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ABSTRACT

The impact of the poloidally inhomogeneous particle source on the onset of Stringer spin-up (SSU) and geodesic acoustic mode (GAM) is
investigated. Using a gyrofluid model with Hammet-Perkins closure, it was found that Landau damping stabilizes both waves and subse-
quently makes a threshold. To capture the full effects of Landau damping, a gyrokinetic model is adopted and results are compared with
those from the gyrofluid model. Both models predicted the same value of the threshold for SSU, while for the case of GAM, the gyrofluid
model overestimates the threshold value. Considering maximal throughput of the ITER pellet fueling system, the source intensity is calcu-
lated at a similar or slightly lower level compared to the source threshold for SSU.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0148895

I. INTRODUCTION

A poloidally inhomogeneous particle source has been widely
used in present-day tokamak experiments. Low or high field side pellet
injection is used for either the replenishment of fuel ions' ~ or the mit-
igation of edge localized modes (ELMs)."” If the particle throughput is
high enough to modify the plasma equilibrium, it may cause macro-
scopic magnetohydrodynamic (MHD) instabilities, which is believed
to be the physics basis for the pellet pacemaking of ELMs. On the
other hand, if the intensity of the inhomogeneous particle source is
moderate, it may not cause an MHD instability but have an influence
on plasma transport via generation of poloidal E x B flow.” The goal
of this paper is to reexamine this E x B flow generation process by a
poloidally inhomogeneous source while considering Landau damping
and other kinetic effects.

It was first found by Stringer that poloidally inhomogeneous
transport can drive a poloidal rotation.” This unstable poloidal rota-
tion was named after him as Stringer spin-up (SSU) and further ana-
lyzed by Hassam and Drake.” It was found that an inhomogeneous
particle source further destabilizes this process. This effect is useful to
explain some experimental observations, such as the low to high (LH)
mode transition” and the formation of the pellet enhanced perfor-
mance (PEP) mode.” In addition to SSU, the inhomogeneous source
can also destabilize the geodesic acoustic mode (GAM). In tokamak

plasmas, the presence of E X B compressibility due to a temporally
fast variation coupled with geodesic curvature can drive GAMs.'""”
Early studies on GAM generation concentrated on the turbulence
driven process,'"'>'* while more recent studies reported the GAM
excitation during a nonlinear pedestal collapse'” and the parametric
process.' ™" However, we do not consider turbulence or any other
nonlinear and kinetic drive but only the poloidally asymmetric particle
source driven GAM in this paper.

In realistic tokamak geometry, poloidal rotation and GAMs, once
generated, are subject to damping via various physical processes. In a
short ion transit time scale, the transit time magnetic pumping pre-
vails,'"” while the ion-ion collision governs the eventual damping in
a long time scale when ¢ > &1;; (e: inverse aspect ratio, 7;;: ion—ion col-
lision time).” In particular, the Landau damping representing the par-
allel phase mixing will have influence on the E x B flow generation by
the source because its time scale may well be relevant to that in
dynamics involved (ie., 1/wy < 1/yp < Tp, where y;p is the
Landau damping rate”' >’ and 1, is the parallel particle relaxation
time). Therefore, one may expect that the Landau damping should
have an impact on the efficacy of the E x B flow generation by a poloi-
dally inhomogeneous particle source. Therefore, the focus of this paper
is to extend the theory of the source induced SSU and GAM, with a
special emphasis on the impact of the Landau damping. This requires
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an extension of the original reduced MHD model (rMHD)® to capture
the physics of the Landau damping, which is the main motivation for
us to utilize either gyro-Landau fluid 4-moment (GLF4M) or gyroki-
netic (GK) model.

In the GLF4M model, a closure model of Hammet-Perkins™* is
implemented in order to reproduce the Landau damping. As will be
shown in Sec. 111, compared to the rMHD model, the GLF4AM model
exhibits a threshold source intensity beyond which either GAM or
SSU becomes destabilized. It is because the Landau damping gives sig-
nificant attenuation to both waves. Next, having demonstrated that
Landau damping is key to threshold physics, the GK model is addi-
tionally adopted in Sec. IV for the exact calculation of the threshold.
The effect of Landau damping can be fully captured in GK dispersion
relation by using plasma dispersion functions. By comparing results
with GLF4M and GK models, it was found that both models give the
same evaluation to the threshold of SSU; however, for the case of
GAM, some deviations between them is shown.

The scope of this paper is restricted to the initial growing phase
of an unstable mode from an equilibrium condition. If a poloidally
asymmetric particle source is once injected, an equilibrium flow is gen-
erated to prevent particles to be accumulated in one direction on the
poloidal coordinate. All the simulations and dispersion relations are
conducted and derived on this well-established equilibrium condition.
The saturation and final damping of the E x B flow require other
physics elements, such as the residual zonal flow””** and collisional
damping,'*'””° which is outside of scope of this paper.

The rest of this paper is organized as follows. The rMHD model
by Hassam, which describes unstable E x B flow driven by a poloi-
dally asymmetric source, is briefly reviewed in Sec. II. In Sec. I1I, the
GLF4M model equations are presented and the dispersion relation is
derived. Comparing numerical results between the GLF4AM model and
the rMHD model, the distinguishing features of the GLF4M model are
highlighted, while equivalence between the two models is also demon-
strated in Appendix C. In Sec. IV, the GK model is presented and the
dispersion relation is also derived using a plasma dispersion function.
Parameter scans of the source threshold are conducted using the GK
and GLF4M dispersion relations. Finally, we conclude this paper in
Sec. V with a summary of the main results and some discussions with
the practical example of ITER pellet injection system.

Il. REDUCED MHD DESCRIPTION
A. Equations

In this section, we briefly review the rMHD that has been used in
Ref. 8 for a study of a poloidally inhomogeneous source driven insta-
bility. This consists of the conservation equations for the density n and
the fluid velocity u,

Oon nyy
E+V~nuL+B-V(B>—S, (1)
Jdu

nmi(EJruVu) = —Vp+J x B—mSu, @

together with the quasi-neutrality condition
V-J=0 (3)

and the ideal Ohm’s law E 4+ u x B = 0. Here, p = nT is the pressure,
J is the current density, E is the electric field, and S = §(r,6) is a

pubs.aip.org/aip/pop

particle source with r and 0 the radial and poloidal coordinates,
respectively. A concentric circular equilibrium is considered here.
Note that there is no momentum source but only particle one in this
model. The last term in Eq. (2) arises from the relation % +V

-(nau) = n(% +uV- u) +u(%+ V- (nu)) together with Eq. (1).

The equation for the parallel velocity | is obtained by taking a scalar
product with b = B/|B| on both sides of Eq. (2),

%eru:Vu:fv%VH lnnfsuu, (4)
where vy, = /T /m; is the ion thermal velocity, V| ~ (qRo)~'0/00
is the derivative along the parallel direction, ¢ = rBy/(RoB,) is the
safety factor, and R is the major radius. The parallel temperature gra-
dient is assumed to be negligibly small, and isothermal plasmas
between species are assumed. The vorticity equation for the E x B
velocity is obtained by taking a scalar product with R?B,, on Eq. (2)
and applying the quasi-neutrality condition. Then, it is represented by
an integral form on a given flux-surface average,

E’;B?—GVHRZBP . (nmi% + TVn) =0, (5)

where d/dt = 0/0t +u -V is a convective derivative and B, is the
poloidal magnetic field. Now, from Egs. (1), (4), and (5), one can
derive a set of reduced equations by expanding them in terms of the
inverse aspect ratio ¢ = r /Ry, which is assumed to be small by consid-
ering a high aspect ratio tokamak. After expansion, equations can be
further simplified by separating them into the poloidally averaged part
and the varying one [ie., f(r,0) = f(r) +f(r,0)]. The linearized
equations for normalized density N = 1, /ny, parallel velocity 7 > and
E X B velocity ug are then given by

ON  upON ug . - 7§
E-ﬁ-TW—Z(‘:TsmH-FVHuH =’ (6)
Oup  ugdy 5o <
o 0~ nYIN, @
dug  2evy, (d0)~ ,
E——T§ E NSIH(‘), (8)

where 71y and 7, are the averaged and perturbed density, respectively.
The set of reduced Eqs. (6)-(8) can describe not only SSU but also
GAM driven by a poloidally inhomogeneous source.

B. Dispersion relation

Since we focus on the initial growing phase of the perturbation,
we first set an equilibrium condition following Ref. 8 and consider
how the initial perturbation evolves. The equilibrium condition can be
simply derived by assuming a steady-state without any perturbation
(ugp=0), giving rise to

S
vyt =, ©)
I = 7
VHNEq =0, (10)

where the superscript “Eq” means an equilibrium quantity. From Eq.
(9), one finds that a parallel equilibrium flow is established as
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= qo [do an
no

which balances out the poloidally inhomogeneous particle source.
Then, for a small perturbation from the equilibrium, a dispersion rela-
tion can be derived in the form of

7
&
Here, @ = w/w, is the normalized frequency with the transit fre-

olo® — (1+2¢%)] +i—S. =0. (12)

quency for thermal ions wy; = vr./gRy and S. =8, /oy is a nor-
malized in-out asymmetric source intensity. The subscripts s and ¢
denote the Fourier coefficients of its sin@ and cosf components,
respectively. The detailed derivation can be found in Ref. 8. From Eq.
(12), note that SSU is destabilized in the case of an outboard source
(S. > 0), while GAM becomes unstable in the case of an inboard
source (S, < 0). If there is no poloidally asymmetric source S, =0),
marginally stable GAM is derived as wHP = /1 + 2gw;;. One
notable point here is that an up-down asymmetric source (S o< sin 0)
does not cause these source-driven modes.

A time evolution of the E x B flow obtained by numerically solv-
ing rMHD Egs. (6)-(8) when ¢ = 0.1 and g=1.4 is shown in Fig. 1.
In this computation, a normalized poloidal source is used with various
intensities, and the initial condition is set by the equilibrium condition
shown in Egs. (9)-(11) while allowing a little perturbation to the initial
E x B flow. The results with an outboard source S, = 0.05 and an
inboard one S, = —0.05 are plotted in Figs. 1(a) and 1(b), respectively,
while one without any poloidal source S, = 0.00 is depicted in Fig.
1(c). As expected from the rMHD dispersion relation, SSU (GAM)
becomes unstable with an outboard (inboard) source. A non-growing
GAM, however, is observed without any poloidal source. Here, note
that there is no threshold of the source intensity to destabilize SSU or
GAM in either cases of outboard and inboard sources. It is because the
rMHD model excludes any kinetic effects that brings about significant
damping to the wave. In Secs. 11l and IV, the kinetic effect, especially
the ion Landau damping, will be included by employing a closure to
the fluid model (Sec. I1I) or by a full kinetic model (Sec. I'V).

l1l. GYROFLUID DESCRIPTION

In this section, we study the poloidal source-driven instability
using a gyro-Landau fluid 4-moment (GLF4M) model. We follow the
procedure developed by Beer and Hammet” > to obtain a set of
GLF4M equations from an appropriate gyrokinetic (GK) equation.
Although the Beer-Hammet GLF model focused on a study of drift
wave type micro-turbulence, our focus is in studying the meso-scale
instability whose characteristic scale length is set by that of the poloi-
dally asymmetric source [ie., k; p; ~ O(¢), where k is the perpen-
dicular wave number and p; is the ion Larmor radius]. Since poloidally
inhomogeneous sources usually have low poloidal mode number m
due to their slow parallel variation (i.e., m = 0, =1, =2, ... are small),
one can assume that the poloidal source has a zonal-like structure [i.e.,
n=0,m =~ 0,butk,p; ~ O(¢), where n is the toroidal mode number].
Therefore, one can neglect terms that are proportional to the diamag-
netic frequency i, = —(T/eBng)Vng - b X V o kgp;, which usually
play a role as a driver of drift wave-type instabilities, such as ion tem-
perature gradient modes (ITG) or trapped electron modes (TEM). To
summarize before deriving GLF4M equations, physics of the meso-
scale source driven instability is isolated from that of micro-scale

pubs.aip.org/aip/pop
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FIG. 1. Time evolution of the E x B flow in the rMHD model when (&, q)
= (0.1, 1.4). Results with outboard S; = 0.05 and inboard sources S; = 0.05
are shown in (a) and (b), respectively. Shown in (c) is when S; = 0.00.

turbulence assuming that the poloidal source has a zonal-like structure
and there is no nonlinear interaction between them in our study.

A. Equations

The collisionless GK equation for the zonal component with the
perpendicular wavenumber vector k| ~ k,Vr is given in terms of the
perturbed gyro-center distribution function 5fk(f ) by

0 X
(& +veg-V+yb-V+ iwD> bfk(f)

= —(v/b-V +iop) (FOIO ed%) + Sk, Fo, (13)

where F, is an equilibrium distribution function taking the
Maxwellian form, Jy = Jo(k, p) is the zeroth-order Bessel function,
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p =v,/Q is the gyroradius with the gyrofrequency Q = eB,/(mc),
and vg = (b X V]o¢y, )/By is the gyroaveraged E x B drift. The drift
frequency wp due to VB and curvature is defined as

Z+ 2 2
iop = (L Q‘l';/ )B x VB - V. Here, the subscript representing the par-

ticle species is omitted for simplicity. The perturbed gyrocenter distri-

bution function 5fk(f) consists of adiabatic and non-adiabatic parts

[ie., (3fk(f’) = —FoJo(edy, /T) + gk, ]. The electrostatic potential ¢y is
determined by the Poisson equation

<<Joéf$i> o r<b,->1)
- (<fo5f((i)i> + "oeq;i [1- F@e)]) =g e?h (k1 2pe)?

(14)
(A) = [[ BvFA]/[[ d*vF) = [2n
X [ [vidv,dv|]/n. Here, f sz fk /Fo is the gyrocenter distribution
function normalized to the equilibrium one, Ap, = /T./(4ne*ny) is
the electron Debye length, b, = (k,p,)> with p, = vr./Q,, and
[(b;) = Ip(bs)e " with I, denoting the zeroth-order modified Bessel
function.

By taking velocity moments of Eq. (13), one can derive a set of
gyrofluid equations as

8nk
ot

~ e
f—(z—l—EVLZ)iwD%e’b/z—l—Si’b (15a)

using a velocity—integral

6kaL + 6ka7)

“+ug- VankL—l-B \Y% o Hkl-l—iwp( T

du
mny 8”tL+uE Vu”k +B-V—— p”kL

pubs.aip.org/aip/pop

. 5 5p )
variables [5nkunO“HklaépﬂkLaéplkL]’ [Szﬁvsllj H SPL] [q”kL7

qi, ], and [(3erL , 01, Liy s ory. ln] and the gyroaveragmg operators

[V 2,V 2] are defined in Appendix A for conciseness. Note that Egs.
(15a)-(15d) all contain nonlinear E x B convective terms represented
by ug - V(---). Here, up =
E x B flow, which can be approximated as up =~ (ik,/B) ¢ e /ey
with ey the unit vector along the poloidal direction. Finally, considering
the wavenumber region of k,p,; < 1, the quasi-neutrality condition

B7!b x Vd)kLe*b/ 2 is the gyro-averaged

with an adiabatic electron response on,, = noe(¢y, — (Px, )y )/ Te is
given by
0T
e b2 <5:%—% Ti"*) —[1=To(b)] eTli(l :Tie(q&ki - <¢kL>¢)7
(16)
where (A), = [§d0(B - V0) 'A]/[§dO(B - V0) '] is a flux-surface-
average (FSA) of A.

B. Closure model

Closure models for the third-order [q), ,q1, ] and the fourth-
order [Jr) |, ,5rH 1y, 5071 1, ] fluid variables are necessary to close
the set of Egs. (15a)— (1 For the third-order variables, we take the
Hammet-Perkins type closure that has been devised to reproduce
the linear Landau damping. The closures implemented in this work
are represented by

[q\lkﬂnfqlkun] =—iy | ‘n()VT [ZéTHkiwéleLm] (17)

where “m” is the poloidal mode number and the perturbed parallel
and perpendicular temperatures are determined by the linear relation

[0Tj, »0T1, | = ([0pys, > Op1y, | — Tonx, )/no. Here, the coefficient

7 has been evaluated as 1/2/n by matching the fluid response function
to the kinetic one in the low frequency limit (qRow)/vy, < 1.

Published under an exclusive license by AIP Publishing

. |, + quy, +4pouy,, Although the GAM oscillations is found to have frequency of
+0p1,, V)InB+iwp T/m WGaM X vr, /Ry, the closure gives good approximation to the local
" . kinetic response even in the high frequency limit (qRy®) /v, > 1. It
= —npe <B LV kL b2y 2 ﬁj_ 26 e—b/ZVH In B) + SIZH , can be inferred that it is because the closure is used in fluid equations.
B 2 * - For the fourth-order variables, we use simple Maxwellian closures”’
(15b) for long-time evolution, which means that perturbed parallel and per-
9o Pl\k |, + 3ot pendicular temperatures are ignored due to the short-time phenom-
— = +u-Vop, +B-V (ﬁ) ena, the Landau damping
R (07, » 071, 0711y, ] = vE, TOme, [3,1,2]. (18)
Z(quL + 3p0quL)VH InB + iop | ——= )
T/m Finally, the GLF4M model including an inhomogeneous poloidal
1. ey source is derived. It is composed of four-moment gyrofluid Egs.
——(442-V, 2 L ,—b/2 S‘)PH 1 . k ..
+ N iwppy ——— T e + (15¢) (152)-(15d), the quasi-neutrality condition Eq. (16), and closure mod-
20p +p els for the third- and fourth-order fluid variables Egs. (17) and (18).
Lk, qlx U
ot . B C. Dispersion relation
O Ly, +0rL1, As done in Sec. 11 B, the equilibri diti di
_ Y, InB i o g .1IB, quilibrium condition corresponding
(4L, + Pottjy, )V in B+ iop ( T/m to the GLF4AM model can be derived by assuming a steady-state in
( 3 . ey Eqs. (15a)-(15d) without any perturbation ug = 0. They corre-
= - 3+—@f+@f)zpro L —i—S‘)‘m7 (15d) spond to
2 T
~Eq
where (e, /T)e "/? represents the gyroaveraged potential by using B.V Mot _ g (192)
the approximation (Jy) ~ e %/2. Here, definitions of all the fluid B ko
Phys. Plasmas 30, 052104 (2023); doi: 10.1063/5.0148895 30, 052104-4
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~Eq ~Eq
q,. +3pou

V<7|“ ; '“) —o, (19b)
fﬁqh +Pof‘ﬁf

\Y TJ =0. (19¢)

From Eq. (19a), a parallel equilibrium flow is generated when one
neglects small terms of order &(¢). In addition, parallel and perpen-
dicular heat flows are also generated from Eqs. (19b) and (19¢) to sat-
isfy the equilibrium of Egs. (15¢) and (15d). These corresponding
equilibrium particle and heat flows are given in the form of

~on

S
! = qR Jd@ % (20a)
-+ 0
a; = =3poii! (20b)
1 1
~ E ~ Ei
qfkm = —poquM. (20¢)

To make an analytic interpretation, we only consider dominant poloi-
dal mode components m = 0, 1 of Egs. (15a)-(15d) and apply a lit-
tle E x B perturbation from pre-described equilibrium conditions.
Then, one can derive a linear dispersion relation for the perturbation,
which is given in the form of

C5C/£)5+C4CZ)4+C3(I)3+C2(1)2+CICI)1+C():07 (21)

where the coefficients ¢, (n = 0,1, ...,5) are given in Eq. (B17). By
considering Eq. (B26), one can find that only an in-out asymmetric
source affects the source-driven modes, which is consistent with the
rMHD dispersion relation shown in Eq. (12). However, because iso-
thermality between species is not assumed and the Hammet-Perkins
closure is adopted in the GLF4AM model, effects of temperature ratio
between species and Landau damping influence the dispersion relation
via the coefficients 7, = T,/T; and . It is also worth noting that the
dispersion relation obtained from the GLF4M model is exactly
reduced to that from the rMHD model under certain limit [i.e., when
(Srteki =0 and y — oo, Eq. (21) becomes Eq. (12)]. This is because
the quasi-neutrality condition Eq. (16) in the GLF4M model is equiva-
lent to the vorticity Eq. (8) in the rMHD model. The equivalence
between Egs. (16) and (8) is demonstrated in Appendix C with an
appropriate limit.

A time evolution of the E x B flow obtained by numerically solv-
ing GLF4M Egs. (15a)-(15d) when ¢ = 0.1, g=14, and 7, = 1.0 is
shown in Fig. 2. In the simulation, the normalized poloidal source
= Sﬁ’j /(nowy;) is used with various intensities and the initial condi-
tion is set by the equilibrium condition shown in Egs. (19) and (20)
while allowing a small perturbation to the initial E x B flow. The
results with outboard sources S, = 0.05 and 0.15 are plotted with dot-
ted and solid curves in Fig. 2(a), respectively, while those with inboard
sources S, = —0.05 and -0.15 are also shown with dotted and solid
curves in Fig. 2(b), respectively. For the outboard source case shown
in Fig. 2(a), the initial damping of GAM occurs regardless of the
source intensity (cf. the oscillatory damping feature when Time
=< 5([qRy/v1,)). By comparing with the damping of GAM for the case
with the less intense source S, = 0.05 (dotted), the unstable SSU
appears when a more intense source S, = 0.15 (solid) is applied, indi-
cating an existence of source threshold for SSU between S, = 0.05
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FIG. 2. Time evolution of the E x B flow in the GLF4M model when
(¢, g, te) = (0.1, 1.4, 1.0). Results with outboard sources S; = 0.05 (dotted)
and S; = 0.15 (solid) are shown in (a), while those with inboard sources
S¢ = —0.05 (dotted) and S; = —0.15 (solid) are shown in (b).

and S, = 0.15. On the other hand, as shown in Fig. 2(b), GAM
is destabilized by the inboard source as shown with the result for
S, = —0.15 (solid), while it is Landau damped out when the source is
weak as shown with the result for S, = —0.05 (dotted). In other
words, there exists the threshold source intensity in both cases.
However, each case has a different type of unstable mode; unstable
SSU for the outboard source and unstable GAM for the inboard one.
Thus, the existence of the source threshold is revealed with the
GLF4M model because it retains the effect of Landau damping.
However, the effect of Landau damping actually originates from a
wave-particle resonance in the parallel direction, which means that it
may not be recovered in the fluid model perfectly. This fact motivates
us to utilize a gyrokinetic (GK) model as will be described in Sec. I'V.

IV. GYROKINETIC DESCRIPTION
A. Dispersion relation

For a gyrokinetic description of source-driven SSU and GAM, we
consider a GK equation for the zonal component, which is given by

9 .
(& +yb-V+ iwD) o

T

Equation (22) is different from Eq. (13) in twofold. First, the E x B
convective term is applied to the equilibrium distribution function F,

= — <VHB -V + ICOD> <F0]0 e¢ki) —vg - VF,. (22)

Phys. Plasmas 30, 052104 (2023); doi: 10.1063/5.0148895
Published under an exclusive license by AIP Publishing

30, 052104-5

1pd'G6887L0°S L #0L.ZS0/PESLLILL/S688YL0°G/S90L 0/10p/pd-sjone/dod/die/Bio-die'sqndy/:diy woy pepeojumoq


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

instead of the perturbed one fk(g). Second, the poloidal source term
Sk, Fo is removed. It is because finding a kinetic equilibrium of Eq.
(13), that is, exactly equivalent to the fluid model, is unattainable.
Instead, we assume that F, is not simple local Maxwellian but has a

poloidally inhomogeneous equilibrium flow ﬁﬁf to offset the density

source Si’? Fyr. Then, the newly defined local equilibrium distribution
function is given in the form of

2
~Eq 2
1o (VH “nkJ Vi

=———5€X
(2nT/m)*>? P 2T/m

vHqu ~()n
~Fy| 14 —" ”"L = Fy Jd@ , (23)
T VT Mo Wy;

where the normalized poloidal source S = Sk /(nowy;) and the corre-
sponding equilibrium flow i U, = u‘ ? /vy are assumed to be order
O (&) and terms with higher orders are neglected For the perpendicu-
lar wave number adopted in Sk‘ and ii| ‘k , we use the same condition
assumed in Sec. I11. Thus, the last term on the right hand side of Eq.
(22) operated as a driver for source-driven modes, rather than a turbu-
lence driver. This new F, satisfies the fluid equilibrium conditions of
both the rMHD and GLF4M models shown in Egs. (11) and (20a),
respectively. Hereafter, we only consider an in-out asymmetric particle
source because the up—down asymmetric one does not drive source-
driven modes as demonstrated in Secs. IT and III.

In deriving a GK dispersion relation, we follow Ref. 22, which
originally considers the collisionless damping of GAM. Considering
passing ions, we neglect the mirror term and rewrite Eq. (22) as

0 H 0 ik, cos 0 s 7
(at "3k 80) G

vi O [ 453 e I N
_ qI! 60 (ezkyé cos 0]0 d;u) _ (etkr() cos 0VE . VF()) , (24)
0

where of = O, /Fu, ﬁOAE Fo/Fu, 0 = (e/Qy)[v)+uBo/(mv))],
and Q, = eB,/(mc). Here, 0 cos ) represents the radial displacement
of the passing ion. Using Fourier-Laplace transform, a perturbed dis-
tribution function including a poloidally inhomogeneous source can
be calculated from Eq. (24) giving rise to

o= K
Lr 0

N ~n o
o [ €Prmiir (w) L9 (@) Skc [ €Pr0(@)
T e\ 2 ) nowy T

X {Z (00T (ke 8) (75 + 074 )

L

(v /qRo) .
) (a) —(m+ l)(V|/qR0)> } + ol m(@), (25)

where 01, () denotes the initial condition term and &' is the
Kronecker delta. In deriving Eq. (25), the small gyroradlus limit
k, p — 0 has been used. The second term proportional to S k.o in Eq.
(25) represents the poloidal source effect. From Eq. (25), one can
derive Jf, ., as

pubs.aip.org/aip/pop

o ar() = *=(v/qRo) |:e¢k,t1(w)

o+ (v|/qRo) T

A5 w

where S, = Siic/(nowﬁ) and the terms ¢ , with |m|>2 are
neglected owing to their smallness. We also neglect the higher har-
monic resonance occurring at @ = nv/(qRo) (n = 2, 3,4...), which
actually enhance Landau damping by the finite-orbit-width (FOW) of
passing ions.”” By substituting Jf k=1 given above into Egs. (2.4) and
(2.5) of Ref. 25, which are omitted for simplicity, we finally obtain the
GK dispersion relation with the poloidal source effect

att@) =11 {21 ( ) w2m(5) + 4 (35)

o (%) -*(3)

o)
22 Ti+ 2 (7

) )kl R Y

when it satisfies ¢y o(@) = K(®) - ¢y o(t = 0). Here, Z, is the newly
defined plasma dispersion function whose expression is given in
Appendix D. In Eq. (27), the first two terms in the bracket on the right
hand side represent Landau damping due to resonance at v = gRo,
while the remaining terms, which is proportional to S./¢, denote the

poloidal source effect. One can easily find that, if there is no poloidal
source S, = 0, Eq. (27) is reduced to results given by Sugama and
Watanabe™ and Gao et al”’ when neglecting the resonance term at
@ = 2v|/qRo and also the result given by Zonca and Chen, * which
shows the degeneracy between GAM and beta-induced Alfvén
eigenmodes in the limit of @, /w — 0.

B. Source threshold: Comparison between GK
and GLF4M models

By numerically solving the dispersion relations, Eqs. (27) for the
GK model and (21) for the GLF4AM model, we can compute and com-
pare the real frequency and the growth rate of SSU and GAM. In addi-
tion, we conduct parameter scans of threshold source intensity for
SSU and GAM with respect to ¢, g, and t,. Because either SSU or
GAM is destabilized depending on the deposited location of the parti-
cle source, we investigate them as a function of outboard and inboard
source intensity, separately.

In Fig. 3, the frequency (w%V) and the growth rate (7%V) of SSU
are plotted as a function of the outboard source intensity (Som =3,
> 0) for fixed parameters (¢, q, 7.) = (0.1, 1.4, 1.13). Here, dotted
and solid curves represent %Y and ySSU, respectively, while the red
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FIG. 3. Real frequency (5!, dotted) and growth rate (353U, solid) of SSU as a
function of the outboard source intensity (Sqyt). Results are obtained by numerically
solving GK [Eq. (27), red] and GLF4M [Eq. (21), blue] dispersion relations when
(e, g, 7o) = (0.1, 1.4, 1.13).

and blue curves depict the result from GK and GLF4M models, respec-
tively. As shown in Fig. 3, deviation between two models is obvious
when the source intensity is lower than the source threshold.
However, when the source intensity is higher than the threshold, the
deviation diminishes significantly. Also, 5V from each model shows a
good agreement. One more interesting fact here is that »*V and 5V
from GK and GLF4M formulations coincide well when (w, y) — 0 as
plotted by a black arrow around Sout =~ 0.12 in Fig. 3. It means that
the source threshold predicted by each model has a same value. To
v;%fy this, we derive an expression for a source threshold of SSU
(Sgguy) by taking Taylor expansion around @ = 0 in Egs. (27) and (21),
respectively, which is given in the form of

~Th & T .Th
SssujGLEAM = p = ‘5\/; = Sssujok- (28)

«Th ~Th .
Here, Sqgyigrrav @nd Sggyjgx denote the source threshold derived

from the GLF4M and the GK models, respectively. One can find that
both models yield the same value. This is because the closure coeffi-
cient y is determined by matching fluid response to the kinetic one in
the low frequency limit (w — 0). Therefore, results of both GLF4M
and GK models perfectly match for SSU due to its zero-frequency
(%Y = 0) nature. -

Next, parameter scans of Sqg, using GK (red circles) and GLF4M
(blue diamonds) dispersion relations are conducted with respect to &,
g, and 7, whose results are plotted in Figs. 4(a), 4(b), and 4(c), respec-
tively. The analytic result in Eq. (28) is also presented by black dotted
lines. In each figure, the same parameters to produce Fig. 3 are used
except for the one being utilized as a variable. One can see that results
from GK and GLF4M models coincide in overall parameter ranges.
Also, the analytical results are perfectly matched with the numerical
ones. Again, it is due to the fact that the closure coefficient y is approx-
imated in the low-frequency limit (w — 0). For the case of GAM
(@ ~ vr,/Ry), however, some deviations are inevitable as will be
shown shortly.

Figure 5 shows the frequency (w°*M) and the growth rate
(752M) of GAM as a function of the inboard source intensity
(Sin = =S, > 0) using the same parameters in Fig. 3. The results from
GK and GLF4M dispersion relations are plotted with the same colors
used in Fig. 3. As mentioned earlier, the discrepancy between the two
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FIG. 4. Threshold source intensity for SSU (SQZU) as a function of the (a) inverse
aspect ratio ¢, (b) safety factor g, and (c) electron to ion temperature ratio ze.
Results are obtained using the GK [Eq. (27), red circles] and the GLF4M [Eq. (21),

blue diamonds] dispersion relations. Analytical expression for 3;;, given in Eq.
(28) is also plotted by black dotted lines. All parameters are fixed as (&, g, e)
= (0.1, 1.4, 1.13) except for the one being used as a variable.
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FIG. 5. Real frequency (w®V, dotted) and growth rate (y®A", solid) of GAM as a
function of the inboard source intensity (Si,). Results are obtained by numerically
solving the GK [Eq. (27), red] and the GLF4M [Eq. (21), blue] dispersion relations
when (¢, g, 7e) = (0.1, 1.4, 1.13).

models is inevitable for the case of GAM because the effect of Landau
damping is approximated in the GLF4M model with a fifth-order poly-
nomial, while it is fully captured in the GK model through plasma disper-
sion functions. As shown in Fig. 5, although both models show a similar
tendency, GLF4AM somewhat underestimate both wSM and yGAM. This
implies that the Hammet-Perkins closure model gives a stronger damp-

ing of the wave and subsequently the source threshold for GAM (Sg‘AM)
can be overestimated as indicated by black arrows in Fig. 5.

Results of parameter scans for SG Ay 10 terms of &, g, and 7, are
shown in Figs. 6(a), 6(b), and 6(c), respectively. In Fig. 6, same colors
and symbols in Fig. 4 are used to represent results obtained from GK
and GLF4M dispersion relations. Also, the same parameters used in
Fig. 4 are used except for the one being used as a variable. In contrast
to the SSU case shown in Fig. 4, two models show some discrepancy.

Specifically, we find that gZ};M for each model exhibits distinct func-
tional dependence on g* and 7,. In the GK model, Landau damping
induces exponential damping to the threshold [ie., SGAM‘GK
Th ¢ exp (—q*) exp (—7.)]. On the other hand, in the GLFAM

model, the analytic expression for SEZM is derived as
SE;\M\GLFALM ex B + i
22+1) ¢
(7 + 41,) {26 — 2477 4+ 27(1 — y*)1e + 772}
(14 + 157 + 422)*

(29)

using the GLF4M dispersion relation. Here, the small terms of order
O(q™") with n > 4 are neglected. The analytic result presented in
Eq. (29) is also plotted by blue dotted curves in Fig. 6. As shovy%lhin
Fig. 6, Landau damping causes an exponential damping of S\,
with regard to g* and 7, in the GK model, while it does an algebraic
damping in the GLFAM model. The GLF4M model even predict a
finite value of the source threshold SGAM‘GLHM =3g1/(2+7.) in
high g limit. This discrepancy between models is because Landau
damping, which brings about a significant damping to GAM can be
fully reproduced only with the GK model, while the GLF4M one
captures it approximately. Thus, for an accurate evaluation of the
source threshold, the GLF4M model is sufficient for SSU, while a
GK model is inevitable for GAM.
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FIG. 6. Threshold source intensity for GAM (Q(T;Wl) as a function of (a) inverse
aspect ratio ¢, (b) safety factor g, and (c) electron to ion temperature ratio .
Results are obtained using the GK [Eq. (27), red circles] and the GLF4M [Eq. (21),
blue diamonds] dispersion relations. All parameters are fixed as (e, g, )
= (0.1, 1.4, 1.13) except for the one being used as a variable.

V. SUMMARY AND CONCLUSIONS

The poloidal E x B flow has a profound influence on turbulent
transport and confinement of tokamak plasmas. In this paper, we have
studied the impact of the poloidally asymmetric particle source on the
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generation of axisymmetric poloidal E x B flow. We first review the
work by Hassam and Drake” who finds out that a poloidal source can
destabilize either SSU or GAM depending on its deposition location.
To capture the effect of Landau damping, we employ a GLF4AM model
in place of rMHD one by Hassam and adopt the Hammet-Perkins
closure. With the GLFAM model, the poloidal E x B flow is generated
by the destabilization of either SSU or GAM. The SSU and GAM are
driven by outboard and inboard sources, respectively. This result is
consistent with that in the rMHD model. In fact, we have shown that
the dispersion relation obtained from the GLF4M model yields the
same one that derived from the rMHD model under an appropriate
condition in Appendix C.

The crucial difference between the two models is that the GLF4M
model predicts the presence of the source threshold. It is well known
that GAM is usually Landau damped out due to its fast frequency
(wGam ~ vr,/Ry) comparable to the transit one [wy; ~ v1,/(qRo)
~ wgam/q]. Thus, it is quite obvious for the GLFAM model to predict
the source threshold for GAM. However, one interesting point not
emphasized in this paper is that Landau damping affects not only
GAM but also SSU, which is found to have zero-frequency from the
rMHD model. Note that there is no parallel resonance for SSU due to
its zero frequency. However, in fact, SSU is found to have a finite fre-
quency when the source is not intense enough with both GLF4M and

GK results as one can see that »*V has finite value when Sy, = gz:U
in Fig. 3. Thus, the threshold for SSU can be affected by the Landau
damping.

To substantiate that Landau damping does have an influence
on these source driven instabilities, we make a further analysis using
a GK model that captures the full effect of Landau damping. Then,
using dispersion relations derived from GLF4M and GK models, we
calculate the frequency and the growth rate of each mode in terms of
source intensity. This procedure allows us to conduct parameter
scans of source threshold with regard to ¢, ¢, and 7. For the case of
SSU driven by an outboard source, the growth rates calculated from
both models are consistent once the source intensity is higher than
the thlﬁe}shold ( out > SSSU) as shown in Fig. 3. We also have shown
that S, for both models is identical as presented in Eq. (28). The
reason for this identity is because the closure coefficient y is evalu-
ated in the low-frequency limit (@ — 0). On the other hand, for the
case of GAM driven by an inboard source, the real frequency and
the growth rate calculated from each model deviate in overall range
of the inboard source intensity as shown in Fig. 5. The parametric
dependence of SG M ON & g, and 7. also differs by model as shown in
Fig. 6. It is because the GLF4M model overestimates the Landau
damping effect. specifically, the GLF4AM model that considers only a
few finite-order ﬂuld variables is unable to reproduce the exponen-
tial damping of SGAM with regard to ¢° and 7, given by the GK
dispersion.

On the basis of these results, one can conclude that Landau
damping may determine the critical particle source throughput
beyond which an instability sets in. At this point, it is instructive
to estimate S, from a model of low field side (LFS) pellet fueling
system in a tokamak. We consider the ITER pellet injector that has
been designed with the maximum throughput of 120 Pam®s™' and

vp = 300ms~" (v, pellet speed). Suppose a pellet injector with the
throughput RPam®s™! and the pellet speed v,. Then, the number of
particles deposited to the tokamak per unit time is

pubs.aip.org/aip/pop

2R
N=—1H, (30)
myv,
where m,, is the fuel ion mass. If we assume that injected particles
occupy volume V' with maximal poloidal asymmetry, then the nor-

malized number of particles deposited during a transit time is

. 4nR
N=———0—. (31)
mpVPV Ny Wy

One can easily recognize that Eq. (31) relates the amount of particles

*" N to the outboard source

injected by a realistic pellet injection system
intensity Sout in this paper. As an example, if we assume that the pellet
deposition radius is given by 0.8 < r/ a < 1.0, one can obtain the
range of Sout, which is given as 0.02 < Sout = 0.1, from Eq. (31). Here,
Sout 1S given as a range because it depends on #, T;, and g whose values
are determined by the deposited position of the pellet. For the ITER
case, 0.1 <np < 1.0[10%atomsm™>], 4<T; < 10(keV), and

1.6 < g < 3.5 are used to calculate Sour. The maximum value of

Sout(~ 0.1) is smaller or quite close to :S::U in Fig. 4. Therefore, one can
expect that the LFS pellet system in ITER may excite SSU if maximum
throughput is applied. Here, we take a pellet injection system as an illus-
trative example inducing a poloidally asymmetric density. It realistic
tokamak experiments, sources of poloidal asymmetry will arise, but not
limited to, from inhomogeneous turbulent transport and/or the
mechanical structure. It will be of interest if the theory presented in this
paper is verified with more experiments and simulations.
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APPENDIX A: DEFINITIONS AND THE GYRO-
AVERAGING OPERATORS FOR GLF4M MODEL

In this appendix, all the missing definitions and messy coeffi-
cients used in Sec. II are given. Fluid variables up to the second
order, which are used for time evolution, are defined as
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- 1
[Om,, nowy, 0Py, » 0Py, | = Jd3v éfk(f) {1, v, mvj, 5 mvﬂ ,
(A1)

where quantities inside the bracket in the left hand side represent
gyrocenter density, parallel velocity, parallel, and perpendicular
pressures. In the same manner, the source terms corresponding to
them are defined as

u 1
[Skl’ S [’ Siliu,sl‘ilf} — JdSVSkLFO [1, my, mvﬁ,imvﬂ . (A2)

The third- (parallel heat fluxes) and fourth-order fluid variables are
defined as

[, 914, ] = Jd%&fk(f)vu {(mvﬁ - 3T), G mv: — T)} , (A3)

1
[5r‘|7“ﬂ,5r”7lh,érLLkJ:Jd3v5fl§f> |:VH 2VHVL, v4]. (A4)

These higher order variables must be expressed in terms of lower
order fluid variables by taking an appropriate closure model. In our
GLF4M model, the Landau and Maxwellian closures are employed
for them, respectively. Also, note that perturbed parallel and per-
pendicular temperatures (6T}, ,0T1, ) are determined by the fol-
lowing relations:

5p”h = T’loéTHkL + Tél’lkU

A5
5plk¢ = ”OéTLkL + Té}’lkr ( )

For appropriate gyro-averaging operators, we use simple
approximations given elsewhere.”” As simply mentioned in Sec. 111,
the velocity space average of Jo is approximated as (Jo) ~ e¥/2.
One can easily find that [y/* is replaced by e~%/2 for (J,) in Eq. (20)
of Ref. 29. Because we consider the long-wavelength scale with
ki p ~ O(e) in this study, approximating (Jo) to e */? instead of
l"(l)/ *, which are devised to compensate a discrepancy between I'y
and e %2 when deriving linear dispersion relation for large b,”’
causes no technical difficulty. Other gyro-averaging operators,
which recover the finite Larmor radius (FLR) effect, are given by

lﬁi(%)(ﬁh) = bag;;) bk, >

, (A6)

VL (Uob,) = b (b,

which correspond to Egs. (26) and (27) of Ref. 29, respectively.

APPENDIX B: DERIVATION OF THE DISPERSION
RELATION FROM GLF4M EQUATIONS

In this appendix, we derive a linear dispersion relation from
the GLF4M model presented in Eq. (21). Here, we follow the same
procedure used in Appendixes B-D of Ref. 25, which derive a
GAM dispersion relation from gyrofluid equations. To start, we
subtract equilibrium conditions shown in Egs. (19a)-(19¢) from
GLF4M Egs. (15a)-(15d) to separate equilibrium part and the per-
turbed one. Then, equations for the perturbed part are given in the
form of
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om0 edy, _
+iwp <— ‘kLT/m ) = (4 + = VL) ioppo——— kL h/z
(B3)
90p 1, 9L, T Pott),
o £ +B-V —3 L _(qul —I—poqul)VulnB
i 5r‘|‘J_k‘ + (3@;&
iop| ———"%
P T/m
3. 22
- (3 + EVi + VL)lepo d)T e, (B4)
Hereafter, we use the following normalization:
ke gon
|:t VT 5”k Ul, YE, 5}7““ 5PJ-kL Tl Sk, }
qRo" ny T vr T vy po T po T ovr mowy
— [t, on, U, Ug, 5p”7 5PL, uﬁq, S} s
(B5)

edr, A, i, Ok, O, OFL iy
b b b b b
T 'povr'povr’ pivy = pivi | pivp

- [&5’é\p%ﬁ?u.u’é?u,p5ﬂ,¢]~

Then, using the normalization (B5), the perturbed Eqgs. (B1)-(B4)
can be rewritten as

don Oy
B + = 20 — et sin 0 = i(k,p,q )Sme[épl\ +0p, + 2¢] (B6)

Gy q, ou  95py

ot + E 59 +—86 +£sm0(5pL—5pH>

. e . 0

=i(kepuq)sin0(q +q, + 4uy) — £, (B7)
op, O(a +3iy)
B + 20 +asm9(2quqH qu)

= i(kepya)sin 0]57 ) + o7, + 49, (BS)
o5p,  O(q +1iy) o

8tL+ 50 —2esin0(q, + i)

= i(krptﬂ)sme[éﬁu +0f 1+ 3&)] . (B9)
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Here, we assume a long wavelength perturbation (k.p,; < 1) and
the large aspect-ratio tokamak (¢ < 1) with concentric circular sur-
faces. The small terms of the order &(?) ~ O(b;) are neglected,
where b; = (k.p,;)*. Now, each equation can be divided into three
components of 0, ¢, and s, each of which corresponds to the Fourier
coefficient of m=0, sin0, and cos0 component, respectively.
However, we do not represent all the components here but only the
components those contribute to the dispersion relation (ie.,
Oftg, U||c, Oftg, f:Hs, and p | ) and they are given in the form of

don, . R . . R
ot e + éitjo + (krpyq) [517\\0 +0pio+ 2¢0} ; (B10)
oily, o
at‘-l = 7QMESC - SPHS - ¢sv (Bll)
Do kpud
ano L A\|s + z( Pt q) [517\\5 +0p, + 2¢S]7 (B12)
t
65‘0”5* 4y + 3iy) — (2810 — 4y — i
or (4)c le) = €(2d.10 — o — o)
+i(krpuq) [57“”0 + 57’\@0 + 4¢ i| (B13)
6513Ls

o = (Guct i) +26(du0 + o)

+i(krpuq) Mm +0t 110+ 3<2>0} . (B19)

To obtain linearized equations of Egs. (B10)-(B14), we replace
0/0t with —iw and replace higher order variables with lower order
ones using closure relations shown in Egs. (17) and (18). Then, the
linearized equations for perturbed quantities can be represented by
a simple matrix equation, which is given in the form of

—iw =1 —2q 0 0 St
. —iw 1S, 1 0 e
M-X = g 0 —iw q/2 q/2 Ug
2y =3 —4q —iw+2y 0 Py
L —x -1 —3¢q 0 —iw + p
[0
0
=1(0]. (B15)
0
10

Then, one can finally derive a dispersion relation from Eq. (B15),
giving rise to

det|M| = 5@+t + D + 0d* + ad' +¢ =0, (B16)
where
Cs = (_i)sa Cy = (_1)4[31}7
N3 a7 2
C3:(71) q £+2re +3+Te+21 5

o = (—i)’ {q2{21(4 +31,) — (24 1) S‘ } + (5 + 318)} ,

pubs.aip.org/aip/pop

o= (=)' [q (5+23Te+4x( +re)—x<4+3re>%)

+257 (1 + re)] : (B17)

e = (—i)° {2(121(1 + re)<1 - y%)}

Note that, if there is no poloidal source (S, = 0), the coefficients
shown in Eq. (B17) are exactly reduced to Eq. (D4) of Ref. 25 whose
coefficients represent those of a fluid GAM dispersion relation. By
solving Eq. (B16), one can find the source-driven modes can be
excited only when the poloidal source is intense enough for the
wave to overcome Landau damping.

APPENDIX C: EQUIVALENCE BETWEEN RMHD
AND GLF4M MODELS

Here, we demonstrate the equivalence between the quasi-
neutrality condition shown in Eq. (16) from the GLF4M model and
the vorticity Eq. (8) from the rMHD model, in certain limits. From
the quasi-neutrality condition in the GLF model, one can relate the
ion polarization density to the continuity equation shown in Eq.
(15a). The radial magnetic drift in the continuity equation of the
GLF model explicitly provides the equivalence to the vorticity equa-
tion of the rMHD model. First, E x B flow is assumed to have only
m=0 component, giving the zero adiabatic electron density,
One, /1o = ¢y, — (P, )y = 0. Then, the quasi-neutrality condi-
tion results in on;, ,/ng = —(ik,py;)* ey o/ T. Keeping that condi-
tion, we obtain a vorticity equation

dii%ju B- ]”/ + 2iwpdn, =0 (C1)
by multiplying the ionic charge number Z; on Eq. (152) and sum-
ming over species. Here, Jj = noe(u;, — ), ) is a parallel current
density and the particle source for electrons and ions are same to
satisfy the quasi-neutrality. The isotropic temperature T, = T| and
the isothermal plasmas between species T; =T, are assumed in the
drift term.

Then, taking a flux-surface average on Eq. (Cl) with a
substitution of the quasi-neutrality condition of Jn;, / 1y

—(ik,p,)* ey /T and the drift frequency of iwp = —(ik,v3;/
QR) sin 0 gives

0 2./ on;
fuc)y _ 2 < Py gin 9> . (C2)
ot r o v

One can easily find that Eq. (C2) has exactly the same from as the
vorticity Eq. (8) of the rMHD model.

APPENDIX D: MODIFIED PLASMA DISPERSION
FUNCTION FOR GK DISPERSION RELATION

In this appendix, the definition of the modified dispersion rela-
tion Z,, used in Sec. IV is provided. We newly define
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IJ’OO it t"exp (—1%) (1)

o t—¢
for a simple representation of the GK dispersion relation presented
in Eq. (27). Here, “n” is an arbitrary integer and Z, denotes the con-

ventional plasma dispersion function. Then, Z, can be derived by a
combination of Z; and { whose from is given by

Q—(n+2)
n 1 3 2k+ 1 n+1+2k
CZO(C)Jrﬁ ;F(Z)C , o n<—1,
Zn(c) — CnZO(C)’ B n= _1707
CnZO(C) + Z:n ) n 17 27
182 2k + 1)
OZo(O) + 2y gk >3
‘ 2; 4!
(D2)

where QJ’: means the quotient of i divided by j. Although our disper-
sion relation is somewhat simplified by considering only the reso-
nance at v| = qR, and neglecting ¢, ,, with m > 2, using Z, will
be more convenient if it involves more complicated physics, such as
harmonic resonance occurring at v = ngRy with #n > 2 including
bp, m With m > 2.
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