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controlled fusion on earth (ITER)  vs.  therm. fusion in the sun
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Motivations

for EP studies
who started it

® Heating for Deuterium-Tritium (DT) reactor: 1 GW DT plasma should
have 200MW (20%) in fusion alpha particles.
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Motivations

for EP studies
who started it

@ Heating for Deuterium-Tritium (DT) reactor: 1 GW DT plasma should
have 200MW (20%) in fusion alpha particles.

Where does this power go ... e,i, lost?
What are the mechanisms of power transfer?
How to control it? Can we design an efficient fusion reactor?

Can it damage the plasma facing components, diagnostics?
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Can we make use of EP instabilities for plasma diagnostics?...

Lecture is far from systematic review, some names/labs are omitted,
not consistent...
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Motivations

for EP studies
who started it

@ Heating for Deuterium-Tritium (DT) reactor: 1 GW DT plasma should
have 200MW (20%) in fusion alpha particles.
@ Where does this power go ... e,i, lost?
@ What are the mechanisms of power transfer?
@ How to control it? Can we design an efficient fusion reactor?
@ Can it damage the plasma facing components, diagnostics?
@ Can we make use of EP instabilities for plasma diagnostics?...
Lecture is far from systematic review, some names/labs are omitted,
not consistent...
N Fast lons sk E J Bagining of TAE Experiment ot
Instability § %n. * a’!
é : %
Duong Nucl.Fusion 33 (1993), is T — e e
Carbon coats DIII-D mirrors when escaping fast ions ablate the graphite
wall. Need to mitigate the risk: ITER cost is >$10bin.

.
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Motivations
for EP studies
who started it

Outline

@ Motivations
@ "thermonuclear” instabilities

© From single particle to collective effects
@ sources, parameters, distr. function...
@ global MHD codes are brought for studies

© Alfvén (+other) waves, eigenmodes
@ Local analysis
@ Continuum gaps
@ Mode structure
o Lower frequency BAAE gaps
@ Fast ion drive of Alfvén modes
@ n of unstable mode scales with w,, R
@ experimental confirmation of growth scalings
@ apply scalings to ITER plasma
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Motivations
for EP studies
who started it

Outline

@ Motivations
@ "thermonuclear” instabilities
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Motivations

for EP studies
who started it

L.V. Korablev and L.I. Rudakov, Zh.Eksp.Teor.Fiz. (Sov.Journal
Exp.Theor.Phys.) 54 (1968) 818
Ya. Kolesnichenko, V.N.Oraevski, Atom. energy, 1967, velocity

space gradient drive requires “slow” start.
A.B. Mikhailovskii, Nucl.Fusion. 68 (1975) 727
M.N. Rosenbluth and P.H. Rutherford, PRL 34 (1975) 1428

. studied EP drive of Alfvenic thermonuclear instabilities??...
Not eigen- , localized modes, strong kinetic damping.
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Motivations

for EP studies
who started it

L.V. Korablev and L.I. Rudakov, Zh.Eksp.Teor.Fiz. (Sov.Journal
Exp.Theor.Phys.) 54 (1968) 818
Ya. Kolesnichenko, V.N.Oraevski, Atom. energy, 1967, velocity

space gradient drive requires “slow” start.
A.B. Mikhailovskii, Nucl.Fusion. 68 (1975) 727
M.N. Rosenbluth and P.H. Rutherford, PRL 34 (1975) 1428

. studied EP drive of Alfvenic thermonuclear instabilities??...
Not eigen- , localized modes, strong kinetic damping.

Later (review) papers on EP physics:

A.B. Mikhailovski, Rev. Plasma Physics 9

Ya.l. Kolesnichenko, Nucl. Fusion. 20 (1980) 727

S.V. Putvinski, Rev. Plasma Physics 18

G.Y. Fu, JW. Van Dam, Phys.Fl. 89

C.Z. Cheng, Phys. Rev. 92

W.W. Heidbrink and G.J. Sadler, Nucl. Fusion. 34 (1994) 535

N.N. Gorelenkov ITER EP lecture




From single particle to collective effects origin of EPs
numerical codes for EPs

Outline

© From single particle to collective effects
@ sources, parameters, distr. function...
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From single particle to collective effects origin of EPs

numerical codes for EPs

Sources of energetic particles (ions):
@ resonant frequency heating (RF): H, 50 1000keV/,
@ beam injection (NBI): D, H, 50 — 350keV (1MeV in ITER),
o fusion products: a(3.52MeV,DT), p(3MeV), T (1MeV,DD)...
o test particles,
EP, super-thermal ions: Egp > Ty, vy < vep < Ve
Relation to Alfvén velocity, va = B/+/4Tipj, in fusion plasmas
vri = /Biva <va < vep
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From single particle to collective effects origin of EPs

numerical codes for EPs

Sources of energetic particles (ions):
@ resonant frequency heating (RF): H, 50 1000keV/,
@ beam injection (NBI): D, H, 50 — 350keV (1MeV in ITER),
o fusion products: a(3.52MeV,DT), p(3MeV), T (1MeV,DD)...
o test particles,

EP, super-thermal ions: Egp > Ty, vy < vep < Ve
Relation to Alfvén velocity, va = B/\/&4Tip;, in fusion plasmas
vri =/ Biva <va < vep

@ EPs are decoupled from background ions for Egp > 20T,
typically only electron drag (or RF) is present.

® characteristic drift, transit frequencies are much larger than
those of thermal ions.
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From single particle to collective effects

Schematic of charged particle
orbits in a tokamak p; < prr < R

Lamor
radits

T

Particle
trajectory

N.N. Gorelenkov

origin of EPs
numerical codes for EPs
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From single particle to collective effects

origin of EPs
numerical codes for EPs

Schematic of charged particle
orbits in a tokamak p; < prr < R

larmor
Tadi IJSpL Tiapped
QQQQS paricles
Pamde Passing particles
tajectory

N.N. Gorelenkov

Plasma current estimate

@ Larmor radius should be small enough
(1) prr < a, pLr = v/we = vmc/eBy

@ Poloidal Larmor radius (drift orbit
width) determines confinement =
(2) a>pPife = v mc/eBg.

@ Find required plasma current via:
Bg[T]=(3)0.2/,[A]/a[cm]
adiabatic moment conservation

vi/BzconstévHNV\/Za/ /=

Lorcrit [Al= %#B [Gauss] ~ 2 x 108
@ In ITER plasma /) = 10MA > IplCI’it .

@ Ramp up regime can violate this.

ITER EP lecture




From single particle to collective effects origin of EPs

numerical codes for EPs

For drift-kinetic stationary equation, df/dt =0

1 0
Teev2 Ov

(V+v2)F+S(v)=0

If S(v) = (41) " S48 (v — w), such as alpha's Sy = (ov) npn7:

1 0 O(v— v
ﬁﬂ(v3+vf)f+%50'[se:0,
has a solution

~ SoTse G H(vo—v)

f
amr v3+ 3

H is ~ step function.

i

N.N. Gorelenkov ITER EP lecture



From single particle to collective effects origin of EPs
numerical codes for EPs

if plasma is not in steady state,
i.e. beam like
(fast start of the discharge)

o PCX 1.20s sh #86291
N n PCX0.12s sh #86299

32
slowing down d.f. ~1/E

dF/dE/dy, 10 MeVem™®

N.N. Gorelenkov ITER EP lecture



From single particle to collective effects origin of EPs
f t g numerical codes for EPs

if plasma is not in steady state, TFTR fusion alphas
i.e. beam like

(fast start of the discharge)

3
o PCX 1.20s sh #86291
m PCX0.12s sh #86299

B N
32 g
slowing down d.f. ~1/E = 10!
3
)
f &
= 10’2
=
2
)
2
ST
El
LR AP | |
1 2 3 4
- E,, MeV

Numerical simulations of NPA in TFTR: more
effects are included: (1) realistic geometry, (2)
S =5(v,t) (Gorelenkov, NF'97)
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From single particle to collective effects origin of EPs
g numerical codes for EPs

if plasma is not in steady state, TFTR fusion alphas
i.e. beam like

(fast start of the discharge)

3
o PCX 1.20s sh #86291
m PCX0.12s sh #86299

B N
5 ] :
slowing down d.f. ~1/E = 10!
3
)
f -
= 10’2
=
2
)
2
ST
El
LR AP | |
1 2 3 4
- E,, MeV

Numerical simulations of NPA in TFTR: more
effects are included: (1) realistic geometry, (2)
S =5(v,t) (Gorelenkov, NF'97)

o
Is it stable?
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From single particle to collective effects origin of EPs
numerical codes for EPs

Outline

© From single particle to collective effects

@ global MHD codes are brought for studies
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From single particle to collective effects origin of EPs
numerical codes for EPs

such as NOVA, CASTOR > 1986 ...
good place, good time ...
MHD was well applicable for such “novel” problems:

@ established codes, PEST, GATO, KINX, ...
@ benchmarked against analytical solutions
//—— other codes

@ good problem for young researchers
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Outline

© Alfvén (+other) waves, eigenmodes
@ Local analysis
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local analysis
g TAE gaps
Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

compr. Alfvén shear Alfvén sound waves

d :

& ¢ l//tt’
. f
é ' ¢

|

a) &) 8)

Charactertic wave velocities: W = kjva or W= kyvs
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local analysis
TAE gaps
Alfvén (4-other) waves, eigenmodes codes on structure

low frequency gaps

Use local Alfvén dispersion w?/v] — kH2 =0.
Operate with
p_190 0 10

cor or T e

on equation for electrostatic potential or (div)(grad) <“’—: ka2> p=0.
va
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local analysis
g t t t t TAE gaps
Alfvén (4-other) waves, eigenmodes codes on structure
t f Alf low frequency gaps

Use local Alfvén dispersion w?/v] — k‘
Operate with
Pl @ 1
0= ror ar T2 962
on equation for electrostatic potential or (div)(grad) < kH2> p=0.
.
We find shear Alfvén equation (AE)
10 [(w? 0 w? 5\ 1 02
rdr(v H) 0(p+< kH>r2092§0+Q§0 0
Some other terms are included in @, such as ballooning term.
Each radial point of w3 (r) = vf‘k”2 (r) corresponds to (AE) singularity and
represents the continuum via v4 and kH'
i
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Alfvén (4-other) waves, eigenmodes

local analysis

TAE gaps

codes on structure
low frequency gaps

FREQUENCY (va/R)

Amplitude

rah

B/"Z//,/‘(// Radius

Phase velocity

(Heidbrink, '08)

N.N. Gorelenkov

| local Alfvén continuum wa (r).

Radially localized kinetic modes
(KAW) are strongly damped

Yy~ d (k”VA) /dr

Mechanism of the damping is
through strong parallel electric
field <= thermal ion FLR + small
scale.

Rosenbluth'75, Mikhailovskii’'75
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Alfvén (4-other) waves, eigenmodes

local analysis

TAE gaps

codes on structure
low frequency gaps

FREQUENCY (va/R)

Amplitude

rah

B/"Z//,/‘(// Radius

Phase velocity

(Heidbrink, '08)

N.N. Gorelenkov

| local Alfvén continuum wa (r).

Radially localized kinetic modes
(KAW) are strongly damped

Yy~ d (k”VA) /dr

Mechanism of the damping is
through strong parallel electric
field <= thermal ion FLR + small
scale.

No much interest!

Rosenbluth'75, Mikhailovskii’'75
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local analysis
TAE gaps
Alfvén (4other) waves, eigenmodes

codes on structure

low frequency gaps

Magnetic field variation shapes the continuum through the safety
factor profile g = Byr/BgR,

~ é - . . . m n
k p=—i—-0 (pmeflwt—i-/mefmtp — ( - _> Ome
19="ig 2 2tk R
gf “‘I
cyllinder !
uncoupled’,
continium .-
B=B(0,r), W}(r)=viki = =t

Rational surfaces correspond to k|, =0

Solutions should account for the continuum structure

If harmonics are coupled (nonhomogeneous) continuum_gaps appear.



local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequenc: ps

Outline

© Alfvén (+other) waves, eigenmodes

@ Continuum gaps
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Alfvén (4-other) waves, eigenmodes

®2 &r
0
caasy |
Antenna
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0
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Pinches, PhD Thesis.
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local analysis

TAE gaps

codes on structure
low frequency gaps

ITER EP lecture



local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

2 <r
@ antenna, local AE are highly damped
in I @ r-extended solution below local
5 extremum (cylinder)
2 & s Solution is regular & spatially

A extended
<« 0

@ Gap creates conditions for broad mode

% Antenna

Natural instability can exist if damping is

mz\/ & m!‘,}\ . not high: (i) gap; (ii) near extremum (STs);
|
I\

PN | i %o
Anlennao__‘(/l/ \*\-\4.____
MINOR RADIUS MINOR RADIUS
Pinches, PhD Thesis.

0
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Gaps in the continua are common phenomena.
Example: energy spectrum gaps of valence electrons in a periodic
potential well of a crystal lattice.

@ Higher order effects are tested as coupling is described by small
parameters: toroidicity &; pressure 3:... great test for theories,
@ global modes may exist with frequencies inside gaps

@ if modes with frequencies in the gaps exist they have low damping;:
no continuum damping from kinetic, singular mode.

@ Can help to organize Alpha channeling (r-diffusion) together with
the RF antennae (E-diffusion - N. Fisch talk)
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local analysis
g TAE gaps
Alfvén (4-other) waves, eigenmodes codes on structure

low frequency gaps

Again take the eigenmode equation:
10 ] w1 92
rar< kl) FrRa (g‘klﬁw"’*‘?"’za

If pol-/toroid. harmonic expansion is applied

GAEs " ChEs

(D:Z(pmexp[—iwt—i—ime—in(ﬁ], .
m 3
geometrical effects couple harmonics:
vﬁkﬂz =B?(r,0) kH2/47Tp; B =By (1+¢€cosh...) =

(high order) toroidicity, ellipticity, triangular-
ity, ..., pressure induced gaps.

(Cheng,Chance'86,K.L.Wong'91, W.Heidbrink'91)
N.N. Gorelenkov ITER EP lecture




local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Outline

© Alfvén (+other) waves, eigenmodes

@ Mode structure
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Based on m-truncated expansion
Q= z,":f Om 1 U (@) exp[—iwt +imO — ing],

1

, , ,
- i w k2 ri Pm + w k2 i 0_ Pm +
ror\v: 1) 0r | @myr va 1) r2062 | Gmi1

Sophisticated geometrical effects are present.

Non MHD effects can be present perturbatively on nonperturbatively:
FLR, kinetic ...

Analytic theories employ sometimes similar approach.
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local analysis
TAE gaps
Alfvén (4-other) waves, eigenmodes codes on structure

low frequenc: ps

In ITER RS plasma AEs can be driven. ::
2 typical structures, TAE, RSAE N

r/a

RSAEs and TAEs can be unstable, lead to a, beam losses in ITER.
Both modes are known to induce beam losses in DIII-D.
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

ol ™3 _ @ NBI into ~low density DIII-D
2 /V\/V\ﬂfw% r.‘, : plasma
= 100t : ) . L
g E N\ B A @ Various gap modes reside in an
S 6 . .
g sor \/\JW effective waveguides, such as
B L Safrary Fa(mr q_ WW

0 4 caused by gmi, presence
0.0 0.2 0_.4 0._6 08 1.0 .
o Minorfladius @ RSAEs are localized near
[ P continuum extrema points

1008
- = s 10 @ RSAEs have one dominant
~ 90fF = - N . .
T b - 7 z poloidal harmonic
[ o
3 80 >
g 1= @ Both RSAE and TAE structures

& agree quantitatively with ideal

60

e MHD (NOVA simulations)
02 0.Il\:linor olizdius os o

Van Zeeland'06 PRL, '07 PhysPlasmas.



local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Internal TAE/RSAEs mode structures measured by ECE show
excellent agreement with ideal MHD predictions (NOVA calculations,
Van Zeeland, PRL '06)

RSAE & TAE frequencies crossover

RSAE & TAE structures

19|

140 /

05

T 120

2 -

3 100 Y

g ~

2 |

Z 80

2

o 05

60

350 400 450 500 550
Time (ms) .
100[ ™y @ F )
4 j NOVA n=3
T goffhaaemy a: | : oy L e
g - Y o A — Nova — Nova
3 e ;ﬂ- - 3 i a
: s
§ 80 ‘f'; S ¢ %
2 Xy Fooe 5 )
g TAE 9
o o N
7 © [ oo RSAE @ A4 G4 2

340 350 360 370 340 350 360 370 18 19 20 24 22 23 18 19 20 21 22 23
R(m) R(m)

Time (ms) Time (ms)

It could be that earlier works (Carolipio’01, Heidbrink’97) dealt with other
modes such as EPMs in high fast ion beta plasma.
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Outline

© Alfvén (+other) waves, eigenmodes

o Lower frequency BAAE gaps
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local analysis
TAE gaps
Alfvén (4-other) waves, eigenmodes

codes on structure

low frequency gaps

@ Alfvén (A) continuum at low frequency: Q2 = v3k3 1 /(1+2¢%)
(modified)

ous \/ \/
TAEgap ~ €

GAM/

' RSAE BAE

tcylinder, \ -————

2 |uncoupled, BAE gap ~f3
Q |continuum \/
\ BAAE gap
N a 43 T = e == ~ BAAEs
B N
m q
=gaps n

BAAE gaps are due to 3 and geodesic curvature effects
Global modes exist in A-a gaps

Chu’92, Van der Holst'01, Gorelenkov'Q7
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local analysis
TAE gaps
Alfvén (4-other) waves, eigenmodes

codes on structure

low frequency gaps

@ Alfvén (A) continuum at low frequency: Q2 = v3k3 1 /(1+2¢%)
(modified)

@ Acoustic (a) branch Q% = [yBv3/2(1+ )] k., is coupled via
m= 1 sidebands with modified Alfvén continuum (m harmonic) due
to geodesic curvature and pressure.
torus \/ \/

TAEgap ~ €
GAM/
' RSAE BAE
tcylinder, \ -———
2 |uncoupled, BAE gap ~f3
Q |continuum \/
\ BAAE gap
N a 43 T = e == ~ BAAEs
) B . .
m q
=gaps n

BAAE gaps are due to 3 and geodesic curvature effects
Global modes exist in A-a gaps

Chu’92, Van der. Holst'01, Gorelenkov'07



local analysis
TAE gaps
Alfvén (4-other) waves, eigenmodes codes on structure

low frequency gaps

Shear Alfvén and acoustic continua equations capture main effects
in low-3, large aspect ratio plasma, low @, (Cheng, Chance, PFI '86):

sz—H?sz +yBsin6z =0 (Alfvenic) (1)
Q? <1+y2—B>z+y2—Bd”22 +20%sinBy =0 (acoustic), (2)

where Q = wWR/va, y =&s€/q, &= E [B—XD;‘U—] and z = D-z , II;H = idH/R.
Geodesic curvature coupling: m Alfvénic and m+ 1 acoustic harmonics.

Various solutions exist

uncoupled acoustic (a) Q% = %yﬁku2 R? Es—>dive
and Alfvénic (A) branches Q2 = k|‘2R2 + Q2,4 -

GAMs: Q% .., = VB (1+1/2¢?)

modified shear Alfvén branch Q2 =

k"‘" R2
1+2g2
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

@ BAAE frequency sweeps
as g-profile relaxes.

40 ;ﬁp‘w:wﬁ% 6L10:34% __1JA —

N
E @ f does not depend on
vg beta near rational
o Amin =15.
@ &, has one dominant
harmonic

m = Nqmin = 3.

@ fgaag is close to
modified Alfvén branch

€n
(f:Lu)5 fa= VAkH/27T1 /1 +2q,2m.n

@ Continuously transforms
to broad gap mod

@ Gaps shape BAAEs
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local analysis
TAE gaps

Alfvén (4-other) waves, eigenmodes codes on structure
low frequency gaps

Raw USXR signal (~BAAE structure, Tritz, JHU) Radial profile evolution
0 ‘ ‘ ‘
25} ]
E — 0.2698
z ]
_ = — 0.2649
E £ — 02628 ]
©
o g — 0.2619
[
g E
o
a
1.1 1.2 1.3 1.4 1.5

BAAE broadens as g, decreases
~ "} Other tokamaks observed BAAEs
- 4- JET, DIlI-D, ASDEX ...

> R(m)
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unstable n scales with R
experimental confrmation

Fast ion drive of Alfvén modes epppiliz=iiem G U=

Outline

@ Fast ion drive of Alfvén modes
@ n of unstable mode scales with w,, R
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unstable n scales with R
ex mental confrmation
application to ITER

Fast ion drive of Alfvén modes

Three conditions should be satisfied:

@ source of free energy must be present
@ particles should be at resonance

@ drive should be higher than the damping

Free energy sources:
@ pressure radial gradient (universal drive), low frequency
@ velocity space gradient, high frequency

@ inversed velocity distribution
@ velocity anisotropy

As an example we construct the universal instability drive

v Of (Vres)  Ar 9Ba - n 9B
© =K~ A(OBOI 0&a ’ a|nrf( res) wBa (Vres)+ W dIn f(Vres) n

Slow ramp up of the alpha source = avoid thermonucl.instability

N.N. Gorelenkov ITER EP lecture



unstable n scales with R
experimental confrmation
application to ITER

Fast ion drive of Alfvén modes

Among possible Alfvén eigenmodes toroidicity-induced AE (TAEs) modes
are likely to limit fusion product confinement in BP.

Low frequency modes are mostly responsible for fast ion radial transport:
TAEs, EPMs, BAEs.

High frequency modes are responsible for phase space particle diffusion:
GAEs, CAEs, ICE.

Theory:

n range of most unstable TAEs determined by Finite Orbit Width (FOW)
effects: (Berk PL,'92, Fu PF, '92, Breizman’95, Candy’'95)

nq2pb rWea

kLAbZ >
q va

r
~1 ‘:> E”max<n<nmax2

Codes (NOVA) show agreement with theory
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unstable n scales with R
experimental confrmation

Fast ion drive of Alfvén modes epppiliz=iiem G =R

Outline

@ Fast ion drive of Alfvén modes

@ experimental confirmation of growth scalings
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unstable n scales with R
experimental confrmation
application to ITER

Fast ion drive of Alfvén modes

DII-D/NSTX similarity experiments were designed to confirm
theory predictions (W. Heidbrink, PPCF '03):
@ The a=10.8m radius in NSTX and DIII-D but different
R=1Imvs R=17m, B=0.6T.
@ Use similar NBI features: injection geometry, energy, trapped

to passing particle ratio. 10 ‘
Q | Experiment

3 NSTX 107335.0140 5 _ r ICRF Bl
['q 0; DIII-D 109855.1035 <
w B a DII-D
2 3 o r ¥ o + N
o £ 5
e 4 ° "t 1
S 4| a
g 3 g L NSTX_~Alph: 1
- 3 5 phas % Beams

8 1 L n n n L n n n n [] 0
0 50 100 150 8% 5 10
FREQUENCY (kHz) EXPECTED TOROIDAL MODE

Most unstable mode number scales as

n~a/q’
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unstable n scales with R
experimental confrmation
Fast ion drive of Alfvén modes epppiliz=iiem G =R

o
. . NSTX DIlI-D -
0.1 0.1 L
. -, - .= .
= .
0.051 0.05
3 Sve * ¢
. unstable unstable ° *
= . °
stable stable AN
0.05] -0.05
.
- ]O 2 4 6 8 -0 2 a4 6 8 10
n

B no damping, ¢ - with damping

@ TAEs excitation thresholds are reproduced for medium-n numbers
@ NOVA-K with isotropic d.f. does not predict observed unstable modes
@ Main damping mechanisms are:

@ ion Landau damping (dominant in ITER), radiative damping

@ Stabilization of TAEs at high end of n range is due to FOW effects and
higher damping

@ Helps to validate predictive capabilities of theory.

N.N. Gorelenkov ITER EP lecture
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Fast ion drive of Alfvén modes

* \ \ \

% ®'s only A «'s & beams

1MeV beam ion drive is comparable

2 - ABL -
= A x* with the a—drive.
\'3/ 0 % | 4‘4%} il }
X 72% §§§§§ § A R @ lowering NBI energy to
&X KXQ 4 i%g 4 g A 0.5MeV significantly reduces
-+ A48 Txaf ] drive.
5 10 15 20
n @ medium, high-n's are unstable
: : ‘ n=6-—13.
T ¥ ema i T @ most unstable modes are
® 2 N localized at r/a~ 0.5 and
3 N avoid central ion Landau
L o .
h A R damping.
| 4 | | &
°4 ! ‘ E— @ TAE control is possible via
0.1 0.2 0.3 0.4 0.5
beam vertical shift, —Y(m) NBI a|m|ng
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Analytical model for TAE sta-

bility in BPs with drive from @ Stability diagram in B, (0) /i (0)

beams and alphas @ source of alphas comes from
background plasma Sy ~
—0Ba ., 7 —dInT
- o <UV> = dinr — EBG dinr
25—_ TAE unstable ARIES-RS Y theory (dashed Curve),
N = normalized to NOVA (solid
= curve)
Torev) ° RTTRIILL @ 0’s slowing down d.f., ion
- o o Landau and trapped electron
10— o* ARIES-CS .. .
3 .. collisional dampings.
53 @ see K.Ghantous poster for details.
ETAE stable
O T T T T[T T TIITTI77TT]
0.0 0.05 0.1

beta0
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Fast ion drive of Alfvén modes

Linear theory
o well developed, routinely finds zoo of modes
@ theory is validated

@ problems exist: kinetic effects, damping mechanisms are not
tested, comprehensive codes are buit.

Non-linear theory

@ Nonlinear/transport with multiple instabilities should be #1
priority:

o Develop realistic reduced models
o Realistic, global nonlinear codes
@ V&V needed (ITPA?)

@ Experiments on the “sea of Alfven modes” driven transport
should be done on present day machines.

N.N. Gorelenkov ITER EP lecture
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If cyclotron interaction is ignored we have

APy AEp
ng - w

or

T ac = (o) (525)

@ Low frequency instabilities (< 200kHz) may induce radial
particle transport

@ High frequency instabilities affect velocity space transport.

N.N. Gorelenkov ITER EP lecture
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