide a better orientation
regarding the SAS geometry. The Li II radiation is
concentrated along the outer divertor leg. The
high-intensity region extends from the SAS volume to
the X-point. This means that the Li radiation zone is
located in the hotter parts around the separatrix. The

FiG, 4. Tangential camerva view an Li IT ar 546 nm (left) and 8
AT at 4 10 e (right) during the infections, The horan filier alse
capiares D and O T emvissions. Bockgrownd subiraction was

o - S OME sndertaken, but some vesidhual emissivities fromm ydoogen amnd
B II emission shows a different distribution. It peaks carban mizghi remain since the cooling effecis may change the

infensities.
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close to the PFCs and extends in a radial direction outwards near the targets. The distinct features of the
emission distribution of Li and B appear to reflect the temperature dependency of the cooling potentials shown
in figure 1. Analysis by modeling in the following will show that the distributions of Li II and B II are
representative for the impurity species-dependent power losses in different domains of the SOL. Boron cools the
SOL while lithium causes temperature reduction in the vicinity of the separatrix.

4.3 Drop of divertor temperature and divertor detachment

The divertor plasma has been characterized with a Langmuir probe array embedded in the SAS targets (compare
figure 2). The evolution of divertor electron temperature Te, electron density n,, perpendicular heat flux q, , and
particle flux (expressed as ion saturation current) J, are shown in figure 5 for Li and B powder injection,
respectively. A sudden transition occurs after ~3.2 s when the powder reaches the divertor plasmas. Example
profiles for the respective plasma are shown in figure 5 (reight) before (2.9 s) and during powder injection (3.7
s). The Li injection case shows a rapid reduction in electron temperature followed by an increase in divertor
density. The peak heat flux reduces by 50% while the ion saturation current is slightly enhanced. The results
suggest that Li increases the density and cools the divertor without detaching the particle flux.

— 1.5
N I Lithium
=l —
' 29s NE 1
=
| s
= ~0.5
=l | o
1 —— a (MW /m?) ' 3.7s o
L - 40
102 T YEETELEeER s | 30 0
RN EN ' e
v | 40
— — i< S
1.02 I 540 2
- "\:4 [} \ 50 i =2 20
> !l
! N (102em =) ' 0 0
L . ' 0 0.99 1 1.01 1.02 0.99 1 1.01 1.02
25 3 35 4 4.5 o v
Time(s) n n
1.02 1.5
P 30| Boron
L _ 29s T
> 20 =
) ES
1.02 e s
e 10 VAO.S
,5: (=2
1 37s
0 0
1.02 30 60
= o 7
1 § 20 mg 40
< =
1.02
) &1 =20
=
ne(102em=) 0 [ ———
0 0.99 1 1.01 1.02 0.99 1 1.01 1.02

2.5 3 3.5 4 4.5 W N
Timel(s) n

FIG. 5. Divertor Langmuir probe traces for electron temperature T, perpendicular heat flux q |, particle flux J,,, and
density for cases with lithium (top) and boron (bottom) injection. The powders enters the divertor plasma at 3.2 s (dashed
green and blue lines). Example profiles are shown on the right before (2.9 s) and during powder injection (3.7 s).

B powder injection results in a slightly different response of divertor plasma parameters, as shown in figure 5
(bottom panels). Te drops to ~5 eV and q, nearly vanishes at the strike point after 3.2 s while n, and Jsat
increase in the far SOL (y,>1.01). This suggests that boron is effective to reduce both the temperature and heat
flux while it causes a denser plasma in the far SOL.

Both lithium and boron significantly reduce the divertor electron temperature and detach the heat flux. The
differences most obvious in the resulting divertor density and particle flux distributions may be a
species-dependent effect. Dissipation is supposed to occur in different parts of the SOL according to the cooling



IAEA-CN-EX/P1-15

potentials shown in figure 1. This may affect the local pressure balance and eventually the particle fluxes to the
targets. The species dependence of total radiative losses will be discussed in the following based on edge
impurity transport modeling.

5. FIRST EDGE MODELING OF LITHIUM AND BORON ASSISTED RADIATIVE POWER EXHAUST

To study the radiation characteristics, radiation efficiency, and spatial distribution of the Li and B impurities,
these scenarios have been analyzed with the 3D plasma-fluid and kinetic neutral edge transport code
EMC3-EIRENE [27]. In the first step, a representative equilibrium has been implemented for shot #176750.
Edge transport simulations have been conducted for different densities keeping the input power of 6 MW fixed.
Two cases with a fixed separatrix density of 2-10' m™ are examined in the following for Li and B. The impurity
line emission was modeled using atomic data from ADAS [16]. The power loss fraction was fixed to 0.4 to have
comparable dissipation and resolve the efficiency of the radiators. It has to be noted that drift effects are not yet
implemented in EMC3-EIRENE. The 2D emissivity patterns for total Li and B power losses, Li II and B II, and
their line integrated brightness obtained by synthetic camera diagnostic modeling [28] are shown in figure 6.

FIG. 6. Modeling of total radiated power P, for Li and B, and Li Il and B Il line emission distributions with
EMC3-EIRENE. The 2D distributions show similar Li radiation being more extended along the divertor legs and separatrix
while B emission peaks close to the targets. A synthetic camera (top) shows the line integrated brightness according to the
experimental tangential camera view. Differences between experiment and modeling result from the more even distribution
of the modeled impurity sources.

The Li radiation is concentrated near the separatrix and at the strike line, while the B peak emission front is
concentrated in the far SOL and in the recycling region. These characteristic features, qualitatively consistent
with spectral divertor imaging measurements, result from the different cooling efficiencies of these two
impurities combined with transport effects. The modeling shows relatively flat target electron temperature
profiles in the case of low-Z impurity radiation (f,,;~40%). The differences between experimentally measured
line emission (compare figure 4) and modeling are due to the simplifying assumption of axisymmetric impurity
sourcing from the tor largets in the main recycling regions. The ideal assumptions in the modeling are based on
atomic data from ADAS (as in the case of the cooling potentials shown in figure 1) and recover characteristic
features observed in the experiment. The modeling results show that B+1, B+2, Li+1, and Li+2 are the main
edge dissipators. Therefore, the distribution of Li II and B II emission indicates the spatial distribution of the
power losses in the plasma boundary. Both Li and B are found to reduce the target electron temperatures and
heat fluxes in the closed divertor substantially. The modeling reveals that B is a more efficient radiator
concerning the power losses induced by a specific injection rate. E.g., the total radiated power per impurity
influx by Li is ~35 W/A and ~880 W/A for B. The modeled impurity line emission shows very similar effects as
observed experimentally and supports the interpretation that major differences in the line emission distribution
are linked to the species-dependent cooling potentials. Boron, in particular, may give access to a dissipative
divertor plasma regime with power losses rooted more profound in the SOL. The promising trend suggests that
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complete modeling of non-symmetric local impurity sources will recover plasma and impurity distribution better
matching with experimental observations.

6. SUMMARY AND CONCLUSIONS

Radiative power exhaust with lithium and boron powders has been demonstrated for the first time at DIII-D.
The experiments have been conducted in a USN closed divertor (SAS) configuration during 6 MW ELMy
H-mode. The measurements showed only a marginal decrease in energy confinement time while divertor
radiation increased. Both lithium and boron caused substantial pressure increase by a factor of 3 and 1.5,
respectively, while divertor temperatures and heat fluxes were reduced while divertor is detached transiently
during powder injection.

Differences in the divertor plasma parameters, in particular density and ion saturation current profiles, are likely
related to the differences in the distribution of radiative losses, which cool different parts of the SOL. This is
reflected in lithium and boron cooling potentials and the Li II and B II emissivity distributions measured.
Lithium radiates at higher temperatures around the separatrix while boron emission is rooted in the SOL and
close to the targets. The principal radiation features observed in the experiment are also recovered in the first
modeling with EMC3-EIRENE. Modeling shows a characteristic radiation distribution similar to the experiment
despite the ideal axisymmetric assumption. The lower impurity charge states (Z=+1, +2) are the main
contributors to radiative dissipation in the edge. A reduction and flattening of electron temperature are achieved
at f,,,=40% with both Li and B. Boron is an order of magnitude more efficient radiator than lithium and allows
for power losses rooted deep in the divertor SOL.

More sophisticated modeling is needed to recover any local source effects and the details of the heat and particle
flux distribution in the small angle slot divertor. Further data analysis will focus on other impurity species and
the effects on ELMs.

The presented results show that low Z powders are as effective as conventional low Z impurity gases for
enhanced divertor dissipation and improved core-edge compatibility.
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