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1. Introduction



Study of turbulence induced cross field transport in
tokamak plasmas has made significant progress.

The mechanism for such anomalous transport, in particular
In pedestal, Is still an open issue.

Formation of large-scale structures such as zonal flows (ZFs)
IS universal in turbulent systems.

Experimental identification of ZFs is important to
understand transport and confinement in fusion plasmas.

Basic methods and example results for the study of micro-
Instabilities, which may induce the anomalous transport,
and turbulence and zonal flows are discussed.
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2. Instabilities



(1) Instabilities in plasmas

MHD instabilities, micro-instabilities (induced

by deviation from Maxwell distribution: Harris

Instability, loss corn instability, drift instability,
trapped particle instability, micro-tearing instability etc.»
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Impurity injection 6



(2) Importance of micro-instability study

1)Explanation of direct experimental observations :
= space plasma: satellite observation: ¢, B
— fusion plasma: n, B, ¢

2)Looking for mechanisms of anomalous cross field transport
(particle, momentum and energy )

i))Classical transport: TFTR results
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1) Turbulence induced (anomalous) transport
e Electric perturbations:

v, =B/, = (5v,0n) qugnj@nﬂj)
e Magnetic perturbations:
I}'_[3<5VM5B >
IV) Experimental observations
2.5 ~100 4.
Ziexp = 10)(ine

3) One of the major fields of magnetic fusion studies:
()Macro-instabilities; (ii)wave-particle interaction;
(ii)micro-turbulence and anomalous transport; (iv)edge
physics; (v)energetic particle physics.



(3)Roles of linear theory: saturation amplitude
calculation needs inclusion of non-linear effects;
linear theory may:

(1) identify driving mechanisms;

(1) identify criteria for instabilities;

(1) 1dentify thresholds of plasma density and
temperature profiles (when turbulence induced
transports dominate);

(Iv) benchmark non-linear codes

(v) provide estimate for transport; the characteristics

of linear modes have relations with features of
turbulences:
guasi-linear theory;

mixing length estimate: y ~ ]/kz
9



Main driving mechanism --instabilities

Souree of
Group Instability free energy Subspecies Properties
Ion 7 modes vT; Slab modes W S Wy
Instabilities Toroidal modes T = Thc
Trapped ion modes Ly /R < (Lr /R)crai
Electron Drift Waves Vn. Slab modes L2 e
Toroidal modes
Dimsipative trapped vT. fuw € ve < £ ET-";,.,,I'QR
electron modes Enf < k1ps < velnfEC:
Electron Collisionless trapped vT. Ve < Ew < &Y Ve JalR
instabilities electron modes Eng< k1p, =1
f}e modes vT. Slab modes wpefe < ki < g7t
Toroidal modes K Vike, e < w < Wee
EM drift waves Vn. W e, b pe <1
Resistive vP Fast modes (RE-=YR .
Fluid like ballooning modes Slow modes Vi <w
instabilities Current diffusive VF Vi <w

ballooning modes
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(4)Fluid 1on temperature gradient (ITG) mode

1) Basic equations:
lon continuity equation:

2+ V- (n)=0 (1)
ot

equation of motion of ions :

mini(gﬂz -V)V‘i :eni(v¢+V‘ a BJ—VF} ~V-II.

C
Equation for ion pressure:

§R+\7-i VP +#P-V-V.=0 3)

Adiabatic electrons:  n_(x)= n(0)e*™ (4)

_ _ . n.=n
Quasineutrality condition: boE

(2)
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2) Drift approximation:
magnetized plasma: s=4/" <1

: - - o V,
drift approximation: -~

lowest order: left side of Eq. (2) equals zero &
neglecting the viscosity term give,

Vo
eniL—V¢+€xB]—VF’i=O (2&)

A

bx(2a) gives:

VO 2V D+ 2BV +——Hx VP
i ”bx¢eBnX' (6)
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~ B
b=—
where B

Substituting Eq.(6) into the right side of Eq. (2) , up to the
first order of drift approximation we get ,

_ m.c®( o (7)
Vi(l) - eB?2 (at +V( j ¢

where gyro-viscosity cancelation (Horton, Phys,Fluids
1971,P116) has been applied.
b(2) gives

B-mini(gmi-v)vj:eniB-w—B-vR—B-v-ﬁ (8)
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3)Linearization

_ d o . 3
n=n,+n, —=—+V, -V, V”=V0"+V”,
dt ot
_ C ~ 1 ~ c d
V, =—bx|Vdo+—VP |— —beP
- B ( ? en j QB dt Vit eBn

Normalization: pj — y
nO

After linearization, Eq.(1) becomes,

on c d_,,
— Vg VA+D- WY +B[b><V¢ Vinn ]—@avﬁé_o (16)

Equation (8) becomes:

Y P :
VbWV 4+ bxv¢ VInVy=———b.| Vg+—2VP |, (17)
ot mVy 14



Eg. (3) reduces to

a—P+V0”6-VI5+£6><Vg/)-V|n P0+FV-\A/:0
ot B

Neglecting the forth term and putting f — fe-iet+ikT give,

(18)

CleVgp-Vln P,

p_B_ (19)
@ —Vyk) i
C bxVg-VInP,
V=t vy ViV, +—= B Vg o v| B - (20)
i(0-kVy) | B MV, €N, i(@—kVy)
Substituting Eq. (19) and (20) into Eq. (16) , we get
n 2 Ui Vo A
2—t+VO”b-Vn + i(a)—Vonk”)b.v
{EBXV¢-VIHVO +m\e/06-|:Vgo+ eFr);’O V[Bbiza)vcﬂk'\zk; P }:|}+
(21)

C (~ c d
+—bxVe-VInn, |—-— —V?¢=0
B( Ve 0) BO at 12 15



From guasi-neutrality condition and adiabatic
electron response, we get

@—KV, —o, @, KV, Ln
{ | 0Ol e n e | " 0 .
T T
— k||V0|| T O, (1+ 7, )/Te (a) - k”\/0”>[a) - I<||V0|| T 0, (1+ T )]/Te
21,2
C; k||

> —pSZVi}¢:0

(a’_knvou) (22)
In a sheared slab geometry,

_ K, X
LS
21R
T
b 7Itl’ 2mnr B/Ré(@o
—_— \6\(6

ro
Poloidal direction &%
<o
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Neglecting Vg which induce Doppler shift only, then we get
dispersion equation:

d’ 2 2, 1— & B

dx> 7 T e (1a )T, T,

B XL Vg, /C, L (L /|_ DS
o o+1+n)|T /T,

{

Yo (x) =0
(23)

(0

where, ®=—— y is normalized to 0
Q) S

*€

If\/' —0, Eg. (23) reduces to

2

{__kyps [ jAg}gﬁ )ZO-
1+77. V 17




This is a standard Weber equation, its eigen-value equation is,

—k:p? +

A

1-w

+(1+UJIV€

@

IS

=2n+1.

The corresponding eigen-function is,

#" ()= 4"H, (\% - x)e_is%@

. - - + L.
where H is the Hermite Polynomial, s= A

We usually consider n=0 only and H, =1

S

n>1 harmonics may be important when gradients are high.
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Weber equation

2
d—+a+bx
dx?

y(x)=0

Eigen-value equation, a=i(2n+1Nb

Corresponding eigen-function, y(x)=

y' +(2n+1—x )y:O
y=e""H(x)

Home work: if Vg #0 , what are the eigen-value

HivBx ¢

—|bx

equation and eigen-function? [Reference, Dong et al, Phys.

Plasmas 1, 3250(

1994).]
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(5)Kinetic study of temperature gradient modes
1) Particle orbit in a sheared slab geometry

_ A X .
B = BO(Z +fsyj

Motion of charged particles:
ar’ _ 7.
o dt’
dvV'_ 9 v'«B
dt’ mc

Assuming F'=F, V' =V, when ' —t , the solution of above equations are

V/(t')=V, cos[@ —Q(t" —t)]
V(") =V, sin[6—O(t' —t)]
V/(t')=V,

X'(t')—x = —\% [sin[@ —Q(t" —t)]—sin 8]

y'(t')—y= \% [cos[@ — Q(t" —t)]—cos 9]
z’(t')—z=V,(t' —t)

20



Constants of particle motion:
(o4 :VX2 —|—Vy2
£ = (Vz —V )2

v x+Q X, where -

2) distribution function:

Viasov equation : &,y +E(E+1\7xéj.vvf o0
m C

Linearization f=1f+f

fo~ zeroth order distribution function, satisfying

df,

dt
f, = f,(const. of motion)

3/2
L
27T T=T (X i )

Zeroth order equation =0,

21



The first order equation (electrostatic perturbation)

of, e -
EJFV -Vf +m(V><B ) val-l_EEl'VVfO:O

df, e _
— V 'V f y E :—V~
_of 8
VvV, f OV v OV
v 1o 505 8,3 vB+ oy vV
m _ 1 of,
= yf Ly = e
T Q oy

do = Op +\7-V§0
dt ot

The equation for the first order distribution function

o __el(do_to)y Tg g,
dt dt ot mQ oy
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3) Perturbation of distribution function
fl _ fl(x’v)e—ia)mkyynkzz
—lowt+iky y+ik,z

@ = p(Xx)e

_ ik, of, |t
fl(x,v)=—${¢(x) fo+[ia)f0— r:ngy) nyo _j¢(x’)dt’><

exp[—ia)(t’ —t)+ik, (y'—y)+ik,(z' - z):}

of  of, [dnl aT a]
0

= — _-|___
dy oX, (dX,n dX dT
For 1ons
e oftnfir 3]
V 5T
where ck, T, Te L 4 .

Wiy = ’ |:_177|: n, Lz_idno zlﬂ V:i
eBL, T L. » dX, T X, 23 Vi



4) Dispersion equation
N = Nig + My, Ny :I fld\7’

—iwt+iky y+ik,z

N, =Ny (X)e

e - . |k . 1 77i A A 3
:—f{n¢(x)+J‘dV{ mgy)a)n{:+:[\/”2 +Vf—§)ﬂfox

I $(x")dt'exp| —iw(t' —t)+ik, (y'—y)+ik, (z'—2) }
Applying expansions

exp(iacos@) = :Z (a)exp(iwg), and

exp(—iacosd) = Z -i)"J, (a)exp(-ing),

Nn=—o0

and Fourier transform

j X Je ™ dx

ﬁil( eno A j j '_k)x_j‘ H (T)ﬂ T

We get

24



where
H = j dV V|| 22 b (kv - ) (kJ_VJ_ /Q) Jo(

3/2

F=o. {a)+1+77'(\/” +V7 - BH
T, T 2

Applying the formula

KV,

2
v0 Ao

2

"o ™ (ax)d, (,Bx)x?xdx =f.(b,b)1,(b)e™.

J0

where
f, (b,5) = (1-b,)+bl;, (b)/1,,(b),
b— af3 h _a2+,b’2.

2027 ' 48

2 2
Tey (ax)J,, (BX) xdx :%exp(—a vh j Im(
)

aF

I TR T

af

20

2

J

> g(k)

25



where

(=2 () (@) en| 420220 g 2@

|7 ti

o kKl oy _(KE+KP)p |

= ’ k2 k2 k2 kIZ _ k2 er’
gl k“Vti I 2 + L y +
, ) - exp
Fo(k ki) =1,(b)e % yj )
In the same way we get the electron denS|ty perturbation as
A L En dk’ OX ik (i
n Pk’ k
el — J‘\/ﬂ¢ J. e( )

From P0|son equatlon
VZ(D = _47ze(ﬁi - ﬁe)
we get integral eigen-value equation,
= ki o p(k) + T; Zq’ - {¢(k)+—jdk [ dxexpli(k'—k)x]H; (k.k)g(k )}: ,

pe Oee J j
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where,
Hj :(1_%)é/jz(é/j)F0j -

| kK p’
nj&{g;+(4;_1);jz(§j)}roj+( Ko
a Y 9

4]
=
b fkalV,

Debey shielding
quasi-neutrality condition:
n=n, or n-n,=0,

Poinson equation

Vg =—-4Are(f;, —f,), ﬁ~%¢’
1 1 1
2 D 2 : 2 )

kipj +kip] -

Flj_ oj)gjz(gj) )

2
ki:47re N
T

e

if A°>>12,V:~k® is negligible.

1 k?:

QZ
define d, === then k’pZd,:1.
a)pe
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5) Typical umerical results:

FIG. 1. The normalized mode growth rate {a} and real frequency (b) as
functinns of Tiehye chielding parameter 4 = (li!’mfw for = g.=4 and ¢
=0.1. The lines with closed circles, squares and open circles are for &,p,
=0.2, (1.5, and 1, respectively. The heavy linc is for p.= 4, =0, and
e p,— 05

G, 2. The normalized mode growth rate (a) and real frequency (b} as
Copctiones el & g Thie Tines withe sapuaves closesd cincles amd opean cieeles sie
for d,=0, 5, and 10, respectively. The other parameters are the same 4% in

Fig. 1.

Fiti 1 The cigenfinctions &) (a0 and bk} (k) for d,=0 and b p,
=105, The other parameters are the same as in Fig. 1. The lines with open
and closed circles are the real and imaginary pars, respectively.

5 T T T T T T

FIG. 4. The same as in Fig. 3 but for d = 10 28



6) Approximate equation without magnetic shear

[ dxe'® " = 275(k — k)

The dispersion equation reduces

1+,

P (k"k) ={JZ (C:i)fi + e [Z (é/i)+77i ((_bli

kV

|7 ti

+& (1+Z (&) (KL KD)

Home work: under the conditions¢;=
It reduces to fluid equation.

| |ku|

i)

>>1 and b_k k1p|
2

<1

29



(6) Mode characteristics in a tokamak

1) Toridisity mduced drifts:

W = O 1+, (— — =
sT [ ns(vts 2)] 2

_Z%w*s[coseﬁlne(se a sin 6?)]( Y +V7)
2) Linear coupling: format of perturbations:

f’ _ Z Fm,n (r)e—ia)t+im0—ing
Equilibrium magneétic field:
B _m_B(l I’COSH/R)

Equation for perturbation of distribution function
%+\7.Vfl+%(\7><8)v f+mE v, f,=0

m component couples with m+land m-1 components
through equilibrium magnetic field

30



3) Ballooning representation (n>>1)
~ _ Z eim@jjo e—imH'e—in(g—qH')—ia)t fn (9‘)d9|

m=—o0

4)Integral dispersion equation for ETG modes
k? Q7
L7+ e](p(k) [ —K(k K)p(k )

where

Kkk)=-i[ " o drHKK), k=k,$0, k' =k,$0

eXp{_ (k’4/1 ) } 2
H(k,k") =~/2e7 @~ {D M}Fo(kyki)

Ja. @+a) A, 4a A,
2 2 12 ’
D, = 2 _1+§77e_ T7e %|1— ki +KI + k. Kil,
oM 2 1+a, 21+a,) @+ay)l,
2 2 (& 2 ' d
A1 = [ Eg ae =l—i28na)*e2' 9(9, 9,), a = Oq2 d_ﬂ
e a, q n | -6 r

9(6,6") = (§ +1)(sin @ —sin &) — §(6 cosd — &' cosH’) — %< 0 —0'-sin @cos 0 +sin §'cos 9')
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5)Electromagnetic instabilities

) += dk' i
[1+J—;]¢}(k}:j — K} (k.k" )b k") +[Kp(k.k")
- \\214'
+K3,(k.k")JA(K')} (12)

1 2 i e dk’ i ' r i '

«Tj —o 2T

+[ Kk k') + K5y (kKA (K. (13)

0
Kfm{k,k’}z—fj’ Wy dr HL (T.k.k'). (14)
for m=1.2 and n=1.2. Here, Koy (k k') = g "_"f(a;_ 1)sen(k— k).
€,5
1
Hi( 7.k k' )= ——(k—k")Hy;( 7.k.k").
. 2\ an H KS(k.k')=— f—:fﬁz{ k.k').
i [ ’8"' r ) [; -
Hz]_('.i_._k._k = — _(.I(_,Ii( }HII(T"R‘R } } j Jar ¢ g - o )
2y ah K5, (k.k")=p, —4@( Eﬂj) w(w— 1) k—Kk'|
BJ’ \;qzk
H (r.k.k')y=— k—k'VH. (7.k.k"). +—— Y B—(1+n))
2T HK0) 433\( ) ) 233, e

Xsgn(k—k")g(0.6" }} : 32



« Code: HD7Y
* Input parameters:

L, L T rdg r

i :_1gn:_n1Ti:_ei 1§:_1k ) ei!g:_'
77|,e |—-|-e R T q qdr 9/0 , R

* Output: real frequency, growth rate and eigen-
function.

« Reference: J.Q. Dong, W. Horton, and J.Y. Kim, Phys. Fluids
B4, 1867 (1992).
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Iv) S.F. Liu, S.C. Guo, W. Kong and J.Q. Dong, Trapped electron effects on #;-
mode and trapped electron mode in RFP plasmas, Nucl. Fusion 54, 043006

(2014).

v) S.F. Liu, S.C. Guo, C.L. Zhang, J.Q. Dong, L. Carraro and Z.R.Wang, Impurity
effects on the ion temperature gradient mode in reversed-field pinch plasmas,
Nucl. Fusion 51, 083021 (2011).

Coupling of ITG and TEM

0 2 4 [ 8 10
05 L L L 1 |
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FIG. 1. Linear growth rate 9 and real frequency o of electrostatic ITG and CTEM modes as a function of ;. GTC, GT3D, and FULL data from Ref. 29, HD7
data from Ref. 31, and XGC1 data from Chang and Ku (Ref. 33).
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Electromagnetic modes in pedestal

2 3

3.0
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Figure 13, (a) GYRO and HD7 growth rate and real frequency (in units of ¢;/a) using GYRO's generated equilibrium parameters for s — e
shaping at (a) Yy = 0.9 and (b) Yy = 0.95.

E. Wang, X. Xu, J. Candy, R. J. Groebner, P. B. Snyder, Y. Chen, S. E.
Parker, W. Wan, Gaimin Lu and J. Q. Dong, Linear gyrokinetic analysis of a

DI111-D H-mode pedestal near the ideal ballooning threshold. Nuclear Fusion
52, 103015 (2012).
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Threshold calculation (1)
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Threshold calculation (2)
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Xe threshold from experiment
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Te critical vs. Te/Ti
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Isotope effect finite peffect

1.2
n.2
1k .
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ﬂ; o1 Vi 06
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00 0f2 014 OTG 0.'8 ; 1.2
J.Q. Dong, W. Horton, and W. J.Q. Dong, L. Chen, F. Zonca, Nucl.
Dorland, Phys. Plasmas 1, 3635 Fusion, 39, 1041 (1999).

(1994).
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FIG. 6 (color online).
with QUALIKIZ model. The ITG-TEM boundary is fitted with the
line of . = R/Ly +4(R/L,) = 22, which is the mixed critical
gradient including the electron density and temperature gradients.

(a) Turbulence
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(b)
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stability diagram

(b) Diffusive particle flux vs £. (c) Convective velocity vs .
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W.L. Zhong et al.,
PRL 111, 205001
(2013).
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Huarong Du, Zheng-Xiong Wang, J. Q. Dong et al, PoP 21, 052101 (2014) 43
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FIG. 3. The mode growth rate (a) and real frequency (b) as functions of «
for kyp, =033, p,=5,=10, g=12, ,=0175, 7,=1, $=02.
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(b) w=-0.55197+1.5304i

< 0 Sy
Y= fe—Re
== =|m
_*l L
-2 0 2
b1

L (d) @=—1.4857+1 K 369i

0] o

FIG. 5: In Eq.(2), series solutions exist. For weak gradient
(e, = 0.5), the most unstable solution (red 'x’) is the ground
state (a&b), which is the conventional ballooning structure.
For strong gradient (e, = 0.2), the most unstable solution
(red ’x’) is not the ground state (c&d), which represents the
unconventional ballooning structure.

Xie & Xiao, PHYSICS OF PLASMAS 22, 090703 (2015) 45



Stabilizing factors

1) magnetic shear: related to Landau damping;
2) finite Larmore radius;

3) finite beta;

4) perpendicular velocity shear;

Destabilizing factors
1) lon (electron) temperature gradient
2) Density gradient
3) trapped electrons
4) parallel velocity shear
5) finite beta
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Outline

3. Turbulence and Zonal Flow
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(1) Turbulence

1)Reynolds number and fluid
turbulence: r =LY

Fie 1.1 Uniform flow with velocuy ¥ mcadent on a cylinder of dlameter !

Fig 1.2, Umiform flow past o cylioder at R =0 L& {Van Dyke 1982) Phowgraph Fig 14 Clreutar cylinder at R « 9.6 (1), & = 130 (b) and R =26 (¢) IVan Dyke
S Taneds

19525 Photograph S. Taneda

A First course in Turbulence, H. Tennekes and J.L. Lumley, MIT Press, 1973 48



Fag 1.6 Karman vorsex street behand o circular cylinder at K = 140 (Van Liyke
1981}, Photograph S. Tancdi

L0 (by (Van Dyke 1982

street behind a circular cybinder at R = 105.(Van Dyke
1952}, Photograph S. Taneda

Fig. 1.5 Circular cylinder at Row 284 (a)and R =4
Photograph S. Taneda

Fig 1.7, Karmman vortex

2) Basic characteristics of turbulence: 1)randomness,
i) diffusive, iii) large Reynolds number, vi) 3D, v) dissipative
Vi) continuous spectra, Vii) turbulence is a kind of flow
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3)Plasma turbulence (micro-turbulence)
1) Nonlinear development of electrostatic or
electromagnetic instabilities,

Ii) Electric and magnetic perturbations are important
characteristics of plasma turbulence, and the differences
from fluid turbulence.

lii) Examples

500 -

—-500

I

—1000

The theory of Plasma Turbulence, V.N.
Tsytovich, Pergamon Press Ltd, 1972.

4500 5000 5500 6000 6500 7000
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4) Main approaches of investigation

Computer simulation:
i) fluid/gyro-fluid (BOUT erc.);
i) Kkinetic;
(i) Vlasov equation(Gyro,GS2);
(ii)particle simulation (GTC,GTS) full-f, o f;

Weak turbulence theory: the period of linear perturbation is much
shorter than the time scale of nonlinear development, may use

small parameter expansion,
L <<1, f<1

Strong turbulence theory: perturbations and equilibrium quantities
are comparable and small parameter expansion cannot be used;

Quasi-linear theory: obtaining perturbations from linear equations
and substituting into nonlinear expressions , can do some
gualitative analyses but cannot give quantitative results.

o1



Particle-in-Cell Simulation of Plasma

Electrostatic Vlasov-Poisson system in (x,v) 6D phase space

Particle-in-cell (PIC) simulation: solve Vlasov Eq. in
Lagrangian coordinates

» Monte-Carlo sampling of phase space

Continuum simulation: solve Vlasov Eq. in Eulerian
coordinates

+ Velocity grids

Semi-Lagrangian: use velocity grids, follow particle orbits
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Langmuir probe arrays

35588868850

Tm-okl;l direction e

Radial divection [T

.
S

-
-
Bk ‘ i
| | 9,
i=te Toroidal divection @ QE’- =,
—
N
53

Poloidal direction
-
36
[ PR e ® o]

Sampling rate =1 = 2100
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0)

Physics quantities to describe turbulence

Wave vector-frequency power spectrum S (k, f)
from two fluctuation signals 7(7) and (%),

after FFT we get Signal spectra X7 (f) and Y’ (f),
by ensemble average we get Auto-power spectrum

Py =< XI(HXI(f) =, Ply =< YI()Y7*(f) >

and Cross-power spectrum
Py =< X9()Y7(f) =
Local wave vector
kI(f) = “5P
Local Wave Vector frequency spectrum
Sk, f) = &30 Tosilk — k2 (f)] Py
where M is the number of samples, and
L J1(—=Ak <2 > Ak)
Lo.ok() = {O (otherwise)
Conditional power spectrum
S(k,
S(k|f) = 55
where

S(f) = 2,5k f).
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Statistical dispersion relation

k(f) = > kS(k|f)

Averaged wave vector

<k >= Z‘f /L:(f)S(f)

Width of wave vector spectrum

or(f) = 22k = k(PSS (ELF)

Correlation spectrum

:‘X’ ): M ZJ l‘pl |1/2
Correlation length

=1/ <3 (f) > .
Average phase velocity

Ooh = D S (kL f)
Normalized bicoherency
B(f = +1)= <p(f)e(f,)e (f =1+ f,))[

~o(t)e(f,) F><lo(f, = f,+ f,) >

Summed bicoherency
N A
b= Y b*(f="f+f,)IN

f:f1+f2
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(2) Zonal flow (ZF)

« In atoroidal plasma a zonal flow is a poloidal flow driven by
turbulence, linearly stable, no direct flux drive.
« There are a turbulence-zonal flow systems.

m=n=0, k. = finite

Crosssection ExB flows

ZF in the
atmosphere of
Jupiter P. H. Diamond et al. PPCF 47, R35 (2005)
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1) Characteristics of zonal flows

 Electric field (or potential) fluctuations of poloidal and
toroidal symmetry, finite radial wave number,

n=m=0,q,p 0.1
 Two kinds of zonal flows

Low frequency ZF(LFZF)
Geodesic acoustic mode (GAM)
- ZF 611 0 GAM dn/dt
L VE\B V Zonal Flow
F\B
| l GAM
Oy ze O Weam D Cs/ R

Diamond et al., IAEX2004



Characteristics of LFZF

Structure: ExB fluctuating flow

Hahm PPCF 42, A205

m=n=0 |, ri/nD(qr,oi)zeé/Te | \ 33 |

L | ]
Frequency:Q, 0 , AQ, [y, s7 b,

J'I'.| V I"mh
Correlation time v orothers,  e=r/R f"v' f
Radial wave vector (p/a)* <qp <1t ° Tk

. . /2
a o.
Radial correlation length (22,) ",
Damping rate: see the figure —_—
AmplitUde \72|: /Vth,i <1O_2 /I | M...
£320, o Vi
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Characteristics of GAM

Structure: g x B fluctuating flow

r~

potential ¢p: m=0,n=0
density A: m=1,n=0, ﬁ/n 1sin6+/2q, p, (e&/Te)
Frequency ey U N2C, / R
Correlation time v,* or others
Radial wave vector and correltion length: same as LFZF
Damping rate | ] w,, exp(—0°/2) Landau damping
Yeay L AV [T collision damping

Amplitude: same as LFZF
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2) Importance of ZF studies
ZFs modulate turbulence and reduce cross field
transport;

ZFs shift the critical gradient upward R/L: c (Dimits
Shift);

ZFs may provide ways to control turbulence and
transport, by controlling ZF damping rate (which is
related to collision frequency and magnetic
configuration) ;

ZFs may help understanding meso-scale scale structure
and its role in confinement;

Possible roles in L-H transition.
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3)Formation mechanism of ZF

(h)

~ ~ 2sinéf .
: V- (” VEKB): _HVEKB 6+0 Diamond 2005
! on ~ ~ -
; E:_v(HV):_V(HVEKB)_V(HK.-")
i divergence )
: Of EX B flow
i S
; 3. = density ) divergence )
| ) oscillation of parallel flow
B=B,/(1+rcos6/R,) 7

= Stationary ZF: the compression is fully compensated by a toroidal
return flow 7 /7, ; = —2¢gcoséd

m Geodesic acoustic mode: mainly by a temporal oscillation of density,
and only a small part by ion sound wave /parallel transit flow
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GAM: the fluid picture

—_ ~ divergence of fluctuating E*B flow
a_p _V. _pE > density fluctuation ~
= _ = . e
ot B P ~ Esin0/wBR, ~ O(k, p!.)?
‘?};} /22 density fluctuation |
— = — € —>pressure fluctuation
Vp p (adiabatic or isothermal)

I - diamagnetic current
JL — ii —p E 4+ VLP due to pressure fluctuation
B ot B B +polarization current
due to time-varying electric field
<JJ_>1P =0 Quasi-neutrality condition
- radial current balance
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GAM: the fluid picture (ctd.)

divergence of fluctuating E*B flow

@ S VAN { ) +V. (PV;;) =2 den5|ty fluctuation quﬁ
~ Esin6/@BR, ~ Ok, p,)—

Ot =
Vp denslty fluctuation

P_Ww_ 2 .
V5 - — € —>pressure fluctuation

P P (adiabatic or isothermal)

due to pressure fluctuation
B +polarization current

1 ¢ [ EJ VLﬁ diamagnetic current
— — | — +
due to time-varying electric field

<JJ_>1P =0 Quasi-neutrality condition
- radial current balance

63
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Kinetic theory of GAM: model
= Assume a rigid constant on a magnefic surface (m=n=0)
=2 pexplik(r —r,)—ict]

= Quasi-neutrality condition is the same V - J ~ ( ]},) =0
but difference between particle drifts and fluid drift

' 7 3y
. ~ || @k
IRd&fv[ﬂmd sin 6)ff — {Eggﬁlﬂ )F } =0

radial component of magnetic curvature drift polarization drift (lower order)

= The perturbed distribution function given by the gyro-kinetic equation
- n . O+ i /o qF
f=—qF$|T +hJ, |@—@,;smb+io, py: 7 @l o

Jy = Ja(kpl p:vi/ﬂw @, :vff/(q‘Rﬂ)’ Wy = k[(va; +Vi)/(ZQﬂR:})]
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Kinetic theory of GAM: drift-kinetic limit

d*vexp(—+’ ) . y, ) R
s (kv,) gL —+ Seys
_L JElp — f In+v, ‘ 5 &rir
@ k%D the Imwest order
iﬁi— ,, [1+2z(<)]=0
q 2 25 ] 25

Q For conventional GAM ¢ =qRafv, ~ ¢ >>1

Yy E_"_ :0

. Tvi(. 46 g
D = 2(l+ 2] VGam = OS?EQ e\P[T]
' 65

Gao 2006




Effects of electron dynamics on GAM damping rate

1.2x105 - . T : . R — 1Ex1ﬂ‘
—wlth adabatic elect
------------ theory wio FOW ""l a f“’“’*m”
1.0:105F 1 10k === width ad.rahat?calan{jmn
-------- theary w/ 4th resonance wi2nd adiabatic electron
8x10* o theory w/ 10th resonance | ol« wio  aiabatic elaciron
¢ ¢ # TEMPEST _ —a—1=--1 nonadizbaiic eleciran
104+ _2'1, 8 —4—1=0 adiabatic elactron
ol » TEMPEST
Gao, et al, IAEA 2006 PoP 2008 :
4104 | 4
210% | 2
D — ]
1 2 3 4 5 6 T a e 10
Xu 2008

Wang PoP 18, 052506 (2011) .
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4) Effects on zonal flow on turbulence

Without Plasma Flow

With Plasma Flow
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Lin et al., Science 281, 1835 (1998)
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Gyrokinetic Simulation of Turbulence Driven
Geodesic Modes in Edge Plasmas of HL-2A
Tokamak

Feng Liu, Z. Lin, J. Q. Dong, K. J. Zhao, Physics of Plasmas 17, 112318 (2010).

0.05

b

0.04fF

0.03f

002

0.0

i)

-0.01

| | = potential of turbulence
002N L Glactric field of GAM

_u .DE 1 1 1 1 1 1 1 1
0 100 200 300 40%1:' W?UD G000 Fo0 200 200
i

Time evolution of turbulence
Intensity (blue line) and zonal flow
electric field (red line) .

GAM propagates both inward and
outward but dominated outward.
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power(a,u)

power(a,u)

5)Experimental data analysis

Auto- power spectrum

100

*Auto-power spectra of
floating potential, showing
LFZF and GAM.

Intensities iIf LFZF and GAM
Increase with ECRH power.
Intensity of LFZF (GAM)
decreases (increases) with
safety factor g increase.
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Cross power spectrum

300
Ar=—28mm
— (a) [
= 200+ Ar=—24mm -
= GAM
2 N
S 100+ g
Y
0
1
> 0.8
o 0.6
2 o4 d,=2100mm
Qo
© 0.2 Noise level
0 -
1 -

The poloidal and toroidal symmetries, I.¢,
m=0,n=0 were measured, simultaneously,
for LFZF and GAM.

phase(rad/m)
(]

1 10 100
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500 0.035 0.03
0.03 0.02
250 0.025 0.01
= 0.02 0
= 0
s 4 Fo.015
- | |
4 Fo.o1 0.06
-250
1 F0.005 Nﬁ_ 0.04 -
Ty .—U
-500 0.02
O 250 500 '
£1 (kH2) 1 10 100
f (kHz)
(a) Squared auto-bicoherency contour, \
- N 2 N
(b) Zoomed-in part b,” = ZbZ(f =f, +f,)/N
(c) summed auto-bicoherency. f=f,+1,

Bz(f =+ f)= <o(f)o( ];2)§0*(f =f + 1) :
[<[o(f)e(f) [ ><o(f =1+ 1,)[">] &



Finite radial wave number

. |
2 0 2 4 6 8

-8 6 —4 —
I-cr{cm'1}
1
0.8 (<) GAM
N
= 0.6 9 FZF
T
= 049
3
0.2+ _ L
0 = T = =
0] S 10 15 20 25

f (kHZ)

(a) Radial wave vector-frequency spectrum
of potential fluctuations, and

(b) radial wave vector spectra for the LFZF
and GAM;

¢) Radial coherency spectrum.

K,=0.6cm, Ak, =3.7cm-! for the LFZF
«  K,=3.8cm™, Ak, =3.8cm™ for the GAM

73



First observation of oroidal mode number (n~0)

0.8

1 - - - - - ——
AR\ ——— shot 4206 f.
A I
E;DE} 1 \d =800 mm shot 4044 | 0.6 (€], h’El
E 0.6, Yol ‘1| Jw% Hq,avﬂ'-uwk - :]4: ?M . Iv. d =800 mm
% 0.4 ™ L oad _:f@lf.m ""a,,pu P ""‘“w"kﬂr-“' ' 3|",$ M-'ll'f I"q.,ll'u ncertalnt;.r Ievel
(%] F " LI LU ¢
o2f@ ¢V, - h""“_h.“:-“"u': Jo2p < .v’lfq‘ ~ NI 3
_____ < ncenalnj Ievel 4l - -h-;’fj-l.-"f' ;:m-ri‘ﬂ
L p—— S— P——
(b) 1 @ | ?“ S| } | 1
4t d—EDDmm _,-.,rx-d—‘_“-h""'_“’{_;'l:'- 1'f" -"r} ||| T.l | |_
= mx_.-“'-"'w - ) :'Fulf ! A ! |l
- - ,__,,_,-,u..-';né“"“""g.‘a Ij 0 {g-III: et || 11,[1 LM fl "' I L . :.uJ-
Rl B el i )
[:u-f._.m-:a-"fw _1; dt:EDDmm Hlﬁlt‘{l,ﬂll ||I|‘ ‘|| I.|I
] ; L '1 ) .{ 1 'u |

1 1 1 1 1 1 1 1 1 ] _2
O 5 10 15 20 25 30 35 40 45 50 O &5 10 15 ED 25 30 35 40 45 &0
f (kHz) f (kHz)

The toroidal mode numbers are n~0 . GAM is uniform at a flux
surface but the AT is localized to and aligned along a magnetic
filed line. (a)(b) along magnetic field line, (c )(d) deviating from

a magnetic filed line. (K.J. zhao, T. Lan, J.Q. Dong et al., Phys. Rev. Lett. 96

(25) 255004 (2006).)
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Identification of poloidal mode number (m<1)

The poloidal coherencies (a), - °°

the phase differences (b)
and the poloidal wave
vector spectra (c).

The poloidal mode numbers
are less than 1.

The ambient turbulences
(ATs) propagate in electron
diamagnetic drift direction.

-

&

)
X

4L

The general dispersion relations,

o i
-.._f_2__

shot:4206
shot:4044

Ade==0.

0 5 10 15 20 25 30 35 40 45 50
f (kHz)

straight lines without

offsets , for the ATs and deviations from it in the GAM
frequency region are clearly shown.
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Radial dependence of zonal flow intensity

1.200 s leesreoseys Ieescreseys Leesererseys Leesererseys Iesesserss
1 m— Ar=-2.4cm [
h = Ar=-2.0cm
Ar=-1.6cm :
i m— Ar=-1.2cm |
800 1 —
8
o
S
@)
o . N
400~ -
0 ~rrerrrer [rrerrrerT Baaaaze: RBaamaze: e T

0 5 10 15 20 25 30
f (kHz)

Home work: 1, What s a zonal flow? How many kinds ZFs there are?
What are the differences between them?
2, lsazonal flow an eigenmomode? Why?
3. Is it possible to have a zonal magnetic field from turbulence?
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Outline

4. Transport
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Quasi-linear Analysis of momentum transport
J.Q. Dong, W. Horton et al., Phys. Plasmas 1, 3250 (1994).

a2 b(x) -
W‘—bs'ﬂﬂ* ST Pila)

& F

N 57x? Upgpsx
@* ({O+K)d

where b;=k§pf, w=ww,., K=(1+n)7n =T, T,
mi=dInT,/dInn, w,,=k,p,c/L, is the electron diamag-
netic  frequency, x is normalized to p,=c,/}
—(T.tm )Y I =c(m,T.)"*/eB, Q is the ion gyrofre-
quency, g = L, dvj/c; dx, and s=L /L, with L being
the density gradient scale length. Here T, and T, are the
electron and ion temperature, respectively. Equation (1) is
valid in the hydrodynamic-like limit and the full kinetic
equation is also given In Ref. 4.

)d}{:}: 0, (1)
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Eigen-value and eigen-function

1-® ﬁgu, i
— — ) -|- \ 2
( by Tk Terk)t) o ntl 2)

The corresponding eigenfunction is
&' x)= UM (d)is)H [ (is/@)'?
}':{I | ﬂ]]g—:’.r[x-l-dﬁz,ﬂlxhi {3}

where H,, is the Hermite [unction of order n and

A=-3 . (4)
o+ K)
Potential perturbationd — Re[Z; ¢odlx)exp( — iwt + ikyy)].

ExB drift velocity is

. e dd . C O 5)
U:__EE! L'J.r_ﬂ. Ay’



Reynolds stress and energy flux

Define
7 (x)=0r0 o), (6)
TY(X) =0 0T O,0f (7)

Calculated results

2 e 2k (2xa +AD*F+A*D)
= ik
T ey |qf:,;~_,| PsB: — i, &

w pisl@lx+A%) 2= o*(x+A)7 )26 (8)

,ccex
Wx'l]_l‘ﬁl.l-l BT El:_ik}-’}"]
¢

v E,;'.e[a-:.rv'_ﬂ.*}ﬂ—m"‘tﬂ—hﬁ]ﬂtiﬂﬂl! (9}
For energy transport we need the radial flux g,(x) of the
ion pressure fluctuation,

P.(1+ qr;rl}r:1 2 vk
=¥l A¥= 2 ¥
'EI.T{I] ”:P+U-hp l‘f"ﬂli F's‘:sﬂf s:‘“

. Ersfr,ﬁrf.r-r 4*12=d ":’.rﬂiijj':'lfu'.'lf“?‘ (10) %



2 oK
k 1{-!-"1 Ku_u" _.;2 p) 4
= "K-lds|a+ K|
[ol’ H%HEH‘ﬁm+KF‘ e ’
(11}

1ol cc.e — ky-y”’triﬂ*ﬁau
o BT 5572 Lo+ K[?
xeﬁéf!fz.-‘laha i H}‘*: {1:}

and
{q.)= j (Grp+0,.p*)dx

L Po(1+ 3)c? {ﬂrT'.il”lr:ir{k

s i
— E"ﬁnl"' - . IJL ;431&4—!‘.’]
pC .8 §

(13)
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The momentum transport coefficients w«, and g are de-
fined by

_ (TTay)
£y —duvp/dx

ek (w3 &PKL,

=X a o
=l¢al* g g €T T (14)
and
(T
a —duy/dx

V2] o137 112
cekylm) ASULny™ igixtasiaskt (g5)

The energy transport coefficient y is defined as

_ g
X™ ZdP,ldx

LF‘I - = - -
= vop+u,p*
PD(1+HE}{xP P

=160l AL\ dlk,(my) /2
= — RI. T
| csB pgs

Eﬁﬁfﬁiﬂam-rﬂl" {lfl}
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Reynolds stress

Reciprocal Prandtl
number
x _rlo+Kf*

—

Moy lfi}ijﬁ '

¥ |eo+K)?
—]

TR I

x
FIG. 2. Micra-Reynolds stress distribution ey ﬂﬁdﬂ?}ih& modé fational FIG. 3. Reynolds stress {m,,} va dy = L, duy/le, dx for b, =01, 1, and
surface x=0 for p=1, =1, b,=0.1 and (a) s=0.1, 6y = - 1.5, - 1.0, lab =1 s=0.1, 2. 0.3, and 04 (b} s=01, 7.=2, 3, 4, and 5. 83

—0.5, and 0.0; (b) s=0.5, ¥y = — 1.5, —0.5, 0.5, and L5,
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Vg '\'"-I-'n'l Ty

FHi 4 MidreRbpnalde dreee dminhohion oy arand e mesde mwdional
surface x=0 for r=1, b, =01, s=01 and (&) 5-1, 5y = =15, =10,
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-

Nz PPy
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=7
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where vy is the equilibrium poloidal velocity and
Vi
pe= .
(1 + v, )(1+ep,)’

with v, =v,qR/v,e"” and € is the inverse aspect ratio, g is
the safety factor, R is the major radius, and v;; is the ion—ion

collision frequency. In steady state, Eq. (29) reduces to

1 2
{U ﬂ}_UTE - ﬁa 4'#.1::9}' (31)

(30)

For the dimensionless parameters (#;,5,7,0q).b,) of ordet
unity, the poloidal acceleration from the divergence of the
momentum flux is of the magnitude (cT/eBL)?/
L,=v3/L,, compared with the neoclassical damping rate
L

In order to make a further comparison, it is assumed that
the equilibrium poloidal velocity o is negligible, and that
the plasma is around the boundary between the Pfirsch—
Schiliiter and the plateau regimes with /~gR, so that
¢™=p. . Then the steady-state poloidal velocity [Eqg. (31)]
reduces to
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Home work: ITG turbulence
Induces energy transport but
not momentum transport when
parallel velosity shear is zero.
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Outline

5. Summary
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Tokamak plasma is a non-equilibrium many-body system where
charged particles move under the action of electromagnetic field, that
In return produces electromagnetic field (self-consistent field) and,
therefore, influence the behavior of the system. It isa system of
great freedom, fluent collective effects and motion modes. There are
many unknown nonlinear physics processes (such as turbulence,
chaos and self-organized order structures etc.)

Gradient of plasma parameters (including magnetic field ) drive a
variety of micro-instabilities (ITG, ETG, TEM, and AITG etc.) and
turbulence.

Turbulence induces anomalous (turbulent) mass, momentum and
energy across field transport.

Turbulence also generates zonal flows which reduces the turbulent
transport and improves confinement.

Great progress has been achieved but we still face many challenges in
this field which has a prosperous prospect.
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Thank you for your attention!

89



	Slide 1:   Instabilities, Turbulence and Transport 
	Slide 2: Outline 
	Slide 3: Outline 
	Slide 4
	Slide 5: Outline 
	Slide 6: (1) Instabilities in plasmas
	Slide 7: (2) Importance of micro-instability study 
	Slide 8
	Slide 9: (3)Roles of linear theory：saturation amplitude calculation needs inclusion of non-linear effects; linear theory may：   (i) identify driving mechanisms；   (ii) identify criteria for instabilities；   (iii) identify thresholds of plasma density and 
	Slide 10: Main driving mechanism --instabilities
	Slide 11:  (4)Fluid ion temperature gradient (ITG) mode     1) Basic equations：        Ion continuity equation：                                                            （1）               equation of motion of ions ：                                      
	Slide 12: 2）Drift approximation：         magnetized plasma：                  drift approximation：          lowest order：left side of Eq.（2）equals zero &          neglecting the viscosity term give,                                                          
	Slide 13: where Substituting Eq.(6) into the right side of Eq.（2），up to the first order of drift approximation we get ,                                                                                          （7）   where gyro-viscosity  cancelation (Horto
	Slide 14: 3)Linearization     Normalization：    After linearization, Eq.(1) becomes,    
	Slide 15:       Eq.（3）reduces to                                                                       （18）  Neglecting the forth term and putting                         give,                                                                               
	Slide 16
	Slide 17: Neglecting     ，which induce Doppler shift only，then we get dispersion equation：                                                                                   (23)   where,                 ,       is normalized to                            
	Slide 18
	Slide 19: .    Weber equation     Eigen-value equation,  Corresponding eigen-function,        
	Slide 20: (5)Kinetic study of temperature gradient modes 1) Particle orbit in a sheared slab geometry   Motion of charged particles：     Assuming                                  when           ,  the  solution of above equations are 
	Slide 21
	Slide 22:        The first order equation (electrostatic perturbation)                 
	Slide 23: 3）Perturbation of distribution function             For ions   where    
	Slide 24: 4) Dispersion equation    
	Slide 25
	Slide 26
	Slide 27: where,
	Slide 28: 5）Typical umerical results：
	Slide 29: 6）Approximate equation without magnetic shear
	Slide 30: (6) Mode characteristics in a tokamak
	Slide 31
	Slide 32: 5)Electromagnetic instabilities
	Slide 33
	Slide 34
	Slide 35
	Slide 36: iv) S.F. Liu, S.C. Guo, W. Kong and J.Q. Dong, Trapped electron effects on ηi-mode and trapped electron mode in RFP plasmas, Nucl. Fusion 54, 043006 (2014). v) S.F. Liu, S.C. Guo, C.L. Zhang, J.Q. Dong, L. Carraro and Z.R.Wang, Impurity effects 
	Slide 37
	Slide 38: Threshold calculation（1）
	Slide 39: Threshold calculation（2） 
	Slide 40:    threshold from experiment
	Slide 41: Te critical vs. Te/Ti & R/Ln
	Slide 42: Isotope effect
	Slide 43
	Slide 44
	Slide 45
	Slide 46: Stabilizing factors 
	Slide 47: Outline 
	Slide 48: (1) Turbulence
	Slide 49: 2，湍流的基本特性
	Slide 50: 3)Plasma turbulence（micro-turbulence）
	Slide 51: 4) Main approaches of investigation
	Slide 52
	Slide 53: Langmuir probe arrays 
	Slide 54: 5) Turbulence analysis
	Slide 55
	Slide 56: (2) Zonal flow (ZF)
	Slide 57: 1) Characteristics of zonal flows
	Slide 58: Characteristics of LFZF
	Slide 59: Characteristics of GAM
	Slide 60: 2) Importance of ZF studies
	Slide 61: 3)Formation mechanism of ZF
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66: Effects of electron dynamics on GAM damping rate
	Slide 67: 4) Effects on zonal flow on turbulence
	Slide 68
	Slide 69: Gyrokinetic Simulation of Turbulence Driven Geodesic Modes in Edge Plasmas of HL-2A Tokamak
	Slide 70: 湍流、带状流和blob
	Slide 71
	Slide 72
	Slide 73: Finite radial wave number
	Slide 74: First observation of oroidal mode number (n~0)
	Slide 75: Identification of poloidal mode number (m<1)
	Slide 76: Radial dependence of zonal flow intensity
	Slide 77: Outline 
	Slide 78: Quasi-linear Analysis of momentum transport J.Q. Dong, W. Horton et al., Phys. Plasmas 1, 3250 (1994).
	Slide 79: Eigen-value and eigen-function
	Slide 80: Reynolds stress and energy flux
	Slide 81
	Slide 82
	Slide 83: Reciprocal Prandtl number
	Slide 84
	Slide 85
	Slide 86
	Slide 87: Outline 
	Slide 88:   
	Slide 89

