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Recently proposed novel concept of a spherical stellarator (P. E. Moroz, “Spherical stellarator
configuration,” to appear in Phys. Rev. Lett) is enhanced by adding the plasma current to the
otherwise pure stellarator system. The coil configuration of this ultra low aspect ratio system differs
from that of a spherical tokamak by inclination of external parts of the toroidal field coils. It is
shown that the configuration considered possesses many attractive properties, including: wide
flexibility of operating regimes, compact design and coil simplicity, good access to the plasma,
closed vacuum flux surfaces with large enclosed volume, significant external rotational transform,
strong magnetic well, and a high plasma 8 [B(0) in excess of 30%] equilibrium. It is shown that the
bootstrap effect in a spherical stellarator, in principle, can supply the full plasma current required for
the high-B equilibrium. © 1996 American Institute of Physics. [S1070-664X(96)03508-2]

I. INTRODUCTION

Continuous operation of a future thermonuclear reactor
is probably absolutely necessary to make electricity produc-
tion cost less than the other nonfusion methods. At the same
time, the reactor has to be compact and as simple as possible
(to keep construction and operation costs low), and have a
modular design for convenient replacement of its part during
exploitation in thermonuclear conditions. It has to be eco-
nomical as well, which means operation at high 8 (8 is the
ratio of thermal plasma energy to the magnetic field energy).

Tokamaks and stellarators are presently two leading sys-
tems in the magnetic confinement fusion program. The larg-
est devices for magnetic plasma confinement presently exist-
ing are tokamaks [the largest are the Joint European Torus
(JET),' the Tokamak Fusion Test Reactor (TFTR),? and the
Japan Tokamak (JT-60)°]. Tokamak operations with tritium
plasmas carried out in TFTR? and JET' demonstrated signifi-
cant fusion energy output. However, tokamaks are intrinsi-
cally puised devices, where pulse duration depends on the
maximum magnetic flux produced by the Ohmic current
transformer. For tokamak operation in a steady-state regime,
significant additional power is required for current drive
(CD) via neutral beam injection {NBI) or via rf techniques
(RFCD). Regarding the fusion reactor, operation of these ad-
ditional CD systems might increase significantly the total
cost of electricity production. For a traditional pulsed
tokamak-reactor scheme, there are also some other typical
factors contributing to the cost increase, such as losses of the
magnetic energy stored during the discharge, and the neces-
sity for additional power required for the Ohmic transformer
recharging.

There is, in principle, another approach to continuous
tokamak operation: the ac regime in tokamaks.*”’ In this
regime the Ohmic current direction is changed periodically.
However, this regime can be fully beneficial only if the
plasma is not lost at current reversal. Although the experi-
ments on a small tokamak, STOR-1M,? have been encourag-
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ing and demonstrated an electron density of at least 2X 102
cm™3, similar experiments on a large tokamak, JET;? found
that plasma ionization was fully lost during the dwell time at
current reversal. To enhance the ac regime of operation, the
novel concept of a stellarator-tokamak hybrid called
“stellamak”®~'% has been recently proposed. In a stellamak,
the plasma can be confined during the current reversal phase
via the stellarator properties of the device.

Another main type of devices for controlled nuclear fu-
sion are stellarators,'! which are intrinsically steady-state de-
vices. Stellarators are presently somewhat behind in their
development in comparison with tokamaks. Nevertheless,
large stellarator devices are presently under construction in
Japan [Large Helical Device (LHD)'’] and in Germany
[Wendelstein 7-X (W7-X)!*]. Normally stellarators feature
the large aspect ratio, A=10. The projection of a standard
stellarator to reactor parameters leads to a very large device
with the major radius of around 25 m. Because the compact
stellarator configuration is very attractive for a reactor de-
sign, a number of publications have addressed compact stel-
larator issues.'*'® The lowest aspect ratio stellarators ever
built are the Compact Helical System (CHS)'* and the Com-
pact Auburn Torsatron (CAT)'> which have A~5. Even the
stellarators with A=~7.5 such as the Advanced Toroidal Fa-
cility (ATF)'®%° or LHD are called'® low aspect ratio stellara-
tors. Standard stellarators feature complicated (and difficuit
to accurately manufacture and assemble) helical windings or
complicated sets of different three-dimensional coils (for the
modular coil approach). Because of the relatively small dis-
tance between the neighboring coils, the plasma access in
modular stellarators is also usually very limited. The accu-
racy of assembly has to be very high: Slight mistakes in the
assembly can introduce significant island structures and dis-
turbances to the magnetic surfaces. This is especially impor-
tant problem for the relatively low aspect ratio stellarators.

Recently, strong interest has emerged for a very compact
tokamak design, where a single central stack replaces the
central parts of all toroidal coils. These low aspect ratio
(LAR) tokamaks with A=1.5-2.5 or ultra low aspect ratio
{ULAR) tokamaks, with A=1.05-1.5, are promising for ob-
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taining plasma with a high number density and high 8 in a
device of moderate size and relatively low magnetic field.
Good plasma access is anothier advantage of these configu-
rations. The LAR or ULAR tokamaks are also often called
spherical tokamaks (ST). The first results reported from the
spherical tokamaks. START (Small Tight Aspect Ratio Tok-
amak) at Culham®'?? and Current Drive Expériment—
Upgrade CDX-U>?* were very promising. In addition to the
relatively high S obtained, low plasma disruptivity has been
reported.”"?* Because of this initial success, the program on
spherical tokamak is quickly extending and a number of pro-
posals for construction of the new ST devices have appeared
[for example, in the USA these are NSTX (National Spheri-
cal Tokamak Experiment),” .USTX (University Spherical
Tokamak Experiment),”® and PEGASUS?].

Some difficulties of the ST program are related to the
fact that because of tight space for the Ohmic current trans-
former, it cannot support the inductive current for long time,
and other noninductive current drive methods (such as
RFCD or NBI) have to be used to maintain the plasma cur-
rent beyond the initial Ohmic start-up. At the same time, as it
is well known (see, for example, Refs. 25-29), that many
standard rf current drive techniques, such as lower hybrid
current drive (LHCD) or electron cyclotron current drive
(ECCD), are problematic for the use in ST because of severe
accessibility problems at the high plasma density and low
magnetic field regimes typical for ST. The main non-
inductive CD methods presently proposed?! ™ for ST are the
neutral beam current drive (NBCD) and fast wave current
drive (FWCD) at high ion cyclotron harmonic, ws €, re-
gime (HHFW—high harmonic fast wave). Details of HHFW
analysis have been presented in Ref. 28. Because of the low
aspect ratio of ST, the trapped particle effects play a strong
role, and both, NBCD and FWCD, although possible, are
still difficult and tricky.

Another set of potential problems of the ST approach, as
a next-step device or especially as a prototype for the fusion
reactor, are related to the fact that there is not enough space,
between the central stack and the plasma edge to protect the
stack from the intense fluxes of heat, particles, and neutrons
that can quickly damage the stack.

Recently, a similar LAR or ULAR approach has been
proposed30‘3] but, in contrast with the above mentioned tok-
amak systems, for stellarator configurations. Such stellara-
tors have been called the spherical stellarators (SS) in anal-
ogy with the spherical tokamaks. In the SS devices
considered, similar to that in ST, there was a single central
stack replacing the internal parts of the toroidal field coils or
helical coils of the standard stellarator. It was shown that the
proposed systems possess many attractive properties includ-
ing: very compact modular design and coil simplicity, good
access to the plasma, closed vacuum flux surfaces with large
enclosed volume, significant external rotational transforms, a
strong magnetic well, and a simple toroidally symmetric di-
vertor configuration. Moreover, it was found that in SS sys-
tems with a divertor, despite the ultra low aspect ratio.
enough space is available between the central stack and the
plasma surface to install a blanket and protect the stack from
the intense fluxes of particles, heat and neutrons.
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FIG. |. Perspective view of a spherical stellarator (SS) with six TF coils.
Shown are the coil system and the last closed flux surface.

The present paper can be viewed as an extension of our
previous consideration®”*! of SS configurations to the re-
gimes with plasma current. It was found that the addition of
the plasma current improves some of the important features
of SS. A high-8 equilibrium [B(0) in excess of 30%] in this
system has been found as well, thus making the configura-
tion considered a very attractive candidate for a future ther-
monuclear reactor. It is also shown that the strong bootstrap
current in SS can fully support high-8 equilibrium. While
this paper was under review, further results have been ob-
tained for LAR stellarator or tokamak-stellarator hybrid
configurations.*

The paper is organized as follows. In Sec. II, the coil
configuration and the magnetic field properties of the SS
system are presented briefly. The difference from the SS sys-
tem considered here and presented in Refs. 30 and 31 is that
there the results for a configuration with the divertor coils
were given. Here, we do not address the subject of a divertor
but instead focus on the effects of the plasma current. In Sec.
III, many unusual features of the SS magnetic field structure
are discussed. In Sec. 1V, the effects of the plasma current on
the magnetic field configuration in SS are presented. Plasma
equilibrium with the current is calculated via the VMEC
code.** % The high-8 equilibrium properties of SS are dem-
onstrated as well. In Sec. V, the effects of the bootstrap cur-
rent in SS are presented. Finally, the discussion and main
conclusions are given in Sec. VL.

Il. THE COIL SYSTEM OF A SPHERICAL
STELLARATOR

The SS device, as it was proposed in Refs. 30 and 31,
can be obtained from the corresponding ST configuration by
rotating the top parts of the toroidal field (TF) coils relative
to their bottom parts, over the toroidal angle A¢g. Thus the
external parts of the modified TF coils are inclined (see Fig.
1). Good results were obtained for Ap=7/N, where N is the
number of TF coils in ST. In some sense, this type of SS
configuration is similar to a device with inclined coils de-
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FIG. 2. Same as Fig. | but the top view is given.

scribed in our recent publications,®~'%3 but corresponds to
the ultra low aspect ratio. Similar to a device with inclined
coils, the SS of the type considered requires a set of poloidal
field (PF) coils to compensate for the vertical magnetic field
produced by the inclined parts. The SS configuration with six
TF coils (modified as described above) is shown in Fig. 1.
The last closed flux surface can be seen as well. The top
view of SS is given in Fig. 2. As in any other stellarator, the
magnetic flux surfaces in SS are three-dimensional (3-D).
The vertical cross section of the device and the last closed
flux surface are presented in Fig. 3. The coil projections are
given, so that the particular dimensions, chosen for this ex-
ample, can be readily seen. Three different cross sections for
the last closed flux surface are shown: at toroidal angles ¢=0
(solid curve), n/2N (dash), /N (dot-dash). Toroidal angle
¢=0 corresponds to the cross section where the outboard
inclined part of the TF coil crosses the equatorial plane.

We use the following definition of the plasma aspect
ratio in SS: A = (Rpa + Rupin)2Pmax, Where po..
=(r,). Here, a symbol ( ) means averaging over the poloi-
dal, 9, and toroidal, ¢, angles. The value of r,(3,¢) is the
minor radius on the last closed flux surface for given (3,¢),
and R ., R, are the maximum and minimum major radii

X,m

FIG. 3. Vertical cross-section of the SS device of Fig. 1. Shown are the coil
projections and the cross sections for the last closed flux surface at toroidal
angles ¢=0 (solid curve), 7/2N (dash), and #/N (dot-dash).
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for the last closed flux surface. Our definition of aspect ratio,
A, is somewhat different from its usual definition used by the
stellarator community. Usually, the plasma aspect ratio, 4 ,,
is defined (see, for example, Ref. 16) by the relation,
A,=Ry/(r,), where R, is the major radius of the helical
field winding. For SS, R, should be replaced, probably, by
the average major radius of the TF coil. The parameter, A,
is not convenient for use in SS, because the plasma location
can be significantly ditferent (near the central stack, or in the
opposite case, at larger major radii, near the inclined parts of
the TF coils) but still have the same (r,), and hence, the
same A, .

Ill. MAGNETIC FIELD PROPERTIES OF A SPHERICAL
STELLARATOR

Spatial variation of the magnetic field strength, |B|, is of
importance for plasma confinement as well as auxiliary
plasma heating in a device. In a tokamak, |B| mainly de-
pends only on the major radius, and does not depend on the
toroidal angle, ¢. Thus the |B| contour lines are close to the
vertical lines. In a stellarator with a strong helical compo-
nent, a saddle point of |B| appears in the poloidal cross sec-
tion (see, for example, Ref. 37). The behavior of |B] in SS
combines features of a tokamak and a stellarator.

Closed vacuum magnetic flux surfaces calculated for SS
by the field line tracing are shown in Fig. 4 for different
poloidal cross sections at toroidal angles: ¢=0, =7/2N,
and @=/N. All flux surfaces are presented by their Poincaré
plots, except the last closed flux surface where the neighbor-
ing points are connected, to make the boundary more clearly
visible. One can see that it is convenient to divide each flux
surface into two parts—the external (outboard) and internal
{(inboard). The internal parts of the flux surfaces do not
change their shape with the change of the toroidal angle,
which is a typical characteristic of a tokamak. By contrast,
the external parts change significantly with the toroidal
angle, similar to a typical stellarator. .

Similar combination of the tokamak and stellarator fea-
tures can be seen in Fig. 5 showing |B| distribution in the
poloidal cross section, again, at different toroidal angles:
¢=0, p=mf2N, and ¢=m7/N. At small major radii, the |B|
contours are given by the vertical lines and do not depend
substantially on the toroidal angle, similar to a tokamak, but
at the larger major radii, |B| has clear stellarator features: |B]|
varies significantly with the toroidal angle and has a saddle
point at the ¢=0 cross section.

Variation of |B| on a given flux surface and along the
magnetic field line is of primary interest for particle transport
analysis.sx‘41 Although we do not present the transport
analysis here, the distributions of |B| along field lines and on
given flux surfaces are shown in Figs. 6 and 7, respectively,
for the last closed flux surface, p=pp.,, the middle flux sur-
face at p=0.5p,,,, and the flux surface near the magnetic
axis, p=0.05p,.x -

From Fig. 6{(c) one can see that, near the magnetic axis
(p=0.05p,,,,)- the leading harmonics, with 7 =6 (correspond-

“ing to the number of TF coils) are much stronger than the

toroidally symmetrical harmonic with m=1, n=0. Here, m
and n are, respectively, the poloidal and toroidal mode num-
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FIG. 4. Vacuum flux surfaces in SS at different cross sections; (a) ¢=0, (b)
@=7/2N, (¢) ¢==/N. All flux surfaces are presented by their Poincaré
plots, except the last closed flux surface where the neighboring points are
connected.

bers. This is a typical result for a stellarator with a helical
magnetic axis. By contrast, for the Jast flux surface, p=p,,,,
[Fig. 6(a)], the toroidal harmonics with n=0 are stronger
than other harmonics, and |B| variation is close to that in a
tokamak. The case of p=0.5p,,,, corresponds to the interme-
diate case when toroidal and helical harmonics are the same
order of magnitude [Fig. 6(b)].

Variation of |B| on a flux surface, presented in Fig. 7,
stresses the same features. Near the magnetic axis [Fig. 7(c)]
the n=6 harmonics are strongest. By constrast, for the last
close flux surface, p=p,,., [Fig. 7(a)], there is weak depen-
dence of |B| on the toroidal angle (similar to that in a toka-
mak) on the high field side of the flux surface (where 0.3<</
27<<0.7). It is interesting to note that at the outboard
(stellarator) parts of flux surfaces (where 0<</27<0.2, or
0.8<9/2m<1) the [B| contours are well represented by
straight lines with definite slope. This feature corresponds to
the so-called helically symmetric stelfarator configuration,
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FIG. 5. Distribution for )B} for different poloidal cross sections: (a) ¢=0, (b)
@=m/2N, (¢} ¢=7/N. The value of By corresponds to the bold curve, AB is
the difference between the adjacent corner lines. Solid lines correspond to
|B|>B,, and dashed to |B}<Bg. The last closed flux surface is shown as
well.

normally featuring good confinement properties. 424

Variation of |B| along field lines is often characterized
also by the magnetic field modulation:
7P} =B pnax = B i/ Bmax +Bmin)- The radial dependence of
7(p) for the device considered is presented in Fig. 8(a) by the
dashed curve. One can see that z 1s a growing function of p,
and 7,,,,~67% at the outermost flux surface with p=29 cm.
This value of the field modulation, although large, is still less
than that in a typical ST device.

The magnetic configuration of SS is favorable to mag-
netohydrodynamic (MHD) stability. It possesses a strong
magnetic well, which can be defined through the integral,
U = [dl/B, taken along the field line and averaged over the
flux surface. The average of the integral U can be expressed
through the derivative of the enclosed volume, V, over the
enclosed toroidal magnetic flux ®:™ (U)=dV/dPb. The mag-
netic configuration is favorable to MHD stability if (U) de-
creases with the average minor radius, p. The relative deep-
ness of the magnetic well can be defined as
W(p)=1—(U(p){UM)=1-V"(P(p))/V'(0), where
U(0) and V'(0) correspond to the values at the magnetic
axis, and U(p) and V'(P(p)) to the values at the given flux
surtace with the average minor radius, p. Figure 8(a) shows
(solid curve) the dependence of W(p), that corresponds to a
total magnetic well of about W,=61%. This is a very high
number, ensuring the good stability properties of the §S con-
figuration.

Paul E. Moroz



1.64

AbsB), T
&

0.54}

Abs(B), T

(=]
w
1

(@]
N

<
[=)}
1

Abs(B), T

0 0.5 1
(p 1

FIG. 6. Variation of |B| along field line for different flux surfaces: (a)
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Rotational transform behavior in SS is very different
from that in a typical stellarator. Figure 8(b) shows the radial
dependence of the rotational transform, «=1/g, g being the
safety factor, for the device shown in Fig, 1 . As one can see,
the total rotational transform, ¢ (solid curve), is a decreasing
function of p, which is typical for tokamaks and is very rare
in stellarators, In SS, the local « changes significantly in the
poloidal direction: it is relatively large {dashed curve in Fig.
8(b), showing increasing ¢, with p] on the external (out-
board) halves of the flux surfaces, which are closer to the
inclined parts of the TF coils, and small on the internal (in-
board) halves of the flux surfaces (dotted curve, for y,). The
relation between the total ¢ and its external, ¢, , and internal,
4, COmponents can be expressed as: 2/t~1/¢,,+1/1,. The
relatively large value of the local outboard rotational trans-
form i, and the corresponding shear are of importance for
good plasma stability properties in SS.%°

Addition of the finite plasma pressure and/or plasma cur-
rent changes the magnetic flux surface configuration signifi-
cantly. To study the three-dimensional equilibria in SS, in-
cluding cases with the plasma current (which is also three-
dimensional), we have used the VMEC code®~” running in
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FIG. 7. Distribution of |B] on different flux surfaces: (2) p=ppuy, (b)
p=0.5p,.x » (¢) p=0.05p,, . The value of B, corresponds to the medium
value, AB is the difference between the adjacent contour lines. Solid contour
lines correspond to |B|=By, and dashed to |B|<B,.

the free boundary mode. It is very important to use this mode
of computation because the plasma boundary shape and
plasma location depend significantly on the plasma current
and/or plasma .

Normally, with increase of the plasma 3, an additional
vertical magnetic field is required for plasma equilibria. In
our calculations, the same set of four PF coils, used for ob-
taining the vacuum flux surfaces, was also used for obtaining
the finite B equilibria (or equilibria with the plasma current).
The currents of the PF coils, however, were different from
that for the vacuum case. An example of the currentless case
with ((8))=1% (double brackets, {{ )}, mean volume aver-
aging) is given in Fig. 9. One can see that the plasma became
much more vertically elongated. This feature becomes more
and more profound with the increase of B, thus setting a 8
limit on plasma pressure for the currentless case.

It is worth mentioning, however, that consideration of
the currentless regimes in SS for high 8 cases is not realistic.
The strong bootstrap current appears in SS at high B (see
Sec. V), thus converting SS into a device with plasma cur-
rent.

IV. HIGH-8 REGIMES WITH PLASMA CURRENT

During analysis of the SS configuration considered, it
was found that its properties improve with the addition of
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FIG. 8. Radial dependence of a few important parameters in SS for a
vacuum case; (a) the magnetic well, W, and the magnetic field variation, 7;
(b) the total rotational transform (solid curve) and its external (dashed), and
internal (dotted) components.

plasma current. This is opposite to the standard stellarator
configuration, where addition of the Ohmic plasma current or
even a small bootstrap current degrades the system, and spe-
cial efforts are needed to find the configuration with the

smallest bootstrap current possible (see, for example, Refs.

46 and 47).

To demonstrate the high 8 equilibrium properties of the
SS system considered, we present results for a high pressure
plasma. The plasma density and electron and ion temperature
profiles were suggested to be parabolic: n.(p)/n.(0)
= T,(p)/T.(0) = T(p)/T{(0) = 1 = (p/p/ o). The plasma
current of 7,=200 kA was flowing in the direction such that
the Ohmic rotational transform and vacuum rotational trans-
form add constructively. The current density profile was cho-
sen to be parabolic as well. One can see that the plasma
shape for the case with the plasma current is very different
from the currentless case presented above. The total rota-
tional transform has changed as well. It has increased to
(0)=0.74 at the axis and t(p,,,)=0.25 at the plasma edge.

The case, presented in Fig. 10, corresponds to the high-8
plasma equilibrium, with the central value of B(0)
=33% ({({B))=~9%). It is important to note that this very
high value of B is not a limit for SS. We did not try to find
the maximum or limiting B for equilibrium. However, the
case presented shows clearly that very high B can be reached
in the SS systems.

It should be mentioned also, that a strong magnetic well
(W,~70%) exists in the high S case of Fig. 10. This is a very
favorable situation for good plasma stability.

Previous analysis of 3 limits, made for the low aspect
ratio stellarators (see, for example, Ref. 18), shows that they
are defined by the MHD equilibrium and not stability. Hence,
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it is likely, that the high equilibrium-£ regimes found for SS,
will be really accessible. Still, more detailed calculations re-
garding the plasma stability at high B are necessary to fully
confirm this conclusion for SS.

One more advantage of adding the plasma current to the
system is-that the plasma with current can be easily moved
horizontally by changing the vertical magnetic field (by
changing the currents in the PF coils). As a particular case,
the typical plasma configuration for the ST device touching
the central stack can be obtained simply by increasing the
vertical magnetic field. Our calculations show, however, that
the stellarator features decrease substantially with the plasma
moving closer to the central stack. The plasma becomes al-
most toroidally symmetric and the total rotational transform
decreases by the value approaching the vacuum rotational
transform.

That means that SS can be operated in the regimes simi-
lar to that in ST. Normally, S8S can be operated with the
smaller plasma currents than the corresponding ST; still, SS
might have similar rotational transform (or the safety factor)
as the corresponding ST. If the plasma current needs to be
driven externally, then one can save significantly on the re-
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FIG. 10. Magnetic flux surfaces for the high-8 plasma (8(0)=33%) in SS
with the plasma current of 200 kA; (a) ¢=0, (b) ¢=n/2N, (c) p=7/N.

quired auxiliary current drive systems necessary for continu-
ous operation of the device.

The SS with plasma current, has a wide flexibility of
changing the plasma configuration from one having strong
stellarator features to the other, typical for the toroidally
symmetric ST device.

V. STRONG BOOTSTRAP CURRENT IN SS

The bootstrap current*® in tokamaks represents a power-
ful mechanism of the passive current drive by the plasma
pressure gradient. The principal possibility of a steady-state
tokamak relies on a substantial portion of the bootstrap cur-
rent. Still in a tokamak, the bootstrap current cannot drive
the full plasma current, and significant auxiliary current drive
by neutral beam injection or radio-frequency waves is nec-
essary.

In contrast to that, in stellarators, the bootstrap current
appears by itself and does not need any seed current. It also
can be positive or negative. However, usually the bootstrap
current in stellarators causes many problems by changing the
rotational transform profile with the increase of plasma pres-
sure. As a result, many efforts have been made (see, for
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9 but for the case with the hollow current profile produced by the bootstrap
effect alone: (a) ¢=0, (b) ¢=mu/2N, (c) e=m/N.

example, Refs. 46 and 47) to search for the stellarator con-
figurations with substantially minimized bootstrap current,

For the SS devices considered at high £, our calculations
show rather significant bootstrap current flowing in such a
direction that the current rotational transform enhances the
vacuum rotational transform. Strong bootstrap current, I,
is advantageous for SS and improves the whole concept.

Our calculations of the bootstrap current in SS are based
on a few codes written at the Oak Ridge National Labora-
tory: the VMEC code mentioned above and used for the 3-D
equilibrium calculations; the code converting VMEC results to
Boozer coordinates; and the BOOTSJ code*>! for the boot-
strap current calculations. Final results for the bootstrap cur-
rent are used then as input data for the VMEC code for the
next iteration. The codes are modified to work successively
one after another and special steps are taken to improve the
convergence process. Details of such calculations represent a
subject for a separate paper and will be discussed elsewhere.
Somewhat similar calculations for the LHD stellarator were
carried out in Ref. 52. Here, we show just a few results,
obtained for the SS device with the same parameters as con-
sidered above.

Figure 11 shows the final plasma equilibrium with the
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FIG. 12. A few important characteristics of the high-8 equilibrium in SS

corresponding to Fig. 11; (a) radial variation of the total rotational trans-

form. (b) fraction of trapped (solid curve) and passing (dashed) particles, (c)
the bootstrap current density profile.

bootstrap current, found for the same parabolic profiles of
plasma density and temperature, and almost the same high 3
values of the plasma, as in the previous case of Fig. 10. The
plasma current profile is, however, substantially different and
is defined fully by the bootstrap current alone.

The total rotational transform, ¢, is presented in Fig.
12(a). The fraction of trapped, F.,,, and passing, F s, par-
ticles important for the bootstrap current calculations, is
given in Fig. 12(b), while the bootstrap current density is
shown in Fig. 12(c). The total bootstrap current was found to
be 170 kA. Three curves in Fig. 12(c), close to each other,
demonstrate the convergence process; they show results of
the last two iterations and the intermediate curve chosen as
the final result. The relative error for the calculated profile is
less thar: 1%. The radial variable, s, represents the normal-
ized enclosed toroidal flux: s=®/d_ . .

V1. DISCUSSION AND CONCLUSIONS

A recently proposed’*~** novel configuration of a spheri-
cal stellarator (SS) is further analyzed in this paper to present
the effects of the plasma current on the magnetic field struc-
ture and equilibrium properties.
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It is found that the plasma current flowing in the direc-
tion such that its rotational transform adds constructively to
the stellarator rotational transform, produced by the inclined
parts of the TF coils, makes the following positive changes
to the configuration.

(i) total rotational transform increases in comparison
with the currentless case;

(ii)  horizontal plasma position can be effectively con-
trolled by the currents in the PF coils;

(iii) magnetic axis location can be effectively controlled to
produce more symmetric positioning;

(iv)  very high-B equilibria [8(0)>30%] exist (the limiting
B is likely to be even larger);

(v)  the strong magnetic well (70% for the case consid-
ered) exists in the SS configuration with the high 8
and plasma current. This should improve the plasma
stability properties.

These positive results of the plasma current effects are in
strong constract to what have been found for standard stel-
larator systems, where addition of the Ohmic plasma current
or even a small bootstrap current degrades the system, and
special efforts are needed to find the configuration with the
smaillest plasma current possible.

The SS system considered thus can be effectively oper-
ated with plasma current. In the case where the plasma cur-
rent is provided by the Ohmic current transformer, one will
have a hybrid stellarator-tokamak device, that can, probably,
also be called a “Spherical Tokamak with Twisted Coils”
(STTC). This hybrid device might have a number of advan-
tages over the standard ST. The plasma discharge in STTC
can be started in the pure stellarator regime without plasma
current. Then, when the relatively dense and hot plasma is
obtained via the auxiliary heating methods, the plasma cur-
rent can be effectively induced by the Ohmic current trans-
former. Then the plasma can be moved inside closer to the
central stack by changing the currents in the PF coils to form
the standard very low aspect ratio configuration of a spheri-
cal tokamak. This method of plasma start-up might save sig-
nificant magnetic flux which is usually very limited in ST
because of lack of space for the large Ohmic current trans-
former.

Other alternatives for supplying the plasma current in SS
can be the plasma current via the standard external current
drive (via neutral beam injection or rf current drive) or via
the bootstrap current effects. In that case, SS has a lot of
advantages over ST because it does not need as much current
to drive as a ST. Also in that case, SS does not need the
Ohmic current transformer, and can be operated continuously
in the regime with the plasma current.

In this paper, it is shown also that the bootstrap current is
rather significant in SS at high 8 and is flowing in such a
direction that the current rotational transform enhances the
vacuum rotational transform. Availability of the bootstrap
current enhances the whole SS concept. Consideration of the
currentless regimes in SS is thus irrelevant to the high 8
plasmas. A particular example is presented in this paper to
demonstrate that the high £ equilibrium exists with the full
plasma current produced by the bootstrap effect alone.
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A relatively small SS device has been considered in the
numerical examples presented in this paper. Such a device is
probably relevant to the first university-scale proof-of-
principle experiment. Plasma confinement characteristics
cannot be very good in such a relatively small device. This
fact will set a limit on the accessible 8 values. Still, the main
stellarator characteristics of SS and first experience on the
following questions important for this concept can be ob-
tained: plasma start-up in SS, position control, divertor op-
eration,. effects of the Ohmic plasma current, and transition
between the stellarator regimes, when the plasma is located
near the inclined parts of the coils, and the ST regimes, when
the plasma position is very close to the central stack. First
experimental information on the effects of the stellarator
characteristics on the operation of SS with the plasma current
will be valuable as well. Because the plasma current is im-
portant for the whole SS concept, and the current cannot be
fully supported by the bootstrap effect alone in a relatively
small device, the Ohmic current transformer has to be a part
of such an initial experiment.

Our future work will include the analysis of the plasma
transport characteristics in SS. This will let us define the
critical size of the device necessary for obtaining the high-8
plasma with the full plasma current produced by the boot-
strap effect alone at the reasonable input power levels re-
quired for plasma heating. The second step in the experimen-
tal program on SS might be, then, construction of a relatively
large device where the bootstrap effect alone can support the
high-8 operation. Such a large device can be designed to
operate in steady-state without using the Ohmic current
transformer.

Transfer of the results described in this paper to the
larger device is straightforward. One just has to take into
account the following scaling laws, partially discussed in
Ref. 36. If the size of all current carrying elements is in-
creased by the same factor, C, then the flux surface geometry
and location of flux surfaces relative to the coils will be
similar. To keep the same value of the magnetic field, how-
ever, will require the increase of all currents by the same
factor, C. The similar plasma density and temperature pro-
files and the same central values will then produce similar 8
profiles. The total bootstrap current will increase by the same
factor, C, thus the ratio of the bootstrap current to the current
in the coil elements will stay the same.

The analysis of SS configurations made so far shows
many unusual features and clear indications of many pos-
sible advantages of SS over the other “‘standard” configura-
tions for magnetic plasma confinement. Further studies of SS
are in progress.
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