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Abstract

CrossMark

A new ARC-class, highly-radiative, pulsed, L-mode, burning plasma scenario is developed
and evaluated as a candidate for future tokamak reactors. Pulsed inductive operation alleviates
the stringent current drive requirements of steady-state reactors, and operation in L-mode
affords ELM-free access to ~90% core radiation fractions, significantly reducing the divertor
power handling requirements. In this configuration the fusion power density can be maximized
despite L-mode confinement by utilizing high-field to increase plasma densities and

current. This allows us to obtain high gain in robust scenarios in compact devices with

Prys > 1000 MW despite low confinement. We demonstrate the feasibility of such scenarios
here; first by showing that they avoid violating OD tokamak limits, and then by performing
self-consistent integrated simulations of flattop operation including neoclassical and turbulent
transport, magnetic equilibrium, and radiofrequency current drive models. Finally we examine
the potential effect of introducing negative triangularity with a 0D model. Our results show
high-field radiative pulsed L-mode scenarios are a promising alternative to the typical steady
state advanced tokamak scenarios which have dominated tokamak reactor development.

Keywords: ARC, tokamak, pilot plant, negative triangularity, L-mode, high-field, reactor

design

(Some figures may appear in colour only in the online journal)

1. Introduction

For fusion to occupy a share of the global energy production
mix by the mid-21st century, a physically viable and economi-
cally attractive fusion pilot plant should be designed by the late
2020s. Development of a pilot plant plan on this short timeline
is one of the key goals outlined in recent reports regarding the
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future of fusion energy from both the National Academy of
Sciences, Engineering, and Medicine and the Fusion Energy
Sciences Advisory Committee [1, 2]. Several potential path-
ways to a pilot plant have been established. Most of these
strategies aim to achieve reactor-relevant core conditions using
the advanced tokamak (AT) regime characterized by H-mode
operation (or I-mode in the case of ARC) [3, 4] augmented
by internal transport barriers to further enhance confinement.
Enhanced confinement and internal transport barriers create
large pressure gradients providing significant bootstrap current
fractions, fys. High confinement time then, allows minimiza-
tion of plasma current improving stability while also reducing

© 2022 The Author(s). Published by IOP Publishing Ltd
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the external current drive requirements needed to obtain a
steady-state reactor [4—6].

Recently, high temperature superconductor (HTS) technol-
ogy has dramatically increased the achievable on-axis mag-
netic field in reactor designs [7, 8]. Since fusion power density
scales like Py ~ B2B4 [9], this technological advancement
provides opportunities to develop or improve self-consistent
reactor scenarios [10]. AT scenarios, combined with the
stronger on-axis magnetic fields available using HTS have
been shown to significantly decrease the minimum device
major radius needed in a steady state reactor [4, 6, 11]. As
size is one of the largest drivers increasing levelized cost
of electricity, high B scenarios are economically attractive
[4, 12, 13].

While the benefits of high B in the AT regime are now
widely recognized, it is worth considering whether strong on-
axis magnetic fields can enable access to pilot plant designs
outside of typical AT scenarios. In this work, we explore
one such class of reactor scenarios enabled by HTS magnets.
We propose a pulsed L-mode operation scenario with largely
radiative heat exhaust by impurity line radiation in the plasma
edge, denoted from now on as ‘RPL-mode’, in an ARC-class
high-field compact tokamak (R~ 3 m to 4 m, a~ 1 m,
B ~ 10 T). The RPL-mode facilitates power density maxi-
mization while removing the need for an advanced divertor by
dramatically decreasing the power exhausted to the scrape-off
layer (SOL). This allows us to produce some of the highest
power densities of any tokamak reactor concept, demonstrated
in figure 1.

Here we demonstrate the functional viability of high-field
RPL-modes during flattop and establish a physics basis for
their consideration in reactor design. To do so, first we review
the basic physics of radiative L-mode reactors and historical
experiments on radiative L-modes in section 2. We develop a
0D RPL-mode design-point, obtained using well-established
physics models, to extrapolate L-mode physics to reactor-
relevant conditions in section 3. Then, starting from the 0D
design point we perform coupled self-consistent simulations
of the magneto-hydrodynamic (MHD) equilibrium, turbu-
lent transport, and radiofrequency (RF) heating to refine our
RPL-mode scenario and determine its operational viability in
section 4. Next, in section 5 we examine negative triangu-
larity (NT) RPL-modes using a modified version of the 0D
model from section 3. Finally, we discuss reactor engineering
considerations associated with the development of RPL-mode
reactors.

2. The physical basis for RPL-modes

In this section, we argue that L-mode operation provides a
possible heat exhaust solution for compact high field reactors.
The compact high-field pathway to tokamak fusion reactors
results from balancing tokamak operational limits to maximize
benefits from large on-axis magnetic fields. Tokamak confine-
ment, as prescribed by energy confinement scaling laws, is
only weakly affected by increasing toroidal magnetic field. For
example, the ITER-89P and ITER-98Py2 energy confinement
scaling laws have only weak dependencies on the imposed
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Figure 1. A fusion power density (fusion power Py, over the reactor
volume V, or Pg,/V) comparison between the RPL mode ARC
concept analyzed in this work and a number of other proposed
tokamak reactor designs [4—6, 14, 15].

toroidal magnetic field, ~B%? and ~B%!3, respectively
[16, 17]. However, increasing B increases allowable plasma
current while keeping important MHD stability parameters,
notably the edge safety factor ¢*, constant [18]. For an ellipti-
cal equilibrium,

wa’By(k* + 1)
NOROIp

*N

; ey

where a is the plasma minor radius, By is the on-axis toroidal
field, x the elongation, and R, the major radius. To ensure
stability against external kinks, g* > 2 is required. The kink
limit sets an easily calculable 0D absolute upper limit on
I, which increases linearly as B is increased. Increasing I,
increases confinement (energy confinement time, 7g o< /) and
the maximum achievable line averaged density n, prescribed
by the Greenwald limit [19]:

1,(MA)
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Fusion power density in a DT-fueled fusion device with 50/50
fuel mix goes:
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Prus = 1/4n*(ov)prEpr, 3)

where (ov)pr is the Maxwell averaged DT fusion reaction rate
and Epr is the energy produced by each DT fusion reaction
(17.6 MeV total, a 3.5 MeV alpha and a 14.1 MeV neutron).
High on-axis field increases both the allowable current 7, and
density n and enabling high fusion power density even with
low confinement. As the Greenwald density is also increased
by small a, power density is further maximized by using more
compact devices.

There are now a number of tokamak designs that leverage
HTS to achieve high fusion power densities in compact devices
[4, 11, 20]. However, energy density in high-field compact
devices is limited by the available heat exhaust solutions,
and advanced divertors are required to minimize damage to
plasma-facing components (PFCs) [21]. Introducing radiative
heat exhaust allows us to push past divertor-related energy
density limits and maximize fusion power density. Unlike heat
exhaust through the divertor, where only a small physical area
is exposed to heat loading, radiative heat exhaust uniformly
distributes the heat load over the plasma viewing PFC increas-
ing the exposed area. Large quantities of radiative heat exhaust
can be used to substantially reduce the peak energy fluences
by reducing heat flux to the divertor. The amount of radiative
exhaust is characterized by, fiag = Prad/Pexhaust the radiated
power fraction. In this fraction, Pexpaust 1S defined by power

balance:
Pexhaust = PSOL + Prad

; 4)
- th/TE - Pfus,a + Paux

where W, is the total stored energy, Psor. is the power con-
vected through the SOL, Py, is the power from fusion alphas,
Pr.q is the total power radiated within the last closed flux
surface, and P, is the total auxiliary power used for heating
and current drive. Higher f,q, is almost always desirable as
it reduces the peak heat loads on the divertor. EU-DEMO,
for example, is expected to require core radiation fractions
>60% [22] and proposed compact reactors are also expected to
have radiation fractions of ~40%—-60% [6, 21]. While current
experiments obtain high f;,q with intrinsic low-Z or medium-Z
impurities [23], intentional puffing or pellet injection of highly
efficient radiators, such as Kr and Xe, using feedback control
will be necessary to obtain large f;,q without excessive dilution
[24].

Maintaining high f;,q4 in H-mode reactor scenarios requires
careful management of radiated power to avoid an H-L back-
transition. If the power Pgor, transported across the separatrix
with surface area S, falls below the H-L transition power [25]:

PLa(MW) = 0.049(72e(10%" m ™))" (B(T)**(S(m*))***,

&)
the reactor will leave H-mode. The resulting large drop in
confinement typically causes the plasma to radiatively collapse
and disrupt. The minimum divertor heat loading requirement
in enhanced confinement is set by the need to maintain a
sufficient Psor. > Pry. The transition power requirement is
problematic as maintaining Psor, > Ppy necessitates the use
of advanced divertors in compact pilot plants increasing their

complexity [21]. Simply increasing device size does not nec-
essarily solve the heat exhaust problem. If R is increased, the
ITER98y2 scaling [16, 17] suggests fusion power will increase
ocR'%7, and Py y will increase for fixed aspect ratio ocR (assum-
ing D-T operation and ion temperatures 7; ~ 15-25 keV such
that the stored energy roughly scales with the fusion power
[9]). Analysis using the Eich scaling [26] suggests divertor
power handling scales R for fixed B [27], but moving to
larger R at fixed aspect ratio reduces n, and the allowable
operational density making dissipative divertor solutions more
difficult to implement. This simplified analysis suggests that
in ELMy H-mode increasing R increases fusion power faster
than the divertor’s ability to exhaustit. Therefore, fusion power
density will need to be limited in large devices due to divertor
constraints. This means increasing device size does not neces-
sarily solve our heat exhaust problems unless the fusion power
output is intentionally reduced.

While the applicability of radiative heat exhaust in H-mode
is limited by constraints imposed by the L—H transition power
Pry, high field magnets allow us to consider radiative L-
mode reactor scenarios. Previously, L-mode scenarios were
not reactor-relevant due to lack of sufficient confinement, but
high B from HTS magnets enables /, and n maximization,
substantially increasing the achievable fusion power with L-
mode confinement. Such n maximization could be difficult in
H-modes as, at densities corresponding to 0.8—1.0 ng, H-mode
access can become impaired and confinement degradation
occurs (this is sometimes referred to in the literature as an
H-mode density limit) [28, 29]. Radiative L-modes have long
been recognized as a possible solution to the heat exhaust
problem [30, 31], and since L-modes do not have a power
threshold they can operate with very large fr.q and f,.

Radiative heat exhaust was examined experimentally in a
number of devices. Highly radiative L-mode tokamak plasmas
have been demonstrated in: ISX-B, ASDEX, TEXTOR94,
DIII-D, Alcator C-Mod, TFTR, ASDEX-U, and COMPASS
[23, 32-45], and in some cases these plasmas demonstrated
performance enhancement above the ITER89P L-mode scal-
ing due to ion temperature gradient (ITG) driven trans-
port suppression from increased effective ion charge, Z.
[46—48]. Of particular note, TFTR obtained large fr,q in
high-heating power discharges using Kr and Xe. These high-
temperature reactor-relevant discharges with f;q up to ~80%
were achieved without excessive fuel dilution, radiative col-
lapse, or energy confinement degradation. The TFTR radiative
L-mode discharges demonstrated that with the proper technol-
ogy, radiative L-modes could perhaps scale to reactor-relevant
regimes [42, 43].

However, steady state operation of radiative L-mode ARC-
class reactors with By > 10 T and 7. > 2 x 10 m™3 is
anticipated to be problematic. These plasma scenarios have
substantial external heating and current drive constraints,
imposed by both technological limitations on RF heating
sources and physical limitations on wave and neutral beam
accessibility. Core neutral beam access at presently available
beam energies will be poor due to the high n, and gyrotron
sources cannot deliver the required frequencies for electron
cyclotron heating (ECH) due to high B. Therefore, the ECH
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and beam systems found in other reactor studies [6, 49] will not
work in ARC-class devices. When the constraints presented
by ARC-class devices are taken into account the following
options for RF current drive and heating are: lower hybrid
current drive (LHCD), ion—cyclotron heating, and fast wave
current drive (including low frequency fast wave and heli-
cons). RF current drive, however, has an unfavorable efficiency
scaling [50]:

ICDng(),eR() 31 4 1

Prr T A (5 + Zesr) ;ﬁ’ ©)

Tho,cp =

where 7,0 cp is the current drive efficiency normalized by
density and major radius, Icp is the driven current, Pgr is the
applied RF power, n| is the parallel refractive index of the RF
wave, and In A ~ 17 is the Coulomb logarithm. This scaling
says that current drive efficiency oc1/n., which is problematic
for reactor-relevant radiative L-modes as they rely on current
and density maximization to achieve large Prs.

In fact, reactor-relevant radiative L-modes are effectively
incompatible with non-inductive operation. Nearly all of the
generated electric power would need to be recirculated to
the RF current drive system. We can show this by plugging
some example L-mode reactor parameters into (6) to esti-
mate the RF current drive requirement: I, = 15 MA, nyy = 4,
Ry =4, n| = 1.75, Z = 2, and bootstrap fraction fp, = 1
—Icp/I, = 0.3. This gives 7cpoy ~ 0.34 and required RF
current drive power Prp ~ 480 MW. For an L-mode reactor
producing 1500 MWth, after applying electrical conversion
efficiency 77, ~ 0.5 and RF source efficiencies ngg ~ 0.6 there
would be effectively zero net electrical output. Accounting
for wave accessibility constraints and current profile control
is likely to further increase the required Pgg.

Radiative L-modes will need to be pulsed using inductive
current drive which does not suffer from RF current drive’s
unfavorable 1/n, efficiency scaling. This completes the final
piece of our physical basis for the radiative pulsed L-mode
(RPL-mode). Inductive current drive of course results in finite
pulse time, Tpuse. A high-flux HTS solenoid could provide an
attractive pathway to long pulse inductive reactor operation,
and such solenoids have already been identified as potentially
high yield technological developments for EU-DEMO and
SPARC [20, 51, 52]. Estimation of pulse time will not be
attempted here. To accurately estimate pulse time requires
both an engineering design for the central solenoid and a
startup model that can accurately replicate the current ramp
process. We have limited our scope here to flat-top physics
and will focus only on the flattop plasma loop voltage, Vigp
1/ Tpuise. We can estimate the required Viqoop for a reactor by the
following argument. It is foreseeable that longer pulse times,
O(1000+) seconds will be desirable as they prolong the time
until fatigue induced failure from cyclic loading and increase
the capacity factor of a future fusion power plant. Assuming
an HTS solenoid capable of generating ~300 vs flux swings
(similar to the ITER solenoid [53]) can be constructed, and
roughly half of the available flux is used during startup (a
reasonable assumption based on pulsed DEMO studies [49]),
Vieop < 0.2 V will be required during flattop.

While we will not use RF for steady-state current drive in
RPL-modes, RF may have great utility as a localized control
actuator. RPL-modes, particularly in enhanced confinement
L-modes like those obtained with NT, can reach normalized
beta values (Sy ~ 2) and significant bootstrap fractions ( fus >
0.25), making them susceptible to neoclassical tearing modes.
The risk of tearing modes is compounded by the large amount
of radiation in the outer portion of the plasma which can
approach the g = 2 surface. The line-radiation in the outer
portion of the plasma will drive a locally negative power
balance that can destabilize tearing modes, reducing tokamak
performance and possibly inducing a disruption. Tearing mode
suppression using electron cyclotron current drive is likely not
viable in an RPL-mode ARC-class reactor due to gyrotron
frequency limitations, but LHCD may be a viable alternative.
LHCD suppression of tearing modes has been demonstrated
experimentally [54]. LHCD can also produce localized current
drive in response to the temperature perturbations found in
magnetic islands resultant from tearing [55] and may exploit
the current condensation effect to stabilize tearing modes at
only modest applied RF powers [56-58]. In section 4 we
will demonstrate that RPL-modes are compatible with LHCD
systems that can suppress 2-1 islands resultant from tearing by
demonstrating an LHCD system design that locally heats the
g = 2 flux surface.

3. Establishing an RPL-mode operating points
with a 0D model

To begin our RPL-mode scoping we performed a 0D power
balance calculation using a slightly modified version of
the plasma operational contours (POPCONSs) technique [59].
We assumed an elliptical core plasma with elongation &,
minor radius a, and major radius R, and imposed 1D radial
profiles of density and temperature of form A, + (Ao —
Agep) x (1 — pz)aA, where Ay, is the parameter’s value at the
separatrix, Ag is the parameter’s value on axis, and p is the
radial coordinate which goes from 0 to 1. Densities were
assumed to be np = ny = 0.5n, fgii where fg = ni/n. is the
ion dilution fraction. The separatrix values for these pro-
files are modeled after C-Mod experiments and defined to be
Typ = 0.1 keV and ngp, = 0.25ny, where ng is the on-axis
density, mimicking the SOL behavior of L-mode in Alcator
C-Mod [23, 60]. Finally, 7 is defined using the ITER-89
L-mode power law scaling [61, 62] multiplied by confinement
enhancement factor Hgg:

Te = 3.8 x 1O4H8918'SSBO'21’10'IP;(?{SUS[RI'SKO'S€O'3M0'S. (7)

To obtain a self-consistent radiative boundary and ensure
we maintained L-mode operation, we controlled P4 by vary-
ing the injected impurity fraction. P,,4 in the presence of impu-
rities was calculated assuming ionization equilibrium with
radiation rates and charge states of the impurity as a function
of T taken from compact polynomial fits based on the most
recent Atomic Data and Analysis Structure database [63—65].
Throughout all the analyses in this paper we assumed the
impurity density was a uniform fraction of the plasma density.
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This is a good approximation for L-modes, which have been
shown to have a large amount of turbulent particle transport
[66], and in accordance with the EU-DEMO design guidelines
as well as previous reactor design studies [4, 6, 22]. In future
work we would like to include impurity profiles based on
impurity transport calculations. Based on the resultant radia-
tion from these calculations the impurity density was varied
such that the tokamak power balance (4) produced Psor, =
50 MW < Pry, Or frag ~ 85% (Ppy at the operating point we
will show here was ~130 MW). Here we used a Kr radiator
that radiates primarily in the plasma edge through line radia-
tion rather than in the core by bremsstrahlung and synchrotron
radiation avoid radiative collapse. Kr was the preferred radi-
ator throughout this study rather than Xe as Kr produces a
narrower radiation belt further off axis, reducing radiation
at the ¢ = 2 surface where a locally negative power balance
from radiation could serve as a trigger for tearing modes. This
property of Kr is desirable enough to offset the small loss in
fusion power that comes from the increased plasma dilution
versus Xe.

We fixed minor radius ¢ = 1.2 m; Hgg = 1.3 (a conserva-
tive value for a radiatively improved L-mode based on review
of the literature discussed in section 2); x = 1.6 (well within
empirical vertical stability limits [67]); and the on-axis mag-
netic field By = 11.5 T (similar to the ARC V0 design from
Commonwealth Fusion Systems [68]). The operating point’s
fusion power was determined by imposing a ~1 MW m~?2
administrative limit on radiative wall loading, assuming a
conformal vacuum vessel with surface area S ~ Spjasma-

The final operating point was found by minimizing the
plasma current /, and maximizing R while maintaining g. >
2.5. Maximizing R is desirable as it increases the space that
the solenoid may occupy, increasing available flux and pulse
time. Assuming that the blanket, shielding, and TF size remain
roughly constant, available solenoid flux oR?. Thus, increas-
ing R has a large effect on pulse length as 7y scales linearly
with the amount of available flux. A maximum R for a fixed ¢*
is obtained when the reduction in n, from dropping /, leaves
a limited operating region at excessively high values of n./n,
or closes the operating window completely. Considering these
constraints values of R = 4.2 m and /, = 14 MA were chosen
for the remainder of this study. A complete list of the 0D ARC
RPL-mode scenario parameters can be found in table 1.

The POPCONSs found in figure 2 result from calculating
the power balance based on the parameters in table 1. One
surprising result of this analysis is that, despite the only slightly
enhanced L-mode confinement, the plasma has a large ignition
region and a thermally stable operating point is achievable.
This results from the high operational densities enabled by
the combination of high-field, compact size, and pulsed oper-
ation. Another attractive feature of the RPL-mode operation
is an exceptionally small, <5 MW, Cordey pass [69] indi-
cating ARC tokamaks in RPL-mode could use rudimentary
RF systems. However, our analysis here utilizes a larger more
complex system in the interest of enhanced control.

It is noted that the OD operating point chosen here is not
absolutely optimized for pulse time. Greater 7py 1S attainable,
for example, if R is increased to ~4.5 m and I, is decreased to

Table 1. 0D parameters of ARC RPL-mode scenario.

Parameter

Major radius (R) 42 m
Minor radius (a) 1.2m
Plasma current (/) 14 MA
Magnetic field (By) 11.5T
Elongation (k) 1.6
Confinement enhancement factor (Hgg) 1.3
Temp. profile factor (ar) 1.5
Dens. profile factor (ay,) 1.1
Kink safety factor (¢*) 2.5
Temperature on axis (7io) 24.9 keV
Greenwald fraction ( f g) 0.83
Fusion power (Prys) 1500 MW
Power conducted to SOL (Psor) 50 MW
First wall power loading ~0.95 MW m 2

13 MA (assuming solenoid flux which goes «R?). However,
absolute maximization in the 0D model lead to operating
points that were not viable when performance degradation
from more sophisticated physics models was introduced later.
Furthermore, we wanted to limit the major radius, making it no
more than 1 m larger than the original ARC design, to maintain
a compact form factor.

4. Integrated modeling of an RPL-mode scenario

With the exception of TFTR, radiative L-modes have not
been demonstrated anywhere near fusion relevant conditions
[42, 43]. More rigorous analysis than simple application of
scaling laws is necessary. Because of this we must supplement
the scaling law analysis in section 3 with a more sophisti-
cated, self-consistent, integrated model. Our integrated model
of a RPL-mode scenario, shown schematically in figure 3,
consists of three coupled simulation models: a free-boundary
Grad—Shafranov (GS) simulation (ACCOME) [70, 71],a 1D
transport simulation (TGYRO/TGLF/NEO/Aurora) [72-80],
and an LHCD simulation (GENRAY/CQL3D) [81-83]. The
integrated model was initialized by creating a magnetic equi-
librium in ACCOME using the 0D POPCON operating point
parameters. ACCOME was chosen as our free boundary solver
as it is computationally efficient and has a self-consistent
loop-voltage model for ohmic plasmas. ACCOME generates
a magnetic equilibrium by creating a separatrix boundary
from shaping inputs, then iteratively solving the GS equation
varying applied loop voltage and field coil currents while also
accounting for the plasma bootstrap current and RF current
drive. ACCOME performs a y-squared minimization between
the GS solution obtained at each step in its iteration and
the target separatrix boundary to determine the loop-voltage
and coil currents needed to obtain the desired equilibrium
shape. While ACCOME is capable of rudimentary loop volt-
age calculations, it does not include a sawtooth model. This
means the current profiles produced are overly peaked as they
have not been relaxed by internal MHD modes. The lack
of sawtooth model is a known deficiency of the simulation
workflow here and future work will attempt to integrate a
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more sophisticated magnetic equilibrium calculation with a
loop-voltage/sawtooth model such as TSC [84, 85].

The ACCOME equilibrium solution and parabolic POP-
CON plasma profiles were used to initialize a TGYRO
simulation with TGLF-SAT2 [78] for calculation of 1D
turbulent transport to produce (7', n) profiles. In the absence
of a sawtooth model, to prevent magnetic shear from being
over-predicted in TGYRO/TGLF simulations we have forced

the safety factor ¢ — 1 within the region where ¢ < 1 in the
equilibria. To demonstrate the RPL-mode’s stability against
radiative collapse impurity radiation was calculated self-
consistently in our model. Radiation coefficients from Aurora
were used to assess the radiation profiles and radiated power
fraction and the computed radiation profiles were included in
the TGYRO transport calculations. The (7, n) profiles pro-
duced by the transport simulations were passed to ACCOME
and the equilibrium was recalculated. Transport calculations
were then rerun using the updated equilibrium. This process
was iterated until the temperature profiles and equilibrium
stopped evolving indicating convergence.

Examples of an RPL-mode equilibrium and the plasma pro-
files generated by the integrated simulation model are shown
in figures 4 and 5. Unlike H-mode simulations the peeling bal-
looning limit [88] cannot be used to set a boundary condition,
making boundary conditions in L-mode difficult to determine
without prior experimental motivation. The TGYRO transport
simulations used boundary values of T = 2.5 keV and n =
0.25n at p = 0.9 based on Alcator C-Mod L-modes [23, 60]
(calculations of confinement enhancement based on the final
TGYRO results indicated these boundary conditions accu-
rately replicate L-mode confinement, Hgy < 1.2). TGYRO
simulations using electrostatic (ES) and electromagnetic (EM)
TGLF-SAT?2 transport rules [78] were performed over nine
points equispaced from p = 0.25 to 0.9, where p is the nor-
malized square root of the toroidal flux. Transport simulations
with computed and imposed density profiles based on empir-
ical peaking factors were evaluated [86, 87, 89, 90]. Imposed
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Figure 4. An RPL-mode free boundary equilibrium solution
generated with ACCOME.

density profiles used the Angioni scaling for density peaking:
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Veft <Te>2 ( )
4.02x 1073

5 B—%<P> , (10)

where (n.) is volume averaged electron density in 10! m~3,

(T.) is the volume averaged electron temperature in keV, and
(p) is the volume averaged pressure in keV 10! m—3. The
Angioni scaling is technically only valid for H-modes, but it
has been used in a similar fashion for prediction of L-mode
performance in SPARC [20] as no L-mode scaling exists.
Empirical peaking factors were studied because in high field
devices TGYRO with TGLF-SAT2 has been shown to under-
predict density peaking, producing unphysically flat profiles in
high-field scenarios [91]. In fact, in ES-SAT?2 even at zero den-
sity gradient, TGLF predicted a net particle flux for p > 0.6,
affecting convergence. As such, this case was iterated between
predicted density/temperature profiles between p = 0.25 to
0.9 and p = 0.25 to 0.5 until profiles were flux-matched. This
was not necessary for the EM-SAT?2 case, but flux-matching
still showed essentially zero density gradient for p > 0.6 (this
explains the difference between the ES-SAT2 tick locations
and the other cases in figure 5). To study the robustness of
the operating point to variance in the impurity fraction, the
Kr impurity fraction was scanned. The results of this scan
performed in the ES dynamic-n TGYRO case shown in figure 6
demonstrate that a greater than 70% change in the impurity
fraction is required to trigger entrance into H-mode, and a
~25% change in impurity fraction is necessary to induce
radiative collapse. It must be noted that, for simplicity, these
simulations did not include impurities outside the introduced
Kr impurity. In a real device, intrinsic impurities from PFCs,

such as C and W, would also contribute to the core radiation
power balance, and the Kr impurity fraction varied accordingly
to avoid radiative collapse. Intrinsic impurities would also
increase fuel dilution fg;, reducing fusion power for fixed f,.
Furthermore, it is uncertain whether or not impurity transport
in these situations will be neoclassical or turbulent. Future
gyrokinetic and neoclassic impurity transport simulations will
need to be performed to determine the degree of impurity
peaking that can be expected in these highly radiative ARC
scenarios.

Analysis of the turbulent spectrum produced by
TGYRO/TGLF and the ion heat fluxes’ dependence on
turbulent drives, shown in figure 7, indicates that transport is
ITG dominated. This is the expected result for reactor relevant
regimes where normalized gyroradius p* = p;/a is small and
the collisionality normalized by the bounce frequency wgg,
V"~ ve/ewpe, i large. We also attempted to replicate the
turbulence suppression through impurity injection observed
in the radiative L-mode experiments discussed in section 2
by varying the impurity fraction and evaluating the ITG
growth rate normalized against the local gradients. However,
ITG suppression was only observed using SAT1 which
consistently demonstrated ITG suppression as a result of
enhanced Z.; from impurity seeding, but also produced
unrealistic temperature profiles and was generally unstable
with poor numerical convergence. The stiffer TGLF-SAT2
model used to produce our results demonstrated better
numerical convergence but did not exhibit changes in the
normalized ITG growth rate or core peaking with varying
impurity fraction.

The EM version of TGLF-SAT2 greatly decreased the
plasma performance. This was unexpected as Sy values in
RPL-modes are low relative to other reactor relevant scenar-
i0s. The final turbulent growth rates and spectra in the EM
and ES cases were similar, however, the critical gradients in
the EM case were much lower limiting on axis temperature
and density peaking substantially. Reduced density peaking
in reactor relevant scenarios has been observed in previous
comparisons of EM and ES TGLEF, but the temperature peaking
reduction was much less severe [92]. As RPL-modes are at
substantially lower Sy than previous reactor relevant plasmas
which were analyzed, EM effects should be of less importance,
and it is possible that the performance reduction observed here
may be an artifact of the RPL-modes being outside the range
of validity of EM TGLF-SAT?2. Full gyrokinetics simulations
may be necessary to determine the correct behavior when EM
effects are included.

Using the ES SAT-2 operating point in table 2, it is possible
to estimate the parallel heat flux that will need to be mitigated
by the divertor in an ARC RPL-mode. Using the Brunner
scaling for SOL heat flux width [93]:

Ay (mm) = 0.9((p)(atm)) "4, (11)

where (p) is the volume averaged plasma pressure, yields heat
flux widths in our RPL-mode ARC of 0.37 mm and the pulsed
inductive ITER baseline of 0.57 mm [94]. It is notable that the
Brunner scaling is the most conservative scaling for SOL heat
flux width and generally predicts smaller A, values than other
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Figure 5. Radial (7', n) profiles obtained from transport simulations
using electrostatic (ES) and electromagnetic (EM) SAT2 with both

dynamically calculated density profiles and fixed profiles using the
Angioni scaling (8) [86, 87].

Yo 02 1.0

scaling laws such as the Eich scaling (regression #14) [26].
However, the Eich scaling is only strictly valid for H-mode
plasmas while the Brunner scaling is intended to be operation
mode agnostic [93] (and predicts smaller L-mode A, values in
high (p) plasmas than L-mode specific scaling laws which, for
example, predict A; ~ 5 mm in an RPL-mode ARC [95]). We
may estimate the parallel heat flux to be [96]:

Pso By

= Jtarget 5 N 12
9 flgt27r(a+R))\qB9 (12)

200
e,  h
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° o
— [ ] °
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Figure 6. Percent variance in impurity fraction from the ES-SAT2
dynamic-n baseline, A finp, versus the total power transported to the
SOL PsoL (negative values indicate decreasing impurity fraction
positive values indicate increasing impurity fraction). The red lines
represent the L-mode access (upper) and radiative collapse (lower)
limits. The red star represents our nominal operating point and blue
dots are off-normal operating points at differing impurity fractions.

PsoLqos

2me(a+ RN, 3)

= f target

where fiagec 1s the fraction of the total parallel heat flux
directed at a given divertor target, and gy is the safety factor at
the normalized square-root toroidal flux /¢, = 0.95 surface.
Assuming fiaeee = 0.35 for the outer target of the double
null divertor in ARC and fiarger = 0.5 in the ITER single-null
divertor (equal power sharing) [97], we may estimate the
g in each case. This analysis estimates that the ARC and
ITER divertors will need to mitigate g of 15.4 GW m~2 and
16.1 GW m™?2 respectively (the less pessimistic Eich reg. 14
scaling, assuming By ~ aBy/Roqys, predicts g of 9.45 GW
m~2 and 7.05 GW m~2 in ARC and ITER respectively). This
analysis suggests that the divertor challenge in an RPL-mode
ARC reactor is roughly similar to that in ITER, despite the
fusion power density being O(10) times larger, and it suggests
a conventional divertor configuration could be used in an
RPL-mode ARC unlike previous ARC designs [21, 98].

Initial iterations of the integrated model used a simple
20 MW Gaussian electron heating source, driving 0.5 MA
of current, placed off axis about the ¢ = 2 surface. After the
model began to converge with the simplified heating source,
the RF heating and current drive profiles calculated by GEN-
RAY/CQL3D were used instead. LHCD access is described by
accessibility conditions [99]:

2
e J1p e G, o 0
Qe Qg w? 3Vthe

where  wps = 4 /nse?/epms is the plasma frequency for
species s, (). = eB/m, is the electron cyclotron frequency and
Ve = /2T /me is the electron thermal speed. This prescribes
that 7 max < 1/y/Te and 1y pin  \/nc/B. The high-field and
the L-mode profiles which do not have a large temperature
and density pedestal broaden the access window. This allowed
us to design a current drive actuator for our RPL-mode sce-
nario capable of delivering power to the ¢ = 2 surface without
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Figure 7. (a) TGLF turbulence linear frequency (dots) and growth
rate (stars) spectra for ES-SAT2 with dynamic density profiles.

(b) Variation in the TLGF ion heat flux at p = 0.35 versus standard
turbulence drives: normalized electron density gradient R/L,,
electron temperature gradient R/Lt., ITG R/Lr;, ion—electron
temperature ratio 7; /7., and normalized electron—ion collision
frequency v /(cs/a) where cg is the ion sound speed.

encountering a cutoff. Raytracing/Fokker—Planck simulations
like GENRAY/CQL3D should be accurate in ARC scenarios
as turbulence and diffraction are of little importance when
the LHCD is single-pass damped [100, 101]. There should
also be minimal power loss to parametric decay as the LHCD
here has w > 2wy in the edge, where wry is the lower-
hybrid frequency [102, 103]. The use of the higher 8 GHz
source frequency in this ARC scenario relative to the 4.6 GHz
source frequency found in most experiments should help to
minimize parametric decay and the deleterious effects of the
LHCD density limit [104—106]. Higher source frequencies
have been demonstrated to increase the LHCD density limit
in experiments in FTU [103, 107].

The tearing mode stabilization scheme utilized in this RPL-
mode ARC scenario is more sophisticated than that found
in previous experimental investigations of LHCD suppression
of tearing modes [54]. The current drive and heating in this
scenario does not have a broad deposition profile and is instead
highly localized on the ¢ = 2 flux surface. Through use of
the non-linear RF condensation effect, where the temperature
perturbation resultant from magnetic island formation due to

- (a) P(pg=>2) 175
2.6 1.50
2.4 1.25
2.2 1.00°g
— £
= 2.0 0.75§
1.8 0.50
1.6 0.25
14 75 100 125 150 175 200 225 250 275 0.00
elaunch
10 (b)

Ptor

Figure 8. (a) Contours showing power on the ¢ = 2 flux surface
versus nj and payen for the ES-SAT? case with dynamic density
profiles. (b) Power density profiles for the electron channel using the
ES-SAT?2 case with dynamic density profiles and a LHCD launcher
with n = 2.1 and Ojaunen = 75 degrees.

tearing may be used to further localize the RF-current drive
[55, 56], island stabilization can be obtained at much lower
RF powers and total driven currents. Since the current drive is
targeted, only the local bootstrap current density near the g = 2
flux surface must be replaced by LHCD rather than a large
fraction of the entire bootstrap current [57]. In order to deter-
mine the optimal launch parameters to deliver power to the
q = 2 flux surface for tearing mode suppression, we performed
a parametric scan of both the launched parallel refractive index
n|, and the poloidal launch location 6},ynch. GENRAY/CQL3D
simulations were performed using 264 different launcher con-
figuration with = 1.5 to 2.6 and O1aunch = 70 to 280 degrees
from the outboard mid-plane. Additional grid refinement sim-
ulations were then performed after the initial scan around the
locations of peak power deposition. The launcher configura-
tion which delivered the greatest power density to the g = 2
surface was then chosen. Raytracing simulations used 75 rays,
a spectral width of An” = 0.4, and a launcher height of 0.75 m.
The results of this scan and the ARC RPL-mode power density
profiles produced with the final current drive system in the ES-
SAT?2 case with dynamic density profiles are shown in figure 8.
All GENRAY/CQL3D simulations used 25 MW of LHCD
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Table 2. Integrated simulations results for ARC RPL-mode
scenarios with various SAT rules. A dash ‘—’ indicates a parameter
that was fixed for all simulations.

Parameter ES fixed n ES SAT2 dyn. nEM SAT2 dyn.
R (m) 4.18 4.18 4.19
a (m) 1.21 1.22 1.21
I, (MA) 14 — —
By (T) 11.5 — _
K95 1.54 1.54 1.62
dos 0.23 0.25 0.35
Teo (keV) 42.2 33.7 16.5
Tio (keV) 27.0 23.5 13.8
no (10 m—3) 3.73 4.57 3.71
fe 0.91 0.91 0.92
Bx 1.4 1.2 0.8
Simp 49 x107* 42 x 107 6.0 x 1073
Sai 0.94 0.95 0.96
qos 2.9 3.1 3.2
fbootstrap 0.18 0.16 0.12
Vioop V) 0.135 0.157 0.365
Piys (MW) 1168 1042 334
Psor. (MW) 53.0 47.1 46.1
Srad 0.80 0.80 0.52
Piucp (MW) 24.0 23.5 22.7
SfiHCD (GHz) 8 — —
7| LHCD 2.1 2.2 2.1
elauncher (deg) 80 75 80
Mocp (102 A/Wm™2)  0.084 0.082 0.080

power, but small adjustments to the LHCD power were made in
the transport calculations to fine tune the power balance on the
q = 2 surface. Such modifications are acceptable as we found
power deposition location was insensitive to small changes in
launched power. Current drive efficiency in these simulations
was generally low, 7,y cp = 0.082 in the ES-SAT?2 case with
dynamic density profiles where 175 kA of total current were
driven (the LHCD is linearly damped on the relatively cold,
~5 keV, g = 2 surface so n) is large lowering 7, cp). How-
ever, the local current density at the ¢ = 2 surface from LHCD
Jiu ~ 200 kA m~2, was large relative to the local current
density from the bootstrap current of Jgg ~ 125 kA m~2.

To confirm the LHCD systems here are actually effective
at suppressing tearing modes, two fluid modeling of mag-
netic island auto-stabilization, using the method reported in
[57, 108] was performed. These calculations used the follow-
ing parameters: a local LH driven electron power density of
1 MW m~3 based on the integrated modeling results shown
in figure 8, magnetic island electron and ion temperatures of
3 keV and 4 keV respectively based on the TGYRO results
shown in figure 5, island electron densities of 3 x 10%° m~—3
also based on the TGYRO modeling results, and a conservative
LH to bootstrap current ratio of 0.5 to 1.0 based on the relative
currents in the ACCOME and CQL3D modeling results. Per-
pendicular electron thermal diffusivity in the magnetic island
was assumed to be ~0.1 m? s~! (this is an order of magni-
tude estimate and could be refined in future work). For these
parameters, it was predicted that islands would be automat-
ically stabilized for island widths ~4 to 5cm. These results

n

indicate the LHCD systems here will automatically stabilize
tearing modes at inconsequentially small island widths via RF
condensation.

A summary of the results of our integrated modeling is in
table 2. These results demonstrate that viable RPL-mode oper-
ation points can be obtained using integrated simulations, and
they are not simply an artifact of scoping using POPCONs with
empirical confinement scalings and parabolic profiles. Despite
L-mode confinement and high f.q, the high Py obtained in
RPL-modes from density maximization maintains the power
balance and avoids radiative collapse.

5. Extrapolation to negative triangularity

NT provides an attractive avenue to augment the perfor-
mance of RPL-modes. NT has been investigated as a means
to suppress trapped electron mode turbulence dominated in
TCV [109-113], however, recent modeling using nonlinear
gyrokinetics [114—116] and further experimental results on
TCV and DIII-D [117-120] have shown that NT may also
suppress ITG turbulence in reactor-relevant regimes. Fur-
thermore, diverted NT discharges [120, 121] with low field
strike points at large major radius are anticipated to have
easier divertor engineering [121-123]. NT also helps pre-
serve L-mode by greatly increasing the H-mode power thresh-
old, sometimes even eliminating the L—H transition entirely
[117, 119-121, 124]. This prevents the situation in which
impurity feed fails, leading to a transition to H-mode where
enormous transient fusion powers and heat loads would likely
cause severe damage to reactor components. Finally, enhanced
confinement from NT enables reduced /, operation while
maintaining large fusion power densities. Reduced /, opera-
tion in NT is extremely attractive as it will make disruptions
less violent and reduce the loop voltage required to sustain the
discharge.

We performed an enhanced POPCON scoping of NT RPL-
modes in an ARC-class device. POPCONs were preferred
over TGYRO using TGLF-SAT?2 in this case as the validity
of TGLF in NT scenarios still requires experimental valida-
tion. To perform our analysis, we generated a free bound-
ary GS ARC equilibrium with NT, g5 ~ —0.5, using the
pressure profiles from the integrated positive triangularity
L-mode simulation using ES-SAT2 TGLF. The free bound-
ary GS solution equilibrium geometry and the (7, n) profile
form factors obtained from TGYRO with ES-SAT2-TGLF
were used to perform a ‘physics-informed’ POPCON analysis
similar to that found in [125] (rather than simple parabolic
plasma profiles with equal ion and electron temperatures
found in section 3). Assuming NT provides enhanced con-
finement similar to experimental discharges in this case, we
fixed Hgg = 1.8. We then iterated the physics informed POP-
CON with the GS solution until we found the minimum
plasma current at which we could still produce a Pgg ~
1200 MW operating point using the ES-SAT2-TGLF (7, n)
profiles.

The plasma current in our NT scenario could be reduced
~15% to I, = 12 MA relative to its positive triangularity
counterpart. Further reduction in current was prevented by n,
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Table 3. 0D parameters of ARC NT scenario.

Parameter

Major radius (R) 4.18 m
Minor radius (a) 1.16 m
Plasma current (/) 12 MA
Magnetic field (By) 11.5T
Elongation (k) 1.6
Triangularity (&) -0.5
Confinement enhancement factor (Hgg) 1.8
Edge safety factor (gos) 3.0
Greenwald fraction (fy) ~1.0
Normalized beta Sy 1.6
RF power (Pgrp) 25 MW
Fusion power (Pjys) 1150 MW
Power conducted to SOL (Psor.) 50 MW
f bootstrap 0.25
Loop voltage (Vieop) 6.7 x 1072V

decreasing. Any further drop in current lead to substantial loss
of fusion power relative to the positive triangularity ES-SAT?2
baseline. However, because of its enhanced confinement, the
NT plasma had increased core temperatures and relative boot-
strap fractions leading to a profound (factor of ~2) drop in the
plasma loop voltage from the positive triangularity baseline
(our NT equilibrium simulations used a Gaussian 250 kA,
25 MW, current drive and heating source centered at the g = 2
surface. This current drive source had the same CD efficiency
as the converged positive triangularity baseline). This agrees
with other recent NT scoping studies which also observed
noticeably enhanced bootstrap fractions [126]. Lower Vioop
will enable longer pulses in negative versus positive trian-
gularity discharges. Longer pulses are beneficial to reactor
economics as they would both reduce the number of loading
cycles experienced by reactor components, increasing their
lifetime and improving the reactor duty cycle. The results of
our NT scoping are summarized in table 3 which lists the
parameters of the discharge and figure 9 which shows the
final POPCONSs and GS equilibrium solution. Despite lower
current, NT had approximately the same g5 (reduction of
the edge safety factor in NT has also observed in experiment
[120, 121]), but the potential to greatly extend pulse time in NT
merits further investigation of NT RPL-mode equilibria using
gyrokinetic simulations.

6. Conclusion and future work

We described a novel operational scenario in high-field com-
pact tokamak reactors, designated here as a radiative pulsed
L-mode. In this operational scenario, an ARC-class tokamak
is operated at both high current and high plasma density to
overcome the low confinement present in L-mode to produce
large amounts of fusion power. L-mode is maintained by the
introduction of impurities into the plasma that radiate power
before it may be convected through the SOL. The RPL-mode
allows us to avoid many of the operational concerns associated
with H-mode, and perhaps most importantly, provides a core
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Figure 9. (@) NT POPCONSs and (b) GS equilibrium.

exhaust solution that allows tokamak power density to be
maximized without the need for an advanced divertor.

Using integrated modeling we have confirmed that a ther-
mally stable, near-ignited, RPL-mode can be obtained. Our
integrated modeling procedure is a major advance over the
previous ARC studies, which used POPCONs with imposed
profiles not self-consistent core transport simulations [4, 21].
Additional analysis of RPL-modes using ‘physics informed’
POPCONSs indicated the they will scale favorably to NT.
Increased confinement from the reduction of turbulent trans-
port lowers I,, reducing V.o, and extending the reactor’s pulse
time.

Despite these promising initial results there are a number
of methodological constraints present in our analysis here. Our
model has considered only flattop operation, using a simplified
magnetic field coil set, uniform impurity density profiles, and
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no sawtooth model (though we have accounted for the flatten-
ing of magnetic shear within the ¢ = 1 surface in our turbulent
transport calculations). Once these constraints are addressed,
optimization of plasma shaping and size with a focus on NT to
reduce turbulent transport is a high-yield next step. This could
be done using an optimization similar to that performed in ref-
erence [115]. After transport optimization, startup modeling,
field-coil-set optimization, and engineering design of an RPL-
mode ARC reactor capable of accommodating the optimized
plasma shape could be seriously attempted. Startup and current
ramp modeling with more realistic coil-set and a sawtooth
model will be required for accurate flux consumption estima-
tion. It may be necessary to iterate between the plasma shaping
optimization, startup, and coil-set modeling as coil positioning
and currents as well as shaping can be closely linked to startup
flux consumption through the external and plasma inductance.
When accurate flux consumption calculations and a solenoid
engineering design are obtained, one could estimate pulse
time, determine component lifetimes under cyclic loads, and
assess economic viability. Special care will also need to be
taken during startup modeling to ensure that power exhaust
can be satisfied throughout the current ramp while avoiding
radiative collapse.

Finally, while RPL-mode ARC reactors eliminate many
challenges present in AT reactor scenarios they have unique
engineering challenges of their own. Disruptions are an espe-
cially serious concern in RPL-mode scenarios. The high
plasma current densities and large radiated power fractions
can trigger instabilities and radiative collapse. Both predic-
tive solutions to disruptions, such as machine learning aided
disruption avoidance [127-129], and engineered solutions,
such as advanced vacuum vessels [130], passive coils [131],
and innovative tearing mode suppression systems like the
LHCD current condensation scheme investigated here, will
be required in any future RPL-mode reactors. Furthermore,
while peak power fluxes on PFCs will generally be lower
in RPL-modes than other reactor scenarios there will be a
substantial ~1 MW m~? radiative power flux to all PFCs which
will require an innovative first wall design. If these challenges
can be overcome, however, RPL-mode ARC reactors offer a
path to some of the highest power-densities of any proposed
fusion reactor.
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