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It has been pointed out by Vek_slerl

that there is a possibility
of accelerating particles by transfering momenta from photons to
particles'in."coherent Thomson scattering." When the density of
particies is sufficiently high, the scattered wave will interfere
with the incident wave and finally a complete reflection of wave
occurs, It is a well known fact that a plasma cuts the wave off
at frequencies lower than the so-called plasma frequency; this has
been ob;erved by several investigator5,2

If a cloud of particles is put in a wave guide, the cut-off
frequency -guide :Wwith particles. depends on the particle density
and is higher than the cut-off frequency of the gulde alone.. When
an electromagnetic wave having a frequency between the two cut-off
frequencies is fed into the guide, it will be reflected by the
cloud, Therefore the momentum carrigd by the wave must be frans-
ferred to the cloud provided that the phase and the group velocities
of the wave are higher than the velocity of the c¢loud. In the
following a rough estimate of the negessary density of particles
is distussed.

Slow Particles

First we shall consider interacgtion of a plane wave and a

3
plasma using the effective dielectric constant of the plasma,
A cloud of particles behaves like a dielectric medium of

dielectric constant &£ , which is given by
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l, V. I. Veksler, CERN Symposium Proceedings Vol. 7 {1956).

2. S. C. Brown, Phys, Rev. 95 634 (1954).
L. Goldstein, Priv. Communication.

3. See L. Spitzer, Physics of Fully Ionized Gas Interscience Pub. 1906;
C. Longmire, Lectures on Physics of Tonized Gases (La20%5)
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where
n: numbers of particles péer ¢.c.

m: mass of o particle
5%%: frequency of the wave
2.
W, = ?4Z’ngi : plasma frequency
s P TR . & (et —k.X)
in this medium, the dispersion relation for a plane wave €
becomes " 5,
) - o
' TR {g%ﬁm (2)

Hence the fraction of energy reflected at the boundary between the

medium and the. vacuum:is given by
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R increased&i with 4acreasing st and reaches 1 at w= m¢95 With

£U£{¢g? ; é; becomes imaginary and the wave decays exponentially
in thé medium and is completely reflected at the boundary,
The mean penetrating distance is given by
e
IO (4)
The depth of the ¢loud must be chosen greater than to stop
the wave,

The Debye distance AJ is much smaller than eﬁf in this case :

&
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In the wave gu:de without particles, the disperslon relation 1s
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where
F.e t wave number in the guide

Lt cut-off frequency of the guide, which depends on
the shape and size of the guide.
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The phase and the group velocities are given by
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In the guide, since the fields are not uwniform, the effects of
particles on the wave are nui vepresented by a simple dielectric
constant. However, in order to estimate fthe effects roughly, we might
treat the clouds as a medium with &

Then, the Jdispexrsion relation becomes

s

o % S
2 T o

HE:WF s &;ﬁ 3‘1 — H{:jim’pi»f (8)
and the velocities are i ¢ , -l
| : L e o f e oLty :L) “
v/} phase = "zi t R (9)
L grons = EE L e (7 Wot, Bt L ;2,) %
Logrone = Ao~ 00 AR '

Therefore the necessary density of particles to cut the wave off is

given by Ty, / o e Lty Qfl )

o e (10)
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The energy agaln of the‘particles having a great enough density to

reflect the wave completely is given by
o s _
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(11)
where N: Total number of particles
T: «Kinetic energy of a particle
D: Ensrgy density of the wave
St Jross section of.the guide
V, group: G?OUP velocity of the wave in the guide
without particles
Velocity of the particles
Since the power from the R.F. source is
W= Zf{*‘j 50D, (12)
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(11) becomes - o
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The following ;xanples show the order of magnitude of the necessary
densities of particles, the energy gain and so on.
{i} Electron clouw

o Wave guide cut-off frequency 10%/sec.

o Wave fraguency 24r§m ng/SECn

o  Group valocity of the wave in the guide e

o Density of electrons for cut-off 4 x 109 electrons/cmB

0 dfzm» 5 cn

o Enercy jain of an electron at %5 = 0,25 c.

with E.F, powar l/*???y/cmz et 8 K em,

@? Neutral plasma zorsisting of protons and electrons (Assumed that
electrons ¢t off the wave and protons are accelerated,)
o Wave gu'd: cut-off frequency log/secﬂ
¢ Wave {fregieacy 1,005 x lOg/sec,
o  Group vellclity 0.1 ¢C
o Density for cut-off 1.3 x 108 pairs/cm3
G a.fg 7 5 I
o FEnergy giia »f a proton at 7 = 0.05 C
with P.I, pover 1 KW/CIBQ 34 KV/cm.
The necessary deasities are rather small compared to the usual
plasma densities,
Plasma
We shall cons:der the clouds of particles as a plasma and
discuss the interacstion between a plasma and a wave using the

linearized equct:.ons derived by Watson4.

4, K, M, Watsou1, Lectures on Physics ef Tonized Gases, La-20065
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A plasma having the unperturbed density and temperature distribu-
tions 7, and & interacts with a wave and suffers perturbation. We
separate all qguantities into an unperturbed and a perturbed part and
keep only the first order terms of the perturbation. Then the equations
in case of uniform temperature become
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where " s P SR e

Ty | Fo ﬁﬁ, géiﬁj
Ae | displacement of electrons
72, 7 rest mass of an electron
jwt ratio of two specific heats of the system
7o /%-i;j

sana ST

Lfi‘number of degree of freedom).
In the simplest case where /& is a plane wave and 7], is constant,

we have the following dispersion relations

'2-. -y 2*"_ ~ " £ . gs*
CT R T2 ) - A (for transverse wave)
£ - o (15)
gl AN 2 7, (for longitudinal wave)
et fj; = feh - 4«/"% n &

ﬁ@ becomes imaginary with Q;é{b}g in both modes. When 7z depends
on x {direction of the propergation of the plane wave) and only the

transverse part of the wave is considerad, {(14) reduces to
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Therefore the ratio of the ref lected ensrgy to the incident energy
is given by ﬁs; »ﬁ-{ﬂ C$/ (A) éy&gﬁgf
(17)
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The magnitude of disturbances of the plasma decreases exponentially

in the direction of the wave from the boundary between the plasma and
vacuum., This mofion of charges reacts with the wave through the magnetic
field and gives a forward push similax to the effects of the tail

of a fish,

Since the plasma cuts ihe wave off, thereis no oscillatory solution
for the motion of the plasma, However, since the distrubances in
the plasma jpropagate: with the group velocity of the wave in the plasma,
which is zero in our case, the plasma might be able to keep its shape
during the short accelerating period. The accelkeration here is due
to the interaction between the perturbed motion of charges and the
magnetic field and is small compared to the. first order perturbation.
Therefore in order to discuss the motion of the plasma, it may not be
sufficient to use the linearized equations,

In the wave guide, we have the equations {14) with the boundary
conditions for E;?and -1, at the wall, Then EE? and «-p, have a -
dependence on the perpeﬁdicular direction to the propagation direction
and the dispersion relation will be more complicated. The main effect
is presumably decreasing é?g.

Relativistic Particles

Let us consider the case where particles are moving at relativistic
velocities but the deviation from the average velocity is small and
non-relativistic, Then we have the non-relativistic equations for
the motion of plasma in the coordinate system moving with the plaéma
and Maxwell equations. The equations (14) become for a uniform

plasma and a plane wave _

2 L 3N 3"??3,&:@;%5‘)(*
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when prime denotes quantities in the moving coordinates. Assuming
the plasma and the wave are moving in the x-direction we have the

follcwing relations,

X s (k= cat) ﬁ“ ggg
v (F-L7), ;qd'ff pixt <t = b

5;,% F(Ey i pne) F2 v (Ex2Yy) g

Y= IE
From (18) and (19), we get the fOllOWlﬂg dispersitn relations
}gi“ C,g.,):’ riv /4 “?E_

‘Q* e R C ‘;JJ —-‘. - Fﬂ-m
{] i ’! f’ /

{47 T b""‘ {/ 79 / g A i; /(“j)

. S s (20)
ee o (Lt wl
i _ /‘” 7
and reflection index?
/ tifx’f O 2 /4 f{f"; . -,
e ﬁ . 7 i
s - jwfj 2 (21)
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i
K becomes 1 when fé‘,;,ﬂ; (fa = g{i)f") .
The density which gives ﬁ’:Wl is given by
L, A
P L (22)
.y(?..&..)&:.zﬁ aj\:ﬁ .
The energy flow of the wave available foréﬁcceleration is given by

/i/ Jf’g” - Digp /__"_ﬁ’g'

s G / /5
and is much smaller than non-relativistic case because the wave

b

must fill up the space hehind the fast moving plasma.

To use the wave guide for the relativistic particles, the
frequency of the wave must be far above the cut-off frequency of the
guide, since the group velocity of the wave hagéto be greater than the
relativistic velocities of the particles. Therefore the significance

of using the guide is less and 1s only for transporting the wave efficient
1y, (8)
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