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Abstract

Tokamak power plants are studied with advanced and conservative design philosophies
in order to identify the impacts on the resulting designs and to provide guidance to
critical research needs. Incorporating updated physics understanding, and using more
sophisticated engineering and physics analysis, the tokamak configurations have
developed a more credible basis compared to older studies. The advanced configuration
assumes a self-cooled lead lithium (SCLL) blanket concept with SiC composite structural
material with 58% thermal conversion efficiency. This plasma has a major radius of 6.25
m, a toroidal field of 6.0 T, a qos of 4.5, a Pn' of 5.75, Hog of 1.65, n/ng; of 1.0, and
peak divertor heat flux of 13.7 MW/m”. The conservative configuration assumes a dual
coolant lead lithium (DCLL) blanket concept with ferritic steel structural material and
helium coolant, achieving a thermal conversion efficiency of 45%. The plasma major
radius is 9.75 m, a toroidal field of 8.75 T, a qos of 8.0, a px'" of 2.5, Hog of 1.25, n/ng;



of 1.3, and peak divertor heat flux of 10 MW/m”. The divertor heat flux treatment with a
narrow power scrape-off width has driven the plasmas to larger major radius. Edge and
divertor plasma simulations are targeting a basis for high radiated power fraction in the
divertor, which is necessary for solutions to keep the peak heat flux in the range of 10-15
MW/m®. Combinations of the advanced and conservative approaches show intermediate
sizes. A new systems code using a database approach has been used and shows that the
operating point is really an operating zone with some range of plasma and engineering
parameters and very similar costs of electricity. Papers in this issue provide more
detailed discussion of the work summarized here.

1. Introduction

The ARIES team has examined tokamak power plants with conservative and advanced
assumptions applied to the physics and technology characteristics of the plant. These are
referred to as Advanced and Conservative Tokamaks or ACT. Four configurations were
studied, advanced physics with advanced technology, and conservative physics with
conservative technology in the most depth with systems and both detailed physics and
engineering analysis. The remaining configurations, advanced physics with conservative
technology, and conservative physics with advanced technology, were examined with
only systems level analysis. In addition, a number of extensions to the engineering and
physics analysis have been included in these studies.

As part of the detailed engineering analysis, improved approaches include history
dependent inelastic component thermo-mechanical modeling, transient thermo-mechanics
to model the effects of extremely short time-scale ELMs, electromagnetic mechanical
analysis of disruptions on the primary conducting structures, modeling of brittle materials
in the divertor (tungsten alloys) with fracture mechanics, and 3D CAD tied directly to
neutronics modeling. In addition, optimizing materials for their environment in the
fusion core has begun with the identification of a potential new steel alloy for the vacuum
vessel, that does not require post weld heat treatment like the reduced activation ferritic
steels. Experiments were performed at Georgia Institute of Technology to simulate the
high heat flux He-cooled divertor concepts, demonstrating the strong trade-off of heat
flux and pumping power, and providing a basis for assumptions made in the power plant
divertor design.

The last tokamak power plant study performed by this team, ARIES-AT', was completed
in 1999. Since that time, developments have occurred in both plasma physics
understanding and modeling tools. The present power plant study has included analysis
of edge plasma and divertor analysis with 2D plasma and fluid/kinetic neutral particles,
and solutions are sought for the high power handling required in these configurations. In
addition to this, formulations for ELM and disruption heat loading developed for ITER,
based on experimental tokamak experience, were used to project the loading on the
divertor and the first wall. High fidelity heating and current drive models are now
available and coupled to time dependent free-boundary integrated plasma evolution
simulations, which are now used as part of the physics analysis. The peeling-ballooning
MHD stability was used to establish the H-mode pedestal height, and analysis has begun



to examine the critical question of whether fast alpha particles MHD instabilities will
lead to losses to the first wall or only to redistribution in these burning plasmas.

The ARIES systems analysis code has been rebuilt around a new approach, utilizing

a database methodology, solving for large numbers of viable operating points and
filtering them to identify attractive candidates. This has allowed the observation that
there are always nearby operating points with plasma or engineering parameter changes
that have only small differences in the cost of electricity. This leads to the conclusion
that although we choose a particular design point to analyze in detail, there are in fact
other nearby points that could be viable design points, depending on the progress of
plasma science and various areas of fusion technology.

More detailed descriptions of the ACT power plant engineering and physics results can

be found in the accompanying papers in this issue®"".

I1. Four Corners Study of Advanced and Conservative Power Plant Features

The advanced and conservative examination is intended to show how the overall
configuration changes with the plant technical philosophy. The advanced physics is
described by high normalized plasma beta (fx ~ 5.8), assuming wall stabilization, and
high global energy confinement (Hog ~ 1.65). The conservative physics is described by
low normalized plasma beta (Bn ~ 2.6) assuming no wall stabilization and lower global
energy confinement (Hog ~ 1.25). In both cases the lowest density relative to the
Greenwald density limit is sought, although it is always equal to or greater than 1.0. In
the conservative case this ratio must exceed 1.0, as the devices become larger and the
expression ng; = Ip/ma” shrinks. The advanced engineering is embodied by the choice of
SiC composite structural material blanket concept using self-cooled lead lithium (SCLL),
where PbLi eutectic serves as both breeder and coolant, obtaining a thermal conversion
efficiency reaching ~ 58% in a Brayton cycle. The peak heat flux in the divertor is
allowed to rise up to 15 MW/m?, roughly consistent with projections based on the
experimental results’. The conservative engineering is embodied by the choice of dual
coolant lead lithium (DCLL) blanket concept using ferritic steel structure with helium
coolant, and PbLi eutectic as breeder and coolant. This blanket does require flow channel
inserts for electrical and thermal insulation between the liquid metal and ferritic steel.
This blanket concept can reach thermal conversion efficiencies of ~ 45% with a Brayton
cycle. In both cases the divertor is helium cooled tungsten alloy, with tungsten plasma
facing armor. The conservative case has an upper limit of 10 MW/m? divertor peak heat
flux. The four corners are illustrated in Fig. 1, with dominant features that emerged from
the systems analysis of these points, and will be described later.

There are numerous other prescriptions that are common to both advanced and
conservative configurations, and these are listed here,

Plasma aspect ratio, A = 4.0
Up-down symmetric double null
Plasma shape, kx =2.2, 8, = 0.63



Power radiated in the divertor is 90% (P;ad giv/Psor)

100% non-inductive flattop plasma, inductive assist in rampup
Nb3Sn superconductor for TF and PF coils

He-cooled tungsten alloy divertor

Li15,7Pbg4_3 breeder

Net electric power production is 1000 MW

Table I shows several parameters of the ACT designs. Focusing on the ACT1 (adv phys /
adv tech) and ACT2 (cons phys / cons tech) the former has a major radius of 6.25 m,
while the latter is 9.75 m. Since the plasma beta’s are different px™ of 4.75 in ACT1 and
2.25 in ACT2, they have compensating toroidal fields, with 6.0 T in ACT1 and 8.75 T in
ACT2. Since in both cases the plasma is required to have 100% non-inductive plasma
current, the higher bootstrap current fraction (0.91) in ACT1 allows the qgs to remain low
at 4.5, a value commonly achieved in present day tokamaks. ACT2 on the other hand,
has higher total plasma current and lower bootstrap current fraction (0.77), leading to a
high qos of 8.0, which is not commonly targeted on present facilities. Both cases assume
a total wall plug efficiency for heating and current drive (source, transmission, and
coupling) of 0.4. For all cases examined the recirculating electrical requirement includes
an auxiliary function power of 32 MW, a total pumping power for He and LiPb of ~ 1%
of the total thermal power, and the calculated heating and current drive power. In
general, power plant design points require plasma densities near or above the Greenwald
density in order to obtain the required level of fusion reactions. The advanced physics
provides solutions down to ng, while the conservative physics points require up to
1.3ng,. Some density peaking is assumed in all cases, n(0)/<n> ranging from 1.3-1.5,
since transport theory'? predicts that peaking is inevitable under the collisionalities
typical of power plant plasmas.

The neutron wall loading values are lower than found in previous studies, which is driven
mostly by the heat flux in the divertor, driving solutions to larger major radii. A divertor
heat flux calculation is used, in all cases, that includes a power scrape-off width from ref
(13), combined with a highly radiative divertor solutions. It is assumed that 90% of the
power entering the divertor (Psor = Paipha + Paux — Porem — Peyel — Pline) 18 radiated in the
divertor, leaving only 10% to be conducted to the divertor target plate. The ACT1 case
has a peak divertor heat flux on the outboard target of 13.7 MW/m?, while ACT2 is
constrained to a prescribed limit of 10 MW/m®. All cases include some argon as a core
plasma impurity to provide line radiation, in addition to the cyclotron and bremsstrahlung
radiation. The latter two terms dominate the core radiation loss for the power plant
regime plasmas. The cyclotron loss is particularly high in the cases with high toroidal
field and/or high central electron temperature, and for the systems analysis the reflection
of cyclotron radiation from the first wall is taken to be 0.6. The required heating and
current drive power is lowest in ACT1 and highest in ACT2 as would be expected, 42.7
MW and 105.5 MW, respectively. The fusion plasma gains range from 25 for ACT2 to
42.5 for ACT1. The resulting engineering Qner, defined as the ratio of net electric power
to the recirculating electric power (Pejec/Precir), Was highest in ACT1 at 6.5, and lowest
was in ACT2 at 3.1. The ACT1 power plant layout is shown in Fig. 2, indicating the



primary components. The plasma cross-sections for the ACT1, 2, 3, and 4 are shown in

Fig. 3.
Table I. ACT plasma and plant parameters for the four corners examined.

ACTI1 ACT2 ACT3 ACT4

Adv phys / adv tech | Con phys / con tech | Adv phys/contech | Con phys/adv tech
R, m 6.25 9.75 8.50 8.0
a,m 1.56 2.44 2.13 2.0
Kx 2.2 2.2 2.2 2.2
Sy 0.63 0.63 0.63 0.63
Ip, MA 10.95 13.98 16.4 11.1
Br, T (Breoi) 6.0 (11.8) 8.75 (14.4) 6.25 (10.6) 9.0 (15.97)
B, B 4.75,0.85 2.25,0.35 4.00, 0.83 2.25,0.22
B B," 5.54,2.76 1.48,2.32 4.94,2.19 1.39,2.47
Qs 45 8.0 4.25 8.5
n/ng, 1.0 1.3 1.0 1.3
Hog 1.65 1.22 1.65 1.24
<T.;>, keV 20.6 17.8 26.2 14.7
<n>, /m’ x 10% 1.3 0.86 1.02 1.01
T(0)/<T> 2.15 2.15 2.63 2.63
n(0)/<n> 1.27 1.41 1.41 1.41
<Ny>, MW/m? (at | 2.45 1.46 1.86 1.53
plasma)
Z ot 2.11 2.12 2.08 1.92
Wi, MJ 691 1486 1681 817
Vplasmas m’ 582 2209 1461 1218
fBs 0.91 0.77 0.86 0.81
frad.div 0.9 0.9 0.9 0.9
qai”™, MW/m’ 13.7 10.0 9.55 8.6
far 0.003 0.003 0.0025 0.0025
fhe 0.097 0.102 0.155 0.078
for 0.75 0.74 0.64 0.80
Pyrems MW 56.3 96.5 108.3 61.4
Peye, MW 35.0 150.4 174.5 78.2
Pline, MW 24.2 429 28.6 31.6
Puxcop MW 427 (39.1) 105.5 (105.2) 78.1 (74.1) 67.2 (64.4)
Paipha, MW 363 528 508.4 370.3
Ptusion, MW 1813 2637 2538 1848
Q 42.5 25.0 32.5 27.5
Pplasma, MW 405.6 633.4 586.5 437.5
P reutron, MW 1451.6 2111.6 2033.6 1481.2
M, 1.11 1.11 1.11 1.11
Piherma, MW 2016.3 2979.1 2845.2 2075.9
P divertor, MW 444.5 586.8 507.5 435.3
Pi.rwes, MW 1571.5 23923 2337.7 1640.6
Poump: MW 15.3 25.4 24.1 10.0
Paux-function, MW 32 32 32 32
N 0.575 (SCLL) 0.44 (DCLL) 0.44 (DCLL) 0.58 (SCLL)
Nwep 0.4 0.4 0.4 0.4
Pejec gross 1160.2 1310.5 1241.3 1204.6
Precir, MW 154.1 321.2 251.4 210.0




Pelec 1006.0 989.3 989.8 994.6
Qengr 6.52 3.08 3.93 4.74
Cost of Elec (COE) | 64.3 86.2 73.2 80.5

III.  Detailed Physics Characterization for ACT1 and ACT2

The plasma configurations identified by the systems analysis were reproduced as well as
possible in 1.5D time-dependent free-boundary simulations of the plasma evolution from
early startup at I, = 0.5 MA to the flattop current value, and allowed to relax over ~ 2500-
3000 s. Both ACT1 and ACT2 configurations were examined. The energy transport
was modeled with a modified Coppi-Tang'*"> formulation, to allow temperature profile
variation (broad to peaked), and scaling to match the required beta. Pedestals were
enforced to match the peeling-ballooning theory projections from EPED1'C, with ~ 140
kPa at the pedestal density of 1.0x10?° /m’ for ACT1, and with 185 kPa at the pedestal
density of 0.65x10*° /m’ for ACT2. The density profiles and magnitudes were
prescribed, allowing some level of peaking of ~ 1.3-1.4 in ACT1, and slightly higher up
to 1.55 in ACT2. Argon impurity fractions of 0.3% were used, although in ACT1 it was
determined that 0.9% of neon could be substituted for core line radiation. The plasmas
have strong shaping with kx = 2.2 and 6x = 0.625.

For the advanced physics of ACT1, wall stabilization of the low-n kink mode was
assumed. The broad pressure profile cases were high-n ballooning stable, and stable to
the resistive wall mode with a tungsten shell on the outboard side at b/a = 0.3, for fn =
5.49-5.79 at Br = 6.0 T. The medium pressure case was stable to these modes at fx =
5.28 at Br = 6.75 T. The peaked pressure case was not stable even at fx = 5.15 at By =
7.0 T, and was not pursued further. The plasma triangularity was reduced to 0.63 to
accommodate engineering design in the divertor, and the stabilizing wall location was
determined as a function of triangularity. The fast alpha particle MHD stability was
analyzed and although found to be unstable, the fast alphas were redistributed to a larger
minor radius rather than being lost from the plasma. This result is sensitive to the central
ion temperature, the fast beta, and the central safety factor.

The heating and current drive systems for ACT]1 are ion cyclotron radio-frequency fast
wave (ICRF FW) at 65 MHz, and lower hybrid (LH) at 5 GHz. The on-axis current is
provided by the FWCD and the off-axis is provided by the LHCD. The analysis was
performed with TORIC full wave analysis'’, and the ray-tracing 1D Fokker Planck
Lower Hybrid Simulation Code (LSC)'®. The LH was found to optimize if launched at
60° above the midplane, limited by the passive stabilizer plates for vertical stability,
achieving 0.18 A/W-m”. The FWCD was launched from the midplane, and achieved
0.45 A/W-m”. The total installed LH power was 40 MW, the total installed ICRF power
was 20 MW, although the flattop only required ~ 5-10 MW. Electron cyclotron was also
examined as a possible replacement for the FWCD, however its CD efficiency was too
low, at 0.1 A/W-m®. Although the flexibility to deposit ECCD from minor radii of 0.2-
0.6 can be effectively used to modify the g-profile with about 20 MW of installed power,
and a reduction in the fusion plasma gain from 42 to 30. Extensive scans of the launcher



location and steering angle were examined to find the highest CD efficiency
combinations.

Detailed edge plasma simulations of the heat flux on plasma facing components from
exhausting core plasma have been performed for two ACT1 divertor

configurations’. One configuration utilizes divertor plates strongly inclined with respect
to the poloidal magnetic flux surfaces similar to that planned for ITER and results in a
partially detached divertor-plasma with about 75% of the power entering the divertor
being radiated. The second configuration has divertor plates orthogonal to the flux
surfaces, which leads to a fully detached divertor-plasma if the width of the divertor
region is sufficient, and is found capable of radiating > 95% of the power entering the
divertor. Both configurations use scrape-off layer impurity seeding to yield an acceptable
peak heat flux of ~10 MW/m® or smaller on the divertor plates and chamber walls. The
simulations are performed with the UEDGE 2D transport code'’ to model both plasma
and neutral components with some supplementary neutral modeling performed with the
DEGAS 2 Monte Carlo code®.

For the conservative physics ACT2 configuration, no wall stabilization is assumed and
the resulting stable By < 2.45 for current profiles with 1;(1) > 0.75, and tends to drop as
1i(1) decreases. The introduction of a far away wall, located 1.35 m from the plasma,
which places it behind the ring structure and shield, can allow access to B of 2.8-3.25
over lj(1) from 0.85-0.65. The high H-mode pedestal was playing a strong role in the
low-n stability due to the bootstrap current near the plasma edge.

The heating and current drive systems for ACT2 are primarily ICRF/FW at 95 MHz and
negative ion neutral beams (NB) at 1 MeV particle energy. The on-axis current drive is
provided by both the ICRF, 0.7 MA for 30 MW injected power, and NB, about 2.7-3.0
MA with 65-80 MW injected power. The NB provides a broad current profile across the
entire plasma minor radius. Since this configuration requires ~ 4 MA of current drive,
the NBs are attractive from the deposition viewpoint since they do not concentrate the
driven current. Analysis was performed with the TORIC full wave code and NUBEAM
orbit following Monte Carlo routine®' in the TRANSP code. Lower hybrid was examined
with the LSC and found to penetrate to a normalized minor radius of 0.65 with a broad
deposition, where the electron temperature reached 15-17 keV. The combination of high
toroidal field and low density was favorable for LH in spite of a high pedestal
temperature of ~ 9.0 keV. With no wall up to 1.0 MA of LH could be driven with no
effect on the low-n stability, but 1.5 MA or more required the far away stabilizing wall.
EC was examined with TORAY*** and GENRAY>** to identify the flexibility of
deposition and its current drive flexibility. Deposition from p = 0.2-0.6 was established
with scans of the poloidal and toroidal steering, for a range of launching locations. The
q-profile could be modified with ~20 MW of EC injected power, but bulk current drive,
to displace NBCD for example, was not efficient.

IV.  Detailed Engineering Characterization of ACT1 and ACT2



Engineering design and analysis of ARIES ACT1 and ACT2 were performed using the
most sophisticated tools available in the areas of thermofluids, themomechanics,
neutronics and safety. 3D CAD modeling helped to establish a self-consistent
configuration, to demonstrate assembly and maintenance procedures, and to provide
design details for individual components in support of analysis. Complete engineering
design and analysis results are reported in several accompanying papers.

Power core configuration and maintenance. The configuration of both ACT1 and ACT2
is based on a full-sector horizontal maintenance strategy. This choice has been shown to
provide the fastest changeout of in-vessel components, with the main penalty being larger
TF coils to provide sufficient clearance. Each sector is self-supporting, with sector-to-
sector connections but no attachment to the vacuum vessel. Gravity loads are transferred
vertically through the bottom of the vessel and into support pillars. Full CAD drawings
were produced and 3D motion studies demonstrated adequate clearances for assembly
and maintenance.

Component design and analysis. Extensive 3D analysis was performed to assist in design
and to demonstrate acceptable performance of the main power core components. As
compared with earlier studies, increased emphasis was placed on inelastic behavior of
materials (e.g., thermal stress relaxation, ratchetting, creep and fracture mechanics),
transient loading conditions, and coolant manifold design and fabrication. Here we
summarize very briefly the most salient features and conclusions from component design
studies.

a. First wall and blanket. The heart of the power core is the integrated first wall and
blanket, which produces the majority of high-grade heat, breeds all of the tritium fuel
and shields other components from the radiation environment. Plasma stabilizing
shells are embedded in the blanket, and the whole assembly is held together within a
“strongback” structural ring made of an alloy of ferritic steel. Both ACT1 and ACT2
adopted liquid PbLi eutectic as both breeder and coolant. ACT]1 uses the self-cooled
PbLi concept with SiC composite structures, while ACT2 uses a dual-cooled blanket
with about half of the heat removed by He in steel structures. Notably, ACT2 is the
first integrated power plant study by the ARIES Team using the DCLL blanket;
previous applications included a spherical torus and compact stellarator power plant.
Detailed analysis was performed on the first wall and blanket, demonstrating that all
design rules and material limits were met. Two novel alternative concepts were
developed for ACT2: a first wall design capable of handling up to 2 MW/m® heat flux
and a “small-module” DCLL design that offers potential advantages in fabrication and
simplicity. For both ACT1 and ACT2, far more detail was included in the design of
manifolding that takes both He and PbLi coolant from the external headers and
distributes it into each cooling channel.

b. Divertor. Few options are available for a divertor capable of withstanding time-
averaged heat fluxes in the range of 10-15 MW/m” with acceptable radiation damage
and activation characteristics. Based on our previous studies and a growing body of
international research, we chose to use a He-cooled W-alloy divertor for both ACT1



and ACT2. The natural high operating temperature of W allows efficient utilization of
the thermal power, roughly 20% of the plant total. Several internal design options
were explored, all using impinging jets to provide adequate heat transfer to maintain
all materials within their operating limits. For ACT]1, the final design uses the plate-
type design with slot jets throughout the majority of the divertor and circular jet arrays
in a modified multi-jet “finger” design in regions where the heat flux exceeds 8
MW/m?. For ACT2, a pure plate-type divertor was possible due to the lower peak heat
fluxes. One of the most important design features of our divertor is the absence of
“duplex” structures, in which W is bonded to steel, within the high heat flux region.
Extensive “birth-to-death” inelastic stress analysis was performed on the external
transition joint from W-alloy to the external steel piping, including a tantalum alloy
interlayer and braze materials.

. High heat flux experiments. Due to the importance of the choice of He as divertor
coolant, experiments were conducted as part of this study to demonstrate acceptable
performance and, in conjunction with numerical simulations, to provide semi-
empirical design relations for several impinging jet concepts including both linear slot
jets (e.g. for the plate-type and T-tube designs) and circular jet arrays (e.g. for “finger”
designs). The experiments were carried out under “dynamically similar” conditions to
a power plant, and produced both heat transfer coefficient and pressure drop relations.
The results substantiate our design choices for the specified loading conditions, up to
10 MW/m’ in ACT2 and 13.7 MW/m” in ACT1.

. Vacuum vessel. A novel vacuum vessel was designed and thoroughly analyzed using
3D FEM analysis. The vessel operates at an elevated temperature of the order of 350-
500°C and uses He as coolant; the absence of water and high operating temperature
help control trittum migration and inventory. We chose to use a low-activation 3Cr-
3WYV bainitic steel that provides lower activation than 316SS and no need for post-
weld heat treatment, which would be extremely difficult to perform®. Thermo-
mechanical analysis was performed for gravity, pressure, thermal stress and transient
EM loading conditions.

. Power conversion. Achieving high thermal conversion efficiency is important not
only because it directly affects the cost of electricity, but also because system studies
show that the design space for a tokamak power plant is significantly larger when the
efficiency is high. Less demand on other systems, especially the plasma, enables a
more modest plasma beta, lower peak toroidal field, and other advantages. The helium
Brayton cycle was chosen for both ACT1 and ACT2 because it offers a good match to
the high operating temperatures of He and PbLi coolants on the primary side. The
intermediate heat exchanger was designed with careful attention to the operating
temperature limits of all of the components contributing to power conversion.
Thermal cycle analysis predicts a thermal conversion efficiency (including cycle
pumping powers but not the plant ancillary electrical equipment) of 58% for ACT1
and 45% for ACT2.



Materials choices. Many materials are needed within the radiation environment to satisfy
all of the functions of the power core, including structures, joining materials, plasma
armor, coolant and breeder, thermal and electrical insulators, connectors, conducting
shells, etc. We attempted to identify attractive candidates for all of the mission-critical
materials, but focused our more detailed evaluations on structural materials. Further
alloy development and characterization, and the development of design rules, are needed
for both ACT1 and ACT2. Both designs require a W-alloy and advanced ferritic steel
alloy for the divertor. The ACT2 blanket relies primarily on conventional ferritic steel
structures (e.g. F82H or EUROFER97), whereas ACT1 depends on the development of
SiC composites. Of particular note is the proposed 3Cr-3WYV bainitic steel alloy for the
vacuum vessel. This alloy is not new, but has been applied for the first time in a fusion
power plant design. More details on materials assumptions and R&D needs can be found
in accompanying papers [2,10].

Nuclear analysis. Nuclear analysis (neutronics, shielding and activation) has a major
impact on the evolution of our designs and their safety and environmental characteristics.
For the nuclear analysis in ARIES ACT1 and ACT?2 state-of-the-art 3-D computational
tools were utilized to determine the neutronics, shielding, and activation parameters.
Essential measures that helped deliver optimal ACT designs include estimating the TBR
with higher fidelity than was previously possible, defining the radiation environment
within the fusion power core in terms of accurate NWL profile, optimizing all
components comprising the radial/vertical builds keeping in mind the activation
characteristics of the preferred materials, determining the nuclear heat loads to all
components including the fine details of the blanket, and estimating the radiation damage
to structural components and their service lifetimes, taking into consideration the peaking
due neutron streaming through assembly gaps. Our nuclear results reveal that both ACT1
and ACT2 designs satisfy the breeding requirements of 1.05 TBR with 40% °Li
enrichment (< 90%), have an energy multiplication of ~1.16, He:LiPb thermal power
ratio of 27:73 for ACT1 and 49:51 for ACT2. The service lifetimes for ACT1 of 5 FPY
for FW, blanket and divertor, 20 FPY for SR, and 40 FPY for outer components based on
radiation damage considerations. The ACT2 components exhibit extended lifetimes due
to lower NWL (~8 FPY for FW, blanket and divertor, and 40 FPY for outer
components). The nuclear heating and decay heat analyses also proved to be of
particular interest as they called for redefining the IB and OB radial builds to enhance the
power balance, control the unrecoverable low-grade heat deposited in the VV and LT
shield, and reduce the temperature response during severe accidents for IB components.

Safety analysis. In assessing safety aspects, both ARIES-ACT1 and -ACT2 employ
multiple coolants and coolant loops that give rise to a number of different possible
accident scenarios involving loss of flow or coolant. Helium is used as the coolant in the
divertor, structural ring and vacuum vessel, while LiPb cools the blanket. Water is used
in the low temperature shield outside the vacuum vessel. Due to resource limitations,
detailed safety analysis was performed only on ARIES-ACT1. Three variations of
Fukushima-like scenarios were considered, involving long term station blackout
(LTSBO, or loss of forced convection in all loops), and demonstrated that no releases
from the ARIES-ACT1 power core can be expected. The LTSBO/LOFA scenario alone




constitutes a design-basis accident, and it has been demonstrated that the water coolant
(which functions as both a neutron shield and emergency cooling system) adequately
removes decay heat in this scenario. We also considered two beyond design-basis
accidents in which the loss of power is accompanied by a LOCA, in the helium and water
loops respectively. The helium LOCA does not represent an extreme for structure
temperatures (helium in the cryostat provides another decay heat removal path), but it is
necessary to ensure resulting pressure increases in the cryostat do not exceed the design
limits of this confinement boundary, which was demonstrated. In the third accident
scenario, a water LOCA occurs during the power outage. Since the water is the intended
emergency heat removal mechanism, and the intact PbLi heat transfer system still
contributes considerable decay heat, this represents a worst-case scenario from a decay
heat removal standpoint. The only mechanism for its removal is radiation through the
maintenance ports to the vacuum boundary. The MELCOR model does not predict any
catastrophic failures in this case, though some potentially non-conservative assumptions
remain to be more thoroughly investigated.

V. Systems Analysis of Operating Points

The systems code is used to evaluate a large number of possible operating points while
satisfying physics and engineering constraints. The modeling of the plasma and plant
systems is simplified in order to examine the integrated plant rapidly over many possible
configurations. It does require sufficient accuracy in its representations, but ultimately
an operating point or points are examined with detailed analysis outside the scope of the
systems code.

The systems code can be described by its modules; physics, engineering, buildout, and
costing”’. The physics module solves for 0D power and particle balance, including
expressions for the radiated powers, bootstrap current, fast particle beta, Bosch-Hale DT
fusion reactivity, up to four heating and CD systems, and up to 3 impurities. The plasma
profiles are parabolic modified to include a finite value at the edge. The plasma
operating space is identified by scanning all the critical plasma configuration variables
(R, BT, qos, Px, K, 0, €, Q, 1i, T profile, n profile, impurity fraction, n/ngr, Ncp, ’cp*/'cE).
Initially the ranges for these parameters are chosen to be very broad, while later scans
reduce the range as attractive parameter space is identified. The resulting database will
have a large number of operating points that satisfy the physics constraints, with a wide
range of fusion powers.

The physics points are passed through all the primary engineering assessments with input
from neutronics for the IB radial build of the FW, blanket, shield (adjustable to <Ny>),
and VV. The outboard radial build is also available for costing, but this region is not
critical to operating point identification. Evaluations include the FW heat flux, divertor
heat flux, fusion core and overall plant power balance (including breakdown in blanket
and divertor), TF coil, bucking cylinder/superstructure, CS/PF coils. A graphical user



interface was developed in order to help visualize the design space resulting from the
scans described above®®. However, we found that a pre-screening process was valuable
in order to reduce the dataset to a more tractable and meaningful number of points. This
was accomplished using a set of “filters” on individual parameters. For example, net
electric power output was typically filtered to accept only values between 975 and 1025
MW.. The database will include a wide range of plasmas with different values for fusion
power, which allows one to easily scan engineering and balance-of-plant parameters such
as the thermal conversion efficiency, heating and current drive wall-plug efficiency, or
the impacts of pumping power or other electrical requirements. Different net electric
power can be requested, as well as the sensitivity to assumed engineering constraints such
as the peak toroidal field at the magnet, or the peak heat flux in the divertor.

Other filters are generally applied to isolate the physics points to meet some criteria, such
as Py or Hog or n/ng,;. Ultimately the smallest major radii solutions are sought, although
this is not a hard criterion in general, and a range of radii are normally left in the
database. The operating points that are left are passed through the full buildout of the
plant, adding the top and bottom radial build and divertors, and the outboard radial build.
These are then costed based on unit costing, such as $/kg, $/watt, or scalings involving
thermal power or other relevant parameter.

The most important observation from this database approach to systems analysis is that
the idea of an optimal operating point, as one might derive from an optimizer systems
analysis, is not appropriate since the uncertainty in virtually all associated parameters is
too high. It is seen in the database that there are several operating points with very close
cost of electricity, having different values for the toroidal field in the plasma, the beta,
fusion gain, peak heat flux in the divertor, bootstrap current fraction, impurity content,
and so on. For example, our knowledge of the maximum achievable toroidal field at the
TF coil, or the maximum achievable beta, do not justify such a precise single operating
point. Shown in Table II are a sampling of solutions found for the advanced physics and
advanced technology ACT1 power plant search, each with a COE that is within 5% of the
reference case. The parameter minimum or maximum is highlighted for the alternate
configurations, which includes the highest fn, lowest major radius, lowest divertor peak
heat flux, lowest P, and lowest toroidal field. The operating point is actually a space and
could be identified by a set of parameter ranges, such as R = 6.0-6.75 m, Bt = 5.25-7.25
T, Bx"™ = 4.8-6.0, qui,™*™* = 10.5-14.7 MW/m?, for example. These parameter ranges
can be further prescribed by their inter-relationships, or trade-offs, such as Br-px'*® of
5.25-5.96 to 7.25-4.77. Comparing the first and fourth columns, if the highest peak heat
flux tolerable in the divertor is ~ 10 MW/m?, then the operating point must obtain a
higher major radius, a lower beta, a higher qos, associated H/CD and radiation loss
powers, and a higher cost to accommodate the requirement.

Table II. Several nearby operating points for ACT1 with < 5% increase in COE from the
reference, indicating a range of plasma parameters are accessible.



ACTl-ref [ ACTl-a ACT1-b ACTl-c ACTI-d ACTl-¢
R, m 6.25 6.25 6.0 6.75 6.25 6.75

Ip, MA 10.9 11.1 11.6 115 113 11.6
Br, Bi"™ T | 6.0,(11.8) 5.75,(102) | 7.0,(12.5) 6.5,(11.2) 7.25,(12.8) | 5.25,(9.05)
Ba, B 4.75,0.85 5.0, 0.96 4.5,0.83 4.25,0.82 4.0,0.77 5.0, 0.96
Qos 45 425 4.75 5.0 5.25 4.0

Hog 1.65 1.62 1.65 1.65 1.57 1.52
n/ng; 1.0 1.0 1.0 1.0 1.0 1.0

fas 0.91 0.90 0.91 0.90 0.89 0.85
Qai™™, 13.7 12.8 14.7 10.5 14.0 13.1
MW/m*

Pucp, MW | 42.7 427 493 50.5 53.6 67.1
Piusio, MW | 1813 1919 2096 1894 2009 2012
<Ny>, 2.45 2.60 3.08 2.20 2.72 2.33
MW/m?

Poadcors MW | 115.5 106.8 156.7 132.1 129.4 102.9
COE 64.3 64.4 66.3 67.0 66.5 66.6

Shown in Table III is a similar sampling of points around the conservative physics and
conservative technology ACT2 configuration. The alternate cases have their COE
within ~ +4% of the reference case. This plasma operating space was strongly affected

by the divertor peak heat flux and the fx

total

constraints, driving the major radius up to

9.75 m. The parameter minimum or maximum is highlighted for each alternate case
including minimum major radius, highest fusion gain, lowest divertor peak heat flux, and
lowest toroidal field. The last column in the table shows the reduction in major radius

from the reference case by 1.0 m when allowing fx
heat flux is only slightly above our limit of 10 MW/m?. This increase in

total

to rise to 3.0, and the peak divertor

total -

1S

consistent with a far away wall behind the blanket and ring structure shield, as identified
in the detailed ideal MHD stability analysis. On the other hand comparing columns one
and two, if higher peak divertor heat fluxes are tolerable, then the major radius can be
reduced compared to the reference case, with most other parameters very similar, and a
reduced cost. The operating point range here for ACT2 would be described as R =9.25-
10.0 m, Br = 8.0-8.75 T, pn = 2.6, qui™™* = 9.0-14.9 MW/m?, and Q = 20-27.5 for
example, which is clearly differentiated from that for ACT1. The benefit of allowing a

slightly higher By

total

can be clearly identified with the database approach, and the

implications can be examined with detailed analysis.

Although the cost of electricity (COE) is a useful collective measure for a configuration,
it does not adequately represent the operating space of possible configurations that exists,



since we typically impose several constraints or limits based on what plasma physics or
technology advances is considered reachable. These projections are in fact quite
uncertain, and demonstrating viable configurations where these projections are both more
or less aggressive, provides greater credibility to the plant identification. The database
approach can clarify the impact of the projections on the other plasma and engineering
parameters, like the geometry (major radius), for example.

Table III. Several nearby operating points for ACT2 with +4% difference in COE from
the reference, indicating that a range of plasma parameters are accessible.

ACT2-ref | ACT2-a ACT2-b ACT2-c ACT2-d ACT2-¢
R, m 9.75 9.25 9.75 10.0 10.0 8.75

Ip, MA 13.98 133 11.6 13.9 145 12.95

Br, Bi™ T | 8.75,(14.4) |[8.75,(14.6) |8.75,(14.4) |8.75(143) | 8.0,(13.1) 8.75,(14.8)
Ba, B 2.25,0.35 2.25,0.37 2.25,0.37 2.25,0.36 2.25,0.38 2.5,0.48
Qos 8.0 8.0 8.25 8.25 7.25 7.75

Hog 1.22 1.13 1.22 1.28 1.06 1.29
n/ng, 1.3 1.3 1.3 1.3 125 1.3

fas 0.77 0.77 0.79 0.79 0.69 0.82
Qai™™, 10.0 14.0 11.0 9.0 14.9 10.5
MW/m?

Picp, MW | 105.5 106.4 95.7 94.8 140.5 77.3

Prusion, MW | 2639 2663 2635 2609 2814 2516
<N.>, 1.46 1.64 1.46 1.38 1.49 1.73
MW/m*

Pradcors MW | 289.8 216.0 249.5 288.8 229.5 255.1

Q 25.0 25.0 27.5 27.5 20.0 325

COE 86.2 82.0 84.7 86.9 87.2 77.4

A. Comparison of ARIES-ACT1 and ARIES-AT

The last tokamak power plant study performed by this team was the ARIES-AT' design
in 1999, and comparing the advanced physics and advanced technology ACT1 design
point to that older design is of interest to account for the changes that have taken place.
Table IV provides some physics parameters of the two plants. In 1999 the power scrape-
off width formulation from the physics community*” was proportional to the scrape-off
layer (SOL) power in the numerator, so that as the power leaving the plasma and
transporting to the divertor increased, the scrape-off width would also increase. The
calculated peak heat flux in the divertor for ARIES-AT was then 5 MW/m?*, which could
be handled by a PbLi coolant and SiC composite structure, with a thin tungsten coating




for resistance to sputtering. By 2002-2003 the formulation for the power scrape-off width
had changed to having the SOL power in the denominator, causing a reduction of the
power scrape-off width with increasing power. The ACT activity adopted an explicit
scrape-off layer width formulation derived from Fundamenski'® for the systems analysis,
and an expression for the peak divertor heat flux, given by

}\'pow (1’1’1) = 7.25X10-2q950‘75nu0<15/(PSOL0.4BT)

k 2
qdivpea (MW/ m ) =P SOL fVert fIB,OB[ (l‘fdiv,rad)/ AIB,OB,diV,cond + fdiv,rad/ AIB,OB,div,rad ]

in combination with a high radiated power fraction (fyiv.rad = Pdiv.rad/Psor = 90%) in the
divertor. The conducted power footprint areas can then be given approximately by 2m(R-

a/2) )\.powfwfti]t for the outboard and 2m(R-a) )\.powfwftilt for the inboard, where fw 1s the
poloidal flux expansion (determined from equilibria), and fyy is the divertor target tilt
angle expansion. These are reasonably accurate for the typical plasma geometries
examined in the ARIES studies. The radiated power footprint areas are taken
approximately as 2mt(R-a/2)x(a/2)x2 on the outboard and 2m(R-a)x(a/4)x2 on the inboard,
which includes the dome and sidewalls of the divertor slot. The power plants typically
have power scrape-off widths of 3-5 mm, which provide the need for highly radiating
divertor (partially to fully detached) operating regimes. Using the same formulation for
ARIES-AT, the peak heat flux on the outboard divertor would be 22.6 MW/m®, as
opposed to the original 5 MW/m®. Simulations with UEDGE 2D plasma and fluid/kinetic
neutral codes'*?’ indicate that the highly radiating regimes may be accessible both with
an ITER style strongly inclined target to obtain 75% radiated power and about 12-13
MW/m” peak heat flux, or with a perpendicular target and wide slot geometry divertor to
obtain >95% radiated power and ~ 2 MW/m” on the target and side walls. The
engineering design of the divertor was also changed to helium cooled tungsten utilizing
plate or finger jet-impingement designs in order to handle the resulting heat fluxes over a
range up to 10-15 MW/m’.

Another critical parameter that was updated in the ACT studies is the wall-plug
efficiency for the heating and current drive (H/CD) systems, and should include the
source efficiency, the transmission efficiency, and any coupling to the plasma efficiency
that applies. In the ARIES-AT study, this parameter was generally taken to be ~ 0.7-
0.75. Recent reviews of this parameter’””" indicate it is approximately ~ 0.4 for all
sources (NB, EC, LH, and IC) in spite of varying values for the individual contributions
among the different sources. For simplicity this value is assumed in the systems analysis
regardless of the H/CD scheme. This parameter, which increases the recirculating power
associated with the H/CD system, and the treatment for the peak heat flux in the divertor
both contribute to the larger plasma major radius for ARIES-ACT1 at 6.25 m compared
to ARIES-AT at 5.20 m. Although both ACT1 and ARIES-AT operate at their
Greenwald density limit, the ACT1 case has a 60% lower density due to the increased
size of the plasma and lower plasma current. The shift to larger plasma size in ACT],
for the divertor heating, and the reduced wall-plug efficiency conspire to lower the
plasma current and raise the minor radius, both making the Greenwald density lower.



The larger plasma volume can compensate the lower plasma density to provide a similar
fusion power, since Pfysion = /npnT<0V>Efusiond Vplasma-

The physics description of the plasma is improved by incorporating 1.5D analysis that
has limited the broadness of temperature and current profiles compared to the purely
equilibrium analysis of the ARIES-AT study. The use of the peeling-ballooning pedestal
constraint [17] has provided a consistent profile constraint at the plasma edge compared
to the L-mode or adhoc H-mode edge treatments in ARIES-AT. The triangularity has
been lowered to accommodate engineering space and shielding requirements, however it
still remains high at 0.63. Higher fidelity heating and current drive analysis using the
modern tools like TORIC full wave'” for ICRF, NUBEAM?' for NBs, LSC'® for lower
hybrid, and GENRAY?** and TORAY*** for EC, has allowed more consistent
configurations to be defined, with significantly better predictions for current drive
efficiency than previously available.

Table IV. Parameters for the advanced physics and advanced technology design ARIES-
ACT]1 and the ARIES-AT also an advanced physics and technology plant.

ARIES-ACT1 ARIES-AT
R, m 6.25 5.20
a, m 1.56 1.30
Kx 22 22
dx 0.63 0.90
B 5.75 6.0
Br, T 6.0 5.86
1(3) 0.47 0.29
qai”*™, MW/m’ 13.7 22.6%
fdiv rad — 09
Ip, MA 11.0 12.8
q95 45 33
<n>,, x10% /m’ 1.33 2.15
n/ng; 1.0 1.0
Pi/cp, MW 45 37
Prusions MW 1813 1758

*original divertor peak heat flux was reported as 5 MW/m", this value uses the same
approach as the ACT studies

B. The ACT3 and ACT4 Operating Points Identified

The ACT3 advanced physics with conservative technology and ACT4 conservative
physics with advanced technology configurations provide a way to view permutations on
the all advanced or all conservative designs. ACT3 combines the high Bx and high
energy confinement plasma with the conservative DCLL blanket concept and its thermal
conversion efficiency of ~ 45%. The major radius of this design is 8.5 m, and a
corresponding peak heat flux in the divertor of 9.6 MW/m” with 90% radiated power
fraction. The edge safety factor qos is 4.25. ACT3’s fusion power is similar to the
conservative ACT2 since the thermal conversion efficiency dominates the determination
of the required fusion power to generate 1000 MW of electricity.




The ACT4 combines a low Pn and lower energy confinement plasma with the advanced
technology SiC composite blanket with a thermal conversion efficiency of ~ 58%. The
major radius of this design is 8.0 m, and a corresponding divertor peak heat flux of 8.6
MW/m* with 90% radiated power fraction. In this particular case it was not difficult to
find low divertor peak heat flux cases, since the power terms are similar to ACT1, and the
major radius is 30% larger. Its fusion power is close to that of the all advanced ACT1
design, due to its high thermal conversion efficiency. The peak toroidal field at the TF
coil did reach 16 T, which we have used as a limit in these studies. The limiting criteria
to keeping the plasma major radius from dropping were the toroidal field limit of 16 T at
the TF coil and the desire for higher fusion gain. For example, 7.5 m major radius
plasma solutions existed with peak toroidal field at 16 T, however the fusion gain had

dropped to 17.5, so a slightly higher major radius was chosen to recover a fusion gain of
27.5.

Both ACT3 and ACT4, which combine advanced and conservative features, demonstrate
a larger major radius than ACT1 and a lower major radius than ACT2, as might be
expected. Since the technology philosophy is primarily a change in the thermal
conversion efficiency, the fusions powers are similar between the advanced technology
(ACT1 and ACT4) and conservative technology (ACT2 and ACT3) variants. Similarly
the physics philosophy is primarily a Bn-Bt-qos-Hog-n/ng, combination change, and the
ACT3 and ACT4 retain the physics parameters associated with the advanced or
conservative choice. On the other hand, several parameters end up intermediate between
the all conservative and all advanced configurations, in addition to the major radius.
These include the plasma density, neutron wall load, heating and current drive power,
recirculating power, fusion plasma and engineering gains, and cost of electricity. Overall,
these configurations show that advancing physics or technology can potentially reduce
the device size and cost over a all conservative configuration.

In 1991 the first ARIES power plant design was completed, referred to as ARIES-I72,
which targeted conservative physics and advanced technology. The assumption for fx
was 3.2, the global energy confinement multiplier Hog was 1.49, a current drive efficiency
of 0.37 for ICRF/FW, a wall-plug efficiency for that heating and current drive system of
0.72, a SiC composite blanket with a thermal conversion efficiency of 49%, a neutron
multiplication factor for heating in the blanket of 1.3, and assumptions about the pumping
and auxiliary systems recirculating powers. At the time, the estimated peak heat flux in
the divertor was 3.88 MW/m?, while our present analysis finds a value of 15.3 MW/m?,
which is too high for our conservative technology assumptions and at the upper limit for
our advanced technology assumptions. Table V shows several parameters of the ARIES-
ACT4 (cons phys / adv tech), ACT2 (cons phys / cons tech), and ARIES-I. ARIES-I
obtained a smaller major radius than either of these recent ACT designs, which has been
tracked down to a higher Hog assumption, a higher fx assumption, a higher wall-plug
efficiency, and a high divertor peak heat flux. Better understanding and analysis shows
us that the B = 3.2 for the profiles assumed is too high without a stabilizing shell. The
strategy for externally driving current with ICRF/FW is not considered feasible since it
relied on multi-pass absorption to distribute the current across the minor radius, and this



is not experimentally observed. The current drive efficiency assumed for ICRF was close
to that obtained from simulations for the ACT studies. The assumed energy confinement
in ARIES-I is high relative to ACT2 and ACT4, which have conservative physics
assumptions. The ARIES-I design was also attempting to take advantage of high
magnetic field at the plasma and TF coil, above those now considered feasible for low
temperature superconductors based on Nbs;Sn.

Table V. Selected parameters from ARIES-I, as compared with ARIES-ACT4 and ACT2.

ARIES-ACT4 ARIES-I* ARIES-ACT2
R, m 8.0 6.75 9.75
a, m 2.0 1.5 (A=4.5) 2.438
Kx 2.2 1.8 2.2
dx 0.63 0.7 0.63
BNtotal 2.47 32 2.60
Br, T 9.0 11.3 8.75
Zeit 2.0 1.57 2.0
qai”*™, MW/m’ 8.6 15.3 10.0
fdiv rad — 0.9
Ip, MA 11.1 10.2 13.98
fas 0.81 0.68 0.77
Hog 1.24 1.49 1.22
<n>,, x10% /m’ 1.01 1.45 0.86
n/ng; 1.3 1.1 1.3
Nep 0.15 0.37 0.15
Py/cp, MW 67.2 107 105.5
Ptusions MW 1813 1826 2637
Q 27.5 17.0 25.0
N 0.58 0.49 0.44

| MNwall-plug 0.4 0.72 0.4
Pauxfunctionss MW 32.0 52.0 32.0
Ppump, MW 10.0 54.0 25.4

*these parameters are generated from the present systems code to recover the ARIES-I
design point, so that some of these parameters are slightly different due to different
models.

C. Conclusions

The ARIES ACT study has examined the impact of conservative and advanced physics
and technology assumptions on the steady state tokamak power plant configuration to
produce 1000 MW of net electric power. The advanced characterization of high pn'®
(5.75), high Hog (1.65), and SiC composite structure SCLL blanket concept (nm = 58%)
results in a 6.25 m plasma, with 11 MA plasma current and 6.0 T toroidal field. The
conservative characterization of low BNtOtal (2.60), low Hog (1.25), and ferritic steel
structure DCLL blanket concept (nm = 45%) results in a 9.75 m plasma, with 14 MA of
plasma current and 8.75 T toroidal field. Both of these configurations have assumed
H/CD wall plug efficiency of 0.4, subsystems electric power requirement of 32 MW, and
pumping power requirement of ~ 1% of the total thermal power. The peak heat flux in




the divertor has employed a power scrape-off width formulation, in combination with a
90% radiated power in the divertor assumption, that has led to larger device size,
particularly compared to the previous ARIES-AT and ARIES-I design points. Detailed
analysis of the edge and divertor plasma provides some support of this high radiation
power-handling regime. The increased size has reduced the neutron wall loading
compared to previous studies as well, allowing a 5 FPY lifetime for the ACT1 and 8 FPY
lifetime for ACT2. Both configurations utilize Li;s 7Pbgs 3 as liquid metal breeder/coolant,
with 40% Li-6 enrichment, reaching TBR’s of 1.05. The helium cooled tungsten alloy
with tungsten armor is the divertor concept for both. Up-down symmetric double null
geometry with strong shaping is also common to these configurations.

The ACT activity simultaneously improved and expanded the analysis approaches in both
engineering and physics. Engineering activities expanded with the use of inelastic
analysis on critical components like the blanket and divertor structures, fracture analysis
on the brittle tungsten components, transient analysis of ELM type heat loading on the
divertor, and electromagnetic disruption analysis of conducting structures during the
current quench. The nuclear analysis has developed routine examination of 3D CAD-
based first wall, blanket, structural ring/shield, and vacuum vessel, and divertor regions.
The combination of similarity experiments for the high heat flux He-tungsten divertor
designs with detailed thermo-mechanical and CFD analysis was used to provide the basis
for the ACT divertor designs. The physics analysis utilized time-dependent free-
boundary plasma simulations, with high fidelity heating and current drive models. Ideal
MHD expanded to include the peeling-ballooning pedestal stability and fast alpha particle
stability. 2D edge and divertor plasma modeling with fluid and kinetic neutrals was
employed to find solutions to the high power handling for ACT1. Experimental
observations were used to determine the ELM and disruption thermal loading of the
divertor and first wall in order to provide engineering analysis with some guidance, and
begin to establish power plant regime limitations for these phenomena.

An new database systems analysis approach was employed in the ACT studies, in which
a large database of viable operating points are produced, rather than a single optimized
operating point based on cost of electricity, as was done previously in the ARIES studies.
The new approach confirmed the expectation that there are many nearby operating points
with only slightly different cost of electricity, that exhibit variations in both plasma and
engineering parameters. The conclusion is that within the uncertainty inherent in our
present knowledge of achievable parameters in a fusion power plant, such as maximum
toroidal field at the TF coil or maximum Py achievable, we can actually only determine a
range of solutions that meet our technical criteria within a cost of electricity zone. This
range allows us to see the impact of more or less aggressive assumptions. This is
considered a preferable and more credible way to describe power plant visions for the
future.
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Figure 1. The four corners study of tokamak power plants examines the impact of
advanced or conservative assumptions in both physics and technology, referred to as
ARIES-ACT1, 2, 3, or 4.
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Figure 2. ARIES-ACT]1 advanced physics and advanced technology power plant
configuration.
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Figure 3. The plasma boundaries for the 4 corners ACT plants identified. ACT1 and
ACT2 were examined I detail, while ACT3 and ACT4 are examined only at the systems
level.
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