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Abstract

Quasi-linear diffusion equations for the distribution function of trapped
and circulating particles interacting with waves in a tokamak by means
of cyclotron resonance are derived. The resulting equations reveal new
features of quasi-linear diffusion and are of two kinds, one which
involves bounce resonances overlapping in velocity space and one with
well separated bounce resonances. These two cases correspond to
situations where the phase of the wave-particle interaction between
successive resonances can be considered as random or deterministic,
respectively. An analysis of the conditions of applicability of the new
equations is carried out and previous well-known forms of the quasi-
linear diffusion equations are shown to be recovered in the proper limits.
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1. Introduction

1

Different approaches have been used for the description of the quasi-
linear evolution of a particle distribution function in a lokamak plasma.
The simplest one is based on the equation of quasi-linear theory in the
straight magnetic field approximation [1, 2]. This approach may be
appropriate when the waves interact with well-circulating particles only.
Otherwise, the real geometry of the magnetic field plays an important
role. Quasi-linear equations incorporating effects of the magnetic field
structure are usually formulated for distribution functions which have
been averaged over a particle periodic motion in the poloidal direction.

Two important limiting cases of the wave-particle interaction dynamics
can be identified. In the first case the phase of the wave-particle
interaction remains completely correlated during a time interval of the
order of the period of the particle poloidal motion (for simplicity we call
this period the bounce period for both trapped and circulating particles).
The coefficient of quasi-linear diffusion is then non-zero only for
particles sat j v ing the bounce resonance condition (see e.g. Ref. [3]). In
the second c .$; the phase of the wave-particle interaction is completely
decorrelatf . J\ ring a bounce period. This corresponds to large width of
the bou i:' resonances and concomitant overlapping between
neighbours resonances. In this case the quasi-linear equation will
contain no esonances.

This wc i presents a consistent quasi-linear theory of a Tokamak plasma
interactii.t with waves through local cyclotron resonance. The theory
includes ompletely correlated as well as the completely decorrelated
cases and reveals a number of important new features of the quasi-linear
diffusion

The structure of the work is the following. In Sec. 2 we carry out an
analysis of the particle characteristics for wave-particle interaction
through local cyclotron resonance. In Sec. 3 we derive the bounce-
averaged quasi-linear equation. The resulting equation has an alternative
form as compared to the corresponding equation in Ref. [3] and is more
general by being valid for margina'ly trapped and circulating particles as
well as for well-trapped particles in the presence of waves with small
longitudinal wave numbers (kN). However, the analysis still neglects

effects due to the toroidal drift which are not important when studying
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ion and electron cyclotron heating (ICRH and ECRH) . Based on the results
of Sec. 3 we derive a quasi-linear equation with overlapping bounce
resonances in Sec. 4. This result generalizes the well-known Stix equation
[4] and the equation of Ref. [5] (in Ref. [5] effects due to k(, * 0 have been

neglected). In Sec. 5 we reformulate the obtained equations in terms of
variables characterizing the particle longitudinal and transverse energy
and then proceed to analyze the picture of the quasi-linear diffusion
when bounce resonances are well separated or overlapping, respectively.
Finally, in Sec. 6 we derive the necessary conditions for overlapping of
bounce-resonances due to Coulomb collisions.

\

2. Conditions for wave-particle
cyclotron resonance

interaction through

Let us take the tokamak magnetic field in the form B = B0(l-ecos6) which

neglects terms of order £2, where e = r/R, r and 8 are the radial and

poloidal coordinates, respectively, and R is the large radius of the torus.
We define the resonance surface x = xr with x = rcos 0 by the following

equation

Co = -Co
SS

(1)

where w is the wave frequency, <oB is the particle gyrofrequency, and 1 =
1,2 Instead of co we introduce er (which can be considered as the

dimensionless wave frequency) defined by

L - / - co__

%

The solution of Eq. (1) has the simple form:

(2)

It is clear that depending on the sign of e r the resonance surface is
located to the right (when er > 0) or to the left (when e r < 0) of the
magnetic axis. The resonance surface is inside the plasma when lerl < a/R,
where a is the plasma radius and outside the plasma otherwise.



- 4 -

The surface x = xr is very close to surface x = x» , defined by the

condition for cyclotron resonance

* - - >

(4)

\

only when kh vN is negligibly small. In the opposite case when kM vM ~ e r

lcoB, x* differs significantly from xr. In the intermediate case when kM

V||/(er lcoBo) =. 1/2 - 1/3 the difference between the surfaces x* and xr

may still have important consequences. The intermediate case may take

place e.g. during ICRH in a plasma with £M ;=J00 keV, kN ~ 0.05 cm"1, eTj=.

1/10, lwB si 4 x 108 s"1. For high-energy a-particles, the kN V||-term in eq.

(4) can become important when waves are produced by RF-fields or by
plasma instabilities. However, even in the case of k,( v H « er lcoB , the last

term in Eq. (4) may play an important role, containing the characteristics
of the particles.

Let us consider an arbitrary magnetic flux surface of radius r and assume

that the particle energy, £ , and the magnetic moment, u. , are conserved

over the bounce orbit except at the resonance surface x* ,. Then Eq. (4)

determines the resonance value of the poloidal coordinate 6* :

(5)

where £ , \i and r are to be considered as parameters. Eq. (5) can be

presented in explicit form as follows

(6)

where Z=sin2(e , /2) ,a = k5v}/l2<OBo£),K? = l l-e r /el /2, o r = sgn(e - er),o =
(k , , V||), K is a particle trapping parameter defined by

K2 = (1 +e- \ ) /2E) ,X = nBo/£ The trapped particles are characterized by X

and K2 in the intervals 1 -£<\<1+E,0<K2<, 1, and the circulating
particles are characterized b y O < \ < l - e , l < K 2 < l/(2e). Note that the
definition of K2 is a consequence of the presentation of the magnetic field
in the form B = B0/(l + ecos9) (rather than B = B o ( l -ecos9)) . This
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simplifies the expressions for vM (£ , K) for K » 1 to vM = ± v Vl - Xi(l +

= ±v [2E(K2 - sin2(8/2)]1/2 + O(e)..The parameter Kt in Eq. (6) has a simple

meaning: when K = * t and oT > 0 then x, = xr (Eq. (6) then has the solution

Z = K2
t as in the case of a = 0 ) and trapped particle turning points 0, lay

on the resonance surface.

It is of interest to note, that in general 6, can exceed 6* for both K > Kt

and K < Kt. The solution of Eq. (6) can be found in the following form:

(7)

where j = +1 - 1. Z depends on o r for all particles except for those having
K2 = K 2

0 s 2 Kt
4/a and o = CTr for which Z} = 0 (9» = 0).

Assuming first o r < 0 we consider the plasma region inside the flux
surface determined by e = er > 0. Then Eq. (6) can be satisfied only for
particles with a < 0 and its solution is given by

(8)

The condition 0 < Z < 1 yields a restriction on K:

KI < K2 <, Y\ S 1 + — (1 + Kt
2)2. As K2 < l/(2e) Eq. (8) holds provided a is

sufficiently large, a > 4e K,4. The dependence of Z.j on K2 is presented in
Fig. 1. The second case a r > 0, involves the ring region determined by er <
e < a/R when er > 0 and the whole plasma cross-section when er < 0.

Assuming o r = 1 in Eq. (7) we conclude that there are two branches of the

solution, Z+1 and Z. j , when 0 £ <x< 4v t
2 , one branch, Z.j , when ccä4ic2 ,

and Z + , = Z_, = K2 for a = 0. Solutions exist provided K2^K2
r = K t

2 - a /8

when a<4K,2and K2>K2when a ^ 4 Kt
2. Furthermore Z (K 2 =K 2 ) = K2 for any

a. In the region Z>K,2 the resonance flj = 0 is possible only for panicles

with o < 0 whereas Z<K, requires o >0. A picture showing the dependence

of Z on K2 for a<- Kt
2 and <x>4tc' is presented in Fig. 2.
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The obtained solution of Eq. (5) determines all points in the plasma where
resonance wave-particle interaction is possible. However, the RF-field can
be localized in the region close to antenna. This implies that the RF-field
may vanish in some points satisfying Eq. (5). In this case we should
exclude the corresponding points. For instance when the RF-field is
localized to 161 < 8 m (r) we should retain only those points for which

2. < *

f
(9)

Note that the restrictions given by Eq. (9) are especially strong in the case
ofECRH.

3. Quasi-linear equation with bounce-resonances

We start from the general quasi-linear equation for the distribution
function averaged over the periodic particle Larmor motion in a tokamak
magnetic field as obtained in Ref. [3]. Neglecting the terms describing the
non-resonant diffusion as well as the terms associated with the toroidal
drift and considering the transverse particle velocity as unchanged
during the orbital motion we have the following equation for the
distribution function F = F(£, u., r, t).

(10)

The notation to be used is as follows:

( i i )

(12)

(13)
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(15)

(16)

K(x) and E(x) are complete elliptic integrals of the first and second kind,
respectively, Jj (\) is the Bessel function of the 1-th order,

q is the tokamak safety factor, £ = v2/2, u, = v±
2 /2B, ke and k± are the

poloidal and perpendicular wave numbers, respectively, superscripts "tr"
and "c" refer to trapped and circulating particles, respectively and s = 0, ±

In order to present the quasi-linear equation given by eq. (10) in a form
suitable for practical use the integral in Eq. (16) must be calculated. This
was done in Ref. [3] for K2 « 1 and K2 » 1 (note that the analysis in Ref.
[3] includes a case with low frequency waves (o ~ <ob interacting with
particles by means of Cherenkov resonance, 1 = 0). Here we assume 1 * 0
which enables us to calculate J for any K using the method of stationary
phase (this approximation is well justified in the present case since coB/cob

» 1). According to the stationary phase method:

o

where

(17)

L
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V. = V(t.),y. = d2y/dx^ = dQc/dx. * 0 and summation is carried out over all
stationary points t» defined by the equation dy/dx* = Qj(x*) = 0 i.e. the
stationary points determined by the resonance equation (5) (x* =x«(6»).

Taking into account Eq. (17) and the results of Sec. 2 we can present the
integral J given by Eq. (16) as follows:

where

(18)

*
t

C

and

/ 2.7T

O )i 1(X)--
1

(19)

(20)

X >O

X <O

(21)

J
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6: and <pj are defined by sin2(0j/2) = K2sin2<Pj = Z Zj s ZJ(K, £) is given by

Eq. (7), F(<p, K) and E(<p, K) are elliptic integrals of the first and second kind,

respectively.

The obtained expressions are violated when Q;'-» 0. This takes place for
particles characterized by K2 - • K (

2 - a/8 or sin 0* -» 0. Since the number

of such particles is small we will not carry out special calculations for this
case except for particles with K -* 0 at e -» tj. The last group of particles

can play an important role in the resonance diffusion (see Sec. 5) and its
diffusion coefficient can easily be calculated. We find

- O (24)

Note that Eqs. (7), (19), (21) are simplified for kM = 0 and take the

following form:

(25)

zs

where K 2 > Kt
2 < 1. Eq. (25) is also valid for k|, * 0 provided kM is

sufficiently small. To obtain the corresponding condition let us take into
account that a particle interact with the wave only in a small vicinity of
the resonant point 6« and introduce the interaction time Atr = V2/ly"(8*)l.
Then representing the integrand in Eq. (17) as exp(iy) = exp(hy(kn = 0) -
ik|| qRG) we conclude that exp(iy) = exp(h|/* + hp"(k|| = 0)Atr

2/2) with y»=
V»(9») and 6* defined by dy/d6*(kn = 0) = 0 only when kMV||(e*)ATr « 1.
This is equivalent to the condition

(26)

It is of interest to compare the result for the integral J with the
corresponding expression of Ref. [3] given by

(27)

J
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where ^M = 2K k,,qR for K2 « 1 and £M = lqrcoB/V|| for K2 » 1. For this

purpose let us take into account that the Bessel function in the region

where it is not close to zero can be presented as [6]

(28)

Eliminating s in Eq. (28) by means of the resonance condition Qj =
we will have an expression which can also be obtained from Eqs. (18) -
(23) in the limit cases K2 » 1 and i c 2 « l , a » K2

t (.Fof Ref. [3] is valid
provided k|jVK> Ve log).

In conclusion we note that as follows from Eq. (12) the obtained diffusion

coefficient vanishes for all £ and u. (or K, A.) except for those which lie on

the resonance curve £ = £s(n) determined by the resonance condition:

^ ~SU^ (29)

However, in reality the width of the regions where D * 0 is not zero due
to e.g. dissipative effects in the particle motion or the non-
monochromaticity of the RF-source (Aw* 0) which are ignored in Eq. (12).
These factors could be taken into account by replacing the 5 - function in
Eq. (12) by a function with a finite width, e.g.

( 3 0 )

where veff is an effective collision frequency, vcff « el(oB. Possible values
of veff will be discussed in Sec. 6.

4 . Quasi-linear equation without resonances

Let us assume that the bounceresonances are sufficiently broadened to
become overlapping i.e. we assume veff » (ob in Eq. (30). The summation
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in Eq. (12) can then be changed into an integration according to the
following rule:

s tU

\

where hsJl£=E,(K,r) and the function £ S (K , r) is being determined by Eq.

(29). It is easy to see that IJSI
2 can be presented as follows (using Eqs (18)

- (20))

t

,X*P£(33)

For c r K2
t - a/8 £ K2 < o r K2

t, IJSI
2 has a form similar to that for the trapped

particles. One can see that the terms in Eqs. (32), (33), which are
proportional to sin y , cos(*Fj +H*.j) and sin (Tj + *F_j), contribute weakly
to the integral in Eq. (31); at least when 9* is not close to zero. Indeed,

>i •C h

and thus the mentioned terms oscillate strongly in an interval As of the

order of the half-width of the function tf«ff/l(3[c-S
t^h/' -*- ; i ? / / J <the

half-width is equal to As = vef^o)b » 1) ' '



Taking into account the above discussion and the inequality v e f f « ECO we

arrive at the following diffusion coefficient in Eq. (10):

( 3 4 )

where

(35)

^ 4-
J

1^2 ijf
< 3 6 )

u.

Note that when \ -» 0 and kM -> 0, the quasi-linear equation given by Eqs.

(10), (21), (34)-(36) coincides with the corresponding equation of Ref. [5].
As follows from Eqs. (7), (21) the terms with kM can be neglected
provided a « min {8(K 2 ' K

t
2), 4eKt

4}. An additional restriction on a can
arise when the waves &re localized to some plasma region in which case
the exact location of the resonance point becomes essential, see e.g. Eq.
(9).

When one neglects diffusion over the parallel velocities (which is justified
for on-axis heating, for more details see Sec. 5) and kM = 0 then the

obtained equation without (resonances) coincides with the one used in
the bounce-averaged Fokker-Planck code BAFIC [7].

The quasi-linear equation is significantly simplified for well-circulating
particles (K 2 » 1). Then the particle energies along and across the

magnetic field (£|| and £ x ) are approximately conserved and can be

considered as new variables. Proceeding to these variables and neglecting
terms of order e and oo*/(o (to* is the diamagnetic frequency) as well as
terms containing IE.I2 we obtain:

2f _ 2. n if
St JC <?C- (37)
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where

hi
(38)

7-<

This equation agrees with the well-known one obtained by Stix after
averaging the corresponding equation in the straight magnetic field
approximation over the magnetic flux surface [4]. The reasons for this
agreement are that, first, the overlapping of bounce resonances implies a
phase decorrelation of the wave-particle interaction for times At-Oj," 1

and, second, the equivalence of the flux surface averaging and the
bounce-averaging in the case of K » 1.

1
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5. Quasi-linear diffusion in terms of £)| and £j_

Let us consider the consequences which follow from the obtained
equations with separated and overlapping bounceresonances,
respectively. Before we proceed to such an analysis we note that
experiments with ICRH indicate that the quasi-linear evolution of a
particle distribution function occurs mainly along the transverse
velocities, producing sometimes a high-energy transverse velocity tail in
the distribution function. In order to compare the currently obtained
equations with experimental results as well as with other theoretical
works it is convenient to use the variables characterizing the particle
transverse and longitudinal energies (£± £||) instead of the variables £,

\L. Such variables alsc make it easier to see the differences between our
result and the results of previous investigations.

For this purpose we introduce the following variables [8]:

(39)

1
Here £j|and£1are integrals of motion and satisfy the desirable

A A

requirements: £| is the particle parallel energy at 6 = 0 and £±is a

characteristic transverse energy, e.g. £j_ = £_L(O = 7C/2) for particles with
K2 > 0.5.

First we consider the equation without bounce-resonances. It describes a
quasi-linear diffusion with features which are determined to a large
extent by the characteristics of the fl-operator. Using the variables (39)

we can present fl as follows (we neglect a term involving the space
coordinate derivative assuming co* « co):

(40)

'j
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Its characteristics are given by

I (41)

It follows from Eqs. (10), (40) that when lerl « 1 (© = coB) the quasi-linear
diffusion affects mainly the dependence of F on the transverse energy.

A

However, the evolution of F along £,( may also be essential provided (e-er)

is not too small. It is of interest to note that the increase of the particle

transverse energy is accompanied by an increase of £_,_ when e > er and by ^
A

 J •

_____ an decrease of £__ when e < e,.. The largest possible increase of parallel

energy, (A£|_)max = (e + lerl) A£x occurs when er < 0, e > |erl. A comparison of
A

the slope of the characteristics £±(£|) given by Eq. (41) with the slope of
Ä A

the line £±= £|/(2£) separating the region of trapped and circulating
particles confirms the well-known possibility of transformation of
circulating particles into trapped ones. However, we can conclude that the £

* I quasi-linear process may also have the opposite result, transforming
trapped particles into circulating ones in the case of er < 0 , e < lerl. The

< region in (E\\ £ j j space where F is distorted by the waves is restricted

v̂  by the curve defined by K2 = >c2
mjn where f2

min = K2
cr in the case of oc<

4Kt
2, o r > 0 and tc2

min = K2
0 in the case of ar < 0 or o r > 0, a > 4ict

2. There

y are also additional restrictions when the waves are localized in some
region, see Eq. (9). In the case of o*r > 0 a high-energy tail can be formed

with the characteristic width over X of the order AX > T/£± . When ar < 0 a >"
it,

tail can be formed only provided T>£||Qs4eKt £/a ,the transverse r

A jit

energy being restricted by £± <^max where 1

£max = (T - eil0)/(ep - e) (42) ff
It is clear that the analysis of the characteristics of the quasi-linear >
operator only indicates possible directions of the quasi-linear diffusion.
To get more definite information one needs to take into account the B \
Coulomb collisions in the quasi-linear equation and then to find the 1 !'
distribution function satisfying the corresponding equation. •
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We now proceed to an analysis of the quasi-linear equation with bounce-
resonances. It has the same characteristics as the previous one. However,
the picture of the quasi-linear diffusion described by this equation is
significantly different since the diffusion coefficient is equal to zero
everywhere except in narrow regions close to the resonance curves

A A

E±( £|) determined by Eq. (29). When the resonant curves are not
parallel to the characteristics (i.e. the resonant curves and the
characteristics intersect) the quasi-linear diffusion occurs only in narrow
regions with a width proportional to vcff . Consequently, an important
question is whether there exist resonance curves coinciding with the
characteristics. To answer this question let us consider first the resonance
curves in the region of trapped particles (see region above the line K2 = 1

in Fig. 3). Noting that the characteristics of n are straight lines with

f f

(43)

\

we conclude that the resonance condition (29) is satisfied along
characteristics provided er > 0, e = er, K = 0 or er < 0, e = lerl, K = 1, s being

equal to zero. This implies that the corresponding resonance diffusion can
strongly affect the distribution function of deeply trapped particles, e.g. it

A

can form a high energy tail with £|| * 0 (in practice, collisions will
A

broaden the tail in the direction of £p when er > 0. Due to the diffusion,

the particle distribution function will be disturbed also along the

characteristic with K= 1, i.e. for E±/ £ | = 1/ (2e ) when £r < 0. However,

such diffusion is characterized by a diffusion coefficient determined by
the equation without bounce resonances because in the region with K * 1
resonances are always overlapping due to large xb.

The resonance curves in the region of circulating particles are presented
in Fig. 3 (the region below the straight line K2 = 1) It is clear that in this
region there are no resonance curves which completely coincide with the

A A

characteristics. Furthermore, calculating the derivative d E±J d £j for K »

1 we find:
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H

(44)

Comparing Eqs. (43), (44) we conclude that no parts of the resonance
curves are parallel to the characteristics. Thus, the quasi-linear diffusion
described by D given by Eq. (12) only weakly affects the distribution
function of circulating particles, except in the region with K 2 close to
unity.

6. Collisional overlapping of bounce-resonances

According to our previous analysis the quasi-linear diffusion may be of
different character depending on whether the diffusion coefficient in-
volves bounce resonances or not. Thus it is of importance to find the
applicability conditions of the equations derived in the previous sections.
Here we consider this problem taking into account Coulomb collisions.

The collisions lead to a random change of the particle energy and the
magnetic moment which we considered as given calculating the integral

in J (Eq. (16)). When the change of J(£, \) is sufficiently large, the

difference between D s + 1 and Ds becomes undetermined, Ds being defined

by D * £ D s . In this case bounce resonances become overlapping and the

quasi-linear equation of Sec. 4 is valid.

Let us account for the fact that Jf = | eIVf(t)dT where *¥s • H*(.£s = £(>.)) and
•o

ES(X) is determined by Eq. (29). As - *Fs(ib) = 2n the condition for

overlapping bounce-resonance can be written as

\ ,

\

if'

k
i

(45)



r

r-
- 18 -

where A H* is an average random incrase of *F(T) during a bounce period

caused by the random changes of £ and X (<...> means averaging over a

statistical ensemble). To calculate A*F in Eq. (45) we present < b*V2 > as

follows:

\

(46)

Here < SX2 > and < 6v2 > can be expressed through the collisional operator

by means of the following relationships [9]:

r
cLP

* -

(47)

1

(48)

is the bounce averaged collisional operator, dvs the flux surface
- •

averaged dv and a and p indicate particle species. Using Eqs. (47), (48)

we find

x (49)

(50)

where v ± and vM are collisional frequencies describing transverse and

parallel diffusion, respectively [10]. Furthermore
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= z f

JL E(Jtfy) (51)

ir

Eqs. (45) - (50) enable us to formulate a condition for overlapping of
bounce-resonances, which has the following form for particles with K2 <
0.5 and K2 > 2:

T

'J
— C > < c - (52)

(53)

\

where î o = 4nqR/(V2Tv) and tb0 = 2nqR/v. For ions with vTi « v « vTe (vT

(2T/m)1 / 2 Eqs. (52), (53) can be presented as

(54)

where

I = e/ec, ec = 14.8 u 2*/f
3 T, A = (qR/T) (Z21B/Zcff ji

2)273 (n20Zcff)
1/3,

Z.ff = I ^ nj/(jij ne),Zef f=I ^2nj/ne,

J (55)

T is in keV, B is in T, R is in m, n20 = n/1020, Uj = mj/m_, u. = m/mp, mp is
the proton mass, mj and m are the masses of bulk plasma ions and ions
interacting with the wave, respectively, Zj is a charge number, subscript j
labels ion species, e > em i n , em i n ~ [2qv/rcoB)]2/3 is the width of a panicle
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near axis orbit. For typical tokamak parameters A ~ 1 and we can obtain
the condition for overlapping of bounce resonances for the circulating
particles with K2 > 2 by neglecting the second term in Eq. (55):

(56)

where £ is in keV. The corresponding condition for trapped particles with

K2 < 0.5 can be obtained similarly from Eq. (54) provided the difference
(arKt

2 - 2) is not too close to zero:

(57)

\

Note that £ c r in Eqs. (56), (57) does not depend on plasma temperature.

Let us consider an example. We take parameters typical of JET during

ICRH: R=3 m, B ^ 3T, 2 = 1, ^ = 2, 1 = 2, n20 = 1. q = 1, Zeff = 1 e = 0.1, 0 < er

< 0.1. Then Eqs. (56), (57) y i e ld^ r = *0 keV for e r = 0 and 6^ =40 keV

tr
for er = 0.1, £ c r = 1 9 0 k e V . This means that in our example the quasi-

linear diffusion and the concomitant formation of the high energy tail in

the ion distribution function are possible only in the regions of trapped

particles and marginally circulating ones. Formation of a tail with £ > 300

keV is possible due to quasi-linear diffusion only for particles with K -> 0

and K -* 1. Of course this conclusion is justified if collisions are the main

factor determining decorrelation of wave-particle interaction.

Let us proceed to analyze Eqs. (52) and (53) for electron cyclotron
resonance. Assuming v » vT c we can neglect the terms associated with

parallel diffusion. It is then easy to see that the critical energy for
electrons exceeds the one given by Eqs. (56), (57) by a factor of

1'3
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7. Conclusions

We have shown that for high frequency waves (co » ©5) interacting with
particles through cyclotron resonances, the concomitant quasi-linear
diffusion should be described by two different kinds of quasi-linear
equations depending on the width of the bounce resonances. The
corresponding physical pictures of the quasi linear diffusion processes
may be qualitatively different.

The two kinds of the quasi-linear diffusion equations are derived using a
consistent approach and correspond to the situations of well separated
and overlapping bounce resonances, respectively. The equations have a
form suitable for applications to problems involving ICRH, ECRH, and
plasma stability in Tokamaks.

The equations include effects of k,, * O which may be of special
importance in the case of interaction of waves with high-energy ions
(minority tail, a-particles etc.) during ICRH localized in some part of the
plasma. Indeed, finite k|( affects the position of the resonance points and
changes the flux surface radius inside which the wave-particle interaction
occurs. This may lead, for instance, to a broadening of the RF-power
deposition profile.

We have obtained the proper conditions for the bounce resonances to be
considered as overlapping. The result indicates that the usual approach
based on the use of equations without resonances is justified only when
the energy of the ions interacting with the waves does not exceed a few
hundreds keV for trapped particles and a few tens of keV for circulating
particles, respectively. However, this conclusion is based on the
assumption that collisions is the main factor determining the mentioned
restrictions. Intrinsic stochasticity of the particle motion as well as other
physical effects , e.g. due to the non-monochromatic frequency spectrum
of the RF source may also give rise to a resonance broadening but have
not been considered.

Note that even in the case when the traditional approach to the problem
of ICRH is valid, the present result shows that the quasi-linear diffusion
is shown to exhibit new features which seem not to have been pointed
out before: independently of the value of kM (and in particular when kM =

0) the diffusion may result in an increase of the particle parallel energy
rather than only the perpendicular energy; moreover unlike the
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generally accepted opinion that ICRH leads to a transformation of
circulating particles into trapped ones, the opposite process may also
occur (i.e. transformation of trapped into circulating particles) when the
resonance surface x = xr is located to the left of the magnetic axis.
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Figure captions

Fig. 1 Location of the cyclotron resonance versus the panicle trapping
parameter when c r < 0 (resonance surface x = xr is to the right of
the magnetic axis (xr > 0), and e < er);l - a > a l t 2 - a < a ^ Here ,

Fig. 2 Z versus K2 for a r > 0 (xr < 0 or xr > 0, e > er); a - a< 4 K,2 , b - a >
4ict

2; 1 - a > a 2 , 2 - 0 < a < a2 , 3 - a = 0 . Here K2 = 1 + (2/a) (1 -

Kj2)2, a 2 = min {4EK^ ,4e(Kt - 1 ) } and other notations are the same

as in Fig. 1.

Fig. 3 Resonance curves determined by the bounce-resonances with s =
0, ±1 ... for various £r/e. Curves in the region of trapped particles:
Fig. 3a - e > er.> 0 or er < 0, e > lerl.; Fig. 3b - er < 0 , E < |erl/3 or e < er

(solid lines) and e r < 0, 1̂ 1/3 < e < lerl (dotted lines). Curves in the
region of circulating particles: Fig. 3a - e r < 0 , e > |£rl; Fig. 3b 0 < er <
e or er < 0, |Erl/2 < E< Erl (solid lines) and Er < 0 , £ < l£rl/2 (dotted
lines). The resonance curves along K = Ko

tr and K = KO
C correspond

to s = 0 and s = olk||lqR, respectively.
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