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Abstract

®

CrossMark

The steep plasma pressure gradient that forms at the edge of the high confinement, H-mode
regime of tokamak operation provides free energy to drive electromagnetic micro-instabilities
that are widely believed to influence the transport processes in this so-called pedestal region.
This high pressure gradient also provides a high current density (bootstrap current), known to
influence ballooning mode stability and to be important for driving kink modes in the ideal
magneto-hydrodynamic plasma model (so-called peeling-ballooning modes). Furthermore,
efficient, steady state future tokamak power plants must operate with a large bootstrap current in
the core and especially concerning spherical tokamaks, confinement will be influenced by
electromagnetic turbulence. To accommodate these important situations, conventional
electromagnetic gyrokinetic theory is extended to incorporate neoclassical effects in the
equilibrium drives, allowing By ~ By (By is the confining magnetic field, and By is its poloidal
component). This provides a global gyrokinetic model that self-consistently captures the
consequences of large bootstrap current fractions on the equilibrium distribution functions.

Keywords: gyrokinetic theory, tokamak pedestal, spherical tokamak plasma, bootstrap current,

kink modes, peeling ballooning modes

(Some figures may appear in colour only in the online journal)

1. Introduction

The tokamak is the most advanced fusion energy system, con-
fining the fuel in plasma that is formed by a toroidal magnetic
field geometry. The fusion performance is strongly influenced
by the effectiveness of the confinement system, which is usu-
ally degraded by turbulence. This turbulence arises as a con-
sequence of a zoo of drift instabilities with short wavelengths
in directions perpendicular to the magnetic field, typically at
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or below the ion Larmor radius; the wavelength along the mag-
netic field lines is comparable to the system size. Under certain
conditions, including increasing the heating power through a
well-defined threshold, a tokamak plasma bifurcates to a state
of high confinement, called the H-mode [1]. This is a con-
sequence of the suppression of turbulence in the outer few cen-
timetres of the plasma providing an insulating transport barrier
and consequent high pressure gradient. This transport barrier
also called the pedestal region, results in high core pressure
and is attractive for high fusion energy output. The H-mode
therefore forms the basis for the baseline operational regime
for ITER [2].

The pressure at the core of an H-mode plasma is highly
sensitive to the properties of the pedestal: a wide pedestal with
steep pressure gradient results in high core pressure and there-
fore high fusion power in a tokamak like ITER. For this reason,

© 2023 The Author(s). Published by IOP Publishing Ltd
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optimising the fusion power in ITER is likely to require the
optimisation of the pedestal. There are two key pieces of phys-
ics that influence these pedestal properties [3].

First, intermediate toroidal mode number (n ~ 10) ideal
magneto-hydrodynamic (MHD) instabilities that tap the com-
bined effects of the plasma pressure gradient and current dens-
ity, called peeling-ballooning modes, trigger plasma eruptions
called edge localised modes (or ELMs) [4-6]. Each ELM res-
ults in a crash in the pedestal pressure gradient, and with many
ELMs per second they therefore have a strong impact on the
time-averaged pedestal properties. Peeling-ballooning modes
are well-understood, with quantitative predictions available
for their trigger conditions. There are three main pedestal para-
meters that influence this trigger in a tokamak plasma of given
shape—the pressure gradient, the current density and the ped-
estal width. The onset of peeling-ballooning modes provides
our first condition, which constrains the pedestal structure.

The second piece of physics that has an impact on the ped-
estal structure is the local drift instabilities that influence tur-
bulence and transport there [7-10]. These typically have a
much shorter wavelength than the peeling-ballooning modes,
and are often characterised by wavenumbers perpendicular
to the magnetic field k; > 1/p;, where p; is the ion Larmor
radius. As mentioned above, the transport barrier forms as
one class of turbulence is suppressed. This enables the pres-
sure gradient to rise until another class of micro-instabilities
is triggered, driving residual turbulence and related transport
that controls the pressure gradient in the pedestal. A num-
ber of features differentiate the pedestal from the core plasma
in a conventional tokamak, resulting in a different nature to
the turbulence: (a) the high pressure gradient compared to
the magnetic energy density drives stronger fluctuations in
the magnetic field; (b) strong electric field shear influences
the micro-stability and turbulence, and (c) the high pres-
sure gradient drives strong neoclassical flows and bootstrap
current. Understanding this turbulence and related transport
provides another constraint on the pedestal parameters which,
when combined with the peeling-ballooning mode constraint,
provides a minimal model for the pedestal structure [3].

Spherical tokamak plasmas achieve much higher ratios of
thermal to magnetic energy () than conventional aspect ratio
tokamaks. This then makes the core plasma vulnerable to elec-
tromagnetic instabilities, such as the kinetic ballooning mode
and microtearing modes. This is especially true in reactor scen-
arios, such as those envisaged for STEP [11, 12], where a
high S is beneficial for commercial viability. Benefits include
achieving a high fraction of bootstrap current and creating a
spherical tokamak core plasma turbulence regime with several
similarities to the pedestal plasma of conventional tokamaks,
described above.

Consider the bootstrap current, which is driven in a toka-
mak plasma by the density and temperature gradients that the
magnetic field structure supports; it flows parallel to the mag-
netic field [13]. In the pedestal, the high pressure gradient
drives a high bootstrap current in a relatively narrow region,
resulting in steep current density gradients. Such high cur-
rent density gradients are well known to drive long wavelength
kink-modes and, as mentioned above, play an important role

in the intermediate n peeling-ballooning modes. However,
because this drive falls as 1/n, it is not usually thought to
be important for short wavelength drift modes at ion Larmor
radius length scales. It is thus ordered out of the conventional
gyrokinetic theory, which provides a reasonable approach in
the core of a conventional tokamak. However, the steep current
density gradient in the pedestal challenges this assumption.
Recent work [14] has extended the ELITE ideal MHD code
[6, 15] to quantify the relative sizes of the kink and curvature
drive terms, and the stabilising effect of field line bending. It is
found that for a model equilibrium, characteristic of mid-sized
tokamaks, the kink drive dominates over the curvature term out
to n ~ 40, which corresponds to k; p; ~ 1 (see figure 4.19 of
[14]). While this kink drive is predominantly external (associ-
ated with a vacuum rational surface), this provides significant
evidence for the importance of the equilibrium bootstrap cur-
rent density for pedestal plasma stability, which then raises
the question of how to effectively incorporate it into micro-
instability calculations.

Gyrokinetic theory provides the basis for most microstabil-
ity analysis in tokamak plasmas. This includes full-f kinetic
simulations (e.g. [16—19]) where the equilibrium and fluctu-
ation scales are merged, and a df approach (global, e.g. [20] or
[21, 22] based on [23]; local theory, e.g. [24-27] or [28] for
drift cyclotron kinetics, and simulations [29-32], and hybrid,
e.g. [33-35], where the radial profile variation is introduced
perturbatively). One of the complications associated with the
global full-f techniques arises from the gyrokinetic quasi-
neutrality equation that is not derived to sufficiently high order
to determine the electrostatic potential fully consistent with
the fluctuating distribution function (this problem is due to
a coupling between the radial electric field [36] and the tor-
oidal plasma rotation and was addressed in [37] in the limit of
By /By < 1). In the 0f formalism, one separates the distribu-
tion function into two parts: (a) an ‘equilibrium’ distribution
function, F; (j is the particle species index), which evolves on
slow, transport timescales and has length scales of order the
system size, and (b) a fluctuating part, Jf;, which has short
wavelength across magnetic field lines (comparable to the Lar-
mor radius) and long wavelength along them (comparable to
the system size).

One impact of the bootstrap current can be understood by
incorporating it into the MHD equilibrium solution, which
can then be analysed for micro-instabilities using a gyrokin-
etic code. However, such analyses will typically adopt a Max-
wellian equilibrium distribution function, which is then not
consistent with the bootstrap current used to evaluate the MHD
equilibrium. The neoclassical effects on the equilibrium distri-
bution function can be introduced by expanding the drift kin-
etic equation that describes it in powers of py;/L, where py;
is the Larmor radius of species j evaluated using only the pol-
oidal component of the magnetic field (i.e. the poloidal Lar-
mor radius), and L characterises the length scale of equilibrium
variations. The leading order provides a Maxwellian solution
without flows, while the next order provides the physics of
the neoclassical flows, including the bootstrap and Pfirsch—
Schluter currents. To ensure consistent ordering, one would
also need to retain features of the second order correction
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that depend on the gyrophase angle. This equilibrium solu-
tion is then used to derive the gyrokinetic equation for the
fluctuating quantities in response to that equilibrium. Solving
the drift kinetic equation for the equilibrium plasma elimin-
ates the finite orbit width effects and is equivalent to work-
ing in terms of the magnetic moment extended to higher order
in the Larmor radius relative to the system size. The corres-
ponding gyrokinetic equation is described by the generalised
gyrokinetics of [38] in the absence of nonlinear effects; by [39]
when the nonlinear effects are retained; or by [37, 40—42] that
focuses on purely electrostatic fluctuations to address a theory
for toroidal angular momentum transport. This generalisation
implicitly [39, 43] or explicitly [37, 40] implies By /By < 1.
This assumption significantly simplifies the gyrokinetic deriv-
ation and allows one to solve for the gyrophase-independent
fluctuating distribution function only. By/By ~ £/g, where &
is the inverse aspect ratio of the flux surface and ¢ is the
corresponding safety factor. By/By < 1 is typically a good
approximation for conventional tokamaks, including for toka-
mak pedestals (provided € < 1, and ¢ is large at the edge),
but becomes questionable for spherical tokamak equilibria.
To avoid this limitation and to allow general magnetic field
configurations, in this paper we relax the By/By ~¢/q < 1
assumption, which (as we shall see in the sections below) ulti-
mately results in solving a system of gyrokinetic equations,
including for the gyrophase angle dependent piece of the fluc-
tuating distribution function, and also requires one to retain
the finite Larmor radius effects in the equilibrium distribution
function.

Previous work also considered the impact of higher order
equilibrium effects on the gyrokinetic physics. The emphasis
of [44], for example, was to make a connection between
gyrokinetic theory and ideal MHD, and therefore employed
a number of approximations relevant for that comparison,
which we will not make here. An electromagnetic theory was
developed in [45], retaining only the parallel component of the
vector potential; they adopted a model for an equilibrium with
an electron flow to provide the current density, but dropped the
finite orbit width effects, which we keep in order to capture
the bootstrap current. Other works [46—48] provide a phase
space Lagrangian to address the second order corrections in
the Larmor radius over the system size; they restricted con-
sideration to the electrostatic limit, which therefore provides a
benchmark in the Lagrangian formulation of the electromag-
netic theory presented here.

The reminder of the paper is organised as follows. In
section 2 we describe the magnetic topology and coordin-
ate system. In section 3 we introduce the general kinetic
equation in guiding centre coordinates. This is followed by
the calculation in section 4 of the equilibrium distribution
function, expanding it in powers of py/L (p ~ py, where p
is the particle Larmor radius and py is the poloidal Lar-
mor radius)* up to second order to ensure consistent order-
ing. The latter also ensures that the equilibrium solution

4 The particle species indices are omitted for simplicity and to be introduced
only when it is necessary to distinguish ions and electrons.

is consistent with the MHD equilibrium in situations when
the bootstrap current is large. In section 5 we proceed to
the calculation of the fluctuating distribution function and
derive a set of gyrokinetic equations to ensure, first, consist-
ent ordering, second, incorporating current density gradient
effects, third, By/By ~ 1. The set of equations presented in
section 5 is integro-differential. In section 5 we also consider
the limit of By /By < 1 to recover the Frieman—Chen nonlinear
gyrokinetics [39]. In section 6 we discuss limitations associ-
ated with adopting a local (flux tube) approximation. This is
followed by conclusions and a summary in section 7.

2. Magnetic topology and coordinates

We consider an axisymmetric tokamak plasma with an equi-
librium magnetic field given by

By=1(¢)Vyp+ Vo x Vi, 1)

where I = RB,, depends on the poloidal current, R is the toka-
mak major radius, and B, is the toroidal component of the
magnetic field. Here, 1 is the poloidal flux function introduced
to label nested magnetic flux surfaces, and ¢ denotes the tor-
oidal angle. We choose the orthogonal coordinate system with
the basis formed by the unit vectors (b,e;,e3), where

_vy

Z_RB197

_307

en — By x Vi/)
>~ "RByBy

b (2)
with By being the poloidal component of the magnetic field
and By = |By|. Note, b =e, x €3, e, -des/dt = —es - de, /dt
and e, - dey/dt =0 and so on, where d/dt denotes the time
derivative following the actual particle orbit.

To distinguish between equilibrium and perturbed
quantities, we write

Y=Yo+Y, Y=Y +Y"+0O(A%,), 3)

where Y denotes an arbitrary field. Here Y, describes the
equilibrium piece, and Y is the fluctuating piece with ¥’ =
O(AYy), Y'" = O(A?Y)) etc. A measure of the size of the per-
turbation is then

d da

Y
Am— < 1.
Yo Y <

For the distribution function we write

f=F+06f, Of=dfo+fi+OAF), )
where
oo Ofi
o s ~A<]. ()

Considering rapid spatial variations of the field/distribution
function perturbations, in gyrokinetics all equilibrium quant-
ities evolve on transport time scales, which we neglect, i.e.

Mo _o 9F_,,

o ot
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We note
Yo Yo F F
Vivp~—, V. ¥|~—, ViF~—, |V F|~—
o~ IV LY L I 2 [V LF| L
if V acts on unperturbed quantities and
~ of
v”yN, ‘VLY‘Ni Vi~ 2 \vLéﬂNf

if V acts on perturbed quantities with A =p/L <1, in
accordance with the conventional gyrokinetic ordering. Here
I/ L denotes the vector component along/across the equilib-
rium magnetic field lines. The second small parameter we
define is

Py

== é<<1
L e ’

where © = By/By. We allow O ~ 1 and hence
o~ A. (6)

The E x B and magnetic drifts are estimated as

V

£ A, Yo | A,

Vi Vi
respectively, where V, is the particle thermal velocity. We write
the velocity as

V=u-+s, 7
where
u=ub=(V-b)b 8)
is parallel and
s =s(epcosa+eszsina) = s§ 9)

is perpendicular to the equilibrium magnetic field. Here «
denotes the gyrophase angle. The Larmor radius vector is
then

bxs

p= = p(escosa — ey sina) = pp, (10)
We

where w,. = eZBy/m is the cyclotron frequency, eZ and m are

the particle charge and mass, respectively; p = s/w,.. The pos-

ition of the guiding centre is then defined as

X=x-p, (1n

where x is the actual position of the particle. We define
the magnetic moment (per unit mass) as = s>/2B,. The
total energy (per unit mass) is defined as U = uBg + u*/2 +
eZ®dy/m, where @ is the equilibrium electrostatic potential.
The equation of motion for these particles then reads

md(u+s)

- eZE — mw.sp + eZV x l§,

12)

where eZV x By = —mw.sp, Bis the perturbed magnetic field
and E = E( + E is the electric field.

3. General kinetic equation in {#,X,U, 1,a} space

The general kinetic equation for the particle distribution func-
tion, f, in {#,X, U, u,a} space reads

G_o X | s
dt ot dr 0X|, dt Oplx y.a
da Of B
EZ’)T] E%X,U,H_C(f)' (13)

The collisional effects are described by the collision operator,
C (unspecified, its form depends on the particular problem of
interest). The left hand side contains the Vlasov operator writ-
ten in terms of the guiding centre coordinates, X. From the
equation of motion, equation (12), it can be shown that

ax b 1 ~
(14)
i _ 5y By s (V- V)b
dr 2B} " By
eZ e
“rmiBOS E—‘rmiBOM[VXb] B, (15)
au eZ_ . ~
—=—V-E 16
dt m (16)
and
da u
E:—wc—s—z[(V~V)b}-[bXV]+€2'[(V-V)83]
eZ eZ ~ =
+SE bV u(B-V)—BHV}. 17)

The derivation is~ similar to that presented in [49]. Here we
have introduced B = B - b. Equations (14), (15) and (17) can

be further simplified to
dX 1 0Cx
— = V b+ — |[E+VXB| xb+—
a T D+ZB J”+ [+ <B| xb+ oK,
(18)
du eZBCH We [ = ~
Lk 2 s E+u[Vxb]-B
d m Oa +B3[ FulVxd] ] (19)
and
da eZ I~ ~ ~ 5
E:fwc+Ca+W[E'[be]Jru(B-V)fB”V}.

(20)

Here j| is the component of the equilibrium current density
along the equilibrium magnetic field lines, and the drift velo-
city is defined as Vp = Vo + V,; with

E 1 2
oxb Vy=—bx %VIHB()—FMZ(b'V)b .

Veo =
B() ’ We
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Cx, C,, and C,, are defined as

Cr= b ([[V>xb]- V]B] + u[V xb] x {“"V) (f)]
2 [sin(20) — Eucos (2a)]b

We
§2
+ Ao, [V InBy — (b . VlnBo)b]
s .
—zwc([s x b]-VInBy)[s xb], 21
us?
Cun=—s-Vp— o [Essin (2ar) + E, cos (2a)] (22)
and
e/ u
C,= WEO-[b X V]+S7[(V~V)b] [V x b]
+e;- [(V V)e3] .
Here
ES :ES -b= [(83 . V)e3 — (82 . V)e’z} -b7
E.=E.-b={[(e2-V)es+(e3-V)es]-b
and

V-b= —b-VlIlBo: —[(ez-V)e2+(e3~V)e3] 'b,

ML _ ey V)es—(e2- W)es] b
0

Equation (13) with equations (16), (18)—(20) provides the gen-
eral form of the kinetic equation in the guiding centre coordin-
ates and is equivalent to

9 -
_Wci + Lf+ Lf=C(f), (23)
O 1.X,U,p
where
= 0 /jJ()S2 . 8CX 0
L=— |4 — b+ = =—
aﬁ{”* > 28w B0 | %),
7
LI 0 e 4
m da Oplyy ., Oa XU
and
~ 1 1= ~ 0
L_BT)HEH/xB] xb}~6—x
U,p,a
We ~ ~1 0 eZ ~ 0
+—= |s-E4+ulVxb|-B| — +—(V-E) —
B(% |: [ ] i| 6/1’ X, U, m( )8U X, p,«
eZ [+ ~ ~ 21 O

4. Equilibrium

In accordance with equation (4), we write the particle distri-
bution function in a form:

f=F+6f, (26)

where F describes the equilibrium piece (in gyrokinetic
ordering) and Jf is the fluctuating piece. F satisfies the
equation:

OF

— W, + LF = C(F).
da X, U

e

27)

Note, to include turbulence effects on the neoclassical
transport, one should add (Ldf)y to the left hand
side of equation (27), where Ny, =Yo+Y)yx =
JYdX |/ [dX, =Y, ie. (Y)y =0 and X, corresponds
to rapid spatial variations [39]. However, it can be demon-
strated that (1) (Ldf)y is only required to calculate the
a independent part of the O(02F) equilibrium solution,
which does not contribute to the fluctuation equation and (2)
5 X
(—=(Lf)x, ), =0, where (.. >§ represents 1/(27) ¢ ...do at

fixed X. Therefore, (Ldf)y  will be omitted.

To solve equation (27) for F, we expand it in powers of
d (e.g. see [50-52]), allowing equation (6). This perturbative
treatment of equation (27) with F = Fo + Fy + F2 + O(6°Fp)
provides the following straightforward result:
OF, 1

0B _ 1 0G0k
Oa - Bo(X) 0o O X.U.a

1 oy oFy
oX ’

U,p,o

(28)

1,X,U,p we Oax

where

Cy = Cx+ — (s V)b].

We

(29)

C,, and Cx are given by equations (21) and (22), respect-
ively. Note that the collision frequency is assumed to be small
compared to the cyclotron frequency to ensure that the lead-
ing order equilibrium distribution function is independent of
a at fixed X. We also anticipate that the difference between
the collision operator and its gyro-averaged form can be neg-
lected’. The first term in equation (28) is O(§AFy), while the
second one is O(A?F,), and therefore only the first term is
to be retained in F, in the limit of By < By. An equivalent
approach to obtain equation (28) at By << By would be to con-
sider the magnetic moment extended to higher order in A,
ie. p+ fpu(x,V) with i = C, /By + (i) = O(Ap), where (1)
is independent of the gyrophase angle (e.g. see [37, 38, 40, 49,
53] etc), and then to expand F around p:

- _OF
F(X,U,pu+ 1) =F(X,U,u)+uafﬂ (X,U,p),

5 This statement is correct, for example, for a like-species Fokker—Planck
collision operator in the drift kinetic approach [49], i.e. for averaging over
o at fixed x. When the finite Larmor radius effects are retained, this
depends on a particular form of the collision operator, and hence we assume
((CX =€) Fo < (Vi/L)Fo.
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which is equivalent to equation (28) up to O(0A) with By <
By and the following replacement: F(X,U,u) = Fo(X,U) +
Fi(X,U, ). Note, (ji) is typically found to ensure that & is
an adiabatic invariant: () = —(up/w.)[V x b]-b [54]. As
we shall see below, at By < By this extension to the equilib-
rium distribution function results in an extended source term,
e.g. equation (35) of [38] for the linear or equation (48) of [39]
for the nonlinear case®.

Based on the O(A%'Y:Fy) equilibrium equation [50],
averaged over « at fixed X, we can estimate the size of the
deviation from Maxwellian, F;, employed in the conventional
gyrokinetic theory for Fy, by considering the edge pedestal
region of an H-mode plasma, which we know has a pres-
sure gradient close to the ideal MHD ballooning boundary,
amup ~ (Rq?/B3)dp/dr ~ 1, where g is the safety factor, p
is the plasma pressure, and r is the varying tokamak minor
radius. Interestingly, the plasma scenarios being considered
for STEP are in a similar regime [11]. This then yields

lu OFy  amup

We W 5ﬂ19 M

where ¢ is the tokamak inverse aspect ratio and (5 is the ratio
of the thermal energy density of the plasma to the magnetic
energy density in the poloidal component of the magnetic field.
This is a factor order By /By larger than the finite Larmor radius
correction to the Maxwellian.

There are some important consequences from incorporating
the correction F'; into the equilibrium distribution function: (a)
it introduces an equilibrium flow and current density, which
are strong in regions of high density/temperature gradient; (b)
it introduces some additional anisotropy into the equilibrium
distribution function, and (c) the equilibrium distribution func-
tion is not constant on a flux surface. While F| captures the
neoclassical physics, including the bootstrap current associ-
ated with the finite banana orbit widths of trapped particles,
the gyro-angle dependent part of the second order correction
to the equilibrium distribution, F,, must be retained as well to
ensure the ordering is fully consistent.

5. Perturbations: gyrokinetic theory

The plasma response to the fluctuating electromagnetic field
is described by Jf:

of = ofo + ofi + O(ASF())

that is to be determined from

aof
L2

o + LOf+ LF + Lof = C(5f),

X, U,p

(30)

6 A similar approach can be applied to reconstruct the second term on the right
hand side of equation (28) to allow By ~ By. It would require an iterative
procedure to obtain the X dependence of p in equation (11), i.e. X =x —
p(x,V) with p(x,V) = p(X,V) + (p- V) p+ O(A%p).

>
=
S
o
\ 4

05t {2057

F'Fo Fy 2(@)

CALS0 — ALS > AlgZ —
fgo g1

5% |— A251 —

ho

Figure 1. Equilibrium and gyrokinetic ordering scheme. § ordering
increases horizontally, A ordering increases vertically. The first line
corresponds to the equilibrium solution, F = Fy + Fi + F2(c).
Blue/green rectangles correspond to conventional (e.g. [27])/
generalised [38, 39] gyrokinetics. Blue/yellow dashed rectangles
indicate partial contributions to the O(A' Y:Fg)/ O(A* Y Fy)
equation.

provided F satisfies equation (27). To capture turbulence
effects in the equilibrium solution, one should add (ﬁ&f)h
to the left hand side of equation (27), and hence to ensure
consistency, —<£~(5f>XL should contribute to the left hand
side of equation (30). However, it can be demonstrated that

<</35f>§)xL =0, and hence (ﬁéf}h will be omitted. The
O(AO%FO) equation then reads

9dfo

W 290
“ da

=0, (3D

t.X,U,p

where we learn that dfj is independent of « at fixed X. dfj is to
be determined from the solubility condition on the O(A! %F 0)
equation that reads

5 _ ~
fwcﬂ + Lofo+ L'F = C(5fy). (32)
da 1.X,U,p
The O(A2YF,) equation is
—wC% + Lofy + L'6fy + LPF=C(6f).  (33)
da tX,U,p

Equation (32), together with the solubility condition from
equation (33), provides df;. Here L' and £ are given
by equation (25) with (E,B) being replaced with (E’,B’)
and (E'',B""), respectively, and &f, = O(A3F,). Note that
equation (33) contains certain nonlinear (’)(A1 %F o) terms that
contribute to equation (32), and £25fy + £'8f; contains non-
linear O(AZ%FO) corrections that contribute to equation (33)
(see figure 1). Splitting the fluctuating distribution function
into an adiabatic response and a resonant piece:
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6F M.ZH OF
-z 4
of = 8U Bo nily, +&+h, (34)
where
9| _9| 19
ou|, oU u By Ou |y

and F = Feqy + I with Fegy = F + F; being independent of
« at fixed X, and F, = F>(X, U, i, ), we write

ofy = | g7 Oeam OF egm UA|| OF eqm
ou X,u B o X,U
+80+81+ O (AFFy) (35)
and
of = eZ g1 %o +h + O(A?5F)) (36)
YT U |4 0 0

Here we have defined g = go + g1 + O(Ad*Fp) and h = hg +
O(A26Fy) in accordance with figure 1. Note that the distinc-
tion between g and £ is that g is driven by the fields Y’ =
O(A'Y)) and the equilibrium distribution function, F, while &
is driven by Y'' = O(A?Y,) and higher order nonlinear terms
associated with Y’ and g.

5.1 The O (A'Y:Fo) equation and O (A24:Fo ) corrections

In this subsection, we focus on the second line in figure 1,
which contains conventional, (D(Al %F()), gyrokinetics as
well as the O (A161 %Fo) and O (AZ%FO) corrections driven
by the O(6§AFy) and O(A?Fj) terms in the equilibrium solu-
tion, equation (28), respectively. The majority of the gener-
alised gyrokinetic theories contain the O (A151 %Fo) correc-
tions only, capturing the equilibrium neoclassical physics but
implicitly (e.g. [38, 39]) or explicitly (e.g. [37, 40, 41]) requir-
ing By/By < 1 (or € < 1 to allow finite g values).

Writing  Ldfy + L'F explicitly in equation (32) (see
appendix A) and expanding g in powers of J, we obtain

380

T =0, (37

i.e. go is independent of « at fixed X, from the O (AO(SO%FO)
equation. The O (A'6°J:Fy) corrections in equation (32)
with the retained nonlinear O (A!Y:F,) corrections of
equation (33) provide an equation for gy and the o dependent
part of hp + g1

8]’10 8g1 8CX 8go e/ GCH ago
“Oaly Oaly ~iwgo+ {u—i_VD—’_ (’9@] 8X m Oo O |y g,
eZ _, OF, , OF
_C<go+ ®' 55 u>+’" (@' - VA)aU
+i[v(q>'—v-A’)><b] %Jri[(v-V)A’xb}-%
By 0X By 0X
eZ (1 0 we. O
+m{wc[v(<b —V-A")xb+(V-VL)A xb]: {a)ﬁ %zx]
0 1 0 el aF()
n _~ _ . / — -~ 1Y
+[(s V.9 a0, ul[(V-V5)A']- bB0 9 J}(go T N). (38)

Here —iw is to be understood as J/0t when acting on
fluctuating quantities. Note that, in the absence of nonlin-
ear terms, the gyro-averaging of equation (38) provides the
conventional linear gyrokinetic equation (e.g. [27] for elec-
trostatic fluctuations). Gyro-averaging equation (38) over o
at fixed X eliminates the first two terms on the left hand
side of equation (38) and provides a solubility condition to
be solved for go = go (¢,X,U, ). Substituting the obtained

go into equation (38) and integrating equation (38) over o
at fixed X provides the o dependent part of hy+ g =H =
H(a) + H, denoted by H. The o independent part of kg +
g1, i.e. H=H(t,X,U, ), is to be determined from a com-
bination of the O(AI(;I%FO) and O(AQ%FO) equations,
in accordance with the perturbation theory and figure 1.
Indeed, proceeding to O(Az%FO) in equation (32), we
write
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0ga OCx 0g1 1os® . 8go eZ 0C, 0g1 Jg1
—we Vp+— |- b- ——k ==l Ca =2
w Oa |y g+ [u+ >t 8aj| X |y 0 2Bowc.jH oX |, m Oa Opn X,UyaJr Oa |y v,
z F uA( oF Z 1 0
—cl POR | M OR +a +& iw(®' —V-A") 9 =1 F
m oU |, By Ouly m oul, Boouly
1 OF 1 OF,
—[V(®'=V-A)xb] - =L —u®-V)(®'-V-A') — 20
+ o [V ) xb] - o —ulb-V)( )3 “ou |,
eZ ac 9 19 1 ac, | 1 oF
=0 |V-VInBy —w.—2 [ — — = —pxV]-V, &~ L
+m{ NP —w Oa <8UM BOB,uU> +32[>< ] + da | By O |y
eZ d 18 » OF2 (39)
= (Vi) — — | |F V-V )A
+— (s-V_.®) <8U B o U> 2— 32 ul(V-V1)A'] b e
eZ ,0C, O
2 ALV 9)B]-V4ul(V-V)b]-A” —uA V- VinBy+ ~uaf =
CAW! I ey au
1 ac,\ OF o’
—=bxV]-[VL(V-A)—(Vv-V )AL —b VinBy|- —
ZbxV] (Vi ) —( 1)A] 0 | o, +—[bx o] X
uA | OF, 1 OF
I 0 / ’ 1
-— 1+ — ) VnB b-V)b — — — [iwA" xb—|(V-V)A b| —
B{ K+ ) o )” ox gy LA PV ) Gy
,0Cx 0 [ 0F, 1 , , aCx  OF,
_ L 9x O (0F — [V, (' -Vv-A V-V LA b x VI S= e o .
m da O0X < ouU /,L) + B()SZ [ J-( )+( J_) } [ ] B X Vo

Note, in equation (39) we have omitted the O(A%§'Fp)
term in Jf; as it is not relevant for the subsequent derivations.
Averaging equation (39) over « at fixed X annihilates the first
term on the left-hand side of equation (39) and provides the
first part of the O (A?}:F,) equation to be solved for the o
independent part of s + g;.

5.2. The © (AZ%FO) equation

In this subsection, we focus on the third line in figure 1.
Writing L£0f; + L'6fy + L2F explicitly in equation (33)
and neglecting the O (A25%F,) corrections (or higher),
we find

- Cégsf X+D’°:C(‘5f')+%M(q’”—V'A” ég:;’ u+BiO[VL(q>” V-A") xb+(V-V,)A" xb] ‘z;;
Rk e R T RN )
+%{WL€[V(<I>’—V-A’)><b+(V-VL)A’><b]~[%4_?‘/;}6 X]
+%{w%[ v(VA)xb+(u-V)A’xb+(s.v)Asz]_[;Y We ;a }+ “0)
+§{i[v(¢’”_v'l“”)><b+(V~Vl)A”><b} {a e o }

moL e oX da
i o] 2] st 8] (o)
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where hy is related to Jf; via equation (36). In equation (40)
we have taken into account that £L3F 4 L£>dfy + £'6f; contains
the O (A?3:F,) corrections that have to be retained in the
O (A%Y:Fy) equation as well (see appendix B). Equation (40)
contains the O (A!'§'Y:Fy) and O (A?Y:F,) corrections and
provides the second part of the O (A?YF,) equation to be
solved for the gyro-angle independent part of Ay + g;. Here
we have defined V as V acting on equilibrium quantities, e.g.
(s-V)A' xb=(s-V)bxbA| +(s- V)AL xb.

5.3. Source term

Averaging equations (38) and (39) and equation (40) over « at
fixed X, we obtain:

(C(8fo+0f)) % + S0 +8)!

+ SO+ TR+ S, +S2 + Sy,
(41)

(L)X g0+ (L (g1 +h))" =

with the right hand side (source term) given by (see
appendix C)

X 8F0

V-A’>a 50
"

eZ
S0 = Ziw(d' -
L mlw<

(42)

1 /
+B—0<V(<I> —

el
+20-

m

DG

ub-V)y—=Vp-V_

VA

Xi OF,

-VInB o' —V-A' —_—
+u(b-VinBy)|( v >C‘Bo o,

(43)

eZ / NnXx aFeqm

20 _ ¢4 _ . .
SL = m<¢) uAH>a[M(b V)X+VD VJ_] 8U

el u

_77@) —uA( Y (B V), OFean

o

U

L[] v pa s .
+Bo<{wc b x V=5 [([b 5] VinBo)b x V4

X
A / I 8F
—bxs([belnBo}-VL)]}(fb -V-A )> axo
1 aFem
+ 5 (5 VAl X by, "oy
+Bi<u [(b-V)AL] xb— zwAlxb>X 8F°, (44)
0

eZ x OF,
7-L2O E"’K‘I)H V'All>aﬁ
0Fy
— (VL (" —V-A") xb) 22 45
5 (T )xB)L S @9)
1 /
S”IVL:BT)W(@ ~V-A') xb)" ox (8o +H)
+Bl<[(V.V)A’xb—V(V-A’)xb—iwA’xb]
0
9 ) oFs| \ \"
We We =/ 0
'{ﬁJ“?VfT }(WB‘I’ au>>
+Bi<[V(d>'—V-A’)><b+(V-VL)A/><b]
0
i+ V2 EI>X+—<<I>’[V(¢>’—V-A’)xb
8X aOéX - mB()

+(V-V1)A

) ; (46)

o ([ oF
XbD“‘aX(a;

2 ez n 9 0 7).
SNL—;<{(S'VL<D)aT]u_u[(V.VL) 1 Bo ou :|H>a
eZ 0
+m<{_“(b'v)(q’ V)55,
—iw(A'~s)%‘ —iquﬁ% tulb- V‘I’)aaU
— 7 / O
_u[(v-v)A}-ij@U ( + O‘I’ U )>
47
and
Su= (v @ —vary ) 2 )
Bo @ 0X

Here S;° contains the O (A'6°}Fy) terms which corres-
pond to the source term of the conventional linear gyrokin-
etic equation. S;' contains the O (A!6'YF,) corrections
associated with the first term on the right hand side of
equation (28) and provides the generalised gyrokinetics of
[38]. S is driven by the O (AZF 0) contribution to the equi-
librium solution, i.e. the second term on the right hand side of
equation (28). 7,2 is the O (A2 %Fo) contribution provided by
equation (40). S, , Sz, and S5, are the nonlinear corrections
from equation (40), in accordance with figure 1. The paral-
lel streaming operator in guiding centre coordinates, (b - V),
is related to b - V via equation (D.3) (see appendix D for a
detailed derivation).

In the limit of low collisions, a combination of
equations (42)—(44) can be further simplified. Indeed, assum-
ing that the particle collision frequency is much smaller com-
pared to the free streaming along the equilibrium magnetic
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field lines/characteristic drift frequency in the equilibrium
solution and differentiating the gyro-averaged, O(A%! %FQ)
equation for F [50] with respect to  and U, one can find

u(b-V)y+Vp- V] agegm u*;(b'v)xﬁfl’ U
_wlc b % V1nBo|- %7 w
and hence
SO+t +s= %iw<<p/ vy 8Feqm
+BLO<V(<1>/—V~A')X1,>§.6§%
*%[*“(”'Wr%-v@ <<I>'—1;;.A/>’a‘ 822“1 U

+ i<q>'_uAH> b VinBy) - L0

il

LRI

[([b X §]-VInBo)b x V
we By We

X
‘ , OF
—b><s([b><VlnBO]~VL)}}(<I> —V.A/)> -
OF eqm
—<s VJ_ AL b>X 8Xq
1 x OF,
—I—B0 ul(b-V)A ] xb—iwA xb) e (50)

Equation (37) is the O (A%¥: F,) equation, where we learn that
go is gyrophase independent. Proceeding to O (AI%FO) in
equation (41), which is equivalent to equation (38) averaged
over « at fixed X, we obtain

X
. B OF,
—iwgo+ (u+Vp) - [f)? a=<C<go+m¢/ 31;) >>
—lw<<1>’ VA’>X%
«9U |,
L v (@ —v.a7) xp)¥. ot s)
+BO<V(<I> V-A') xb) o (51

Equation (51) reproduces the leading order, conventional
gyrokinetics and can be solved for go = go(#,X, U, 11). Pro-
ceeding to O (A?Y:F,) in equation (41), we write

2
~ - X 1408 dgo
<(£_C) (H+H)>a:_ZBOwC'IH : X .
X
eZ ,/8F() 8F1 MA|/| 3F1
+<C(m Ul Y90, B only

S ST 4 S (30,1, H) + S (30,1) + Sk 0).
(52)

Note, S}, on the right hand side of equation (52) should
exclude the nonlinear O(A'Y:Fy) correction already
employed in equation (51). Substituting gy obtained as a
solution of equation (51) into equation (38) and integrating
equation (38) over « at fixed X provides H with the con-
stant of integration, H = H (t,X, U, 11), being determined from
equation (52) as follows:

(£-c) = 27322 T ’% .
e 522
ou|, Bo Ou |y, .
+81'+8° +TL2°+SJVL (g0,H.H)
+ S (g0, H) + Stu(g0) — (£~ C) H)™. (53)

The By ~ By ordering is equivalent to A ~ ¢ and thus ulti-
mately requires solving for the gyro-angle dependent piece of
the fluctuating distribution function when retaining neoclas-
sical physics in the equilibrium plasma. The latter is relev-
ant, for example, to the edge pedestal region of a tokamak
where pressure gradients are strong or to a spherical toka-
mak core plasma. We note that in the absence of collisions,
the integration over « is straightforward for the right hand
side of equation (38) and allows one to express (Eﬁ)i on the
right hand side of equation (53) in terms of gy and Y analytic-
ally. One can then combine equations (51) and (53) to obtain
a single equation for gy + H which is gyrophase independent.
The latter is addressed in section 5.4 for electrostatic and in
section 5.5 for electromagnetic fluctuations.

5.4. The nonlinear electrostatic case

In the absence of collisions and the fluctuating vector potential,
integrating equation (38) over « at fixed X provides

-~ 1 . C, 0
H:T[_lw"V‘u(b'V)X"‘VD'VX]gOO["‘FB# ai?
Lo 080w [0 0F
O ax Bo/d ® au|,
1o}
/
_Bowc/da (Vo' xb] - aX(Fo—i—go)
2 572 92
we @7 0°Fy ﬂqy@ 7 (54)
B 2 oU2|, By U,

which can then be substituted into equation (53). A sum of
equations (51) and (53) then provides
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C, 0%
By Ou  we

1 -

(L)'G = fiw<@’ +O

a a / r’
[bxax( eqm+6)] 8X<<I> +o" 4+

L) vp v

1 u foj)
— —b
+Bo <{wc By Vi

2wc

—bx§([bx VInBy]- V)] }¢’> : %(Feqm—&-G)

where we have defined G = g + H. As discussed in section 4,
an alternative approach to obtain equation (55) is to retain the
O(Ap) and O(Ap) corrections in the magnetic moment and
the guiding centre variable, respectively. For example,

C,
@’ (X,U,u+‘,a) =@ (X, U,p, )

—Cx -

0
E | (Feqm +G) +
a#’U( q )

08’ C, \* 0
C. 00" 1. 8<I>’ Ca
By Ou  we X
(@)} o
BO [bXVlnBo] 67,( eqm+G)

[([bx§]-VInBy)bx V|

(55)

nonlinearity only. As discussed in section 4, the latter is due
to the assumptions associated with the form of the equilibrium
distribution function employed in [39].

5.5. The nonlinear electromagnetic case

By Retaining the fluctuating vector potential, we obtain
C, 0%’
Bilu ) (Xa U,,u,a) : ~ 1 agO
0 H H:;[—ZOJ‘FM(I)V) +VD Vx]goaﬁ‘*a
Imposing a straight, constant magnetic field approximation ‘ | 9 OF
and taking into account equations (35) and (36), it can + —Cy g8 W do ((I) —-V-A ) 0
be demonstrated that equations (55) and (56) contain those We X By 6U
equations provided by the recursive approach of [55] for non- 1 I voAl 0
linear electrostatic fluctuations. Note that the equation presen- Bow, do [V (q) v-A ) X b] X (Fo+8o)
ted in appendix A of [55] for the gyrophase angle independent 1 9 W2 @ 2 O%F,
piece of the fluctuating distribution function can be further +g [A xb| - X (Fo+go) + E
simplified to the form of equation (55) when the second order,
gyrophase angle dependent correction, i.e. g;; of [55], is sub- , 080 MA\/I dgo
stituted explicitly. As discussed in [55], the main difference + E P 0! "B o (56)
between equation (19) of [55] or equation (55) of this paper 0 u 0 I ly
and the electrostatic limit of the nonlinear Frieman—Chen
gyrokinetics [39] is that [39] contains the leading order, E X B and therefore
J
b
X~ €L, / 1 &axl i— .6X/7& / 0
(£),G= ’“<X X g o T ax T w ) gy, Fem T O)
1 B 0 Cc,oxy' 1. ax c., \*
— |bx - (Fag + G) | - — / " 14 - @
+BO{X8X( eqm + >] 8X<X X B o T X T w Y,
eZ x’ Y9
——u®d-V Vp-V =) —| (Feqm+G
B’ — uAf > 5
+ B 2 [b x VInBy| - 5% (Feqm + G)

1 u poj)| s A
+BO<{WL By —bxV_ T [([bx8]-VInBy)bxV
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—bx5(bxVInBy|- V) }x’>

1 X
— B—()(Ai x(V-V)b) -

for a sum of equations (51) and (53) in the absence of col-
lisions. Here, we have defined ' = ®'—~V-A’ and /' =
®"" —V-A". In the limit of low collisions in the equilibrium
solution, the Fy contribution to the last line of equation (57)
can be rearranged using equation (49) to provide

e/ X 6Fem
E<A’J_-s>a[u(b-V)X+VD-VJ_] a[j )
el u ’ X aFeqm
+E370<AJ‘.S>O‘(b-V)X a/,(, U.

Note, the gy contribution to the last line of equation (57) can be
rewritten in a similar way if one split equation (57) into a sys-
tem of gyrokinetic equations for go = O(AF)) (equation (51))
and H = O(A?F,). Therefore, equation (57) has the structure
of equation (55) with ®’ and @' being replaced with the gen-
eralised potential, y’ and x'’, respectively.

In appendix E, we construct the particle and energy bal-
ance equations associated with equation (57) in the absence of
collisions to illustrate how equation (57), retaining the equi-
librium current density gradient physics, extends the conven-
tional ‘gyrokinetic-fluid” model associated with the conven-
tional gyrokinetic equation of [27].

5.6. The By < By limit

For benchmarking purposes, in this section we discuss how
certain existing extended gyrokinetic models, including the
Frieman—Chen nonlinear gyrokinetics of [39], are contained
in equation (57). In the limit of By < By, A < § and there-
fore only the first term on the right hand side of equation (28)
is to be retained. While the magnetic moment variation is
captured in the equilibrium solution, no second order finite
Larmor radius effects are required when defining the guiding
centre coordinate, and hence X = x — p(X, V). Equations (51)
and (53) (or equation (57) in the absence of collisions) then
reduce to

—iwgo+ (u+ Vo + Vi) - % )
O+ Dis(ar —yaryt Fem u
(Vv
(58)

i

(57)

where V[ = (1/Bo)El; x b and Ely = —(V (&' — V- A"))X.
go contains the O(A'YFy) and O(A!6' Y1 Fy) contributions.
Equation (58) matches the nonlinear gyrokinetics of [39] when
the collisional effects are neglected and the parallel stream-
ing operator is written in terms of x via equation (D.3). In
the absence of nonlinear effects, equation (58) matches (1) the
generalised gyrokinetics of [38] 7 and (2) [37, 40, 41] in the
absence of the fluctuating vector potential. Equation (58) can
be further simplified to

— iwHo + (4 +Vp+ Vi) - % a
= (O + Lis(ar —varyt Do H
cg (V@ vea) ) T s
where
go:Ho*%GI)LV.A/)i (ng'; W

Note, the first line of equation (44) reduces from O(AS§Y:Fy)
to O(A? %F o) in the limit of low collisions (see equation (49))
and thus is not captured in [38, 39].

The plasma turbulent transport is driven by micro-
instabilities that are typically described by the gyrokinetic
simulations, and can be sensitive to the collisional effects.
The latter requires the gyro-averaged collision operator with
the retained finite Larmor orbit width effects. As discussed
above, for the second order gyrokinetics, an additional com-
plication arises from the fact that X =x — p (X + p, V). In this
paper, we do not discuss the gyrokinetic collision operator.
There are a number of works and reviews [56] (and references
therein) that address this, e.g. [57-59] for multiple ion spe-
cies linearised model collisions, for the gyrokinetic linearised
Landau/Fokker-Planck collision operator [60, 61] etc.

5.7 Maxwell’s field equations in gyrokinetics

To ensure a self-consistent description of the nonlin-
ear gyrokinetic system, equations (38), (51) and (53) (or
equation (57) for collisionless plasmas) must be coupled to
the gyrokinetic Maxwell equations. Poisson’s equation (which

7 Equation (35) of [38] and equation (43)/(48) of [39] can be significantly
simplified if (1) b - V is rewritten in terms of the guiding centre variable, as
shown in equation (58), and (2) the O(Ap) term in the magnetic moment is
written explicitly via Vp. Note, C, /By is equivalent to p; — (u1) in equation
(23) of [38] and equation (22) of [39].

12
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typically reduces to the quasi-neutrality condition) consistent
with equation (57) reads

V(e +a") = ZeZ/ {G +H;(G
+€Z (@ +¢),,) 8F0J MAH (?F]J (5(X—x-|- )
m ou B() Em U Pl
(61)

where ¢ is the permittivity of free space, and Z denotes the
phase space integral [55]. j is the particle species index. For a
system of equations (38), (51) and (53), we must separate the
first and second order contributions and hence equation (61)

reduces to
1 eZ; 8F0-
Ve =—— eZ/ +—’<I>’ )6 (X —x+p),
EO; = gO/ _/ 8U ; ( p)
1 .
Vo= LS [ {B B )+
- z
J
€Z' 7 aFQJ MA|,| 6F1J'
“le — S(X—
m U |, Bo ou |, X-—x+p),
(62)

coupled to equations (51) and (53), respectively. In a similar
way, Ampere’s law consistent with equation (57) can be writ-
ten as

V x (B/-FB”) :MOZer/Z(6foJ+6f1J)V6(X—x+p),
i
(63)

where p is the magnetic permeability of free space. The
parallel and perpendicular components of equation (63) then

provide AH , A and B I B/ I respectively. In the absence of the

B | effects that are generally weak for gyrokinetic simulations
[20], equation (63) reduces to

Ve (af +4i) =

. eZ; _, OF
—uo;ezj/zu{G,JrH,»(G,»)Jrn;@ BUJ )

}5(X—x+p).
(64)

For a system of equations (38), (51) and (53), equation (64)
then provides

VZAT‘——queZ/ ugo 0 (X —x+ p),
V2A| =

OF
—uozezf/ {H+H(gog>+f’<1>’ —
J

ou
u

}5(X—x+l))7

similar to equation (62). Equations (61) and (63) are general
and match the Maxwell system of [62] for truncated gyrokin-
etics and the Poisson equation in the recursive approach of
[55] etc. When the flux tube approximation is employed,

equations (61) and (63) reduce to a system of local gyrokin-
etic Maxwell equations, e.g. equations (10)—(12) of [63] (in
the absence of neoclassical physics). In the following section,
we address limitations of the local, flux tube approximation
illustrated by MHD simulation results.

6. Limitations of the ballooning transform for
tokamak pedestal

Since the perturbed fields are allowed to vary significantly
over the Larmor radius length scale, equations (38), (51)
and (53) (or equations (55) and (57) for collisionless plas-
mas) form a system of integro-differential equations. Conven-
tionally, such an integro-differential form can be reduced to
a differential system by employing an eikonal approximation
for the fast spatial variation of fluctuations (e.g. see [27] or
[64] for the extended Fourier-ballooning transform that allows
one to reconstruct the radial mode structure). A local form of
equation (58), for example, which is valid in a low By limit,
is provided by equation (50) of [39] or by equation (41) of
[38] for a linearised model. Employing the eikonal approx-
imation for the higher order gyrokinetic theory is associated
with certain complications. For example, the eikonal func-
tion, S, defined such that b - VS(x) = 0 is typically expanded
around the guiding centre coordinate up to O(AS), i.e. S(x) =
S(X) + p- VS, which does not provide a sufficient accuracy in
the limit of A ~ §. Furthermore, while the local form allows
internal modes, it is insufficient to capture modes that couple
to a resonant surface outside the plasma (‘external’).

Indeed, let us illustrate the structure of the kink mode in
the pedestal by considering ideal MHD. One then finds that
instabilities exist that involve a coupling between the curvature
drive (pressure gradient) and the kink drive (current gradient).
These are called peeling-ballooning modes. The most robust
kink drive occurs when the instability can tap into the rational
surface just outside the plasma. This situation is shown in
figure 2 (left) for a n =20 peeling-ballooning mode derived
using ELITE [65], which shows that when the pressure gradi-
ent peaks near the plasma edge, the eigenfunction has a large
amplitude there. The plasma radial displacement is decom-
posed into poloidal Fourier harmonics, labelled by poloidal
mode number, m, and the radial variation of each is plotted
in figure 2 (right). Note that there are a significant number
of harmonics, each peaking at their rational surface, where
m=ng. They are all in phase, resulting in a poloidal mode
structure that peaks on the outboard (low field) side of the
tokamak plasma. Furthermore, each of the harmonics reson-
ant inside the plasma has qualitatively the same shape, and
only differs from its neighbours by the relative amplitude. This
(ballooning) symmetry is exploited in ‘local theories’ (e.g.
[66] in ideal MHD or [25] in gyrokinetics), which to lead-
ing order describes the radial shape of the Fourier amplitudes,
and then the higher order provides their relative size. However,
the Fourier harmonics, which are resonant outside the plasma
(i.e. those increasing towards the plasma edge) do not have
the same shape as the harmonics resonant inside the plasma.
Therefore in this situation, the ballooning symmetry breaks
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Standard case
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Figure 2. aump (left) and poloidal Fourier harmonics of the plasma
radial displacement, Un, (right) are plotted as a function of the
normalised poloidal flux function, ¥n. ¥ = 1 /1a with ¥, being
the poloidal flux at the plasma boundary. The result is derived from

an ideal MHD calculation using ELITE of an instability with a
strong kink drive.

Shifted pedestal case
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Figure 3. The same as figure 2 but the peak in aymup is shifted into
the plasma region.

down and local theory must be replaced with a general set of
equations (38), (51) and (53) (or equation (55)/(57) for col-
lisionless plasmas) coupled to Poisson’s equation or plasma
quasi-neutrality and Ampere’s law for perturbed fields to close
the system. Such a gyrokinetic-Maxwell system can be further
simplified, e.g. employing a full spectral decomposition of the
fluctuating quantities [65, 67].

We consider a special case in figure 3, where we show the
effect of moving the peak in the normalised pressure gradient,
aymp, further into the plasma. The eigenfunction now peaks
away from the plasma edge, close to where aymp is a max-
imum, and we see that the largest amplitude Fourier harmonics
now do have qualitatively the same shape. Thus, in this situ-
ation we do expect to be able to describe the dominant instabil-
ity characteristics with a local theory. Although the coupling to
the Fourier harmonics resonant in the vacuum is much reduced
in this case, the kink drive is still significant — looking at the
contributions to the perturbed energy, about 60% arises from
the curvature drive compared to 40% from the kink.

7. Conclusions

The principal motivation for the calculations presented in
this paper is to ensure that the effects associated with sharp
pressure gradients and the consequential high bootstrap and
Pfirsch—Schluter currents are fully captured in the nonlinear

electromagnetic gyrokinetic theory, while allowing arbitrary
magnetic field configurations and finite orbit width effects and
ensuring consistent ordering. Bootstrap current can readily
be incorporated into the ideal MHD Grad—Shafranov solution
for the equilibrium, which can then be analysed for micro-
instabilities using standard gyrokinetic tools. However, such
gyrokinetic analysis usually explore fluctuations by expanding
about an equilibrium distribution function that is Maxwellian,
which is then not consistent with a large bootstrap current (and
hence the physics of kink modes).

In ideal MHD, the kink term represents the instability drive
from current density gradients, and therefore originates from
the contribution to force balance j b x B ', where Jjb is the
equilibrium current density which flows parallel to the mag-
netic field. In the gyrokinetic formalism, this requires the treat-
ment of the term [V x B'] - VyF which contributes to the
force balance (i.e. the first velocity moment of the kinetic
equation) from the part of the equilibrium distribution func-
tion, F, which carries flow. While the flow is carried out by the
first order correction in a § expansion of the equation, describ-
ing the equilibrium distribution function, this equation must be
expanded to second order in ¢ to be self-consistent, and cap-
ture the kink drive. To see this, consider

1 OF ki-(sxb)dF

By 2 Oa

VxB'|- F=iuA| | (k- —
[ X ] VV LU ” (J_ S)Boa'u

s
By (66)
where we have employed the local approximation for illustra-
tion. It is immediately apparent that an isotropic distribution
function F' = F(U) does not contribute to this term, and there-
fore one must include physics in the equilibrium beyond the
Maxwellian, as captured by the first order equilibrium solu-
tion, F;. The first term gyro-averages to zero when acting on
F, which is independent of « and so will not contribute to
the current. Thus, only the a-dependent parts of F, embodied
in the second order correction, F5, can contribute to this drive
term. This reinforces the importance of capturing the physics
of F 2.

Some previous works (e.g. [37-39, 43]) extend the gyrokin-
etic equation to incorporate these effects; however, implicitly
or explicitly requiring an extra expansion parameter, By /By <
1, which is typically a good approximation for conventional
tokamaks but must be relaxed for a spherical tokamak plasma.
The O(A?Y:F,) terms whose estimates contain By /B are also
anticipated to play a role for a full treatment of the current
density gradient physics in situations when the equilibrium
profile gradients are steep (specifically in transport barrier
regions). In this paper, we have extended a nonlinear elec-
tromagnetic gyrokinetic formalism to a set of equations valid
for any tokamak geometry and plasma beta, allowing By ~ By.
This gyrokinetic system is provided by a set of equations (38),
(51) and (53) with no restrictions on the plasma collisional-
ity. For collisionless plasmas, this reduces to equation (55) for
nonlinear electrostatic and equation (57) for electromagnetic
fluctuations. We have demonstrated that to allow By ~ By,
a gyrokinetic formalism correct to third order in p/L must



Plasma Phys. Control. Fusion 65 (2023) 045010

AV Dudkovskaia et al

be derived which ultimately requires solving for the gyro-
angle dependent part of the fluctuating distribution function
(or alternatively retaining the O(Ap) and O(Ap) corrections
in the magnetic moment and the guiding centre variable). Note
that current gyrokinetic codes are typically valid up to the first
order in p/L.

To explore internal modes when the fraction of boot-
strap current is large, one can exploit a local version of
equations (38), (51) and (53). However, in making this sim-
plification, we restrict the applicability of our formalism. For
example, such a local approach requires equilibrium quant-
ities to vary slowly from one rational surface to the next,
and that may not be compatible with the strong gradients
required to drive the kink dynamics. The classical local
approximation (e.g. [26]) is commonly applied to reduce the
global integro-differential problem to a differential system.
The extended local/hybrid models (e.g. [34, 64]) allow one to
retain slow radial profile variations of the density/temperat-
ure gradients. Both incorporate the Fourier-ballooning trans-
form, whose symmetry breaks down at the boundary that sep-
arates the plasma from the vacuum. Thus, the local version
of gyrokinetics is only suitable to capture modes that are
contained inside the plasma (i.e. internal modes). To capture
external modes, a global version must be employed. Global
effects are expected to be important for capturing all of the key
dynamics associated with kink mode physics, so it is neces-
sary to retain the equilibrium profile effects. Note that, while
the system of global equations derived in section 5 is accurate,
it remains computationally expensive, especially when colli-
sional effects are retained. As part of future work, we will
address possible ways for its reduction, while keeping the for-
mulation global and capturing the plasma-vacuum interface.

The approach presented here is iterative. Therefore, des-
pite consistent ordering, it is not generally obvious that
the gyrokinetic equation obtained by the iterative method
can be rewritten in a phase space conserving form or a
form that exactly conserves an energy-like quantity. This
problem is well illustrated in [55]. In contrast, it might
be necessary to retain certain higher order corrections to
ensure that the equations have an exact energy-like invari-
ant [46, 55, 68] which generally violates consistent order-
ing in the gyrokinetic-Maxwell system. In section 5.4 we
briefly discussed how equation (55) (coupled to equation (61))
for electrostatic fluctuations is related to the nonlinear
electrostatic gyrokinetic equation of [55] for straight field
lines, which is energy and phase space conserving. We
leave an investigation of the conservative properties (and

the higher order gyrokinetic field theory in particular®) of
equation (55) for electrostatic fluctuations in general geometry
and equation (57) for electromagnetic fluctuations for future
work.

We started our motivation by exploring kink physics in the
pedestal, showing that the kink drive can be significant up to
large/intermediate toroidal mode numbers in ideal MHD cal-
culations (e.g. see figure 4.19 of [14]). It is therefore expected
to be important for electromagnetic drift instabilities, and the
associated turbulence, as found in the pedestal or in reactor-
grade spherical tokamak plasmas (e.g. STEP [11]). In toka-
mak plasmas, gyrokinetic theory is employed to describe these
instabilities. Equations (38), (51) and (53) extend conven-
tional gyrokinetics, capturing the kink/peeling (current density
gradient) physics for any equilibrium magnetic field configur-
ation. While equations (38), (51) and (53) (or equation (57)
for collisionless plasmas) can readily be incorporated into the
existing gyrokinetic community codes (e.g. ORBS [21, 22]),
the problem with the boundary conditions for external modes
remains. Indeed, coupling to the fluctuating magnetic field
in the vacuum is important for those MHD instabilities, and
understanding how gyrokinetic plasma instabilities couple to
the vacuum will need further work and is important for a full
understanding of pedestal physics.
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8 Maxwell’s equations of section 5.7 are sufficient to close the system of
equations (38), (51) and (53) (or equation (57) for collisionless plasmas).
However, to ensure the exact conservation of the energy-like invariant, it might
be necessary to retain certain third order corrections, including those related
to O(8Fy), which is equivalent to retaining the second order correction in the
magnetic moment and the third order correction in the guiding centre variable.
Note, retaining certain third order corrections will not improve accuracy but
will violate the system ordering, while ensuring the exact energy conservation.
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Appendix A. Derivation of £8fy + L'F and oA/
(£ +iw) (uA]) = (V- V +a- Vy) (uA]) + uwe -
Since dax
~ o’ in the O(A'YFy) equation, where a is the acceleration
: r_y. ’ L s
(£+zw) =V VO +w. da |y provided by the equilibrium component of the Lorentz force
and Vy is the velocity space gradient at fixed x, £fy + L'F
, can be reduced to
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and the O (A6?3:F,) corrections or higher have been neg-
lected. Note, here u = ub(x). Equation (A.1) is to be sub-
stituted into equation (32). In the limit of low collisions,
equation (A.1) can be further simplified. One can write

provided the perturbative treatment of collisions is allowed in
the equilibrium solution’. Equilibrium quantities on the right

9 To obtain equation (A.2), one would need to differentiate the gyro-averaged,
O(A%! %Fo) equation for F'; with respect to y and U.
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hand side of equation (A.2) should be treated as functions of X,  in accordance with the conventional neoclassical theory. Sub-
and F| is then to be determined from the collisional constraint  stituting equation (A.2) into equation (A.1) provide
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Appendix B. The O (A?%:F,) corrections from Appendix C. Source term
higher order gyrokinetics
_ ~ ~ To obtain equations (42)—(44), we find it convenient to do the
L3F + L*8fy + L' 6f; includes following splitting based on the O(§AF) and O(A2F,) con-
7 9 tributions in equation (28):
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that must be added to the O (A%:F,) equation. (C. 2)
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and
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respectively.

Appendix D. Parallel streaming operator in guiding
centre coordinates

Switching from x to X in the free streaming operator, we write

bV =(b-V)x+[(p-V)b]- V- [(b-V) <£) xv} Yy

We

b 2

0
o +((b-Va)

o (D.1)

)
X X

where b on the right hand side is a function of X
and (b-V)x =b(X)- Vyx. Here all terms that provide the
O(Azé%Fo) corrections (or higher) in the gyrokinetic
equation have been neglected. Noting that
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where @’ can be replaced by any scalar fluctuating quantity,
and

(6-9) (@ ~v-a")

= (b-V)X<¢/—V~A/>i+wi<{[[b><s} “V]b+sx (b-V)b

+=(b-VInBy)[b Xs}] “Vx (@' —V-A/)>X

{[(b -V)b]-s+ ;—i (b- VlnBo)} A| >Z
1

+{ = (b-VInBy) (AL -s) +ul(b-V)b]-A

PP NG S I

|

—([(B-V)e3]-e2) [bxs]-A'L> . (D.3)

Appendix E. Particle and energy balance

To simplify the analysis, in this section we neglect the 79”
effects that are typically anticipated to be weak at low beta
values, characteristic of conventional tokamaks, and in cer-
tain finite beta cases [20]. The particle and energy bal-
ance equations are obtained by integrating equation (57)
over velocity space with appropriate scalar weights [68].
Based on equations (35) and (36), we anticipate a balance
of (a) turbulent-driven contributions associated with fluctuat-
ing quantities, go and g; + hg, (b) neoclassical contributions
provided by F; and the gyro-phase angle dependent part of
F, and (c) adiabatic contributions associated with the exten-
ded adiabatic pieces of equations (35) and (36), as well as the
nonlinear contributions provided by the nonlinear drive on the
right hand side of equation (57). For the particle balance, we
obtain

O © . ), @ i By \ (1)
b (nad.j g T gt ”j/ + nj”) (V) + Eg Fad,ju
B/
1 n / 11
+ Bi() . VJ_ (neqmujﬁ()) + A\ (FJ +F} ) =0.
(E.1)
Here the adiabatic contributions are defined as
©) eZjsr () , I dnegm
Ny = —Hegm—= P, Ny:=—A)= ,
ad,j eqm Tj ad,j HB() dw
@ _ eZjon () _ g 1 ditegm
nadz]» = —nequij ; Fad,}H = @ EO dﬂ]

with neqn and T; being the equilibrium plasma density and
temperature of species j. The neoclassical contribution is
provided by

__ 1 dp
- eZBydy’

neo
Meqmij|

where p; is the equilibrium plasma pressure of species j. nj’ +
n j’ " are the turbulent-driven contributions to density, associated
with the O(AF,) and O(A2Fy) parts of G, respectively. T+
I‘j” is defined similar to equations (76), (77) and (80) of [68]
and includes

L/ =Tjb+T;;+T; (E.2)

J J
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with

F;\/L: / V%,effgodW F;\/’L: / V;E,eff[_{dv

for each particle species. Here the parallel drift velocity
is defined as up = pos*/(2Bow,)j|b [49]. Note, up- VH =
O(BA3Y:Fy) and thus the corresponding contribution has
been neglected in T';’. B, is the perturbed magnetic field com-
ponent across the equilibrium magnetic field lines. The energy
balance equation is obtained by multiplying equation (57) by
mV? /2 and integrating over velocity space,

(E4)

3

9 B
5(Qdd/+Qdd/+Qdd]+Q]+Qj) (v\‘i’ln 0)<§T,F

e
ad,j|

—|— B, VJ_( nequ,ujH )—!—V . (Qj/ +Qj”>

= —ezjvqso (T +1)").

Here I‘j' and 1"]»” are defined as in equations (E.2) and (E.3).
Note, in equation (E.4) we have taken into account that U is
based on the total equilibrium electrostatic potential, ®, in
contrast to [49], where U is based on a total ® = ®; + ®. The
adiabatic contributions to equation (E.4) are defined as

o _ 3 20 m _3
Qad,/ 7§l’leqm€Zj(I)/ 2 ad,/TJ7 Qad,/ ad,}TJ’
3,0
QadJ 2 addT

Note, 5/2 in equation (E.4) includes the heat flux associ-
ated with the neoclassical contribution, (3/2)neqm7; uj®, and
the work associated with the pressure gradient, reqmju’® -

The energy densities, Q/ and Q;’, are provided by go and
H respectively integrated over velocity space with mjV2 /2.
The turbulent-driven energy flux, @/ +Q;”, is constructed
from the O(AFy) and O(A2F,) parts of G, similar to
equations (E.2) and (E.3). Note, there are two additional, equi-
valent forms of equation (E.4) that can be obtained by combin-
ing equation (E.4) with equation (E.1) and the force balance
equation (not presented here).

Equations (E.1) and (E.4) obtained by direct integration of
equation (57) over velocity space provide the anticipated bal-
ance of adiabatic, neoclassical and turbulent-driven contribu-
tions. The B} -V . (neqmu;‘ﬁo), omitted in conventional (Max-
wellian based) gyrokinetics, is typically referred to as the kink
drive term in the fluid-kinetic plasma description.
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