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* NUMEROUS OBSERVATIONS OF GAMS IN EDGE REGION OF TOKAMAKS
-beam emission spectroscopy DIII-D
-Rogowski coils JET (GAMs or BAE?)
-Multipin probes JFT2M HL-2A
-Doppler reflectometry ASDEX-U
-Heavy lon Beam Probes T-10, H-1
-Correlation reflectometry TEXTOR CHS

* GAMs observed in numerical simulations of edge plasmas (finite beta Braginskii equations)
and fluid/gyrofluid ITG
-Hallatscheck, Scott, Naulin, Miyato, Falchetto
simulations indicate excitation of GAMs by “turbulence” but do not clearly identify the specific
Process

* First attempt to provide theory for excitation of GAM by drift waves was by Itoh, Hallatscheck,
Itoh 2005
using a wave kinetic approach

» More recent coherent three-wave resonant parametric interaction approach,
-Chakrabarti, Guzdar, Kaw, Singh 2007
- Zonca, Chen (comprehensive study of low frequency modes in toroidal plasmas) 2007



GAMS AN EDGE PHENOMENON

Figure 10. /o spectral power vaesus frequency and radial poeition a8 (@) & parspective plot and

() contour plot for chmic shot #18812
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- CONWAY ET AL. PPCF 47, 1165 (2005). Doppler reflectometry
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JFT-2M,Nagashima et al. PRL 95,095002(2005)
Reciprocating Langmuir Probes
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Figure 4. (a) The observed GAM frequency. The marks are same as in figure 3. © show the
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BICOHERENCE ANALYSIS
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JFT-2M
Nagashima et al. PRL
Auto bi-spectrum 95,095002(2005)

HL-7A,
Yan et al. NF, 47

W 1643, 2007
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MATIONAL FUSION FACILITY

PoLoipAL VELocCITY SPECTRUM EvoLVEs FRom GAM-DOMINATED
TO Low-FREQUENCY ZONAL FLow AS PLASMA ROTATION SLows

Time-Delay-Estimation (TDE) methods
applied to poloidally-separated

BES measurements to determine

vg(t) (t = 20 ps resolution, 25 kHz)

GAM oscillation identified
in vg(t) spectra (E, oscillation => vg(t))
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higher than GAM power

- Lower frequency shears more
effectively (Hahm-1999)

- More likely to trigger transition?
E.J. Kim, P.H. Diamond]

Frequency (kHz)

American Physical Society - Division of Plasma Physics, Orlando, Florida - G. McKee- November 16, 2007
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GLOBAL ITG SIMULATIONS-EXCITATION OF GAMS AND SCALING
WITH p*
RYLN MIYATO, KISHIMOTO AND LI, PPCF, 48, A335 (2006)

F[wa]

Two scales
“fast” scale k.p.=1

“slow”scale (p,L)?

Figure 2, Radial varfation of zonal flow frequency spacira for (@) g = 0.0125, (¥) 0,003 and
() 0.003



St GLOBAL ITG SIMULATIONS-EXCITATION OF GAMS
: N FALCHETTO ET AL. POP, 14, 082304 (2007)

FIG. 12. (Color online} Frequency spectra of the (n=0,m=0) component of
the Reynolds’ stress (a) and of |vJ* (b) in the wrbulent stationary state of the
simulation with ¢(r)=2r and injected heat flux F,;=0.6. A well localized
peak is present in both spectra, around the same value of frequency
w=~1.74 (c,/R), lower than the GAM one (dashed line).



: @ “Observed” Characteristics of GAMs

* GAMs seem to be an edge phenomenon
 experiments indicate radial structure k p, ~(0.02~1)

* bi-coherence study “identify” possible excitation mechanism
-three wave coupling

* bi-coherence study shows GAM mode in edge almost “monochromatic”
excited by “broadband” high frequency turbulence

» simulations show radial structure has two scales, “fast” scale and “slow” scale

 GAMs seen to become stabilized as H mode “threshold” approached (DllI-D)



BASIC EQUATIONS FOR FINITE BETA PLASMA

A. Zeiler, J, F. Drake and B. Rogers, Phys. Plasmas 4, 2134, 1997

d pP.C. =
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WHAT IS A GAM?
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5(; = (¢G Ng (9))e—ia)t+iq,x

- | AC; ., sin(g) =
Continuity Equation @M =2, > ¢ sin(6€) =0

. J

-
Geodesic Curvature
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Vorticity Equation  oq?p2¢, — Z%Sin(ﬁ) =0
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GAM IS TIME-DEPENDENT ZONAL FLOW.
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WHY IS GAM AN EDGE PHENOMENON ?
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Conway et al. PPCF 47, 1165
(2005)
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Figure 14. Eadial profiles of predictad GAM frequeney cgf Rq ¢ ) and SW g /i

gereric adge turbulence (ko) g /L1 (Ereen shaded) caloulated using 7y from I
CLMTE for ohmic shot #18813




S WHY IS GAM AN EDGE PHENOMENON ?
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If drift waves are the primary driver of GAMs, then GAMs will be excited only if drift
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GAM EXCITATION THEORY -0
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“PUMP” DRIFT WAVE GEODESIC ACOUSTIC MODE

f _ Z foe—ia)otﬂné’—i-im@ é:G = (¢G Ng (Q)J/IG )e—ia)t+iqrx
0 mom
“SIDE-BAND” DRIFT WAVE

£ = Zm £ p-i(@-ap)t-ing ~im@+ig,x
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MODE-COUPLING ANALYSIS-1

TR EXCITATION OF GAM BY PUMP AND SIDEBAND DRIFT

WAVES

CONTINUITY EQUATION

2

2
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VORTICITY EQUATION
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MODE-COUPLING ANALYSIS-1

EXCITATION OF GAM BY PUMP AND SIDEBAND DRIFT
WAVES

*
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FINAL COUPLED EQUATIONS
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GAM EXCITATION THEORY-IV

RESONANCE CONDITION (IN ES LIMIT)

al"moqrzpsz \/ECS

m? m? R
1+ 2 p2 ||1+] g° +—2 | p?

For myp,/a<<1landqp<<l

R For DIII-D, L.=3 cm, R=169

For ASDEX-U, L,=5 cm, R=165

q,0,=0.3

g, 0, =0.35
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WHY IS FINITE B IMPORTANT IN THE EDGE REGION?
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Modes relevant to edge region of tokamak plasmas

2 K
Oy, O psC V
1-—)(—-D=kiplo o=w.=—21"-  o=0,=—"2

= Y

n

B 4x10" n(10%°/m*)T(KeV)
) B(T)*

B =2T, n=0.1 T(KeV)=0.1-0.2, B=10"

R=2m, L, =0.02-0.1Im
q=3

~

B=5-100

INTERESTING POSSIBILITY OF MODE CROSSING WHICH CAN CHANGE
DISPERSION CHARACTERISTICS OF MODES



@ GAM EXCITATION THEORY -1
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GAM EXCITATION THEORY-II

W =0y + 00, O =0, 0

3w, — 2.
A= 1+kLps — Wy ( |22V2 ) = AiA + AlB
YA
o 2 (a) _@) 1/2
Resonance Condition k,p, =| -1-k;pf + —+———=
@y, k”vA
A " .
S0, =—i—(Fids + Fpvc)
r Since zonal field vy does
OO, =—1— 2 > |9, NOT modify dispersion
2 k|| A relation of GAM it a driven
scalar
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GAM EXCITATION THEORY-III
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GROWTH RATE AND WAVENUMBER FOR GAMS
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Stabilization due to finite beta effects of the pump and side band and cancellation effect of Reynold’s stress and Maxwell’s stress
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8 BASIC EQUATIONS
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c: d
VL 'avﬁb_

CZ
o *bxx-Vp, -V J=0

2
Q.

X, > X, Ly, x, »>x/L, t>tt, L =2nqR, n/t;~cidp/L,L Q;, I~V b

475V2An“toL20
cZLT|

2 1/2 LC 1/2
=t,=C| —— L,=—" T
RL v, \4nt,

2
Two dimensionless parameters: (1) o, = o.t, (2) oy = (:—Qtoj




PARAMETRIC STABILITY BOUNDARY FOR GAMS IN

-q'-:f:f”p\'-"e (OLMHD,O(.D) SPACE
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ABSENCE OF GAMS IN H-MODES?

— & =001 HOW IS THIS RELATED TO
g =0.02 MCKEE'S OBSERVATIONS?
— ¢, =0.035

g, =0.05



¥ BASIC EQUATIONS FOR ITG WAVES AND GAMS
4, SR Sandberg PoP 2005
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@ FINAL DISPERSION RELATION FOR EXCITATION OF
' GAMS BY ITG MODES
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NUMERICAL RESULTS
GROWTH RATE, RADIAL WAVE NUMBER OF RESONANT
MODES, AND REAL FREQUENCY OF GAMS EXCITED BY
MARGINAL ITG MODES

EDGE-LIKE PARAMETERS
£,=0.04, =1, 7=2/3, q=3 k,p,=0.3 @=0.001
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qrps qrps ITG pump
interacts with

ITG and GAM



NUMERICAL RESULTS
%Y. GROWTH RATE, RADIAL WAVE NUMBER OF RESONANT
~ MODES, AND REAL FREQUENCY OF GAMS EXCITED BY
MARGINAL ITG MODES

EDGE-LIKE PARAMETERS
£,=0.04, =1, 7=2/3, q=3 k 0,=0.6 @=0.001

5.10 *

0.4 :

[ )
Y oy,
ry X i,2 —/A
|

510 *

0
0,0
rs 4,0,

ITG pump interacts
with DW and GAM

NOVEL THREE WAVE COUPLINGS BETWEEN DIFFERENT BRANCHES
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NONLOCAL EIGENVALUE-I

d
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Resonance Condition
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NONLOCAL EIGENVALUE Il

n(x)= n(O){l—%ta‘”h[ﬁj

o] gen(

Characteristic Scale Lengths

T -

_T1_T2 I—N _nl_nZ

1/2
2K . p 1/2
X. = x0/~s0 |_ C
" I:Cl (1+ kiOpSZO ):l (pSO " ) ' 2TO LT

For C, =0

1/3
2K P 1/3) 2/3
Xo = R Pso Ly
{(1"' kiopszo )}

2n,
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NONLOCAL EIGENVALUE-III

d> .- A 50 foay PE(d 2 Y
{F{W+Z|koX J+ Fz}qﬁs +7.CWe __1+kfo,02 {1+ kyps ay &+IKOX
| @r-1. pepid .~ Yo
5[2 — G _ OAs S —+|k
WG |: 2 :|l//G kogx (dx Ox] ¢s
és:C_S' IbS: Ps ’|:= L ;lzoX_kOXL’j;OZA
Cso Pso Pso G0
~ ( 2 2)k2 ~ ~
F _ 'QO_l _ 1050 ps 10 Qc_Q\‘O
1™ 2 20 27 2 2 + 2 2
1+kiop, 1+kiop] 1+Kopo]
. A O - Wy 5 OW
Q=2 0=" 0 ="t 50="
2 Wso Wgo 2

Four dimensionless parameters

~ Y ~ L J2L
1)y, =", (2)L=—, (3)g,=——
WL, QL= (95 -T2
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NONLOCAL EIGENVALUE-IV

A

g,
TRy A"

T
i £

VlIb VO \%

nx-1

Vlrb V2Ib V V2nx—1 V2b

nx

[ ] (¢] o O ===0 [ ] [ ] o (¢] O ===0 [ ]

A —

Use simple finite differencing to create matrix equation (2n, X2n,)
to cast coupled equations into standard eigenvalue problem

AV=0QBV
B-1AV=DV=0QV

Use package like mathcad to solve the eigenvalue problem
Typical n, =400-500.
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@ NONLOCAL EIGENVALUE-V

L
psO

sy K 0.584

Ee(‘bs) oxPso = Y-

— 0

100

— Q =-0041, 2 =0.012

@, =0.054, 2 =0012
g 05 0 05 1 © =0.137, © =0.0011

=50, &, =0.02, I'=0.05, k p,, =0.1

0.02 I

0.3 0 0.3

APPEARANCE OF “FAST” SCALE AND “SLOW” SCALE
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@ NONLOCAL EIGENVALUE-VI
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L 50, &, =0.02, '=0.05, k p,, =0.2
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09
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NONLOCAL EIGENVALUE-VII

{‘-’fﬁ“_!f" Ee=lUZ /[ ZUUD
KyPso =0-1 KyPso =0-2
KoxPs0=0.584 KoxPso=0-394
0.02 T 0.02 |
o 0 4 )
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e o ©
002 ! ~0.02 '
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ROBUSTNESS IN WIDTH OF SPECTRUM OF UNSTABLE MODES Aw/®w~0.3
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NONLOCAL EIGENVALUE-VIII
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Frequency of maximally growing modes as a function of k pg

15 T T T

* For 500% spread in drift frequency( k ps), there is only a 20% spread in the frequency
of the excited GAM mode (with maximal growth)

» Thus broad spectrum of drift waves can excites almost “monochromatic” GAM as
seen in the bicoherence spectrum
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BISPECTRUM
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8 CONCLUSIONS
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DEVELOPED LOCAL THEORY FOR EXCITATION OF GAMS BY PARAMETRIC THREE-WAVE
COUPLING TO DRIFT/ITG MODES

«STUDIED FINITE BETA EFFECTS ON EXCITATION OF GAMs BY DRIFT WAVES

FINITE BETA LEADS TO STRONG STABILIZING OF GAM EXCITATION AS
Y, =,30I2R2 / 2|_-§1 INCREASES

« ARE GAMS IMPORTANT FOR L-H TRANSITION ? PRELIMINARY STUDY SEEMS TO
INDICATE THEY ARE SUPRESSED BEFORE PLASMA REACHES L-H THRESHOLD, MORE
WORK NEEDED EXPERIMENTAL AND THEORY

« WITH BOTH ITG/DRIFT BRANCHES PRESENT POSSIBILITY OF THREE-WAVE MODE
COUPLING BETWEEN DIFFERENT BRANCHES

*NONLOCAL ANALYSIS SHOWS THE EXISTENCE OF TWO SPACE SCALES, DIFFERENT
MEASUREMENT TECHNIQUES MEASURE “FAST” AND “SLOW” SCALES HENCE VERY
LARGE SPREAD IN WAVE NUMBERS REPORTED

*GAM FREQUENCY NEAR STEEPEST TEMP/DENSITY GRADIENT
DETERMINES EIGENFREQUENCY AND BROADBAND SPECTRUM OF DRIFT WAVES EXCITE
GAMS WITH SMALL BANDWIDTH



