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Abstract
The predicted divertor conditions for the SPARC tokamak are calculated using SOLPS-ITER
for a range of scrape-off-layer (SOL) heat flux widths λq, input powers, and particle fueling
locations. Under H-mode scenario conditions with an upstream separatrix density of
1 ×1020 m−3, the most conservative range of λq extrapolations (≈0.15 mm) results in
extremely high unmitigated particle and energy fluxes to the divertor, both under full field
(12.2 T) and power (PSOL = 29 MW) conditions, and 2/3 field with PSOL = 10 MW. Increasing
the cross-field SOL diffusivities by 2–10× reduces the magnitude of the mitigation challenge,
however strategies such as impurity seeding or strike-point-sweeping will likely still be
required. A combination of steady-state and time-dependent SOLPS-ITER simulations are used
to map out phase space diagrams of upstream and divertor conditions. The simulations include
parallel currents but neglect cross-field drifts. At low upstream density the inner and outer
divertor conditions are highly asymmetric, with a large temperature difference and significant
heat fluxes driven by parallel currents. The solution has sharp bifurcations with a region of
hysteresis, depending on whether the initial state is at a low or high density. This behavior is
observed even when the fueling location, cross-field diffusivity, and impurity level is changed,
although the density window with asymmetry is reduced with increasing diffusivity. The
addition of neon impurity seeding reduces the divertor heat fluxes, but also causes a drop in the
upstream electron density with fixed particle throughput. This drop can be counteracted by
increased main ion throughput, however too much neon results in a back transition into the
asymmetric divertor regimes suggesting a need for control of both main ion and impurity
seeding levels to achieve a desired divertor state.
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1. Introduction3

The SPARC tokamak is a compact (R0 = 1.85 m) high-field
(B0 = 12.2 T) device with a primary goal of achieving sci-
entific breakeven, Q > 1 [1, 2]. The compact size and high
field strength of SPARC lead to extreme power exhaust and
control challenges for the divertor. The heat flux width λq
in the scrape-off-layer (SOL) is expected to be in the range
of 0.18–0.43 mm [3] from experimental scaling relationships
and theoretical models [4–6] (although simulations and exper-
imental results indicate turbulence may broaden the power
channel [7–10]). To avoid damage to the plasma facing com-
ponents (PFCs) and unacceptable tungsten sputtering, several
strategies are considered to eithermitigate or reduce the depos-
ited heat flux q⊥ and electron temperature Te at the diver-
tor. These include strike point sweeping, extrinsic impurity
seeding, and advanced divertor configurations such as the x-
point target [3, 11]. SPARC can also operate in a double-null
magnetic topology to share the power flux between the upper
and lower divertors, significantly reducing power to the inner
divertors.

The SPARC divertor was designed assuming conservat-
ive conditions; single-null operation with 29 MW of power
crossing the separatrix PSOL and a λq down to 0.14 mm [3].
Plasma boundary simulations using SOLPS-ITER [12] (here-
after abbreviated as SOLPS) and UEDGE [13] were used to
inform the divertor design [3, 14] and requirements for the
gas puff actuator and pumping systems [15]. Codes such as
SOLPS have long been used in the process of divertor design
[16] and to map out the expected operational regimes of future
devices such as ITER [17].

Here we present an expanded numerical study using
SOLPS of plasma conditions for the SPARC divertor and SOL,
considering a range of assumed values for the cross-field trans-
port coefficients in the SOL (which determine λq), two input
power levels (10 and 29 MW, corresponding to 2/3-field and
full-field operation [1]), different levels of neon impurity seed-
ing, and several locations of the main ion fueling puff valve.
A biased lower single null (dRsep = −2 cm) topology is used,
corresponding to the initial results presented in [3], however
the PFC geometry has been updated. Both steady-state and
time-dependent SOLPS simulations are employed, with the
latter used to map out the operational phase space instead of
to model plasma dynamics as studied in other work [18, 19].

The primary goal is to inform expected divertor conditions
in pure deuterium plasmas, which have the maximum chal-
lenge from the divertor perspective, for a range of λq val-
ues. This information can be used to determine impurity seed-
ing levels for the target divertor scenario. SPARC is a short
pulse tokamak (tflattop < 10 s) with inertially cooled tung-
sten divertor tiles. The maximum tolerable heat flux is thus

3 This manuscript has been authored in part by UT-Battelle, LLC, under
Contract DE-AC05-00OR22725 with the US Department of Energy (DOE).
The publisher acknowledges the US government license to provide public
access under the DOE Public Access Plan (http://energy.gov/downloads/doe-
public-access-plan.)

a function of the pulse length and the strike point sweeping
speed. For the purposes of this paper, a target of≈30MWm−2

is used, which enables a fairly wide operating space. For the
10MW scenario, the effect of neon seeding on the divertor and
upstream conditions are also explored. Strike point sweeping
is not directly considered here, as fluid plasma boundary trans-
port codes typically use a field-aligned computational mesh
to overcome the strongly anisotropic transport and the mag-
netic topology cannot be varied in a given SOLPS simulation.
Couplings to codes such as HEAT [20] are being developed,
which can map the heat flux from SOLPS to the divertor as the
strike point position changes. Transient heat loads caused by
edge localized modes (ELMs), off-normal events, or 3D fields
may be important for SPARC but are beyond the scope of this
work.

The paper is organized as follows. In section 2 the SOLPS
simulation setup is presented, including how the heat flux
width depends on the input cross-field transport coefficients.
Section 3 discusses the predicted divertor conditions for
unseeded plasmas with 10 and 29 MW of PSOL with the elec-
tron density at the outboard midplane nOMP

e,sep ≈ 1× 1020 m−3.
Density scans, actuated by a core particle source for numer-
ical stability, are used to identify a bifurcation in the divertor
conditions where one divertor has significantly higher tem-
peratures and parallel currents carry a large fraction of the
parallel heat flux in the SOL. Above a threshold upstream
density the divertors become more symmetric, and the paral-
lel SOL current is small. The general behavior exists across
a range of transport coefficients, fueling locations, and fixed
fraction impurity concentrations. In section 4, neon seed-
ing is introduced to 10 MW simulations with conservat-
ive λq assumptions to identify potential operational points
with acceptable peak divertor energy fluxes, upstream density,
and separatrix-averaged impurity concentrations. The inverse
scaling of nOMP

e,sep with impurity content can cause a back-
transition to the bifurcated divertor regime, however this can
be counteracted by increased fuel ion throughput with no
observed ‘clamping’ of the upstream density over the range
explored.

2. Simulation setup

2.1. General SOLPS-ITER setup

Simulations are performed using version 3.0.8 of the SOLPS-
ITER code [12, 21]. SOLPS solves a set of coupled fluid
plasma equations (B2.5) with kinetic neutral transport and
plasma-surface interactions handled by the EIRENE Monte
Carlo code [22].

The computational mesh for the simulations presented here
is shown in figure 1. The colored region consists of quadrilat-
eral cells aligned with the magnetic field for plasma and neut-
ral transport (quads subdivided into triangles), while the black
region consists of triangular cells where only neutral transport
is considered. The plasma mesh has a radial width of ∼4 mm
in the SOL at the outboard midplane (OMP), limited by inter-
section of the SOL flux tubes with the PFC structure (while

2
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Figure 1. Computational mesh used for SOLPS-ITER simulations
and SPARC V2y PFC geometry. Location of the pump surface and
particle inputs are shown in red.

leaving a small volume to be triangulated for EIRENE). The
PFC geometry corresponds to the version ‘V2y’ of the SPARC
design, with tungsten used as the wall and divertor mater-
ial, but not included as a plasma species in the simulation. A
pumping volume was added approximating the (experiment-
ally non-axisymmetric) subdivertor region, with the upper sur-
face indicated set with a recycling coefficient R = 0.95 (sur-
face area of 0.7758 m2 corresponding to an effective pumping
speed of ∼12 m3 s−1). All other surfaces are treated as fully
recycling, R = 1. Further details on the pumping assumptions
and the effect of louver actuators (a set of angled slats used to
control gas flow) is presented in [15]. The position of particle
inputs used are also indicated in red in figure 1, with Γcore

corresponding to a D+ source across the core boundary, and
ΓOMP, ΓOSOL, ΓISOL, and ΓPFR locations where D2 or neon
gas is injected. The core boundary condition is selected to
return incident neutral particles as fully stripped ions, although
for the SPARC conditions the neutral flux to this boundary is
small. Drift-compatible boundary conditions are used, see dis-
cussion in [23].

2.2. Selection of cross-field transport coefficients

The fluid plasma transport in SOLPS is classical in the paral-
lel direction (Braginskii [24] or Balescu [25]), with flux lim-
iters used to prevent momentum and heat fluxes from exceed-
ing the free streaming limit. A heat flux limiter coefficient (α
following the definition in [26]) value of 0.15 is used here

for electron heat transport, and 0.5 used for all other terms
(ion heat, parallel momentum and thermo-electric and friction
coefficients).

The cross-field transport is described by computed drift
terms (deactivated for all results here) and an ad-hoc term
representing turbulent transport set by user-defined diffusiv-
ities (and optionally, convective velocities, which are not used
here). When performing interpretive simulations an effective
radial profile of the cross-field diffusivities can be inferred
to best match experimentally measured density and temperat-
ure profiles. Poloidal variation, following ballooning transport
scaling [27–29] or scaling the transport in different regions
[30] are sometimes used to improve the match to experimental
data. When performing predictive simulations, on the other
hand, the cross-field transport coefficients must be constrained
by empirical or theoretical predictions. Coupling to a turbu-
lent transport solver [31, 32] is generally too computation-
ally expensive to be tractable, although recent work has incor-
porated a reduced k-epsilon turbulence model to SOLPS and
SOLEDGE2D [33–35].

In the initial SPARC divertor scoping studies with SOLPS
[3], a simple radial profile of the diffusivities was applied,
with a constant value in the core to 1 mm inside the sep-
aratrix and another value applied in the far core and SOL.
No poloidal variation in the coefficients is applied. The SOL
particle diffusivity D⊥ = 0.1m2 s−1, also used in UEDGE
simulations [14], results in a radial density decay length of
≈10–20 mm. The SOL thermal diffusivity χ⊥ was then var-
ied to approximately yield a heat flux decay length consist-
ent with predictions from empirical scaling. It was found that
χ⊥ = 0.01m2 s−1 gave λq of ≈0.14 mm, which was slightly
smaller than the lower range in [3], leading to a conservat-
ive estimate for the divertor conditions. The core values of
χ⊥ = 0.1m2 s−1,D⊥ = 0.3m2 s−1 were not selected tomatch
any predicted pedestal and core profiles [36–38]. The core
transport is not the focus of this work, matching the pedestal
and core profiles requires iterative coupling beyond the scope
of this paper. Addition of a core transport barrier typically does
not have a large effect on the SOL conditions (see e.g. [39]),
but can affect core impurity content and neutral particle penet-
ration, which will be important for future core-pedestal-SOL
integration studies.

The narrow λq was considered a conservative starting point
to inform the SPARC divertor design. To assess the impact of
λq on the predicted operating space, the SOLPS simulations
have been performed for a range of SOL cross-field diffus-
ivities. The SOL χ⊥ and D⊥ are scaled by a constant factor
ranging from 1 to 16, referenced throughout this paper by the
χ⊥ values. The core values are left unchanged. Figure 2 shows
profiles of q|| (comprising conduction and convection, includ-
ing potential energy from ionization) evaluated at the poloidal
position of the outer x-point and plotted against the distance
from the separatrix at the OMP (s− ssep)OMP for a range of
χ⊥.

For the cases shown, PSOL = 10 MW and the ion particle
flux through the core boundary is varied to achieve a relatively
low upstream density (nOMP

e,sep ≈ 1− 3× 1019 m−3) where the

3
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Figure 2. Parallel heat flux density, evaluated at the poloidal
position of the outer X-point mapped to the outboard midplane for a
range of cross-field SOL diffusivities. Dashed lines indicate
exponential fits using values from near-SOL flux tubes where single
exponential behavior is observed.

Table 1. Dependence of the heat flux width λq on the cross field
diffusivity χ⊥ for near-SOL flux tubes under most attached
conditions from figure 3.

χ⊥ (m2 s−1) 0.01 0.02 0.04 0.08 0.10 0.16

λq (mm) 0.15 0.20 0.30 0.45 0.55 0.90

plasma is in an attached state (consistent with the experimental
database used to develop the λq scaling [4]). The dashed lines
in figure 2 are fits of the form q||(s− ssep)OMP = q||0exp(−(s−
ssep)OMP/λq) using data from the near-SOL attached flux
tubes. Table 1 lists theλq values for the cases shown in figure 2.
It was found that the heat flux width is not a strong function
of the input power, with χ⊥ of 0.01 m2 s−1 resulting in λq of
≈0.15 mm, approximately the same value as found at 29MW
[3].

Figure 3 shows fit values for λq as function of χ⊥ for sev-
eral values of nOMP

e,sep , indicated by the filled symbol color. A
clear broadening of λq with increasing nOMP

e,sep at fixed χ⊥ is
found. While some λq broadening with increasing density is
expected as the parallel transport becomes flux limited and
dissipation increases, an additional broadening is observed
here due to flow reversal and redistribution of parallel current
driven heat fluxes that extend through the SOL, as discussed
in section 3.3. The dashed black line in figure 3 represents a
linear fit to the data points at low density (figure 2), where both
divertors are strongly attached. In this way the λq values at the
lowest density (table 1) are representative of the challenge to
achieve acceptable conditions at the outer divertor. Note that
only cases with χ⊥ up to 0.1 m2 s−1 are considered below, as
the heat flux width approaches the radial grid width even at
low density.

The effect of the ratio of D⊥/χ⊥ has not yet been explored
extensively for SPARC scenarios. This ratio was varied from
10 to 1/3 (the latter value is a commonly used ratio, including

Figure 3. Fit values to the heat flux width for a range of cross-field
diffusivities and separatrix electron densities at the OMP. Dashed
black line is a linear fit to the low-density, attached divertor cases.

for most of the ITER database [17]) for χ⊥ = 0.02m2 s−1 at
a constant core density boundary condition of 5×1019 m−3. It
was found that the fit value of λq only weakly changed from
0.17 to 0.20 mm for this range of D⊥/χ⊥.

3. Divertor conditions for unseeded plasmas

3.1. Steady-state profiles at constant upstream density

Figure 4 shows upstream (OMP) profiles of electron temper-
ature and density for a range of cross-field diffusivity values
and two power levels, PSOL = 10 MW and 29 MW. The cor-
responding radial profiles at the inner and outer divertor tar-
gets are shown in figures 5 and 6, respectively. The particle
throughput was controlled through the core D+ flux, with the
level adjusted to give nOMP

e,sep ≈ 1× 1020 m−3, corresponding to
the core scenarios described in [40]. The sensitivity of the res-
ults on the fueling location will be discussed in section 3.4. In
general, a core particle source is found to be the most numeric-
ally stable, allowing for efficient scans of the upstream density
to be performed. At full current the Greenwald density limit
is ≈8.4×1020 m−3 [40], so the PSOL = 10 MW scenarios
are at fGW ≈ 0.25, and fGW ≈ 0.35 at full current (PSOL =
29 MW), assuming a density profile such that fGW =< ne >
/nGW = 2nOMP

e,sep/nGW.
Table 2 lists the predicted inner and outer divertor plasma

parameters ne, Te, Γ⊥,i, and qplasma
⊥ at the separatrix and

the maximum value along the divertor for each PSOL and
χ⊥ value (the latter in parentheses). The total energy flux
includes contributions from radiation qrad, neutral particles
qneut, and plasma particles qplasma. The plasma heat flux qplasma

comprises conduction qcond = neχ||e∇||Te + niχ||i∇||Ti, con-
vection qconv = 5

2 (Γ||eTe +ΣaΓ||aTa)+
1
2ΣaΓamau2a , heat flux

from the thermoelectric current qthermj =−αTej||/e and poten-
tial energy deposited on the target through recombination
qpot =ΣaΓaϵ

pot
a , minus the kinetic energy of reflected atoms

and molecules originating from plasma ions. There can also be
a heat flux caused by the electrostatic potential at the sheath

4
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Figure 4. Upstream (OMP) profiles of electron density and temperature for a range of cross-field SOL diffusivities and two input power
levels (PSOL = 10 MW solid lines, PSOL = 29 MW dashed lines), with the particle throughput selected to give nOMP

e,sep ≈ 1× 1020m−3.

entrance if the targets are floating with a common device
ground, see appendix B of [41]. Under the weakly dissipative
(unseeded) conditions considered here, the power carried by
the plasma is ≈95% of the total deposited power; loads from
incident neutral particles and radiation are small (see section 4
for more detail). The fraction of the incident plasma power
reflected as energetic neutral atoms can be relatively high
(≈10%–40%), however, due to the high particle and energy
reflection coefficients of tungsten.

The conditions at the outer target at low values of λq illus-
trate the challenge to achieve acceptable divertor conditions
due to the compact size of SPARC. At low values of χ⊥ the
peak ne, Te, Γ⊥,i and q

plasma
⊥ at PSOL = 10MW are on the order

of those predicted for ITER outer divertor at PSOL = 100 MW
at low seeding levels [17, 39]. At higher χ⊥ and λq levels, the
predicted conditions at PSOL = 10 MW are more manageable.
At full power (PSOL = 29 MW) the peak q⊥ and Toutere,sep at the
outer target are well beyond tolerable levels for the range ofχ⊥
and λq considered, requiringmitigation in the form of impurity
seeding or strike point sweeping to achieve long pulse lengths.

At nOMP
e,sep ≈ 1× 1020 m−3, the steady-state peak values of Te

and q⊥ on the outer target significantly exceed those on the
inner target. At low upstream densities, however, the situation
is reversed, as will be shown next through a combination of
steady-state and time-dependent simulations. To explore this
topic in more detail, a combination of steady-state and time-
dependent simulations are used.

3.2. Mapping operational space with time-dependent
simulations

Time-dependent SOLPS-ITER simulations have been used
for several purposes, including investigating dynamic plasma
conditions [19, 42]; developing reduced models and control
strategies [18]; simulating edge localized modes [43, 44]; and
studying gas injection and pumping system dynamics [15, 45,
46]. In general, either the B2.5 or the EIRENEmodules can be
run dynamically, or both can be run in time-dependent modes
to achieve fully time-dependent simulations. For more details
see [15, 19].

Here we employ time dependent B2.5 simulations with
EIRENE run in a quasi-steady-state (QSS, meaning all neutral
trajectories are run until terminated by plasma-neutral interac-
tion or absorption) manner, with slowly varying inputs used
to effectively scan a wide range of steady-state scenarios.
Figure 7 shows an example of such a simulation, using χ⊥
= 0.01 m2 s−1 and PSOL = 10 MW starting from a steady-
state initial condition at low nOMP

e,sep . The particle throughput
is slowly ramped up and down (panel a), and the resulting
change in separatrix electron density and temperature, and
the integrated Γ⊥,i and q

plasma
⊥ at each target are shown. The

throughput is controlled via Γcore, which typically results in
the best numerical stability of the code (larger time steps can
be taken). Dependence of the results on fueling location is con-
sidered later.

5
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Figure 5. Radial profiles of (a) electron density, (b) electron
temperature, (c) ion particle flux density, and (d) energy flux carried
by the plasma at the inner (dashed line) and outer (solid line) targets
for PSOL = 10 MW and a range of cross-field SOL diffusivities.

Initially,Ptarg =
´
q⊥dA and Ttarge,sep are similar at each target.

There is then a period (t < 0.5 s) where the Pinner
targ > Pouter

targ and
Toutere,sep > Tinnere,sep, followed by a sharp reversal of these conditions.
The conditions return to the initial asymmetry at t ≈1.7 s. The
divertor state clearly exhibits hysteresis (asymmetric about t
= 0.9 s). Note that the integrated particle flux to each divertor
never shows rollover behavior, and qplasma

⊥ to the outer divertor
only slightly reduces at the highest nOMP

e,sep , indicating the diver-
tor conditions are not reaching detachment and only weak
power dissipation occurs in the outer divertor volume.

A subset of these data sets are shown in a phase space
diagram in figure 8. Here the time-dependent runs are plot-
ted as lines, and a set of steady-state simulations are shown
as circular symbols. The arrows indicate the direction of
increasing time, corresponding to figure 7. It can be seen that
the time-dependent simulations generally agree well with the
steady-state solutions, and can be used to efficiently map out
large regions of the operating space. If the simulation out-
puts change rapidly in time, e.g. from 0.45 < t < 0.5 s,
the numerical settings can be adjusted to better resolve the
dynamic behavior. In this range no steady-state solutions exist.

Figure 6. Radial profiles of (a) electron density, (b) electron
temperature, (c) ion particle flux density, and (d) energy flux carried
by the plasma at the inner (dashed line) and outer (solid line) targets
for PSOL = 29 MW and a range of cross-field SOL diffusivities.

For the data shown in orange and blue in figures 7 and 8,
dt = 1 ×10−4 with numerical relaxation factors set to 1.0.
The dashed black lines in figure 8 show the solution with
dt = 1 ×10−5, where the sharp transition better resolved. In
regions of solution space with strong non-linearity (e.g. low
Te where the plasma-neutral reactions change rapidly), relax-
ation factors<1.0 with fixed-point iteration may be necessary
for code convergence.

The region with hysteresis is clearly observed in the phase
space diagram. Here we identify three regions of operating
space used to characterize the behavior, labeled in figure 8 and
table 3.

In Regime 1, accessed from a low density initial state, the
inner divertor has higher temperatures than the outer divertor
and majority of the power goes to the inner target. Regime 1
is given the descriptive label ‘Hot Inner Cold Outer’ (HICO).
In Regime 2 the situation is reversed, and is accessed from
a high density initial state, referred to as ‘Hot Outer Cold
Inner (HOCI)’. The two regimes overlap for a range of nOMP

e,sep
and particle throughput. As will be shown in section 3.3,
Regimes 1 and 2 are characterized by a significant fraction
of the parallel heat flux coming from parallel currents driven

6
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Table 2. Divertor conditions for two power levels for a range of cross-field SOL diffusivities. The first number in each column gives the
value at the separatrix and the second number in parentheses is the maximum value along the divertor plate in the SOL.

10 MW

χ⊥ (m2 s−1) 0.01 0.02 0.04 0.08 0.10

Toutere (eV) 62.6 (64.8) 78.5 (81.8) 44.4 (45.9) 10.2 (12.4) 4.9 (6.3)
Tinnere (eV) 1.5 (16.1) 1.4 (11.6) 1.2 (6.9) 0.9 (3.1) 1.0 (2.9)
noutere (1021m−3) 0.1 (4.0) 0.2 (3.5) 0.2 (2.3) 0.5 (1.6) 0.8 (1.8)
ninnere (1021m−3) 3.5 (8.4) 3.1 (7.5) 2.2 (6.4) 1.3 (4.1) 1.1 (3.5)
qouter⊥ (MWm−2) 22.2 (30.5) 27.7 (33.3) 15.0 (17.6) 3.6 (6.7) 1.8 (4.6)
qinner⊥ (MWm−2) 2.6 (8.1) 2.1 (7.1) 1.3 (5.6) 0.6 (3.0) 0.6 (2.7)
Γouter
⊥ (1024m2 s−1) 0.1 (1.0) 0.2 (0.9) 0.2 (0.7) 0.2 (0.6) 0.2 (0.6)

Γinner
⊥ (1024m2 s−1) 0.8 (2.1) 0.7 (1.9) 0.4 (1.5) 0.2 (0.9) 0.2 (0.7)

29 MW

χ⊥ (m2 s−1) 0.01 0.02 0.04 0.08 0.10

Toutere (eV) 177.1 (266.7) 89.6 (134.0) 114.0 (127.6) 78.2 (86.0) 66.7 (73.7)
Tinnere (eV) 2.3 (22.7) 6.3 (18.0) 4.2 (12.8) 2.2 (6.5) 2.0 (5.6)
noutere (1021m−3) 0.1 (5.9) 0.2 (5.0) 0.2 (3.4) 0.3 (1.7) 0.3 (1.3)
ninnere (1021m−3) 8.3 (12.9) 6.8 (7.1) 6.1 (6.3) 4.5 (5.6) 3.9 (5.5)
qouter⊥ (MWm−2) 121.4 (185.2) 71.8 (116.2) 83.5 (104.9) 46.0 (59.0) 35.4 (46.9)
qinner⊥ (MWm−2) 8.6 (32.8) 21.7 (36.5) 11.9 (29.4) 4.8 (19.8) 3.6 (16.1)
Γouter
⊥ (1024m2 s−1) 0.1 (1.7) 0.3 (1.4) 0.3 (1.2) 0.3 (0.8) 0.3 (0.7)

Γinner
⊥ (1024m2 s−1) 2.3 (5.4) 3.1 (4.0) 2.3 (3.3) 1.2 (2.6) 1.0 (2.4)

by temperature asymmetry between the targets. Regime 3
‘Conventional’ is more qualitative, starting where Toutere,sep and
Pouter
target begin to decrease with n

OMP
e,sep . In this regime Tinnere,sep is low

while the outer divertor transitions through the high recycling
regime (HRR) and eventually both divertors show low tem-
perature and pressure loss at the highest densities. Significant
dissipation only occurs for the highest nOMP

e,sep steady-state
cases, beyond the time-dependent series. These high-density
unseeded scenarios may not be operationally accessible, how-
ever, as fGW is large (up to 1.2). The Conventional Regime does
not exhibit any significant hysteresis.

The same general behavior exists in the phase space dia-
gram for other χ⊥ values, as shown in figure 9 for PSOL =
10 MW and the same gas throughput as in figure 7(a). Here
Toutere,sep and Tinnere,sep are plotted in separate panels for clarity. In
all cases a region of hysteresis exists, with the divertor condi-
tions depending on whether the solution is approached from
a high or low density state. The width of the overlap of the
HICO and HOCI Regimes is reduced as χ⊥ increases. This
is due to the smaller asymmetry in the divertor Te profiles as
χ⊥ is increased, namely that extremely large values of Te do
not occur for larger values of λq (see section 3.3 and figures 5
and 6). Figure 9 also shows how low temperature divertor
conditions can be accessed at lower values of nOMP

e,sep as χ⊥
increases.

3.3. Hysteresis and parallel current driven heat flux

As discussed in previous sections, the inner and outer divertor
conditions exhibit a region of hysteresis with sharp transitions

depending on whether the solution is approached from a
high or low density initial state. The width of the hyster-
esis region is reduced as χ⊥ is increased, but exists in each
case. In this section, solutions with χ⊥ = 0.01 m2 s−1 are
examined to determine the cause. While the desired steady-
state SPARC operational scenarios may be in the Conventional
Regime, at a higher nOMP

e,sep than where the hysteresis occurs,
the HICO and HOCI Regimes are important to under-
stand and may affect access to the steady-state density and
require modified control strategies for fueling and impurity
seeding.

Starting from a low density state both the inner and outer
divertor are in strongly attached conditions, with high Te and
low ne, as shown in figure 7. The deposited heat flux on the
inner divertor, and therefore the divertor Te required to exhaust
this heat under sheath-limited conditions (q∝ T3/2e ne) is lar-
ger on the inner divertor. This occurs because of the smaller
wetted area (∝ 2πR) and the slightly higher magnetic field
angle of incidence with the equilibrium used (≈0.75 vs 1.2
degrees at the outer and inner strike points, respectively). Note
that these are the values used by SOLPS with an axisym-
metric assumption and simplified PFC geometry, not the as-
constructed values.

As the density is increased from this state, the outer divertor
Te drops more rapidly than at the inner divertor. As this in/out
asymmetry in Te increases, a parallel current arises, carrying
power from the cold to the hot divertor via convection and fur-
ther increasing the asymmetry. For a two-species deuterium
plasma with n= ne = ni, the total classical parallel heat flux
in the SOL is [24]
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Figure 7. (a) Time-varying core ion flux input using χ⊥ = 0.01
m2 s−1 and PSOL = 10MW and the response in (b) separatrix
electron density at the OMP and each divertor, (c) separatrix electron
temperature at the OMP and each divertor, (d) integrated ion flux to
each divertor, and (e) power carried by the plasma to each divertor.

q|| = qcond + qconv + qthermj

=−n
(
χ||e∇||Te +χ||i∇||Ti

)
+

[
5
2
Ti +

1
2
mu2

]
Γ||i +

5
2
TeΓ||e −αTe

j||
e

(1)

=−n
(
χ||e∇||Te +χ||i∇||Ti

)
+

[
5
2
(Te +Ti)+

1
2
mu2

]
Γ||i −

(
5
2
+α

)
Te
j||
e
,

where j||/en= u||i − u||e. From the parallel Ohm’s law,
j||/σ|| =−∇||Φ − (α/e)∇||Te +(1/ne)∇||pe is driven by
gradients in electron pressure, temperature, and electrostatic
potential. In the last form of equation (1), the terms have been
sorted into parallel conduction, those proportional to the ion
parallel velocity u|| = Γ||i/n, and those proportional to j||. The
contribution from the thermoelectric coefficient α is due to
velocity dependence of the collision frequency [47]. For a deu-
terium plasma, α = 0.71, and the heat flux proportional to j||
is qj|| ≈−3.21j||Te/e.

The thermoelectric current and current-driven heat flux
effects are captured by SOLPS [23, 48–50]. When there is
temperature asymmetry between divertor plates connected by

Figure 8. Phase space diagram of (a) divertor electron separatrix
temperature and (b) total power carried by the plasma to each
divertor. Lines are from the time-series data shown in figure 7 with
arrows indicating the direction of time, symbols are from
steady-state simulations. The dashed black line is from a
time-dependent simulation with a smaller time-step to better resolve
the sharp change between HICO and HOCI solutions.

Table 3. Description of the different divertor state ‘Regimes’
described in this paper.

Regime
Descriptive
label Te asymmetry q|| asymmetry SOL j||

1 Hot inner cold
outer (HICO)

Tinnere >> T outer
e qinner|| >> qouter|| Towards

inner
2 Hot outer cold

inner (HOCI)
Toutere >> Tinnere qouter|| >> qinner|| Towards

outer
3 Conventional Toutere > Tinnere qinner|| ≈ qouter|| Small

a flux tube, the result is a current-driven heat flux flowing
from the colder to the hotter divertor. This results in a
thermodynamic instability (positive feedback loop) that fur-
ther increases the asymmetry, limited by instability [51] or
when the other terms in equation (1) and the energy equation
(e.g. cross-field transport and radiation) adjust to provide
balance [52]. Divertor currents driven by the thermoelectric
effect have been measured in experiments [53–55], described
in 1D theoretical models [56, 57], and proposed as a mech-
anism for potential divertor flux control via biasing [50, 58].
From the SOLPS simulations it is difficult to separate the cause
and effect of divertor temperature asymmetry and the parallel
current that increases the asymmetry. The initial seed for the
feedback effect may be due to the lack of symmetry in the PFC
structure, or caused by variation in the radiated power leading
to a bifurcation [56, 59]. Note that cross-field drift terms are

8
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Figure 9. Phase space diagrams of (a) outer and (b) inner separatrix
electron temperature versus nOMP

e,sep for several values of χ⊥.

Figure 10. Profiles of ne and Te at the inner and outer divertor from
just before to just after the transition, approached from a low density
state. Line color indicates upstream density nOMP

e,sep . Steady-state
solutions are shown with symbols (pre-transition cases 1–2 and
post-transition case 3). Time-dependent solutions are shown as lines
without symbols.

not required to capture this effect in SOLPS, but their inclusion
may modify the SOL current distribution [49, 50]. Hysteresis
in the level of detachment has also been observed in simula-
tions of devices such as ARC [60] and DTT [61].

Here we investigate solutions before and after the trans-
ition from a hot inner divertor (HICO) to a hot outer divertor
(HOCI), starting from a low density solution. A similar bifurc-
ation happens in the opposite direction during the transition
from HOCI to HICO. Figure 10 shows steady-state electron
temperature and density profiles (lines with symbols) at each
divertor for two states before the transition, and one state after.
These correspond to the cases numbered 1–3 in figure 8. The
thinner lines in figure 10 are from a time-dependent simulation

(dashed black line in figure 8) that attempts to resolve the
dynamics of the bifurcation. Note that no stable steady-state
solutions are possible in this range of the time-dependent
simulation.

It can be seen that at nOMP
e,sep = 8.4× 1019 m−3 (case 1), Te

is larger at the inner divertor across the target (HICO). The ne
profile is correspondingly lower at the inner target. There is
an increase in ne in the inner target private flux region due to
the change in PFC geometry angle in this region, leading to
a ≈2× increase in the angle of incidence and also affects the
direction of the reflected neutrals, increasing the local density.
The solution just before the transition (case 2) has lower peak
Te on each divertor, and the ∆Te is reduced for the first flux
tubes in the SOL. During the transition between case 2 and
case 3 the inner divertor Te rapidly drops while ne rises, while
the opposite trend occurs at the outer divertor. High Te values
up to ≈100 eV near the outer separatrix are observed transi-
ently before reaching the steady-state solution (case 3) where
the Te profile is broader with a double-peak like structure. On
this side of the hysteresis region, the outer divertor is hotter
than the inner divertor in the near-SOL (HOCI).

The total q||, the qcond|| and qconv|| + qthermj|| components, as
well as u||i and ne for each case is shown column-wise in
figure 11. An additional high density solution (case 4), well
into the Conventional Regime, is included for comparison. The
poloidal distribution of the heat flux and ion flow in the first
flux tube in the SOL is shown in figure 12 for each case. In
these figures negative values are directed towards the outer tar-
get (red color in figure 11) while positive values are directed
towards the inner target (blue color).

The conducted heat flux is directed towards the local
target in each case (figures 11(e)–(h), and dashed orange
line in figure 12). The convected + thermoelectric heat flux
(figures 11(i)–(l) and green dot-dashed line in figure 12), on
the other hand, changes sign depending on the divertor temper-
ature asymmetry and the magnitude of qj|| driven heat fluxes.
In Case 1 (strongly HICO), qconv|| is directed towards the inner
divertor throughout the SOL. On the low field side (LFS), qconv||
is directed against qcond|| , and the resulting qtot|| is reduced in
magnitude and radial width. That qconv|| is dominantly driven
by j|| can be seen by comparing the 1D profile to−3.21j||Te/e
(purple line with symbols in figure 12) and the different struc-
ture as compared to the ion flow (figures 11(m)–(p) and black
line in figure 12). The u||i pattern is largely source-driven
(compare ne, figures 11(q)–(t). A region of flow reversal can
be observed in the LFS SOL, which has strong SOL recycling
flux, while the flow in the private flux region (PFR) has a stag-
nation point near the HFS, where the inner ne (and Γi) profile
peaks.

In case 2 (weakly HICO) the in/out Te asymmetry is
reduced, and correspondingly the magnitude of qconv+thermj

||
towards the inner divertor is smaller. In the first flux tube,
as shown in figure 12, the total q|| is mostly due to conduc-
tion. The j|| driven heat flux is still the dominant contribution

to qconv+thermj
|| . A small region of flow reversal is observed in

the inner SOL as the ne and SOL recycling source increases.
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Figure 11. 2D profiles of (a)–(d) conducted heat flux, (e)–(h)
convected heat flux, (i)–(l) parallel ion flow, and (m)–(p) electron
density. The four columns correspond to the steady-state solutions
as labeled in figure 8. Negative values are directed towards the outer
target while positive values are directed towards the inner target.

The broadening of the SOL power channel on the LFS can be
observed in figure 11(b).

In case 3, following the transition to HOCI, the tem-
perature asymmetry is reversed and qconv+thermj

|| is directed
towards the outer target. Again qconv|| is well approximated

by −3.21j||Te/e, and competes or even surpasses qcond|| on
the HFS. The power channel on the LFS is now significantly
wider, resulting in the broader Te profile at the outer target as
seen in figure 10. The u||i pattern in the PFR is more symmetric
as the HFS recycling in the PFR is reduced, and now domin-
ated by the SOL source with flow reversal observed in the HFS
SOL.

For contrast with the conditions around the hysteresis
range, case 4 in the Conventional Regime shows a steady-state
solution at nOMP

e,sep = 3.3 ×1020 m−3. Here the heat fluxes and
u|| patterns have a more ‘typical’ symmetric pattern, with a
flow stagnation point near the OMP. The total q|| in the near-
SOL has roughly equal contributions from convection and
conduction, and the j|| driven heat flux is very small, mean-

ing qconv+thermj
|| ∝ u||i.

Figure 12. 1D poloidal profiles of total parallel heat flux q||,
components from conduction qcond|| and convection + thermoelectric

qconv+thermj
|| components, parallel ion flow u||i, and approximation to

the q|| carried by j||. The profiles are for the first flux tube in the
SOL, for four cases as labeled in figure 8 and corresponding to the
columns in figure 11.

A similar behavior is found for the other values of χ⊥,
although the increased λq results in lower divertor Te and
reduced temperature asymmetry between the divertors. As
such, the hysteresis region occurs at lower nOMP

e,sep as shown in
figure 9.

The effect of impurity radiation on the hysteresis beha-
vior was investigated using a fixed-fraction (fz) impurity
model available in SOLPS. The default model has a cool-
ing curve LZ(Te) = fz · 2 · 10−32/(T̂e

3/2
+ T̂e

−3
), where T̂e =

Te/Tnorm and Tnorm = 15 eV [62]. This function peaks Tnorm
and roughly approximates the cooling curve for nitrogen. The
divertor temperature phase space is shown in figure 13 for sev-
eral values of fZ. The general trend is that, beyond the hys-
teresis range, lower divertor Te can be reached at lower nOMP

e,sep
as fZ increases, as expected. The hysteresis and j|| driven heat
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Figure 13. Outer and inner divertor separatrix electron temperature
versus nOMP

e,sep for fZ = 0% (blue), 0.1 % (red/orange) and 0.5%
(yellow). All cases use χ⊥ = 0.01 m2 s−1 and PSOL = 10 MW.
Arrows indicate direction of time in gas throughput scan.

flux actually somewhat increases in magnitude. This occurs
because the LZ curve is larger in the Te range of the outer
divertor, causing more effective cooling there, and increasing
the parallel Te gradient. At sufficiently high fZ, even the low
nOMP
e,sep cases would have reduced Te on both divertors. These

cases were not explored here, and results of including a higher
fidelity impurity transport model are shown in section 4.

Figure 14 schematically illustrates the differences between
the HICO and HOCI regimes. The orange arrow indicates the
direction of j||, while the red and blue arrows qualitatively
show the direction and magnitude (line thickness) of the total
q|| in the near-SOL flux tubes. In the HICO regime, the par-
allel current flows from the cold outer target to the hot inner
target, with the net q|| profile having a stagnation point near the
OMP. In the HOCI regime j|| is reversed, flowing from the cold
inner target to the hot outer target, and the q|| stagnation point
is near the inboard midplane (IMP). As the effective connec-
tion length for the power channel to the outer target is larger in
the HOCI regime, there is an effective broadening in the heat
flux width measured at the outer x-point, contributing to the
effect seen in figure 3.

3.4. Effect of fueling location

The effect of the fueling location on the divertor solution
was explored by varying the particle throughput from D2 gas
sources in EIRENE as labeled in figure 1, in addition to the
D+ source from the core shown in the previous sections. Here
we focus on only two issues: whether the hysteresis behavior
is specific to core fueling and a preliminary investigation into

Figure 14. Schematic illustration of the parallel current and net
parallel heat flux in the HICO (left) and HOCI (right) regimes.

the relative fueling efficiency of each source location. Details
of the effect of the puff location on the boundary plasma,
including the effect on SOL impurity concentration will be
presented in future work. A comparison of puff and louver
actuators on particle control for SPARC are given in [15].

Figure 15 shows the divertor Te phase space for time-
dependent scans of the particle throughput for each source
location. For the various puff locations the core D+ source is
held constant at 1.5e21 atoms s−1, the minimum level used in
the time-dependent scans presented above. It can be seen that
the general hysteresis behavior is present for each case. Also,
at sufficiently high density (nOMP

e,sep > 1.5 ×1020 ) the diver-
tor Te is not strongly dependent on the particle source. (The
ion flow pattern and friction force on impurity species could
be affected, however [63].) The OMP puff location results
in slightly higher divertor temperatures in the Conventional
Regime than the other source locations, while the PFR
puff results in the greatest level of divertor temperature
asymmetry.

It was found that the numerical stability of the SOLPS
simulation, and therefore the required timestep and EIRENE
source nonlinearity relaxation settings, was dependent on the
source location. In general, the core source was the most
stable, while the ISOL, OSOL and PFR puff locations were the
most unstable. This instability near regions of rapid change can
be observed in the ’noisy’ data for these locations in figure 15.
The details of the bifurcation transition for each puff location
has not been explored in detail, but the general trend is that
source locations that preferentially increase ne and decrease
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Figure 15. Outer and inner divertor separatrix temperature versus
nOMP
e,sep for different particle source locations as labeled in figure 1.

Te at the outer divertor increase the initial temperature asym-
metry (starting from a low nOMP

e,sep case) and therefore exacerbate
the bifurcation. This includes the PFR puff, because the initial
state has a higher PFR density (and near-SOL Te) resulting in
an increased neutral ionization mean free path.

The relative fueling efficiency, the ability of a source loc-
ation to increase ne in different regions for a given particle
throughput, is shown in figure 16. In each case the total particle
throughput is the same as a function of time (figure 16(a)),
while ne,sep at the OMP, outer and inner divertor is shown in
panels (b)–(d). The core, OMP, and ISOL puff locations result
in a similar increase in nOMP

e,sep , while the PFR andOSOL are less
effective. The OSOL and ISOL puff are effective at increasing
the local divertor density, while the PFR puff preferentially
fuels the outer divertor when starting from a low density state
for the reason described above. The relative fueling efficiency
affects the threshold ΓD2 at which the HICO to HOCI trans-
ition occurs, with the OMP, ISOL, and Core cases bifurcat-
ing at a lower throughput level than the PFR and OSOL puff
cases. After the HICO to HOCI bifurcation, and towards the
maximum throughput where the divertor conditions are less
asymmetric (Conventional Regime in figure 8), the differences
between the puff locations are less dramatic. The transition
from HICO to HOCI shows a puff-location dependence on
the outer divertor, but the inner divertor response is more uni-
form and less sensitive to the puff location. No clear saturation
of the upstream density with respect to the gas throughput is
observed over the range explored. This effect is more clearly
presented with steady-state simulations, as shown in the next
section.

Figure 16. (a) Particle throughput and corresponding electron
separatrix density at the (b) OMP, (c) outer divertor, and (d) inner
divertor for several particle source locations as labeled in figure 1.

4. Simulations with impurity seeding

At high PSOL impurity seeding is likely to be required even to
reach the targeted levels (≈30MWm−2) to be exhausted using
strike-point sweeping. Tungsten sputtering due to the high Te
will only exacerbate the challenge.

The effect of extrinsic impurity seeding is explored in
SOLPS by injecting neon from the OMP (nitrogen is to be
avoided due to tritiated ammonia production). Five series
of steady-state SOLPS simulations with increasing levels of
neon throughput ΓNe were performed starting from steady-
state solutions with different levels of D2 fueling from the
OMP and PSOL = 10 MW. The neon throughput was varied to
reach a desired level of upstream separatrix neon concentration
⟨cNe⟩=

∑
nNe/ne (sum over neon charge state) from 0% to

2%. The results are summarized in figure 17, with the symbols
indicating the steady-state solutions (color corresponding to
concentration). The solid grey trace is from a time-dependent
simulation with no seeding, ΓNe = 0. Two initial states are
from the HICO and HOCI Regimes at the same level of D2

throughput, ΓD2 = 1× 1022 atoms s−1. The other three initial
states, ΓD2 = 2× 1022,2.5× 1022, and 3 ×1022 atoms s−1 are
started in Conventional Regime.
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Figure 17. Dependence of (a) outer and (b) inner divertor separatrix
Te on upstream density and main ion and neon gas throughput with
PSOL = 10 MW. The light grey curve indicates a time-dependent
ΓD2 scan with ΓNe = 0. From five initial conditions with fixed ΓD2,
ΓNe was scanned to result in steady state solutions with a desired
⟨cNe⟩ level (symbols, with ⟨cNe⟩ per color bar). Open symbols
indicate a back transition to the HICO regime. Solid black curve
shows a time-dependent ΓNe simulation for comparison to the
steady-state solution. Arrows indicate direction of time in seeding
scan.

When starting in the Conventional Regime, the effect of
increasing ΓNe is to simultaneously reduce the temperature
of both divertors and nOMP

e,sep . At a threshold level of ΓNe, the
solution transitions to the HICO regime, indicated by the open
symbols. When the solution is already in the HICO or HOCI
regime, the addition of ΓNe further increases the level of asym-
metry between the divertors.

The solid black trace shows a time-dependent simulation
where ΓNe was increased from 0 to 1.8 ×1020 atoms s−1 over
0.5 s starting from a main ion throughput of ΓD2 = 2× 1022

atoms s−1. It can be seen that the time-dependent simulation
reproduces the general trend of the steady-state runs, however
a slower ramp may be required to accurately match the results.

The reduction in nOMP
e,sep with increasing impurity concen-

tration is typically observed in SOLPS simulations [17, 39,
64]. This effect can be understood as ‘power limitation’ or
‘power starvation’, where volumetric power and momentum
sinks lead to a reduction in the divertor recycling flux (and
Te). This effect can be complex (see e.g. discussion in [65,
66]), but a simple picture (neglecting recombination) is that
for fixed upstream q||u an increase in Prad will cause a drop in

Figure 18. Dependence of separatrix averaged (a) neon
concentration, (b) neon density, (c) electron density, integrated ion
flux to the (d) outer and (e) inner divertor, and (f ) radiated power
from the inner and outer divertor volumes with PSOL = 10 MW.
Color indicates ⟨cNe⟩, open symbols the HICO regime, and lines are
different values of the D2 throughput (corresponding to figure 17).

Γ||t(γTe + ϵ), where γ is the sheath heat transmission coeffi-
cient and ϵ is the energy loss per ionization.

The reduction in nOMP
e,sep and the integrated ion flux to the

divertors as a function of ΓNe is shown in figure 18 panels
(c)–(e). The increasing ⟨cNe⟩, separatrix neon density, and
radiated power in each divertor volume are shown in panels
(a) and (b)–(f ), respectively. The radiated power is approxim-
ately evenly distributed between the outer and inner divertors
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Figure 19. Averaged upstream separatrix electron density as a
function of D2 throughput for (a) OMP puff at several levels of ⟨cNe⟩
and (b) different puff locations without neon seeding with PSOL =
10 MW. Open symbols indicate solutions in the HICO regime.

(corresponding to the yellow and purple regions in figure 1).
As Prad increases, the recycling flux and nOMP

e,sep drop. The
neon throughput ΓNe appears to be a somewhat better sort-
ing parameter than ⟨cNe⟩ for the value of Prad. After the back
transition to the HICO regime (indicated by open symbols),
the inner divertor recycling flux is strongly reduced and the
radiated power from both divertor volumes drops as neither
have the Te distribution for effective neon radiation.

To find a operating regime where the divertor conditions
are acceptable and nOMP

e,sep matches a core scenario, the main
ion fueling should be increased to counteract the drop in nOMP

e,sep
with ΓNe. Over the range of ΓD2 scanned, the upstream dens-
ity increases with ΓD2, both for fixed values of ΓNe (unless
a back-transition to HICO occurs) and without neon seeding
for several D2 puff locations, see figures 19(a) and (b). A sep-
aratrix averaged value of nOMP

e,sep is used to avoid bias due to
local sourcing in the case of an OMP puff. This is in contrast
to SOLPS simulations of ITER, where the upstream density
‘clamps’ at a certain throughput level and no longer increases
with ΓD2 [17]. At the highest levels of D2 throughput, the
fueling efficiency is reduced, however no saturated level is
found over the explored range. The differences in the ITER
and SPARC simulations in this respect may be due to the size
of the device relative to the ionization mean free paths, or
‘clamping’ might be observed at higher ΓD2 in SPARC, but
this relative difference has not been explored in detail at this
time.

Figure 20 shows the peak total flux to the (a) outer and (b)
inner divertor for a range ofΓD2 andΓNe throughput levels. For
the steady-state simulations (symbols) the energy flux includes
contributions from the plasma, neutral particles and radiation,
while for the time-dependent simulations neutral particles
(including reflected power) and radiation are neglected due to

Figure 20. Peak total energy flux to the (a) outer and (b) inner
divertor as a function of the upstream density, main ion throughput
and neon concentration ⟨cNe⟩ with PSOL = 10 MW. Peak fluxes
below 30 MW m−2 can be achieved for ΓD2 > 2× 1022 and
ΓNe > 8× 1020 atoms s−1, although additional ΓNe results in a
back-transition to the HICO regime. The inner divertor peak flux is
below 20 MW m−2 for all non-HICO solutions. Arrows indicate
direction of time in seeding scan.

reduced code output. Taking 30 MWm−2 as a rough estimate
for an upper limit for acceptable steady-state conditions with
strike-point sweeping, solutions are found for ΓD2 > 2× 1022

and ΓNe > 8× 1020 atoms s−1. These solutions are somewhat
marginal, however, as a further increase in ΓNe is predicted to
cause a back-transition to the HICO regime. Figure 20 sug-
gests that a further increase in ΓD2 should move to a more
stable operational regime (without back-transition). These
scenarios will have to be carefully evaluated with respect to
the upstream values of nOMP

e,sep and ⟨cNe⟩ to determine if they are
compatible with the core scenario. This highlights the multiple
input multiple output (MIMO) nature of the control problem,
as recently demonstrated on TCV [67]. Further increasing the
input power to 29 MWwill increase the seeding requirements,
to be explored further in a future publication.

The components of the divertor energy fluxes are shown
in figures 21 and 22 for the outer and inner targets, respect-
ively, for ΓD2 = 2.5× 1022 atoms s−1. The top panels show
the composition into loads due to radiation, neutral particles,
and plasma particles for ΓNe = 0 (⟨cNe⟩ = 0%) and ΓNe =
1.1× 1020 atoms s−1 (⟨cNe⟩ = 0.8%). The outer divertor is
dominated by plasma loads, while the inner divertor has a sig-
nificant load due to incident neutral particles near the strike
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Figure 21. Components of the outer divertor total energy flux with
ΓD2 = 2.5× 1022 atoms s−1 and (a) ⟨cNe⟩ = 0% and (b) ⟨cNe⟩ =
0.8%. The total plasma flux is further separated into contributions
from surface recombination, plasma heat flux (further decomposed
into conduction and convection), and the reflection of incident ions
into neutral atoms and molecules in panels (c) and (d).

Figure 22. Components of the inner divertor total energy flux with
ΓD2 = 2.5× 10−22 atoms s−1 and (a) ⟨cNe⟩ = 0% and (b) ⟨cNe⟩ =
0.8%. The total plasma flux is further separated into contributions
from surface recombination, plasma heat flux (further decomposed
into conduction and convection), and the reflection of incident ions
into neutral atoms and molecules in panels (c) and (d).

point. The radiated power flux is ≈1–2 MW m−2 on both
targets when ⟨cNe⟩ = 0.8%. The bottom panels breaks the
incident plasma flux into contributions from surface recom-
bination, plasma heat flux (further decomposed into conduc-
tion and convection), and the reflection of incident ions into
neutral atoms and molecules. The outer target has a signific-
ant contribution due to conduction and convection, while the
inner target plasma flux is predominantly from surface recom-
bination and convection due to the relatively higher degree of
detachment.

5. Conclusions

Operation of the SPARC divertor has been explored numeric-
ally using the SOLPS-ITER code for a range of code inputs
including cross-field diffusivities, power crossing the separat-
rix, main ion throughput, neon impurity seeding level, and gas
puff locations. Without impurity seeding, for conservative val-
ues of cross-field diffusivities leading to λq ≈ 0.14 mm, the
conditions on the outer divertor at an steady-state upstream
electron density of 1×10−20 m−3 are predicted to be extreme
due to the compact size of SPARC. With PSOL = 10 MW, the
peak divertor heat fluxes may be at the maximum acceptable
range to exhaust with strike-point sweeping, although the high
Te may lead to a significant tungsten source which would limit
the maximum pulse length. At PSOL = 29 MW, further dissip-
ation with impurity seeding is likely to be required.

Increasing the simulated λq to 0.3 mm or larger signific-
antly eases the divertor challenge, either in terms of the neces-
sary impurity radiation at high PSOL or the frequency of strike-
point sweeps at lower power. Operation in a double null topo-
logy could further reduce the outer divertor fluxes, although
this scenario was not explored here.

Density scans reveal a region of nOMP
e,sep with multiple solu-

tions where the divertor solutions have extreme asymmetry in
Te, ne and deposited heat flux. The solutions, labeled here as
‘Hot Inner Cold Outer’ and ‘Hot Outer Cold Inner’, exhibit
hysteresis, with the steady-state value depending on the initial
condition. The asymmetry is due to a thermodynamic instabil-
ity, where a parallel temperature gradient along a SOL flux
tube results in a parallel current driven heat flux from the
cold to the hot divertor. This instability, driven by thermoelec-
tric currents, has been observed previously in simulation and
experiment, but is particularly significant in SPARC due to the
extreme values of predicted divertor Te at low values of λq.
The magnitude and density window of the hysteresis region is
reduced with larger λq or by introducing impurities, although
it is present in some degree in each case. Time-dependent sim-
ulations indicate a rapid transition between these regimes.

In this respect we note an interesting aspect of the presen-
ted modelling cases. Some simulations are performed with λq
in the range as predicted both by the HD model of Goldston
[68] and empirically by Reg.#9 in [4]. The latter represent-
ing JET, ASDEX Upgrade, DIII-D and C-Mod, all having
the same aspect ratio as SPARC. This empirical interpreta-
tion results in a power width of about 0.5 mm for low dens-
ity cases (see figure 3) and correspond to χ⊥ = 0.1m2 s−1.
The observed bifurcation from or to HOCI and HICO were
not observed in experiments serving for the data base in [4] .
This is important to note because the edge densities for which
HOCI/HICO are observed in the simulation are significantly
below the ones reported for type-I ELMy H-Mode conditions
in terms of Greenwald.

The existence of the hysteresis region at low nOMP
e,sep does not

necessarily present an issue for steady-state SPARC operation,
however it may introduce additional complexity into the sys-
tem for divertor condition control. This is particularly evid-
ent when impurity seeding is added. When introduced from
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the Conventional regime (where thermoelectric currents and
asymmetry are small), the peak divertor fluxes are dissipated
due to impurity radiation, but the upstream density drops due
to a reduction in the recycling flux (power limitation or power
starvation). If the upstream density drops below a threshold
value, a back transition to the ‘Hot Inner Cold Outer’ regime
occurs. Increasing the main ion throughput counteracts the
upstream density drop, albeit at the potential additional com-
plexity of a MIMO control strategy. Over the range of main
ion throughput evaluated here, ΓD2 remains an effective actu-
ator for controlling nOMP

e,sep , with no indication of saturation as
observed in SOLPS simulations of ITER.

There are several important caveats when using these
SOLPS simulations to inform SPARC operation. No simula-
tions here include cross-field plasma drifts, which are known
to be important to predict the divertor conditions in present
devices. Furthermore, drift effects at the separatrix are repor-
ted to effect the minimum SOL power width (at lowest densit-
ies) and may lead to steady state situation less prone to the
described bifurcated scenarios [69, 70]. Further, the inclu-
sion of drifts may have a significant effect on the details of
the parallel current profile and therefore the hysteresis and
asymmetric effects described in this paper. Only a single mag-
netic topology and PFC geometry was considered. Operation
with a vertical outer target configuration may affect the sim-
ulation state globally. There is also significant uncertainty in
the cross-field transport coefficients, which was only invest-
igated over a small range in this paper. Efforts by the global
SOLPS community (and other boundary codes) have indic-
ated areas for possible improvement of the physics model,
in terms of plasma-neutral reaction descriptions and plasma-
surface interaction effects enabled by a full grid of the plasma
transport domain to the first wall. Despite these caveats, the
SOLPS solutions should serve as a investigation into the
plasma boundary physics that can be expected in SPARC, and
used to inform the operational scenarios and control strategies,
including actuation and sensing.
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