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ABSTRACT

This article is devoted to the problem whether it is possible to make
stellarator configuration insensitive to plasma pressure using external
vertical magnetic field as a control parameter. Conventional stellarators with
a planar circular axis are analyzed. It is shown that for these systems the
condition of Pfirsch-Schiliiter current suppression can be formulated as a
two-dimensional equation with all values expressed through the vacuum
magnetic field only. The major advantage of this formulation is that it allows
to solve the problem without solving equilibrium equations. It is used as a
basis to show that complete suppression of Pfirsch-Schliiter current by
means of the vertical field is possible, in principle, either in shear-free
systems or in stellarators with £23. In {=2 stellarators with a shear it is
possible to get significant reduction of the current and to suppress pressure-
induced plasma column shift. This can be called an integral independence on
B in contrast to the true local independence in other cases. In all cases large
inward shift of plasma column is necessary. It is out of operational range in
all existing devices except Heliotron E. In recent experiments in Heliotron E
the state "integrally" independent on 8 was almost achieved. The present
study was stimulated by this result.
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L. INTRODUCTION

Recently plasma column shift due to finite 8 has been experimentally studied
in the helical device Heliotron E [1]. It was observed that dependence of the shift
on 3 changed dramatically when external vertical field was applied to control the
position of magnetic axis of the initial vacuum configuration. Inward shift (into
the region of stronger toroidal field) of vacuum magnetic axis resulted in the
significant decrease of finite-f3 plasma shift. In one case with the largest inward
shift magnetic configuration became almost insensitive to 8 [1], which is similar
to the effect predicted theoretically in [2,3].

The reason of the weaker dependence of plasma shift on B is quite clear: the
reduction of Pfirsch-Schliiter current [2]. It is well-known that this reduction is
related with a magnetic hill {3-5], which is an inherent property of configurations
formed by the superposition of toroidal and helical magnetic fields [2,6].

This knowledge, however, is based only on two numerical examples [2,3],
analytical expression for Pfirsch-Schliiter current in a stellarator [4.5], and a
discussion in [5] illustrated by a simple analytical example. The problem did not
attract much attention because the combination of parameters, where reduction of
Pfirsch-Schliiter current could be essential, was somewhat aside from a typical
range. Large magnetic hill was necessary as the main element, but the general
tendency in stellarator research was completely opposite: configurations with a
magmnetic well are much more attractive from the viewpoint of plasma stability.

Heliotron E is a unique device in the family of conventional stellarators. It
has the largest rotational transform and the largest magnetic hill, as compared
with other stellarators. Flexibility of the device allows to scan configurations
with different position of vacuum magnetic axis, including those with strongly
inward shifted axes. This inward shift is another condition for getting Pfirsch-

Schliiter current reduction [2-5] in stellarators with a magnetic hill, and it is also

— 2 —




undesirable because of lowering instability threshold.

So, the effect observed in Heliotron E is rare. It hardly could be seen before
by one more reason. In experiments with low-f plasma the shift of the column
is so small, that it remains undetectable if not intendedly measured. The measu-
rements must have high accuracy and good resolution to deal with a shift on the
level of 1% of minor radius. Similar measurements are performed in tokamaks,
but resuits {1] from Heliotron E are the first of such kind for helical devices.

Experimental results [1] agree qualitatively with predictions [2-5] of MHD
equilibrium theory, which encourages further analysis of the probiem in the
frame of MHD models. Another motive is the evident insufficiency of known
results [2-51 for definite conclusions for existing or realistic stellarators with
shear. Because numerical simulation [2,3] was performed for fixed (and rather
exotic) set of parameters, and brief discussion in Ref. [5] was supported by an
example valid for shear-free stellarators only. Dependence of vertical magnetic
field B, necessary for Pfirsch-Schliiter current suppression on the device
parameters remained unknown. It was unclear, as well, whether there is any
difference between #=2 and £=3 stellarators or whether the value of B, depends
on plasma pressure profile or not.

The primary goal of our work is to get wider and more detailed understanding
of Pfirsch-Schiiiter current suppression by vertical magnetic field in stellarators
and to reveal major dependencies. Qur approach is fully analytical. In the next
Section the condition for complete Pfirsch-Schliiter current suppression is for-
mulated in an invariant differential form. Section 3 is devoted to its analysis. It
is shown there that, in principle, this condition can be satisfied in all stellarators
except £=2 systems with shear. This latter case, the most interesting from both
theoretical and experimental viewpoints, is described in more details in Section
4. Weaker condition of the suppression of pressure-induced plasma column shift

is discussed in Section 5. Results are briefly summarized then in the Conclusion.
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2. BASIC EQUATIONS

General expression for Pfirsch-Schliiter current in conventional stellarators

with planar circular axis and helical magnetic field can be written as [7,8]
i = 2Ry (WNR - (). ¢

Here R is the major radius, p is the plasma pressure, ¥ is the poloidal flux, £

is a value characterizing the inhomogeneity of the magnetic field,

~2 2
<B > R? <B > 2p

2 = ——-—2—§ + 1 - — = —-2—§ - ——COsH, )
BO r BO R

B is the helical field, By is the toroidal field at geometrical axis, p,u,{ are
quasi-cylindrical coordinates related with geometrical axis so that r=R-pcosu,
brackets {...) denote volume averaging and {-)¢ stands for averaging over toroidal

angle &
2r
Xy = ;ﬁ? j Xdr, (Xyr = ijxag.
v 0

Expression (1) is valid for any shape of magnetic surfaces. In a simplest case

when cross-sections of averaged magnetic surfaces are shifted circles
r = R - pcosu = R + A - acos8, z = psinu = asinG, G3)

it is reduced to [3-5]

. _ 2pa) 20 A
j¢ = 1B, [1 + ByVy (¢)2:|c0s9. )

Here p is the rotational transform, V is the volume inside a magnetic surface, @
is the toroidal magnetic flux, subscript "0" at V shows that derivative is taken at
B =0 and toroidal corrections are disregarded. It is supposed also in deriving (4)
that there is no shift in the initial vacuum configuration, so that effect of a

vertical field should be included through A. For such configurations with a
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single dominating harmonic of a helical field o sin(fu—m{) "magnetic hill" V(;'(CD)
is given by [6]
~2 !
4
24 _ rd4<B >t ma'in)

- - . 5
Va0? = ad B R ®

Here y; is the vacuum rotational transform produced by the helical field Ii
which may differ from the total rotational transform 4 even in the absence of net
toroidal current. The quantity V(;'(ID) is positive, therefore to get a reduction of
Pfirsch-Schliiter current one has to have inward shift, A <0 [2-5].

It was pointed out in Ref. [5] that this current vanishes if, according to ),

BV, (®)4 = -2. 6)

Very simple example was proposed in 5] to show the possibility to fulfill (6):
£ =2 shearless stellarator. If y=const, then RB(%VO (®)=2mu, and one gets for A

from (6):

4 - L @

R %
The shift must satisfy the equilibrium equation {3-5,9]

2p’(@)a’R

[am)’]' + Alay - #)I]' -

(1 + %B&VJ(@)A). (8)

At jt =, =const the left-hand side of this equation vanishes if A =const, which
means that (7) is compatible with (8). Thus, (7) can be considered as a solution
of the problem.

This conclusion of Ref. [5] could be true, if it would not contradict to the
initial assumption that g =const. In £=2 stellarators with a single harmonic of

the helical field

2
= L mp
Hp #0[ LR ] &)
There is no shear if mb/R<<1, where b is the minor radius of the boundary
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cross-section. The same inequality must be valid for the left-hand side of (7N, if
shift A is not larger than b. If so, rotational transform must be very large to
make small the right-hand side of (7). But usually g is of the order of unity
(larger in Heliotron E, but it has very large shear), so condition (7) of the
complete Pfirsch-Schliiter current compensation in shear-free stellarators is far
from being realistic at present.

Analysis of Ref. [5] is not much informative for stellarators with shear.
Because at u’#0 functions V{;’(qﬁ) and A have different dependence on minor
radius 4, and condition (6) can be satisfied on a single magnetic surface only.
More than that, the method based on Egs. (4) and (8) cannot be directly applied
to £=3 stellarator with pu, = ,ubpzlbz, which was the first known example to
demonstrate the effect numerically [2]. In this case Eq. (8) fails to describe
configuration properly in the central region, because its solution 1A =const at
p’'=0 gives unlimited A at the magnetic axis. If we will try to avoid this
singularity in the most natural way by substituting some constant instead of A(0)
into Eq. (6), its left-hand side will vanish at the axis, because in this case
V(;’(di) o< a2, see (5). In addition, there is another singularity in Eq. (4) due to the
presence of y in the denominator. And all this leads to definitely pessimistic
conclusion, which is in absolute disagreement with the result of Ref. [2].

This reflects well-known difficulty (and, sometimes, potential unreliability)
of analytical description of £=3 stellarators, which is related with vanishing of
My at the axis. Similar difficulties remain also in the case of large-shear £=2
steilarators.

Fortunately, the problem is rather associated with drawbacks of standard
theoretical approaches than physics. It can be elegantly overcome by avoiding the
use of the traditional analytical model (3), which certainly turns out to be
inadequate for stellarators with £>3 and in some cases for £=2 also.

To show this, let us turn again to the initial general expression (1) for
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Pfirsch-Schliiter current. Its right-hand side could be identically zero if 02 ={0).

This is equivalent to the condition
2 = QAw). (10)

It looks rather simple, but function ¥ is an integral characteristic, which
considerably complicates the equation. This is the reason why simplified
geometrical model (3) is widely used in the analytical theory. It allows not to
worry about true dependence of ¥ function on the magnetic field.

In conventional stellarators this dependence looks like [9,10]

B, = 5-V(v — w)xV{, (11)

where Ep is the axisymmetric component of the poloidal field, and y,, is the

poloidal flux of the helical field B:
2 3 — ~—
v, = ———R’Br"o <BZJ-B,d§ >r. (12)

In all expressions here function y does not depend on {. This allows to rewrite
the condition (10) as VyxV{-VQ=0. And, finally, using (11) we get instead of
(10) an equivalent differential formulation of the condition:

[Ep + Mg_).vg - 0. (13)
¥ 4

The advantages of this new differential formulation can be seen easily. First
of all, it is not necessary to calculate ¥ function for analyzing the condition of
Pfirsch-Schliiter current compensation. Then, to analyze this condition, it is
sufficient to substitute vacuum field for Ep into (13), because there is no
additional poloidal field at the absence of Pfirsch-Schliiter current. And, finally,
equation (13) is written in an invariant form which is the best for starting any

analytical or numerical calculations.



3. GENERAL SOLUTION OF EQUATION (13)

To prove these statements, let us consider the problem of interest using this
equation as a starting point. For the beginning it is necessary to know two basic

functions characterizing vacuum configuration of a stellarator: v, and

'_’2 Cad
£2,=<B >r /33. They can be calculated with a desired accuracy if helical field B

is known. But in the case when there is no shift of vacuum magnetic surfaces
without an additional external vertical field, both of them can be expressed
through the vacuum rotational transform u;: £, is given by (5), and (for more

details see [9])

v = —27By _[ pLy(p)dp. (14)

In this case y, = y,(p), g =2y{p), and because of this
Vi, x V-V, =0. (15)

It is clear that £ is the asymptotic value of £ in the limit of infinite aspect
ratio, R/b— . Therefore, the last relationship shows very natural result: the
absence of Pfirsch-Schliiter current in a straight stellarator. As for real devices,
there is an additional contribution to £2 due to toroidicity, see (2). As a result we
get

Vy, xV{ P
__;_E_.VQ = 230#;;]—2751”’4- (16)

If there is an additional vertical field B e, (as was first proposed in [2]), then

4 s
m
Bie,-VQ = Bie, V& = Bll}z—'u-g)—sinu. Q7)
{R°p
Equation (13) becomes now
4 ’
mp Uy
280pﬁk + BJ"(g—pz)_ = Q. (18)

It looks like py"+Cy =0 for unknown function y = p4,uh, and its solution is
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= ppx =Y, (19

where y;, is a constant, x=p/b is the dimensionless radius, and C=2{By/(mB).

This formal solution of Eq.(13) could be a true solution of the problem if it
would coincide with a real profile of the vacuum rotational transform (.

First, we must conclude that it is not a case for {=2 stellarators with a shear,
where J; can be approximated by (9) or similar dependence with terms of higher
orders.

But for all other stellarators with a single harmonic of the helical field very
often the expression

pp = ppx 2 20)

is used to describe ;. It coincides with (19) when C+4==-2(f£-2), which leads
to

B, = -By/m 21)
The negative sign here shows that necessary vertical field must be oriented
opposite to e,: B; =—¢,|B ;|- This our result given by (21) should be valid for
#="2 stellarators without shear and for stellarators with £>3. We can check it in
"two points” in a parameter space by comparing (21) with predictions of [2] and
[5] for two particular examples.

In {2] equilibrium equation was numerically solved with prescribed plasma
pressure profile for £=3 large-aspect-ratio (R/b= 16) stellarator with given
numbers for its parameters. It was shown there that at B=2.5% magnetic
configuration was geometrically the same as the vacuum one if vertical field with
amplitude |B,|/ By = R =0.05 was applied to shift magnetic axis inward. Some
dimensionless units were used for distances. In the example considered m/R=1,
which corresponds to m=20. With this number our formula (21) gives exacily the
same result for B; as that obtained in [2].

This absolute agreement seems unbelievable. We get the result by essentially



much more simple way, without solving equilibrium problem, using as an input
vacuum magnetic field only. At the same time we do not lose accuracy. It could
be expected, however, because no restrictive simplifying assumptions were made
in our analysis. The result reflects the basic intrinsic property of vacuum
magnetic field only, and our approach is just the most direct way to analyze
vacuum configuration avoiding unnecessary equilibrium calculations.

It follows naturally from our consideration that complete suppression of
Pfirsch-Schliiter current in £=3 stellarators under condition (21) is a feature
which does not depend on plasma pressure profile. It is not related also with the
particular choice of its parameters in [2]. For completeness, the same can be said
about nonexisting stellarators with £>3.

To compare (21) with the result [5] represented by (7), we need a relation
between shift A and vertical field B,. Again only vacuum dependence is
necessary, which is uA = RB) / By for a stellarator with g = const. It makes (7) and
(21) equivalent.

We have shown that known results [2] and [5] are reproduced by the general
solution (21). Relationship (21). is a consequence of the local condition (13).
When it is fulfilled, there is no Pfirsch-Schiiiter current at all. But in the most
interesting case, for £=2 stellarators with a shear, Pfirsch-Schliiter current
cannot vanish at every point over the minor radius. Because of this configuration
cannot be made completely insensitive to plasma pressure. We can conclude that,
despite seeming similarity of the results obtained in [2] and [3] for £=3 and ¢=2
stellarators, there is a great difference of underlying physics in these cases.

This conclusion could not be made on the basis of previous results [2,3],
because only dependence of plasma column shift on 8 was given in {3] for /=2
stellarator, which is an integral characteristic. And there was no local analysis
for comparing magnetic surfaces in vacuum and at finite § or for getting Pfirsch-

Schliiter current distribution.




4. LOCAL ANALYSIS FOR {=2 STELLARATOR

It can be easily seen that in stellarators with parabolic profile of vacuum

rotational transform
g, = + (g — wol? 22
iy Uy 138 Mo X7, (22)

where y is the value of i at the axis and py is its value at the boundary,

condition (18) is reduced to
_ B 3mp |2 B 2mpg ) = 0 23
(ﬂb o) By + 7 L )F + Holbp + s oL : (23)

For £=3 and shear-free =2 stellarators, which are included here as two end
limits p1p=0 and pj=¢, respectively, Eq. (23) is satisfied by (21) at any radius.
But in the intermediate case, £=2 stellarator with a shear, it can be satisfied at a

single point only over minor radius:

Jdi] 1+ m‘BJ_’IBO (24)

2 = - |
Hp - ,(101 + ISmBJ_fBO

Right-hand side of (24) must be positive, at the same time it should not
exceed unity because, by definition, x=p/b where b is the radius of the
boundary. These two naturat demands are met when

-1 £ — £ - —ﬂ—. 25
By 3up — Ho
At the lower limit for B|, which is the same as the value (21), xp=0. At the
upper limit, which gives smaller value of |B,|, xp=1. In the former case 2= Q(y)
at the axis, and in the latter one Q = Q(y) at the boundary. At intermediate values
of the vertical field Pfirsch-Schliiter current vanishes at a single magnetic surface
inside the plasma. The current changes its phase when crossing this surface.

To consider in more details this phenomena, let us rewrite expression (4 ) in

the form

j¢ = JoCps (26)



where jj is the value of Pfirsch-Schliiter current for the case without shift, and
Cps is a coefficient showing increase or decrease of the current when A4 = 0

jo = 2—p-(a—)cos9, Cpg =1 +

HBy 2UR a’u,

(27)

In Cpg magnetic hill is replaced with account of (5), and terms are combined to
use the fact that j,A = const, when configuration does not depend strongly on
plasma pressure.

If there is no shift, Cpg=1. At negative (inward) shift Cps becomes smaller.
If A<0, then C;:S <0 also. Therefore, when inward shift becomes larger, at first
Cps may turn to zero at the edge. It corresponds to the right limit in (25). At
more stronger shift Cpg<0 at the edge, but positive at the axis, vanishing
between them at the point (24). With increasing shift this point moves inside
and, finally, comes to the axis. It happens when the left limit of (25) is reached.
Then Cpg=0 at the axis and negative everywhere. This behaviour of Cpg is
illustrated by Fig. 1 for the case py/u, =1/3.

Shift A is a convenient characteristic to describe geometry of magnetic
surfaces. But for practical purposes it could be useful to express results in terms
of B, which is used as a real external control parameter in experiments. It is not
easy in a general case, because, as one can see from Eq. (8), A depends on f
and pressure profile. Fortunately, with decreasing |Cpg| this dependence becomes
weaker and weaker. If disregarded, then

: \mB
Cps = 1 + L|a 4 25 \™0L 28
& 23[ By ) By @9

To transform (27) into (28), one needs the "vacuum” solution HyA =const of

Eq. (8) at u=p; supplemented by the boundary conditions
Ab = A_L + Aﬁ’ (29)

where Ap is the shift of the plasma boundary (which was measured in Heliotron




E [1]), 4, is the contribution to A, due to the vertical field By, and Ag is the

shift due to plasma pressure:

b
A B A ‘(a 2
b B b 2B, ) PO H(a) b
Two constants here are
¥ b 60 _ ,,2b
B = Up EBO: ﬁeq = Hp E (31)

The first one can be considered as the "effective” poloidal field at the plasma
boundary, and the second one is a scale for measuring B, often used for rough

estimate of equilibrium f limit. If weak dependence of A on B is assumed, then

A B must be small, and

B
mA = mpldy = R~ (32)
¢

With this relationship Cpg from (27) turns into (28).

Tt is worth to note that in the case of large shear Eq. (32) may be not good
enough to describe near-axis region, where pj <<;. Fortunately, this central
region does not give essential contribution when integration (30) is performed
(because of a* there).

For £=2 stellarators with shear Cpg is not a constant, and, therefore, in this
case Pfirsch-Schliiter current cannot be completely suppressed by shifting plasma
column inward. But Cpg, first, can be made much smaller than unity, and,
second, it is possible to force Cpg even to change its sign.

The smaller Cpg, the smaller Pfirsch-Schliiter current. Cpg can be reduced by
a factor of 4+7 and, locally, even larger, as it is shown in Fig. 1. Corresponding
significant reduction of Pfirsch-Schliiter current shows itself in smaller shift Ag,
see (30). This is the effect experimentally observed in Heliotron E[1].

One can see from (30) that at Cpg> 0 shift Ag is positive. It is a natural

outward shift due to finite §. But at Cpg< 0 shift Ag becomes negative. During



continuous transition from positive to negative with proper increase of |B|| shift
Ag must pass through zero point. It can happen when Cpg changes its sign
somewhere inside the plasma, similar to that shown by solid line in Fig. 1. The
visible effect will be that plasma column will remain in a fixed position, which
will not change with increase of 8. This position is determined by the external
vertical field only. From this point of view configuration can be considered as
insensitive to . One numerical example of such a kind for £=2 stellarators with
shear is known from [3]. Our analysis explains this result now and reveals a
principal difference between cases considered in [2], [3] and [5].

The main physical difference between f=2 systems with shear and other
stellarators is that in the first case complete suppression of Pfirsch-Schliiter
current cannot be achieved by means of external vertical field, but in the second
case the current can be made identically zero (in the frame of our theoretical
model) all over the plasma cross-section. Without Pfirsch-Schliiter current the
geometry of magnetic surfaces is not affected even locally by plasma pressure.
This cannot be realized in /=2 stellarators with shear. However, it is possible to
suppress pressure-induced shift of a plasma column. This can be called an

integral compensation of Pfirsch-Schliiter current effect.

5. INTEGRAL INDEPENDENCE ON j

This integral compensation occurs at some B; from the interval (25). Tt is

clear that for peaked pressure profiles stronger vertical field is necessary to get

43=0, because in this case zero point of Cpg must be close to the axis. And for

flat pressure distribution this field should be smaller. To find the exact value of
B| necessary for suppressing A g- one must calculate the integral (30) with given

pressure distribution p(a).




I et us assume that

p = pll - viy) (33)

where v, is the value of y at the edge. This pressure profile was used in

numerical calculations in Ref. [3]. By definition, g =-y’/ @’, hence

Pla) _ 94 - ypp P
- - By = . 34
u@ | dy O dy GH

Expression (30) in this case looks like

2
A _ By ™ By,

(35)
b A5, W

where [ is the integral
r 2
I = J4x3[l + (2 g - 1x ijgi , (36)
. 1 + (y - Lx*) 4B

and y=py/ug. For Cpg Eq. (28) was used here with u; given by (22).

Integration in (36) gives

1=1+[3— 2 (1—Ji”—ﬂ—’”ﬂ. (37)
}’—1 ']/—lfBO

This value is unity when B) =0. It linearly decreases with B, for negative

values of B, and so does the shift Aﬁ. When /=0, there is no shift due to
plasma pressure. From (37) one gets for this case very simple expression for
necessary B, /By, which depends on m/{ and y only. For one particular set of
parameters we can compare this result with that numerically obtained in [3].
Calculations in [3] were performed for £=2 stellarator with m = 100 and extremely
large aspect ratio R/b=100. Instead of rotational transform the relative amplitude
g, of £=2 helical harmonic was given in [3], which allows to get for this case
y=1.53. For these parameters we get — B, / By=0.00887. In [3] this number was
found to be 0.0088. We can see again that our analytical model has excellent
accuracy. It is worth to note that we could use Eq. (9) to find y=p, /g even

without knowing &;,. It follows from (9) that y=1+0.5mb/ R, which is 1.5 for the



same choice of m and R/b as in Ref. [3]. Correspondingly, - B, / By=0.00891,
which differs by 1.25% only from the numerical result {3].

The ratio |B, |/ By in this example is small, because at mb/R=1, which is a
reasonable value, m is enormously large. Among existing helical devices,
Heliotron E has the largest m. It allows to see the effect of reduction of the
pressure-induced plasma shift in the range of relatively moderate |B) |/ By. Other
stellarators have smaller m, so larger |B)|/By are needed. The feasibility of
complete suppression of Pfirsch-Schiiiter current effect “in conventional
stellarators is limited also by another practical restriction. When vertical field is
applied, plasma column is shifted as a whole, which is described by A 4 in (29).
At m|B,|/ By =1, which gives the order of necessary vertical field for all cases

considered here, this shift can be estimated as

|4, ] R
Lina® I . S 38
b mbyb ( )

For parameters of Heliotron E [1] this value is, approximately, 0.2. It is rather
large, but tolerable for experiment. For other stellarators this value is much
larger. For example, it is 0.6 for CHS (R/b=5, m=8, u, =1) and 0.65 for LHD
(R/b=6.5, m=10, up =1). It is out of the acceptable range, because plasma-wall

clearance is not so wide in the devices.

6. CONCLUSION

We have shown that condition of the suppression of Pfirsch-Schliiter current
in conventional stellarators is equivalent to two-dimensional differential equation
(13). It contains characteristics of vacuum magnetic field only, which
considerably simplifies the problem. A posteriori, it seems very natural: if

configuration is not affected by plasma pressure, its properties must be




completely determined by the vacuum field.

Our model is simple enough to perform calculations analytically, and at the
same time it allows to reproduce with a striking accuracy both known numerical
results [2] and [3]. These results were obtained for fixed parameters, therefore
they could not show relevant functional dependencies. And even a difference
between £=2 and £=3 stellarators could not be seen from [2] and [3].

However, it follows from our analysis that complete suppression of Pfirsch-
Schliiter current by external vertical field in stellarators is possible, in principle,
in the case only when vacuum rotational transform profile can be approximated
by power dependence (20). This family includes shear-free stellarators and
stellarators with £>3. In these systems Pfirsch-Schliiter current could vanish all
over the radius at B; =—By/m, and configuration would be then unaffected by
plasma pressure. It can be called a local independence on B. This is the property
of vacuum configuration itself and it is not related with plasma parameters.

In #=2 stellarators with shear, at the contrary, only integral independence can
be achieved when B is in the range (25). Ends of this interval correspond to
vanishing of Pfirsch-Schliiter current at the axis or at the edge of plasma column.
At intermediate values of B, Pfirsch-Schliiter current vanishes at some inner
magnetic surface, being oppositely directed inside and outside, as shown by
solid curve in Fig. 1. Cancelation of the magnetic fields of these opposite
currents can result in the suppression of B-induced plasma shift Ag. The value of
B| necessary for getting 4 ,B=0 depends in this case on pressure profile: for more
peaked p(a) larger |B)| are needed. But interval (25) is not too wide, which
shows that this dependence is rather weak. It should allow to get strong integral
effect even without careful adjusting of B, inside limits (25). If not a complete
suppression of Pfirsch-Schliiter current and associated pressure-induced shift

Ag, at least it must be their significant reduction.

In all cases to reach the state with Aﬁ=0, rather large inward shift of plasma



column is necessary, which can be approximated as R/(mu,). At typical
parameters it lies beyond the admissible limits. Heliotron E is a unique device
where this value is in the range of practical accessibility. Results [1] show clear
tendency to the state with Ag=0, which was already very near, but still was not
achieved. If achieved, then at larger |B; | "overcompensation” should occur with
Aﬁ<0. It seems that even such exotic regimes can be realized in Heliotron E. It
does not promise any practical advantage, however, except getting new
knowledge in plasma physics and another more detailed verification of MHD
equilibrium theory.

Comparing experimental results [1] with theoretical predictions, we can see
their very good agreement. To make this comparison more straightforward and
informative, it is necessary to establish exactly which Heliotron E configuration
is the most similar to the model (14). Parameters of this configuration are used
as a reference basis in our analysis, and all results are expressed through these
values. The "standard" configuration of Heliotron E [1] with R=220 ¢m is a
little bit asymmetric: its axis is shifted outward with respect to the boundary, see
[11]. It should be attributed to some initial 4;, which could be easily found from

known maps of Heliotron E magnetic surfaces at different B, .
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