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Abstract

We report a formation mechanism of macro-scale zonal flow (ZF) in ion-temperature-gradient
(ITG) turbulence. Through gyro-kinetic simulations, it finds that the guiding centers of the EPs
(energetic particles) open a new dynamical coupling regime (~ a few EP gyro-radius) between the
ITG turbulence and the ZF, so that the ITG turbulence produces a substantial global Reynolds’
force, which drives the macro-scale ZF. Besides, with the increase of the EP concentration, the ZF
driven by a unit of turbulence intensity — the ZF capability — will get enhanced correspondingly.
A kinetic analysis reveals that the EP stimulates macro-scale ZF generation by its strong in-phase
effect with the ITG velocity fluctuations, which roots at the large diamagnetic drift frequency of
the EP’s guiding center. We also carry out numerical experiments and show that in the presence
of macro-scale ZF, the intensity of the nonlinearly saturated Alfvén eigenmodes would decrease.
Thus, it potentially suggests a direct self-organization process of improving the EP confinement in

burning plasma.

I. INTRODUCTION

EPs, the key minority, are crucial in maintaining the self-sustained heating of burning
plasmas in magnetically confined fusion reactors|1, 2|. To be detained in the fusion devices,
the EPs need overcome their anomalous loss induced by macro-scale MHD modes, such as
Alfvén eigenmodes (AEs) and internal kink modes, which are in turn driven by the EPs
themselves|3, 4]. On the other hand, the EP-heated fusion fuels (background plasmas) are
usually subjected to turbulent transport by microscopic instabilities, particularly the ITG
mode, and this process constitutes an indirect loss channel of the EP energy. Though ITG
turbulence is a major ingredient in lowering the thermal confinement of the background
plasmas, it is also a driving force for the plasma self-organizing into a high confinement
state, i.e., through ZF generation|5]. Besides linear stabilization effects[6-13|, it is reported
that the EPs can also nonlinearly regulate the I'TG turbulence via the zonal flow generated
by macro-scale modes[14—18]. Recently, the zonal flow produced by EP-driven Alfvén modes
and its effect in regulating microscopic turbulence have also been reported in tokamak and
stellarator experiments[19-21|. This self-organization process can be summarized as fol-
lows: EPs initially destabilize AEs. The AEs then drive zonal flow, and suppress the ITG
turbulence, improving the confinement of the background plasmas.

In this work, we report that EPs can directly enhance the efficiency of ZF generation in
ITG turbulence. By defining a specific ZF capability, which accounts for the ZF intensity
generated by a unit of I'TG turbulence intensity, it finds that the EPs can increase both
the ZF capability and the proportion of macro-scale zonal flow. This effect comes from
the strong phase coupling between the EP guiding center density and the I'TG fluctuations,
independent of the weak coupling between the EP polarization density and the ITG. In spite
of the smallness of the amplitude of the EP guiding center fluctuations, its cross-phase with
the ITG radial velocity fluctuation is either locked to 0 or 7. This in-phase effect produces
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a significant EP guiding center flux and hence drives ZF at a length scale of a few EP
gyro-radius or at macro-scale. Interestingly, the profile of the cross-phase exhibits resilient
property, i.e., persisting from the linear stage to the nonlinear stage, hence it is a robust
mechanism for the ZF formation. The macro-scale ZF has prominent effect in suppressing
AE modes, through which the EP’s confinement is improved, directly.

The remainder of this paper is structured as follows: section 2 outlines the simulation
setup and insights from linear and nonlinear simulation results. Section 3 explores the
Reynolds’ force in describing the zonal flow generation, and investigate the impact of EPs
on the zonal flow. Section 4 summarizes our findings.

II. SIMULATION INSIGHTS

We investigate EP’s effect on the self-organization physics of ITG turbulence by using
the GTC code, in which the ions and EPs are described by their gyro-kinetic equations and
electrons by hybrid model of fluid (adiabatic part) and drift-kinetic (non-adiabatic part)[22].
The equilibrium plasma profiles are adopted from DIII-D shot #159243, as shown in Fig.
1(a)-(b). The plasma beta is approximately 5 = 3.1% on the magnetic axis. Consistent with
the reversed ¢ profile (Fig. 1(a)), reversed shear Alfvén eigenmodes (RSAE) is observed in
experiment. The EP temperature is approximately 12 times the bulk ion temperature, i.e.,
Trp = 24keV and T; = 2keV on the magnetic axis. For more experimental details, one
can refer to[23]. The simulation region is chosen as r = [0.17,0.77]a, with a = 0.548m
the minor radius. We employ approximately 10° grid points in the perpendicular plane in
order to capture the short wavelength ITG, and 24 parallel grid points to resolve the long
parallel wavelength. The time step is 1.2 x 10™7s (~ 11.4Q_", where Q.; = ¢;By/M;), which
is sufficient to resolve the ITG frequency. A periodic boundary condition is employed in the
toroidal direction and a linear decay boundary condition is employed in the radial direction.

Electrostatic simulations are initialized using a Maxwellian distribution for all particle
species including EP. In our equilibrium, ITG has a toroidal mode number spectrum from
n = 10 to n = 25, with the most unstable branch n = 16. To accelerate the simulation and
meanwhile not lose the essential nonlinear physics, we keep the n = 0 zonal modes and fix
the toroidal mode number of the ITG as n = 16, and keep all poloidal mode numbers. We
have checked that including nonlinear interaction among toroidal mode n does not change
our conclusion qualitatively, and it only impacts the quantitative values of each physical
quantity. For EP with fixed temperature, the control parameters are its density and density
gradient. Here we introduce an EP concentration parameter \gp to describe its equilibrium
profile: ngp = ngpo+Appn;o and n; = (1—Agp)nio, where ngpo and n; ¢ correspond to the
EP and ion density in the experiment (i.e., Agp = 0). The n;(= 0, InT;/0, Inn;) keeps fixed
when increasing Agp, so that the ITG is mainly impacted by the EP effect. The variation
of EP density gradient Ry/L, gp is shown in Fig. 1(c), along with the ion density gradient
(black curve). A scan of the ITG growth rate v;7¢ and frequency w;rg with Agp is shown in
Fig. 1(d), and it is consistent with the well-known result that EP has a linear stabilization
effect on ITG mode[7-9, 24].
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FIG. 1. (a)-(b) Equilibrium density and temperature profiles for the three species with a reversed
safety factor profile ¢. (c) EP density gradient with different Agp (colored) and ion density gradient
(black). (d) Dependence of ITG growth rate vy;ra and frequency wrrg on Agp. (e) Dependence of
the ZF capability and ZF shearing rate on Agp.

In the above setup, the increase of Agp would result in a lower intensity of the saturated
ITG turbulence. However, this should not be conceived as a real scenario, because other
physical processes may be also happening, e.g., the enhanced EP heating on the background
plasmas would increase 1; ( y;7q), and hence it may neutralize Agp’s stabilization effect. To
disentangle the linear impact and extract the nonlinear process of the ITG turbulence, we
define a new quantity called ‘specific zonal flow capability’:

V rms
Cgp = V2Erms, W

rms

where Vg, ms is the root-mean-square value of the ZF velocity and ¢?, . is the fluctuation

intensity of electrostatic potential associated with the I'TG turbulence. Cyzr measures the
ability of ZF driving by unit turbulence intensity. As shown in Fig. 1(e), Czr grows with
the increase of Agp, which implies EP enhances the efficiency of ZF production. While, the
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ratio of ZF shear rate V}, over v;r¢ only increases mildly, as is consistent with reduction of
vrre with the increase of A\gp.

III. ENERGETIC PARTICLES STIMULATING ZONAL FLOW
A. Fluid theory of Reynolds’ force

In order to understand how EP changes the ZF capability of the ITG turbulence, we
first carry out a fluid analysis. In the fluid model, Vzr is driven by the Reynolds’ force:
RF = -V - 11,4, with I,y = (0,Tp) the magnetlc surface averaged poloidal velocity flux.
For electrostatic fluctuations, we have © = —V¢ x b/ B, and ¢ can be expressed as ¢ =
> Pme mIFC . The Reynolds’ stress then becomes IT, 0 = (1/B2) Y, oo (—22|¢m|?0, In ¢,
with n taken fixed. Since ¢,, = |gf>m|ei®m and 0,1n¢,, — 10,0,,, only the phase gradient
makes a finite contribution to I, g. Correspondingly, the RF is composed of three pieces:

2m 0| dm|* 00, 2m | ,0%0,, 50
RF = g E ) S E . 2
7“32 or  Or + — rB2 [P or? + “ 232 |¢ I (2)
RF yunp RFop, RFwo

where RFyn,p is from the gradient of the turbulence intensity, RFpy is from the phase cur-
vature and RFg., is the geometric effect. In the experimental case (Agp = 0, EP ratio
6%), their spatiotemporal evolutions are plotted in Fig. 2(a-c) and these structures are
also consistent with 0;Vp. As can be seen, the phase curvature is the dominant RF. The
phase-amplitude decomposition of ¢, indicates phase patterning is an important point of
penetration to understand the ZF dynamics. However, it does not explicitly demonstrate
how EP contributes to ©,,’s structure.

B. Particle contribution to zonal flow generation

The Taylor’s identity provides a key relation that bridges the RF and the guiding center
density fluxes of different particles|25]. To see this, we use the quasi-neutrality condition in
the presence of EPs:

0N poit + 0N g + Onpp — dne = 0, (3)

where 0n; ,0 is ion’s polarization density and dn; 4 is ion’s guiding center density. Due to the
smallness of the electron’s gyro-radius, its polarization density is ignorable, i.e., 0ne = 0ne 4.
Also, for convenience, we have assumed the EP has the same charge with the ion, ggp = ¢; =
e. The ion’s (or EP’s) polarization density has a general form of 61,, = —n(1—T(b))ed/T,
where Ty(b) = Iy(b)e® with Iy the modified Bessel function of the zeroth kind[26]. In ITG
turbulence, for ions, one has b = b; = k% p, < 1 and using Padé’s expansion, ONipoi CAN
be approximated as 0n; yo; = —xik2 pZed/T; with x; = 1/(1 + k2 p2) the polarization rate.
x; varies with different k;s and for analytical convenience, we use a statistically averaged
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FIG. 2. Reynolds’ force from: (a) turbulence inhomogeneity RFamp, (b) phase curvature RF,}, and
(c) geometric effect RFgeo. (d) Spatiotemporal profile of ZF generation rate.

Xiers = 1/(1+ k7 .p7;) instead of the y;(k1), with k. the characteristic wave number of
the ITG turbulence and typically x;.opr =~ 0.5 (or k7 o7 ~ 1). With —k? o}, = p;; V1, Eq.
(3) can be recast into a Poisson equation:

2«2 e_gg _ 1 5ni7g + 57’LEP - 5”6
LT Xiseff N0 .

(4)

The non-triviality of the EP effect can be glimpsed from: (1) én;, — dn. could be compa-
rable with dngp, even though [dngp| < [6n, 4|, |0n|; (2) the ZF generation is a multi-scale
problem, though at meso-scale (a few py;s), the collective dynamics of ions and electrons are
important, the EP dynamics potentially plays a more important role at macro-scale (a few
pr.eps) and hence it may stimulate the ITG-ZF coupling at macro-scale, which is inactive in
the absence of EPs. Similar to ions, for EPs, we have dngp = 0ngppo+0ngpy. For dngppo,
it is b = bgp = k% p}gp > 1 and To(bgp) is then approximated as To(bpp) < 1/v/bpp < 1.
Therefore, dngpyy will be dominated by adiabatic response, i.e., dngppo =~ —’I’LEP70€§5/ Tep
and its contribution to the particle flux is ignorable. Hence, we have I'gp = (dngp0,) =~
(0ngpy0r) = I'gp,. This is in essence the conventional wisdom that the direct coupling of
EP to ITG is weak because the EP’s gyro-radius significantly exceeds the wavelength of the
ITG mode. However, it should be noticed that there is no pre-judgement that the response
of EP guiding center density to I'TG is ignorable. Its role in macro-scale ZF generation will
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1

2

3 be disclosed here. To verify this speculation, we inspect the contributions of each term on
: the RHS of Eq. (4) to the Reynolds’ force.

6 According to the Taylor’s identity, the RF is equal to the vorticity flux: RF = <V2ng~ﬁﬁr> /By.
; Using Eq. (4), this relation is re-expressed as

9 a.

1(1) RF = m(ri,g =T+ Tepy), (5)
12

12 with I'; ; = (0n; 40,) the guiding center flux of the ions and I'. = (dn.0,) the electron particle
15 flux. The fluxes on the RHS of Eq. (5) reflect the degree of coherent coupling between each
16 type of particles with the ITG velocity fluctuations. From a mechanical perspective, the RHS
17 of Eq. (5) represents a radial currents produced by guiding centers of background plasmas
12 and the EPs,; and hence it is proportional to the J x B force in the poloidal direction that
20 drives the ZF|27].

21

22

23

24 C. Cross-phase Coherence and Macro-scale Zonal Flow Formation

25

;? Eq. (5) provides a straightforward way for assessing the contributions of different species
28 to the total RF. The RF associated with (I'; ,—I'.) is plotted in Fig. 3(a). As can be seen, it
29 is dominated by meso-scale structures. Fig. 3(b) shows that 'gp, is mainly at macro-scale
2(1) and its amplitude is comparable with (I'; ;, — I'.), though |dngpy| < [0n; 4], |0n.|(Fig. 3(c)).
32 A further inspection reveals that this is due to the phase coupling effect between dngp, and
33 v, with the cross-phase Ogp,, = Opp —0,, and dngp, = |ngp,y|e®E” and 0, = |0,|e©r.
gg Fig. 3(d-f) shows that the averaged cosines of the EP cross-phase (cos(Ogp,, )) significantly
36 exceed those of ion’s (cos(0;,,)) and electron’s (cos(O.,,)), indicating the strong phase
37 coherence between EP and the ITG fluctuations. By checking the spatiotemporal evolutions
38 of the three cosine values (Fig. 3(g-i)), it finds that ©gp,, tends to form a ‘shock layer’
zg pattern in its linear stage[28-30| and interestingly, this pattern persists into its nonlinear
41 stage. Similarly, the ions and electrons also exhibit phase resilience in their nonlinear stage.
42 The difference is that their cross-phases with v, are locked to an incoherent state, which
43 means the density perturbations and radial velocities of particles become out of phase in
Zg such a way that their combined effect results in negligible net particle and charge flux, hence
46 reducing their ZF driving.

47 The cross-phase dynamics rely on the kinetic response of different particles to the
ZS ITG fluctuations. We plot the contours of their perturbed guiding center distributions
50 OF; 4(vy,v1) with j =4,e, EP. As shown in Fig. 4, the cross-phases at the maxima of [0 F; 4|
51 and |0F, 4| are /2 and —m/2, respectively. It is notable to observe that |0Fgp,| reaches
gg its maximum at a relatively low energy, ~ 0.1Tgp ~ 27T;, with a corresponding cross-phase
54 Opypw, ~ Em. In other words, the low energy component of the EP tends to produce a
55 large amplitude response, which is also consistent with previous work|[31]. Fig. 4(c) also
56 shows that most active EPs are deeply trapped.

;73 To obtain analytically the kinetic response of EP to the ITG, first note that the perturbed
59

60 7
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FIG. 3. Spatiotemporal pattern of the Reynolds’ force (contours) and its averaged values (green
lines) (a) for ions and electrons, and (b) for the EPs. (c) The averaged guiding center densities.
(d)-(f) Spatiotemporal patterns (contours) of the cosines of three cross-phases and their averaged
values (red lines). (g)-(i) The three cross-phases in their linear stage (black) and nonlinear stage
(contour). Data in (c)-(i) is from the most unstable ITG mode with m = 48 and n = 16.
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FIG. 4. Contours of the amplitudes ((a)-(c)) and the cross-phases ((d)-(f)) of dF; 4, dFe 4 and
(SFEp’g at r = 0.46a.
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guiding center distribution function of the EP ¢ fgp, has a form of:

dfepg = Ohpp — fOEPJOEPﬂ (6)

Y
Tep

where Jopp = Jo(kipep), Jo is the Bessel function of the zeroth kind. For trapped EPs,
dhgp is determined by the bounce averaged equation|32]:

e{9),

Tep

(w - <wD,EP>b)5hEP = Jorp fOEP(W - W*T,EP)a (7)

where (¢), is the bounce averaged potential, w!pp = wipp [1 + npp (E/Tgp — 3/2)] is EP’s
diamagnetic frequency, with WxEpp — ]CQTEP/(eBoLn’Ep), Ln,EP = —(&« In nEp)_l, LT,EP =
—(0-InTgp)™', nep = Lnpp/Lr.ep and ky is the poloidal wave number. (wp,EP), is trapped
EP’s toroidal precession frequency and it has a form of:

L, E .
<wD,EP>b = WxEP REP EG(S’ K), (8)

with R the major radius of a tokamak, E = mgpv?/2 the particle energy, § = dlng/dr the
magnetic shear, £ = (1 — uBin/E)/ [(Bmar — Bmin)/Bmaz) where p = mgpv? /2B is the
magnetic moment and By, Bpmin are the maximum and minimum of |B| that a particle
experiences during its unperturbed orbit excursion, respectively. G(8, k) = 2E(x?)/ K (k?) —
1+ 43(E(k?)/K(k?) + k* — 1), E(k?) and K(x?) are the complete elliptic integral of the
first and the second kind, respectively. For deeply trapped particles (Jvj| < |vi| and
vl ~ v?), one has k < 1 and G(8, k) ~ 1, thus (wp gp), can be simplified as (wp pp), =
wigp(Lnep/R)[V?/(207 pp)], and, neglecting the mode amplitude variation along the field
lines, the bounce-averaged potential (¢), can be approximated as ¢. As the frequency of
ITG mode wyrg is on the order of ion diamagnetic frequency kyT;/(eBoLy;i), the RHS of
Eq. (7) is dominated by w!yp term provided that wirg/wegp ~ (Ti/Tep)(Lngp/Lni) < 1.
This constraint limits our analysis to a parameter regime where L, gp/L,; < Tgp/T;, a
condition that is easily met as Tgp/T; > 1. Then Eq. (7) can be simplified as:

ep —WiEP
dOhgp = J F : . 9
EP 0BT —LOEP (@p.sr), (9)

Substituting Eq. (9) into Eq. (6) and integrating over the velocity space, one arrives at:

ONEPg eg% [ < wippJs forp > }
ONBPg _ P \py(byp) + (220 JoBE \ | 10
nEPO Tep olbze) w —{wp.epP)y/, (10)

where (-), = [d?v, wlop = wepp [1+77Ep (% - %)} and wigp = keTrp/(eByoLn, gp)

is EP’s diamagnetic frequency, with ngp = L, gp/Lrpp, Lopp = —(0.Inngp)™!, and
Lrgp = —(0,InTgp)~'. (wp.kp), is the toroidal precession frequency. |dngpgy| is dom-
inated by its resonant EPs: w = wir¢ = (wp,ep),, which corresponds to an energy
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~ lTrzE1>112(resona]ace) = Tep(wire/wigp)(R/Lygp) < Tgp as |wire| < |wepp| and
R/L, gp ~ 1. This is consistent with the distribution in Fig. 4(c). Near the resonant
velocity, we have:

(5nEPg/¢) o WrEP 3
Re(Gnery/d) e 27 -

which indicates that there exists a critical value ngp. = 2/3, across which the sign of the
cross-phase between dngp, and gzNS (or ©,) flips sign. Since w, gp/vire > 1, the transition
layer in the cross-phase profile would exhibit ‘shock’-like structure, as shown in Fig. 3(i),
with the ‘downstream’ and ‘upstream’ of the shock layer being locked to 0 and 7, respectively.
In short, even though the amplitude (|6ngpgy|) of EP’s response to the ITG is dominated by
their low energy component, their cross-phase with the ITG (©gp,, ) is determined by the
EPs at T = TEP-

0.50 1 .I(b)gb )\Ep O 05)] (C)¢(Ep= 0.10)
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FIG. 5. (a)-(c)Distribution of ITG turbulence with zonal flow for different Agps. (d) Relation
between macro-scale ZF proportion and Agp. (e) Saturated RSAE levels for different types of ZFs.

Figure 5(a)-(c) shows that with the increase of the EP concentrations, the electrostatic
potential tends to exhibit macroscopic patterns. This feature can be seen quantitatively by
defining a macro-scale ZF ratio (Fig. 5(d)). The macro-scale ZF driven associated with the
EPs would suppress macro-scale modes (i.e., RSAE in this configuration). To demonstrate
the effect of the macro-scale ZF on the saturated levels of the RSAE at multi-modes state,
we carry out a numerical experiment. First, we extract the time-averaged (over nonlinear
stage) zonal flow from our ITG turbulence simulation, and decompose it into meso-scale and
macro-scale pieces. Then, we impose these zonal flows into the nonlinear RSAE simulations,

10
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and meanwhile exclude the self-generated zonal flows from the RSAE themselves. By com-
paring the RSAE saturation amplitudes with and without the imposed zonal flows, we can
assess the effect of the ITG-generated zonal flow on RSAE saturation. Fig. 5 (e) shows that
the saturated RSAE intensities are almost not changed for the ZF-free and meso-scale-only
ZF cases. While for the macro-scale-only ZF scenario, the RSAE intensity is remarkably
reduced. It is speculated that with the increase of Agp, the macro-scale modes will be sup-
pressed more effectively. Thus, by simulating macro-scale ZF generation in ITG turbulence,
the AE triggered EP loss can potentially be reduced, so that confinement of the EPs in the
core region gets improved.

IV. CONCLUSION

In this work, we have investigated the direct role of EPs in stimulating macro-scale ZF
generation within I'TG turbulence through nonlinear gyrokinetic simulations. By introducing
the concept of specific ZF capability, we find that the presence of EPs significantly enhances
the efficiency of ZF production beyond their known linear stabilization effects.

A detailed analysis reveals that this enhancement originates from the strong in-phase
coupling between the EP guiding center density and the ITG radial velocity fluctuation. This
interaction leads to a substantial EP guiding center flux at macro-scale, which contributes
to the Reynolds’ force comparably with the thermal particles. The persistence of the cross-
phase structure from linear to nonlinear stages underscores the robustness of this mechanism.

Furthermore, kinetic analysis shows that although the EP response is governed by res-
onant particles with lower energies, the in-phase coupling emerges because of EP’s large
diamagnetic frequency due to EP’s high temperature. The resulting macro-scale ZF is
found to be effective in suppressing macro-scale AEs, indicating a self-regulating mechanism
that could improve EP confinement in burning plasmas.

These findings highlight a previously underappreciated nonlinear pathway through which
EPs contribute to turbulence regulation and confinement improvement. This mechanism
may offer new insights for the control of transport and stability in future fusion devices.

It should be noted that, to focus on the impact of EP on the ITG turbulence self-
organization process, our current simulations only include EP, ITG and ZF, and not include
electromagnetic instabilities such as AEs. Including self-consistent AE modeling is essential
for a more complete understanding of the EP-AE-ITG-ZF system. Future work will focus
on extending the current framework to incorporate these effects, aiming to provide a more
self-consistent picture of multi-scale plasma turbulence and energetic particle dynamics.

The present analysis and simulations are conducted within the framework of the gyroki-
netic equations. However, at reactor scale, the EP gyro-radius become even larger (e.g.
pry ~ bem for 3.4MeV alpha particles at B = 5T), which can induce more errors in the
guiding center approximation. Particularly, the fusion reactor needs to operate at a time
scale of thousand seconds and it would add more accumulative error. Thus, it is essential
to validate and extend the present findings by carrying out full-f simulation.

11
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