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Introduction
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The wave problem

e Maxwell's equations:

V'D:pemty V- -B=0

— E/D: Electric field / displacement
— H/B: Magnetic intensity / induction
— Jjext: Source current

— pext: External charge density

e Anisotropic medium:

(5

;,: magnetic permeability, €: dielectric permittivity

a T

‘H
'E

e Plasma medium:

B ,LLQH
D=c¢-E

e Link electric field - electric displacement:

OE oD

.0 +€—:.ex + —
Jtot Oat Jext By
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e Current coherence: jiot = Jj + Jeat

Jtot: total current
j: “response current”

e Harmonic fields: (E, B) x exp(iwt)
7
D = eo(E + —j)
WeEp
e Constitutive relation of the medium:
i=i(E)

e Linear response: (p,j) x E

- E

Ml

Qi

j=

o: conductivity tensor, €: dielectric tensor

e Statistical description of the plasma:

j= Z qs/dgvvfs(r,v,t) =

fs: Distribution function for species s

I
S
=
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e Collisionless kinetic equation (Vlasov) for fq:

df s Ofs Ofs ds Ofs
= . E B) -
-t TV T By xB) o0

Over the wave-particle interaction timescale, collisions can

be safely neglected.

e Linearisation:

fs = fs,O ‘|‘ 5fs(t)
B = By + §B(¢)

— (Bo, Eg): equilibrium electromagnetic field

— fs,0: equilibrium distribution function

— (6B, 0E) x exp(iwt): wave electromagnetic field
— 0 fs(t) ox exp(iwt): response distribution function

e Linearisation: zero-order

) afs,O
or

8fs,O
ov

=0

\%

+ L (Eo +v X Byg) -
ms

e lLinearisation: first-order

dofs Odfs 00fs  qs 990 fs
= : E B.) -
gt = ot TV oy T (Bot v X Bo) 0
S 8 S
_ % (SE+v x oB) - 2L20
mg ov
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e Solution (first order distribution function)

¢
S / / 88
5f5(r,v,t):—q / dt'[6E + v’ x 6B] - S0

Ms J oo ov’
The integral is performed over the unperturbed orbits
(characteristics of the Vlasov equation)
e Unperturbed orbits (characteristics):

dr dV
— =,
dt dt

e In a tokamak: Eqg =~ O

Various approximations are available to obtain the
unperturbed orbits — 4§ fs can be computed.

dj(r, t) —Z qS/d vvéfs(r,v,t) = o -

— o, € can be deduced.
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e The wave problem: summary

Equilibrium fields Equilibrium distribution
function
(BD: EO)
fs,D

Unperturbed orbits

Perturbed distribution
function

dfs

4
Perturbed current | ]

'

Dielectric tensor

!

Wave-field (‘5B= 5E)

™ ||

The wave-field is obtained by solving
the linearised Maxwell-Vlasov system
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The kinetic problem

e Kinetic equation for fi:

Ofs Ofs | 4s Ofs (3]”8)
ot T or * ms( T ) ov ot ) .ou

e Linear treatment:

— Linearisation:

fs(r,v,t) = fso(r,v) +6fs(r,v,t)

— 0 fs ox exp(twt) and fs o is constant.
— Collisions neglected (too infrequent to be relevant on the
wave period timescale)

e Quasilinear treatment:

— fs.0 may vary, on a slow time scale compared to 27 /w

. { (8f.(t)) =0
<f8(t>> — fs,()(t)

where (-) denotes the time-average over the fast
timescale.
— Collisions have to be included.
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e Time-averaged kinetic equation

dfs . dfs,O _ afs,O afs,O
<dt>_ it = ot "V Tar T
s 0 s, A A
4+ 9 (®y 4 v x By - gv(’ — C(fon) + O(fon)

— C(fs.0): Collision (Fokker-Planck) operator
— Q(fs.0): Quasilinear operator

Q(fs,O) — — as

<(5E+v X 6B) - 85f8>

S 8V

e Fokker-Planck form of the quasilinear equation

d S 8 a S 8 wcwea S
f ,0 _ D;oll f ,0 4+ —Dz f ,0
dt 81}7; J (9’1)]' 81)@- J 8vj/

Collisional diffusion Wave-induced diffusion

—  Two competing mechanisms
—  New equilibrium distribution function f;

(1) The wave pulls the particles
towards higher velocities

(2) Collisions tend to push them |
back to thermal velocities

fs,0

)
]
|
1
|
1
|
|
|
|
1
|
|
|
|
1
l
|
1
0

Velocity
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e The kinetic problem: summary

Wave-field

Intrinsic
chaos

Collisions

Wave
QL diff. coefficient

Extrinsic
chaos

F.P. Equation

Collisional
QL diff. coefficient

Distribution function

!

Heating
Current Drive
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The distribution function taking into
account the secular effect of the
wave is computed by solving the

Fokker-Planck equation
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General picture

(BDa EO) fS,D
Unperturbed Eq. distribution
orbits function
ﬁ@
"""""""""""" . Y
Collisional Wave

QL diff. coefficient |: | QL diff. coefficient
Extrinsic Do Duave

chaos

F.P. Equation

Heating
Current Drive

In a “classical” Newton description, the

computation of the unperturbed orbits

and of the quasilinear operators are two
very complicated problems.
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General picture

(Bo, Eo) fs.0
Unperturbed Eq. distribution
orbits function

Ho(J) H(J, ®)
bl tielebieleteieiebly : v ‘/
Collisional Wave
QL diff. coefficient |: | QL diff. coefficient
Extrinsic Do Duave
. chaos :
Heating

Current Drive

A Hamiltonian description is well
adapted to tackle the wave + kinetic
problems in a self-consistent way
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The Hamiltonian approach

Unperturbed orbits
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Mechanics fundamentals

Lagrangian approach: We define the Lagrangian

L(q,q,t) =T(q,9) — V(q,1)

e T Kinetic energy, V: Potential energy
® (,q: generalised position, velocity

The equations of motion are (1 < i < n):

d oL\ oL 0
dt \ 9g; Oqi
—  n 2nd-order equations (Euler-Lagrange).

N.B.: Noting that T = 1/2mq?, the Euler-
Lagrange equations yield

mq+ VV =0

If we suppose that the force f derives from the
potential V', i.e. f = —VV, then we obtain

mq =f

which is the usual Newton equation of motion.
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Hamilton approach: We define the Hamiltonian

H(p,q,t Z Gipi — £(q,q, )

and the generalised momentum

':8£
D=4

The Hamilton's equations are

oH . 0H
op;. T dg;

q; =

——  Set of 2n first-order equations
— (q,p) are said to be conjugate.

N.B.: In many cases, when the system is
conservative, we have H = T +V = FE, with
E the total energy. Beware, however, this is not
always true !

The power of Hamilton's approach lies in the
freedom of choice of the generalised coordinates.
We can use a canonical transformation to
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transform the set (p,q) into the set (p’,q’), with
corresponding Hamiltonian H’

0
H'(p',d',t) = H(p,q,t) + aFl((L q’,t)

Fi(q,q’,t) is the generating function and is
determined by the relations

_O0Fy ,  OR
B 3%'7 bi= 3@2

Di

Cyclic coordinates: if ¢; does not appear in £, then

— g; is called a cyclic coordinate.

Suppose that all ¢;'s are cyclic, then H =
H(p1,...,pn) and

p; = «; = const.
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If we can find the generating function F} to
transform our original set of coordinates into this
one, the integration of the equations of motion

will be trivial.
The harmonic oscillator: a classical example

F=-kq
e

>

The Hamiltonian for this system is

p*  ke¢* _ 1
2m 2 2m

(p* + m2w?q?)

S
I

_|_
il

By using Hamilton equations or standard Newton
technique, it is readily shown that the equations
of motion write (FE is the system energy)

2F
q = sin(wt + «), p= V2mE cos(wt + a)

mw?

where « is an integration constant.
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Instead, we can use the generating function

mwq?

2

Fi(q,q') = cot(q")

to obtain a new set of coordinates (p’,¢’) related
to (p, q) through

2 /
g =/ —=sin(¢), p=/2p'mwcos(q’)

mw

The new Hamiltonian is H = wp’ and ¢’ is a cyclic
variable, so that

p' = const. = E/w

Moreover

OH

=G =w — d=utta
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We can compare the motion in the old (left) and
new (Tight) coordinate systems

[

Question: how does one find the appropriate
generating function 7

Answer: The Hamilton-Jacobi theory provides a
framework to obtain the canonical transform in a
more systematic fashion.
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Periodic motion:
Types of periodic motion:

Rotation Libration

e 1) Rotation: p; is a periodic function of g;.
e.g. simple pendulum

e 2) Libration: p; and g; are periodic
e.g harmonic oscillator, simple pendulum

lllustration: the simple pendulum
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The Hamiltonian can be written as

H = p_2 — Fcos(¢)

2m

with F' = mgl, [ being the pendulum length.

Both the libration and the rotation are possible
motions —  the island structure

_E

-Fc08(¢)ﬁ\/

)
b

% P Separatrix
- 0
%

Rotation ] Libration
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Action-Angle variables
We define the action:

1
= — d
J QW]{pq

The integral is to be performed over a period of
libration or rotation of the system.

e For a time-invariant Hamiltonian H(p,q) = «,
we can show that :
— J is a constant of motion
— H = H(J) and @, the conjugate variable to
J 1s obtained using Hamilton's equation

. OH

b= 27 L p =
57 w(J) wt +

with w the frequency of motion.

e This means that once H(J) is known, w,
the frequency, is directly available without
needing to solve the equations of motion. (J, ®)
are the action-angle variables.

e This formalism may be extended to the case of a
slowly varying Hamiltonian H(p, ¢, t) (adiabatic
system). J is then called an adiabatic invariant.
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Application to the harmonic oscillator:
The Hamiltonian for this system

is used to compute the action

1 1
Jz—j{pdq:—%\/2mE—mkq2dq
21 2T

H =gy~
m

We obtain immediately

which yields

OH k

07 Vm

w

Note that we did not have to actually solve the
equations of motion !
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Unperturbed particle trajectories
Generalisation to a three-dimensional (3-D)
system:

The confinement hypothesis implies
that the system is quasi-periodical

This has the strong consequence that the
unperturbed orbits can be described using:

e Three action variables: J;, J5 and J3
e Three angle variables: ®;, &5 and P53
e Three frequencies: wi, ws and ws

In a tokamak, the transformation from (q,p)
to (J,®) is approximately known, so that the
unperturbed particles orbits can be described using
the unperturbed Hamiltonian Hy = Hy(J) and
the associated relations

dJe _ OHo _

dt 09,
and dd. OH

k 0

—_— = J

dt  OJ, wr(J)
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The Hamiltonian approach

Plasma-Wave interaction
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Hamiltonian perturbation theory

Resonant perturbation:
The wave is considered as a perturbation to the
system, and its effects are described by 0 H

H = HyJ)+5H(J, ®,1)

Hy is the unperturbed Hamiltonian, used to obtain
the particle orbits. A Fourier expansion of 0 H over
the angle variables can be performed

H(J,®,t) ZhN exp (i(N - @ + wt))

where N = (N7, Na, N3) is a triplet of integers.

The resonance between the mode N of the wave
and the particle occurs when (stationary phase)

d(IN - <I>+wt
on(T) = & ZNkwk 0

—  Surface J = Jp in action space (J1,J2,J3)
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Single resonant mode: idealised case

Let us consider the excitation of a mode (IN)

OH(J,®,t) = s(J)cos(N - & — wt)

The particle motion in the wave field is obtained
from Hamilton's equation

dJ  O(Ho+dH)  9H

dat 02 0%
...=Ns(J)sin(N - & + wt)

— The particle oscillates in the direction
determined by N = (Ny, Na, N3).
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Letting J = Jr+ AN and ¢ = N - ® + wt, we
obtain
d\

2 = 5(3)sin(y)

We deduce from Hamilton's equations

d®  9(H,+ 0H) ds
= = — N- -
- 53 w(J)+ 73 cos( + wt)

with w = (w1, ws,w3), which can be rewritten as

Cj;f (N wlJ)4+w)+N- ﬁcos(gp)

In the vicinity of the resonance, we can perform
the expansion

9
N w(@)tw ~ N-wln) +w+A § NN
N aJl
0 k,l=1 Jr
3 2
82H
=Y NN 0
& 0J0J1|
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We define the local (unperturbed) Hamiltonian
curvature

3
0°H,
= Ni. N
a= ) N 9T,
kﬁ,lzl J:

JRr

so that we obtain the equations of motion

d\
i s(J) sin(¢p)
and p p
© S
oY N .~
o a\ + 73 cos(y)
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Solution for s = const.:
We renormalise the variables, letting X = o,
Y = AMa/s)"/? and 7 = (as)'/?t to obtain the
renormalised equations

dX dY ,
= Y, o= sin(X)

Phase portrait:

A familiar shape. . .
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The island structure: Topological properties

L | | | | | |
3 -

-| Passing region .
2r————  ———==g--===- T3
1 Resonance

[ ¥

> 0F o AY
1 B Trapped region i
2 A ——=—————— —+

" | Separatrix
_3 = -

[ 1 1 1 1 1 1

Trapped region width:

AX =AY (s/a)l/? = 4(s/a)'/?

In both region, the perturbed motion is quasi-
periodical, integrable, thus leading to a possible
redefinition of the action-angle variables for the
perturbed system. However, two different sets are
needed for both regions (topological separation).

R. J. Dumont - 415 Culham Summer School - 07/2004 32



Solution for s = s(J):
The source is now supposed to be a function of J
centred around the resonance.

2 -

OF

The structure has a more complicated shape, but
the same topological properties are observed
(trapped region - separatrix - passing region)
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Multiple resonances:
In real systems, the wave-particle interaction
usually generates a set of resonant surfaces
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Particle under the effects of two waves:
The Hamiltonian writes (1-D system)

H(J, ®,t) = Ho(J) + SH(J,®,1)
with
0H = A1 cos(N1D + wit) + Az cos(Nao® + wot)

with A; and A, the respective intensities of both
waves, wi and wsq their frequencies. We assume

leNgEN
W1 =Wy, W =wy— Aw

The resonance condition for the first wave writes
Nw(Jgr) + wg = 0. We write J = Jg + AN
and define ¢ = N® + wyt to obtain the coupled
equations
dp
2o
ar

and

% = Ajsin(p) + Agsin(p — Awt)
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We obtain two islands, of widths A\; ~ 4/ A;,
distant from AM\,.s. = Aw. Their overlaping is
characterized by the Chirikov parameter:

AN, N AN + A o 2(v AL +VAg)
Adres.  2DDpes. Aw

o

Weak perturbation: ¢ ~ 0.3

——@——)——:ﬁép

v—
.','“. ~..-u....o-s..~ st :‘,’WW IR

w s Voo SO “‘. o0 20% a‘“ ose 8 ,..n,_gi
32000 3 "' .',st "ma.s.\\nt-'-\*“'

'“"“ “'00 anat R AR S A AN 158 %
5 Lo Iy yrs e %Wy:& pris XRx

<

190 00 00000000 00 00

omoe ..-»-“u- m S

-t"" Seted o oPhe

_0-5.|.|.|.|.|.|
o 1 2 3 4 5 6

¢

—  The particle motion is still integrable
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Strong perturbation: o~ 1.0

30F 1 ".s-g:f m "x a

PO .-}"'1:«,, %.-»::,
ot Wsako 2y 08, 2. 0% . .
[ ok s B "’w}ﬂ-!ﬁ-%"f‘:é- ; 1
"'.‘3' Fw" -\ 5o ds

Sk RS Y & ’
b I 2 XY 1S 3 * 2
R R R AL B Y e
p..? -:. L LI "}"' 5 .'.V~ CIBE L "‘
¢ -5&.; GRS A ot ),‘q".,;.o"_‘.- -~ 8.
X _..z: A.}::..o e s T #,,t,-. }"{”t
ﬂ-

o ’
g.? N ,,;n * {..’{ﬁ"la- *?t_‘)‘la-g:

JLP vf&ﬂ'}'ﬁ# .ra W&.‘- ,;, 's.

C.X) h ¥ .. ...
2.0 .z.""'*-"f;*;‘-\sfwv'f f' J_.— a) “‘%2".'?":‘-.:

< 1.0

.. -u- ,-a} 4.. .‘ 5 4 ‘ }
“'ﬁh 3° {‘ ‘ "' "l ‘e,
:.:“j::-{ .c. t’* ’“ PREe ,,s.,,,i;.,u,.. e b o
& K "', .novmnn-nsvsm, 3
'ﬁ ’o"ﬁ’,.."’ "" ) e 000N 00 8 0PPOAING 0 %0 0 X 0 ot
0.0 R Atk eige e 010
. &l o .
SE -w s
. l 3‘ 2 *b. :"{l’f.i&
o "5* """"umu sows ,,J, #" e lhe e o
l “':.’ e (DT rere O"“ %'\.fl i
o #'ﬁ.- R "\"-‘E -r-&:,__ gg.““
1 O .’ f“y “.. .. ,.
L | L | L | L | L | L |

The overlapping of Hamiltonian resonances leads
to a stochastic motion of the particle in phase
space

—  Velocity-space diffusion sets in
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Quasilinear theory

Quasilinear equation
The time evolution of the particle distribution
function in phase space is governed by the kinetic
equation (see part |)

df _(9f
%(n P t) B (E) coll.

Neglecting the collisions, the latter can be written
in action-angle space as

of Of dJ 9f d®

5 o3 @t Toe ar
or, using Hamilton's equations
of o0f 0OH O0f OH _ 0

ot 93 0% 9% 93

The unperturbed motion is characterised by Hy =
Hy(J), so that the unperturbed (equilibrium)
distribution function is obtained from

O 0o _ o g )

ob 0
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Perturbed motion:

{ H(J,®,t) = Hy(J) +6H(J, ®,1)
(Ja 7t) fO(J)+5f(J7(I)7t)

We can write the linearised Vlasov equation as

05f 0f O5H  05f 0H

ot 0J 0P 0P 09I =0

where all second order contributions have
been neglected. As before, the Hamiltonian
perturbation describing the wave is decomposed
as

J q:) t Zh z(N-‘I’—i—wt) 4+ c.c.

The harmonic response of the particles to the
wave is contained in Jf, which it is therefore
natural to expand as

f(J, @, 1) Z fin(J)efNeFtet) | ¢ e,
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The linearised Vlasov equation then leads to

afo OHo

— 3hnIN -
wa1N NN 8J

Recalling that 0Hy/0J = w, we obtain

N dfo
w-+N-woJ

fin(J) = hn

The Landau prescription (principle of causality)
allows to rewrite this expression as

. N dfo
J)=1limh
fin(J) 51—13% Nw+N-w+i88J

To derive 0 f, the linear response of the system
to the wave, we have considered that f; was
constant. The quasilinear approach consists in
letting it vary on a timescale long compared to
the wave period:

fO(J) — fO(’Lt)
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The average-operation over ® eliminates all fast-
varying quantities and we are left with the secular
variation of f:

1
(2m)?

[ d®r3.2.0) = fo3.0)

The Vlasov equation is written, with second-order
terms kept back, and is averaged

1 5. [Of O6f O6H 96f 06H)
(27r)3/d(1){8t oJ ac1>+ac1> 8J}_O

to give
0
fo ZN lehN_lehN} =0

where * denotes the complex conjugate.

Using the expression for f; n derived above yields

dfo 0
= Ny i

2eN 8f0

(W+N-w)?2+e2| 07
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which can be written under the compact form

dfo

0 = afo
—— = —-Dy
0J

a3

This expression is a diffusion equation in phase

space with the terms of the quasilinear tensor I_)ql
given by

(Bql)kl = 27TZNkNl‘hN|25(W + N - LU)

N.B.: The Vlasov equation becomes a diffusion
equation only if a phase decorrelation process
takes place. Mathematically, this was provided
by the ie term added to the denominator of the
linear solution ¢ f. Physically, it is caused by:

1. The interaction itself (intrinsic chaos)
2. The collisions (extrinsic chaos)
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Quasilinear diffusion
Under the effect of the wave, the particles

diffuse in phase space. Each resonance (I = 0
contributes to the quasilinear diffusion coefficient,
the intensity being determined by |hAn]|.

(D) =25 3" NeNil2500 4 N )
N
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Quasilinear diffusion lines
The diffusion curves follow the directions
determined by the successive N-vectors

(Da),, =27y NiNi|an|?5(w + N - w)
N
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Super-adiabaticity:
It is possible to show that the wave-particle
interaction becomes less efficient when the particle
energy increases. This leads to the appearance of
one (or several) adiabatic barrier(s)

MM”‘W“‘
50 Fod € a0 by o Vs EI Sl 21

t ;N ‘ )

Y.

e @ ."’0 .

4.0 P i w@"%}

3.0 %{:’% s ‘*

0 a4

Sre ca,..""';u“ '&-:‘“- .:~.~i*~ 0 Do ‘-\
=2 Rk “M" "’%?Z’." '-’-"b-*."ér r&f‘
Fot8 g oS Aol

L o o o .0 x
2.0 PR A N A S
S T A e

& o o L ° T&%.:NF‘.& o o0 So0 X %
.:;"o. HO 3“ o o ~. o .. ° o PP
10k f’,;:g:gﬁ%%.f%“(: ;.c..’ N\ {“" .*.’i.s.";*&

B , oo °° o o Se
oS Wz e { R ".:.. Sod oom'.° AR o
0.0 Egdes e SE R S R

A particle originating from the stochastic region
below the adiabatic barrier (here, A\, =~ 4.25) can
not reach higher values of A, where the trajectories
become integrable.
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Summary

Unperturbed system:

Hy(r,p) — J,®),w=(wr,ws,ws3)(J)

Wave perturbation:

SH(JI, ®,t) = > hn(J)e'™N T 4 cc.
N

Resonances identification: O =N -w+w =0
Chaos considerations: Chirikov parameter, o

Quasilinear diffusion operator:

(Da),, =27y NiNijan|?5(w + N - w)
N

Kinetic equation:
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ICRF heating in a tokamak
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Hamiltonian
We consider the case of a charged particle in a
confinement magnetic field

1. The particle has charge ¢ and mass m

2. The confinement field is written in terms of the
potential vector Ay and scalar Uy

3. The wave is a perturbation of the
electromagnetic field: 0A, 0U

The Hamiltonian for this system writes

(p T qA(I', t))2
2m

H(r,p,t) = +qU(r, t)

and can be decomposed as
H(r,p,t) = Ho(r,p) + 6H(r,p, )
with

(p— qu(r))2

+ C]U()(I‘)

—  Action-angle coordinates system

—  Unperturbed orbits
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The perturbation writes

- %(p — qAo(r,t)) - SA(r,t) +.
+ %((5A(r,t))2

The last term is a non-linear term, corresponding
to the ponderomotive force, which is ignored here.

0A and 00U are expanded over the angle-
coordinate

(1538)-5 (25~

to obtain the Hamiltonian perturbation

J @ t Zh Z(N-<I>—|—wt) 4+ c.c.
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Unperturbed dynamics
Decomposition of a particle orbit in the tokamak
geometry:

A

s

Three components of the unperturbed motion:

1. Cyclotron motion — wy
2. Poloidal motion — Wy
3. Toroidal motion —  wsy
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ICRF (= lon Cyclotron Resonance Heating))
General principle:

Antenna

lon cyclotron resonance

e The wave is injected from the Low Field Side
of the tokamak

e |ts frequency lies in the ion cyclotron frequency
range (f ~ 50MHz)

e In most scenarios, it is aimed at interacting with
the ion gyro-motion and transfering its energy
to the resonant population

R. J. Dumont - 415 Culham Summer School - 07/2004 51



ICRF wave-ion interaction:
In a tokamak, two main classes of particles can
be distinguished:

e Passing particles perform complete toroidal
revolutions

R
{7

HFS LFS

e [rapped particles bounce back and forth in the
toroidal direction —  banana orbits
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ICRF heating in a tokamak: Main features

e The magnetic field By varies radially and
poloidally

e The ions have large Larmor radii

e [he antenna has a wide toroidal spectrum
—  huge number of resonances

e At low energy, the collisions are efficient and
provide an extrinsic phase decorrelation process.

e For usual parameters, the Chirikov parameter o is
larger than one over a wide range of phase space,
even in regions where the collisions are inefficient.

—  wave-induced diffusion
e The Chrikov parameter decreases with the ion

energy, which provide an upper energy boundary
to the intrinsic chaos, typically in the MeV range.

— adiabatic barrier
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Diffusion lines in velocity space
Classes of particles:

™ N

Wave-induced diffusion:

©

\}

(1)

Normalized perpendicular velocity

L ] L ] L
0.5 1 15 2
Normalized parallel velocity

o
o
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Collisions
Extrinsic decorrelation process:

> r I
wjud . /
O Trapping cone -
o /
e /
(]
>
S /
« /
= //
o /
o / e b
S y Friction |
o (on electrons)
qh, /
Q.
L o) 4 . .
o Pitch-angle scattering
g / (mostly on ions)
o /
S /
b /
@) / |
Z 0 . .
0 0.5 1

Normalized parallel velocity

For fast ions, the main collisional processes are:

e Pitch-angle scattering (with bulk ions)
e Collisional friction (on electrons)
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Super-adiabaticity
Presence of an adiabatic barrier:

E‘ 2 | | |
O
% Super-adiabatic
> region
S
>
9
e
c
O 1} -
o
o Intrinsic chaos
e / / / ||
ge. —
o |
N
T \
g CoIIisions\
= (o Lo . 1 . 1 .
0 0.5 1 1.5 2

Normalized parallel velocity

The particles energy can increase up to the
adiabatic barrier, which constitute an upper
boundary. In typical current fusion experiments,
this limit lies in the MeV range.
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Conclusions

e Radiofrequency waves launched from outside the
machine are routinely used for plasma heating,
current drive and diagnostics.

e A deep understanding of the wave-particle
interaction physics is a key point for fusion
experiments design and interpretation.

e The Hamiltonian theory provides a powerful
framework to describe the particle-wave
interaction physics in plasmas.

e In a tokamak, it allows a complete separation
between the complicated unperturbed dynamics
and the perturbation (wave).

e The same approach provides the quasilinear
diffusion operators and their domain of validity
(stochastic - adiabatic).
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