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Synopsis .

The permittivity of a collisionless plasma as a function of field parameters is measured
in standing and in travelling waves. In both experiments the permittivity remains
finite at cyclotron rescnance; the resonance is ‘broadened and shifted towards higher

asaay

values of the magnetic field strength. The results are in quantitative agreement with
theoretical predictions which follow from a cold-plasma, large-signal analysis. The loss
tangent of the plasma is measured. The loss is found to be due to the escape of acce-

lerated particles.

1. Introduction. The relative value of the permittivity of a cold collision-
less plasma in a spatially uniform right-handed circularly polarized TEM-
wave with k parallel to a uniform axial magnetic field, By, is?):

oo — kvz) |
T (w0 — kv, — Q) 0 M

e=1

Here, wp is the angular plasma frequency, &2 is the cyclotron frequency, ®
is the applied frequency, k is the wave number, and v, is the axial velocity
of the electrons. The relativistic increase of the mass and the axially di-
rected h.f. Lorentz force will cause () and v, to be time-dependent quanti-
ties in eq. (1)2-3). Consequently, the velocity and the energy of the electrons
oscillate in time with an oscillation time 7os, ¢f. Tef. 4, fig. 2. These effects
are important in a region around cyclotron resonance; the width of this

LT iili

region depends on the electric field strength of the wave.

Throughout the paper we shall assume that a cold-plasma, large-signal
analysis applies; the thermal energy must be small compared to the energy
attained after acceleration in the fields. Also the axial drift velocity, vzo,
which is retained in the treatment of ref. 4 is here assumed to be zero.

The assumption of zero thermal energy is realistic in our experimental

situations, where the charged particles are produced by volume ionization
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98 D. C. SCHRAM

and secondary emission in the h.f. field. The collisions are rare and occur
most likely near the minimum of the energy oscillation, since ionization
cross sections show a maximum around a few 10eV. Also, the starting
energy of secondary electrons is small. Thus, the majority of the electrons
have small initial velocities.

The dielectric behaviour of a plasma in a travelling wave is described in
ref. 4. The homogeneous electric field approximation of ref. 5, which in this
study will be derived from ref. 4, can be applied to a standing wave. In
both cases the permittivity is calculated by the integration over velocity
space of that velocity component, which is out of phase with the electric
field of the wave. Similarly, the loss tangent can be obtained by the
integration of the in-phase velocity component. In the theoretical model
of ref. 4 the loss tangent is zero, since the plasma is assumed to be collision-
less and of infinite dimensions. However, in'a tenuous, finite plasma, particles
will escape axially from the plasma volume under the action of the radiation
pressure. Taking into account the fact that the energy of the escaping
electrons is removed from the plasma volume, the loss tangent of the plasma
can be calculated. Throughout our analysis the ions are assumed to form
an immobile neutralizing background.

/' - = —
——m———— )
l BO
Et\:

Bl\.

Fig. 1. Fields in a travelling wave.

L.1. Travelling wave. In the case of a travelling wave, cf. fig. 1, the
characteristic quantities of the interaction problem can be presented in a
simple form by the use of three normalized parameters (cf. eq. (11) of ref. 4
with vg0/vp = 0): '

—
N
~—

a density parameter - @ = o)l

_—
)
~—

a parameter of the static magnetic field § =04 — 1,
with b = eBojmew = Q/w;

and a parameter of the h.f. electric field G = g2(1 — n?), (4)
with g = ek [mac.

otal energy, &yotqy, normalized to mic? is:

— & total m(?) (5)

where #(¢) is the apparent mass and m is the rest mass, E is the amplitude
of the electric field strength, and n = c/vp is the refractive index of the
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total system. Furthermore, a critical value of the parameter f§ is:

Bo = 3V2G, ©6)

which is a measure of the resonance width.

It is shown in ref. 4 that for zero initial transverse velocity and for |G| < 1
the amplitude of the energy oscillation, the oscillation time (fos), and the
oscillation length (zos) can be expressed as functions of 8/B.. These functions,
Ozte 10, 11, ATE shown in figs. 3 and 4 of ref. 4.

The amplitude is:

1 , :
Y= = -1_———_—%? 6extrG%’ . (7)

the normalized oscillation time is:

, | ®

1 —n?

Tos = Wlos = 2 ‘—*——“1 + ioG—?

and the normalized oscillation length is:

nz

kZos =2 —1—:;2“

1. : 9)
The permittivity of the plasma is expressed in the functions 41/%o and ¢3/70
which are shown in fig. 7 of ref. 4:

G=¥14afio v (10)
1 1:1 )

]l —e=u
1 —n? io

The loss factor is obtained from ref. 4, by introducing in eq. (26) a typical
escape time 7¢s = wles a5 the upper limit of the integral:

1 v
f — Ldr
LA g c ] _2
ThLl 6 ,r-G N
tgé: i 2 — 9 = oxtr (11)
(A)SOE Tes ZTes

Here it is assumed that the average energy carried off by an escaping
electron is equal to half the maximum attainable energy. If the time of
escape, Tes, is p times the characteristic time defined as 4ros:

Tes =" Tos,

: 2



100 D. C. SCHRAM

we find:
géxf‘d‘ G_§ )
tgd = o i — (13)
?1-
Gd4+ -~ T
T 1 —n2 ¢ -

Eq. (10) is a transcendental equation. It is solved in ref. 4 under the as-
sumption that # = ,/ey. This implies that the interaction between the plasma
and the wave takes place in a wave structure which, without a plasma, has
no = 1. With definition (4), eq. (9) can be written as a quadratic equation
in (I — )% The solution is:

i 71 \2 L, uf

1—g_g[—5i:+\/<2—io> +g ,aio]. (14)
If g and o are known the relationship between (1 — ¢) and § can be found by
the following procedure: take a value of §/8,, calculate 1 — & and Be, and
find 8. For some values of the parameters the dependence of (¢ — 1) is
shown as a function of f in fig. 8 of ref. 4. The resonance is broadened sym-
metrically around # = 0 and in an experimental situation a hysteresis must
occur if the magnetic field is increased or decreased.

Inthecase thattheinteractiontakes placein a slowor in a fast wave structure
(no # 1) the situation is more complex. Assume that the index of refraction,
n, of the total system is a known function of the index of refraction, 7o, of the
structure without plasma and of the index of refraction of the plasma, \/e.
Then an equation equivalent to that leading to the solution (14) can be
found. In general this equation will be of higher order and it is difficult to
obtain its roots. Once these roots have been obtained the functional de-
pendence of ¢ — 1 on f can be calculated for each set of parameters « and g,
following the procedure sketched above. From eq. (10) the value, By, of the
magnetic field parameter where ¢ = 1 can be obtained immediately. As
in this case 1 —#2% = 1 — 42 £ 0, the function 12/ip must be zero which
occurs for f/fc =~ 0.7. Therefore (cf. egs. (4) and 6),

Bo =~ 1.34 Vg2 (1 — nd). (15)

As a result, in a fast wave the resonance is shifted towards higher values of
the magnetic field and in a slow wave, towards lower values of p. A hysteresis
may still occur for densities at which |e — 1] is larger than |#2 — 1] close to

the resonance.
For lower values of the density the permittivity of the plasma remains

closeto 1:

1 — e <1 — ng, (16)
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and

G ~g2(1 — ng). (17)
In this case the permittivity is (with ¢ < 1):

I — & o oG4 iglip, | (18)

while the loss tangent is:

. 6[
tgd o~ aGd =X, 19
go ol o (19)
The value of p for axial escape can be estimated as the ratio between the
total interaction length, L, and the oscillation length, Zos:
kL EL(1 — n} B o
;b — Tes ~ _ ( ' 7”’0) . ) s (20)

- 2
%’Tos w%kﬂos no’Ll

1.2. Standing wave. The interaction in a standing wave (fig. 2) has
en treated5) in the approximation of ‘a homogeneous E-field (np = 0)
where the magnetic field of the wave is neglected. In a microwave cavity
this description is almost exact for the antinode of the electric field of the

standing wave. Outside the antinode there still exists an axial acceleration,

Fig. 2. Fields in a standing wave.

but on the base of qualitative arguments?) we conclude that its effect can
be neglected for the evaluation of the permittivity. In the homogeneous
E-field description the electric field parameter is equal to G = g%, where
g = eEmwc and E is the amplitude of the electric field in the antinode of
the standing wave. Again, fc ~ § ¥/2G. The amplitude of the energy oscil-
lation, the oscillation time, the permittivity, and the loss tangent can be ob-
tained from egs. (7), (8), (10) and (11) with #2 = O. For the permittivity and
the loss tangent we obtain egs. (18) and (19) respectively, while here G = g2.
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The function 75/79 is sketched in fig. 7 and d4,/2p70 is shown in fig. 8 for
various values of p. The resonance is broadened and shifted towards higher
values of the magnetic field strength.

Again, for the case of axial escape an estimate of the ratio $ between 7eg
and Tos/2 may be obtained by a rough integration of the axial equation of
motion, eq. (9) of ref. 5. It follows that the increase in axial velocity during
an oscillation time is:

v
A —Z ~ gagt,
c
Taking this quantity as the average velocity during the time that the

particle travels through the cavity of length L we find for p:

Tes lknmL lknmL
p=- S

N . 2z —_— . .
$Tos {vgfc>togt 1200

(21)

where %um is the wave number of the cavity mode: TE,u;. It must be
emphasized that eq. (21) gives only an indication about the order of magni-
tude of p and is only applicable for a situation where the electrons are
accelerated out of the maximum field region (8/8. < 0.7)6).

2. Standing-wave experiment. The first attempt to verify the nonlinear
behaviour of the permittivity of a plasma at cyclotron resonance has been
done in a circularly polarized TEj13 mode in a cylindrical cavity. From
preliminary experiments?) in a linearly polarized standing wave it turned
out to be necessary to use a right-handed circular polarization. In the case
of linear polarization it was difficult or even impossible to distinguish the
heavily damped right-handed * mode from the left-handed mode, especially
at f = fo where the resonance frequencies are close.

A circular polarization may be accomplished in a large part of the cavity
by the use of TE11; modes, ¢f. fig. 3a. By making both the input coupling
and the output coupling optimal for the right-handed mode (fig. 4a) we have
obtained a discrimination of 40 dB against the left-handed mode. In order
to arrive at thisresult it was necessary to tune the cavity in such a way that
the resonance frequencies of the four linear polarizations I, II, ITI, and IV
(cf. fig. 4b) were equal. To this end a tuning element has been inserted
into the cavity.

In order to increase the time of axial escape of the particles a triple over-
mode in the z direction is used: TE;;3 mode.

* These modes are labelled left-handed and right-handed modes though the polar-
ization is not purely circular throughout the volume; e.g. at the wall the polarization
is linear.
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Fig. 3. Electric field patterns of two orthogonal, linearly polarized modes;
a) TEj1; modes; b) TEgi; modes.

'{umnn
element

Fig. 4a. Sketch of input coupling and output coupling of the cavity.
Fig. 4b. Linear polarizations in four directions; I, II signal in wave guides 1), 2),
respectively; III, IV signal in both wave guides 1) and 2) and with a phase difference
of 0° and 180°, respectively.

2.1. Experimental arrangement. The experimental arrangement is
shown in fig. 5. A frequency-stabilized (stabilization factor 10-5) backward-
wave oscillator (1) is used as the h.f. source. The maximum value of the
power, P, delivered by the source is 200 ‘W CW. The splitting of the signal
and a 90° phase shift between the two branches is obtained by the use of a
3 dB-quadrature hybrid (4). The power, P,eq, reflected from the cavity (3) goes
mainly through the fourth port of the hybrid. The dimensions of the cavity
are: length L = 0.153m and diameter 2R = 0.077 m; the resonance
frequency of the TE;;3 mode is / = 3.6934 GHz, and the unloaded quality
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factor is Qo = 15 000. The cavity can be pumped down to. pressures of
1077 torr; working pressures are up to 104 torr. The frequency shift, Af,
caused by the permittivity of the plasma is measured with the help of a
transfer oscillator and a counter. By the use of a second 3 dB quadrature
hybrid at the outputs of the cavity, the resonant right-handed signal can
be measured at “ES”’ whereas the residual left-handed signal is measured
at “ESL”. The latter is measured for the distinction of the resonance of the
- right-handed from that of the left-handed mode. '

A 1 kHz, A.M.-modulated klystron source (2) is tuned to the TEg;; mode
(fig. 3b) of the cavity. The resonant frequency of this so called “‘measuring
mode” is fm = 3.906 GHz, which is chosen relatively far from cyclotron
resonance. From the frequency shifts, Afmin and Afmrn, of the left- and right-
handed TEz;; modes the density of the plasma is obtained. The resonance
of these modes is monitored at “ESM”.

The static magnetic field, By, is produced by a current stabilized to 1 /105
which flows through four coils (5) and two compensation coils (6). On the
axis the inhomogeneity of the magnetic field is smaller than 0.5 %o over the
length of the cavity.

In the course of the experiment the magnetic field has been varied and
subsequently the frequency of the backward wave oscillator was tuned to the
shifted resonant frequency of the right-handed TE;;3 mode.

The measured quantities are summarized in table I:



THE PERMITTIVITY OF A PLASMA AT CYCLOTRON RESONANCE 105

TaBLE I

quantity i measured yields

Bo current through coils 1 m;iizgei?%

f frequency shift, Af, of the rh TE313 mode permittivity ¢

fm frequency shifts Afmin, Afmen of the rh density parameter «,

and lh TEg;; modes -information about the
density profile
i _ ::Ielﬁzztzg‘;eorwer electric field parameter G
refl
ES square of the amplitude of the electric unloaded quality factor Qg

field of the TEj13 mode

2.2. Field parameter G and loss tangent: The field parameter G
for a right-handed polarlzatlon with amplitude E

GE( ek )
mwce

follows from the stored energy$):

v

P
fW AV = 0.238 V iy 202 = Pulo (22)

w

where Pijn = P — Pres1.
Without a plasma the input coupling is critical, at the resonance frequency
the reflected power is zero, and the electric field parameter, G[0], is:

G[0] = 0.21 X 10-6 Py, [0].

In the presence of the plasma the change of the electric field parameter
G[n] is measured at “ES” and:

v ES [n] '
Gn] = -G[O 23
] = Farer G190 @)
The unloaded quality factor of the cavity can be calculated as follows:

ES[n] - Pin[0]

] = 0] ———————. (24)
Oulr] = o) Z510) Prof -
If Pren[n]/P{n] > 0.9 an alternative, approximate, formula is used:
ES[n]
~ 10,0 . 25
Qol[n] = 3Q0[0] ES[0] (25)

The loss tangent of the plasma is:

tg 6 = 1/Qo[n] — 1/Qo[0]. (26)
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2.3. Shift of the resonance frequencies of TE,,;; modes. Both
the TEj13and TEg1; modes are degenerate : without a plasma two orthogonal
modes (see fig: 3) have identical frequencies. In the presence of a plasma in
an axial static magnetic field this degeneracy is removed and two modes
with different resonant frequencies, fry and fin, result. The resonant frequen-
cies of the right-handed (rh) and left-handed (lh) modes follow from 8. 9):

EA
t /i

= j” wﬁ(Efl ’1‘521) dV+ (Q/w) ”j 0 Er1Eps — ErsEg1)dV
(R + 0)(2 — ) [[] (E}, + Ej) AV ’

where the minus sign applies to Afin and the plus sign to Afm. The fields of
the two orthogonal linearly polarized TE,;,; modes are

(27)

' 7 sin ngp Lhz
Er,2=Ep T n(’nm?) COS ——:
Bnm? CoS 1Y 2
. — (28)
COSs 7 l lkz
Ep1,0 = Ee]é(knmi’)J P cos )
[sin ng 2
20 1 T T T Y
b~ I"1 + r’2 _ B
D21/ Dy _ 2R ,~'85 |
270 3z’ - .80 .
R P - B
I 15 |- o _
b= .50 - _
10 _
L | _
o(r) i -
L Pt |
Pl o
05 = e i 7 .
RIS 1 RIS
- B B _
! 2 L, g
i i é M1tz : T T 7
L T, i
o 1 1 1 I 1
05 06 07 0.8 0.9 10

— Cx

Fig. 6. Plot of Dg;1/Dy; as a function of Cg; for rectangular density profiles;
(r2 — 71)/R is the width, and (r; + #2)/2R is the average position of the profile.
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Firstly, we suppose that the density distribution is axially symmetric and
that we may separate the radial and axial dependences of the density:

wl(r, 2) = O (1) (z). (29)

Furthermore, we assume that the density profile in the # direction is rec-
tangular (cf. insert in fig. 6): @(r) = 1 for r1 <7 < 7s, ‘and elsewhere
@(7) = 0. In that case the resonant frequencies of the rh and 1h TE;5,,; modes
are given by:

Q
1 +— Cum
2(21) @ DomE; &2 30
Tl e e@—w e 0
where: )
” r=ry
(*2—] 72¢ (knm”)>
Com = r=n ,
k’lzlmyz /T T T e
( > (-1 Jn—ZJm—ffui\
k2 1,2 r=7s
( Uios— Jns ] —nfz)
Dam = k2 :=1;2 ’
( (T2 os— Tns Ja) —an)
=0
E | ¥(2) cos? tkiz dkz
l —

§ cos? 4kiz dkz

Observe, that the terms C and D are only dependent on » and m, and E
only on /. In fig. 6 the ratio Dg1/D11 is pldtted as a function of Cs; for hollow
rectangular profiles; the special case 71 = 0 yields of course a solid profile.

From measurements of the shifts Afmrn and Afmin of the resonant frequen-
cies of the rh- and 1h-TEg;; modes the quantities Cp; and D21E1cbf, are
obtained:

@2

Uzltxbl = U21E1 —-—2 =
1( mlik + ,erhAfmrh\ (2 4 Bm) o
= A 7 7\ h 7 , (31)

]lz
where & = (bf,/wz,
A — A

C21 _ ,erh f mrh ,Bmlh f mlh (32)

(BmrnAfmrh + Pmindfmin) (Bm + 1) ’



108 D. C. SCHRAM

Here:
e = T !
T w4 M) T ik M)

and

. |
P o = 1. - @3

The resonant frequency of the TE;13 mode is chosen close to the cyclotron
frequency —fec < f < 2f¢; the term /(2 — o) in the denominator of
eq. (30) has to be replaced by its relativistic equivalent

e — 1 iz
=2 18
o ) : ( )
and it follows:
. . E - —
& _1r bt ) o, Dubs g pa). (34)
/ 2+ 8 0 Dank ’

Here & is the permittivity of a plasma in a purely right-handed circular

polarized wave. v
The loss tangent should be equal to, cf. eq. (19):

tgo o Do Gy Dus
_ 2]57:0 ) DmEl

(D21E18). (35)

24. Experimental data and conclusions. According to egs. (18)
and (34) the quantity (¢ — 1) G¥/«, which is related to the permittivity,
depends only on the normalized magnetic field parameter 8/g.. Similarly,
it follows from eq. (35) that the same applies to the quantity (tg 6) G}/a which
is related to the loss tangent. In figs. 7 and 8 the measured values of these
reduced quantities are compared to the theoretical values of a/ip and
O¢xtr/2bt0, Tespectively. In fig. 8 curves for various fixed values of , as well

as the estimated

RanmiL _ 10

- igio - ot
(eq. 21) are plotted. Here, a homogeneous density distribution is assumed:
Cll = 0.842, C21 = 0750, D11/D21 =1, and El/E3 = 1. The presentation
in normalized form of the experimental results permits to compare all ex-
perimental points tc one normalized curve which is independent of the
density and of the field strength of the wave. It should be noted that in the
experiment both the density and the field strength vary over more than
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I I ] I
1.0 1.4 1.8

——-—»B/BC

Fig. 7. Experimentally obtained values of (s — 1) G¥/« as a function of §/fc. The solid

curve represents the theoretically predicted function 4a/ie; the dashed curve is the

nonrelativistic equivalent which follows from & — 1 = «fB; the dotted curve is the
nonrelativistic curve corrected for the measured loss. '

-1.0

T T T T T T T T T T T T T T T
10 04— , —
o
o
ol
cal”
2
107
102 -
‘10_3 1 [ | | AI ] ] | IS l‘ A

-1.0.  -0.6. —0.2 ';o\1 0.2 0.6 1.0 1.4 1.8
R g ——BfBe
Fig. 8. Experimentally obtained values of (tgd/a) G} as a function of B/Be. The solid
curves labelled p = 1, 4, 20, 80 give the predicted loss factors for fixed ‘values of p.-
The dashed curve labelled p = 10/izio shows the loss factor calculated for axial escape
(cf. eq. (21))-
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one order of magnitude (E ~3 —40kV/m,G ~5 x 108 — 8 x 10~
e ~ 1018 — 2 x 1014/m3, o ~5 X 10-5 — 10-3).

It is seen in fig..7 that the experimental results confirm the theoretic:
model, though there is a numerical discrepancy below cyclotron resonanc
(B < Bc). This may be explained as follows. Below cyclotron resonance th
electrons are produced by single-wall multipacting819) as is confirmed by th
fact that the discharge was formed even at pressures as low as 2 X 10-7 tor
Since the end walls have holes of 0.4 times the total diameter of the cavity
the density profile must be hollow. The existence of such a hollow profile i
suggested by the measurement of Cg; of the TEg;1 mode, cf. eq. (32). Belov
resonance the values of Cs; are between 0.7 and 0.8 in fig. 6, and it follow
that D11/Dg; ~ 1.0 — 1.5. Therefore, the magnitude of the experimenta
points below cyclotron resonance in fig. 7 must be increased by 25%,. Abow
cyclotron resonance (8 > fB¢) the situation is different: the electrons art
produced by volume ionization. The discharge could only be formed a:
pressures higher than 105 torr. A convex profile exists, which is suggestec
by the higher values of Ca1, measured as 0.85 to 0.95 (cf. fig. 6). Now the
correction is small.

From fig. 8 we may draw the conclusion that for /. < 1 axial particle
escape is indeed the dominant loss mechanism since the experimental
findings indicate a low value of p(= 3) which is in the same order of magni-
tude as the value of p =~ 10/is7y for axial escape. Above resonance (B/Be > 1)
the particles are confined in the maximum field regions, as is confirmed by
the relatively small losses. Still, in our experiment the axial escape of a
particle is possible, as seen by confparing the measured p-values with the
numerical results of ref. 6. A small contribution of collisional damping
cannot be excluded. In the presence of plasma the quality factor of the
cavity is reduced to Qo[#] ~ 150-1000.

The loading of the cavity will also damp the cyclotron resonance. In order
to check that this effect is not responsible for the observed limitation of the
permittivity we have calculated the dependence of the permittivity on f/fe
taking into account the measured loss tangent and disregarding the rela-
tivistic effect: dotted line in fig. 7. It is concluded that the dependence of
(¢ — 1) G¥/x on B/fc can only be explained by the nonlinear relativistic effect.

3. Travelling wave experiment. The second approach to measure the
nonlinear behaviour of the permittivity at cyclotron resonance has been
done in a travelling wave. For the occurrence of the hysteresis in the
dependence of the permittivity on the magnetic field strength, predicted in
section 1.1, it is favourable that the index of refraction, no, of the wave
structure is equal to 1. We have chosen a TEM parallel-plate transmission
line, in which the polarization can only be linear. The measured value of the
permittivity, erinear, is related to the permittivity, &, in a right-handed
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circularly polarized wave as:

0 . .
e—1= (1 - $> <8linear - 1) = (2 + ﬁ)(glinea,r - 1)‘ . . . (36)

Actually, the parallel-plate line used is found to be a fast wave structure
with 79 = 0.87. This may be caused by the generation of wave guide modes
in the connections between the parallel-plate line and the coaxial input. The
consequences hereof will be discussed in section 3.4.

3.1. Experimental arrangement. The experimental arrangement,
sketched in fig. 9, consists of two microwave interferometers: a “main”
interferometer to measure the phase shift of the signal at cyclotron resonance
(frequency: f), and a “measuring” interferometer operated at a frequency,
fm, for the measurement of the density. The h.f. sources are a backward-wave
oscillator (1), 500 W CW, f = 2.84 GHz, stabilized to 1/105, and a klystron
oscillator (2), 50 mW, amplitude-modulated with I kHz for labelling
purposes, fm = 2.55 GHz. The actual interaction chamber is a parallel-plate
line (3) (see also fig. 10) of the following dimensions: length L = 0.22, width
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Fig. 9. Schematic diagram of the travelling wave experiment; see text.
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0.08 m, and spécing between the plates, # = 0.009 m. The characteristic
impedance, Zp, for TEM-mode propagation is 50 Q which is equal to the
characteristic impedance of the coaxial input and output. The voltage
standing wave ratios at both ends of the parallel-plate line are smaller than
1.4 for both frequencies f and /m. The parallel-plate line is enclosed in a
vacuum vessel which can be pumped down to a pressure of 4 X 10~7 torr.

The phase shifts, ¢ and ¢m,; in the work paths of the two interferometers
are measured at “¢” and “gn”. The difference of the signals from the
hybrid rings (4) is proportional to the phase shifts caused by the presence of
plasma. This is valid under the conditions that the interferometers are nulled
without a plasma, that the phase shift is not too large, and that the
amplitudes of the signals at the hybrid ring remain constant. Therefore, in
each interferometer the signal through the workpath is kept constant by
means of a regulated attenuator (5), (6). The attenuator in the main inter-
ferometer is a PIN-diode attenuator (5) with a: frequency response up to
10 kHz; that in the measuring interferometer is a motor-driven rotary-vane
wave guide attenuator (6). The signals at “p” and “gn” have been cali-
brated with a known increase in phase in the nullpath.

The magnetic field is produced by a current, stabilized to 1/105, which
flows through six coils (7) and two compensation coils (8). The axial in-
homogeneity is smaller than 0.8%, over the total length of the parallel-plate

TaBiE II
quantity measured yields
By magnetic field strength- 1 o
f frequency of the “main” wave magg etic tleld parameter f
’ ronecioa power | electric field parameter G
refl - :
Py, transmitted power loss tangent
Pm phase shift of measuring wave density parameter «

@ phase shift of main wave - permittivity
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Line. The magnetic field parameter § is varied by choosing different values
for the magnetic field, while the frequency is kept constant.
The quantities measured are summarized in table II.

3.2. Field parameter G and loss tangent. The electric field
strength of the nght—handed cn‘cularly polarized part of the wave is, with
Pin=P — Py

- - . S
E =En= 1B = V2PinZo = 560+ Pi Vim. . (37)
In case || — ¢ <€ |1 — #nd|, the field parameter G is (¢f. eq. (16)):
e \2 s
ngz(l—ng):<mwc) (1 — nd). ) N (38)

The loss tangent is obtained by the measurement of the transmitted power,
Py, in the plasma:

2.3 Pir )
tg 6 = ——10] : 39).
g0 =7 log——, o | (39)
where
omnolf o -
pr — 2okl S ' (40)

c

3.3. Phase shift in the parallel-plate line. For the dependence
of the total index of refraction, #, on the index of refraction of the wave

structure, 79, and of the plasma, \/ g, we take:

e —n2=1—mnl (41)

The permittivity of the plasma is related to the phase shift as follows (cf.

eq. (40)):
Apame 12 , A mymoc

)
: — =<l - K ~ 42
€(m)linear { an(m) %014 )} Mo — Np = Trf(m)L ( )

This applies both to the main interferometer and to the measuring (m)
interferometer. The frequency fm of the “measuring” wave is chosen far
enough from cyclotron resonance so that the classical formula for ¢ is valid:

w‘Z/w‘Z .
i ] = e prm . 43
€mlinear ﬁm(z + ﬂm) H B ( )
where
2
B 1.
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Fig. 11. Measured dependences of (¢ — 1) and « on f at low values of the density (full
line); the loss dominated behaviour of (¢ — 1) at high values of the density is sketched

as a dotted line.
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From egs. (42) and (43) it follows for the density parameter « = o}/w?:

A(Pm‘cnoﬂm(z + ﬁm) flzn
<Lfm —]E- (44)

R
IR

The permittivity in a right-handed circularly polarized wave can be obtained
from egs. (36) and (41): :

Agp-cng ‘
8“1—(2+ﬁ)—fr , (45)

3.4. Experimental data and conclusions. As mentioned above,
the parallel-plate line is a fast-wave structure with an index of refraction
ng = 0.87. According to section 1.1, a hysteresis should still occur for higher
values of the density. However, at such values of the density (« > 10-3) the
attenuation in our experiment is large: about 10 dB over one wavelength.
The dependence of the permittivity on 8, sketched as a dotted line in fig. 11,
suggests a loss-dominated behaviourll.12), causing the relativistic effects
to be obscured. These measurements are not of further interest to this
study.

Our further measurements have been taken for lower values of the density
(x =~ 104). The permittivity of the plasma is close to 1 and the condition
1 —&| < |1 — nj|is fulfilled, cf. eq. (16). In this regime a hysteresis should
not occur but the resonance should be shifted towards higher values of §.
This is, indeed, observed in fig. 11, full line. The values of fp wheree — 1 =0
are shown in fig. 12 as a function of the input power Pis. In the range 1 W
to 20 W, By is proportional to P}, in agreement with eq. (15). From eq. ( 15)
and fig. 12 an effective value of E can be obtained:

E = 1100 4/Pin, 4 (46)

which is 1.9 times the value of £ derived in eq. (37). The fact that the

effective value of E is larger than the value of E of eq. (37) may be due to

the presence of the left-handed part of the wave, to field concentration

(radial and axial), and to an increased value of Zy because of the presence

of wave guide modes. In the presentation of the results, as described below,

we have taken the value of £ given in eq. (46) for the calculation of G, ¢f.
eq. (38).

No measurements have been taken below 1 W where the shift becomes
comparable to that associated with the small inhomogeneity of the static
magnetic field. Above the power level of 20 W the value is independent of
Pip. This can be explained by the fact that above this level the radius of
gyration of the electrons becomes comparable to half the spacing between
the plates of the parallel-plate transmission line.
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TR ,
-2 O o i 2

Fig. 13. Measured dependence of (¢ — 1) G¥/a on BB, in the travelling wave experi-

ment for Pip = 2,4, 9, and 18 W. The dash-dét ctrve represents the theoretical

function, 7s/7o, and ‘the dashed curve is ‘the nonrelativistic eqﬁiva,lent, which follows
T  from e — l.=aff. © -

Below 20 W {che pel;'r_gii'tfcixiity,ﬂ -the loss tangenfc,‘ and the density are
measured as functions. of “B. The measured quantities are reduced to
(¢ — 1) G}/x and (tg'6/a) G¥, and are plotted as functions of BB in figs. 13
and 14, respectively. A comparison is made with the theoretical curves iafio
and 8,,/2pi0, the latter for two fixed values of # and the value of p for axial
escape (cf. egs. (20) and (40)): p = 3.6/i.

Besides numerical ‘discreparicies, which may be due, e.g., to inaccuracies
in the density measurements, the predicted dielectric behaviour is well
confirmed 'in the experiment. As -predicted theoretically the curves for
various values of Pi; coincide, when plotted in the normalized coordinates.
From fig: 14 we may draw the conclusion that here axial escape due to
radiation pressure is not the dominant loss mechanism. Possibly, the action
of the radiation pressure is impeded by the presence of residual standing
waves. The experimental curves suggest a fixed value of p close to 1. This
can be explained by transverseloss of electrons to the plates of the trans-
mission line. . . o S S :
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