
VOLUME 77, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 22 JULY 1996

S), in
plest
idal
d coil
lume,
tion.
Spherical Stellarator Configuration
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A novel ultralow aspect ratio stellarator system that can be called a spherical stellarator (S
analogy with the spherical tokamak concept, is considered. The coil configuration of a sim
SS differs from that of a spherical tokamak by inclination of the external parts of the toro
field coils. This system possesses many attractive properties including compact design an
simplicity, good access to the plasma, closed vacuum flux surfaces with large enclosed vo
significant external rotational transform, strong magnetic well, and simple divertor configura
[S0031-9007(96)00759-4]

PACS numbers: 52.55.Hc, 52.55.Fa
i
d
a
g
t
t
n
y

a

j
u

th
h

n
ld
fi
d
t
7
h

ic

h
e
r
h
i
i
n
s
i

ace,
nd
at,

st.

re
ct

l

tion
ber
1–

led

h
ys-
cal
ks.
c-
ed
e
st

in
F

se

x

x
red,
i-

s-
or-
of
Tokamaks and stellarators are two leading systems
the controlled fusion program via magnetic plasma co
finement. The best plasma parameters have been obta
in the largest tokamaks: JET [1], TFTR [2], JT-60 [3], an
some others. Tokamak operations with tritium plasm
carried out in TFTR [2] and JET [1] demonstrated si
nificant fusion energy output. Stellarators are presen
somewhat behind in their development. Nevertheless,
large stellarator devices are presently under constructio
Japan [Large Helical Device (LHD) [4]] and in German
[Wendelstein 7-X (W7-X) [5]].

Recently, strong interest has appeared in a comp
tokamak design, where a single central post replaces
central parts of all toroidal field (TF) coils. This low
aspect ratio (LAR) tokamaks withA  1.5 2.5, (where
A is the aspect ratio, i.e., the ratio of the average ma
radius to the average minor radius for the last closed fl
surface), or ultralow aspect ratio (ULAR) tokamaks, wi
A  1.05 1.5, are promising for obtaining plasmas wit
the high number density and highb (b is the ratio of
thermal plasma energy to the magnetic field energy) i
device of moderate size and relatively low magnetic fie
Good plasma access is another advantage of these con
rations. The LAR or ULAR tokamaks are often calle
the spherical tokamaks (ST). The results reported from
spherical tokamaks START at Culham [6] and CDX-U [
were very promising. In addition to the relatively hig
b obtained, low plasma disruptivity has been reporte
Because of this initial success, the program on spher
tokamaks is quickly extending [8].

Some difficulties of the ST program are related to t
fact that, because of tight space for the Ohmic curr
transformer, it cannot support the inductive current fo
long time. Other, noninductive current drive (CD) met
ods [such as radio-frequency (RFCD) or neutral beam
jection current drive (NBCD)] have to be used to mainta
the plasma current beyond the initial Ohmic start-up. A
other set of potential problems of the ST approach, a
next-step device or especially as a prototype for the fus
0031-9007y96y77(4)y651(4)$10.00
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reactor, are related to the fact that there is not enough sp
between the central post (or the central transformer) a
the plasma edge to protect it from the intense fluxes of he
particles, and neutrons that can quickly damage the po

Normally stellarators have large aspect ratios ofA $

10. The lowest aspect ratio stellarators ever built a
the Compact Helical System (CHS) [9] and the Compa
Auburn Torsatron (CAT) [10] which haveA ø 5. Even
the stellarators withA ø 7.5, such as Advanced Toroida
Facility (ATF) or LHD, are called [11] low aspect ratio
stellarators. Because the compact stellarator configura
is very attractive for a reactor design, there are a num
of publications addressing compact stellarator issues [1
13], but again for the aspect ratios that cannot be cal
LAR or ULAR.

In this paper, we study the LAR or ULAR approac
but, in contrast with the above mentioned tokamak s
tems, for a stellarator. We call such stellarators “spheri
stellarators” (SS) in analogy with the spherical tokama
The coil configuration of SS has many common chara
teristics with that of ST. The simplest SS can be obtain
by inclination of the external parts of all TF coils by th
same angle. Similar to ST, it might have a central po
combining the central parts of all TF coils. The ma
difference from ST is that the outboard parts of the T
coils in SS are nonplanar (like in a stellarator). We u
the following definition of the aspect ratio in SS:A 
sRmax 1 Rmindy2krpl. Here a symbolk l means averag-
ing over the poloidalq and toroidalw angles. The value
of rpsq , wd is the minor radius on the last closed flu
surface for givensq , wd, and Rmax, Rmin are the maxi-
mum and minimum major radii for the last closed flu
surface. In some SS devices that we have conside
thus definedA was close to 1, although for more opt
mized cases (with the divertor coils, for example),A is
usually about 1.5–2.

The following set of SS configurations is under discu
sion in this paper. The SS device is obtained from the c
responding ST configuration by rotation of the top parts
© 1996 The American Physical Society 651
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FIG. 1. Principle configuration of a spherical stellarator (S
Shown are the coil system and the last closed flux surface.

the TF coils, relative to their bottom parts, at the toroid
angleDw. Thus the external parts of the modified TF co
are inclined (see Fig. 1). Good results were obtained
Dw  pyN, whereN is the number of TF coils in ST
In some sense, this type of SS configuration is similar
a device with inclined coils described in our recent pu
lications [14–17], but corresponds to the ultralow asp
ratio. In this paper we are using D-shaped coils. Simi
to a device with inclined coils, the SS of the type cons
ered requires a set of poloidal field coils to compensate
vertical magnetic field produced by the inclined parts. T
SS configuration with six TF coils (modified as describ
above) is shown in Fig. 1. The last closed flux surfa
can be seen as well. The poloidal cross section of the
closed flux surface is presented in Fig. 2, together with

FIG. 2. Projection of the coil system of the SS device
Fig. 1 on the poloidal cross section. Shown also are the cr
sections for the last closed flux surface at toroidal anglesw  0
(solid curve),py2N (dashed), andpyN (dot-dashed).
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coil projections, so the particular dimensions of the coi
chosen for this example, can be seen as well. Two polo
field (PF) coils at small radii, whose projection is shown
Fig. 2 at the major radiusR  0.1 m, are introduced spe-
cially to demonstrate the simplicity of the divertor in th
configuration. For the magnetic fieldB ø 0.7 T at the
middle of the last closed flux surface (atR ø 0.55 m) the
currents in the coils were as follows:ITF  300 kA (cur-
rent in each TF coil),IP1  60 kA (current in each PF coil
at R  1.12 m), IP2  35 kA (current in each PF coil at
R  0.8 m), IP3  240 kA (current in each divertor coil
at R  0.1 m). Without these two divertor coils, the as
pect ratio will be smaller: It will change fromA ø 1.9
to A ø 1.4 for the configuration without the divertor coils
(see Fig. 3). However, without the divertor, the significa
particle and heat fluxes might be deposited on the cen
post (the similar problem as in ST devices). In SS, parti
losses will occur mostly on the outboard parts of the fl
surfaces, where the local magnetic field ripple is stronge
Details of the simple divertor configuration produced b
the two mentioned PF coils are presented in Fig. 4. T
field line traces show clearly that trajectories of the pa
ticles, leaving the last closed flux surface while being
its outboard part, will be directed by the divertor coils in
the top and bottom areas where the divertor plates can
conveniently installed.

One can see that the divertor configuration in this ki
of stellarators possesses toroidal symmetry (similar to t
in a tokamak) and is significantly much simpler than t
divertor configuration for any other stellarator (see, f
example, [5] for a divertor in W7-X). Figure 4 show
also that the divertor region in SS is practically “ideal
similar to that in a tokamak, without stochastic regio
and magnetic islands which are so typical for stellarato

FIG. 3. Same as Fig. 2 but for the SS configuration witho
the divertor coils.
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FIG. 4. Field line traces demonstrating the divertor config
ration. Solid curves correspond to the closed flux surfac
dashed curves show the opened field lines.

It is important to note, also, that the magnetic config
ration obtained is favorable for magnetohydrodynam
(MHD) stability. It possesses a strong magnetic we
which can be defined through the integralU 

R
dlyB

taken along field line and averaged over the flux surfa
The average of the integralU can be expressed throug
the derivative of the enclosed volumeV over the enclosed
toroidal magnetic fluxF [18]: kUl  dVydF. The mag-
netic configuration is favorable to MHD stability ifkUl
decreases with the average minor radiusr. The relative
deepness of the magnetic well can be defined asW srd 
1 2 kUsrdlykUs0dl  1 2 V 0sssFsrddddyV 0s0d, whereUs0d
and V 0s0d correspond to the values at the magnetic a
and Usrd and V 0sssFsrdddd to the values at the given flu
surface with the average minor radiusr. Figure 5 shows
(solid curve) the dependence ofWsrd for the SS configu-
ration of Fig. 1 that corresponds to a total magnetic w
of aboutWt  67%. This is a very high number ensurin
the good stability properties of the SS configuration.

FIG. 5. Radial dependence of the magnetic wellW and the
magnetic field variationh.
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The amount of trapped particles and particle transp
in the device depend significantly on variation ofjBj

along field lines. It can be characterized by the magne
field modulation:hsrd  sBmax 2 BmindysBmax 1 Bmind.
The radial dependence ofhsrd for the device considered
is presented in Fig. 5 (dashed curve). One can see
h is a growing function ofr, and hmax ø 67% at the
outermost flux surface withr ø 29 cm. This value of the
field modulation is less than in a typical ST device.

Rotational transform behavior in SS is very differe
from that in a typical stellarator. Figure 6 shows th
radial dependence of the rotational transformi  1yq, q
being the safety factor, for the device of Fig. 1. As on
can see, the total rotational transformi (solid curve) is a
decreasing function ofr, which is typical for tokamaks
and is very rare in stellarators. In SS, the locali changes
significantly in the poloidal direction: It is relatively large
(dashed curve in Fig. 6, showing increasingiex with r) on
the external (outboard) halves of the flux surfaces, wh
are closer to the inclined parts on the coils, and small
the internal (inboard) halves of the flux surfaces (dott
curve, for iin). The relation between the totali and its
externaliex and internaliin components can be expresse
as 2yi ø 1yiex 1 1yiin. The relatively large value of
iex, between 0.2 and 0.3, and the corresponding shear
of importance for good plasma equilibrium and stabili
properties in SS.

The SS configuration depends significantly on the nu
ber N of the TF coils. The change in the aspect ratio,A,
and the central rotational transformis0d is given in Fig. 7
(for SS configurations without a divertor) for variation o
N from 3 to 12. The case ofN  6 corresponds to Fig. 3
and represents probably a reasonable compromise.
SS configurations with a divertor, as mentioned abo
have larger aspect ratios, but the general dependenc
N is similar.

The SS configuration considered possesses wide fl
bility and might feature many advantages. It can ev

FIG. 6. Radial variation of the total rotational transform
(solid curve) and its external (dashed) and internal (dotte
components.
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FIG. 7. Dependence of the plasma aspect ratioA and the
central rotational transformis0d in SS on the number of TF
coils N .

be converted into a novel stellarator-tokamak hybrid
adding (similar to that for ST) the standard ohmic curre
transformer. The aspect ratioA for SS is generally large
than that for ST. If one will try to increaseA in ST, he will
lose many benefits of ST. Contrary to that, the configu
tion of SS with a divertor, presented in Fig. 3, hasA  1.9
and there is enough space available near the central
not only for the transformer but also for installation of th
protection and the blanket (for a reactor).

A few potential advantages of the SS configurati
considered, over other approaches in controlled fus
via magnetic confinement, can be summarized as
lows: (a) very compact design offering the low cost a
proach; (b) as a stellarator, it has closed vacuum fl
surfaces ensuring efficient noninductive startup, and
does not need, in principle, the ohmic current transform
(c) simple modular coil system; (d) easy access to
plasma; (e) more area for heat removal and the triti
breeding blanket in a reactor; (f) simple toroidally symm
ric divertor configuration; and (g) enough space betwe
the central post and the plasma surface to put the bla
and protect the post from the intense fluxes of partic
heat, and neutrons. Some other advantages might be
covered during the further analysis.

While this paper was under review, further calculatio
[19] via the 3D equilibrium codeVMEC [20] showed a num-
ber of interesting results which we would like to mentio
here. It was found that addition of the plasma current in
produces positive changes: The total rotational transfo
increases and the horizontal plasma position and the m
netic axis location can be effectively controlled by the c
rents in the PF coils. The highb equilibriafbs0d . 30%g
have been found in SS with the plasma current. It
been found also that the bootstrap effect can supply
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full plasma current required for the highb equilibria in
SS. The particle transport is a very important issue as w
and the first step in such an analysis is to make a prese
tion of jBj on the flux surfaces in Boozer coordinates. W
did such calculations (by using S. Hirshman’s code) a
found [21], in particular, that the magnetic field in SS po
sesses a wonderful feature: At the average minor rad
r . rmaxy2, the toroidal symmetry is more pronounce
with increasingr. This means that the particle transpo
at r . rmaxy2 should be similar to that in ST, which i
rather good. More detailed calculations are in progres
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