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Abstract

An advanced tokamak plasma configuration is developed based on equilibrium, ideal MHD stability, bootstrap current analysis,
vertical stability and control, and poloidal field coil analysis. The plasma boundaries used in the analysis are forced to coincide
with the 99% flux surface from the free-boundary equilibrium. Using an accurate bootstrap current model and external current
drive profiles from ray tracing calculations in combination with optimized pressure prgfilegalues above 7.0 have been
obtained. The minimum current drive requirement is found to lie at a I@yef 6.0. The external kink mode is stabilized by a
tungsten shell located at 0.33 times the minor radius and a feedback system. Plasma shape optimization has led to an elongatior
of 2.2 and triangularity of 0.9 at the separatrix. Vertical stability could be achieved by a combination of tungsten shells located
at 0.33 times the minor radius and feedback control coils located behind the shield. The poloidal field coils were optimized in
location and current, providing a maximum coil current of 8.6 MA. These developments have led to a simultaneous reduction in
the power plant major radius and toroidal field from those found in a previous study [S.C. Jardin, C.E. Kessel, C.G. Bathke, D.A.
Ehst, T.K. Mau, F. Najmabadi, T.W. Petrie, the ARIES Team, Physics basis for a reversed shear tokamak power plant, Fusion
Eng. Design 38 (1997) 27].
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction port suppression consistent with these features was first
shown in Ref[1]. An overview of experimental and
The simultaneous achievement of high(at high theoretical results, excluding the most recent, was given
plasma current), high bootstrap fraction, and the trans- in Ref. [2]. The reversed shear configuration for the
tokamak has the potential to be an economical power
"+ Corresponding author. Tel.: +1 609 243 2294 plant[2], and its _features, ref_erred to as the advanced
fax: +1 609 243 3030. tokamak, are being pursued in several tokamak exper-
E-mail address: ckessel@pppl.gov (C.E. Kessel). iments [3—11]. Previous work reported in Ref2]
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obtained attractived values and reasonable current Tablel
drive requirements. However, it is of interest to further ARIES-RS[2] and ARIES-AT global plasma parameters

improve such configurations to understand the poten- ARIES-RS ARIES-AT
tial benefits and identify the highest leverage research 1, (MA) 11.3 12.8
areas. The present studies will show that accurate boot-Br (T) 7.98 5.86
strap models are necessary to determine MHD stability & (M) 552 520
and current drive requirements. In addition, requiring iam is’g ;i’g
the plasma boundary to coincide with the 99% flux ga 050 078
surface of the free-boundary plasma enforces consis-« (X-point) 1.90 2.20
tency and has led to high@grlimits. The plasma pres-  é (X-point) 0.70 0.90
sure profile is optimized to provide high balloonifig ~ fe_ 2.29 2.28
limits and bootstrap current alignment simultaneously. ga(({)"/z) g'ig 13'87
Plasma shaping has been utilized, within engineering g, (o) 484 540
constraints, to increase tigeboth through increasesin - grax (o) 5.35 6.00
BN (8= BnIplaBT,a=minor radiusBt =toroidal field, qo (axis) 2.80 3.50
andlp=plasma current) and plasma current. Vertical 9min (Minimum) 2.50 240
stability and control analysis have found a reasonable ?;(t(%&%) 10%52 11?470
solution for the passive stabilizer and feedback control Iyyllp 0.91 0.91
power. Poloidal field (PF) coil optimization has been 1., (MA) 1.15 1.25
performed and meets all engineering constraints. q 2.37 1.85
I (3) 0.42 0.29
nol(n) 1.36 1.34
Tol(T) 1.98 1.72
2. Equilibrium and stability studies pol(p) 220 1.93
(bla)kink 0.25 0.33

The fixed boundary flux-coordinate equilibrium
code JSOLVER1?] is used with 257 flux surfaces and
257 theta points from 0 ta. The n=00 ballooning ) ) )
stability is analyzed with BALMSG13], and PEST2 where the elongation and triangularity are plotted for a
[14] is used for lows external kink stability. For all  Series of flux surfaces from the 95% to 99.5%. The
cases reported here, a conducting wall is assumed to€@Ses shown have a plasma internal self-inductance
stabilize the external kink modes, and this wall loca- (i) 0f 0.46. Both elongations and triangularities would
tion is determined. In additiom =0 vertical stability ~ ncrease with lowef;, and decrease with highgr
is assessed with Corsis5]. In order to calculate free-boundary equilibria for the

The final optimized reversed shear plasma is shown @dvanced plasmas being considered, it was necessary
in Fig. 1, with various equilibrium profiles, and global 0 make modifications to the methods used. The free-
plasma parameters are giverTable 1 under ARIES- boundary equilibrium equa‘glon to be solved is given by
AT, where they are compared to ARIES-RF. The the Grad—Shafranov equation:
plasma boundaries used in the fixed-boundary equilib- , .. , .
rium calculations are taken from free-boundary equi- ATV = —poRj, (1)
libria at the 99% poloidal magnetic flux surface, in dp 1 dg?
whichggs is kept >3.0. We attempt to use a flux surface Jo = _RT - -

. . . W 2uoR dyr
as close to the diverted plasma separatrix as possible,
limited by the ability of the fixed-boundary equilib- where is the poloidal flux function (equal to the
rium and ideal MHD stability codes to handle the actual poloidal flux divided by#), j, the toroidal cur-
angular boundary near the X-point. This approach can rent densityp the pressure, anglis the toroidal field
have a strong impact on the calculated stabl@alues function (equal toRBT). For reversed shear plasmas
due to progressively stronger plasma shaping as oneat high pressure the two terms in the definitionjof
approaches the separatrix. This is illustratedFig. 2 have opposite signs cancelling to some degree. Physi-

@ Value corresponds to fixed boundary equilibrium.

)
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Fig. 1. Equilibrium profiles for ARIES-AT, showing the plasma pressure, safety factor, parallel current, temperature, density, and poloidal
flux.
cally, the toroidal current density is low in the plasma the toroidal current density in terms of the pressure and
core due to the hollow current profile, but is also shift- parallel current density:
ing to the outboard side as the pressure increases. This 5
cancellation between the two terms is critical to obtain- dp <1 B ) n (j-B) 3

T p2y 4

ing proper force balance, and is not easily achieved for /¢ = _R@ (B2) (B2)

arbitrary choices of the functiongys) and g(v). In

order to produce these equilibria and have them repre- The first term is the combination of the Pfirsch—
sent the desirable fixed boundary configurations with Schiiter and diamagnetic currents, and the second term

high g and high bootstrap current fractions, we recast is any driven parallel current that exists (i.e. ohmic,



66 C.E. Kessel et al. / Fusion Engineering and Design 80 (2006) 63—77

220 ; T 0.90 required current drive profiles and interating with the
218 =22 &=09 088 actual current drive deposition profiles f traci
516} Lo.86 p profiles from ray tracing
214} Lo.84 calculations reported in ReffL7].
212} L0.82 ©
2.10¢ t0.80 &
c 208} lo.78 3
-% 2.06} l0.76 ; 3. Current profiles and bootstrap current
g’ 2.041 L0.74 é
o 2:85: 071 < The parallel current density profile used in target
g 1.98| :g:gg e equilibrium calculations is given by the following form:
196}
2 1.94} :8'22 (j-B) N d2y (1 — I?f)bl
11921 oo = - e (4)
1.90} 0.5 (B- V) (¥ —vo)+d
1.88} :
i=0. +0.57 A . . .
e where v is the normalized poloidal flux that is 0 a
| S ka1 h th lized poloidal flux that is 0 at
S I L 8S S5 58 33 S the magnetic axis and 1.0 at the plasma edge. The first

term is a centrally peaked contribution, while the sec-
ond peaks off-axis and is zero at the center and the
Fig. 2. Variation of the plasma elongation and triangularity as one €dge. The coefficientgo, d, a;, andb; are the peak
approaches the separatrix, where the elongation is 2.2 and triangu-location, width, and fall-off exponents. The parame-
larity is 0.9. ters are chosen to generate a hollow current profile. The
particular form is chosen by considering the ability to
bootstrap, RFCD). Now both terms are positive and do reproduce the profile shape with bootstrap current and
not require cancellation at high pressure, and specify- the need for external current drive. The location of the
ing the parallel current density is how fixed boundary gmin (Minimum safety factor) is chosen as close to the
equilibria are calculated in JSOLVER. This specifi- plasma edge as possible to obtain high balloorfing
cation of thej, requires flux surface averages to be limits, while avoiding the degradation of the magnetic
calculated at each iteration, which slows the calcula- shear near the plasma edge, and to stay within external
tion down, however, with this approach the pressure, current drive limitations (i.e. LH current penetration).
current, and safety factor profiles can be accurately  Forthe self-consistent equilibrium calculations only
represented between fixed and free-boundary equilib- the external current drive profiles are input, and they
ria. In addition, one can obtain difficult equilibria not are described by terms that are the same as the second
accessible with the original formulation. term in Eq.(4). An example of these appearsHig. 1,
There are two types of fixed boundary equilibrium where the parallel current density is shown, and the
calculations used, target equilibria and self-consistent on-axis FWCD and off-axis LHCD profiles are shown.
equilibria. Target equilibria have the total parallel cur- The bootstrap current is calculated self-consistently in
rent density and pressure profile prescribed. These areFig. 1
used to scan MHD stability more efficiently for plasma It was found by comparing full collisional bootstrap
shape and profile optimization. The bootstrap current calculationg16] to the single ion collisionless calcula-
profile is calculated16] at the end of the equilib-  tion[18], that the external current drive required in the
rium calculation, and is monitored for alignment with  two cases is quite different. A comparison was made
the prescribed current profile. Self-consistent equilibria where two equilibria with approximately 100% boot-
have only the pressure profile and the parallel cur- strap current, all other plasma parameters the same,
rent density profiles from current drive sources (i.e. with 8y of 5.35, and is shown ikig. 3. The collision-
FWCD and LHCD) prescribed. The bootstrap current less case ignores the effect of decreasing temperature
density is calculated at each iteration of the equilibrium, near the plasma edge, which would strongly reduce the
which is added to the current drive sources to provide bootstrap current there, and has an overall shift of the
the total parallel current density. These equilibria are current profile outward. This causeggin to be further
used to develop final configurations, by prescribing the out in minor radius, which for a fixed pressure profile,

% of poloidal flux in plasma
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Fig. 3. Comparison of collisionless (a) and collisional bootstrap (b) formulations for nearly 100% bootstrap fraction, showing that thesssllisionl
form provides for a minimum safety factor that is closer to the plasma edge, resulting in no current drive requirement.

will give a higher balloonings-limit. The collisionless energy transport calculations were not done. Rather,
modelis misleading because itindicates that no off-axis the density and temperature profiles were constrained
current drive is required to achieve ballooning stability to have their dominant gradients in the vicinity of the
at this By. The collisional model, on the other hand, gmin consistent with the presence of an internal trans-
would require off-axis current drive of about 10% of port barrier[3—11]. This approach was chosen due to
the total plasma current to obtain ballooning stability the widely varying characteristics observed on various
at thisgn. The difference in the location gfyin for the reversed shear tokamak experiments, with the excep-
two bootstrap models is critical to assessing the ideal tion of this dominant gradient. Beyond this, the profiles
B-limit and the magnitude of off-axis currentdrive. The are chosen to optimize the bootstrap current alignment,
use of a collisionless model should be avoided in con- and typical profiles for these plasmas are shown in
figuration development because of its overly optimistic Fig. 1 Ref.[17] presents a comparison of the assumed
predictions for bootstrap current near the plasma edge. profiles and those from GLF23 theoretical predic-
The bootstrap current calculation requires knowl- tions indicating reasonable agreement. The density
edge of the pressure profile and either the density or and temperature profiles assumed in this study show
temperature profile. In the present work particle and gradients that are spread out more than is observed
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experimentally, and may require some form of ITB
control to achieve, but this is beyond the scope of the
present work.

4. Pressure profile optimization

The pressure profile is described by the following:

p(¥) = poler(L — P71 + e2(1 — ¥2)™] (5)

where the coefficients are chosen to reduce the pres-
sure gradient in the region outside g, to improve
ballooning stability, and to provide bootstrap current
alignment to reduce the magnitude of external current

drive. The pressure gradient is zero at the plasma edge

for these profiles, making these typical of an L-mode
edge. Previously?], the pressure was parameterized
by a simpler form:

p(W) = po(1 — §41)? 6)

which was restrictive in optimizing both the ballooning
stability and bootstrap current simultaneously.

A sequence of pressure profiles was determined,
using Eq.(5), that had progressively highgrlimits,
due to a progressively smaller pressure gradient in the
ballooning unstable region. This is shown kig. 4,
where the pressure gradient is plotted as a function of
poloidal flux. The region of ballooning instability is
noted, and the remaining part of the pressure profile is
made to provide bootstrap alignment. The smaller pres-
sure gradients near the plasma edge, toincrgdsd to
smaller bootstrap current there causing higher external
current to be required to provide stability. In addition,
the highesps led to excessive bootstrap current in the
plasma core, which requires a broader density profile
to eliminate it, exacerbating the current drive problem

near the plasma edge. These two factors cause the cur-

rent drive requirement to begin increasingasises
sufficiently high. At lowers values there is insufficient
bootstrap current to provide a large bootstrap fraction,
within our transport constraints, leading to large cur-
rent drive requirements. If no transport constraints are
imposed, one can find very broad temperature and very
peaked density profile solutions that can provide the
bootstrap current at lov, but these are considered
unphysical. Due to these effects the required externally
driven current as a function ¢y shows a minimum,

C.E. Kessel et al. / Fusion Engineering and Design 80 (2006) 63-77
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Fig. 4. Aseries of pressure gradient profiles as a function of poloidal
flux showing how the gradient is reduced in the ballooning unstable
region to obtain successively highgyg values, while keeping boot-
strap alignment.

and this is shown iffrig. 5. From ray tracing calcula-
tions[17] the By of 6.0 was chosen as the best tradeoff
between maximizingg and minimizing current drive
power, for the reference ARIES-AT configuration.
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Fig. 5. Total externally driven current required as a functioef
showing that a minimum exists, and that the highteistnot associ-
ated with the lowest current drive.
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The impact of a finite edge pressure gradient was heat load. This allows us to take advantage of higher
not examined systematically, but was determined for triangularities. To assess the benefits, a scan of the trian-
a particular case. The pressure profile in Ex).was gularity was done, for two elongations. For this scan the
expanded by another term of the form(1y*)*, with plasma boundary is given analytically, the edge safety
a=1.0 andb=6.0 and a relative magnitude of 5% of factor is held fixed at 3.5, the aspect ratio is 4.0, and
the peak pressure, to provide a pedestal near the plasmane of the pressure profiles described above was used.
edge. The plasmatemperature and density profiles wereShown inFigs. 6 and s the 8y and 8 as a function
modified slightly near the edge to accommodate this. of triangularity, forn = co ballooning modes. Included
More bootstrap current was produced, reducing the is the result given earlig], with a more restrictive
total current drive from 1.15 to 0.85 MA. The high- pressure profile (E(6)). It is clear thaty improves
n ballooning was improved slightly, as described in with higher triangularity, but a rollover occurs beyond a
Ref. [17], although the kink stability was unchanged triangularity of 0.65. However, thg continues to rise
since the stabilizing wall dominates. These results are due to the continued increase in the plasma current.
not conclusive since the plasma density at the sepa-The combination of higher elongation creates an even
ratrix would likely increase, from the value assumed stronger increase ip.
in these studies, with such an H-mode edge condition,  The plasma elongation is limited by the= 0 verti-
which would worsen the current drive requirements. calinstability, through the ability to provide conducting
Since the current drive is close to the plasma edge, thestructure close enough to the plasma and a vertical
precise plasma properties there are very important, andposition feedback system with reasonable power. For
further experiments are needed to establish the accessipower plant designs the location of a conducting mate-
bility to edge conditions that optimize the currentdrive, rial is limited to lie outside the blanket, and typically
MHD stability, and divertor solutions. resides in the region between the blanket and shield.

The plasma elongation can substantially increfise

due to a 1+? scaling. Recently, optimization of the
5. Plasma shape optimization blanket[19] has allowed the conducting structure to be

moved closer to the plasma, and actually be in the blan-

The plasma triangularity and elongation have a ket, although, it must exist in a very high temperature
strong impact on the ideal MHD stability. In addition ~€nvironment (>1000C). The benefits ofincreasing the
to providing highergy values they also allow higher ~plasma elongation above the values previously found
plasma current to be driven in the plasmades con- [2] for a conducting structure behind the blanket were

strained to be >3.0. The plasma shape is described by €xamined. As for the triangularity scan, analytic plasma
boundaries were used, with a range of triangularities

R = Rg + acosp + §sing), Z =«asing  (7) between 0.4 and 0.85, aspect ratio of 4.0, the edge
safety factor fixed at 3.5, and one of the pressure pro-
Herex is the elongationj the triangularitya the minor files described by E@5). Shown inFigs. 8 and @&irefy
radius, andRg is the major radius. The plasma tri- andg as a function of elongation, far=co ballooning
angularity has been limited by the need to provide a modes. Thgy shows a decrease with increasing elon-
sufficiently long slot divertor on the inboard side to gation at lower triangularity, and the opposite at higher
obtain detached plasma and radiate the power there. Intriangularity. At higher triangularity the increasefqn
a power plant, the divertor slot must cut through blan- turns over and begins to decrease. The point where the
ket and shielding, which allows neutrons to penetrate By increase turns over moves to higher elongations
close to the superconducting toroidal field magnet. This as the triangularity is increased. As was seen for the
sets a limit on the triangularity (or the angle that the triangularity scan, the values continue to increase
separatrix flux line can make with the inboard wall) regardless of the structure in tj§g versus elongation
to provide neutron shielding. However, recently both curves, because the increase in plasma current is so
experimental and theoretical results indicate that the strong. The slope of the increasegnversus elonga-
inboard plasma detachment can be obtained without ation continues to improve with higher triangularity over
slot, although a short slot is still used to disperse the the whole range.
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The low+ external kink stability was also analyzed, 0.025 times the minor radius. Higher toroidal mode
and is shown ifrig. 10 Here the marginal wallis given  numbers require closer walls for stabilization, and alll
as a function of elongation for toroidal mode numbers mode number wall locations move much closer to the
from 1 to 6. The wall locations are only resolved to plasma as the elongation exceeds a value of 2.3. The
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triangularity for this case was fixed at 0.7. In order

to observe the impact of triangularity on the kink

mode wall stabilization, three other values were ana-
lyzed; 0.4, 0.55, and 0.85. Shown fig. 11 are the
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with the triangularity fixed at 0.7, and for toroidal mode number from
1 to 6. These are evaluated at thi¢ values determined by high-
ballooning stability.
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Fig. 11. Stabilizing wall location as a function of plasma elongation
forthen = 1 kink mode, with various plasma triangularities. These are
evaluated at thgy values determined by highballooning stability.

marginal wall locations for toroidal mode numizer 1,

as a function of elongation. It is clear that higher tri-
angularity results in marginal wall locations that are
farther from the plasma at the lower elongations, how-
ever, the stability at the highest elongations is rapidly
degrading. Shown iRig. 12are the marginal wall loca-
tions for toroidal mode numbers=1-5, at a fixed
elongation, and varying triangularity, showing that the
improvement with triangularity persists at higheAs
was pointed out in Ref{1], when a stablizing wall

is present there is typically a toroidal mode number
greater than 1 that is the most limiting . The
curves inFigs. 10—12vere done with analytic plasma
boundaries to identify trends in shaping on the low-
stability. Analysis for a separatrix triangularity of 0.9,
and elongation of 2.2, the reference ARIES-AT values,
was done up to toroidal mode numbers of 9 to resolve
the limiting mode. Shown ifrig. 13is the marginal
wall location as a function of toroidal mode number, at
two differentgy values, withgy =6 corresponding to
the final plasma configuration. The plot shows that the
n=4-6 are limiting the ARIES-AT configuration, and
the wall is located at that position. As the pressure is
increased thg-limiting toroidal mode number moves
to higher values and the wall must move closer to the
plasma to stablize all.
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Based on the plasma shape analysis, values for the
elongation and triangularity at the separatrix were cho-
sen to be 2.2 and 0.9, respectively. This integrated the
ballooning and kink stability behavior, requiring a shell
for the kink mode stabilization at 0.33 times the minor
radius, and avoiding the rapid degradation in kink sta-
bility at higher elongations. As will be shown in the
next section, the shell for vertical stability is placed at
the same location, and therefore provides full cover-
age on the plasma outboard side as required for kink
stabilization. The plasma elongation choice was also
dependent on vertical stability analysis that follows.
The full stabilization of the external kink mode requires
either plasma rotatiof20] or feedback controJ21].
Plasma rotation is difficult to provide externally for
reactor size plasmas so the feedback approach is taken,
however plasma rotation is not well understood and
experimental results may show that the plasma rotates
in the absence of external sources of momentum. The-
ory indicateg21] that if plasma rotation is present with
a feedback control system, it aids the controller allow-
ing smaller gains. For the feedback approach the shell
is necessary to slow the mode growth rate to time scales
which the feedback coils can respond with reasonable
power. This is discussed in R¢L7].

6. Axisymmetric stability

The plasma elongation is ultimately limited by the
vertical instability, through the ability to locate con-
ducting structure sufficiently close to the plasma and
provide a feedback control system with reasonable
power. Due to the high leverage of plasma elongation
in increasings, scans were done to determine the ver-
tical instability growth rate, and stability factor as a
conducting shell is moved progressively further away
from the plasma, for various plasma elongations. The
stability factor is defined as

T
fo=1+ %
LR

8

where zq is the vertical instability growth time, and

TR IS the longest up—down asymmetric time con-
stant of the surrounding structure. The conducting shell
used in the analysis is vertical on the inboard side,
and approximately contouring the plasma boundary on
the outboard side, with gaps at the top and bottom
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Fig. 14. Example of the generic structure used in the vertical stability
calculations, and the final structure used in the design.

for the divertor.Fig. 14 shows this generic structure
model, which is toroidally continuous. For the curves
shown inFig. 15 the conductor was tungsten, 0.035
m thick, with a resistivity of 8« 1078 m. In addi-
tion, the plasma hagy, of 0.25 andi; of 0.8, typical of

tungsten, 3.5 cm thick, p = 8 x 10° ohm-m
100 ——
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Fig. 15. Vertical instability growth rate versus the distance of a
tungsten shell, normalized to the minor radius, for various plasma
elongations.
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Fig. 16. Vertical stability factor as function of the distance of a
tungsten shell, normalized to the minor radius, for various plasma
elongations.

plasmas during rampup which are the most unstable.
Fig. 15shows that as the plasma elongationis increased
the instability growth rate increases, and that the shell
must be located closer to the plasma to provide any
influence on the plasma. As the shell is moved fur-
ther away, initially the instability growth rate changes
slowly, but later begins increasing rapidly. Where this
curve asymptotes is called the critical ideal wall loca-
tion, and the stability factor is approaching 1.0. If the
shell is located outside this location, it will not influ-
ence (slow down) the vertical instability even if it were
superconducting. If the shell is located at this location
or closer to the plasma, and it were superconducting it
would stabilize the plasma. However, actual structural
materials are resistive, so a more useful shell location
is the critical resistive wall location. This is defined
as the wall location that provides a stability factor of
1.2, and coincides with a shell location at the knee in
the growth rate versus shell distance curkey. 16
shows the stability factor for the same plasma elon-
gations and wall distances with=1.2 denoted on the
plot.

The typical location for a conducting shell in power
plant designs is between the blanket and the shield,
which is roughly at a normalized distance of 0.45
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times the minor radius, the precise value depending 100
on the design. However, recent optimizations of the
blanket for neutronic§l9] has allowed the conductor
to be located inside the blanket, closer to the plasma. 80y
This location is found to be about 0.3-0.35 times the | Bp=0.75/
minor radius. For a shell at this location, elongations

at the separatrix up to 2.2—2.3 can be considered, as < 6o}
opposed to those in Ref2] which could not exceed %
1.9. The shells used in the scoping studies above are € ™|
not practical since they surround the plasma and will 2 40}
adversely affect the neutronics. The shells are reduced
in size by removing the section closest to the midplane, £ 30| operating

ool KX-PD=22 @)

50

grow

al

vert

Bp=2.25

which has the weakest affect on vertical stability. This > ,,| PO™

is done until the vertical stabilization provided by the

shells starts to significantly degrade. The dark lines in 1or

Fig. 14through the inboard and outboard shells show oL\
how much of the shells is removed for a final shell R 88 2LI3I B S BRKEIE S

design, which in this case is 60n the outboard mea- plasma internal inductance, li(3)
sured from the midplane. The inboard shell is reduced o B _
so that it has the same vertical extent as the outboard™'9: 17: Vertical instability growth rate as a function of the plasma
internal self-inductance; (3), andBp, for the final design vertical

plate. stabilizing structure.

Once the plasma elongation is chose«(X-
point) =2.2 in this case, and the final shell design is the range can be produced but only with lower elonga-
provided, more detailed vertical stability analysis is tion (which reduces the growth rate) or lower plasma
done to examine the impact of pressure and current current (which reduces the feedback power for a given
profile on the growth rate. In addition, the vertical con- growthrate). Itshould be noted that approximately 85%
trol calculations are done with this configuration to
determine the maximum current and voltage expected

during control, using the Tokamak Simulation Code  °[ 1.0 cm AMS AZ displacements (b)
[22]. It should be noted that since the stabilizing shells :;2

are located in the blanket they must operate at high <60l

temperatures and cannot be actively cooled. The oper- 255

ating temperature turned out to be about 1100The < 5ol

resulting shell was 0.04 m thick, and had a resistivity of sl

about 35< 108 @ m. Shown inFigs. 17 and 18s the g ol

vertical instability growth rate as a function ffand .l

Bp, with the final reference plasma denoted by thé * Y

Also shown is the feedback control power (the product % 25| !
of peak current and peak voltage) for a random dis- 20l i
turbance with 0.01 m RMS displacement of the plasma § 151 3
vertically, giving 30 MVA for the peak feedback power. % 41 3

Again, the reference plasma is denoted. The feedback 5t g'?;rEeSn'c/g
power that can be tolerated determines the maximum Ol
vertical instability growth rate that is allowed, which Trd Ao 0T F 0606 NN
is 4551, Consequently, the range of plasma pressure vertical instability growth rate, /s

and current profiles that can be produced at full elonga- _. . . .

tion is limited. and not to exceed the maximum arowth Fig. 18. Feedback power for vertical position control as a function
lonis U ; 9 ofthe vertical instability growth rate, for the final vertical stabilizing
rate. Plasmas with pressure and current profiles outsidesirycture.
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of the power for vertical position control is reactive,
and therefore can be recovered with a suitable energy 6 (b) i 0o o 1
storage system, so that this power is not included in the T
recirculating power for the power plant. 41 1

7. Poloidal field coil optimization

The poloidal field (PF) coil currents are determined N
to force the plasma boundary to pass through specified
points in space, the desired outboard and inboard major
radii, and produce a zero poloidal field at the desired X-
point. This is accomplished with a least-squares solu-
tion. Otherwise the plasma boundary is allowed to take Ij|j:|
on the shape that minimizes the coil stored energy. In 6r Mo oo 1
addition, the PF coil locations are optimized to mini- = : . .
mize an energy measure equal to the sum of the coil
major radius times the coil current squared, which is
found to scale with the coil cost. This is done by sur- Fig. 20. Layout of the optimized poloidal field coils for ARIES-AT.
rounding the plasma by a large number of PF coils,
avoiding regions where coils cannot exist (i.e. outboard syre the least is eliminated, and the process repeated
midplane for maintenance). The coils are eliminated with the remaining coils until a certain number of coils
one by one and the resulting increase in the coil energy is obtained or the coil energy measure begins increas-
measure is determined. The coil thatincreases this mea-ing rapidly. Fig. 19shows the coil energy measure as

function of the number of coils, and it begins to increase
strongly below about 14 coils. It should be noted that

2

m
o
OoooooooooOoOooal]
.

* note that inboard solenoid is fixed and is modelled there are 7 coils used to provide a thin solenoid on the
6022 cls inboard side, for inductive startup and plasma shaping
that are not included in the elimination. The final PF
551 coil arrangement is shown Fig. 20 The maintenance
5.0 requires that entire sectors be removed through the out-
o 5
o4
5 Table 2
$40 ARIES-AT poloidal field coil parameters
2 Coil # R (m) Z(m) 1(MA)
» 3.5
s 1 2.25 0.25 —0.620
33.0 2 2.25 0.75 -1.053
® 3 2.25 1.25 -1.513
Wost 4 2.25 1.75 —0.665
3 5 2.25 2.25 —0.665
T 20t 6 2.25 2.75 1.184
= ARIES-AT 7 2.25 3.25 3.360
151 solution 8 3.25 5.75 6.348
I Lo R 9 3.75 6.00 6.518
TN oo o - N ®Y wON OO0 =AY 10 5.25 6.30 4.810
number of PF coils 11 575 6.25 3.643
12 7.50 5.65 —-3.276
: I . . .13 8.00 5.40 —5.877
Fig. 19. Poloidal field coil energy as function of the number of coils, 14 850 510 _8.624

showing that the energy increases as the number of coils decreases
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