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Installation of DED in TEXTOR
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Figure 1: TEXTOR.
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Installation of DED in TEXTOR 3

Figure 2: Dynamic Ergodic Divertor Coils.
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1 Hamiltonian Dynamics 4

1 Hamiltonian Dynamics

Hamiltonian of a charged particle (radiation gauge):

B(q,t) = rot (Ay(r) + A(q,t)),
19 -

E(q,t) = —grad®y(r) — —=A(q,t
(q7 ) gra 0(T> c Ot (q7 )7
H(p.q,t) = Ho(p,7) + (D, a.t) + O (A%)
1 e 2
= 5 [P SAm)] et
1 e e~ ~9

+ 5 [p — CAO(T)] —Alqt) + O (A7),

q = (r,0,z)...generalized coordinates,

p = mv+<[A(r) + A(q, t)] ...canonical momenta.

FEvolution of the distribution function f(p,q,t):
of
— H} =0
@t + {f? } )

{f,H} = — — — — —.

Action-angle variables (J, ®) and Fourier expanding:

0H - . . . . ,
aJO = Q(), H = ZHm ezm-@—zwt) f _ Z fm ezm-G—zwt7
m m
Hm 9 fo
fm = —————m - ——.
m - Qo —w 0J
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3 Background 5

2 Current density

jrt) = [dprevf = /d3p/d37~/5(r—r’); <p_e(A0(r’)+A)> (fo+ f)

C

iw? -~ e
2 p 3 3 -
— Jo(r)+47mE+m/d J/d Od(r—1r'(J,0))

< (p(1.0)- 40 (1.0)) F3.0.1).

no(r) = [d*J [d*O4(r —1'(J,©)) fo(J).

3 Background

cylindrical geometry with rotational transform

2 2 2
P 1 e 1 ( e )
Hy = _ A S Bo(r),

0 2m i 2mr? <p9 c 09(7“)> i om \P2 7 0 (r)) +e®olr)

field lines: Ry ...big radius, ¢ ...safety factor.

do  Bj  dA,. 1
dz B Bg N dA()g B qRO’

gyromotion:
2
D oUu To
HO = + U(T7p97pz)7 ( ) - 07 — o =To (p97pz)
2m oro
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4 Action-angle variables 6

4 Action-angle variables

Hy does not depend on time and the generalized variables # and z = H,, py,
and p, are constants of motion.

The unperturbed Hamiltonian is expanded around ry and solved in zero order by
introducing action-angle variables, (r,0, z, py, pg, p.) — (J 10, Py, Pz, Po, 0o, 20),

2 2
3 p 10 (T07p97pz) 2
B = 2 4o A _
0 2m, (T07p97p) 9 87’(2) (T TO)

p? 1

; 2
= om + Uy (po, p2) + §U6/ (po,p2) (r —1ro)”.

m (Ho — U())

JmUl

_ U// U//
Hy = Up+ 2T = U+ QoJ 1o, Qp = 2,
J m J m

canonical momenta:

1 rmax _
Jio = — drp, (Ho,7) =

7T Y Tmin

Dy = \/Qmﬁojlo—ng% (T'_TO)27 po = Py, p. = P..

generating function F'

F(P,q) = P+ P.z+ L \/QmQOJLO — m2Q2 (r' — o)’

Textr
angle variables:

OF 2J 19

¢y = 9710 - r = 79— o) COS Q.
8F 87’0 . :]J_()aQ() .
= — = 0—+2mf — — ————sin 2¢;,.
0 p, 0 m OJJ_O@PQ sin ¢ 20, 9P, sin 2¢y
oF org . J19 09 .
zy = op. = z—\/QmQOJm@PZ Smgbo—zé(;apj sin 2¢y.

Hy and p, in terms of the new variables:

1 2.J 10\ 1 2J10)\>
0 o+ Q0J 10 U0 o cos” ¢g + 510 o cos” ¢y

Pr = V 2mQOJL0 sin gbo.
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5 Canonical perturbation theory 7

5 Canonical perturbation theory

The action-angle variables are transformed with the help of the generating
function F'

F = Pyby+ P.zo+ Ji1¢0+ g(J11, Po, Ps; do) ,

_or dg
OF dg
b = Bo+20 — g+ 0 (p>3

0 3
21 = Zo—f-agZ:Zo—f—O((g) ),

8g Ué’ 2JL1 3/2 1 ag 3/2 3
Hy = Up+ Qo (Ji+ ) = =22 (222} (14 —22
o = oot 50) =T () (1 7am) oo

U(’)[V 2JJ_1 2 1 8g 2 4
-0 14— -7
sy <m90> < +Jlla¢0> cos” 9o,

such that the new Hamiltonian takes the form

U" /92.J 3/2 1 O 3/2
HO = UO+QOJJ_1—O< ll) < g) COS?)¢0

6 \mf J110¢q
UV (2J11\° 1 99\
-0 ( M) (1 + g) cos” ¢p.
24 mQO JJ_l 8gbo
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5 Canonical perturbation theory

This procedure is repeated (second order in p/ry) and the Hamiltonian as well

as the “old” variables are expressed through the new variables:

5 (U2 3, | ULV I3,

Hy = Uy+QoJ
0 00l TRl T TemEa2

1 U/// 2JJ_2 1/2 . 1 .
¢0§ = @2 — 8mQ2 (mQ()) (3 sin @9 + 3 SII 3¢2>
U/// J2 9 ' . 1 .
W (—2 sin 2¢9 + 3 sin 4@y + 6 sin 6o
UV J 1o 1
+ 24 (2 sin 2¢9 + 1 sin 4¢2>

)

U/// 2J
Jio = Jio ( =~

510,
(Ug")* I3

48m3Q3
2,
48m2 0}

3/2
mQ()) (3 cos ¢z + cos 3¢2)

(5 4+ 8cos2¢py — 2cosdeps)

(4 cos 2¢9 + cos d¢po) .

U/// 2 1
1 — - 2
1m0 ( 3cos ¢2>

UIV 3 3 1
18m$3 ( COS (g — 1 cos 3¢2>

(e <11 1 )

r—1ryg = —pCoS Py —

48m2Q4 3 coSs 9 + 1 cos 3¢

62 Opo

"2
Uy’ p” org

0 = 6+ onaTOpsin by — Us'p ora iy 20y + immop sin 2@,

z = z9+mf) a“’psin by — 0 o sin 205 + imm‘)p sin 2®,.
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5 Canonical perturbation theory 9
perturbed Hamailtonian and distribution function:
Ij] - “ <prE~w + <p9 - 6A09> EG + <pz - 6A0z> EZ)
mw c c
< ~ 0 fo mO—ivt  Hm d fo Orodfo Ouy 0 fo
— g2 im w . 2O J0 el 'Y
/ 8H0+§n:e m- Q) —w CUE)Ho+m 0J org m 9 Ouy
—_—

fo 7(2)

perturbed current deinsity:

o= g
ei” i_ /_o:OduH/OoodJl{
< [0 =i A, = 5 (k- Av) |
I (ar) i (Ar (k- Ar)u) )
+ (,f; B ((Ar)? UO%H J <f<1) n f@))

Ji = szlle’j + s%fE'j + s};’E”j

10 21 g 22 11 23 111
- ;gr [Slj EK7 + Sij E"7 + Sij E J}
+ 1872 { 31Ej + 32E/j + 33E~Wj}

~ . = - =i
= O'z'jE‘] —|—UijE‘7 —|—UijE ‘7.

Kinetic Workshop Graz, 13-15 Sep 2004

TUG



5 Canonical perturbation theory 10

power balance:
1..(1 1
29?{87“ ¢ - [EF XB]} :—53%{j*-E},

P, = 15)%{CE* X B},

2 4m
L (o | S
Fmatr = _§§R {EZ* (SZQ;E] + 322].2E’J) + EIZ*S?J_IEJ
W10
—F o <7"5ij EJ)} ’

1 o o . .
Ploc(1) = 53? {sglez*Ej + sPE*EY + s?lel*E”J
+s;, E"E 4+ s B EY + s E"FE, |

10
;ET [P7 + Fmat r] - ploc(r)a
(27 Ry) (277) [Py + Fuatr] = (27 Ry) (277) /OT dr'r' proe(r').
Flcotr
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Conductivity tensor 11

> pPrint(gsig),
array(1..3,1..3,1..3,[

om_D(r_0)°
om_c(r_O)2 - om_D(r_O)2
k_s(r_0) om_c(r_0) om_D(r_0) V_p(r_0)* h_t(r_0)"
(—om_c(r_0) +om_D(r_0))* (om_c(r_0) +om_D(r_0))* r_0

1,1,1)=-

(1,1,2)==2

0
2 k_s(r_0)om_c(r_0) om_D(r_0) ge %T Phi_O(r_O)%

0

¥ (—om_c(r_0) +om_D(r_0))* (om_c(r_0) + om_D(r_0))* m

d
2 k_s(r_0)om_c(r_0)om_D(r_0) %TO p(r_O)%
* (—om_c(r_0) +om_D(r_0))* (om_c(r_0) + om_D(r_0))* n(r_0) m

om_D(r_0)k_s(r_0)
(19 19 3) = @ 2 2
(=4 om_c(r_0)" +om_D(r_0)") om_c(r_0)

2 (-om_D(r_0)h_t(r_0)* +om_D(r_0)) om_D(r_0)
+ > > > _T(r_0) v_T(r_0) %-F
om_c(r_0)" (=4 om_c(r_0)" +om_D(r_0)")r_0 r_0

2 2 a
om_D(r_0)" v_T(r_0) %TO om_c(r_O)E
n(r_0)om_c(r_0)’ (4 om_c(r_0)* —om_D(r_0)*) * E
om_D(r_0)k_s(r_0)
om_c(r_0)n(r_0) (4 om_c(r_0)* —om_D(r_0)*)

(—om_c(r_0) om_D(r_0) h_t(r_O)2 +om_c(r_0) om_D(r_0)) om_D(r_0) E\, T0r 0 ZE
r_0n(r_0)om_c(r_0)* (4 om_c(r_0)> —om_D(r_0)*) -Tr0)

0
%TO n(r_O)%* m_D(r_0)v_T(r_0) (2 om_D(r_O)3 r 0+8 om_c(r_O)2 om_D(r_0)r_0)

d T(r_0 04 07 = om_D(r_0) 0)’
r_OV_ (r_0) (r_0(4 om_c(r_0)"—om_D(r_0)") om_c(r_0)")

d
8 om_D(r_0)v_T(r_0)* %To om_D(r_O)%
+ = + %

om_c(r_0) (4 om_c(r_0)* - om_D(r_0)2)2
om_D(r_0) (40 r_0 om_c(r_0)’ =6 r_0om_D(r_0)* om_c(r_0)) k_s(r_0)

+om_D(r_0) (
r_0(4 om_c(r_0)* —om_D(r_0)* )2 om_c(r_0)*

28 om_c(r_0)* om_D(r_0) +4 om_D(r_0)’ h_t(r_0)* =5 om_D(r_0)’

Figure 3: Conductivity tensor, asymmetric form, acting on F.
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6 Maxwell equations 12

6 Maxwell equations

C /

S B~ N,E.+NsE|+ N\E,— B = 0 [2,E],

W 5

C
_EBﬁ + N||Br + N1Bg — N2B|| + e b + €55 B + €SHEH
1Bl 4 E Bl + 5 B + B Bl + BB +EEl = 0 [3,B]],
=B\ = N,B, + NyBj + NiB, + &, E, + ¢, B, + 2 B

w
+§||TE;—|-<€_||SE;—|—§H||E|,|—i—é_HTE;/—i—gHsE;/—i—g—”HEﬂ, = 0 [4,B],

S

_iSJ ‘/|l + N|I|Er + N||E,/a + N{Es + N1E; — NéEH — NQE\,\ - B; = 0 [5, E|,|/]7
—N|Bs + NsB| + € B + &rsEs + &4 B

& B+ s By + &\ B + & B + &, B + & B = 0 [6,E]],

~N\E,+N,E —B, = 0 [7,B,],

ZE!'— N!E, — N,E. + NjE| + NyE| + N{E, + N\E, - B| = 0 [8,E!].
1w

variables starting values
1 2 3 4 5 6
E; Ey B, B E. E E| |'|
B \'\
78 9 10 11 12 E, E..

/ / / / 124 /!
Ky By By By E. Ej

r

13 14
BT E//
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7 Antenna relations

13

7 Antenna relations

Solve the inhomogeneous system with zero input state vector for the derivatives and identify: AE) =

Bl AE|=Ef, ...

— AR
1w

L AE,
w

C _ _ _
_EABH + &+ AE, + £ AES + §s||AE|| + éfsrAE; + z::ssAE; + §s||AE|/|

& — — —
aABS + §||TAET + §||8AE5 + EHHAE” + éTHTAE,In + EHSAE; + §||||AE|I|

—AE| + = (N)AE, + NMIAE, — NoAE) — AB)

C

ErrAE, + . AE, + ETHAEH + ETTAET,, + ETSAE; + §T||AE|/|
AB,

= AE, - N,AE, + NsAE| + AN,E, — AB,
1w

Kinetic Workshop Graz, 13-15 Sep 2004

0 [1,AE||],
0 [2,AE],
c 4n .
.77‘7&8 [37ABH]7
w ¢
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0 [7,AB,],
0 [8,AE']
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Linear shear 1kHz 14

1 kHz
3.8 T T T T T

3 _—
g-profile  m—

34 r T

32 | 4

2.8 h

22 —

2 Il Il Il Il Il
0 10 20 30 40 50 60

Figure 4: g-factor profile.
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Figure 5: Temperature profiles.
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Linear shear 1kHz 15

1 kHz, 100 Hz, T=const
500 T T T

0
Re(Bg), G, collisional +
400 + Im(B,), G, collisional x|
s): G, collisionless
, G, collisionless -

300

200

100

-100

-200

-300

-400

_500 Il Il Il
40 45 50 55 60

Figure 6: Radial and poloidal magnetic field, T" = const.

1 kHz, 100 Hz, temperature gradient
500 T T T

0
Re(By), G, collisional -+
400 | Im(B,), G, collisional x4
s), G, collisionless
, G, collisionless —------

300

200

100

-100

-200

-300

-400

500 I I I
40 45 50 55 60

Figure 7: Radial and poloidal magnetic field, temperature gradient.
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Linear shear 1kHz
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1 kHz

1.5e+12

le+12

S5e+11

-5e+11

-le+12

-1.5e+12

-2e+12

r¥pl;, T=const

rpl;, T gradient .

42

le+1l

44 46 48

50

52

Figure 8: Power deposition due to electrons.

1 kHz

5e+10

0
I, T=const
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rpl;, T gradient

-5e+10 -

-le+l1l |

-1.5e+11
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-2.5e+11 |

-3e+11
42

44 46 48

Figure 9: Power deposition due to
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Linear shear 1kHz 17

1 kHz

5e+11 T T T T T

0
pli, T=const
de+11 b pli, T gradient . i

3e+1l .

2e+1l T

le+ll T

-le+1l - .

-2e+11 | N

-3e+11 b

_4e+11 1 1 1 1 1
42 44 46 48 50 52

Figure 10: Total energy flux.

1 kHz

0
pli, collisionless =======

le+l12 | pli, collisions

S5e+1l |

T

' 4

-be+1l - .

-le+12 b

44 46 48 50 52

Figure 11: Comparison with collisionless case.
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Linear shear 1kHz 18
1 kHz
2e+13 T T T T T
o
'
F
15e+13 | Fr .
le+13 [ -
5e+12 - B

-5e+12 | B
-1e+13 - -
-1.5e+13 | -
2e+13 1 1 1 1 1
44 46 48 50 52
Figure 12: Poynting and material fluxes
1 kHz
T T T T T T T
0
Z
le+12 1 T
1
;
kA
-kA
5e+l1l r*plelgcllron N
pl;

on

-5e+11 | ‘ 1

-le+12 |- —

1 1 1 1 1 1 1
43 43.2 43.4 43.6 43.8 44 44.2 44.4

Figure 13: Electron Landau damping, ion Landau damping, local Alfvén resonance:
1 {w/ky Vo o
== |- |, %2 =ia
V2 K

Za
Uty Uty
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Linear shear 1kHz 19

1 kHz
15 T T T T

_15 1 1 1 1
435 436 437 4338 43.9 44
Figure 14: Slow wave dispersion (k).
1 kHz
0.02 : : . .
Re(Kyarp) +
perp.
Re(kperp) %
0.015 - Im(Kbarp) .
Im(Koers)
0.01 | - _
0.005 - j .

~

-0.015 —

-0.02 1 1 1 1
435 43.6 43.7 43.8 43.9 44

Figure 15: Fast wave dispersion (k).
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8 Conclusions 20

8 Conclusions

e wave code with second order (small Larmor radius expanded) dieletric tensor

drift waves generated within the resonant zone for temperature (also for density) gradients

e experimental evidence 7

direct energy extraction ?
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