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Abstract

The advanced tokamak is considered as the basis for a fusion power plant.
The ARIES-AT design has an aspect ratio of A ≡ R/a = 4.0, an elonga-
tion and triangularity of κ = 2.17, δ = 0.84 (evaluated at the separatrix
surface), a toroidal beta of β = 9.2% (normalized to the vacuum toroidal
field on at the plasma center), which corresponds to a normalized beta of
βN ≡ 100 × β/(IP (MA)/a(m)B(T )) = 5.4. These beta values are chosen to
be 10% below the ideal MHD stability limit. The bootstrap-current fraction
is fBS ≡ IBS/IP = 0.91. This leads to a design with total plasma current
IP = 12.8MA, and toroidal field of 11.1T (at the coil edge) and 5.8T (at the
plasma center). The major and minor radii are 5.2 and 1.3 m. The effects
of H-mode edge gradients and the stability of this configuration to non-ideal
modes is analyzed. The current drive system consists of ICRF/FW for on-axis
current drive and a Lower Hybrid system for off-axis. Transport projections
are presented using the GLF23 model. The approach to power and particle
exhaust using both plasma core and scrape-off-layer radiation is presented.
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1 Introduction

This, and the companion paper [1], describe the physics basis and physics optimiza-
tion studies performed for the ARIES-AT fusion power plant study. ARIES-AT is
an advanced tokamak, as was ARIES-RS [2]. As such, the tokamak q-profile has a
“reversed shear” property where it is a local maximum on axis, decreases outward
to a local minimum, and then increases to the plasma boundary. This configuration
is favored for its properties that (1) it remains stable to ideal MHD ballooning and
internal kink modes at very large values of the plasma β ≡ 2µ0p/B

2
V ac, (where BV ac

is the vacuum toroidal field evaluated at the plasma center), (2) it implies a plasma
current density profile peaked off-axis that is consistent with a large bootstrap-
current fraction fBS ∼ 1, and (3) it is consistent with favorable transport properties
near and interior to the shear reversal region.

There are many similarities to this design and to ARIES-RS. The primary dif-
ference is that we have carried the optimizations further in this design to produce a
more aggressive, and hence more attractive design, by considering a wider class of
pressure and current profiles and by allowing the plasma region to extend further
to the X-point singularity in the confining magnetic field.

We have also increased the depth of the analysis of the plasma configuration
over that which was done for ARIES-RS. In Section 2 we consider the effects of edge
gradients and current values expected for H-mode plasmas. We also analyze the
stability requirements for the resistive wall mode (RWM), the neoclassical tearing
mode (NTM) and the edge localized modes (ELMs).

The current drive systems are analyzed in Section 3. This includes an analysis
and design specifications for the baseline current drive system of ion cyclotron res-
onant frequency (ICRF) and lower hybrid wave (LHW) heating and current drive,
but also analysis of backup systems of high harmonic fast wave (HHFW) and neutral
beam injection (NBI). The primary function of these systems is to drive plasma cur-
rent where it needed from plasma stability and transport considerations. However,
the heating and current drive systems are also used during plasma startup, and also
produce plasma rotation which affects both the MHD stability and the transport
properties of the configuration.

The transport properties of the device are analyzed in Section 4. Here we apply
modern transport analysis tools and the GLF23 transport model to analyze the con-
sistency of the plasma profiles with respect to evolution due to transport processes.
As part of this analysis, we consider the effects of the driven rotation on plasma
transport.

The power and particle exhaust properties of the plasma are analyzed in Sec-
tion 5. Here we consider the radiative and conductive heat losses from the plasma
and edge regions, and the effect of impurity doping. The engineering constraints on
the maximum allowable heat fluxes on the first wall and divertor regions put severe
constraints on the allowable solutions.

In Section 6 we summarize the plasma operating regime parameters in terms
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of a plasma operating contour (POPCON) diagram, and present an analysis of the
startup requirements. The main results of this study are summarized in Section 7.

2 Plasma Equilibrium and Stability

The optimization procedure which led to the specification of the baseline pressure
and current profiles is described in [1]. We summarize the results of that optimiza-
tion in Sec. 2.1. In the following sections we consider the effects of H-mode profiles
on the plasma stability (Sec. 2.2), and extend the stability analysis to include the re-
sistive wall mode (RWM)(Sec. 2.3), the neoclassical tearing mode (NTM)(Sec. 2.4),
and the edge localized modes (ELMS) (Sec. 2.5).

2.1 Baseline Equilibrium and Profiles

The baseline plasma profiles have zero pressure gradient and zero current density
at the plasma edge, making them typical of L-mode edge plasmas. The pressure
profile for the reference equilibrium is given by,

p(ψ) = p0

[

c1(1 − ψ̂b1)a1 + c2(1 − ψ̂b2)a2
]

(1)

with a1 = 2.75, b1 = 2.25, c1 = 0.55 and a2 = 2.00, b2 = 1.00, c2 = 0.45, p0 = 2.467 ×
106. The parallel current current density profile is a self-consistent combination of
the bootstrap current and the externally driven current profiles from fast wave and
lower hybrid current drive.

In the baseline fixed-boundary equilibrium and stability studies, the plasma-
vacuum boundary is the 99% flux surface from the free-boundary equilibrium. Al-
though the plasma boundary can not be described analytically, it can be parame-
terized in terms of a major and minor radius R = 5.2m, a = 1.30m, an elongation
κ = 2.15 and a triangularity δ = 0.78.

As described in [1], these parameters have been chosen to maximize the plasma
β while maintaining stability to ideal MHD modes, and to provide a high bootstrap
fraction equilibrium that is compatible with the current drive systems described in
Section 3. The equilibrium has a hollow current profile, with the location of the
qmin (minimum safety factor) close to the edge.

2.2 Effects of H-mode Like Pressure and Current Profiles

The equilibrium and stability analysis described in Ref. [1] and in Sec. 2.1 was
based on standard pressure and current profile functions that go smoothly to zero
at the plasma edge, with zero pressure derivative there. These profiles are more
typical of L-mode plasmas than of H-mode. Because ARIES-AT requires the energy
confinement times typical of an H-mode, we have extended the stability analysis to
examine the effects of the edge gradients typical of H-mode plasmas.
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Marginal Wall Marginal Wall
n = 1 n = 2

L-Mode Limiter 1.525 1.450
βN = 5.6
L-Mode Divertor 1.600 1.475
βN = 5.6
H-Mode Divertor 1.550 1.475
βN = 5.8
H-Mode Divertor 1.575 1.450
βN = 5.9

Table 1: Comparison of the critical wall location for stabilization against the n = 1, 2
ideal modes for the L-and H-mode like equilibria.

2.2.1 H-Mode Equilibrium

The primary difference between the plasma profiles defined in Sec. 2.1 and the H-
Mode profiles defined here are the values of the pressure and current density near
the plasma edge. Because the stability of the H-mode profiles depends sensitively
on the interplay of the strong shaping near the edge of a divertor plasma and the
steep gradients there, we have recomputed the free-boundary diverted equilibrium
with H-mode-like pressure and current profiles using the EFIT code. These profiles
were based on the reference L-mode limiter equilibrium. This equilibrium [3] forms
the basis for the stability analysis in the remainder of this section.

In this proceedure, the pressure and the current profiles from the L-mode equi-
librium are first fit to a set of polynomial basis functions. H-mode like equilibria are
then generated by perturbing the outer region of the L-mode equilibrium obtained
using the fitted profiles while keeping the core as similar to the L-mode case as
possible. The edge pressure gradient and current density are allowed to be finite.
This is illustrated in Figure 1, where the two free pressure and poloidal current
functions, P ′(ψ) and FF ′(ψ), the safety factor q(ψ), and the flux surfaces for the L-
and H-mode like equilibria are compared. This particular H-mode like equilibrium
has P ′(1) ∼ 0.2P ′(0) , 〈JT 〉(1) ∼ 0.38Jave, βT ∼ 9.7% , and βN ∼ 5.9. Because of
the finite edge pressure gradient, the H-mode case has a slightly higher β value.

2.2.2 Effect on Ballooning and Kink Stability

Ideal stability analyses indicate that stability against the low n = 1, 2 modes are
relatively insensitive to the presence of the X-point and the broader H-mode like
pressure and current profiles with. The locations of the conducting wall required for
stabilization against these modes remain similar. This is summarized in Table 1.

Stability against the high n ideal ballooning modes, which are limiting the L-
mode like reference limiter equilibrium, are actually improved by the H-mode like
profiles, even though the pressure gradients and β value are higher. With sufficiently

4



Figure 1: Comparison of the pressure and poloidal current functions p′(ψ) and
FF ′(ψ), the safety factor profile q(ψ), and the flux surfaces for a H-mode like equi-
librium (dashed curves) against those for the L-mode base equilibrium (solid curves).

high edge pressure gradient and bootstrap current, the H-mode like equilibria have
second stability access for ballooning modes over essentially the entire plasma vol-
ume. This is illustrated in Figure 2 for the H-mode like equilibrium shown in
Figure 1.

2.3 Stability to the Resistive Wall Mode (RWM) and its
Stabilization by Plasma Rotation

The proposed ARIES equilibria [3] was tested for its stability to the Resistive Wall
Mode (RWM) and stabilization of the RWM by plasma rotation was evaluated by
using the MARS stability code [4]. MARS is an eigenvalue code, which solves for the
full MHD perturbation equations with the MHD mode frequency as the eigenvalue
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Figure 2: Comparison of Ballooning stability for the L- and H-mode like equilibria.

and the perturbed MHD quantities (perturbed plasma displacement, magnetic field
and pressure) as eigenfunctions. One of the most important input quantities in the
present study is the plasma rotation profile. For simplicity, we assume that the
plasma has a constant(rigid) rotation frequency profile across its cross-section. The
model for the damping of the toroidal momentum used is the sound wave damping
model. In this model, there is a force which damps the perturbed toroidal motion
of the mode according to the formula

FSD = −κ‖
√
π|k‖vthi

|ρ~v · b̂b̂.
Here κ‖ is a numerical coefficient with a value of 1.77 to model the ion Landau

damping process, k‖ is the parallel wave number (m−nq)/R, vthi
is the ion thermal

velocity, ρ is the mass density, ~v is the perturbed plasma velocity and b̂ is the unit
vector of the equilibrium magnetic field.

2.3.1 RWM with Toroidal Mode Number n = 1

The critical rotation frequency for stabilization of the RWM in equilibria [3] is found
to be between 0.07 to 0.08 of the Alfven transit frequency. No stability window is
found for rotation frequency below 0.07. The stability window for the location of
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the resistive wall is between 1.3 and 1.45 of the plasma radius when the plasma
rotation frequency is at 0.08 of Alfven frequency. This window widens to between
1.075 to 1.45 of the plasma radius when the rotation frequency is increased to 0.09
of the Alfven frequency. Here, the Alfven frequency is defined as

fav =
vA
R
.

Here, R is the plasma center, taken to be 5.19 m and vA is

vA =
Bvac√
µ0ρ0

and Bvac is 5.92T . A uniform density 50-50% D − T plasma with electron density
2.2 × 1020/m3 is used and the value of fav is computed to be 1.06 × 106/sec. The
resistive wall time has been taken to be 5000τa or 5 msec. When the rotation
frequency is increased beyond .09 of Alfven frequency, the growth rate normalized
to the wall time is reduced below 0.1. It would then have a time scale longer than
50 msec, or a frequency less than 20 Hz.

These results are illustrated in the following figures. Shown in Figure 3 is the
mode amplitude of the various poloidal Fourier harmonics of the radial magnetic
perturbations as a function of

√
V , with V being the volume enclosed by the flux

surface. It is observed that this mode has a global structure. Shown in Figure 4
is the growth rate of the resistive wall mode as a function of the location of the
resistive wall. Each curve has a different plasma rotation frequency relative to the
resistive wall. The same equilibrium is used here as in Figure 3.

2.3.2 RWM with Toroidal Mode Number n = 2

A similar study has also been performed for the n = 2 mode. It is found that the
rotation required for the n = 2 mode is substantially reduced from that for the
n = 1 mode. This reduction factor is close to 2, as shown in Figure 5. In this figure
growth rates of the resistive wall mode with the plasma rotating at different rotation
frequencies are plotted as a function of the location of the resistive wall. Note that
there is an opening up of the stability window first at rw = 1.5 at around rotation
frequency of 0.03 of the Alfven frequency. When the rotation frequency is increased
to 0.05 of the Alfven transit frequency, this window widens to between rw = 1.32
and rw = 1.5.

The reason of this reduction is the increased sound wave damping due to the
increased number of resonant flux surfaces. The corresponding mode structure of
the n = 2 resistive wall mode is shown in Figure 6. The mode structure is still quite
global.

2.3.3 Stability to the RWM through use of Intelligent Shell Feedback

It was found in Sections 2.3.1 and 2.3.2 that the rotation frequency required for
the stabilization of the RWM is over a few percent of the Alfven wave transit fre-
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Figure 3: Amplitudes of the poloidal harmonics of the perturbed magnetic field
δBψ of a stabilized resistive wall mode. Here δBψ is plotted as a function of

√
V

for equilibria [3]for a uniformly rotating plasma with Ω = .08 measured in units of
Alfven toroidal transit frequency and with rw = 1.35rp and toroidal mode number
n = 1

quency. This amount of rotation would be difficult to maintain for the ARIES type
of tokamak. Therefore, the alternative approach of active feedback stabilization of
the RWM has also been studied. In the intelligent shell feedback scheme, external
coil currents are utilized to make the resistive wall appear almost ideally conductive
to the plasma. This approach has been formulated for a finite β plasma in toroidal
geometry by extending the ideal MHD energy principle and implemented numer-
ically by coupling GATO [5] with VACUUM [6]. Application of this formulation
to ARIES geometry[3], employing “flux conserving intelligent coils” located on the
resistive wall, indicated that the resistive wall can be made to be 90% effective to
n = 1 resistive wall modes by covering the resistive wall with 7 segments of poloidal
coils of equal poloidal coverage. Here, the effectiveness of the coil arrangement is
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Figure 4: Stability window in rw for the n = 1 resistive wall mode for equilibrium [3].
Plotted are growth rates of the ideal and resistive wall modes vs. rw. The curve
labelled ideal is the growth rate of the ideal external kink with the scales multiplied
by 200. Other curves are labeled by the rotation frequency of the plasma with respect
to the resistive wall measured in units of the toroidal Alfven transit frequency. The
growth rates of the resistive wall modes are multiplied by τw.

defined as

Eff =
δW − δWηw=∞

δWηw=0 − δWηw=∞

For the present configuration, δWηw=0 is approximately 0, i.e. the mode is marginally
stable with an ideal wall, and δWηw=∞ is around -0.35. These results suggest that
the reference baseline case (which is at 90% of the ideal wall limit) is stable to the
n=1 RWM’s with an intelligent shell.
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Figure 5: Stability window in rw for the n = 2 resistive wall mode for equilibrium [3].
Plotted are growth rates of the ideal and resistive wall modes vs. rw. The curve
labeled ideal is the growth rate of the ideal external kink with the scales multiplied by
200. Other curves are labeled by the rotation frequency of the plasma with respect
to the resistive wall measured in units of the toroidal Alfven transit frequency. The
growth rates of the resistive wall modes are multiplied by τw.

2.3.4 Evaluation of Resistive Wall Mode Control Coil Requirements for
ARIES-AT

The n = 1 resistive wall mode (RWM) is an ideal kink which occurs when beta
exceeds the no-wall beta limit but is less than the ideal-wall beta limit. As any real
wall is not ideal but resistive with an effective wall time τW , the RWM can grow but is
slowed to a growth rate γ ≤ τ−1

W and to a rotation frequency ω ≤ τ−1
W by the resistive

wall. The RWM manifests itself as an n = 1 radial field B̃R coming through the wall.
The slowing down of the mode growth makes stabilization tractable by feedback
control with an external (to the vacuum vessel) coil which opposes the change in
B̃R at the wall, i.e., acts to make the wall behave as a perfect conductor [7, 8].
Experiments in the tokamaks HBTX at Columbia University and DIII-D at General
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Figure 6: Amplitudes of the poloidal harmonics of the perturbed magnetic field
δBψ of a stabilized resistive wall mode. Here δBψ is plotted as a function of

√
V for

equilibrium [3] for a uniformly rotating plasma with Ω = .08 measured in units of
Alfven toroidal transit frequency and with rw = 1.35rp and toroidal mode number
n = 2

Atomics are implementing such a feedback control. The DIII-D vacuum vessel and
control coils (as of now) are shown in Figure 7.

A conceptual feedback coil for ARIES-AT is shown in Figure 8. It is based
on the “C-Coil” in DIII-D [9]. Assuming the copper vertical stabilizing shells act
to inhibit n = 1 flux penetration, the feedback coil must oppose any n = 1 flux
leakage through the vacuum vessel at the outboard midplane. It is assumed that
an array of integrated “saddle loop” sensors will be placed on the inside vessel
wall to detect the mode and act in the feedback loop. The coil top and bottom
are at ZC = ±1.45m,RC = 7.5m, to subtend a simple poloidal angle of 60◦ from
the plasma axis; this is about 1/2 a poloidal wavelength for the dominant m = 3
component. A set of eight “windowpane” coils, subtending 45◦ wide each toroidally,
covers the torus and fits into the N = 16 symmetry of the TF-coil. These would
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Figure 7: Existing geometry of DIII-D “C-Coil” and vacuum vessel (courtesy Jim
Bialek).

be hooked up into four pair with 180◦ opposite coils connected in anti-series for n
odd with n = 1 dominant. Thus four independent power supplies are required. (A
configuration of sixteen-22.5◦ wide coils making up an equivalent ensemble might
be desirable to avoid port obstructions.) The present design only considers modes
with n=1. Resistive Wall Modes with n > 1 have not been observed in DIII-D.

In DIII-D, modes are detectable at the level
∣

∣

∣B̃R

∣

∣

∣ ≈ 1G in a discharge with

axial toroidal field BT0 of 2T or about 5 × 10−5of BT0 . The C-Coil in DIII-D can
produce field at the sensor up to 50 times this. Thus each (of four pair) RWM coils
in ARIES-AT must make about 50× 5× 10−5 × 5.9× 104G ≈ 150G at the outboard
midplane vacuum vessel. The necessary current is about IC ≈ πZC

∣

∣

∣B̃R

∣

∣

∣ /µ0 = 50
kA-turns. The number of turns and bandwidth of the four independent power
supplies depends on the necessary frequency ω which in turn depends on the wall
time τW . Neglecting the radially thick Li-Pb blankets of relatively high resistivity
(1.2µΩ−m) which have Li-Pb in SiC channels and also neglecting the copper vertical
stabilizing shells, one assumes the same geometry and material vacuum vessel as
DIII-D with τW scaled up by size squared from 5 msec in DIII-D to about 20
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Figure 8: Cross-section of ARIES-AT power core configuration showing the proposed
RWM control coil.

msec in ARIES-AT. Requiring a linear amplifier with a voltage capable of driving
±IC/N up to ωτW ≈ 3 (ω/2π ≈ 25Hz) sets VC ≈ ωL(IC/N) where L is the
inductance of one pair in anti-series, N is the number of turns, we neglect the coil
resistance and any cabling impedance, and we neglect any current induced in the
vessel. Now L ≈ N 2µ0RC per pair and VC ≈ 3Nµ0RCIC/τW ≈ 300V for N = 4
with IC/N ≈ 13kA or 0.5VC(IC/N) ≈ 2MW each of four supplies (linear amplifiers).
Careful design to minimize cabling impedance and coil resistance is assumed here.
Such linear amplifiers are of order of what is operational on DIII-D.

Requirements for the coil and the power supplies/linear amplifiers are summa-
rized in Table 2. A further requirement on the linear amplifiers is negligible phase
shift up to ωτW ≈ 10 so that the closed loop feedback system does not go unstable.
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# coils 16◦ − 22.5◦ wide in φ, 60◦ wide in θ, outboard
N turns 4
RC , ZC 7.50m,±1.45m
∣

∣

∣B̃R

∣

∣

∣ at vessel 150G

IC 50 kA-turns
ωτW ≤ 3 (so f ≤ 25Hz for τW ≈ 20 msec)
Resistance R 17mΩ (each of four sets, 2.6 cm OD Cu turns)
LC = N2µ0RC 9N2µH
IC/N 13 kA from each supply (of four)
VC = 3Nµ0RCIC/τW 300 volts from each supply (of four)
(IC/N)VC/2 2 MW from each supply (of four), reactive power
(IC/N)2R/2 1.5 MW (each of four), dissipated power
δT/δt 1.5◦C/sec (no cooling assumed)

Table 2: RWM Feedback Coil Requirements

An additional use of the RWM Coil would be for error field correction, the
original purpose of the C-Coil in DIII-D. Asymmetries in winding and positioning
PF and TF coils produce resonant n = 1 magnetic field non-axisymmetry which can
slow rotation, destabilize n = 1 RWMs, or lead to locked modes. As in the DIII-D
C-Coil, the proposed RWM Coil can be operated in a duplex fashion to both correct
“dc” error field and to feedback stabilize “ac” resistive wall modes.

2.4 Neoclassical Tearing Mode Control Requirements

The neoclassical tearing mode (NTM) island results when: (1) the free energy ∆′

available in the current profile is negative, i.e., stabilizing, (2) the bootstrap current
is helically perturbed reinforcing the perturbation, and (3) the metastable plasma
without an island, is sufficiently perturbed above a threshold so that the island
grows and saturates [10] .

In an AT plasma without sawteeth or fishbones, ELMs are a likely cause of seed
perturbations to excite resonant q = m/n mode such as m/n = 5/2 at ρ = 0.92 in
ARIES-AT [3]. The large bootstrap current can produce a very large island if excited
and allowed to grow. However, current profile control with radially localized off-axis
co-electron cyclotron current drive (ECCD) or lower hybrid current drive (LHCD)
could suppress the island by either replacing the “missing” bootstrap current [11]
or by making ∆′ more negative [12].

Stability is determined by analyzing the modified Rutherford equation including
the effect of replacing the “missing” bootstrap current, Jrf/Jbs term, and with the
“polarization” threshold ωpol term [10]:

τR
r

dw

dt
= ∆′r +

√
ε(Lq/Lp)βθ[

r

w
− rw2

pol

w3
− 8qrδ

π2w2

ηJrf
Jbs

]. (2)
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Here Jbs =
√
εp/(LqBθ) , Jrf = Irf/(2πrδ) , δ is the full radial width half

maximum of the rf current, and η = η0/(1 + 2δ2/w2) with perfection position on
island assumed. The unstable region is bounded in βθ−w space for ẇ ≡ 0 , as given
by

βθ =
−∆′r√
ε(Lq/Lp)

/[
r

w
− rw2

pol

w3
− 8qrδ

π2w2

ηJrf
Jbs

] (3)

Evaluation of the unstable region for the ARIES-AT equilibrium is shown in
Figure 9. For m/n = 5/2 , ∆′r = −10 is very stable [13]. However, without rf, an
unacceptably large island, w/r ∼ 0.5 at βθ = 2.3 , could be excited.

The feasibility of using radially localized ECCD to replace the missing bootstrap
current, at fixed ∆′ , is also shown in Figure 9. This is seen to be ineffective even
for Irf/Ip = 0.1 (assuming δ =

√
3wpol ≈ 6cm < w for good efficiency of η = 0.5 )

as Jrf/Jbs = 0.3 and about Jrf/Jbs ≈ 1 ∼ 2 is needed, this corresponds to a large
ECCD requirement. (Irf/Ip ≈ 0.3 ∼ 1.0 ).

Allowing the equilibrium current density to be modified by the radially localized
ECCD or LHCD so as to make ∆′ more negative, improves the situation greatly.
As shown in Figure 9, it requires ∆′r < −50 to limit the mode at βθ = 2.3. The
feasibility of this is currently being investigated.

It seems clear that a combination of current profile modification and a replace-
ment of the missing bootstrap current is most effective. Future work should in-
clude: (1) equilibrium constructions with local current density bumps such as in
Reference [12] for evaluation of ∆′ with “TEAR” or PEST-III, (2) analysis of the
validity of Equ. 2 under the ARIES-AT conditions, (3) evaluation of rf power and
launcher requirements for a multi-MA off-axis ECCD system, and (4) analysis of
the feasibility of producing the required localized current profile modifications with
a LHCD system.

2.5 Edge Stability and Edge Localized Modes (ELMs)

In addition to low toroidal mode number (low-n) global kink modes and high-n
ballooning instabilities, high performance AT plasmas can also be subject to edge
localized MHD instabilities in the intermediate range of toroidal mode numbers
(3 < n < 30). These instabilities are driven by a combination of the sharp pres-
sure gradients and the resulting high bootstrap current densities in H-mode type
edge profiles. The characteristic mode structure shows a combination of balloon-
ing, peeling, and kink-like features. Depending on radial mode width and other
characteristics, these intermediate-n edge instabilities can be associated with small
benign ELMs, large ELMs which pose potential heat load issues for the inner wall
and divertor, and broader edge instabilities which can inhibit core performance.

An analysis of intermediate-n edge instabilities has been carried out using the
ELITE MHD stability code [14]. ELITE solves the edge ballooning equations, which
incorporate the effects of edge current and a proper treatment of the plasma-vacuum
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Figure 9: Unstable region ẇ > 0 , shrinks slightly at ∆′r = −10 with a very large
rf current applied (10% of IP ) or more effectively if ∆′r is made more negative.

boundary. The standard L-mode ARIES-AT equilibrium has been analyzed with
ELITE and found to be stable to edge modes over a wide range of intermediate
mode numbers (10 < n < 25). This result is consistent with expectations, because
the equilibrium has low current density and pressure gradients in the edge region.

The H-mode ARIES-AT equilibrium is much closer to edge instability bound-
aries. Though the equilibrium is stable to pure ballooning modes, the additional
“peeling” drive provided by the finite edge current drives this equilibrium close to
the marginal point for intermediate n stability. ELITE finds that modes with a
radial structure similar to that shown in Figure 10 are marginal at certain interme-
diate values of n ∼ 15. These localized instabilities may lead to ELMs as the edge
gradients are driven up by transport from the core.

While much recent progress has been made in understanding ELMs, determina-
tion of the precise ELM structures and dynamics to be expected in ARIES-AT will
require further advances in physics understanding.
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Figure 10: The radial eigenmode structure of a marginally stable n = 16 mode is
shown as function of normalized poloidal flux. The mode structure is calculated by
the ELITE ideal MHD stability code using an H-mode ARIES-AT equilibrium.

3 Current Drive

3.1 Overview

One of the major physics considerations when designing ARIES-AT is how to main-
tain the high-performance target equilibrium with a minimal amount of external
power, which enhances the attractiveness of the power plant. At the present level
of physics understanding, the key lies in our ability to access that class of equilib-
ria where a large portion (∼90%) of the plasma current is self-driven due to the
neoclassical bootstrap effect. Target equilibrium with high values of (βN) and with
high bootstrap fraction have been identified in Section 2. These equilibrium require
external current drive to maintain the required current profile.

We have used a reference ARIES-AT equilibrium to determine the current drive
requirements for a number of operating points. This equilibrium has the following
parameters: R = 5.2 m, a = 4 m, κ = 2.2, δ = 0.84, Bo = 5.9 T, Ip = 13.2 MA,
β = 9.1%, and βN = 5.4. In Fig. 11, the current drive scenario is shown for a
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design point with the plasma parameters: neo = 2.93×1020 m−3, no/ < n >= 1.36,
Teo = 26.3 keV, < Te >n = 18.25 keV, and Zeff = 1.9 using Neon as the impurity
species. Two radio frequency (RF) systems are used to drive the seed currents in
order to maintain the target equilibrium current profile. Plotted are the intrinsic
and externally driven components of the plasma current in the toroidal direction.
About 91% of the plasma current is self-driven, comprising the bootstrap current
(87%) and the diamagnetic current (4%). The bulk (1.1 MA) of the seed current
is driven in the outer part of the plasma (ρ > 0.8) by waves in the lower hybrid
(LH) frequency range, while a small on-axis component (0.15 MA) is driven by fast
magnetosonic waves in the ion cyclotron range of frequencies (ICRF). As indicated
in Fig. 11 the target equilibrium current profile is well reproduced by the sum of the
intrinsic and RF-driven currents. In this optimized scenario, the total RF power
requirement is determined to be 41.6 MW, with 36.9 MW in the LH system and
4.7 MW delivered by the ICRF system.
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Figure 11: Toroidal components of the boostrap (B), diamagnetic (D), RF-driven
(C) current densities vs. normalized toroidal flux for a typical ARIES-AT current
drive scenario. The equilibrium current profile (E) is well reproduced by the driven
current (T).
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In the remainder of this section, we discuss the rationale for selecting the two
RF current drive schemes for ARIES-AT, and how we determine the power require-
ment in each system. During the early stages of this design study, we have also
studied alternate ways to drive the seed currents, namely, high-harmonic fast waves
(HHFW), neutral beam injection (NBI) and electron cyclotron (EC) waves. The
power requirements for these techniques will be compared to the reference systems
in the context of possible backup application to ARIES-AT.

3.2 ICRF Fast Wave System for On-Axis CD

The requirement for on-axis seed current drive in an ARIES-AT equilibrium is quite
modest, with about 0.15 MA (or 1.1% of Ip) to be driven within the region ρ <
0.6, where ρ is the normalized toroidal flux. Because the required power will be
modest, the current drive efficiency is not a crucial consideration. However, a broad
deposition profile peaked on axis will be required, and the usual criteria of high
source efficiency, adequate experimental data base and auxiliary heating role during
startup have been taken into consideration.

The two most viable wave candidates for this purpose would be ICRF fast waves
and EC waves. On-axis current drive has been demonstrated on a number of toka-
maks for both ICRF [15] and EC [16] techniques. Fast wave has a natural tendency
to focus towards the density peak on axis where the wave energy is absorbed and
a current is driven. It uses conventional technologies in the form of tetrodes and
coaxial transmission lines, with a projected power delivery efficiency of 75%. On
the other hand, by a suitable choice of frequency (e.g., f = 2fce on axis), EC wave
can drive current on axis in a localized fashion. However, considerable development
in the gyrotron source technology [17] will be needed in order to reach steady-sate
power efficiencies close to those found in the ICRF system. For ARIES-AT, we
have retained ICRF fast waves as the reference on-axis current driver as in previous
design studies of ARIES-I [18] and ARIES-RS [2]. This selection is based primarily
on the projected higher power efficiency of the ICRF system. As its system perfor-
mance continues to improve, the EC current drive technique should deserve serious
consideration in the next generation of tokamak power plant studies.

Fast waves drive a current by pushing electrons along the magnetic field line when
the Landau resonance condition: ω−k||v|| = 0 is satisfied, where ω is the wave radian
frequency, and k|| and v|| are the wavenumber and electron velocity, respectively,
along the total magnetic field direction. When wave power is launched preferentially
in one toroidal direction, electrons are accelerated asymmetrically giving rise to a
net driven toroidal current. To optimize the current-drive (CD) efficiency, we need
to choose wave parameters that ensure strong electron damping in one radial transit
while minimizing or avoiding competing wave absorption by ions.

A prudent choice of the wave frequency is the key to avoiding absorption by ther-
mal fuel ions and by energetic alpha particles. Shown in Fig. 12 are the cyclotron
frequencies in the first few harmonics range for deuterium, tritium and helium along
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the mid-plane major radius. Noting that the single-pass electron absorption will be
strong in the ARIES-AT regime, the range of acceptable frequencies is determined by
the absence of cyclotron resonance on the out-board side of the magnetic axis while
allowing for ion resonances towards the in-board edge of the plasma cross section.
As displayed in Fig. 12, four frequency candidates, namely, 22, 68, 96 and 135 MHz,
have been identified. We further note that our choice of the folded waveguide as the
launching structure and the need to minimize the radial thickness of the resonant
cavity in order to fit into the blanket region dictate higher frequency (shorter wave-
length) operation. These engineering constraints lead us to the choice of 96 MHz as
the operating frequency for the fast wave system, which places the fourth tritium
harmonic outside the out-board edge and the second deuterium (helium) and third
tritium harmonics far beyond the magnetic axis on the in-board side. The 22 MHz
option is not selected because the required antenna size will be incompatible with
fusion core constraints and the data base is sparse, even though this option totally
avoids ion absorption. On the other hand, for the 135 MHz option, it is found that
electron damping is so strong due to the relatively high electron β that the depo-
sition and driven profile become very broad and even hollow, making it unsuitable
for on-axis seed current drive.

The CURRAY ray tracing code [19] is then used to determine the launch location
on the out-board edge and the launched wave spectrum to obtain the best match of
the driven current profile to that of the central seed current. We used fifteen rays
to represent the launched wave spectrum with a cosine-squared dependence along
the poloidal extent of the waveguide mouth. We found that launching from the
out-board mid-plane with a spectrum peaked at N|| = 2 gives the best matching, as
indicated in Fig. 11. Since the wave model used in CURRAY is linear, by adjusting
the incident power level, we determine 4.7 MW of power is required to drive the
0.15 MA on-axis seed current, thus yielding a CD efficiency of 0.032 A/W. We have
not attempted matching the current profiles exactly because it will result in an
unrealistic antenna spectrum. In Fig. 13, we show the wave power propagation
pattern, represented by the fifteeen rays, projected onto the minor cross section and
when viewed from the top of the torus. Strong single-pass absorption is evident from
Fig. 13(a) and the wave is confined to the vicinity of its toroidal launch location.

In the CURRAY code, electron absorption is calculated with the inclusion of
electron Landau damping and transit-time magnetic pumping, while fuel ion absorp-
tion is computed for the harmonic cyclotron damping processes. For the ARIES-AT
parameters, the ray trajectories are calculated using the cold ion approximation,
while the ion damping model includes the fully kinetic finite-Larmor-radius effect.
Cyclotron damping by the energetic alpha particle damping is calculated using an
equivalent Maxwellian temperature for the slowing down distribution function in
the absence of RF-induced velocity diffusion. The corresponding density profile is
evaluated from the local fusion reaction rate. In the example case presented here,
it is found that 99.4% of the launched power is aborbed by electrons, with the rest
going to alpha particles and tritium. So there is essentially no ion absorption of the
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Figure 12: Cyclotron frequencies for D, T and He over the mid-plane major radius
for the first few harmonics denoted by number in front of species. Dashed horizontal
lines indicate frequency options for fast wave current drive.

wave in this reference scenario.

3.3 Lower Hybrid System for Off-Axis CD

For the reference ARIES-AT equilibrium presented in Sec. 3.1, the bulk of the seed
current must be driven off axis, 0.8 < ρ < 1, with a profile peaked at ρ ≈ 0.85.
We have examined a variety of radio frequency CD options including LH waves,
EC waves and high harmonic fast waves (HHFW). Of these, lower hybrid waves
have been studied most extensively, with a large experimental data base [20] that
includes demonstation of off-axis drive to reach a reverse-shear configuration on
Tore Supra and sustainment of hour-long discharges on TRIAM-1M [21]. In reactor-
grade plasmas, the wave typically propagates into the plasma and becomes totally
damped before reaching the plasma core. Because of the strength of the damping,
the deposition profile tends to be highly localized in space, making it quite suitable
for profile control. Since the wave is resonantly absorbed by super-thermal electrons
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Figure 13: Fast wave ray trajectories projected on (a) minor cross section, and (b)
top view of torus.

(ω/k||ve ' 3), its CD efficiency is highest amongst all RF techniques. For off-axis
drive, because of the paucity of trapped electrons in the resonant velocity spectrum,
degradation in CD efficiency due to neoclassical effects will be minimal.

Fast waves in the high harmonic regime (f/fci ∼ 20) can also be considered
for off-axis drive as suggested in ARIES-RS [2]. Data base for this wave is very
sparse, even as recent HHFW heating results on the NSTX spherical tokamak [22]
were reported, indicating electron heating in the plasma β range of 5-10%. The
wave damps on electrons with ω/k||ve ∼ 2, thus allowing deeper penetration into
the plasma core than LH waves. However, in the core region, energetic alphas are a
source of competing wave damping mechanism which effectively reduces absorption
by electrons. Also, there is only modest degradation in CD efficiency due to particle
trapping. The deposition profile for a single launched k|| wave spectrum will be
broad making it difficult for detailed profile control. Our calculations for ARIES-
AT indicated that, for the highest CD efficiency, the current would be driven in
the mid-plasma region, i.e., ρ < 0.8, which is not where the off-axis seed current is
located. This point will be further explored in a following subsection.
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We have also investigated the possibility of using electron cyclotron waves to
drive off-axis current on ARIES-AT. This has recently been demonstrated on DIII-
D. [16] As previously mentioned, sources (gyrotrons) in the EC regime are compar-
atively less efficient than those (klystrons) in the LH and HHFW frequency ranges,
which makes the EC wave less attractive, particularly when a substantial amount
of current needs to be driven. In addition, for off-axis drive near the outer plasma
periphery, where the trapped particle population is high, the EC current drive effi-
ciency will likely be strongly degraded. Based on this qualitative argument, we have
excluded EC waves from consideration for off-axis drive on ARIES-AT.

We determine the LH wave system requirements by running the CURRAY code
at the slow branch of the wave dispersion relation. Because the off-axis seed current
has a relatively broad profile, we found that it is necessary to launch a number
of wave spectra, each centered at a different N||, in order to achieve the desired
profile. Usually, the wave frequency is determined by requiring total elimination of
energetic alpha particle interaction. This usually leads to a relatively high frequency
and short wavelength, particularly for edge CD with high N||, making cooling of the
corresponding waveguide grille launcher extremely difficult. Here we argue that
since current is to be driven in the outer part of the plasma, where the energetic
alpha population should be low due to the low fusion reaction rate and to depletion
from ripple-induced drift and/or Larmor orbit losses, we may lower the frequency
requirement without suffering large wave absorption through the alphas. As a result,
we are able to use 3.6 GHz for those lower-N|| spectra that penetrate deepest into
the plasma and 2.5 GHz for those that drive currents just inside the separatrix.

First, we generate a core accessibility diagram in terms of the window of ac-
cessible local N|| along the midplane major radius, using the prescribed ne and Te
profiles for the equilibrium, as shown in Fig. 14. For the LH wave to be accessi-
ble to a radial location inside the plasma, the local N|| must satisfy the condition:
[1+(fpe/fce)

2]1/2 +fpe/fce < N|| < 7/T 1/2
e (keV). For a typical ARIES-AT equilib-

rium, we found that the LH wave can penetrate as deep as ρ ≈ 0.8, according to this
simple 1-D slab model. This turns out to agree well with ray tracing calculations
even when the LH rays propagate off the midplane.

To determine the required launched LH spectrum, we scan a range of launched
N|| and poloidal locations on the outboard edge in order to maximize the radial
penetration and CD efficiency. Wave absorption by energetic alphas is modeled using
the unmagnetized approach, where the resonance condition is given by vα = ω/k.
Launching lower N|| results in power deposition and current drive in deeper radial
locations, and vice versa. However, at the deepest deposition location, we found a
small amount ( 1%) of alpha particle wave absorption, and none as the deposition
moves radially outward as the launched N|| is increased. For the reference scenario,
we found that it is necessary to launch a broad N|| spectrum in order to drive the
off-axis seed current profile as indicated in Fig. 11. Details of the launched spectra
are given in Table 3, with the driven current profiles for the five N|| components and
their sum displayed in Fig. 15.
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Table 3.

The evolution ofN|| along the ray trajectories are shown in Fig. 14. It is clear that
radial accessibility of the five launched spectra agrees well with the prediction from
the 1-D slab model. In particular, the ray started with the lowest N||(=1.65) shows
relatively little upshift in magnitude as it propagates inward until it encounters a
mode conversion point at the lower accesibility limit, from where it turns back before
total absorption by electrons. For higher launched N||, the wave energy propagates
inward and gets absorbed well before it reaches mode conversion zone.

The electron absorption is calculated assuming weak RF-induced diffusion in
velocity space, i.e., the velocity distribution is taken to be Maxwellian near the
resonant region, v||/ve ≈ 3. This assumption can be justified by noting that the
local density is very high (ne ∼ 0.6×1020 m−3), and the temperature is relatively low
(Te ∼ 5 keV), so that thermalization via collisions can be strong. We further check
the electron damping strength assuming strong RF-induced diffusion by setting the
normalized diffusion coefficient, Drf/Dcoll ≈ 0.5, for which we can approximate the
local damping decrement by γe ' γeo/(1 +

√
2x3

e), [23] where γeo is the Maxwellian
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Figure 15: Current profiles driven by various N|| components of the launched spec-
trum.

damping decrement and xe = ω/k||ve. We found that, for the case of launched
N|| = 1.65 in Fig. 14, the penetration depth remains the same, and the deposition
profile is peaked slightly inward. Thus, the LH analysis that we performed should
be adequate for the present purpose of assessing the CD system requirement.

To conclude this section, we point out that off-axis LH current drive offers the
prospect of stabilizing neo-classical tearing modes (NTM) which can degrade the
achievable β limit. The growth of the island width associated with these modes can
be suppressed by localized current drive in the vicinity of a rational-q surface. This
process has been demonstrated on COMPASS-D [24], where LH current drive at
modest levels of power (60-70 kW) was shown to have a strong stabilizing effect on
the m=2, n=1 neo-classical tearing mode. Reduction of the (2,1) mode amplitude
was clearly observed during the LH pulse accompanied by a rise in the plasma
βp, and the mode grew back to its original amplitude after the LH pulse. The neo-
classical nature of the mode was inferred from reasonable agreement of the measured
island width with that from an acceptable analytical fit. A detailed analysis of NTM
stabilization by LH waves for ARIES-AT is beyond of the scope of the present work,
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Table 3:
Lower hybrid current-drive system parameters

Freq. (GHz) N|| θo I/P (A/W) Power (MW) Icd/Iseed

3.6 1.65 -90 0.053 3.06 0.15

3.6 2.0 -90 0.049 4.40 0.2

3.6 2.5 -90 0.039 8.22 0.3

3.6 3.5 -90 0.024 8.87 0.2

2.5 5.0 -90 0.013 12.39 0.15

and it should be a subject of future research.

3.4 Backup Current Drive Scenarios

In the previous two sections, we have examined a class of of very high β reverse
shear equilibria where specific plasma profiles have been prescribed to ensure that
no penetration of the LH waves inside ρ ≈ 0.8 is required. Under these conditions,
only two RF current-drive systems will be required, as contrasted with three systems
required on ARIES-RS. As the contraints on the profiles are relaxed, we found that
seed current will need to be driven in the mid-radius region, i.e., ρ < 0.8, where
the LH wave is found to be inaccessible. In this situation, either a third RF system
in the high-harmonic frequency regime can be invoked, or a neutral beam injection
system can be used, in place of LH waves, to drive the entire off-axis seed current.

3.4.1 Three RF Systems

The bootstrap current alignment in an equilibrium is sensitive to the pressure, den-
sity and temperature profiles, and to the effective charge of the plasma. Current
mis-alignment can be caused by mild variations of the profiles and plasma charge
from the target values which, when un-checked, will result in the equilibrium evolv-
ing towards a less desirable state. Therefore, backup systems may be necessary
to provide current drive in a broader region than is possible with the baseline CD
systems, in order to continue maintaining the equilibrium. We will illustrate this
concept by an example.

Shown in Fig. 16 is a plot of the seed current radial profile for the same equi-
librium as in Sec. 3.1, but with Zeff=2.0, neo = 2.74 × 1020 m−3, Teo = 28.2 keV,
< Te >n= 19.3 keV, and ne, Te profiles adjusted to eliminate bootstrap overdrive.
We note that the off-axis seed current is now extended to ρ = 0.75, and a third
CD system is required to drive the seed current in the region 0.75 < ρ < 0.8. We
propose to use the fast wave in the high-harmonic frequency range (f/fci ∼ 20)
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for this purpose, since it penetrates deeper than LH waves because of its relatively
weaker electron damping. However, the high-harmonic fast wave is susceptible to
strong energetic alpha damping in this mid-radius plasma region as we will show.

The current drive scenario for this case, therfore, consists of three RF systems:
(1) ICRF fast wave for central drive, (2) HHFW for mid-radius drive and (3) LH
waves for off-axis drive. The required RF system parameters are given in Table 4,
and the driven currents are displayed also in Fig. 16, reproducing reasonably well
the target seed current profile. For the launched HHFW power of 20.1 MW, about
34% is absorbed by energetic alpha particles, which are modeled as an equivalent
thermal species in the CURRAY code. Lowering N|| tends to increase the alpha
absorption fraction, and vice versa, with moderate shifts in the driven current peak
location. The chosen value of N||(=2.5) corresponds to the highest CD efficiency
while driving currents in the required location.
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Figure 16: Alignment of RF driven current profile with that of the seed current.
Current profiles driven by the three RF systems are also shown.
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Table 4:
Parameters for three CD system scenario

System Freq. (GHz) N|| θo I/P (A/W) Power (MW)

ICRF/FW 0.07 2.0 -15 0.034 4.0

HHFW 2.5 0 0.019 20.1

LH 4 1.7 -90 0.057 2.94

4 2.0 -90 0.052 3.24

4 2.5 -90 0.041 5.43

4 4.0 -90 0.021 8.17

3.4.2 Neutral Beam System

For the case shown in the previous subsection, we may also consider replacing HHFW
and LH waves with a single tangential neutral beam injection (NBI) system to drive
the off-axis seed current. The primary motivation for investigating NBI current drive
is that the beam-imparted toroidal momentum also drives a significant amount of
rotation that may contribute to stabilizing the external kink mode. As shown in
Fig. 17, the deepest penetration required for off-axis drive is ψ = 0.35 where ψ
is the normalized poloidal flux, which translates to ρ = 0.75 as in Fig. 16. Using
the NFREYA neutral beam deposition code [25], we found that a beam energy of
120 keV at a pivot angle of 70o is sufficient for the penetration. With an injected
power of 44 MW, a driven current profile that matches the off-axis seed is obtained,
at a CD efficiency of 0.026 A/W. Together with the on-axis fast wave CD power
of 4 MW, the total current-drive power is 48 MW. In principle, the required NBI
power should be even higher because the NFREYA analysis here has not taken the
trapped particle effect into account in calculating the fast ion current. Nevertheless
this investigation indicates that if NBI were used, the CD power would be higher
than using three RF systems.

3.5 Current Drive Efficiency Scalings

While the MHD equilibrium and stability studies in Subsections 2 and 3 provide
the optimum range of plasma performance for ARIES-AT, current drive analysis
discussed in this section is aimed at providing the range of CD power required to
sustain the equilibrium at various operating points, from which an optimum design
point can be deduced. The key parameter, or figure of merit, for consideration is
the normalized current-drive efficiency, defined as γB = n̄eIpR/PCD, where n̄e, Ip,
R and PCD have units of 1020 m−3, MA, m, and MW, respectively. Note that in
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Figure 17: Alignment of beam-driven current profile with that of the seed current.
Equilibrium and plasma conditions are the same as in Fig. 16.

this definition, the contribution from the bootstrap current is taken into account,
even though there is no CD power associated with it. The usual definition of CD
efficiency in the literature is recovered by γCD = (1 − fBS)γB.

We note that γB is essentially a function of temperature Te and plasma Zeff ,
after the density and major radius are factored out. The efficiency of the current
drive is dependent on Te and Zeff , while the bootstrap fraction is governed by the
aspect ratio, βp, Zeff and details of the plasma profiles. For a fixed equilibrium,
self-consistent variation of the (n, T ) profiles and Zeff results in varying fBS and
current drive power requirements. This gives rise to a scaling of γB with respect to
Te and Zeff for the same equilibrium. The role of Zeff dependence is important in
determining the optimum core radiation power fraction required to lower the divertor
surface heat flux without compromising the overall power plant performance.

We have investigated two approaches to obtaining a CD efficiency scaling for use
in the ARIES-AT systems analysis to determine an optimum operating point. In
the first approach, we simply vary the (n, T ) profiles and Zeff self-consistently from
a reference plasma parameter set for a fixed equilibrium, while avoiding localized
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bootstrap current overdrive. LH and ICRF power requirements are then determined
for a range of relevant Te and Zeff values. As such, the bootstrap fraction varies for
each of these points and may not be optimum. In Fig. 18, we show the resultant
normalized CD scalings versus Te for Zeff=1.6, 1.7 and 1.8. As can be seen, the
CD efficiency is peaked at Zeff=1.7, drops slightly at Zeff=1.6, but is drastically
reduced at Zeff=1.8. It is not surprising that γB optimizes at Zeff = 1.7 since
the bootstrap alignment is optimized at this value of the effective charge. It is
further noted that for Zeff=1.8, three RF systems (ICRF+HHFW+LH) are actually
required to drive the seed currents, leading to a substantially lower γB value.
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Figure 18: Normalized current-drive scalings with plasma temperature and effective
charge for a typical ARIES-AT equilibrium.

Reduction of the divertor heat load often dictates that the plasma operates at
Zeff ∼ 1.8 − 2.0. Therefore, it is crucial that at each operating point considered
the bootstrap alignment is optimized to minimize the CD power required. Thus, a
series of test equilibria have been obtained which maintain the same global plasma
parameters such as β, size and shape, but which have optimum bootstrap current
alignment requiring only two RF current-drive systems (ICRF+LH). The resulting
CD scalings with Te for three values of Zeff are shown in Fig. 19. It is clear from
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the figure that γB is higher than that shown in Fig. 18 because of the optimized
bootstrap alignment, and only two RF systems are used. Again the CD efficiency
is peaked at Zeff and drops off from there. This set of CD efficiency scalings has
been incorporated into the systems analysis to generate the reference design point
for ARIES-AT.
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Figure 19: Normalized current-drive scalings with plasma temperature and effective
charge for similar equilibria with optimized bootstrap alignment.

4 Transport Analysis and Energy Confinement

4.1 Transport Studies Using GLF23

Previous reactor design studies have predicted the transport for the device by doing a
“0D” fit to a database of existing tokamaks. However, in recent years an alternative
method has become available with the advent of drift-wave based transport models.
For the ARIES-AT design the GLF23 drift-wave based model [27] has been used to
project the transport. This model has been shown to be about as accurate as the
empirical scaling in predicting the global energy confinement time for a database
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of tokamak discharges [28] which included both L-mode and H-mode discharges.
The GLF23 transport model takes no fitting parameters from experiment. It has
been constructed to fit to a set of theoretical calculations. The model computes the
linear growth rates for drift-wave instabilities (ion temperature gradient modes ITG,
trapped electron modes TEM, and electron temperature gradient modes ETG). The
growth rates are found using trial wavefunctions and the approximate gyro-Landau
fluid (GLF) equations [29]. The trial wavefunctions were chosen to give a good
fit to the exact gyro- kinetic linear growth rates [30] over a range of local plasma
parameters. The linear eigenmodes are then used in a quasilinear calculation of the
fluxes (energy, particle, viscous stress) due to turbulence. A model for the saturated
turbulence fluctuation level is used to give a fit to a limited set of nonlinear GLF
turbulence simulations [31]. For this study the edge values are at the separatrix
and do not influence the results much. Often, for ELMing H-mode, we take the
boundary at ρ = 0.9 and the “edge” value is then important.

Thus, the model does not use any fitting parameter to experiment but is only
fit to more exact theoretical calculations. In principle the GLF23 model has greater
predictive power when extrapolating to new tokamaks than empirical scaling laws.
However, the limited range of parameters over which the model was fit to theory
limits the range of extrapolation which is possible. These limitations will be brought
up as required in discussing the GLF23 modeling results for ARIES-AT.

Three cases will be discussed. The ion and electron temperatures and the toroidal
and E×B velocities are evolved but the density profile is held fixed. Thus, the three
cases involve variations of the density profile. The first has a peaked density profile
close to that used for the bootstrap current calculation in the MHD equilibrium.
The surprising thing about this case is that the energy confinement is better than
the empirical H-mode scaling but there is no edge (or core) transport barrier due
to E × B velocity shear. The reduced transport is predicted to be due to the large
Shafranov shift and the negative magnetic shear. This case results in a very good
agreement between the MHD stability optimized pressure profile and the pressure
profile computed from GLF23.

The second and third cases have flatter density profiles. The main difference
between them is the boundary condition used for the E×B velocity at the separatrix.
For all three cases the fusion power and neutral beam deposition was computed using
the ONETWO transport code. The steady sate temperature profiles were then
computed using the XPTOR code, which has special numerical methods designed
for the GLF23 model. These temperature profiles were then used to recompute the
sources in ONETWO. This iteration procedure converges quickly. The fusion power
was reduced if necessary by changing the ion isotope mixture in order to keep the
total plasma stored energy below the design target. The toroidal rotation profile
was also computed assuming 50MW of 120Kev co-injected neutral beams with the
torque density computed in ONETWO.

The first case is displayed in Figures 20,21, 22,and 23. The ion (a) and electron
(b) temperatures are computed to be very close to the temperature profile used in the
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Figure 20: Case 1 ion temperature profiles used in the MHD equilibrium (blue)
computed with the GLF23 model (green) and computed with GLF23 with Shafranov
shift effects turned off (red).

optimized MHD equilibrium. The density profile (c) is peaked. Because the pressure
profile is close to the high bootstrap fraction equilibrium the bootstrap current is
well aligned with the total current density (d). The effective ion thermal diffusivity
is well above the Chang-Hinton neoclassical value over most of the profile, except
very near the magnetic axis. Thus, there is no transport barrier with neoclassical
ion thermal transport. In fact, the E × B velocity shear is small compared to
the computed ITG growth so the plasma is not even close to a transport barrier
threshold [32]. The third curve in Figures 20 and 21 are the computed temperature
profiles without the Shafranov shift.

The Shafranov shift is the main cause of the improved transport in this case.
The Shafranov shift causes an increase in the temperature gradient threshold for
the drift waves but does not reduce the transport all the way to neoclassical. This
has the advantage of giving improved transport without a localized steep gradient
for MHD instabilities to feed off of. The fusion alpha particle heating for a 50% DT
mixture was 610MW . This had to be reduced to 370MW (with 53MW radiated)
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Figure 21: Electron temperature profiles used in the MHD equilibrium (blue) com-
puted with the GLF23 model (green) and computed with GLF23 with Shafranov
shift effects turned off (red).

in order to keep below the target beta. This result is indeed promising but must
not be taken at face value. The GLF23 model is based on shifted circle equilibria
in the low beta approximation. These have a much weaker Shafranov shift than
the ARIES-AT equilibrium. It is known that the GLF23 model overestimates the
Shafranov shift stabilization for large values (MHD α > 1). The GLF23 calculations
were also done in the electrostatic approximation. In the present calculations the
Shafranov shift was multiplied by a factor 0.3. This was needed in order to avoid a
complete suppression of the drift-wave transport (second stability). When all of the
drift-wave transport is suppressed the only transport in the model for electrons is
electron neoclassical. A runaway electron temperature thus occurs when all of the
drift waves are suppressed. Note that E×B velocity shear generally cannot suppress
ETG modes due to their high growth rates so the electron transport remains above
neoclassical in an E × B shear induced barrier. The Shafranov shift suppresses all
drift waves but may not give a second stability regime for drift-waves, as it does for
MHD ballooning modes.
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Figure 22: Equilibrium q-profile (red) and electron density profile (blue).

The supression of drift wave growth rates for Ŝ ≤ 0 is well established exper-
imentally. The GLF23 model may or may not be a faithful representation of this
effect. This is the subject of present day research and has not yet been subjected to
adaquate experimental testing. Experiments on the physics of the Shafranov shift
effect on turbulence in tokamaks are needed to test the theory. The peaking of the
electron temperature near the magnetic axis in Figure 21 is the cause of the excess
bootstrap current in this region (Figure 23). Experience with negative magnetic
shear discharges in various tokamaks has shown a strong flattening of the electron
temperature near the axis. The cause of this excess transport is unknown but it has
been shown to not be due to linear drift-wave instabilities [33].

The second case is shown in Figures 24,25, 26, and 27. This case used a modified
MHD equilibrium with a non-zero current density at the separatrix. This has little
effect on the transport calculations. The density profile Figure 26 was also taken to
be broader than the first case. This change has a significant effect on the computed
ion (a) and electron (b) temperature profiles. The pressure was below the target
beta even with a 50% DT ion mixture producing 432MW of fusion alpha heating
(70MW radiated). The bootstrap alignment was also degraded (Figure 26). This
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Figure 23: Equilibrium total current (red), bootstrap current for TOQ equilibrium
(blue) and bootstrap current for GLF23 computed temperature profiles (green).

case has a boundary condition that the E × B velocity at the separatrix be equal
to the value obtained from neoclassical theory just inside the separatrix. This is
effectively a condition on the poloidal velocity. This boundary condition did not
result in a significant E × B velocity shear at the separatrix. Thus, there is no
transport barrier at the edge in this case.

The proper separatrix boundary condition is a delicate and complex issue. How-
ever, one can ask what the solution would look like for a case that is more like
an H-mode with an edge layer of suppressed transport. This case is shown in Fig-
ures 28,29,30, and 31. The E × B velocity was set to -20Km/sec at the separatrix.
This produced significant E × B velocity shear not just at the separatrix but well
into the plasma edge. The E × B velocity is not large enough to completely sup-
press the ITG mode but it does greatly reduce the edge transport by increasing
the threshold temperature gradient for the ITG mode. The steepening of the edge
temperatures is clearly seen comparing Figures 24 and 25 and Figures 28 and 29.

The edge density was also lowered in this case, Figure 30, but this did not by
itself generate enough E × B shear. The large edge bootstrap current for this case
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Figure 24: Case 2 ion temperature profiles used in the MHD equilibrium (blue)
computed with the GLF23 model (green).

is similar to that found for H and VH-modes in present tokamaks. Experience
with these regimes leads one to expect that this current profile would probably be
unstable to edge kink modes. This is sometimes a benign condition, resulting only in
edge localized modes which do not seriously degrade energy confinement. The E×B
shear layer extends far from the edge more like a VH-mode in this case [34]. The
transport is far too good for the size of this reactor design. The fusion power flow
needed to sustain this beta was only 160MW (with 86MW) radiated. Nevertheless,
the ion thermal transport is still above neoclassical except near the axis. A redesign
of the reactor would be required in order to take advantage of this regime.

In summary, the GFL23 transport model does predict global energy confinement
which exceeds the ARIES-AT design requirement if the density profile is peaked.
The computed pressure profile is close to the one found for optimum MHD sta-
bility. The energy confinement improvement is primarily due to Shafranov shift
stabilization of drift-waves. The turbulent transport is reduced but not completely
suppressed by the large Shafranov shift. The theoretical basis of this effect is well
founded. The exact level of transport suppression predicted by GLF23 is question-
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Figure 25: Case 2 electron temperature profiles used in the MHD equilibrium (blue)
computed with the GLF23 model (green).

able however, since the Shafranov shift and beta are outside the range of the model’s
fit to theory. This work points to the need to try and produce plasmas in current
tokamaks which have large Shafranov shifts without large E × B shear. Even in
discharges with large enough E × B shear to quench ITG modes, the effect of the
Shafranov shift on ETG modes could be studied.

Unexpectedly, the ARIES-AT plasma is quite unlike the better known regimes in
current tokamaks, which owe their improved transport mostly due to E×B velocity
shear and have relatively small Shafranov shifts. The high beta-poloidal regime [35]
is the most similar to ARIES-AT. The requirement of high bootstrap fraction has
pushed the design in this direction. If the density profile is broad with a sharp
edge, the target energy confinement could only be reached with some help from
E × B velocity shear. It is not possible to achieve sufficient toroidal rotation for
transport improvement or resistive wall mode stability with a practical amount of
neutral beam power. A method for changing the separatrix E ×B velocity (say by
differential puffing and pumping) could help induce an edge transport barrier. The
GLF23 model predicts far too high an energy confinement for this case however and
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Figure 26: Equilibrium q-profile (red) and electron density profile (blue).

the bootstrap current is too far to the edge. This plasma is more like the VH-mode
in present tokamaks.

4.2 Toroidal Rotation Transport Study Using NBI

The torque density due to 50Mw of 120Kev neutral beams injected in the direction
of the plasma current has been computed by ONETWO. The toroidal rotation due
to this torque is computed using GLF23 in the XPTOR code. It has been estimated
in Sec. 2.3 that an E × B rotation speed of at least several percent of the Alfven
velocity, or about 500 km/sec at the q = 3 surface is needed to prevent the resistive
wall mode for the L-mode edge design point (case 1). The q = 3 surface is very near
to the edge ρ = 0.98. This makes it impractical to achieve such a large rotation speed
since the separatrix toroidal rotation is small and the rotation shear is limited by
the large edge transport. The E×B velocity at the q = 3 surface is predicted to be
5km/sec for case 1. The toroidal rotation due to the 50MW of co-NBI was computed
for this case but it made almost no difference at the q=3 surface. Very little shear is
generated due to the large momentum diffusivity which for ITG modes is comparable
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Figure 27: Equilibrium total current (red), bootstrap current for TOQ equilibrium
(blue) and bootstrap current for GLF23 computed temperature profiles (green).

to the ion thermal diffusivity. Thus we conclude that toroidal momentum injection
by NBI is not a practical means of suppressing resistive wall modes in ARIES-AT.

4.3 Estimate of Toroidal Rotation Driven by ICRF Minor-
ity Heating

Motivated by observations in Alcator C-Mod that plasmas heated by the minor-
ity ion-cyclotron heating can cause appreciable co-current toroidal rotation [36], a
mechanism is proposed by [37] to explain the results. This mechanism can drive
rotation in tokamak plasmas even though the ICRH introduces negligible angular
momentum. It has two elements: First, angular momentum transport is governed
by a diffusion equation with a non-slip boundary condition at the plasma edge. Sec-
ond, Monte-Carlo calculations show that energized particles will provide a torque
density source which has a zero volume integral but separated positive and negative
regions. With such a source the rotation frequency profile is given by
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Figure 28: Case 3 ion temperature profiles used in the MHD equilibrium (green)
computed with the GLF23 model (blue).

Ω(φ) =
∫

dφ
T

qV ′
< nMR2χÜψ2 > (4)

where T is the volume-integrated torque up to flux-surface φ, and χ is the mo-
mentum diffusion coefficient. When the resonance is on the low-field side, the
Monte-Carlo calculation predicts co-current rotation consistent with observation.
The rotation becomes more counter and reverses sign for high-field side resonance
according to the simulation, but this has not been observed experimentally. Because
of this, using this mechanism to control rotation should be considered speculative
at present. Nevertheless, it is of interest to estimate the power requirement for
ARIES-AT to produce adequate rotation to stabilize resistive wall modes (RWM).

The power requirements for ARIES-AT for two cases corresponding to two dif-
ferent resonance locations (low-field side) are shown in Table 4.3. Figure 32 shows
the rotation profile with the ICRF resonance at r/a = 0.34.

In Sec. 2.3 we have estimated the rotation requirement for stabilization of RWM
to be around 0.1 of the Alfven speed VA. From our result and assuming that the
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Figure 29: Case 3 electron temperature profiles used in the MHD equilibrium (green)
computed with the GLF23 model (blue).

Resonance Location r/a = 0.1 r/a = 0.34
V (0)/VA 2.1 × 10−3 1.1 × 10−3

P (MW )τE(S) P (MW )τE(S)

energy confinement time τE is ≈ 1 second, the ICRH power required would be 50-
100 MW. Finally, note that the efectiveness of this mechanism to produce rotational
drive is significantly reduced when the resonant location is at r/a > 0.5.

5 Power and Particle Exhaust

5.1 General Considerations

A major concern in the designing the ARIES-AT tokamak is excessive heat loading
on its first wall from both electromagnetic (EM) radiated power and direct particle
heating. In the following, we examine the intensity and poloidal variation of this
heat loading, based on our present understanding of how these heat loading sources
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Figure 30: Case 3 electron density profile.

are distributed. Specifically, in sections 5.1.1 and 5.1.2 we discuss the methodologies
used in evaluating the radiative and particle contributions to total heat flux on the
vessel surfaces. In section 5.2 we use these methodologies to evaluate the heat flux
and power loading under various operating scenarios. In section 5.3 we review the
efficacy of achieving the required radiated power from inside the core plasma, based
on the most recent transport modeling.

5.1.1 Radiated Power From Electromagnetic Sources

An estimate of the poloidal radiated heat flux distribution along the first wall of the
ARIES-AT vacuum vessel can be evaluated using the RADLOAD program. (The
source and distribution of this radiated power is discussed in section 5.3 of this
report.) RADLOAD follows a “multifilament” approach, where the incident power
loading on a wall surface element (QEM) from a radiating source distribution is
given by:

QEM =
∫

V
εR
~r · n̂
4πr3

dV (5)
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Figure 31: Equilibrium total current density (blue) and bootstrap current for GLF23
computed temperature profiles (blue).

where εR is the radiating emissivity of the filament, ~r is the vector from the wall
segment to the radiating filament, and n̂ is the unit normal vector out of the wall
surface element.

The RADLOAD program assumes toroidal symmetry. The above integral is
performed numerically over that part of the radiating volume visible to a given
surface wall element. To do this, the radiating region is divided into “filaments”
extending around the machine in the toroidal direction with each filament denoted
by its own set of poloidal coordinates. The limits of integration for each filament are
determined by testing whether or not the line-of-sight along the filament is visible
to a particular wall element. The heat flux QEM is found by summing over the
contribution of each filament.

Figure 33 divides the vessel wall into “segments” for which we will evaluate the
radiated heat flux (both peak and average). For example, in order to estimate the
spatial distribution of the radiating power source from inside the core plasma, we
apply an “onion-ring” approach on the equilibrium shape shown in Figure 33. The
plasma core is divided into four regions, each region lying between two specified flux
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Figure 32: Rotation profile with the ICRF resonance at r/a = 0.34
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Figure 33: The poloidal locations of the wall segments are shown. Also shown are
the flux surfaces used to define the “onion rings” needed in determining the radiating
source function.
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surfaces and having (roughly) similar volumes. The total radiated power produced
would be εR times the volume between any two (dashed) flux surfaces. To calculate
the contribution of that ring to the incident radiated power flux for a specific poloidal
location on the vessel wall, we assume that the power produced by the ring is
distributed uniformly along a flux surface intermediate to the two flux surfaces
which defines that specific plasma region. Typically, there are 200-300 radiating
elements per region which must be individually evaluated. This method is repeated
for each region.

5.1.2 Particle Heating in the Divertors

We assume that the radial profile of the heat flux in the scrape-off layer (SOL) has
an exponential form. An expression for the peak heat flux at the divertor (along
with “base case” values used in the calculation) can be written:

Qdiv,S ≈ Pheat × (1 − frad) × foutboard/total × f∇B/total × (1 − fpfr) × sinα

2π ×RS × fexp × λq||
(6)

where Qdiv,S is the peak heat flux at the divertor strike point, Pheat is the total
heating power, RS is the major radius of the outer (inner) divertor strike point,
λq||is the midplane parallel heat flux scrape-off width, fexp is the flux expansion
at the outer (inner) divertor target, α is the angle between the divertor incline
and the separatrix, frad is the ratio of total radiated power to total input power,
foutboard/total(finboard/total) is the ratio of power flowing into the outboard scrape-off
layer (SOL) to the power flowing into the outboard (inboard) SOLf∇B/total is the
ratio of power striking the outboard divertor in the grad-B direction to the total
power striking both the upper and the lower outboard divertors, and fpfr is the
fraction of power flowing into the private flux region.

The peak heat flux predictions of Eq. 6 have been compared with DIII-D data
and generally found to be within 20% of the measured peak heat flux at the outboard
divertor strike point in attached plasmas. The values we use of the quantities in Eq. 6
are based on best estimates and extrapolations of available experimental data. For
example: λq||: A recent study by [38] examined the ITER divertor power deposition
database of L- and H-mode discharges and derived multi-machine scaling laws for
heat flux widths based on machine geometry. L- mode scaling of the heat flux width,
based on “measured divertor power” formulation [38], i.e.,

λq(m) = 6.6 × 10−4 × R(m)1.21 × q0.59
95 × n̄0.54

e × Z0.61
eff × Pdiv(MW )−0.19 (7)

can range from ≈ 1.4 − 2.1cm using ARIES-AT parameters. However, λq is
defined by [38] as an “integral power width”, instead of the width of the steepest
part of the exponential decay nearest the separatrix, as we use in Equ. 6 above.
We can convert λq to λq|| by dividing Equ. 7 by 1.8. Thus, λq|| for our analysis is
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roughly 0.8 -1.2 cm in L-mode. For H-mode, the physics of the scrape-off layer is
more complicated (e.g., ELMing) and Ref. [38] arrives at the expression:

λq(m) = 5.2 × 10−3 × Pdiv(MW )0.44 × q0.57
95 ×BT (T )−0.45 (8)

Equ. 8 suggests that λq increases with input power. Again, using ARIES-AT
parameters, λq ≈ 3.8 cm, or λq|| ≈ 2.1 cm. In sum, based on the most recent set of
heat flux width scaling laws, we might estimate a λq|| range of roughly 0.8 - 2.1 cm
for the L- and H-mode possibilities for ARIES-AT. The scaling laws for Equ.7 and
Equ.8 were developed for single-null geometries. Recent studies on DIII-D, however,
suggest that single-null and double-null λq|| are comparable, at least in H-mode [39].

foutboard/total: An estimate of this parameter can be obtained from simple
geometric arguments by noting (1) that the ratio of the outboard plasma surface
area to the inboard plasma surface area is ≈ 3 : 1 for ARIES-AT and (2) that the
ratio of the radial temperature gradient on the outboard side to that of the inboard
side of the plasma is ≈ 2.7 : 1. These imply that the ratio of the power flowing into
the outboard SOL would be roughly eight times that flowing into the inboard SOL.
This, in turn, would mean that foutboard/total ≈ 0.89.

fpfr: The power “spillover” into the private flux region has been observed on
several tokamaks. For DIII-D, this value is typically 0.10-0.15.

f∇B/total : This value is sensitive to the precise magnetic balance near the double-
null configuration. In fact, the peak heat flux can be equalized only if the DN is
biased slightly toward the direction opposite the ∇B ion drift [39]. In this study,
we assume that a slight offset from “true” DN balance, such that f∇B/total = 0.5.

5.2 Divertor and Wall Heat Loads

In this section we apply the methods discussed above to possible operating scenarios
for ARIES-AT.

5.2.1 Application to the most conservative case

The parameters used in Equ. 6 are summarized in Table 5.2.1 and will be referred to
as “most conservative” case parameters. The divertor legs in this design are inclined
at an angle (α) of 10o relative to the divertor surfaces in the slot in order to increase
the effective wetted area and minimize the heat flux. For this “most conservative”
case, we assume that the 30% of radiated power source (mostly bremsstrahlung)
is uniformly distributed inside the main plasma. We estimate the peak heat flux
under the inboard and outboard divertor legs by assuming that the radiated power
from the scrape-off layer and divertors are negligible. This gives an upper bound
estimate of the peak heat flux on the divertors, since including SOL and divertor
radiated power would result in a reduced heat flux.

Figure 34 shows the peak heat flux for both inboard and outboard divertors as
a function of frad of the core plasma, assuming three scrape-off widths. If we take
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Figure 34: Estimates of the peak heat flux to the inboard (a) and outboard (b)
divertors are shown as a function of the core radiated fraction, given three plausible
parallel heat flux scrape-off widths.
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Table 5: “Most Conservative” Case Parameters
Inboard Leg(s) Outboard Leg(s)

frad(uniform distribution) 0.30 0.30
λq|| (cm) 1.2 1.2

fexp 2.5 4.0
fpfr 0.1 0.1
Rs(m) 3.6 4.4
foutboard/total 0.11 0.89
f∇B/total 0.5 0.5
α(0) 10 10
Qdiv,S(MW/m2) 3.3 13.7

λq|| = 1.2cm (which would be about right for an L-mode discharge and somewhat
conservative for an H-mode discharge) and then use the “most conservative” case
parameters described in Table 5.2.1, we estimate for a total heating power (Pheat)
of 373 MW that Qdiv,peak for the inboard divertor (“I. D.” segment in Figure 33 )
as ≈ 3.3MW/m2 and for the outboard divertor (“O. D.” segment in Figure 33) as
≈ 13.7MW/m2.

The average heat fluxes on these inboard and outboard divertor segments are
≈ 0.8MW/m2 and ≈ 7.1MW/m2, respectively; the power flow “spillover” into
the private flux region of the divertor produces an average particle heat flux of
≈ 0.5MW/m2. The peak particle heat fluxes in the upper divertor are identical in
their mirror locations in the lower divertor.

Figure 35 shows the poloidal distribution of the average (and peak) core-radiated
heat flux (QEM) at each of the segments shown in Figure 33. While there is a
pronounced poloidal distribution to the wall heat flux, their values are considerably
less than the 0.45MW/m2 peak heat flux limit set by cooling concerns for non-
divertor first wall locations.

What constitutes an “acceptable” peak divertor heat flux is problematical. ARIES-
AT engineering considerations presently set this limit at ≈ 5MW/m2, which is much
less than the 13.7MW/m2 from our (very) conservative estimate in this section. In
the following section, we examine two less conservative scenarios that lower divertor
heat flux values to more acceptable levels.

5.2.2 Radiating mantle approach

Much of the physics in the boundary and SOL regions of single-null (SN) divertors,
particularly the role of E × B poloidal drifts in the divertor [40, 41], has only
recently come under the detailed scrutiny of transport modeling codes, such as
UEDGE [42]. How these poloidal drifts affect asymmetries in divertor heat flux and
particle flux [39] or the “enrichment” of radiating impurity ions in double-null (DN)
divertors is speculative at the present time. Hence, it is prudent to first examine
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Figure 35: The poloidal distribution of the average and peak radiative heat fluxes are
shown for the “most conservative” case No contribution from the divertor or scrape-
off is assumed, in line with our (very) conservative assumptions. The radiated power
density is constant inside the core plasma
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the efficacy of relying on the better-understood radiative processes occurring in the
core plasma. Moreover, with radiating power from inside the core plasma, we not
only avoid the complexities and uncertainties introduced by DN divertor physics,
but also spread the plasma power more evenly around the vessel structure. From
previous experience , we have found the “radiating mantle” concept effective in this
regard, i.e., injected impurity ions radiate power predominantly from edge of the
main plasma.

Impurity injection has other advantages also. “Large” tokamaks, such as JET
and JT-60U, have demonstrated that good energy confinement is consistent at higher
densities under certain impurity injection scenarios. The lower plasma edge tem-
peratures which occur in a radiating mantle, particularly with the ion component,
reduces the ion temperatures in the SOL, which in turn, reduces sputtering at the
divertor plates from “hot” ions.

In this section we discuss one possibility based on the radiating mantle concept:
the minimum radiated power for which the peak heat flux in the divertors is “man-
ageable”, i.e., ≈ 5MW/m2, under radiating mantle conditions. To do this, we again
take λq|| = 0.012m and frad ≈ 0.75 (Figure 34), resulting in Qdiv,S under the out-

board leg(s) ≈ 5MW/m2 and under the inboard leg(s) ≈ 1.2MW/m2; the average
heat fluxes on these inboard (“I. D.”), “dome”, and outboard (“O. D.”) segments
are ≈ 0.3MW/m2, ≈ 0.2MW/m2, and ≈ 2.3MW/m2, respectively.

The 75% core radiation requirement is about two and a half times that of the
nominal case. In a parallel study using the MIST impurity transport code to predict
impurity behavior inside the core plasma (described in section 5.3), a modest amount
of argon impurities added to the plasma was successful in achieving this 75% radiated
power requirement with a radiating mantle (argon case: CV = −0.1). The resulting
average and peak poloidal heat flux on the vessel walls are shown in Figure 36. At
all poloidal locations, both the average and peak heat flux due to radiated power is
= 0.9 MW/m2 with highest heat fluxes on the outboard vessel wall. Finally, as an
upper bound estimate to wall heating by radiation, if it were possible to radiate all
373 MW of power under a “mantle” scenario, we estimate that the highest radiative
heat flux values would be ≤ 1.2MW/m2 on the outboard wall.

Engineering considerations for cooling the (non-divertor) vacuum vessel wall of
ARIES-AT, however, dictate that the average heat flux not exceed 0.3MW/m2 (or,
equivalently, that the peak heat flux not exceed 0.45MW/m2). This implies that
the largest frad of core radiated power which would not violate this engineering
criterion is 0.36. This limitation on the maximum radiated power from inside the
core plasma means that the peak heat fluxes on the “I.D” and “O.D” segments can
only be reduced to 3.0MW/m2 and 12.5MW/m2, respectively.

5.2.3 Radiative divertor approach

As discussed above, plasma edge/SOL transport codes, like UEDGE, are only now
beginning to realistically address double-null divertor physics issues. However, it
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Figure 36: The poloidal distribution of the average and peak radiative heat fluxes are
shown for the argon “mantle” case, as described in the text. As with the “nominal”
case, no contribution from the divertor or scrape-off is assumed.
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is still possible to get a handle on the amount of power that might be radiated
away in the SOL and divertors. In a previous study of the ARIES-RS divertors, for
example, a simplified radiative divertor approach provided a plausible solution to the
divertor heat flux problem by seeding the divertor with a neon impurity, although
this required several favorable assumptions in the divertor physics /citeJardin97.

In this report, we again look at this radiative divertor approach, but this time
we choose argon as the seeding impurity. Like neon, argon can be expected to
radiate reasonably well under ARIES-AT divertor and scrape-off layer conditions.
Unlike neon, however, argon radiates much more efficiently in the edge region of
the ARIES-AT plasma, enhancing radiative power from the core plasma mantle.
In turn, a radiating plasma mantle relaxes the “enrichment” requirement (i.e., the
ratio of neAR/ne in the divertor to that in the core) for the radiating impurity in
the divertor. In order to reduce the total (particle plus radiative) peak heat flux in
the divertors to ≈ 5 − 6MW/m2, we require ≈ 160MW of radiated power in the
scrape-off layer and divertors (i.e., frad,div ≈ 0.4), in addition to the core radiative
fraction of 0.36. Note: this implies that Qdiv,peak = 4.0MW/m2 in an attached
plasma case; choosing this value to be well under the 5MW/m2 limit is necessary,
since there will be a contribution to the heat flux from the radiated power in the
divertors.

As an initial estimate of radiated power in the divertor, we use a simplified
UEDGE simulation [43] of an ARIES-AT-like edge plasma case. Among the sim-
plifying assumptions are: (1) up/down symmetric solutions in the upper and lower
divertors, (2) no ∇B or poloidal E × B drifts included in this modeling, (3) an
orthogonal coordinate system, i.e., the flux surfaces intersect the divertor structure
at normal incidence, and (4) inboard and outboard strike points are isolated from
each other, e.g., what occurs at the inboard divertor does not affect the outboard
divertor.

The ne(ne,sep = 0.5 × 1020m−3) and Te(Te,sep = 340eV ) radial profiles in the
scrape-off and divertor regions are determined self-consistently for a hydrogenic
ARIES-AT plasma, where the electron and ion diffusivities are 0.5m2/s and the
particle diffusivity is 0.33m2/s. We then estimate the radiated power from the
argon present by assuming a fixed-fraction of argon in the SOL/divertor (neAR/ne ≈
0.0026), which, in turn, produces ≈ 160MW of radiated power in the SOL/divertors.
Under these restrictions, virtually all the radiated power occurs between the divertor
tiles and the respective X-points, particularly nearest the divertor floor (ceiling). We
should point out that neAR/ne ≈ 0.0026 does not necessarily mean that this ratio
will also be the concentration of argon in the core plasma. For example, recent
“Puff and Pump” experiments in DIII-D single-null diverted plasmas have shown
that an enrichment of ≈ 3 is possible, even when a significant amount of argon is
injected [44]. Interestingly, the measured fraction neAR/ne(≈ 0.0035) in the divertor
is comparable with our estimated requirement for ARIES-AT.

For the next step of complexity, we wanted to allow UEDGE to seek a more self-
consistent solution , i.e., fix the ratio neAR/ne in the scrape-off layer and divertor
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and then find the self-consistent solution in the SOL and divertor. Unfortunately, it
is more difficult to obtain self-consistent fixed-fraction solutions because numerical
issues such as grid resolution and possible unstable plasma behavior, e.g., MARFE’s,
can arise for strongly radiating detached divertor plasmas. These simulations require
more manpower and computational resources for a solution. The most realistic sim-
ulation of radiating impurities in UEDGE would use the multi-charge-state model
and compute the self-consistent spatial distribution of the impurities as a result of
plasma transport and atomic processes. Such simulations have been carried out
for the ITER reference design [45]. These solutions are not available at this time.
We believe, however, that detachment of both the inboard and outboard divertor
legs along the separatrix would occur for argon fractions of only a few tenths of a
percent.

From engineering considerations, the peak heat flux should not exceed 0.45MW/m2

on the (non-divertor) vacuum vessel surfaces and should be ≈ 5MW/m2 on the di-
vertor wall segments. In the likelihood that both inboard and outboard separatrix
strike points are detached, the peaked heat flux formulas used in Equ. 6 overesti-
mates the actual peak heat flux. Hence, under detached conditions, our calculation
of the total peaked heat flux (below) would be overestimates.

In order to evaluate the contribution of the radiated power from the ARIES-AT
divertors to wall heating, we take the radiating divertor source to be distributed uni-
formly under the X-points between the separatrix flux surface and the flux surface
1-cm outside the separatrix (as measured from the midplane). Figure 37 shows
the combined poloidal distribution of the radiated power from the core plasma
(frad,core ≈ 0.36 and divertor plasma (frad, div ≈ 0.43), as determined from RAD-
LOAD. The total heat flux on any element of the vacuum vessel wall is the sum of
the radiative (Qrad) and the particle (Qdiv) contributions. The “worst case” scenario
occurs when the peak in the radiative contribution and particle flux contribution
coincide on the “O.D.” segment. Under such a conservative scenario, the sum of the
peak radiative heat flux contribution to the “O.D” segment (≈ 1.8MW/m2 in Fig-
ure 33) and particle heat flux contribution (≈ 4.0MW/m2) is roughly 5.8MW/m2.

5.2.4 Summary and Conclusion

We considered reducing high peak heat flux at the divertors by radiating away power
from inside the core plasma and/or in the divertors. First, in order to minimize over
reliance on several speculative and largely unexplored aspects of DN divertor physics
(e.g., poloidal drifts and impurity entrainment in the SOL and divertor), we took
a conservative approach of ignoring any radiated power from the SOL and divertor
region while concentrating on core radiated power. Although the radiating away
the power inside the core plasma has the advantage of dissipating the power more
evenly on the vessel wall, wall-cooling considerations in present ARIES-AT design
restricted the usefulness of this approach to a relatively low radiating fraction, i.e.,
frad,core = 0.36. (In this regard, future work in raising the cooling capacity of the
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Figure 37: The poloidal distribution of the average and peak radiative heat fluxes
are shown for the argon “radiative divertor” case, as described in the text. Thirty
six percent of the power input is radiated in the core and 43% of the power input is
radiated in the divertor. Outside the divertor, the radiative heat flux to the vessel
walls does not exceed 0.45MW/m2.
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non-divertor vacuum vessel walls in order to allow a higher frad,core should be
considered.) In order to reduce the peak divertor heat flux to the 5 − 6MW/m2

range, we were required to radiate about 40% of the heating power in the divertor,
i.e., frad,div ≈ 0.4.

5.3 Core Plasma Impurity Radiation in ARIES-AT: L-mode
Edge Case

5.3.1 Overview

The power originating in the core plasma, i.e. the sum of fusion alpha particle
power and auxiliary heating and current drive power, is exhausted as electromagnetic
radiation from the core plasma or as particle kinetic energy transported across the
separatrix to the scrape off layer and then along the open field lines to the divertor.
To alleviate the thermal loads on the divertor surfaces in contact with the open filed
lines, it is desirable to radiate power from the core plasma. Bremsstrahlung and
synchrotron radiation arises naturally from the core plasma. Bremsstrahlung can
be enhanced by the injection of rare gas impurities. Impurities will also radiate due
to plasma excitation of line radiation. In this section we discuss the bremsstrahlung
and impurity line radiation induced by rare gas impurities intentionally injected
into the core plasma. The engineering constraints due to the ARIES-AT main
chamber first wall thermal design limit the total core radiation to about 140 MW.
The estimated synchrotron radiation loss to the first wall is about 18 MW, leaving
about 120 MW of desired impurity radiation. We will show calculations of Ne, Ar,
and Kr radiation for the L-mode edge case of ARIES-AT using anomalous transport
and a case for Ar using neoclassical transport. In these cases, the bremsstrahlung
radiation alone is sufficient to produce the required 120 MW. An even higher level
of radiation can be achieved from Ar and Kr due to additional line radiation.

5.3.2 Anomalous Transport Modeling Using MIST

The MIST model [46] has been used to estimate the impurity radiation induced using
injected rare gases. The MIST code is a 1D trace impurity transport model. Steady
state impurity density profiles, and the resulting radiation profiles are determined
for given electron temperature and density profiles and transport coefficients. This
version of the MIST code assumes a circular cross section plasma. However, when
the total radiation is calculated from the modeled radiation profile, the actual plasma
shape from the EFIT solution [3] is used.

The electron density profile being considered has an exponential fall-off be-
yond the separatrix. The central electron density is determined from the total
density,6.306× 1020m−3, correcting for the impurity ion fractions, e.g.fNe = 0.0075.
For these calculations the presence of helium has been ignored. The impact is small,
only a slight reduction in the calculated bremsstrahlung radiation from the back-
ground plasma. The electron density profile is shown in Figure 38.
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Figure 38: The ARIES L-mode edge density profile used in the core impurity radi-
ation study.
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The electron temperature profile, shown in Figure 39, is obtained from the EFIT
pressure profile and the total density profile (same shape as the electron density
profile with n0 = 6.306 × 1020m−3). The EFIT pressure profile goes to zero at the
separatrix. To allow for a finite SOL temperature, a constant temperature of 300
eV is added to the Te profile for ρ < 1.0, with an exponential fall off for ρ > 1.0.

In this study we have used a constant impurity fraction as a boundary condition
at the central axis. For neon, we have chosen the fraction of 0.0075 assumed in
the systems study. For argon and krypton, the central fractions used produced a
somewhat higher radiated power yet lower core Zeff and core dilution.

We have also chosen to use a spatially constant particle diffusion coefficient,
D = 104 cm2/s. Because we are using a fixed central impurity fraction, and using
steady state solutions, the calculated radiation profiles are only weakly dependent
on the value of D. The impurity density profile shape does significantly effect the
calculated total radiation. For the MIST modeling we have used the CV coefficient
to set the particle pinch velocity,

vp = CV (D/ne)
dne
dr

(9)

where vp is the local particle convective velocity. For CV = 1.0, the impurity
density profile has the same shape as the electron density profile. The values of
D = 104cm2/s and CV = 1.0 are consistent with measurements on DIII-D in L-
mode plasmas when anomalous transport dominates.

In Figures 40,41,42, and 43 radial profiles of impurity density, volume emissivity
for all ions, Zeff , and volume integrated power using argon with a CV = 1.0 are
shown. The radiation includes both the line and bremsstrahlung radiation from each
ionization state. Since Ar is fully stripped over most of the volume of the confined
plasma, the bulk of the radiation is due to bremsstrahlung.

The solid line is bremsstrahlung and line radiation from argon, the dashed line
is bremsstrahlung from the primary deuterium ions.

Figures 44 and 45 show the radial profiles of krypton ion density and volume
integrated power using krypton with a CV = 1.0. The central Zeff for Kr has
been reduced to 1.5 (compared to 1.6 for Ar), and fuel dilution is also lower, yet
the total radiated power fraction is higher, about 0.5. This is due to the fact that
krypton is not fully ionized in the ARIES-AT plasma, and therefore produces more
line radiation.

5.3.3 Neoclassical Impurity Transport Modeling using STRAHL

Inside the transport barrier in ARIES-AT we expect that anomalous transport
should be reduced to very low levels and neoclassical transport should dominate.
Impurity transport measurements on DIII-D have indicated that neoclassical af-
fects are important during enhanced confinement operation [49]. We have modeled
neoclassical transport for argon in the ARIES-AT L-mode edge plasma using the
STRAHL code [47, 48].
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Figure 39: The ARIES L-mode edge ion and electron temperature profile used in
the core impurity radiation study.
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Figure 40: Argon ion density profiles calculated by MIST for CV = 1.0. The dashed
vertical line is at the location of the seperatrix.
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Figure 41: Argon volume emissivity profile for the density profile shown in Fig. 40
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Figure 42: Zeff from Argon for the density profile shown in Fig. 40
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Figure 43: The radiated power escaping the core plasma as a function of minor
radius.
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Figure 44: Krypton ion density profiles in ARIES-AT modeled using MIST with
CV = 1.0 and a fixed core fraction of 0.0004. Krypton is not fully ionized in the
core plasma and can produce line radiation.
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Figure 45: The radiated power escaping the core plasma as a function of minor radius
for krypton impurity injection. The solid line is bremsstrahlung and line radiation
from krypton, the dashed line is bremsstrahlung from the primary deuterium ions.

66



Table 6: Modeling results for rare gas impurity radiation in ARIES-AT: L-mode
edge. Prad includes bremsstrahlung from both the impurity and the fuel ions inside
the separatrix. When calculating the radiation fraction, an additional 18 MW of
synchrotron radiation is added. The alpha heating plus auxiliary power is assumed
to be 360 MW. (Note: Core Zeff does not include the helium content)

Impurity Z CV Core Core Prad(MW ) Radiation
Fraction Zeff ρ < 1.0 Fraction

Neon 10 1.0 0.0075 1.7 120 0.38
Argon 18 1.0 0.002 1.6 140 0.44
Argon 18 Neo 0.0023 1.7 157 0.49
Krypton 36 1.0 0.0004 1.5 165 0.51

The resulting effective transport coefficients are shown in Figures 46 and 47.
The neoclassical pinch velocity is seen to bbe outward in the central region of the
plasma. This outward pinch results from the nearly flat density profile and a peaked
temperature profile. Near ρpol of about 0.7, the density gradient is strong, and the
neoclassical pinch is then negative. These transport coefficients result in argon
density profiles shown in Figure 48. The peaking of the density near ρ = 0.6 is
expected from the pinch velocity profile shown in Figure 47. The resulting Zeff
profile isshown in Figure 49.

5.3.4 Conclusions concerning Impurity Radiation

The MIST and STRAHL modeling results for impurity radiation induced by inject-
ing a rare gas into the ARIES-AT L-mode edge plasma are summarized in Table6.
In all cases, the requirements for the overall ARIES-AT system design are met.
These results indicate that the higher Z rare gases are better for the reactor grade
plasmas, as they can meet the radiated power requirements at lower Zeff and lower
fuel dilution.

The first wall engineering restriction to keep the core plasma radiation to below
140 MW (or about 36maintaining low total conducted power to the divertor strike
plates, implies a need to radiate a large amount of power from the divertor plasma
(see section 5.2). These modeling results indicate that with an improved main
chamber first wall thermal design, the use of krypton as a core plasma radiator can
significantly reduce the divertor radiation requirements.

The dynamics of feedback control of the radiated power using rare gas injection
have not been investigated. The large size, and near neoclassical transport levels
mean that the impurity confinement times are long. Control of core impurities using
the “puff and pump” technique on DIII-D has been demonstrated [44]. Detailed
studies of the stability of the burning plasma with feedback control of the rare gas
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Figure 46: The total diffusion coefficient used in the STRAHL modeling of neoclas-
sical Ar transport in the ARIES-AT L-mode edge plasma is shown as curve 5. A
small anomalous term of 0.05m2/s is assumed inside the transport barrier. Outside
the transport barrier in the L-mode edge an anomalous contribution of 0.5m2/s is
assumed.
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Figure 47: The profile of the pinch velocity in the neoclassical model of Ar transport
in the ARIES-AT l-mode edge plasma. An anomalous pinch of −0.2m/s is assumed
outside of the transport barrier. Inside the transport barrier, no anomalous pinch
is used.
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Figure 48: Argon density profiles predicted by the neoclassical model in the
STRAHL code.
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Figure 49: The Zeff profile from argon predicted by using the neoclassical model in
STRAHL for the AREIS-AT L-mode edge.
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radiated power are needed.

6 Plasma Operating Regime and Startup

6.1 POPCON analysis

A steady-state power balance is enforced to establish the ARIES-AT plasma operat-
ing point. Given the input of PCD ' 37 MW of rf power for current drive (CD), the
ARIES-AT plasma operates slightly sub-ignited. At a density-weighted, volume-
average temperature Ti ' Te ' 18 keV, the Lawson parameter, niτE, is 3.42 × 1020

s/m3, as the product of the volume-average ion density, ni = 1.71 × 1020 m−3, and
the energy confinement time, τE = 2.0s.

The plasma heating power is PPH = Pα + PCD, where Pα ' 351 MW is the self-
heating power from alpha-particle fusion products. These input powers are balanced
by transport losses across the plasma separatrix, PTR ' 274 MW and radiation
(primarily bremsstrahlung, PBR ' 55 MW, line radiation, PLINE ' 43 MW, and
cyclotron radiation, PCY ' 19 MW). The core radiation fraction is fRAD ' 0.30 and
PTR = PPH(1 − fRAD).

Once τE is known, a comparison can be made to any of a number of empirical
scaling relations [50, 51, 52], with the caveat that the most appropriate relation for
the ARIES-AT regime is not yet established experimentally. It is emphasized that a
scaling law is not needed to derive any of the ARIES design points; τE is determined
from the specification of target net electrical power output, PE, and plasma gain,
Qp, that is set by the current-drive power requirement.

Recast in SI units, the L-mode ITER89-P scaling [53, 54, 55] is given by

τ 89P
E = 3.8033 × 10−6I0.85

p n0.1
e B0.2

φ0 a
0.3R1.2

T κ0.5
× A0.5

i [PTR]−0.5 , (10)

where Ai is the atomic mass (2.5 for a nominal 50:50 D-T fuel mixture). This scaling
relation is used here as a representative example.

The value of τE required for a design point is compared to the various empirical
scaling laws by means of a confinement multiplier, H j ≡ τE/τ

j
E, where the super-

script j denotes the particular scaling of interest. The energy-confinement-time
multiplier, Hj, for the ARIES-AT relative to the ITER89-P scaling is H j = 2.65.

A plasma operating contour (POPCON) [56] plot has been generated for the
ARIES-AT using the ITER89-P scaling relation. The results assuming the ITER89-
P relation are shown in Fig. 50. The plasma operating space is depicted in terms of
density and temperature. The plasma power balance equation is solved, including a
term for auxiliary heating power, PAUX . Using 10-MW increments, the POPCON
plot shows contours of constant values of PAUX with the ignition threshold (i.e.,
Qp → ∞) indicated by the first dashed contour. The ignition contour itself shows
that the minimum density for ignition is ni ' 1.71 × 1020 m−3 near Ti ' 12 keV.
An ignited plasma to the left of the minimum of this contour is thermally unstable.
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The ARIES-AT design point optimization moves to somewhat higher tempera-
ture to reduce costs associated with the CD system while reducing the fusion power
density a little. The modest PCD input moves the ARIES-AT steady-state operating
point to the position indicated by the open square. Thermally stable operation near
Ti ' 18 keV is suggested by this result; other scaling relations might shift this zone.

The product nT is proportional to the plasma beta, β = βN [Ip/(apBφ0)]. The
band defined by βN = 5 − 6 is depicted by the dash-dot isoquants and the full-up
values of Ip, ap, and Bφ0 for the ARIES-AT. A dotted curve denoting fixed fusion
power, PF = 2, 000 MW in this n − T space for the ARIES-AT plasma volume is
also shown. The fusion power of the ARIES-AT itself is ∼ 1, 760 MW.

Figure 50 also shows that a start-up transient with increasing plasma density
and temperature passing through the saddle region (Cordey pass) near Ti ' 7 keV
requires auxiliary heating power, PAUX , of about 25 MW.

6.2 Plasma Non-inductive Startup

6.2.1 Inputs & Model Equilibrium

The work described in this section was done using a TD spreadsheet (v. 11.0). This
is a 0-D tokamak simulation, which includes calculations of bootstrap current and
fusion power based on prescribed density, temperature, and current (q) profiles. The
basic parameters used in this study were:

a = 1.300m κ = 1.950 BT0 = 5.927T q(0) = 3.345
R = 5.200m δ = 0.850 I = 12.972MA

Note that κ and δ have been changed slightly so that the plasma volume and q95

match the reference case. Other parameters assumed are (these also agree with the
reference):

< ne >= 2.230 × 1020m−3 ne0/ < ne >= 1.344 NGreenwald = 0.91
< Te >= 15.833keV Te0/ < Te >= 1.964
nHe/ne = 0.190 nAr/ne = 1.80x10−3 Zeff = 1.93
τEi/τEe = 1 εβp = 1(βp ≤ 4.0) βN ≤ 5.44

Note that NGreenwald < 1, even though the other numbers match. Here

NGreenwald = 〈ne〉/(I/πa2).

These numbers give:

βN = 5.44 βp = 1.94
β = 9.15% W = 628MJ
Pα = 350MW H98y1 = 1.29 H89p = 3.24
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Figure 50: ARIES-AT Plasma Operating Contour (POPCON) diagram. Solid coun-
tours indicate auxiliary heating power,PAUX , in increments of 10 MW until “ig-
nition” (i.e., Qp → ∞) at the dashed contours. The dash-dot isoquants denote
βN = 5 − 6. The dotted curve traces fixed fusion power, PF = 2, 000 MW. The
steady-state ARIES operting point is denoted by the open square.

74



These agree with the reference except that the reference case has H89p = 2.64
and H98H = 1.42. Because the bootstrap calculation does not include geometric
effects such as the Shafranov shift, the calculated bootstrap current is multiplied by
0.85 in order to match the reference equilibrium. This leads to an underestimate of
the bootstrap current at low beta. The external heat sources are from the reference:
33 MW of LH power and 3 MW of FW. The calculated current from these sources
is 1.14 MA, in agreement with the reference (1.12 MA).

6.2.2 Rampup Scenario

With only 36 MW of available external power, the most likely way to make the ramp-
up work is to provide for control of the confinement, allowing H98y1 = 2. Fixed
quantities are a, R, κ, δ, B, q(0), PLH, PFW , and the normalized profiles of density
and temperature. The density is varied with the current at fixed NG. The ramp-up
is started arbitrarily at Ip = 0.5MA. It appears that with LHCD, the current could
be started from zero, but the required density variation was not considered.

There are three phases to this rampup. For 0 ≤ t ≤ 52s, the plasma is at the
assumed βp = 4 limit. During this time, H98y1 is increased from 0.7 to 2.0. At 52
seconds, Ip = 2.6MA. For 52 ≤ t ≤ 886s, H98y1 is fixed at 2.0, βp falls below the
maximum, and βN increases to 5.4, the maximum allowed. At 886 s, Ip = 7.9MA.
Finally, for 886 ≤ t ≤ 5000s, βN = 5.4, and H98y1 and βp fall to their final values.
The total time required to bring the plasma to the operating point is roughly 1 1/2
hours.

7 Summary

ARIES-AT is based on a reversed-shear plasma configuration as was ARIES-RS,
but the ARIES-AT β is 9.2%, almost twice the 4.96% of ARIES-RS. The increased
β has been used in the design to reduce size of the device somewhat, and to reduce
the toroidal field from 8.0T in ARIES-RS to 5.8T .

Explicit analysis of plasma pressure and current profiles typical of H-mode plas-
mas showed that these profiles, which are characterized by non-zero pressure gradi-
ents and current density at the edge, do not reduce the ideal MHD β limits. The
resistive wall mode stability has been analyzed. Calculations show that a stable re-
gion for this mode exists in the presence of plasma rotation velocities of 7− 10%VA.
It was concluded that it is not feasible to maintain these high rotation velocities in
a reactor environment, and thus an active feedback system is employed for mode
control, requiring about 10MW of power.

The neoclassical tearing mode (NTM) is identified as a problem. Stabilization
of this mode by using radially localized ECCD to replace the missing bootstrap
current appears to require prohibitively large ECCD power, and future work will
concentrate on methods to leverage this by modifying the background current profile
(ie, make ∆′ more negative).
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The analysis of the stability of intermediate mode number ideal MHD modes
appears to be consistent with the occurrence of ELMs in the baseline design.

Transport analysis has been carried out to analyze the consistency of the stan-
dard profiles in ARIES-AT. It is found that the large Shafranov shift is a strong
stabilizing factor. The GLF23 model predicts global energy confinement that ex-
ceeds the ARIES-AT design requirements if the density profile is sufficiently peaked.
The possibility of increasing the energy confinement through driven sheared rotation
from NBI or ICRF was looked at but considered to be not practical for a device
with ARIES-AT parameters.

Methods for dispersing the heat loads from ARIES-AT were analyzed. The final
design radiates 36% of the exhaust power (about 140 MW)from the core. Another
40% of the heating power was radiated in the scrape-off layer (SOL) mostly in the
vicinity of the divertor region.

It is recognized that the ARIES-AT is a very aggressive design. Many of the
physics design parameters are outside of those now routinely obtained in tokamaks.
However, this is presented as a vision of the “ultimate potential” of a tokamak if
the difficulties described in this section can be overcome.
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