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The problem of the influence of fusion generated alpha particles on

lower-hybrid-wave current drive is examined. Analysis is based on a new

equation for the LH-wave-fast ion interaction which is derived by taking

into consideration the non-zero value of the longitudinal wave number. The

steady-state velocity distribution function for high energy alpha particles is

found. The alpha current driven by LH-waves as well as the RF-power ab-

sorbed by alpha particles are calculated.



1. Introduction

Lower Hybrid .(LH) waves are expected to be one of the most efficient means

of noninductive current drive in a steady state tokamak reactor, see cf [1,2].

It is also a well-established fact that lower hybrid waves can efficiently

interact with ions in toroidal plasmas, cf [3-5]. The subsequent absorption

results in a population of fast ions with mainly perpendicular energy, which

in turn collisionally heats the bulk piasma. In particular, it has been shown

that fusion generated alpha particles may, due to their very high birth

energy, absorb a large fraction of the lower hybrid wave power to a large

extent, thus reducing the current drive efficiency, [6-9]. However, absorp-

tion of RF-power is not the only effect of alpha particles on the current drive.

Since the interaction between alpha particles and LH-waves gives rise to an

anisotropy in the velocity distribution of alpha panicles, the alphas may also

generate an additional current. Depending on the direction of this current,

the resulting total plasma current may either increase or decrease and both

local and global effects on the LH current drive can be expected.

The primary local efiect of the alpha current is associated with a changing of

the ~adial profile of the LH-driven current. The alpha generated current,

Jr .' gives rise to a net current density, Jae(r)> according to, cf [2],

o.ere the second term in the square bracket results from the frictional force

f electrons against alpha particles (Ohkawa current); the function O(e)

describes the toroidal effects on electrons excited by alpha particles:

-p(e=0)=l and O(e -> l)=0; e = r/R; R is the major radius of the torus, Za is the

harge number of the alpha particle, and Zeff is the effective charge number

of the plasma. Since the total driven current is J(r) = Je(r) + Jae(r). where

Je(r) is the electron current driven by LH-waves, the local influence of the

alpha current on the total current depends on the relative orientation of the

currents Jae(r) and Je(r). If Jae(r) and Je(r) are in the same direction, then

the alpha particles will increase the total driven current.



This can take place in the central plasma region with Zeff ~ 1 if the LH-waves

can penetrate into this region. However, in the case, when the LH-waves are

.restricted to the plasma periphery, the currents Jae(r) a°d Je(r) have the

same direction if the condition Za 4>(e))/Zeff > 1 is satisfied. Considering, for

example, LH-current drive in an ITER-like plasma at (r/a)m > 0.5, we take a =

2.4 m, R = 5.5 m, em = 0.22 and find, [2], <P(em) ~ 0.3. Hence, independently of

Zeff the above condition is not fulfilled and the alpha generated current will

decrease the total driven current at the plasma periphery.

In order to understand the global effects associated with the alpha particle

current, we represent the global efficiency, i\, of non-inductive current drive

in a plasma as

= ^ ~ ^ r ~ (2)
\

where the summation index "i" is over all applied current drive methods, e.g.

LH-waves, NBI, etc., <x\ = Ij/I and rji = Ij/Pi. Here, I is the total driven

current, and I, and P, are the fractions of current and absorbed power,

respectively, corresponding to method "i". We see that if the aj's are of the

same order, then the global efficiency is defined by the method with the

lowest efficiency.

Assuming now that r\ - nxH and representing TILH as *1LH
 = OV^a/W1' where

(Pe)LH and (Pa)LH are the fractions of power absorbed by electrons and

alpha particles in connection with the LH current drive, it easily appears that

the alpha particles significantly affect the total current drive efficiency if

(Pa)LH - (Pe)L.L

In the context of the preceding discussion it seems important to investigate

the features of current generation by alpha particles interacting with LH-



waves. The present paper presents the results of analytical approach to this

problem.

The alpha generated current cannot be determined within the framework of

the quasi-linear models used in Refs. [8, 9] where quasi-linear absorption of

the LH-wave power by alpha particles has been studied. These models have

been based on the theory of Karney, [11, 12], which describes ion accelera-

tion by LH-waves having the parallel wave number kn = 0. According to

previous theories, two acceleration mechanisms are possible. In the pre-

sence of a single plan wave, the ion motion becomes stochastic when the

electric field exceeds a certain thresholds value. Alternatively, if a broad

spectrum of waves is present, quasi-linear damping can take place. The

second situation, i.e. the interaction of ions with wave packets, is likely to

occur in practice and it does not require any threshold for the field intensity.

Karney, [10], has shown that the two mechanisms lead to essentially the

same velocity diffusion coefficient for the ions.
c

The appropriate diffusion coefficient can be obtained from quasi-linear

theory, [13], by replacing a summation over the cyclotron harmonics by an

integration. Formally, this can be performed if the resonance broadening

being responsible for destroying the phase coherence is modelled by replac-

ing the resonance condition 8(©-la>Ca) by resonance functions having finite

width, [12, 13]. Here, 5 is the Dirac delta function, © is the wave frequency,

coca is the cyclotron frequency of fast ions, and 1 is an integer. The last

procedure seems, however, not to be consistent with the assumption ku = 0

which besides is never valid in reality. Only because of kn = 0 the Cerenkov

resonances co-lcoca-k||V|j = 0 with different values of 1 are overlapped pro-

viding that the width of the wave packet, Ak||, satisfies the condition

where vn is the ion velocity along the magnetic field and Nn = ckn/co is the

parallel refractive index of the injected LH -waves. For alpha particles



interacting with LH-waves we can assume v,j = 109cms ', <oca/(o=* 10 2, N,( = 2,

which gives Ak||/k > 10*1. In the following analysis it will be assumed that

the condition (3) is fulfilled.

Because of the small value of ku for the LH-current drive, (M^V"1*/"1")» the

quasi-linear distortion of the alpha particle distribution function will mainly

take place in the perpendicular direction in velocity-.;pace. This makes it

possible to use the ku = 0 approximation when estimating the RF-power

absorbed by alpha panicles. However, to determine the alpha generated

current one must take into account the finite kn-effects. The reason is that

these effects give rise to the parallel distortion of the alpha distribution

which in turn provides current generation.

The plane of the paper is as follows. The quasi-linear Fokker-Planck equa-

tion describing the effect of LH-waves on the alpha particle distribution

function is formulated in Section 2. In Section 3, steady-state solutions of

the quasi-linear equation are obtained for proper boundary conditions in

velocity-space. The alpha generated current and the RF-power absorbed by

alpha particles are determined in Section 4. Finally, Section 5 summarizes

the results and presents conclusions.

2. The quasi-linear Fokker-Planck equation

Our present analysis will concern a situation where thermonuclear reactions

in a tokamak reactor produce 3.5 MeV alpha particles with an almost mono-

energetic and isotropic velocity distribution. During the slowing-down via

Coulomb collisions the alpha particle distribution function remains isotropic,

and there is no net current. Anisotropy develops, however, as a consequence

of the interaction between externally excited LH-waves and energetic alpha

particles with velocity v>vc, where vc is the critical velocity at which

electrons and background ions contribute equally to the slowingdown.



We shall assume an ideal confinement of alpha particles. The collisional

pitch angle scattering, and energy diffusion of alpha particles are negligible

in the velocity range under consideration. The toroidal effects as well as the

energy spread of the alpha source will also be neglected.

Under the above assumptions, the behaviour of the velocity distribution

function, fa, of alpha particles interacting with LH-waves can be described

by the quasi-linear Fokker-Planck equation in the form:

(4)

Here, the collision term. CCOLL(fa), describes the slowing-down of alphas by

electrons and background ions, i.e.

QC0LYf} - _L (A. i/. + J- (L \;z\fi, vS \ f (5)

where the slowing-down time, TS, is

y _ 3 m« Ttle
Mflf

and

me. .,3 V Zin\. (7)

ve is the thermal velocity of electrons, A is the Coulomb logarithm, and the

other notations are standard.

The quasi-linear diffusion term, CQL(fa), can be written as, cf [11],

r®L/'i \ Y/i 2 cjo-ki,vu d \ r\W,
L [fa] 4 - l K / ^ r v, dvJuK \K

where the diffusion coefficient, D^, is defined by

/ . . \
(9)



Here, Ek is the amplitude of the electric wave packet field, kx is related to kn

via the dispersion relation for the LH-waves, Ji(O is an ordinary Bessel func-

tion of integral order with argument £ = kjVjM»- N o t e * a t i n deriving (9), Ek

is taken to be infinitesimal and a spectrum of waves is assumed, [11].

Finally, we take the alpha particle source, S, in the form

S =
where S a = nonx «Jv> is the rate of the thermonuclear reactions, and va =

1.3 x 10 9 cm-s- 1 is the velocity of the generated alpha particles.

Let us now discuss the quasi-linear term given by eqs. (8) and (9) in more

detail. In order to perform the summation over ku we represent the field

spectrum as

åk"E° (11)

where E^=j d^lE/, and approximate the operator (^(fa) b v

where n = |k|,0-4- + — T " ) • U s i n g n o w t h e d e l t a function in eq. (9), we

obtain

%gä t(i) l
-H»

~. h-ci

* EQ O I I . CL / . . / .. • . / . . . \\T" ~I^L\ / . • \

Since



+00

(14)

the expression (13) becomes

(15)

— 0»

If now Ak||V|i > <äca, see eq. (3), we can assume that the main contribution to

the integral in (15) comes from the interval x « 2/o)ca- The last condition

means that the ions spend a small fraction of a cyclotron period in the wave

field. Approximating then sin(a>ca x/2) by a>ca x/2 in the argument of the

Bessel function, we obtain

(16)

where vIj=lo>-k||oV||l/k±. Note that the same result can be obtained if we first

replace the summation over the cyclotron harmonics by an integration and

then use the asymtotic expansion of the Bessel functions for large 1 = (co-

» 1 together with the approximation E^2 = ^ 5(k||-k||0).

3 . The alpha particle distribution function

We restrict ourselves to considering solutions of eq. (4) under steady-state

conditions which are appropriate for times longer than the slowing-down

time, cf [8]. It is then convenient to divide velocity space (vx, v,,) into three

regions as shown in Fig. 1. We see that the resonance line vx= kN/kx lv,rp—v,,!

where vnp = to/kn, separates the wave-particle interaction region 3, where

DQ L = 0, from regions 1 and 2 where the quasi-linear diffusion is absent,

DQL = 0. Consequently, we solve eq. (4) separately in each region and then

find the total solution by applying proper matching conditions.



A. Solutions in regions 1 and 2 (vx< lo-kgVi^kj. DQL = 0)

In the absence of the quasi-linear diffusion, the fusion produced alpha

particles only experience collisional slowing-down. Since the characteristics

of the operator C C 0 L L are % - vn/v = const, it is natural to use the variables

(V.X) instead of (vx»v,,). In these variables eq. (4) in steady-state reduces in

regions 1 and 2 to

We now note that the points of intersection between v = v a and the

boundary line vx = k,,lv,,p-v,,|/kx are determined by

$ *T04f
where vp = <o/k.

In region 1 (X<X\>X>XT), eq. (17) yields the well-known solution

where r|(x) is the Heaviside step function.

In region 2 (Xi <X<XiX the general solution of eq. (17) is given by

(20)

The function C(x) is determined by matching the solutions in regions 2 and 3

along the boundary vx = k^\np-\^lkL;

where
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v fy) - !*£ . (22)

* + fcO*T
Hence, we obtain

B. Solution in region 3 (vx>lö>-kBvnl/k1; DQL*0)

It follows from eq. (12) that the characteristics of the quasi-linear operator

are defined by v | + (v,|-v,^)2 = const. Therefore we introduce a new orthogonal

curvilinear coordinate system according to

(24)

In the variables (w, z), the expressions for C C 0 L L ( f a ) and CQL(fa) take the

form

and

(26)

where
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Here, v2 = w2+vap-2vBpy/w(l+z2) and zr = kB/kx. To find the solution of eq. (4) in

region 3 we neglect the slowing-down across w. This approximation is

plausible since, for ^ - V t Q L > > 1 - where

- T
2 -™i kzk±v/

(28)

most of the tail particles have small pitch angles, X* Xi va/vm»i- Then, the

steady-state equation determining f̂ } can be written as

£ Wh

The wave particle interaction region is now defined by w, < w < w 2 and z>

where

- ^ (30)

Note that the interaction occurs only for v p ^ v a .

We are looking for a continuous solution of eq. (29) satisfying the following

boundary conditions:

= 0 (3D

») = 0 <32>

and
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(33)

(V*
After performing **™0J

 dK of eq. (29) one can easily verify that the last

condition is satisfied. Then, eq. (29) can be integrated once to give

where

' \ __

and

(35)

(36)

is the value of z at v = v a . Applying the boundary conditions (31) and (32)

to eq. (34) yields

(37)

and we find that the solution of eq. (34) is given by

Z r

(38)

where
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(39)

and

- Z?Z? (40)

Finally, we return to the matching condition (23) which determines the solu-

tion in region 2. Using eqs. (23) and (38) we obtain

Consequently, eq. (20) can be written as

r®/.. v \ _ ^ rs Vp K ( 4 2 )

In summary, the expressions (19), (42) and (38) determine the steady-state

alpha particle distribution function in the presence of LH-waves. The ob-

tained result represents a generalization of the alpha particle distribution

function considered in Ref. [9]. The new feature is the inclusion of the finite

k||-effects which gives rise to the parallel quasi-linear distribution of the

distribution function.

4. The alpha particle generated current

Using now the alpha particle distribution function found in the previous sec-

tion, we shall give an analytical estimate of the alpha particle generated

current defined by

( 4 3 )
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where J® (i =1,2,3) are the partial currents generated in regions 1, 2 and 3,

respectively. The calculations will be performed to leading order in the

small parameter k||/k. We will also neglect corrections of O^/v^)

Making use of eqs. (19) and (42) when calculating the currents 4U and J%\

respectively, we obtain

/ = IT*. [JdX
Vfc 4

(44)

and

The current 43) is defined by

00

jd« fdt ̂ jr [V,r (I + it - w Hfifa) (46)

where wi,2 and the function 43) ^ e given by eq. (30) and eqs. (38) - (40),

respectively. In order to evaluate the integrals in eq. (46), we introduce the

following transformation of variables:

( 4 7 )

where x0 = 1 + (k,̂ /k2)(v^/Vp-2). Note that x ~ kii/k « 1 and y - vx/va - 0(1).
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Then, retaining terms of O(kjf/k2) in eq. (46) we get

-A o

i p D
~a

where A = 2(k,l/k)(va/vp)(l-v^Va)1/2~'0(k||/k). Here, the function 43)(*.y) is ob-

tained by expressing eqs. (36) and (38) - (40) in the variables (x, y) and by

taking into account only the leading terms in kn/k. The result is

where

T

and

ulfy) = 4

5 -
Assuming now \ » 1 we neglect the second term in eq. (49) and use the

approximation

z L

where 6 =

Substituting the expansion (52) into eq. (48) and evaluating the correspon-

ding integrals, we arrive at the expression
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j f a ft*&^-bi JÉ? ̂ - J £ ^ r /^ (53>

with

(54)

where T(x) is the gamma function. Note that because of previous approxi-

mations the expression (54) is valid to 0(5).

Making use of eq. (43) together with eqs. (44), (45), (53) and (54), we finally

obtain the approximate expression for the alpha particle generated current

as

kZsV*». A -4 (l-^hf iff) (55)

where

(56)

It follows from eqs. (55) and (56) that in the limit 5 « 1 (4 » 1) the current is

mainly driven by the tail particles, i.e. those in region 3. We also want to

emphasize that the neglected effect of slowing-down across the quasi-linear

diffusion characteristics would lead to an increased value of the alpha

current as compared to the above result. This can be seen by considering

the marginal characteristic passing through the origin in the (v,,, vj-phase,

see Fig. 1. Along this characteristic, both slowing-down and quasi-linear

diffusion have the same direction. Particles that are located on the right-

hand-side of the marginal characteristic will be, due to slowing-down,

shifted to the left and thus, decreasing the resulting current. The opposite

takes place for particles located on the left-hand-side of the characteristic.

Since the number of the right-shifted particles is larger than the left-shifted,

the net result would be a current increase. On the other hand, we have
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neglected the presence of trapped alpha particles. The assumption of

passing particles only leads to an overestimate of the alpha-particle current.

We have mentioned in Section 1 that the alpha particles may strongly affect

the efficiency of the LH-current drive if the RF-power absorbed by the

alphas, P a , is sufficiently large. The problem of determining P a has been

considered in Refs. [8, 9]. Here, let us estimate the absorbed power by using

the alpha particle distribution function found in Section 3.

In the variables (w, z) introduced previously, the power P a is expressed by

W2 oo

where F a is the alpha particle flux due to quasi-linear diffusion and it is

related to CQL (fa) through the relation

( 5 8 )

follows from eqs. (26) - (28), (34) and (58) that

~ i f - JL (4 + I*-? 2&. ~ - JSfc __lL L (59)

where corrections of 0(kn/k) as well as O(Vj/v̂ ) have been neglected.

Substituting now (59) into (57) and using the distribution function given by

eqs. (38) - (40), we obtain in the limit t, » 1

( 6 0 )

where 5 = n/(10^)). This expression is similar to the result obtained in Ref.

[9].

Writing eq. (60) in the form
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P s p r-1^ HH. (6i)

where Pf = e a S a = ea n/xf is the fusion power, e a = 3.5 MeV, and x = v /̂v*. it is

interesting to note that due to acceleration of alpha particles a situation may

arise where locally P a » Pf. Note that in a sufficiently hot and dense plasma

(n>1020nT3,T>20keV) w j t h j e < iMA/m2, the power density absorbed by

electrons is less than Pf.

Equations (55), (56) and (60) enable us to estimate the local efficiency, r£.

connected with alpha particles as

(62a)

which for practical use can be written as

; » , . ! , « ) • ' * F * - . „ , (62b,

where T is the plasma temperature in keV, and n20 is the plasma density in

units 1020 m-3. Taking, for example, Nu ~ 2, T = 20 keV, A ~ 20, and n2o = 1,

we have r£ = 0.16 A-m/W. This efficiency is rather low from the point of view

of a reactor application.

5. Concluding remarks
The principal results obtained in this paper can be summarized as follows:

(i) A new equation describing the interaction between high-energy ions

and LH-waves has been derived. It generalizes the corresponding

equation of Refs. [10, 11] by taking into account effects associated with

kn*O and it holds even when the wave amplitudes are small provided

the wave spectrum is not too narrow.
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(ii) By making appropriate simplifying assumptions, the analytical expres-

sion for the distribution function of alpha particies interacting with LH-

waves in a fusion plasma has been determined. The new feature is the

inclusion of finite k||-effects which gives rise to a parallel distortion of

the alpha panicle velocity distribution. We note, however, that the

analysis neglects toroidal effects like e.g. the presence of trapped alpha

particles. This issue will be the subject of a future study.

(iii) The generated alpha particle current as well as the RF-power absorbed

by alpha particles have been estimated by using the obtained distribu-

tion function.

In order to briefly discuss the influence of the alpha generated current on

the LH-current drive, let us compare the alpha efficiency, r£. defined by eq.

(62) with the local efficiency of LH-current drive, r^=iJPe, calculated in the

absence of alpha particles. Making use of the expression, [2],

(63)

where r\ is the dimensionless efficiency, we find

(64)

Taking again the parameters N,, = 2,T = 20 keV and assuming ti=3.5 we obtain

from TT̂He = 0.06. Thus, we conclude that for a typical LH-current drive

scenario the ratio r|a/Tie is small. However, if the alpha absorbed power, P a ,

is of the order of the power absorbed by electrons, Pe, the LH-current drive

efficiency, n,LH, becomes

(65)
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When P a » Pe (this may take place in a hot and dense plasma and/or when

power densities absorbed by electrons and alphas are peaked at different

flux surfaces) we find that

%L + -Q- Ve <£< Vi

Thus, in this case alpha particles may significantly decrease the local effici-

ency of the current drive.
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