=CCFE

CCFE-PR(15)33

M. Fitzgerald, M. J. Hole and Z. S. Qu

MHD Normal Mode Analysis with
Equilibrium Pressure Anisotropy



Enquiries about copyright and reproduction should in the first instance be addressed to the Culham
Publications Officer, Culham Centre for Fusion Energy (CCFE), Library, Culham Science Centre, Abingdon,
Oxfordshire, OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.




MHD Normal Mode Analysis with
Equilibrium Pressure Anisotropy

M. Fitzgerald', M. J. Hole” and Z. S. Qu®

ICCFE, Culham Science Centre, Abingdon, 0X14 3DB, UK
Research School of Physics and Engineering, the Australian National University,
Canberra ACT 0200, Australia

Further reproduction distribution of this paper is subject to the journal publication rules.






© 2015 UK ATOMIC ENERGY AUTHORITY

The following article appeared in Plasma Physics and Controlled Fusion, Vol.57, No.2,
February 2015, pp.025018

MHD normal mode analysis with equilibrium pressure anisotropy
Fitzgerald M, Hole M J,Qu ZS

This is an author-created, un-copyedited version of an article accepted for publication in
Plasma Physics and Controlled Fusion. 0P Publishing Ltd is not responsible for any errors or
omissions in this version of the manuscript or any version derived from it.

The Version of Record is available online at doi:10.1088/0741-3335/57/2/025018



MHD normal mode analysis with equilibrium
pressure anisotropy

Abstract. In this work, we generalise linear magnetohydrodynamic (MHD)
stability theory to include equilibrium pressure anisotropy in the fluid part of
the analysis. A novel ‘single-adiabatic’ (SA) fluid closure is presented which
is complementary to the usual ‘double-adiabatic’ (CGL) model and has the
advantage of naturally reproducing exactly the MHD spectrum in the isotropic
limit. As with MHD and CGL, the SA model neglects the anisotropic perturbed
pressure and thus loses non-local fast-particle stabilisation present in the kinetic
approach. Another interesting aspect of this new approach is that the stabilising
terms appear naturally as separate viscous corrections leaving the isotropic SA
closure unchanged. After verifying the self-consistency of the SA model, we re-
derive the projected linear MHD set of equations required for stability analysis
of tokamaks in the MISHKA code. The cylindrical wave equation is derived
analytically as done previously in the spectral theory of MHD and clear predictions
are made for the modification to fast-magnetosonic and slow ion sound speeds due
to equilibrium anisotropy.
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1. Introduction

A hydrodynamic plasma model provides an intuitive and simple framework for plasma
dynamics where the details of the velocity distribution of constituent charged particles
is not important to the phenomena being studied. In laboratory fusion plasma,
the magnetohydrodynamic (MHD) equations successfully explain a range of plasma
instabilities. The equations specify necessary conditions for well behaved toroidal
magnetic confinement experiments, and provide insights into the low-frequency
electromagnetic wave observations, such as the shear Alfvén wave.

The stability analysis of tokamak plasma is often broken down into contributions
from thermal and non-thermal populations, with fluid models convenient for the
thermal components and kinetic models deployed for the rest. The subject of
equilibrium pressure anisotropy and flow on tokamaks has received some recent
attention due to the upgrading of heating power and the lower reliance on
Joule/‘Ohmic’ heating in recent and future tokamak experiments, particularly in
tight aspect ratio (for example: MAST-U and NSTX-U). Codes for MHD equilibrium
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[1, 2, 3] are being generalised [4, 5, 6] to include some of these non-resonant non-
thermal effects in the fluid part of the analysis. The natural question is how
to self-consistently include the stability aspects of pressure anisotropy in a fluid
framework. Of course, kinetic extensions to the MHD model for non-Maxwellian parts
of collisionless plasmas are widely implemented (see [7] for a recent review), however
where resonant wave-particle interactions are not important, the full description of
the velocity distribution inherent in a kinetic approach should ideally be simplified to
a reduced model containing localised ‘fluid-only effects’ to aid in the understanding.
One method to make this simplification is with a physically defensible, or at least
comprehensible, statement about the per species fluid thermodynamics leading to a
simple closure, such as the ideal gas adiabatic pressure law. Alternatively, one may
arbitrarily truncate the hierarchy of fluid equations at a sufficiently high level as to
hopefully capture all the non-resonant physics of local heat flow, if perhaps at the cost
of clarity of physical interpretation [8].

For collisionless plasma, Chew, Goldberger and Low (CGL) [9] deduced that
the lowest order form of the plasma pressure may be expressed in terms of pressures
parallel and perpendicular to the field. They further defined a fluid closure, the double-
adiabatic model, which assumed that both pressures did work in their respective
directions but neglecting any heat flow between the degrees of freedom, or from
adjacent fluid elements. Subsequent analytical work on plasma stability [10] included
both MHD and CGL versions of their expressions, with CGL giving the more
optimistic stability threshold. This was followed soon after by comparisons of the
stability predictions of these fluid models to the kinetic theory [11][12] which, for
isotropic equilibrium, revealed that the reason for the difference between fluid models
lay in the energy contribution from differing perturbed parallel and perpendicular
pressures, with CGL exaggerating stability and MHD underestimating it when
compared to the kinetic results. Much subsequent work has been done to analyse
the stabilising effects of anisotropic equilibrium [13, 14, 15], particularly with regard
to the ballooning mode [16, 17, 18, 19, 20], and the internal kink [21, 22]. Investigation
of the stable spectrum in the presence of equilibrium anisotropy is much more sparse
[23].

The theoretical shortcomings of the fluid models are well publicised for
magnetically confined fusion (see for example [24, 25]) primarily due to the length
scales parallel to the magnetic field being too short when compared with the collisional
mean free path. Nevertheless, the self-consistent and theoretically rich MHD model
serves as a well-understood foundation for understanding fusion plasma, on which one
may later build if and when the experimental evidence demands.

This work concerns using a fluid approach for linear stability analysis of
anisotropic tokamaks. We describe a novel ‘single-adiabatic’ (SA) fluid closure for
the stability analysis of anisotropic magnetised plasma equilibrium, a closure which
has the unique property of producing the same results as the MHD model for isotropic
equilibria. We re-derive the set of equations currently used in the MISHKA [26] code
showing the changes required to implement anisotropy, using either single or double
adiabatic approaches, but focusing mostly on the single-adiabatic approach. Finally,
we apply this new model analytically to cylindrical geometry and make quantitative
and falsifiable predictions about the affect of anisotropic equilibrium on the continuous
MHD spectrum and sound speed for finite 3.
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2. Single-adiabatic model

For convenience and clarity, we proceed in a natural MHD unit system where pg — 1.
All electromagnetic fields, fluxes and vector potentials may be restored to S.I. units
with a transformation ... — .../\/g, all electric currents with j — /oj and the
electrical conductivity with o — pgo. The model is founded on the quasi-neutral set
of single-fluid equations and resistive MHD conductivity,

0
5P TV (pu)=0 (1)
d .
pu=-V-P+jxB 2)
%P:—P-Vu—(V~u)P—uV<_~P—u-VP—V-Q (3)
E+uxB=1 (4)
g
VxB=j (5)
V.-B=0 (6)
0
VxE——aB (7)

where we have denoted the derivative to the left as V. in the evolution equation
for the stress tensor P. These fluid equations may be found in the usual manner by
successive moments of the Boltzmann equation, and have been rigorously re-derived
in the collisionless limit by Ramos [8]. In the energy equation (Eq. (3)), we have
neglected resistive dissipation of pressure by removing terms resembling (E + u x B) j,
and dropped terms similar to P x B in anticipation of the form of the pressure tensor.
Eq. (3) contains a third rank tensor Q which describes heat flow.

For the normal mode analysis of this paper we have assumed time dependent

oscillations of the form exp (At) where A\ = —iw, and the system of equations is

linearised around a non-flowing anisotropic equilibrium as
B=B;+B (8)
E=E=-)\A (9)
u=V (10)
B=VxA (11)
P=Py+P (12)
V.Py =V x By x By (13)
Q=Q (14)

which leads to the linear unclosed set of equations
AoV =-V.P+H (
AP=-Py-VV—(V-V)P,—VV_-Po—V-VP,-V-Q (16
/\A:—Box{/—leVxA (
HE(VXBQ)X(VUXA)—BOX(VXVXA) (18

where H may be thought of as a perturbed j x B force. We are now in a position to seek
an acceptable fluid closure. In this work, we seek to generalise the well-understood
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MHD fluid model, thus we need a linearised energy equation resembling

Ap=—pV-V—-V.Vp (19)

where v = g, in the isotropic limit. To reproduce the physics of MHD, we must also
neglect finite Larmor radius (FLR) effects in our fluid treatment. It is well known [9]
(and easily verified using drift currents to lowest order in Larmor radius), that the

pressure tensor in collisionless plasma may be written as a diagonal matrix

Py = pi1+ ABoBy, A = H (20)
0

Setting () = 0 and 0 — oo reproduces the CGL double-adiabatic closure % (%3) =

0, % (p”p—_]fQ) = 0 [9]. It may be readily seen that the simple CGL closure does not

reduce to the MHD expression % (#) = 0 in the isotropic limit. Fundamentally, the

physical difference between models is that the parallel and perpendicular pressures in
MHD are combined and indistinguishable when doing adiabatic work whereas in CGL
they are mutually insulated and do adiabatic work independently. Thus to correctly
generalise MHD to anisotropic equilibria, we require a ‘single-adiabatic’ closure that
somehow treats these pressures together.

With some trial and error, we learn that a single-adiabatic theory can be obtained
by defining an isotropic perturbed pressure p and assuming zero net heat flow. All
anisotropic components to the pressure forces are ignored in order to reproduce only
the MHD perturbed forces. To close the equations, our formal thermal assumptions
of the model are

Popl+7 (21)
TTV-Q—0 (22)
Tr7—0 (23)

which, when taking the trace of our energy equation, lead immediately to the linearised
model

. 4 1 > 2 v
Mp=— | =pL + =D V-V - -AByB;:VV
3 3 3
1~
_§V -V(2pL +p)) (25)
~ 1
M =-ByxV—--VxVxA (26)
o

which reduces to MHD in the isotropic limit as required. This heat equation containing
the constructed scalar pressure p exhibits a viscous term %ABOBO: VV which implies
that the differential operator of the eigenvalue problem will be asymmetric and perhaps
non-Hermitian, although we have not yet encountered complex eigenvalues in any
solutions.

In the next section, we explore the physical interpretation and thermodynamics
of this approach and closure.
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2.1. Interpretation of the single and double adiabatic closures

The fluid stress tensor P may always be decomposed into diagonal and non-diagonal
contributions

p. 0 O 0 Toy Tz
P=[ 0 p, O |+ 7y 0 7y (27)
0 0 p. Tez Tyz 0

The diagonal contribution represents thermal momentum times a thermal velocity
in the same direction, and therefore represents the pressure forces along each degree
of freedom, which are anisotropic in general. Conversely, the off-diagonal elements
represent thermal momentum transported in orthogonal directions, and so these
elements represent shear viscous forces. A further decomposition is possible which
defines a scalar part of the pressure and a ‘parallel viscosity’ correction to the scalar
expression but leaving the shear viscous off-diagonal portion unchanged

2 (po +py +p2) 0 0
P = 0 %(px'i‘py"‘pz) 0 +
0 0 2 (po +py +p2)

% (2pw _py - pz) 0 0
0 % (_pac + 2py _pz) 0 +
0 0 3 (=pz — py + 2p2)

0 Toy Ta

Toy 0 Ty (28)

Tez Tyz 0O

Comparing to the classical transport theory [27, 28], this decomposition is written
P = pl+m where p is due to the Maxwellian part of the distribution function, and 7 is
the non-thermal and traceless remainder, also known as the ‘dissipative stress tensor’.
Conversely, in the collisionless plasma theory, it is well known [29] that the shear off-
diagonal terms are zero to first order in Larmor radius when the characteristic time
of the phenomena is slow compared to the cyclotron motion. We henceforth drop
the gyro-viscous FLR terms. Applying a perturbation to the pressures, we assume
symmetry in z and y for z parallel to the equilibrium field.

~ 1 _ _
(P+P) == (2pL +2pL +p +D)) +
T, Yyy

3
% (pL+pL—p—D)) (29)
(P +f’)zz = é (2L +2pL +p) +P)) +
%(—PL —PL+p) +5)) (30)

We may identify the terms p = % (QPL —|—p‘|), T = % (pl —p”), ™ = % (pH —pl)
and the perturbed versions p = % (Zpl —|—p]), T, = % (pl —ﬁ”), | = % (p~H —pl).
We now write the linearised energy equation for each degree of freedom

AP, = —2((p+71)d:) Vi
—(p+7TL)V{/—{}V(p+7TL)_dQ1;E (31)
APy, = —2((p+71)d,)V,
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—(p+7)V-V=V.-V(p+7r.)—dQ,, (32)
/\iszz = -2 ((p‘f'ﬂ'”)az),‘};
—(p+m)V-V=-V-V(p+m) —dQ.. (33)

simplifying to

Ap+7)=(p+7)0.V. —2(p+7)V-V

~V . V(p+mL)—dQL (34)
Ap+7) ==2(p+m) 0V — (p+m) V-V
-V.V (p-i-ﬂ'H) —dQ (35)

which is the double-adiabatic CGL fluid closure if dQ, and dQ are zero.

To recover some hydrodynamic intuition and return to an MHD-like model, we
turn our attention to the behaviour of the isotropic ‘average’ pressure p which underlies
the CGL model before anisotropic perturbed forces are included. We simply eliminate
71 and 7 from our equations using the identity 27, + 7 = 0; adding twice Eq. (34)
to Eq. (35) with zero heat flow we obtain

. 2 =~ T +T
M=% (L —m) 0.V — [+ —1
3 3
which is our scalar Eq. (25) derived earlier. In the next section, we investigate the

thermodynamics of this model.

)v-ff—\?vp (36)

2.2. Thermodynamics

We consider the thermodynamics of a Lagrangian fluid element of length z, cross-
sectional area A and volume V = zA which obeys the single-adiabatic closure

dQ =0 (37)
dp, =dp+dmy (38)
de =dp+ dﬂ'H (39)
2dmy +dm =0 (40)

where the fluid element is sufficiently small to be homogenous, and all changes are
quasi-static in the classical thermodynamics sense. The condition d@ = dQ || +dQ L =
0 is a weaker assumption than the CGL condition dQ1 = d@Q; = 0. This is a
luxury afforded to us because of our neglect of detailed behaviour of the parallel
and perpendicular motion, which requires additional assumptions on dr and dm| to
close the equations. In the CGL model, the condition d@Q, = d@Q) = 0 provides that
additional closure. Conversely, in the SA theory, we make no such statement, leaving
open the possibility of non-adiabatic internal degrees of freedom.

2.2.1. First law Treating the parallel and perpendicular degrees of freedom as
separate energy reservoirs doing work whilst exchanging heat between them leads
us to the relations in terms of energy U, heat @ and work W

b
Uy =5V (41)

UJ_ == pJ_V (42)
AU = dQ — dW = (dQ) +dQ.) — (dW) +dW.) (43)
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AU = dQ) — dW) (44)
dU, =dQ, —dW (45)
dW) = p Adz (46)
dWL = pLZdA (47)

differentiation and some algebraic manipulation of the above relations gives the implied
perturbed pressure

4 1 dA 2 dz
dp=—|( = - —_ - - — 48
p (31& + 3p|> 1 <p|| + 3]&) > (48)

which is derived from the first law applied to the energy in each separate degree of
freedom as well as the total energy. To remove any further doubt that this energy
conserving system corresponds exactly to our closure, we reformulate our Eulerian
perturbation Eq. (25) instead as a Lagrangian perturbation [30] of the pressure

M=V (49)
P’ +¢) =

P(r%) —¢ (VL -P(°)) — (P(x") - V°) € = P(x") (V° - §) (50)
VvV~ V-V v (51)
A= — (gm + Zl’)p|> V0.V - gABOiBgvg?f/i (%) (52)

integrating over the fluid volume element zyz = Az and identifying & = (dz, dy, dz)
and Bg = ByZ gives immediately Eq. (48) and Eq. (36). Thus, the SA force
operator conserves total energy. It simply doesn’t cover nor restrict the detailed
energy conservation or motion of the parallel and perpendicular components.

2.2.2. Second law We now show that the heat flows d@Q,dQ . and d@Q satisfy the
second law of thermodynamics dS > 0. Without loss of generality, we define Bi-
Maxwellain temperatures in terms of the equilibrium density and pressures p, = pT'|
and p| = pT}. The respective relations for the entropy changes are

_dQy
Q)
ds| = — (54)
I T,
Using d@Q 1 + dQ) = dQ = 0 we immediately obtain
dQ | T,
— 1 —_— — =
T, ( T” ) dS| + dS” (55)

Consider first the case T > T|; since dQ = 0, dQ1 must be negative because heat
must flow from perpendicular to parallel (hot to cold), this implies dS = dS; +dS) > 0.
Conversely, when T, < Tj, dQ_ is positive which still implies dS = dS; +dS; > 0.
We may now relax the Bi-Maxwellian condition for each degree of freedom and include
further entropy increases due to relaxation, leaving the result unchanged.

This places a clear equilibrium-determined ‘must not oscillate’ restriction on
dQ@ for any valid fluid theory, since the equilibrium doesn’t oscillate by definition.
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Checking the behaviour of sound waves dA = 0 under the SA model we obtain

dQ” dp dTr” dz
=2 T g, 22
% 5 + 5 =+ 2p) . (56)
dQl dz
—= =dp+d — 57
v D+dmy +p1 B (57)
dz 2p,) dz
L (5%)

This shows that dp may admit strictly oscillatory sound wave solutions without
violating the second law requirement that d(@); must not change sign. Substituting
this oscillatory pressure into the previous two equations for the heat flow causes no
contradiction, since the residual anisotropic parts dm| and dr | are left unconstrained.
In passing, we mention that for CGL, these terms may also oscillate along with p,
but for finite heat flow, they must not without some other internal relaxation process
to increase the entropy. This behaviour is analogous to the classical thermodynamics
result for the modification of ideal gas sound waves due to the relaxation of internal
degrees of freedom.

Thus, the SA model satisfies the second law of thermodynamics because d@ is
zero, and no further restrictions exist on the internal heat flow.

3. Equations for a MISHKA-like numerical code

In this section, we deliberately follow closely the structure and notation found in [26]
to re-derive an anisotropic set of equations for the linear normal-mode MHD solver
MISHKA, briefly restating, but not dwelling on, unchanged results. For convenient
reference, we will denote changed equations with an asterisk ‘(x)’. The presented
perturbed pressure terms, for the sake of brevity, will be for the novel single-adiabatic
model only, although we anticipate that implementation in MISHKA will also include
the CGL expressions for comparison.

3.1. Equilibrium

We proceed in the straight field line coordinate system r = r(s,d,¢), where s =

w’ﬁ and the Jacobian is chosen such that the angle ¢ is the ordinary toroidal
edge

angle in cylindrical coordinates (R, Z, ¢) , then the contravariant components of the
equilibrium field, and metric tensor, are

By =0 (59)
BB
52 = 1(s) (60)

0

1
9" =V Vo= = (61)
gs3 = 8¢I‘ . 6¢,I‘ = R2 (62)
the equilibrium magnetic field in covariant form may be written

By = V¢ x Vi(s) + F(s,9)V (x) (63)
F(s,9) = Fa(s)/(1 = A(s,9)) (*) (64)

By =v/'(s)/J = f]J (65)
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where the toroidal field is a flux function for the special case of isotropic equilibrium
RBy = F(s,9) = Fa(s) [31]. Summarising, the Jacobian, covariant and contravariant
components of the equilibrium field are:

_afR’?
J = Ia (66)
By =0 (67)
F
B = — 68
0 qR2 ( )
F
B = i3l (69)
F
— 70
01 = 912 (R? (70)
Bo2 = g2o— 1
02 = g22 qR? (71)
Bos =F (72)

Henceforth we take as understood the standard notation from the tensor calculus,
such as superscript and subscript denoting contravariant and covariant components of
vectors, as well as the metric tensor g;; and Christoffel symbols Ffj. Taking the curl
of the equilibrium field gives the equilibrium current density. Doing so with particular
care to include the anisotropic & dependence in F', the components are

g Lo

A= 2p ) (73)
2_ 10

=t lr (7)
G L[ (B Lo F

=7 |55 g22qR2 199 912 3 (%) (75)

We note in particular that current no longer lies in flux surfaces for anisotropic
equilibrium. For completeness here, we include the integrated fluxes and currents
given by
(76)
' 8) =27 fq (77)
(78)
(79)

78
Iy(s) = . <gj;f>e (%)

To obtain a Grad-Shafranov type equation, we take the radial component of the
pressure

79

9 1 . , ;
= 5Pt + jai (JAB{g21B3) — AB{ By, I}, (80)

and, using Eqs. (73)-(75), equate it to the radial component of the j, x By force in
Eq. (13) giving

PO P o(F N 10 (F \]_
R2 0s qR? | 0s qRQg22 qod 292

0 1 F
*%PL Ja (JABOQH )+ABOBOJ h (%) (81)

R2

[V : P0]1
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Eq. (81) is a form of the equilibrium condition which needs to be solved for numerical
stability analysis with high precision in a code such as HELENA to obtain the straight-
field line geometry inputs for a linear stability code such as MISHKA. The isotropic
form [26] is regained in the isotropic limit A — 0 with F and p, becoming flux
functions. The necessary modifications to HELENA to incorporate Eq. (81) have been
performed by Qu et al. [5] who also analyse the magnitude of the anisotropic effects
on equilibrium. We will leave further discussion on the topic of tokamak equilibrium
here and proceed to the linear stability equations in toroidal geometry

3.2. Projections of perturbed quantities and conductivity equation

In addition to the simplification introduced by the straight field line coordinate system,
the MHD stability problem is simplified when the perturbed vector fields A,V are
projected along normal, binormal and parallel directions. In the MISHKA codes, the
projections chosen are

Ay = [A x Bo]' /||By?
Az = A -By/||Bo|?
VQ = |:{, X B0:|

1

82
83

84

(
(
(
(85

)

)

)
V=V Bo/|Bo|? )
which relate to the poloidal and toroidal components using Eqs. (67)-(72)

~ .

= fqA2 + g22 qﬁfh (86)
As = —fAy + FA;g (87)
e F? 921 A

2 4 1y Zy2 3
Y R ( Y ) + o (58)
2

- ~ g F .
V=~ i (027 0F7) + (59

Taking the curl of A gives the perturbed magnetic field

~ 10 1o} a\ 0 0
B! = 7 __f (819 + q(%> Ay + (319 - 512%223(25> A3:| (*) (90)
R (ng) -2 (FAQ,)} (91)
~s 1] 0 0 ([ g2k -
B = i _*%Al + 5 (quz) 75 ( R As)} (92)

where the perturbed radial magnetic field has been modified by the poloidal
dependence of F. We may now use these projections for current, magnetic field
and fluid velocity to obtain the equations of motion from the linearised momentum,
conductivity and energy equations. The closed system in MISHKA requires equations
in terms of equilibrium quantities and the seven unknowns V1 V2 V3 ,Aq, Ag, A3 and

D.

We first deal quickly with the Ohm’s law Eq. (4) and its equations relating A and
V because they are dependant on Maxwell’s equations and the linearisation Egs. (8)-
(11) but not on the pressure. The unchanged isotropic resistive MHD results are
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(26]
/\A1:f/2—m(VxVxA)l (93)
)\AQ——Al—m((VXVXA)XBO)l (94)
Nz = mBO (VX VxA) (95)

where the parallel electric field proportional to 1213 is zero for ideal MHD. The parallel
magnetic perturbations due to the resistive terms in Eqgs. (93)-(94) are negligible for
the shear Alfvén wave.

3.3. Momentum equation

Seeking a set of expressions for the velocities V1, V2, V3 in terms of the remaining
MISHKA variables, we turn our attention to the linearised momentum Eq. (24). The
radial and poloidal components of the momentum equation

~ 0 B

ApoVi = —%p +H (96)
~ o B

ApoVe = —%p + Hy (97)

contain velocity and perturbed j x B terms which are dealt with first. Eqgs. (67)-(69),
Egs. (73)-(75) and Egs. (90)-(92) are combined to produce the perturbed j x B terms

giving

Hi = a1 — == (JGB ) (98)
_ F a 3
Hy = s — 2555 (JGB ) (%) (99)
F 9 ~ ~
= ; _3p2)y Y 1 2
ar = J(yOB 3B ) ey (JMB +JNB )
ul JL§1 JM B? 100
+or (5 * 955 +IMB) (100)
F a - -
— nl o I 1 2
2= J (B - 4B )+ o (JMB' + INB?) (+) (101)
_9u 912 92 g3 _ F
L="F =22 N=T2G= 0 = (102)

and the covariant velocity terms on the left hand side of Egs. (96) and (97), using
Egs. (88) and (89), are

ad 921F 1 g2 F 2 3
= (gn - 2 v 1
" (g“ 2R4|Bo||2>v TR (fIIBoIIQV * (103)

= 912F® =, gnF ( 5o A3>

Vo= \% VetV 104
2 [Bol? FIBa? 1o

The remaining momentum equation is the component of Eq. (24) parallel to the field

obtained by dot product with By and inclusion of the equilibrium Eq. (81), giving

. F [0 0
Mool Boll2V3:= ——— [ = +qg— |5
pol|Bol*V IR? (86+q8¢>p
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(Blaas + BZ;) pL — AB'BIV;By;

~ F ~ F ~ F 0
- <Blg12qR2 + BQszqﬁ + BgF) qﬁ%A (%) (105)

which is a far more complex expression for parallel momentum than the MHD version,
due to the difficulty of taking a derivative of anisotropic equilibrium pressure in the
direction of the perturbed field. Pressure and magnetic surfaces no longer coincide and
so changes in pressure cannot be represented by a radial derivative alone. Furthermore,
owing to the average gyro-motion of a magnetised plasma, the pressure tensor is
oriented with the equilibrium field direction through the AByBy part of Eq. (20), so
a derivative of pressure in a direction tangent to a field line must include changes due
to curvature, as expressed with AB'BjV,;By;. Thus, the introduction of anisotropy
means that curvature terms must be computed explicitly from the metric tensor and
included in the numerical treatment.

3.4. Energy equation

Having obtained six equations (Eq. (93), Eq. (94), Eq. (95), Eq. (96),Eq. (97) and
Eq. (105)) relating the seven components of A, V and p, we close the system of
equations with the energy equation

_ 4 1 ~ 2 .
Ap=—|opL+5p | V-V ~AByB}V,;V*
3 3 3
~V.V ( P+ 3p||) (%) (106)
and the derivative terms in the MISHKA variables become
JV-V =

O\ _ (9 9\ _guF &
<as”) y (as“ ) ENEz

0 g2z O F 0\ ~3
+<ae qR2a¢> ENE ”( *qaqs)V *)
V. V( p¢+3p|>
~. 0 (2 1
17 —_ p—
Vs <3PL+ 3p'>

P (g F o
qR?Bol* \ f  qR? qR?
Again we note here that the angular dependence of equilibrium pressure and curvature
complicates the expressions, so much so that it is not worthwhile to change from
Eulerian pressure p to Lagrangian pressure p as done in MISHKA.

The viscous double product %ABOiBé V; V¥ may be evaluated by tedious inclusion

of all Christoffel symbols computed for the equilibrium straight field line coordinates,
however some simplification is possible and is discussed in the next section.

0

+ » (QPJ_ + ;pn) ((107)
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3.5. Simplification of curvature terms

The curvature term in Eq (106) is simplified considerably when expressed in terms of
the field curvature K = b - Vb and the orthonormal basis
Vs -~ -~ = By
sl =P P = Ry
which represent the normal, binormal and parallel directions to the flux surface and
field line respectively. Realising that bb:Va=-ab: Vb= —x- n, and similarly
for L instead of n, allows a deconstruction of the curvature in terms of normal
curvature k- = ,, and geodesic curvature k- L = kg (‘ad more geometrico’ in [32]).
Furthermore, the chosen contravariant velocity variables for MISHKA are almost the
suitable form for that orthonormal basis, with projections of velocity along the unit
vectors

(108)

n

A1
e

f= (109)
gll
- 1
1 = ————— (Boséz — Bn263) (110)
J[Bollv/g'*
- 1
b= Bl (Bjé: + Bjeés) (111)

providing the conversion between bases. The final form for the viscous contribution
reduces to

2
3 (P11 —pL) x

F 0 0 N ~ Kgg1oF? Hg\/
pwer) +q>(B V3)—V1 . —-V? 112
o (55 155) (130l NN i fu
Thus the seven equations Eq. (93), Eq. (94), Eq. (95) Eq. (96), Eq. (97), Eq. (105)
and Eq. (106) in the seven unknown variables V1 V V3 , A1, Ag7 Ay and p p constitute
a full set of linearised equations of motion for the code MISHKA generalising MHD

to anisotropic equilibria. This modification to MISHKA and subsequent numerical
calculations is the subject of on-going work and a future publication.

4. Analytical large aspect ratio and cylinder calculations

We now finish this paper with an analytical treatment of the large aspect ratio
tokamak equilibrium and cylindrical linear modes to give some intuition about the
modifications brought by anisotropy to the MHD stability problem, as well as some
simple expressions for comparison with experiments in cylindrical symmetry. This will
include a modified dispersion relation for the homogeneous and cylindrical continuum.
We consider a shifted circle geometry which is up-down symmetric and with
major radius R(r,0) = Ry + (r) + rcosf. Then to leading order in inverse aspect
ratio € ~ r/R, the straight field line coordinates may be written in orthogonal polar
coordinates (s,d) — (r,0) and the large aspect ratio metric tensor is given by

14 26" cos —rd'sinf 0
Gij = —rd’sinf r? 0 + O(é?) (113)
0 0 R?

where setting § — 0 gives the zeroth order cylindrical metric.
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4.1. Equilibrium

Evaluating the equilibrium Eq. (81) with the large aspect ratio metric gives

By, 0 By [0 0 )
B S (RBe) + B2 | 2 () 4 (Bsins)] +0(2) -

B} B

+§¢(c080+5') !

+= 9 (ABFsin6¢’) (114)

9
i r 90

or o

where the angular dependence of pressure and the curvature terms are clearly evident.
Using the fact that the poloidal flux ) and Fa are flux functions, we deduce the form
for the toroidal and poloidal fields for an anisotropic cylinder to be

F
Bye (r,0) = (1 - A (r,0)) 727 (115)
Ry
1 dy

By (r) = —— 116

oc () rRy dr (116)

Taking the zeroth order of Eq. (114) gives the cylinder equilibrium equation

0 1 5 Bye d B2
v - — — ATl — 11
or (PL + 23¢C> o (rBac) — A . 0 (117)

noting the partial derivative in the first term. This expression is the well known
cylinder force balance condition with the additional term in terms of the poloidal field
and anisotropy. This equation may also be quickly checked by direct substitution
of the pressure tensor Eq. (20) into j x B = V - P in cylindrical coordinates. The
remaining first order terms of Eq. (114) gives the differential equation for ¢

d 9 r 0 9 AB? 9

% (TBGCCS,) = Rio (27‘8rpl - Bac + QROCS/ , € — AB¢C (118)
where again the perpendicular pressure dominates the force balance, and anisotropic
curvature terms proportional to the plasma 8 are the new contributions to the axis
shift. In the isotropic limit, the angular dependence of p, disappears as do the
curvature terms and we are left with the well known equations for the Shafranov
shift.

4.2. Cylindrical wave equation

We introduce the fluid displacement vector V= %f to the linear equations of motion

—w?pot = -Vp+H (119)
p=— 4 +1 Vg—zABB~V£
b= 3PJ_ 3p|| 3 0Do
2 1
—£-V (= - 120
13 V(3P¢+3p|> (120)

and assume a decomposition in the orthonormal form [&,(r),&1(r), & (r)] exp(ik -
r — iwt) in the normal, binormal and parallel directions. In the cylindrical metric
corresponding to the e — 0 limit in Eq. (113), a tedious calculation gives the cylindrical
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spectral wave equation

T

4 [ ps+BE d r+A} — B2k —r (Be> 4 [py+ B3| ky — 2BoBo Ly g

—ky [@ir - A} — 2kBeBo —k% (pr + B3) — kﬁBo —k k) ps
—ky [Bger + A] —kykLps —kips
&n
= —pow” | &L
i)
I
A= ?)Alj + (p|3p¢> PF = gzu + %p\pps = ;pL + Dy

where we have deliberately re-arranged the equation for side-by-side comparison to
the Goedbloed and Poedts MHD text [33]. We see the new quantity A that introduces
equilibrium anisotropy shear and curvature to the radial derivative of the normal
component. We have also defined a notation for two pressure terms, ‘fast pressure’ ps
associated with cross-field compression, and ‘slow pressure’ p, associated with parallel
compression.

4.8. Homogenous dispersion relation

It is useful here to set all derivatives to zero and obtain the homogenous dispersion
relation. Then, the requirement for a solution of Eq. (121) is that the determinant
of the coeflicient matrix vanishes. The three branches of solutions for parallel and
perpendicular propagation are

B
;: :I:— Shear Alfvén mode (123)
[
k +, / Ps _ +9 / sPL TP <———Tsotropic slow ion sound mode  (124)
H
R — :t -7 _|_ P
kL Po  Po
4 1
x + = B2
= :i:\/ 3PL T 3P + — Isotropic fast magnetosonic mode (125)
Po Po

which correspond exactly to the MHD wave branches in the isotropic limit. The
shear Alfvén wave dispersion relation is completely unchanged with all anisotropy
changes contained in the magnetic geometry of the equilibrium. Looking at the
remaining branches, the labelling of p; and ps has a clear interpretation in terms of the
equilibrium pressure contribution to the fast and slow compressional modes. In the
isotropic limit, the pressure terms are degenerate and correspond to yp. Conversely,
an anisotropic equilibrium will see a modification in the sound speed which is a simple
and measurable consequence of the SA model. One may go further and compare
the single-adiabatic model alongside the double-adiabatic model, whose dispersion
relations are [23] [34]

kf —\/TShear Alfvén mode (126)
I

én
3
i)

(121)

(122)
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3
w4 [P
k| Po

2 B2
B N magnetosonic mode. (128)
ki po Po

The CGL model may be considered exact for an adiabatic homogenous collisionless
plasma, since there is no mechanism by which the orthogonal degrees of freedom are
coupled, and indeed, CGL agrees with the guiding centre plasma model under these
circumstances [15]. This comparison lays bare exactly what is wrong with the MHD
and SA models through the neglect of anisotropic forces in the momentum equation
for collisionless plasma. The modification to the Alfvén speed produced by large
anisotropy and resulting firehose instability is lost. The perpendicular pressure is
involved in doing parallel work and vice-versa. For non-slab geometry, these degrees
of freedom should indeed be coupled, but the quantitative degree of coupling will
be geometry dependent, and not strictly isotropic as we have assumed in MHD and
the single-adiabatic model. The only satisfactory elimination of this assumption is
by restoring the anisotropic perturbation 7 with non-local closures which take into
account the toroidal geometry, bringing the fluid results closer to the kinetic approach.

Slow ion sound mode (127)

4.4. Cylindrical continuous spectrum

In this final section, we write the full ordinary differential equation in the radial
displacement, to allow easy exploitation and comparison with simple experiments, to
compare alongside the MHD version, and to obtain the single-adiabatic cylindrical
continuum. Again, adopting the notation of [33] for side-by-side comparison, the
eigenvalue problem is

1

r

x(r) | + <p0w2 - szzﬁ)

4 (VX)) | d (At (e - )
dr rD dr rD

( Bg)’ 4k> B3 B*(pow® — kitps) + Apow?r2kBe Bk |

2 r3D
2kBy Bk ((pf + B)ppw? — psBQkﬁ> '
(e .
X =1én (130)
N = (powQ - BQkﬁ) (kﬁp5B2 — pow’B? — pfpow2) (131)

D= (kﬁ + ki) (kﬁ - Pow2) B? + ppw® (Pow2 — pski — pfki) (132)

with new equilibrium curvature terms in A and the ‘real’ and ‘apparent’ singularities
of MHD spectral theory easily identified as N = 0 and D = 0 respectively. The N =0
singular solutions express the continuous spectrum

d :I:i Shear Alfvén continuum (133)

ko
W ps B2
k| po (ps + B?)
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2

E + B2

=4 (43pL 1p 1) >71on sound continuum (134)
po [(3p1+5p)) + B?]

directly corresponding to the MHD continuum branches, but with the breaking of

pressure degeneracy into py and p,. Depending on the value of 3, these changes in

continuua should also be measurable.

5. Conclusion

In this paper, we use a fluid approach to partially address the problem of non-thermal
anisotropic fast particle pressure on linear stability. This approach utilises a novel
single-adiabatic closure designed to exactly reproduce the MHD stability analysis in
the isotropic limit which cannot be said of the alternative CGL model, due to the
anisotropic nature of collisionless modes. The single adiabatic model considers only
the ‘average pressure’ and isotropic forces which underlie any possible fluid model
in the first order drift limit. Thermodynamically, we have relaxed the condition of
complete insulation of degrees of freedom that exists in CGL and seek to characterise
only the isotropic part of the motion. The anisotropic fast-particle terms normally
associated with stabilisation do not affect the SA terms in the model and can be
considered as a separate problem requiring its own non-local closure.

We have computed dispersion relations for a homogenous slab and cylindrical
plasma in the SA model, extending well known MHD results to anisotropic equilibrium.
Dispersion relations in a homogenous slab reveal that the SA Alfvén branch dispersion
relation is not modified by large anisotropy, as is the case for CGL. The compressional
branches for the SA and CGL are quite different, reflecting the different choice in
perturbed pressures for the two models. For continuous modes in a cylindrical plasma,
the dispersion relation for the SA shear Alfvén branch is unchanged, and the ion sound
branch modified by breaking of the pressure degeneracy into fast and slow pressure
associated with cross-field and parallel compression.

We also describe the modified linear stability relations which are to be included
in a MISHKA-like code. We anticipate that both CGL and the single-adiabatic
closure will be implemented in that code for comparison with experiment, and for
later elaboration with kinetic or two-fluid additions where the phenomena requires.
A non-local closure is required to include the anisotropic corrections to the perturbed
forces and this is left for future work.

A distinct advantage of a fluid model is that anyone may easily calculate the
implications of the model on quantities such as the sound speed and compare directly
with experiment. Although the kinetic theory is the foundation on which all other
plasma models are judged, the clarity and intuition gained by fluid models in the
historical development of plasma physics should not be readily discarded.
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