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ARTICLE INFO ABSTRACT

Keywords: In this paper, simple analytical modeling and numerical simulations performed with the multi-fluid edge
NSTX-U transport code UEDGE are used to identify optimal snowflake divertor (SFD) configurations for heat flux miti-
snowflake divertor gation and sufficient cryopumping performance on the National Spherical Torus eXperiment Upgrade (NSTX-U).
gé’gg‘;mp A model is presented that describes the partitioning of sheath-limited SOL power and particle exhaust in the SFD

as a result of diffusive transport to multiple activated strike points. The model is validated against UEDGE
predictions and used to analyze a database of 70 SFD-minus equilibria. The optimal location for the entrance to a
divertor cryopumping system on NSTX-U is computed for enabling sufficient pumping performance with ac-
ceptable power loading in a variety of SFD-minus configurations. UEDGE simulations of one promising equili-
brium from the database indicate that a significant redistribution of power to the divertor legs occurs as a result
of neutral particle removal near one of the SFD-minus strike points in the outboard scrape-off layer. It is con-
cluded that pump placement at the optimal location is advantageous as the large number of compatible equi-
libria reduces the precision required of real-time SFD configuration control systems and enables acceptable
divertor solutions even if UEDGE-predicted power redistribution slightly reduces the achievable pumping per-

formance.

1. Introduction

The National Spherical Torus eXperiment Upgrade (NSTX-U) [1],
which completed its first campaign of plasma operations in 2016 [2,3],
is a spherical tokamak (ST) at the Princeton Plasma Physics Laboratory
(PPPL) that has been commissioned to build upon the successes of
previous STs such as NSTX [4] and the Mega-Ampere Spherical To-
kamak (MAST) [5] and to establish the scientific baseline required for
the design of future ST-based fusion facilities. NSTX-U received sub-
stantial hardware improvements to enable plasma operations at 1 T,
2 MA, 10 MW and discharge durations of up to 5 s. These enhancements
will afford access to new physics regimes for the investigation of mat-
ters such as the dependence of energy confinement on electron colli-
sionality [6], the physics of energetic ions [7], and the development of
fully non-inductive scenarios at high pressure and current [8].

A combination of technologies will be required on NSTX-U for en-
abling reliable access to high-performance scenarios while ensuring ac-
ceptable margins on device safety. Of particular importance will be
strategies that address the management of power and particle exhaust at
the plasma-material interface (PMI). One of the most challenging issues
for NSTX-U will be the mitigation of reactor-level power fluxes onto
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plasma-facing components. It was shown in [1] that the peak axisym-
metric heat flux cannot exceed 10 MW/m? without risking structural
damage to the graphite divertor tiles, and this requirement may become
more demanding as the impact of toroidally-asymmetric heat loads (due
to non-axisymmetric fields and tile misalignments) on divertor tile per-
formance is analyzed during the NSTX-U recovery project. NSTX-U will
also require robust control of main ion and impurity densities to access
regimes of reduced collisionality, sustain non-inductively driven plasma
currents, and avoid the tokamak density limit [9]. The power and par-
ticle exhaust challenge is further complicated by the highly-localized
PM], resulting from the compact device size and the extremely narrow
scrape-off layer (SOL) width at high plasma current (3 mm at 2 MA) [10].
The dual challenges of power and particle exhaust therefore necessitate
the development of integrated PMI solutions that enable efficient and
simultaneous control of these quantities.

One of the most promising heat flux mitigation strategies that is
being considered for NSTX-U is the use of an advanced magnetic con-
figuration known as the snowflake divertor (SFD) [11]. Unlike the
magnetic topology of the conventional single-null (SN) divertor, the
field of the exact SFD configuration is characterized by a second-order
null on the primary separatrix that forms a hexagonal structure
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reminiscent of a snowflake. In practice, one of two alternative magnetic
topologies is obtained: (1) the SFD-plus with a secondary X-point in the
private flux region, and (2) the SFD-minus in which the secondary X-
point lies in the SOL. These configurations have several properties that
are advantageous for heat flux reduction, including high poloidal flux
expansion leading to a larger plasma-wetted area, a longer average SOL
connection length that promotes increased radiative losses, and the
existence of additional strike points (SPs) across which the power flux
may be shared.

In addition to TCV [12-16], DIII-D [17], and EAST [18], NSTX was
one of the first devices to perform experimental studies of the SFD
configuration [19,20]. Equilibrium reconstructions of 1 MA, 0.5 T,
5 MW neutral beam-heated discharges indicated that the poloidal flux
expansion in the SFD was nearly four times higher than that in the SN
divertor with a corresponding twofold increase in the connection length
for the 1.5 mm (at the midplane) flux tube adjacent to the separatrix.
The existence of these magnetic properties coincided with a fivefold
decrease in the peak heat flux (from 5 to 1 MW/m?) for the discharges
reported in [20]. Furthermore, it was observed that the SFD caused no
degradation of core and pedestal performance, as characterized by
plasma parameters such as f3y, stored energy, and H-mode confinement
time. Recent work has focused on developing candidate SFD scenarios
and predicting divertor performance for NSTX-U through a combina-
tion of free-boundary equilibria design and edge plasma simulations. In
[21], it was shown that a variety of snowflake configurations can be
generated with the up-down symmetric divertor coils on NSTX-U across
a range of plasma currents and Ohmic fluxes and without exceeding
limits on the allowable coil currents. Furthermore, modeling with the
multi-fluid edge transport code UEDGE [22] has indicated, for instance,
that large flux expansion SN divertors closer to the SFD undergo a more
gradual transition to full detachment with a detachment threshold at
lower core density than in the conventional SN divertor [23,24].

While the mitigation of power exhaust requires the use of novel PMI
solutions such as the SFD, control of main ion and impurity densities on
NSTX-U will likely be accomplished with more conventional techni-
ques. In particular, hardware upgrades may include the installation of a
divertor cryopumping system, which is a technology that has been
employed for density control on several devices [25,26]. An initial
physics-based design of a cryopumping system for NSTX-U recently
demonstrated the feasibility of pumping the 10 MW (20 Torr-L/s)
neutral beam-heated scenario in a SN configuration with a pump
plenum and baffling structure located in the lower outboard divertor
[27]. A semi-analytical first-flight neutral transport model [28], cor-
rected to include the effects of neutral particle conductance through a
long duct as computed by the Monte Carlo neutral transport code
EIRENE [29], was used along with exponential profiles of divertor heat
and particle fluxes to determine candidate pump locations and required
plenum dimensions for target pump inlet pressures. Simulations of the
cryopump design were performed with the two-fluid plasma and kinetic
neutral code SOLPS [30] to analyze pump performance in standard and
large flux expansion SN equilibria for a range of core and divertor
parameters, including in conditions of near-detachment. Simulation of
cryopumping performance in the SFD using SOL transport codes re-
mains an outstanding research task.

Experimental results from NSTX and design studies for the device
upgrade strongly suggest that the SFD configuration, in conjunction
with a divertor cryopumping system, may provide an attractive solution
to the combined challenges of power and particle exhaust management
on NSTX-U. Preliminary analyses have indicated that large flux ex-
pansion divertors may improve pumping performance due to radial
translation of SOL fieldlines toward the pump entrance [23,27]. How-
ever, while affording considerable insight into the compatibility of al-
ternative divertor configurations with a cryopumping system, these
studies only considered a small number of large flux expansion SN
equilibria with secondary X-points located close to, but not inside, the
limiter surface.
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This prior work has been limited in scope due to several factors:
While standard analytical models, such as the commonly-used transport
model for SN divertors as derived in [31], may be assumed to ade-
quately describe the divertor profiles in large flux expansion SN equi-
libria, a generalized model of power and particle fluxes is required for
the analysis of arbitrary SFD configurations to account for diffusive
transport and the partitioning of fluxes among multiple SPs. A model
that is tailored to the unique characteristics of the SFD may be used to
determine the dependencies of power and particle exhaust on magnetic
topology and may enable the identification of optimal SFDs for heat
flux mitigation and pumping performance. These optimal configura-
tions may then be employed, for instance, as targets in real-time feed-
back control algorithms [32,33]. Recent work on TCV and ASDEX
Upgrade has suggested one approach to the extension of existing
models to the SFD [16,34]. Prior analyses with SOL transport codes
have also been limited by the challenge of constructing computational
grids for equilibria that contain multiple X-points in the solution do-
main. Only within the last few years has the development of advanced
grid generation capabilities enabled the simulation of a broader variety
of equilibria (including SFDs) in EMC3-EIRENE [35], UEDGE [36,37],
and SOLPS [38].

In this paper, we employ simple analytical modeling and UEDGE
numerical simulations to identify optimal SFD configurations for heat
flux mitigation and cryopumping performance on NSTX-U. In
Section 2, we describe a generalized analytical model that was devel-
oped to predict the sheath-limited divertor profiles of power and par-
ticle exhaust in the SFD. In Section 3, we use the model to analyze an
equilibria database and to assess the impact of SFD magnetic geometry
and cryopump positioning on divertor power exhaust and pumping
performance. One of the most promising equilibria is selected and used,
in Section 4, as the basis for a more detailed analysis of divertor per-
formance with UEDGE. Finally, in Section 5, we summarize our results
and discuss plans for future work.

2. SFD power and particle flux model

In this section, we present a simple analytical model that has been
developed for estimating the sheath-limited divertor profiles of power
and particle flux in the SFD on NSTX-U. The proposed model gen-
eralizes the standard divertor model of [31] by allowing for SOL flux
surfaces of varying connection length, thereby enabling the study of
divertor transport in the presence of large connection length gradients
(as often exist between the primary and secondary separatrices in the
SFD-minus). Rather than assuming a fixed functional form for the SFD
target profiles (as is done in [16,34]), the proposed model explicitly
evolves the parallel heat flux from divertor entrance to target by first
solving a one-dimensional diffusion problem for each flux tube. The
model will be used in Section 3 to study a database of SFD equilibria.
The required inputs to the model are the poloidal flux map from a
Grad-Shafranov equilibrium calculation, a specification of the poloidal
contour of the limiting surface, and several scalar parameters defining
the power balance and transport properties in the SOL. Model predic-
tions for several representative SFDs from the equilibria database of
Section 3 are presented. In addition, we show that the profiles as pre-
dicted by the simple model are in good qualitative agreement with
those computed by UEDGE. In this paper, we confine our analysis to
profiles on the low-field-side (outboard) divertor, which is the most
suitable location for the installation of a cryopumping system on
NSTX-U.

2.1. Power flux model

Similar to the model used for standard divertors [31], the analytical
model for the SFD only attempts to describe SOL transport in the region
from the divertor entrance to the divertor target. To accurately define
the divertor entrance in SFD-minus configurations, however, the
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Fig. 1. Heat flux profiles (b) as computed by the simplified analytical model for
three representative divertor configurations on NSTX-U, as shown in (a): large
flux expansion single-null (red) as well as SFD-minus with large distance be-
tween X-points (green) and reduced distance between X-points (blue). Also
shown in (b) are the UEDGE predicted profiles for the green SFD-minus equi-
librium. In (a), the labels SPi for i € {1, 2, 3, 4} denote the four strike points of
the blue SFD-minus equilibrium. Also shown in (a) and (b) is the approximate
location of the entrance to the divertor cryopump which is used for pump
performance analysis in Section 3. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

standard model must be modified to address the complexities which
result from the presence of a secondary separatrix in the SOL. For this
purpose, we introduce a construct which we refer to as the splitting
front, defined as the union of two curves: (1) the line joining the X-
points, and (2) the contour along which the radial component of the
magnetic field B, = 0 extending from the secondary X-point to the
outboard SOL. We provide an illustration of the splitting front for a
representative SFD-minus equilibrium in Fig. 1(a) (blue dashes). The
splitting front should, strictly speaking, be defined by the curves which
are perpendicular to the flux surfaces in these regions. It was de-
termined by visual inspection that the line joining the X-points and the
curve B, = 0 provide reasonable approximations to the perpendicular
curves without requiring detailed integration across flux surfaces. The
choice was therefore made to define the splitting front using the X-point
line and the B, = 0 curve due to the computational simplicity of this
approach. It is observed in Fig. 1 that the SOL is divided into two largely
independent domains extending from the splitting front (which we will
consider to be the divertor entrance) to the strike points SP2 and SP4,
respectively. This magnetic topology therefore suggests that the power
flux analysis for the SFD-minus should be performed in two in-
dependent domains which extend from the splitting front to the two
active strike points.

To define the initial heat flux profile at the splitting front, we begin
with the standard assumption that the parallel heat flux in the SOL at
the plasma midplane assumes an exponentially-decaying profile with
characteristic length scale A, = 3 mm, the expected value for NSTX-U
at 2 MA [10]. The peak parallel heat flux at the midplane is then
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computed as,

mid,peak _ Preat(1 — fraaMforp

L " 47Rmiadq (Be/Bmia’ )]

where Py, is the total input heating power (Ohmic + auxiliary), fiaq is
the radiated power fraction, fopp is the fraction of SOL power which
flows to the outboard divertor, R4 is the major radius at the outer
midplane, and By and B are the poloidal and total magnetic field
strengths, respectively, both of which are evaluated at the plasma
midplane. In this paper, we select Ppe,c = 10 MW, which is the expected
maximum beam power for NSTX-U, f..q = 0.2, and fopp = 0.7, both of
which are projections for NSTX-U based upon experimental results
from NSTX. Furthermore, for all equilibria, R = 1.5m * 0.5mm.
After defining the heat flux profile at the outer midplane, we partition
the SOL into a set of magnetic flux surfaces extending from major radius
R = RpiatoR = Ryig + 344. The exponentially-decaying profile at the
outer midplane is then projected along flux surfaces to the splitting
front for use as the initial condition of the SFD-minus power flux ana-
lysis.

For the ith flux surface y;, we model the time-evolution of the par-
allel heat flux as a one-dimensional heat diffusion problem with initial

condition defined by a rectangular function of magnitude q”SlP“t and

width Ay;, where g is the parallel heat flux on the surface at the
splitting front and the width Ay is the flux difference between adjacent
surfaces y; and ¥, ;. As the flux surface is traversed from splitting front
to divertor target, the parallel heat flux diffuses across fieldlines onto
neighboring flux surfaces. The total divertor heat flux profile is then
computed as the summation of the individual diffused profiles along the
target. For a flux surface y;, the diffused profile distributed across ar-
bitrary flux surfaces y at an arbitrary time t is given by the convolution
of the initial condition with the expression,

1 P?
Y exp( 4xt)’ @
where y is the thermal diffusivity in units of Wb%s~1. We note that the
use of a diffusion coefficient with dimensions of squared-flux per time
assumes that there will exist a strong enhancement of diffusive trans-
port in the region of low poloidal field. We computed
¥ =5 x 1073 Wb%~! by fitting the Eich divertor profile [39] to a
UEDGE-computed heat flux profile at SP2 and then extracting y from
the profile fit parameters. To compute q‘ﬁi", the parallel heat flux profile
at the divertor target due to the flux surface y;, we set t = trop = Lj/cs,
the time-of-flight (TOF) on the fieldline, where Lyis the parallel con-
nection length for the fieldline from splitting front to target and c; is the
sound speed. Finally, the perpendicular heat flux on the divertor where
05 is the angle-of-incidence on the divertor target for the given fieldline.

In Fig. 1(b), we depict the perpendicular heat flux profiles as com-
puted by the simplified analytical model for three representative
equilibria: (1) a large flux expansion SN (red) with yy > = 1.052, (2) a
SFD-minus of large X-point separation distance (green) with yyno =
1.008, and (3) a SFD-minus of reduced X-point separation distance
(blue) with yy o = 1.002. For each equilibrium, yy,» is the normalized
flux of the secondary separatrix and is computed as
Uy = Wxy — Ya)/(Py 1 — Yyp), where yxz, iy, and yix,; are the mag-
netic fluxes of the secondary separatrix, the magnetic axis, and the
plasma boundary, respectively. The normalized flux is used as a proxy
for the X-point separation distance, where yy > = 1 corresponds to an
exact-SFD and increasing yy,» indicates larger X-point separation. The
heat flux profiles for the large separation SFD-minus (green) are com-
pared with the profiles from a UEDGE simulation that was developed
for model validation purposes. As seen in Fig. 1(b), the predicted pro-
files from the analytical model are in excellent qualitative agreement
with those computed using a simple physics model in UEDGE that as-
sumed one-dimensional (flux-surface averaged) transport coefficients
and a fixed carbon impurity fraction (more details of the UEDGE
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simulation settings may be found in Section 4). We also note that for the
large flux expansion SN equilibrium (red), the heat flux profile as
computed by the simplified model resembles the well-known Eich di-
vertor profile [39].

2.2. Particle flux and neutral pumping model

After calculating the perpendicular heat flux, we can immediately
compute the particle flux profile on the divertor target as I'4" = qf“’/yTe
[40], where y 7 and T, = 50 eV in the case of a fully-attached,
sheath-limited divertor. To estimate the pumping performance for an
equilibrium and given cryopump location, we employ the first-flight
neutral transport model as described in [28], some details of which are
presented here for completeness. First, the pump location is defined by
the parameters Rpjen and hpen, the major radius of the pump plenum
entrance and its height relative to the divertor target, respectively. A
schematic of the pump inlet location is given in Fig. 1(a). The neutral
flow rate If*" into the pump inlet is then computed as [28],

2 =2n _/; :“:X M(QR)F(R)T(R)R dR, @)
where F(R) is the geometric solid angle of the pump inlet at major ra-
dius R, T(R) measures the probability that a neutral particle, originating
at major radius R, will enter the pump before it is ionized, and the
integral is taken over the radial extent of the particle flux profile from
Rumin t0 Rpax. A required input to the calculation of the ionization
probability is the divertor plasma density, which can be computed di-
rectly from the particle flux as n = I'YV/sin 83/2T,/m; [40]. Further-
more, we assume for simplicity that all neutrals released from the di-
vertor target surface are Franck-Condon neutrals with energy 3 eV.
After computing the neutral flow rate into the pump, the pressure at the
pump inlet can be computed directly as,

Ié)len

Pplen
T (Spump + C)

’ “@
where S,ump is the volumetric pumping rate, C is the molecular con-
ductance through the pump duct, and T, is the neutral particle tem-
perature. The expressions in (3) and (4) can therefore be used to de-
termine the pump inlet pressure for a given equilibrium and pump
entrance location using the divertor heat flux profile as computed in
Section 2.1. This model is used in Section 3 to study the pumping
characteristics of the equilibria contained within the SFD-minus data-
base.

3. Optimal SFDs for power and particle exhaust

The simplified model was used to analyze a database of 70 SFD
equilibria that were generated by a free-boundary Grad-Shafranov
equilibrium solver. All equilibria in the database are SFD-minus con-
figurations with X-point separation distances ranging from 8 to 24 cm
(yw,2 1.0006 to wy. = 1.0223) and normalized flux at the A, =
3mm surface of §y, = 1.015 =+ 0.008. Furthermore, plasma pres-
sure and current profiles were chosen to match scalar parameters
I, = 2MA, 8, = 1.0, and ; = 0.6. In this section, we present the results
of the database analysis. In Section 3.1, the impact of variations in SFD
magnetic topology on power partitioning and peak heat flux is assessed
with the aim of identifying optimal divertor configurations for power
handling. In Section 3.2, we analyze cryopump performance to de-
termine pump locations that are compatible with a large assortment of
SFD-minus equilibria.

3.1. Scaling of power exhaust with magnetic geometry

As discussed in Section 2, the power exhaust in the low-field-side
SOL of the SFD-minus is partitioned between two activated strike points
(SP2 and SP4) due to the presence of a secondary X-point in the SOL. It
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Fig. 2. Integrated power fraction (a,b), peak perpendicular heat flux (c), and
heat flux reduction factor (d) at strike points SP2 (purple) and SP4 (black) in the
SFD-minus as plotted against the normalized flux on the secondary separatrix
wn,2 (a,c) and the normalized connection length Ljy; (b,d), where i€ {2, 4}
denotes the strike point number. Also shown in (a,c) are green and blue dashed
lines indicating the values of yy , for the two similarly colored equilibria in
Fig. 1. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

is therefore interesting to study the relative power flow to SP2 and SP4
as a function of parameters which define the divertor configuration. For
this purpose, we introduce three SFD performance metrics, namely, the
integrated power fraction fsp; at strike point i € {2, 4}, the peak per-
pendicular heat flux at each SP, and the heat flux reduction factor g, for
each SP. The integrated power fraction is defined as
Jspi = Pspi/ (Psp2 + Psps), where Pgp; is the total integrated power trans-
ported to SPi, while the peak heat flux at SPi is simply the maximum
value of the perpendicular heat flux profile at SPi. Furthermore, we
define the heat flux reduction factor ¢, = q‘ﬁ“”peak/q‘f}’m’l’eak, where
q‘dii"’peak is the peak parallel heat flux at SPi and qllsipm’l’eak is the peak
parallel heat flux at the splitting front associated with SPi. Intuitively,
gy; provides a measure of the diffusive spreading of the parallel heat flux
which occurs as the SOL is traversed from the splitting front to SPi.

In Fig. 2, we plot the integrated power fraction, peak heat flux, and
heat flux reduction factor at SP2 and SP4 for each of the equilibria in
the SFD-minus database. As variables describing the SFD magnetic
geometry, we choose the normalized flux on the secondary separatrix
wn,2 as well as the normalized connection length Ly ;. To compute the
normalized connection length, we first define Lj; = L{1"/L/?", where
Lﬁi" is the parallel connection length from the splitting front to the
divertor target and L;f" is the total connection length from the outer
midplane to the target. Both L‘ﬁi" and Lj{* are computed for the flux
surface which is nearest to the corresponding separatrix on the low-
field-side. The value of Ly, at each strike point is then computed as
Livg = Ly — E”‘?i“)/(L_H“i‘“X - L_”",-ﬂ“), where L_”",-““ and L™ are the
minimum and maximum database values of L; at SPi, respectively.

It is observed in Fig. 2(a) and (c) that there exists a strong corre-
lation between the normalized flux yy,» and both the integrated power
fraction and peak heat flux. A normalized flux yw > = 1.011 is required
for an equal partitioning of the total power between SP2 and SP4, while
the peak heat fluxes at SP2 and SP4 are equivalent for yy o = 1.007
(indicating that the optimal configuration for equal partitioning of the
peak heat flux may resemble the equilibrium with green separatrices in
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Fig. 1). We note that these trends agree quite well with those described
in recent numerical studies of the SFD on TCV [41]. Discrepancies be-
tween the results of this paper and those of [41] are likely due to the use
of different cross-field transport coefficients. We also note that the peak
heat flux bifurcates into two branches for yy > > 1.008 due to fieldline
angle-of-incidence variations. Branch 1 contains equilibria for which
SP4 is located on the angled portion of the limiter at R = 0.4m and
Z =~ —1.6m, while branch 2 contains equilibria for which SP4 is located
on the horizontal portion of the limiter.

Fig. 2(b) and (d) illustrate that there also exists a correlation, al-
beit not as pronounced as those associated with yy 5, between the
normalized connection length and both the power fraction and heat
flux reduction factor. In particular, the reduction factor g, for SP2
appears to vary inversely with Ly . This relation has a simple phy-
sical interpretation if we recall that larger values Ly, correspond to
equilibria with a larger fraction of their total connection lengths lo-
cated between the splitting front and the divertor target. It is therefore
to be expected that g, varies inversely with Lyn,2, as diffusive trans-
port is higher in the SP2 divertor leg for equilibria with larger values
of Ljy. From a practical standpoint, the importance of Ly, is that
this parameter affords an additional degree-of-freedom for modifying
the power exhaust characteristics of a SFD-minus once the value of
w2 has been fixed.

3.2. Optimal pump location and pump performance

In addition to an analysis of power exhaust in the SFD-minus con-
figuration, the impact of SFD magnetic topology on the performance of
a divertor cryopumping system was studied using the particle flux and
neutral transport model as described in Section 2.2. Under the as-
sumption that the volumetric pumping rate of a liquid Helium cooled
cryopump on NSTX-U will be roughly 24 kL/s [27], it is simple to show
using (4) that the minimum pressure at the pump inlet for pumping
10 MW (20 Torr-L/s) of neutral beam-heating is Pé’]e"z 0.83 mTorr. The
simplified particle flux and pumping model was therefore used to ex-
plore the range of SFD-minus equilibria and pump inlet locations that
are compatible with the required inlet pressure. For each equilibrium in
the database, the inlet pressure was computed as the pump inlet loca-
tion was scanned from Rpjen = 0.65 m to Ryjen = 0.85 m in 0.01 m
increments. The inlet height was fixed at hye, = 2.5 cm for all calcu-
lations.

In Fig. 3, we display the pump inlet pressure P}**" as a function of
the inlet location Ry, for a variety of SFD equilibria from the database.
The two thick curves with data markers correspond to the two SFD-
minus equilibria from Fig. 1 with yyy» = 1.002 (blue) and yy > = 1.008
(green). Pump pressure-inlet calculations for several additional equili-
bria with 1.0008 < yy, < 1.0223 are depicted in Fig. 3 as transparent
curves. Higher inlet pressures are generally achieved across the range of
locations for equilibria with smaller yy ». This result is consistent with
physical intuition, as a larger fraction of the SOL exhaust in equilibria
with smaller yy » is deposited at SP2 near the pump entrance (as is
depicted in Fig. 1). For instance, the equilibrium with yy. = 1.002
(blue) yields excellent pumping with a maximum pressure
PP'*"~ 1.7 mTorr when Rplen = 0.74 m. Furthermore, the inlet pressure
exceeds the 0.83 mTorr threshold of sufficient pressure throughout a
9 cm range of locations. We also observe that the inlet pressure for the
equilibrium with yy o = 1.008 (green), while lower at most pump lo-
cations than the pressure when yy> = 1.002, still exceeds 0.83 mTorr
across a 6 cm range of pump locations. It was determined that the
optimal pump location Ryien = 0.73 m since the maximum percentage
(77%) of the equilibria in the database have an inlet pressure in excess
of 0.83 mTorr at this position. Pump placement at this location is ad-
vantageous as the large number of compatible equilibria relaxes the
precision required of real-time SFD control systems. Furthermore, op-
timal placement is crucial for achieving acceptable simultaneous con-
trol of both power and particle exhaust. For instance, while the pump
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Fig. 3. Cryopump inlet pressure versus major radius of the pump inlet for the
two SFD-minus equilibria shown in Fig. 1 with yy, = 1.002 (blue) and
yn,2 = 1.008 (green), respectively. The horizontal black dashed line indicates
the minimum inlet pressure of 0.83 mTorr that is required for pumping 10 MW
neutral beam injection (NBI) using a cryopump with volumetric pumping rate
of 24 kL/s. The vertical black dashed line indicates the optimal location of the
cryopump inlet at which the maximum percentage (77%) of equilibria in the
SFD database have an inlet pressure exceeding the minimum required value.
Also shown as transparent curves are pump pressure-inlet calculations for
several additional equilibria with 1.0008 < yy, < 1.0223, where the colors
from purple to yellow correspond to equilibria with increasing yy, . (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

performance in a configuration with yy > = 1.002 is likely to be higher
than that achieved when yy >, = 1.008, the peak heat flux at SP2 (near
the pump inlet), as seen in Fig. 1, is roughly twice as high when yy > =
1.002 than when yy. = 1.008. Based upon the predictions of the
simple model, therefore, a SFD resembling the one in Fig. 1 for which
yn,2 = 1.008 (green) may be a more attractive solution from a holistic
standpoint due to the combination of excellent heat flux mitigation and
sufficient pumping.

4. SFD simulations with UEDGE

A SFD-minus with X-point separation distance of 8.6 cm
(¥, = 1.0008) — a configuration which is predicted by the simplified
model to enable excellent neutral pumping — was selected from the
equilibria database for further analysis with UEDGE. A computational
grid for the equilibrium was created using Gingred, a state-of-the-art
grid generator that was recently developed to enable grid generation for
magnetic equilibria with multiple X-points such as the SFD [37]. The
resulting grid spanned the range of normalized flux from yy = 0.80 at
the core-edge interface (CEI) to i 1.05 in the far SOL. The grid
geometry in the divertor region is shown in Fig. 4. We note that the
computational grid extends beyond the target location for the cryo-
pump entrance as computed in Section 3.

The UEDGE simulation settings that were used in this work were
inherited primarily from previous simulation studies of the SFD [36]. In
all simulations, the power entering the SOL was 5 MW and was parti-
tioned evenly between the ion and electron fluids. Plasma density ncore
at the CEI was constant during a given simulation but was varied be-
tween simulations, as is discussed in more detail below. Furthermore,
neutral gas was injected at the high-field-side midplane with a Gaussian
profile and rates ranging from 6.25 x 10%°s!t01.56 x 10*!'s!in
the no-pumping case and from 2.34 x 102! s~!1t05.94 x 10%*!'s!in
the pumping case. In each simulation, the gas injection rate was varied
to ensure a constant 4 MW particle flow across the CEI from neutral
beam injection. The cross-field particle diffusivity D varied from
0.1 m?s~! at the CEI to 1.5 m?~! in the SOL. The cross-field thermal
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Fig. 4. Illustration of the SFD-minus grid that was generated for use in UEDGE.
Plotted in color are two-dimensional contours of the neutral deuterium D°
particle density in the case of (a) no pumping and (b) simulated cryopumping.
Also shown in (b) is the grid cell boundary (with arrow protruding) which was
used to simulate neutral particle removal with the cryopump.

diffusivities for ions y; and electrons y, ranged from 1.5 m?s~! at the
CEI for both species to 5.0 m?s~! in the SOL for ions and 6.0 m?s~! in
the SOL for electrons, all of which are consistent with NSTX transport
coefficients. All diffusivities were poloidally uniform.

Carbon impurity content was fixed at 3% of deuterium density for
all simulations, while the recycling coefficient at the divertor targets
was chosen to be 99% for ions to mimic high-recycling regimes relevant
for NSTX. Neutral particle removal using a divertor cryopump was si-
mulated by reducing the neutral albedo on the boundary of the grid cell
that was nearest to the desired location of the pump entrance, as is
shown in Fig. 4(b) (gray line segment and arrow). For the pumping
case, neutral albedo was equal to 0.9 such that 10% of the neutral
particles incident on the grid boundary were removed from the domain.
For the no-pumping case, neutral albedo was equal to 1.0. We see in
Fig. 4(b) that the neutral albedo reduction results in an order-of-mag-
nitude decrease in the neutral deuterium density relative to the no-
pumping case in the region near the pumping grid cell.

A series of simulations was performed in which the core deuterium
ion density ngre was scanned from 4 x 10’ m=3t06.75 x 10*°m™
in increments of 0.25 x 10'° m~3. At each value of core ion density,
UEDGE simulations with and without the neutral pumping boundary
condition (reduced neutral albedo) were performed. In Fig. 5, we pro-
vide a subset of results from the simulations with and without pumping,
namely (a) the maximum electron temperature T, ax at SP2 and SP4 in
the low-field-side SOL and (b) the total power to each of the activated
strike points, SP1, SP2, and SP4. We emphasize that the goal of this
work is to identify qualitative changes in SOL properties such as elec-
tron temperature, neutral density, and power flux that result from
variations in core ion density and the rate of neutral particle removal
near the outer strike point. Numerical values should only be considered
in a relative sense as no efforts were made to match experimentally-
observed values. Indeed, there is currently no available NSTX-U ex-
perimental data for discharges with either a SFD or cryopumping
system.

As seen in Fig. 5(a), a significant increase in the maximum electron
temperature at each SP is observed across the range of core densities
when the pumping boundary condition is enabled. At SP2, the T, max
increase due to pumping is largest at low core density. The rise in T, max
at SP2, which is accompanied by a corresponding increase in the
maximum ion temperature (not shown), is likely the result of a decrease
in the rate of collisional energy transfer due to the reduced neutral
particle density along the divertor target resulting from the pumping
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Fig. 5. Subset of UEDGE simulation results, namely (a) the maximum electron
temperature T, max at strike points SP2 (blue) and SP4 (red) and (b) the total
power to each of the activated strike points, SP1 (green), SP2 (blue), and SP4
(red), as the core deuterium ion density n.qr was scanned from 4 x 10 m~3 to
6.75 x 10'® m~3 in increments of 0.25 x 10’ m~3. At each value of core ion
density, a simulation with (solid lines) and without (dashed lines) was per-
formed. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

boundary condition. The increase in T, max at SP2 is accompanied by a
corresponding increase in the maximum electron temperature at SP4
for each value of core density. In the case of no-pumping, SP4 is fully-
detached at all values of ncre With T max < 10 eV. The electron tem-
perature rise at SP2 and SP4 is less pronounced at higher values of core
density. However, we see that, with the pumping boundary condition
enabled, SP4 does not achieve detachment until
Neore = 6.75 % 10'° m=3. We note that SP2 does not detach at any
combination of core density and pumping condition in this simplified
UEDGE model.

Fig. 5(b) displays the total power to each of the activated strike
points, SP1, SP2, and SP4, as a function of core ion density and
pumping boundary condition. (SP3 is disconnected from the outer SOL
and therefore receives minimal power, an observation which is con-
sistent with the predictions of the simplified power flux model pre-
sented in Section 2.) We note that, in all simulations described in this
work, roughly 60% of the power entering the SOL exits the computa-
tional domain toward the walls and is therefore not transported to one
of the activated SPs. This power loss to the walls has always been ob-
served in UEDGE simulations. As seen in Fig. 5(b), a significant redis-
tribution of power to the SPs occurs when the pumping boundary
condition is enabled. In the no-pumping case, nearly all SOL power is
split between outer SP2 and inner SP1, with SP2 receiving between
0.9 MW and 1.1 MW and SP1 receiving between 0.5 MW and 0.6 MW
across the range of core densities. In the pumping case, however, a
significant fraction of SOL power is diverted away from SP2 toward SP1
and SP4 with SP1 receiving the majority of total power at almost all
values of core density (the drop in power to the inner target at ncore =
6.75 x 10 m~3 is due to the onset of detachment at SP1). When the
pumping boundary condition is enabled, SP4 also receives an appreci-
able fraction of SOL power until the strike point detaches at larger core
densities. A consequence of this power redistribution is that the ideal
SFD for equal partitioning of the peak perpendicular heat flux between
SP2 and SP4 is likely to vary somewhat from the configuration
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identified by the simple analytical model due to the pumping-induced
reduction of power at SP2.

5. Conclusion

A simple analytical model and simulations performed with UEDGE
were used to identify optimal SFD configurations for heat flux mitiga-
tion and cryopumping performance on NSTX-U. A model was presented
that describes the partitioning of power and particle exhaust in the SFD
as a result of diffusive transport to multiple activated SPs. The model
was then used to analyze a database of 70 SFD-minus equilibria. It was
shown that the normalized flux on the secondary separatrix yy > and the
normalized connection length Ly are two parameters which may be
used to modify the power exhaust characteristics of the SFD-minus.
Furthermore, the optimal position for the entrance to a divertor cyro-
pump on NSTX-U was determined to enable acceptable pumping in a
variety of SFD equilibria. Pump placement at the optimal location is
advantageous as the large number of compatible equilibria relaxes the
precision required of real-time SFD control systems. UEDGE simulations
indicated that a significant redistribution of power to the SPs occurs as
a result of neutral particle pumping. The simulations suggest that the
ideal SFD-minus equilibria for power exhaust and pumping may vary
somewhat from those identified with the simple model when self-con-
sistent transport physics is considered. In particular, the optimal SFD-
minus for equal power partitioning between SP2 and SP4 may actually
require a power fraction fspo = 0.9 (similar to the blue equilibrium in
Fig. 1) as calculated by the simple model to compensate for the power
redistribution that occurs due to pumping.

Further work is required to fully-investigate the compatibility of
the SFD configuration with a cryopumping system on NSTX-U. For
instance, the simplified analytical model of Section 2 should be ex-
tended to analyze a much larger variety of pump inlet geometries
than the idealized configurations which were considered in this
paper. Promising pump configurations should also be studied using
kinetic codes such as EIRENE to account for molecular phenomena
that are beyond the scope of both the simplified model and UEDGE.
The results of this work also suggest future avenues for the devel-
opment of real-time systems for SFD configuration control and heat
flux mitigation. As one example, simple modeling of SFD power ex-
haust may facilitate improvements in real-time equilibrium re-
construction methods for advanced divertors by allowing for esti-
mates of the magnetic configuration to be obtained from real-time
divertor heat flux measurements.
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