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Abstract

In the National Spherical Torus Experiment (NSTX), modificas to the inner divertor plasma regimes are observed
in high triangularity, H-mode, NBI heated discharges dukthium coatings evaporated on the plasma facing com-
ponents. In particular, the drop in the recombination r#te,reduced neutral pressure and the reduced electron
density (inferred from Stark broadening measurementsgiiHn deuterium Balmer lines) suggested that the inner
divertor, which is usually detached in discharges with@hium, re-attached. Experimental results are compared to
simulations obtained with a 1D partially ionized plasmansgort model integrated in the non-local thermodynamic
equilibrium radiation transport code CRETIN to understhoa the reduced recyclindgtacts the divertor parameters

in NSTX discharges with lithium coatings.
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1. Introduction

In diverted tokamak configurations, ballooning-type rattensport, geometricalfiects and cross field drift play
a role in producing an in-out asymmetry in the divertor poaed particle fluxes [1]. This power fiierence and
the ease of achieving radiative regimes makes the peak hgattfthe inner divertor less of a constraint for divertor
design. In spherical tori (STs) this asymmetry is enhangetthé presence of a recycling surface (the center stack)
close to the inboard last closed flux surface (LCFS). Thikéscase also in the National Spherical Torus Experiment
(NSTX) where a strong €lierence between the inboard and outboard scréidayer (SOL) and divertor regimes is
generally observed [2]. The high heat flux together with timalsradius and short connection length from midplane
to the divertor plate make the achievement of radiativernegichallenging in the outer divertor while, on the other
hand, the inner divertor usually detaches early in the disyh

Lithium wall conditioning by means of evaporative coatimg®NSTX modified both the inner and outer divertor
regimes [3]. In particular, in highly shaped, high powerspte discharges the generally detached inner divertor re-
attached after lithium was evaporated onto the lower divevthile the SOL transport regime in the outer divertor,
which is usually in a high recycling regime, transitionedtw recycling regime.

Another observation in lithium conditioned discharges tesdisappearance of X-point multifaceted asymmetric
radiation from the edge (MARFE), which is thought to have grdding €fect on NSTX performance. While on one
hand the disappearance of MARFEs can lead to longer diseftangtions, the re-attachment of the inner leg might
bring issues linked to the lifetime of the materials undetighér heat flux when we project current machines to a
future steady state magnetic fusion reactor. A deeper stateting of NSTX divertor regimes with reduced recycling
is desirable.

In this paper, the modifications in the inner divertor dueititidm deposition are analyzed. The experimental
observation of the changes in the divertor parameters asepted. We also report on simulations of NSTX diver-
tor re-attachment using a 1-D partially ionized plasma n&dB [4], integrated in the non-local thermodynamic

equilibrium (NLTE) radiation transport code CRETIN [5].

2. Experimental setup, observationsand method

NSTX is a mid-size, low aspect ratio tokamdR=0.9 m,a=0.68 m). In this paper, long pulse (up to 1.3 s),
H-mode, NBI heated (4-6 MW) discharges were analyzed. Bmionditions of these discharges includgg= 900
KA, By = 0.45 T, T¢(0) =~ 1 keV,ne(0) = 3—5- 10 cm3, high elongationk = 2.3) and high triangularityq = 0.8).

A lower divertor biased double null configuration was usethWis, = —7 mm, the inner strike point (ISP) on the

center stack and the outer strike point (OSP) on the horgaivertor plate. In Figure 1, time traces of several



discharge parameters are shown for a pre-lithium dischi@igek line) and a post-lithium discharge (red line) with
190 mg of lithium deposited onto the plasma facing compa@ECs).

Spectroscopic data analyzed in this paper were acquireddansnof a 0.5 m UV-VIS spectrometer [6]. The
instrumental function in the UV region was about 0.11 nm. antigular, Balmer series spectra (from excited states
n > 6) were analyzed from the chordR£0.31 m looking through the inner divertor, as shown in Figuif@]. Neutral
pressure in the divertor region was monitored by means ohaiRg gauge situated in the outer divertor, below the
strike point [7]. In the discharges analyzed in this papkeGteon densities in the inner divertor were inferred from
Stark broadening of high-deuterium Balmer line radiatiom=2-6...10 (from now on indicated simply as B6-B10).

The NLTE radiation transport code CRETIN [5] was used to $at@uNSTX deuterium Balmer spectra. The
optical depth for an atomic transition between the excitatesi and j can be defined as ~ &L wherelL is the
plasma length ang, is the line center absorption déieient

1 aalda—3re 0011
Eolem™] ~ mi[10™*cm ]f.J—AE[eV], Q)

n; being the number density of the atomic lewef;j the oscillator strength of the transition between the baiates

i andj andAE the full width at half maximum of the line [8]. For typical NXTdivertor conditions, the optical depth
7 for B6-B10 lines isg 0.001. NSTX divertor plasmas are then typically opticallyntto Balmer series radiation and
radiation transportféects were not included in the CRETIN simulations.

In this limit, CRETIN was employed to solve for collisionadiative (CR) atomic level populations based on the
Johnson-Hinnov atomic model [9]. CRETIN also includes a Bhape calculation code, TOTAL, which uses a binary
collisional operator for the electrons and a quasi statimmicrofield approximation [8]. Line broadening for B6 and
B10, obtained convolving the pure Stark profile with therifaéV) and instrumental (0.11 nm) Gaussian profiles,
is shown in Figure 3. Stark broadening of these Balmer linessgenough sensitivity in the, determination for
densities above 110 cm3, with increasing sensitivity for higher transitions.

The fitting procedure employed for the analysis of experit@gnmeasured spectra will be now described. After
the identification, fitting, and subtraction of impurity déis from the experimental spectrum, a Voigt fitting procedure
on the measured data was used to determine the total fulhatdialf maximum (FWHM). The Gaussian component
of the Voigt profile was held fixed at the convolution betweea instrumental and a 2 eV thermal Gaussian, and the
pure Stark component was then fitted. Density values werrméated from the Stark FWHM based on CRETIN
calculations. In pre-lithium discharges, due to the higredbr ne and high recombination rate, Stark broadening
from transitions B7-B10 was used. In post-lithium disclesgonly transitions up to B7 were strong enough to be
distinguished from the background; Stark broadening of B&B7 was used.

To study the connection between divertor reduced recyckggne and the inner divertor re-attachment, NSTX
inner divertor plasmas were simulated using a 1D partialjzed plasma transport model integrated into CRETIN,
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PIP [4], which includes charge exchange coupling in thesjpart codficients and atomic processes rates calculated
from the local plasma parameters. PIP was used to simula laydrogen plasma 4 m along the magnetic field
line from the X-point to the inner divertor target. The simivn included heat flux equally shared between ions and
electrons. The upstream electron density wag @3 cm=. The transition to re-attachment was chosefiat 1.6

eV since the ionization rate becomes much greater than toenteination rate. Theffect of the pumping provided

by lithium coatings was modeled by varying the recyclingfioent at the divertor target.

3. Resultsand Discussion

The dfect of lithium coatings on the inner divertor plasmas is ewicthrough the analysis of deuterium high-
Balmer line spectra which show reduced intensity and redibogadening. In Figure 4, spectra acquired in a discharge
before (black) and after (red) lithium deposition are corapaat two diferent times during the discharge. In pre-
lithium discharges Balmer transitions from excited statefigh as=11 can be clearly distinguished, indicating the
presence of volumetric recombination. In discharges wilfium coatings, highi Balmer transitions are absent in
the early stage of the discharge but gradually increaset@mngity with time (e.g. B9 in Figure 4/4xb, red solid
line). Lower transitions (e.g. B6) show greatly reducediStaoadening. In Figure 4-c, deuterium Balmer spectra
simulated by CRETIN, corresponding to the experimentatspen Figure 4-a, are shown. The best matches were
obtained forT.=1 eV for the pre-lithium case antl, >2 eV for the post-lithium case. It must be noted, also, that
molecular background is not included in CRETIN simulations

ne measurements based on Stark broadening for the two digheegorted in Figure 3 are plotted in Figure 5.
In Figure 5-ane inferred from Stark broadening from Balmer transitions stiewn for a discharge without lithium
coatings. Transitions B7 to B10 give results that are cossisvith each other and indicatg in the mid 134 cm™
range. n appears to be more or less constant throughout the dischirdgggure 5-b,n. derived from B6 and B7
is shown for a discharge with lithium coatings. Electrongignis reduced by as much as 75% from the pre-lithium
values in the early stages of the discharge. The large fltiohsan the density measurement are mostly due to plasma
MHD events. However, a clear increase in the inner divertaturing the discharge can be observed. This suggests
progressive passivation of the evaporative lithium cagjin fact, complete passivation is usually observed in XIST
within 2-3 discharges after the lithium evaporation [10].

A drop in the recombination rate and thus a re-attachmefhteoiriner divertor leg is suggested by the disappear-
ing/weakening of highm Balmer transitions, the reduced density and the increasgéttelectron temperature (L
eV in pre-lithium dischargez 2 eV in post-lithium discharge, Figure 4-c). This conclusis also supported by the
reduced neutral pressure in the divertor area (Figure 1-e)

These experimental observation are, qualitatively, cordit by PIP simulations. Parallel heat flugg)(scans at
different recycling co@cients showed that the change in the recyclifigas the downstream divertor regimes (e.g.,
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transition from detached to attached) only for a partictaage of parallel heat fluxes (20-30 MW?). For g lower
than these threshold values the divertor plasma was alwetgstied (for values of the recycling ¢beient between
0.5-1.0 considered in this paper) while for higher valuegas always attached. In all simulations, a small increase in
the parallel heat flux (above the threshold value) causedstidincrease in the electron temperature and a decrease
in both electron and neutral densities at the target.

The dtect of lithium coatings was modeled by reducing the recygctiogficient (fromR=1.0 down toR=0.5).
For a value ofg, of 25 MW/m?, a scan of the divertor recycling cieient was carried out. Profiles of plasma
parameters are shown in Figure 6 for the PIP simulation Wi.5 andR=1.0. The transition from detached to
attached regime appeared to happen for a small change irdheling codficient betweerR=0.7 andR=0.6 for the
plasma parameters used in this simulation. The transiatuevof the recycling cdcient increased with the increase
in the parallel heat flux. Theffects of the re-attachment were the steeper increase ofdbiea and ion temperature
and the simultaneous decrease in the target electron demsitneutral density, as it can be seen in Figure 7. These
results are consistent with what experimentally obserteel:absence of high-Balmer lines and the reduced Stark
broadening in post-lithium discharges are consistent tithincrease in the electron temperature and decrease in
electron density seen in PIP simulations. However, theegbbtained for the recycling cieient at the transition
between attached and detached regimes are lower than thtzéeenl in UEDGE simulations for similar discharges

[11].
4. Conclusions

The dtects of the reduced recycling due to lithium evaporatedicgaton the inner divertor regimes of NSTX
H-mode discharges have been studied. The inner divertaitgevas reduced, electron temperature increased and the
rate of volumetric recombination processes reduced. Tiggested a re-attachment of the inner divertor leg, that was
generally detached in pre-lithium discharges. Simulatiwith a 1D partially ionized plasma code (PIP), qualitdfive
agreed with experimental results obtained from spectmsaneasurements of deuterium Balmer series transition
lines. PIP simulations indicated that the change in thedléwy codficient dfects the divertor regimes only within a
certain range of parallel heat fluxes. The transition to sached regime was shown to happen for a small decrease

of the recycling cofficient between 0.7 and 0.6.
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Figure 2: Schematic of NSTX divertor region. The last clofied surface is also shown for a high elongation, high tridagty NSTX discharge.
The viewing chord used in the spectroscopic data acquisitioough the inner divertor is shown in green.
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