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ABSTRACT

Vacuum field properties of the URAGAN-2M Torsatron are investigated. In the
‘Standard Case’, within a certain range of field parameters, the size of the observed
magnetic islands at + = 2/3 can be reduced considerably. Some characteristic quantities
for stellarator vacuum fields are reported.

1.) INTRODUCTION

The present IPP-Report describes vacuum field properties for the ‘Standard Case’
of the URAGAN-2M Torsatron. This experiment, sometimes abbreviated with cyrillic
letters Y2M , is under construction /1/ at the Kharkov Institute of Physics and
Technology of the Ukrainian Academy of Sciences, USSR. The design value of the
magnetic field is B, = 2 T, the major radius of the system is 1.7 m, the plasma aspect
ratio is about 10. Some details of the coil systems of the device are given in section 2 :
the helical windings are of £ = 2,4 type with M = 4 field periods, utilizing a particular
winding law. In addition to axisymmetric compensation and correction windings, a set
of 16 toroidal field coils is foreseen. They produce the major part of the toroidal field and
thus reduce effects of the helical ripple. These four coil systems provide a certain range
of vacuum field parameters. In section 3, results of recent calculations are presented for
the URAGAN-2M Standard Case. They were obtained at IPP Garching by numerical
field line integration using the Gourdon code. The vacuum field shows a number of
‘natural’ magnetic islands at rational ¢-values. The largest islands are situated near
the edge at + = 2/3. As described in section 4, the size of these islands can be reduced
considerably by a change of a small parameter in the winding law. Simultaneously the
size of the last useful flux surface is increased. These results are also valid at other
t-values, when the 2/3-islands have been shifted by a small amount, while keeping the
axis position approximately constant. In section 5, some useful characteristic quantities
evaluated from the vacuum fields are given for the Standard Case of URAGAN-2M
and for the configuration with compensated islands at ¢« = 2/3. Section 6 is a short
summary with conclusions.




2.) URAGAN-2M COIL SYSTEMS

The experimental device URAGAN-2M is a torsatron with M = 4 field periods and
utilizes four different coil systems :

- two £ = 2 helical windings, HF-1 and HF-2, where each ‘pole’ is split into two
‘half-poles’ in order to provide some £ = 4 harmonics;

- eight axisymmetric compensation windings VF-1 to VF-8, which balance the
vertical field of the helical windings;

- four correction windings C-1 to C-4, which allow an additional shift of the
magnetic axis;

- aset of 16 toroidal field coils TF-1 to TF-16, situated in the radial space between
the helical windings and the vertical field coils; see Figure 1 .

These coil systems are described separately in the following, along with some infor-
mation pertaining to the present numerical field calculations.

Toroidal Field Coils

The major part of the toroidal field in the ‘Standard Case’ of URAGAN-2M is
produced by a set of 16 circular coils. The outer radius of each coil is a2 = 77.9 cm,
the inner radius is a;; = 59.3 cm, the cylindrical length is hy = 14.5 cm. The total
current in each coil amounts to I = 666.7 kA . In the numerical calculations each coil
is modelled by 2 current loops with a radius a; = 68.6 cm at a spacing hy = 7.25 cm .
The toroidal coordinate of the first coil is ¢ = 11.25° . The coils are located at equal
toroidal distances of 8¢ = 22.5° along the circular axis of the vacuum chamber, which
has a major radius R, = 170 cm , and a minor radius of ac = 34 cm . The toroidal field
coils create an average field By, ; = 12.5 kG at R, .

Helical Magnetic Field Coils

The helical magnetic field with M = 4 periods along the torus circumference and
predominant £ = 2 symmetry is created by the two helical windings ( = ‘poles’) HF-1
and HF-2 , where each pole is divided into two half-poles. The poloidal angular width
of a half pole is 05, = 36° , the poloidal angular spacing between adjacent half-poles
amounts to 18° . The outer minor radius of each pole is apz = 50 cm , the inner radius
is an; = 40 cm . To simplify the numerical calculations of the magnetic surfaces, an
effective minor radius of a, = 44.5 cm is assumed, and each half-pole is modelled by
three current filaments which are usually split into 200 segments. The poloidal angular
distances of each current filament from the pole center amount to 15, 27, and 30° ,
respectively, and remain constant whatever the poloidal position of the pole center is.
This is a good approximation when using the following winding law for the pole center :

Mp=—L(0 — asinf — f sin20) ,

where a = ap/R, ~ 0.2618 for a major radius R, = 170 cm and an effective minor
radius of the helical windings a, = 44.5 cm and 8 = —(/2)? ~ —0.0171 . The negative
sign in the pitch of the winding law corresponds to a clockwise rotation of the helical
windings when advancing in the positive toroidal direction. This winding law has been
foreseen for the actual device URAGAN-2M , see /1/ . The relative poloidal distance




of the two poles varies in the toroidal direction. The pole centers are at § = +90° for
toroidal postions || = £(7/2 — &) /M = 37.5° . At the toroidal position of half field
periods, (¢, J2 = 45°) , the poles move closer together towards the radial inside of the
mid-plane and keep a larger opening towards the radial outside direction, as compared
to pole distances in a system with an unmodulated curve for the pole center My = £8 .

The current in each of the helical poles is set to a total of 1.6 MA , which creates
an averaged toroidal field B, r, = 7.5 kG at the major radius B, = 170 cm .

In the present computations we prefer a mathematically positive pitch of the helical
windings, i.e. a counter-clockwise winding direction. This can be seen in Figure 2 in
perspective views, showing the helical windings and the TF-coil system in the upper
part, and a vacuum magnetic surface in the lower part. Negative currents in these
helical windings produce a toroidal field in the positive ¢-direction. The field of the
TF-coils increases the field of the helical windings.

Vertical Magnetic Field Coils

The two systems of vertical field coils are formed by coaxial pairs of ring conductors
as shown in Figure 1 . They consist of

- four pairs of compensation windings, VF-1 and VF-8 ; VF-2 and VF-7 , VF-3
and VF-6 , VF-4 and VF-5 , which compensate the transverse magnetic field
B, from the unidirectional helical winding currents, by the use of oppositely
directed currents, i. e. positive currents throughout the calculations of the
present report, and of

- two pairs of correction windings C-1 and C-4 , C-2 and C-3 , with positive or
negative currents for a more refined control of position and shape of magnetic
surfaces as well as of the size of the last closed magnetic surface.

In TABLES 1 and 2 , the coordinates for the centers of these windings are listed.

TABLE 1 : Coordinates of the Compensation Windings VF-1 to VF-8 ;
identical currents I = 400 kA .

VF-4 VF-5 VF-3 VF-6 VF-2 VF-7 VF-1 VF-8

R (cm) 276.8 276.8 213.9 213.9 127.9 127.9 759 75.9
Z (cm) 59.0 -59.0 94.5 -94.5 94.5 -94.5 59.0 -59.0

The correction windings C-1 to C-4 are situated close to the inner vertical field
coil pairs VF-1 and VF-8 as well as to the outer ones VF-4 and VF-5. For convenience
identical currents in the correction windings are applied. The polarity of the currents
is compatible with the computations given in the present report; several current values
are entered in Table 2 . They create a normalized vertical field By /B, as listed in

the last column, where B is the resulting transverse correction field at R,, and B, =

3




Byt + By, is the averaged total toroidal field at this major radius position. The
value of -38.5 kA- in the second row of correction currents applies to the URAGAN-2M
Standard Case, and is kept constant in this report.

TABLE 2 : Coordinates and currents of the correction windings C-1 to C-4 ,
and normalized vertical field.

C2 C3 C1 C4 |Bi/B,|%

R (cm) 267.0 267.0 66.6 66.6
Z (cm) 58.0 -58.0 58.0 -58.0

J (kA) -103.8 -103.8 -103.8 -103.8 4.5
J (kA) -385 -385 -385 -38.5 2.8
J(kA). 00 00 - 00 00 1.8
J(kA) 115 115 115 115 1.5
J (kA) 69.2 692 69.2 69.2 0.0

Magnetic Configurations of the URAGAN-2M Torsatron

Depending on the current ratios in the above four coil systems of the URAGAN-2M
torsatron, the size of the outer closed magnetic surface, and the radial profiles of the
rotational transform, ¢ , and of the specific magnetic volume, V'/V’(0) , are changed .
This can be seen in the bottom traces of Figure 3 . The upper and middle parts
of the figure are the magnetic surfaces, the position of the half-poles of the helical
windings, and the cross-section of the vacuum chamber, at toroidal angles of 45° and
zero, respectively.

Normalized correction fields B /B, between 0 and 4.5 % are applied in this calcula-
tion. For convenient classification of other configurations, the parameter K, = By, »/B,
is used, where By,  is the toroidal field component of the helical windings at R, , and
B, = Byt + By p is defined above. In Figure 3, the value of K, amounts to 0.375 ;
the correction fields yield B /B, = 2.8% for the Standard Case of URAGAN-2M , at
currents of -1.6 MA in the helical windings, 400 kA in the compensation windings, and
666.7 kA in each of the 16 TF-coils. For these data, the outer closed magnetic surface
fits the vacuum chamber and is located symmetrically to it at ¢ = 45° . The variation
of the magnetic axis position with the value of the correction fields is smaller at ¢ = 0
than at 1/2 of the field period. The characteristic resonance + = 1/2 is avoided in the
Standard Case; it is within the ¢-profile at lower normalized correction fields of 0 and
1.5 % . Reducing both the correction field and the value of K, results in configurations
with lower aspect ratio and lower values of the rotational transform and the shear /2/,
compared to those of the Standard Case.
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3.) URAGAN-2M STANDARD CASE

Figures 4a to 4c_show one of the vacuum field calculations performed at IPP Garch-
ing for the Standard Case of URAGAN-2M in the three typical toroidal positions of zero,
1/4, and 1/2 of the field period. A group of 15 field lines is started between R = 164.1
and 171.3 cm at ¢ = 0 . Between 5 and 35 toroidal transits are followed at an integra-
tion step length of 3 cmm . The numerical values of the rotational transform ¢ and of
§ dl/B = V' are given in the lower right part of Figure 4b ; the axis values are 0.561
and 0.05153 cmxG~! , respectively. As can be seen in the figure, the magnetic axis
is helical with an amplitude of about 3 c¢m ; it attains a value of R = 170 cm at 1/2
field period. At this toroidal position the shapes of closed magnetic surfaces are nearly
elliptical; they show an increasing triangularity at ¢ = 0 , out to an effective minor
radius of F 2 13 cm .

Beyond this value of the minor radius, a region of ‘natural’ magnetic islands is
observed, six large ones at ¢ = 2/3 = 4/6; for the two outermost starting points at the
edge, islands associated ¢-values of 12/17 =~ 0.705 and 8/11 ~ 0.727 are seen, which
have values of V'’ ~ 0.0501 cmx G~!. The systematics of these rational numbers will be
discussed in the next section.

Between these island structures, slightly ergodic surfaces are seen. An ergodic
surface with ¢ ~ 0.7 is obtained for the starting point R = 171.42 cm after 120 toroidal
transits, shown in the top part of Figure 5 . In the bottom part of the figure an ‘open’
field line results for a starting point R = 171.45 cm . Several other field lines are also
shown in both parts of Figure 5 , closed magnetic surfaces and parts of the 2/3-islands.

A bulged magnetic surface inside the 2/3-islands, i.e. between the magnetic surfaces
# 9 and # 10 of Figure 4 , is obtained for a starting point at R = 170.14 cm . This
surface yields + = 0.651 and an averaged minor radius of 13.5 cm , corresponding to
an aspect ratio of 12.6 . The value of V' is 0.0501 cmxG~! . This corresponds to an
average magnetic well

V'V = (V'(0) - V'(a))/V'(0) = —2.7%.

Comparing the magnetic surfaces of Figures 4a to 4c and Figure 5 as well as their
characteristic values, ¢ and V' , to those shown in Figure 3 for the Standard Case of
URAGAN-2M , we find that in the present computation :

nearly the same ¢-values are seen,

at the edge magnetic islands and ergodicity are resolved,

the aspect ratio of closed surfaces seems to be larger,

the magnetic well is deeper and the increase of V' at the edge is absent.

The correct position of the four half-poles can be seen in Figure 4a. Other plots at
reduced scale show the correct pole positions at the other two planes of reference; in the
lower left part of Figure 4b the gap of 18° between the inner half-poles can be located.



Some studies have been made regarding possible numerical effects. A rather weak
effect on the rotational transform is seen at the values ¢; to ¢ 3 for magnetic surfaces
with increasing minor radii, if the number of filaments is varied from 3 to 4, if their
longitudinal splitting changed from 200 to 360, and if the more exact value of @ =
44.5/170 = 0.261764 is replaced by 0.2618 , see TABLE 3 :

TABLE 3 : Variation of numerical parameters of the helical windings .

Raotars  cm 166.0 168.0 170.0
r cm 3.7 7.8 12.9
job no. segments filaments «-value transits +¢; to t3

FFRO056 200
FFRO062 200
FFRO64 200
FFRO066 200
FFRO72 200
FFRO73 360

0.261764 8 0.5653 0.5841 0.6407
0.261764 15 0.5640 0.5826 0.6393
0.261764 15 0.5730 0.5949 0.6670
0.261764 15 0.5608 0.5782 0.6307
0.2618 10 0.5646 0.5830 0.6380
0.2618 10 0.5642 0.5825 0.6352

W W kW w

In the first row of the table, 8 toroidal transits are followed with a step size of 5 cm .
The transit numbers are 10 or 15 in the other tests; the integration step is always 3 cm .
The poloidal positions of the cases with 2 and 4 filaments per half-pole are adjusted to
the overall poloidal half-pole extension of 36° by setting the filaments to £18 and 36°
at ¢ = 0 in the first case, and to +13.5, 22.5, 31.5, and 40.5° in the second case, and
by adjusting the individual currents for a total of 1.6 MA per pole.

The calculation with 2 filaments per half-pole yields ¢-values which are larger than
the average of the other calculations; the third surface is already a part of the 2/3-
islands. The general result is that at higher numerical resolution slightly smaller values
are seen for the rotational transform. The influence of the assumed radial position
ap = 44.5 cm on the result is discussed in the next section.
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4.) ISLAND COMPENSATION

A considerable reduction of the size of the 2/3-islands has been found by parameter
variations. This will be discussed in the following together with results of further studies
which establish a certain range of vacuum field parameters for this improvement.

Figure 6 shows in the upper part several closed flux surfaces at ¢ = 45° , in a
calculation where the second parameter of the winding law — which is # = —0.0171 in
the design of URAGAN-2M - is set to be positive. All other coil parameters and their
currents are kept constant. This small change in the winding law results in a change
of the poloidal phase angle of the 2/3-islands, as visible in the upper part of the figure
between two magnetic surfaces which are labelled by their transform values of ¢+ = 0.648
and 0.674 , respectively.

Adjusting the S-value to +0.0070 yields a configuration with a much smaller size of
these islands. In the lower part of the figure, two inner surfaces are shown with transform
values of 0.659 and 0.663 , respectively. They are surrounded by the signature of the
remaining islands and by an outer closed surface at ¢+ = 0.671 . Each of these four
traces is obtained at 50 toroidal transits. The average minor radius of the resonance
is at ¥ = 14.1 ¢cm . Simultaneously, instead of the ergodic surface shown in the upper
part of Figure 5 , a smooth magnetic surface with # = 17.7 ¢cm and ¢+ = 0.764 is visible,
encircled by outer islands with ¢ =4/5 .

Figures 7a to 7c_show the ‘useful region’ of closed surfaces of the vacuum field with
compensated 2/3-islands, and the contours of the associated half-poles of the helical
windings. When comparing in detail the edges of the helical windings in Figures 7a
to 7Tc to those of the URAGAN-2M design in Figures 4a to 4c , it is found that their
positions agree at ¢ = 0, and show poloidal changes up to about 1 cm in the two other
planes. For direct comparison of the two magnetic topologies, the 15 field lines start at
identical points between R = 164.1 and 171.35 cm .

The numerical values for the radial dependences in the rotational transform, ¢, and
and the specific volume, § dI/B = V', between the helical magnetic axis and the last
surface shown in Figure 7 are recorded in the table inserted in Figure 7b . The numbers
range between ¢ = 0.555 and 0.764 , and V' = 0.05165 and 0.05067 , respectively. At
field line # 12 , which has an averaged minor radius of ¥ = 14.9 cm , the minimum
value of V/ = 0.05040 cmxG~! is seen. This corresponds to a maximum depth of the
magnetic well of -2.3 % . The last surface in Figure 7 has a slightly larger value of
V' =0.05067 cmxG~! , which yields a total well depth of -1.9 % at an averaged minor
radius of # = 17.7 cm , equivalent to an effective aspect ratio of 10 .

The field lines # 10 and # 11 are just below and above the rational surface
¢t =2/3=4/6. From their average radii the island width is estimated as éry/3 =
14.2 — 13.9 = 0.3 cm . This value is much smaller than the width of the 2/3-islands
seen in Figure 4 for the Standard Case of URAGAN-2M.

14




The resonance ¢ = 4/7 = 0.5714 which lies inside of field line # 4 , has not been
calculated in Figure 7, but the higher-order resonances at + = 3/5 = 12/20 and 8/13 =
0.6154 are approximated by the field lines # 6 an # 7 in the figure. These resonances
are elements of the ‘Farey-tree’ , as obtained by combination of 4/7 and 4/6 = 8/13
and the next branch 4/7 and 8/13 = 12/20 .

Two other island chains are visible in the upper part of Figure 8 outside of the 4/5-
islands. They are the combination of ¢+ = 4/5 with the resonance ¢+ = 1 = 4/4 , yielding
the value + = 8/9 , and an element of the next branch of the Farey-tree, combining 4/5
and 8/9 => 12/14 . The lower part in Figure 8 demonstrates a number of inner surfaces,
the separatrix encircling the 4/5-islands (completed partially by hand), and two outer
smooth surfaces. The outside surface has a value of # = 21.2 cm for the minor radius,
and a specific volume V' = 0.05232 cmxG~! . This value is larger than V’'(0) at the
axis and indicates a magnetic hill for these outside surfaces.

Figure 9 gives more details of the compensated configuration, plotted at ¢ =
45° towards the left side of the magnetic axis. The figure consists of several calcula-
tions which are identified by their job numbers. Between 80 and 200 toroidal transits
are followed for each starting point. Between smooth magnetic surfaces, a number of
magnetic islands are visible. Their position in the Farey-tree is listed in TABLE 4 , as
combinations of the main resonances + = 4/7, 4/6, 4/5, and 4/4 . This resonance has
been seen as a very large island at the edge of the configuration. It is enclosed by the
ergodic line around the outer islands with ¢ = 20/21 , visible in the upper part of the
figure. The last two rows of the table are resonances seen in Figure 7 .

The lower part of Figure 9 shows, enlarged by a linear factor of 2 , the region
between the 2/3-islands and a closed magnetic surface with an averaged minor radius
7 = 17.5 cm and a ¢-value of 0.7554 . The islands at + = 3/4 = 12/16 and the 8/11-
islands are rather thin; the width of the 12/17-islands is below 1 mm . One of these
latter islands is indicated by the darkened area near the middle of this part of the figure.

The smallness of the 2/3-islands and of those edge islands influenced by them,
which are higher branches in the Farey-tree, clearly demonstrates the effectiveness of
the island compensation applied on the URAGAN-2M Standard Configuration. So far,
however, no studies have been made on the effect of external perturbations on either of
these two configurations, e.g. perturbations of the M = 1-type, such as a radial offset
or an angular tilt of one of the vertical field coils, or perturbations induced by other
current loops.

15
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Fig. 8 :

Magnetic islands at the edge with + = 12/14 and 8/9 (top)
and smooth outer field line (bottom part) .
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TABLE 4 :
Elements of the Farey-Tree observed in the compensated configuration.

Combination Resonance ¢-Value Radial Size

2/3 =4/6  0.66667 3 mm

4/5 0.80000 = 50 mm

4/4 1.00000 ? 150 mm

4/4 . 4/5 = 8/9 0.88889 12 mm

4/4 ,8/9 =  12/13 0.92308 18 mm

4/4 . 12/13 = 16/17 0.94118 2 mm

4/4 ,16/17 =  20/21 0.95238 1 mm
4/5,8/9 =  12/14 0.85714

4/5,4/6 =  8/11 0.72727 3 mm

4/5,8/11 = 12/16 =3/4  0.75000 3 mm

4/6 ,8/11 =  12/17 0.70588 <1mm

4/6 ,12/17 =  16/23 0.69565 << 1mm
4/6 ,4/7 =  8/13 0.61538
4/7,8/13 = 12/20=3/5  0.60000
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A certain parameter range exists for the reduction of islands, as investigated in the
following.

In Figures 10 and 11 , the minor radius of the current filaments for the helical
windings is set to a, = 45 cm, their geometrically averaged radial position . All other
coil parameters and currents are kept fixed. This offset in minor radius by about 1 %
reduces the rotational transform to the following ¢-values on axis: 0.535 for the Standard
Case of URAGAN-2M shown in Figure 10 , and 0.528 for the compensated configuration
of Figure 11 . The values are lower by about 4.6 and 4.9 % than those listed in Figures
4b and 7b for a;, = 44.5 cm .

Correlated with this drop in the axis value of ¢ is a radial outward shift of the
position of the 4/7-resonance. Comparing the inner pairs of magnetic surfaces in the
lower parts of the figures, some reduction of the size of the 4/7-islands can be seen for
the compensated case. The 2/3-islands still seem to determine the useful aperture in
Figure 10 . The lower part of this figure shows the 12/17 and 8/11 resonances, encircled
by an ergodic boundary.

For the compensated case, the aspect ratio is smaller, many closed surfaces and the
12/16-islands are visible in the upper part of Figure 11 ; the lower part demonstrates a
smooth boundary outside the 4/5-resonance: the 2/3-islands are smaller than those of
the uncompensated case and change their phase.

For the compensated case of Figure 12 , the minor radius of the helical windings is
set to 44.5 cm again. The current in the toroidal field coils is increased in the upper
part of the figure to 688.7 kA in each of the 16 coils. Under these conditions, the radial
position and the width of the 2/3-islands are nearly the same as in Figure 11 , and the
axis value of ¢ is 0.530 .

In the lower part of Figure 12 , the rotational transform at the axis has a value of
¢+ = 0.579 , above the 4/7 resonance. The configuration is obtained by currents in the
TF-coils of 644.7 kA . Also in this case the 2/3-islands are smaller than those of the

uncompensated case.

A major issue of the above parameter variations is seen in the large influence of
the radial position of the current filaments modelling the helical windings, as shown
in Figures 10 and 11 . Therefore the spatial resolution in the numerical description of
the helical winding is to be increased, especially by introducing several radial layers of
filaments.
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Fig. 10 : Uncompensated Case
Effective minor radius of helical windings 45 cm
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Fig. 11 : Compensated Case

Effective minor radius of helical windings 45 cm
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Fig. 12: Compensated Case
Increased (top) and reduced (bottom) current in TF-Coils
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5.) CHARACTERISTIC NUMBERS

Several characteristic quantities are reported in the following for the Standard Case
of URAGAN-2M as well as for the configuration with compensation of the 2/3-islands.
The relevant numbers are :

- the magnetic ripple, 6 B/B ,

- the magnitude of parallel to perpendicular current density, {|7/7L|) ,
- a geometrical quantity for the plateau diffusion coefficient, Cp; ,

- a geometrical quantity for the plateau bootstrap current, Cp i ,

- and of the bootstrap current in the Imfp-regime, Cp imfp -

These quantities are derived from properties of the vacuum magnetic field on mag-
netic surfaces at an irrational ¢-value. For this purpose we use minor radii of 0.5 , 4.6 ,
9.5 and 12.2 cm for the Standard Case of URAGAN-2M of Figures 13 , and values of
0.4,4.7,9.7,12.2, 16.6 and 17.7 cm for the case with reduced 2/3-islands shown in
Figures 14 . The radial dependence of the rotational transform is given in Figure 15 for
both configurations, in comparison to the original Y2M-data. Several rational ¢-values
are entered for convenience.

Figures 16 and 17 show the dependence of the magnetic field strength B along
8 field periods for both configurations and identical start points B, = 164, 170 and
171.35 cm , the first one being close to the magnetic axis. The corresponding values of
the magnetic ripple amplitude

6B/B = (Bma:r. = Bmin)/(Bmaz + Bmin)

amount to 3.3 , 16 , and 24 % for the URAGAN-2M Standard Case, and to 4.2, 16 , and
24 % for the compensated configuration, respectively. Apart from the small difference
at the axis the numbers are nearly the same.

Figures 18 and 19 are contours of constant | B| in angular plots of magnetic surfaces
with approximately 9.6 cm average minor radii, for identical start points B, = 168.75 cm
in both configurations. The abscissa is one field period, and the ordinate is the poloidal
magnetic coordinate, where a field line is a straight line with slope ¢ . The local field
maxima MAX are situated near the radial inside, the minima MIN are at 1/2 of the
field period at the radial outside. The influence of the induced ripple of the two TF-coils
per period is visible. From the numerical values, a total ripple amplitude of about 12
% results for these surfaces.

A table is inserted at the right of the figures, listing from top to bottom : the
coordinates of the start point in cm , the number of field periods and toroidal planes
used in the evaluation, the number of points calculated, the value of + , the average
minor radius in cm, f dl/B in cmxG~! , the average value of B on the surface in G ,
the quantity [ Bd! in Gxcm , four groups of local averages, namely those of B , the
maximum and average variations of B and the average variation of [ dl/B , these four
groups of averages being taken at 0, 1/4, 1/2 and 3/4 of the field period, respectively,
and the values of (|j)/7L|) and of J* .

The quantity (|jj;/7L|) is the ratio of the parallel and perpendicular current densi-
ties, averaged over the flux surface. It is derived from the poloidal variation of [ dl/B

27




taken along one field period. Figures 20 and 21 show the S-shaped current lines of
both topologies, overlaid are contours of constant j, /71 . The minima MIN are deeper

than the maxima MAX .

J* = ((B%/B?) - (1+ (5/5L)?)) enters the stability criterion of resistive inter-
change modes, and is a direct measure of reduced secondary currents. Values of 8.7
and 7.9 are listed for the two configurations as last entries in the tables. The quantity
B, in the relation of J* is the average field on the magnetic surface.

In the Figures 22 and 23 the Fourier-coefficients are plotted for the magnetic sur-
faces of Figures 13 and 14 . The tables inserted in the upper left of Figures 22 and 23
list the first coefficient A(g,0), the effective minor radius in cm , the numerical values
of the normalized plateau diffusion and bootstrap coefficients, and identify the symbols
used in the plots of the Fourier coefficients.

The quantities Cp; and Cp are geometrical factors determining the plateau values
for the diffusion coefficient and for the bootstrap current, respectively, normalized to
axisymmetric values of an equivalent configuration with the same rotational transform
+ and aspect ratio. They are calculated from the Fourier-coefficients of |B| according
to a relationship described in /3/ .

The bootstrap current in stellarators for plasmas in the Imfp-regime is studied in
ref. /4/ . The numerical result obtained at IPP Garching for the improved case of
URAGAN-2M is shown in the lower part of Figure 24 , giving the radial profile of the
coefficient of the bootstrap current Cp imp in the long mean free path regime, multiplied
by f;/f. , the ratio of trapped to circulating particles. The normalized number of trapped
particles is given in the upper part of the figure.

As a general result for the Standard Case of URAGAN-2M and the compensated
configuration we find nearly identical numbers in the tables of Figures 18, 19 and 22,
23 ; for (|7)/7L]) and J* a small improvement is seen in the compensated case. Numbers
of these characteristic quantities obtained for other classical and advanced stellarators
are given in /5/ to /10/ . An example of such a comparison /11/ is shown in Figure 25 ,
plotting as ‘parallel current density’ the values of (|5, /7L|) versus the rotational trans-
form ¢ . The relationships obtained for URAGAN-2M and the configuration with
compensated 2/3-islands are entered in the figure; the results are in the vicinity of data
obtained for the W VII-A stellarator and the ATF-torsatron . The relationship v/2/¢
applies for the classical stellarator, regarding the average value of (|3, /7.|) as a function
of the rotational transform.
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Fig. 25: Comparison of (|3j;/sL|) for various stellarators.
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6.) SUMMARY AND CONCLUSIONS

The Standard Case of the torsatron experiment URAGAN-2M with an additional
toroidal field coil system has been examined. The ¢-profile obtained in the present
report agrees reasonably with that of ref. /2/ in the inner part of the configuration, up
to a minor radius of about 13.5 cm . A major issue is seen in the size of the ‘natural’
magnetic islands at ¢+ = 2/3 , which have a radial extent of several cm . These islands
occur near the edge of the configuration and are surrounded by higher-order islands and
ergodic surfaces.

The size of these islands and the ergodicity can be reduced considerably by a small
change in the winding law, replacing the second-order term of § = —0.0171 by +0.070 .
All other parameters of the coils and their currents are kept unchanged. Then the radial
size of the 2/3-islands amounts to ~# 3 mm . Simultaneously, the aspect ratio is reduced
to a useful value of A ~ 10 . Inside the corresponding smooth closed magnetic surface
at an average minor radius # = 17.7 cm , closed surfaces exist, interlinked with chains
of small magnetic islands at + = 2 = 12 , & , 12 , and {2 , with radial dimensions
between 1 and 3 mm . The improvement is valid within a certain range of parameters.
Within the useful volume of A ~ 10 a magnetic well of about 2 % exists.

In the outside region the topology has a magnetic hill. There closed surfaces exist,
interlinked with chains of magnetic islands, correlated with ¢ = 4/5 ,8/9 ... 20/21.
At the edge, large islands at ¢+ = 4/4 are surrounded by some ergodic field lines.

Several characteristic quantities of stellarator vacuum fields are obtained for both
configurations, such as

- the magnetic ripple, 6 B/B = 4 - 24 % , increasing with minor radius,

- the magnitude of parallel to perpendicular current density, {|5,/sL|) =~ 2.7,

- a geometrical quantity for the plateau diffusion coefficient, Cp; = 1.2 - 1.5,

- a geometrical quantity for the plateau bootstrap current, Cp 51 =~ 0.8 ,

the latter two quantities being normalized values.

These numbers are in the vicinity of those obtained for classical stellarators, only
small differences are seen for the two configurations studied.

A critical issue is seen in the sensitivity of the numerical results to the assumed
‘effective’ minor radius of the helical windings. An increased spatial resolution in the
filamentary model of the helical windings is recommended. Several radial layers should
be used, three filaments per layer are regarded as minimum. Furthermore, studies
concerning the influence of symmetry breaking perturbations are of importance in order
to attain a magnetic field of good quality for the URAGAN-2M device.
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