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Abstract

In scenarios where a sustained energetic particle source strongly drives toroidal Alfvén
eigenmodes (TAE), and phase-space transport is insufficient to saturate TAE, this novel theory
of TAE-zonal mode (ZM)-turbulence—self-regulated by cross-scale interactions (including
collisionless ZF damping) — merits consideration. Zonal modes are driven by Reynolds and
Maxwell stresses, without the onset of modulational instability. TAE evolution in the presence
of ZMs conserves energy and closes the system feedback loop. The saturated zonal shears can
be sufficient to suppress ambient drift-ion temperature gradient (ITG) turbulence, achieving an
enhanced core confinement regime. The saturated state is regulated by linear and turbulent zonal
flow drag. This regulation leads to bursty TAE spectral oscillations, which overshoot while
approaching saturation. Heating by both collisional and collisionless ZM damping deposits
alpha particle energy into the thermal plasma, achieving effective alpha channeling. This theory
offers a mechanism for EP-induced transport barrier formation, and predicts a novel thermal ion
heating mechanism.

Keywords: energetic particles, TAE, zonal flow, turbulence, ITB, cross-scale interactions

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

1. Introduction

Energetic particles (EPs) are known to excite instabilities such
as toroidal Alfvén eigenmodes (TAEs) and energetic particle
modes (EPM), potentially leading to significant EP transport
and thus affecting fusion plasma confinement [1]. However,
recent experiments yielded results that contradict this expecta-
tion, showing that EP can be associated with improved thermal
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plasma confinement, through the formation of internal trans-
port barriers (ITBs) [2—-6]. These findings highlight discrep-
ancies between experimental results and previous theoretical
predictions for EP physics. In addition, conventional turbu-
lent transport models do not account for the effect of EP on
thermal confinement. To address these discrepancies, mech-
anisms have been proposed, such as fast particle dilution [7,
8], electromagnetic stabilization [9] and zonal mode (ZM)
stabilization [10-13]. ZM can address two key problems: the
saturation of EP-driven instabilities via ZM [4, 14] to pre-
vent strong EP transport and the suppression of turbulence
by sheared ZM [15] to form a transport barrier. The TAE/ZM
system is an ideal framework for studying these issues. TAE
can spontaneously generate ZM via modulational instability,
which requires a threshold TAE amplitude [16]. Conversely,
the directly driven (forced-driven) process [14, 17-21] does

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA
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Figure 1. A feedback diagram for TAE and ZM with energy deposition from EP to thermals. TAEs directly drive the evolution of the ZM
through RS-MX stresses, while the ZM appears in the TAE evolution equation as a wave-coupling term, ensuring energy conservation and
influencing the saturation process of the TAE. The GAT process acts as a collisionless damping mechanism for the ZM, in which the
thermal plasma damps the ZM and is thereby heated. The saturated ZM can generate E X B shearing to suppress DW turbulence.

Meanwhile, DW can potentially scatter TAE as mentioned in [27].

not require a threshold TAE amplitude. The nonlinear cross-
transport in fusion plasma has been studied in [11, 22-26], but
these studies lack saturation mechanism for the directly driven
process, especially the proper mechanisms for ZM collision-
less damping. The scenario of ZM drive by waves is a well-
known paradigm for pattern and structure formation, such as
atmospheric jets, Jovian bands and drift wave-zonal flow (DW-
ZF) turbulence in tokamaks. Here, the new element is the pres-
ence of rwo wave populations—the TAEs and DWs—which
couple via the ZM.

As we will show in this paper, with the sustained EP profile
and strongly excited TAE, the interactions between TAEs and
directly driven ZM lead to an interesting self-organized state
of the system, which arises from the feedback loop structure as
shown in figure 1: ZM is directly driven by TAE via Reynolds
and Maxwell stresses, and damped by collisional and colli-
sionless drag processes. This, in turn, influences the evolution
of the TAE via wave-ZM interaction. ZM damping regulates
the TAE saturation level and the oscillations of TAE and ZM as
they approach saturation. The geodesic acoustic transference
(GAT) is a relevant collisionless damping mechanism, which
requires sufficient turbulent mixing to be effective. GAT heats
ions nonlinearly, ultimately functioning as an alpha channel-
ing process. EP transport is connected to thermal turbulence by
cross-scale interactions. The shearing effect from the saturated
ZM can be sufficient to suppress DW turbulence, leading to a
transport barrier for thermals.

The remainder of this paper is organized as follows.
Section 2 introduces the predator—prey model arising from
the interaction between TAE and ZM. Section 3 discusses
the geodesic acoustic transference as a collisionless damp-
ing mechanism for the ZM. Section 4 presents the saturation
dynamics of TAE and ZM, along with the associated heating
of thermal ions via ZM damping. Finally, section 5 concludes
this paper.

2. Predator—prey model for TAE and ZM

To investigate the feedback interactions between TAE and
ZM, we use 0¢ and dA for scalar potential and parallel vec-
tor potential respectively, and define 6L = d¢ — (v 04 /c),
01 = 0A|w/(cky|). Following the notations in [18, 19], let
0¢p = dpz+ dopr, where ¢z is the zonal component and
8¢ = d¢o + dgos, with §¢g and o, having the opposite real

frequencies. Therefore, a collision of two counter-propagating
eigenmodes is considered here. Using the ballooning decom-
position in (r,0,¢), we have

A i [k odr4i(ng—moO—wor) —ijo s
Spo = Age' /o Ty e g (x — )
5¢ A eszzdr lwztz

m

where ®( above accounts for the fine scale structure of TAE,
Ag is the envelope amplitude, and I€,70 stands for the radial
envelope wave number. From the gyrokinetic nonlinear vor-
ticity equation [1, 18, 19, 28], one can obtain the nonlinear
evolution of TAE ¢ as equation (1):

47r
zki 0

. ¢ kzkg o (k% —B ) 75% (8¢hz — 01z)
A

— kﬁ(swo + <Jk0wd5Hk0>

6]

Bo k2

where € =1v2/2, kép = [kyb + ko0 + (k, — inqg' 9, In®)#]3¢,
V2 =dmnoe?p?/(c*T;), pi is the ion Lamour radius, J;, =
Jo(kypy) is the Bessel function, EP distribution function is
decomposed as equilibrium and fluctuating parts F = Fy + §H.
The ZM contributions are the second term on the rhs. The
breaking of the ideal magnetohydrodynamics (MHD) condi-
tion is expressed as:

. C kgkz

0o — 09 = i——— ((Wz — 0¢pz) 0¢ho. 2

In equation (1), the integral (---)g = [VEAE of the fast
particle distribution d H appears. This is obtained from the non-
linear gyrokinetic equation [29]:

(—iw + Vuaz + iwg + Qz) 0H, =

s 3
— i & Q0Fo iy — ~ Ay Ly 6Hy )
m B()
where Ay =D i bh-k' xk’. Then, the ‘linear’
response to the TAE mode d¢y is written as [30, 31]:
(1) () 00
SHL = “)

e .
——QoFoe™* i, 0Lo )
on 0e"*Jx,0Lg : i,

wo — kyov) — by —
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where Wa = Vg g (k,sin@ + kg cosh), boe =07 +
Zvﬁ)/(ZQ,Ro), Q()F() = (OJ()ag —w*)F(), w*F():k~b><
VFo/Q, L,E)IE = —dlInngg/dr, €; is the thermal ion cyclotron
frequency, Qz = ckg okzJz0Lz/Bo ~ ko o VEexp is the nonlinear
phase shift from ZM, Ay = )A\d() sin(9 — 90), )A\d() = kJ_y()ﬁdyg,
Pag = qRovae/v|, tanfo =k, /kg, Ji(\ao) is the I-th order
Bessel function of Ag. For large parallel velocity, there is
w; = v /qRo.

Multiplying equation (1) by d¢., utilizing equations (2)
and (4), and assuming a slowing down distribution function
Fog = n0E5—3/2/1n(5f/£c) with& <€ < 5f and 5f: Vj%/z (5f
is the maximum fast particle energy, &, is the critical energy
below which the slowing-down approximation is no longer
valid), we obtain the evolution equation for |§¢y|? or, equi-
valently, a wave kinetic equation. This is as follows (see
appendix A.1 for more details):

K Vz
0%a
(15
Wo
kioVa\ wam
<1|’O ) g 9opAﬂEfr
wo 20

kHO A

K 2c 2
— - == - —ky okz|0 00z. 5
( ki,o 7 )Bo 0,0kz|0¢0| 0z (5)

I5¢> °

Here we have only considered /= =+1 transit resonances,
wa =Va/(qRo), pa=Va/Q, Bg=8mnoem&/B}, o=
In(&/E:)Er/ VA, f, is a factor related to the fraction of reson-
ant particles [30]. We neglected zonal current (ZC, §1)z) here,
since ZC primarily brings additional magnetic shear to the sys-
tem, which should have a small effect on TAE evolution [10,
16, 19, 20]. Equation (5) consists of the usual linear growth
from the wave-particle resonance (rhs term o |0¢g \2) [30, 31],
and damping from the nonlinear interaction between TAE and
ZM (rhs term o< [§¢|*0¢z). Therefore, equation (5) can be
cast into the form of 9;|6¢|*> = v|6d0|* — Valdo|*d ¢z, as
equation (12) discussed later.

The evolution equation for ZM is obtained from the zonal

components of the gyrokinetic vorticity equation as below
[1, 18, 19, 28]:

(1 =T2) Fo) g 0667 =
— >, {esJziwydHo) ¢ ,+ (RS-MX),

S %

(6)

On the rhs, the first term is the curvature coupling term
(CCT), where the bracket denotes an integral in velocity
space followed by zonal-averaging (5 [” ---df). Since
((---)6H5)e 7 =0 according to the linear EP response
equation (4), the CCT can contribute to the ZM only
through the nonlinear response of the distribution, i.e.
((--)6HNF) ¢ 7 # O[18]. However, as we will show later, as a
higher order response, the CCT contribution should be small.
The second term accounts for the Reynolds and Maxwell
stresses (RS-MX), which are primarily thermal contributions
and can be included following [16, 18, 19, 32]. Considering

kipi < landk; pge < 1, we have the evolution of the zonal
potential as (see details in appendix A.2):

N2 k2 V2
NOEP £ A 07A

WG+ (1' ; >]|5¢0|2 (7)
no P; Wy

where Xiz = Xiz/ (k3p?) =~ 1.6¢4% /\/= is the neoclassical polar-
1zab111ty of ZM [33], e =a/Ro, pas= qvs/, F= i(kro —
kr04), G is defined as:

G={q.,For |5(1_’<|V|) <l_k|V|>
2n()E vf w Jo W /s

_ (®)
—1
% Z wo — kH,OVH — lwt — iQZ>
&

I=+1

Ckg’()ﬁ

Odbz = XizBo

where we defined Q,p = kGLnUE cT;/eB to separate the energy
dependence in the integral, and &g = Q.gTg/T;. The two
parts in the rectangle bracket on the rhs of equation (7) origin-
ate from CCT ( C) and RS-MX (in round brackets), respect-
ively. We corrected the results from [18, 19], and found that
CCT is equivalent to a turbulent stress like RS-MX. They share

similar structures:

1. Both are proportional to the TAE amplitude |d¢|? and F,
indicating that the collision of two TAEs and the asym-
metry in their mode structures are essential for ZM genera-
tion. Notably, this property was not identified for the CCT
in reference [18, 19].

2. Both exhibit polarization effects, either from gyro-motion
(piz) or EP drift (ﬁd,f)' Notice that both sides of equation (7)
are divided by p?.

3. Both require the breaking of ideal MHD condition 1 —
(kj gV /ws) ~ € # 0. For CCT, this factor arises from the

integral of G.

Compared to [18, 19], the corrected expression for G
reveals the necessity of a breaking of the ideal MHD condi-
tion, showing that G o e. The importance of F is now recog-
nized for the CCT contribution too. Because not every por-
tion in EP density is at resonant, the resonant particle dens-
ity ngr = finog with f, <1 [30]. Therefore, we have G
&fy| Qg /wo|. Then, the ratio of CCT to RS-MX can be writ-
ten as O(ng r@«£q°/ (nowo)), which is different from [19] by
a 1/¢ factor (originate from the breaking of ideal MHD condi-
tionin G). Typically, there is W.g/wo > 1. However, the reson-
ant particle density is also small, ng g/no < 1, which makes it
hard to estimate the ratio of CCT to RS-MX. Thus, we rewrite
the ratio as:

CCT
RS-MX

g

wo

2 Pe
P;

52
_ Jrnoe Pay
no p;

<1l 9

Q
*E‘ ~f.q
wo

for the strongly driven scenario fz=Pg/P;~1, q~1
and |Q*E/W()| < 1, where Pr = nogTg, P; = noT;, Tg = micff.
Consequently, RS-MX predominantly drives the generation of
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ZM. A detailed comparison using realistic device parameters
is provided in appendix A.2.

Another issue in retaining CCT [18, 19] as a ZF drive source
is the necessity of a corresponding sink to ensure the energy
conservation. As we mentioned early, CCT contribute to ZM
via the nonlinear EP response. Therefore, the possible cor-
responding ‘sink’ in other evolution equations should origin-
ate from 0HA" too and eventually manifest in the EP distri-
bution. However, there is no such ‘sink’ explicitly in other
evolution equations to balance the energy that CCT trans-
fers to ZM. Given that the contribution of CCT is second-
ary and that energy conservation is essential, we omit the
CCT in equation (7) and later cast it in the form of 9,0¢7 =
Y2|8¢p0|? + - - -, which is equation (13).

Using a quasi-linear approach, we can estimate the effects
of TAE on the EP distribution [34, 35]. Then, the evolution
equation of the EP profile, accounting for external EP sources
such as neutral beam heating or ion cyclotron resonance heat-
ing, is formally written as below (see appendix A.3 for details):

Onog = —Dresl:"L;O;nog + Source + - - - (10)
where the TAE transport coefficient is:
b T RoPiVal: (B} (1)
fes 20 kH’O B() '

Now we can simplify the evolution of TAE and ZM,
neglecting CCT, and rewriting equations (5) and (7) as
equations (12) and (13):

AWd¢o|* = v110¢0|* — Yal0¢o|* 002 (12)
Xiz0i0¢z = 12|6¢0|” — vz (13)
where,
w R
m= %kae,om@zfr 0
o) LnOE

2c c N
= —ky ok = —kgoF
Vd B, ko.0kz: 2 By K00 €

v = (Vi + vg) is the damping of ZM. v;; is the ion-ion col-
lisional damping [33, 36] and v stands for possible col-
lisionless damping. Here, v is caused by interactions in
thermal plasma; therefore, it will not affect the calculation
of EP-driven TAEs. Equations (10)—(13) constitute a sys-
tem describing the dynamics of EP, TAE and ZM. Note that
for eF /Xiz = kz, the RS-MX terms cancel perfectly upon
addition of the evolution equation for TAE and ZM amp-
litude (i.e. 9;(|660[* +16¢2|?) = 71|00 > — 62/ (2Xiz))!
This reflects energy conservation. This system is similar to
the well-known ‘Predator-Prey’ system [15, 17, 36], as shown
in figure 1. Here, we focus on the cases where the EP pro-
file is sustained by external sources, the continuum damping
is negligible and the wave-particle trapping is unable to sat-
urate the TAE (7;/wo > 1072, see equation (4.176) in [1]).
In essence, this system is not near marginal. Hence, we fur-
ther simplify the system by hereafter ignoring the evolution

equation (10) for EP. This simplified system manifests a closed
feedback loop, featuring a robust EP source, strongly excited
TAEs, and ZM generation through RS-MX. Subsequently, the
ZM is damped and feeds back to the evolution of TAE through
the nonlinear wave-ZM interaction, leading to the saturation
in both TAE and ZM. Assuming i, 72, 74 and v are con-
stants, the saturation levels are straightforwardly obtained as
below, showing that the saturation of TAE is controlled by the
damping of ZM

(14)
5)

(5¢z)5 = ’)’1/%1
(I6¢0*) ¢ =71/ (var2) -

3. Collisionless ZM damping

When only collisional damping is present and as v = v;; —
0, the TAE saturation level decreases, accompanied by
intense oscillations in both TAE and ZM, as shown in
figure 2. The oscillation frequency can be easily obtained from
equations (12) and (13) as fose ~ \/U71/wa When v S 4y,
This can appear as an intermittent (bursty) signal of TAE
prior to saturation, and differs fundamentally from the quasi-
periodic chirping caused by profile relaxation [11, 37, 38].
Furthermore, this property emphasizes the crucial role of col-
lisionless ZM damping.

Considering the significant oscillation of ZM when v; —
0, which can drive thermal ion and electron oscillations in
space, we introduce a simple mechanism for collisionless ZM
damping, namely the geodesic acoustic transference [39—41].
According to [39—41], due to the variation of the toroidal mag-
netic field in the radial direction, the E x B flow is stronger on
the low field side than on the high field side. The divergence
of E x B flow and compressional work lead to a pressure side-
band with sinusoidal structure p, o sin® in the poloidal direc-
tion . The result is an oscillation between the zonal field and
m = 1,n = 0 pressure side band, which can be expressed as:

8,<ﬁ>zz---—w3(pssim9>z (16)

where wg = 2L /R. The background gradient of the thermal
profile is defined in the negative radial direction L, =
—p.Vr/Vp,, i is the fluctuating E x B flow in the poloidal
direction, (it)7 is the zonal flow, which can be expressed as
ikz8dzc /By then normalized by factor CsgR/L |, where Cs =
T,/M;. Time is normalized by factor Cs/L . The energy in
the pressure sideband couples to thermal particles, mostly via
turbulent mixing and dissipation of the parallel current [41].
In the collisionless regime, resistivity should be weak, making
turbulent mixing the dominant process. The evolution of the
electron pressure sideband can be expressed as:

. _ . WB -
Opessint)z = —11 (p, ;sind)z + 73 (a),. (17)
Here, magnetic flutter effects and ion flow sideband are neg-

lected, defining Tt;r:) = Db/ Li. A quasilinear turbulent coef-

ficient Dy, >~ Re ) i;—zz \¢§|2/(w —Kk, -Vg) is assumed, with
0

k. representing the wave number of the thermal turbulence
and vg denotes E x B advection. The resonance of the thermal
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Figure 2. (a), (c), (e): TAE d¢o and zonal potential d¢z evolve to
the fixed points in: (b), (d), (f). ZM collisional damping rate

Dii = vii/ (Rizwa ) is decreased from top to bottom. 71, 2 and -y, are
the same as in figure 3.

particle turbulence with zonal E x B flows gives the irrevers-
ibility which underpins the turbulent mixing. When L, /R <
1, thermal turbulence has sufficient time (on the order of
~ L, /Cs) to respond to changes in the pressure sideband
induced by geodesic acoustic oscillations, which evolve on the
timescale ~ R/Cs. Moreover, as mentioned earlier, in the case
of TAE-driven ZM under a collisionless regime (v — 0), the
ZM oscillation timescale is 1/fosc ~ wa/\/V71 — 00, which
is even slower-therefore allowing enough time for thermal
turbulence to respond.

Dedimensionalizing equations (12), (13) and (17) yields
equation (18)—(20), respectively. Geodesic acoustic coupling
appears as the third term on the rhs of equation (19) (see
appendix B for details)

O7x = 1x — Jaxy (18)
07y = 12X = Viiy — Y612 (19)
8r2= Y62y — (WaTwrp) ' 2. (20)

Here 7=wut, x= |e§¢0/7}|2, y=eddz/T;, z=(1+
Ti)(Pe,ssinW)z, 7 = T;/Te, Pes is the electron pressure side-
band normalized to equilibrium pressure. Coefficients are
dedimensionlized:

. M . _ 2Dgkgokz . Aa . _ Vi
Y1=" Yd= y V2= 5 Vii= % )
wa WA XizWA
C%CIR()UJB ikzDB wp
Y61 = —————, 2=+ —
Yol ikZDBXiZWALﬁ_ Ve ( l) VA 2

where D = ¢T;/(eBy) and 6ﬁ/>€iz = kz is applied. It’s easy
to find the geodesic acoustic oscillation from g1yg2 =
wEam/ (Xizw3), where w ay = 2(1 + 7;) C2/R? is the geodesic

acoustic mode (GAM) frequency. The GAT can provide an
extra damping of the ZM, which is obtained from the static
sideband Zsudc = Y62wWa Twrby and Y61 Zstatic aS:

2
po= oA 0(102) — 0 (1071).

= 1)
XiZ ATt

Note that turbulent mixing (7,) is necessary for collisionless
ZM damping here. When compared to 7; < O(10~4), colli-
sionless damping from GAT will be dominant.

4. Saturation of TAE and ZM

The saturation of TAE. Specifically, using k3p? Sk p7 ~ ¢

and kj = 1/(2gRo), we obtain the saturation level of TAE from
equation (15) as:

2

08,\" _ _mq’ Bafkeovel
By )¢ 40Xize? Luwe

This is directly proportional to the damping of ZM, akin
to the case in the DW-ZF system [15, 36]. Equation (21)
demonstrates that turbulence can regulate the saturation of
TAE through the ZM damping. In addition, if EP transport
is governed by TAE, since Ug o Tub, then as turbulence
increases (indicated by the decrease in Ty,), the EP transport
coefficient will decrease. However, as we will discuss latter,
the shearing feedback of ZM on turbulence will modify this
straightforward conclusion. This behavior suggests interesting
cross-scale interactions between EP and thermal turbulence.
Introducing 7, = Dgkg okz, we notice that when 39,9, ~
(WATtrb) ~2 OF Tz ~ Turp, the system will oscillate at the fre-
quency of wgam rather than fo, which is similar to the res-
ults in [20]. This can be understood from the perspective
—1
of the energy flow of the system: EP 2 TAE Z— zMm 245,
—1
Ds Jwt, Turbulence. The condition Tz ~ Tu, 1ndicates that
the energy drained by ZM from the TAE is equal to the
energy dissipated by the pressure sideband. As a result, if
the EP is sustained (i.e. y; is a constant) the energy trans-
fer will be controlled by the GAT, leading to oscillations at
wgaMm- To generate such oscillations, we use the Bohm coef-
ficient Dy, = Dp/16 and (p;/L1)* ~ 0.02 in the subsequent
analyses, ensuring 7z ~ Ty and 1/(waTwm) < 1. For typ-
ical parameters in tokamaks like DIII-D with g=1.5, o ~
2.5, Be=1%, fr =0.25, k9o =nq/a ~ 10, Lyog = 0.5a, we
have 4 ~ 0.12, 44 ~ 0.1, 42 ~ 0.05, DG ~ 0.1, Jg1 ~ —3.9i,
Y62 ~ 0.0012i, 1/(waTwb) ~ 0.045 (see appendix C for more
details), then the evolution of the system is shown in figure 3,
which closely resembles figure 10 in [20]. The saturated TAE
amplitude we obtained is (0B,/By)% ~ 10~7. Comparing this
to the threshold for spontaneous generation p?/(4e(qRo)?)
[16], yields a ratio of TAEg /4 ~ O(10~") — O(1). This sug-
gests that spontaneous generation is possible after the dir-
ectly driven process saturates. A similar process is found for
ITG turbulence simulation [42—44], where eigenmode self-
interaction [45] dominates ZF generation, and the modula-
tion of sidebands [46] becomes important only near nonlin-
ear saturation. The estimated EP transport coefficient using

(22)
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Figure 3. The evolution of TAE-ZM system with the geodesic
acoustic transference as collisionless damping. The collisional
damping rate is ©; = 107>, the effective collisionless damping rate
is b = 10~ Oscillations with frequency of wgam are observed
when 77 ~ Twub.-

equation (11) is around Dyes ~ O(10) m?s~!, which exceeds
the neoclassical value but is limited, and so does not cause
severe EP transport. This also facilitates the maintenance of a
sustained EP profile through modulated heating, to align with
the assumption of a fixed linear TAE growth rate.

The saturation of ZM. The saturation level of the zonal
potential can be estimated from equation (14) as:

m Ti fafrq”
1) ~— . 23
(992)s 20 e kzLnog 9
Then the ZF shear wgyp = ck2d¢z/By is:
T 5 kz T 5 Cs
—_— D r ~ — r 24
WExE =54 B Lo 257 efaf, Ln (24

The radial scale of ZM k; is crucial in determining the sat-
uration levels. Factors such as the fraction of EP pressure f3,
the fraction of resonant particles f, and the EP gradient L;Obl,
also influence the strength of ZF [12]. For the typical para-
meters mentioned previously, the ZF shear reaches around
0.3Cs/a in regions where TAEs are excited, a magnitude com-
parable to the ITG linear growth rate with a dilution effect
vt ~ 0.1Cs/a [47, 48]. Therefore, the suppression of ITG
turbulent transport can be anticipated. The threshold condition
for shear suppression, wgxp > YirG, translates into a criterion
for the TAE linear growth rate yrag = 7v1/2 > Yircke,0/kz-
This criterion further implies a threshold for the strength of

the EP source (e.g. from neutral beam injection heating). There
may appear to be a conflict concerning strong ZF shearing and
necessary turbulence for ZM damping. However, since ZM
damping occurs via a pressure sideband, in a strongly (weakly)
turbulent state, the pressure sideband weakens (strengthens),
resulting in strong (weak) ZM and shearing, and consequently
facilitating reduction (enhancement) of turbulence. Moreover,
when 77 ~ T, the GAM plays arole in dissipating EP energy
in this system. In general, zonal shears do affect DW and con-
sequently regulate TAE, a process not explored in this paper.
This interaction could result in a dynamical U and thereby
influence EP transport.
The E x B velocity caused by ZF can be estimated as:

T 5, . Cspi
Vs ~ —q faf,—H
ExB 2061 faf I

NoE

(25)

The heating power transferred from EP to thermals, estimated
from equation (13) as vGVZ,  in steady state, can be distrib-
uted to both ions and electrons (7; ~ 1) or predominately into
electrons (7; < 1). The ZF phase shift (£2;) in equation (4) is
smaller than the transit frequency (w;) by roughly two orders
of magnitude. Thus, €1, affects near marginal transit resonance
or trapped particle dynamics [14, 29]. Modulation of wave-
particle resonance by ZF could lead to mesoscopic structure
such as the E x B staircase [49, 50]. Additionally, a thermal
ion ITB produced by ZF shearing will likely drive substantial
bulk ion intrinsic rotation [51-54].

5. Conclusions

This work introduces a novel Predator-Prey type theory for
the collective dynamics of EP, TAE, turbulence and ZM,
which highlights the crucial role of collisionless ZM damping
and predicts a novel alpha channeling mechanism. This work
presents a theoretical explanation for ITB formation driven by
EPs through directly driven ZM, and a new explanation of
bursty TAE phenomena. Experiments from JET have indic-
ated the existence of TAE-driven ZM [4, 6, 55]. Our results
may contribute to the development of a novel operational scen-
ario in future fusion devices like ITER. Other collisionless
ZM damping mechanisms, such as the resonant diffusion of
the zonal vorticity itself [56], are also noteworthy. The effect-
ive Richardson number is Ri ~ (1 /wgxp)* ~ (ko,0/kz)* and
0.25 < Ri £ 0.5, suggests that the K-H instability is unlikely
to damp ZM for the parameters considered here [57, 58].

We assume a sustained EP drive to eliminate EP profile
relaxation, which is a reasonable strategy for isolating the key
new physics—the saturation of AE via collisionless ZM damp-
ing. When the system is near-marginal, the interplay between
the ZF shift, wave-particle trapping [59-61] and stochastic
scattering [27, 62—-64] is also interesting. This model is rel-
evant to scenarios without significant phase-space transport,
characterized by the absence of complex mode chirping and
overlap in the spectrum. Without ZM, our model would lead
to unbounded TAE growth. The most direct correction is to
consider the growth rate feedback from profile flattening or by
phase-space relaxation in the future. The effective EP phase
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space gradient reconstruction rate Veg & ) wa /wj [37] with
wave trapping frequency wy, oc /@ag, increases as the AE sat-
uration amplitude decreases in the presence of ZM [20, 21, 24,
25]. Therefore, we anticipate a faster recovery of the EP phase
space structure when ZMs are included in the simulation. In
addition, turbulence may also have an effect on decorrelating
EP phase-space clumps and holes [65]. Our model can serve as
abasis for understanding these issues in the future. Finally, this
work explores novel cross-scale interactions in fusion plas-
mas, introducing a compelling mechanism for transferring EP
energy to thermal ions via ZM, while facilitating the formation
of a TAE-driven ITB to enhance thermal confinement.
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Appendix A. Model derivation

A.1. TAE evolution

The gyrokinetic nonlinear vorticity equation is [1, 18, 28]:

. CZBO 2
- . CAk Czkiza[(;’d)k/ 8[6’1/Jkl/
= — 2 <€SJ](1(.L245H>5 - Bio 47Tojk/wk//

+ <€ (Jk-]k/ Jk//)éLk/éHk//>] . (Al)

From equation (A1), one can obtain the TAE evolution as rep-
resented by equation (1). Applying equation (2), the evolution
of TAE amplitude is:

K2 VA V2
,0°A 2
( w} ) czkﬁ_’O

k2 kﬁ OVE\ 2¢
-2 b kg okz|60|?6by. (A2
< kio 2 Bo 00 210¢0|"0dz.  (A2)

<Jk0 1 wd5H> 5(]50*

Using the linear response equation (4), and notice the push-

forward operator should result in the factor ¢ A« sin(0—0) —

S (=D Aao)e’@=%), the particle resonance drive for
TAE is:

(JroiwadHy ) .
—1)', (Xdo)

e
= —{ =J2 6LyQoForiv, ck - 7
<m i0LoQoForivaek i o E P

l

% L /decos (6 — 6y) eil(a—eo)eixdosin(9—90)>
2 £
2

k1o Z isign ()
4 wo —kHV” —lwt
&

e ..
~ < —0LoQoFoEVa,cPa,e
m I=+1

where we have used
i /d@COS (0 _ 00) gil(efeo)eij\dn sin(0760)
27

d@{ i+ 1)(0=00) 4 i(1=1) (0~ 90)] iXa0sin(0—00)
47T

-3l (i) 0 1)

and only /= +£1 transit resonance are considered. Notice

J,l(a) = (—1)1.]1(61), kipr <1 and kJ_pdg <1, J, =
Jo(k 1 opr) = 1,J1(Aao) = %, J2(Aao) = do Ao = ki opae-
For large parallel velocity, we have v ~ /& and

— 5o — ~ _ kovy
5Ly = 6o 5A” o~ 56 20
K o e qno 1— VEK
4 mRQ§22 wo
ko )FOE i€3/?sign (1) >
L OF =1 wo — (k\|+7,é[))\@

Then,

<Jk0iwd6Hé> = 6¢0

(woag +

NoE

Assuming the slowing down distribution Fog =

noe€ 3% /1n(&/E.), then the energy integral will be:

\/gk”p ko 1
/ (l_ o) (e G e

i€'/2dEsign (1)
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~(1_ kH70VA 1 ko
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Assuming there is & 2 V4 > & and -y, < wog, then the real
part is given by:

(1 B k||,0VA> 1 ka0
wo In(&/ &) QL
Er(ky + L
" Z 2w051gn(l)l%1n - \/7( I JquO)

w
=1 0

(kn + qRo)
kg 0

__(1- kH,OVA 1 ,
B wo ) In(&/E) QiLn,,

.S V& (k1+ %)

m)Heav | ————— — 1
I=+1 (kH + qu?o)

2wisign (l)3 i (-

wo

_ <1 B kH OVA) 1 27rk970V/34
wo In (5}"/50) |cwo L,

where Heav(x) is the Heaviside Theta function, which is 0 for
x < 0and 1 for x > 0. Finally, there is:
kJ_ ,0 € gioE

kyoV,
5 X (7) X (1 — |’0A>
mRQQi wo

" 1 2wk V3 __<1_’M>
In(&/&c) |wol L, wo
Twaq’ ke 0paPBeE  Ro

Spo |2 AL TODPAE
00 I (876.) &/VE Lo

47r eVa

where V2 =4mnoe’p? /(PT;) = 47 p/BE, wa = Va/qRo,

Be = 8mnopmiEs/B3, pa = Va/$:. Putting it back into the
TAE amplitude evolution gives equation (5) as:

ki oV3 ky oV,

lI,0 2 1LoVA \ wam
1— i LA hacitad
( w >8,|6¢> - ( wo ) 20

x ¢’kg oPAﬁEfr

_(1

where o =1n(&;/E:)&;/VA. A factor related to the fraction

k
% _ Ko A>26keokz|5¢025¢z (A3)

2 2
kLO w; B

2412
of resonant particles f, is added. Assuming (1 — ICL#) ~ g,
0
(kz/k1 0)* < 1, then we can have:
Aido|> =m0l — abol* 0z (A4)
where
M= TCI ko oPAﬁﬂfr (AS)
nOE
2c
Ya = 5 ko,0kz. (A6)
By

Then the saturation level of ZM is:

7 T; ¢*faly

N
1) ~ A7
(02)s = Ya 20 e kzLaok (A7)
which is equation (23). Then the E x B shear is:
y ckz 5= T, q*falkz
Ext = n 20' eBo LnOE

T q for €
~ — C P — T A8
20 Lok sP p, fﬁf Lok (A8)

which is equation (24), where kZp? < k3 p? ~ €% is used.
The threshold condition wgxp > 0 1Cs/a gives faf, >
0.1(20Lyor)/ (meq*a) ~ 0.1, for parameters used in the paper.
The E x B velocity is

CS Pi
nOE

qu@fr (A9)

Ckz
V = 7(5 =
ExB B, (bZ

A.2. Zonal mode evolution

From equation (A1), one can obtain the zonal mode evolution
as equation (6). The contribution of CCT to ZM evolution is
obtained from the nonlinear response [18]:

(iwaSHY") , ~ — BiOAZJk/ SLy SH (A10)

where Az=3", /4 bk xk’. Then it gives:
1 ce -
2= 3B <JZ / doH, (JkoéLoéHé*
— Jko*éLo*(SHé) > )
£

e
= - 7‘]]{0]]([)* 6¢06¢0*
m
kv

><<1_’<|V|> <1_ > Ou.F.
01470
w 0 w 0%

(_1)1* I ()A\dO*) ol (0—002) it

<€[ JziwdéHl(;’L>

Then

JiOLoSHS,

X 3
o wos — kv — b — 2z,
e
Jio 0L O HE = f%JkoJko*égbo&bo*
kv kv
x (1—==0) (1=220)  yF,
w /o W/ ox
(—1)', (Xdo) il(0—00) pidao
X .
] woy — k”,OV” — lwt — lQZ
Notice QoFy = (UJ()@E — w*)FO = —Qo+Fo and [A{() =

ko,o(kro+kros) = —Hos, 0o = tanhil(kr,o*/k&()*). The sign
of CCT should not change when exchange wy and wys.
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Thenrecall k| pr, < 1 and k| pg e < 1, there is

(e ziwabHY") , o Ho [J% (XO) .y (XO*)] (AL1)
= ke,oﬁzzi,g (kr,O + kr,O*) (kio kr 0*)
= kQ,O/[)LZLS (kr,O + kr,O*)2 (kr,O - kr,O*)

= —ko ok pg i F (A12)

where F = i(l%,,o — 12,70*) + 9,In®) — O,InP,.. Notice above

result is a correction on [18]. Putting it back into CCT, we
have equation (A13).

2
nocko 0kzg ;F G160l

, ce
<e,~JZzwd§H6VL>£)Z - 3Bm (A13)
where pgr = qve/h, &= vf2 /2, G is defined as below
G=(q, For’ e (| R (v
B Fonok V7 w /o W /s
(A14)

—i
< 0
Z:ile—k”pVH—lw[—l VA c

with Q.r = o Meanwhile, the RS-MX contribution
to ZM evolutlon is [16, 19]:

2 2

V
) 16¢0[>.  (A15)
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RS-MX = = ko okzpi F (1 —
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Then the evolution for ZF is:

CT n()E

((1=J3) Foi) 0067 =

Ko k505 GF|6¢0l*
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which is written as equation (7):

2 y2
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Xiz0i0dz = *ke OF[ ’ff :JG‘F (1 Hiz )] |6¢bol”
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Where <(1 —J)Foi) e = képzlz -
(kﬁ oVa/wi) ~ ¢ should arise from the integral of (1 —

used. Notice a factor

k“wA)o(l k” 1)y, in G to characterize the breaking of ideal
MHD condltlon. Then there is G o &fy|Qp/wo| with resonant
particle fraction f,. The resulting ratio between CCT and RS-
MXis

)
CCT o |5 _, 2P|t
RS-MX ~ ny o2 |wo |7 P wo
2o | WE
no wo
where we defined Q.p = koL, | and &.p = koL, | I =

Q.eTe/T;. Notice the last expression above is the same as
O(ng r@+£q*/ (nowoe)) obtained in [19] except the ¢ factor,
where we corrected the breaking of ideal MHD condition
in G.

e For parameters state like in DIII-D at half minor radius:

=m/r~5/0.25m, 1/Lyog ~1/0.25m, T; =2keV,B =

2T,q=1.5,f,=025,f3 =1, we have f,q*f5|Qug/wo|~
0.25 x 1.5% x 182%‘;% =0.375<1

e For parameters state like in JET at half minor radius:

=m/r~5/0.45m, 1/Ly,og ~1/0.45m, T; = 4keV,B =

3.7T,q = 1.5,f, = 0.25,f3 = 1, we have f,q*f5|Qug/wo| ~

0.25 x 1.5% x ZHHL 0.1 < 1
Thus, we conclude that
CCT <1
RS-MX

Another issue of keeping the CCT as a ZF drive source is we
need to have a corresponding sink in other physics quantities to
satisfy the energy conservation. However, there is no explicit
‘sink’ to supply energy to ZM in [19]. Considering that the
contribution of the CCT is secondary and the model needs to
conserve energy, we omit the CCT in equation (13) to simplify
the model. Then the zonal mode evolution is dominated by RS-
MX, and equation (7) can be written as equation (13):

Xiz0:0 ¢z = 712|000 |* — vz

with

"= *ke

k2 1% .
nog pdsz_’_ I 2A ~ £k070F€
no pl UJO B()

(A16)

and v is the damping for zonal mode. The saturation level of
TAE is

o VTCPka opAﬂEfr

Yav2

nOE

(16¢0f*) = -
2%k§70k2F5

with 4B, = %&b and Fe = kzXiz, the saturation level of
TAE fluctuating is
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which is equation (22).

A.3. EP profile evolution
In deriving the evolution of the EP distribution, we employ the
quasi-linear method:
¢ L
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Then after integral in &,
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is the equation (11). Then, the evolution of EP profile is:

Onog = —73 |(5¢0\2n05 + Source + - - - (A23)

with the external source and coefficient:

DyesFLT!

noE
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Using equation (15), when the supply rate of external EP
source exceeds the flatten rate of EP profile below, we can have
a sustained EP profile

DyosFL! Fp?
S Ty Py, (A25)
wp 40 LnOE
A.4. The evolution diagram of P-P system
Dedimensionlize the equation (12):
A600|> = v1|660|> — Valddo|*6d2
L@ edy Zzl edo z_ﬂﬁ edo |” €Sy
wa | T wa| T; wpe | T; T;
and from equation (13) there is:
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Then,
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where 7 = wqt, x = ¢ T¢0 V= i and notice
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The effective collisionless damping v can be incorpor-
ated into the expression = (v;+vg)/(Xizwa). Using
equations (A26) and (A27), and decomposing the quantit-
ies into their saturated and fluctuating components x = xg + X,
y =1y0+y, we can analyze the linear instabilities of this sys-
tem

0rX = Y1X — YaXoy — VaXyo (A28)
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07y = 92X — Ujiy. (A29)
Here xo = yo?ii/92, Yo = 71/74- The above system has two
eigenvalues Aj »:

1
Mo =3 [TV —4n)] . (a30)
When 7; <444, i.e. the damping of ZM is smaller than
the growth of TAE v; < yrag, the system will experience
oscillatory decay to saturation states. The oscillation rate is

determined from the imaginary part of eigenvalue |3\ | =

\/Uii(491 — Dy;) /2, which is approximately fosc ~ \/Viy1/wa.

Appendix B. Geodesic acoustic transference

Here we introduce a simple generalization of geodesic
acoustic transference [39—41]. The evolution of ZF can be
expressed as:

O(it) z = Yz(it)z — wp(pssinv)z (B1)
where (@1)7 is the ZF, ¢ is the poloidal angle, p; is the side-
band pressure with (m = 1,n = 0), 7 represents the drive of

ZF, wg = 2L, /R is geodesic CCT from thermal plasma. The
evolution of electron pressure sideband can be expressed as:

O(Pe,ssintd)z = — O (PeVisindd) , + (v) cos )z
WB

~ (o),
~ Dlurb . 19 19
~ LZL (Pe,ssint)z + (u) cos )z

w wp .
— (Jjjcost)z — 73 (Owp), + 73 (i),

where the magnetic flutter effect is neglected, quasilinear tur-
bulent coefficient is assumed, L, is the perpendicular profile
scale of thermals. The ion flow sideband (u) cos})z is typic-
ally small, current sideband and diamagnetic part cancel each
other out. Then the evolution of pressure sideband is:

- D turb

Oi{pe sSinv); =
 (De,s SINT) 7 %

(pessind)y + % (i), (B2)

Here we consider the simple case of damping through

turbulent mixing and define t;ri) = (Duwrb /Lﬁ_), Dy =

Rezﬁig—z|¢ﬁ|2/(w — Kk -vg), ko refers to thermal plasma
0
turbulent wave number.

Dedimensionalizing the above equation, combining
with the evolution system of ZF and TAE, we arrive at
equations (18)—(20):

O0rx = J1X — Jaxy (B3)
C5qRo
Ory =X — Uiy — ———>———wpz B4
Y ="YX —Vijy D lL WBZ (B4)
ikzDB wp 1
Orz=(1+7 —y— z (BS)
( ) Va 2 Y WA Tturb

where z = (p,sind)z = (1 + 7;) (pe,s sin ) z. It’s easy to notice
the geodesic acoustic oscillation:

2

2 TICG/R L vt (B6)
XizWy Xiz Wy
For the static sideband, there is
ikzDB wp
Istatic = (1 + Ti) —~ WA Tturby-

Va 2

Then the damping rate caused by geodesic acoustic transfer-
ence is:

_ C %qRO
ikzDpXizwal?

Vg WBZstatic

1 w?
= — —CAM (B7)
XiZ WA T
where wiay = 2(1 +73)C3/R?* = 2qw3\/Bouik- In the evolu-
tion of ZF, we can write down:

Ory = J2x = Diiy — Dgy. (B3)

With wy ~10%rads™!, weam ~ 10°rads™", and 7,4 =
Dyv/L% ~ 10° Hz, we have:

vg~0(107%) —O0(107). (B9)

Appendix C. The parameters used to generate
figures 2, 3

We used a combination of DIII-D parameters and profiles sim-
ilar to those in figure 1 of [20], as listed in table 1. The derived
parameters used to generate figures 2, 3, and other estimates
are provided in table 2. Note that the 27 factor is neglected in
all frequency calculations.
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Table 1. The parameters are based on the DIII-D device and the EP profile in [20].

Ry 1.75 m

a 0.64 m

3 a/R() 1
Lo 0.5a m
L, 0.9a m

By 20 kGs
no 3x 10" cm~?
Tey 2 x 10° Y
fs 1 1

T 1 1

n 4 1

m 6 1

q (m+1/2)/n 1

c 3% 10" cms”!
e 48x1071° esu
Vi/Va 1.2 1

Table 2. A series of parameters derived from table 1, used for figures 2, 3 and estimates in the paper. Note that the 27 factor is neglected in

all frequency calculations.

pi 0.0031 305 m
O 3.04845 x 10’ 1/s
ki =0.5¢/p; 58.4116 1/m
kgo 10.1563 1/m
kz =k, /4 14.6029 1/m
S8 1 1

fr 0.25 1
Boulk . 0.0120 697 1

o= (i ie((st)) -
Dgp 1 X m°s—
Va 8.03326 x 10° ms™!
Cs 200000v/5 ms™!
wa 2.82488 x 10° /s
WGAM 511101. /s
Qur/wa 0.0112353 1

Vi 391.284 1/s
Vtotal 2.04839 x 10° /s
WEXB 210204. 1/s
wexpd/Cs 0.300819 1

Qz = koo VexB 18274.5 1/s
(6B,/By)? 2.22057578350852 x 10~ 1
TAEsaun 0.268 055 1

Y1 0.118 065 1

Ya 0.105 003 1

F2 0.0525015 1

Dii 0.00001 9826 1

DG 0.10377 1

Y61 —3.91558i 1

Y62 +0.00119663i 1

Y3 0.0451527 1

1/ T 127551. 1/s
1/(waTiurb) 0.0451527 1
39452 — (WaTturn) > 0.0144 997 1

Tz/ Turb 0.860 026 1

Sose 0.110698 Vwa
(ff8)crit 0.0831 064 1
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