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ABSTRACT

Stellarators with plasma aspect ratios in the range from 3.5 to 5 can be created
using the Compact Torsatron configurations. Stable operation at high beta should
be possible in these devices if a vertical field coil system is designed to prevent
breaking of the magnetic surfaces at finite beta. Direct losses of energetic particles
can be high, but the addition of an external quadrupole field can reduce these losses.
Optimization criteria and the low-aspect-ratio torsatron configurations obtained are

discussed.






1. INTRODUCTION

Stellarators traditionally have been considered large-aspect-ratio configurations.
In recent years, interest in low-aspect-ratio stellarator configurations has
increased.! =" Many configurations are being studied, and some of the new ex-
periments have plasma aspect ratios, A, = Ry/a, of <10. A motivating factor in
these studies is to move toward a more compact stellarator that could result in a
competitive ignited stellarator device and, in the long run, lead to a more attractive
fusion reactor.’”® However, as yet there is no experiment in the very small aspect
ratio range; such an experiment could resolve some of the critical issues for these
configurations and provide a data base for future optimization of aspect ratio. Here
we present some assessment studies directed toward defining such an experiment.

The strategy followed in the present configuration studies has three basic com-
ponents: (1) to define simple theoretical criteria that can be applied to vacuum
fields and permit an evaluation of the main physics properties relevant to low-
aspect-ratio stellarator configurations; (2) to look for ways of experimentally testing
these criteria in present experiments; and (3) to use the Advanced Toroidal Facil-
ity (ATF) configuration as a reference case in the sense of maintaining its physics
properties while we try to reduce its aspeci ratio.

In the calculations described here, we start by defining a coil set and use these
coils to modify the fields on the basis of what we learn from the theoretical criteria.
We take this approach because most of the nnmerical tools that we use have been
developed from this point of view. This also allows us to go on using the continuous
helical coils that were a key feature in our stellarator reactor studies.” The main
problem of such an approach is to find a magnetic field configuration with good
magnetic surfaces that is close to the configuration that satisfies the theoretical
criteria. The method developed by Cary and Hanson!® for reconstruction of flux
surfaces offers a solution to this problem. An initial assessment of low-aspect-ratio
torsatrons following this method was presented in Ref. 4. There, the application of
the Cary-Hanson method to this type of study was described. However, the study
presented in Ref. 4 took into couvsideration only magnetohydrodynamic (MHD)
constraints. Here, we present a more general study by including both MHD and
transport constraints in the configuration evaluation. Some of the results discussed
herc were presented at the 12th International Conference on Plasma Physics and

Controlled Nuclear Fusion Research.® An alternative systematic approach that does



not require magnetic surface reconstruction for low-aspect-ratio torsatron optimiza-
tion 1s discussed in Ref. 11.

The criteria derived in this paper are rather simple so that they can be used
in analysis ¢of vacuum magnetic fields. They do not guarantee that the selected
configurations will have all the properties desired. These configurations must be
tested a posteriori for their equilibrium, stability, and transport properties. How-
ever, in practice these criteria have worked fairly well, and the subsequent detailed
physics studies have generally confirmed the initial assessment. We have used the
criteria to find low-aspect-ratio torsatrons with plasma aspect ratios in the range
from 3.5 to 5 and physics properties close to those of ATF,

This paper is organized in the following way. In Sect. 2, we discuss the main
issues for low-aspect-ratio stellarators. The associated theoretical criteria are de-
rived in Sect. 3. The configurations resulting from these studies are presented in

Sect. 4, and a discussion of the results and our conclusions are given in Sect. 5.



2. ISSUES FOR LOW-ASPECT-RATIO
STELLARATORS

The main physics issues for low-aspect-ratio stellarators can be summarized in

the following points:

Magnetic surface fragility. At low aspect ratio, the 1/R helical-symmetry-
breaking terms are important. In vacuum, they cause the loss of outer magnetic
surfaces. At finite beta, the beta-induced magnetic axis shift increases the size

12 jn such a way that they can severely limit

of the symmetry-breaking terms
the achievable beta in a given device.

Equilibrium beta limit. The equilibrium beta limit for classical stellarators
scales as . ~ +*/A, ox A,. Therefore, reducing the aspect ratio can cause a
decrease in the beta limit. This issue is coupled to the previous one because
the fragility of the outer magnetic surfaces is what limits the edge rotational
transform ¢(@) achievable at low aspect ratio.

Energetic particle confinement. The alpha particle confinement, or the
confinement of any energetic particle tail, is strongly affected by the field rip-
ple. Loss of energetic particles is not expected to be healed by the electric field
effects that contribute to the confinement of thermal particles. For stellarators,
the relevant ripple is ¢, = 1/A4,, which, of course, increases at low aspect ratio.
Transport in the low collisionality regime. A main concern for stellarator
confinement is diffusive losses in the 1/v regime,'® which are not affected by
the electric field. The particle {lux in the 1/v regime has been calculated in
Ref. 14 for a multiple-helicity stellarator. When only toroidal ripple, €, and
helical ripple, €, are considered, the particle flux in the 1/v regime scales as
ei/zef. Therefore, the losses in the 1/v regime increase at least as fast as A;z.
Bootstrap current. The bootstrap current can be a problem for zero-net-current,
stellarator operation at low collisionality, independent of the aspect ratio, be-
cause plasma currents can modify the desired rotational transform profile, lead-
ing to instabilities.

Stability. ln general, stability is not an issue at low aspect ratio except when
one tries to modify the magnetic configuration to improve confinement.

We have concentrated our attention on these physics issues. In Sect. 3, we

define simple criteria for optimization of the vacuum fields that address each of

these issues.



3. OPTIMIZATION CRITERIA

We consider the criteria in the same order as the issues listed in Sect. 2.

. Magnetic surface fragility. For very low aspect ratio stellarator
configurations, magnetic surface fragility is a critical issue. At low aspect ratio,
it is not enough to have an accurate design for the coils, because small shifts of
the magnetic axis can cause serious destruction of the outer surfaces. A possible
solution to this problem, proposed in Refl. 4, is to use an axisymimnetric coil sys-
tem to control the magnetic surfaces at finite beta. It is necessary to have active
control through feedback on the value of beta. Although numerical calculations
show that this method can work, an experimental test in a very low aspect ratio
stellarator is desirable. For the purpose of the calculations presented here, we
assume that the method works and that we can maintain the outer flux surface
of a stellarator at any beta value.

. Equilibrium beta limit. Once we assume that magnetic surface control is
practical, the question of the equilibrium beta limit in a stellarator can be viewed
from a different perspective. In a stellarator, the equilibrium beta limit is con-
ventionally given by B. ~ +*/A4,. In a classical torsatron, to avoid the breaking
of magnetic surfaces, the helical winding pitch cannot be varied significantly
from a standard value; this condition implies that the rotational transform is
proportional to 4,. Therefore, the equilibrium beta limit for a classical tor-
satron scales with aspect ratio as 8. « A,. However, if active control of magnetic
surfaces is successful, one can maintain ¢(a) at a constant value when the aspect
ratio is changed. In this case, the equilibrium beta limit scales with aspect ratio
as 3. o« A;l, like that in tokamaks. Therefore, to maintain the equilibrium-beta

limit properties of ATF in looking for low-aspect-ratio configurations, we set
t(a) = 1.0 (C1)

as the first of our criteria.

. Energetic particle confinement. The main problem in this area is the
confinement of the helically trapped particles. Low-aspect-ratio torsatrons have
a relatively large population of helically trapped particles. For A, < 5, essen-
tially all the energetic trapped particles are lost, down to energies of two to
three times the thermal energy.!® For alpha particles in a minimuin-size reactor
or for the high-energy tail of a next-generation experiment, this loss corresponds

to about 50% of the trapped particles, or 15% of the total, at 4, =8 (M = 12,



with M the number of field periods) and 100% of the trapped particles, or
35% of the total, at A, = 4 (M = 6). The Fokker-Planck equation has been
used in calculating the loss of initially confined alpha particles that scatter
into the trapped particle loss region; these calculations show an additional en-
ergy loss of about 15%. Because the indirect losses are weaker functions of the
configuration parameters, we focus our optimization study on the minimization
of the direct losses. If the direct trapped particle orbit losses can be eliminated,
the indirect losses also disappear. The deeply trapped particles closely follow,
in a bounce-averaged sense, surfaces of constant ¢® 5 + pB.;,. Here, g is the
charge of the particle in the electrostatic potential &g, p is the magnetic mo-
ment, and Byin = ming |l§(¢,9,g)| with (¢,0,() the Boozer coordinates;'%
is the toroidal flux divided by 27, and 8 and ¢ are the poloidal and toroidal
angles in this coordinate system. For energetic particles, electric field effects
are not important, and the B;, = const surfaces give a good indication of the
deeply trapped particle orbit topology.!” A way to visualize the orbit topology
is to plot the contours of constant By, (v, 8) in the plane (1/3 cos 8, /4 sin 6),
as is done in Fig. 1 for the standard ATF configuration. In this representa-
tion, the magnetic flux surfaces are shown as concentric circles. We have plot-
ted the circles corresponding to the last flux surface (taken to be the plasma
boundary) and to the flux surface with an average radius half that of the av-
erage plasma radius. This plot clearly indicates the departure of the deeply
trapped particle orbits from the flux surfaces. The fractional area enclosed by
the last closed B,,;, contour correlates with the fraction of trapped particles
confined.’"1® Therefore, the value of this arca, Ap, is useful in assessing the
energetic particle confinement properties of a magnetic configuration.!™ From
the studies in Ref. 15 of the correlation between Ag and the trapped particle
loss, it is clear that to cause any significant increase of the fraction of trapped
particles confined, Ag must be larger than 0.4. Therefore, we take as a criterion

for energetic particle confinement
04 < Ap . . ((12)

The effectiveness of this criterion can be tested in ATF. By changing the dipole
and/or the quadrupole component of the vertical field, we can change 4p con-
siderably, as shown in Fig. 2. In Fig. 3, we plot the average magnetic surfaces

for ATF with the same VF coil currents used in Fig. 2. Decreasing the mid-VF
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FIG. 1. Plot of the minimum- 8B contours for the ATF standard configuration in
the plane (/3 cos@, v/¥hsin@). The circles are the ¢ — 1 and 3 = 0.25

flux surfaces.

coil current I (which is related to the quadrupole moment of the poloidal field)
increases Ap and decreases the plasma ellipticity. Decreasing Ry (shifting the
major axis inward, thus changing the dipole moment of the poloidal field) also
increases Ag. However, because an inward shift of the magnetic axis is not
always compatible with plasma stability, the possibility of using the quadrupole
field component to increase Ap is particularly interesting.

4. Transport in the low collisionality regime (in particular, in the 1/v
regime). The calculation of Shaing and Hokin'* for a multiple-helicity mag-

netic field, which they parameterize as

’B’l = By [1 4 €, cos 8 + €4 cos 8 + >_: ™ cos(nf + MC)|

n - oo
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yields the geometrical factor in the particle flux

2w Ber\’ Oep Oe Oepr\?
— 3/2 A TR, P bt St . GNP it cd
r /0 48 eu(8)7" | G ( o9 ) 20259 5e T O ( 09 )

Here er(#) and ey (8), the effective toroidal and helical ripple, respectively, are

functions of # and of the coefficients ¢, €4, and &™) and the G, (i =1,2,3) are
numerical coefficients. Explicit expressions for these functions and coefficients
are given in Ref. 14. By changing the magnetic field components of |f?|, it is
possible to change the particle flux. Using the quadrupole field component,
we can change the value of I' for ATF by more than a factor of 5 (Fig. 4).
Not surprisingly, the effect of the quadrupole field component goes in the same
direction as the improvement of the energetic particle confinement. If I'arp is
the value of the geometrical {actor in the particle flux in the 1/v regime for the
ATYF standard configuration, we use as a criterion in searching for low-aspect-

ratio configurations

'S Tary (C3)

. Bootstrap current. An expression for the bootstrap current for a three-

dimensional (3-D) system with nested magnetic surfaces was derived in Ref. 18.
The expression is similar to that for an axisymmetric case with a geometrical
factor (G that depends only on the cormmponents of ‘B‘ This geometrical factor
Gy is 1 for tokamaks and <1 for stellarators. By using added magnetic field
components (i.e., dipole, quadrupole) or by giving a slight helical axis to the
configuration, the geometrical factor can be set to practically zero, as discussed

in detail in Ref. 19. The criterion we adopt for our configuration studies is
Gy=0 . (C1)

In Ref. 19, it was also shown that this criterion could be tested experimentally
in ATF.

Stability. For low-aspect-ratio torsatrons, such as ATF, the main stabiliza-
tion mechanisms are the magnetic well at the plasma center and shear at
the edge. This combination of stabilization mechanisms produces a beta self-
stabilization effect?® that leads to a high-beta second stability regime for these
configurations.* To guarantee a magnetic well at finite beta, a minimum re-

quirement is

V'(0) <0 . (C5)
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In some cases, we have used the stronger requirement of V"' <0 at the + — 1/2
surface. However, it is not always necessary to be so stringent. To have enough

shear over the whole plasma volume, we require
(0) <04 . (C6)

These criteria were applied in our first optimization studies, which were focused
only on achieving stable high-beta operation.* However, when we include the
transport and energetic particle confinement constraints, criteria (C5) and (C6)
are not enough to guarantee stability. We must also impose a condition on
the geodesic curvature term if we want to maintain the beta self-stabilization
condition. The beta self-stabilization effect is caused by the 82 term in the
Mercier criterion.?! The sum of the terms must be positive overall; that is, the
magnetic well effects must dominate over the geodesic curvature terms. For

zero-current equilibria, a sufficient condition is

(o ) AR

Here, g is the Jacobian, pis the pressure, s is the toroidal {lux, and ¢*¢ = [Vs]2

the corresponding metric element. The primes indicate derivatives with respect
t 13 » . 3 - .
to 3, and V, is V" for the vacuum field. From this condition, we can derive a

bound for the ratio of the Pfirsch-Schliiter current to the diamagnetic current:

YD Tff o (ZEY] (] [ %)

< (s ')/ i)

where A, is the magnetic axis shift with beta, and fy = p(0)/(B2/21) is

the peak beta. This sufficient condition is very strict. We have found that

given by

for practical purposes of analyzing the vacuum magnetic fields and for the

parameter range that we consider, the simpler criterion

o 1/2
( Vi) ) <6 (C7)
(1JL]2)

is adequate.
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The seven criteria listed here have been used in the present configuration studies.
We have proceeded as follows. First, we use the Cary-Hanson technique to construct
a low-aspect-ratio configuration by minimizing the residue of the periodic field lines,

using as parameters the winding law parameters a,, the toroidal angle

b= o+ ¢ [9 Z o, sin(nﬂ)] /A’I )

and the coil minor radius a.. Here, # is the poloidal angle, and £ = 2 for the
configurations considered. The minimization is done with the constraints ¢(0) < 0.4
and V'"(0) < 0, and we proceed until we achieve +(d) =~ 1. Second, we analyze
the resulting vacuum field configuration to test its compliance with the remaining
criteria, (C2)—-(C4) and (C7). Then we modify the quadrupole moment of the
poloidal field or some other field component to improve the agreement with these
criteria and reconstruct the magnetic surfaces. The process is iterated as many
times as needed. Some configurations selected in this way were studied in detail
to evaluate their 3-D equilibrium properties, Mercier and low-n mode stability, and

energetic orbit confinement. The results are discussed in Sect. 4.
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4. LOW-ASPECT-RATIO TORSATRON
CONFIGURATIONS WITH
IMPROVED CONFINEMENT

The starting point of our studies was the low-aspect-ratio torsatron
configuration sequence discussed in Ref. 4. These configurations are dubbed Com-
pact Torsatron (CT) configurations, and their parameters are summarized in Ta-
ble I. In the table, (3;) is the volume-average beta at the equilibrium limit, where
the equilibrium limit is defined as the point at which the average magnetic axis shift
is half the average plasma radius. These configurations were generated on the basis
of the MHD criteria, (C1), (C5), and (C6), only. When the transport-related crite-
ria were evaluated for these configurations, they indicated that the confinement was
very poor. Practically all of the helically trapped particles were lost (Fig. 5), since
all of the configurations had Ap < 0.4. Similarly, the geometrical factor associated
with the particle flux in the 1/v regime was clearly larger for these configurations
than it was for ATF (Fig. 6) and increased faster than €2 because ¢, had to be
increased at the same time as ¢; in order to reconstruct the outer magnetic surfaces
at low aspect ratio. |

The addition of a quadrupole field that enhances the horizontal ellipticity of
the flux surfaces in ATT also increases Ag (Fig. 2). We applied the same kind
of quadrupole field to the low-aspect-ratio torsatrons, as shown in Fig. 7 for the

CT9 configuration. The quadrupole field intensity is denoted by the current [

Table I. Parameters of Compact Torsatron

sequence and ATF device

Configuration

CTé CT7 T8 CcT9 ATF

M 6 7 8 9 12
A, 3.8 3.3 4.2 4.8 7.8

(Be) () 9.8 7.

[
D
-~

5
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F1G. 5. Minimum-B contours for the sequence of Compact Torsatrons (Table T).
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FIG. 7. Effect of an added quadrupole field on the minimum-B contours for the

CT9 configuration.
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in the VF coils needed to create it, normalized to the current in the helical coils.
There is a marked increase in Ag for small values of the applied field; however,
there is a maximum value for the quadrupole field beyond which Ap does not
increase. The quadrupole field decreases the value of I', as shown in Fig. 8. For
the CT9 configuration and for the value of the quadrupole field at which Ag is
near maximum (Apg & 0.5), we can have I'grg & I'arp; criteria (C2) and (C3) are
simultaneously satisfied for I = —0.4. For this value of the quadrupole field, the

normalized parallel current (Fig. 9) is very close to the bound given by (C7), and the

ORNL-DWG 88M-163906 FED
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F1G. 8. Effect of an added quadrupole field on the geometrical factor 1" in the
1/v particle flux for the CT9 configuration. The I' factor for the ATF

standard configuration is plotted for comparison.
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stability properties are maintained. The trade-off has been in the equilibrium beta
limit, which is somewhat lower than for the original CT9 configuration, 3. ~ 6%
(Bo ~ 13.5%) compared with 8. =~ 7% (8o = 16.2%), as shown in Fig. 10. The
3-D MHD calculations were carried out with the VMEC code.?? Magnetic surfaces
for the M = 9 configuration with the added quadrupole field ({ == —0.4) and for
Bo = 4.3% are shown in Fig. 11. Similar improvements in transport properties have
been obtained for two other CT configurations, CT8 and OTT. However, for the
CT6 case, we have been unable to reduce the energetic particle losses to a significant

extent.

- ORNL-DWG 88M-16904 FED
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FIG. 10. Magnetic axis shift with beta for the CT9 configuration with (circles) and

without (squares) an additional quadrupole field.
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5. DISCUSSION AND CONCLUSIONS

Fromn the results presented here, it is clear that simultaneous improvements
in the MHD and transport properties of low-aspect-ratio torsalrons are possible.
Configurations with aspect ratios in the range from 3.5 to 5 can be found with
physics properties similar to those of ATF (4, = 7.8). This improvement is real
at low beta. However, as beta increases, the minimuam- 3 contours are distorted, as

shown in Fig. 12 for the CT7 configuration, and the energetic particle confinement

ORNL-DWGE8-18909 FED
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FIG. 12. Effect of beta on the minimum-B contours for the CT7 configuration with

an added quadrupole field.
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probably deteriorates in the inner plasma region. This is a consequence of the
large shift of the magunetic axis with beta that is needed for the stability of the
configuration. The value of Ap does not practically change with beta, but the
strong distortion of the contours is a concern for alpha particle confinement. It is
also important to notice that the results shown in Fig. 12 are from a 3-D fixed-
boundary calculation using the VMEC code and that the minimum-B contours are
crowding together at the inside boundary. Small changes in the plasma boundary
have an important impact on the confinement of energetic particles, and how the
plasma boundary will change with beta is one of the most difficult questions to
answer for these configurations.

For the further development of low-aspect-ratio torsatrons, there are several
outstanding needs:

1. Demonstrations of active control of magnetic surfaces and determination of
how the outermost flux surfaces change with beta under such schemes. A new
experiment is needed to resolve this issue.

2. A test of the reliability and completeness of the criteria used in the optimization.
ATF should be able to address this issue.

3. Determination of the best compromise between the large shifts in magnetic axis
needed for beta self-stabilization and adequate confinement of energetic particles
in the plasma core. Resolving this issue will probably require the development

of an alternative optimization approach.!!
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