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Abstract — A high-level design study for a new experimental tokamak shows that advances in fusion
science and engineering can be leveraged to narrow the gaps in energy confinement and exhaust power
handling that remain between present devices and a future fusion pilot plant (FPP). This potential new
U.S. facility, an Exhaust and Confinement Integration Tokamak Experiment (EXCITE), will access an
operational space close to the projected FPP performance regime via a compact, high-field, high-power-
density approach that utilizes advanced tokamak scenarios and high-temperature superconductor magnets.
Full-device optimization via system code calculations, physics-based core-edge modeling, plasma control
simulations, and finite element structural and thermal analysis has converged on a Br = 6 T, Ip = 5 MA,
Ry=1.5 m, A =3, D-D tokamak with strong plasma shaping, long-legged divertors, and 50 MW of
auxiliary power. Such a device will match several absolute FPP parameters: plasma pressure, exhaust
heat flux, and toroidal magnetic field. It will also narrow or close the gap in key dimensionless parameters:
toroidal beta, bootstrap fraction, collisionality, and edge neutral opacity. Integrated neutron shielding
preserves personnel access by limiting nuclear activation and maximizes experimental run time by reducing
site radiation. In addition to design study results and optimization details, parameter sensitivities and
uncertainties are also discussed.

Keywords — Fusion pilot plant, integrated design, high-field tokamak, EXCITE, integrated tokamak
exhaust and performance.
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. INTRODUCTION Planning Process,’ namely, the recommendation for
a new tokamak user facility. These strategic reports spe-
The Fusion Energy Sciences Advisory Committee,' cifically highlight the need for an experimental tokamak

in its 2020 long-range plan, has called for the design and  that meets two core criteria:
construction of a new experimental fusion device to close
the remaining “integrated tokamak exhaust and perfor-
mance (ITEP)” gaps between present-day facilities and
a future fusion pilot plant (FPP). This new tokamak
facility, called the Exhaust and Confinement Integration
Tokamak Experiment (EXCITE), is a carryover of a main

recommendation of the 2020 U.S. Fusion Community 2. “The ability to simultaneously achieve these
divertor solutions at core plasma energy confinement

and bootstrap current fractions that project to a high-
*E-mail: weisbergd@fusion.gat.com average-power output, net-electric pilot plant.”

1. “The flexibility to investigate innovative toka-
mak divertor solutions, encompassing long-legged con-
cepts and PFC material options, at heat and particle
fluxes that are at the same scale as those projected for
the pilot plant.”
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These experimental goals do not uniquely define the
EXCITE design; indeed, the EXCITE parameter space is
dependent on the target FPP design. It is therefore neces-
sary to specify the FPP parameters first, and then design
EXCITE to address the physics and technology gaps that
arise on the path to that specific FPP.

Based on the recommendations from the previously
noted reports, as well as the recent National Academies of
Sciences, Engineering, and Medicine (NASEM) 2021
report,® this study will focus on the advanced tokamak
(AT) approach to a compact, steady-state, net-electric FPP.
In an AT, active control techniques are used to manipulate
and optimize the plasma to obtain conditions scalable to
robust operating points and high fusion gain for future
fusion reactors. AT scenarios seek to achieve levels of
fusion power similar to the conventional scenario but at
lower plasma current for steady-state operation, and have
been the focus of extensive study on both existing and
planned tokamaks.*® Such an approach has been consid-
ered in a number of previous studies, with varying levels of
modeling fidelity and systems integration.”'' As will be
discussed in this paper, the AT strategy is the logical choice
for a high bootstrap current, high-pressure density plasma
core that achieves net energy gain due to low recirculating
power needs for auxiliary current drive (CD). This approach
is complemented by the use of high-temperature supercon-
ducting (HTS) magnets'*'? that permit a high toroidal field
(TF) in a compact (moderate aspect ratio) device.

In addressing the task of designing a FPP, it is apparent
that there is a natural tension between the dual needs for
whole-device optimization and high-fidelity modeling. The
need for optimization is driven by concerns that a fusion
power plant must satisfy many criteria to be a successful
endeavor, that is, not only must it generate net electrical
power in a self-sufficient manner, but it also has to be
economically, politically, and socially tenable. An iterative
optimization study can minimize important factors like
capital cost, levelized cost of electricity, startup tritium
inventory, and site boundary radiation dose. However, the
high-fidelity modeling tools that can best simulate these
complex systems are not well suited for iterative optimiza-
tion because they often require significant computing
resources and operator scrutiny to verify the outputs.
While these high-fidelity models can rigorously simulate
a specific well-defined system, they are slow to map out
the larger parameter space that is essential for optimization
and comparison studies. This is a significant challenge that
has yet to be overcome, and the results presented here entail
one step toward a fully integrated solution.

The conceptual design for an EXCITE device is
presented here as the result of a two-stage integrated
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optimization study. First, the General Atomics (GA) sys-
tems code'*'> (GASC) is used to optimize the zero-
dimensional (0-D) parameters for both a target FPP
design space as well as the EXCITE facility that would
close the relevant gaps toward that target. Second, the
details of this EXCITE design point are verified using
a suite of dedicated physics and engineering modeling
tools, resulting in a three-dimensional (3-D) conceptual
design of the whole-device build. This workflow relies on
being both integrated and iterative. The reduced models
in the systems code aim to resolve all conflicts between
the many facility subsystems, while the detailed modeling
that follows is meant to both verify the design point and
identify any discrepancies in the systems code formalism.
The two stages are iterated as needed until the final
conceptual system design satisfies all of the initial con-
straints and goals. Since a strong emphasis is placed on
integration between facility subsystems, the risk of sub-
system incompatibility is minimized and the study output
should be ready for detailed engineering design work.

This paper is organized as follows. The guiding physics
missions and objectives for both the FPP and EXCITE
targets are enumerated in Sec. II. The systems code optimi-
zations of both facilities are presented in Sec. III. Then the
high-fidelity modeling results for each of the major
EXCITE subsystems are shown in the following sections:
core plasma physics (Sec. IV.A), magnet design (Sec. IV.B),
vertical stability and control (Sec. IV.C), exhaust power
handling (Sec. IV.D), and nuclear shielding (Sec. IV.E).
A glossary listing EXCITE parameter names and definitions
is provided in the Appendix.

[I. PHYSICS MISSION AND OBJECTIVES

The physics goals of both the FPP and EXCITE
facilities have been derived from recommendations in
the three U.S. fusion community reports highlighted pre-
viously. An overarching goal is that the FPP be
a relatively low-capital-cost facility that demonstrates
fusion power via the generation of net electricity in a self-
sufficient manner. In this study, facility size is used as
a proxy for capital cost and is therefore the main para-
meter in the FPP optimization function. The four main
goals for the FPP considered here are

1. compact (low capital cost)

2. high plasma pressure (high fusion power density)
3. steady-state operation (high bootstrap fraction)
4. net electric [200 MW(electric)].
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The specific choice of a 200-MW(electric) pilot plant
was derived from the upper bound recommended in the
NASEM report, which is in turn is based on the forecast
of a growing role for intermediate-sized power generation
stations in the U.S. energy grid. This also matches the power
output in the CAT-DEMO study, which was an initial study
to explore the design of a compact 200-MW (electric) facil-
ity. While previous concepts like the AIRES (Ref. 16) and
DEMO (Ref. 17) studies focused on the lower levelized cost
of electricity that is enabled by gigawatt-scale facilities, the
CAT-DEMO results showed the feasibility of a compact
FPP as a first-of-a-kind (FOAK) demonstration facility.

The CAT-DEMO results also detail the high leveraging
effects of the AT approach, which utilizes both high plasma
pressure, high bootstrap fraction, and fully noninductive CD.
This advanced plasma core takes advantage of the high level
of stability and control demonstrated in present-day tokamaks
to achieve high fusion power with low parasitic expenditure
on plasma CD. It will be shown that achieving simultaneously
high levels of these two parameters, < P > and fgs, is a key
goal on the path toward a compact steady-state FPP.

In addition to these key core plasma parameters, it is also
critical to develop a solution for the high level of exhaust
power that is endemic to the tokamak concept. A FPP that
operates with a steady-state, noninductive core must be able
to direct and dissipate the exhaust heat flux via a thermally
equilibrated divertor region.'™'® The main metric of this
challenge is the heat flux into the divertor region, thus the
FPP must be optimized for efficient fusion power generation
so as to not require a prohibitive level of heating power. The
AT approach is well suited to address this constraint, as the
high bootstrap fraction reduces the auxiliary power required
to sustain the plasma current and the high energy confine-
ment reduces the fusion power required to sustain the core
pressure. A core scenario with high confinement and a high
bootstrap fraction will thus reduce power flowing into the
divertor region, and thus permit a more compact device.

To close the gaps in these key core and exhaust
parameters, the list of EXCITE experimental goals con-
sidered here are as follows:

1. Integrate a high-confinement AT plasma core
with a dissipative, diverted plasma edge.

2. Simultaneously attain plasma pressure, bootstrap
fraction, and exhaust heat flux that approach FPP-relevant
conditions.

3. Maximize experimental utility by maintaining
personnel access and high-duty-cycle operation.

4. Minimize capital cost and the design/construc-
tion timeline.
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Finally, it is desirable that EXCITE also play a role in
advancing fusion technologies to a readiness level appro-
priate for inclusion in a FPP design. The risk levels asso-
ciated with FPP design, construction, and operation must be
minimized either by standalone technology demonstrations
or integration with the EXCITE mission. This includes
innovation in superconducting magnets, plasma-facing
components (PFCs), heating and current drive (H&CD)
actuators, and plasma control systems. This study will
show that the inclusion of some of these technologies
enhances EXCITE capabilities, furthering the fusion rele-
vance of its experimental mission. There are also a number
of FPP-relevant technologies that cannot be demonstrated as
part of the EXCITE program; nuclear-specific systems,
including tritium fuel processing, tritium breeding blanket
modules, and power conversion, are better suited for
research and development independent of a tokamak device.

Il. FACILITY OPTIMIZATION

The first stage of this design study, a systems-level
optimization of the FPP and EXCITE concepts, was
executed using GASC. GASC is a Python-based code
that includes reduced models for all the major subsystems
in a tokamak FPP: the plasma core, first wall and diver-
tor, breeding blanket, nuclear shielding, magnet coils,
H&CD actuators, fueling and fuel cycle, and balance of
plant. Most tokamak subsystems are modeled in GASC in
terms of 0-D parameters, while select components (e.g.,
core fusion reactivity and coil mechanical stresses)
require one-dimensional (1-D) solutions to accurately
capture the relevant physics and engineering processes.
GASC also utilizes a sequential least-squares program-
ming optimizer routine® that minimizes a target function
while enforcing constraints on selected parameters.

The workflow for calculating an optimized solution for
either a FPP or EXCITE consists of specifying an objective
(cost) function, defining which input parameters are free to
vary during the optimization search, and defining which
input and output parameters are constrained. Free para-
meters are chosen to reflect the high dimensionality of
potential operational spaces; common choices include fun-
damental plasma parameters, such as Br, Ip, Ty, and Ry,
and as well as engineering parameters, such as the inboard
radial build and structural composition of the central sole-
noid (CS) and TF coils. Constrained parameters are used to
impose limits on key subsystems. Core plasma perfor-
mance is primarily bounded by stability limits (B, safety
factor, Greenwald fraction) and performance targets (boot-
strap fraction, energy confinement factor scaling), while
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engineering constraints are applied to magnets (structural
stress, conductor current density), PFCs (peak neutron
power load, divertor heat flux), and H&CD actuators
[power fraction (L-H) power threshold, electron cyclotron
(EC) access]. These details for the FPP and EXCITE design
studies are presented in Table I.

The objective function defines the goal of the optimi-
zation and is the primary distinction between the FPP and
EXCITE models presented here. As stated earlier, the FPP
goals are to generate 200 MW(electric) of net power in
a compact device; here, compact is interpreted as having
a small major radius. Thus, the FPP objective function is
simply the device major radius, which acts to minimize the
size of the facility given a fixed net power output

Frpp =Ry . (1)

The sensitivity of the optimized solution to
a particular constraint can be evaluated by scanning over
a range of constraint values. In the case of FPP optimiza-
tion, it is informative to model how the solution changes
with respect to the bootstrap fraction and allowed divertor

heat flux. Figure 1 shows the results of this FPP optimiza-
tion scan, with the maximum constraints on fzs varied
from 0.2 to 0.9 and PsoLBy/R varied from 15 to
50 MW T/m. This sensitivity study maps out a region in
fss to < P> space, and shows that a 200-MW (electric)
FPP can be as compact as Ry = 4.5 m. The device size is
minimized by increasing the allowable divertor heat flux
and/or bootstrap fraction; however, the most extreme cases
for both of these scanned parameters are disallowed due to
other constraints. The fzg < 0.9 solutions result in lower
fss due to the onset of the pedestal density constraint
Jowpea < 0.9. Similarly, the highest divertor heat flux
solutions at fgg = 0.9 are less than the maximum allowed
value of 50 due to the onset of the EC access constraint
©pe0/ Do < 1, Where ®,00 is the plasma electron fre-
quency and w.o is the EC frequency, both evaluated at
the equilibrium magnetic axis. Notably, these additional
constraints are not limiting for the majority of the FPP
design points.

The condition of core 7;/T,~1 is an optimum con-
dition for a D-T fusion reactor because while high ion
temperature is desired for high fusion power, the majority

TABLE I
Optimization Settings for GASC Modeling*
Constrained Parameters Free Parameters Constant Parameters
Coil peak stress < 800 MPa (Major radius) T/ Tho 1.0
Coil Jo /T >2.0 (Aspect ratio) ) 0.8
Jas <0.8° TF fe 0.95
fow ped <0.9 Plasma current Shield thickness 0.1(Ry — a)
By /By.w <0.8 Ion temperature Vacuum vessel/ 0.2/1.0 m
blanket thickness
fi-n >1.0 CS coil radial build Ion species D-D/D-T
q >3.0 TF coil radial build Nawx 0.4
Hpsos <1.0 CS coil structural fraction Nihermal 0.4
EC core access <1.0 TF coil structural fraction Nyeclaim 0.6
((DpeO/ (DceO)
Poloidal heat flux < 35.0° Mpianker 1.25x%
(PSOLB@/R) MW T/m
Nyail < 2.0 MW/m? Saop 0.07
Net electric power | —/200 MW(electric) H&CD actuator EC

*Where two values are given, they apply to the EXCITE/FPP studies, respectively. Free parameters in parentheses were held
constant for EXCITE modeling.
A constraint that was scanned over a range of values; the given value is what was chosen for the FPP target design point.

TF = toroidal field.
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Fig. 1. FPP optimization sensitivity scan in bootstrap
fraction and divertor heat flux. The highlighted area
shows the most compact 200-MW(electric) solutions
(major radius less than 5 m). Certain extreme combina-
tions of bootstrap fraction and heat flux are disallowed
by other constraints, namely, the Greenwald density limit
and core EC access requirement.

of the heating power will be passed instead into the
electrons (via alpha heating). It is possible that a high
core density will be sufficient to thermally equilibrate the
ions and electrons, but in the absence of this, some
amount of auxiliary ion heating will be needed. Thus,
the exclusive use of EC heating is not a strict requirement
for the FPP (or EXCITE). Instead, the criterion of EC as
the primary H&CD actuator, as listed in Table I, serves as
a worst-case set of constraints on the FPP optimization.
First, it limits the core density, such that EC access is
possible. Second, it determines the efficiency using the
electron cyclotron current drive (ECCD), which is one of
the least-efficient CD actuators. Because the core access
and CD efficiency will be higher for other types of
H&CD actuators, this ensures a conservative optimization
point and allows for substitution of other types of H&CD
in the event that T; /T, < 1. An example of this is seen in
Sec. IV.A where the STEP modeling results for the
EXCITE noninductive case include 10 MW of core ion
cyclotron (IC) heating in order to raise 7;/T,, as well as
to increase on-axis current density.

It is important to note several critical differences
between the results presented here and in other fusion
power plant design studies. While the GASC code can
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accurately recreate systems code solutions for the ARC
(Ref. 9), ARIES (Ref. 10), and FNSF (Ref. 21) reactor
designs, those facilities were designed using a different
combination of engineering and physics constraints. For
example, the FNSF and ARC designs take advantage of
a bucked support scheme between the TF and CS coils that
alleviates stress in both components. This can allow for
a higher toroidal magnetic field, which in turn can result
in a more compact device (ARC: By =92 T and
Ry=33 m; FNSF: By=75 T and Ry =4.8 m).
However, this advanced engineering technique is currently
at a low technology readiness level and imposes additional
constraints on CS coil segmentation, and so is not used in
the results presented here. Similarly, the choice of electrical
output also has a large impact on the final baseline design.
The ARIES reactor study, which targets a 1-GW(electric)
net electric facility to be representative of a FOAK com-
mercial power plant, predicts fusion gain Qpjugma > 25 for
each of its four candidate designs. A FPP like the one
considered here, however, needs only achieve
200 MW(electric) to allow for extrapolation to a FOAK
commercial plant. Since efficient electricity generation is
not a primary goal for a FPP, this manifests in
a lower Qpiasma = 12.6.

The FPP design point chosen to guide EXCITE optimi-
zation is presented in Table II. This 0-D solution is close to
the global minimum in major radius and was selected so that
the required bootstrap fraction and divertor heat flux were
realistically achievable in a nuclear reactor. Figure 2 shows
that the FPP size plateaus for PsorBy/R > 35.0 MW T/m
and fzg > 0.8, as other constraints become limiting factors.
In fact, there is only a 5% decrease in Ry from the starred
FPP solution to the minimum R, solution. The chosen
threshold value of PsorBy/R = 35 for the divertor heat
flux metric is comparable to several other proposed com-
pact, high-field facilities: 31 for SPARC, 33 for ARC, and
35-58 for the ARIES-ACT designs. This fully noninductive
FPP solution generates 847 MW of fusion power and
200 MW(electric) of net electric power, with an optimized
aspect ratio of slightly above 3 and a high poloidal beta core.

An important constraint is the energy confinement time,
which is calculated based on a H-mode scaling relation

HDS03 — O02812833(}07’12313});001‘55R(2)1 1A70.3K0.75M0.14 ,
(2)

where Hpgos is a gyro-Bohm-like confinement scaling first

published in Ref. 22. Though it was motivated by the

observed beta-independence of thermal energy confinement
on the DIII-D, it is derived via a power-law least-squares fit
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TABLE 11
Systems Code Optimized Design Points for FPP and EXCITE*
EXCITE
Noninductive Noninductive
Parameter Unit FPP Inductive A Inductive B A B
Ry (m) 4.55 1.50
a (m) 1.39 0.50
Br (T) 6.0 6.0
Bax, TR (T) 16.8 14.3
K 2.3 2.3
) 0.8 0.8
P (MW) 67 50
Ip (MA) 9.5 474 4.89 2.51 343
By 3.11 2.16 2.99 2.42 3.19
Br (%) 3.6 34 4.9 2.0 3.6
Bp 2.16 1.10 1.47 2.33 2.24
i 1.0 0.51 0.69 1.0 1.0
fBs 0.8 0.43 0.57 0.9 0.87
<P> (kPa) 510 488 698 289 522
q 7.8 6.4 6.2 12.1 8.8
fow 0.84 0.49 0.47 0.92 0.67
<T> (keV) 11.6 5.0 7.2 3.0 5.4
<n> (10%*m™) 1.33 2.93 2.93 2.93 2.93
To (keV) 26.1 11.3 16.2 6.7 12.1
no (10%*m™) 1.58 3.49 3.49 3.49 3.49
Vi (x1072) 2.51 6.49 3.15 33.84 7.90
p* (x 1073 2.95 5.40 6.46 4.16 5.59
PsorLBy/R (MW T/m) 35.0 33.8 344 18.1 244
Hpsos 1.0 1.0 1.4 1.0 1.4
Hogy» 1.44 1.13 1.57 1.21 1.63
Prision MW) 847 (31.4) (75.1) 9.0) (66.1)
Pt MW) 200.0 - - - -
Oplasma 12.6 (0.69) (2.08) (0.18) (1.46)
Qengr 1.76 - - - -
Nyaii (MW/m?) 2.0 (0.62) (1.49) (0.18) (1.31)

*Four possible EXCITE scenarios are considered: inductive and fully noninductive CD, each with nominal and enhanced energy
confinement factor (Hpgo3 = 1.0, 1.4). EXCITE values in parentheses indicate the expected results for D-T operation.

to the edge-localized modes (ELM) H-mode database
(DB3.5) used for the ITER project. Thus, it should be
comparable to the Hogy, scaling in terms of cross-device
applicability. The use of Hpgo3 is motivated in this study due
to its scaling versus plasma beta, which matches experi-
mental findings in high-beta AT experiments.® The ITER
H-mode energy confinement factor Hogy » scaling,24 on the
other hand, has been observed to underpredict thermal
energy confinement at high beta,”> and thus would result
in overly pessimistic predictions of energy confinement in
a high-beta tokamak. The baseline optimization constrains
this scaling relation to 1.0, which corresponds to
Hog,» = 1.44; this is within reasonable expectations for an
AT core scenario at high B, (Refs. 26 through 29).
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The EXCITE facility has a different set of motivating
considerations. Namely, it should find a balance between
(1) achieving FPP-relevant parameters and (2) keeping
cost and construction time to a minimum in order to meet
community targets of subsequent FPP operation in the
2040s. In this study, an a priori device size was chosen
for the EXCITE design, with the understanding that
a DIII-D (Ref. 30), ASDEX-U (Ref. 31), KSTAR
(Refs. 32 and 33), or EAST (Ref. 34) size tokamak is
more feasible to design and construct in a 5- to 10-year
period than a larger facility. Furthermore, the EXCITE
aspect ratio should be chosen to approximate the
expected FPP design, such that experimental results do
not need excessive scaling in that parameter. Thus, the
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Fig. 2. FPP optimization sensitivity scan from Fig. 1
presented as a function of poloidal divertor heat flux.
The objective function Ry is shown on the y-axis, with
contours indicating the bootstrap fraction constraint. The
white star shows the selected FPP design point described
in Table II and is close to the minimum size while
allowing for slight margins below the most extreme boot-
strap fraction and heat flux.

EXCITE objective function reduces to the maximization
of the plasma pressure given a fixed major radius
Ry = 1.5 m and aspect ratio 4 = 3:

Fexcrte = — <P >. (3)

Within this optimization framework, the EXCITE
device has another degree of freedom that the FPP does
not: inductive versus noninductive operation. As an experi-
mental facility, EXCITE will be able to run either with
inductive CD (allowing maximum plasma pressure and
current) or with fully noninductive CD (where absolute
plasma pressure is traded for a higher bootstrap fraction
and more advanced core). This is most effectively controlled
in systems code modeling by imposing the noninductive
fraction as a limiting constraint (instead of the bootstrap
fraction). In determining the best EXCITE design, the ques-
tion is whether to optimize the maximum plasma pressure
for an inductive or noninductive core; here we chose the first
option, which serves to maximize the absolute plasma per-
formance relative to the auxiliary power. This is seen in
Fig. 3 where the optimized solutions for both cases are
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shown as a function of B7. The noninductive optimization
leads to lower /p and much higher P, compared to the
inductive optimization, with only slight differences in the
peak pressure and TF. Choosing the inductive optimization
results in a more efficient device at a lower safety factor and
power, which can also explore fully noninductive scenarios
at a lower plasma current and pressure. It is notable that the
resulting solutions still optimize to a moderate gg5; ~ 6,
which is far from the kink stability limit and in a regime
with measurably reduced disruption risk.?’

Based on the FPP design target heat flux metric
(PsoLBy/R = 35), the EXCITE baseline inductive design
optimizes to By = 6 T with a maximum /» =5 MA and
P = 50 MW (Fig. 3). The maximum TF is determined in
this regime by both the coil stress limits and the divertor
heat flux limits, which combine to locate the maximum
plasma pressure at a gos that is well above the kink stability
threshold. Given this fixed TF strength, a scan of optimized
EXCITE solutions is shown in Fig. 4, where each point
corresponds to a specific pair of noninductive fraction and
divertor heat flux constraints. Higher plasma pressure is
possible with higher heat flux limits, with the caveat that
the required H&CD power also increases. While the highest
heat flux limits allow the EXCITE solutions to overlap the
FPP parameter space, these points require auxiliary heating
in excess of 75 MW. If the total auxiliary power is limited to
50 MW, then there is still a gap between the EXCITE and
FPP parameter spaces. Still, the maximum EXCITE perfor-
mance with this additional constraint narrows the total gap
from present-day facilities by more than half. A full list of
parameters for these two specific cases are enumerated in
Table I with Hpgo3 = 1.0, alongside the corresponding
solutions for an enhanced confinement scenario at a higher
energy confinement scaling factor Hpgo3 = 1.4

The preceding integrated systems code optimization has
produced target 0-D designs for both the FPP and EXCITE
concepts, and it is worth commenting on some of the result-
ing features. Due in part to the shared constraints (especially
the divertor heat flux), both devices have the same TF,
Br =6 T, and comparable levels of auxiliary power. This
is important for the development of FPP CD actuators. In the
case of ECCD, the systems tested and operated on the
EXCITE facility will be directly transferable to the succeed-
ing FPP facility. The gyrotron frequency required for these
cases is approximately 170 GHz, similar to the requirement
under development for the ITER ECCD systems.”

Finally, it is interesting to calculate the potential for
this EXCITE design point to conduct D-T experiments.
Table II shows (in parentheses) the D-T performance for
each EXCITE scenario. Notably, the enhanced confine-
ment cases would exceed fusion break-even and could
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Fig. 3. Optimization of the toroidal magnetic field for two Ry = 1.5 m and 4 =3 EXCITE scenarios: inductive (solid) and
noninductive (dashed). The shaded regions correspond to where the inductive case is limited by (a) the edge safety factor constraint
and (b) the coil stress constraint. Circles indicate the maximum pressure for the inductive (filled) and noninductive (open) scenarios.

even achieve Q ~ 2 under optimistic projections. While
this D-T capability is not part of the EXCITE mission, it
is nevertheless a good indicator of the high core perfor-
mance that will close the remaining gaps in preparation
for the first AT FPP.

IV. HIGH-FIDELITY MODELING

Having completed the systems code optimization of
both the FPP and EXCITE concepts, the next step is to
verify the EXCITE solutions with high-fidelity physics
and engineering computational models. These models
include dedicated plasma physics simulation tools (STEP
core modeling,’® SOLPS-ITER exhaust modeling,’’
TokSys control modeling*®>?), as well as physics/engineer-
ing codes (COMSOL Multiphysics, OpenMC neutronics
simulation).*® While some models are limited to two-
dimensional (2-D) axisymmetric representations of the
tokamak, the construction of a full-device 3-D EXCITE
build is necessary to integrate all of the separate models
discussed in the following sections.
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Figures 5, 6 , and 7 show the full-device EXCITE
design, with major subsystems labeled. Several key
design elements have been incorporated in anticipation
of the primary experimental goals of the facility. The
vacuum vessel is designed as a 20-cm-thick, double-
walled, stainless steel vessel with an average 10-cm-
thick interstitial layer of water for cooling and radiation
shielding. This dual functionality allows the device to be
run at a high power density without overheating the
internal components or damaging the magnet coil con-
ductors via high neutron flux. Additional neutron shield-
ing layers in front of the TF coils further reduce nuclear
activation of materials outside the vacuum vessel.

The poloidal layout of the EXCITE cross section is
designed to integrate the confinement and exhaust experi-
mental missions. The plasma core is strongly shaped, with
high elongation and triangularity to leverage predicted gains
in normalized stability and confinement, as well as expected
access to advanced operation via the high beta poloidal,*
high g-min,*' or super H-mode** scenarios. The plasma is
nominally high elongation, double-null geometry with
extended vertical space for long-legged divertors and
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Fig. 4. Sensitivity scan of the Ry = 1.5 m, 4 =3, By = 6 T, and Hpgo3 = 1.0 EXCITE design showing scans in noninductive
current fraction and divertor heat flux. The 200-MW(electric) FPP target space from Fig. 1 is shown (dashed outline), as well as
the subset of this space where Ry < 5 m (shaded). Additionally, the subset of the EXCITE optimization space where auxiliary
power is limited to below 50 MW is highlighted. Present-day experimental results and the projected Q = 10 ITER scenario (cross)
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Fig. 5. Three-dimensional computer-aided design renderings of the baseline EXCITE design point showing all major subsystems,
including superconducting CS and TF coils, copper divertor and vertical stability coils, double-walled vacuum vessel, cryostat,
gravity supports, and auxiliary infrastructure. While the neutral beam H&CD is not explicitly considered in this study, this design

does allow for the possibility of multiple beam lines.

dedicated copper coils for vertical stabilization, strike-point
control, and experimental flexibility.

IV.A. Core Plasma Physics

The EXCITE core performance parameterized by
GASC was verified by core integrated modeling using
the OMFIT STEP module. STEP is an integrated core
modeling framework that combines an arbitrary number
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of standalone codes into one cohesive suite of simula-
tion tools; commonly used codes include EFIT (Ref. 43)
or CHEASE (Ref. 44) for plasma equilibrium, EPED
(Ref. 45) for pedestal stability, NEO (Ref. 46) for boot-
strap current, ONETWO (Ref. 47) for ohmic current
diffusion, TGYRO (Ref. 48) for transport calculations
with TGLF and NEO transport models, and the OMFIT
CHEF module for H&CD sources. Global stability is
checked using the ideal magnetohydrodynamic (MHD)
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Fig. 6. One-dimensional inboard radial build for the baseline EXCITE design point. All spaces are vacuum gaps, except for the

water-filled interstitial gap between the vacuum vessel walls.
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Fig. 7. Two-dimensional poloidal build for the baseline
EXCITE design point. Dimensions are in meters.

code DCON (Ref. 49). EPED pedestal modeling
assumes a standard ELMy H-mode edge transport bar-
rier, while TGLF core transport modeling allows for the
possibility of an internal transport barrier (ITB) as well.
A user-defined cycle of these codes is iteratively run
until convergence, producing a self-consistent integrated
model of the tokamak core.

Two EXCITE core scenarios are modeled using
STEP: a high-current inductive scenario and a low-
current noninductive scenario. The GASC optimization
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results (Table IT) are used as a starting point for plasma
shape, current, and kinetic profile initialization. The
H&CD is limited to electron and IC wave injection, and
the total auxiliary power is limited to 50 MW. The con-
verged STEP parameters are listed in Table III, and the
1-D plasma profiles are shown in Fig. 8. In generating
these integrated solutions, the most important variables
were found to be the electron cyclotron heating and
ECCD aiming specifications; the exact locations of
H&CD have a large impact on the global energy confine-
ment and bootstrap current. For a given set of global
parameters, there is only a small set of viable EC aiming
trajectories that produce the desired current density pro-
file and energy confinement time. The existence of these
EC-compatible solutions is therefore an additional con-
straint that is not reflected in the GASC optimization
study.

The inductive solution, with its less stringent
requirement for noninductive CD, is achieved with
100% EC heating and minimal auxiliary CD. This case
utilizes the maximum [p =5 MA, of which 38% is
bootstrap current. The high core EC heating results in
a large T,9/Ti = 1.9, but the corresponding Hog,» con-
finement factor is still 25% higher than the nominal
ITER H-mode database scaling. The core density is
limited by the EC cutoff constraint, with the on-axis
electron density just slightly higher than the cutoff
threshold; all EC power is deposited around p~0.23.
The volume-averaged plasma pressure is 519 kPa, com-
parable to the target FPP design space and higher than
any present-day tokamak.

The noninductive solution, requiring a more specia-
lized current density profile to achieve fully noninductive
operation, has a mix of EC and IC heating with significant
off-axis EC deposition. The high B, produces a large
Shafranov shift, making core EC deposition a challenge at
a fixed gyrotron frequency. Thus, 10 MW of IC injection is
required to both heat the core and drive the core current to
avoid the potentially unstable effects of strong negative
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TABLE III

Integrated Modeling Results from OMFIT STEP for an
Inductive and a Noninductive EXCITE Scenario

EXCITE EXCITE
Parameter (Unit) Inductive Noninductive

Br (T) 6.0 6.0
Ip (MA) 5.00 3.36
Q95 5.80 9.35

P (MW) 50 (EC) 34 (EC), 10 (IC)
< P> (kPa) 519 437
1i(3) 0.60 0.41
JBs 0.38 0.68
I 0.40 1.0
fow 0.42 0.64
By 2.18 2.99
Bp 1.03 2.30
Hpsos 1.13 1.15
Hogy» 1.25 1.31

magnetic shear near the magnetic axis. The 34 MW of EC is
used to drive off-axis current, producing a strong pressure
gradient at mid-radius and enhancing the bootstrap fraction
to 68%. This large off-axis deposition of heating power also
reduces the energy confinement because the effective minor
radius is reduced to a fraction of the nominal distance,
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resulting in an energy confinement factor of only Hog,, =
1.31 despite the large Shafranov shift. This noninductive
solution is not fully optimized in terms of the CD profile,
and there are likely significant improvements that can be
made with further refinement of the ECCD aiming and
alignment with the mid-radius ITB. However, even with
significant potential for additional optimization of the cur-
rent profile, this solution achieves a volume-averaged
plasma pressure of 437 kPA, which is close to the
target FPP parameter space at a comparable bootstrap
fraction.

Both scenarios generally match the EXCITE para-
meter space predicted by GASC (Fig. 9), exceeding the
baseline Hpso3 = 1.0 solutions and individually (but
not simultaneously) matching the target FPP bootstrap
fraction or pressure. Compared to the corresponding
GASC solutions, the modeled bootstrap current fraction
is lower than expected, while the pressure is higher.
This can be partially attributed to the lower PBp
achieved in the STEP solutions and partially to the
uncertainty in the value of the empirically derived
bootstrap coefficient employed in GASC in this para-
meter regime. The large deposition of heating power at
mid-radius reduces the heating efficiency and decreases
the poloidal beta relative to what would be expected

2.0 r T T T 12
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15} 8
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% 1.0 a {6
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Fig. 8. Core plasma STEP solutions for EXCITE (a) /p = 5.0 MA inductive and (b) /p = 3.36 MA noninductive scenarios.
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with a similar current density profile with core-
localized heating. This highlights a major experimental
challenge of noninductive EXCITE operation: develop-
ing an FPP-relevant scenario without core alpha heat-
ing from fusion reactions. To produce a high-pressure,
high bootstrap fraction AT core, a FPP should be able
to achieve good energy confinement while simulta-
neously optimizing the current profile; however,
EXICTE will need to judiciously divide its available
auxiliary power between core heating and off-axis CD.
Furthermore, the EXCITE solutions presented pre-
viously are very close to the EC density cutoff thresh-
old, making current profile optimization a challenge;
the corresponding FPP solutions have ample headroom
in the core density limit and do not suffer this same
complication. While these STEP results indicate high
performance in both EXCITE scenarios, more model-
ing and experimental research are needed to optimize
the current profile for FPP-relevant operation.

While the impact of intrinsic impurities was not con-
sidered in the integrated core modeling, it is important to
comment on the possible repercussions of trace levels of
low- and high-Z species. First-wall materials, while not
specified in this preconceptual design study, can have
a large impact on the transport, stability, and overall perfor-
mance of the plasma core. A primary goal of EXCITE will
be to close this part of the core-edge integration gap by
identifying a plasma-facing material that can withstand the
high heat flux, minimize erosion and re-deposition, and
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Fig. 9. Comparison of STEP inductive and noninductive
scenarios to GASC-optimized solutions for fixed-energy
confinement scaling factors of Hpgo3 = 1.0 and 1.2.
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coexist with a high-performance core at acceptable concen-
trations; demonstrating low tritium retention is equally
important, although outside of the stated EXCITE mission.
Possible material candidates include tungsten, beryllium,
and silicon carbide, all of which would have a range of
differing impacts that are difficult to fully capture with the
modeling tools used in this study. The down-selection of
a first-wall material is thus left to a later stage in the
EXCITE design process.

IV.B. Magnet Design

The systems code optimization of the CS and TF
magnets was verified using an integrated COMSOL finite
element model of the entire coil and plasma geometry.
The 2-D axisymmetric poloidal field (PF) and segmented
3-D TF model simultaneously integrate the magnetic
fields from the 16 distinct TF coils, six distinct CS
coils, eight poloidal shaping coils, and the toroidal
plasma current. The TF coil shape follows an approxi-
mately constant-tension Princeton-D geometry,’® with the
center post legs supported in a wedged configuration. The
TF and CS coils are freestanding in that there is no
bucking action between the two magnet systems. The
shaping coil currents are optimized to create the target
plasma shape, as well as to produce the necessary flux
null geometry for inductive plasma breakdown and cur-
rent ramp up. The EXCITE TF coil outboard legs are
located at the proper distance from the plasma to result in
a TF ripple amplitude of 0.5% at the midplane outboard
plasma boundary.

The radial build and current density for the EXCITE
magnet systems was taken from the GASC results, and the
resulting structural stresses on the coils were calculated in the
COMSOL finite element analysis model. Two specific states
in a typical plasma discharge were considered: the initial
magnetization (IM) state of the PF system just prior to plasma
breakdown and the end of the PF flux—driven plasma current
ramp when noninductive systems are expected to generate
substantial CD. These cases represent the two extremes for
CS coil current, and thus the two extremes of CS coil stresses.
The major system code parameters By = 6 Tand Ip = 5 MA
were inputs to the various finite element modules. The IM PF
current states were determined to ensure good plasma break-
down with the absolute magnitude of flux set to center the IM
and final plasma state to produce equal stresses in the CS.
This optimization established the IM state flux at 6 Vs, and
the resulting PF current states were used in the finite element
model to establish the CS stress state.

The Von Mises stresses calculated in the CS coil for
both states are shown in Fig. 10; the GASC constraint of
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800 MPa is almost exactly duplicated in the quasi
3-D finite element analysis. The TF coil Von Mises stress
distribution is shown in Fig. 11a, where again the peak
stress is the GASC constraint value of 800 MPa. For
these global simulations, each coil is represented as
a homogeneous component with the relative structural
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properties of stainless steel modified to compensate for
the fraction of nonstructural material, i.e., superconduc-
tor, stabilizing substructure, and insulation and coolant
voids. The structural fraction of the structure is 47% for
the CS coils and 64% for the TF coils. The nonstructural
part contains a 10% void (coolant and insulator) and the
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Fig. 10. Finite element stress analysis of two specific states of the center solenoid: (a) IM at 6 Vs and (b) end of the flux-driven plasma
current ramp. The freestanding coil is modeled as a homogeneous stainless steel structure with the modulus of elasticity scaled to match the
volumetric ratio of load-bearing material. The peak Von Mises stresses calculated in each case do not exceed the 800-MPa limit.
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Fig. 11. Finite element stress analysis of a single TF coil at maximum field (By = 6 T). (a) The wedged coil is modeled as a homogeneous
stainless steel structure with the modulus of elasticity scaled to match the volumetric ratio of load-bearing material. (b) The winding pack
layout is modeled at the inboard midplane with detailed CICC-CORC conductors arranged in a wedged pattern with stainless steel radial
plates. The peak Von Mises stresses calculated in each case do not exceed the 800-MPa limit.
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HTS superconductor has 50% HTS ribbon and 50% Cu
stabilizer. Note that this model assumes that the conduc-
tor material is not load bearing. The TF coil legs are
augmented by a stainless steel case with antitorque inter-
connects that are approximately simulated in the finite
element model. This casing and antitorque structure is
necessary to reduce out-of-plane forces to below the
stress limit and includes cutouts for port placement and
attachment points for gravity supports.

A conceptual design for the center post TF coil con-
ductor pack is modeled in a 2-D COMSOL finite element
simulation utilizing the CORC cable-in-conduit conductor
(CICC) configuration currently under development by
Advanced Conductors, Inc. (Refs. 51 and 52). This HTS
cable is being designed specifically for magnetic fusion
energy applications and is estimated to have the capacity
of up to 100 kA per conductor. A novel 28-turn, arch-
supported winding layout is proposed for this TF coil design
where radial steel plates act as wedges between azimuthally
displaced conductors, each of which contains six parallel
CORC cables and a central cooling channel. Instead of using
a large “nose” support structure to withstand all of the radial
force, these radial wedge plates distribute the majority of the
centering force throughout the structure. Finite element
modeling shows an even distribution of stress at the center
post midplane, which maintains the peak Von Mises stress
below 800 MPa (Fig. 11b). This TF coil winding pack design
also satisfies the magnet quench handling requirement,
which sets a lower bound on the volume of copper available
to transiently dissipate the quenched current without exceed-
ing the conductor failure temperature.

Finally, the flux coupling between the plasma and the CS
coil is modeled to ensure that the projected CS current swing
is sufficient to drive the required plasma current to flattop.
A nominal DIII-D discharge is scaled to the EXCITE plasma
geometry, and the inductive coupling between the plasma and
the poloidal coils is modeled throughout the ramp-up period.
The calculated Ejima coefficient is constant and very close to
the GASC estimation (Fig. 12), confirming that the optimized
coil radial build is sufficient to drive up to 5 MA.

IV.C. Vertical Stahility and Control

Critical to an AT high plasma performance in
a compact device like EXCITE is the ability to attain
high plasma elongation, with values approaching the
highest value achieved in standard aspect ratio tokamaks
like the DIII-D. Critical to high elongation is robust
stabilization of the resulting highly unstable vertical
motion. To this end, the systems code approximation of
the plasma vertical stability was verified using the
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Fig. 12. Modeled flux coupling between plasma and
poloidal coils during nominal EXCITE current ramp to
maximum /p =5 MA. Equilibrium evolution is scaled
based on DIII-D shot 87980. The calculated Ejima
coefficient® is constant and very close to the GASC
estimation.

TokSys tokamak control modeling suite.*®*° While the
GASC uses an empirical equation for the maximum
stable elongation as the primary constraint for plasma
shape, TokSys is a robust and mature code suite that self-
consistently models the coupled electromagnetic system
comprised of the plasma and surrounding active and
passive conducting domains. TokSys was used here to
evaluate the capability of the EXCITE shaping coils and
in-vessel coils to control vertical excursions and to deter-
mine whether passive stabilization plates are required.
The TokSys model of the EXCITE electromagnetic
coupled system is shown in Fig. 13a. The double-walled
vacuum vessel and superconducting CS coils (not shown)
are modeled, and a set of copper coils inside the TF bore are
included for divertor geometry shaping and vertical stability
control. The TokSys equilibria are solutions to the Grad-
Shafranov equation with simple parametrized radial pro-
files, and the global plasma parameters are self-
consistently fitted to match the EXCITE inductive solution
in Table III. The divertor coils allow for flexible control of
outer strike point positioning and are necessary to produce
the desired long-legged divertor geometries (Fig. 13b).
The extent to which the vertical instability of this
strongly shaped equilibrium can be controlled is analyzed
by calculating the largest rigid-body vertical displacement
dzya, that can be successfully stabilized by the in-vessel
vertical control coils (assuming conventional power
supplies).” Typically, a well-controlled plasma has
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dZypae > 0.1a, with a being the minor radius; here, this
corresponds to dz,,,c > 5 cm. Figure 14 shows the results
of this analysis, where dz,,, is calculated as a function of
the plasma inductance. Systems with and without passive
stabilizing plates are considered, and both cases show
adequate vertical control for /i(3) < 0.73. Both the induc-
tive and noninductive STEP solutions have plasma induc-
tance within this stable regime. It is particularly notable that
passive stability plates may not be necessary for vertical
control; the thick vacuum vessel itself provides
a considerable level of passive stability alongside the in-
vessel vertical stability coils. Higher inductance equilibria
(typical of L-mode discharges) will not be able to achieve
similar elongations to the target scenarios discussed earlier,
but it is conceivable that evolution to higher elongation can
be attained after H-mode transition.

The magnetic geometry considered in this study is an up-
down symmetric double null, with two X-points and pre-
sumed equal power sharing between the upper and lower
divertors. However, it is important to note that such an equili-
brium is notoriously difficult to control, both from a magnetic

and heat flux perspective.>* It will probably be more feasible
to operate in a slightly biased double-null configuration
(dRyep < 1% of minor radius) where a primary X-point serves
as the main location of power exhaust, while still allowing the
high plasma elongation made possible by the double-null flux
distribution. A key part of the experimental mission of
EXCITE would be to develop the correct control algorithms
to robustly access this magnetic geometry, as well as to
investigate the role of edge drifts in dividing the exhaust
heat flux between two nearly balanced divertors.

IV.D. Exhaust Power Handling

The predicted EXCITE divertor power and particle
fluxes were modeled using the SOLPS-ITER code,?’
which couples the 2-D fluid plasma transport code
B2.5 (Ref. 55) and the 3-D kinetic neutral transport
code EIRENE (Ref. 56). Deuterium plasmas were simu-
lated using tungsten walls and divertors with the
EIRENE particle reflection model. Sputtered tungsten
impurities were not included in the model since tungsten

Fig. 13. TokSys model of the EXCITE (a) electromagnetic coupled system, including copper divertor (ex-vessel) and vertical
stability (in-vessel) coils and passive plates, and (b) the flexible control of both divertor strike point locations.
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Fig. 14. Vertical stability analysis of the EXCITE system
over a range of plasma self-inductances. Acceptable con-
trol corresponds to dz,, <5 cm, which is achieved at
low /i(3) both with and without passive stability plates.

has a relatively low sputtering yield by deuterium, and
because tungsten ionization and radiation do not contri-
bute significantly to the volumetric power balance in the
divertor and scrape-off layer (SOL). Three computa-
tional grids corresponding to different divertor geome-
tries were constructed using the same double-null
equilibrium magnetic geometry, which is calculated by
the TokSys modeling suite. All grids have a spatial
resolution of 120 x 36 cells in the poloidal and radial
directions, respectively. At the inner boundary of the
grid, the plasma power flux was split evenly between
electrons and ions, and the power flux at the low-field
side of the grid inner boundary was set to 3% that at the
high-field side to approximate the effect of ballooning
transport. The quoted powers are the input powers to the
simulation that represent the heating power minus core
radiated power for steady-state conditions. The cross-
field transport coefficients were set spatially constant,
with particle diffusivity D = 0.3 m*/s and electron and
ion thermal diffusivities y, = y; = 1.0 m%s.

Viscosity particle drifts were included in the model,
but £ x B and B x VB drifts were not included. While
drifts have indeed been shown to significantly affect
divertor conditions both in experiments and modeling,
numerical instabilities (most likely arising from highly
sheared grid cells) prevent most high-power drift cases
from converging. For the drift cases that have converged
in the slot-flat case, it has been observed that the up-down
power imbalance does not significantly differ from the
no-drift cases, provided that the slot remains detached
while the lower flat divertor remains attached.
Fundamentally, it appears that asymmetry between the
upper and lower divertor plasma conditions drives the up-
down power imbalance, and those asymmetries can be
caused by divertor shapes, E x B flows, and/or pumping
asymmetry.
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A variety of divertor baffle strategies were consid-
ered in a double-null configuration, and the resulting heat
flux and target temperatures were compared. Figures 15a,
15b, and 15c show the three permutations of flat (open)
and slot (closed) baffle geometries for the upper and
lower outer divertors, respectively, flat-flat, slot-flat, and
slot-slot. The modeled outer strike point target tempera-
tures in the upper and lower divertors are plotted versus
separatrix density in Figs. 15d and 15e for injected power
levels of 20 and 50 MW. It can be seen that divertor
geometry has a strong effect on the onset of detachment,
which is indicated by the condition T ;5ger < 10 €V. As
shown in previous numerical studies””® and
experiments,”® closed divertors require a lower
upstream density for detachment due to neutral trapping
and increased power dissipation.

A number of additional observations on divertor
performance can be made from Fig. 15 and include
(1) higher power plasmas require higher density for
detachment, as expected; (2) upper and lower divertors
behave the same when the divertors are up-down sym-
metric in simulations without magnetic drifts; and (3) in
the slot-flat divertor configuration, there is a drastic
asymmetry in divertor performance, with the slot diver-
tor electron temperature at the outer strike point being
much colder than in the flat divertor. Further analysis
reveals that power flow in the outer SOL of double-null
simulations is strongly affected by the up-down sym-
metry of the divertor geometries, with power preferen-
tially flowing toward the open divertor. However, note
that up-down power sharing asymmetry is expected to
also be affected by particle drifts, which are not
included here.

The poloidal and surface heat flux at the lower
divertor target is shown in Fig. 16 for 50 MW of input
power at three different edge densities for the slot-slot
divertor configuration. The surface heat flux at
Nesep = 1.1 x 102 m* was found to have a peak value
of approximately 40 MW/m?, which is above the tungsten
damage threshold of 15 MW/m” (Ref. 61). At a similar
upstream density of 7., = 1.2 X 102 m™2 in the flat-
flat divertor configuration, the peak surface heat flux was
130 MW/m?. The reduced heat flux in the slot-slot con-
figuration is due to the trapped neutral deuterium con-
centration in the closed divertor geometry, as well as the
shallower angle between the flux tube and target surface.

As a comparison to these results, a 0-D power bal-
ance based on 50 MW crossing the separatrix and a A, of
0.31 mm as predicted by Eich’s scaling of the SOL power
fall-off length (regression 14 in Ref. 18) yields an unmi-
tigated parallel heat flux of ¢ = 11.6 GW/m*. A factor
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Fig. 15. SOLPS-ITER modeling of three different divertor baffle strategies: (a) symmetric flat (open), (b) asymmetric flat (open)
and slot (closed), and (c) symmetric slot (closed). The target temperatures for two different input power levels (20 and 50 MW)
are shown for each case in (d) and (e) as a function of midplane separatrix electron density. The nominal detachment threshold of

10 eV is shown, and is achieved by the slot-slot geometry.
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Fig. 16. Poloidal and surface heat flux profiles at the lower divertor target in the S0-MW slot-slot configuration for three different
separatrix electron density levels. Without impurity radiation, the highest density case has a peak target heat flux of 40 MW/m?.

of 1/2 optimistically assumes equal power sharing
between the upper and lower outer divertors. A flat
target surface that is orthogonal to flux surfaces
would be subject to an unmitigated heat flux of
Gpoi = Gsury = 1190 MW/m?; for a divertor target plate
tilted with an angle between the target normal and flux
surfaces of 75 deg, the unmitigated deposited heat flux
to each target surface would be g,y =310 MW/m?,
which is still well above material limits. The primary
reason for this significant difference from the SOLPS-
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ITER simulations is the heat flux width, where a larger
Ay = 1.1 mm was calculated. These two results illus-
trate both the uncertainty in divertor modeling as well
as the potential range in radiative dissipation required
to reduce the deposited heat flux below the material
limit of 15 MW/m®.

This 0-D estimate indicates that the required power dis-
sipation in the EXCITE SOL/divertors could be as high as
95% compared to the SOLPS-ITER prediction of only
62.5%. Both cases would provide an excellent test bed for
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heat exhaust solutions such as impurity seeding, which will
further enhance power dissipation beyond what has been
shown here. Seeded impurities can provide access to divertor
detachment,*>®* but the impurities must be controlled in order
to prevent degradation to core plasma performance. Recent
experiments with nitrogen and neon seeding in the small
angle slot divertor at the DIII-D have demonstrated promising
results in which full detachment was observed while main-
taining high core confinement.** This challenge of core-edge
integration in reactor-relevant regimes is one of the main
missions of the EXCITE facility, and therefore additional
modeling should be conducted with impurity seeding to pre-
dict if the divertor surface heat flux can be reduced below the
tungsten damage threshold, as well as to predict the effect of
impurities on pedestal pressure and core performance.

While transient power loads like ELMs were not
included in the divertor heat flux modeling, it is apparent
that such phenomena would impart excessive heating to
the EXCITE PFCs. Thus, EXCITE would need to be
operated in an ELM-free or ELM-mitigated mode, either
using active control (via 3-D ELM suppression coils) or
using a core scenario that has naturally small/grassy ELMs
(e.g., the high beta poloidal or steady-state hybrid scenar-
i0s). These small ELM scenarios are particularly synergis-
tic with the noninductive AT path envisioned in this study.
Demonstrating this goal of achieving acceptable transient-
edge power loads while maintaining the high core confine-
ment typical of AT scenarios is a prime example of the
critical core-edge integration gap that the EXCITE facility
will seek to close on the path to a FPP.

IV.E. Nuclear Shielding

A 3-D neutronics model of the EXCITE tokamak
was developed for analysis of shielding and dose rates.
The geometries of the tokamak, machine pit, and building
were constructed using Paramak® and converted to
Direct Accelerated Geometry Monte Carlo (DAGMC)
models®® using Cubit.®” The DAGMC models were then
used as the geometry inputs for coupled neutron-photon
Monte Carlo transport simulations in OpenMC (Ref. 40).

The neutronics model of the tokamak includes
EXCITE’s channeled vacuum vessel design, first wall,
TF coils and their respective shields, PF coils, the CS,
copper shaping coils, port cutouts, and a simplified cryo-
stat. The machine pit and building construction simulated
in the model are primarily based on the building and
shielding construction of the DIII-D National Fusion
Facility. The model of the machine pit includes
a concrete wall, a wall extension made of borated poly-
ethylene on top of the concrete wall, and a roof made of
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a layer of 1% borated gel surrounded by steel. The
building walls and roof are modeled as a layer of steel.
The site boundary in this study is defined as the cylinder
with an inner radius of 100 m. The central plane of the
tokamak is placed at ground level, and the floor of the
machine pit and the ground are modeled as concrete. The
configuration of the machine pit and building structure in
this model holds similarities to previous neutronics mod-
els of the DIII-D (Ref. 68).

To measure the effects of the shielding components of
the EXCITE tokamak, simulations were run with and
without the shielding features of the device and the dose
rates were compared. In the unshielded case, the first wall,
the vacuum vessel channel, the outer vacuum vessel wall,
the TF coil shields, and the cryostat were all removed from
the model, leaving only the inner vacuum vessel wall as an
approximation for the DIII-D vacuum vessel. The shield-
ing components were then added back into the model and
total shielding factors were calculated. Four different
vacuum vessel fill materials were compared: air, stainless
steel, water, and 3% borated water (Fig. 17).

Compared to the simulations without shielding features,
the EXCITE tokamak’s site boundary dose rates were sig-
nificantly reduced. In particular, the models with water fill-
ing the vacuum vessel channel performed the best in terms
of shielding factors: borated water and pure water yielded
total shielding factors of 11.1 and 10.6, respectively. Given
the predicted peak neutron rate of 10'7 n/s, and comparing
these reductions in site boundary dose to the current DIII-D
peak performance discharges, it is reasonable to conclude
that EXCITE operation limits would be similar to those
imposed by the DIII-D discharges with 10'® n/s.
Maximum performance scenarios on the DIII-D generate 2
to 3 x 10'° n/s, so these shielding choices for EXCITE would
permit roughly the same level of experimental run time as
occurs during present-day DIII-D operations.

V. SUMMARY

An integrated design study was conducted for a new
experimental tokamak facility with the goal of closing the
remaining scientific and technical gaps between
present day devices and a future FPP. This new facility,
EXCITE, has been identified by several recent strategic
planning reports' as an optimal solution for the
U.S. fusion program to close the ITEP gap. In this study,
a two-stage workflow was followed to optimize the high-
level tokamak design and then verify the detailed subsys-
tem specifications. First, GASC was utilized to optimize
the 0-D solutions for a target 200-MW(electric) compact
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Fig. 17. OpenMC modeling of total (neutron and
gamma) radiation dose per source neutron for five dif-
ferent EXCITE shielding strategies. The addition of the
water-filled vacuum vessel to the DIII-D-like baseline
case decreases the site boundary dose rate by approxi-
mately one order of magnitude.

FPP, with sensitivity scans in both bootstrap fraction and
divertor heat flux. Then the same optimization procedure
was used to optimize an EXCITE design that maximizes
plasma pressure in a Ry = 1.5 m and 4 = 3 device. Two
specific inductive and noninductive solutions were chosen
for high-fidelity verification via the STEP code, which
confirmed the predicted core performance achieved with
up to 50 MW of EC and IC auxiliary H&CD. The other
major tokamak subsystems were also modeled to verify
the systems code calculations: coil structural mechanics
via finite element modeling, plasma shaping and vertical
stability via TokSys, exhaust power handing via SOLPS-
ITER, and radiation shielding via OpenMC. There is
ample opportunity for improving the capability of the
GASC, with transport and stability neural net modeling
providing a fast way to more accurately calculate para-
meters such as bootstrap coefficient, pedestal height, and
energy confinement time. Still, this whole-device EXCITE
conceptual design is self-consistent and fully integrated,
with all the high-level conflicts between the device
requirements and subsystems resolved.

In conclusion, while all subsystem approximations by
GASC were verified by the individual high-fidelity mod-
els, several critical challenges also were identified. First,
the detailed core performance predictions by STEP-
integrated modeling demonstrate the importance of energy
confinement in the AT scenario. The choice to pursue
a high bootstrap current fraction at a high poloidal beta
necessarily forces the FPP and EXCITE optimizations to
a regime of lower absolute performance. This is offset by
the gains from higher energy confinement time that lead to
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higher beta and plasma pressure. Demonstrating the suc-
cessful extrapolation of these AT scenarios to a reactor-
relevant regime should be a key mission of the fusion
community and will be facilitated by EXCITE.

Second, the SOLPS-ITER simulations of divertor heat
flux indicate that handling the power exhaust in a compact,
high-field device will be the most challenging aspect of this
approach to a FPP. High levels of impurity radiation will be
required in a closed divertor region in order to dissipate up
to 95% of incident heat flux and allow for reliable detach-
ment. Furthermore, this local impurity concentration must
be robustly controlled and prevented from impacting the
core plasma confinement. An EXCITE facility as set out
here would clearly help narrow science and technology gaps
to a FPP; as recommended by the FESAC panel,' the fusion
community must now move to establish the mission need
for the facility and whether the investments required repre-
sent the best approach to close gaps for a FPP.

The international fusion community has recognized the
importance of high magnetic fields in solving the ITEP gap
between present-day tokamaks and future net-electric facil-
ities, and there are a number of new high-field experimental
tokamaks already under design and/or construction. It is
informative to compare the designs of these devices to the
EXCITE design presented here, and to highlight similarities
and differences. Table IV lists the parameters of five high-
field experimental tokamaks alongside the two EXCITE sce-
narios presented in Sec. IV.A. In terms of magnet technology,
cryogenically cooled copper magnets were used by the
C-MOD tokamak and will be used in the planned
COMPASS-U, while the DTT and ITER tokamaks will use
low-temperature superconducting magnets (Nbs;Sn and
NbTi). On the other hand, both EXCITE and SPARC plan
to use HTS magnets, which allow for higher conductor cur-
rent density and coil field. As mentioned previously, SPARC
plans to use a bucked coil support scheme that will allow for
arecord high Br, but this engineering technique is currently at
a low technological readiness level.

The main differentiation between EXCITE and these
other devices is the target plasma scenario, as seen in the
proposed plasma beta. The baseline operation strategy for all
other tokamaks is low beta and inductive, using the well-
established understanding of tokamak physics to produce
a reliable but conservative operational scenario. The
EXCITE mission instead pursues the goal of high energy
confinement at high beta, utilizing AT scenarios developed
over the past 10 years to produce high plasma pressure while
simultaneously achieving a large bootstrap current fraction.
These two different approaches can produce similar levels of
exhaust heat flux, especially in compact devices like SPARC
and EXCITE, though SPARC relies on augmenting its
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TABLE IV
Comparison of High-Field Tokamak Operating Parameters*
Parameter (Units) C-MOD COMPASS-U DTT SPARC ITER EXCITE
Single-
EDA Full Heating, High Null Full-Field Q=10 Steady

Scenario H-mode Current H-mode H-mode Baseline Inductive State
Ry (m) 0.67 0.9 2.19 1.85 6.2 1.5 1.5
a (m) 0.22 0.27 0.7 0.57 2.0 0.5 0.5
A 3.0 33 3.1 32 3.1 3.0 3.0
K 1.72 1.8 1.8 2.0 1.85 2.3 2.3
By (T) 5.7 5.0 6.0 12.2 5.3 6.0 6.0
Ip (MA) 1.4 2.0 5.5 8.7 15.0 5.0 3.4
Phear (MW) 5.4 18 45 41 150 50 44
fow 0.54 0.32 0.42 0.37 0.85 0.42 0.64
fBs 0.24 0.17 0.16 0.2 0.15 0.38 0.68
Br (%) 1.6 2.7 22 1.3 2.5 3.6 3.3
By 1.4 1.8 1.7 1.1 1.8 22 3.0
Bp 0.6 0.5 0.4 0.5 0.7 1.0 2.3
q95 3.6 2.5 2.6 3.1 3.1 5.8 9.4
P/R (MW/m) 8 16 15 16 24 31 27
PBr/R (MW T/m) 46 80 90 191 128 186 163
PBy/R (MW T/m) 7 16 16 31 24 35 21

*Selected operating parameters for past [C-MOD (Ref. 69)] and future [COMPASS-U (Ref. 70), DTT (Ref. 71), SPARC (Ref. 72),
and ITER (Ref. 73)] high-field experimental tokamaks listed for comparison alongside the inductive and steady-state EXCITE
scenarios. The C-MOD reference scenario is an EDA H-mode at high field and current (discharge 1160930033), while the other
device scenarios are the highest performance inductive operating points predicted in their respective publications.

EDA = enhanced D-alpha.

H&CD power with power from D-T fusion reactions in order
to achieve its target operational regime. This AT approach
also results in a high g9s edge safety factor in both EXCITE
scenarios, which means that disruptions should be less dama-
ging and occur with a lower likelihood when compared to the
low gqos scenarios associated with conventional H-mode
scenarios.”’

The procedure described in this study was developed
for use on a variety of tokamak design projects, ranging
from experimental devices to FPP facilities. It is stream-
lined for repeated use, with the goal of providing a range
of device designs that can be downselected based on
subjective criteria. The selection of a FPP design is of
particular interest in the near term, with the 2021
NASEM report calling for a finalized conceptual design
by 2028. This workflow can be utilized to produce
a variety of FPP designs that meet a set of predetermined
requirements, with each design exploring a different set
of trade-offs. For example, the technological readiness
level (TRL) of FPP subsystem technologies is a key
metric for design downselection. Limiting risk by allocat-
ing low-TRL solutions to different subsystems will pro-
duce very different FPP designs. The choice between
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high temperature superconductor, bucked coil support,
and high divertor heat flux can be explored using this
workflow, and the integrated designs resulting from each
approach can be compared and contrasted.

Future design studies for FPP facilities will need to
consider a number of synergies between subsystem require-
ments beyond what has been presented in this study. The
control requirements for a FPP are expected to be much
more exacting than present-day devices due to the harsh
nuclear environment and the thick breeding blanket that
must be located between control diagnostics/actuators and
the plasma. The specifications for the tritium fuel cycle are
dependent on the performance of the burning core, which has
parameters such as tritium burnup rate and impurity species
that are expected to have an outsized impact on the tritium
extraction, processing, and storage strategies. The blanket and
divertor maintenance strategy will also have a strong impact
on the global design, as the choice between horizontal and
vertical ports or demountable device sectors will affect the TF
coil requirements, plasma stability limits, and tritium breed-
ing efficiencies. The trade-offs between these options will be
explored in future upgrades to the integrated design workflow
presented in this paper.
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APPENDIX

GLOSSARY

The following glossary contains a list of the parameters used in this design study, along with the corresponding
definitions, symbols, and/or abbreviations.
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TABLE A.I
Glossary of Parameter Names and Definitions
Symbol Parameter Name Definition
A Aspect ratio Ratio of plasma major radius to minor radius
a Minor radius Radial distance from plasma center to boundary at midplane
Bax,1r Field at TF coil Maximum magnetic field at TF coil conductor
Br Toroidal magnetic field TF strength at plasma center
By Poloidal magnetic field PF strength at outboard midplane plasma edge
Cojima Ejima coefficient Quantification of flux coupling between CS coil and plasma
fBop Balance-of-plant fraction Power usage by non-H&CD systems, as a fraction of thermal cycle power
fBs Bootstrap fraction Ratio of bootstrap current to total plasma current
fow Greenwald fraction Ratio of volume-averaged plasma density to Greenwald density limit
fow,ped | Pedestal Greenwald fraction Ratio of pedestal density to Greenwald density limit
S Elongation fraction Ratio of elongation to maximum stable elongation®*
fr-n L-H power fraction Ratio of Pgor to threshold exhaust power for transition from L- to H-mode
i Noninductive fraction Ratio of noninductively driven current to total plasma current.
H&CD H&CD Hardware choice(s) for auxiliary heating and noninductive CD
Hpsos Gyro-Bohm confinement factor H-mode gyro-Bohm energy confinement scaling relation*
Hogyn IPB confinement factor H-mode ITER physics basis energy confinement scaling relation®*
Ip Plasma current Total current inside plasma boundary
1i(3) Plasma inductance Self-inductance of parallel plasma current profile
Mpianier Blanket power multiplier Power multiplier due to exothermic nuclear reactions in blanket
Moo Core electron density Electron density at magnetic axis
Nyail Neutron wall loading Power incident at first wall due to primary fusion neutron flux
<P> Plasma pressure Total volume-averaged plasma pressure
Oplasma Fusion power gain Ratio of Pfision t0 Paux
Oengr Engineering power gain Ratio of gross electric power generation to parasitic power use
q* Edge safety factor (zero dimensions) | Approximate edge plasma safety factor based on 0-D parameters®”
qos Edge safety factor Plasma safety factor at 95% flux surface
P Auxiliary power Total external power used for plasma H&CD
Prision Fusion power Total power produced via fusion reactions in plasma core
P Net power Total net electric power produced by FPP
PsoL SOL power Exhaust power across plasma boundary
Ro Major radius Radial distance from device centerline to plasma center
T; Core ion temperature Ion temperature at magnetic axis
By Normalized beta B normalized by factor Ip/aBr
By.w Ideal-wall beta limit Maximum 3, before MHD instability onset
Bp Poloidal beta Ratio of plasma pressure to poloidal magnetic field pressure
Br Toroidal beta Ratio of plasma pressure to toroidal magnetic field pressure
) Triangularity Ratio of plasma X-point radial distance from plasma center to minor radius
Nawx H&CD efficiency Conversion efficiency from plug power to injected power for H&CD
systems
Nihermal Thermal efficiency Conversion efficiency from thermal cycle power to electrical power
Nyeclaim Reclaim efficiency Conversion efficiency from reclaimed auxiliary power to thermal cycle
K Elongation Ratio of plasma boundary height to boundary width at separatrix
(Continued)
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TABLE A.I (Continued)

Wy Poloidal flux coordinate

Symbol Parameter Name Definition

1% Normalized collisionality Neoclassical electron collisionality (volume-averaged params)®®
P Relative gyroradius Ratio of ion gyroradius (volume-averaged params) to plasma minor radius
p Toroidal flux coordinate Normalized radial flux coordinate based on enclosed toroidal flux

Normalized radial flux coordinate based on enclosed poloidal flux

Mee EC frequency Calculated at magnetic axis
Dped Plasma electron frequency Calculated at magnetic axis
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