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Abstract: We report the first successful experiments to achieve significant divertor outer strike point
(OSP) peak heat flux reduction in H-mode plasmas with high auxiliary heating in a large spherical
torus NSTX. A dissipative divertor scenario with D2 puffing was employed in lower single null plasma
configuration with elongation 1.8-2.0 and triangularity 0.4, where typical reference OSP steady-state
peak heat flux was measured to be 4-6 MVV/m2 in the 4 MW NBI-heated H-mode phase. Using
midplane or divertor Dz injection at rates R=(0.14 — 1.1) x 10%? particles/s the OSP peak heat flux
was reduced by up to 80 % in the radiative high-recycling divertor regime. A further increase in
gas puffing rate to 3 x 102 particles/s produced a partial OSP detachment and an X-point MARFE
which degraded the core plasma confinement. On the basis of a two point scrape-off layer model the
open divertor geometry and short connection length are identified as factors leading to relatively small
radiative and momentum losses in the NSTX divertor.

1. Introduction

High performance plasma discharges with radiative and dissipative divertors have been
developed in large aspect ratio tokamaks to address the issues of high divertor heat
fluxes and divertor material erosion [1]. Divertor heat load reduction in these regimes
is achieved through volumetric momentum and energy dissipative processes, namely
the ion-neutral elastic collisions, recombination and radiative cooling. In those ex-
periments the edge radiative and dissipative losses are usually increased by injecting
deuterium (D) or impurity gases in the plasma scrape-off layer (SOL). Whereas an
H-mode scenario with medium-to-small ELMs and partially detached divertor strike
points satisfies the steady-state divertor requirements for an ITER-like tokamak [2],
achieving acceptable divertor heat fluxes in a high power density spherical torus (ST)
based device, such as the Component Test Facility [3], may be challenging. The low
aspect ratio magnetic geometry inherently yields plasma configurations with a short
connection length, a small divertor plasma volume, and a small plasma-wetted sur-
face, all of which tend to reduce the benefits of the volumetric processes. On a positive
side, the ST geometry enables strongly shaped plasmas with a high divertor poloidal
flux expansion which can help reduce the heat flux on the divertor surface in a natu-
ral way. Dedicated experimental efforts on the National Spherical Torus Experiment
(NSTX) are aimed at the development of divertor heat flux mitigation scenarios in 1-6
MW NBI-heated H-mode plasmas, including dissipative divertor and radiative mantle
power exhaust [4], divertor heat flux reduction by plasma shaping [5] and divertor
lithium coatings [6]. We report the first successful experiments at achieving signifi-
cant, between 30 and 80 %, outer strike point (OSP) peak heat flux reduction in 4
MW NBI-heated H-mode plasmas using Dy puffing.

2. Experiment

Divertor heat flux reduction with Dy puffing was studied in the lower single null (LSN)
configuration with the elongation of k ~ 1.8 — 2, triangularity of 6 ~ 0.4, the drsep
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parameter of -1.5 cm, the ion VB drift toward the lower X-point, qo5 ~ 6 — 7, the
X-point of 15 - 20 cm, and the OSP flux expansion fe;;, = 3 — 4. This configuration
yielded the highest peak OSP heat flux in NSTX: ¢ ~ 7 — 10 MW/m? have been
measured in 1 s long 6 MW NBI-heated H-mode plasmas [7]. This experiment was
conducted in By = 045 T, I, = 0.7 MA plasmas heated by the 4 MW neutral
beam injection (NBI). The core plasma conditions were: T.(0) =~ (0.8 —1.2) keV,
fe ~ (3—5) x 10 m™3, Z.;£(0) < 1.2 — 1.4, with the Greenwald density limit [8]
being at ng ~ 5.5 x 10 m™3. H-modes were reliably obtained using high field side
fueling at a rate of ' = (2.4 — 3.8) x 10?! s=!. Small, type V [9], and occasional
large (AW/W =~ 0.10), type I, ELMs were observed. The L-H power threshold was at
2.0-2.5 MW. The energy confinement time was 7 ~ 25 — 40 ms, being in the range
1.5 - 2 of the the ITER89P confinement scaling factor, a typical performance measure
of low 0, k plasmas in NSTX [10].

The layout of NSTX divertor diagnostics € | Do, By cameras g
and gas injectors is shown in Fig. 1. Lower di- N : plasia Heols
vertor radial profiles were recorded by photo- .1 pessive NSTX
metrically calibrated visible and infrared cam- / Plates F vessel
eras [11, 12]. Other diagnostics used in this 4 " Spectrometer
study were the 20-point Thompson scatter- ﬁzﬁ """ , lines of sight
ing system [13], four chord divertor bolome- i A
try system [14], tile-mounted divertor Lang- z B | o pomna oo caige
muir probes, and pressure gauges [15]. -2 Private flux

Additional quantities of Dy were injected L ﬂpail;ct?r Iﬁr@%ﬂ?{%fgasl il
using the outboard midplane, the inner diver- 05 1 15 R(m)

tor (ID), and the private flux region (PFR) Figure 1: Layout of NSTX divertor diag-
gas injectors. Both the PFR and the ID postics and gas injectors

injectors were operated at steady-state rates

I' < 10?2 s7!. Using a different gas system setup, the ID injector was also operated in
a pulsed mode injecting Do from four small plenums through four toroidally symmetric
ports in the divertor floor. Each pulse duration was 15-20 ms at an average rate of
I' = (0.85 — 3.0) x 10*2 s~!. For comparison, the reference plasma particle inventory
was in the range (7 — 10) x 10%.

3. Results

Reference NSTX plasmas demonstrated divertor properties with both similarities and
differences from those of conventional tokamak graphite tile clad divertors operating
without active pumping [16, 17, 18}. The inner divertor leg detachment occurred nat-
urally at n, ~ (2 — 3) x 10* m~3 and input power 0.8 < P;,, < 6 MW. The inner
divertor leg region remained in a detached (highly recombining) state with 7, < 1.2 eV,
ne =~ (0.7—4)x 10 m=3, and ¢;,, < 1 MW /m? throughout the operating space [19, 20].
In 1-6 MW NBI H-mode plasmas the outer SOL demonstrated a linear scaling of the
peak OSP heat flux ¢; with the SOL power, with different slopes at the lower and at
the higher Psor, characteristic of the linear (sheath-limited) and high-recycling (flux-
limited) regimes. The peak ¢; also increased monotonically with the plasma current
[21]. Power balance analysis could typically account for 50-70 % of P;,, with 5-10 %
radiated in the divertor [14]. The outer SOL did not show any sign of detachment even
at the plasma densities approaching the Greenwald limit, with the OSP peak heat flux
remaining in the 4-7 MW /m? range.

In a dedicated experiment Dy gas was injected to investigate the effectiveness of
the radiative and dissipative techniques for divertor heat load reduction, and the
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impact of additional gas puffing on confine- Reference discharge _RD discharge a)
ment and plasma performance. A general re- 08¢ \Riponer e —
sult of adding Dy injection was a reduction gg m
of the peak OSP heat flux by 30-80 %. As 1sob St°fede"e%
the Dy puffing rate was increased, the outer 'S0t D2: 9.8 X 10%21 51 :
SOL thermal electron collisionality increased Central carbon concentration (%)

from v} ~ 5 — 60, estimated from the Thom- 2}

son scattering data at the separatrix in refer-  oaf corerad

ence plasmas, to v* ~ 30 — 80. The radiative 02| "%MWM
and dissipative SOL losses increased, and the ] Soak = .
outer SOL transitioned from a radiative high- § Wi
recycling divertor (RD) regime to a partially 8 rs=s2s,
detached divertor (PDD) regime [18]. A high- o4 ™"

density region with substantial volume recom- 00 fass o= __ -
. . ’ . . . 6 - Average divertor Do brightness

bination, identified as an X-point (divertor) apbro Ph/STj@M@MQE

MARFE [22, 23] developed in the vicinity of ot

the X-point at the highest rates of Do puffing, B = tagplamei” "
shortly before the H-L transition and the core o0t -
plasma confinement degradation. The opera- 15¢ "e@Pressuen PFRW
tional path to these conditions was different $3E s i S |
with each gas injector, highlighting the chal- 00 01 02 0 e 0 % ¥
lenge of divertor heat flux reduction in an ST 8 =2mrm Soro b) ]
open divertor geometry without active pump- g [ Reference discharge (0.527 5) ]
ing. Puffing Dy at the midplane in 3 - 4 MW | "0 decharee 05249 1
NBI heated plasmas was the least successful i ]
as an H-L back transition and large MHD 2| ]
modes occurred within one 7g, with simulta- 4L ||SFen /
neous confinement degradation to 0.6-1.0 of 10 © xpanuarre — Dy /Dy Brightness -
the ITER89P scaling. However, the RD and st A Ret discharge (0523 9
the PDD operating modes, obtained with di- ¢ RD discharge (0.522 s
vertor gas puffing at moderate and high rates, , [

respectively, produced encouraging results de-

)

RD discharge (0.609 s)
increase at

WAl 0sP

scribed i'n d'etaﬂ be.low. . . 0% 05 06 07 o8 09
Radiative high-recycling divertor Major radius (m)

regime This regime was obtained with a con- Figure 2: Signal time histories (a) and di-

tinuous PFR gas injection at rates (0.3 — vertor profiles (b) of a reference and a RD

1.12) x 1022 s~1. Shown in Fig. 2 (a) are the ®scharges

time traces of a discharge obtained with the PFR puffing, and a reference plasma.
The PFR injection had a modest impact on core plasma parameters: the stored en-
ergy, core carbon concentration, electron temperature and density were practically
unaffected. H-mode confinement with the ITER89P scaling factor of 1.3-1.6 was re-
tained for about 10 x 7 with gas puffing, without any change in the ELM regime.
The pedestal temperature decreased by 10-20 %, while both the core and the pedestal
density increased by 10-30 % during the gas injection phase. The divertor conditions
proved to be insufficient for detachment, despite an 40-60 % increase in the divertor
radiation and neutral pressure. From the SOL power balance the power loss frac-
tion (1 — Quiv/Psor) indicated a modest 5-20 % increase due to the gas injection.
Here Psor is the power entering the SOL, determined in the usual manner [14] as
Psor, = Pnpr + Pog — dWygp/dt — PE¢ — Pploss and Qg;y is an integral of the

rad fast ion?
inner and outer heat flux profiles. The PFR neutral pressure gauge instantaneously



increased and saturated at 0.460 s, indicating
the onset of an X-point MARFE, which de-
graded the core plasma parameters within sev-
eral 7 confinement times.

Divertor heat flux and Dy emission profiles,
shown in Fig. 2 (b), supported the above ob-
servations. The peak heat flux in the outer
divertor was reduced to 1-2 MW /m?, however,
it remained peaked shifting only as a result of
strike point drift. A ratio of the divertor D,
and D, brightness was previously used to iden-
tify the onset and the spatial extent of volume
recombination, often indicative of divertor de-
tachment [24]. Here the ratio in the outer di-
vertor region remained similar to that of the
reference discharge throughout most of the gas
injection phase. As the density increased to
(0.8 —0.9) x ng, the D,/D, brightness ratio
in the OSP region transiently increased by 2-3
(as shown in Fig.2 (b)), indicating an increase
in the volume recombination rate and an im-
minent transition to a PDD regime. The ratio
also increased in the inner divertor and below
the X-point region to 0.1, a sign of strong vol-
ume recombination [24].

The RD regime appears to be a promising
scenario for long-pulse H-mode discharges in
NSTX as it combines good plasma performance
with a significant heat flux reduction. How-
ever, the operational space of the RD regime is
limited because only a limited fraction of power
can be exhausted by volumetric processes in
a high-recycling divertor regime [25], and be-
cause of the confinement limitations imposed
by the X-point MARFE onset.

Partially detached divertor regime
The PDD regime was established by puffing Do
in a sequence of four Do pulses from toroidally
symmetric ID gas injectors at a high puffing
rate. Shown in Fig. 3 (a) are the time traces
of a reference H-mode plasma discharge and a
PDD discharge. The gas injection started at
0.250 s. The gas puffing phase was character-
ized by a strong degradation of core plasma
parameters: while the core radiated power and
core carbon concentration did not change, the
plasma stored energy decreased by 15-25 %,
and the pedestal temperature and density de-
creased by 5-30 %. This discharge transitioned
back to L-mode within one 7g, whereas other
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discharges with less gas puffing or a wider separation between individual gas pulses
back-transitioned within (2 — 7) x 7. The ITER89P scaling values during the strong
gas puffing were in the range 0.6-1.1. The midplane separatrix temperature remained
in the 10-30 eV range; the separatrix density increased by 50-80 %, resulting in an
increase in the SOL collisionality to 60-80. The outer divertor peak heat flux remained
at 1-2 MW /m? throughout the discharge. The SOL power loss fraction was in the
range 0-25 %, suggesting that the onset of the PDD regime in NSTX depends on both
the momentum loss channel and the radiated power loss channel.

Divertor profiles during the PDD phase, shown along with the reference discharge
profiles in Fig. 3 (b), were different from those obtained in the RD regime. The peak
heat flux decreased by 65-80 %, the peak moved outward by up to 5 cm, exceeding
the OSP natural drift distance, and the profile broadened. Transient onset of volume
recombination in the OSP region during the gas pulses was evident from the 50 %
increase in the D~ /D, brightness ratio. The volume recombination zone was localized
to 2-3 cm in the vicinity of the OSP, where the heat flux profile was substantially
reduced. The D,/D, ratio values measured at the OSP in the PDD discharges were
close to those measured in the detached inner divertor, even though the absolute values
were low apparently due to a systematic measurement error.

The spatial dynamics of the volume recombination region in the PDD discharge
is compared in Fig. 3 (c) with other divertor diagnostics. An increase of the D, /D,
ratio in the region R = 0.40 — 0.55 m prior to the gas injection indicated the onset of
volume recombination and detachment of the inner divertor leg. With each gas pulse,
a region of volume recombination moved up along the inner divertor leg to the X-point,
expanded and reached the OSP region. Importantly, correlated with the gas pulses and
onset of volume recombination was the decrease of the ion saturation current of the
Langmuir probe located at R = 0.7970 m. The X-point MARFE developed following
the second gas pulse at 0.315 s, and slowly moved between the inner strike point and
the X-point.

Maintaining a low midplane neutral density FPFR ' x % 2 nre
and a high divertor neutral density below the [ Pesaaire (Torr) X "ﬁ‘%‘é ,__U_:?@gscsaﬁfé
MARFE critical value simultaneously is highly i o R
desirable for an H-mode reduced divertor heat 1e.4|
flux operation [26, 27, 28]. In NSTX the Do :
compression ratio, defined as a ratio of the PFR [
and midplane neutral pressures, 1 = pgiv/Pmid, Dﬁg&
was in the range 1 - 10, typical for an open 183 el s

1e-3

E Midplane neutral

divertor geometry with high gas conductance [ pressure (Torr)

between the divertor and the midplane regions. I

Shown in Fig. 4 are pgi, and pp;q as a function o
1e-4 1 0Oy g 2 fo et ] 4

of density 7, in the reference, RD and PDD ° ; S&'%‘;DD ﬁ;% 5%.?@

discharges. The ID gas puffing significantly af- &%
fected the midplane pressure leading to the loss (B ¢
of H-mode within several confinement times. 1e5L... - : - \
The reference and the RD plasmas indicated 20 ne(xa'&gmfé? >0
weak dependence of the midplane pressure on  Figure J: Neutral pressure in the PFR
density. In all discharges with gas puffing the (a) and midplane (b) regions in refer-
X-point MARFE onset was closely coupled to ence, RD, and PDD discharges

the local divertor neutral pressure and less so to the core plasma parameters, simi-
larly to tokamak MARFE observations [29]. The X-point MARFE developed when
the midplane pressure was in the range 0.15-0.3 mTorr and the plasma density was

O Reference discahrges
RHRD discharges
¥ PDD discharges
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(0.65 — 0.80) x ng. The PFR pressure in reference discharges increased linearly with
density, and came close to the critical MARFE pressure as n. approached the ng value.
The critical MARFE pressure in the PFR was reached faster with high rate puffing
from the ID gas injector than from the moderate rate PFR gas injector. The critical
PFR neutral pressure for the MARFE onset was 0.5-0.6 mTorr. The PFR pressure
was measured by a Penning gauge located 20-30 cm below divertor tiles, therefore,
the actual PFR pressure may have been higher. The measured MARFE critical pres-
sure was a factor of 5-8 lower than that reported in the tokamak divertor experiments
[29]. As the MARFE developed the PFR pressure increased beyond the Penning gauge
saturation limit of 2 mTorr.

4. Discussion

On the basis of tokamak experiments conducted in an open divertor geometry with and
without active pumping [16, 17, 18, 26, 27, 28|, as well as numerical modeling results
for NSTX [19], it was expected that the OSP detachment threshold in 7. in the low &, 0
LSN configuration would be high. An open geometry divertor has a reduced ability to
re-capture recycling neutrals and maintain high divertor neutral density essential for
efficient power and ion momentum dissipation. Active divertor pumping is needed to
maintain divertor neutral and plasma density below the critical density of the X-point
MARFE onset. Simultaneously, high divertor
electron density and/or high impurity con-
centration are needed for an efficient radi-
ated power exhaust. We have demonstrated
that the conventional tokamak divertor heat
flux mitigation techniques, such as the ra-
diative and dissipative divertors, are appli-
cable to NSTX. However, our results point
to several challenging issues which we discuss
below using the two point SOL model with
parameterized losses [25, 30, 31]. The ques-
tion is whether the required SOL power loss
fraction f;, and the parallel momentum (pres-
sure) loss fraction f,, can be effectively ob-
tained in NSTX. Here the power loss fraction
fp is due to impurity and hydrogenic radia-
tion and charge exchange, whereas f, is due
to charge exchange, recombination and elas-
tic collisions.

Shown in Fig. 5 are the calculated diver-
tor density and temperature as a function of
the upstream density n, and fp, f,, as pa-
rameters for a reference H-mode discharge. The conducted power fraction is taken as
feona = 0.9, whereas the parallel heat flux ¢ = Psor/Asor ~ 3 MW / 0.1 m? =

30 MW /m? and the connection length I. ~ 20 m are determined from the measured
quantities. The calculations show that substantial f, and f,, are necessary to achieve
high divertor n. and low divertor 7,. The momentum loss becomes appreciable only
at T, < 10 eV [31]. At the typical NSTX separatrix temperatures T, ~ 10 — 30 eV,
low T; and high n; ~ (5 — 10) x n,, would be obtained with the momentum loss factor
fm = 2n/Ty/n, T, ~ 0.5 — 0.8, a challenging task in the open divertor geometry.

The two point model does not contain the exact cross-field transport physics; the

Figure 5: Divertor T, and n. calculated
from 2PM with parameterized power loss
fp and momentum loss f,, fractions
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NSTX specifics are manifested through the higher g, and lower [. (a result of a low
aspect ratio configuration). We now discuss the role of a connection length I. in the
SOL radiated power and momentum loss rate in the NSTX low k,d configuration.
Shown in Fig. 6 is . as a function of a major radius (poloidal flux) at the divertor
for a reference. Because of the high magnetic field shearing rate [. decreases from
15-20 m at the separatrix to about 3-4 m within a radial distance of a few cm at
the divertor. The volumetric power loss P, is determined in part by the flux tube
length within the radial region defined by A, and A, the SOL power and density de-
cay lengths. Since f, and f,, are not independent, we estimate the maximum power
fraction which is not lost by conduction and which can be radiated. The maximum
volumetric power fraction dissipated in the divertor fimp, = 1 — f}, (¢ + qarad)/q),
where ¢; is the target parallel power flux density and qprqq is the power loss due
to hydrogenic radiation [31]. In the high recycling regime without any momentum
loss (f/, = 1) at Ty = 1 — 10 eV and ny, ~ 1 x 10* m™3 the maximum fraction is
limited in NSTX to about 0.65-0.75, while in the cases with f; = 0.8 — 0.1 ("de-
taching”) this fraction is in the range 0.70 — 0.95. According to the analytic impurity
radiated power models from Refs. [32, 33], power flux densities up to 7 MW /m?, or
about 25 % of q|» can be radiated by carbon ions in the SOL with T, ~ 10 — 30 eV.
A much longer [. in the separatrix region,
therefore, would promote a partial strike
point detachment over a full detachment,
and/or an X-point MARFE formation, both 10-0-
of which being critically dependent on the ?
power balance between g and P,q;.

The connection length also impacts the i
parallel momentum removal process. The en- 19+ Ty 4
ergy and momentum removal rate due to the | 1
volume recombination process may be sub- I
stantially reduced in short flux tubes. In ‘
an electron-ion recombination process, for a 1| oo ‘ , ®= \
thermal ion with v ~ 10* m/s the divertor 0.80 0.85 0.90 R gy, (M)

residence tirr'le would b? Tion = la/v < 0.8 Figure 6: Midplane-to-plate and X-point-
ms. Here lq is the X-point to target connec- 4o plate connection lengths as a function of
tion length, shown in Flg 6. The recombina- magjor radius (normalized poloidal ﬂux) at
tion time at T, < 1.3eVis 7, = 1./(neRyec) =~  divertor floor

1—10 ms [32], making it marginally possible for an ion to recombine in the longer flux
tubes, and not possible in the shorter ones, unless a very high divertor density ne is
sustained.

The given physical arguments provide an explanation of why the SOL power and
momentum loss factors appear to be relatively small in the low k,d LSN configuration
in NSTX. Numerical modeling with a two-dimensional multi-fluid edge transport code
UEDGE will allow a better evaluation of their relative contributions [34].

1.00 1.05 1.10 1.15 v,

Connection length (m)

Midplane to plate ]

Summary

Dedicated divertor heat flux reduction experiments have been conducted in 4 MW NBI
heated H-mode plasmas in a low 4, x LSN configuration using divertor Ds injection.
A high-recycling radiative divertor operation has been demonstrated at moderate gas
puffing rates and a transient partial detachment of the outer strike point was obtained
at high gas puffing rates. Gas puffing led to a development of a stable X-point MARFE,
and degraded the plasma confinement at the highest puffing rates. The peak heat flux
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was reduced 50-80 % to an acceptable level of 1-2 MW /m? in both cases. A radiative
high-recycling divertor regime may be a more viable option for divertor heat flux
reduction in moderately shaped NSTX plasmas as the short parallel connection length
and the open divertor geometry reduce the effectiveness of the volumetric radiative and
dissipative processes. Future experimental work will focus on divertor characterization
in highly shaped LSN and DN configurations, and characterizing the effects of lithium
coatings [6] on divertor operation.
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