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ABSTRACT

The equilibrium, Mercier stability, and neoclassical transport (in the 1/»
regime) properties of two £ = 2 torsatrons, the Advanced Toroidal Facility (ATF)
and URAGAN-2M, are compared. ATF and URAGAN-2M have 12 and 4 field
periods, respectively. The two torsatrons have similar arrays of coils. Dipole and
quadrupole magnetic fields can be used to improve transport at zero beta, but

increasing beta tends to undo the optimization.



I. INTRODUCTION

The Advanced Toroidal Facility (ATF) [1] in operation at Oak Ridge National
Laboratory and the URAGAN-2M [2-4] under construction at Kharkov Physics and
Technology Institute are torsatrons with the same multipolarity number, £ = 2.
They differ in the number of toroidal field periods M, coil aspect ratio A, = Ry/a,,
and helical coil winding law. The two devices have similar systems of poloidally
symmetric coils that permit the variation of the magnetic configuration for testing
their confinement properties. The main parameters for both devices are listed in
Table I.

We evaluate the equilibrium and stability properties of URAGAN-2M using the
techniques and numerical tools that were used in designing and evaluating the ATF
configuration. For the standard URAGAN-2M configuration, with a minor radius of
12 cm, the plasma beta is limited by equilibrium. Values of ¢ =~ 2% are accessible.
For an URAGAN-2M configuration with a plasma minor radius of 17 cm, we have
found that values of peak beta up to about 1.5% are stable to Mercier modes. The
results are for a fixed pressure profile; therefore, they should be considered only
lower bounds for the plasma performance.

From the analysis of finite-beta configurations, the B = |B| spectrum is cal-
culated and used for evaluation of the transport properties of both devices in the
so-called 1/v regime [5]. It is interesting to compare the confinement properties of
the two torsatrons as well as those of different configurations in the same device.
These comparisons lead to the definition of experimental tests of these confinement
properties and of the basic transport theory.

TABLE I

Parameters of ATF and URAGAN-2M torsatrons

Ry (m) ac (m) M B, (T)
ATF 2.1 0.48 12 2.0
URAGAN-2M 1.7 0.445 4 2.0




The remainder of the paper is organized as follows. In Sec. 2, the vacuum
magnetic configurations used for these studies are described, as is the numerical
modeling. These configurations are the input used for the three-dimensional (3-D)
equilibrium calculations. The stability properties of the URAGAN-2M equilibria
are presented in Sec. 3 and compared with the results for the ATF configuration
obtained in Ref. [6]. The neoclassical transport coefficients are calculated in Sec. 4,

and in Sec. 5 a discussion of these results and the conclusions are presented.



II. VACUUM MAGNETIC CONFIGURATIONS AND FINITE-BETA
EQUILIBRIA

The basic magnetic configuration of URAGAN-2M and its magnetic vacuum
field properties are described in Refs. [2-4, 7]. Here, we discuss the modeling of the
vacuum field that has been used as input to the equilibrium and stability calcula-
tions.

The URAGAN-2M helical coil system is characterized by two helical coils wound

on a torus of major radius R, = 1.7 m, with a winding law
14 . .
1 = H(B—as1n9-—7s1n20) . (2)

Here, ¢ and 6 are the geometric toroidal and poloidal angles, respectively. The
winding law modulation parameters have already been fixed, and their values are
a = 0.2618 and v = —0.0171. Because the URAGAN-2M helical coils span,
poloidally, a large angle and each coil is split in two, we had to use multiple fil-
aments to model each coil. It was found [4] that an efficient representation was
achieved by using three filaments for each half of a helical coil. The central fila-
ment follows the winding law given in Eq. (1). The other two filaments ae shifted
poloidally an angle of +£12°. The poloidally symmetric coil system is characterized
by a system of six pairs of circular coils, each of which has been modelled by a
single filament. The URAGAN-2M device also has 16 toroidal field coils that have
been modelled by 2 parallel filaments for each coil. The filament model used for the
present calculations is shown schematically in Fig. 1.

In characterizing the different URAGAN-2M configurations, let us consider the
parameters K, = B, /Bg and B, /By. Here, B, is the ¢ component of the
helical field at the major radius position R = Ry, By = By ¢ + B, 1 is the average
¢ component of the total magnetic field at Ry, and B is the transverse magnetic
field correction at Ry.

The present results for the vacuum magnetic surfaces confirm the previous re-
sults [2-4]. For a configuration with ', = 0.375 and B, /By = 0.028, the standard
configuration, the last closed flux surface (LCFS) has an average radius a = 12.7 cm.
Outside the radius there is a chain of islands resonant with + = 4/6 [3]. In Ref. [4],
a way was found to eliminate this chain of islands and increase the average radius
of the plasma. The magnetic islands are eliminated by changing the coefficient
v in the helical coil winding law [4] using a method similar to that of Cary and

Hanson [8]. This improved configuration is not consiacred further in this paper.
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Fig. 1. Coil model used for URAGAN-2M vacuum magnetic field calculations.

A second configuration, which we study in detail, corresponds to K, = 0.3756 and
B, /By = 0.015 with an average radius for the LCFS of @ = 17.0 cm. The standard
configuration is such that the LCFS does not intersect the vacuum vessel of the de-
vice. For the second configuration, because of the larger minor radius of the LCFS,
the URAGAN-2M vacuum vessel should be modified. Therefore, it is of practical
importance to evaluate the merits of these two configurations. Hereafter, we use
the value of B, /By to identify these configurations.

The vacuum field rotationai transform, +, and the specific volume, V', profiles
for these two configurations are plotted in Fig. 2. The standard configuration is
characterized by a low-shear profile with a rotational transform + = 0.57 and a
broad magnetic well. The configuration with B /By = 0.015 has shear at the edge,
with a rotational transform going from 0.5 to 0.7. As a consequence, it has the
typical edge magnetic hill characteristic of most torsatron configurations.

The 3-D equilibria for the two URAGAN-2M configurations have been obtained
with the VMEC code [9]. We have considered only zero-current equilibria with a
parabolic pressure profile,

P=PFy(1-17) . (2)
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Fig. 2. Vacuum rotational transform and V' profiles for the two URAGAN-2M
configurations discussed in the text.



Here, ¥ is the poloidal flux normalized to 1 at the plasma boundary. Both fixed
and free boundary equilibria have been considered. For fixed boundary equilibria,
the boundary is determined as a Fourier expansion of the R and Z coordinates in
the poloidal and toroidal angles. The boundary is calculated by using the DESCUR
code [10] to fit the LCFS obtained with the magnetic field line following code. For
URAGAN-2M, we have used harmonics with poloidal mode numbers m such as
0 € m £ 5 and toroidal mode numbers n such as —=7M < n < TM, where M =4 is
the number of toroidal field periods. In total, 68 harmonics are needed to specify
the boundary with an rms value of 8 x 1073, This is accurate enough for the zero-
beta equilibria to reproduce the rotational transform and V' profiles obtained with
the field line following code. In these calculations, equally spaced grids of 31 and
61 radial grid points were used.

The equilibrium results for both URAGAN-2M configurations are summarized
in Table II. In this table, £, is the peak beta value, and A is the normalized toroidal
magnetic shift, which has been defined as the magnetic axis position at 8 # 0 minus
its position at 8 = 0 divided by the average minor radius. The magnetic axis shifts
for both configurations are plotted in Fig. 3. Examples of the flux surfaces for both.
configurations are shown in Fig. 4.

TABLE II

Fixed boundary equilibrium results for
the two URAGAN-2M configurations
considered in this paper

By /By = 0.028 B./Bo = 0.015
Bo( %) Ar(%) Bo(%) A7(%)
0.0 0.0 0.0 0.0
1.04 5.3 0.85 3.7
2.02 11.8 2.74 17.1
2.12 13.1 5.8 34.9
4 .86 27.5 7.59 41.8

6.74 38.7
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Fig. 3. Magnetic axis shift with beta for the two URAGAN-2M configurations
and the standard ATF configuration.

Taking AT =~ 50% as a measure of the equilibrium beta limit, we find, by fitting
the calculated At values and extrapolating to 50% shift, that both configurations
have a peak beta limit of By =~ 9%. Because of the low transform and shear of
the standard configuration, the finite-beta distortion of the rotational transform
profile introduces in the plasma low-m resonances that interfere with the numerical
convergence of the 3-D equilibrium code. For §y = 2% and the pressure profile of
Eq. (1), it is not possible to get a well-converged zero-current equilibrium. The
problem seems to be associated with the + = 0.6 surface coinciding with a zero-
shear region. These results probably indicate that for the standard configuration
the beta limit is governed by the process of island formation. For higher By values
the shear, both positive and negative, increases, and a well-converged equilibrium
is found. The use of the quadrupole field to control the rotational transform [11]
can be important for accessing high-beta equilibria for the standard configuration.
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(b) BL/Bo = 0.015 with fo = 2.73% URAGAN-2M configurations.
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For the same pressure profile and using the same method as for the URAGAN-
2M configurations, the ATF equilibrium beta limit is 85 ~ 15%. This higher beta
limit is a consequence of the higher rotational transform at the edge, «(a) = 1, in
the ATF device. However, the slope of At as a function of fy is not as different for
the two devices as the values of aspect ratio and + would suggest, because of the
lower value of <J|f)l/2/(|jl|2)l/2 for URAGAN-2M (Fig. 5).
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Fig. 5. Radial profile of ((J")"’)1/"’/(|jl|"’)1/2 for the two URAGAN-2M configu-
rations compared with the ATF profile.
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III. IDEAL MHD STABILITY

We have limited our ideal MHD stability studies to testing the Mercier criterion
[12] for the two URAGAN-2M configurations. The Mercier criterion can be written
as [13]

Dy =Ds+Dy+Dw+Dg>0 , (3)

with Dgs the shear, Dw the magnetic well, D; the net current, and Dg the geodesic
curvature. The condition Dy > 0 implies stability. Here,

(\Pu(pl) s
__‘{Tﬂ_g ’ (4)

g db ch‘:ZP( v //gde dC) , (5)
32 [//g a8 dc% 0 g \IJ"<I>)// ot B)de dc] : (6)
e Mz{[/f g(J" gB;de dc] [//Q(J f;edc] (//gd0 dc::)} ,

(7)

Ds =

where f, B , and P are the equilibrium plasma current, magnetic field, and plasma
pressure, respectively. The quantity B is the magnitude of the magnetic field. A
flux coordinate system is used for which ¢ is the Jacobian, and the flux surface
label s is defined as s = 2(®/27), where ® is the magnetic toroidal flux. An
average radius for each magnetic surface is defined by p = +/s. In Eqgs. (4)—~(7), a
prime denotes the derivative with respect to the flux label s.

The surface average of the Jacobian, V' = [ [ g df d(, is the specific volume that
gives a measure of the magnetic well or hill of the configuration. The net toroidal
current enclosed by a flux surface is I, and the metric element that appears in the
denominator of the integrand in Eqs. (5)-(7) is g°* = Vs -Vs. All four of the terms
in Eq. (3) play a role in determining the stability of a given configuration. They
change with beta in different ways, depending on the configuration and the pressure
profile.

For the standard configuration, the dominant terms determining the Mercier
stability are the magnetic well contribution Dy and the geodesic curvature Dg.
Because the shear is low, it effectively does not contribute to the Mercier criterion

(Fig. 6). For the range of beta values analyzed, the magnetic well contribution
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Fig. 6. Contributions to Mercier criterion for the B /By = 0.028 configuration
for By = 1.04%.

dominates the geodesic curvature contribution. For this configuration, the value of
beta is limited by equilibrium convergence, not by stability.

The configuration with a larger minor radius, the B /By = 0.015 configuration,
has stability properties different from those of the standard configuration. This is
illustrated in Fig. 7, where the different contributions to the Mercier criterion are
plotted for By = 2.7%. The contribution of the magnetic well is not positive over the
whole radial range, and near the boundary it is negative because of the magnetic hill.
Moreover, the shear contribution compensates for the magnetic hill at the edge. The
main stability problem comes from the geodesic curvature at the + = 1/2 resonance,
which makes Djs negative around the radius p = 0.4a and near the edge (p ~ 0.8a)
because the shear contribution is not large enough to compensate for the magnetic
hill. The stability beta limit is Go ~ 1.5%.

To illustrate the effects of finite beta on the rotational transform, we have plot-
ted, in Fig. 8, the rotational transform as a function of radius for different values
of beta for equilibria corresponding to the configuration with By /By = 0.015. The
Mercier stability properties of this configuration are similar to those of ATF [6],
as seen in Fig. 9, where the stability boundaries are plotted for the URAGAN-2M
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configuration with B, /By = 0.015 and the ATF standard coufiguration. Therefore,
it is plausible that pressure profiles exist for URAGAN-2M that allow stable oper-
ation at higher peak beta values for this configuration. The rotational transform
profile distortion with beta is also a very important effect for this configuration.
The use of the quadrupole field to control the transform [11] could help in extending
the range of stable operation for this configuration.
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IV. NEOCLASSICAL TRANSFORT IN THE
LOW-COLLISIONALITY REGIME

A main concern for stellarator confinement is the level of losses in the 1/v regime
that are not affected by the electric field effects. The particle flux in the 1/v regime
has been calculated in Refs. (5, 7, 14, 15] for multiple-helicity stellarators. When
only toroidal ripple €; and helical ripple e are considered, the particle flux in the
1/v regime scales as ei/ 2¢2 /r2, The presence of other harmonics, introduced by the
geometry of the magnetic field, changes this scaling. Here, we consider how these
changes affect the configurations under study.

For a given device, there are some ways to change the geometric factors of
transport coefficients. One is to use a dipole magnetic field to displace the vacuum
magnetic axis from the geometric axis of the chamber. Another is to use a magnetic
quadrupole field to change the shape of the magnetic surfaces. It is also important
to take into account the changes caused by beta. In many cases, they tend to offset
the improvements in confinement made for the vacuum fields [15, 16]. All changes
of shape and position of the magnetic surfaces cause changes in the magnetic field
modulation, and they influence the charged particle motion and transport.

We have compared some types of magnetic configurations for ATF and
URAGAN-2M from the viewpoint of neoclassical transport in the 1/v regime. In the
1/v regime, the neoclassical particle flux is proportional to the product of plasma
quantities times the geometric factor D,

oo 5/2
To ‘—?/‘f‘n/ aw = agf : (8)
ms’ “w2r? Jo

where m, is the mass of the species, w is the Larmor frequency, v is the collision
frequency, and the integral is on the energy over a Maxwellian distribution fas.

The expression for the energy flux is similar, except that the exponent of the
energy W in the integrand is 7/2. For the geometric factor D, we have used an
analytical expression [5, 14, 15]

D ei/zef € en\ 2
= 3 ‘)’1"?‘72"*‘ ;‘ Y3 ) (9)

t

where 41, 72, and 73 are functions of the ratios €1+ /€x and €;4+2/€p, where €141, €149
are the amplitudes of the poloidal satellite harmonics.
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The results are plotted in Figs. 10-13. All values in the figures are normalized.
To obtain the geometric factor D in dimensional form, the values in the plots must
be multiplied by 10~7 ecm™2.

For ATF, we can change the shape of the magnetic surfaces by applying a
quadrupole field. In this way, the geometric factor D of the transport coefficients
in the 1/v regime can be controlled. As a measure of the applied quadrupole field,
we use the ratio I, of the current in the mid-vertical field (VF) coil to the current
in the helical coils. The value of D for I,, = —0.13 is 2 times smaller than that
for the standard configuration (I, = 0) and almost 4 times smaller than that for
the I, = 0.13 configuration. At the center of the plasma column, the difference
between two extreme cases is approximately 2 (Figs. 10-12, open circles).

In the presence of plasma (8 # 0), the factor D increases. At the inner half of
the plasma, this increase is larger for the configuration with I;; < 0 than for the one
with I, > 0. The geometric coetficient D becomes equal for both configurations
(Im = £0.13) at fo = 6%. At finite beta, the improvement obtained by changing
the quadrupole field is lost {16]. Therefore, the use of quadrupole fields is not the
best way of optimizing transport at the center of the plasma cross section.

At the plasma boundary and for the fixed boundary equilibrium, the value of
D remains close tc that of the vacuum configuration. For free boundary equilibria
and for By = 6%, the value of D for the I,, = —0.13 configuration is lower by a
factor of 6 than that for the I, = 0.13 configuration near the plasma edge, but
both configurations have a larger geometric factor than the standard configuration
(Fig. 13). Of course, in a free boundary calculation, control of the LCFS plays
an important role, and some of the observed effects can be caiised by not having
adjusted the vertical field accurately enough. The role of the dipole field on the
geometric facior is illustrated in Fig. 14. When the vacuum magnetic axis is shifted
inward (Rp = 205 cm), the value of D is smaller, almost 6 times, than when the
vacuum magnetic axis is shifted outward (Ry = 215 cm) and 3 times smaller than
in the standard configuration (Ry = 210 cm).

Similar results have been obtained for URAGAN-2M vacuum magnetic fields [7].
For fixed boundary equilibria, increasing the plasma pressure up to about 5% causes
D to increase by a factor of almost 2 at half the plasma radius (Figs. 15 and 16).
Changing the URAGAN-2M configuration from B, /By = 0.015 to B, /By = 0.028
does not lead to noticeable changes in D (Fig. 17).

For free boundary equilibria, we consider an URAGAN-2M for which the plasma

radius goes up to ap < 25-27 cm. This configuration can be obtained in the new
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modification of URAGAN-2M with profiled vacuum cha. oer. For this configura-
tion, the value of D at the plasma edge is close to the values obtained for ATF.
The fact that the value of D in URAGAN-2M is not smaller than in ATF for the
same plasma size warrants some comment. For the same magnetic surface radius,
the helical component ¢, is the same for both configurations [7]. The toroidal
component ¢, is somewhat larger in URAGAN-2M than in ATF. When toroidal
satellites are not taken into account, the geometric factor is smaller in ATF than
in URAGAN-2M. URAGAN-2M is characterized by a positive sign of the nearest
toroidal sidebands. This is a consequence of the helical winding modulation, which
localizes the helical ripple more on the outside than on the inside of the torus. This
modulation of the magnetic field is not favorable to trapped particle confinement. In
this situation, the particle orbits have larger deviations from the magnetic surfaces.
The ATF winding law has no modulation, which implies that the nearest sidebands
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of helical harmonics have opposite signs. This form of B leads to smaller devia-
tion of the trapped particle orbits from the magnetic surfaces. The effect of B on
the trapped particle orbits can be visualized by plotting the minimum-B contours,
which give a good description of the deeply trapped particle orbit topology [17], for
the standard configurations of both devices (Fig. 18). In URAGAN-2M, there are
no closed minimum-B contours inside the LCFS, indicating that all deeply trapped
particles are lost. A similar plot is obtained for the B, /B, = 0.015 URAGAN-2M
configuration. In ATF, about 60% of the minimum-B contours are closed inside
the LCFS. The plots in Fig. 18 are for the vacuum magnetic field configuration.
At finite beta, the fraction of closed minimum-B contours decreases [16]. The loss
of all deeply trapped particles for the URAGAN-2M configuration should be taken
into consideration when choosing the plasma heating method for this device.
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Finally, we have calculated the geometric factor of the bootstrap current in the
low-collisionality regime for the two URAGAN-2M configurations. In the calcula-
ticii, we have followed the semianalytical method described in Ref. [18]. The results
are plotted in Fig. 19, and for the standard configuration they basically agree with
the result of Ref. {4]. The value of G, for both configurations is about the same and
is about 0.5 in the region where the gradient of the pressure will prcbably peak.

ORNL-DWG 90M-3070 FED
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Fig. 19. Geometric factor for the bootstrap current in the low-collisionality regime
for the URAGAN-2M configurations with (a) B, /By = 0.028 and
(b) B1 /By = 0.015.
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V. DISCUSSIONS AND CONCLUSIONS

The evaluation of tue equilibrium, Mercier stability, and neoclassical transport
properties of URAGAN-2M, using the techniques and numerical tools used in de-
signing and evaluating the ATF configuration, leads to the following results.

(1) For the standard URAGAN-2M configuratiori, with a minor radius of 12 cm,
the plasma beta is limited by equilibrium. Values of 8y =~ 2% are accessible, At
higher beta, convergence problems in the 3-D equilibrium code are probably related
to magnetic island formation. For the URAGAN-2M configuration with a plasma
minor radius of 17 cm, we have found that values of peak beta up to about 1.5% are
stable to Mercier modes. Since the calculations are for a fixed pressure profile, they
should be taken as a lower bound for the operational parameters. The differences
between the two configurations can be checked experimentally.

(2) Plasma equilibrium currents change the rotational transform profiles in such
a way that regions with negative shear appear. For finite beta, the rotational
transform may cross rational values that were avoided in designing the vacuum
magnetic field configuration. External control of the rotational transform profile
may be very important.

(3) The results for neoclassical transport in the 1/v regime show that the level of
losses is the same for ATF and URAGAN-2M configurations with the same plasma
radius. This result is valid for the vacuum magnetic field configuration as well
as for finite-beta equilibria. The diffusion coefficient in ATF can be obtained as
the diffusion coefficient for URAGAN-2M prolonged for the larger plasma radius.
Therefore, in the 1/v regime and for the same magnetic field and plasma parameters
(density and temperature), the ratio of confinement times in both devices depends
only on the plasma size. Thus, it will be about three times larger in ATF than in
URAGAN-2M.

(4) The contours of minimum B for URAGAN-2M indicate that all deeply
trapped particles are lost. This should be taken into consideration when choosing
the heating method for this device.
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