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Abstract

Toroidal torque is one of the most important consequences of non-axisymmetric fields in toka-
maks. The well-known neoclassical toroidal viscosity (NTV) is the second-order toroidal force by
the anisotropic pressure tensor in the presence of these asymmetries. This work shows that the
first-order force originating from the same anisotropic pressure tensor, despite having no flux sur-
face average, can significantly modify the local perturbed force balance and thus must be included
in perturbed equilibrium self-consistent with NTV. The force operator with an anisotropic pres-
sure tensor is not self-adjoint when the second-order torque is finite, and thus is solved directly for
each component. This approach yields a modified, non-self-adjoint Euler-Lagrange equation, that
can be solved using a variety of common drift-kinetic models in generalized tokamak geometry.
The resulting energy and torque integral provides a unique way to construct a torque response
matrix, which contains all the information of self-consistent NTV torque profiles obtainable by
applying non-axisymmetric fields to the plasma. This torque response matrix can then be used to

systematically optimize non-axisymmetric field distributions for desired NT'V profiles.



I. INTRODUCTION

The calculation of perturbed equilibrium is an efficient approach to understanding the
effects of non-axisymmetric magnetic perturbations in tokamaks, as the non-axisymmetric
magnetic field 6B is typically much smaller than the axisymmetric magnetic field B. Al-
though |51§ / B | is small, the effects of the perturbation can be significant to various channels
in transport and consequently stability, from microscopic to macroscopic scales. One ex-
ample, which is particularly relevant to this paper, is the non-ambipolar particle transport

across non-axisymmetric magnetic flux surfaces that creates a toroidal torque.

Non-ambipolar transport on non-axisymmetric magnetic surfaces can be understood
within the scope of neoclassical theory [1]. The resulting toroidal torque is pronounced
in tokamaks, and known as neoclassical toroidal viscosity (NTV) [2-4]. The NTV torque
comes from the toroidal co-variant component of anisotropic pressure tensor €, - (6 . 5%),
where €, = 0Z/dy,, and the toroidal angle ¢,, is defined on true magnetic surfaces includ-
ing non-axisymmetric perturbations, i.e. in the Lagrangian frame, which is different from
€y - (6 . 5?) where ¢ is defined with unperturbed magnetic surfaces, i.e. in the Eulerian
frame. This is an important distinction, as the prevailing transport theory is formulated
in the Lagrangian frame but the information required to evaluate transport, such as 6B or

perturbed distribution function ¢ f is primarily calculated in the Eulerian frame.

Note that the NTV torque, €,,, - (6 . 5?), is second order in the perturbation when flux
surface averaged, but that €, - (6 : 5%) is a first-order toroidal torque locally arising from
anisotropic pressure tensor. There is no net torque in the first order, but its modulation
amplitude is of course greater than the amplitudes of second-order quantities. It is a natural
question to ask whether or not this first-order torque is important in equilibrium force
balance when the second-order NTV torque is substantial. When both calculations are done
together, perturbed equilibrium is consistent with the toroidal torque and the NTV torque
is self-consistent up to the second order. This self-consistent torque is the main subject of

this paper, and the complete formulation will be given in detail.

The calculation of perturbed equilibrium including V. 5P generally requires solving each
vector component in force balance directly, rather than the variational method adopted for
ideal or kinetic energy principles. This is because the force operator is not self-adjoint

any more when NTV torque is finite, that is, (&,, - (V - 6§)> # 0, where ( ) is the
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flux-surface-average. If the force operator is self-adjoint, one can see easily that §(6W) =
(1/2) | ((55 Fl]+¢€- ﬁ[&é]) — [6€- F€] in the zero-frequency limit and thus F[€] = 0
is the only solution for extremum 6(0W) = 0 with arbitrary variation of displacements 55.
That is, the minimum energy state 6WW in the zero-frequency limit becomes equivalent to

the state of perturbed equilibrium [5].

The variational method for )W was used by Newcomb to derive the cylindrical Newcomb
equation in ideal MHD [6], which was then generalized by Glasser for axisymmetric tokamak
geometry [7]. Various kinetic energy principles were also discussed with the variational
method with the assumption that (€, - (V- (5%)} = 0. This work will show the toroidal
generalization of those kinetic energy principles with the explicit form of self-adjoint Euler-
Lagrange equation giving minimized energy 6W. It will also present a derivation of a new
non-self-adjoint Euler-Lagrange equation giving perturbed energy and torque, in general
when (€,,, - (V- 5?)) # 0, by solving the force balance equation directly and performing
the corresponding energy and torque integral. Strictly speaking, the force balance equation
is not an Euler-Lagrange equation of a variational method when the force operator is not
self-adjoint. This is just a convenient terminology adopted here to emphasize the similarity
in appearance. It is important to note that the non-self-adjoint Euler-Lagrange equation
does not give a minimum state of energy and the corresponding dW is not a direct indicator

of stability, despite accurately describing the energy of the perturbed equilibrium state.

The approach taken in this work is unique, but the MARS-K code [8] can also produce
kinetic perturbed equilibrium solutions in the zero-frequency limit if the same kinetic model
for V - 6 is adopted. Both approaches are linear and use the single-fluid description with
quasi-neutrality and a simplified Ohm’s law E + @ x B = 0. The derivation of the non-self-
adjoint Euler-Lagrange equation in this work requires the analytic elimination of two vector
components in force balance and thus is algebraically more intensive, and may not be easily
extended when higher order physics are added. This is a disadvantage compared to MARS-
K, but the greatest advantage is that this approach provides the full eigenmode structure of
the solutions. It will be shown that the integration of the derived Euler-Lagrange equation
leaves a non-Hermitian plasma response matrix, the anti-Hermitian part of which is a NTV
torque response matrix. A torque response matrix describes all the self-consistent NTV
profiles that can be produced by external 3D fields given an initial equilibrium. It thus

enables the systematic optimization of NTV torque and, more generally, the optimization



of neoclassical 3D transport in perturbed tokamaks.

Note that the Ohm’s law without resistivity maintains nested flux surfaces, which is an im-
portant assumption in most neoclassical models for V-6¢. The work presented here therefore
excludes reconnected magnetic islands when a non-axisymmetric perturbation is applied, the
inclusion of which remains for future work. In fact, the nested flux surface assumption gen-
erates a well-known problem in NTV calculations unless V.6 is self-consistently included.
If only the isotropic pressure, ﬁép, is included in the perturbed equilibrium calculation as
in the perturbative approach, the energy and NTV torque arising from V - 6 becomes sin-
gular and non-integrable at the resonant surfaces. Although some of the special treatments
across the resonant layer have been successful with perturbative approaches in reproducing
experimentally observed kinetic stability [9] and NTV [10, 11], the self-consistent approach
enables the elimination of those ad-hoc corrections.

The remaining paper is organized as follows. Section II will give the basic aspects of
tensor pressure equilibrium, as well as the assumptions made in this work for the equations of
perturbed equilibrium including V-6, In the Sec. III, it will be shown that the equations for
ideal perturbed equilibrium can be derived by directly solving three components of perturbed
force balance, leading to an identical toroidal Euler-Lagrange equation obtained by the W
minimization originally used by Glasser. The non-self-adjoint Euler-Lagrange equation will
be derived in Sec. IV, and the non-Hermitian plasma response matrix including NTV torque
will be discussed in Sec. V. Sec. VI will briefly show how to incorporate an arbitrary driven

force in the balance, which is followed by summary and discussions in Sec. VII.

II. FORCE BALANCE WITH TENSOR PRESSURE

Equilibrium force balance in a single fluid description can be represented in tensor form

by
— > —

<
V-T=V-2, (1)

where I' = BB — BQ?/Q with quasi-neutrality, and also simply V- T = f>< B by j =V xB
in the equilibrium. Note po = 1 for convenience, throughout this paper. The particle stress
tensor has a diagonal form as P = P ¢7+ (p—p l)l;l; with b = B /B, assuming the gyroradius
is small enough p/L < 1. It is also assumed that the mean speed of fluid is generally

small compared to the random velocity of particles, i.e., |i|*> < |v]?. Before introducing and
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separating the non-axisymmetric component as a perturbation, it is worthwhile to take a

brief look at the three components of Eq. (1):

B-(V ?)=0, (2)
€ * <_) ):; (3)
< +87> =R (B? HH—PH)- (4)

Here @ = b- Vb is the curvature vector. The decomposition is in a magnetic coordinate
system (., O, @), with the magnetic field B= X’(ﬁgom X Vb 4 gV X ﬁ@m), where
q is the safety factor, x = 1, is the poloidal flux and x’' = dx/di,.

The first two equations (2) and (3) describe the force balance in surface, and can be
obtained by taking the parallel and toroidal component of Eq. (1). It is interesting to

compare these two relations with the neoclassical friction-flux relations [2],

Z<§-(6.$S)>: , (5)
(6 (V- .)) = T30 (©)

Eq. (5) means that the net parallel viscosity should vanish when summed over the two
species s, for ions and electrons. The parallel force balance in Eq. (2) similarly means
that the force along the field lines must vanish at every point of space, giving a stronger
constraint than the neoclassical Eq. (5). Departure from this constraint means the violation
of momentum conservation or quasi-neutrality, and requires an additional force Fj such as
from an externally driven Ej. Equation (6) is what is called neoclassical toroidal viscosity,
giving the non-ambipolar component of particle flux '}, , = ¥ - 6@/}1, across flux surfaces for
each species of charge g;. Note that the flux is independent for each species and the RHS of
Eq. (6) need not vanish when summing over species.

The toroidal force balance in Eq. (3) gives a different point of view, showing the radial
currents associated with the toroidal torque. Again, this relation should hold locally and the
local distribution of radial currents can significantly alter the magnetic field in equilibrium
through j = V x B. The following sections will show the local toroidal torque and radial
currents in Eq. (3) are finite and first order in the non-axisymmetric perturbations with
either scalar or tensor pressure and in either collisionless or collisional limits. This differs

from the flux-surface-averaged relation in Eq. (6), which is only finite to the second order
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with tensor pressure and collisional or orbital resonant dissipation. As discussed in much
literature [12-14], the equilibrium relation in Eqgs. (2-4) holds from the fast MHD to the
slower drift MHD scales > k - vy, unless the collision frequency is faster that that. Here, k is
a wave vector typical for perturbations and o, is the equilibrium drift velocity of particles.
The transport in an equilibrium described by Eqgs. (2-4) is smaller by an order in size and
should occur from the drift MHD to momentum diffusion time scales.

The last equilibrium relation in Eq. (4) includes radial component of force, and the
toroidal (or poloidal) component relation in Eq. (3) should be properly used to isolate the
radial part. Then it describes how the total pressure, including thermal and magnetic pres-
sure, is radially varied. The evaluation of tensor pressure requires a closure, and this work
takes a kinetic approach with py = [ d*v Moy f and p, = [ d*v(Mwv, /2)f. The conservation

of particle energy and magnetic moment leads to

27TB 2(F — uB
= dE )fsm (7)
oy
2mB
y2n :Z /dE/d:u fscr: (8>
where ¢ = sign(v|) denoting the co and counter rotating particles, respectively, and
E = mv?/2 and p = mo? /2B. An important assumption in this work is that fs re-

mains Maxwellian in the axisymmetric configuration before perturbation, i.e., fs = fy =
n/ (ﬁvt)3e_”2/ v and simply then p| = p1 = p = nT without non-axisymmetric perturba-
tions. Therefore the unperturbed equilibrium is just a nominal scalar pressure equilibrium
jx B =Vp.

With a non-axisymmetric perturbation 55, the perturbed current is 5;’ =V x 6B by
Ampere’s law. The relation to Lagrangian displacement 5 (Z) is given by Ohm’s law, with-
out rotation and resistivity, combined with Faraday’s law as 6B = V x (E X é) Our goal is
to find equations for {, 5§, 5;' in force balance, and to describe these perturbed quantities
on unperturbed magnetic coordinates, i.e., the Eulerian frame. That is, the magnetic coor-
dinates (1, 0, ¢) represent the unperturbed magnetic field B= X’(ﬁgﬁ X Vi + qVip x 69)
The basis vectors in this coordinate system can be the contravariant ones (ﬁw, 69, ﬁgo) or
covariant ones (€y, €y, €,) where each is defined by €, = 0Z/0y = .7(69 X ﬁgo), etc. Any
vector A can also be decomposed to the contravariant components such as AY = A. ﬁw or

covariant ones such as A, = A €y. Note that this Eulerian formulation requires an im-
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portant transformation when combined with kinetic approaches formulated in Lagrangian

frame, as will be shown later.

III. IDEAL FORCE BALANCE AND GLASSER’S TOROIDAL NEWCOMB EQUA-
TION

This section describes the three components of perturbed ideal force balance and the
ideal, toroidal Euler-Lagrange equation derived by Glasser, which is the basic equation that
DCON [7] solves and IPEC [15] uses. The formulation given here is expanded with tensor
pressure in the next section.

The magnetic fields and currents in unperturbed equilibrium can be represented by
B = B%, + B¥¢, (9)
j=j'+j%e,, (10)
where BY = \//J and B¥ = ¢\'/J, and in the axisymmetric case j = —27f'/J and
Jj¥ = =2mqf'/T — p'/x', where J = 1/(61& . (60 X ﬁgp)) is the coordinate Jacobian and
f = B,. The transformation between covariant and contravariant components can be done
with the metric tensor, g;; = €; - €.
An ideally perturbed Maxwellian plasma satisfies force balance given by
§ix B+jx86B—Vép=0. (11)
The parallel component to B is simply

B-Vép+Vp-6B =0, (12)

which means that the pressure is still constant along the perturbed field lines. Using 5B =
V x (5 x B ), one can see that the parallel force balance gives the so-called adiabatic perturbed
pressure 0p = —E . ﬁp. This adiabatic perturbed pressure can be naturally obtained in the
kinetic description of pressure as shown in Sec. IV. The fluid description makes the use of

ideal gas law dp = —5 . ﬁp — 7(6 . 5) with the incompressibility condition
V-£=0, (13)

to enforce the adiabatic perturbed pressure everywhere including the resonant surfaces. The

incompressibility then relates & to the other two components for { 1.
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The two other components of force balance can be conveniently obtained by taking the

covariant components of the force along €, and €, defined on the unperturbed magnetic

field,

(0B, 9By\ (0 9N\, .0 (7
x( o agp)m <89+qa¢>5 T (€-9p). (14)
a / / / / a a " "/
%(pjﬁw—xéBe—qxéBgo) =X (%HJ%) 6By + (X"0Bs + (qX')'0B,)
o 008" 08" 0 e oomet s o w798
+ Ix (] 57 0 + TG (ax) = 72X+ (| TE +ja¢ ,

(15)

where a = ¢l — ¢, and the axisymmetric equilibrium relation x/(¢j% — j¥) = p is used in
Eq. (15).
The toroidal balance in Eq. (14) is equivalent to

X6j% =&, - (j' 68 — 65p> , (16)

which gives the local distribution of radial current across flux surfaces and the associated
toroidal torque in ideal MHD. Besides the toroidal torque balance, note that there is no
net first-order torque or radial current in flux-surface-average, which is also true on the
perturbed magnetic surfaces in scalar pressure perturbed equilibrium. It is the anisotropic
pressure tensor that provides the non-zero, second order torque. On the other hand, the

radial force balance Eq. (15) is identical to

PTE = X'0By — qx'6B, = J(§, - Vp— B - 4B), (17)
which describes the perturbed thermal and magnetic pressure of the system. This is also
proportional to the surface current representing the energy [15], and mathematically can be
treated as a conjugate momentum p in a Hamiltonian system with ¢t — ¢ and * — &, [16].

The two balance Eqs. (14) and (15) have mixed representation across contravariant and
covariant components of the perturbed quantities, which are simply related to each other
by metric tensors. Using 67 = V x 6B and 0B = V x (gx E), as shown in the Appendix,
one can obtain two coupled partial differential equations determining the two components

of displacement £ and &Y.



The partial differential equations are then transformable to ordinary vector equations by

Fourier representation for poloidal and toroidal periodic variations;
V1), 0, ) Zs ) (1) eltmo e (18)

From here, two matrix vectors will be defined to represent the retained poloidal modes of

displacement in their elements as

E(wva) = {gﬁﬁa”mmln S m S mmax} (19)

for each n separately. The scalar and differential operators become matrix operators. For

example, an arbitrary matrix X is defined with elements

1 o
X, = — @ doX (0)e'™—mP 2
o dox @), (20)

which represents the poloidal mode coupling in toroidal geometry. Note that the toroidal
mode numbers are decoupled in perturbed tokamaks but that this formulation is easily
expandable to stellarator geometry keeping the toroidal mode coupling. With the spectral
representation, Eqs (14) and (15) become

/
<DZE;/} +ESy + Bjaa) — E/Z), + H;E, + CI=,. (22)

The matrices A;, B;, C;, D;, E;, and H; are functions of the geometry, current and pressure
gradient, as shown in the Appendix. These two relations and their matrices are identical to
Glasser’s derivation by energy minimization [7], providing explicit proof of the equivalence
between the minimum energy state and perturbed equilibrium. The self-adjointness of the
force operator is manifested here by A; = AJr D, = DT H, = Hj, and B;, C;, E; appearing
twice through their adjoint matrices. These Hermitian properties are required for energy
principles, but are not fundamental to the tensor pressure equilibrium calculation.

Note that the toroidal balance, Eq. (21), algebraically relates the in-surface displacement

to the radial displacement. Eliminating =, accordingly, one can obtain

(FE, + KZy) — (KIZ, + G,Ey) = 0, (23)
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with the ideal composite matrices

F,=D, - B/A'B,, (24)
K, =E, — B/A]'C,, (25)

This is the Euler-Lagrange equation in toroidal geometry derived by Glasser. Compared to
the cylindrical equation derived by Newcomb, (f¢¥') —gé¥ =0, F; = FZT and G, = GZT» include
coupling between poloidal modes, in addition to the contribution by new non-Hermitian

matrix K;.

The ideal toroidal Euler-Lagrange equation contains regular singular points at every
rational surface, which require additional layer physics for resolution. This can be seen from
the structure of the composite matrices, F; = QF;Q and K; = QK,. Here the matrix Q
is the singular factor defined as Qum = (m — 1nq¢)dmm, and F; and K; are non-singular
everywhere as shown in the Appendix. The ideal solution is obtained by imposing the ideal
jump condition (J 6B - ﬁw)mn = 0 at each surface. The ideal stability code DCON achieves
this ideal constraint by equivalently eliminating large resonant solution in the asymptotic

limit approaching each surface. The full details of the treatment are given in [7].

The results above are obtained by directly solving three components of force balance, and
the question of stability of the system is a separate issue. The ideal perturbed equilibrium
calculation above is valid in the presence of a conducting wall even if 6W,,,_,a1 < 0, as long
as 0Wyay > 0, that is, as long as the system is actually stable with the wall. The force
balance calculation equivalent to 0W,,,_...u above characterizes perturbed equilibrium since
there is no current at the wall in the equilibrium state. Despite the conceptual validity of
ideal perturbed equilibrium on either side of the no-wall limit, the solution is infinite at
the no-wall limit. This is obviously problematic and should be either non-linearly saturated
or corrected by non-ideal physics. Recently, it has been shown that the kinetic effect of

a anisotropic pressure tensor is an important physics element in resolving this discrepancy

17].
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IV. FORCE BALANCE EQUATION WITH ANISOTROPIC PRESSURE

This section will extend the force balance with the anisotropic pressure tensor

V. 0P=V- ((5p|| — dpL)bb+ m?) , (27)
perturbed from a Maxwellian plasma p; = p, under the first gyroradius ordering. In this

ordering and assumption, the perturbed anisotropic pressures dp = [ d*v M vﬁé fanddp, =

[ d3o(Muv? /2)8f relevant for V - 5 become simply

2 B E B
=5 [ [t E P, (28)
I
B 27TB uB
5. = Z = [ [ i (20)

The calculation of dp) (¢, 0, ) and dp. (1,0, ) requires the evaluations of B and ¢ f in the

Eulerian frame, requiring a transformation for the Lagrangian J f in transport theory.

A. Eulerian vs. Lagrangian Magnetic Coordinates

In the presence of non-axisymmetry, the drift-kinetic equation for ¢ f is most conve-
niently formulated on the true magnetic coordinates (1, 0y, ©m), including the small non-
axisymmetry, i.e. the Lagrangian frame. However, the force balance is obtained by introduc-
ing small perturbations upon the axisymmetric force balance and thus on the unperturbed
magnetic coordinates (1, 0, ), i.e. the Eulerian frame. This difference requires an important

correction for the distribution function

—

Of(@) = 5f(T+€) —€- V. (30)
leading also to 5??’)(:5) = (5&’)(:? +8-¢. 65’), in the first order. Therefore for Maxwellian
plasma f = fys, the force balance 6] x B+ j x 6B — V - (5?[’(92") = 0 becomes

— —

5}x§+jx5§+ﬁ<§1ﬁp)—v SP(F + &) = (31)

The last term above, called the non-adiabatic part of perturbed pressure [14], is the
anisotropic pressure tensor calculated using a Lagrangian perturbed distribution function

typically found in transport theory. The adiabatic part, ép = —5 1 6}9, requires only the
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unperturbed pressure. Note neither the ideal gas law nor the incompressibility condition
are necessary with this kinetic closure.

The field required to evaluate the perturbed distribution function 0 f (E , E ) should also be
in the Lagrangian frame and needs corrections as § B(7+¢) = 6 B(Z)+¢-V B, and 0®(7+E) =
0P(Z) +E -V if the perturbation on the radial electric field is also considered. The correction
for the magnetic field is particularly important due to the strong inhomogeneity of B o< 1/R
in tokamak geometry, as has been shown in attempts to accurately estimate NTV with
non-axisymmetric variations in the field strength [18, 19].

This difference, i.e., transport formulated in the Lagrangian but equilibrium in the Eule-

rian frame, is the key to understand the identity

<€¢m V- 5¥> — —in <§- 5ﬁ[§]> , (32)

(wm,em#’m) (w»gvgo)

as proved in [20]. This equation shows the fundamental connection between the theory
of non-axisymmetric neoclassical transport and that of kinetic stability in tokamaks. The
torque is the reactive and imaginary energy, which has been ignored in collisionless kinetic
energy principles to maintain self-adjointness. The torque becomes finite and important
in the presence of collisions, and the treatment of collisions is what has made neoclassical

theory differ significantly from kinetic stability theory.

B. Parallel force balance and action variation

The parallel force balance with V - 5 is determined by B - (6 . 5?) = 0 since the ideal
part is eliminated by B - Vdp+ Vp -8B = 0 with 6p = —€, - Vp and 6B = V x (gx é) So
one just has

B -Vép, — (6p) — dp1)(b-VB) = 0. (33)

Interestingly, it is automatically satisfied since
- 2B A
B-Vop, = Z:L—S/dEduéfs <b-V(B\v”|)>

27 B 2\ .-
= ]\”4 /dEdu(st <|v”y—”—l>b-v3

2[vy|
= (0p) — opL)(b- VB), (34)

12



provided that

o [ dBdu(BloG- Fos) <o 35)

This condition holds sufficiently if b-Vo fs = 0, that is, if the perturbed distribution function
is constant along the field lines as d fs =  fs(E, u, ¥, «). It is also consistent with the typical
assumptions of non-axisymmetric neoclassical transport theory in the long mean-free-path
regime, where 0 f is solved by orbit averaging [1, 2, 21]. This leaves only two components
in the force balance to determine E and thus E is seemingly underdetermined. However, the

orbit averaging process also automatically eliminates the parallel displacement .

Note that no parallel component in the anisotropic pressure tensor force also implies
V- ((dpy = 8p1)b) +b-Vop, =0, (36)
and gives a convenient form for the anisotropic pressure tensor
V- 6P = (8p — 6pL )i+ Vops — b(b- Vip,), (37)

where the curvature vector #B2 = V (p + B2/2). Using Eq. (37), one can formulate the

other two covariant components of the force balance, i.e. €, - §F and €y - SF.

As shall be seen, these two components are closely related to the variation in the field

strength and the action. The non-axisymmetric variation in the action is defined and is

69 =6 (yg Mvndl) = %yfd% (7 Buy)

— 55 d@% ((SMB —2E) (£, - R) 4 uB(V - 51)) (38)

given by

on the coordinates (¢, 6, a = g — ¢). This includes the displacement of magnetic field lines
through 0.7, which is often neglected in NTV theories but is not ignorable. Even in Hamada
coordinates, this effect gives J — 1 + (ﬁ . {) The subscript for each species s is omitted
here for simplification and will be omitted throughout this paper unless it is necessary. As
shown in [20], the parallel component of displacement éﬁ does not have any contribution and

thus can be dropped.
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C. Toroidal and radial force balance

The toroidal and radial balance can be obtained by evaluating —é,,- (V- 5?’) and —é,,- (V-

5;), and combining with the ideal force balance. The extended toroidal balance becomes
P 5= =
X'07 —e¢-(jX5B—V5p—V-(5£P), (39)

and gives the distribution of the first-order toroidal torque by each term and non-ambipolar
currents. The radial balance is also extended, and the LHS of the Eq. (15), i.e. the term
requiring the radial derivative, becomes J (E -Vp—8p,—B-0B ), representing the perturbed
thermal and magnetic pressure on the flux surface. The perturbed thermal pressure now
includes both adiabatic and non-adiabatic contributions in the isotropic pressure.

To form a matrix representation of the remaining equations, we define linear operators

. 190 B2\ Y\'B-(V0xVy)dB
= 5o -] - — 4
s B2a¢<p+2> B 0 (40)
_  X'B-(Vy x V) dB
T = 75 50 (41)
.0 0lmg |XB-(VOxVe)| /0 0
X = — — _ -
o0 ow B 26 " 15,
10 | XYTIB- (V0 x V)
- Jo9 B ’ (42)
. |XB-(V¢xVO)| (0 0
Z= B’ 26 " 99,
10 |[XYIB-(VyxVo)| 0o (43)
J 00 B? oo’
and two kinetic multipliers
B(2E —2uB B?
wHEJ ( p K ), wLEJ'u/ : (44)
R vIx
These operators are related to the action integral. One can show
e R S T |ev
SRS T (45)
V& X Z| |
and thus
Y (]
— ST
o7 (€] = 55 ao | S TS (46)
w,y X Z| &



Using these operators, Eqs. (28-29) and Eq. (37), the radial and toroidal force balance

become
Ty (V- 6P) S T| |T@pL—dp) 27/ ST
B === [ agdp |7 ] ),
~Jé, - (V-6P) X z Top. M X Z
where [ |* indicates the transpose matrix with the adjoint operation for each element, i.e.

S*,'f’*,é\?*,ZA*. Note again that the sum of each species s and sign of v is omitted for
simplicity. In the orbit averaged formulation, formally one has § f = £[§7] depending on the

model of collisions, where L is a linear operator independent of #. Then

R ~ * T
ey (V0P 2y ST — —
j&/, ( ) (_)> 7'('); /dEd,u > wp —w ¢d9£ wp — w)
—~Jé&,- (V- 6P) M X z w,

O

T [¢v
Z| |¢
(48)

<

w1

The extra minus sign for the toroidal balance is used for the difference between the
coordinate o and . One can see that the symmetric self-adjoint structure will hold in the
force balance if the operator £ is self-adjoint. It is the collisional process that breaks the
self-adjointness in the operator £ and force operator §F, as will become clear in the energy

integral shown later.

The two balance equations are three-dimensional partial differential equations, but can
be reduced to ordinary vector equations using the spectral analysis for periodic coordinates

(0, ). It is convenient to separate the first order derivative for &, as in the ideal case using

Y
X =gtV (49)

Then each term for the variation in the field strength becomes

EJ_'/_{ISEw—i‘TEa (5())
V-€ =2+ YE, + Z5,, (51)

where the matrices S, T,Y, Z are obtained using Eq. (20) for each operator S, T.Y,Z. The

action variation in Eq. (46) becomes

69 = WOZ, + WYE, + WOE,, (52)
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where the row matrix vectors are defined as

wo=w, (53)
WY = (W, —W)S+W.Y (54)
We= W, -W)T+W.Z (55)

The elements of the sub-matrices W) and W provides the orbit integration in velocity space

B(2E — 2uB)
Win = 55 a6 B! - ) itm=na)o (56)
vIX
B?
W1 o = 515 g _ilmra)0, (57)
vIX

The extra factor e ™% is required since the action integral should be done with fixed .
In tokamaks, Eq. (52) represents each element of 6%, in §9 = §4,e™*. Using 0f =
Sf(E, v, ) = §f(E,u,1)e™, each Fourier element of the toroidal and radial tensor

forces become

/

e (9eaB)] =2 [apaaiar, (58)

e o
e @ o] =50 [ amaavgan,)

-2 [ apanwviiat). (59)

further one needs a kinetic model to have the perturbed distribution function ¢ f, which will
be discussed in the next section. Nonetheless considering 67 = WaEip + W¢Ew +We=, and

df = L[67], one can always reduce two force balances to

A=, +B,Z, + C,E, =0, (60)

!/
(Di=) + B2y + BJZ.) = E[Z, + HiE, + €=, (61)

unless £ involves the radial derivatives of §7. The above equations look similar to the
ideal force balance in Eqgs. (21-22), but there are important differences. The matrices now
have kinetic contributions with a quadratic form related to the matrices W2, W% W<, in
addition to the ideal contributions. Due to the collision term, the matrices Ay, Dy, Hy are

not Hermitian any more, and B, # B;, C, # C;, E, # E,.
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The detailed form of each matrix will be discussed in Sec. V. To shorten the description

of the matrices, define the MY as

Mo M MY A, B, C,

M% M? M%* | = |Bf D, E,|. (62)
MY MY? M¥Y C/ E/ H,
and also the MY as
Mo MY MGV A, B, C
M?> M%? M%| = |BI D, E |, (63)
@ 0
MY MY MYY Cc! El H,
for the ideal matrices, which give M; = M}, Then & f = £[57] leads to
ij ij X/ i j
MY = MY — MQ/dEdu (Wit [wi]), (64)

when it is combined with the ideal force balance. The kinetic correction is to the ideal
matrices My is small in low 3, but the importance increases in high g plasmas. In any case,
the kinetic correction gives the resolution of the singularity at the rational surfaces whenever

the torque is finite.

D. Non-self-adjoint Euler-Lagrange Equation

Equations (60-61) can be combined similar to the ideal equations, giving a new Euler-

Lagrange equation

(FiZl, + K,Zy) — (K] Z, + GyZy) =0, (65)

but with non-Hermitian composite matrices

F. =D, —B/A;'B,, (66)
K.=E,—-B/A'C,, (67)
K,=E —C/A.'B,, (68)
G, =H, - C/A;'C,. (69)
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The nature of singularity of the equation is also changed. The composite matrices can be

decomposed
F.=QF.Q—P/Q-QP, +R, (70)
K, = QK, + Ry, (71)
Kl - RZQ + R37 (72)

where the sub-matrices Fj, P;, P, K;, Ky, Ri 23 are all non-singular as given in the Ap-
pendix. In the ideal case, the matrix F; is semi-positive definite Hermitian and det(F) = 0 at
the rational surfaces ¢, where ¢(1,) = m/n. With the kinetic correction without the torque,
as found in collisionless kinetic energy principles, F is still Hermitian but det(F) = 0 can
occur at ¥ = ¥, — 0,1, + og on the either side of the rational surfaces or det(F) becomes
positive definite. When the singular surface is split, the singularity becomes logarithmic
rather than power-like and is integrable. The split of the singular surface occurs typically
when the correction is locally destabilizing, as can be shown analytically in a cylindrical
limit. When the torque is finite, det(F) becomes complex and the singularity is removed in
the solution as well as in the torque integral. This is a consequence of the self-consistent
treatment of torque.

In the presence of torque, the Euler-Lagrange equation is a regular second-order vector
differential equation and thus can be integrated throughout ¢ from the magnetic axis to
the edge of the plasma. Assigning the regular condition at the magnetic axis, i.e. Ey = 0,
there are M linearly independent solutions when M number of poloidal modes are retained.
The M coefficients of a perturbed equilibrium are determined by the prescribed boundary
deformation in a fixed boundary problem, or by the applied external field in a free boundary
problem where the boundary deformation can be determined by virtual casing principle as

used for IPEC.

V. DRIFT-KINETIC SOLUTIONS FOR ANISOTROPIC PRESSURE FORCE

Formation of the matrices described in Sec. IV, M and all other composite matrices in the
non-Hermitian Euler-Lagrange equation (65), requires the calculation of §f. The relevant

kinetic model in the first-order gyroradius ordering is the drift-kinetic equation

@ )V U2L e, (73)

o au
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where U = E + ¢,¢ is the total guiding-center energy. Note that g, is the charge of species,
i. e, +Z for ions and —1 for electrons, but the subscript s will be omitted hereafter for
simplicity. Taking the parallel force balance b-Vo f =0 for each species up the first order,
the drift-kinetic equation can be averaged over the bounce motion of trapped particles and
over the cyclic motion of passing particles in terms of poloidal angle #. By linearizing the

equation from the axisymmetric Maxwellian equilibrium,

L = . 00
+ <’Ud . va>b6—0f

oo
ot

+ (T Ut + GUN I = b, (74)

where the subscript b denotes the orbit averaging. This is equivalent to the Hastie’s form

13, 22],
a6f 1 (9,00f 09 6fM> 0% 0fu -
— - — |- =) - == =G0, 75
ot qx (JU da Iy O gy U bl07] (75)

where the subscript in 7 denotes the partial derivatives with respect to each variable. This
equation becomes analytically tractable if additional ordering assumptions are made. The
treatments presented below are used and published by various authors in works on the kinetic
energy principle and neoclassical non-ambipolar transport, but here are further generalized
without geometric simplifications. When the solution for ¢ f is used to evaluate the matrix
M, the force balance Egs. (60-61) give the eigenfunctions minimizing kinetic energy integral,

or perturbed equilibrim self-consistent with NTV.

A. Force balance in fast MHD - Kruskal-Oberman

The collisionless kinetic energy principle originated from the early work by Kruskal-
Oberman (KO) [12]. The KO limit essentially describes the energy associated with kinetic
motions of particles frozen to the magnetic lines of force, in addition to ideal MHD in the
fast MHD time scales, by strictly neglecting the particle drift and collisions;

0 59 Ofw\
al (5f B aﬂ%%) =0 (76)

The perturbed distribution function here is identical to ones obtained with the Lagrange

multiplier in KO approach. The solution simply becomes

_ W
0fro = =5 = fu07, (77)
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where w, is the bounce frequency and T is the temperature of the species. The matrix M

in the KO limit can then be obtained by
X/

Mio = M7+ ompT

/ dEdu (wy frW W) . (78)

It is obvious that M,, = MLO as in ideal MHD, which is expected from the collisionless
kinetic energy principle. This KO limit describes the kinetic perturbed equilibrium state
accessible in the fast MHD time scale, but the equilibrium should evolve further due to the
drift motions of particles. Note that in the KO limit, the kinetic contributions from both

ions and electrons become identical if T; = T,, n; = n,;

Mko,ion = Mkmel@ctron- (79)

This can be seen from the action integral, and thus (w,fyWW7)/M? x ne E/Tf(E, u)

other than geometry and field dependency.

B. Force balance in drift MHD - Krook, SBP

On the slower time scale of the particle drift motion, the time derivatives in the drift
kinetic equation (74) can be ignored in perturbed equilibrium. This gives a drift kinetic

equation

L o= 00 0

The corresponding kinetic energy principle can be developed by neglecting collisions as

+ (T V) = Cy[of). (80)

shown in [13, 14, 23]. Collisions break the energy conservation in the temporal evolution
of the perturbation and thus the energy principle can not be used to assess the stability of
the system with collisions. The collisions also generate non-ambipolar diffusion and toroidal
torque, which is an important phenomenon known as neoclassical toroidal viscosity (NTV)
transport by Shaing et al [2]. If the collision operator is approximated by the Krook form
Cyl6f] = —v(E)df, the 6f can be obtained in integral form and can reproduce the drift-MHD
kinetic energy principle [14], NTV in the superbanana-plateau (SBP) regime [24, 25], and
combined-regime NTV approximation [18, 26, 27]. In this case, the perturbed distribution

function is

1 inw, O
5 fr = b fur

- J 1
2nqinw, + v Ox I (81)
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where the orbit-averaged precession frequency w, = wg +wp(F, 1) is the sum of the electric

and magnetic precession frequencies respectively,

dd

_ ¥ 82
1 dB d
wp = — ,u——2E—2,uB—lnjB>. 83
w=t {n = ) m(TE)) (53)
The matrix M in the Krook model then becomes
ij ij X/ inwy,  Ofar sy ;
MY = M dEdy————"2WTW7, 84
kr I 27rq]\/[2/ Winw, + v 0x (84)
The KO and SBP limits can be addressed by
0fro= lim &fz,, M? = lim MY (85)
WE—00 WgE—00
Ofap = limy 6 i, MY = Jim MY (86)
v—0 v—0

Note the SBP limit also holds My, = M!

abps 1D two species plasmas with 7; = T and

n; = n.. This is due to the cancelation of the imaginary part between ions and electrons.
Using lim, o v/(2* + v?) = m(z),

I(ME) = %]\/42 / dEdud(wg) (wbg—fwﬁwj). (87)
Similar to the KO limit, the quantity (wy(0far/Ox)WTW?7)/M? is identical for ions and
electrons. The integral with the delta function is finite through the point wg(E, 1) = 0 and
is identical for both species despite the sign dependence in the magnetic precession since
d(z) = d(—z). Therefore, the sign remaining in g makes ion and electron contributions
canceled each other in summation. This cancelation occurs, of course, only when v is
low enough for both ions and electrons to be in the SBP regime and only when wg = 0.
Nonetheless a local region near the pedestal in thermonuclear tokamaks can satisfy both

conditions and thus may enter this zero torque regime.

C. Force balance in drift MHD - Lorentz

A more frequently used collision model in the drift-kinetic equation is the Lorentz pitch-

Clof] = v (%) (% (MW%) . (88)
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The orbit averaged form in Eq. (80) then gives

_ 4 | 27mwp v J / Mo\ 9df
09 = %]:f o (5f—|—znalu<( dl—B uau : (89)

The solution for § f with the pitch-angle operator is analytically intractable and thus, in
general, requires solving coupled differential equations with force balance. One way to
examine the structure of the solution is to make asymptotic evaluations, leading to the

popular 1/v regime or v — /v regime [21, 28].

1. 1/v regime

The 1/v regime is a characteristic transport process that can be found only in non-
axisymmetric configuration. If the precession is slow compared to the collision rates, i.e.
w, < v, one can ignore the first term in the RHS of Eq. (89) and obtain the solution by

integration. Integration by parts gives,

’ / 1 AWt [ dpw

— M7 4+
/v I +ZqM2 v 0y K ’

where K= p [ dl% and complete generality in tokamak geometry has been retained. The
1/v approximation results in a purely anti-Hermitian addition to the ideal force, which
breaks the self-adjointness of the force operator. There is no kinetic contribution to the

Hermitian part from the first order solution in the expansion of w,/v.

2. v — /v regime

The opposite limit is analytically solvable, as can be seen by ignoring the second term
in the RHS of Eq. (89). The solution then simply gives what can be obtained by Krook
operator in the limit v — 0, i.e. Mf,j = lim,_,g Mg,. The anti-Hermitian part, or toroidal

torque, appears from the next order correction as described in [21]. One can show

ij ij X Wo OFM (it vrrd
MY = MY dEdu— =222 Wwiwa
v I 27qu2/ 'uwp ox *

. X, an 0 waiT 0 waj
———— [ dE — — . 1
+Z47r2on2 /d durk ox ou ( wp ) O\ wp (01)
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The anti-Hermitian part above is unfortunately non-integrable in u space, due to the 9/0u
steepened singularity. This mathematical singularity can be removed by restoring the colli-
sion operator in a thin layer at the trapped-passing boundary as shown in [28], resulting in
a more complicated formulation and in /v regime.

The purpose here is to simply demonstrate the quadratic dependency of force balance
on the action integral components with the Lorentz model. It should be emphasized that a
model with a Krook operator is more practical than regime based approaches due to several
important reasons described in [18]; (1) It is difficult to choose a dominant regime due to
significant overlapping and rapid variations of wg vs. v, in radial and also in energy space.
(2) The connection of different regimes in velocity space that addresses this has not been
extended to include transport through orbit resonances [29]. (3) Orbit resonances, such as
bounce-harmonic and transit-harmonic resonances, are what typically dominante transport
since particles in orbit resonance do not undergo phase-mixing and are effectively in the 1/v

regime [30].

D. Force balance in drift MHD -

Krook with orbit resonances

The formulation given previously for a Krook model can be easily extended for trapped
particle bounce-harmonic resonances and passing particle transit-harmonic resonances when
wg ~ O(wp,w;). One can expand 6fys = Y. ,0fs¢Pse, where the phase factor P,y =
e 2r(l=ma)oh9) with h(6) = (f_eet dQJBv%/v”) / $ d0T Bv,/vy. Here v = 1(0) for passing
(trapped) particles.

With the expansion above, the orbit-averaged distribution function is

1 inwbt an
J 2
0 fres = ?,g 2mq i€ = mq)wns — ner] — v O 0o, (92)

where wy; is the bounce frequency for trapped and passing frequency for passing particles.

The action integration §,, can be obtained simply by modifying Eqgs. (56-57);

B(2F —2uB ‘
M/\I,afmn = d@j ( - K )730€€Z(mfnq)9’ (93)
X
B? .
WJ_,O'Emn - dejlu ; Poéel(man)a_ (94)
X
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Note the bounce integral ¢ df includes each half (co and counter) for trapped particles in

the present notation. Also, w, = o|w;| while wy is always positive. The matrix M is then

ij ij X
J J
Mies = My — —27qu2 X Z
oo'l
mwb’t an

dEd Wi we,. 95
/ 'ui[(ﬁ — anq)wpy — nwy] — v 0X o't™ ot (95)

The asymptotic behaviors of this formulation recover a number of interesting regimes. This

formulation of the force balance recovers the collisionless kinetic energy principle derived by

Porcelli [14];

Ofpo = 1 6 fres, M, = lim M. (96)

Another interesting limit is Chew-Goldberger-Lee (CGL) double adiabatic limit, and as it
has been shown that wg — oo limit of §WW;, with all ¢ summation is identical to éW,g [9].
Thus,
Ofeg = N 0fies, MG = Tim M. (97)
The orbit resonance is a critical process to enhance transport and is essential to describe
kinetic stabilization and neoclassical toroidal viscosity. This is true even if the plasma
rotation is generally low, as expected in ITER, since local wg can still be large enough to
resonate with wy, wy, or wp of some fraction of particles. In the self-consistent force balance,
however, a subtlety arises since ¢ frss = 0 fres(?, 0, a), that is, the perturbed distribution
function has a gradient along the field line. First this can break the parallel force balance
Eq. (35) since obviously now bV fres # 0, and next, the variation in the action Eq.
(38) is no longer independent of §. The parallel force balance can hold in principle if £ is
maintained to balance b - V4§ fres # 0 for each species and between co and counter-rotating
particles, although the meaning of { is ambiguous in kinetic theory. Within the scope of
this paper, the force balance with orbit resonances is only an approximation. Indeed one can
show b - & fres is cancelled between co and counter-rotating particles at the turning points,
which typically dominate transport. More rigorous treatment of the parallel force balance

with strong precession and orbit resonances will be discussed in a separate paper.
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VI. ENERGY AND TORQUE INTEGRAL

The energy and toroidal torque associated with perturbations can be obtained by inte-
grating [ da? (5 5ﬁ>, where the perturbed force 6F = 6j x B+ j x 6B — V - 5. Tn force
balance, §F = 0 and thus perturbations have no total energy and torque of their own. This
implies that an external system, such as non-axisymmetric coils, must provide energy and
torque to the plasma. If only the energy and torque of the plasma volume are considered,

ie., fp dx? (5 5ﬁ>, the integral becomes

20W + ZT—;’ =27 / dypdideJ (EV*6F; — £**0F,) (98)

when §F) = 0. Here all the quantities are complex due to toroidal Fourier decomposition.

Then Eq. (47) implies

2X

2W + z% = 26W; — dipdpdEdp (5975 f) (99)

where dW7 is the perturbed energy in ideal MHD and Eq. (48) implies

T, 2wy’
20W + i~ = — 2 / dipdpdEdp ygdex
" *T N T A "
ST - — ST
. e y&m w1 S TS (100)
ga X Z w | w | X Z fa

Clearly all the operations are self-adjoint and the torque 7, = 0if 6 f = L[07] is self-adjoint

without collisions. In the matrix representations used in Sec. IV, one can also show
To _ g2 =ta, = 4=t =t =t Rpiz o =f ¢tz
200W 4+ 11— =4r dy (Zl A=, + 2 Buuw +E2/C.Ey +2 Bl o+ 2 Cl Za
n
+E1DyE), + ZTEE, + ELEE, + WHM) = 47 / dy (EN-M-B), (101)

=T —/ —_

where B = [Z,,Z,=y]. Eliminating =, and using Eq. (60) on the force balance, the

energy and torque integration becomes
T, - - N - = - - -
20W + z—‘p = 4%2/d¢ [:L (Fk:;, + Ku:¢)} — 4%2/d¢ [:L ((Fk:;, + K,Zy) — (KZT:;) + Gkiw)ﬂ
= Ar’Z], (FE), + KuEy) | (102)
since the volumetric term vanishes by Euler-Lagrange equation (65).
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A. Plasma response matrix

where Rp is the plasma response matrix consistent with force balance. Rp can be obtained
if one solves general solutions of the Euler-Lagrange equation. Let &, be a M x M matrix

containing M linearly independent =, solutions in each column, then
Rp = 4n* (FLE, + K.Ey) B (104)

The plasma response matrix Rp(1)) is non-Hermitian, containing information about both
energy and torque driven in the plasma region (0, ¢] associated with the plasma displacement
E4(1). The loss of Hermiticity in the plasma response matrix is the manifestation of non-
self-adjointness. In this case, the stability of the system cannot be determined merely by
the sign of the minimum eigenvalue of Rp, but requires the dispersion relation with kinetic
inertia and appropriate boundary conditions such as a resistive wall. In terms of perturbed
equilibrium, however, one can still address how much the system will gain or lose energy
and torque through each eigenmode using the eigenvalues of separate eigendecompositions

of the Hermitian and non-Hermitian parts of Rp respectively.

B. Torque response matrix

The anti-Hermitian part of Rp provides the torque associated with the plasma displace-
ment for each surface 1. It is more practical, however, to relate the the torque and its profile
the the driving, external non-axisymmetric perturbations. For this, one can relate =, (¢) to
the total perturbed field measured at the plasma boundary ® at @ = 1, and then to the
external perturbed field using the permeability matrix P through the virtual casing princi-
ple, ® = P®*[15]. The total field at the boundary is related to the plasma displacement at
the boundary Zy, = Z,(¢) with ® = x’QZ=y. All together,

= ®"TA (1) B, (105)
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where the last expression is similar to one by Boozer [31], but A(%) is the inductance function
of plasma for (0,¢]. Taking only the Hermitian part, one can show

(A + A7)

= T
oW 1

P’ = PTTWy (¢) P, (106)

where Wy is the energy response matrix function relating the energy inside v to the external
field applied on the plasma boundary. Similarly, taking the anti-Hermitian part gives

n (A~ — A1)

5 &7 = BT (1) D”, (107)

7, = ®"1

and Ty is the torque response matrix function for external fields at the boundary.

The torque response matrix function is a unique and significant result of the formulation
presented in this paper. Tx(v¢) contains all the information about any possible torques
from external fields, for a given axisymmetric equilibrium. The torque here is identical to
what is called NTV torque, and is self-consistent with the first order perturbed equilib-
rium force balance. Therefore optimization of external fields for NTV applications is just
a matter of examining Tx(¢)). In fact NTV represents neoclassical transport driven by
non-axisymmetric fields in tokamaks and thus Tx (1) provides a method of systematic 3D
neoclassical optimization in tokamaks, which can also be extended to stellarators with the
relevant drift-kinetic model. Note that in the past, NTV or neoclassical optimization of
the external 3D field has been considered a complicated non-linear problem requiring the
applications of various non-linear optimizers such as STELLOPT [32].

The torque response matrix function itself is obviously Hermitian by Eq. (107), having
eigenvalues and eigenvectors. For example, the maximum eigenvalue is the maximum torque
inducible inside a given radius (0, )] with unit normalized field or power, and its eigenvector
corresponds to the external field required to generate that maximum torque. Similarly,
the minimum eigenvalue and eigenvector correspond the minimum torque that any unit
external field can produce and so on. More complex optimizations are possible as well, such
as localized NTV optimization between (¢, 1), when total torque is fixed or power of field
at the boundary is fixed. The Tx (1)) may be required to be positive definite for some of
these problems, as otherwise constraints such as fixed total torque can make the problem
singular. However, as long as the questions and constraints are well-posed, Tx () turns
the very complicated non-linear neoclassical 3D optimizations into simple quadratic matrix

optimization problems.
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VII. DRIVEN NON-AXISYMMETRIC FORCE BALANCE

The direct treatment of non-axisymmetric force balance described in previous sections
enables the simple addition of any arbitrary force 6F = 5]-%610 + 0FVO + (5};690. The
parallel force balance in Sec. IV.B indicates b-6F =0 to have a solution, giving a constraint
VoFy = —qﬁé]—"@ and thus 0F = 5]:1#617& — (5]-"30604. The toroidal and radial components of

force balance are then simply
A2, +B.Z, + C.2y = 7, (108)
/!
(D, + B2y + BJE.) = E[Z) + HiZy + ClZ + 7, (109)

where ) represents a vector with Fourier elements of each 6Fy ). The Euler-Lagrange

equation becomes an inhomogeneous vector differential equation
(FiZ) + KuZy) — (K=, + GiZy) = %, (110)
where the driving force ¥, is given by
Fa=—(BA'F,) + CA T, + Fy. (111)

The particular solution of this equation will change the internal structure of the perturbed
magnetic field and displacement as well as the coupling to vacuum region. It will also change
the energy and torque associated with the perturbation. Eliminating =, by Eq. (108) and

using Eq. (111) to eliminate the volumetric term, one can obtain
20W +i°% = dx’=, (FiZ) + K2y + BIAT%, ). (112)

which is similar to Eq. (102).

VIII. SUMMARY AND DISCUSSION

This paper presents a new Euler-Lagrange equation derived from force balance with first
order anisotropic pressure driven by non-axisymmetric fields. Like Glasser’s ideal Euler-
Lagrange equation, the new form is toroidally generalized using magnetic coordinates. As
just discussed, an arbitrary driven force §F can also be added as an inhomogeneous term
of Euler-Lagrange equation. Comparing the Newcomb cylindrical equation, Glasser toroidal

equation, the toroidal anisotropic equation and the toroidal driven force balance equation,
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o (f§) —g€=0,

o (FZ,+KiZy) — (KIZ), + GZy) =0,

o (2, +K,Zy) — (KIZ), + G,Ey) = 0,
o (FiZ, +K.Zy) — (KIZ, + GEy) = 7.

The cylindrical Newcomb equation is a scalar differential equation for each (m,n), but the
toroidally generalized version by Glasser is subjected to poloidal mode coupling, leading to
a vector differential equation. It is quite straightforward to extend Glasser’s equation to
full 3D geometry, e. g. stellarator geometry, with a poloidally and toroidally coupled vector
differential equation. This is future work, and an important issue will be how to properly
treat ideal constraints near resonant surfaces when magnetic surfaces may be intrinsically
abscent in the unperturbed state. Including the anisotropic pressure tensor, the force balance
equation is generally not self-adjoint, which is manifested in the non-Hermitian matrices
Fi, K1), Gi. The resulting equation is called a non-Hermitian Euler-Lagrange equation for
oW, although it is not a result of a variational method but derived directly from the three
components of force balance. Finally, the inhomogeneous non-Hermitian Euler-Lagrange
equation can be constructed if an arbitrary force is driven in the plasma volume.

The new matrices Fy, K(, ), Gy are composite matrices with 9 modified matrices M, as
shown in Eqgs. (66-69). The matrices in M contain action integrals in general geometry and
can be calculated in integral form if a perturbed distribution function is given, as presented
in Sec. IV C. As shown in Sec. V, the matrices M can be obtained in various drift-kinetic
models, including collisionless Kruskal-Oberman, CGL, Pocelli, or collisional 1/v-regime,
v-regime, SBP-regime, and combined formulation for orbit resonances in general tokamak
geometry. When the collisional effects are accounted for, the method yields force balance
self-consistent with neoclassical torque by V- 0.

The energy and torque integral with this force balance represents physical quantities of
the second order in perturbations as shown in Eq. (102). When the Euler-Lagrange equation
is solved for M linearly independent solutions, one can construct the general plasma response
matrix, which is non-Hermitian with energy and torque. Changing basis from displacements
to external fields and taking the anti-Hermitian part, one can derive the torque response

matrix, Eq. (107). The torque response matrix function Tx (1)) provides all the information
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for self-consistent NTV torque profile variations that external magnetic perturbations can
possibly generate. It can thus be used to systematically optimize fields for desired torque

profiles.

The numerical implementation of the formulations presented here are straightforward
when M is supplied by subroutines, by integrating the new Euler-Lagrange equation with
M linearly independent boundary conditions, and by coupling the solutions to external
systems. As this procedure has already been successfully implemented in DCON and IPEC,
these codes have been extended to build a general perturbed equilibrium code (GPEC).
GPEC is not a stability code unless a Hermitian kinetic limit is taken (e. g. Kruskal-
Oberman), but it does calculate the kinetic force balance as well as self-consistent NTV
torque. The numerical implementation and applications of GPEC will be presented in

separate works.

The addition of an arbitrary driven force gives the inhomogeneous Euler-Lagrange equa-
tion for 0W, which will have important future applications. For example, perturbed equilib-
rium could be calculated consistent with non-axisymmetric neutral beam injection torque.
Another interesting example is the incorporation of NTV torque calculations by first-
principle transport codes such as XGCO0 [33], POCA [34], FORTEC-3D [35] into the general
perturbed equilibrium code through this inhomogeneous term. When a transport code sup-
plies the perturbed distribution function and first-order neoclassical torque as a function of
space based on a given 6B structure, one can solve the inhomogeneous Euler-Lagrange equa-
tion to update §B. This iterative process provides a unique path to integrating perturbed

equilibrium and computationally demanding transport codes.
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Appendix A: Matrix operators on general coordinates

The ideal matrices used in Eqgs. (21-22), or M; in Eq. (63), are functions of geometry, p’
and ¢. Following Glasser’s notations for metric tensors, define the index 1,2,3 for (¢, 6, )

and the geometric matrix

€y * €

1 -
s = — @ dhetm 0
(Gab)mm o ¢ e ._7 ;

where €5 are covariant basis vectors. Also define M = mdyn, Q = (M —nq)dmm, jacobian

(A1)

matrix

1 o
= o dfem'=mi 7. (A2)

Then A;, B;, C;, D;, E;, H; matrices are given by

A; = xX? [n(nGyy + GosM) + M(nGsy + Gy3M)] (A3)
B; = —ix" [n(Gaz + ¢Ga3) + M(Gg; + ¢Gss)] (Ad)
Ci = —ix' [X"(MGsz + nGa) + (¢x')' (MGs3 + nGys3)]

—x?*(MG3Q +nGy1Q) + (27 f'Q — np'Jd) (A5)
D; = x”*(Gaz + ¢Gas + ¢Gsz + ¢°Gas) (AG)

Ei = X' [X"(G22 + ¢Ga3) + (¢X') (Gs2 + ¢Ga3)]
—ix"*(Ga1 + ¢G31)Q + p'J (A7)
H; = X"(X"Gas + (ax) Gas) + (ax')' (X" Gas + (4x) Gss)
+ix' [X"(MG12 = GuM) + ¢(X) (MGy5 — G5 M))]
+x?QG1Q +p' (X"I/X +I) —2nf'd X1 (A8)
These matrices are identical to (A6) in [7], except the differences in normalization due to
Es = X'Eq and (0, ¢) defined in (0, 27) rather than (0, 1), concluding the equivalence between

the minimum energy state and force balance. The composite matrices in Eqs. (24-26) in the

toroidal Newcomb equation can be decomposed further with respect to the singular factor
Q. To do this, define b = i(x"?/n)(nGas + MGg3) and rewrites B; = —(i/n)A; + bQ. Then
one can easily show F; = QF;Q and K; = QK; with

F: = (x'/n)?Gss — b'A; b, (A9)
Ki = —(x'/n)(X"Gas + (¢x')'Gaz — ix'G3:Q — 27 f')
—b'A;'C;, (A10)
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which are again identical to the definitions in [7].

The non-Hermitian composite matrices in Eqgs. (66-69) for the new Euler-Lagrange equa-
tion can also be decomposed with respect to Q, as presented in Egs. (70-72). Define the
kinetic correction as M = M; + M,,, for example, A, = A; + A,, B, = B; + B,,, and
B, = B, + B,; and also write b,, = B, + (i/n)A, and b, = B, + (i/n)A,. Then one can

show

Fr. = (X'/n)*Gss — b'Aib (A11)
K,=—-b'A;'C,

— (/1) (X"Gas + (qx) Gaz — iX'G3:Q — 27 f'1) (A12)
K,=—-C/A'b

- (X,/”>(X/,G23 + (QX,)/G33 —iX'G51Q — 27Tf,|) (A13)
P, = b'A;'b,, (A14)
P, =blAl b, + (i/n)bl (1 — Al'A) (A15)
R, =D, — Al/n* + (Z/”)bil

— (i/n)AlA; by, — b! A by, (A16)
Ry = Euu — (1/n)Cay

+ (i/n)(1 — ALALHC, — b! A'C, (A17)
Rs = E}, + (i/n)Cl, — C/A,'b,,. (A18)

The matrices F; and Ru,l are similar to the ideal ones but with kinetic corrections through
A, and C,;. Assuming the kinetic corrections are small, i.e. |M;| > |M,| one can see the
matrices P,; and Ry o3 are all small in size. Thus, despite the absence of the singularity, it

can still be important to separate the Q factor in numerical implementations.
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