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Outline

[0 Numerical simulations challenge: what is the relationship between fast ion
induced collective effects and turbulent transport ? — if there’s any!

[0 Using asymptotic techniques for space-time scale separation: initial value
radial envelope problem

0  Extension to non-linear problems

O  Applications:
e Drift and Drift Alfvén turbulence (zonal flow)

e Energetic Particle Modes (zonal flow /changes)

] Discussions
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3D Hybrid MHD-GK simulation of EPM
Briguglio et al., PoP 2, 3711 , (1995); and PoP 5, 3287, (1998)

0 Use of a nonperturbative 3D Hybrid MHD Gyrokinetic code confirms pre-
vious findings that strong radial redistributions in the energetic particle
source take place when the EPM excitation threshold is exceeded, yielding
potentially large particle losses and, eventually, mode saturation

O] Such a threshold may occur at experimentally accessible values of Gg,
e.g., as low as % = 0.75% (on axis value) for n = 8 EPM excitation
by Maxwellian energetic ions with prp/a = 0.01 and a pressure profile,

Be = Broexp(—r?/L.y), with L,p/Ry ~ 0.075 and a/R, = 0.1.
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0 With the same parameters and profiles, new simulation results of an n = 8
EPM indicate that evident radial fragmentation of the EPM coherent eddies
(kg =k =0, k. # 0) is present and it is visible both in the contour-plots
and in the radial variation of the various poloidal harmonics in which the
eigenmode is decomposed. This fragmentation, meanwhile, is associated
with a diffusive transport of fast ions, as it may be inferred from modifica-
tions in the fast particle density profile.

[0 The diffusive nature of both particle and energy fluxes associated with fast
ions is confirmed by analytical studies, which yield explicit expressions for
fast ion transports [see later].
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Modulational Instability of DAW - EPM

00 3D Hybrid MHD-Gyrokinetic simulations show evidence of radial fragmen-
tation of a single coherent toroidal mode = analogy with modulational
instability of a single toroidal drift wave (Chen, Lin, White, 1999; PoP 7,
3129, (2000)

0  Radial fragmentation: excitation of low frequency axisymmetric perturba-
tion = NL mechanism is necessary

O Generalization of NL theory of zonal flows to e.m. fluctuation (ref. also

Das, Diamond et al. 2000; Smoliakov et al. 2000) allows us:
e to explore implication of zonal flows/currents generation by waves of

the shear Alfvén branch
e to discuss relationship between plasma turbulence and fast particle

driven modes (Chen et al. IAEA Sorrento, paper TH4/5; Chen et al.,
Nucl. Fus. 41, 747, (2001); Zonca et al., Varenna 2000)
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Using asymptotic techniques based on scale sep-
aration

[0 Fourier decomposition of scalar potential fluctuations:
5 = e Z ei("q_m)x(Sgbm(r, t)
O Fourier harmonics §¢,,(r, t) have two scale structures:
e ~ (ng) " due to —135 kjgR = (ng —m)< 1
e ~¢cl, < L, due to equilibrium variation; e ~n=%3; n=1/2; L /R

O Fast radial scale x = (nq/r)(r — rg) formally treated in Fourier space: y is
the dual variable of x w.r.t. Fourier Transform:

® kjgR = (ng—m)=idy =sx , s=1q/q
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0 Multiple scale structure of Fourier harmonics:

Shm(rt) = A(rt) / T TS (e, ) die

7\

renvelopé i)arallel mode structure

— expi/’nq’@kd’r /OO e D (K, 7, t)dK

1 0
0, = —1——
" lnq’ or
O Mapping (r, x) into (7, K):
i 0 i 0 K
3X:>S(9,i , F(X)jF(/i/S) , —n—qla——ggjgk—g
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O Eikonal Ansatz for the radial envelope make it possible to solve the 2D
problem of plasma wave propagation in the form of two nested 1D wave
equations: provided

ng't;
(nq'6r,)”
2D ODE L(04, Oy, Oy;1, X)0

<1

I
o

7\

symmetric

1D ODE L(0y, O, O, K)A(r, 1)0P (K, 7, 1)

I——
-

7\
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Ve
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|
-

/OO AP (K, 1, t)L(Oy, Ow, Op; 1, K)A(1, 1) 0P (K, 7, 1)

1D UVDE D(0y, O0x; 1) A(r, t)

0
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Initial value radial envelope problem

[

Time scale separation: assume that wave structures are characterized by
slow time variations around a given frequency w; 7.e. 0; = —iw + 0;, with
|w_18t| < 1.

All relevant spatial scales of the radial envelope are shorter than equilibrium
scales. This implies that the functional form of the local dispersion function
D(r,w,0) allows us to reconstruct the radial wave operator using 0, =
(—i/nq")0, with 0, acting on A(r,t) only.

For a given linear dispersion function D(r,w,0}), 6, = (—i/nq’)0/0r, the
linear propagator generates a WDE.

D (w+10, (—i/ng")0,; 1) A(r,t) =0

The WDE is locally solvable via eikonal approach. This possibility is guar-
anteed by separation of space-time scales.
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0  This generates equations for the slow space-time evolution of the radial
envelope. Initial value problem.

drive/damping potential well

~ "~

—1 i § . A 5
— L +i( N+ &)+ A =
{w Oy o Op + (A +§) 1(nq’<9k)28r} (r,1) 0

AL 7\

group vel. r(de)focusiné

- 0r(0Dr/00y) — 0;(0° Dr/007)
L wIDpg /0w ’

\ = 02\ 0°Dp/00?
2 ) wODR/Ow

—D
v = 8DR/18w . 0 solution of Dg(r,w,0;) =0 .
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Extension to Non-Linear Problems

[0 Non-linear interactions naturally enter on a time scale which is comparable
with the inverse linear growth rate. Assume |y, /w| < 1.

0 Parallel mode structure will be essentially unaltered. Intimately connected
only with linear wave dispersive properties.

[0 Non-linear dynamics enters in the initial value radial envelope problem.

w  ng'Oy (nq'0r)* "

[0 Non-linear Terms hierarchy: dominant contribution from zonal response(L.
Chen et al., PoP2000; F. Zonca et al., Varenna 2000):

{w_lat 8 O +1( A+ &) + 1#02} A(r,t) = Nonlinear Terms

e Tokamak turbulent transport: Zonal Flows (¢/B)b x Vg, (r)

e Fast Ion collective effects: Zonal Distribution Function §F,(r): wave-
particle resonances
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O NL coupling scheme: Chen et al. PoP2000

O0PpAW-_EPM = 09 + 094 + 0¢_ + c.c.

15

5o (pump DAW — EPM) = ¢!/ "rduting §™g=imisg 4 ¢ ¢

ei f nb6.dq

5¢:|: (deebands) — ( —ifn@*dq ) e:l:int,O-Hszdr Ze:Fimﬁ(sgbg;}I:) +c.c.
e k m

0, (zon. flow) = eifK*”dréqbz + c.c.

O Therefore: (and similarly for vec. potential)

091 < 000,
56 = 66360
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O] Generalization to e.m. fluctuations: Chen et al. NF2001

e Strong zonal current screening due to thermal electrons

4 0A| . C
?5]H€az == . Ae =

2
>\e U.)pe

e Neglecting terms ~ k7 A2, NL equation for 64 , is

0J|li,z + OJjle,z = O e,z = 0

® 0A) . can be considered a passive field since

w 514”,2
]-C”C 5¢z

~ kN <1
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O  E.M. equation for zonal fields: ... ref. Rosenbluth and Hinton 1999 for the
e.s. case (x; ~ L.6¢2°K?2p2./e'/?)

TZL atX15¢z _EkQ [<€Akk¢’>

- (5AH,€, V20AL, — 6AT VA AR — ALV S A, + 5A||kviAﬁ;))]

0  Reynolds Stress is imbedded in A,/ ; Full Finite Larmor Radius; let A, =
K.q(v3 /2 +vj)/(weivy)

Ao = [T o) = T w)] L5} — [k K]
[ BT () = o) S 6Hy + [k o KO

O In the large FLR (Finite Larmor Radius) Reynolds stress is O(7, ') w.r.t.
Maxwell stress ...to be noted for ETG (el. Reynolds stress?)
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O In the small FLR (Finite Larmor Radius) limit this reduces to (ag = 1 +
0P1io/(nedgo)); b+ Vo = —(1/¢)0,0 A i

kHUA
o —
W

+ao((|Po — Wol*))| (A5As — ApA_)

C
O Xiz00, = Ekﬂkzkfp%i

) ((JWo]*)) + 2c0IRe(((Po — ¥o) o))

' Definitions: 00k, 0k] = Ao|Po, Yol; [5q5,(€,i),5¢,(€,i)] = AL [Dg, Wyl

0  Exact cancellation of zonal flows and currents for a pure shear Alfvén wave:
Alfvénic state (Hasegawa 1975)

[0 Similarly to e.s. case, we have spontaneous excitation of zonal flow via EPM
(fast particles) and DAW
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O Zonal field 0¢, equation is closed by NL-vorticity and NL-quasineutrality
for k, ') modes.

O Non-adiabatic particle response 6 H is obtained via NL-GKE (Frieman and
Chen 1982)

= _5¢ FO+Z exp( ik, -v X f)/wc) OF),

(%2/2

. <77 . C " / / SI7.
(at + ’U”aH + ICUd)k 5H].€: IEQngo(’Y)de—Eb . (kJ_ X kJ_) J()('Y )5Lk’5Hk”

Oy b x V A
QFO:wkan?/2+k o FO ; kJ_+kJ_:kJ_
5Lk = <5§b— ﬂ(SAO ; Y= kJ_’UJ_/LUC

C k
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0 NL-quasineutrality:

0 NL-vorticity,

Bo, <—V2 a€5¢> WOk

17 g w2 b,

wa bi(T'g — Fl)] 0p = C—Z > (ewwy JodH) +

S

C

i—Z@tZ@—b (K x K )(Jo(7) Do () = Jo(v")0 L0 Hyr) +

—\"p
b- (k" x ¥,

) _ ]
0, (641w V3 6Ay) ;s 0L, =6 — Ay

20
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O Thermal particle nonlinearities enter both NL-quasineutrality and NL-
vorticity

[0 In the NL-vorticity, Thermal particle nonlinearities are dominated by the
formally nonlinear term

ballooning — interchange NL = vy, / Rw

formally NL Tk LPLi

0  Fast particle NLties enter via the ballooning-interchange term only: they
carry pressure but not inertia

thermal e/2 ng Lpp el/2 R\t Y2
— ~ €0 ~ —5 €p (ﬁE—> ~ — €
NLties q

fast ¢ ng R q> Lpg

for ng/ng ~ Bg (vg =~ va) and BgR/Lpg ~ 1; ¢¢ = 2(r/Ry + A').
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0 For thermal particles particles: dominant response in 0H, is due to 09, ;
larger by (¢?K2%p%./e'/?)~1. §¢. feeds back on d¢y

61/2 C ]{9

K,
5¢z ~ €0 q2 E w, 5¢k5¢k’

[0 Peculiarities of fast particles

e dominant response in 0 H, is due to “formally nonlinear” term; larger
by (¢?/eg€e!/?) < resonant response

e Particle NLties play a role via NL modification of 0 H;, ~ 0L, 0H.,:

formally(only) analogous to quasi-linear diffusion
e 00, does not enter directly in NL-vorticity ant it may be viewed as

evolving in a given NL-EPM background: explains why 3D Hybrid
simulations are consistent!
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Modulational Instability of Drift and Drift-Alfvén
Waves

0 Derivation of 2D PDE for the slow radial and time evolution of the pump
wave @ sideband envelopes. Follow Chen et al. NF 2001. NL-terms =
Generalization of the linear formalism developed previously (Zonca and
Chen, PFB 5, 3668, 1993). See also Chen et al. submitted to PRL 2003;
Zonca et al. submitted to PoP 2003.

O Convenient to separate the massless response to k|| # 0 induction field (Chen
- Hasegawa JGR 1991)

SEY =~ g 9@y 4 oK

m w

ENEA F. Zonca — Oct. 15th 2003



Autumn College on Plasma Physics 24

[0  The NL-quasineutrality can be cast into the form

2

nT {(1 - %) (00 = 0¥, + [(1 - ”;”i) (1= To(b)) = “Fbi(To(by) - r1<bz->>] } O

—2_{eJo(VIK), = L < “b (K] x K (Jo(1) (7)) — Jo(y”))5Lk,5—Hik,,>

6_
Wk B k

1 C

—— <6Eb . (k/i X k/_L)5¢k’5—H€k”>

Wk

L <65—H5L>k

O Assume k7p7, < 1, and let

0K = 0K 4(6¢ — 60) + 6K o)
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O  NL-quasineutrality

_|_

1; — Py — Wy
(1+E—;<€J0(7)5K¢>i> Ai(@g-@g)
(1—“’*1”')5 — > (elo(V)0Ky) | A Yo
N it - ol V)L - v

1 C TZ Wxni Te AO\IJO AO((I)O — \Ij())
pr— ——__k ]{Z(S 7 1 I * * _ * * *
wo BT 9ha00 [( " Wo Tz) ( Ao\Ijo ) < Ao(q)o _ \DO)

1 c 1
Dg Ay = i%?kﬁkzwz ( j&z ) (2D NL PDE) = (1D NL UDE)
0 e 0
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0  Estimate growth rate of zonal flow modulational instability in the local limit
(Chen et al. 1999). Also ref. P. Diamond et al.

T; — P32 o2 \\\
Dgy = << (1 + T~ §<6J0(W)5K¢>i> ( (I)SOQ >>> <<< (I)SOQ >>>
DS:I: ~ 1((9D507,/(9w0)(—1A m Fz + ’)/d)
O Definitions: A = (k2/2)(0*Dgo,/0k?)/(0Dsq,/Owy) is the frequency mis-

match, k, = nq¢'0,, I', = —iw, and ~, is the sideband damping.
O Take the limit 4 << |Al, yas; then:

F — TYM (1—A2/ )1/2

Yar = (200€/?/1.66%)(Ti/T.) (wodDsor [Owo) ~ k3 pL kv ((leAo®o /T )
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[0 Scaling of modulational instability growth rate above threshold is linear and
not quadratic with the mode amplitude.

O Fully non-local case (1D WDE): local transport becomes non-local due to

dependencies on drift-wave intensity = Size-scaling of turbulent transport.
Chen et al. sub. to PRL2003; Zonca et al. APS-DPP2003.

2 LI L L L L L R L L L | 1 T T T T T [, T T [ T T T 1 T T LA L B B B N S S S

7 (x) i Zr(x)

1.5 [Sr() i Sr(x) )
Pr(x) 1 0.5 Pr(x) | - m

{-05 —

1 1 1 1 1 _1 1 1 1 1 | 1 L 1 1 | 1 L L 1 | 1 1 1 1
50 100 -200 —100 0 100 200

—-40 -20 0 20 40 —-100 —-50

o
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O Consider the E.M. limit |[®y — ¥y < |¥y| in the NL-vorticity
k2 w? k? Wani 3 Wi WsTi
o _J_a W (1_ *pz) ——bi (1_ *pr Wk z)
{0<k§ 6>+w§1k§ w 4 w w

47TQ2R(2) = \IJO w? kﬁ_ Wiepi
_ ]{12902 Z<6wde05K¢>}iAi ( \IJS + (1 — wp )
47Tq2R(2) <7 (I)O — \IJO
— ]{12902 z<ewdeo5K¢>} Ai ( (I)Ek) B \IJS
e,i 4

2 1.2
e, WA k"&’

3 Wipi WxT4
B (1 )
o (

w w

ATiwy ¢ ne

k3¢ B T,

Ag®
2 D2 ‘ 00
q Rokﬂkz(5¢zbz ( ASCI)S >
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[ Assume kﬁqQR(Q) < 1 to determine £ from quasineutrality

B~ o\, (_RAWDN N (o) e ok (At
=y ) T AT T v )\ W5 )T B g T\ AR

0 Use this to eliminate £ from NL vorticity

K?2v?
Dae A= iw—g%kﬁkz&bz <1+ ” A) <A0> ., (2D NL PDE)
+

Wa w? Ag

ows = ({52 ) e (8D (1))
o= ({0 ) e (o I (32))
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0 Estimate growth rate of zonal flow modulational instability in the local limit
(Chen et al. 2000). Also ref. Das, Diamond et al. 2000; Smoliakov et al.
2000.

I, = 223, Fatin wg - <<

wWo 16q2
v w?)K*
— 924 ]Re A/ L/OLz ’
T/T + Wani /W

K K1, = <<\I’*lﬁ+k\l+ >> <<’%’ > B

GAO\PO

D

[0 Specialize to cases of KAW and AITG
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O] Ref: Chen et al. NF 2001
O KAW: Dy = —¢*RgKf + (w?/w))[L — K1p3,(3/4+T./T;)]

€A0\DO
1;

)

. el/2 /3 T,
Ao = Qkﬁﬂmkz@tmm (Z — f> 101

') kaw =~ %\4\/1 — A2/33, .

0  KAW'’s spontaneously generate zonal flows in their propagating region for
T. < (3/4)T; and in their cut-off region for T, > (3/4)T; (Chen et al. NF
2001).
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O Alfvén ITG: Dong et al. Nuclear Fusion 39, 1917, (1999)
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O  Ref: Chen et al. NF 2001
O AITG: Dy = A* +iAdW; and A? is a generalized inertia

A2 = (1 — w*pl) bt [(1 — w*m) Flw/wy) — w;TlG(w/wtl) — NQ(w/wtl)] ,

W w3 D(w/wy)

GAO\IJO
1;

h

kv el/? Wipi W5
52— 92,2 Lhi 1 — 2 ZAReA? | (1 —IR A?
T #PLi (w%ﬁ’IReAQ / 8w8> 1.6q2< wy Wi ; i wé ;
- k2OPWE ) 0

A = A2
2 ok g

L'y arre = ’NYM\/1 — A2/32, .

O AITG spontaneously generate zonal flows for wy > w,,;, which is the typical
case for slightly unstable AITG.
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Modulational instability of EPM

OO0 Typical EPM mode structure in ballooning space

Uy = Eo(0)exp (i/2 4+1Mg) 0 + Fo(0) exp (—i/2 +iMg) 0

O Ey, Fy are the amplitudes of kjgRy = £1/2 Alfvén waves; Aj = (Qf —
1/4)* — €2Qy5 is the (square of) continuum damping, with Qg = wy/wa.

O Recall: Particle NLties play a role via NL modification of 0 H; ~ 0L, 0H,:
formally(only) analogous to quasi-linear diffusion

= kocks ) SHE)  §H)
H,~ %~ M AfALT _
0 z B CUZ ZZ 14 0414111 ( AE; A_|_
SHS)  GHT
—ApA_T dor. A
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Fast particle diffusion equation

0 0

0 0P|p 0 _ e ME (9 2

(0,Qe) = kg 22 (00 St { (-92) ((FILLID )

* 1.2 2
W wi kz N

RS RN ST | PR IOS

]{72 2
L = wt(€+/\oi1/2)—w0+g—2k§J§(>\z)

02 —1/4] + |A ?w? [ w?
Mﬁ(i) _ | 0 / ‘ | 0| Jg(’YO)JeQ(A@ 2t/20
2 k7 [k,

(+)
M (A 1ap)
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0  Derivation of 2D PDE for the slow radial and time evolution of the EPM &
sideband envelopes.

2

D, AA, = Z)ﬂg (2A%A, + AgA_) |
2

D AgA. = —iL(ArA, +24pA )
u')Z

O D4 are the linear EPM sideband dispersion functions. With Dy the EPM
linear dispersion function:

0D0 8R€DO

D n Yz A )
+ = 8&)0 “ awo L
D~ _(9D0 W, — (9]R6D0 AL |
awo 8&)0
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O In the local limit, NL-vorticity reduce to: (I', > |AL|):

9 S 02D/ Ok? k
r, = Ar = (ng')’ ~ 11— —
<8|8Df/awr|> ar L= (ng) ODp /0w, [ o <m]'>]

V% Bpq? e A
T = Wﬁoé - kgL ek, V5 — ZZ <|92_1/4‘+(7‘A|>

<§gg (f;f )<cea/wr><< <AL>52J§§d>>>
i (o 5) )

1 Real NL frequency shift is produced: A, = +I',/v/3
B iy ~ coaplkoprr|k;vi]0 B/ B
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[0 Solutions confirm exponential growth of the radial fragmentation, in anal-
ogy with modulational inst. of e.s. DW (Chen 1999).

O Analytic expressions give a I', o< |[§5,/B]?/? scaling, and a finite amplitude
threshold for radial fragmentation, since they assume I', > |A[|

0?Dp /Ok? k
- N2 R r o Tz
Ar = (nq) 9Dy )0, [1 COS (nq’)]

O I, o< |0By/B| scaling is obtained assuming I', < |Aj)|
31/4¥im/4
\ALalF{eDO/@wo\l/? M-

[0 Finite EPM threshold for the onset of the modulational instability would
be brought into our model provided that dissipation effects are considered
on the zonal field generation (Hinton and Rosenbluth, op. cit. 1999).

w, = AN, +1l', = &+
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NL EPM induced zonal How

0 Given the NL EPM evolution and saturation via 0 H, modulational instabil-
ity, compute the non-self-consistent zonal flow; let © = r/a and 7 = vt/ R

CR 1 Ry 1/2 (UE> (,OLE> 1/2
OOy, 00= = 16q( ) VAN A

2
xz (G_E) [5¢mvi,m5¢;—z—gm|7mv OAT L — ]

O Computing the decorrelation time (Hahm-Burrel)

ve ~ —(r/q)9:(q/7)(c/0)0r0¢,]

Eny ~ — (E> (IOLE) (UE> 6% v 00,
VA a a Tk
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Discussions

Drift and Drift Alfvén Waves

[

Modulational instability of zonal flow due to a single coherent drift wave
has been investigated for the e.s. drift and e.m. drift-Alfvén branch

The general problem is formulated in terms of derivations of 2D PDE for
the slow radial and time evolution of the waves & sideband envelopes

Analytic expressions for the zonal flow growth rate are given in the local
limit

Studies of solutions of the actual 2D NL PDE system are in progress
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Energetic Particle driven modes

[

Significant particle redistributions take place above linear excitation thresh-
old of EPM

Peculiarity of the EPM NL dynamics is coming from the fundamen-
tal role played by wave-particle resonant interactions = regulated via

0¢ — (v)/c)0A)]k0H, response

Modulational instability associated with radial EPM fragmentation
(KzpreS 1) has been studied analytically and numerically.

Radial EPM fragmentation is associated with fast particle diffusion and
generation of zonal flow.

May EPM., via zonal flow generation, have benign effects on thermal plasma

transport????? ...; ref. T.S. Hahm et al. PoP 6, 922, (1999);
~1/2
WE eff ~ UJE70AC<JT (AW% + 3(4)]%)
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