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Super-X divertors and high power density fusion devices?
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The Super-X Divertor (SXD), a robust axisymmetric redesign of the divertor magnetic geometry
that can allow a fivefold increase in the core power density of toroidal fusion devices, is presented.
With small changes in poloidal coils and currents for standard divertors, the SXD allows the largest
divertor plate radius inside toroidal field coils. This increases the plasma-wetted area by 2-3 times
over all flux-expansion-only methods (e.g., plate near main X point, plate tilting, X divertor, and
snowflake), decreases parallel heat flux and hence plasma temperature at plate, and increases
connection length by 2-5 times. Examples of high-power-density fusion devices enabled by SXD
are discussed; the most promising near-term device is a 100 MW modular compact fusion neutron
source ‘“battery” small enough to fit inside a conventional fission blanket. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3110984]

I. INTRODUCTION

Research in tokamaks has experimentally demonstrated
many advances in core confinement physics that can allow
core power densities much higher than ITER (International
Thermonuclear Experimental Reactor). The main obstacle
now in reaching the high power density regime in the next
generation long pulse fusion devices is the limited ability of
standard divertors (SDs) to simultaneously handle the very
high heat and neutron fluxes. The 2007 ITER physics basis'
clearly states that “fusion gain in steady state maximizes at
low density for constant 8y. The limitation on reducing den-
sity in next generation tokamaks is set by the impact on the
divertor,” and “presently developed advanced scenarios have
not yet provided fully integrated scenarios and several issues
remain to be solved such as edge compatibility with the
divertor.”

We show that one solution to this “divertor bottleneck”
problem lies in a redesign of the divertor magnetic geometry.
With small changes in poloidal field coil locations and cur-
rents for most SD cases, we show how to move the divertor
plates to the largest possible radius Rg;, inside toroidal field
(TF) coils to create the Super-X Divertor (SXD). We then
show how the increase in Ry, has many positive conse-
quences as follows: (a) it increases the plasma-wetted area
by 2-3 times (in proportion to Rg;,) over all flux-expansion-
only methods (e.g., plate near main X point, plate tilting, X
divertor,” and snowflake®), (b) it increases the magnetic con-
nection length from plasma to divertor plate by 2-5 times,
which, through cross-field diffusion can increase the wetted
area by a factor of about 1.4, and (c) the magnetic flux tubes
broaden at the larger R, thus decreasing the parallel heat
flux and hence the plasma temperature at the divertor plate.
The long L and low plasma temperature at the divertor plate
allow an increase in radiation near the plate with fewer im-
purities bleeding back into the main plasma. Together, these
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multiplicative improvements can increase the total power
that may go into the scrape-off-layer (SOL) by a factor of
about 5 while keeping the heat flux on the divertor plate
below 10 MW/m? With SXD, the heating power P,
(=auxiliary heating power Py,,+20% of the fusion power P))
can increase by about five times over the SD. It also allows a
decrease in the edge plasma density and the need to radiate—
both can lead to better core plasma performance.

We present some examples of SXD equilibria designed
using the CORSICA code* and results of two-dimensional (2D)
scrape-off layer simulations using the SOLPS code.” Some
generic features of SXDs emerge from the following cases:
(a) the SXD configuration is relatively easy to design for
many plasma aspect ratios, shapes, and core profiles, (b) the
necessary coil locations and currents are quite similar to the
SD cases, (c) superconducting coils outside the toroidal coils
can produce SXDs, (d) the plasma strike point location in
SXD is very stable to various plasma perturbations because it
depends more on the nearby SXD coils than on the relatively
distant plasma current, (¢) the plasma temperature at the
SXD divertor plates can be dropped below 10 eV at higher
power densities, and (f) for double-null cases, the inside di-
vertor plates are not the limiting problem because most of
the heat flux goes to the outer plates.

The ability to access the high power density regime
opens many possible applications, some of which are dis-
cussed here. One possible near-term application is a 100 MW
modular compact fusion neutron source (CENS) “battery”
small enough to fit inside a conventional fission blanket. We
outline the design parameters, core plasma physics, chal-
lenges, and possible payoffs of such a device—for more de-
tails we refer the reader in Ref. 6.

Il. THE DIVERTOR HEAT FLUX PROBLEM

The edge geometry of the magnetic bottle can have a
major impact on core plasma. Divertors increase the isolation
of the core plasma from material regions of maximum heat
flux, which improves core confinement. The H-mode first
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appeared in tokamaks with divertors. However, because
transport along magnetic surfaces is much faster than across
them, the heat flux necessarily concentrates strongly on di-
vertor plates. Material and engineering constraints limit the
maximum heat flux that a divertor plate can handle to about
10 MW/m?. For a given divertor geometry, this limits the
maximum heat flux that can be put into the SOL, which, in
turn, limits the maximum power density in the core. This did
not become a limiting problem until the plasma core confine-
ment and methods to inject power were improved to the
levels now attained in existing devices.” Some current de-
vices can now reach (and exceed for short times) the
10 MW/m? limit. ITER divertor is near this limit and the
next generation of devices will be operated at higher power
densities. The estimate Pj,/R (R=plasma major radius) is of-
ten used as a measure of the severity of the heat flux
problem.8 Table I of Ref. 2 showed that the P,/R will be
about 5-6 times ITER for steady-state fusion reactors’ "> and
2-4 times ITER for most next generation experiments.”f15
The increases in P, are large in going from the two largest
current tokamaks [JET in European Union (EU) with major
radius R=3 m and JT-60 in Japan with R=3.4 m, each with
P,~20 MW>P/] to ITER (R=6.2 m, designed for P,
=120 MW <P;~400-500 MW), and again in going from
ITER to even a moderate power fusion reactor (P,
~400-720 MW, P;~2000-3600 MW).

A detailed analysis2 showed that any attempt to save the
SD by injecting impurities to radiate power would lead to too
many impurities in the core and thus destroy good core con-
finement at high S—an unacceptable outcome. A basic rede-
sign of the divertor magnetic geometry to (a) spread the heat
flux over a larger plate area and (b) to increase the magnetic
distance to the divertor plates to increase divertor-plasma
isolation and decrease plasma temperature at the plates, thus
possibly allowing more radiation in the divertor, is therefore
indicated.

lll. THE SUPER-X DIVERTOR

Neglecting cross-field diffusion, the plasma-wetted area
A,, at radius Ry, on the divertor plates is approximately
given by (using V-B=0)

Rgiv AsoL (1)

_ BpsoL AsoL _ |:§£:|
soLRsor sin(6)”
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where B, 501, Rgor, and Aggy. are the poloidal field, radius,
and heat flux area of the SOL at the midplane and 6
=tan"!(B, /B,) is the angle between the divertor plate and the
total magnetic field By;, at the plate (B, =B,-1 is the field
normal to the plate). The subscripts p(z) denote the poloidal
(toroidal) directions.

The simplest way to increase the plasma-wetted area A,,
is to tilt the plate so as to decrease B, and hence 6. Another
way is to expand the flux at the plates by decreasing the
poloidal field B, at the plate. Both decrease B, . Flux expan-
sion can be done by moving the plates near the main plasma
X points, by using pairs of poloidal coils to locally decrease
the poloidal field (the X divertor?), or by increasing the order
of the main X point (the snowflake divertorS). However, all
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these methods are limited because 6 cannot be arbitrarily
small. The generally accepted minimum is 1° (Ref. 16)
(ITER 6 is 2.3°) because even small divertor plate irregulari-
ties become problematic at lower €. Under this > 1 restric-
tion, the heat capacities of all the above methods remain far
below the demands of the next generation high power den-
sity devices.

Thus, for a given Wyor and B,/ B, at the midplane SOL
(set by the core plasma), the only way to increase A,, is by
moving the divertor plate to a larger major radius Rg;,. The
basic idea of the SXD is to maximize Ry, by using only
axisymmetric poloidal field coils. In addition, the magnetic
line length L from the SOL midplane to the divertor plate can
also be increased by decreasing the poloidal field in the long
divertor leg at large R. Large Ry;, also reduces the parallel
heat flux g, on the plates because the area of each flux tube
increases as the total B decreases. Large Rg;,, long L, and low
qy at the plates are generically obtained in SXDs with extra X
points—a method similar to the X divertor;2 hence the name
SXD.

We use the CORSICA magnetic equilibrium code’ to de-
sign the SXD equilibria. Two examples are shown in Fig. 1.
SXDs can be generated from SD equilibria by the following
generic method. Noting that each main X point in a SD case
is made essentially with a main divertor coil to cancel the
poloidal field of the plasma current, a SXD can be made by
splitting the main divertor coil into two (with nearly the
same total current) and moving one of them to larger major
radius. In general an extra X point appears between the two
[see “x” in Fig. 1(a)] and magnetic surfaces just outside the
separatrix now wind around the two coils. This pulls the
SOL out to larger major radii, thus generating the SXD. This
generic method qualitatively explains why the total SXD coil
currents are about the same as for the SD in all the cases we
have studied and why SXDs can be made for plasma shapes
and profiles. The SXD configuration can then be optimized
by further splitting the SXD coils, as shown in Fig. 1(b); flux
can be expanded (by decreasing the poloidal field) all along
the long SXD legs, leading to longer connection lengths. The
SXD design space is found to be smooth, versatile, and quite
robust (to small plasma and coil changes).

Using CORSICA, we have found SXD equilibria for many
devices where SXD could be crucial including (a) tokamaks
with copper coils: aspect ratios A=1.4 for a component test
facility (CTF),"* A=1.4 for the Mega Amp Spherical Toka-
mak (MAST),"” A=1.8 for the National Spherical Tokamak
Experiment (NSTX),'® the National High-Power Tokamak
Experiment (NHTX),'* one variant of A=2.0 CFNS,° the A
=3.5 Fusion Development Facility (FDF) (Ref. 15) and (b)
tokamaks with superconducting coils all outside the TF coils:
A=2.6 for the SLIMCS reactor'' and A=4 for ARIES-AT."
Various gains due to SXD are summarized in Table I and two
examples are shown in Fig. 1 (most SXD equilibria look
similar to these two).

In general, SXDs are found to be easy to obtain for all
plasma shapes and parameters examined. In existing devices,
SXD gains are limited by existing constraints such as pump-
ing ducts, supports, vacuum vessel shapes, etc. For each de-
vice, the basic SXD design procedure is refined by further
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FIG. 1. (Color online) Two examples of SXD cORSICA equilibria for (a) a
high power density CENS and (b) MAST upgrade.

splitting the two coils and fine tuning their locations and
currents to produce sequences of configurations (e.g., CTFI,
CTF2 or FDF1, FDF2, FDF3, etc.) that fit various constraints
specific to each case. For all cases, in going from standard to
superdivertor, the total ampere meters in the SXD poloidal
field coils change by less than £5% while the core plasmas
remain essentially unaffected.
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One generic but nonobvious advantage of SXD is that
the strike point location is less sensitive to plasma fluctua-
tions for SXD than for SDs. The strike point geometry de-
pends more on nearby SXD coils than on faraway plasma
current. For example, for the NHTX case, changing the
plasma current by =3% moves the outer strike point only by
*0.5 cm, a small fraction of the width of the plasma-wetted
area (11 cm), and much less than the movement of the main
X point (£2.8 cm).

In most SXD cases (from the low aspect ratio NHTX
and CTF to high aspect ratio FDF, as well as superconduct-
ing reactors SLIM-CS and ARIES-AT) we have found a
natural “fit” for the long SXD legs in corners of the TF
coils—these corners are typically not used. If the SXD is
deemed essential to make a high power density device work
at all, one would have to make room for it inside the TF
coils. Given the significant advantages of SXD, the extra cost
of TF “real estate” seems reasonable. Details of such
tradeoffs will, of course, be system design issues.

IV. SXD GAINS

In addition to increasing the plasma-wetted area A,, in
proportion to Rg;,, the SXD method of using an extra X point
allows a significant increase in the connection length (along
B) from the plasma to the divertor plate. Since the SOL
widths are about 1 cm in many devices, we measure the
connection length L along a line that starts at 1/2 cm outside
the separatrix in the midplane. Table I shows the range of
improvements in L and A,, for some of the SXD configura-
tions we have designed. The SXD line lengths are ~2-5
times greater than the line lengths L, to the main X point. As
shown by the CTF1-2 and the FDF1-2-3 series in Table I, L
can be further increased by refining the SXD coil(s), e.g., by
splitting the SXD coil into two or four coils, such that the
total current is the same.

Increasing L further increases A,, through cross-field dif-
fusion. Standard models of SOL diffusive processes [see Ref.
19, p. 269, Eq. (5.79)] indicate the SOL width scales with the
connection length as L*°, leading to an increase in A, by
about 1.4. Although details of the divertor region turbulence
and flux variation along the line may make this factor higher
or lower, this rough estimate is useful during SXD design
explorations.

Radiation can further decrease the power incident on the
divertor plate but only if the plasma does not “burn through,”
i.e., the temperature at the divertor plates stays low. If a
fraction f,,q of the power can be radiated away from the
divertor plates, these three effects together can give an esti-
mated gain in the maximum power allowed into the SOL of
Pain=Ryiy/ R)(L/L)*?/ (1= fraa), Where R, is the radius of
the main X point and L, is the line length up to a point at the
same z as the main X point. Since the location of the SD is
generally near the main X point (with some variability from
device to device), we use the main X point to define a uni-
form measure P,,,. Although it slightly overestimates the
SXD gain over SDs, it is useful as a rough estimate before
detailed simulations and in SXD design optimization loops.
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TABLE I. SXD geometrical gains for some of the cases. The devices are listed in the text. The last row shows
the approximate expected SXD gain Py, in power handling. With SXD, the plasma temperature at the plate is
low enough that about 50% power can be radiated away from the divertor plate (f,,q=0.5) as verified by soLps.

NHTX CFNS SLIMCS ARIES CTFl CTF2 FDFI FDF2  FDF3
Ry/R, 2.9 1.9 1.6 1.7 2.7 2.8 1.9 1.9 1.9
L{m] 38 53 78 66 27 37 62 67 74
LIL, 34 3.0 2.7 1.9 2.1 2.7 40 42 4.7
A [m?] 53 79 7.0 8.2 10.4 9.8 5.6 5.7 5.6
P 7.6 4.8 4.0 4.0 6.4 7.1 5.1 5.2 5.2

gain

For example, for the NHTX case in Fig. 2 and column 1 of
Table I, Py, estimate is 7.6 while SOLPS gives 7.2.

To estimate whether a divertor (standard or SXD) will be
in the sheath limited regime, i.e., whether the plasma will
burn through to the divertor plate so that the plasma tempera-
ture at the plate will be over 100 eV or so, we use the sheath
parameter” S=Q,,(Byy/B,)/n" S L"9/3 X 1072, which we
have successfully benchmarked against 2D SOLPS code re-
sults. The plasma burns through if $> 1. Here the upstream
(u) parallel heat flux gy,=Pso /47R,\,(B,/B),, where \, is
the SOL power width. We find that the sheath parameter S is
above 1 for most of the high power density SDs but below 1
with SXD.

We use the SOLPS code to calculate the peak heat flux on
the divertor plate and plasma temperature T}, at the location
of the peak heat flux. The total power into the SOL and the
edge density are inputs to the code. In general,20 we find that
SXD is able to keep the heat flux on the divertor below
10 MW/m? and the temperature at the plate low (near 10
eV). The plasma temperature T at the location of the peak
heat flux on the plate determines whether radiation will be
effective. SOLPS also confirms that adding impurities gives
very little radiation if T is high (well above 100 eV), as is
found for most SD cases at high P,/R. In contrast, as in Fig.
2, 50% of the power can be radiated with SXD only because
T,y is low enough for impurities to radiate. Note that the
radiation mostly occurs close to the divertor plate where the
plasma temperature is low, so about half of it still falls on the
divertor plate, so maximum f,q is about 1/2. Low Ty also
reduces adverse plate-plasma interactions like sputtering,
plate damage, etc.

The canonical problem with augmenting the heat han-
dling capacity of divertors with impurity radiation is that
impurities injected in the divertor also contaminate the core
plasma. The extreme isolation of the SXD from the plasma
can minimize this problem, thus enhancing the maximum
divertor radiation fraction.

Figure 2 shows the SOLPS calculations for NHTX."
From column 1 of Table I and the discussion above, one
expects a decrease in peak heat flux by a factor of about
2.89X 3.4 x2=7.6 (from increases in Ry, and L and 50%
carbon radiation), which agrees well with the SOLPS result
(7.2) in Fig. 2(a).

In general, SOLPS runs confirm that the SD is rather in-
adequate for any high power density machine. The peak heat
flux stays well above 10 MW/m? and T, stays at around
150 eV so that almost no impurity radiation is possible. Ba-

sically, the parallel heat flux g, into the divertor is so large
that the plasma just burns through a SD (Ref. 21)—SDs are
always deep in the sheath limited regimes for high power
density devices. As far as we know, only the SXD can cure
this problem.

V. FURTHER SXD ISSUES

A new idea like SXD is naturally expected to raise many
new issues. An oft raised issue with SXD is the inner di-
vertor. Almost all of high power density devices in the future
plan to use a double-null configuration because of the high
divertor heat load and perhaps because the experimental abil-
ity for plasma control has significantly improved. In such
double-null cases, the inner divertor is not a major concern
because the typical ratio of heat flux to outer and inner di-
vertors is over 5 to 1 (usually closer to 10 to 1).%* This split
is also seen in our SOLPS simulations. Also, the SXD does not
increase the heat flux on the inner divertor plate while de-
creasing it on the outer divertor plate. Thus, unless SXD is
needed to raise the power density by over five times, the
outer divertor still is the limit.

Another set of questions is about the relative importance
of parallel versus cross-field transport in the long SXD legs.
In general, an increase in cross-field transport (by whatever
mechanism) will be good—it will increase the wetted area
and thus reduce the peak heat flux. We also generally make
sure that the long SXD leg does not pass too near the extra X
point so that ergodic layers creating hot spots on the target
are not expected to be a problem, although this needs to be
confirmed with three-dimensional calculations in the future.

The SXD suggests many further speculations to explore
and test by simulations and/or experiments. (1) The long L
and nonmonotonic poloidal field along the SXD may allow
stable detached operation. (2) One may be able to enhance
the turbulence in the long SXD leg without it bleeding back
to the main plasma. (3) Because of the longer SXD connec-
tion length, transient heat flux pulses such as edge localized
modes (ELMs) from the plasma may have less impact on the
SXD. The increased wetted area of the SXD will spread
ELM pulses over a larger area and the longer line length will
spread it over time, both of which can greatly reduce the
damage, but this needs confirmation. (4) The ability of SXD
to handle more heat flux allows lower density at the edge,
cleaner plasma, and higher power flow through any edge
barriers, as verified by SOLPS results. This may enable de-
pendable access to the high B regime. Operating at rather
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FIG. 2. (Color online) soLPs results for NHTX SD (black, dotted) and SXD
(red, solid) equilibria showing (a) over fivefold decrease (by about 7.2 in
this case) in total peak divertor heat flux (includes radiation falling back on
divertor plate) and (b) a twofold increase in the density at the divertor plate.
The sorps grid (based on NHTX corsica equilibrium for SXD) used in
these calculations is shown in (c). Simulation parameters are input power
=50 MW, density at the core boundary=1.5X 10?** m~3, carbon impurity,
same tilt angle € (1°) for both SD and SXD cases.
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low edge densities enhances the core density gradients that
result in much higher bootstrap current, possibly allowing
much higher B for the same B, [set by magnetohydrody-
namic (MHD) stability]. In addition to increasing bootstrap
current,21 lower density also increases the current drive
efﬁciency.1 One could also operate with a very high pedestal
temperature only because the SXD can handle the enhanced
heat load. At this point, all these are plausible speculations
that need to be tested using coupled core-edge simulations.
(5) Helium exhaust drops precipitously with neutral pressure.
The high temperature at the divertor plate in non-SXD ge-
ometries often leads to low recycling and hence low neutral
pressures. This makes He pumping difficult. Also, the result-
ing long mean path would imply very low transconductance
through any reasonable pumping duct. Further, in SXD the
distances from pumps at larger major radii can be shorter and
the pumping area at larger Ry;, can be higher. Whether these
translate into He pumping advantages needs to be checked.
Some of these issues will be checked on experiments like
MAST, NSTX, and DIII-D which plan to test SXD.

VI. NEUTON FLUX CALCULATIONS FOR SXD

Another critical problem that only SXD can probably
solve is simultaneous heat and neutron damage to the di-
vertor plate. The long legs of the SXD also allow significant
shielding of the SXD plates from neutrons. Such shielding
does not appear feasible for the SDs or any of the flux-
expanded divertors. The divertor plate has to use materials
that have high thermal conductivity as substrates to be able
to withstand and extract the enormous heat, for example,
tungsten armor on a high conductivity copper substrate or
copper and carbon composites. Such materials severely de-
teriorate after only a few displacements per atom (dpa) due
to neutron bombardment. For copper alloys, the temperature
window between brittleness and creep strength is too narrow;
carbon-based materials swell and degrade in thermal conduc-
tivity. Only hypothetical materials might be able to withstand
the 50—100 dpa as well as high heat that a SD will have to
face to last long enough to be credible. Therefore, it is criti-
cal to shield the divertor from neutrons. We have performed
calculations using the Monte Carlo MCNPX (Ref. 23) code
(widely used to design fission reactors) to show that for a
typical SXD configuration, the neutron flux on the plate can
be reduced by a factor of 10 or more. Only with such shield-
ing could much of the divertor technology already developed
for ITER be transferable to high duty cycle deuterium-
trittum operation in component test facilities or CFNS for
fusion-fission hybrid applications.

VIl. COMPACT FUSION NEUTRON SOURCE

Two possible mission directions are suggested for SXD-
enabled, small high power density tokamaks. (1) One could
design a CTF to fulfill a short-term, useful, and necessary
fusion development task. Because of SXD, this could be
done parallel to ITER using only conservative physics and
technology. As a by-product, one will develop a CENS that
also has many advantages as the neutron driver in a fusion-
fission hybrid, as discussed in Ref. 6. (2) Alternatively, one
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can develop or modify existing devices to test advanced
physics operating modes for a pure fusion reactor in an inte-
grated fusion environment with high heat fluxes.

As an example of the first type, we now consider a com-
pact high power density device using SXD. The goal is to
reach high power densities but stay conservatively well
within known physics and technology limits so that a test
device could, in principle, be built in near term. To keep the
size, coil mass, and cost small (R~ 1.35 m), and for ease of
maintenance, we choose low aspect ratio (A ~ 1.8, which is
near cost minimum in studies) spherical tokamak (ST) reac-
tor designs with copper coils and enough room (about 0.1 m)
to shield the inboard toroidal coil. The field at the toroidal
coil is kept below 7 T. The B field on plasma axis will be 2.5
T. For high performance, we will try to get to high elonga-
tion up to k~ 3. The machine is to produce about 100 MW
of fusion power and a CTF-class neutron wall load of about
0.93 MW/m?

The two key dimensionless parameters are normalized
beta By=((p)/B?)/(I/aB) and H factor [confinement im-
provement over the ITER98H(y,2)] scaling law. The no-wall
stability limit is 8y~ 3 and getting H much above 1.2 is hard
at present. Hence we will stay below these limits. The cur-
rent drive power for 100 MW of fusion power at a given By
can be estimated from the current drive efficiency formula
In,R/P,~0.3x10*(T,)/10 keV) A/W m?, which is very
close to what is found in reactor studies and ITER analysis.
We use equilibria with fixed temperature and density profiles
(characteristic of H-modes) to get By, bootstrap current, and
fusion power.

We find that for all relevant SOL densities, the sheath
parameter S for CENS remains well above 1 for all but the
SXD cases.”' Thus, only SXD allows such a device to oper-
ate without destroying the divertor. Further, SXD also allows
operation at edge densities well below (1/3) the Greenwald
limit, thus reducing chances of disruptions. The current drive
power is also lowered to about 50 MW at lower densities and
the H-factor can be higher (up to about 1.2). Thus SXD
enables the necessary plasma operation to produce 100 MW
of fusion power in such a small device. The elongation of
CFNS is consistent with the present experimental results and
is similar to that in other possible future devices, i.e., NHTX,
ARIES, and FDF.

MCNPX calculations for this device show that the neutron
damage to the center post (with 10 cm steel cladding) and
divertor plate can both be kept well below 1 and 2 dpa per
full-power year, so that one could operate the device for
about 1-2 full power year before serious repairs. During this
time, the device can produce about 0.93 MW/ m? neutron
wall load that can be used for fusion-fission hybrid as well as
component testing applications.

VIil. CONCLUSION AND FUTURE DIRECTIONS

In summary, the SXD improves divertor performance in
many ways. While obeying the 6=1° plate-tilt limit, it in-
creases the plasma-wetted area by about 1.5-3. The poloidal
B field in the long divertor leg can be decreased to increase
the line length L by about two to five times and increase SOL
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width via diffusion by about a factor of 1.4. The flux tubes
broaden at larger Rg;,, lowering the ¢, at the plates, which
lowers plasma temperature at the plate to below 10 eV and
increases the maximum divertor radiation fraction up to 50%
as verified by SOLPS. All these enhancements are multiplica-
tive, so the maximum Pgq; that can be put into the SXD
could go up by a factor of 5 or so as compared to any other
purely flux-expanding configuration. This is verified by
SoLPS simulations. Such enhancements are important for
next generation high power density devices.

By maximizing the isolation (both physical and mag-
netic) between the core plasma and the divertor SOL, the
SXD allows both to be better optimized. It increases plasma-
wetted area and line length to simultaneously solve the di-
vertor heat flux problem, shield the divertor from neutron
damage, and enable reactor-relevant core beta values with
acceptable heat exhaust—all with axisymmetric poloidal
field coils that are not very different from those for SDs. No
other divertor configuration that we know simultaneously
does all these.
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