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RADIO EMISSION FROM AN INTENSE ELECTROMAGNETIC
BEAM-PLASMA SYSTEM
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Abstract. Interaction of a high-intensity and low-frequency electromagnetic beam with a plasma
is investigated. The dynamics of plasma particles under this strong electromagnetic field is calculated
without using the perturbation procedures. The intensity of radio radiation from such particles is
calculated and the results are applied to the extragalactic radio sources.

1. Introduction

The laser—plasma interaction has received much attention in the last few years due to
its promising role in the controlled thermonuclear fusion research (Krishan et al.,
1976). A laser or, in other words, a monochromatic high-intensity electromagnetic
beam impinges on a plasma and deposits a fraction of its energy on the particles. This
system is capable of supporting various kinds of electrostatic and electromagnetic
instabilities which may further heat the plasma (Brueckner and Jorna, 1974). In these
circumstances, the plasma radiates in the form of X-rays or radio waves. The objective
of this paper is to investigate the particle motion in the presence of such intense fields
which forbid the use of the usual perturbation procedures and look for the collective
competence of these particles in the radio emission. To study the emission mechanism,
the simple theoretical picture of the system is where a high-intensity low-frequency
electromagnetic beam impinges upon an ionized medium consisting of electrons and
protons. The deposition of beam energy occurs at the surface where the plasma
frequency is equal to the frequency of the electromagnetic beam. The general dispersion
relation for the propagation of electromagnetic modes in an electromagnetic beam—
plasma system has been derived in Section 2. Section 3 deals with the non-linear
saturation of the electromagnetic instability near radio frequencies and thus the total
energy content of the radio source is estimated.

2. Dispersion Relation

Let the vector potential associated with the low-frequency electromagnetic beam be
given (in the dipole approximation) by

A(t) = Aplé, cos wt + é, sin wt], @)

where é, and é, are the unit vectors and w is the frequency of the electromagnetic
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beam. The Hamiltonian for a particle in the presence of this field can be written as

H =5 p- a0, @

2m

where m is the mass of the electron, e the electric charge, and ¢ the speed of light. The
motion of the electron can be described by solving the Schrédinger equation for the
Hamiltonian given by Equation (2). The wave function of the electron is found to be

@

\/]7 z n(ﬁpl)exp[ Enpt+hpx_

—i8,,n+ iB,, sin SM] ) 3)

where V is the volume,

2 €242 ed, P
En.P = [ép_m + 2mc2 - hnw] BP_L = J-’ pi = P;% + P%a (4)
J.(B,.) being the Bessel function, and tan é,, = p,/p,.

The transverse dielectric function can be calculated by using the many body
techniques given by Harris (1969). One finds that

2 2 2 2 2
—_ 1 _ Woss q°Vins q°Vihs
g, ) =1 gQJLWQ—M+%P+m—M—wy+

Jeo 1 1
+ 7{(9 ot qn)  (Q —To = qus)}]’
©)

where s = e, i particle species index; wl; = $w2J7 _(25); u; = edo/V'2 my; w2, =
4mnge?/my; ng is particle density; q = (g, 0, 0); ¥y is thermal velocity; and N, ~ z, =
e2Atmcio > 1.

In order to arrive at Equation (5), the asymptotic behaviour of the Bessel functions
for arguments much greater than unity has been utilized. The maximum value of the
Bessel function is obtained when the order N is approximately equal to the argument z.
To obtain the solution of Equation (5), without falling into the drudgery of numerical
computation, the method of an independent stream model is used. The details of this
procedure are given in Krishan et al. (1978). The dispersion relation for the electro-
magnetic modes supported by the ionic component of the plasma system is given as

e(q:i) =1 — Z 3” 1+ g7V + g3V +
ilgi328 Q? (Q — lw — qu)?  (Q — Lo + qu)?

lw + Iiw ] =
T e +am) X — o —q))

2
gic®
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For qu; < liw and Q; ~ l,w + qu, the ions support a positive energy mode under the
condition

1 0
F, = 00 [Q2e(¢,Q)] |n=m =

_ 2qfc?

2 217 2. )
2wy [1 + 2qi Vi lin«,] >0 0)

+
Q7 (g:u,)? (q:u;)?

Similarly, the electromagnetic modes of the electronic part of the plasma is given by

1 Ve Ve
ee(que) =1 g [(Qe - Iew + qeue)2 + (Qe - le‘“ - qeue)2 +
lw l.w
+ Z(Qe - lew =+ qeue) + 2(Q‘e - lew - qeue)] %
X wtzJef _ w%ef _ qgcz_ (8)

QF 0 0

For Q, ~ Lo + q.u, — 8, one finds the value of §, to be

2 2172
82 ~ woefq;I;the . )
(1 - %oz
Q2 €

Furthermore, Q, becomes a negative energy mode if

1 0
Fo = o | @0 laa, =

_ 2g3c?

Qz T

2w;27ef (13 Vt%e lew Qe lew q2 VtzheQe
QE [1‘*’ 82 +_8_e-—8:—z-——8_2_— <0. (10)

The conservation laws for the interaction of the positive energy mode €2; and the
negative energy mode €, are

Sgn F,|Q,| + Sgn F|Q] =0 (11)
and

q. + ¢ = 0.
The linear growth rate y, of the electromagnetic instability at |Q,| = |Q;| = w, ~ lw

can be calculated by the mode-mode coupling. One finds that

2 2
:wve_l__=‘“oeA/38_1_ 12
Y0 = o VIENE] 2o N 20 Vo (12
where
2 n2
=2 .
W
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3. Nonlinear Saturation

As the electromagnetic wave w, grows with growth rate y,, the trajectory of the plasma
particles begins to get affected in the field of the instability. As a result, the modifica-
tion in the energy of the particles inhibits the growth rate and thus saturates the
instability. More formally this is known as the orbit perturbation theory.

The process contributing to the energy renormalization of the particles consists of
two wave-particle vertices and is shown in Figure 1. The total energy of the particle
in the presence of the electromagnetic instability w, is found to be

E,,=E,,+ AE, ,,

_ Pszgs - ls(zs)']ﬁs(zs)wés(q')
My = 2 S )

is,q’

1 1
x [(wo<q'> w7y o Sl o g 7 w]' (13)

If we use this modified value of the particle energy, the nonlinear dispersion relation
turns out to be

2 2172 2172
_ Wpss q Vt;hs q Vths
! I,;Z:s Q‘g [1 + (Qq - lsw — qu; — As)2 + (Qq - [sw + qu, — A;)Z +
lsw lsw
+ 4 — | =
2(‘Qq - lsw — qus — As) 2(Qq - ls‘*u + qu; — As)
_ e
- Q:‘; ? (14
where
A = w%s(q’) q,zu:szJI%s(Zs)JI%s—ls(zs)
PG wi(q) (wo(q) — q'u, — [w)?®
A; = As('_us)’
and

, e2E2 Na'2]1/4
wBs(q) = [ I’gl‘é )q ]

is the bounce frequency; while E(g’) is the amplitude of the field associated with the
instability.

i
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Fig. 1. Non-resonant wave-particle interactioncontributing to the self-energy correction.
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The solution of Equation (14) can be found in terms of the following expansions:

Qq = Qo + Qy,
Qy = wo + iyo, (15)
Ql = w;y + i')/l.

If Q, <« Q,, one finds the expression for the nonlinear growth rate y; to be

4 . 2 V2 .
e I AV AR
e
978 9vé
X(1+§8—g 1+—8?X . (16)
The saturation amplitude is determined by a requirement that the nonlinear damping
rate y, compensates for the linear growth rate y, or |y,| = |yo|, which gives

2
E? mViews 1 J§,-1(2)

8r  24me® w3 (I — x)® Ji(z) (17

APPLICATION TO EXTRAGALACTIC RADIO SOURCES

It is well known that the extended extragalactic double radio sources derive their
energy from the centrally placed nuclear regions which may contain a large number of
galaxies, pulsars or quasars. The origin of energy in galactic nuclei in turn is believed
to be gravitational in nature. The carriers of this energy emanating from the nuclei
may be relativistic particles or low-frequency electromagnetic waves, or both. Rees
(1971) assumed this flow of energy to be mainly in the form of high-intensity and
low-frequency electromagnetic waves which would be beamed due to the self-focusing
effects. The details of the formation of two oppositely directed beams of relativistic
fluid and of the conversion of the bulk energy contained in the fluid into random
particle energy has been considered by Blandford and Rees (1974). The radiation
mechanism of these radio sources is believed to be a combination of the synchrotron
and the Compton processes. Although this model has been successful in explaining
many of the observed features of the extended extragalactic radio sources, the details
of the transfer of energy from the low-frequency electromagnetic beam to the plasma
particles which then emit radio waves, have not been formulated. As is obvious, the
theoretical system considered here can be identified with that for extragalactic radio
sources. To obtain an estimate of the radio energy content of these sources, let us try
to put some numbers in Equation (17).
For w ~ wy, ~ 108571 u/c ~ 0.1, Vipe ~ 103 cm s,

_ee_ (h_ e i
x = o (le ) = from Equation (11)

l; = 5499 998, I, = 5000 000,
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one finds that

wo ~ liw ~ 5 X 109 S_l
and
E? J&, -1(ze)

== =10-77

-3
- VEIEA ergcm™2,

The energy density associated with the low-frequency electromagnetic beam is
E%/87 ~ 10-1% erg cm 2. One observes that the fraction of the energy density of the
beam converted into radio intensity is about 10~7. If.the volume of the radio source is
107® cm8, then the total energy content of the radio source is 10°® erg since the factor
JG, -1,z JR(2z.) ~ 1for I, < N.,.

The choice of /; and /,, in the particular way they have been written, emphasizes
their integral nature and the phenomenon of resonance excitation.

4. Conclusions

The model requiring a continuous energy supply from the nucleus of the parent object,
of extragalactic extended radio sources — given first by Rees (1971) — has been rein-
vestigated. In particular, the dynamical effects of a high-intensity electromagnetic
beam on the particles has been worked out in detail. The condition Q. /w > 1
emphasized by Rees (1971) (where Q,, is the gyrofrequency of an electron in the
equivalent magnetic field given by B2,/87 = E2/8x)is precluded in the treatment given
here in the form of the argument of the Bessel function being very much greater than
unity. Furthermore, a collective mechanism which may be comparable to the multi-
photon excitation process for the production of radio waves is suggested, which
seems to furnish a fairly good estimate of the energy content of the extragalactic
radio sources.
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