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Abstract

Ideal plasma equilibria in axisymmetric geometry can be described by the Grad-Shafranov
equation which is a strictly elliptic differential equation. In contrast, non-axisymmetric
problems in stellarator geometry lead to elliptic equations which are not strictly elliptic.
As a consequence no general existence theorem can be established since singularities of the
plasma current may arise. Collisional processes remove these singularities and the issue of
existence can be solved by the Leray-Schauder fixed point theorem which is widely used in
hydrodynamics to study viscous laminar flow. This procedure requires to compute magnetic
field and plasma flow together and to identify the conditions of convergence. Several plasma
models will be discussed and the conditions of convergence will be discussed.

1 Introduction

The favourite model to describe a plasma equilibrium in stellarator configurations is the one-
fluid model of ideal magneto-hydrodynamics. The gradient of a scalar pressure is balanced by
the force 3 x B.

0=-Vp+3xB (1)

As it is well-known, in systems with symmetries like axisymmetry in tokamaks or helical symme-
try in linear stellarators the solution of Eq. (1) can be reduced to a two-dimensional quasilinear
elliptic equation, the Schliiter-Grad-Shafranov equation. In a 3-dimensional equilibrium, how-
ever, such equation does not exists. As pointed out by Kruskal and Kulsrud [1] Eq. (1) is the
Euler equation of the variational principle
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where the minimization is subject to several constraints. Minimization of the functional U is
the method how to compute 3-equilibria numerically however, it should be pointed out that the
variational formulation of the problem does not imply the existence of a solution, at least not
in the classical sense, where j(x) and B(x) are continuously differentiable functions. Never-
theless, several numerical codes have been developed in the past to solve Eq. (1) by starting
from minimization of the energy U. An excellent review over these approaches has been pub-
lished by J. Johnson [2]. A major difference between the axisymmetric equilibrium and the
non-axisymmetric equilibrium is the extra condition ¢ dl/B = const on all rational magnetic
surfaces. As has been pointed out by H. Grad [3] this may lead to a very pathological pressure
distribution, which could be continuous radially, but has no continuous derivatives. This extra
global condition § % = const has been strongly criticized by H. Grad as something ”completely
alien to any concept which has ever arisen in connection with the theory of partial differential
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equations”. Another feature of the ideal model is the existence of islands and stochasticity,
which is a generic property of 3-dimensional magnetic fields. Usually it is argued to keep the
pressure constant in such a region, however, islands and stochasticity depend on the plasma
currents and these on the pressure distribution. If the plasma pressure is large, islands overlap
and create stochasticity all over the plasma column. This effect already arises, if one tries to
compute the stellarator equilibrium following the iterative scheme proposed by L. Spitzer [4].
Starting from Eq. (1) a sequence {B,} of magnetic fields is constructed, which are assumed
to converge towards a self-consistent equilibrium. However, as pointed out by A. Boozer [5]
magnetic surfaces can be destroyed, even if the process begins with a set of nested surfaces. Nu-
merical codes following this procedure have been developed by a A. Reiman and H. Greenside
[6] and J. Kisslinger, H. Wobig|[7]. At low [ this procedure yields results which look acceptable,
however, at higher 8 the occurrence of islands prohibits the convergence.

A fundamental drawback of the ideal model is the singularity of the current density on
rational magnetic surfaces. The theory of magnetic fields requires a continuous current density,
a theory taking into account singularities does not exist. Therefore any reasonable theory of
plasma equilibrium should avoid these singularities.

A further objection against the ideal model is its incapability to satisfy boundary conditions,
neither in plasma pressure nor in density or electric potentials, which even do not occur in the
model. In the ideal model, plasma flow - either diffusion velocity or E x B - drifts of parallel
flows have no feedback on the force balance. The flow velocity v must be calculated from Ohm’s
law

~-Vo+vxB=nj ; n>0 (3)

and the equation of continuity
V-pv=25 (4)

S is the density source term. In the frame of this model the electric potential ¢ and parallel
flow velocity are calculated from a magnetic differential equation. Again, on rational magnetic
surfaces conditions of integrability arise, and it remains uncertain, whether they can be satisfied
in all cases. In summarizing the objections against the ideal model of equilibrium in stellarators
we find

e Mathematically the model may be not well-posed and a solution in the classical sense may
not exist

e The existence of densely nested magnetic surfaces may be a too strong condition for non-
axisymmetric equilibria.

e Boundary conditions on plasma parameters cannot be satisfied.

e Magnetic fields without symmetry in general exhibit island formation and stochastic re-
gions

Even if an ideal equilibrium exists the computation of the plasma flow velocity can lead to
singularities. Using Ohm’s law with finite resistivity one computes the perpendicular diffusion
velocity and the equation of continuity yields a magnetic differential equation for the parallel
velocity. Again a integral condition ensuring periodicity must be satisfied on rational magnetic
surfaces. Nevertheless, there remains the opinion that the ideal model is a good approximation
to the real plasma equilibrium with selfconsistent currents and flow velocity. Perpendicular to
the magnetic field all other forces like inertial and viscous forces are small and may be neglected.
Parallel to the magnetic field, however, even small additional forces can lead to a decoupling
of pressure surfaces and magnetic surfaces. Instead of the strong condition B - Vp = 0 , which
follows from Eq. (1) any parallel inertial or viscous force leads to

B -Vp=0 (5)



Since finite plasma flow velocity decouples magnetic surfaces and pressure surfaces this effect
removes the reason of the criticism against the ideal model. Therefore, from a physics point
of view, one could argue, that an ”approximate” solution of the ideal MHD - model may still
be a good description of the plasma behaviour, since corrections to the equilibrium conditions
arising from the finite flow velocity are small. How good this approximation is, can only be
answered after a well-posed equilibrium has been established and the properties of its solution
are understood.

2 Grad-Shafranov Equation

In mathematics a significant difference between axi-symmetric and non-symmetric configurations
exists. Starting from the general ansatz B = Vs x V the conditions 3 - Vs =0 and 5 - Vy =
wop'(s) lead to the coupled equations

V-B[s][Vx=0 ; V-AX]Vs=pup'(s) (6)
with the matrices
AlX] = (VX)) I-Vx:Vx ; Bls]=(Vs)*I-Vs:Vs (7)

These equations (6) are two coupled elliptic equations, however they are not strictly elliptic,
the matrices A and B are positive but not positive definite. Therefore the solutions may be
singular exhibiting discontinuous derivatives. In the case of axi-symmetry, however, the ansatz
X = ¢+ f(r,z) and s = s(r,z) in cylindrical coordinates r,z,¢ leads to the Liist-Schliiter-
Grad-Shafranov equation which is strictly elliptic and therefore all theorems of the theory of
strictly elliptic equations apply. Because of the orthogonality of the coordinate system this
ansatz implies Vs- Vo =0; Vf- Ve = 0 and the following representation of the magnetic field

B =VsxVf+VsxVp (8)
The first term is a toroidal field and represented as Vs x Vf = poJ(r, 2) V. The plasma current

density is
J=poVe x VJ +V x (Vs x Vo) 9)

and because of j - Vs =0 and Vs -V x (Vs x V) =0 we get
uo(Ve xVJ)-Vs=0 = J = J(s) (10)
J is an arbitrary function of s. The relation between J and f(r, z) is
(Vs x Vf)- Vo = poJ(s) (Ve)? (11)
The equation j - Vx = pop/(s)
V- (Vs x V(f + ) x V(f + ) = pop(s) (12)
is the desired equation for the flux function s. Because of the axi-symmetry
V- ((VsxVf)xVp)=0; V- (Vs x V) xVf)=0 (13)
this equation is

V- (Vs x V) x V) + V- (Vs x Vi) x Vo) = piop/(s) (14)



With the aid of

V-A((Vsx V) xVf) = V- (uJVexVf)

— 3T (5) () (V) (15)

the result is
V- (Vs x Vo) x Vo) — g J'(5)J(s)(Vep)* = pop/(s) (16)
V- (Vo) Vs = 1R ()T (5) (V) + popl(s) (V) = (1)

This is the Liist-Schliiter-Grad-Shafranov-equation. In any domain with r # 0 this is a quasi-
linear strictly elliptic equation.

3 Non-axisymmetric equilibria

In special conditions also the existence of solutions can be proven in case of non-axisymmetric
configurations. D. Lortz [8] has shown that solutions with zero rotational transform and up-
down symmetry exist. However, in this case unique magnetic surfaces created by one field line
do not exist.

Furthermore, as it is known from hydrodynamics, small additional terms in the force balance
can introduce new phenomena like bifurcations. The solutions are no longer unique and several
solutions can exists with the same boundary conditions. A well-known example in hydrodynam-
ics are the Taylor vortices in a rotating fluid. Therefore it cannot be excluded a priori, that
small additional terms in Eq. (1) - especially those containing higher order derivatives of the
velocity - have a strong impact on the solution. Several models to incorporate the feedback of
the plasma flow on the momentum balance have been developed in the past, the most simple
ones are those with a friction term -aw in Eq. (1) which leads to dissipation of energy. Such a
friction term has been used in the Chodura - Schliiter code [9] to accelerate relaxation towards an
equilibrium. In equilibrium, however, the flow velocity is zero, and all objections raised against
Eq. (1) remain valid. In the frictional model proposed by H. Wobig [10] a friction term -av and
finite resistivity in Ohm’s law have been added. This model allows one to calculate plasma flow
velocity and plasma currents in terms of Vp and V®. Next, V- j and the equation of continuity
provide a quasilinear elliptic system for p and ®. This system holds for any magnetic field and
no topological restrictions are imposed. Navier Stokes equations of an one-fluid model have been
investigated by Spada and Wobig [11] where the Braginskii viscosity and the inertial terms de-
trmine the mathematical character of the problem. It is a basic feature of elliptic systems, that
its solutions have continuous derivatives up to second order, if the coefficients of the equations
are sufficiently regular. Therefore the derivatives of p and ® remain bounded, which is distinct
from the singular behaviour of plasma currents and flow velocity in the ideal model close to
rational magnetic surfaces. Furthermore, the model does not require the existence of magnetic
surfaces, however, radial losses and plasma pressure will strongly depend on the quality of the
magnetic surfaces. A similar procedure has been introduced in the HINT-code [12] where finite
resistivity allows one to decouple plasma and magnetic field so that magnetic islands can arise.
However, since there are no sources to compensate plasma losses the final stationary state is one
with zero plasma velocity and B - Vp = 0.

The problem of a self-consistent equilibrium can be divided in two steps: 1) Definition
of a plasma model with a given magnetic field and computation of plasma parameters. 2)
Computation of a magnetic field generated by currents which result from the plasma model.
The existence of a self-consistent equilibrium can be reduced to the convergence of this iterative
procedure or to a fixed point theorem. In both cases appropriate function spaces are needed and



by making use of standard methods in the theory of partial differential equations the conditions
for self-consistent equilibria can be identified. In this context the important function spaces
are the Holder space, the Hilbert space and the Sobolev spaces. The main tools to proof the
existence of solutions are the theorem of Riesz and the fixed point theorem of Leray-Schauder,
which are frequently used in hydrodynamic theory.

3.1 The fixed-point theorem

The procedure which will be discussed in the following makes use of the fixed-point theorem of
Schauder [13]: If a compact map T maps a convex and bounded subset of a Banach space (or
Hilbert space) onto itself, the map has at least one fixed-point. This theorem is widely used
in hydrodynamics to prove the existence of a laminar flow [14][15]. The fixed point theorem
only provides a weak solution, it does not give information about the higher derivatives of the
solution. The regularity of the solutions depends on the properties of the boundary.

Let €2 be a bounded toroidal domain with a sufficiently smooth surface 9€2. The magnetic
field is the sum of an external field By and the field B generated by plasma currents. Plasma
currents only exist in this domain  and we define the set M C C1%(Q) of all Hlder-continuous
magnetic fields which have finite current density in this domain and zero current density outside.

M:={B|V-B=0 ; j=VxB=0 VYz-€Q} (18)

The magnetic field is Holder-continuous and has Holder-continuous derivatives. On the boundary
0 the current density may be discontinuous and the magnetic field is continuous but not
differentiable. Outside the domain 2 the magnetic field is a vacuum field and B — 0 for || — oo.
Obviously this is a linear space and defining a scalar product (,) and the norm ||..||z, this space
is a Hilbert space La(€2).

1BI}, = [ B-Bd's (19)
The Hélder norm or Ci-norm is defined by
IBles.. = supl |+ suplg] +supt =I5 0ca < (20)

The set of magnetic fields M equipped with this norm represents a Banach space. Any bounded
subset of this space is a convex set.

The next step is to specify a plasma model which computes all plasma parameters, density,
temperatures, plasma flow and current density etc. at a given magnetic field B € M. The
current density is the only function of interest in this context and we require that the plasma
model provides a current density which is Holder-continuous. The mapping P : B +— j, in
general, is nonlinear and not unique, there may be more than one solution for a given magnetic
field. For any Hoélder-continuous current density Biot-Savart’s law computes the vector potential
of the magnetic field

: 3

A) = L [IWTY g g4 . jecoe (21)

Ar Jo |z —y|
The theory of the Newton potential says that the vector potential is a C?-function if the
current density is a C%®-function. The vector potential has Hélder-continuous second order
derivatives if the current density is Hélder continuous. The magnetic field B is a C'»*function,
it is continuous and has Holder-continuous derivatives. The mapping K : j — B is linear and
one to one. The composition T'= KP : B +— j — B maps the Banach space M onto itself,
and if a self-consistent magnetic field exists, this is a fixed point of the map T. According to



the fixed point theorem of Leray-Schauder the mapping T has a fixed point, if T is compact
and maps a bounded and convex subset of M onto itself. More precisely, if all solutions of
B = \TB, )\ €0,1] are bounded by some constant My, the mapping T has a fixed point.
The vector potential is bounded and it holds
1 d3y

Al < C(Q i CQ) =sup— [ —2— 22
A< C@sulsl 5 C@) =swp [ (22)

The constant C(2) depends only on the dimensions of the domain . Integral operators with
the kernel |z — y|~! are compact and map Ly (2) onto L2(92). By virtue of Schwarz’s inequality
we get

1 By 1/2
A < j ; =|— | —— 2
A@) < il : G [M/Q |my|2] (23)
which implies || Az, < C2|j||L,- The magnetic field is
1 — j(y) d?
BZVXA:/(% y)xy(y)dy::Kj (24)
4 Jo |z —yf?

which defines a linear integral operator K. The kernel of the operator has a singularity at = y,
the polarity is of the order |x — y|~2. If the current density is bounded in Q the magnetic field
is also bounded

IB| < C1(Q)suplj| : C1(Q) = su 1/d3y (25)
>~ 1 P17 ) 1 - p4ﬂ_ Q’ZB_y‘z

The magnetic field ist bounded if the current density is bounded. Using the properties of the
magnetic field and the vector potential at large @ the total magnetic energy is

/32d3x g/ BQd3x:/j-Ad3ac (26)
Q R3 Q

R3 is the whole 3-dimensional space. Using the Schwarz’ inequality and Eq. (22) yields the
estimate

1BI7, < lgllz.llAllz, < C2ll1, (27)

The main problem is to construct plasma models where the current density remains continuous
and bounded.

4 The plasma model

The mapping P : B — j depends on the details of the plasma model. A plasma model consists
of a set of differential equations describing plasma density n(x), temperature T'(x), electric
potential ¢(x), plasma velocity v and current density j at a given magnetic field. In a multi-
species plasma every constituent has its own density, temperature and velocity. The magnetic
field consists of a vacuum field By generated by external coils and a field B generated by the
plasma currents. In all macroscopic models the magnetic field occurs in the term gjnjv; x (Bo+
B) and the current density is >_j4;n;jv;. g is the charge of the particle species with index j.
Also the viscosity depends on the magnetic field. Transport processes lead to loss of particles and
energy which are compensated by particle and energy sources S, Q. In tokamaks with toroidal
current the toroidal loop voltage Vi, is another external parameter which acts as a source term.
In order to describe the experimental case as closely as possible we assume that all plasma
parameters go to zero if the source terms go to zero: S,Q,Vy, = 0 > Vn,VT,v,7 = 0. The
conditions on the plasma model are the following



1. The current density in the plasma is a continuous and growing function of the sources and
the Holder-norm is bounded by

17]lco.e = f(S,Q, VL, (Bo + B)) (28)

2. Without source terms the gradients and plasma currents are zero.

£(0,0,0,B0¢) =0 (29)

Thus, the map P : B + j is continuous. Let B be bounded in C*%: ||B||c1,« < Mp.This is
a subset of a Banach space. Since f continuously depends on the source terms we can make the
term sup |j| arbitrarily small and the condition

|Bllcra < C1(2) suplj| < Mo (30)

can be satisfied. Thus by a proper choice of the sources the map T" = K P maps the Banach
space My onto itself and a self-consistent solution exists.

5 The Stokes model

The main task in 3-dimensional geometry is to establish a model where the current density
remains bounded and continuous. For this purpose we consider a slowly diffusing plasma and
neglect the inertial forces. Let us call this model the Stokes model of plasma equilibrium since
it looks like the Stokes model of hydrodynamics where viscous forces but no inertial forces are
retained. In view of these assumptions the momentum balance equations are

—Vp; — enV¢ + env; X B — ajonv; — aein(v; —ve) — V - m; [v4]
= —Vpe+enVeo —enve X B — aegnve + aein(v; — ve) — V - 7 [0] (31)

and the equations of continuity
Veonve=Qe ; V- -nu;=0Q;, Qi=Q (32)

Here B is the sum of the external field and the field of plasma currents. Quasi-neutrality leads
to n = ne = n;. The pressure is p; = nkT; and p. = nkT,. The friction coefficients are

Qej = Melej; Qo = MGli0;  Qe) = Mele0 (33)

Vei, Veo; Vio are the collision frequencies between electrons and ions, ions and neutrals and elec-
trons and neutrals. Since the neutrals strongly interact with the wall and exchange momentum
with the wall we set the average velocity of the neutrals equal to zero. m;[v;], me[ve] are the vis-
cous tensors described by Braginskii [16]. The viscous operator V - 7; [v;] of a collisional plasma
is a second order differential operator. It is a positive definite operator which implies that vis-
cosity always slows down the plasma velocity. Its properties and its relevance with respect to
the solvability of the differential equations have analysed in [17].

Neglecting the viscous forces would leads to an algebraic system which can be inverted with
respect to the velocities. Inserting these equations into the continuity equations yields a coupled
system for the density and the electric potential. The viscous forces modify the character of
the momentum balance and - as in hydrodynamics - a system of differential equations must be
solved. In order to elaborate the relevance of the terms in the equations we write the system in
dimensionless variables. For this purpose we introduce a reference magnetic field By, a reference
density ng and a temperature Ty. The radial length scale is a. The plasma pressure is replaced



by the plasma beta 3 = 2uop/B3. Furthermore, we make use of the plasma frequency wp and
the classical skin depth J.

2 2
e“ng c m
w}% = and 92 = —=— (34)
€0Me w?  poeng

We introduce the non-dimensional velocity uw and the non-dimensional electric field E by

av aF B eBy n
== == ; b=— ; Q.= ;. — 35
v (Sgﬂe ’ 523096 ’ By ’ c Me ’ no o ( )

me is the electron mass and e the charge of electrons. In the following F is the non-dimensional
electric field and n is the normalized density. 8 = B; + B¢, 5 = Be = Bon/2, Bo = 2uonoTo/BE.
The collisional interaction between charged particles is characterized by the non-dimensional

collision frequency
Vee (T07 nO) n
- Y- 36
fez Vee(TOa n) no ( )
Vee(To,m0) is the electron collision frequency at the reference point ng, Tp. The dimensionless
viscous tensor is
Homi(v)
Bj
Using these definitions the momentum balance and the equations of continuity in non-dimensional
formulation are

— mi(u) (37)

V. mi(u;) = —=VBi+ n{E+u; xb} — % n?(u; — ue) — %nuz
Vome(ue) = —VB — n{E+ue x b} — 2 n(u, — u;) — ~nu, (38)
Q. Q,

The two scalar equations are in non-dimensional form

2 2
a” S a S,
V- nu; = 32 noth =s8; ; V-nue = 32 noh = Se (39)
n is the normalized density and o; = —o. = 1 is the charge of the particles divided by the

elementary charge e. Given the magnetic field the two systems 38 and 39 allow to compute the
velocities, the current density, the density profile and the electric potential. Exept for continuity
there are no conditions on the topology of magnetic surfaces and therefore the equations are
also applicable to the divertor region. Boundary conditions on velocity, density and electric
potential can be imposed. Based on the momentum equations and the equations of continuity
to special case can be identified: The constant-density approach and the constant temperature
approximation. If density and temperature are inhomogeneous energy balance equations must
be retained.

The existence of solutions of the constant-density model has been investigated in [17]. The
source terms of the constant-density model can be eleminated by introducing u; = u? +w;, u, =
u? + w, and

V-nu?:si ; V-nugzse : Vonw; =0,V -nw.=0 (40)

which reduces the problem on the computation of the incompressible flow w;, w.. The ansatz
nu? =VU;, nug = VU, leads to Poisson’s equation for U;, U.. Together with Dirichlet boundary
conditions these equations can be uniquely solved. To shorten the notation we introduce the
abbreviations w = (w;, w.) ,u’ = (u),uY) and P = (p; — n®, p. + n®) and write the system in
short

VP=Lw+Lu’ ; V-nw=0 (41)



where the linear operator L contains the viscous terms, the friction terms and the w x b-term.
The normal component of w on the boundary is zero. The homogeneous system in 41 has only
a trivial solution w; = w,. = 0 since the viscous terms and the friction terms are dissipative.
/(wi-v-m—l—we-VWe) d3:13—|—/<yeen2(we—wi)2+yeonw§+%
Qe Qe Qz
Based on this property it can be shown that the plasma velocities and the current density are
bounded by a limit which is defined by the source terms. If the source terms s, s; are zero
there is no plasma current. For details see [17]. If the source terms kept small enough a self-
consistent magnetic field exists. The system 41 has the same structure as the Stokes problem
in hydrodynamics and therefor the same techniques of solution apply.

nw?) Bx >0 (42)

6 The friction model

The Stokes model presents a differential equation for the velocity w given the other terms in
the force balance. Dropping the viscous forces leaves the friction forces in the equations. This
model is relevant in strong magnetic fields, for weakly ionized plasmas or plasmas with a strong
neutral background as in the case of Wendelstein ITA [18]. The model may be also important
in the boundary region of fusion plasmas where recycling from the wall provides a large amount
of neutral gas. Elastic collisions with the neutral background and charge exchange processes
reduce the momentum of the charged particles and thus represent a loss term in the momentum
balance. Since the neutral gas strongly interacts with the walls we may assume the neutral gas
to be at rest. The equations of the friction model are

0 = —-Vg+ n{E—I—UﬂL x b} — %n%ui — ’U,e) — %nui
e %

0 = —VfB.— n{E+u.xb}— % n?(ue — u;) — %nu6 (43)
e e

This model has been analysed in [7]and [10]. In this paper existence and uniqueness of the self-
consistent magnetic field has been investigated showing a fundamental difference to the model of
ideal MHD. The friction model presents an algebraic system for the vectors u; and u.. Inverting
this system with respect to u; and u. and inserting the result into the equations of continuity
leads to an quasi-linear elliptic system for the scalar variables n and ¢. In contrast to the ideal
MHD-model boundary conditions on n and ¢ can be imposed. Let us write the system in the
short form

g=Lu , u=(uj,u.) , g=(VGi+ nE Vi + nE) (44)

where L is a matrix. L is the operator from the previous section without the viscous terms. The
matrix is invertible and inserting the result into the equations of continuity yields an elliptic
system of second order

V-nL'lg=s , s=(si,5) (45)
This system can be interpreted in different ways. Given the density and the electric field this is
a linear system for (3;, B.. A second option is to fix the temperature and to compute the density
and the electric potential. To shorten the notation we introduce the parameters €1, ...e3

Vee 1 v Veo 1, v Veo

a=ng o e=30g o) 973y o) (46)
and after some manipulation the system can be modified to
bxVn €9
0 = V‘T_v'n{bﬁVL¢+mvll¢}
s bx Vo (e1 + €2) 1



with By = f/n and s = s = s;. The first equation is a linear Poisson-type equation for the
potential ¢, the second equation is a quasi-linear equation for the density. These properties are
destroyed when we neglect the interaction with the neutral background (e — 0). In that case
magnetic surfaces and density surfaces coincide. The neutral background decouples plasma and
magnetic surfaces and the model is also applicable to ergodic regions. Given the density the
first equation is a linear elliptic equation for the electric potential. Together with boundary
condition the equation has a unique solution. The density equation is quasi-linear and elliptic
and can be solved iteratively. The convergence is still open, however, if a solution exists, it is
Hoélder-continuous and the current density is bounded in the Holder space. The plasma source
term determines the limit and if the source term is small enough a self-consistent magnetic field
exists.

Since the interaction with the neutral background is small, the variation of density and
potential on irrational magnetic surfaces is very small, too. An increase of the magnetic field
reduces the friction term and thus improves the confinement. However, on rational surfaces
with closed field lines a strong perpendicular variation can arise leading to convective cells and
enhanced plasma loss. The size is determined by shear and collision frequencies. However,
viscosity may also be important in convective cells and since shear viscosity decreases with
growing magnetic field in can even happen that convective losses grow with growing magnetic
field. Such effects have been observed in the stellarator Wendelstein ITA [18].

7 Navier-Stokes model

In the previous section we considered a slowly diffusing plasma and neglected inertial forces.
If the plasma is rotating these forces, however, may be important. For the sake of simplicity
we neglect the heat fluxes and approximate the friction forces by F = 3 ; ajpv;. Momentum
balance equations, equation of continuity and V - 5 = 0 represent a complete set of equations
for the functions v, pg, ¢.

V- (mgngvg : v + T+ p) = qeng(E + v, x B) + Fy, (48)

V-j=0 ; V- -ngup,=25S; (49)

In this formulation the equations are applicable to a multifluid plasma including impurities. The
one-fluid approximation has been investigated in [11]. Die ideal gas law py = nyT) ; T} > 0 yields
a relation between pressure and density. As boundary condition we impose ng = ng, Tx = T,
with constant and positive values of n, and T,. The electric potential is assumed to be constant
on the boundary which can be set to zero without loss of generality. The equations are second
order, however, the inertial terms introduce non-linearities, which cannot be treated by standard
methods. The constant-density model can be handled as in hydrodynamics: The existence of a
weak solution in a Sobolev space can be proven. If the boundary is smooth and all coefficients
are differentiable the solutions is also Holder-continuous. In hydrodynamics viscosity comes with
the Laplace operator while in collision plasma the Braginski viscosity accounts for the effect of
the magnetic field. The mathematical structure, however, is the same and therefor the results
of hydrodynamic theory can be extended to the Navier Stokes model in plasmas.

8 Summary and conclusions

Islands and ergodicity present a generic feature of three-dimensional magnetic surfaces of stel-
larators. Vacuum fields with a minimum of islands and ergodic regions can be constructed,
however, plasma currents modify the topology of surfaces discontinuously and for this reason
any attempt to construct ideal MHD-equilibrium in stellarator iteratively with respect to beta

10



is bound to fail. Collisions and plasma transport decouple plasma surfaces (density and tem-
perature) from magnetic surfaces and allow for islands and ergodicity, while plasma surfaces
remain smooth and differentiable. Density and temperature profiles are the result of a second
order transport equations and the Holder space is the appropriate function space to deal with
such problems. The transport equations can be solved for any magnetic field which is Holder-
continuous and the upper bound of the density and temperature is determined by the source
terms of electrons and ions for any topology of magnetic surfaces. Thus the plasma currents are
controlled by the source terms and the issue of a self-consistent magnetic field can be formulated
as a fixed point problem in a Banach space.

This mathematical approach simulates the experimental procedure, where an external vac-
uum field confines a plasma at any pressure and temperature. Refuelling and heating power
control the maximum density and temperature. However, the magnitude of the magnetic field
and its topology affect the results, too. Any reasonable model of plasma equilibrium should be
able to describe these effects. In this paper heat conduction has been neglected. Since includ-
ing thermal conduction would add another second order equation the analysis becomes more
complicated, however the procedure would remain the same as above.

Any plasma model which results in Holder-continuous plasma currents fits into the scheme
described above. In this paper a fluid description of the plasma has been considered, the general
scheme, however, also applies to kinetic model with neoclassical viscosity. The basic requirement
is that singularities in the current density be absent and the current density be bounded by
external sources. Uniqueness of solutions is still an open problem. It is expected that due
to non-linearities bifurcations and multiple solutions exist. In particular, the neighbourhood of
rational magnetic surfaces may become unstable due to field line curvature leading to convective
cells and enhanced plasma loss.

The fixed point method does not present a method for numerical computations. Computing
plasma flow in a fixed magnetic field could be done by finite element methods on a grid as it
is done in hydrodynamics. The iterative procedure with respect to the magnetic field, however,
requires an adaptive grid to account for the fine structure of magnetic islands and convective
cells.
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