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STELLARATOR FIELDS WITH SMALL PS CURRENT
AT SMALL ROTATIONAL TRANSFORM

F. Herrnegger
Max-Planck Institut fiir Plasmaphysik, EURATOM Association, Garching bei Miinchen, Germany
One aspect of the optimization concept of stellarators is the reduction of the normalized Pfirsch-

1/2
Schliiter current density < jHZ/ ]i) to a reasonable level but obeying other side conditions, e.g.,

concerning small bootstrap currents, good stability properties, reasonable aspect ratio, etc. This problem is
addressed in the present work. Various stellarator vacuum field are given analytically for M =2, 3, 5, 10, 12
(M is the number of field periods around the torus) where the PS-current density is reduced by more than a
factor of ten to rather small values around 0.3 even at small j-values.

1. Introduction

One aspect of the optimization concept of stellarators is the reduction of the normalized
Pfirsch-Schliiter current density ( jﬁ /i%) 1/2 {0 a resonable level but obeying other side con-
ditions, e.g., concerning small bootstrap currents, favourable stability properties, resonable
aspect ratio, good a-particle confinement, material properties and technical aspects [1,2,3].

Considering classical £ = 2 stellarator fields, this ratio varies with the rotational transform
t according to ( jﬁ kit 1/2 — \/2/%, i.e. the PS-current density is high at low t-values.

In the present paper various stellarator vacuum fields are given analytically for M =
1,2,5,10 (M is the number of field periods around the torus) where for some cases the
PS-current density is reduced by more than a factor of ten to rather small values around
0.3 even at small t-values of t = 0.2.

The vacuum fields are given analytically by a finite set of Dommaschk potentials [4,5]
that essentially consist of finite power series in the cylindrical coordinates R and Z for
each toroidal harmonic. The singularities of the individual magnetic fields are located at
R = 0 (main torus axis) and at infinity. In that respect they differ from field represented
by spherical harmonics. For the present study, the essential physical properties of the
configurations should be described by the low-order multipole fields so the data sets consists
only of a small number of harmonics (typically eight to twelve amplitudes).

In terms of Dommaschk potentials V,,;(R, $,Z), the exact scalar potential of the vacuum
field B
B=V(0+ Y V), m=0,M2M3M,.; 1=0,1,2,3,.

is given by the Dommaschk functions Dy, ;, N i-1:
Vin 1 (R,0,2) =A%) Dy sin(md) + Ay N1 cos(m@), 1=0,2,4,..

Vi i(R,0,Z) = AL} Dy cos(mo) + AP, Ny11 sin(mg), 1=1,3,5,..

where the notation of Refs.4,5 is used; here m is a sum index; (R, ¢,Z) are ordinary cylin-
drical coordinates, ¢ is the toroidal angle and [ the poloidal stellarator mode number; m
describes the toroidal harmonics associated with the common period number M. The nor-
malization used here is that the main toroidal field By = 1/Ris one at R = 1. A particular

magnetic field configuration is given by the data set of the amplitudes A% and the vertical

ml
field B. An identification number, upper and lower indices of AE:I),I are given in the first
four columns of the data sets. In some data sets a scaling factor cc is given so that the
actually used field coefficients are obtained by multiplying the listed field coefficients with
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the factor cc.
2. Results

The following field configuration has one field period around the torus (M = 1), aspect ratio
A = 4.2, average magnetic well -6.4% and rotational transform % (0) =0.19, +(r) is almost
constant over the cross section.
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Fig.1. Poincaré plot of magnetic surfaces for an M=1 stellarator fieldat =0and ¢ =180°
(half of a field period); field coefficients for the Dommaschk potentials, rotational transform
+(r) and V' as functions of the normalized minor radius are also show.
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Fig.2. Contours of absolute value of B on a magnetic surface (A = 11.7) as function of the
toroidal and poloidal coordinates. The right graph shows B along a field line as function of
the toroidal angle along ten field periods (A = 10.3). The mirror ratio at magnetic axis is
mirr = (Bmax — Bmin)/(Bmax + Bmin) =10:29, ‘

The PS-current density is 6.7 which is rather large. However other M = 1 configurations
have been found where the PS-value is decreased to 3.8 while the rotational transform is
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increased to1 = 0.27 (A =

12, V" = —1%, mirr = 0.11).

The second example is a configuration with two field periods around the torus (M = 2),
aspect ratio A = 10.2, marginal magnetic well (see Fig.3), rotational transform (0) =0.30,
t(r) is almost constant over the cross section.
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Fig.3. Poincaré plot of magnetic surfaces for an M=2 stellarator field at ¢ = 0 and ¢ = 90 ¢;
field coefficients, rotational transform t(r) and V' are also show.
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Fig.4. Contours of B on a magnetic surface (A = 12.0) The right graph shows B along a field

line over ten field periods (A = 10.0). The mirror ratio at magnetic axis is mirr = 0.30.

The PS-current density is reduced to 2.3; the variation of the minima of B along a field
line is now considerably smaller than in the previous case; this property might also have
favourable effects on the neoclassical particle transport. Similar M = 2 configurations have
been found with even smaller PS-currents (PS = 1.8) at higher values of t = 0.47 (constant
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over the cross section), small aspect ratio A = 6.9, magnetic well V/ = —1%, mirr = 0.17;
however the modulation of the minima of B along a field line is increased. Some of those
parameter values are in the range which are accessible in the Wendelstein-7-AS device
(see Fig.9).

The third example is a configuration with five field periods around the torus (M = 5), aspect
ratio A = 11, magnetic hill 5.7%, +(0) = 0.37, +(a) = 0.51 i.e. considerable positive shear.
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Fig.5. Poincaré plot of magnetic surfaces for an M=5 stellarator field at $ = 0 and ¢ = 36 ¢;
field coefficients, rotational transform & (r) and V' are also show.
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F1g 6. Contours of B on a magnetic surface (A = 13.5). The right graph shows B along a
field line over ten field periods (A = 12.2). The mirror ratio at magnetic axis is mirr = 0.19.

The PS-current density is now reduced to 0.64; the mirror ratio on magnetic axis is 0.19;
unfortunately the variation of the minima of B along a field line is somewhat increased
as shown in Fig.6 (right graph). On the other hand similar M = 5 configurations have
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been found (various dashed curves in Fig.9) where the variation of the minima of B along
a field line is considarbly decreased but the PS-currents are somewhat higher (PS = 0.76,
+(0) = 0.44, (a) = 0.48, A = 11.5, magnetic hill V’ = 5.2%, mirr = 0.32); the one dashed
curve with triangles refers to an M = 5 configuration with marginal magnetic well.

The fourth example is a configuration with ten field periods (M = 10), aspect ratio A = 11,

magnetic hill 9.7%, +(0) = 0.28, +(a) = 0.59 i.e. rather high shear and small PS-current
density PS = 0.37.
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Fig.7. Poincaré plot of magnetic surfaces for an M=10 stellarator fieldat ) =0 and ¢ = 18 %;
field coefficients, rotational transform & (r) and V' are also show.
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Fig.8. Contours of B on a magnetic surface (A = 12.7) (left); B along a field line over 20
periods (A = 12.7).

The mirror ratio at magnetic axis is mirr = 0.20. The PS-current density is reduced to
samll values PS = 0.37; however the variation of the minima of B along a field line is
considerably increased i.e. it needs further optimization to remove that disadvantage.
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3. Summary

The Fig.9 summarizes the results about the PS-current density what have been reported
in this paper together with results for some additional configurations including M = 12
fields (label m12). For comparison it shows also known results about experimental devices
such as Wendelstein-7-AS (M = 5), Wendelstein-7-X (M = 5) and Heliotron-E (M = 19).
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Fig.9. Parallel current density versus t for various stellarator fields.

Some analytic curves kv/2/t are also shown which fit to the Wendelstein data (the value of
the paramter k is given on the right boarder of the figure). The various M = 5 configurations
(four dashed lines grouped around label m5) differ also in the value for V”. The PS-values
of some of these M = 5 fields are in the range what is envisaged for Wendelstein-7-X which
is under construction in Greifswald. The smallest values for the Pfirsch-Schliiter current

density have been obtained for M = 10 configurations: PS = 0.17, +(0) = 0.04.
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MAT'HITHE IIOJIE CTEJIAPATOPIB 3 MAJIMM CTPYMOM I®IPIIA-IIIIKOTEPA TA
MAJIUM OBEPTAJIbHUM INIEPETBOPEHHSIM

®. I'epuerrep

Bax11BUM NMUTAHHAM ONTHMI3allii cTelapaTopis € MiHiMi3allis HopmanizoBaHoro crpymy [ldipiua-
1/2
[Lnrotepa < ]“2 / ]i> 3 OJJHOYACHMM BMKOHAHHSAM JESKHX IHIUMX YMOB, TaKMX fIK 3a0e3MeueHHs MaJloCTi

OyTCpen-cTpyMy, 4OCTaTHBOT CTIHKOCTI TIa3MH, IPUHHATOrO aCMeKTHOro BifiHOMIEHHs Towo. o npobiemy
pO3rJISHYTO B TIpeACTaBjeHii poboTi, 1e HaBeAeHO piBHOBaXHe Moje crejaaparopis 3 M = 2, 3, 5, 10, 12
(M — gucno nepioais nons), B skux ctpym Idipua-l1llnorepa 3MeHIeHo 6inblu K Ha MOPALOK HaBiTh NpU
MaJTHX 3HAUYEHHAX 00epPTATBLHOrO MEPEeTBOPEHHA.
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