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ABSTRACT: We study the saturation of the wave absorption in 2 radio
frequency driven plasma. A critical energy above which it 15 useless to work
IS Introduced. The influence of an electric field and practical Consauences

are then considered.

1-Introduction

In wave driven plasmas electromagnetic energy is absarbed by sup-athermal
resonant electrons. There are now a large number of theoretical results
on this process [1-7], but mainly on the electron current respense. In this
leclure we shall study the saturalion of the wave absorplion in the iower
hybrid range of frequencies and inlroduce a critical enerqy above which it is
useless to work. In order to write the equation which governs this
saturation we shall express the deformation of the electrons distritulion in
term of the absorbed power. Then in section three we shall introduce the
concepl of critical energy. The influence of an electric field is stidied in
section four and practical consequences of this non-linear behaviour are then
considered.

During all the paper, rather than the M-K-S system, we shall use the
CT-M-T system, ¢ 15 the velocity of fight, m the electron mass and T the

colhision time T=m’c? /(4mne*Ln(A)) (n 15 the electron density). The relevant

Jararreters of the study will be Ze the ion charge and & the temperature. ¢
witl cenote the Heaviside function and § the Dirac distribution.

-et us begin with the following simple model: a single fast eiectron with
momentum p in contact with a cold plasma can be considered as a
Jissipative system which is able to absorb a certain amount of power W(p).

The excitation relaxation process is described by:
dp*
— = -p™+2wlp)
at

Tre maximim power W* that can be absorbed at the point p in the momentum
space is = n(p)/2p where n is the number of electrons. So if we go back to
-he usuat units we obtain:

w*(p)=In(p}/p} 2rme‘Ln(A)
“his simple model gives an order of magnitude but does not take into account
“he right stochastic dynamic of the electrons, so we shall consider F(p) the
distribution function of Lhe electron population.

2-Deformmation of the electron distribution

“e shaltl decompose the wave into a set of incoherent photons (R.P.A) and we
shall study the response of the electron population to this set of photons
with frequency w and index N. Each electron with momentum p* will suffer a
quantum kick:
spr=hwv!,  spaheop vy 1-pe2)

50 if we call FO the equilibrium distribution, the plasma response to the
et of kicks will be F(p)=FU(p)+1(p) where f is the solution of the following
equation :



-C(p)f=I op'[-5(p-p*)+5(p-(p*+5p*))] Wip')/ fuo

The right hand side term is a source term which describe the set of kicks. €
is the (linearized) Landau collision operator and W(p’) is the power absorbed
at the point p* in momentum space.

{f we introduce the operator:

o ol s 2yt 12

9'=v Qs VT p lap.
In the classical limit the electron distribution function becomes:
F(p) = F9%(p) +Idp' wip") 3°G(p.p")
where the Green function G is the solution of :
-C(p).G{p.p°)=8(p-p*)

Thus we are able to express the deformation of the distribution furct:on If

we are able 1o find the Green function G: let us now consider this problem.

The Landau operator 1s given by:

€ =p 29,p?eP /2823, 60720, [(be2)/2p3] 3,(1-47) 3,

3=Idp' o720 [ep-p')vtySs ep-piv! | /3 I dpreP'/20
Dz‘[ o /28 [elp-pN3v-v 2oy epr-pizpe ] /3 I dpeP'/20

As the resonant electrons are suprathermal we can perform the muitipolar
expansion of the Maxwell distribution .

F(p) = e'P"/20 )/ (2o 5(p)/4mp?

and we obtairy
-7 . . -3 —n?
C=p 8' 2«1/} p ap(r H )E)'l

The first term describes energy losses and the second ore pitch angle
scattering which are the dominant processes for these fast electrons. In
order to find G the following representation of 5(p-p"} is the suitable one

becauce it is a sum over the C eigenfunctions.

Z'I ok(21 1741 /2)e ik P/31gikI-p?/ 31 1 JIRN2p (D () )
P, are the Legendre polynomials and we obtain the Green function:

Gp.p' =T (2141 /4T)e(p -p)p B2 P () )p KWIXEED/Z P ()10

The Heavizide “unction comes from energy loss and the next term gives the
coupling with pitch angle scattering.

The cont-ol parameter of the proposed problem is  W(N;) the injected
density of electromagnetic energy al w.Ny, . As we are working in the RP.A
the probat:lity of interaction between the electron [p,p] and the photon [N,w]
15 given by the Einstein coefficients. Let us calt 2rh 'gS(puN,-1) the
absorptior cross section and 21(h"o"8(ppN“-l) the induced emission cross

section

Zﬂc/py=A=81r'e2vp(b.F.b)/m8u(D:F)



D=w3(NN-N21+ €,1+(€ ¢ Jbbs1e,bx1 )

F=m4[(el-Nz)ell-(cl—Nz)NN- (e -N2 Ye,-€,)€,7)bb + ieH(N'(b'N))xl]

b is the direction of the magnetic field, { €,.¢ ,e,) are the element of the

cold dielectric tensor {8-10) and the dispersion relation gives N(Ny.w). The

baiance between emission and absorption can be written:

F(p+5p)a™5((p+sp)pss )N, - 1)ctp+sp)]

I we use the Einstein relations and the expression of F in term of W we
obtamn :

w(p)=U(1/p)AF9(p)/e-LX1 /pp)AI dp*w(p*)8d'G(p.p*)

The physical interpretation of this equation is straightforward, the f.rst
term on the right hand sides describes the equilibrium (thermal) absorption
and the second one shows that when power is absorbed at p’ it madify the
power absorbed at p.

3-Critical energy

The last equation of the previous section shows that the dynamics of the

power absobed at the point p in the momentum space is given by an integral

equatl on. The Neumann sotution of this integral equation is an U expansion of
W. The first term of this expansion is the usual linear absorption and the

others are ronjinear processes:

W(p)=LK1/p)AF(p)/6-U(1 /pys)A I dp* (U1 /p'W)AF(p*)/0)33°G(p.p") + (L)

Let us look at the figure -1-, the absorbed power W is a nonlinear
functionnal of U and when U~—>e it satyrates.

W

WI

u~ U

Fig-1-

If we consider the simplest Pade approximant of the previous Neumamn
series: Wodd/(1+U/L™)

this relationship as the right physicai properties when U——>0 and
U2 and the second term of the previuos expansion gives us the critical
energy i~

6



U = (1 /ppi%p) /Idp'u(i/p‘ NIAFS(p)33° G(p,p°)

This critical energy gives us the threshold for nonlinear absorption and for
typical low density experiments the order of magnitude of the maximum
absorbed power is !wW/em?® .

4-1nfluence of an electric field

In this section we shail study the influence of an additional electric fieid
A DL field will influence the poWer absorption because it will increase the
number of resonant electrons and decrease the slope of the distribution
function. The plasma response to the Infinitesimal electric field :

E=E dt §(t-t) b
S p=ek(1-)2)dt/p
If we introduce the local Ohmic power deposition O(p)=etvyu F(p) ard if

is a summ of kicks: &p=etpdt
E<Epreicer the steady state response is:

F(p)= Fo(p) Idp' o(p*) 3°G(p.p*)

Now we switch on the wave and we have Lhe fotlowing response to soth
wave and inductive power .

F(p)= FOp) + I dp’ O(p") 8'G(p,p*) I ap’ wip') 3'Glp.p’)
This equation shows that the inductive and the lower hybrid responses are

the same but O and W are different. Now Il we write the equation which

governs W we obtain the O/w coupling:

Wip) = (" /pptae'FO(p) - U(l/pu)AIdp'W(p')aa'G(p.p')
- W1/pp)a I dp*0(p*)83’ G(p,p’)

The phjsical imerpretation of this last equation is clear, the sign of £ can
increase or dectease the absorbed power. A criticat energy which depend on E
<an be intrduce  UM(E)=U*(0)+ O(E) [11]. Rather than detailing this influence
of an 2lectric field, let us consider some consequences of the nonlinear
absorption.

S-discussion

“what are the practical consequences of this saturation? The first one is the
existence of an upper bound for all the responses of the plasma An
nteresting poink to note is that these responses are nonlinear functionnals
of the injected anergy but are linear functionnals of the absorbed power, €0
 is the key quantity to interpret the nonthermal responses. For example the
moments of orde” n and m of F(p) are given by:

<P =T > wzoqcn(ZI'f1)2"'nl(n/?*llz)ll(hn*l)!(nl.?-l/Z)!

[[('"*3)/(1(1*1)(& 1)+ 2ms6) N, (1)

<P™u">, is he equilibrium moment and we have considered a narrow

spectrur WIp)odn'S(p-N"")s(p-l) (if m=1 and n=Iwe obtain the usual Fisch



efficiency). If we are able to measure one of these responses we are then
able to predict the others on the basis of W, so the fact that the absorpiton
is nonlinear ard that there exist a critical energy fimits the performances
but is not an obstacle from the diagnostic point of view. For example

electron cyclotron emission (ece) can be used to study W = W /

Q‘w,“N,,'3 Ln(A)™ and the resuits clearly show the expected

saturation{12-14].

"Present address: JET Joist Undertaking
Abiagdoa
Oxfordshire OX14 SEA ENGLAND

References

N.J Fisch, Phys. Rev Letters 41, 875 (1978).

N.J Fisch and A H Boozer, Phys. Rev Letters 45, 720 (1980) .

€.F.F Karney and N.J Fisch, Phys. Fluids 28, |16 (1985) .

N.J Fisch, Phys. Fluids 28, 245 (1985) .

N.J Fisch and C.F.F Karney, Phys. Fluids 28, 3107 (1985) .

C.F.F Karney and N.J Fisch, Phys. Fluids 29, 180 (1986) .

N.J Fisch, Phys. Fleids 29, 172 (1986) .

G. Bekefi, Radiatjon processes in plasma (Wiley, New York, 1962).
TH Stix, The theory of piasma waves, ( M© Graw Hill, New York, 1962) .

"0 wp Allis, 5.4 Buchbaum and A. Bers.Waves in anisotrgpic plasma, (.1
press,Cambridge 1963).

O o ~ O N b W N

"' 1M Rax, Ph.D. Thesis, Universite de Paris 11, {Orsay 1987)

9

Y2 A. Girard, Ph.D. Thesis, Universite de Grenoble (Grencble 1986)
12 A Girard, J.M Rax & Petula Group, 13th European Conference on controlled
fusion and plasma heating page 374 ( Schliersee AR.F.A 1986) .

14 ¢ par lange, D. VanHoutte, H. Bottolier-Curtet, G. Briffod, P. Chabert,
M.Clement, C. David, A. Girard, C. Gormezano, W. Hess, G.T. Hoang, G.
itcherkq, J.M. Bax, F. Ryter and J.C. Valiet, 11th Internatinal conference
on plasma physics and controlled nuclear fusion research ( LAEA

Kioto Japan|986).



