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DOUBLE-HELIX STELLARATOR
Paul E. Moroz

Center for Plasma Theory and Computation
Department of Engineering Physics

"University‘of Wisconsin, Madison, WI 53706, USA

Abstract,

A new stellarator configuration, the Double-Helix Stellarator (DHS), is
introduced. This novel configuration features a double-helix center post as
the only helical element of the stellarator coil system. The DHS configuration
has many unique characteristics. One of them is the extreme low plasma
aspect ratio, A = 1 - 1.2. Other advantages include a high enclosed volume,
appreciable rotational transform, and a possibility of extreme-high-§ MHD
equilibria. Moreover, the DHS features improved transport characteristics
caused by the absence of the magnetic field ripple on the outboard of the

torus. Compactness, simplicity and modularity of the coil system add to the

DHS advantages for fusion applications.




1 ion

Low aspect ratio stellarators represent a fairly new area of research which was
not paid much attention until very recently, and the lowest aspect ratio
stellarators ever built have the aspect ratio, A (which is the ratio of the
average major radius, R, to the average minor radius, a, for the last closed
flux surface),tof about A = 5. At the same time, lower aspect ratio and a
stronger magnetic field (which is also much easy and less expensive to reach
at low aspect ratios) are the main factors in advancing to controlled fusion, as

can be explicitly seen from the well known LHD (Large Helical Device) scaling

law [1] for the triple product, nTt , accessible in a stellarator,
nTtg = 0.045 a06 R02 B24 P034 (1)

where n is the average plasma density in 1019 m-3, T is the average plasma

temperature in keV, 1 is the energy confinement time, in seconds, a and R

are in meters, magnetic field strength, B, is in Teslas, and input power, P, is in

MWatts.

The research program on very low aspect ratio stellarators, A < 3.5, called
spherical stellarators (SS) in analogy with the spherical tokamaks (ST), has
been proposed in {2], where the particular configuration with a straight center
post has been considered and the advantages of a low aspect ratio for

stellarators have been discussed. Very recently, a few other publications [3-16]

have appeared on the topic of low aspect ratio stellarators.




How low can the plasma aspect ratio in a stellarator be? As it was mentioned
in [2], in principle, very low-aspect-ratio stellarator configurations can be
obtained simply by reducing the number of TF coils in a SS configuration.
However, this way usually brings disadvantages of very low rotational
transform, very strong outboard magnetic ripple, and very low equilibrium

limits.

In a recent publication [16], a new approach has been taken to reduce the
aspect ratio in a s;cellarator further, a new class of stellarators has been
introduced, the Extreme-Low-Aspect-Ratio Stellarators (ELARS), and a novel
configuration, a Helical Post Stellarator (HPS), with A = 1, a single toroidal
period, vacuum rotational transform t = 0.1 - 0.15, and advanced confinement

characteristics, has been considered.

The present paper can be viewed as a continuation of research of Ref. 16 on
ELARS configurations, which can be defined roughly as devices with
stellarator features and A < 1.4". Here we consider a different ELARS device,
the Double-Helix Stellarator (DHS), having the plasma aspect ratiosof A =1 -
1.2, two toroidal periods, and featuring a number of advanced characteristics.
The purpose of the present paper is to introduce this novel configuration and
give an initial demonstration of its advanced characteristics. While an
analysis of Ref. 16 was limited to a vacuum magnetic field configuration, here
we present results also for the finite plasma pressure and finite plasma
current regimes, which demonstrate clearly significant advantages of ELARS

for controlled fusion.




The rest of the paper is organized as follows. In Section II, the coil system of a
DHS is presented and the main characteristics of the vacuum magnetic field
are described. The results of calculatiohs for the finite plasma pressure
currentless regimes are presented in Section III. Positive effects of the plasma
current are discussed in Section IV, and the advanced neoclassical transport
characteristics of a DHS are described in Section V. Finally, the main

conclusions are presented in Section VI.

IL. Vacuum magnetic configuration of DHS.

The DHS coil configuration can be obtained from a typical ST coil system by
replacing the straight center post of an ST with a double helix post, as shown
in Fig. 1. The outboard parts of toroidal field (TF) coils can be the same as in
an ST and, in principle, can even be replaced by a solid conducting wall to

reduce the outboard magnetic field ripple.

The configuration presented in Fig. 1 corresponds to the first round of the coil
system optimizvation regarding the extreme low aspect ratio, large enclosed
volume, large vacuum rotational transform, small outboard magnetic field
ripple, and small magnetic island structure. The coil system shown includes
24 outboard (half-elliptical) TF coils, 3 pairs of poloidal field (PF) rings, and a
center post consisting of double-helix windings making 0.5 turns around the

vertical axis.

In principle, the system of closed vacuum flux surfaces can be obtained even

without PF rings. The vacuum magnetic field configuration described below




in this section corresponds to this case without the PF rings. However, the PF
rings are very useful for controlling the equilibrium of high B plasmas (B is
the ratio of plasma pressure to the magnetic field pressure), and thus will be

used in the following sections. -

The main reason why we chose a relatively large number (24) of outboard TF
coils is beca:ﬁse we would like to demonstrate that the outboard magnetic
ripple can be practically fully suppressed in the ELARS considered. This
situation is very similar to that in a tokamak, where the outboard magnetic
ripple substantially reduces while increasing of the number‘ of TF coiis. For a
demonstration of this effect, the | B/ vaﬁation along the field line for the last
closed vacuum flux surface is shown in Fig. 2. This case corresponds to the
current I, = 600 kA flowing through each of the two helical elements of the
center post and then returning through the outboard parts of TF coils. The
last flux surface is chosen because it has the largest magnetic ripple. One can
see clearly that the magnetic ripple is located practiéally entirely on the
inboard of the torus. Later we will return to this question as it is important for

good particle confinement in the device.

The perspective view of the last closed vacuum flux surface and the coils of
the ELARS considered is shown in Fig. 3, which demonstrates a significant
volume which the plasma can fill within the closed flux surfaces. The top

view on the plasma is shown in Fig. 4. The configuration presented has the

aspect ratio of about A = 1.2 and all helical disturbances of the magnetic field

- and toroidal asymmetries of the configuration are located on the inside of the

torus.




The puncture plots for a set of closed vacuum flux surfaces obtained by
following along the magnetic field lines are presented in Fig. 5 where the
main cross-sections at toroidal angles ¢ =0, n/4, and n/2 are shown. A large
number of flux surfaces in Fig. 5 is chosen to demonstrate absence of magnetic

islands or stochastic regions within the plasma.

To demonstx.:éte the IB! distribution on flux surfaces, Fig. 6 shows the
distribution of |B| over the last closed flux surface. There, B, represents the
level correspondiﬁg to the first solid line, and AB is the difference between
adjacent contours. The contours with values eeqﬁal or above B, are shown by
solid lines while those below B, - by the dash lines. This figure clearly
demonstrates the peculiarity of the DHS configuration where the quasi-
helical symmetry of IB!| is maintained in the inboard halves of flux surfaces
while the quasi-t.oroidal symmetry is typiéal for the outboard halves. This is

exactly opposite of a SS configuration of Ref. 2.

The vacuum rotational transform in this particular DHS is not very high. It

varies from 1(0) = 0.095 to 1(1) = 0.063 as shown in Fig. 7, where 1 = 1/q, q being

the safety factor. From the point of view traditional large-A stellarators, these
values of 1 are very small. However, one has to compare not the 1 values
themselves but rather the 1/A values having the meaning of the ratio of the
averagé minor plasma radius to the connection length. These values are not
smaller for this DHS than for traditional or advanced stellarators such, for
example, as Wendelstein VII-X (W7-X) [17]. The typical descending character
of radial dependence of 1 makes the DHS to be similar to a tokamak. Addition
of the pl;sma current in a DHS configuratibn will be thus natural and

somewhat analogous to increasing of the plasma current in a tokamak.




In this paper, we did not try to thorough optimize the DHS system, which
thus remains a large potential of further optimization. Nevertheless, the
DHS configuration considered clearly demonstrates a number of significant
advantages and a general potential of this ELARS approach for controlled

fusion.

[IL. Finite pressure MHD equilibria in DHS,

Vacuum magnetic field configuration of a stellarator corresponds only to a
relatively low plasma pressure. For a small experiment, where B cannot be
large, this approach is adequate. However, from the point of view a large
machine or, especially, a fusion reactor, the ability of a configuration to
confine the high-B plasmas represents a significant advantage. Internal
plasma currents, which may be high at high B, can modify the magnetic
configuration significantly. The most important MHD equilibrium effects
which might impose limitations on accessible B are the following: the
Shafranov shift of the magnetic axis outboard, change of the plasma boundary
shape, change of the rotational transform, and appearance or growth of the

magnetic islands.

In the calculations presented in this paper, we are using the three-
dimensional MHD equilibrium code, VMEC [18], running in the free-
- boundary mode. This code takes into account the actual conductors with the

currents. All the above mentioned effects, except the magnetic islands can be

thus addressed via this code.




There are no reasons to present here the MHD equilibrium cases with low B, as
VMEC give the results which are close to those of the vacuum configuration,
presented in Section II. More important is to demonstrate the possibility of
high-B equilibria. One such case corresponding to the currentless MHD
equilibriumfwith the central By of 11% and the volume average 8 of 4.5% is
presented bélow. These values of f§ are fairly high and, for comparison, are

close to the predicted B limit [17] in the advanced stellarator W7-X.

The main cross-sections, ¢ = 0, n/4, n/2, of flux surfaces are presented in Fig. §,
while the radial profiles of the rotational transform, 1, magnetic well, W, and
B values for this equilibrium are shown in Fig. 9. The radial variable, s, is the

normalized enclosed toroidal flux. As usually, W is defined through the
integral, U = Jdl /B, taken along a field line and averaged over the flux surface:

W(p) =1-<U(p)> / <U(0)> .

As one can see, the main high-f effects are the following: (1) notable
Shafranov shift of the magnetic axis outboard; (2) decrease of t in the center
and its increase at the edge, so the radial profile of 1 changes to that of a typical
large-A stellarator where t increases with the minor radius; (3) appearing of a
significant magnetic well, W = 45% in this case, which is normally of
importance for good plasma stability characteristics; (4) change of the plasma

shape; and (5) decrease of the plasma aspect ratio, which becomes A = 1.05.

The PF rings, which have not been used in the vacuum case, are of
importance now, and carry the following currents: Ipf1 = 54 KA (for the rings

at R =1.05m), Ippr = 13.5 kA (at R =0.75 m), and Ips3 =160 kA (at R =0.3 m).




IV itive eff lasm

According to the traditional stellarator approach (see, for example, {17, 19, 20]),
a plasma current in a stellarator should be avoided. This includes not only

the ohmically driven current but the bootstrap current as well.

In contrast, very positive effects of the plasma current have been identified [4,
5] for the SS configurations, where the ohmically driven current or bootstrap
current produce such positive effects as an increase of the rotational

transform and significant increase of the B limits.

Here we demonstrate that the plasma current is similarly advantageous for
the DHS configurations. Addition of the positive plasma current (such
current that the total rotational transform increases) has the effect of partially
restoring the properties of vacuum flux surfaces in spite of the high plasma
pressure: the Shafranov shift decreases and the plasma shape becomes closer
to the vacuum one. These effects make possible further increase of the
plasma pressure (correspondingly, the currents in the PF rings should be
increased as well). An example of extreme-high- MHD equilibrium (8, =
70%, B = 30%) for this DHS with the plasma current of Ip = 160 kA is presented
in Fig. 10. The plasma current profile is hollow, which models approximately
what will happen with a bootstrap current. The limiting B values for a DHS
considered are probably even higher than that just mentioned. The value of
the plasma current used in this example is very moderate, and the total
rotational transform is below 1 =0.5 everywhere in the plasma. The radial
profiles of B, W, 1, and the plasma current density, J, for the equilibrium of

Fig. 10, are given in Fig. 11.




V. Advanced low-collisional transport characteristics of DHS,

The magnetic field characteristics of stellarators are normally substantially
three-dimensional. Two known exceptions are represented by the so-called
quasi-helically symmetric stellarators [21-24], when the magnetic field

structure in Boozer coordinates [25-26] is close to the helically symmetric one,

and the quasi?toroidally symmetric stellarators [13, 27, 28]. These two types of

stellarators feature rather good neoclassical transport characteristics.
However, they usually feature also a number of difficulties which prevent
their possible projection to reactor parameters. One difficulty is related to the
bootstrap current which normally appears in stellarators at high B. In so far
found quasi-symmetric configurations, the bootstrap current is negative,
which decreases the vacuum rotational transform and degrades the
characteristics of a configuration. Another difficulty is related to the rather
low B lifnits found so far for these configurations. Requirement on
minimization of the bootstrap current and improvement of the high-B
characteristics led the W7-X team [17, 29] to design of a stellarator system
which is different from the quasi-symmetric one. In addition, the quasi-
helical symmetry is not accessible in low aspect ratio devices and, thus, is not

relevant to the chosen topic of ELARS.

Quasi-symmetry is advantageous for neoclassical transport. However, it is not
a necessary requirement for improved transport characteristics of a stellarator.
Another approach is to find a configuration without symmetry but with
improved transport due to the so-called omnigenous particle drifts (i.e.
having guiding-center orbits lying within the same flux surfaces) [30-32]. A set

of criteria which can be used for the configuration optimization has been also

10




discussed in [33-34]. Here, we follow the recommendations [31, 32] to have the
magnetic field ripple moved from the outboard to inboard parts of flux

surfaces. The considered DHS configuration represents a clear example of this
approach. Because of that, a DHS is characterized by an improved neoclassical

transport.

Without carrying out time-consuming particle transport calculations, one can
estimate the improvement in the low-collisional neoclassical transport from

the S-factor [32] which for the general magnetic field of the form,

B/ Bo= ) emn cos(me - nNg), 2)

m

can be written as
1 3/2 deT 2 oeT) (OeH oJel 2 ]
S=— J‘dB [ 1778 | — | =2133 |— || — 684 | — ,
7 Jeos [178(5g) -2 (35 (5 o 55 | @

where

ET = Z €m0 cos(m8) (4)

m=#0

2 2
EH = ‘\/ [2 €mny cos(me)] + (Z €mn, sin(me)] (5)

To judge how good the configuration is optimized for the transport, it is useful
to compare the S-factor given by Eq. (2) with the factor S, calculated for the

same configuration but including only the first term in the square brackets (so,




the cancellation caused by the terms with different signs, or enhancement, in

the unfavorable case, cannot be realized):

17 o & ©

S

The 6 and ¢ angles in the above expressions correspond to the Boozer

coordinate system [25-26].

Usually, for the low aspect ratio stellarators, which have the magnetic field
ripple localized mostly outboard, the parameter, S/S, >> 1. For all DHS
configurations considered in this paper, this ratio, S/S, , is lower than 1, and
thus the low-collisional neoclassical transport is improved. For
demonstration, Fig. 12 shows the radial dependence of S/S, for all three
equilibria considered: for the vacuum case of § = 0 (solid curve), for the high-
B currentless case (dashed curve), and for the extreme-high-B equilibrium

with the plasma current (dotted curve).

VL Di i lusion

A novel stellarator configuration, the Double-Helix Stellarator (DHS), is
presented. This configuration has a number of features which are very unique
and very unusual in comparison with those of presently known stellarators.
This is an extreme-low-aspect-ratio stellarator (ELARS) system. It features
extreme-low plasma aspect ratios, A = 1 - 1.2, not known before for stellarators.

The DHS is a relative of a HPS configuration recently considered in Ref. 16. The
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only helical elements of a DHS are the two helical windings replacing the
center post of a standard spherical tokamak coil system. Actually, the DHS is
featuring one of the most compact and the most spherical plasma among all SS
configurations [2-12], and thus can be considered as a new member of the

spherical stellarator family, as well.

In principle, ’:the low aspect ratio stellarators are very advantageous for
controlled fusion,:_as/shown by the standard scaling laws [1]. The possible usual
difficulty of the low-aspect-ratio stellarators, the unfavorable low-collisional
neoclassical transport, can be overcome in the DHS due to the localization of
the magnetic field ripple entirely on the inboard of the torus. Theoretically, it
was shown [31-32] that such type of harmonic composition is the most efficient
for collisionless plasma confinement. Our calculations of the S-factor [32] for

different regimes in the DHS confirmed this conclusion.

The PF rings are not needed, in principle, for the vacuum stellarator
configuration to exist. Howevet, they are important at high B (and have been

used in our calculations) for plasma control.

Analysis of the finite-plasma-pressure currentless regimes in the DHS
- demonstrated the possibility of high- MHD equilibria (§ = 4.5%, By = 11%)

which also feature the good particle transport characteristics.

In contrast to the usual opinion that a plasma current should be avoided in
stellarators, our analysis demonstrates a number of advantages of having a
plasma current in a DHS. This is analogous to the positive effects of the

plasma current found for the spherical stellarator configurations [4, 5]. A

13




possibility of extreme-high-§ (B = 30%, Bo = 70%) MHD equilibria even with
the moderate plasma current (such that the total rotational transform is

below 0.5 everywhere in the plasma) has been demonstrated.

There is a significant potential (which we have just started to explore) of the
DHS approach for controlled fusion, and further optimization of the DHS coil
system will likely result in finding even higher p regimes with more

advanced transport characteristics.

In conclusion, the author would like to thank S. P. Hirshman for permission

to use the MHD equilibrium code, VMEC. This work was supported by the
U.S. DOE Grant No. DE-FG02-97ER54395.
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Fig. 1. The coil system of the DHS.
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Fig. 2. IBI variation along a field line for the last closed vacuum flux surface.




Fig. 3. Perspective view of the last closed vacuum flux surface and the coils of

the DHS.




Fig. 4. Top view on the DHS plasma.




Fig. 5. Poincare puncture plots for closed vacuum flux surfaces in the main

cross-sections, ¢ =0, n/4, and n/2.
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Fig. 6. I BI distribution on the last closed vacuum flux surface. Solid contours

are for B2 By , dashed - for B < By, AB is the difference between adjacent

contours.
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Fig. 7. Vacuum rotational transform.




Fig. 8. Three main cross-sections, ¢ = 0, n/ 4, and /2, for the high-B (B, = 11%,
B = 4.5%) currentless MHD equilibrium in the DHS.
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Fig. 9. Radial profiles of B, magnetic well W, and the rotational transform 1 for

the high-f currentless case of Fig. 8.
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Fig. 10. Three main cross-sectlons ¢ =0, 11:/4 and

n/2, for the extreme-high- B
(Bo = 70%, B = 30%

) MHD equilibrium W1th plasma current of Ip =160 kA.




Fig. 11. Radial profiles of B, magnetic well, W, rotational transform, 1, and the

normalized plasma current density for the extreme-high-8 case of Fig. 10.




Fig. 12. Radial profiles of S/S, for three equilibria considered: vacuum case
(solid curve), high-f currentless case (dashed curve), and extreme-high-§

equilibrium with the plasma current (dotted curve).




