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Abstract. The possibility of using simple sets of planar coils to produce low-aspect-ratio
stellarator (LARS) configurations is analysed. Various types of LARS with different planar
coils of potential interest to fusion research are identified. It is found that these configurations
possess rather attractive features including: compact design and coil simplicity; good access
to the plasma; closed vacuum flux surfaces with large enclosed volume; a significant external
rotational transform; strong magnetic well; and a natural divertor. Finite plasma-pressure and
finite plasma-current effects are studied as well, and it is shown that the LARS configurations
considered benefit from the plasma current.

1. Introduction

In spite of the significant progress in fusion research which has led to regimes generating
noticeable amounts of fusion energy [1], there are still a few serious problems to overcome
before achieving an inexpensive, efficient and safe thermonuclear reactor.

Strong plasma current, which plays a key role in good plasma confinement and efficient
plasma heating in tokamaks also involves some negative and dangerous effects. One of the
main effects is the possibility of a major disruption which might cause serious damage to
various reactor components. It is also an issue of safety. All measures have to be taken
to guarantee the absence of disruptions in the reactor environment. Another problem is
that a significant portion of the plasma current has to be externally driven (via rf waves or
neutral-beam injection), which is expensive and leads to an increase in the cost of electricity
production. Both of these problems can be partially solved if a tokamak is capable of
working efficiently with reduced plasma current. A tokamak–stellarator hybrid might be
advantageous from this point of view because the part of the rotational transform, normally
generated by the plasma current, can be produced by external coils.

Stellarators do not have the two above-mentioned problems. However, they have a
few other drawbacks. Because of the three-dimensional character of the magnetic field
in stellarators, it is more difficult to reach good plasma confinement in the collisionless
(banana) regime of the hot thermonuclear plasma. Also, because of the absence of ohmic
heating, a much more powerful auxiliary heating system is required for a stellarator reactor
to reach ignition. The complications of the coil system and the strict requirements on
the accuracy of the coil manufacturing and assembly process represent another set of
drawbacks.

Both systems, tokamaks and stellarators, can lead, in principle, to the construction of a
fusion reactor. One of the most important current international projects of this type is ITER
(International Thermonuclear Experimental Reactor) [2]. In parallel to further developing
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the main established fusion concepts, such as tokamaks, stellarators, reversed-field pinches
and spheromaks, it is also important to search for a more efficient approach to controlled
fusion by considering significantly different configurations and hybrids between different
concepts.

In this paper we present an analysis of various simple low-aspect-ratio stellarator (LARS)
configurations, withA 6 3.5 (the aspect ratioA is the ratio of the average major radius
R to the average minor radiusρ for the last closed flux surface). These configurations are
unique in comparison with the presently existing large-aspect-ratio stellarators for which
A ≈ 5–11. This analysis is a continuation of our previous research [3–6] on a novel concept
for magnetic fusion called the Spherical Stellarator (SS), which was originally proposed in
[3].

It should be noted that the lowest-aspect-ratio stellarators ever built, the Compact Helical
System (CHS) [7], the Compact Auburn Torsatron (CAT) [8], and heliac H-1 [9], have
A ≈ 5. In the SS concept, the plasma aspect ratio is much lower, usually about, or
sometimes significantly belowA = 3.5; also, the use of modular coils in a SS represents a
significant advantage for reactor applications where the possibility of replacing any particular
part of a device has to be maintained. In [4–6], it was shown that combining the plasma
current and the external stellarator rotational transform in a SS produces strongly positive
effects, such as the possibility of high-β equilibria (β is the ratio of the thermal plasma
energy to the magnetic-field energy) and the decreased magnetic-field ripple. It was also
shown that at highβ a relatively strong bootstrap current exists in a SS, which might be
enough to obtain these advantageous characteristics. However, for the first relatively small
SS devices, it is reasonable to use an ohmic current transformer for magnetic configuration
improvement and for plasma heating, thus the first SS device will probably be a stellarator–
tokamak hybrid. Further discussion of the advantages of the SS concept and projections for
large plasmas are given in [6].

In this paper we make a further step in simplifying the coil configuration of a LARS.
In particular, we only limit ourselves to the consideration of the planar coils. Moreover,
all coils are the same and carry the same current, so the system looks like a toroidally
symmetric one, similar to a tokamak, but has stellarator features. Such a system can benefit
from the plasma current, similar to the above-mentioned SS configurations [3–6]. We
consider the simplicity of the coils as a very important factor. This means not only that the
corresponding device will be inexpensive to construct (which is very important in itself),
but also that the coil-system manufacturing and spatial assembly can be done much more
precisely than for a typical stellarator. Hence, the magnetic-field disturbances due to the
inaccuracy of manufacturing or assembly, causing the appearance of magnetic islands and
poor plasma confinement, might be much lower.

Historically the use of planar coils for the production of stellarator effects has been
considered in a number of publications [10–15]. A more recent and detailed analysis of
this type of configuration has been given in [16]. That paper was devoted to the analysis
and optimization of stellarator characteristics of configurations with planar inclined coils.
The present paper can be viewed as a continuation of that work. Here we use the same
rules and methods for the configuration optimization as those formulated in [16]. This
time, however, we concentrate on reducing the aspect-ratio parameterA and consider more
complicated, although planar, coils. The LARS (or tokamak–stellarator hybrid) devices
represent a novel area of research with substantially different physics in comparison with
that for large-A devices and require separate consideration. This is somewhat similar to
the well known Spherical Tokamak approach (see, e.g., [17]) which is facing a lot of new
physics in comparison with that for standard tokamaks.
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The paper is organized as follows. In section 2 a LARS configuration with planar
circular coils is considered. In section 3 the LARS configurations with planar coils capable
of producing bean-shaped vacuum flux surfaces are discussed. An example of the planar coil
system capable of accommodating the central ohmic current transformer without increasing
the size of a system is considered in section 4. The configuration of a natural divertor in
the LARS with planar coils is analysed in section 5. Finiteβ and finite plasma-current
effects are considered in section 6. The application of global stellarator scalings to LARS
is discussed in section 7. Finally the main conclusions are given in section 8.

2. Low-aspect-ratio stellarator with circular coils

Planar circular coils are very convenient and inexpensive to manufacture. Many fusion
experiments, including tokamaks, were first designed and operated with circular coils. Only
later was it shown that tokamaks with D-shaped elongated plasma, and hence D-shaped
coils, have definite advantages in obtaining better plasma parameters. Even stellarators,
such as the presently operational heliacs, TJ-II [18] or H-1 [9], make use of the circular
coils.

In this section we consider the same device with planar circular inclined coils as reported
in [16]. This time, however, the aspect ratioA is much lower; also, the number of the
inclined toroidal field (TF) coils was chosen to be six instead of nine as it was in [16].
It is reasonable to decrease the number of TF coils for a LARS machine as there is not
much space in the centre of the device for many coils. On the other hand, devices with
N TF coils (with N lower than four), in spite of the fact that very low-A magnetic-
field configurations can be produced there, are probably too open for the magnetic-field
disturbances and correspond to too high magnetic-field ripple. Six TF coils probably
corresponds to a reasonable compromise between the lowest aspect ratio and the advanced
characteristics of the magnetic-field structure, although in general the values ofN between
four and twelve are of interest for a LARS device with planar coils.

By using the three optimization rules discussed in [16], we were able to obtain a number
of configurations with promising parameters. We will present just one particular case. The
coil system of a stellarator considered with six planar circular inclined TF coils and six
poloidal-field (PF) rings, as well as the last closed vacuum flux surface, are shown in
figure 1(a) (side view) and figure 1(b) (top view). The plasma aspect ratioA ≈ 2.4. The
set of closed flux surfaces obtained is presented in figure 2, where three main cross sections
are shown: (a) under the TF coil,ϕ = 0, (b) at 1/4 of the field period,ϕ = π/2N , and
(c) at 1/2 of the field period, i.e. between the TF coils,ϕ = π/N , ϕ being the toroidal
angle. For a better presentation of the closed flux surfaces figure 2 differs slightly from the
usually calculated puncture plots in that the neighbouring points are connected by straight
lines (for comparison, the puncture plots for the similar but largerA device are given in
[16]). No interpolation or smoothing is used. In the present example, the TF coil diameter
wasD = 1 m, the major radius of its centre wasR = 0.6 m and the angle of inclination
γ = 0.33 rad, in accordance with the ‘optimization rule’ [16]:

DN sinγ

πR
≈ 1 (1)

corresponding to the efficient generation of theL = 1 stellarator configuration, whereL
is the poloidal multipolarity. More generally, for differentL, L should replace one in the
right-hand side of (1), andD should stand for the vertical size of the coil.
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Figure 1. Side (a) and top (b) view of the LAR stellarator configuration with planar circular
coils. The last closed flux surface is shown as well.

The top–bottom symmetric PF coil system has been chosen in accordance with the
‘balance rule’ and ‘location rule’, also formulated in [16]. The ratios of the currents in the
PF rings to that in the TF coil were as follows:I1 = I2 = 0.14 (for the rings atR = 1.25 m
andR = 0.9 m), andI3 = 0.6 (for the rings atR = 0.4 m).

The main stellarator characteristics of the magnetic field are presented in figures 3(a, b).
These are the rotational transform:ι = 1/q, q being the safety factor; the magnetic well,
W(ρ) = 1−V ′(8(ρ))/V ′(0); whereV ′ = dV/d8 is the derivative of the enclosed volume
over the enclosed toroidal magnetic flux, and the magnetic-field variation,

η = Bmax− Bmin

Bmax+ Bmin
(2)

with Bmin andBmax being the minimum and maximum values of the magnetic field at a
given flux surface. In figure 3(a), the total rotational transform,ι, is shown together with
its externalιex, and internalιin, components, calculated respectively for the outboard and
inboard halves of flux surfaces [3]

ι ≈ 2ιexιin

ιex+ ιin . (3)

Projections of the coil system elements on the poloidal cross-section, together with cross
sections of the last closed flux surface at toroidal anglesϕ = 0, π/2N , π/N , are shown in
figure 4.



Low-aspect-ratio stellarators with planar coils 1845

Figure 2. Vacuum flux surfaces in the device of figure 1
at different cross sections: (a)ϕ = 0, (b) ϕ = π/2N ,
(c) ϕ = π/N .

3. Bean-shaped flux surfaces

Bean-shaped plasmas are under investigation in tokamaks [19] and stellarators [9, 18, 20].
Usually this shape corresponds to the advanced high-β properties of the configuration. The
bean-shaped plasmas can easily be formed in a SS by using an additional PF ring located
in the equatorial plane at a small major radius. The planar inclined coils, however, can
naturally produce bean-shaped plasmas without any additional current rings. One reason
for that is clear, the internal (inboard) current filaments of the planar inclined coils produce
an equivalent toroidal current.

This effect can be more profound if a TF coil is truncated, as shown in figure 5.
The LARS device considered in this example has again six inclined TF coils and six PF
rings. Circular TF coils of the same diameter as considered before are used, but because of
truncation, the major radius of the coil centres is lower,R = 0.4 m. The side and the top
views of this more compact configuration are presented in figures 6(a) and (b), while a set
of corresponding closed flux surfaces is shown in figures 7(a)–(c). The rotational transform
ι, the magnetic wellW , and the magnetic-field variationη, are close to that found for LARS
with circular coils (see figure 3) and thus do not require a separate figure. The configuration
considered with the bean-shaped flux surfaces is more compact than the system with circular
coils, and the aspect ratio is somewhat lower,A ≈ 1.8.



1846 P E Moroz

Figure 3. Radial dependence of a few parameters for the device of figure 1; (a) the total
rotational transform (full curve) and its external (broken curve), and internal (dotted curve)
components; (b) the magnetic well,W , and the magnetic-field variation,η.

Figure 4. Poloidal cross section of the device of figure 1. Shown are the coil projections and
the cross sections for the last closed flux surface at toroidal anglesϕ = 0 (full curve), π/2N
(broken curve), andπ/N (chain curve).

In accordance with the optimization rule, (1), decreasingR requires decreasing the
inclination angleγ . This configuration features, however, a rather low rotational transform,
approximately a factor of two lower than that given in figure 3(a). To increase the rotational
transform values back close to those given in figure 3(a), we chose a higherγ ≈ 0.6
corresponding to theL = 2 configuration.

4. Coil system accommodating the central transformer

As was discussed in [3–6], the SS devices benefit from the plasma current: the rotational
transform increases, higherβ values can be reached, and the magnetic-field ripple can be
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Figure 5. Same as figure 4, but for the device with truncated circular coils.

Figure 6. Side (a) and top (b) view of the device with truncated circular coils.

reduced substantially; also, as was stressed there, a SS can benefit not only from the ohmic
current but from the bootstrap current as well, which flows in a SS in such a direction that
its rotational transform enhances the vacuum rotational transform. The LARS considered
with planar coils benefit from the plasma current in a similar way (section 6).
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Figure 7. Vacuum flux surfaces in the device of figure 6
at different cross sections: (a)ϕ = 0, (b) ϕ = π/2N ,
(c) ϕ = π/N .

In a relatively small LARS one cannot rely on the strong bootstrap current. To
enhance the capability of the configuration it is thus advantageous to have an ohmic current
transformer. In principle the ohmic transformer windings can be formed around the inboard
legs of the TF coils, similar to that in a Spherical Tokamak (ST). The ohmic transformer
windings can also be located at some other place near the plasma [21], not necessarily
at the small major radius. However, from an engineering point of view, it is often more
convenient to have the ohmic transformer windings decoupled from the TF coils. Then
there should be a space left for the central transformer, and the inboard legs of the TF coils
have to be located at the larger major radius, as is done in a standard tokamak. This will
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definitely cause an increase of the plasma aspect ratio; however, values ofA ≈ 3 can still
be attained.

To obtain such a configuration, the TF inclined coils (such as, e.g., those considered
in the two previous sections) can simply be moved further from the centre. This
procedure, however, will increase the size of the device. Here we show a different way of
accommodating the central transformer—adjusting the shape of the TF coils.

As an example, we consider a device similar to that with circular coils, presented in
figure 1. The difference is in the following. The TF coils are slightly vertically elongated
with elongation factorκ = 1.2, and inclined at the larger angleγ ≈ 0.6, to increase the
rotational transform, thus theL = 2 magnetic configuration is produced. The horizontal
width of the TF coils (before modification)D = 1 m, and the major radius of their centres,
R0 = 0.6 m, are the same as before. The inboard parts of the TF coils are modified to
go around the central transformer of radiusRt = 0.3 m. The projection of the TF coil
obtained (together with the projections of the last closed flux surface cross-sections) are
shown in figure 8, while the top view is given in figure 9. The set of closed flux surfaces
is shown in figure 10. The main characteristics of the magnetic configuration, such as the
rotational transformι, the magnetic wellW , and the magnetic field variationη, are presented
in figures 11(a) and (b).

Figure 8. Same as figure 4, but for the device with the central transformer.

One can see that the obtained magnetic configuration features a rather high rotational
transform,ι(0) = 0.2 and its external component increases toιex ≈ 0.45 at the last closed
flux surface. The central location of the closed flux surfaces adds to the convenience of
this configuration for fusion applications. The aspect ratio obtained,A ≈ 3.2, however, is
larger than in previous examples.

5. Internal set of flux surfaces and a natural divertor

As was mentioned in [16], inclined TF coils generally simultaneously produce two separate
sets of closed flux surfaces: the internal one (at small major radii), and the external set (at
larger major radii). The analysis of the properties of these two sets, as well as an explanation
of the reasons for their existence, have also been presented in [16].
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Figure 9. Top view of the device with the central transformer.

These two sets have opposite helicity, so the opposite helical harmonics are generated,
and the magnetic-field lines rotate in opposite poloidal directions. These sets are very
different at a low aspect ratio: the volume occupied by the internal set gradually decreases
with decreasingA until it practically disappears at a very lowA.

For the device considered in figures 8–11 withA ≈ 3.2, the internal set still exists and
the corresponding closed flux surfaces are presented in figures 12(a)–(c). The rotational
transform for this set isι(0) ≈ −0.14 at the magnetic axis andι(1) ≈ −0.09 at the last
closed flux surface shown.

The last closed flux surface in figure 12 shows some stochasticity. In principle, there
are larger closed flux surfaces for an internal set. However, the stochasticity there is very
strong, so it is reasonable to call it a stochastic region. The stochastic region can clearly be
seen in figure 13 where the last flux surfaces from both sets are shown together. One can
see that stochasticity is more profound for the edge of the internal set but is small for the
external set.

At lower aspect ratios, the internal set of closed flux surfaces disappears. However,
the natural divertor region caused by the residual of the internal set is still present. To
demonstrate this, we again consider the set of flux surfaces of figure 4, forA ≈ 2.4. The
internal set is absent in this case, but the natural divertor region is present and is shown in
figure 14 (the full curves show the closed flux surfaces while the broken ones indicate the
opened field lines).

6. Effects of finite plasma pressure and plasma current

The advantages or disadvantages of any concept for controlled fusion have to be judged on
the basis of its properties for the finite-pressure (finite-β) plasmas. In spite of the fact that
initial experiments on any concept are usually carried out in rather small-scale devices with
moderate plasma parameters, incapable of exploring the high-β behaviour, the future of the
concept depends substantially on the capability to confine high-β plasmas.

The present paper describes a few novel and simple configurations with the planar coils.
Leaving the full analysis of MHD equilibrium, stability, and transport in high-β plasmas
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Figure 10. Vacuum flux surfaces in the device with the
central transformer; different cross sections are shown:
(a) ϕ = 0, (b) ϕ = π/2N , (c) ϕ = π/N .

in these devices for future research, we would still like to examine a few effects of the
finite plasma pressure and finite plasma current. For these purposes we use the 3D MHD
equilibrium code, VMEC [22], which is run in its free boundary mode. As an example, we
present the results for the configuration of figure 1 with the circular inclined coils.

By increasing the plasma pressure, the shape of the plasma changes significantly and
the magnetic axis shifts outboard (Shafranov shift). These effects might set the limit on the
β values that can be reached in a device. In our calculations we suggest that the plasma
pressure profile,p ∼ (1 − s)2, where s = 8/8max is the normalized enclosed toroidal
magnetic flux. Figure 15 shows the three principal plasma cross sections for the finite-
pressure plasma with the centralβ, β0 = 3%, and the volume averageβ, 〈β〉 = 1%. These
values ofβ are close to the equilibrium limit for this configuration.

The limits on β can be increased significantly in the devices considered if there is
a plasma current. This is probably a general feature of the LARS and has already been
found for the SS configuration [5]. To demonstrate the positive effect of a small plasma
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Figure 11. Same as figure 3 but for the device with the central transformer.

current we suggest that a toroidal current ofIp = 28 kA with a profile of (1− s) flows
in the plasma. The results of calculations forβ0 = 6% and 〈β〉 = 2% (this is not a
limiting β) are presented in figures 16–18. Although theβ values here are twice as high
as in the previously considered currentless case, the plasma shape is closer to the vacuum
configuration (figure 2). The total rotational transform (figure 17) is higher than that in the
vacuum case (figure 3), because it also includes the contribution produced by the plasma
current.

In principle the availability of the plasma current does not necessarily mean that this
current has to be driven inductively, thus making a device a stellarator–tokamak hybrid.
As was found in calculations for a large SS device [5, 6], for example, a strong bootstrap
current can be the only source of the plasma current, thus making such a device a pure
stellarator (with the plasma current, however).

7. Global scalings

As was discussed in [23], the neoclassical theory [24–28] predicts the following global
energy-confinement time-scalings depending on the collisionality. For the so-called plateau
regime of intermediate collisionality

τPL
E ≈ 0.35a2RB0.8n0.6P−0.6ι0.4 (4)

and for the low-collisional ripple-trapped-particle regime (usually, with a negative radial-
electric field),

τRT
E ≈ 0.011a2R1.22B0.44nP−0.78ε

−1/3
h (5)

where the energy confinement timesτPL
E andτRT

E , are in seconds; the average minor plasma
radiusa, and the major radiusR, are in meters; magnetic field strengthB, in Tesla; average
plasma densityn, in 1019 m−3; input powerP , in MW; ι is the rotational transform at
ρ = 2/3, andεh is the relative helical ripple atρ = 2/3 corresponding to the simplified
magnetic-field approximation

B/B0 = 1− εt cosθ − εh cosη (6)
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Figure 12. Internal set of vacuum flux surfaces for
the device with the central transformer: (a)ϕ = 0, (b)
ϕ = π/2N , (c) ϕ = π/N .

with B0 being the central magnetic field,η = mθ − nNϕ, m and n are the poloidal and
toroidal mode numbers,N is the number of toroidal field periods, andθ and ϕ are the
poloidal and toroidal angles.

However, the experimentally obtained energy-confinement times in stellarators are
usually shorter than those given above, which stresses that the ‘anomalous’ energy transport,
usually attributed to mode activity and turbulence, is of significant importance in stellarators.

The comprehensive analysis of the experimental data for the major known stellarator
devices has resulted in a few experimental scalings. In spite of the fact that the stellarators
taken into consideration had very different geometrical and physical properties (different
size, aspect ratio, rotational transform, magnetic-field strength, helical ripple, etc), it was
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Figure 13. Stochastic region between the two sets of closed flux surfaces for the device with
the central transformer.

Figure 14. Field line traces demonstrating the divertor configuration. Full curves correspond to
the closed flux surfaces, broken curves show the opened field lines.

possible to combine the results from all the machines into the single scalings. The most well
known and widely used scalings for stellarators are the following. These are the so-called
LHD scaling [23],

τ LHD
E = 0.035a2R0.75B0.84n0.69P−0.58 (7)

the International Stellarator Scaling 1995 (ISS95) [29],

τ ISS95
E = 0.079a2.21R0.65B0.83n0.51P−0.59ι0.4 (8)

and the Lackner–Gottardi (LG) scaling [30] which can be re-written [29] in stellarator
notations as

τ LG
E = 0.043a2RB0.8n0.6P−0.6ι0.4. (9)
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Figure 15. Closed flux surfaces in the device of figure 1
at 〈β〉 = 1% and zero plasma current. Different cross-
sections are shown: (a)ϕ = 0, (b) ϕ = π/2N , (c)
ϕ = π/N .

One can see that the LG scaling differs from the plateau regime scaling (4), by the coefficient
only and givesτE values which are about eight times shorter.

All the above experimental scalings, (7)–(9), give a fairly good description of standard
experimental data not only for stellarators (enhanced regimes such as H-mode are excluded)
but also for tokamaks (L-mode regimes). It is also interesting to note that in spite of the fact
that the iota-independent LHD scaling was originally based on the experimental data from
stellarators Heliotron-E, W7-A, L2 and Heliotron DR, it also gives the best description of
experimental data for other stellarators considered in [29], such as W7-AS, ATF and CHS.
The ISS95 scaling, however, is probably the best for approximation of the whole set of
experimental data from both the stellarators and tokamaks.

Two more important experimental scalings for stellarators have been discussed in [23].
Those are for the critical plasma density,

nc = min{2.5(PB/a2R)0.5, 3.5PB0.5/aR} (10)

and for the critical triple product,nT τE, which can be reached in the device,

nT τE = 0.045a0.6R−0.2B2.4P 0.54 (11)

where T is the plasma temperature in keV. The expression (11), shows clearly that, in
principle, the low aspect ratio and high magnetic field are the most important factors of the
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Figure 16. Closed flux surfaces in the device of figure 1
at 〈β〉 = 2% andIp = 28 kA. Different cross sections
are shown: (a)ϕ = 0, (b) ϕ = π/2N , (c) ϕ = π/N .

Figure 17. Radial dependence of the total rotational transform for the equilibrium of figure 16.

device which are favourable for controlled fusion, aside from the problem of the possible loss
of high-energy particles (such as alpha-particles) in the case of non-optimized configurations.
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Figure 18. Magnetic-field variation along a field line for the equilibrium of figure 16 (edge flux
surface).

Let us consider an example of the LARS configuration of figure 16 produced by planar
circular coils. It hasa ≈ 0.2 m, R ≈ 0.7 m, B ≈ 0.65 T (for the currents in TF coils of
300 kA), ι ≈ 0.2 andεh ≈ 0.1. Suggesting the input power ofP = 0.5 MW, equation (10)
givesnc ≈ 1020 m−3, which is a rather high value. Taking a more moderate number for the
average plasma density,n = 5× 1019 m−3, one reaches the following values for the energy
confinement times:

τPL
E ≈ 15 ms τRT

E ≈ 4.4 ms τ LHD
E ≈ τ ISS95

E ≈ 3 ms τ LG
E ≈ 2 ms. (12)

The neoclassical energy-confinement times (even in the case of low collisionality) are larger
than that given by the experimental scalings and thus not of primary importance for the
device with the parameters considered. However, scaling the geometrical size, the plasma
density and the magnetic field by a factorC, and the input power byC3 (proportional
to the volume), one can find that the neoclassical ripple-induced confinement timeτRT

E ,
grows asC2.3, which is somewhat slower than the growth of the experimental scaling times
proportional toC2.45 − C2.6. This will make the neoclassical ripple-induced transport of
thermal particles of importance for significantly larger machines of this type.

For energetic particles (such as alpha particles in a reactor, or energetic particles induced
by the neutral beam injection or powerful minority ICRF heating), even in a device of moder-
ate size, the confinement depends mostly on the outboard magnetic-field ripple, which hence
should be reduced. One possible way of reducing such a ripple in considered LARS configu-
rations with planar coils might be the addition of a significant amount of the plasma current.

The discussed LARS configurations (except the internal set, considered in section 5
and shown in figure 12) feature an unfavourable location for the magnetic-field ripple. For
illustration, the|B|-variation along the field line for the equilibrium of figure 16 (the edge
flux surface is considered, where the variation of|B| is the strongest) is shown in figure 18.
Significant optimization of the configuration regarding the particle and energy losses can be
obtained [31, 32], for example, by a modification of the coils in such a way that the location
of the magnetic ripple is moved from the outboard to the inboard of the toroidal plasma.
Such optimization, however, might result in the non-planar coils, and is outside the scope
of the present paper. The internal set produced by the planar inclined coils, however, is
already optimized in this regard.
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8. Discussion and conclusions

The LARS configurations produced by the planar inclined coils were investigated. The
aspect ratiosA of such configurations are somewhat larger than in the concept of a Spherical
Stellarator proposed and analysed in [3–6]. However, there is the advantage of planar coil
simplicity.

Different types of possible configurations with planar coils, having attractive parameters
such as a large enclosed volume, significant external rotational transform, and strong
magnetic well, were identified. The advantage of a natural toroidally symmetrical divertor
region, existing in the configurations with the planar inclined coils, was demonstrated as
well. The divertor region, in the low-A configurations considered with the inclined coils,
appears as a residual of the internal set of closed flux surfaces, which is normally present
at larger aspect ratios [16].

Examples include very simple and inexpensive devices, such as devices with circular
coils, with truncated circular coils, and with the planar coils accommodating the central
ohmic transformer. It was shown that plasmas of different shapes, including the bean
shape, can be produced naturally in such systems.

One of the main new ideas behind the Spherical Stellarator concept [3–6] is that the
plasma current is an important factor for improving many characteristics of such devices.
In this paper it has been shown that LARS devices with planar coils benefit from the plasma
current as well.

Plasma energy and particle losses are very important characteristics of a device, and the
corresponding analysis has to be carried out for a full assessment of any concept proposed
for controlled fusion research. The present paper includes just a preliminary analysis based
on the global scalings which show that the considered LARS devices with planar coils, at
moderate parameters, can confine the plasma fairly well. The projection to the larger devices
with the reactor parameters, however, is not optimistic for the external sets of flux surfaces
which feature the outboard location of the magnetic-field ripple. The internal set considered
in section 5, however, is already optimized (according to [31, 32]) for the transport, and
thus can represent an interesting case for further investigation.

In conclusion, the low aspect ratio and strong magnetic field are the main factors (aside
from the problem of the possible loss of high-energy particles) favourable for reaching the
advanced plasma parameters. The initial analysis of LARS with planar coils shows that
planar coils offer the possibility of a configuration with rather attractive properties such
as: coil compactness and simplicity (which means low cost of manufacture and device
construction and the high accuracy of the assembly), large enclosed volume, relatively large
external rotational transform, natural and simple toroidally symmetric divertor or even two
sets of closed flux surfaces. The internal set of flux surfaces has optimized characteristics
for particle confinement. Further analysis and optimization is necessary for a more complete
assessment of this LARS approach.
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