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Abstract
The reversed shear plasma configuration is examined as the basis for a tokamak fusion power plant. Analysis of
plasma equilibrium and ideal MHD stability, bootstrap current and current drive, plasma vertical stability and
position control, divertor physics and plasma power balance are used to determine the operating point parameters
that maximize fusion power density and minimize the recirculating power fraction. The final plasma configuration for
the ARIES-RS power plant obtains b of 4.96%, plasma driven current fraction of 91%, plasma current of 11.3 MA,
toroidal field of 8.0 T and major and minor radius of 5.5 and 1.4 m. The current drive system utilizes fast wave, lower
hybrid and high frequency fast wave current drive to obtain maximum current profile flexibility, requiring 580 MW
of power. A divertor solution is found which employs neon impurity injection to enhance the radiation in the
scrape-off layer (SOL) and divertor and results in a combined particle and heat load in the divertor of 5 6 MW m − 2.
The plasma is driven with a Q of 25 and is at a thermally stable operating point. The plasma is assumed to be in an
ELMy H-mode, with low amplitude and high frequency ELMs. © 1997 Elsevier Science S.A. All rights reserved.
Keywords: Reversed shear; Tokamak power plant; Plasma configuration

1. Introduction
The reversed shear plasma configuration has
shown considerable potential for providing the
basis of an economically competitive fusion power
plant. The benefits of this configuration are that it
achieves both high bN and high b, it obtains large
bootstrap current fractions with very good cur* Corresponding author. Tel.: + 1 609 2432294; fax: +1
609 2432111; e-mail: ckessel@pppl.gov

rent profile alignment and appears to provide the
transport suppression necessary to sustain the
pressure profile that is consistent with high b and
high bootstrap current [1,2]. The primary characteristics of a reversed shear plasma are a hollow
current profile, a non-monotonic safety factor
profile and relatively peaked pressure profiles. The
hollow current gives rise to the safety factor
profile, which initially decreases from its value at
the plasma center to a minimum value and then
rises from there to its value at the plasma edge. It
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is the initial decrease in the safety factor that
provides negative magnetic shear, which is responsible for stability to n = ballooning modes
and suppression of plasma transport. The name
‘reversed shear’ arises from the fact that the safety
factor in a conventional tokamak plasma rises
monotonically from the plasma center to the edge.
Like all configurations with bN values which
exceed the first stability regime this plasma requires a conducting wall to stabilize low-n external kink modes. For ballooning modes the
reversed shear plasma obtains second stability in
the region inside the minimum safety factor and
first stability outside this region. However, what
distinguishes it from other high bN second stability plasma configurations is that it obtains high
plasma current simultaneously with high central
safety factor. This is achieved by using a hollow
current profile. Typical second stability plasmas
must reduce plasma current (to raise the safety
factor) to obtain high bN, only allowing b to
weakly increase over first stability values. An
additional advantage of the reverse shear configuration is that the hollow current profile matches
very closely with the natural shape of the plasma
generated bootstrap current profile. This allows
one to significantly reduce the amount of external
current drive required.
Recent experiments [3 – 5] have demonstrated
transiently the improved MHD stability and suppression of plasma particle and energy transport.
Complete demonstration of all the favorable
properties simultaneously will require steady state
conditions, which are not accessible in present
experimental devices. Some earlier experiments
[6–8] demonstrated the existence of nonmonotonic safety factor profiles, however, these
had minimum q values around 1.0 causing internal instabilities to dominate the discharge behavior. More interesting is that each of these was
produced by different means; elongation and current ramping in DIII-D, pellet injection in JET
and lower hybrid current drive in Tore Supra. All
experiments observed varying degrees of influence
on the plasma energy and/or particle transport.
After theoretical predictions indicated transport, ideal MHD stability and bootstrap/current
drive advantages of the reversed shear configura-

tion with q\ 2 everywhere in the plasma, experiments on several devices were performed to
examine this regime. Both TFTR and DIII-D
utilized similar approaches with special timing of
plasma current ramps and heating to inductively
produce the non-monotonic q-profiles. These discharges are transient, with the current profile
continuously diffusing, which eventually causes
the negative magnetic shear to disappear. Both
experiments were outfitted with the motional
stark effect diagnostic [9], that allows accurate
reconstruction of the safety factor profile which
was absent in the earlier experiments mentioned
above.
In TFTR the typical configuration had safety
factor values of q0 : 3–4, qmin ] 2 and minimum
position of rmin/a:0.3. The peak ion temperature
reached 24 keV while the electrons reached 10
keV. The central electron density increased by a
factor of three up to 1.2× 1020 m − 3. The resulting pressure profile had a peak to volume average
of eight, which even exceeds the value of five
which is typical of TFTR’s high confinement
mode called supershot. The changes in the temperature and density profiles after the reversed
shear configuration has formed indicate very significant reductions in the energy and particle diffusivities. For TFTR the plasma rotation is small
due to balanced neutral beam injection.
In DIII-D the typical configuration had safety
factor values of q0 : 6, qmin ] 2 and minimum
position of rmin/a:0.5. The peak ion temperature
reached 22 keV while the electrons obtained 6
keV. The central electron density increased by a
factor of two up to 6.0× 1019 m − 3. The pressure
profile had a peak to volume average of five. The
plasma rotation was strong in DIII-D with rotation frequencies of 60 kHz, since all the neutral
beams are oriented in the same direction. In addition, the shear in the plasma rotation was very
steep in the vicinity of qmin. DIII-D also produced
these configurations in both L-mode and H-mode.
Both experiments have determined that the
plasma core is in the second stability regime for
ballooning modes. In addition, both experiments
obtain b limits consistent with ideal MHD stability predictions and these are expected to be responsible for the discharge terminations. Some of
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the reverse shear discharges in DIII-D indicate
that a resistive mode may be responsible for the
discharge termination. The global energy confinement times obtained in these experiments have
H-factors over ITER89-P scaling of 2 – 3. In addition, bootstrap current fractions between 50 and
75% have been calculated. It should be noted that
in addition to the bulk plasma rotation produced
by neutral beams in these discharges, there is
considerable toroidal plasma rotation associated
with the strong pressure gradient set up by the
transport barrier. It is presently an area of research to understand the importance of this
plasma rotation and its shear for transport and
MHD stability.
Very recently, efforts to produce steady state
reverse shear plasmas with lower hybrid current
drive have been reported by Tore Supra [10] and
JT-60U [11]. Tore Supra injected 2.5 MW of
lower hybrid power and drove 50% of the plasma
current, with the lower hybrid (LH) current centered about an r/a of 0.4. The negative magnetic
shear was maintained for over 4 s. The plasma
stored energy and peak electron temperature increased by 1.6 soon after the LH power was
injected and the reverse shear safety factor profile
established. Faraday rotation measurements were
used to determine the safety factor profile. The
experiments on JT-60U formed an ohmic reversed
shear plasma and then injected lower hybrid current drive to maintain it. The shear reversal point
started at an r/a of 0.6 and relaxed to 0.5. The
inductive current is estimated to be between 25–
40% of the total plasma current. The motional
stark effect diagnostic was employed to determine
the safety factor profile. The reversed shear
configuration was held in steady state for 4 s.
Neither experiments found evidence for any
MHD activity, although the b values were not
high.

2. MHD stability and bootstrap current
Several reversed shear equilibria were examined
to assess the balance between maximizing b (fusion power) and minimizing the external current
drive (recirculating power). The plasma equilibria
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are determined using a fixed boundary flux coordinate equilibrium calculation. Ideal MHD stability calculations are carried out for n=
ballooning modes and n= 1–4 external kink
modes. A conducting wall placed at 0.3 times the
minor radius measured from the plasma boundary
was used in most of the parameter scans, although the reference configuration value ended up
at 0.095. Several examinations were made to determine the impact of plasma aspect ratio, triangularity, elongation, pressure and current profiles
and the kink stabilizing wall position and these
are reported in the following.
The bootstrap current is calculated using the
full Hirshman–Sigmar expression with a velocity
space representation of the viscosity coefficients
[12]. The bootstrap current profile can be roughly
given by jbs 8 − eR(dp/dc), which shows that
the pressure gradient profile dominantly determines the bootstrap current shape. This is an
important consideration when searching for
MHD stable equilibria. The bootstrap current
profile is naturally hollow, which provides for
very good profile alignment with the reversed
shear current profile required for MHD stability.
The plasma particle and energy transport are
not explicitly modelled. Once a stable plasma
equilibrium is found, the plasma temperature is
adjusted to provide the largest and best aligned
bootstrap current profile. Since it is predicted and
experimentally observed, that a transport barrier
exists in the region of the minimum safety factor,
efforts are made to restrict the location of the
dominant gradients of the temperature and density inside of this vicinity.
The reference plasma configuration for the
ARIES-RS power plant is given in Fig. 1 and
Table 1. The sections that follow will demonstrate
the analysis done to define the physics tradeoffs
that determined the reference configuration. It
should be noted that the operating b value is
reduced to 90% of the maximum stable value to
provide some margin to the stability boundary.

2.1. Plasma pressure and current profiles
The equilibria studied here are determined by
specifying the pressure and parallel current
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Fig. 1. The reference plasma equilibrium parallel current profile as a function of poloidal flux, the plasma flux surface contours, and
toroidal current density as a function of the major radius.

profile, along with the plasma boundary and
toroidal field strength.
The plasma parallel current profile is given by,
 j · B
d 2(1 − c. )2c.
= j0(1 − c. ) +j1
B · 9f
(c. −c0)2 +d 2

(1)

Here c. = (c− caxis)/(cedge −caxis) and d has the
value 0.25. The current profile is chosen to place
the minimum in the safety factor as far out as
possible while keeping the edge safety factor between 3.5 and 4.0. This moves the low-n kink
mode structure closer to the stabilizing conducting wall. The minimum can not be moved too
close to the plasma boundary, or there will be
insufficient magnetic shear to stabilize the external
kink modes even in the presence of a conducting
wall. In addition, the central safety factor is chosen to provide a sufficient degree of negative
magnetic shear, roughly given by q0 −qmin ] 0.3.
For all cases qmin is kept above 2.0 and q0 is kept
below 3.0 to avoid multiple integral safety factor
values, which serves as a crude method to avoid
resistive instabilities. These current profiles resulted in c. (qmin) positions of between 0.6 and 0.7,
while the qmin values varied from 2.2 to 2.6.

Experimental values for c. (qmin) range from 0.1 to
0.4, although these are obtained inductively in
transient discharges without external current drive
to control the current profile. Moving the location
of the qmin as far out as possible also allows the
pressure gradient to be moved closer to the
plasma boundary. This can provide improved
bootstrap current alignment without significantly
reducing the maximum stable b.
The pressure profile has a very strong impact
on both the MHD stability and the bootstrap
current alignment. The pressure profile used in
this study is given by:
p= p0(1−c. a)2.0

(2)

The exponent a is varied from 1.0 to 1.8 to
examine the impact of broadness. From the scan
of plasma pressure profiles the maximum b decreased as the pressure profile was broadened (as
alpha was increased), however, this led to the
bootstrap current peaking further from the
plasma center and improved bootstrap current
profile alignment. Since the position of the minimum in the safety factor is fixed at its maximum
distance from the plasma center, as the plasma
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Fig. 2. The reference plasma equilibrium profiles for the safety factor, pressure, temperature and density as a function of poloidal
flux.

pressure profile is broadened the pressure gradient
is moved further out. Consequently, the n=
ballooning modes become the limiting instability.
As the pressure profile is made more peaked, with
the conducting shell at 0.3, the low-n kink modes
become the limiting instability (in particular, n=
3). The presence of the stabilizing wall only affects
the low-n kink modes. This results in the highest
b limits being obtained with peaked pressure
profiles. However, these produce bootstrap current near the plasma center, where we are trying
to maintain a hollow current profile. Thus, these
high b limits can not be realized because of
bootstrap limitations. The very broadest pressure
profiles produce the best bootstrap current alignment with the desired current profile, however,
their b limits are significantly lower and we are
unable to obtain bootstrap fractions approaching
unity. In addition, because these are limited by

the n= ballooning modes, they are not affected
by the conducting wall.
The best tradeoff between these considerations
led to the pressure profile exponent range (a) of
1.3–1.4 at all aspect ratios and leads to the n=
ballooning and low-n kink stability limits to lie
near each other, along with providing excellent
bootstrap current alignment. The value of the
pressure exponent is fixed for all subsequent calculations at either 1.3 or 1.4. The results of the
pressure profile scan for a 95% flux surface elongation of 1.7, triangularity of 0.5 and aspect ratio
4.0, are given in Table 2.

2.2. Aspect ratio
In order to limit the parameter space for subsequent calculations the aspect ratio scan was done
first. Four aspect ratios were examined; 3.0, 3.5,
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Table 1
Reference reversed shear plasma configuration
Ip (MA)
BT (T)
R (m)
a (m)
k (95%)
d (95%)
bp
b (%)
b* (%)
bN (%)
(%)
b max
N
q0 (axis)
qmin (minimum)
c. (qmin)
qe (edge)
Ibs (MA)
I9p/Ip
ICD (MA)
q
li(3)
n0/n
T0/T
p0/p
Kink wall

11.32
7.98
5.52
1.38
1.70
0.50
2.28
4.96
6.18
4.83
5.35
2.80
2.49
0.69
3.52
10.0
0.91
1.15
2.37
0.42
1.36
1.98
2.20
0.095

R (m)
a (m)
k (95%)
d (95%)
bp
b max (%)
(%)
b max
N
q0 (axis)
qe (edge)
qmin (minimum)
q
li(3)
c. (qmin)
I9p/Ip
ICD (MA)
Kink wall

4.0 and 4.5. In each case the maximum stable b is
found and the bootstrap current is maximized,
subject to the constraints on temperature and
density profiles mentioned in Section 2. The results are presented in Table 3.
The bN values increased as the aspect ratio
decreased. This combined with the increase in
total plasma current at fixed q  causes the b to
increase faster than bN. The resulting plasma
driven current, which includes bootstrap, diamagnetic and Phirsch – Schluter currents, exceeds 89%
Table 2
Variation of b with pressure profile exponent
a

b max
N

b max

f9p

ICD (MA)

1.20a
1.30
1.40
1.50b
1.60b

5.77
5.35
5.00
4.64
4.36

5.95
5.54
5.17
4.80
4.50

0.78
0.89
0.89
0.87
0.87

2.28
1.20
1.19
1.37
1.36

Bootstrap limited, f9p and ICD correspond to bN =4.6 and
b = 4.74.
b
T(c) and n(c) do not obey transport constraints.

a

Table 3
Optimized plasma equilibria with varying aspect ratio
A = 3.0

A =3.5

A=4.0

A= 4.5

5.40
1.80
1.80
0.50
1.75
8.29
5.50
2.88
3.88
2.62
2.35
0.39
0.66
0.90
1.80
0.30

5.40
1.54
1.80
0.50
1.95
6.83
5.30
2.88
3.61
2.51
2.35
0.41
0.68
0.90
1.50
0.30

5.40
1.35
1.80
0.50
2.05
5.46
4.85
2.70
3.47
2.39
2.35
0.43
0.68
0.89
1.40
0.30

5.40
1.21
1.80
0.50
2.16
4.50
4.50
2.50
3.46
2.18
2.35
0.48
0.58
0.92
0.95
0.30

in all cases. As the aspect ratio decreased the
amount of off-axis current drive required increased. Although values are reported for the
required current drive in Table 3, these are from
equilibrium calculations and detailed current drive
calculations are necessary to determine these accurately. This is reported in Section 3. From a
combination of systems analysis and engineering
the aspect ratio was set at 4.0 and this will be used
for all subsequent investigations.

2.3. Plasma shape
The plasma shape has a strong impact on the
MHD stability. In particular, the plasma triangularity provides benefits for n=
ballooning
modes by enhancing the good curvature along a
magnetic field line and for low-n external kink
modes by enhancing the global magnetic shear at
the plasma edge. This latter point is especially
important for reversed shear equilibria because
moving the minimum in the safety factor closer to
the plasma boundary tends to reduce magnetic
shear there. Even though a conducting wall is
used to aid in stabilizing low-n external kink
modes, sufficient shear in the plasma must still be
present to obtain full stabilization. A scan of the
maximum achievable bN as a function of the
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plasma triangularity, ranging from 0.2 to 0.6,
showed that bN dropped precipitously below a
triangularity of 0.4 and rose at a significant, but
slower rate above this value. These calculations
were made with a fixed elongation of 1.8, the
aspect ratio was 4.0, the conducting wall at 0.3a
and the safety factor at the plasma edge was held
at approximately 3.5. Since the edge safety factor
was held fixed during the scan, the plasma current
decreased (or q  increased) as the triangularity
decreased. Therefore, the b would be reduced by
more than simply the reduction in bN, due to the
scaling b 8bN /q . The opposite holds true as the
triangularity is increased and b shows a consistent
increase over the entire range. These results are
given in Table 4. The triangularity is limited by
the ability to design a divertor for the inboard
separatrix that allows sufficient neutron shielding.
The 95% triangularity is taken to be 0.5 for the
reference configuration.
The plasma elongation also provides significant
benefits for b, both from increased plasma current
and increased magnetic shear. However, since
elongating the plasma makes it vertically unstable,
the elongation is limited to allow conducting
structures and feedback control systems to be
designed. The conducting structure surrounding
the plasma is designed to provide a safety margin,
defined as fs =1 +tg/tL/R of 1.2. This safety margin represents the margin to ideal instability
where the plasma is uncontrollable and occurs
when fs =1.0. The time constants tg and tL/R are
the plasma vertical growth time and the structure
eddy current L/R time. The distance of the conducting structure from the plasma boundary and
its poloidal extent are determined to meet this
criteria. Once this is established then the resistivTable 4
Variation of b with triangularity at A =4.0
d

b max
N

b max

q

Ip (MA)

0.20
0.30
0.40
0.50
0.60

2.15
3.20
4.30
4.85
5.15

2.00
3.13
4.60
5.45
6.25

2.85
2.69
2.48
2.35
2.18

8.95
9.47
10.3
10.8
11.7
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ity and thickness of the structure are chosen to
allow for a reasonable feedback control power.
From vertical stability and dynamic control simulations the required structure on the outboard
extends from 55 to 90° at 0.5 times the minor
radius measured from the plasma boundary. The
inboard structure extends from 135 to 145° at 0.35
times the minor radius. Both of these structures
reside in the gap between the reflector and shield.
The plasma elongation at the separatrix (and the
95% flux surface) was reduced from 2.0 to 1.9
(1.8–1.7) to allow the structure to be moved into
the reflector to shield gap. The structures are
made of tungsten, 4 cm thick and are made
electrically continuous in the toroidal direction.
The control requirement is to provide for a 1 cm
RMS random disturbance with time scale equal to
the plasma vertical growth time. If the feedback
control coils are located in the gap between the
reflector and shield on the outboard side a peak
power of 15 MVA is required. If the feedback
control coils are located behind the shield on the
outboard side, the peak power is 40 MVA. A
large fraction of the feedback control power is
reactive, which indicates that they can be recovered with proper power supply and energy storage
design. Therefore, these powers do not have to be
continuously supplied as part of the recirculating
power.

2.4. Conducting shell and plasma rotation for
low-n kink modes
It is important to emphasize that a conducting
wall is required for these configurations to obtain
the high b values. Since no second stability regime
has been found for the low-n kink modes, as there
is for the n=
ballooning modes [13,14], it is
necessary to utilize a conducting wall to access the
higher pressures where a fusion power plant can
become significantly more attractive. Recent experiments [15] and theory [16] indicate that a
resistive wall can stabilize the low-n kink modes if
plasma rotation and a dissipation mechanism in
the plasma are present. The reversed shear
configuration can better utilize a wall than a
plasma with a monotonic safety factor profile.
This arises because of the presence of the zero
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magnetic shear (dq/dc =0) region which causes
the kink mode structure to shift to that vicinity. If
the zero shear region is moved closer to the
plasma edge, one moves the plasma displacements
associated with the instability closer to the conducting wall, thereby making the wall more effective at suppressing them. In the absence of a
conducting wall, the reversed shear plasmas typically obtain similar or lower b values as compared
to plasmas with monotonic safety factor profiles.
From theoretical analysis one can approximate
the requirements to stabilize the low-n kink
modes. The plasma must rotate at about 5–10%
of the Alfven speed, resulting in a 2.8 – 5.6 × 105 m
s − 1 rotation speed. The actual conducting wall
should be located at the ideal wall position for the
plasma mode to provide the greatest margin to
the resistive wall mode, which occurs when the
wall is too close to the plasma. It is the ideal wall
position that is referred to in this report. The wall
has conductivity and thickness requirements that
are given by D/h \1.5 × 104, where D is the wall
thickness and h is the resistivity.
The effectiveness of a conducting wall for suppressing the ideal external kink modes is presently
an active area of research and the actual rotation
requirements are quite uncertain. Recent theoretical estimates by Boozer [17] indicate that the
plasma rotation required may be significantly less
than that predicted so far. The basis for this
theory appears to address the fact that the resistive wall mode, the unstable mode that arises
when the ideal plasma mode is stabilized by a
non-perfectly conducting wall, grows on a much
longer time-scale than the original ideal instability. This time-scale is sufficiently long for the
finite resistivity and 3D nature of the plasma to
allow an island to develop from this initially 2D
ideal instability. Once an island can form the
stabilization from plasma rotation is the same as
that for resistive tearing modes [18], which requires considerably slower plasma rotation speeds
to suppress the growth of the instability. More
extensive experimental analysis is required to determine the necessary rotation speeds.
Since plasma rotation is a necessary component
for stabilization of low-n external kink modes, the
means for providing this rotation must be ad-

dressed. Most present tokamak experiments have
neutral beam injection for heating and depending
on the beam orientation, it can provide large
toroidal rotation speeds (1–5× 105 m s − 1). However, most fusion power plant studies utilize RF
heating and current drive. Toroidal rotation
speeds from ICH [19–21] indicate values up to
3× 104 m s − 1, which arises from pumping out of
the fast ions created by the waves, giving rise to
an Er × B rotation. A recent report [22] indicates
that excitation of electrostatic kinetic Alfven
waves directly imparts toroidal momentum to the
plasma, giving toroidal rotation speeds of 6 ×103
m s − 1. Whether these RF driven plasma rotation
speeds will be sufficient for kink mode stabilization is not clear, however, the speeds observed so
far in experiments fall between the two theoretical
estimates.
Scans were also performed to examine the impact of a conducting wall located closer to the
plasma than for the 0.3 case used in the scans.
This was done at the aspect ratio 4.0. For wall
positions of 0.25 or less the plasma stability was
limited by ballooning modes, since the closer wall
significantly raised the stability limit for low-n
kink modes. A more peaked pressure profile can
raise the ballooning stability limit and take advantage of the increased low-n kink stability limit.
However, the peaking of the pressure profile leads
to bootstrap current closer to the plasma center.
For these more peaked pressure profiles, in order
to avoid bootstrap current overdrive, the bN is
restricted to lie below some value, resulting in
reduced total bootstrap current and worse alignment. The ballooning modes are the limiting constraint for medium to broad pressure profiles. The
results indicate that the highest bN possible, in
conjunction with a bootstrap fraction that is
]90%, can be no larger than about 5.35, for a
conducting wall closer than or equal to 0.25. This
corresponds to the aspect ratio of 4.0, along with
an elongation of 1.7 and triangularity of 0.5 at the
95% flux surface. The corresponding maximum
bN for the slightly higher elongation of 1.8 is 5.6.
It was found that integrating the conducting
wall for kink stabilization as part of the blanket
structure already present was the best solution.
The final wall position is located at 0.095 times
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the minor radius measured from the plasma edge.
This wall is part of the vanadium structure in the
blanket, it is 2 cm thick and is only required to
extend from − 85 to +85 degrees in the poloidal
direction on the outboard side. This structure is
not toroidally continuous.

been used. The latter method proves particularly
useful in providing a set of CD efficiency scalings
with plasma and machine parameters that are
suitable for power plant systems analysis. Both of
these analytical treatments of current drive will be
discussed in the following subsections and results
on the CD requirements will be described.

3. Current drive

3.2. Current dri6e techniques

3.1. General considerations

A number of noninductive current-drive techniques have been considered for the reversed
shear (RS) power plant. Depending on the reference equilibrium, a combination of these techniques are required to drive currents in different
locations within the plasma. The bulk of the
present experimental database on current drive
has been obtained using LH waves and neutral
beams (NB). These experiments were mostly carried out in transient L-mode discharges, where the
bootstrap current is a small fraction of the total
current ( fBS 5 0.1). There are two other CD techniques, namely, fast magnetosonic waves in the
ion cyclotron range of frequencies (ICRF) and
electron cyclotron (EC) waves, that have some
experimental data and exhibit potentials for
power plant applications. The fast wave (FW)
technique shows significant promise for on-axis
current drive, particularly in view of the fact that
a typical fusion plasma core is inaccessible to the
LH waves. In previous studies [23,24], RF waves
were used as the reference CD technique, based
on physics, engineering and cost considerations.
Following the same reasoning, current drive in
this study will also be focused on RF techniques.
Because of their natural tendency to propagate
radially towards the plasma center, ICRF fast
waves are most suitable for current drive on the
magnetic axis. On the other hand, with a proper
launched spectrum, the LH wave can be made to
drive currents on the outer parts of the plasma.
However, the choice of an RF technique for
off-axis (between axis and edge) current drive is
not as straightforward. Several candidates have
been considered, including high-frequency fast
waves (HFFW), mode conversion current drive,
minority heating current drive and EC waves.
These techniques all have the potential capability

In a typical reversed shear configuration, it is
possible to obtain very good alignment between
the equilibrium and bootstrap current profiles [1].
In the ARIES-RS reference equilibrium, the
plasma driven current fraction is 0.91, using density and temperature profiles which are characteristic of reversed shear plasmas. External
noninductive techniques are generally required to
drive seed currents at the plasma center and off
axis near the shear reversal region.
The analysis described in this section is aimed
at determining the current drive (CD) requirements for steady state operation at the desired
conditions. First, the noninductive techniques
most suitable for driving currents in the various
plasma regions will be identified. The CD requirements will then consist of the power delivered to
the plasma and specific conditions for launching
the power. In the case of radio-frequency techniques, these conditions may include the wave
frequency, the wave spectrum characterized by its
peak refractive index along the magnetic field, N
and the wave launcher location. It is noted that
the total CD power requirement and the projected
wall-plug-to-plasma recirculating power and its
cost of electricity.
To assess the current drive power requirement,
a combination of selected CD techniques will be
used to drive the seed currents in the different
regions of the plasma. In principle, self-consistent
calculations that match the driven current profile
to that of the target plasma equilibrium are necessary to obtain accurate estimates of the current
drive power. Another analytical approach which
seeks an optimal match of the driven current
profile to the target seed current profile has also
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of localized off-axis current drive in a fusion
plasma core, each using a distinct physical mechanism. But they are all in early stages of development so that a definitive selection among them is
not warranted at this point.
For our ARIES-RS design, we will focus on
HFFW as the reference technique for off-axis
current generation, but recognize that there may
be equally attractive candidates that have not
been fully explored in this study. Indeed, seeking
the most attractive technique to drive currents
off-axis in the plasma core is presently a topic of
intense research interest.
The physics basis for HFFW current drive is as
follows. The operational frequency is in the range
of the 20th ion cyclotron harmonic. The technique
relies on the total absorption of the wave energy
by electrons well before it reaches the magnetic
axis. The success of this method depends on the
high electron beta of the plasma and the avoidance of mode conversion to the slow wave and to
the ion Bernstein wave at the cyclotron harmonics
beyond the antenna coupling region. Earlier
HFFW experiments [25] (e.g. JIPPT-IIU, JFT2M, PLT) all indicated results very similar to
those of LH waves and led to the conclusion that
mode conversion of the fast wave to the slow
branch did occur in these experiments. It can be
argued that in a fusion plasma, the situation will
be quite different. Because of the higher electron
beta, larger plasma size and strong absorption by
energetic alphas near the magnetic axis, the wave
will be completely damped in less than half a
radial transit of the plasma, as predicted by ray
tracing calculations shown in this section. Thus,
with a suitable launched N -spectrum, the toroidal
effects on propagation and the wave scattering
process due to ambient density fluctuations, two
main factors contributing to mode conversion to
the slow branch, are expected to be minimized. As
shown recently [26], mode conversion to the ion
Bernstein branch and direct ion damping at the
high harmonics will be negligible as long as the
ion beta is less than about 30%, which is easily
satisfied in a typical RS reactor plasma. Consequently, the fast wave can penetrate deeper to the
fusion plasma core than the LH wave and drive
currents closer to the magnetic axis. It is encour-

aging to note that in the recent series of highpower fast wave experiments on DIII-D, direct
electron heating has been observed at frequencies
as high as the 10th ion cyclotron harmonic. The
planned HFFW experiments on a high-b device
such as NSTX should strengthen the data base for
this technique.

3.3. Current dri6e requirements
The current drive requirements include the total
power delivered to the plasma, the launched
power spectrum from each of the wave launchers
and the locations of the launching structures on
the first wall. Among them, the power requirement is the most critical in determining the economic attractiveness of the overall power plant
design. To this end, two approaches have been
taken in assessing the required current-drive (CD)
power. The first approach attempts to obtain an
optimum match to the target equilibrium currentdensity profile with the sum of externally driven
currents by RF waves and of the bootstrap current. The second approach uses the sum of externally driven and bootstrap currents to
self-consistently arrive at an equilibrium (different
from the target) that is MHD stable and maintains the relevant global features of the target
equilibrium. The first method allows for quick
estimates of the CD power requirement and is
useful for parametric studies; however it is not
totally self-consistent since the externally driven
currents computed will not exactly match those
assumed when computing the original equilibrium. The second is self-consistent in this sense,
but it requires time-consuming computations for
convergence to a final equilibrium, which typically
deviate from the initial desired equilibrium.
As such, the first approach has been used in
determining scalings of the current-drive figure of
merit, which is referred to as the bootstrap-aided
normalized CD efficiency [27],
gB

n̄e,20Ip(A)R(m)/PCD(W)

(3)

to account for both the bootstrap current fraction
and the intrinsic efficiency, gCD, of the CD techniques. Thus for fBS not too close to unity, gB #
gCD/(1− fBS). The gB scalings are calculated as a

S.C. Jardin et al. / Fusion Engineering and Design 38 (1997) 27–57

function of volume-averaged electron temperature, T( e at various values of Zeff and aspect ratio,
A. This set of scalings is then used in the systems
code to determine the optimum aspect ratio and
operating parameters for the RS power plant.

3.3.1. Optimum fit approach
In this approach, three RF current-drive techniques are used with the reversed-shear configuration, namely, fast waves in the ion cyclotron range
of frequencies for on-axis CD, high-frequency fast
waves (in the 20th ion harmonic range) for offaxis core CD and lower hybrid waves for edge
CD. The calculations are done using a ray tracing
code, CURRAY [28], that has been benchmarked
with fast-wave CD experiments on DIII-D. The
major features of the code are:
 Fast and slow wave ray tracing from the ICRF
to the LH range of frequencies;
 thermal ion and electron damping;
 energetic ion (or alpha) cyclotron damping
based on a slowing down distribution function;
 two empirical scalings for the normalized CD
efficiency;
 a bootstrap current model based on the Hirshman–Sigmar approach; and
 an algorithm for obtaining an optimum current
profile match.
First, a stable equilibrium is obtained from the
JSOLVER code, which has been adapted to a
free-boundary EQDSK format for use with the
CURRAY code. With a fixed pressure profile, the
density and temperature profiles are adjusted to
yield a bootstrap current density profile with the
highest bootstrap fraction, fBS. In this process,
because of uncertainties with the kinetic alpha
pressure profile and its contribution to the bootstrap current, it is assumed that the plasma pressure is made up entirely of thermal particles. This
assumption also is in line with the systems code
calculations. Care has also been taken to ensure
that there is minimum or no bootstrap overdrive
in the plasma interior (inside the RS region).
Next, a combination of RF antenna-like power
spectra and their launch locations are selected so
as to drive currents in their respective intended
locations. The power distribution among the various launchers is then adjusted to arrive at an
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optimum current profile match. Let the subscripts
‘eq’ and ‘dr’ denote equilibrium and driven
(RF+ bootstrap) current density profiles, respectively and  ·  denote flux surface averages. An
optimum match is reached when the ratio

&

R=

dS jb · Bb eq − jb · Bb dr /B

&

(4)
dS jb · Bb eq /B

is a minimum, where dS is the area integral over
the minor cross section. Usually, the minimum
value of R is around 0.04 for a typical fBS value of
0.88.
As an illustration, a case similar to the reference design point will be presented, with the following parameters: R0 = 5.12 m, A=4.0,
B0 = 7.51 T, Ip = 10.8 MA, b=5.85%, q(0)=2.82
and q(a)=3.58. The density and temperature
profiles have been adjusted to eliminate bootstrap
overdrive at the core: ne0/n̄e = 1.20, n̄e = 2.03×
1020 m − 3, Te0/T( e = 2.15, T( e = 16.5 keV and Ti/
Te = 0.9. The ratio of separatrix-to-peak densities
is fixed at nea/ne0 = 0.2 in order to satisfy the edge
density pedestal constraint on the assumed ELMy
H-mode RS discharge and to radiate part of the
core heat flux in the scrape-off region away from
the divertor plates. A trace vanadium impurity
concentration of 0.1% is assumed in the plasma,
which together with a 14% helium ash concentration and 50/50 DT fuel mixture gives an effective
charge of Zeff = 1.69. The fraction of energetic
alpha pressure is 12% and the bootstrap current
fraction is fBS = 0.82.
The results of the current drive calculations
using the optimum fit approach are shown in Fig.
3 and the RF power, frequency, launched N and
launcher location for each current-drive system
are given in Table 5. It is clear from the figure
that the alignment between the driven and equilibrium current density profiles are not perfect,
having a mismatch factor of R:0.04. All three
CD systems are required in this particular case,
even though in some instances, only two or even
one system may be sufficient, as will be shown
below. All required wave spectra have values of
N that can be launched by reasonable antenna
designs. In this particular case study, the aggre-
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Fig. 3. Matching of the driven (RF +BS) current density
profile to the target profile, using ICRF fast wave, HFFW and
LH wave power, for a reversed shear equilibrium similar to the
ARIES-RS design point.

gate CD efficiency is found to be gB =1.28× 1020
A W − 1 m − 2.
In Fig. 4 the ray trajectories for the launched
wave power are shown for the three RF systems.
The rays are terminated when the power is completely absorbed. It is noted that for the ICRF
rays, shown in Fig. 4, about 20% of the power is
absorbed at the second tritium harmonic on the
inboard side of the magnetic axis. For the
launched HFFW power, 48 and 10% of the incident powers are absorbed by the energetic alpha
particles along the N =2.3 and 2.5 rays, respectively. These trajectories also indicate that the
HFFW power is absorbed completely in its initial
radial transit, thus limiting the possibility of mode
conversion to the slow wave. It is found that the
locations of the launchers on the outboard side do
not significantly impact the power deposition
profile within the plasma, except in the case of
ICRF fast waves.

3.3.2. Self-consistent approach
In this section, the self-consistent approach to
calculate the current drive requirements is de-

scribed. Recall that in a reversed shear (RS) equilibrium, a close match is possible between the
bootstrap current profile and the desired current
density profile of a high b stable equilibrium.
Thus, for an accurate assessment, it is important
to model the bootstrap current and the RF driven
current accurately and in a manner self-consistent
with the equilibrium, as will be shown.
The calculations treat the ions as multiple species, with the alpha particles given special consideration. Power balance calculations show the RS
power plant will have a nonthermal (‘fast’) alpha
pressure at the plasma center which is typical 10%
of the total peak pressure. The fast alpha pressure, pfa, is strongly peaked on axis and decreases
at lower temperatures, becoming negligible for
Ti  Te 5 5 keV. Moreover, fast alpha spatial diffusion further lowers pfa from classical thermalization on the local birth flux surface, so pfa is
typically 90% of the classical value. In the detailed
bootstrap calculations, the thermal pressure profiles are given by reducing the total pressure by
pfa :pth = p−pfa. The temperature profiles for the
various species are found by dividing the respective pressure profiles by the prescribed density
profiles (that used in the equilibrium analysis). As
a result the thermal species have temperature gradients depressed near the magnetic axis by the
local peaking of the fast alpha pressure and the
bootstrap contribution of the thermal species is
likewise reduced. This effect is offset by the inclusion of the alphas (both thermal and nonthermal)
with an effective temperature, T( a, given by
na T( a = naTi + pfa, where Ti is the fuel ion temperature and na is the alpha particle density.
Using this bootstrap model in the RIP ray
tracing and MHD equilibrium code [24], a selfconsistent calculation of the RS equilibrium with
bootstrap and non-inductive seed current is
achieved. A stable equilibrium at A =4.5, provided by the JSOLVER code, was taken as an
initial target. An ICRF fast wave antenna power
distribution was found which provides fast-wave
current drive (FWCD) that nearly duplicates the
seed current profile of the target. The solution in
RIP iterates between the MHD calculations of the
equilibrium and the bootstrap/ray tracing on the
resulting flux surfaces, which determines the cur-
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Table 5
Current drive requirements for ARIES-RS-like equilibrium
Frequency (GHz)

N

ICRF fast wave:

0.091

2.0

5.4

+15°

HF fast wave:

1.0
1.0

2.3
2.5

21.4
27.0

0°
0°

LH wave:

4.6
4.6
3.5
3.5
3.5

1.9
2.1
2.3
2.5
3.0

9.5
2.8
6.4
5.1
10.5

−15°
−15°
+5°
+5°
+5°

a

Power (MW)

Launcher sitea

CD system

Degrees in poloidal angle above (+) or below (−) outboard midplane.

rent density profile for the equilibrium. The converged equilibrium was then tested by the PEST
code, which confirmed MHD stability to ballooning and kink modes with a conducting wall located at r =1.3a, a being the minor radius. The
results of this set of calculations are displayed in
Fig. 5.

Fig. 4. Minor cross section view of the ray trajectories from
the ICRF fast wave, HFFW, and LH wave launchers.

The pressure profile in this example is given by
p =p0(1−c. 1.4)2, where c. is the normalized
poloidal flux (zero on axis). Note that the abscissa
in the plots is Psihat 1− c. . The density (solid)
and temperature (dotted) profiles are shown in the
lower left plot in Fig. 5. The upper center plot
shows (chain-dash) H=jb BS · Bb /B 2, the bootstrap current profile, for the given temperature
and density profiles, with Zeff = 1.34 and ne/ni =
1.16. Also plotted is G, the FWCD portion, due
to the array of antenna rays shown in the lower
center plot. The total, G+H, is (solid curve) the
stable equilibrium current density. Note that
FWCD peaks near the magnetic axis, which is
typical of FW damping at the location of peak
plasma b. By careful adjustment of the poloidal
distribution of the FW launched power, PFW, the
seed current profile can be tailored to provide the
stable RS safety factor shown here at the lower
right plot.
A desirable feature of this scenario is that only
one driver technology is needed for these profiles
and at this aspect ratio. Compared to LH or
HFFW current drive, the ICRF fast wave system
has the highest electrical efficiency and lowest unit
cost. For the case illustrated (B0 = 7.07 T, R0 =
5.99 m), the selected frequency, 78 MHz (with
N = 2.4), places only the second tritium cyclotron
harmonic at R= 5.3 m, on the inboard side of the
magnetic axis. The strong electron damping results in only 12% of the launched power lost to
tritium absorption and over 99% of the launched
power is absorbed in the initial pass through the
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Fig. 5. Converged equilibrium from RIP fast-wave ray tracing calculations. Counter clockwise from top left: (1) Plasma diagmatism
function; (2) Bootstrap (dash-dot), fast-wave driven (dash) and total driven (solid) current density profiles; (3) Toroidal current
density; (4) Normalized density (solid) and temperature (dotted) profiles; (5) Fast-wave ray trajectories; (6) Safety factor. Note:
Psihat 1 − c. , and R is the major radius.

plasma. This result is for on-axis plasma
parameters of Te0 =22 keV, Ti0 =20 keV and
ne0 = 2.9× 1020 m − 3, with T( e =14 keV and
n̄e = 1.7× 1020 m − 3. The converged equilibrium
has bN = 4.3%, b =4.6%, Ip =10 MA, q  = 2.2,
q0 = 2.6, qmin =2.1 and li(3) =0.45, corresponding closely to the initial target.
Because of the broad, high Te profile and
low edge density, this plasma is nearly collisionless, with 6*e B0.1 over most of the plasma
volume. At an aspect ratio of 4.5, electron
trapping is modest (the trapped to circulating
ratio if 1.08 at the edge) and the neoclassical
reduction in the Ehst – Karney CD efficiency
scaling [29] is moderate for FWCD near the

axis, with the efficiency typically about 80% of
that in the absence of trapping. The total CD
power in this case is found to be PFW =59.2
MW, giving rise to a bootstrap-aided CD efficiency gB = 1.73× 1020 A W − 1 m − 2. At 78
MHz, the wall-plug-to-RF power conversion
efficiency if hcd = 0.80.
Additional ICRF-driven RS equilibria were
calculated with RIP in a reactor-relevant range
of T( e values. In all cases the broad temperature
profile results in nearly collisionless, banana
regime operation. The best empirical fit to the
CD efficiency scaling with temperature, at A=
4.5, is given by gB = 0.38T( 0.56
, where T( e is in
e
keV.
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3.4. Current-dri6e efficiency scalings
3.4.1. Dependence on Zeff
In the ARIES-RE design studies, the concept of
a radiative mantle just inside the separatrix to
radiate a substantial portion of the plasma heat
flux was investigated. Since this idea involves the
injection of high-to-medium Z impurities into the
plasma (thus raising Zeff) and operation at a high
edge density (nea/ne0 0.2), their implications for
bootstrap current alignment and current-drive
efficiency become an issue. In order to examine
them, the optimum fit approach has been used to
obtain scalings of gB with respect to Zeff and
volume-averaged temperature, T( e, for a strawman
reversed shear equilibrium, with A = 4.0, b=
4.92% and Ip =10 MA. The following profiles
have been assumed: p/p0 =(1 −c. 1.3)2, ne/ne0 =
0.8(1− c. an )bn +0.2 and Te/Te0 =(p/p0)/(ne/ne0)
and the profile factors, an and bn, are adjusted to
minimize the core bootstrap overdrive.
A series of current drive calculations were carried out for three values of Zeff (1.5, 2.0, 2.5) at
T( e =8, 12, 16 and 20 keV. Again, vanadium
impurity is introduced with a constant 14% concentration of helium ash. The results are given in
Fig. 6. In this figure, the dashed curves are obtained directly from current drive calculations
with an optimum match. To take into account
errors that may occur in the matching process, the
points corresponding to each value of Zeff are
fitted with a smooth dash-dotted curve of the
form gB =aBT( be B, as discussed in a following subsection. For comparison, a typical gB scaling with
respect to T( e at Zeff =1.69, but with nea :ne0 : 0,
is also shown as a solid line in the same figure.
These fitted curves are subsequently used in the
power plant systems analysis.
For a fixed value of Zeff, gB increases with T( e, as
predicted by theory. There are two effects that
need to be accounted for. At a fixed b value,
higher T( e means lower n̄e and generally leads to a
less collisional plasma and higher CD efficiency.
At lower T( e, the density profile needs to be flattened to minimize or eliminate bootstrap current
overdrive in the core. Around T( e :8 – 12 keV and
at higher values of Zeff, it is not always possible to
eliminate the bootstrap overdrive, resulting in
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substantially lower gB, since additional power is
now needed to offset the overdrive.
From Fig. 6, it is observed that the value of gB
decreases with Zeff. This result is not surprising
because a high Zeff can lead to three effects:
 A plasma with higher collisionality which implies lower CD efficiency;
 lower bootstrap current, particularly near the
plasma edge where current drive is inefficient
because of the relatively high density (nea/ne0 =
0.2) and low temperature; and
 enhanced ICRF fast wave absorption by impurity cyclotron resonances, although this effect
is usually small.
The results of this parametric study indicate
that the injection of impurities into the plasma
severely degrades the overall current-drive efficiency. The fast that there is a substantial edge
density, as required by an ELMy H-mode operation outside the RS region, also implies that a
larger fraction of the CD power will be in the

Fig. 6. Bootstrap-aided normalized current-drive efficiency
scalings with plasma temperature for three values of Zeff,
calculated using the reference reversed shear equilibrium.
Smooth empirical fits to calculated scalings are used for systems analysis. A typical efficiency scaling with Zeff =1.69 and
zero edge density is shown for comparison.
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Fig. 7. Scaling of lower-hybrid current-drive power fraction with volume-averaged electron temperature and Zeff.

lower hybrid system, which has the highest unit
power cost among the three RF systems. The
required LH current-drive power fraction is plotted as a function of T( e for Zeff =1.5, 2.0 and 2.5
in Fig. 7. It is clear that the LH power fraction
increases at higher Zeff and lower temperatures.

3.4.2. Dependence on aspect ratio
The scaling of CD efficiency with machine aspect ratio has also been investigated in order to
determine its optimum value in terms of economics and configurational attractiveness. MHD analysis indicates that lower A leads to high plasma b,
but the issue of overall CD efficiency must be
addressed.
A systematic study [30] using the optimum fit
approach and the CURRAY ray tracing code
indicates that the gB scaling with T( e is relatively

insensitive to A for 3.5 5 A5 4.5. However, at
A=3.0, there is a substantial reduction in the gB
value over the range of T( e of interest to power
plants. It is noted that in this study, only the
ICRF fast wave and HFFW systems have been
used to match the seed current profiles and the
results are expected to be slightly optimistic.
The RIP code has also been used to investigate
the gB dependence on A. Using this code, reversed
shear equilibria at A= 4.5, 4.0 and 3.0 have been
examined. The stability and CD criteria used are
not uniform among cases within this set of calculations. The target equilibria at A= 4.5 and 3.0
provided by JSOLVER are at the maximum (full)
b found stable with a conducting wall located at
r/a= 1.30, whereas the A= 4.0 case corresponds
more closely to the conservative reference choice,
i.e. b is 90% of the maximum and wall position at
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Fig. 8. Current drive figure of merit, gB, for both flat and peaked density profiles (ne0/n̄e =1.17, 1.55), and for an optimized ‘ideal’
density profile. The equilibria are converged and two or three RF current-drive systems are used.

r/a =1.25 are assumed. In the A = 3.0 case, the
CD result is simply matched to the target seed
current provided by JSOLVER. In the A= 4.0
case calculation, an iterative, numerically stable,
self-consistent solution is obtained, which has
not been tested for stability. The most rigorous
treatment was achieved only for the A= 4.5
case, as outlined in the previous subsection.
Even though the analysis is not uniform, a discernible trend can nevertheless be identified: gB
is lower with smaller A.
This decrease of gB at smaller A can be attributed to the increased magnetic trapping
which results in lower CD efficiency. This effect
is particularly strong if the density profile does
not achieve a good bootstrap match to the stable equilibrium; a poor match necessitates rather
inefficient off-axis CD. For the RIP calculations,
in each case with nearly ideally chosen density/
bootstrap profiles, the gB results at A = 4.0 are
0.76 as large as the A= 4.5 results and the
A=3.0 results are 0.47 as large as the A=
4.5 results. These conclusions from the RIP
analysis are not inconsistent with those from the
earlier CURRAY analysis. These results were included in the systems analysis to determine the
best aspect ratio.

3.5. Sensiti6ities of current dri6e calculations
It is essential to point out that the calculated
current-drive efficiency (gB) depends on many assumptions, including plasma characteristics which
cannot be easily controlled or predicted. Therefore,
there are uncertainties associated with the calculated gB for the RS power plant. The bootstrap
current density profile is calculated from the Hirshman–Sigmar model with explicit velocity integration to account for finite collisionality. The theory
is estimated (D.J. Sigmar, MIT Plasma Fusion
Center, private communication, 1996) to be accurate to within about 15%. The FWCD and lower
hybrid CD (LHCD) calculations of the seed current use either the Ehst–Karney formulation [29]
or the treatment by Chiu et al. [31] which both fits
an analytic expression known to be accurate to
within only 12% of the Fokker–Planck results.
The strongest effect on the calculated CD efficiency comes from the density profile n(c. ). In
some cases off-axis current drive can be significantly reduced by detailed adjustments to n(c. ).
To illustrate this point, n(c. ) is manually adjusted
to differ from the reference profile in Fig. 2, in
order to minimize the off-axis mismatch between
the bootstrap and the stable target current density
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for the A=4.0 RS equilibrium This tailored density function varied slightly with T( e for a fixed b
and the resulting large gB is shown (diamonds) in
Fig. 8 at three different temperatures. The peakedness of these optimal density profiles varies in the
range 1.37 5ne0/n̄e 51.55 for the temperature
range shown and the bootstrap fraction varies
from 0.83 to 0.90. The reference case for the
ARIES-RS power plant obtains a bootstrap fraction of 0.90, however, it utilizes some finite offaxis current drive to provide some degree of
control for the location and depth of the q-minimum. In order to demonstrate the effect of untailored density profiles, these self-consistent
calculations were repeated for a rather flat density
profile, typical of ELM-free H-mode, with ne0/
n̄e = 1.17 and the figure shows (boxes) the resultant modest gB values at three different
temperatures. Also shown is the calculated gB
(triangle) for an arbitrary peaked density profile at
T( e =21 keV, which likewise has a modest current
drive efficiency. The flat and peaked density profiles are given by the form:
n(c)= n0(1− c bn )an

(5)

where bn = 1.4 and an =0.25 for the flat profile
and bn = 2.75 and an =2.4 for the peaked profile.
These non-tailored results typically display fBS
values ranging from 0.73 to 0.81. As is evident in
the figure, the density profile can significantly
affect the gB result, with optimally tailored profiles
having CD efficiencies five times larger than for
arbitrary profiles.
Thus, depending on the assumptions used in the
calculations, the calculated gB value can vary considerably. In order to simplify the systems code
calculations and to avoid an unwarranted appearance of accuracy, a simple analytic gB scaling,
obtained from fitting a number of data points
generated by calculations using the optimum fit
approach, has been used. This analytic scaling has
the form of gB =aBT( bB for each pair of (A, Zeff)
values, as shown in Fig. 6. Considering the uncertainties related to the off-axis current-drive technique and the detailed density profile, it is
misleading to assign more details to this formula.
A series of benchmarking calculations have
been performed to check if the CURRAY and

RIP codes generate similar current drives results.
Since results from these codes quoted in this
section are based on different profile assumptions,
the comparison study was done using a simple
equilibrium case generated by the RIP code, using
three RF current drive systems and assuming the
absence of energetic alphas. It is found that the
ICRF fast wave and lower hybrid wave results
agree well between the two codes, in terms of the
power, N and launcher location requirements. In
the case of HFFW, the power deposition profiles
from the two codes differ in terms of the location
and profile peakedness, using the same wave
launch parameters. The resolution of this difference in the code results is a subject of future work.

4. Divertor physics
The high performance features of ARIES-RS,
such as compactness and high power (\500
MW), could lead to very high heat fluxes on its
divertor structures. Material surfaces under such
high heat loads are subject to severe thermal-related structural damage. Thus, to avoid compromising the structural integrity of the divertor it is
necessary to reduce the heat fluxes to more manageable levels.
To avoid overheating the wetted divertor surfaces, the power flow into the scrape-off can be
dispersed over a wider area of the vacuum vessel.
One way this can be done is by enhancing the
radiated power from the divertor and main plasmas, often referred to as ‘radiating divertor’ and
‘radiating mantle’ methods, respectively. In the
former, excessive power flowing into the divertors
is dissipated largely by radiating it away to adjacent divertor surfaces. In the latter, this power
flow is radiatively dissipated at the edge of the
plasma before it passes into the scrape-off layer
(SOL). While both methods had their attractive
features, the reference design settled on the ‘radiating divertor’ approach, since it was more consistent with the ARIES-RS physics constraints.
The radiated power generated in the cooler
outer regions of the plasma (mantle) was examined with several recycling impurities assumed;
neon, argon, krypton and xenon. Subject to the
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requirements that Zeff B2.3 and the edge density
and temperature coincide with those optimized
for current drive and bootstrap current, no acceptable impurity would generate the necessary
radiated power. Sufficient power could be radiated if the electron density near the plasma edge
was high, the electron temperature there was
lower and some level of enrichment in the divertor
was achieved. Systems analysis indicates that although sufficient powers could be radiated with
these assumptions, the consequences of increased
current drive power, longer energy and particle
confinement time, fuel dilution and decreased
plasma power density made this unacceptable.
Thus, in this section we focus on efforts to
produce a ‘radiating divertor’ solution to the Starlite divertor heat flux problem. To estimate the
radiating capability of the scrape-off and divertor
plasmas, we modelled the divertor and upstream
electron density and temperature distributions using an analytic two point approximation, augmented by experimental results from double-null
radiative divertor experiments on DIII-D.

4.1. Di6ertor physics modelling
We model the SOL and divertor plasmas based
on the methodology developed by Barr and Logan [32]. In our analysis the assumptions are:
1. There is electron pressure balance along the
scrape-off and divertor magnetic field lines.
2. Electron and ion temperature are equal.
3. Energy transport parallel to the magnetic field
is mainly due to electron thermal conduction.
4. The midplane power scrape-off width is 0.02
m.
5. Coronal equilibrium is assumed.
6. The ratio of the impurity ion density to electron density is constant, unless specified.
7. Heat flux on the outboard divertor leg is described by qdiv =gTndivCsTdiv, where Cs is the
poloidal component of the flow velocity at the
sheath, gT is the power transmission coefficient, ndiv and Tdiv are the electron density and
temperature at the divertor strike points.
8. Zeff includes both helium and impurity species
in the main plasma, with a helium fraction in
the core of 14% of the total ion density.
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9. Electron density at the midplane edge of the
plasma is taken as input.
The SOL plasma was divided into four radial
flux zones, where each zone connected a midplane
scrape-off location to the corresponding divertor
location. Characteristic electron temperature, density and emissivity distributions were determined
for each zone. Specifying the particle heat flux
profile on the divertor structure and the electron
density profile at the midplane, the electron temperature and density profiles at the divertor strike
points and electron temperature profile at the
midplane were determined. Once the electron density and temperature distributions along each particular zone is determined, then the radiated
power along the zone is calculated.
In order to dissipate the heat flux, a set amount
of power must be radiated along these zones in
the divertor. The ratio of impurity density to
electron density in the divertor region is adjusted
to obtain this radiated power level. The enhancement of radiation in the divertor using impurities
that are assumed not to affect the core plasma is
called ‘enrichment’. The processes producing enrichment are quite complex and still an active area
of research and therefore in this study the enrichment will be specified without further justification.

4.2. Radiating di6ertor
The most difficult power handling problem involves the outer divertor since 80% of the power
flows to the outboard side of the plasma. The
power loading on the inboard divertor structures
is much lower and experimental data indicates
that the power is efficiently radiated over the
entire length from the x-point to the divertor
strike point. On the other hand, the outboard
divertor is expected to have significant particle
loading in addition to the radiation. Therefore,
the analysis will focus on methods for dispersing
the power flowing into the outboard scrape-off
plasma. Two methods were examined, the radiating mantle and the radiative divertor.
For the radiative divertor case, the impurity
chosen was neon, since this atom radiates efficiently in the cooler scrape-off and divertor regions. While the higher Z impurities can also

46

S.C. Jardin et al. / Fusion Engineering and Design 38 (1997) 27–57

radiate efficiently their impact on the core plasma
is more severe than the lower Z neon. These
studies indicated that adding neon to the plasma
system, under conditions consistent with other
analyses (i.e. MHD stability, current drive, bootstrap current and transport), would radiate a
sufficient amount of power in the SOL and divertor regions to make a feasible divertor solution.
For the reference plasma conditions described
by; PSOL =426 MW, ne(a) = 0.62 × 1020 m − 3,
ne(a)/ne(0)= 0.2, a solution is found with nneon/
ne = 0.008, Zeff =2.0, a midplane power scrape-off
length of 0.02 m and flux expansion at the divertor strike point of three. In this case, the sum of
particle and radiation heat flux does not exceed 6
MW m − 2. The enrichment factor to obtain the
necessary radiated power in the divertor was in
the range of two to eight. Although this is high
for present day tokamak experiments, is not considered unrealistic. Considering only the divertor
physics, reductions in this enrichment factor can
be obtained by radiating more power from the
plasma core and raising the plasma edge density.
However, these adversely affect the current drive,
MHD stability and plasma power balance.
In conclusion, a radiative divertor solution was
utilized to dissipate enough of the transport
power exiting the plasma to make heat loads on
the divertor tolerable. This was done by injecting
impurities with good radiating properties at divertor-like temperatures. Neon was chosen based on
it having the least impact on the density, temperature and current density of the main plasma for
ARIES-RS. Although a solution has been found,
further optimization among the various constraints of MHD stability, current drive, divertor
physics and overall systems is expected to produce
improved solutions. The particle heat flux distribution for the outboard divertor is shown in Fig.
9, as a function of radial location projected back
to the midplane SOL. The distribution of the
radiated power within the 0.02 m scrape-off zone
is also shown in Fig. 9 between the x-point and
divertor surface. Radiated power peaks near the
divertor surfaces while the particle heat flux peaks
just below this position. This region is where the
total heating would be at the highest.

5. Plasma operating regime and startup

5.1. POPCON analysis
A Plasma OPerating CONtour (POPCON) plot
provides a rudimentary indication of a startup
trajectory and thermal stability of the steady-state
operating point. To generate the contours of the
auxillary power required for steady-state plasma
power balance as a function of fuel density and
temperature with the McPOP code [33], the following assumptions are made: ITER-89P confinement scaling [34] with a multiplier, H= 2.339;
plasma current, Ip = 11.32 MA; Ip/apBT = 1.028

Fig. 9. The particle heat flux distribution for the outboard
divertor as a function of radial location projected back to the
midplane SOL (a), and the distribution of the radiated power
within the 0.02 m SOL between the x-point and the divertor
(b).
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Fig. 10. Plasma operating contours of the auxillary power (in increments of 10 MW) required for steady-state plasma power balance
displayed in ion density and temperature space for the following assumptions: ITER-89P confinement scaling [34] with a multiplier
H =2.339, Ip =11.32 MA, Ip/apBT = 1.028 MA mT − 1, ap =1.38 m, fNe =0.0055 and t */t
p E =10.

MA mT − 1; plasma minor radius, ap = 1.38 m;
Neon concentration, fNe =0.0055; and a ratio of
particle-to-energy confinement times, t */t
p E = 10.
The energy and particle confinement times are
discussed in Section 5.3. The resulting contours of
auxillary power are displayed in Fig. 10. Ignited
plasmas are possible for fuel temperatures in the
range of 95Ti 515 keV and fuel density ni \ 2×
1020 m − 3. In regions outside of the ignition region
in Fig. 10, transport and radiation losses exceed
the fusion power and auxillary power is required
for steady-state operation. The ARIES-RS operating point is maintained with an auxillary power
of 80.8 MW.
Thermal stability may be summarised from Fig.
10. An increase in temperature at constant density
is seen from Fig. 10 to require additional auxillary
power to maintain steady state. Similarly, an increase in density at constant temperature requires
additional auxillary power to maintain steady
state. Detailed thermal stability analysis would be

required to include the complex interdependence
of the transport, radiation, MHD stability and
auxiliary power.

5.2. Plasma startup
The plasma startup is carried out in three
phases. In the first phase, the plasma current is
ramped up to 6 MA inductively in about 40 s.
Here, it is imperative to ramp the plasma current
up fast enough to keep the current profile broad.
The plasma is grown off an outside limiter from a
large circular plasma to full size and shape during
this time, with slight heating being applied in the
rampup to aid in maintaining a broad current
profile.
In the second phase, the plasma current remains at 6 MA for about 200 additional seconds
as strong heating is applied to increase the plasma
pressure to bN : 2. Current drive is applied to
increase the off-axis current to about 2 MA, while
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the bootstrap current increases to about 4 MA.
During this period, the plasma current profile
becomes hollow, making the internal inductance
low. At the end of this period, the q-profile has
become reversed shear.
In the final phase, plasma pressure is increased
to the full flat-top value and the plasma current is
increased to 11.3 MA, of which 10 MA are supplied by the bootstrap current. A transition to a
peaked density gradient inside the region with
zero magnetic shear takes place during this second
heating phase, as is experimentally observed.
The startup trajectory to flat-top that requires
the minimum auxillary power follows the valley
floor (in auxillary power) between a radiation (i.e.
bremsstrahlung and line radiation) hill at low
temperature and a transport hill at high temperature that results from increasing power levels,
decreasing confinement times and increasing ash
concentration with increasing temperature. This
optimal trajectory requires a maximum of : 15
MW of auxillary power at Ti :7 keV and ni :
6× 1019 m − 3. The startup trajectory to the
ARIES-RS operating point requires four times
more power than the optimal startup trajectory,
but the maximum auxillary power occurs at the
final operating point, because the operating point
resides on the side of the high-temperature transport hill.

crease in the particle confinement time. The primary issues arising from the particle transport are
the removal of helium ash and fueling requirements for deuterium and tritium. The confinement
time for particles in the plasma chamber (referred
to as the effective particle confinement time, t *)
p is
considerably longer than the confinement time in
the main plasma, due to recycling and the limited
particle removal by pumping. However, a particle
is known to re-enter the main plasma many times
during its stay in the plasma chamber. Experiments [36,37] on helium removal which used significant active pumping, indicate that the ratio
t */t
p E is in the range 7–15. It is difficult to accurately determine the corresponding particle confinement time in the main plasma due to the
complexity of recycling, but estimates are in the
range tp/tE : 1–2. For the ARIES-RS design tp is
equal to tE and t */t
p E = 10.

Pthr = 0.04n̄SB

(6)

5.3. Energy and particle confinement

Pthr = 0.025n̄ 0.75SB

(7)

As was mentioned in the chapter introduction,
plasma transport is not explicitly modelled.
Plasma temperature and density profiles are only
made to roughly agree with theoretical and experimental observations for reversed shear configurations. The global plasma energy confinement time
is determined by the systems code to provide
plasma power balance. The energy confinement
time is 1.34 s, which corresponds to an ITER-89P
scaling multiplier of 2.34. This value is within the
present experimental bounds for reverse shear
plasmas, as well as other plasma operating modes.
The particle confinement time in the main
plasma is expected to track the energy confinement time. Thus, any increase in the energy
confinement time results in a corresponding in-

Pthr = 0.169n̄S 0.7B

(8)

Pthr = 0.3n̄R 2.5B

(9)

5.4. Edge conditions and ELMs
Diverted plasmas invariably transition to the
H-mode above a certain threshold transport
power, Pthr, crossing the confined plasma into the
SOL. Numerous scaling studies [42–45] have resulted in semi-empirical formuli for this L to H
transition:

Here Pthr is in MW, n̄ is the line average electron
density (1020 m − 3), S is the plasma surface area,
R the major radius, B is the on-axis vacuum
toroidal field (T) and dimensions are in meters.
Referring to the POPCON plot, a preferred low
density startup path would have n= 0.3 (high
enough to avoid locked modes) and a full bore
plasma would achieve the L to H transition at
Pthr = 36, 30, 25, or 46 MW, for the four respective scalings. Other scalings have also been proposed, but the four scalings reproduced here show
the typical range of predicted Pthr. The power
flow into the SOL is Ptran = Pa + Paux − Prad and
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for startup, Ptran :Paux =80 MW. So the auxiliary heating power is expected to be more than
sufficient to force the plasma into a H-mode at
low densities.
At full power operation n̄ =2.5, so larger Ptran
is needed for H-mode, however the H-mode is
robust, showing a hysteresis such that the reverse
H to L transition is maintained with coefficients
about half those in the formuli above. At the
reference operating point the four formuli would
require, respectively Pthr =150, 110, 105, or 190
MW to remain in the H-mode. Steady state power
balance for our machine has Ptran =Pa +Paux −
Prad =400 MW, therefore, the plasma is expected
to remain in the H-mode.
If Ptran were just above the threshold for Hmode operation, then the edge pressure gradient
would fluctuate via Type III edge localized modes
(ELMs) at values around 30 – 50% of the first
regime ballooning limit. At higher Ptran, the Type
III ELM frequency ( fELM) decreases and with
adequate Ptran, the ELMs vanish and ELM-free
(EF) operation is possible. In experiments, the EF
mode is frequently undesirable as the density rises
uncontrollably, due to excellent particle confinement near the edge. This would likewise cause
difficulties for a power plant, as high helium ash
concentrations would result. Fortunately, for
plasmas with Ptran greatly exceeding the H-mode
threshold value, ELMs reappear. At first Type I,
or ‘giant’, ELMs appear, which are potentially
devastating to plasma facing components (PFC).
With increasing Ptran these ELMs continuously
degrade into low amplitude, high frequency Type
II, or ‘grassy’ ELMs, as the edge pressure gradient
is pushed into the second ballooning stability
region. Grassy ELMs are highly desireable for
practical operation, as the H factor is nearly as
good as the EF operation, but particle confinement is low enough to exhaust and recycle
helium near the plasma edge. We surveyed several
tokamaks (DIII-D, ASDEX U, TFTR, JT-60)
and found the following approximate correlation
for Type I and II:
(10)

fELM = CEQsepn̄/Ip
−2

where Qsep =Ptran/S (MW m ), Ip is the toroidal
plasma current (MA), fELM is given in Hz and
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CE = 1600–8900, for all cases with fELM \ 70 Hz.
Our design, with Qsep = 0.8 MW m − 2 should
operate with grassy ELMs at fELM = 300– 1700
Hz.
Controlling the edge plasma density (nedge) at
the (separatrix) boundary is important for avoiding disruptions. The Borrass theory depends on
impurity content and has been semi-empirically fit
for two large tokamaks [33–40] (P.B. Parks, General atomics, private communication, 1996) [41];
0.31
/(q R)0.09
nedge B 0.5Q 0.57
sep B

(11)

0.33
nedge B 1.23Q 0.66
/(q R)0.06
sep B

(12)

The former formula applies to carbon tiles on
ASDEX and the latter to beryllium on JET (a
lower Zeff). Here, nedge is 1020 m − 3 and q  is the
effective safety factor. For our device with Qsep =
0.8 MW m − 2, these limits are, respectively,
nedge B 0.64 and 1.75. Considering the high impurity level of our design (Zeff = 1.7) prudence dictates an edge density nedge B 0.6 in order to avoid
disruptions.
An additional edge condition is correlated with
ELMing H-mode, namely a minimum electron
temperature, Tedge, at the separatrix (boundary).
On TFTR [44] this required on the 95% flux
surface. These edge temperatures are evidently
associated with the high heating power which
pushes the edge plasma near the first ballooning
regime limit.

5.5. Radiation from the main plasma
A high-temperature magnetized plasma will radiate
cyclotron,
line
radiation
and
bremsstrahlung, the levels depending on the distribution of plasma density, temperature and the
species present. It is generally desirable to have
some fraction of the total plasma power radiated,
since this reduces the power that goes to the
divertor in the form of energetic particles. In
addition the radiation is emitted isotropically,
helping to deposit the power over a large area (the
first wall surface). Typically the cyclotron radiation lost is small for conventional tokamak
parameters, due to a highly reflective first wall.
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Bremsstrahlung is predominantly emitted from
the plasma core and line radiation from the cooler
boundary region. It has been proposed that line
radiation from the cooler boundary could be enhanced with higher Z species while having a minimum impact on the plasma core performance
[38]. However, enhancing the radiation can have
several side-effects. It is understood that the
higher Z impurity will penetrate to the core of the
plasma and contribute to greater bremsstrahlung
radiation in addition to the increased line radiation. The increased radiation loss from the plasma
will lead to longer energy confinement times to
maintain plasma power balance, which consequently increases particle confinement times and
helium dilution. The introduction of the high Z
impurity must also increase Zeff, which reduces
the current drive efficiency in the plasma, thereby
requiring higher powers to drive the same current.
Finally, increasing the radiation in the plasma
edge region, which requires that the density be
increased there, leads to reduced bootstrap current. If this current must then be supplied by
external current drive, it leads to significant increases in the overall current drive power and
ultimately the recirculating power for the reactor.
In order to study this tradeoff quantitatively,
equilibria were generated with varying plasma
density profiles reflecting increasing finite edge
density, along with the resulting bootstrap current
profile. Examples of these equilibria are shown in
Fig. 11, giving the total plasma density, temperature and parallel current density profiles. These
should be compared with those in Figs. 1 and 2
for the reference configuration. The bootstrap
current fraction and required current drive change
to 0.86 and 1.36 MA for n(a)/n0 =0.2 and to 0.83
and 1.66 MA for n(a)/n0 =0.4. Both configurations are ideally MHD stable and it is important
to point out that for these edge densities one does
not have to drive the lost bootstrap current at the
plasma edge to maintain stability. This region
would have very low current drive efficiency and
fortunately can be neglected. In addition, the
coronal equilibrium radiation model [33] was included in the equilibrium calculation to provide
the detailed radiation profile. From these calculations it was found that although the radiation

could clearly be enhanced by introducing impurities (argon, xenon and krypton were examined), it
was predominantly from the core plasma (not the
cooler boundary region) unless the plasma edge
density was greater than 40% of the peak value.
Current drive calculations were carried out with
these equilibria to determine the impact on current drive efficiency of the reduced bootstrap current and higher Zeff. This data was then included
in the system code (which evaluates the plasma
power balance with all radiation contributions
present) in order to determine the tradeoff between enhanced radiation and the overall device
performance.
The systems analysis showed that efforts to
enhance radiation, which was to reduce the transport power to the divertor, produced no reduction
or actually increased the transport power. The
reason for this was primarily from increased current drive power, necessary to compensate for
impurity and density profile effects. In addition,
the increased current drive power and enhanced
radiation led to increased energy confinement
time, fuel dilution and lower power density. This
nullified any benefits to enhancing radiation from
the core or mantle regions of the plasma. Consequently, the Zeff remains at 1.7 and the edge
plasma density ratio is set at n(a)/n0 = 0.2 for the
reference plasma. However, enhancing the radiation from the SOL and divertor region was found
to be acceptable and is discussed in Section 4.

5.6. Plasma fueling
In a fusion power plant, the D/T fuel ions in
the plasma core are constantly lost through fusion
reactions and pumping in the divertor channel.
Therefore, the plasma core must be replenished
with fuel ions in order to maintain power and
particle balance. In the ARIES-RS design, highspeed pellet injection is considered as the reference
plasma fueling scheme, because it has an impressive data base and is now routinely used in
present-day tokamak experiments. However, the
pellet injection speed required for deep fueling of
the plasma core must be determined.
Substantial work has already been undertaken
on the physics of pellet ablation inside a burning
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Fig. 11. The total plasma density, temperature, and parallel current density as a function of poloidal flux for the two cases with
n(a)/n0 = 0.2 and n(a)/n0 = 0.4.

plasma. The theory and related literature were
described in the ARIES-I design report [23] and
will not be repeated here. In this subsection, the
results of calculations aimed at determining the
fueling requirements are presented.
Several constraints and criteria need to be satisfied for a pellet injection scheme used in a

reversed shear plasma. First, it is postulated that,
as long as the bulk of the injected pellet is ablated
anywhere inside the minimum-q surface (where
there is a transport barrier), the inward particle
transport should carry the deposited fuel into the
core region. In other words, it is considered sufficient to inject and deposit the fuel beyond the
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minimum-q surface. Recent experimental results
[39] on DIII-D and TFTR, where ion confinement
inside the RS region was found to be better than
neo-classical, appear to lend support to this assumption.
The optimum injection location is at the outboard equatorial plane and the trajectory should
be along that plane in order to maximize the
penetration depth. For the ARIES-RS plasma,
the distance from the injection point to the magnetic axis is 0.928 m and that to the minimum-q
surface is only 0.111 m, which corresponds to
c. = 0.71 on the outboard side.
The second fueling criterion is related to the
size of the pellet. In order to avoid quenching of
the burn and to minimize the perturbations in the
fusion power absorbed in the surrounding structures, the global density perturbation per pellet to
the plasma, or the particle inventory fraction,
should be less than 15%. Since the solid D/T
molecular number density is fixed at 3.1× 1028
m − 3, this criterion then limits the size of the
pellet.
A plasma equilibrium similar to ARIES-RS has
been used for the fueling calculations, with n̄e =
2.57× 120 m − 3, ne0/n̄e =1.50, nea/ne0 =0.2, T( e =
13 keV, Te0/T( e =1.84 and t *p =11.3 s. For
deposition beyond the minimum-q surface, the
required fueling rate is 6.0×1021 s − 1, of which
30% is due to fusion burnup and the rest due to
pumping. Spherical pellets of four different sizes
and injection (or repetition) rates have been examined and their parameters are listed in Table 6.
Note that the particle inventory fractions for these
pellets are all below the assumed 15% limit.
For the calculations, a simple but accurate pellet ablation model is used, in which the ablation
rate is proportional to [40]
drp n 0.33
T 1.64
e
e
8
0.67
dt
rp

(13)

Table 6
Pellet parameters for fueling calculations
Diameter (mm)
Inventory fraction (%)
Injection rate (Hz)

3
1.8
6.8

4
4.3
2.9

5
8.4
1.5

6
14.5
0.8

where ne, Te and rp are the local electron density
and temperature and pellet radius, respectively.
The pellet is assumed to be a sphere composed of
a 50–50 mixture of D/T solid.
The results of the calculations are summarized
in Fig. 12, where the deposition fuel density per
pellet is plotted along the equatorial plane for the
selected pellet sizes and injection velocities. When
the pellet penetration depth is defined to be the
location from the outboard edge, where the particle ablation rate is highest is defined, it is clear
from Fig. 12 that larger pellet size and higher
injection velocity both lead to deeper penetration.
On the other hand, at a fixed velocity, larger pellet
size results in higher and broader local fuel deposition per pellet. At the same time, for a fixed
pellet size, higher velocities give rise to reduced
and broader local fuel deposition per pellet.
In the absence of one-dimensional plasma
transport analysis, the maximum local density
perturbation, (dn/n)max, along the pellet trajectory
is an important quantity to consider. This quantity should be minimized in order to ensure
plasma profile stability and a steady fusion power
output. In Fig. 13, (dn/n)max is plotted against
pellet velocity for the four pellet sizes listed in
Table 6.
For the ARIES-RS design point, a pellet diameter of 4 mm has been chosen, with a required
injection speed of 5 km s − 1 at a repetition rate of
2.9 Hz. At these parameters, the peak deposition
occurs about 2 cm inside the minimum-q surface,
the maximum local density perturbation per pellet
is a reasonable 23% and the particle inventory
fraction is 4.3%.
There are several issues that must be addressed.
First, pellet ablation should not perturb the local
pressure and its gradient since the pellet is ‘cold’;
thus, a robust equilibrium will not be destabilized
as long as the perturbation is moderate. Local
changes in the density profiles will not perturb the
bootstrap current profile in a short time scale, as
the skin time is long due to high local Te. Secondly, the population of fast electrons due to LH
current drive should be small because of low Te
and high ne in its region of operation and thus
should not significantly impact the pellet deposition profile. Even if it is significant, this effect can
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Fig. 12. Maximum local density perturbation per pellet along injection trajectory for various pellet velocities and sizes. Design point
is also indicated.

be avoided by momentarily turning off the LH
power during the very short time interval ( 40
ms) when the pellet is fired, as has been demonstrated on Tore-Supra. Thirdly, the effect of pellet
ablation due to energetic alphas is deemed to be
small [40]. Nevertheless, in the region outside the
minimum-q surface, the population of energetic
alphas may be too small to make this effect
significant. Finally, as discussed in detail below,
giant ELMs have been observed to be triggered
during pellet injection. In a power plant environment, methods will have to be found to suppress
or avoid these activities in order to preserve the
divertor tiles.

6. Disruptions and thermal power transients
Thermal transients arise from various tokamak
events: major disruptions, vertical displacement
events (VDE), minor disruptions, pellet fueling
(200 MW m − 2 observed on DIIID divertor tiles),
giant ELMs (Type I), grassy ELMs (Type II),
sawteeth (unlikely with current drive), fishbones
(alpha losses), as well as other kinetic modes and
loss of control. The most serious erosion damage
to plasma facing components (PFC) is from
VDEs and major disruptions. Three parameters
strongly influence the erosion damage: the thermal energy density, the impact time period and
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Fig. 13. DT fuel deposition profile per pellet along injection trajectory for various pellet sizes and injection velocities. For this RS
strawman equilibrium, the magnetic axis is located at R =5.47 m.

the kinetic energy of the plasma particles which
impact the PFC. A survey of single-stage disruptions and VDEs (Compass D, TFTR, DIIID)
shows that the plasma thermal decay lasts from
0.4 to 7.0 ms, although considerably shorter times
have been observed on occasion. On JET Shot
No. 11217 (3.7 MA) the major disruption had an
almost 20 ms thermal dump. Thus tu is quite
variable and we expect our design to be characterized by tu =0.1 – 10.0 ms as a typical range of
values. The actual time behavior of the thermal
dump is complicated in cases where it has been
measured. Often there is evidence of multiple
strikes within the period tu, as if the PFC is
exposed to a rapidly rotating plasma footprint in
the SOL. Calculations with DESIRE and
A*THERMAL [46] suggest tu =1.0 ms yields the

worst damage to a tungsten surface with energy
density U= 100 MJ m − 2 (assuming a simple sine
wave thermal dump). Longer tu allows more heat
conduction into the PFC depth (less melting),
while very much shorter tu permits more effective
vapor shielding of the surface. At tu = 6 ms the
codes predict melt layers up to 0.23 mm thick. At
much lower U= 2 MJ m − 2 similar damage is
observed in steel discs exposed to 10 ms heat
pulses from MPD arcjet tests [47].
The value of U varies greatly in tokamaks. The
thermal footprint typically is as wide as the usual
heat load on the divertor. Any toroidal rotation is
so rapid that we consider the disruption heat load
to be axisymmetric during the period tu. When
less than the total plasma energy is lost (without
current decay), the event is a minor disruption.
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Typical minor disruptions on DIIID and TFTR
lose 30–50% of the plasma thermal energy. Although the tokamak may recover from the minor disruption, very often the event is a
precursor to a major disruption (leading to current loss). Documented runs on TFTR, JET,
JT60 and DIIID show fractional energy losses
over a continuous range, 10 – 95% of the stored
thermal energy for a variety of disruptions. Our
reference design has 488 MJ of stored thermal
energy. The impact area is estimated for a vertical thermal dump as 4.8 m2, where it is assumed
that only half the available area is contacted.
Thus, minor and major disruptions span the
range 10 MJ m − 2 B100 MJ m − 2 for the reference design. The DESIRE calculations for a 0.8
ms sine pulse on W indicates a melt layer of
0.48 mm at 100 MJ m − 2, decreasing monotonically to 0.20 mm at 10 MJ m − 2. Additionally,
vaporized tungsten is produced over this range
of U; vaporized PFC is probably irreversibly
lost from the PFC at each event. Such calculations generally agree with plasma gun tests of
PFC materials. For example [48], gun pulses of
0.4 ms on aluminum show crater depths of 0.2
mm at U =30 MJ m − 2, decreasing at smaller U.
The particle kinetic energies, Ee and Ei, incident on the PFC have been observed on JET,
TEXTOR, TFTR and DIIID, where Ee and Ei
are generally about equal to the edge temperature prior to disruption. We expect Ee = Ei =
0.2–2.0 keV in the reference plasma.
Calculations with DESIRE show that Ee = Ei =
1.0 keV result in damage one to two orders of
magnitude more severe than at 10.0 keV.
Less severe erosion occurs from single giant
ELMs (typically 10% of the thermal energy is
lost), but such Type I ELMs may occur at
multi-Hertz frequencies, which would quickly destroy the PFC. Our design is predicted to have
grassy ELMs which typically lose less than 1%
of the thermal energy per event. Such kilohertz
ELMs bring U below the threshold (2 MJ m − 2)
for melting and vaporization. However, sputtering associated with the high particle flux can
also be devastating in this regime. Our calculations indicate carbon erosion at 0.01 mm per
event at 1 MJ m − 2 and test stands confirm loss
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rates of this magnitude. Clearly this is a crucial
area for further study if tokamaks are to operate
with high frequency, low amplitude ELMs. The
plasma current decay associated with disruptions
is discussed in [49], which should be consulted
by the interested reader.

7. Summary
The physics basis for the ARIES-RS power
plant design has been established based on theoretical calculations and the experimental database. Detailed analysis was carried out for
plasma equilibria and ideal MHD stability,
bootstrap current, non-inductive current drive,
SOL and divertor physics, plasma vertical stability and position control and plasma power balance. Plasma transport was not explicitly
modelled, however, temperature and density
profiles were constrained to agree with observed
experimental trends and the global energy confinement time was found to be within the experimental database when extrapolated to reactor
parameters.
The resulting configuration provides significant
advantages over previous plasma models
(ARIES-I, ARIES-II/IV and PULSAR) by
achieving a high b of 4.96%, a high plasma
driven current fraction of 91%, low total current
drive power 5 80 MW and a divertor solution
with maximum heating at the divertor plate of
56 MW m − 2. The plasma triangularity was
maximized, but limited by the divertor and inboard neutron shielding. The plasma elongation
was limited by the need to locate the stabilizing
structure in the reflector to shield gap and the
vertical position control feedback control power.
It was possible to use the vanadium blanket
structure for the kink stabilization shell. The
current drive schemes included ICRF, HFFW
and LHCD to provide the maximum flexibility
in current profile control. The divertor solution
utilizes neon impurity to enhance the radiation
from the SOL and divertor. In addition, it was
assumed that the plasma would enter the Hmode and would sustain ‘grassy’ ELMs which
would be sufficient for helium ash removal.
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