@ CrossMark

J. Plasma Phys. (2023), vol. 89, 905890307 © The Author(s), 2023. 1
Published by Cambridge University Press

This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution and reproduction,
provided the original article is properly cited.

doi:10.1017/S002237782300048X

Nonlinear drift-wave and energetic particle
long-time behaviour in stellarators: solution of
the kinetic problem

Alessandro Zocco “!>7, Alexey Mishchenko ©!, Axel Konies “!,

Matteo Falessi “? and Fulvio Zonca ©2:3

'Max Planck Institute for Plasma Physics, 17491 Greifswald, Germany
2Center for Nonlinear Plasma Science and ENEA C. R. Frascati, Frascati, Italy

3Tnstitute for Fusion Theory and Simulation and Department of Physics, Zhejiang University, Hangzhou,
PR China

(Received 2 November 2022; revised 9 May 2023; accepted 11 May 2023)

We propose a theoretical scheme for the study of the nonlinear interaction of
drift-wave-like turbulence and energetic particles in stellarators. The approach is based on
gyrokinetics, and features a separation of time and scales, for electromagnetic fluctuations,
inspired by linear ballooning theory. Two specific moments of the gyrokinetic equation
constitute the main equations of the system, which requires a full kinetic nonlinear
solution. This is found iteratively, expanding in the smallness of the bounce-average
radial drift frequency, and nonlinear E x B drift frequency, compared with the inverse
time scales of the resonantly interacting energetic particles. Our analysis is therefore valid
for neoclassically optimised stellators. The resummation of all iterative and perturbative
nonlinear kinetic solutions is discussed in terms of Feynman diagrams. Particular
emphasis is put on the role of collisionlessly undamped large-scale structures in phase
space, the kinetic equivalent of zonal flows, i.e. phase-space zonal structures, and on
wave-like fluctuations generated by energetic particles.
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1. Introduction

The purpose of any magnetic confinement fusion device is to access energetically
favourable scenarios where fusion reactions are self-sustained by alpha particles. This has
not been attained yet, but the study of energetic particle minorities, produced by auxiliary
heating, gives us a glimpse of what could be the behaviour of a burning plasma.

A burning plasma is expected to be a kinetic turbulent environment in which energetic
particles experience resonant interactions with fluctuating electromagnetic fields. These
are believed to be faithfully described by gyrokinetic theory (Frieman & Chen 1982).
Here, fluctuations are assumed to vary slowly along and strongly across the confining
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magnetic field, while evolving on a time scale which is slow when compared with the
gyromotion, but fast when compared with the long-time behaviour of the plasma density
and temperature background. Thus, within a gyrokinetic description, plasma transport
properties are determined through a turbulence average (in time and space) (Frieman
& Chen 1982; Abel & Cowley 2013) which allows nonlinear fluxes to act as sources in
the evolution of mean quantities. Thereby, in a sense, nonlinear gyrokinetic simulations
provide insight into the detailed properties of kinetic turbulence in magnetised plasmas,
but do not fully characterise them from the point of view of transport, and therefore
possible reactor performance, unless one knows how fluctuations, on a long time scale,
impact mean quantities such as temperature and density.

Among the many approaches that one can pursue to attack the problem of turbulent
transport in magnetically confined plasmas (which is naturally multiscale, and tackled
with an asymptotic expansion for small Larmor radii), the one reviewed by Chen &
Zonca (2019), perhaps more than others, kept the physics of fast particles at heart.
In the first of a series of works there cited (Zonca et al. 2015), the question was
proposed, and partially addressed, as to what would be the dominant contribution to the
possible long-time behaviour of gyrokinetic fluctuations driven by wave—particle resonant
interaction. By exploiting the existence of action-angle variables in axisymmetric toroidal
geometry, Zonca et al. (2015) introduced a way of integrating perturbed particle orbits
by using the unperturbed action-angle variables, thus capturing cumulative wave—particle
resonance effects of bounce- and transit-averaged processes on unperturbed particle
motion, for sufficiently small nonlinear dynamics. This approach allows one to describe
several nonlinear wave—particle phenomena, such as phase locking, resonance detuning
and broadening. It gives a powerful means of predicting chorus emission in planetary
magnetospheres (Zonca, Tao & Chen 2021b), but it also gives the basis for the study
of what the authors call phase-space zonal structures, i.e. the counterpart of zonal
flows (Rosenbluth & Hinton 1998) or, more generally, zonal field structures in phase
space. These are structures that are constant over magnetic flux surfaces, thus, in many
circumstances, immune to collisionless Landau damping. They play a major role in the
regulation of turbulence levels (Rogers, Dorland & Kotschenreuther 2000; Diamond et al.
2005).

Further advancing this line of research, Falessi & Zonca (2019) have focused on
the long-time behaviour of phase-space zonal structures in axisymmetry. Their results
have been successfully applied to particle-in-cell codes (Bottino et al. 2022), and
completed with the evaluation of the mesoscale radial extent of fluctuations (Zonca
et al. 2021a). These are evaluated as first-order corrections with a subsidiary limit of
gyrokinetics that mimics the original radial envelope evaluation of ballooning modes
(Connor, Hastie & Taylor 1978), Alfven waves (Zonca & Chen 1992, 1993) and the
ion-temperature-gradient-driven modes (Romanelli & Zonca 1993).

We are starting to see the first numerical results on the behaviour of energetic particles
embedded into turbulence (Biancalani et al. 2021; Di Siena et al. 2021; Carlevaro et al.
2022; Hayward-Schneider et al. 2022; Lu et al. 2023), but, to date, the aforementioned
fundamental theoretical aspects have only been covered in the context of tokamak physics
(Zonca et al. 2015; Chen & Zonca 2016, 2019; Falessi & Zonca 2019). A generalisation
to stellarators is not straightforward mainly for two reasons. The first being that within
a multiscale gyrokinetic approach in stellarators, the strong variation of the strength
of the equilibrium magnetic field on flux surfaces is very likely more important than
the radial variation of thermodynamic equilibrium quantities (Zocco et al. 2016; Zocco,
Aleynikova & Xanthopoulos 2018a; Zocco, Plunk & Xanthopoulos 2020), the latter being
the most important mesoscale effect encountered in asymmetry, and taken into account
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when evaluating the fluctuation radial envelope. The second problem encountered when
extending the work of Falessi & Zonca (2019) to stellarators is the absence of a conserved
toroidal canonical momentum, which complicates considerably the analysis.

Nevertheless, in this work, we find a way of extending to stellarators the kinetic
theory first put forth by Zonca et al. (2015). Whilst realising that we are engaging with
innumerable aspects of a complex endeavour, we decide to particularly focus on the
kinetic solution of the problem, devising a method, given the electromagnetic fields,
to solve iteratively the gyrokinetic equation while retaining the nonlinear wave—particle
interaction. The method is diagrammatic, and applies not only to the physics of energetic
particles, but also to the study of micro-instability-driven transport as the electrostatic ion
temperature gradient at marginality (Zocco et al. 2018b), for instance, when wave—particle
resonance effects are important.

This work is organised as follows. In § 2 we introduce the basic gyrokinetic equation and
the equations for fluctuating fields and set up the relation between wave-like fluctuations
and the underlying kinetics. In §3 we introduce the coordinates and specify some
geometric features that allow us to solve the gyrokinetic equation. In §4 we introduce
its iterative diagrammatic solution. In §§5 and 6 we apply the kinetic solution to the
evaluation of transport due to wave-like fluctuating fields, and the phase-space zonal
structure. In § 7 we conclude.

2. Nonlinear transport from finite-g fluctuations

In this section we highlight the mathematical formulation for the study of transport from
electromagnetic fluctuations. Our starting point is the evaluation of the quasi-neutrality
equation and the divergence of the perturbed plasma current (Frieman et al. 1980; Tang,
Connor & Hastie 1980; Qin, Tang & Rewoldt 1998; Zonca & Chen 2014; Chen & Zonca
2016; Zocco, Helander & Connor 2015; Aleynikova & Zocco 2017):

Y [ aor e = [ 0¥ @) 86 e
K k
and
J .
BVHJ (L Z T / FoFy, | ( [ — 12 (ay)) 5 ie! 12 (as)i| br

Jo (ay) ], (ay) Ty, B
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+igh-k x kZ/ Pomg (uB + v7) Jo(a,)8G
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Ji(a)) Tos 5B||k
+ 4uB— == B 8G, +BZ/ $osG YV Jo(a),  (2.2)

s s
where Fy; is the equilibrium distribution function (taken to be Maxwellian),

thus f, = Fo, + 8f; = Fo,(1 — g (r, 1)/ Tos) + 8G,(R;, w, E, 1) + O(€?), and 8f;/Fo, ~
ky/k. ~ € = p. = ps/a, where p, is the Larmor radius and a a macroscopic length.
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Here Ry, =r+ v, X i)/ £2, is the gyrocentre position, where r is the particle position,
2, = q,B/(myc), b= B/B, with B the equilibrium magnetic field, and u = v? /(2B),
& =v?/2 the velocity-space coordinates. The Bessel function, Jy = Jo(a,), with af =
2Buk? /22, relates the Fourier transform with respect to R, of §G, with its Fourier
transform with respect to r (velocity-space integrals in (2.1)—(2.2) are taken at constant 7).

We also have
Tos » V Fos
Q= "hokx 2,
' Bex F Os
which takes account of diamagnetic effects, while k¥ = b-Vb is the magnetic field
curvature. Finally,

(2.3)

8Bk 4m 3 Ji(ay)
= Z / dPom2uB " 8G,x (2.4)
and
Jik = Z%/ d*vvJo(a,)8G; (2.5)

where j, = (C/4T[)B -V x(VxA). We take k ~ VB/B, consistent with linear
cancellations due to the perpendicular pressure balance (Tang ef al. 1980; Hasegawa &
Sato 1981; Zocco et al. 2015; Chen & Zonca 2016; Aleynikova & Zocco 2017), thus
allowing us to eliminate (but not neglect!) magnetic compressibility altogether. The final
term in (2.2) can be neglected in most practical applications, since the current is mostly
carried by the electrons (Connor et al. 1978; Zocco et al. 2015; Aleynikova & Zocco 2017).
The kinetic information is contained in the velocity-space integrals of the function §G;.
The function § G, follows the nonlinear Frieman—Chen equation (Frieman & Chen 1982)
for the non-adiabatic part of the perturbed distribution function, §G; = 8f; + Foses¢/Tos:

ad
(— + U”VH + Vs ® V) SGY
ot

e“F‘”a( ) “b V (x) VF, b V (x) V§G (2.6)
= —_— —_ . X _—— . X y .
T, o1 X'® " B X/r, B X7R,

where (x)r, = ) _((X)r.kexpik - Ry, with (x)r.x = Jo(a,)(dx — vjAj/c) being the
gyroaveraged Kinetic potential, V = 9/0R;, vy, = —vb x V(v;/52,) and

C C
—-b.V V§G = — [y, 8G]. 2.7
3 X X B[x ] 2.7

In a stellarator context, it is wise to introduce Boozer coordinates (Boozer 1981)
B=Vy xVO0+Vox VY =GW)Vo+I1)VO + K, 0, )V, Here, the mag-
netic equilibrium satisfies force balance:

47 1 ( K 0K

—JxB=—(U+G —1— — — | VY =47nVp,, 2.8
I % \/§l+ ‘=g 8¢)w nVpo (2.8)

where 1/,/8 = B*/(G + ) ~ B*/G so that

0K 0K 4nGd
U+ G- - = 2 ﬂ,
30 g B dy

and py and J are the equilibrium pressure and plasma current, respectively.

(2.9)
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It is furthermore useful to see that

=y, [% 5G| (2.10)

2.1. Nonlinear fluctuations

Equations (2.1)-(2.2) accommodate finite-8 Alfvénic and drift-wave ballooning-like
instabilities. Here we set up a model for nonlinear transport associated with balloning-type
modes supported by them (Chen & Zonca 2016).

As in ballooning theory (Connor et al. 1978; Connor, Hastie & Taylor 1979), one
introduces an eikonal representation for perturbed quantities (Antonsen & Lane 1980):

8O, 60,9, =80 (W, a0, 9), 0, 1) explS (¥, a0, ¢), ), (2.11)

where @« = 0 — 1,

198 1 98
—— > —A—Q (2.12)
S ot sQ ot

and
lys > ! Vs§Q (2.13)
< 5570 .

To leading order, (2.2) becomes a nonlinear drift-wave-ballooning equation:
(& 8 * s
BY K=" - Z / d*vFy, [1 ~T@) = R (a o] S

bokxkiy / dPom, (uB + v7) Jo(a,)8G

=iNp (2.14)

where k = 9,SV{y + 9,8V, iw = 9,5 and Nz contains all the terms that are nonlinear
in the field amplitudes:

¢ ) a
Nex = 3 Z b-k xk, Z qs/ d3vJo(as)Jo(aSWk'SGs,k,k’
k s

1 , . R
-2 Y bk xki) g / d*oJo(a)To(@)Ay pvi8G, . (2.15)
k s

In the linear limit, Nz, — 0, (2.14) reduces to the equation used by Tang ef al. in the
study of linear kinetic ballooning modes in the intermediate-frequency regime (Tang et al.
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1980; Aleynikova & Zocco 2017). Similarly, quasi-neutrality remains virtually unchanged:

qs N q.sad;k qs / 3 ;-
; E LA L g E — | d’vly(a,)éG; k. 2.16
" ( ~ T ni> Toe ~ g 2lo(@)0Gs. ( )

Equations (2.14)—(2.16) constitute a local eigenvalue problem for the fields 62\” and 8(13
where nonlinearities are retained.

Antonsen & Lane (1980) have proposed a way of attacking this type of eigenvalue
problems, by applying a method introduced by Weinberg (1962), and further explored
by Dewar & Glasser (1983). One considers, for a given radial location and a given field
line, the local eigenvalue

w = (¥, a, Sy, Sa), (2.17)

and determines S, and S, by solving Hamilton equations

oy dwy do dw;
— = — — = (2.18)
a¢ A a¢ A

and
851/, _ 80)1 8SO, _ 80)1
e Ay A da’

(2.19)

where ¢ parametrises the trajectories that make w; constant. This determines S, and S,. A
global eigenvalue could further be determined, but we do not proceed along these lines.
Instead, we point out that, to next order in the

w'807'9,60 ~ k['807'VS0 <« 1 (2.20)

expansion, one obtains the equation for the global structure of field amplitudes. The
outcome of this calculation is a nonlinear Schrodinger-type equation that integrates the
description of finite-8 fluctuations with nonlinear wave—particle effects. Zonca et al.
(2021a) have recently derived the expressions for the radial envelope of fluctuations in
tokamak geometry by implementing a specific ordering between linear and nonlinear time
scales. The radial envelope of fluctuations, being a higher-order perturbative quantity,
will follow an equation in which corrections to the radial variation of equilibrium
quantities will need to be considered. These ‘radially global’ corrections to the turbulence
description supported by the gyrokinetic equation, (2.6), need to be considered extremely
carefully in a stellarator, since the strong variation of the modulus of the magnetic field on
the magnetic surface introduces an intermediate equilibrium scale, p < Ly < R, which
induces important ‘surface-global effects’ that have no real equivalent in axisymmetry
(Zocco et al. 2016, 2020). Thus, the generalisation to non-sxisymmetry of the analysis of
Zonca et al. (2021a), while conceptually unproblematic, needs its own dedicated work.
We therefore dedicate the rest of the article to the kinetic side of the problem, that is, the
evaluation of the function §G;.

3. Kinetics

In this section we solve the kinetic equation with nonlinear wave—particle interaction in
stellarators. Before proceeding, a couple of technical comments are in order.
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3.1. Choice of coordinates

Let us be more precise with the choice of coordinates. We introduce
0 0. 0
N “) = , 3.1
(6)= ()= (o ) 62

F@W,0,0) = [ (,6.0), .6, ) . (3.2)

where ¢ = 17!, so that

Then

_ (2 9 ); 9 3.3
<89L _qaaL)f(l/f7 C9ac‘) ( . )

and

(3.4)

Ve

ol W 0.0), 00, 9)) =
6

The purpose of these coordinates is to reduce the parallel streaming term operator into a
first-order partial derivative in one angle only:

vt 0
U||VH = B , (35)
/& 90,
as can easily be verified. Then the gyrokinetic equation reads
208G )t ad U|| a,OH ad 8,0” a
—+ ——56G+ —— G
ot B./g 90, B./g \ 90, 81// oY 30,
dp; 0 dp; 0 dFy 0
g (P 0 O 3N edFod
oY do.  Oda, OY m o ot
ax 0 ax 0 dx 0 ax d
— L G _X — X R —L\/EBZ _X — X R
J8B? oy a6, 06,0y oY do,  Oda, OY
dx 0 ,0x 0
+ |G 2| Fo. (3.6)
V8B | 060y 81#

where we introduced p; = v /§2, we are dropping the symbol of gyroaverage and the
species index and we are working in real space. The v, - VO term has generated the

UHG% 0
B./3 0 06,

contribution, and this can be discarded if compared with the streaming term (a common
approximation). However, 0,005, ~ 04,00y so, formally, v, - VO can be neglected for

(3.7)

; (3.8)

where k,, and k,, are the characteristic fast-varying wavelengths of fluctuations, which are
assumed to be of the same order. The physical meaning of this statement is that finite
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banana width effects are caused by the poloidal variation of the equilibrium quantities
that enter the definition of p;. We stress here that p; is an equilibrium quantity. While
its ‘fast’ variation might impact mode structure, it is not allowed to interfere with the
gyrokinetic ordering kj/k; <« 1. The term 0p;/da. is purely non-axisymmetric, and
cannot be neglected if 9y, p;dy ~ 0,0,9y. The gyrokinetic equation that we study is
therefore

305G vt a U”G 3,0” ad a,OH 0 e 8F0 d
L s+ I G 285G =
9t ' Bz b, B./3 06, 0y dat, AV m 9 dt

c G dyx 0 8)( ) fBz dx 0 dx 0 5G
—_— — — _L —
J8B? oy 96, 89 81// § Y 80{C aa, 81//

_IBUH

L c Gax d 5 dx 0 P (3.9)
— — = — | Fo, .
veB | 0.0y VE e oy |

where we are basically assuming that equilibrium quantities vary more strongly in « and
0 than in ¥. To better understand what this approximation means, we revert to the original
Boozer coordinates to obtain

35G+ v (3 N i) 5G4+ U ( G 3,0) 3 56
ot ' Byg 9 Bz "0 oy
_ { e 8F() 0

C

The terms left that are proportional to v; are recognisable as

0 d
(S ) sy, (3.11)
B/g \ d¢ a0

while the last term of the first line is

a 8 ad
U c2P1 Pk Pu w_‘ (3.12)
B./g a0 81# Y
In field-following coordinates, the left-hand side of (3.10) would then be
385G
W + UHV”8G + k¢vd . V}b(SG (313)

One can choose the poloidal angle to be the field-following coordinate, thus accounting
for a slow variation of perturbations along the field line, in the spirit of the underlying
gyrokinetic ordering. However, this fact does not preclude fluctuations from being most
important at short wavelengths, that is, when

ky ~ ko, ~ ko ~n/R~m/R~ p7' > 1, (3.14)

for any set or coordinates used, where n and m are some poloidal and toroidal
wavenumbers. This discussion is largely concerned with the influence of the strong
variations of magnetic equilibrium quantities in gyrokinetics, and is specific to stellarators.
Alternatively, one could state that (3.10) can be used when the radial derivatives of the
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fluctuating fields are much larger than any other derivative, and v, - V. does not play a
role in their destabilisation.

The inclusion in (3.10) of the v, - VO and v, - V¢ components of the magnetic drift,
which would drive the toroidal branch of the ion-temperature-gradient-driven instability,
would not be problematic. This could be done by simply upgrading the ordering of the
radial derivatives of p;. However, in this work, we rely on linear drives provided by
wave—particle resonant excitation, thus naturally energetic particle modes, and work with
(3.10) as it is. From now on, we refer to the form of (3.9) as ‘formulation A’, and to (3.10)
as ‘formulation B’. The first is more useful to treat explicitly the streaming term for the
nonlinear investigation of wave—particle nonlinear interaction, the second is more practical
for the study of the late-time behaviour of zonal flows in a flux tube.

4. Solution of the kinetic problem

We consider formulation B (equation (3.10)), and introduce 6G = exp(—Hd,)dg, to
obtain the compact form

—3g + UHb . V(Sg
_ ad ; e 8F0 0 C . c
=, —8g—e2l———x+—[x.,e% —[x,Folt, 4.1
TR { 858tx+B[xe g]+B[x o]} 4.1)
where Q = —iHd, (this radial derivative acts on fluctuating quantities only) and H solves
for the magnetic differential equation
wViH = — G (”“) — 1)+ (””) — By (4.2)
J/gB 2

Here vy, = v, (&, ¥) = v, - VY, since vV H = 0. Equation (4.1) was also derived by
Sugama & Watanabe (2005), for a specific helical magnetic equilibrium. Our equation is
completely general from the point of view of geometry, provided a solution to the magnetic
differential equation is given. For this, see Mishchenko, Helander & Konies (2008). Let
us introduce the ‘rippling time’, 7, which satisfies the equation

0 0
<3§0 + L£) (0, 9) = 15, 4.3)

where 7, ' = v;/(B./g). In these new variables, the left-hand side of (4.1) becomes

_8 Sg + b.-Vég = 9 + — g ) 4.4)
v . .

Y 4 I 8= 3 97 8

We can then introduce the ripple-bounce expansion (Sugama & Watanabe 2005):

59(0) = Y he'", Iy =T;" f drsg(r)e ", (45)
1

with w, = 27T, ' and T, = § d6/7,(0)), where the ¢ integral is from 6, to 6, and back to
0:, along a trapped particle trajectory, where 6, and 6, are two consecutive bounce points
whose exact definition depends on the class of trapped particles considered (Sugama &
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Watanabe 2005; Mishchenko, Helander & Konies 2008). Then, the ripple-bounce and
Laplace transforms are applied to find

o 1 ) 0 0 ~
/ die ™ — f dre ™ (L 1 2 ) 50 = (p + ilwy) hu(p) — h(0), (4.6)
0 T, at Ot

for the first term.
All other terms in the kinetic equation are better represented by Fourier modes. We
introduce

Dy = Elimqbl (47)
and
= 0"D,,, (4.8)
where
1
oM = 5£_¢ dr exp(—i(ltwy, + ne(t) — mo(7))) 4.9)
Tp
and
27 27
E,im = / d@/ depexp (i (It (0, ¢) + np —mo)). (4.10)
0 0
We also use the radial local approximation:
XW0,0.0=Y &0, 9, 0" (4.11)
k
and
58(Y. 0, 9.0 =Y h(0, 9, D" (4.12)
[’
Then, the nonlinear equation expanded in bounce harmonics is
on, . L e dF, d®"  3F, : o
a_tk + 1la)bhf< = —lk'U,/,h[ — —qu 8]; WH“ Ii +./VZ,” ¢Ii’h§<7k” (413)
where

H]’l/ fBz (I’l[ + mG) qrt mr; Slmn’ (414)

N =

(S¢" +iR" k), (4.15)
G 32

with
S =|G[km — (k—K)m] +I[kn' — (k—K)n]} EMErO™ " (4.16)

and

/////

/R,l”/ I/hi/ L= — (mG + nl) Ql, ol @m+m+m b’ r—vlmn r—vmn d)l hl 4.17)

mn

and ¢; are the coefficients of the bounce expansion of exp[iQ]. We use the Einstein
convention for repeated indices.
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Dynamically, for any /, we choose
p ~ lwy > kvy, 0. (4.18)

This means that wave—particle resonance effects are kept to all orders. However, subsidiary
expansions in p/(lwp) are allowed. In particular, one could consider the ion sound
approximation, p > lw, ;, and derive the fluid ion-temperature-gradient-driven instability
(after neglecting nonlinearities). The bounce-averaged radial drift is supposed to be small
since we are not interested in unoptimised machines. Our ordering is most appropriate
for turbulence driven by high-frequency resonant phenomena, such as those caused by
energetic particle (or electron) instabilities, or for weak turbulence close to marginality
(where resonant effects are important). Strongly driven fluid regimes would require
consideration of p ~ wg«p, and at present we are not in the position to conclude if our
solution can efficiently describe them.

Let us now introduce a perturbative nonlinear solution. In order to explore all time scales
supported by our ordering, and in particular long-time turbulent behaviour, such solution
must be known to all orders. We treat perturbatively the stellarator contribution and the
nonlinearity, in a fashion somewhat similar to that of Al’tshu’l & Karpman (1966) for the
study of nonlinear oscillations in collisionless plasmas. As already stated, the same type
of treatment has proved fruitful for the study of phase-space zonal structures in tokamaks
(Zonca et al. 2015; Falessi & Zonca 2019). Reverting to (4.13), we immediately realise that
its solution is iterative. Indeed, after introducing the Laplace transform, we find

(p + ilwy) B = —ikv A"V + NI / dp'dL (pHR " (p—p), (4.19)
where
i/\ll(cn+])l ~ a)EXB ~ ]ﬂ

= 1. 4.20
hlin)l la)b l(l)b < ( )

This solution has a very attractive diagrammatic interpretation. Given an RV the
next-order iterative solution is the creation of a new field 2™ = A’ 4+ 1", given by two

nl
modifications of the momentum-space propagator (p + ilw,)~", that is,

1
m {stellarator + nonlinearity} . 4.21)

Pl _
h =

The first term is obtained via interaction of }Az,(("_l) at the vertex —ikvy, (resulting in the
emission of the curly propagator emerging from —ikv, in figure 1); the other is given by
the annihilation of 2~ and @ (see figure 1). At each step, the full result is the sum of
all the fields produced by the iteration. We analyse in more detail the nonlinearity of the
first-order solution of figure 1. This is

(p +ilwy) Y = N / dp'®L (PO (p = p'). (4.22)

The right-hand side is a state characterised by two momentum-like quantities ( p, k) and an
index /. This is the result of the interaction at the circular vertex of figure 1 of two incoming
fields: a @' with ‘momentum’ (p/, k') and an A" with ‘momentum’ (p — p', k — k).
At the vertex momenta are conserved. The interaction is integral and its action mixes
bounce harmonics via the N//"" tensor.
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b
D = + .

© R )
h st A © hnl

FIGURE 1. First-order iterative solution of (4.13).

3]
= e &g 000 4 NP, 5 _____.
RO A h3, A E)
st h(O) st st,nl
)] 3]
+ N VN + > -
1) @ ) @
h(O) hnl h’nl,st h(O) h hnl,nl

FIGURE 2. Second-order iterative solution of (4.13).

Perturbatively, we might write, after introducing the regularised zeroth-order solution

WY = (p+ ilwg) b, (4.23)
with
. 1 dF, acb’—" dF, :
RO! : _i_o Ly el (4.24)
ptilwg | m PY AT AV

the first-order solution

i —ikv, - Nt @, (p1)
o Uy 2h/((o)l + e / dpy—22 ) 20)11(21( —p1). (4.25)
(p + ilwp) p +ilwg p —p1 +ibo,

Then, the second-order solution is

3 —ikD —iki, - N b (p) o,
L { v ROy K / dpy———=— R (p = p1)

(p +ilwp) | (p + ilwg)* ‘ p +ilwg p—p1tibhw,
./\/‘”ll2 / A { —ikf}w
dp, @ AU
b+ ilop p1 @y, (p1) (7 —pr + ibag)? = (p—p)
N [ B
p———— % (p—pi—p)f.  (4206)
PRI B ——— LS 1= P2

and so on. Here all the poles are now expressed explicitly. For the nth iteration, we generate
2" graphs. In the following we show how to exploit the newly found nonlinear solution for
the transport studies introduced in § 2.
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P - Do Do
Po Po
p
P —Do P —DPo pP—DPo
P —Do P —Do pP—DPo
p p

FIGURE 3. The three types of momentum-space second-order propagators for wave-like
perturbations when —ilwp = pg = p1. Signs are taken into account by arrows, and quantities
are conserved at the vertices. At this order, stellarator corrections and nonlinearity interact.

5. Wave-like fluctuations and transport

At this point, the nonlinear theory of energetic particles and drift-wave-like modes is
assumed to be given as an input. This provides mode frequencies and amplitudes, as
explained in § 2. Then, for all perturbations

D0, 9, 1) = ¢'e ™, (5.1)

where , is the local eigenvalue (2.17) of the system of equations for the fields
(2.14)—(2.16) and ¢" solves for the nonlinear Schrodinger-type equation discussed in § 2
(notice that there is no summation for repeated indices). After applying the Laplace
transform, one obtains

- G

oY mn, _ W

o, =06, = —
p+iw, p+iw,

(5.2)

and all the convolution p integrals in (4.19) can be performed by applying the Cauchy
theorem and evaluating the residuals. To see specific stellarator nonlinear behaviour, we
need to evaluate the second-order correction iz,(cz)l. The result is the sum of four different
combinations of momentum-space propagators which look like

Ko, kby N'¢ . kvy N'¢
(p+ilwy)* ~ (p+ilwy)* (p—po) ~ (p+ilwy) (p— po)’
A2¢2
S d , (5.3)
(p +ilwy) (p — po) (p — p1)
where py = —i(Lhw, + w,) and p; = —i(wyl3 + 2w,). How such poles generate is

highlighted in Appendix B.

What is left is a sum of momentum-space propagators that combine the available
vertices of the theory, the stellarator-specific kv, and that coming from nonlinear
interaction \'¢. The three types of second-order propagators are shown in figure 3.

Diagrammatically, the first term of (5.3) is a stellarator self-energy loop. The second
and the third terms are stellarator radiative corrections to a ‘luftballon’ diagram and the
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last is a nonlinear self-energy.

5.4

+

, &3
RO Cs

Keeping this in mind, we are able to construct all possible solutions to all orders.
We notice that the sum of all the two-vertex functions in (5.4) gives the analogue of
the radiative corrections to the electron mass in quantum electrodynamics (Peskin &
Schroeder 1995) (sum a-la-Dyson). The choice of specific resonant conditions allows us
to evaluate which diagram is dominant in the sum, at each order.

A physics-based choice of resonances that dominate the sum is the following. Given a
pole py, we consider a resonant condition as p = p + ép, with 6p ~ kv, < 1, and

kv, <K Nt < po. (5.5)

That is, for a slowly evolving turbulence, and an optimised machine, we can select which
diagrams enter the Dyson summation in the final transport theory.

The perturbative nonlinear approach is a useful technique that helps in gaining insight
into the problem. However, an equation for the complete infinite sum is preferable. The
fact that the perturbative nonlinear solution can be constructed to all orders allows us to
do so.

6. Phase-space zonal structure equation

Let us then focus our attention on the component of the perturbed distribution function
that contributes to a ‘redefinition’ of the equilibrium quantities, in the spirit of what was
originally proposed by Zonca et al. (2015), and then derived for axisymmetric systems
by Falessi & Zonca (2019). That is, we need to identify the specific component of the
fluctuating distribution function which tends to have structure at the equilibrium scale
and, very importantly, is not damped or suppressed by resonantly kinetic effects. Within
our treatment, this is the / = 0 bounce-harmonic component, as (4.13) shows, since here
the wave—particle resonant term (the second term on the left-hand side) is absent, in total
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analogy with the more familiar case first studied by Rosenbluth & Hinton (1998) (which
we reproduce in Appendix A). Let us then consider the infinite sum

pY b =pH!(p)=p (izﬁf'(“’ INAEESY isz’“”) , 6.1)

n=0 n>2

where we notice that stellarator corrections drive the nonlinearity in the perturbed
distribution function, the terms %A, only beyond second order (see the second line of
the diagram in figure 2). We then iterate the perturbative nth solution twice, in order to
isolate the linear drive and the ¢h® ‘nonlinearity’:

dpd -

(p + ilowp) ™ = // LS ikiy b, 08,08 (p) + N2V B0 (po) )
p —p1 +ilw,

x| =itk = k)T .081.08 (p2) + NE B (po) |G (0 =i —p2). (62)

Plugging this result into (6.1), we obtain
pH(p) = < 700 —|—h°“))

dp:d
o [ [P ikt adad ) + AR ()
1

x| =itk = k)81, 081,08 (p2) + NEP B (p2) | 30 B (0 = p1 = o),
n>2

(6.3)

where we set [p = 0, since we are interested in the zonal part of the resummed perturbed

distribution function. On the other hand, Zn>2 ,lj (('}( 3(2) = I:I,l(“_(kl k) (P); thus, for lp =0,

pHEp) = p (WO + i)

dp, d . ~
/ / p” ! 5 2 —lkvwakl,oalz,oa(p1>+Mk§"’2<z>£1<p1)}
1

x =i = )5y 81,001,00 (p2) + NE DL (p2) | By (= p1 = ).
(6.4)

This is the equivalent of the Dyson equation within the Al’tshu’l-Karpman treatment
(their equation 2.23), which is quadratic in the field amplitude, but linear for the
phase-space zonal structure, that is, the collisionlessly undamped (/, = 0) bounce
harmonic. Equation (6.4) determines the nonlinear distortion to the local kinetic
equilibrium, and its moments describe the sought-after transport theory which embeds
nonlinear wave—particle resonant interactions which dominate energetic particle physics.

7. Discussion and conclusion

In this article we have introduced a new scheme for the study of the nonlinear interaction
between drift-wave-like turbulence and energetic particles in stellarator geometry. The
theory is fully electromagnetic. The equations for the fluctuating fields were derived by
taking moments of the gyrokinetic equation and using an ordering inspired by linear
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ballooning theory. We therefore describe fluctuations as strongly varying across the
equilibrium magnetic field, slowly varying along it, and characterised by an envelope
that encapsulates some of their global features. The solution of the nonlinear distribution
function is found by applying an iterative procedure which is based of the smallness of
the bounce-averaged radial drift frequency and nonlinear E x B frequency. The resonant
wave—particle interaction is treated with a mixed bounce harmonics/Fourier expansion.
We introduced a diagrammatic interpretation of the iterative solutions, which can give
guidance in the resummation of all perturbative nonlinear solutions derived at each
iteration. We present a second-order perturbative nonlinear solution, for the case of
wave-like fluctuating perturbations, and discuss the interplay between nonlinearity and
specific stellarator features. We find that a finite bounce-averaged radial drift can couple
to the nonlinearity in the fields and contribute to the evolution of turbulence. Finally we
extended the concept of phase-space zonal structure to stellarator geometry, deriving the
equivalent of the Dyson equation as proposed by Al’tshu’l & Karpman (1966) in the
theory of nonlinear electrostatic fluctuations in plasmas. The result provides the basis
for transport studies in which kinetically undamped nonlinear fluctuations contribute to
the redefinition of the equilibrium distribution function. This behaviour is essential for the
description of transport dynamics dominated by energetic particle physics.
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Appendix A. Linear theory and the Rosenbluth-Hinton response

We show how to recover the seminal result of Rosenbluth & Hinton (1998) from our
treatment. We consider the auxiliary functions §g, and ég,, so that g = 8g; + §g», where
8g; follows the nonlinear gyrokinetic equation, but it is driven by flux-surface-averaged
fluctuations only:

0 —|— 0 — +yb-V)s
v VD -

=— : ‘ aFO@lQ ’ (xX)y (x),e |:G(1//)— - (Klf)—i| e % } (AD)
T mag” fBZ &y
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Plugging back the result for §G into the full gyrokinetic equation, one obtains the equation

for §G,:
ad ad
+ 1//@-}-1)”[) VvV 4+ b VX x V 5g2
e BFQ 0 c
=— ———(x - —b-V VF,
{magaz(X (dy) + b Vi x VEFy
c o
+5b-V (x — (x)y) x Ve %g, ¢ . (A2)
So, the non-adiabatic response is §G = exp(—iQ)(6g; + 8g»), where §g, and §g, solve
(A1)-(A2).
Let us consider the local, linearised, electrostatic versions of (A1)—(A2):
8¢ ek
8_ + 1k¢v¢8g1 + UHV||5g1 = TC <J0¢> (A3)
06 L el o
e +iky vy b8 +v V882 = TO i {E (Togp — (Jog),) — Eb - Vi x VFO} ,
(A4)

where we are setting 9, = iky, so Q = k,H, and we are using a hybrid notation for the
diamagnetic term, in the sense that the explicit J, is meant to remind the reader that the
gyroaverage operation is taken at constant particle position. The electrostatic potential, ¢,
will be determined with a k3 p? ~ Q% < 1 expansion of the quasi-neutrality condition:

e 1 3 e 1 3
— g0+ | dGi= o+~ | dveG, (AS)

where 6G; are found for 0/t < kv, (Rosenbluth & Hinton 1998; Xiao & Catto 2006).
We anticipate an electrostatic potential which is a flux function to leading order in
ki p; ~ Qi2 <« 1, and introduce the Laplace transform of (A3)—(A4):

. - A~ N eFO i0 A R
(p+ikyBy) 881 + v, V)88 = 2<% {lod) +521(0). (A6)

< ei0) (J0¢3 _ <Joq§>) . (A7)

Oe

(p+kyvy)dg+ vV dg =

We then expand for p/(kjv,;) < 1 and obtain, to leading order (Rosenbluth & Hinton
1998; Xiao & Catto 2006),
Yy V88 =0, (A8)

which implies 58(0) —53,0)(19,1# w, &), for j=1,2. The actual form of (Sg(o) is

determined by bounce—/transn -averaging (A6)—(A7):

F — T 82,0
g0 =20 P C‘Q<Jo¢> (O (A9)
T p+1k¢v¢ v p+1k1/,l)1/,
F P , N A
50 =0 P of; —<J > . A10
) T p+ik,/,17¢e 0@ 0@ , (A10)

For electrons, one simply sets Q =0, Jo =1, e = —e and v, — —v,.
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Let us consider the kipf ~ 0% « 1 limit in (A10), and insert the result in (A7), for
passing electrons, to see that

5?0 = _@L_(@w, (A11)

Similarly, to leading order, § g(o) = 0. Then, in the tokamak (or helical symmetric case), for

ky vy, — 0, we obtain the modified form of quasi-neutrality (Dorland & Hammett 1993):

(z +1)%=;‘/d3 5G; + — <¢> (A12)

l

otherwise known as (usually) proper electron response (Hammett et al. 1993). We now
replace in (A5) the ion solution written in terms of (A9)—(A10):

1 A~ 1 Foi ; —— 8810
<_ + 1) b= _/ d3v—o%e*1QJo (elQJOd) + g'_())
T n p+1k¢U¢ P
P N
d*v —< > . Al3
/ n p+ikyvy, ¢ v Al3)

Hence, up to second order,
1 N 1 Fo 2 k% p?0?
(ot s -0 )54
T T n p+ikyvy 4
_ 2 k N 52,(0
[
4 v p

p ~
Pyl _< > , Al4
/ n p+1k¢v¢e ¢w (A14)

where we now point out that §g,(0) = (k% )]/,eqb(O) /T; ~ k% p?e/T;. Notice that the
velocity-space integrands of the tokamak result of Rosenbluth and Hinton are now simply
multiplied by the factor p/(p + ik, vy), and p/(p + ik, vy,) — 1, for v, — 0. Taking the
flux surface average, we are left with

82 4 52

I, Fo, ! ro (2 +1)

(r+1)—2— /d3v—o% + —pizki/d%—of
T n p+ikyvyf, 4 n p+ikyvy ’

s

bl (e 200) ),

2 3F01;
%ﬂ>mm0? np+mw> (A15)
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Thus, for a vanishing bounce-averaged radial drift (tokamak case), we find the celebrated
result of Rosenbluth and Hinton:

{Z(kLpZ) [ d3v%Q(Q—Q)>w}p<q3>wZ(kip,-z)rﬁ(O), (A16)

where we notice the exact cancellation of the adiabatic terms on the left-hand side of
(A15). In a device with a finite bounce-averaged radial drift, the particles are not allowed
to fully experience a Boltzmann response (nor non-adiabatic), since their motion along
the field line, necessary to achieve an isothermal state, is interrupted by the radial particle
excursion. This physical effect mathematically manifests in the lack of cancellation of
the first term on the left-hand side of (A15), when vy, # 0. This is the fundamental reason
why, at long wavelengths, zonal flows in stellarators are smaller than in tokamak geometry,
since now

(9) = lim ($@) ~ (2 $(0). (AI7)

for v, # 0. Equation (A15) can also be obtained by calculating the neoclassical radial
particle flux and using a long-wavelength approximation of Poisson’s equation for the
guiding centre density (Mishchenko ef al. 2008):

(k;07), ¢ = doeN =) e / G, (A18)

Obviously, in this case, the second term in (A16) gets replaced in the following way:

p\v, +v
< 2k2/d3 Foi M> —>1(kip3>¢,’ (A19)
2

4 l n p + lk‘// Uw 2
since Larmor radius corrections, in this case, are not evaluated by solving a gyrokinetic

equation that retains the p + iky v, term.

Appendix B. Second-order momentum-space propagators
For wave-like perturbations, if we consider @, (f) = ¢" exp(iw,?), then

G
p+iow,’

(ﬁl

(B1)

where ¢, are now constants. After inserting this in the second-order kinetic solution
(4.26), recalhng that

W = (p + ilwg) K", (B2)

with
, e dF, 0®" OF ,
(p + ilog) B = —a—; Gr——+ a_onz,z'qbzi» (B3)

we need to evaluate the integrals

I]Z

| FOR
/ fkl v i, (P — P1) (B4)

N dpl . ’
p +ilw, p1+iw, p —pi +ibw,
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2 . _
T 1 / d fkl,u —i(k—ky) Uy 2;1(0)12

= - - _ — BS
’ p +ilw, 1Pl +iwy (p — p1 + ibwy) = (P =P (B>
and
! Il s I o
1'3 — 1 / dp1 é‘kll,v '/V;szkl],kz / dp2 é-k;,v hl(cjlgl—kz(p — D1 —PZ)
p +ilwy, pi1+iw, p —pi +ibo, p2+iow, p—p—pr+ibw,

(B6)
which produce the singularities found in the text.
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