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Abstract. The multiphoton inverse bremsstrahlung absorption of two intense electromagnetic beams
passing through a magnetized plasma is studied. The rate of absorption of electromagnetic energy by
the electrons is calculated by deriving a kinetic equation for the electrons. It is found that the
absorption enhances when the frequency of one electromagnetic beam is more, and that of the other
electromagnetic beam is less, than the electron—cyclotron frequency. A possible application to
extragalactic radio sources is discussed.

1. Introduction

The study of interaction of an intense electromagnetic beam, as a laser beam,
with plasma is of great importance due to its possible role in the controlled
thermonuclear fusion research (Krishan et al., 1976). The high-intensity elec-
tromagnetic beam impinges on a plasma and spends a fraction of its energy in
heating the particles. A good review of the various processes operative in a laser
plasma system has been given by Brueckner and Jorna (1974). The two-laser
absorption has been considered experimentally and theoretically by Capjack and
James (1974). The multiphoton inverse bremsstrahlung of a single laser was
studied by Seely and Harris (1973) and later the effect of a magnetic field was
included by Seely (1974), who showed that the multiphoton absorption
coefficient decreases as the laser frequency approaches the electron—cyclotron
frequency. Presently we consider the absorption of two laser beams propagating
through a plasma in a uniform magnetic field in the strong field limit. A quantum
mechanical approach, following Harris (1969), is adopted here. The wave func-
tion and the energy of an electron is determined in the presence of two laser
beams propagating parallel to the uniform magnetic field. These electrons then
suffer scattering in the Coulomb field of the ions and thus get heated.

2. Theory

The vector potential due to the two laser beams and the magnetic field can be
written as

A(X, t) = Al(t) + AZ(I) - Boyéx’ (1)
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where
A](t) = al[éx COS w(l + éy sin wlt],

Ay(t) = ayl é, cos wyt + é, sin wt], 2)

in which B, is the strength of the uniform magnetic field in the z-direction, w,
and w, are the laser frequencies, a; and a, are the laser amplitudes, and é, and é,
are unit vectors along the x and y directions, respectively.

The lasers are treated in the dipole approximation. The solution of the
time-dependent Schrodinger equation is found to be

e, 1) = exp {_ ﬁ f H" _ eAlc(t') _ eAé(t') o G(t,))z] dt,}
X exp {% (p-x— Ent)} H,(9), (3)

where

P = (ps, Q(1), p.),

ew, [a, Ccos w;t 4 @2 c08 wzt]
b

Git)=- c

w| — W, Wy — W,

(1) = _l._e_(;)_c [al sin w;t L@ sin wzt]

W)~ @, @y — W,
E,,=<n+l>ftwc; wc=|elB°; n=0,1,2...
2 mc

where c is the velocity of light in vacuum; and

Mo,

_ 14
A& = (M9e) " 2mn 1) exp (—£12) H, (&)

where H,(¢) is the Hermite polynomial;

/
£= (7))~ mat "o, - G,

Note that p, and p, are constants of motion and the state of the electron is
specified by p,, p, and n. The function ¢,,(x, t) can be shown to be orthonormal.
The average electron energy is found to be

¢ =Bt [(G-£ 40~ an) +(0-2 4,0 -£ A 0) ]

)

To determine the transition probability for electron-ion Coulomb scattering, the
scattering potential V(x) will be treated as a perturbation. V(x) can be written as

V(x) = —4nZe*h* > % exp [iq- (x+x,)/#], (6)

q
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where x and x, refer to electron and ion positions respectively, and Z, is the
ionic charge. The transition probability amplitude M(1—2) for an electron to
make a jump from the state (pi,, pi., 1) to the state (p,,, p,., n,) is given by

72
M- =4 [ dt [ @x0lx OV9G . ). )

h
Substituting for ¢’s from Equation (3) and performing the integrations, we find
the transition probability per unit time to be given by

y(1-2)=|M(1->2)/r =42Z%*N,2wh)’

X > {q64 [/ (n1, na, po)? X J2, (f, > J5 (hw)

S1, 82, 4y

(p3.—pi.)
% NL()[1 — Ne(z)]a[Enz R Szflwz]},
(8)
where N; is the ion density,

90 = (P2x — P1o Ay, P2: — D12)s
J(ny, ny, po) = (ny!ny)) "2 exp (— po/2)p {2 - L F, (*nl, —n,, —i),
Po

_(d+q)

Po 2mhow,

2Fo(—ny, —n,, —1/py) is the hypergeometric function, s, and s, are integers ranging
from —oo to +%, J and J, are Bessel functions of the first kind, A;=
eE\qy. /Im(w;~ w,), A= eE,qo,/m(w,— w.), N,(2) is the square of the matrix
elements of the fermion destruction operator and [1 — N,(2)] is the square of the
matrix elements for the fermion creation operator. The physical content of
Equation (8) can be brought out clearly if we write

©

Y(1->2)= 3  Jls;, s 1>2IN,(D[1 - N,(2)], &)

51, Sy=—

where J (s, s,; 1 >2) represents the probability of a transition from state |1) to
state |2) through the absorption or emission of s, photons of frequency w, and s,
photons of frequency w,. The summation over s, and s, therefore implies that
the transition occurs via the absorption or emission of any number of photons.

The kinetic equation for the electrons can be derived by summing the
diagrams shown in Figure 1. Using Equation (9) we can write the rate of change
of N.(2) as

MR _ 5 S T(s1, 2 1-2IN(D) - N (10)

$1- 82 p1> Ny
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Taking the classical limit (Harris, 1969) —1i.e.,

h—0, n—>o,
m N[
,,2 ~ <2wh> fd .

1 1
hwc<n +§)—> 3 muv?;

and

and assuming Maxwellian velocity distribution for the electrons in the initial
state, we find that

(V) _ 12 4 3< m )mj’ 3
~ar =47Z*¢*N:N.m kT d’v,

“sir) w37 |
Ao (-357) -ewl-3i7 2, e

<13, (A )7, [ )B(Q—slhwl—szhwz)” (11)

where
Q= En2 - Em + (p%z - p%z)/zm

For strong lasers, the arguments of the Bessel functions are very large, and in
this case the significant contribution is achieved only when the argument is equal
to the order of the Bessel functions. The sum over s, and s, can be performed as

DK ( ) (h"—ajz)a(a—smw,-szhwz)
=§J§( )21 ( )5(9 svhey — $:fiay)

A
— 2 ] ( ) -I(Q s1hoy) hwy ( (Zz) E 6(Q - slhwl — szhwz); (12)

fOI‘ Az > hwz,

A
J(Q s‘ﬁwl) 'la)z (h(j )

is a function which has maximum values near (Q)— s;hw,) = =A,. Therefore,
Equation (12) becomes

s§2]< ) (;2)5(&) sy — syha;)

—ZJ ( )2[5(9 sthw;— A) + 8(Q — 51w, + A5)]
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1 A
=5 (-t (h—a;,> SE‘ S(Q — s1hw; — Ay)
1 A
+3 Tt apihy (E(j) Z} 8(Q) — s1fiw, + Ay)

2211-[6((2—)\2—/\1)—%8(Q—)\2+A1)-6(Q+/\2—)11)+5(Q+/\2+A,)].

Of these four Dirac delta functions, 8(2 — A, — A;) gives the maximum con-
tribution to the absorption probability when A;> kzT and A, > kgzT. The kinetic
equation then is of the form

fe(va) _ 1 4 3( m )3/2 (_ mU%)
ot~ L ENNm o ) exel =5 T

xfd%,{qa“ [T (ny, ny, po)l?

x [exp (%} 1] (0~ /\2—)\1)}.

We neglect the 1 in the square bracket compared to the first term. In the limit of
cold-plasma approximation,

1
2F0 <_n17 — Ry, ——p—()> = 13

and as n,—» and p,—« it can be shown (cf. Seely, 1974) that

> a7 O, —ny, p) =227 q746,, 0,
”,

ay
—4
= 2 2
; q> 6qy,mvzy,
y

where qy— q, as we assume f.(v;)— 8(v;) and

q = (p2x’ qys pZZ)-

After incorporating these simplifications, we find the kinetic equation to
reduce to

af. Z%e*N,N, _ 2
fa(tvz) —Z TN, 2 (mzvz* Svu),

where

eE, €E2 ]

S= [ +
w) — W, Wy — W,
and where E, and E, are the electric fields associated with the two lasers,

q.. = mv,,. The rate of change of average kinetic energy of the electrons can be
calculated from
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k4

d<E> fd3 mv2 afe (VZ)

and is given by

d(e) _ w?Z%*N;N,
dt 2[ eE, _ _eE, ] '
W) — @, Wy — W,

From the equation it is obvious that for &, > w, and w. > w,, the absorption rate
can shoot up if the electric fields E; and E, are of comparable strengths.
Let w;— 0w, = 6 = w, — w,, then

d(e) m’Z*¢NN, ey
dt ~ 2E,— Ey/s "

where ¢, is the oscillatory energy of the electron, which from Equation (5) is
found to be

_¢Ef (1_2)2.
0= 2Ims? E,)’

and v.g, the effective collision frequency, becomes

_ 72Z2N,N,ems*
Vet — 3 E2 3
B(1-5)

This result reduces to that of Seely (1974) for E, = 0. We note that the collision
frequency in the presence of two lasers could be much more than that for the
single laser case. The precise condition for increasing v.g is given by

( _&>3>1
. E,
or
E,_ o
E1>(()1.

This condition effectively reduces the oscillatory energy of the etectron and
hence, physically, we can expect the collision frequency to increase, which
obviously leads to increased absorption of laser energy.

3. Application to Strong Radio Sources

The extragalactic double radio sources are known to derive their energy from
the centrally placed nuclear regions which may contain a large number of
galaxies, pulsars or quasars. The energy is extracted from the gravitational field
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of the nucleus and may emanate in the form of relativistic particles or elec-
tromagnetic waves. Rees (1971) proposed this flow of energy mainly in the form
of low-frequency, high-intensity electromagnetic waves which could get beamed
due to self-focusing effects. These electromagnetic waves would then act on a
working surface and spend some of its energy in heating the plasma particles.
The details of the formation of two oppositely directed beams and the con-
version of the bulk energy contained in the fluid into the random particle energy
has been considered by Blandford and Rees (1974). Here we propose the
multiphoton inverse bremsstrahlung as the heating mechanism of the plasma
particles. As Rees (1971) has pointed out, the central nucleus emits waves over a
whole range of frequencies. Since the electron—cyclotron frequency in the
extragalactic medium is comparable to the frequency of these intense elec-
tromagnetic waves, it is natural to divide the electromagnetic waves into two
classes, one with their frequency slightly higher than the electron-cyclotron
frequency and the other with their frequency slightly lower than the electron-
cyclotron frequency. Once this scenario is established, the results of the pre-
vious section can be easily applied. The advantage of invoking two kinds of
electromagnetic beams are obvious as far as the effectivity of the inverse
bremsstrahlung is concerned. In the case of single electromagnetic beam, the
collision frequency decreases as the electromagnetic beam frequency ap-
proaches the electron—cyclotron frequency; but in the presence of two elec-
tromagnetic beams with frequencies and amplitudes close to each other such
that E,/E, > w/w,, the collision frequency again shoots up. The multiphoton
inverse bremsstrahlung which seems to lose ground in the single electromagnetic
beam-magnetoplasma system resurrects itself back in the presence of the
second beam. We point out that we have considered only the limiting case of
non-relativistic plasma particles. To get a clearer picture we should consider the
relativistic case and also the situation when the electromagnetic waves become
incoherent. These cases are under investigation.
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