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Abstract

Recent U.S. fusion development strategy reports all recommend that:the U.S. should pursue
innovative science and technology to enable construction of a Fusion Pilot.Plagt (FPP) that
produces net electricity from fusion at low capital cost. Compact' tokamaks have been
proposed as a means of potentially reducing the capital cost.of a fusion pilot/plant. However,
compact steady-state tokamak FPPs face the challenge of integrating a high fraction of self-
driven current with high core confinement, plasma pressure, and high divertor parallel heat
flux. This integration is sufficiently challenging that.a dedicated sustained-high-power-density
(SHPD) tokamak facility is proposed by the U.S. community:as.the optimal way to close this
integration gap. Performance projections for the steady-state tokamak FPP regime are presented
and a preliminary SHPD device with substantial flexibility-in, lower aspect ratio (A=2-2.5),

shaping, and divertor configuration to narrow gaps.to a FPP is described.

Keywords: Fusion pilot plant, steady-state tokamak, core-edge integration, high-temperature superconductors, liquid metals
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1. Introduction

The U.S. fusion program/has made significant progress
during the past 3 years in developing a strategic plan for fusion
energy development. In_particular,’ the 2019 National
Academies of Sciences, . Engineering, and Medicine
(NASEM) Report of the Committee onrva “Strategic Plan for
U.S. Burning Plasma Research’/[1], the 2021 Fusion Energy
Sciences Advisory Committee Report (FESAC) “Powering
the Future: Fusion and Plasmas” [2], and the 2021 NASEM
Report “Key-Goals and Innovations Needed for a U.S. Fusion
Pilot Plant” [3] reports all recommend that the U.S. should
pursue innovative | science and technology to enable
construction-of.a.Fusion Pilot Plant (FPP) that produces net
electricity from fusion at low capital cost.

XXXX-XXXX/XXIXXKXKXX 1

The recent 2021 NASEM report [3] is not configuration
specific  but does have  specific  performance
recommendations. In particular, the report states that the first
phase (Phase 1a) of FPP operation “should target 100-500MW
time-averaged thermal power for > 100s”, should target “a
peak > 50 MWe net electricity production for > 3 hours with
Qe > 17 in Phase 1b, and “demonstrate peak 50-100 MWe net
electricity production and average net electricity generated for
at least one environmental cycle” in later phases of operation.
The same report further concludes that before proceeding to
final design, a D-T fusion concept should simultaneously
demonstrate temperatures of at least 100 million degrees C
and D-T equivalent Q, > 1 and also recommends that the U.S.
Department of Energy (DOE) support “innovative facilities
capable of solving key integration physics issues including
core-edge integration of a high fusion performance core with

© xxxx IOP Publishing Ltd



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104994.R1

Nucl. Fusion XX (XXXX) XXXXXX

J.E. Menard et al

a boundary consistent with long-term survival of plasma
facing materials and exhaust of heat and helium ash.”
Compact tokamaks have recently been proposed [4,5,6] in
the U.S. as a means of potentially reducing the capital cost of
a fusion pilot plant. The proposed facilities leverage advanced
superconducting magnets, steady-state operation, and a range
of other physics and technology innovations. A unique feature
of the steady-state tokamak-based FPP approach in the U.S. is
the integration of a high fraction of self-driven current with
high core plasma pressure and high divertor parallel heat flux.
The integration of a high-performance core and edge at FPP
levels has not been previously accessed nor is it presently
planned to be accessed by existing U.S. or international
facilities. This integration is sufficiently challenging that a
dedicated sustained-high-power-density (SHPD) tokamak
facility is proposed by the U.S. community as the optimal way
to close the Integrated Tokamak Exhaust and Performance
(ITEP) gap (see ITEP and EXCITE discussion in Ref. 2).
This work describes representative compact steady-state
tokamak FPP performance and identifies a range of reduced
aspect ratio that is potentially advantageous for such FPPs.
This work also illustrates the performance parameters of
present and planned tokamak facilities, identifies gaps
between present/planned facility capabilities and the U.S. FPP
regime, and presents pre-conceptual physics and engineering
studies for a SHPD facility (see also Reference 7). Such a
SHPD facility aims to narrow or close the core-edge
integration gap to the FPP while also simultaneously
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accessing 100 million K and D-T equivalent fusion gain Q, ~
1 to substantially narrow the gap and reduce the risk of
accessing steady-state compact tokamak pilot plant plasma
regimes capable of achieving net electricity preduction.

2. Fusion Pilot Plant Performance-Projections

An essential step in evaluating the need for an intermediate
facility to close gaps to an FPP is an evaluation' of FPP
representative performance requirements. ‘Here the 0D
systems studies code used previously-to, evaluate compact
steady-state tokamak FPPs [5,8]is utilized again with the
following constraints: Net electric:power of 100MWe, 100%
non-inductive current drive through »a combination of
bootstrap current and 0.5MeV negative neutral beam injection
(NNBI) (30% wall plugrefficiency),/line-average density at
80% Greenwald [9] fraction,aspeet-ratio-dependent Bn(e) and
k(g) and inboard blanketplus shield thickness for TBR > 1 [8],
ReBCO toroidal field (TF) coildifetime of 10 full-power years
(neutron fluence limit = 3:5x10%2 n/m?), Brr.max = 18T, TF
winding pack current density Jrr.we = 50MA/mM?, 45% blanket
thermal conversion efficiency, and blanket neutron power
multiplier of 1.1.

Figure 2,shows FPP parameters calculated as a function of
confinement 'scaling model and aspect ratio. Three
confinement sealings considered are: ITER 98y2 H-mode
confinement|[10,11], Petty electrostatic gyro-Bohm [12], and
an ad-hoe ‘NSTX-Petty08’ hybrid scaling which tends to an
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Figure 1. (a). Confinement time normalized by ITER confinement scaling (b) fusion power, (c) auxiliary heating power, (d) plasma major
radius, (e) total TF cail volume, and (f) blanket change-out volume versus aspect ratio for FPPs with 100MWe net electric.

Page 2 of 23



Page 3 of 23

oNOYTULT D WN =

Nucl. Fusion XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - NF-104994.R1

J.E. Menard et al

NSTX scaling at low-A, the Petty scaling at conventional A,
and is a weighted sum linear in ¢ in the range 0.375 < £ <0.625
(16 < A < 267) [8]. For reference, with this assumed
¢ dependence the hybrid scaling at A = 2 is the mean (50:50
weighting) of the NSTX and Petty08 scalings. This NSTX-
Petty08 scaling formula is a continuous function of € but is not
unique and has considerable physics uncertainty. Obtaining a
more definitive low-A confinement scaling [13,14] at reduced
collisionality and higher magnetic field and current is a major
research goal for NSTX-U [15,16,17,18,19,20], MAST-U
[21,22,23], ST-40 [24], and Globus-M2 [25].

A key difference between the ITER 98y2 H-mode scaling
and the Petty08 scaling is the different dependence on plasma
B [12]. In particular, the ITER 98y2 confinement scaling has
a nearly inverse dependence on 3 whereas the Petty scaling is
nearly independent of 8 consistent with DIID-D, JET, and
NSTX data. However, this weak dependence on 8 is not
universal as JT60 and ASDEX-U confinement data have
shown a stronger inverse dependence on [ possibly
attributable to weaker plasma shaping and/or differences in
gas fueling [26]. Insofar as compact tokamak FPP devices
are expected to have relatively strong plasma shaping, the
Petty08 (and NSTX-Petty08 hybrid) scaling may be more
representative of anticipated FPP confinement trends.

As shown in Figure 1a the H98y2 multiplier for the Petty
scaling is = 1.5 nearly independent of A whereas the H98y2
multiplier for the hybrid scaling peaks at a value of 1.8<1.9
between A=1.8 and 2.3. Speculatively, if a significant fraction
of the NSTX/ST confinement scaling value and associated
physics extends to higher A = 2, then only ~5S00M W of fusion
power (see Figure 1b) would be required and the steady-state
auxiliary power decreases by a factor of 2 (from 80MW: to
40MW - see Fig. 1c). Importantly, Figure 1a-¢show that very
high fusion power (1.6-1.9GW) and auxiliary_power (190-
250MW) would be required to generate 100MWe in Steady-
state with H98y2 = 1 levels of confinement.'Figure 1d shows
that A = 2 minimizes the plasma major radius:» Figure le
shows that decreasing A progressively lowers the TF coil
volume which likely correlates with TF, magnet/cost. Note
that the small upward discontinuity in TFxcoil volume at
A=1.9 in Figure 1e is caused by transition to a configuration
in which there is insufficient magnet space to achieve Br.max =
18T or support an ohmic solenoid (OH) for current ramp-up
when A is below 2.0. Figure 1f.shows that for a representative
50 dpa (surface-average). damage limit for blanket
replacement, the blanket would have tobe replaced 2.5 times
less often with the elevated confinement of the Petty scaling
relative to the ITER 98y2 scaling and 3.5 times less frequently
for the NSTX-Petty08 hybrid scaling when A is near 2. Lower
damage limitswill lead todnversely higher blanket change-out
volumes but will not.change the trends with respect to energy
confinement. For reference, it is noted that EU DEMO may
utilize a first “starter” blanket with a 20 dpa damage limit in

the first-wall steel (EUROFER) and later switch to blankets
with a 50 dpa damage limit utilizing an optimized design [27].
Overall, A=1.8-2.5 is potentially advantageous for
significantly reducing TF coil volume at fixedPne= 100MWe.
This is an important trend because the TF magnet volume
(mass) is projected to be a leading cost driver:for the fusion
core [30]. Further, if some portion of ST confinement scaling
extends to the unexplored aspect ratio4ange A=1.9 to 2.3,
enhanced confinement could decrease fusion-and.recirculating
powers and minimize the volume of blanket that.must be
changed out/replaced over the lifetime of the TF magnets.
Importantly, NSTX-U [15,16] with DI11-D [28] and JT-60SA
[29] bound this range of A and'will provide key confinement
data in high-fgs fully-non-inductive FPP-relevant scenarios.
As is evident in Figure 1 above, elevated confinement
(H98y2 > 1.5) is required to aceess:a’compact FPP with major
radius R = 3.5-4 m consistent with previous design studies
[4,5,6] and recent EPP costing studies [30]. Further, the
compact FPPs here have fusion powers Py, at or above ITER
baseline scenario_levels (500MW) which implies the plasma
pressure p oc Pflu/szR‘:“/2 will be approximately 2x higher than

in ITER.[ Assuming similar temperatures to maximize the
fusion “cross-section, the FPP plasma density will be
approximately»2x higher than in ITER. This higher density
lowers the currefit drive efficiencies of external current drive
sources [31] tending to increase the fraction of self-driven
bootstrap,current needed for efficient steady-state operation.

The FPP will also have comparable or higher plasma
heating,power but with smaller surface area through which to
exhaust this power implying edge heat fluxes oc R=1%0~2 =
approximately 2 to 3x times higher than in ITER. As described
in Section 4, ITER relies heavily on impurities (such as neon)
for divertor detachment to radiate most of the scrape-off layer
(SOL) power upstream of the divertor target to reduce the
target incident heat fluxes to acceptable levels. Both the
profile shapes and absolute values of the pedestal and
separatrix temperatures and densities are important in
determining the impurity charge-state distribution, particle
transport and impurity penetration into the core plasma, core
turbulence and transport, and correspondingly the bootstrap
current density profile which dominates the pedestal and outer
core driven current in a steady-state FPP (see Figure 9).

Thus, the high edge heat flux and mitigation technique(s)
significantly influence the pedestal and core pressure and
bootstrap current forming a strongly coupled core-edge
system. For these reasons, the absolute pressure and SOL heat
flux in addition to the dimensionless self-driven current
fraction are used as key metrics in evaluating present and
planned fusion facilities and need for a new dedicated facility
to address this integration challenge. As also discussed in
Section 4, the separatrix ion poloidal Larmor radius may also
be quite important in power exhaust physics.
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Figure 2. (Left) Self-driven current fraction fseir versus volume-averaged pressure (p) and (right) fseirversus Scrape-Off Layer (SOL) parallel
heat flux parameter qjo-sep. (Blue) present and planned facilities and (red) proposed FNSF, conventionaland low-A tokamak FPPs, Pilot
scalings, and SHPD examples. Present stellarators W7-X and LHD are shown at fseir = 1 (since all rotational transform is provided by
magnetic field coils) in both graphs and have comparatively lower volume-averaged pressure.and edge heat/flux.

3. Projected Performance of Present and
Planned Facilities

As discussed in Section 2, the absolute pressure and edge
heat flux in addition to the dimensionless self-driven current
fraction are used as key metrics in evaluating present and
planned fusion facilities and need for a new dedicated facility
to address this integration challenge. Figure 2 compares (left)
the volume-averaged total plasma pressure (p) and (right) the
separatrix parallel heat flux parameter Qo-sep €valuated
assuming 30% core radiated power fraction (Psep =(0:7+Phear).
Here Qjo-sep =1.25 Psep Bo / ( 3w % 1.79 Aq Ro (Bp).) IS
proportional to the unmitigated parallel heat flux on a single-
null divertor outboard leg based on Equation 4.in Reference
32 but replacing the heuristic drift model for AqWith.the Eich
scaling (Regression #14) Aq [mm] = 0.63 / (Bpy*%,.[33]
consistent with both ST and Alcator C-Mod data [34].

The points in blue in Figure 2 show.a mix of presént and
planned tokamaks and stellarators, and points in red indicate
proposed Fusion Nuclear Science Facility (ENSF) [35],
previous FPP studies [4,5,6], and the Pilot'scans as described
in Section 2. Figure 2 shows_the FPR regime has plasma
pressure = 0.3-1 MPa comparable 'to the values of high-
performance pulsed tokamaks (e.g." ITER baseline [36],
European DEMO [37], Italian Divertor Test Tokamak (DTT)
[38], ADX [39], SPARC [40]) but with approximately 3 times
higher self-driven plasma current fraction enabling long pulse
or steady-state operation. Correspondingly, the FNSF / FPP /
SHPD regime at high self-driven current fraction (50-75%)
has 3-8x higher plasma pressure and 3-8x higher parallel
unmitigated«rheat »flux< (10-30 GW/m? for elevated
confinement) relative to present or planned tokamak facilities.
Combinations of Increased core radiation, double-null
operation, ‘divertor detachment/dissipation, strike-point

sweeping, shallow angles of incidence / very high flux
expansion would be needed to achieve perpendicular heat
fluxes approaching “solid material heat flux limits ~10
MW/m?; Liquid metal solutions might also play an important
role in.mitigating such high heat fluxes [41,42,43].

Figure 3 shows that there is a 3-4 order of magnitude gap
in| fusion performance at long pulse (10%-10%) between
present data'and Phase 1 of FPP operation [3,44] with no
facility presently planned to narrow this gap other than ITER.
LHD has made substantial progress [45] in achieving the pulse
duration approaching the Phase 1 FPP operational goal of ~10*
seconds but was limited by mixed-material (carbon-iron)
flake-induced plasma terminations [46] with surface-average
heat fluxes (Pheat / S ~ 0.01 MW/m?) approximately 50 times
lower than expected in a compact FPP (see for example Figure
4d). Figure 2 and Figure 3 show the magnitude of the
challenge in integrating high pressure, high self-driven
current, high edge heat flux mitigation, and long pulse
duration necessary to substantially narrow the gap between
present/planned facilities and a steady-state tokamak FPP.
Narrowing these gaps to an FPP motivates a tokamak SHPD
facility capable of accessing {(p) = 0.3-0.6MPa, 100% non-
inductive with feir = fgs > 0.6-0.75, gjo-sep = 10-30 GW/m?, and
flat-top pulse duration = 10-30s for current profile
equilibration at 100% non-inductive for a range of densities.
A SHPD facility could also include a long-pulse upgrade
option for operation up to ~1 hour to largely close the pulse-
duration gap to Phase 1 operation of an FPP.
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Figure 3. Diagram of fusion triple product versus plasma pulse duration from Fig. 4.2 in Reference 3 and Fig. 3.16 in Reference 44 adapted
to show the proposed baseline SHPD initial operation and a long-pulse upgrade option.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104994.R1

Nucl. Fusion XX (XXXX) XXXXXX

J.E. Menard et al

4. Configuration scoping for a SHPD Facility

The following subsections describe systems studies, initial
integrated physics-engineering design, and kinetic profile and
divertor heat flux analysis for a preliminary SHPD concept.

4.1 Systems studies analysis for SHPD

Systems studies indicate a SHPD device with major radius
R=1-1.8m should be considered for narrowing or closing key
performance gaps to an FPP. Here SHPD facilities are
considered with 100% non-inductive current drive through a
combination of bootstrap current and fixed Pyngi = 50MW of
0.5MeV NNBI heating and current drive, 90% Greenwald
fraction, Bre.max= 18T, Jrr-wp = 200MA/m? based on recent TF
magnet concepts under development by Tokamak Energy
[47], and the Petty08 energy confinement time scaling.

Vacuum toroidal field at geometric center By,

@ 4

00 PR S S S — L TR —" LA e
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4.1.1 Access to FPP-level pressure and heat flux

Figure 4a indicates toroidal magnetic fields at the plasma
center of 5-6.5T are achievable at A=2 and 8-10T .at A=3 with
the assumed TF magnet capabilities. Figure 4b indicates
accessing {p) > 0.3 MPa requires R < 1.2m at A=2"and higher
pressures are accessed at higher A and smaller R. »Figure 4c
shows for Ppear = 50MW and feore-rad = 30% that gjo-sep > 10
GW/m? is accessible for all scenarios considered and smaller
R and higher A both increase the uamitigated edge parallel
heat flux. Figure 4d shows very high Preat /'S = 1-3 MW/m? is
accessed at smaller R and higherA. In contrast, FPP values
are typically 0.5-1 MW/m? indicating. that lower A and/or
larger R are favorable for not exceedingy FPP-level surface
heat flux. Figure 4e shows, all configurations studied here
have fgs = 58-68% consistent WE] the FPP range.
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Figure 4. Projected SHPD performance versus aspect ratio and major radius for Petty08 confinement scaling and Pnnei = 50MW.
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Figure 4f shows that these SHPD configurations are well
below the typical n=1 kink no-wall kink stability limit [8] with
total (thermal + fast) Bn near or above 3 only accessed for the
smallest R=1m configuration. Figure 4g shows that the ITER
98y2 confinement multiplier is below 1.35 and decreases with
decreasing R and is weakly dependent on A. Figure 4h shows
that accessing fusion triple product approaching 102 keV m
s requires a larger R device for these confinement
assumptions, and the triple-product and gain are again weakly
dependent on A unless the confinement is elevated above
Petty08 scaling at low-A as discussed in Section 2. Figure 4i
shows that the fully non-inductive plasma current decreases
with decreasing R and increasing A and is in the range of 2-
5MA. Figure 4j shows that the ability for a central ohmic
solenoid (Bmax-on = 20T, Jwp-on = 70MA/m? consistent with
requiring high-temperature superconductors) [48] to provide
sufficient double-swing flux to access the flat-top current for
full non-inductive operation is a strong function of both R and
A. R>1.2m is required to achieve full ramp-up at A=2 and R
> 1.4m is required for full solenoidal ramp-up at A=1.8.

The red “Pilot scan: Petty08” points in Figure 2 are
overplotted as thick orange lines in Figure 4b, c, and d. As is
evident from these overplots, a SHPD device with major
radius approximately 1/3 to 1/2 the major radius of an FPP
will tend to have lower pressure and edge parallel heat flux
and higher surface-average heat flux than a FPP. High core
radiation fraction will likely be relied upon to reduce the
divertor heat load, and given the challenges of managing
steady-state first-wall heat fluxes exceeding 0.75-2MW/m?
[49,50], lower-A and larger-R SHPD device configurations
are better suited to matching FPP Prea/S values. ‘Further, as
discussed in Section 2, FPP studies indicate that exploring
aspect ratio range A=1.9 to 2.3 could inform any potential
confinement benefit or disadvantage relative tosthe Petty08
and/or ITER 98y2 projected confinement.

4.1.2 H-mode power threshold N

An important parameter for both the energy confinement
quality and the required heating power (and therefore power
exhaust handling) is the heating power required to access H-
mode and to stay in H-mode following power and/or edge
transients. Here we examine/both the commonly used 2008
ITPA scaling [51] and an additional empirical scaling
consistent with the very large.increase in threshold power
relative to the ITPAQO8 scaling as'the aspect ratio A > 1
[52,53,54,55]. The ITPAO8 L=>H-made power threshold
scaling is expressed _asiPin-rpacs [MW] = 0.0488 nex® '’
B10-808 30941 ywhere ney is the'line-average electron density in
1020 m3, Bt the magnetic field in Tesla, and S the plasma
surface area-in, m%. A _non-unique empirical aspect-ratio-
dependent’ L-H power threshold scaling Piu-itpacs-a = P
irraos X (1+65/A) fits the strong aspect ratio dependence
exhibited in Figure4 of Reference 54. This Pn-irpacs-a Scaling

is 1.6 times higher than the ITPAOQ8 scaling at A=1.6 but only
6% higher at A=2.0 and additional data and physics
understanding is needed to better establish low-A scalings.
The H-mode threshold scaling results shown_here are not
meant to be definitive and are for guidance only sinee it is well
known many other variables contribute towlk-to-H-mode
transition physics [56,57,58].

Figure 5 shows a comparison of FPRP-and SHPD jabsolute
and normalized L-H threshold powers. Figures5a.shows that
for the FPP with Petty08 confinement,(and the same full-
power operating points as shown(in Figurexl, Figure 2, and
Figure 4) that the minimum threshold power is approximately
60MW and occurs near A=1:8-2 assuming the above Pin.
ITPA0s-A aspect ratio dependence. As‘expected, the absolute
threshold powers for SHPD, are significantly lower (10-
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Figure 5. (a) Projected L-H mode threshold power versus aspect
ratio, (b) auxiliary heating power normalized by L-H threshold
power, and (c) power to separatrix normalized by threshold power
for SHPD facilities (Paux = 50MW, 30% core radiation fraction) with
R=1.0 to 1.8m and FPP facilities (thick orange lines).
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Figure 6. (a-b) Preliminary plasma shaping scan, (c) facility cross section, (d-e) and preliminary liquid metal divertor concepts.

35MW) due to the smaller size and plasma surface area.
Further, the SHPD L-H threshold powers are only weakly
dependent on aspect ratio relative to the FPP. Figure 5b shows
the auxiliary heating power for SHPD and FPP normalized by
the Ppr.ieacs-a Scaling.  As is evident in the figure, the FPP
power threshold ratio is approximately 1 indicating that in the
absence of alpha heating, H-mode access would likely;need to
be achieved at lower density, smaller plasma surface, area,
and/or lower toroidal field. Figure 5b shows that SHPD
facilities with smaller R < 1.4m and Pay = 20-50MW should
have adequate power to access H-mode. Figure 5e.shows the
power crossing the separatrix normalized by the Piititeacs-a
scaling assuming 30% core radiation fraction. As is evident
from the figure, the FPP scenarios includingsalpha heating
power have significant margin for staying in H-mode once H-
mode is accessed. Further, SHPD facilities with smaller R <
1.2m and 50MW of auxiliary heating powerareclosest to the
full-power FPP regimes with“respect to heating power
normalized by threshold power.

In summary, the results of Figure 4 indicate that a SHPD
facility at A=2-2.5 with anominal size of R=1.2 to 1.4m would
access sufficient pressure and qyosep to substantially narrow
FPP gaps while also accessing Ppea / Srat FPP-typical values
and providing sufficient/ space/ for a central solenoid for
plasma current initiation to at'least the full non-inductive flat-
top value. These findings motivate the development of a low-
A SHPD conceptas.described in the following sections.

4.2 SHPDintegrated physics-engineering design

4.2.11  Machine configuration

Several iterations of integrated physics and engineering
designthave been carried out to develop a preliminary layout
for the vacuum vessel, cryostat, thermal shielding, mechanical
supports, manifolds, and locations and sizes for the TF,
poloidal field (PF), and OH solenoid coils consistent with an
upward vertical maintenance scheme in which elongated
inboard and outboard toroidal sectors of the first-wall and
blanket can be installed or removed. Even without the need for
tritium breeding in a D-D facility, blanket modules may play
an important function in a SHPD device to provide structural
support of the outboard first wall including operation with
active heating and cooling of the first-wall including studies
of liquid metal plasma facing components [59]. Blanket
modules would also provide support for passive stabilizing
conductors for vertical and kink instabilities [5], provide
structural rigidity against disruptions, and provide experience
in prototyping and maintaining dual-coolant lead-lithium
(DCLL) blankets for an FPP including the effects of
electromagnetic, thermal, and mechanical loads.

Figure 6 shows preliminary results from the integrated
physics-engineering design activities. Given the potential
importance of varying aspect ratio as discussed in Sections 2
and 3, significant effort has been focused on incorporating an
inboard and outboard PF coil set that supports strong shaping
for a range of aspect ratios while retaining current densities <
40MA/m? (achievable with low-temperature superconducting
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magnets) for most plasma configurations. Typical plasma
radii are between R=1.2 to 1.6m depending on aspect ratio.
Figure 6a shows an aspect ratio scan spanning A=2.0to0 2.5
at fixed plasma cross-sectional shape with k=2.2, 6=0.6
double-null divertor (DND) while Figure 6b shows an aspect
ratio scan A=1.8 to 2.2 with fixed inboard gap. Figure 6¢
shows the cross-sectional view of a preliminary layout of a
SHPD device showing OH and PF coils, vessel structure,
ports, and cryo-stat with an outboard/inboard blanket/first-
wall sector consistent with an A=2.4, R=1.2m plasma being
lifted through a left/right vertical maintenance ports. Solid
divertor and first-wall plasma facing components (PFCs) are
assumed to be the baseline configuration for SHPD, but
special attention has been paid to the space and plumbing
requirements for potential liquid metal divertor [42,43] and
first-wall solutions; in particular for liquid Li. Figure 6d
shows a preliminary engineering conception of a V-shaped
vapor-box divertor [41,60,61,62] in which capillary-porous
system (CPS) side-walls are heated to provide Li vapor fed by
manifolds linked to a Li reservoir. A complementary fast-
flow Li divertor power exhaust concept is shown in Figure 6e
in which vertical electrical bias plates (of alternating polarity
toroidally) generate vertical currents which crossed with the
toroidal field propel liquid Li radially at several m/s flow
lktlhl*h.d_——vh'

e nnensaty &
Type: Drast Intensity (oped to Hlements)
Uat M

With inboard
compiession

Figure 7.'(a),Local peak stresses near shear pins, and (b) local stress
at TF limbs along,the region of vertical ports.

velocity forming a magnetic pump that can exhaust heat
conducted from Li-covered plasma-facing surfaces.
Combinations of vapor-box side-wall and fast-flow top-
bottom targets are also under development to maximize liquid
metal divertor power handling performance. Details of these
and other liquid metal divertor concepts and.interfacesto FPP
and SHPD subsystems will be discussed in future work.

4.2.2 Vertical stability

Robust control of the n=0 vertical instability is, a key
requirement for SHPD and FPP .operation. Vertical stability
limits for an R=1.7m, A=1.7-1.8 FENSF have been studied
previously [5] and these sresults cannbe used to guide
expectations and requirements for an A=2.0-2.5 SHPD plasma
of comparable size. AwTstringent requirement for vertical
control is vertical position recoverability of a plasma that is
allowed to drift or_is vertically shifted rapidly by an MHD
event.  Acceptably wrobust control is defined as when
controlled recovery of plasmas vertically shifted by AZ > 5%
of the minor radius is achieved [63]. All of the plasmas shown
in Figure 6a have k'=2:2 and in Figure 6b have « < 2.4 all of
which are below the assumed (&) limit from Figure 1b in
Reference »19 used” in the FPP/SHPD systems studies
described herepand all equilibria are well below k = 2.7 used
in'the A=1.7-1.8'FNSF studies.

The range of A=1.8 to 2.5 plasmas shown in Figure 6
would generally require different sets of first-wall/blanket
modules and nearby incorporated passive elements to achieve
vertical stabilization. Typical SHPD pressure peaking factors
at elevated confinement are in the range of p(0)/(p) = 2-2.5
(see for example pressure profile inset in Figure 9a) and [; =
0.6-0.7 which based on NSTX results implies a maximum «
=2.6-2.7 (see Figure 1 in Reference 5). Figure 3 of Reference
5 shows that a tungsten shell 25cm behind the nominal first
wall position of FNSF is sufficient to provide robust control
for up to at least [; = 0.8. This corresponds to a normalized
wall position byai / @ = 1.4 in FNSF. For the A=2 and 2.5
SHPD plasmas shown in Figure 6a, bwai/ @ = 1.4 corresponds
to 16-17cm behind the first wall assuming a 10cm outer gap.
As shown in Figure 6¢ such tungsten plates would be placed
between the two radial layers of the blanket modules as
planned for FNSF/FPP, and the first wall conductor would
also contribute to vertical stabilization [5]. Thus, blanket
modules such as those shown in Figure 6c¢ are anticipated to
provide adequate space and proximity for the conducting
structures needed for vertical stabilization. Incorporation of
coils needed for n=0 active feedback control is future work.

4.2.3 Magnet Stress Analysis

Figure 7 shows a preliminary magnet stress analysis for the
SHPD graded HTS TF design [64,65]. Finite element analysis
(FEA) includes TF and PF fields with a compression ring at
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the inboard top and bottom of the TF coils and shear pins
localized at the top/bottom interfaces between TF coils,
similar to the design approach adopted in ITER [66] and K-
DEMO [67]. Here the stresses are computed in the absence of
plasma current which has higher loads than the corresponding
case with plasma current. Figure 7a shows the peak stress
resulting from out of plane loads occurs at the shear pins at the
local section between adjacent TF coils. The peak stress at the
pin location is 234 MPa and is within the allowable value of
666 MPa [67] (2/3 of the ultimate yield strength of 316
stainless steel). Figure 7b shows the stress condition on the
radial TF limbs at the top in the region of the vertical ports for
the same operating conditions. Here the peak stress is in the
range of 500-600 MPa which is again within allowable values.
Thus, the present TF/PF design approach appears compatible
with the expected static fields and forces and supports the
proposed vertical port access approach. It is noted that this
SHPD device is in the very early stages of design, and details
will evolve as both the design and analysis mature.

Higher TF winding pack current densities up to 200MA/m?
(using direct or co-wound stacked tapes and pending more
detailed quench analysis) have been projected to be achievable
[47] and such conductors can provide Bt = 6T at R=1.2m
while also leaving adequate space for a solenoid capable of
generating 4-5MA of plasma current using double-swing
operation. Such magnet capability would not increase the
peak field at the TF magnet and is assumed to be feasiblesin
the SHPD device and physics scenarios that follow.

4.3 SHPD scenario modelling using TRANSP

In this section plasma kinetic and current drive profile
projections are carried out for A=2.0 and 2.5 equilibria:to
compare to the systems studies in previous Sections of this
paper and to provide a firmer physics design basis for a SHPD
facility. First, the A=2.0 free-boundary equilibrium'shown in
Figure 6a (Ro=1.34, a=0.67) is used in fixed-boundary mode
in TRANSP [68] to evolve the profiles to'steady. state with
realistic heating and current drive sources. /The equilibrium
provides the initial pressure and current profile, which are then
evolved in time. TRANSP is used‘as a steady-state solver by
evolving poloidal flux diffusion“and transport equations
accelerated with (25x) enhanced plasma resistivity.

TRANSP is initialized_with the electron density and
temperature profile used ‘in [5] from a high performance
NSTX discharge, withdmodified individual species profiles
using Greenwald fraction/fc=0:8, Ti=T. and Z.=2 with
deuterium the main-ion and carbon the sole impurity to give a
similar total pressure as the“equilibrium. Four 0.5 MeV
deuterium negative-ion neutral beam injectors (NNBI) are
included with.a, range of powers from Pyngi = 5-15 MW for
each beamwith a total'heating power of 20-60 MW for a range
of studies. . In time-dependent TRANSP, the poloidal flux
diffusion is constrained by zero surface loop voltage to
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establish a self-consistent current profile as the neutral beam
heating and current drive equilibrate.

Subsequently, theory-based predictions of the density and
temperature are made using GLF23[69] which.evolves along
with the current profile to reach a new steady-state: Although
GLF23 has not been validated in this lower-Arand higher/B+
SHPD regime, using a theory-based transport model provides
some insight into how the profiles may, respond in this
scenario. Thermal profiles outside of p = 0.8 aretaken as fixed
with pedestal pressure guided by EPED predictions [70] using
the neural-network based EPED1:NN [71], which we note is
not trained for low aspect ratio, but,provides some guidance
for the pedestal pressure. Pedestal width is varied between
EPED1-NN width (~7%) to NSTX-like [72] wred =
0.2(Bpred)08 (~20%) as atheory-based model for the pedestal
at this low aspect ratios currently in'development. Reference
7 provides scalings using’EPED albeit at lower field and
current, and variations with pedestal height and width are
included in these studiesiand conclusions.

4.3.1 Neutral'lbeam heating and current drive

The first study carried out optimizes the neutral beam
tangency radius Run to assess the response of total plasma
pressure ‘and current with the minimum 20MW of injected
power (P /"Ppy~2) and Greenwald fraction fs=0.8. Figure 8
shows/that for A=2.0, R = 1.3m and 1.5m maximize the
volume-averaged total pressure and total current, respectively.
The A=2.5 configuration has the same plasma cross-section as
at A=2.0 but has larger major radius as shown in Figure 6a.
Figure 8 also shows that for A=2.5, Rian = 1.5m and 1.9m
maximize the volume-averaged total pressure and total
current, respectively and that higher Ry is overly tangential
and suffers from excessive shine-through. Figure 8 indicates
that the A=2.5 peak pressure is 25% lower than at A=2.0.
However, the A=2.5 stored energy is comparable (only ~10%
lower) due to increased plasma volume for the A=2.5 plasma.

A series of scans at A=2.0 were performed varying power
from 20-60 MW (P/P.y ~ 2-6), and pedestal pressure from
0.64-1.0 times the EPED1-NN value to gauge the response
and performance the scenario on relevant metrics. Achieved
parameters in the power scan simulation are 4-5 MA non-
inductive with gmin in the range of 3-2 and confinement
multiplier H98y2 > 1.5. Volume average pressure in the range
of 450-550 kPa is predicted with <p>/pP*d ~ 2-3 and bootstrap
fraction near 0.55-0.7. These pressure values are generally
higher on average than those seen in the zero-dimensional
systems studies in Figure 4 for a 1.3-1.4 m device.

One example fully non-inductive scenario with pedestal
width expected from NSTX-like scaling is shown in Figure 9.
Here fc=0.88 with <p>=540 kPa, Py = 3.7, H98y2 = 1.65,
fus=0.69 and qmin=2.2. Figure 9a shows the Kinetic profiles
projected for this A=2.0, R=1.34m plasma and indicates
central temperatures of 10keV and central electron density
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near 3x10% m, The current density and q profiles are shown
in Figure 9b with the edge current density dominated (as
expected) by bootstrap current in the H-mode pedestal region.
Thermal-only neutron production scaling the D-D neutron rate
gives Qpr-equivatent = 0.6 (50% thermal neutrons).

Investigation of the scenario shown in Figure 9 using TGLF
with saturation rules SATO (original [73]) and SAT1 (multi-
scale [74]) indicates increased particle transport that produces
a modest reduction in the density profile peaking and thermal
energy confinement by 5-10%. While reduced density peaking
produces a small decrease in confinement and bootstrap
current, reduced density peaking is likely advantageous for
reducing impurity accumulation. The impact of the difference
between GLF23 and TGLF on this scenario appears to be
modest, and the impact of the differences between these
models will be studied further in the future.

A number of variations around the pedestal width and
height shown in Figure 9 have also been investigated to gauge
the sensitivity and impact of reduced pedestal pressure by
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Figure 8. (a) Total plasma pressure, and (b) current versus NNBI
tangency radius for A=2.0 (solid) and 2.5 (dashed).
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multiplying both the density and temperature pedestal by 90%
and 80% of the nominal EPED-NN values for a pressure scale
of 81% and 64%, respectively. Reducing the pedestal pressure
to 64% of the value in the case shown in Figure 9 produces a
stronger pressure peaking (with 50 MW NNBI)yand a net
decrease of the total (fully non-inductive) current by 5% due
to reduction of bootstrap current fraction/(down hy,20% to
fas=0.55) and increase of neutral beam‘current fraction (up
50% to fnnei=0.45). With reduced pedestal pressure of 64%,
the total volume-average pressure is reduced from 543kPa to
478kPa with a larger fractional decrease,in the thermal
pressure. The overall impact of thisreduced pedestal pressure
scenario is to move from ‘near »the center of the
FNSF/FPP/SHPD regime light red shaded region of Figure 2
to the bottom left corner_ of the same shaded region, i.e. near
the low pressure point of the ITER:98y2 scaling model points.
Thus, even for narrower pedestal widths what would yield
lower pedestal pressure such that H98y2 is near 1, a SHPD
tokamak facility with'50MW of auxiliary power still accesses
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Figure 9. Steady-state (a) temperature, density, and pressure profiles
and (b) current density profiles for A=2.0.
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simultaneous pressure, self-driven current fraction, and heat
flux that is not accessible in present or planned devices.
However, the reduced confinement and higher fraction of
external current drive required in such scenarios would be less
attractive for producing net electricity in a FPP as indicated by
the ITER 98y2 curves in Figure 1.

Figure 10 shows the impact of lowering the density relative
a fg ~ 0.88 reference plasma shown in Figure 9 with 50 MW
of NBI. In particular, lowering the density to fc = 0.75
increases the fast-ion pressure fraction to 20% and lowers the
bootstrap fraction to approximately 50-55%. In contrast, fg =
0.88 increases fgs to 70% and lowers f,fst t0 ~ 12% which
should lower fast-ion instability drive [75]. For reference,
FPP scenarios assuming Petty08 thermal confinement scaling
as described in Section 2 at fg = 0.8 and with fgs = 0.65-0.7
have NNBI fast-ion pressure fractions of 5-6% and alpha fast-
ion fractions of 10-11%. This comparison implies that the
SHPD proposed here can access fast-ion pressure fractions
comparable to an FPP with similar simultaneous fgs values but
at somewhat higher fg than in an FPP. Further, a R=1.2-1.4m
SHPD at density fe = 0.9 as discussed in Section 4 has NNBI
Viast/ Vairven = 1-1.3 which is comparable to the NNBI fast-ion
velocity ratio for the FPPs considered in Section 2.

Taken together, the similarity of the NNBI fast-ion pressure
fractions and normalized velocities implies SHPD and FPP
can have similar NNBI fast-ion instability drive and associated
fast-ion redistribution and/or loss during the D-D phase/of
operation. However, the alpha particle Vst / Vaien = 2.2 t0 3
(between A=3 and 2 respectively) in the FPP implies stronger.
fast-ion instability drive during D-T burn that cannot be
studied directly in SHPD due to significantly smaller alpha
population even if 50-50 D-T was utilized.

Additional engineering analysis is needed to determine
how/whether 50MW of NNBI could be injected into a smaller-
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Figure 10."Bootstrap fraction and fast-ion pressure fraction versus
Greenwald fraction for A=2.0 configuration.

R and/or higher-A SHPD device given the potentially small
plasma cross-section relative to the beam size and the
potentially limited outboard wall area assuming an aperture
power density limit of 50MW/m? for NBI [76]

4.3.2 Electron cyclotron heating and.current.drive

The use of electron cyclotron (EC) resonance heating and
current drive has also been explored for comparison to high
voltage negative neutral beam injection and for tailoring the
plasma and equilibrium profiles to»achieve  a, high-
performance steady-state regime. Commercially available
gyrotron frequencies (110, 140, 170,203 GHz) are utilized
and the launch position is varied and access to high field, high
density plasmas using (fundamental O-mode electron
cyclotron waves modelled'using TORAY [77].

Representative equilibriumsand profiles for both A=2.0 (5.4
T) and A=2.5 (4.3 T) are‘used to determine the heating and
current drive deposition and( efficiency for a range of
frequencies and launch locations. For the A=2.0 scenario it is
found that 170°-GHz gyrotrons provide access with margin on
density foreefficient heating and current drive for a range of
launch locations from outside-launch to top launch, producing
heating“and current drive across the core radial profile from
p~0.2'outwards. At 170 GHz the cutoff density in the center
of the plasmavis approximately 3x10?° m-=3which is above the
nominal Greenwald limit for this configuration. This access
for EC provides flexibility for spreading the heating power to
broaden the pressure and current profile to improve stability
and elevate qmin.

An example configuration for a single launch location and
aiming is shown in Figure 11 for upper-outside launch. Lower
frequency at 110 GHz is cut off for the densities of
interest. Higher frequency at 203 GHz provides access
outside of p~0.4 with reduced current drive efficiency
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Figure 11. TORAY simulation of current drive for A=2.0 using 170
GHz fundamental O-mode. A single upper-outside launch location
at 60° counter-clockwise from outside midplane.
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Figure 12. TORAY simulations of total driven current as a function
of launch position for a single launch position as the launch position
moves from outside midplane to the top of the machine. At each
launch location poloidal and toroidal steering are varied to
determine the maximum driven current.

compared to 170 GHz. Access to high current drive efficiency
was studied by varying the launch location from outboard
midplane (0 degrees poloidally) to the top of the machine
directly above the geometric center of the plasma, which
remains on the low-field side of the EC
resonance. Equilibrium and plasma profiles were held fixed
for this scan, shown in Figure 12. It is found that the current
drive efficiency (Amps / Watt) decreases when moving from
outside to top launch. Approaching top launch, the rays
become refracted and spread the deposition across‘an
increasing radial range to larger minor radius p > 04
decreasing the current drive efficiency. Furthermore, the flux
surface elongation is not high enough to reap the benefits.of a
longer absorption path length that would increase the current
drive efficiency [78].

TRANSP predictive simulations have been,performed to
produce a set of steady-state plasma and current profiles to
assess the impact of replacing neutral beams with electron
cyclotron heating and current drive. Figure \13 shows" the
plasma kinetic profiles and current density profiles for50 MW
of EC power (the same power as used/in NNBI) that achieve
gmin > 1. Even at the high density and\strong glectron-ion
equilibration, the use of 50 MW of relatively-localized core
EC power deposition separates_the central glectron and ion
temperatures to Te(0) / Ti(0) & 2. Such high power density is
potentially a concern for,generating non-thermal electron
effects, but such non-thermal effects are calculated to not be
significant since P (MW/m?®)./ [ne (20*°/mq)]? = 0.03 which is
less than the estimated threshold value,of 0.5 [79]. In this
scenario, the ECCD,achieved is 0.03 Amps/Watt, which is
similar to or slightly above 0.027 Amps/Watt for NNBI. The
absence of core fueling without NNBI produces a less peaked
central density:within the.GLF23 model, weaker core density
gradient and reduced,core bootstrap current.
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Figure 13. Profiles of (a) electron and ion temperature and electron
density and (b) current density and safety factor during ECCD.

For the aspect ratio A=2.5 case the access for EC is more
challenging. Use of 170 GHz launch suffers from the same
challenges as 203 GHz in the A=2.0 configuration,
specifically access only for large radius p > 0.5. Using a lower
frequency launch to move the resonance outward displays no
access for high Greenwald fraction, and central density below
2.1X10?°m3 is required limiting the Greenwald fraction to fs
~ 0.7. An intermediate frequency gyrotron between 140-170
GHz would need to be identified to provide similar access to
the A=2.0 configuration described above. Alternatively, if a
SHPD facility was designed to increase the minimum aspect
ratio and accessed higher (rather than lower) toroidal field
than accessible A=2.0, higher frequency gyrotrons would
again become effective for ECCD at higher fe.
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4.4 Divertor heat flux projections

This section evaluates the divertor heat fluxes expected in an
FPP and SHPD facilities including calculations for a
preliminary reference divertor configuration for SHPD.

4.4.1 Divertor heat flux width projections

A critical parameter for determining the peak divertor heat
flux is the heat flux width Aq. The Eich scaling (Regression
#14) is again used here with Aq [mm] = 0.63 / Bp-omp™*® [33]
where Bp.omp is the poloidal field at the outboard midplane.
The outboard midplane poloidal field is estimated from a
circular flux surface approximation [80] as By.omp = (Bp) [1 +
€ (Be + €/2 - 1)] where (By) is the poloidal average poloidal
field. It is evident from this scaling that the ratio Bp-omp/ (Bp)
increases as ¢ = A~! increases and/or as Bp + €/2 increases.

A key question for fusion facilities at the FPP scale is
whether turbulence plays a role in determining the scrape-off
layer (SOL) heat flux width. This question is beginning to be
addressed with the XGC1 code. XGC1 is a gyrokinetic
Particle-In-Cell code for simulating plasma turbulence in
magnetic confinement fusion devices and self-consistently
solves the kinetic evolution of the charged particle distribution
and the electromagnetic fields [81]. Recent XGC1 simulations
indicate that turbulent transport near the separatrix [82] could
exceed the predominantly drift-based transport [83] observed
in present experiments to widen the heat flux width in the SOL
in ITER and the next generation of large tokamaks. A key
parameter identified through machine learning methods
applied to XGC1 edge electrostatic turbulence simulations
[82] is Bp-omp/ p7ipot Where p®igol is the ion poloidal Larmor
radius normalized by the plasma minor radius evaluated at the
outboard midplane separatrix. As discussed in Ref. 82, smaller
plipo correlates with reduced ExB flow shearing rate
normalized to electron diamagnetic frequency which, may
increase edge turbulent transport and widen the SOL heat flux.
It is important to note that while there may be petentialbenefit
from reduced edge ExB shear for broadening the SOL heat
flux width (and the H-mode pedestal width [84,85]), reduced
edge ExB shear may also have deleterious impacts on H-mode
pedestal confinement and fusion gain in.a FPP [86,87].

To calculate p”ipol the simplifyingrassumption is made that
Tisep = 1.7 % Tesep to match,the expected ITER ratio [88] and
to represent the separatrix.temperature separation typically
observed in present devices [89] at low to intermediate
collisionality values. | Further, Telsep ISncomputed using the
two-point model [83].and the average ion mass is assumed to
be 2.5 amu representative af a50:50 D-T mix. It is understood
that the electron.and ion' Separatrix temperatures are more
complex functions 'of transport regime, collisionality, and
radial distance from.the separatrix [90]. The XGC1 machine
learning (ML)-based A, (using Eqn. 6 from Ref. 82) is given
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Figure 14. Eich [33] (Regression 14) and Chang [82] (XGC1 with
machine learning - Equation 6) parameterizations of the SOL heat
flux width versus aspect ratio for FPP (thick orange line) and SHPD
configurations with R=1.0m to 1.8m.



Page 15 of 23

oNOYTULT D WN =

Nucl. Fusion XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - NF-104994.R1

J.E. Menard et al

by Ag-xccimL-Eqne = Ag-Eich-Regra [1 + 1.08%100 (Bpomp [T] /
plipol)*]. Using this formula with the separatrix temperature
assumptions above reproduces the projected factor of 12
increase in heat-flux width for ITER at 15MA and can be used
for projecting heat flux width increases for FPP and SHPD.
Figure 14a shows that the FPP 1/p”ipo decreases from
approximately 800 to 350 as the aspect ratio increases from
A=1.6 to 4, and this parameter is 2 to 4 times smaller for the
largest (R=1.8m) to smallest (R=1.0m) SHPD. Figure 14b
shows similar trends for the parameter By.omp/ p’ipot but here
the FPP and SHPD values are similar at the lowest aspect ratio
(A=1.6) and largest size (R=1.8m). Figure 14c shows that for
a moderate-scale R=1.4m SHPD, A < 2 is required to access
significant broadening factors > 5 and that larger R is required
to access larger broadening factors > 10 as projected for ITER.
Figure 14d shows that the projected Ag-gich-reqra Values lie
between 0.4mm and 0.5mm for nearly all FPP and SHPD
configurations considered. This implies that SHPD facilities
would be able to access FPP-relevant Aqgich-regra Values.
Figure 14e shows that lower-A is projected to be favorable for
increasing Ag-xcci-mL-Eqns TOr the FPP. In particular, the FPP
Ag-xcci1-ML-Eqns 1S Projected to increase by over a factor of 10
(from 3mm to > 3cm) as A is reduced from A=4 to A=1.6. As
discussed above, SHPD Agxcci-miegs Values are not
projected to be as large as FPP values, but do show significant
increases for R > 1.4m as A is reduced from A=4 to 1.6. Heat
flux width scaling projections including collisionality and
interchange effects [91,92] will be treated in future work.

4.4.2 Divertor detachment projections

Full 2D or 3D divertor detachment calculationshare
complex [93,94,95] and beyond the scope of the present work:
However, estimates for the required divertor impurity fraction
to reduce the divertor target electron temperature to,5eV or
below have been developed utilizing the 2:point model and
temperature-dependent non-equilibrium _impurity radiation
rates assuming a range of impurity residence times
[96,97,98,32]. In the analysis that follows, Equation 9 of Ref.
98 is used to estimate the density fraction for detachment: f,
[%] = 10.7 (a R q*)%7 / [(Fep Fo. (42) Br)* T Linr].

Consistent with the FPP / SHPD. aspect ratio scans shown
previously, the line-average density Neline-avg = fo X Ne-Greenwald
where fg = 0.8 / 0.9 forl FRP / SHPD, respectively. The
separatrix density ne.sep iS'Chosenito be a fixed fraction of the
line-average density: Me-sep = fsepine XoNe-line-avg.  The volume-
average density is assumedto be Ne-vol-avg = 0.8 X Neling-avg. This
specification of the 'density.is chosen to ensure that the
separatrix density is proportional to the line-average density
and can be set to not exceed 50% of the Greenwald density —
a fraction which is observed to approximately correlate with
the H-mode densitydimit in ASDEX-U and JET [99,100,101].
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Figure 15. Projected upstream separatrix (a) Te and (b) ne, (c)
integrated radiative loss function Lint for nitrogen, and projected (d)
nitrogen and (e) neon impurity density fractions for divertor
detachment for FPP (thick orange line) with fsep = 0.5 and Ne-sep / Ne-
areenwald = 0.32 and SHPD configurations with R varying from 1.0m
to 1.8m and with fsep = 0.25 and Ne-sep / Ne-Greenwaid = 0.18.
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All terms in the above equation for f; are calculable
algebraically with the exception of Lint. Lint iS computed
using two-dimensional fits (quadratic in logio(netz) and cubic
in Te.y) of the results shown in Figure 2 of Reference 98. Here
Netn = 1.0x102°m3ms is used (similar to ASDEX-U value of
0.5%x10%°[97]), Te-sepis estimated using the 2-point model [83],
and T = 4.33 [98]. As a benchmark for these calculations,
using fsep=0.5 (fsep-ine=0.4) projects fy for detachment = 1.1 /
4.1/10.8% for C-Mod / ASDEX-U / ITER consistent with cy
values of 1.0 /4.0 /10.1% shown in Table 2 of Reference 32.

Figure 15a shows the projected upstream electron
temperature for both FPP and SHPD. As is evident from the
figure, higher-A tends to increase the upstream Te, and lower
aspect ratio SHPD configurations with the largest major radius
most closely match the FPP temperature range. FPP
normalized densities are chosen to be comparable to those in
ITER: fsep = 0.5, fsep-line = 0.4, and Ne-sep / ne-Greenwald = 0.32 (0.38
for ITER). To have similar absolute separatrix plasma
temperature and pressure, absolute densities in SHPD are
chosen to be similar to those in the FPP. As shown in Figure
15D this is achieved most readily for R=1.2-1.6m in SHPD for
A < 3. As shown in Figure 15c, the corresponding SHPD
integrated radiative loss function Lyt for nitrogen is lower at
smaller R due to the lower separatrix T at smaller R.

Figure 15d shows that for ITER-like density parameters,
the FPP nitrogen fraction for detachment fy can be more than
twice as high as in ITER and comparable to EU Demo 1 [32]
due to higher g, and g* which more than offset the smallerR
of the FPP. Figure 15d also shows that a SHPD device can
access FPP-level fy requirements provided it is possible to
operate at reduced normalized separatrix density in'SHPD: fsep
= 0.25, fsep-line = 0.2, and Ne-sep / Ne-creenwald = 0.18. At these high
nitrogen density fractions (20-25%), other jradiators such as
neon or argon are effective for lowering the required divertor
radiative impurity concentration [98]. Figure®15e shows that
neon impurity density fractions of 3-6% are needed for
detachment which is a factor of 4 to 5 timesJ\ower than the
nitrogen fractions shown in Figure 15dq

It should be noted that the calculations of N and Ne
impurity density fractions described here.assume constant
impurity concentration within a SOL flux tube and make
numerous additional simplifications [98]¢" More detailed
analysis of Ne-based detachment for,ITER using SOLPS
[102] finds that the “Kengyel models” used here are
conservative and generally overpredict the required Ne
impurity concentrations by a‘factor of4 to 10 [94]. Insofar as
the FPP upstream density/and temperature are comparable to
ITER values (but with“higher q;), simulations for ITER
indicate that the required "FPP Ne impurity concentrations
would be in the'range of 1-1.5% with impurity compression
ratios Nne,osp/ Nie,omp = 20-30 (here “osp” refers to the divertor
outer strike point) and 60-75% of the SOL power radiated at
high neutral pressure [94]. Similar or higher compression
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ratios would presumably be needed in a compact FPP to
mitigate higher q.

Transport of SOL impurities into the pedestal and core
could impact pedestal and core turbulent transport and ELM
stability, could increase pedestal/core radiation, and fuel
dilution, and could therefore impact sustainment of the/H-
mode, thermal energy confinement, and fusion, power
[96,103,104105,106]. Careful attention‘will need to be paid
in FPP and SHPD devices to divertor magnetic<geometry
[107], closure/baffling, main ion and impurity gas fueling
location [108], particle drift direction, strike-point/ionization
source location, main ion and impurity flow dynamics
[109,110] and active feedback'control needs [111] in order to
maintain an optimized detached divertor state.

4.4.3 Divertor heat flux profiles and peak values

A baseline conventional divertor configuration and heat
flux profiles for a A=2.0, k=2.24, R=1.345m, B1=5.355T (6T
at R=1.2m), lp = 4.14MAy, Pheat = S5S0MW SHPD device are
shown in Figure 16. This divertor has not yet been optimized
for magnetic ~configuration, closure/baffling geometry, or
equilibrium flexibility and is meant only to illustrate more
guantitatively the divertor power exhaust challenge in the
absence of SOL. broadening and/or detachment.  Definitions
of (the parametérs shown in Figure 16 are provided in
Appendix A. Figure 16a shows the plasma boundary (red),
SOL poleidal flux contours (thin black), and first-wall/limiter
outline (thick black). The angles and locations of the nearly
vertical lower divertor target surfaces are chosen to have a
total magnetic field angle of incidence of approximately 2
degrees (in the limit of axisymmetric PFC surfaces), fit within
the space envelope shown in the facility cross-section in
Figure 6c¢, and provide approximately 10-15cm of flexibility
in the X-point height and corresponding vertical position of
the strike points. The 2 degree angle of incidence is on the
lower end of a typical range of 2 to 4 degrees needed to protect
leading edges using “fish-scaled” and/or chamfered plasma
facing components and within achievable alignment
tolerances [112,113,114].

Figure 16b shows the inboard divertor heat fluxes for a core
radiation fraction fag = 0.3 and Ageich-regie = 0.44 mm
assuming 20% of the SOL power goes to the inboard side and
a double null divertor configuration shares power equally
between upper and lower inboard divertors. The dashed red
line indicates the pure exponential heat flux profile while the
solid black curve indicates the broadened profile assuming the
cross-field diffusion parameter S = A4/ 2 in the Eich formula
for the heat flux profile [33]. The long-dashed vertical line
indicates the separatrix position and the short-dashed vertical
line indicates the position of peak heat flux. As is evident
from the figure, the peak parallel and perpendicular inboard
heat fluxes are 2.7GW/m? and 87MW/m?, respectively.
Similarly, Figure 16¢ shows the outboard divertor heat fluxes
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Figure 16. (a) Plasma boundary (red) and first-wall/limiter surface (black) including lower divertor layout. Parallel and perpendicular heat
flux and total field angle of incidence values at (b) inboard and (c) outboard divertor vertical targets for an A=2.0 SHPD device with R=1.34m
and x=2.24. Definitions of the parameters in (b) and (c) are provided in Appendix A.

again for a core radiation fraction frg = 0.3 and Ag-gich-reg14 =
0.44 mm assuming 80% of the SOL power goes to the
outboard side and a double null divertor configuration shares
power equally between upper and lower outboard divertors.
Here the peak parallel and perpendicular outboard heat fluxes
are 6.93GW/m? and 244MW/m?, respectively.

Clearly these unmitigated perpendicular divertor PFC heat
fluxes are far beyond present steady-state power handling
capabilities of 5-10MW/m? and additional heat flux reduction
methods are needed. Figure 5c shows that the radiated power
fraction can be increased to 50% while still operating above
the H-mode threshold which reduces the divertor heat flux by
a factor of 5/3. Figure 14c shows that plasma turbulence might
broaden the SOL heat flux width by up to a factorof 4 at A=2.0
and R=1.34m. The potential combined reduction factor of
6.67 could reduce inboard / outboard peak heat flux values to
13 and 37MW/m?, respectively. Divertor (partial) detachment
(for example with N or Ne impurities)<can reduce peak heat
fluxes by a factor of four or more [115/116{117,5,118],
although full detachment can also" lead to/ significant
degradation of H-mode confinement., Promisingly, integration
of high normalized confinement;:-high bootstrap fraction, and
partial detachment has recently been demonstrated in DIII-D
[119] but at much lower absolute performance and divertor
heat flux levels than in a. SHPD or FPP device.

4.4.4 Power exhaust'summary

Combining all "4 heat *flux reduction methods/effects
described above including: (1) maximizing core radiation
while retaining H-mode, (2) power sharing with a double null
divertor, (3) turbulent heat flux spreading in the SOL, and (4)
partial detachment, it may be possible to achieve peak divertor
heat fluxes below A0MW/m? in SHPD and FPP devices.
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Long-leg [5] and X-point target divertors [39] could further
reduce q atthe divertorand/or ease detachment for additional
margin,.but with the.complexity of additional poloidal field
coils, some,of which my need to reside inside the vacuum
chamber. Future, studies will explore all these mitigation
strategies with %igher fidelity models including particle
pumping and integration with pedestal and core performance.
It is"noteworthy that Phase 2 FPP operation with pulse
durations of ~1 year (see Figure 3) would experience large
first wall erosion (0.5-1 metric tons of W) assuming 0.1mm
erosion per full power year [120,121]. This corresponds to
roughly 50-100g of W per hr in a FPP and 5-30g / hr in a
SHPD facility. Thus, macroscopic masses of eroded first wall
material (in addition to any eroded divertor material) would be
expected to begin to accumulate in ~1 hr pulses in SHPD.

5. Summary

System studies for steady-state tokamak FPPs with
100MWe net electric and 10 full-power years of operation are
found to have plasma major radius R = 3.4 to 4m for aspect
ratio A = 1.6 to 3. Such compact FPPs require confinement
well above the ITER 98y2 scaling and simultaneously have
high plasma pressure, high bootstrap fraction, and high edge
parallel heat flux that has not yet been accessed and is not
projected to be accessed by any fusion facilities. Further, there
is a 3 to 4 order of magnitude gap in fusion triple product at
the long pulse lengths expected in the first phase of an FPP.
These gaps motivate consideration of a dedicated SHPD
facility to access core and edge parameter regimes relevant to
an FPP and to narrow gaps and risk to an FPP.

FPP systems studies find A = 2 is potentially advantageous
for significantly reducing TF coil volume by a factor of 1.7-
2.4 relative to A=3-4 independent of the energy confinement



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104994.R1

Nucl. Fusion XX (XXXX) XXXXXX

J.E. Menard et al

scaling assumed. More speculatively, A ~ 2 might also
increase plasma energy confinement by up to a factor of 1.25
to 1.9 relative to the Petty08 and ITER 98y2 confinement
scalings, respectively if a portion of the favorable energy
confinement scaling observed in present ST experiments
extends to intermediate aspect ratio A = 2.

If realized, such a confinement increase would reduce the
auxiliary heating and current drive power required for Ppet =
100MWe by a factor of 2 to 6 and reduce the blanket
changeout volume by a factor of 1.6 to 3.6 relative to the
Petty08 and ITER 98y2 confinement scalings, respectively.
At A = 2 the volume of the central solenoid would also be
significantly reduced by a factor 6 to 10 relative to A = 3 and
4 which could further reduce the cost of the magnet systems.
However, for A = 2 and below there is limited or no space for
a central solenoid and most or all of the solenoid flux swing
would be used for ramp-up to the flat-top plasma current
assuming no other non-inductive current start-up/ramp-up
techniques are available. Thus, a disadvantage of this low
aspect ratio option for a FPP is significantly reduced ability to
sustain inductive current drive as would be possible at higher
A. Correspondingly, any potential advantages of an A =2 FPP
relative to higher A are likely only realized for fully non-
inductive steady-state operating scenarios.

No next-step devices with the range of reduced aspect ratio
A = 2 to 2.5 and high field and high power density are
presently planned.  This motivates the more detailed
evaluation of a SHPD device supporting A=1.8 to 2.5 (A=2.0
baseline) plasmas with R=1.2 to 1.6m (Br = 6T at R = 1.2m)
which can simultaneously access FPP-relevant (p) = 0.3-
0.6MPa, 100% non-inductive with fs; > 0.6-0.75, and.Qjo-sep=
10-30 GW/m?2.  This SHPD has sufficient space to study
conventional and liquid metal divertors. Pulse durations of
10-30s are required for current profile equilibration at 100%
non-inductive in smaller SHPD devices, andpulse durations
of several hours would close the gap to Phase 1 FPP operation.

TRANSP simulations of current sustainment.find optimal
NNBI beam aiming can generate fully non-inductive plasmas
up to Ip = 4.4MA. High-field-side 170GHz ECCD at A=2.0
appears attractive for driving. /current . with =~ efficiency
comparable to 0.5MeV NNBI. Reduced A <2.5 might also
access SOL turbulence to reduce,peak divertor heat loads.
Turbulent broadening of the SOL combined with several
simultaneous heat flux mitigation techniques including core
radiation, divertor power sharing;.and detachment are most
likely needed to achieye divertor heatloads below 10MW/m?,

Transport modelling, combining GLF23 and EPED-NN
projects to energy-confinementabove ITER 98y2 and Petty08
scalings supporting accessto FPP-relevant pressure, bootstrap
fraction, and edge. heat-fluxes. Pedestal width and height
variations 4 which “reduce the pedestal pressure and
corresponding thermal confinement to H98y2 =~ 1 results in a
SHPD tokamak facility (assuming 50MW of auxiliary heating
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power) that still accesses simultaneous pressure, self-driven
current fraction, and heat flux that is not accessible in present
or planned devices. However, the reduced confinement and
higher fraction of external current drive required in such
scenarios would be less attractive for producing net.electricity
in a FPP. As stated in the introduction, a keysmission _of a
SHPD/EXCITE facility and program would be to demonstrate
and understand integration of a high-pressure pedestal and
core with SOL heat flux reduction’methods/effects.consistent
with the power handling constraints of the plasma facing
components and the power and particle ‘exhaust ‘systems
expected in a compact FPP.

Finally, provided the TF coeil winding,pack current density
is sufficiently high, engineering analysis indicates the above
SHPD performance is accessible and static electromagnetic
loads are within engingeéring limitsz:Future work will focus on
refining the engineering design and integrating higher fidelity
divertor, SOL, pedestal, and core models with time-dependent
current ramp-up and ramp-down simulations to better
understand plasma dynamicsrand control requirements.
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Appendix A — SOL Heat Flux Model

The SOL heat flux G0, is assumed to be source-free, i.e.
V- Gso, = 0 and very nearly parallel to the magnetic field B.
This implies Gso, (R, Z) = 04 qiso.(W(R, Z))B/Bymy. Here
o4 = %1 and the sign of o is chosen to ensure heat flux flows
into the wall, g;so, is the parallel heat flux magnitude in the
SOL at the outboard mid-plane (omp), ¥ = RA4is the
poloidal magnetic flux (outside of the last closed flux surface),
the equilibrium magnetic field B(R,Z) = Vi x V¢ +
F(p)Ve, F = RBy, ¢ is the toroidal angle in cylindrical
coordinates, and B, is a constant equal to the magnitude of

the equilibrium magnetic field at the outboard mid-plane
plasma boundary separatrix.

The parallel heat flux qso, = )0 @() is defined to be
consistent with the Eich functional form [33], namely:
d(¥) =0.5exp(a¢ — o) erfc(o, — 0/20,). Here g, =S /22,
GE§/iq’ §E$_1'$E(¢_¢axis)/A¢' Alpz(lpsep_
Yaxis) 18 the poloidal flux difference between the separatrix
and the magnetic axis, and /Tq = AV omp/Ap. Normalizing
to parameters at the outboard midplane and working in the
limit o, — 0, energy conservation implies the parallel heat
flux coefficient q) ;o = PsorBomp/27|Vi|omprq Where Pgq,,
is the power in the SOL.

The divertor parallel heat flux at coordinates Ry ;,, Z 4.8t
the divertor target is g i = q);s0L Waiv)Baiv/Bomp WHEre
Yaiv =Y (Rgiv, Zgiy) and the magnitude of the equilibrium
magnetic field at the divertor target B, = B(Rg4iv» Zgiv)- The
divertor target normal unit vector 7, = A(R 311, i Z aiw)nat
the nominally 3D surface of the PFCs defines the divertor
perpendicular heat flux q, g4, =01 G)aivfaiv * by, Where
baiv=B(Raivs Zain)/Bain- The total B-fieldy. angle of
incidence 65 for heat flux into the PFC surface is defined as
6p = sin™" (Agsy - Bdiv)-

A S
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