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Abstract The power radiated into the modes of an infinite magnetized
plasma by a modulated hollow electron beam is calculated for the cases of
cold and warm plasmas. The beam is assumed to be sinusoidally density
modulated and the induced fluctuating clectric field is strong enough to
quench any beam plasma interaction. Numerical results are presented for
the power deposited into the plasma at {requencies near the lower hybrid
frcquenéy‘ for different bcam plasma parameters.




1. Introduction

Several experiments were done in the past two decades to investigate the interaction between
magnctized plasmas and modulated electron beamst!—7), Heating of the plasma near the ion cyclotron
frequency was observed by Haas and Dandl (1967),Yatsui and Yamamoto (1969),and Hsich ct af
(1973). 1t should be mentioned that the plasmas used in these experiments had very small densities,
Bhatnagar and Getty (1971),Kovnik and Kornilov (1974), and Zcidlits ct al (1976) did observe strong
heating near the lower hybrid frequency for plasmas that have densitics of the order of 10'2em ™3,

In this paper we invcstigatc the heating of an infinite magnetized plasma using a hollow thin
clectron beam as shown in fig. 1. The clectron beam is density modulated at a frequency near the lower
hybrid resonance, and the beam density is assumed to have a sinusoidal periodicity in the z direction
with wavelength equal to \,.

We neglected the cffects of the beam plasma instability ncar the plasma frequency since this
instability is quenched by the induced low frequency field®—7). In section 2 of this paper we found
the excited quasiclectrostatic mode that is excited by the modulated beam in a cold plasma and in
scction 3 an expression for the power delivered to this mode is written. In section 4 the case of a warm
plasma is considered and finally numerical results in section $ are given for the power delivered to the
lower hybrid mode for different beam and plasma parameters.




2. The Case of a Cold Plasma

As shown in fig. 1 the magnetic ficld is in the Z direction. Due to the beam modulation an

alternating current source will arise which will excite the plasma waves, this current has the following

formn: .
21,6(r — a) exp(iky2)

J =

27a
Where
I, is the amplitude of the alternating current,
a is the beam radius,
k“ == w/ U,
and v, is the beam velocity.
The charge density of the beam is given by

pb=

2:{‘;%6(1' — a) exp(tk;z2)

From the divergence relation we have
V(EV) = —p,

Hence .
€L V2 — eyitp = —2

&

¢ is the electrostatic potential.
€, the perpendicular plasma relative permittivity.
¢ the parallel plasma relative permittivity.
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Taking the Hankel transform of cq. 4 we have
€ _Lki_(b + éukﬁq’ = bb

Where

Ok, ,2) = /(; dr2nrd(r,z) Jo(kr)
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pylk |, 2) = /0 dr2xrpyr, 2)Jo(k | 7) ‘ (8)

Hence - I
ook, 2) = v—(;JU(kJ_a) exp(ikyz) O)
Hence from (7) (9) (k. a) exp(iky2)
I, Jo(k_a)exp(ikyz
P = e Fal (m)

Finding the inverse Hankel transform

Io . o dlc_,_k_LJo(kJ_r)J()(kJ_a)

¢(T, Z) - ;;;); exp(zk"z)[’ 21'. 6_]_"%_ + 6||kﬁ (11)
We have two regions 7 > aandr < a
yr>a .

fU ko_k..L Jo(k_l T)J()(k_]_a) * d k_L l_c-_]-_Hgl )(k_Lr)Jo(k_La) ( 12)
From (11) (12) )
ko. Jo(k_LG)H §kLr)
(r z) = —>- exp(zk"z) / o+ ek (13)

The integrand of eq. (13) has the asymptotic value k  e*+("—=")/(¢, k2 -+ eyk?) and by Jordan
lemma the integral is cqual to the residues of the poles lying in the upper half plane.

Hence
#(r,z) = (14)
ky, is the solution to the dispersion relation kpe 1L+ Ic"e" =0
ii) For r < a we get
#(r,2) = H“’(kpa)fo(kpr) (15)




3. Power Delivered by the Beam

We note from the dispersion relation that we have
2
6_]_’{3’2’ + e"k" ==

And that k,, can be cither positive or negative for propagating waves. One way for choosing the cxcited
mode is to assume that the plasma is lossy by introducing collisions between the particics of the plasma
and then pick the mode that has always a positive imaginary part, this mode is a backward wave near
the lower hybrid frequency. ‘

Hence the radiated power per unit length is

= ——%Real / dSEJ, (16)
dS is an element of the cross sectional arca
P= %Real / ” dr 27rr—2—I°—6(r — a) exp(—ikyR)ik) ¢(r,z)
0 na
Hence %,
P = Real(g~LH{(kya) () an

We should note that up to this point we neglected the effect of the radiation on the beam, in

other words the beam is taken to be rigid which is not very obvious however if this radiation is only

‘a fraction of the beam dc power when integrated over many wavelength P\, << I4cVq. then our
assumption is justified.




4, Modes in a Warm Plasma

The dispersion relation in a warm infinite plasma is given by

NWe; aj"_L
k—l— L “(}U" + Uy, (‘)UJ_

— k2 L )
W, k) =k + ki + E“’m/ d'"/ dv, 27, E Wej w == nwej — Koy

Nn=———00
(18)
Where j refers to the plasma species and
9((;), k_L) =0 .
The above cquation is derived from the dispersion relation
2 3 pb( g z)
(K% + &+ Z)q, dv’fi;)0(k 1, 2) = (19)
0

For zero external sources p, =0 we get the dispersion relation of eq. (18). Using egs. (2) (19) we get

I, Jo(k a)exp(ikz)
& F(w,k,)

Hence
dk,  Jo(k,r)o(k a)

¢(1’ Z) - _—’Tb zk"z‘/o 2 k_L g(w, k.l..) (21)

We know that for r>a the above intcgral can be written as

Wk r |
#(r,z) = —— exp(zk"z) / dk’L J_Ho g(t,),;li()k 1.9) (22)

* Taking the residues of the poles in the upper half plane we get

I kol byt )o(kpa)
¢(r,2) = 26,0 xp{ikyz) pz-—:l 0w,k )[Ok |k, —k, )

-And similarly for r < a we get

L B ik hal{kr)
#(r,z) = %o eXp(zkuz)::_‘,l 5o, & 1)/ 1 e r, (24)




Again the power per unit length defined in eq.(16) can be written as follows for a warm plasma

Py & ke, H Dk, 0) Jo(k,
P= oM Real( oH G (epa) ol ) )
- Avyeo = OW(w, k1 )/ [k, ~,

(25)

It can be shown that for{w — kyvy;)/we; >> 1 the zeros of the dispersion relation occur in pairs
which are the negative of each other complex conjugate when the waves are damped in the 7 direc-
tion, conscquently the contribution from the poles off the real axis is zcro, and the power radiated is
provided by those zeros lying on the real k, axis.

In fig. 2 the locii of the propagating modes ncar the lower hybrid frequency are sketched one
of thesec modes is a backward wave and the other is a forward wave ,most of the radiated power is
delivered to the backward wave which is usually called the lower hybrid wave.




5. Numerical Results

A computer program was written to calculate the power radiated into the fower hybrid mode in
a plasma that has a Maxwellian distribution. The dispersion relation for the infinite plasma can be
written as follows:
Ww, kp) =0

Where
Ww, ky) = ki, + ki +2pr > )2)In(({(:p“‘l)2)(l—|- o 2(* k"vt %) (26)

n=--—00

Where
Uy, Vg5 are the electron and ion thermal velocitics respectively,
Wee, We; are the electron and ion cyclotron frequencies,
I, is the modified Bessel function of order n of the first kind,
and Z is the plasma dispersion function,
The power radiated increases as the square of the ac current I, ,hénce the maximum radiation
~occurs when the current modulation is 100 % that is I, = Ij.. Putting the current equal to this value
the ratio n of this maximum power radiation to the dc power transported by the beam is given by

Pmax
= TuVar 1)
.Using €q.(25)
IS I PR L. COL DI o)

pVacto = 39(“ ky )0k |k, =k,

Putting I, = PVL5 and ky = w/v, we get

P/ Vas k,H D (k,a)Jo(k,a)
g 2 G ) e,

Hence

m, O(k,a)Jo(kn
\/;ZRC‘II( kaO (kl Jo(kP) ) (29)

4‘0(,60 w kJ_ /ak_l_lk_l_—k,,




Where % is the beam perveance,
And n is the ratio of the power radiated per unit length to the total power of the beam.,

We should note again that when the ratio of power radiated per unit wavelength (A, = 2 /k is
large 27/ky >>> 1 the above results are not accurate since the beam modulation would be damped
in the z dircction,

In figs.(3-10) n is plotted for a varicty of beam plasma parameters. The beam perveance is taken
to be 1070 perv and the plasma is a hydrogen plasma with density equal to 10'2¢m3.In cach of the
above figures the real and imaginary parts of k; as well as the ratio n arc plotted versus frequency for
the lower hybrid mode.

Most of the radiated power goes to the lower hybrid mode, so we calculated the contribution of
this modc only. As for the other modes more calculations are to be done.

The results show considerable heating near the lower hybrid resonance and by changing the beam
velocity then the magnetic ficld intensity we conctuded that the heating goes up as the B ficld increases
and by dccrcaéing the beam velocity. The results where obtained for two temperatures and they show a
decreasc in heating cfficiency as the plasma becomes warmer.
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6. Summary

In this papcr the quasiclcctr.ostatic waves that are radiated by a modulated E-Beam in 2 mag-
netized plasma are analyzed and analytic formulee are given for the wave potentials for both cold and
warm plasmas at frequencics near the lower hybrid resonance,

It should be emphasized that the high frequency beam plasma interaction was neglected in the
analysis and this is justifiable if the becam modulation is large enough such that the high frequency is
quenched by the lower hybrid wave.

The numerical results for the power radiated per unit length of the beam in a Maxwellian plasma
show that the heating cfficiency increascs with increasing magnetic ficld intensity, that it decreases with
increasing beam velocity and that the cfliciency is lower for warmer plasmas.

n
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