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ABSTRACT

Comparison between an open divertor and a more-closed divertor in DIII-D demonstrates detachment up to 40% lower pedestal density
(epea) in the closed divertor due to a combination of decreased fueling of the pedestal and increased dissipation in the scrape off layer (SOL)
in the closed divertor, both resulting from increased neutral trapping in the divertor. Predicting whether the relationship between divertor
closure and detachment will hold for an opaque SOL, in which the contribution of ionizing neutrals to fueling the pedestal is lessened,
requires separating out different mechanisms contributing to the density difference at detachment. A series of experiments on DIII-D charac-
terizes matched discharges using various divertor configurations to isolate the effects of divertor closure. These experiments
show detachment up to 25% lower #, g, in the closed divertor than in the open divertor, supported by simulations showing increased neutral
trapping, and hence, increased dissipation, in the closed divertor. A difference in #, pey/ne.sp is also seen: for matched #, ., the closed diver-
tor has up to 20% lower 7,4, consistent with modeling showing a smaller ionization fraction inside the separatrix in this case.
Understanding how these pieces fit together will help in the development of predictive models of pedestal density and detached divertors
compatible with a high performance core.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109027

I. INTRODUCTION AND BACKGROUND

The need to protect plasma facing components, in particular
from material erosion and damage that occur for T, > 5 eV and
g>10 MW/m? requires that future tokamaks be operated in some
degree of detachment. A detached divertor has a cold, dissipative

a future divertor in which detachment is compatible with a low-
collisionality core.

Changes in divertor baffle geometry are one way in which we can
affect the onset of divertor detachment,” by increasing the trapping of
recycling neutrals near the divertor target surface. Past studies have

divertor plasma and is characterized by a reduction in heat flux and
particle flux to the divertor targets. In modern devices, divertor detach-
ment is achieved with additional gas and/or impurity fueling to high
density, which can lead to pedestal degradation and poor core perfor-
mance. Future devices will require a detached divertor compatible
with a high-performance core, which, in many scenarios, requires a
low-collisionality pedestal, for example, to enable non-inductive cur-
rent drive in a steady state." Understanding how to achieve divertor
detachment at a lower pedestal density in DIII-D can help us to design

shown the effect of changes in divertor geometry in various ways. In
L-mode discharges on Alcator C-MOD,’ a long, in-slot outer divertor
leg detached at ~35% — 45% lower line-averaged density, 7., than a
short outer divertor leg in an open configuration. While they did not
see a significant difference in #, at detachment using the vertical
in-slot target and one using a horizontal in-slot target, moving the
outer strike point along the vertical target showed a nearly factor of 2
increase in 7, at detachment onset for a short leg vs a long leg. The
JET tokamak compared the Mark I, Mark IIA, and Mark IIGB
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divertors, with the increasing closure and changing target angle of inci-
dence.” Tt was reported that the Mark IIA divertor undergoes detach-
ment at a lower main plasma density than the Mark I divertor;
however, neutral compression rollover, which is associated with diver-
tor detachment, was seen at ~10% lower core plasma density in a
modified version of the Mark IIA than the Mark IIGB divertor for
L-mode discharges. A difference in the dynamics of detachment was
seen with changing target inclination in Mark IIA, with detachment
starting near the separatrix with a vertical target and farther out in the
SOL for a horizontal target. Additional recent studies at JET show the
effect of the target orientation on the pedestal, with the vertical target
correlating with a lower pedestal density’ and an increase in the L-H
transition power threshold,”” and attribute these differences to
changes in the electric fields due to different T, profiles at the divertor
target. At ASDEX Upgrade, the Lyra divertor provided a more closed
divertor with vertical targets at the inner and outer strike points and a
central dome, compared to Divertor I with near-horizontal outer and
inner divertor plates.”” Experiments showed that detachment onset
uniformly and near the density limit for Divertor I, and started earlier
in Lyra, beginning at the separatrix and moving outwards. JT-60 com-
pared a W-shaped divertor to an open divertor, showing that the
closed W-shaped divertor detached at 10% — 20% lower #, in
L-mode and H-mode discharges.'’ DIII-D has also studied the effect
of the upper closed divertor and the open lower divertor, primarily
focusing on the effect of closure on core ionization but noting an
~20% reduction in the density required for partial detachment in
H-mode discharges. These studies showed that the closed divertor
reduced the core ionization fraction by a factor of 2.6." '

Here, we report recent results from divertor geometry experi-
ments at DIII-D, expanding the body of work in two key ways. First,
experiments with matched shapes and conditions isolate the effects of
divertor closure on detachment; in particular, we keep the outer diver-
tor leg length and OSP angle of incidence fixed, controlling for the
effect of these two parameters on detachment onset. Second, upstream
pedestal profiles are used to determine the difference in ., at
detachment onset and the difference in #, peg/ne sep, Which separates
the divertor geometry effects in the SOL and those in the pedestal.
This separation is important to do as future devices are expected to
have a SOL that is opaque to neutrals, and so, any contribution made
by differences in ionization inside the separatrix will not be present in
future devices. Isolating different contributions not only leads to a bet-
ter understanding of the effects of divertor closure but also allows us to
develop better predictive power. In Sec. I1I, we determine differences
in divertor detachment onset as a function of 7, y.4; we then show that
this is a combination of two effects, both of which are related to
increased neutral trapping in the divertor. The first effect is increased
dissipation in the SOL, shown in Sec. IV, leading to detachment at a
lower 7, , value in the closed divertor case. The second effect is less
ionization inside the separatrix, shown in Sec. V, leading to lower
Ne ped/Me.sep I the closed divertor case. Conclusions and discussion of
the importance of these effects are given in Sec. V1.

Il. EXPERIMENT SETUP

Experiments were performed on the DIII-D tokamak, making
use of the upper and lower divertors to isolate the effects of the closed
upper divertor geometry on divertor detachment onset and pedestal
fueling. We compare two sets of matched, single-null, ELMing
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H-mode discharges: USN with the OSP on the ceiling for the closed
divertor case and LSN with the OSP on the lower divertor shelf for the
open case (see Fig. 1).

Focus in this paper is on the detachment of the outer divertor leg.
Efforts were made to simultaneously match as many parameters as
possible. The plasma shape is matched, as shown in Fig. 1, with a simi-
lar x-point height and poloidal angle between the outer divertor leg
and the target. Plasma discharge and shape parameters for this com-
parison are given in Table I. A previous publication presents some ini-
tial analysis of these experiments and of a similar comparison
performed at different plasma parameters, P;,; = 3.0MW and
I, = 1.4MA." The ion B x VB drift direction has a significant effect
on detachment onset,'* and so, the toroidal field direction is reversed
between the upper divertor and lower divertor discharges, to give the

Langmuir
probes

.: Dixertor

“Tho

guff for USN
Langmuir

probes

FIG. 1. We compare the upper, closed divertor (blue) with the lower, open divertor
(red). In-target Langmuir probes (magenta) give Js¢ profiles, and the edge
Thomson scattering measurements (cyan) of n, and T, give pedestal profiles. The
bolometer (gray chords) gives the two-dimensional (2D) distribution of radiated
power, which is used to determine power radiated in the divertor region and is used
with the pedestal profiles in power balance calculations of the separatrix location.
Divertor Thomson scattering measurements (lower divertor cyan) of T, are com-
pared to measurements of Js rollover and T, & 2 eV at Jg rollover for this data-
set. Under-baffle deuterium gas puffing locations are shown for the closed-divertor
case (blue) and open-divertor case (red).
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TABLE I. Plasma and shape parameters for discharges used in the detachment clo-
sure studies.

Param. Open Closed Description

Py 5.6 5.8 MW, beam power

I, 1.3 1.3 MA, plasma current

Br 2.0 2.0 T, toroidal field

Zy 16-19 19-22 cm, X-point height

o 113-116 123-129 deg., OSP poloidal angle
with the target

K 1.7-1.8 1.8-1.9 Elongation

0 0.27 0.26 Triangularity (crown)

VB drift toward the divertor in both cases. Density is controlled with
deuterium gas puffing, from three toroidally separated gas valves
located under the upper baffles for the LSN case and four toroidally
separated gas valves under the lower baffles for the USN case. These
valves provide both poloidal symmetry in the comparison, with gas
puffing near the crown in both cases, and increased toroidal symmetry
in each case, with multiple valve locations and the baffles allowing
toroidal diffusion before gas enters the main chamber. Feed forward
gas puffing is used, as response times are too long to be useful for den-
sity feedback control due to the gas line length.

The discharges are well-matched in shape and plasma parame-
ters, as shown in Table I, but there are some differences of note. The
divertor geometry at the inner strike point differs between the open
and closed configurations, but we do not expect this difference to
change the onset of detachment in the outer divertor. One possible
effect of different geometries would be to have different conditions at
the inner strike point; however, the inner strike point detaches at a sig-
nificantly lower density with the ion B x VB drift direction toward
the divertor in DIII-D, and so, it is detached in all but the lowest den-
sity cases here. Recent studies have shown that the inner divertor can
be a source of neutrals ionized in the outer divertor,” but that this
inner divertor source was attenuated in the case of a horizontal outer
target; the details of neutral pathways in the upper divertor of DIII-D
is under investigation. Though there is a difference in neutral commu-
nication between the inner strike point and the outer strike point in
the two divertors due to the dome structure in the upper divertor, this
is a natural result of the increased closure in the upper divertor. The
divertor cryo pump location and pumping efficiency vary between the
upper and lower divertor cases, as shown in Fig. 1. The closed upper
divertor has particle pumping in the SOL of the outer divertor leg; the
pump shown under the inner dome was not used in these experi-
ments. The open lower divertor has particle pumping in the private
flux region, leading to less particle removal in the outer divertor leg
than in the upper outer divertor leg. The effects of particle pumping
on detachment in the upper divertor are discussed in Sec. II. The gas
puff rate required to reach a given pedestal density is greater in the
closed divertor, which has more effective particle removal. Despite the
difference in the puff rate and pump rate, we expect the particle
removal rate to balance out the particle input rate in a steady state,
and so, we focus on the interrelationship between upstream values and
target values, regardless of the puff rate or pump rate required. Finally,
the edge Thomson scattering system is closer to the upper divertor
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than the lower divertor. This means that the midplane profiles are
closer to the gas puff in the open divertor case than the closed divertor
case. We assume that there is no direct effect of the gas puff on points
inside the separatrix where we use the Thomson measurements, but it
remains a possible contributor to the differences seen between the two
cases.

To determine the detachment onset, a shot-wise density scan is
performed, with each plasma discharge having an approximately con-
stant density and density increasing from shot to shot; for example,
time traces for a LSN discharge are shown in Fig. 2. This insures suffi-
cient inter-ELM time for pedestal analysis at each different density.
For this comparison, we use rollover in the peak ion flux to the target,
Jiar as a function of pedestal top density, 71 pes, as our comparison
metric for detachment onset; note that the location of that peak moves
away from the separatrix as the discharge proceeds.'” Analysis uses
200 — 700 ps time windows during steady pedestal conditions and

(1, (MA) )
1F \\\:
0 : . 166036 ]
6F Py (MW) I ' ]
3r .
(1] . , \

10 ne,pe(lj (1019'm-3) T
5F
0

28 _ R(m)=1.528 _
20 .-Te,div_ (eV) ; - V T -
10k ELM filtered .h 1
L R((m)_=1.486 ]
0 2(m)=-1.242 .
0 2000 4000 6000
Time (ms)

FIG. 2. Example time traces from a LSN discharge. Plasma current /,, injected neu-
tral beam power P;y, approximate pedestal density e 4, D-o: emission in the lower
divertor, showing ELM frequency, radial OSP position Rosp showing the OSP
sweep to generate profiles at the target, and ELM-filtered divertor temperature
Te.qiv are shown. Time windows of 200-700 us with steady pedestal and small
OSP sweep motion are selected for analysis, which uses the last 20% of each
ELM cycle.
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uses the last 20% of each ELM cycle to construct an inter-ELM pedes-
tal profile. A high-resolution edge Thomson scattering system'’
provides midplane pedestal profiles (Fig. 1), and a modified hyperbolic
tangent fit gives pedestal top density, 71, peq. For each 71, pes, small OSP
sweeps across in-target Langmuir probes generate a ], profile at the
target. From this profile, we take the maximum value, peak J;,. As we
show in the comparison below, rollover in peak J,,; corresponds to the
detachment of the outer divertor leg.

DIII-D has an extensive suite of boundary diagnostics, with the
most comprehensive diagnostic coverage in the lower, open divertor.
This includes a divertor Thomson scattering system (DTS),'® shown
in Fig. 1 that provides profiles of T, in the lower divertor via sweeps of
the OSP. Recent detachment studies in DIII-D have used T, < 2 eV
near the target as measured by the DTS as an indication of detach-
ment. We use the overlap in coverage between DTS and in-target
Langmuir probes in the lower divertor to confirm that our divertor
detachment onset metric defined above captures the desired transition
from attached to detached divertor conditions'’ and then use the
Langmuir probe arrays in each divertor to make a direct comparison
between the two configurations. Figure 3 shows a comparison between
the ]y, rollover and T, profiles measured by DTS in the lower, open
divertor. We see that electron temperature in the lowest two DTS
channels drops to T, ~ 2 eV across the SOL at the rollover in peak
Joar- Thus, we have verified that rollover in peak ], as a function of
Neped corresponds to the onset of divertor detachment for the outer
divertor leg for ion B x VB drift toward the divertor in DIII-D.

To accurately determine the separatrix density, we must deter-
mine the separatrix location. We use experimental measurements at
the midplane and determine the separatrix position using power bal-
ance, by calculating parallel heat flux two ways and setting the separa-
trix to be where these two are equal.’”'* The parallel heat flux profile
is calculated assuming flux-limited Spitzer conductivity and using 7,
and T, profiles measured by the edge Thomson scattering array at the
midplane. The separatrix is then determined to be the location at
which this parallel heat flux matches the value calculated using the
power into the SOL (Psqy, based on Ohmic and auxiliary heating
minus experimentally measured values of radiated power) and the
SOL width. This method can shift profiles by ~1 mm, or ~10% of
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Me,sep> compared to the more standard method of magnetic equilibrium
reconstruction.'”

We use interpretive modeling to aid in understanding results
from these experiments. Calculations use experimental measurement
values as input but are focused on isolating the effect of geometry in
the experiment and deepening understanding of underlying effects,
rather than reproducing individual discharges. We use two different
codes to interpret results: SOLPS calculations focus on effects in the
SOL, between the target and the separatrix, and OEDGE calculations
focus primarily on effects in the pedestal, between the separatrix and
pedestal top. Descriptions of simulation codes and setups used are
given in Secs. IV and V.

1l1l. COMPARISON OF DETACHMENT ONSET IN OPEN
AND CLOSED DIVERTORS

Evolution of the target ], profile in the upper and lower diver-
tors for increasing pedestal density is shown in Fig. 4. In each case, we
show profiles that span the density scan from low-density, attached
cases up through high-density, detached cases. These profiles show
that the general shape of the ion flux to the divertor is similar in both
cases and that in both cases the peak shifts outward from the separa-
trix with increasing density. The evolution shows the rollover in peak
Jsar and the density values corresponding to each profile indicate that
the transition takes place at lower 7, g in the closed divertor than the
open in the divertor.

We can use this rollover in peak J;,, at the target as a function of
midplane 7, .4 as a metric for determining the detachment onset, as
described in Sec. II. Using this metric to compare the detachment
onset in the upper, closed divertor and the lower, open divertor shows
that the closed divertor detaches at up to ~40% lower 71, pes than the
open divertor in these experiments. This comparison is shown in
Fig. 5. A comparison to a LSN with the OSP on the floor—which we
call less closed than the upper divertor, due to a lack of a private flux
region baffle and a reduced outer baffle—is also shown. This interme-
diate closure case detaches at an intermediate 71, ey value between the
open and closed cases and shows that progressively increasing the
divertor closure increases the effect on 7, 4.4 at detachment onset. A
detailed study of the intermediate closure case, including investigation
of the lower J,,, values, is left as future work. We will focus further

8 (| ) T T T T 50 ('b)166025? ‘ (C) 166035! i ('d)166036! ' ('e)166037! '
a : : : :
-~ 40 : | : ElS ; ElS : E
~ 60 H
£ :
3 " oS30 5 4 4+ 4+ E
Lad "~-.(_e)- 2 1
1w 20 i 3 3 3
2d . I
10 td LAVE 3 I :
[ T TR B | 1 i : : ;
0.4 0.5 0.6 0.7 0.8 0.9 gt H | - i \ |2 ; :
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Nepes (107 M) n n Y, Y,

FIG. 3. Comparison between Js rollover and divertor T in the lower, open divertor. (a) Peak Js, at the divertor target as a function of upstream ne ., for the open divertor.
Points corresponding to T, measurements are indicated. (b)-(e) Electron temperature profiles in the open divertor from a chord centered 0.5 cm above the target (red) and
~2.5 cm above the target (yellow). Profiles are created by sweeping the OSP past the divertor Thomson array (see Fig. 1 for measurement locations). The corresponding
points from each of these four discharges are indicated in (a). Low T, is seen only near the separatrix in (c) and is low throughout the SOL in (d). We note that although full
17 cm sweeps were used to generate the DTS profiles in (b)—(e), only a few-cm sweeps from the small-R portion of the sweep were used in the Langmuir probe analysis in

(a), to minimize possible differences in target conditions due to the sweep.
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FIG. 4. Js profile evolution for the (a) closed and (b) open divertors. Each profile
is from a separate discharge, generated using an ~few-cm strike point sweep.
Profiles are shown for low-density attached cases (light colors), intermediate den-
sity cases, and high-density detached cases (dark colors). The peak Js. value
shifts outward as peak Js rolls over with increasing density.

analysis here on the open and closed cases, which show the greatest
difference.

Divertor particle pumping varies between the upper and lower
divertor configurations, with a pump in the SOL of the upper closed
divertor and in the private flux region of the lower open divertor. This
difference leads to more effective particle removal in the closed diver-
tor configuration than the open divertor configuration. We can under-
stand what effect this difference in pumping might have on our
comparison by studying a case with pumping and a case without
pumping. A comparison of detachment onset between two density
ramps in the upper divertor, one with no particle pumping and one
with two pumps operating, shows that the case with no particle pump-
ing detaches at =10% lower 7,y than the case with both pumps
(Fig. 6). Note that these density ramp discharges, both pumping and
non-pumping, were performed after a change in the upper divertor
baffle geometry. The shape of the upper divertor was modified in 2017
to the geometry shown at top in Fig. 6; all other discharges shown in
this paper used the upper divertor geometry shown in Figs. 1 and 5.
The pumps and pump locations are unchanged. Only one of the two
outer divertor pumps was operated in the upper divertor cases

ARTICLE scitation.org/journal/php

T T I T T T
166065-7,166072 _|

166121-2,166124-6
166025,166032,166034-7

Open ]

& A ]
£ 60 L | _
g MO :
< S B ]
§ 40 L ".- -
Lan] - - :
) _

0 ;Flntermediate —

0 P S S R W |
0.2 0.4 0.6 0.8 1.0

ne,ped (1020 m_3)

FIG. 5. Peak Js,; as a function of ne . for the closed (blue) and open (red) diver-
tors, as well as an intermediate closure case with the OSP on the lower divertor
floor (green). The closed divertor detaches at ~40% lower ne s than the open
divertor for this dataset. The intermediate closure divertor, with less outer divertor
leg baffling than the upper divertor, falls between the two cases.

considered in this paper; it is likely that if the second pump had been
used, it would have led to a bigger difference in #, g at detachment
between these cases and an unpumped upper divertor case.

We see that pumping in the upper divertor can increase the
Meped Value required for detachment. We expect the detachment
onset comparison between the open and closed configurations to
be a more-conservative evaluation than if the pumping were
matched, as pumping from the private flux region in the open con-
figuration is typically weak, while the closed upper divertor has
stronger common SOL pumping. More detailed analysis of the
interplay between divertor closure and particle pumping is a topic
of ongoing research at DIII-D.

Detachment onset determined in DIII-D conditions incorpo-
rates multiple effects between the divertor and the pedestal top,
but only some of those effects will be relevant in future devices. In
particular, changes in power dissipation in the SOL will contribute
to detachment onset in future devices. In contrast, any contribu-
tions to the difference in detachment onset, which are attributable
to changes in ionization inside the separatrix fueling the pedestal
density, will be negligible in future devices, which are expected
to have a main chamber SOL that is opaque to neutrals.”””’
Separating out different effects contributing to the observed dif-
ference will therefore not only help us to better understand the
effects of divertor geometry on detachment in current machines
but will also allow us to better predict the effects in future
machines. In Secs. I'V and V, we divide the effects contributing to
the ~240% reduction in 7, peq at detachment into two parts: effects
on the open field lines, in the divertor SOL, which lead to detach-
ment onset at a lower #n.,, and effects predominantly on the
closed field lines, inside the separatrix, which lead to a lower
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FIG. 6. The effects of particle pumping on detachment in the closed divertor.
Comparison between pumping and non-pumping cases is made in the divertor
geometry shown at top. Note that this upper divertor geometry is altered from other
USN discharges presented here (compare geometry shown at top to divertor geom-
etry shown in Fig. 5). (a) Js profiles for the case with pumps off. Profiles are from
a single discharge with a density ramp. Profiles were chosen from a narrow densig/
range around the peak Jg. rollover, which occurs near ne pes ~ 5.8 x 10" m=2.
(b) Jsat profiles for the case with pumps on. Profiles are from a single discharge
with a density ramp. Profiles were chosen from a narrow density range around the
peak Jsz rollover, which occurs near ne eq ~ 6.2 x 10" m3,

IV. LOWER SEPARATRIX DENSITY AT DETACHMENT
ONSET DUE TO INCREASED SOL DISSIPATION IN THE
CLOSED DIVERTOR

Comparing separatrix density for attached and detached divertor
conditions, as determined by the metric described above, shows that
the 71,4 value required for detachment is up to ~25% lower in the
closed divertor than in the open divertor for this dataset (see Fig. 7).
This ~25% reduction in the lowest 7, value at detachment is only a
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FIG. 7. Detachment as a function of pedestal density, ne .4, and separatrix density,
N sep, for the open (red) and closed (blue) divertor cases. Discharges with detached
divertor conditions are indicated with filled-in symbols. Detachment in the closed
divertor is seen at ~40% lower e 4, and ~25% lower ne g, than the open diver-
tor case.

fraction of the ~40% decrease in the required 7, . Note that the
error bars on n,, are fairly large, especially when density increases.
Taking error bars into account, the difference between the lowest 7,
values at detachment in the open and closed cases ranges from negligi-
ble to a factor of 2 difference, but the trend in the relationship between
Meped and 1 g for the two cases supports the conclusion that the dif-
ference is not negligible and is less than the difference seen in 71, pey.
This difference in #,, at detachment onset is due to the increased
divertor and SOL dissipation for a given separatrix density in the
closed divertor compared to the open divertor, which SOLPS simula-
tions suggest is related to increased neutral trapping in the closed
divertor.

A. Setup of SOLPS simulations

We use the SOLPS (Scrape Off Layer Plasma Simulation) code
suite” to interpret the experimental effects of geometry on the SOL
plasma. SOLPS5.0 couples the multifluid plasma transport code B2.5
with the Monte Carlo neutral transport code EIRENE.”
Computational meshes are based on experimental magnetic equilibria
determined using EFIT.”* Simulations are used in an interpretive man-
ner, trying to understand the effects of changing geometry, rather than
to reproduce specific discharges. All input parameters are kept equal
between the open and closed cases in the SOLPS comparison, and
only the divertor geometry is changed, allowing us to isolate the effect
of divertor closure in a way that is difficult to do experimentally.

A previous publication reported results of simulations for a lower
power open and closed divertor comparison,”” and the results reported
here use the same diffusion and transport coefficients with a different
power. Conditions are set at the core boundary inside the separatrix;
power at the boundary is based on an experimentally determined value
of power into the SOL, Psoy, an experimentally relevant range of #, is
used, and simulations use a zero flux boundary condition. Diffusion
and transport coefficients are adjusted to reproduce the main features
of experimental measurements of upstream #, and T, profiles in a
LSN discharge;l;‘z{’ these coefficients are then used for both divertor
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geometries and all densities in the comparison. SOLPS then calculates
self-consistent upstream and divertor plasma conditions. Calculations
include both deuterium and carbon, the latter arising from chemical
and physical sputtering processes. Line emission, Bremsstrahlung,
charge-exchange, elastic scattering, ionization, and recombination
effects are all included. The effects of molecular deuterium are also
taken into account, including molecule-ion elastic collisions and
molecular assisted recombination. Drift effects, which are known to
affect overall profiles and detachment characteristics, are not included,
but the simulations still capture the trends expected from better neu-
tral confinement in the divertor.

For these comparisons of the open divertor and closed divertor,
density at the core boundary is varied to produce a density scan for
comparison with experimental data, and diffusion and transport coef-
ficients and power at the core boundary are held fixed between the
two cases to isolate the effects of the change in divertor geometry. Full
details of this modeling and the underlying physics are discussed in
greater depth in Ref. 25.

B. Interpretive modeling of SOL effects with SOLPS

Interpretive SOLPS modeling of closed and open divertor dis-
charges can indicate what differences in the SOL may be contributing
to the experimentally observed difference in detachment onset.
Simulations capture a similar difference in detachment onset between
the open and closed divertors to that seen experimentally, with previ-
ous work at lower power showing that the closed divertor T, drops
below 2 eV at approximately 50% lower upstream density.”” For the
simulations of discharges shown here, the closed divertor reaches
T, ~ 2 eV at =30% lower 1,y than the open divertor. We can use
this SOLPS comparison to gain insights into which processes are con-
tributing to the decrease in separatrix density required for detachment.

We expect an increase in neutral trapping in a closed divertor
compared to an open divertor and that this increased trapping of neu-
trals can lead to more dissipation in the divertor/SOL in a closed
geometry. This effect is seen in SOLPS comparisons, which show
greater neutral density in the closed divertor than in the open divertor.
Figure 8 shows 2D neutral distribution in the open and closed diver-
tors for matched s, ~ 0.5 x 10 m ™, with greater neutral density
throughout the closed divertor. We can see that this difference in neu-
trals in the closed case is due to increased neutral trapping by also
comparing the neutral density at the midplane, which we expect to be
lower in the closed case. Figure 9(a) shows the radial profiles of neutral
density at the midplane for the open divertor configuration and the
closed divertor configuration, for two different ,, values, demon-
strating that the neutral density is lower throughout the midplane SOL
for the closed divertor case. Figure 9(b) shows poloidal neutral density
profiles along a flux surface from the divertor target to the outboard
midplane for different 7, s, values for both the open and closed cases.
For both 7, ¢, values, the closed divertor shows significantly higher
neutral density in the divertor region than the open divertor and lower
neutral density than the open divertor case at the outboard midplane,
consistent with increased neutral trapping in the closed divertor.
SOLPS shows peak neutral density to be greater in the closed divertor
than the open for all 7., of the density scan,”® consistent with past
SOLPS work showing a strong inverse correlation between np, and T,
in the divertor.”’
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FIG. 8. Two-dimensional distribution of neutral deuterium density, np.p,, in the
closed (top) and open (bottom) divertor volume, both for ne s, ~ 0.5 x 100 m3,
There is a higher neutral density throughout the closed outer divertor, including at
the target, which is calculated with SOLPS.

Low target temperatures in detachment are due to energy dissipa-
tion,”” and while momentum dissipation can also be an important
effect in detached divertors, we focus here on energy dissipation.
Radiated power in the divertor region is a primary contributor to
energy dissipation, and hence, the observation of detachment at lower
separatrix density in the closed divertor indicates that the closed diver-
tor must be dissipating more of the power that flows into the SOL
than the open divertor does for the same 7, y. To see this, we can
compare the power radiated in the outer divertor normalized by the
power into the SOL, Pyag divout / Psor» as a function of 1, . Total radi-
ated power in the outer divertor leg is measured by using the bolome-
ter arrays shown in Fig. 1. Tomographic inversion gives a 2D radiation
profile, and total outer divertor radiation is determined by summing
radiating power in the SOL outboard of the x-point from the target to
20 cm above the x-point. It is then normalized by the power into the
SOL, to take into account changes in core radiation with changing
density. The results are shown in Fig. 10, with detached divertor condi-
tions indicated by filled-in symbols, based on rollover in peak J, for
experimental measurements and T, ~ 2 eV for SOLPS simulations.
The closed divertor Pruq divour/Psor is up to twice that of the open
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FIG. 9. Profiles of neutral deuterium density, np,p,, calculated with SOLPS. (a)
Radial np.p, profile at the midplane, at ne .., = 3 and 5 x 10" m= for the open
(reds) and closed (blues) cases. (b) Poloidal np.p, profiles at the same two ne s,
values for the open (reds) and closed (blues) cases. Poloidal profiles are along the
flux contour with R — Ry, =10.1mm at the outooard midplane. The closed case
shows much higher neutral density near the divertor, with decrease density at the
outboard midplane. This demonstrates the trapping of neutrals in the divertor.

divertor for the same 7, at high densities and ~1.3 times greater at
detachment onset in the closed divertor, with both divertors showing
detachment onset at Pyug givour/Psor ~ 0.2. This indicates much
greater dissipation for the same separatrix density in the closed case
than in the open divertor, which leads to detachment onset in the
closed divertor at lower separatrix density. We discuss other sources of
power loss beyond radiation below.

The SOLPS calculations of radiated power for the outer divertor
are shown in Fig. 10. These SOLPS calculations capture important
trends seen in the experimental data: the closed case shows greater
radiation than the open case, by a factor of about 1.3 for the highest
densities and a factor of 2 at detachment onset in the closed divertor.
Both the open and closed cases detach at Pyyg givout /PsoL =~ 0.2 — 0.3.
The difference between the open and closed cases is less than that seen
experimentally, which could be due to a number of factors, including
factors that contribute to the absolute values being lower in the SOLPS
case, a trend analyzed in detail in other studies.”””"

Through the analysis of SOLPS results, we find the relative con-
tribution of dissipative processes not measured by the bolometers, like
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FIG. 10. Total power radiated in the outer divertor leg as a function of separatrix
density. Radiated power is normalized by the power flowing into the SOL. (a)
SOLPS calculated values for the open (red) and closed (blue) cases. Values are
taken directly from SOLPS simulations, not calculated using a synthetic diagnostic.
(b) Experimental values based on bolometer measurements for the open (red) and
closed (blue) divertors. Detached divertor conditions are indicated by filled-in sym-
bols in both cases.

charge-exchange and other ion-neutral interactions. A comparison of
the relative contributions of radiation from carbon impurities, radia-
tion from deuterium, and ion-neutral interactions (charge exchange
and other collisional dissipative losses) is shown in Fig. 11. Radiation
dominates ion-neutral interactions, with carbon providing the greatest
contribution in both the open divertor and the closed divertor, as has
been seen in experimental measurements of divertor radiation in DIII-
D.”"** If we were to compare the power radiated by deuterium and by
carbon separately, we would see that each is greater in the closed diver-
tor case than in the open case, but if we consider the relative contribu-
tion of deuterium and carbon we see that that the relative contribution
of deuterium increases in the closed case, while the relative contribu-
tion of carbon decreases (Fig. 11). Similarly, ion-neutral interactions
have almost twice the relative contribution in the closed case than in
the open case. The increase in the importance of deuterium radiation
and ion-neutral interactions is consistent with the greater density of
deuterium neutrals in the closed divertor.

V. LOWER PEDESTAL DENSITY DUE TO DECREASED
IONIZATION INSIDE THE SEPARATRIX IN CLOSED
DIVERTOR

The pedestal density is up to ~20% lower in the closed divertor
case than in the open divertor case for a given separatrix density.
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FIG. 11. Fractional contribution of different dissipative processes as a function of
separatrix density. Values are calculated in the outer divertor volume, for carbon
radiation (dashed lines), deuterium radiation (dotted lines), and ion-neutral dissipa-
tive processes (solid lines). The relative contributions of deuterium are larger in the
closed case, consistent with greater deuterium neutral density. Values are calcu-
lated in SOLPS. Carbon and deuterium radiation together give total radiation plotted
in Fig. 10. All red lines are for the open divertor case, while all blue are for the
closed divertor case; detached divertor conditions are indicated by filled-in symbols.

A plot of 11, ped /M sep VS Mo sep (Fig. 12) shows that 1, peg /11, sop is greater
in the open divertor case for all the values of 7,4, in these experi-
ments. OEDGE simulations suggest that the observed difference in
Ne ped/Me sep is due to differences in where the recycling neutrals are
ionized, which is related to the increase trapping of neutrals in the
divertor discussed in Sec. I'V.
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FIG. 12. Experimentally measured values of the ratio of pedestal density to separa-
trix density, Ne pea/Nesep, @s @ function of ne ., for the open divertor (red) and
closed divertor (blue) cases. The closed divertor has an up to 20% lower
Neped /Nesep- These are the same data shown in Fig. 7, replotted to highlight

Ne ped /Ne sep-
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A. Setup of OEDGE modeling

To more accurately estimate the effect of geometry on the pedes-
tal jonization source profile, we employ the OEDGE (Onion-skin
modeling + EIRENE + DIVIMP for edge analysis) coupled
code, which has been used in past studies of core-ionization.”””* This
interpretive approach uses EIRENE to follow the best experimental
estimate of the neutral source profile through an empirically recon-
structed background plasma based on an onion-skin model. While in
principle a similar interpretive analysis can be carried out with SOLPS
modeling, we find the OEDGE code to be more efficient and accurate
in reproducing the experimental measurements for the assessment of
the deuterium ionization profile. The onion-skin modeling code pro-
duces a 2D background plasma based on experimental measurements
of divertor target J;,, and T, profiles measured by in-target Langmuir
probes and upstream 7T, and 7, pedestal profiles measured by
Thomson scattering. EIRENE launches neutrals into the background
plasma assuming unity recycling, with the Eirene grid extending to the
walls and the plasma grid extending from the private flux region to the
outer SOL. Neutrals are launched from the divertor and main chamber
walls with the same profile as the ion flux to the surfaces; this is mea-
sured by Langmuir probes in the divertor and extrapolated to other
surfaces using characteristic SOL lengths. Once launched, neutrals can
make their way around the plasma, ionizing in both the SOL and
inside the separatrix; OEDGE produces 2D profiles of the ionization
rate. Calculated volume recombination is included, but the recombina-
tion source is very small for the attached divertor cases modeled.
DIVIMP, an impurity neutral and ion Monte Carlo transport code, is
not used here. Carbon impurities are hence not included explicitly, but
the effects of carbon on radiation losses are implicitly taken into
account by the experimental profile matching in the setup, as are dif-
ferences in gas puffing and pumping rates.

B. Interpretive modeling of pedestal effects with
OEDGE

We can compare OEDGE calculations of 2D ionization profiles
for open and closed divertor discharges with matched 7., to see how
divertor geometry affects the ionization profiles. Figure 13 shows the 2D
ionization profiles for discharges with 7, ¢, ~ 0.18 — 0.19 x 102 m—3,
The outer leg of the closed divertor shows ionization occurring over a
larger volume of the divertor than the outer leg in the open divertor, as
well as larger overall ionization rates, and very little jonization inside the
separatrix. In contrast, the open divertor shows ionization inside the
separatrix that extends up toward the midplane. This is consistent with
a picture of increased neutral trapping in the closed divertor: neutrals
trapped in the closed divertor have more of a chance of being ionized in
the SOL, whereas in the open divertor case, neutrals escape the divertor
region and travel upstream, where they can more easily cross the narrow
SOL and be ionized inside the separatrix.

We see this effect in the plot of ionization as a function of the
poloidal angle shown in Fig. 14. Here, the ionization rate inside the
separatrix has been multiplied by the radiating volume and summed
in the radial direction to give a total ionization rate for a given poloidal
slice. This comparison shows significantly more ionization inside the
separatrix between the x-point and the midplane in the open divertor
case everywhere but the immediate x-point region. Ionization is high
for a small region near the x-point in the closed divertor and drops
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FIG. 13. lonization rate as a function of position for the closed (upper) and open
(lower) divertors, for matched separatrix density. Rates calculated with OEDGE.
The closed divertor shows more ionization in the outer divertor leg than the open;
the open shows more ionization outside of the divertor region, including inside the
separatrix. lonization inside the separatrix for both cases is shown in Fig. 14.

quickly upstream, whereas in the open divertor case, ionization is high
from just outside the x-point up past the midplane, peaking just below
the midplane. We note that this joins previous work showing poloidal
variations in the deuterium atomic flux across the separatrix,”” though
that work, which studied L-mode discharges with UEDGE and
SOLPS, found varying relative contributions between regions near the
x-point and regions closer to the midplane.

Comparing poloidally averaged ionization inside the separatrix
for the two geometries, we find higher ionization in the open divertor
case for all the values of normalized magnetic flux ¥,, Fig. 15(a).
Tonization rates are similar just inside ¥, = 1 and diverge moving
inwards, leading to a greater fractional increase in the ionization rate
inside the separatrix near the pedestal top. The differences in ioniza-
tion rates lead to approximately twice as much ionization inside the
separatrix in the open case (1.9 x 10?! particles/s) as in the closed
case (1.0 x 10%! particles/s). This is shown in the plot of radial ion
flux [Fig. 15(b)], which balances out the ionization inside the separa-
trix and is calculated by radially integrating the ionization profile.
Figure 15(b) shows that the ~2x increase in radial ion flux corre-
sponds to an ~2x increase in the peak pedestal density gradient,
dn,/d¥,. Though there are many processes that can affect the pedes-
tal profile in addition to diffusion, we see with this simple empirical
estimate that the pedestal fueling and the resulting gradient change by
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FIG. 14. Total ionization rate inside the separatrix as a function of the poloidal
angle. Both cases are plotted starting from the x-point and moving toward the out-
board midplane, so “clockwise” for the closed divertor (blue) and “counterclockwise”
for the open divertor (red). X-point, outboard midplane, and inboard midplane posi-
tions in each case are indicated by dashed vertical lines. Rates are calculated with
OEDGE and multiplied by volume to take the effect of varying volume into account.
(Note that poloidal grid divisions are different in the two cases and that the sum of
the values plotted, rather than the area under the curve, gives the total ionization.)
The open divertor shows much greater ionization than the closed outside the imme-
diate x-point region, with ionization peaking just below the outboard midplane.

a similar factor, as is expected from standard diffusive processes. We
note that these profiles are not determined self-consistently from
transport models and calculated ionization rates; rather, the pedestal
profiles are taken directly from measurements and used to calculate
ionization rates.

The closed divertor case has more ionization in the divertor
region, increasing 7, in the SOL, and the open divertor has more ioni-
zation inside the separatrix, increasing #, in the pedestal. These differ-
ences in ionization are calculated using the observed difference in the
pedestal density profile shown in Fig. 15. This is consistent with the
results of a similar SOLPS comparison between lower power open and
closed divertor cases that showed more ionization inside the separatrix
in the open case for matched divertor target conditions.” These results
join a body of evidence that changes in the neutral fueling have a
strong effect on the pedestal structure in DIII-D, including a study
showing that the pedestal width is comparable with the neutral pene-
tration length’ and a study of the pedestal fueling from the divertor
and main chamber recycling, which found that the divertor source
dominated.” These two studies were performed using open divertor
discharges; a recent comparison of the open and closed divertors on
DIII-D found differences in the pedestal height, width, and displace-
ment, consistent with changes to differences in pedestal fueling from
divertor-sourced neutrals.”” We note that the effect of neutral fueling
on the pedestal structure observed on DIII-D is not universal. Past
studies on Alcator C-Mod found that the pedestal width did not vary
with density as expected from a simple neutral penetration model,
though they note that it is difficult to study the role of neutral fueling
on the pedestal experimentally, due to changes in pedestal density
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FIG. 15. lonization rate and ion flux calculated with OEDGE for the closed (dashed
blue) and open (dashed red) divertors. (a) Poloidally averaged ionization rate inside
the separatrix as a function of normalized poloidal flux ¥,. lonization rate is plotted
over experimentally measured n, profile. The open divertor shows greater ionization
than the closed, corresponding to a higher pedestal top density. (b) Radial ion flux
as a function of W, indicates a factor of 2 difference in total ionization inside the
separatrix. Plotted over density gradient, dn./d¥,, from fit to experimental data
shown in (a). Higher ion flux corresponds to higher density gradient.

affecting radial transport.”” A multi-machine comparison of DIII-D,
ASDEX Upgrade, and JET concluded that the data suggest a role for
neutral fueling in determining the density profile but that further study
is needed.”’

VI. SUMMARY AND CONCLUSIONS

Experimental measurement of detachment onset comparing the
more closed upper divertor and more open lower divertor on DIII-D
shows that the closed divertor achieves detachment at up to ~40% lower
Me.ped than the open divertor. Further analysis of experimental data indi-
cates that this difference is a combination of two factors: detachment
onset at ~25% lower 7, o, in the closed divertor than in the open diver-
tor and an ~220% lower 1, peg/#e s in the closed case than in the open
case. Interpretive modeling suggests that both these factors are related to
increased trapping of neutrals in the closed divertor.

Experimental measurements and SOLPS modeling of 71, ¢, scans
for the two divertor configuration indicate that the onset of detach-
ment for the closed divertor at lower #,; is due to greater dissipation
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in the divertor. Simulations suggest that this is due in part to greater
neutral density in the closed case. Experimental measurements show a
30% increase in P4 givout / Psor for the closed over open configuration
at detachment onset. SOLPS modeling captures a similar trend in
Pad divout / Psor, with an /2 times increase in the closed case at detach-
ment onset. SOLPS also indicates that the contribution of deuterium
radiation and ion-neutral collisional processes has a greater relative
contribution to total dissipation in the closed divertor than in the open
divertor, consistent with increased neutral trapping.

OEDGE calculations indicate that greater neutral trapping in the
closed divertor also contributes to the observed difference in
Meped/ Mesep- The closed geometry more effectively traps neutrals, lead-
ing to greater ionization in the divertor SOL, while the more open
divertor geometry allows more neutrals to escape the divertor, cross
the separatrix, and be ionized. Though some neutrals cross the separa-
trix near the x-point in both divertor geometries, ionization upstream
is an additional pathway only available to neutrals that escape the
divertor that is much more likely in the open divertor configuration.
The OEDGE analysis of experimental discharges with matched 7,
shows more jonization inside the separatrix in the open divertor case,
leading to twice the ionization of the closed divertor case. These two
trends, more ionization in the SOL in the closed case and more ioniza-
tion inside the separatrix in the open case, act to modify the pedestal
profile so that 71, peq /1. p is greater in the open divertor case.

We do not expect significant ionization inside the separatrix
in future devices;””*' hence, we would not expect a significant dif-
ference in 1, pe/1e sep between an open divertor and a closed diver-
tor. So, the contribution of a difference in #,pea/tesp to the
difference in detachment onset would be absent, leaving only the
contribution of the increased SOL dissipation in the closed case.
So, in the case of the comparison we make here, rather than the
~40% decrease in density at detachment onset that we see when
we look at the onset of detachment as a function of #, 4, we would
expect to see the ~25% decrease in density we see when we look at
detachment onset as a function of 7. This is not to say that
these results scale directly to future devices; rather, these results
may aid in verifying models of the existing experiments to test the
physics used to extrapolate to future tokamaks.

These experiments also indicate that the closed divertor geometry
is more compatible with the requirement of a low-collisionality core
plasma. Comparing detached cases with similar peak target ion flux
values shows that the closed divertor case has a lower pedestal density
but a higher pedestal temperature, leading to a lower pedestal top colli-
sionality with a slightly higher pedestal pressure than the open case.”
This suggests that a closed divertor geometry may help provide a
future reactor with a detached divertor that still allows a low collision-
ality, high pressure pedestal.
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