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ABSTRACT

It was verified by measuring the loss in a slightly ionized gas (% <<0.2) that the
absorption curve at electron cyclotron resonance for the hybrid wave (%, | B) is well
represented by the expression which was previously derived. It was shown that the
electron density and the collision frequency are determined from the resonance position
and the half-width of one measured absorption curve. The collision probabilities in
neon, argon and helium plasmas were determined from the pressure dependence of the
collision frequency which was somewhat larger than those reported by other authors.

i. Introduction

In the second part of this paper®¥ an expression representing the cyclotron
resonance absorption of electrons in a slightly ionized gas was derived for the
hybrid wave (k, 1 B). And it was shown that the resonance occurs at
we=1"w—wi—v2 and the absorption curve is not Lorentzian and the half-width
depends on the collision frequency and the electron density.

In this part, it has been verified from the experimental studies that the
absorption curve for the hybrid wave in dilute plasmas (< 0.2) is given by (6)
of II. Accordingly, the electron density and the collision frequency are deter-
mined from the resonance position and the half-width of one measured absorption
curve®k, In addition, collision probabilities in neon, argon and helium plasmas
were determined from the pressure dependence of the collision frequency.

For the purely transversal wave (k,/B), the theoretical and the experimental
studies on the absorption at the electron cyclotron resonance were reported by
Brown et al. (2, 3) and Goldstein et a/. (4). For the hybrid wave (k, L B),
however, there have been very few reports on the resonance absorption. Schneider

* Reported in Japanese in “Kakuyugo Kenkyu (Nuclear Fusion Research)” 5 (Sept. 1960), 283.
*#* The preceding paper (Part 1), referred to as IL
% This procedure is very similar to the effective mass and the collision frequency being de-
termined from the resonance position and the half-width of the cyclotron resonance of electron
and hole in semiconductor (1). It is to be noted, however, that the similarity is superficial
and the effective mass is not considered in the gaseous plasma.
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et al. (5) carried out such experiments on the acetylene flame plasma, but they
gave no comment on the shift of the resonance position. Recently, Mitani et al.
(6), Dodo (7) and Yabumoto (8) have respectively found that the resonance
position shifts with increasing electron density.

2. Experimental apparatus

The microwave power absorbed by a slightly ionized gas in a static magnetic
field was measured with the apparatus shown in Fig. 1. The gaseous discharge
plasma is maintained by D. C. power supply. The micowave (frequency fs=9,820
me/s) modulated by 5kc/s square wave, after passing through the plasma-filled
guide and a calibrated attenuator, is detected by a crystal detector. The detected
signal is amplified by a selective amplifier and then displayed on an oscillograph.
The insertion loss of the plasma is substituted by the calibrated attenuator being
adjusted. At the fixed signal frequency, the attenuation factor aD at arbitrary
tube current and magnetic field is measured, where « is the attenuation constant

and D the effective path length of plasma for the microwave. In order to exclude
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Fig. 1. Block diagram of the apparatus.

the disturbance due to Hall effect, the discharge current is set to be parallel to
the magnetic field. In Fig. 2 is shown the magnet. The pole pieces have holes
to get a discharge tube inserted, and are so shaped as to collect magnetic flux
uniformly in the discharge tube. The discharge tube is in part within a waveguide
running perpendicular to it. The waveguide is square and has a side equal
to the longer side of standard X-band guides, which are connected through
fapered parts to it. The details of the discharge tube relative to a vacuum and
gas filling system are given in Fig. 3. A double probe is attached to the tube,
outside the magnet. It is to be noted that the electron temperature and density

measured by the probe are those in the case of no magnetic field.
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Fig. 3. Discharge tube.

3. Experimental results

Experiments were made on the cyclotron resonance in gaseous discharge
plasmas of neon, argon and helium. The neon plasma exhibited a sharp and
typical resonance absorption in comparison with other plasmas. Therefore the
experiments were performed mainly on the neon plasmas.

In Fig. 4 are shown the absorption (@) curves for the various discharge cur-
rents at constant pressure, plotted against magnetic field intensity B and 7=w./o,
assuming the effective plasma length to be constant and the loss zero at far off-
resonance positions, since it is negligibly small there. The values of 7= (w,/w)*
and f=v./w calculated from the absorption curves are given (see $§4). Since p,
hence v, is kept constant (assuming that collisions between electrons and neutral
particles are dominant), these curves show how the resonance absorption varies
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Fig. 4. Absorption curves for neon at constant pressure.

with increasing » and B=const.. Accordingly, these experimental curves directly
correspond to the theoretical curves given in Fig. 4 of II. In contrast to the
previous curves, the absoption curves are shown in Fig. 5 for various values of
p or B and I;= const.. These curves show how the resonance absorption varies
with increasing 8 and %=const.. Therefore, these experimental curves correspond
to the theoretical ones given in Fig. 5 of IL

Before discussing the results in detail, we shall consider the problems accom-

panying the experiment.
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Fig. 5. Absorption curves for neon of constant discharge current ([;==50mA.)

(1) Leakage of microwave powey

If there is leakage of microwave power from two holes on guide walls, in
which the discharge tube is set, the leaking wave will propagate in H,, mode
through the holes in poles of magnet, as circular waveguides. On the other hand,
the cutoff wavelength 4, for such wave is given in the form (9):

Ao = 2nav' Ko/vi1 = 29K, (cm),

for the present case. Thus the signal wave (4A=3.05cm) is beyond the cutoff
even if K, is unity (K,< 1 in a plasma), no leakage resulting.

(2) Reflection of microwave from plasma
Since the microwave power is measured after passing through the plasma, if
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a large variation in reflection power from the plasma occurs in the vicinity of
resonance, we shall observe an incorrect large absorption. Actually, the apparent
absorption due to reflection at the resonance amounted to about 1db, when the
peak absorption due to plasma was 7.54db. In order to avoid such errors, it is
better that the matching to the plasma column is a little off, because a constant

small reflection rather does not lead to error in our experiments.

(3) Deformation of plasma column by magnetic field

Setting discharge current parallel to magnetic field, we can exclude the dis-
turbance due to Hall effect. However, the plasma is concentrated about the axis
of the tube with magnetic field intensity being increased, due to the decrease in
diffusion loss of electrons to the wall. In our experiments, the diameter of the
intensely bright part became about one third of the inner diameter of the tube
in the vicinity of resonance (B==3.5KG). Although the effective path length of
plasma for microwave varies by the deformation of plasma column, the experi-

mental data cannot make correction for deformation.

(4)  Uniformity of magnetic field
The magnetic field between the tapered pole pieces shown in Fig. 2 is not
uniform, but the spatial variation of B within the plasma region is below about

3 percent, which may be negligible in our experiments.

(5) Setting of zero-level of absorption curve

We took the absorption to be zero at far off-resonance positions. Therefore,
strictly the correct zero-level must be somewhat above those shown in Figs. 4 and
5. Moreover, the zelo-level at far off-resonance where 7€y, does not correctly
coincide with that where 7»7,. For convenience’ sake, we took a to be zero at
7<on
(6) Impurity gases

In our experiments, impurity gases such as CO,, CO, H,0 and N, which are
emitted from oxide cathode, anode and tube wall at heating will broaden the
absorption curve, since their collision probabilities are very large in comparison

with sample gases®. So, they present a most troublesome problem.

% Under our experimental conditions in which the electron temperature is estimated to be
2~4%10* (°K), the collision probabilities of these gases are such as follows (10):
Ne: 7~8 (cm-mmHg)~!, Ar: 10~30, He: 20, CO,: 20~50, CO: 50~120, H,O: 60~90,
N, : 40~90.
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4. Discussion on experimental results
It was shown in II that for <1 the absorption curve can be approximated
by :
VRN - C i D
G Y o= (0

with ay,="21=

7.
B 2~y

(1) Shift of resonance position and calculation of electron density
The resonance takes place at 7=7,, where

78 =1~7—p". (2)

In our experiments, 8 is 0.2 at most, so $° in (2) can be neglected against ». 7,
is determined directly from the absorption curve and % by double probe respec-
tively for various values of discharge current [;. The experimental results
together with the calculated values from (2) are shown in Fig. 6, where the
experimental points are contained in respective blocks corresponding to different
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Fig. 6. Variation of reconance position 7,2 versus electron density u.

values of I;. Itseems to come from the circumstance that the electron density 3
may increase with increasing pressure as shown in Fig. 8, owing to the decrease
of electron mobility. Obviously in Fig. 6, the experimental results agree with the
theoretical ones in the domain »<0.2 and I; <30mA. A discrepancy occurs for
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larger 7, which is natural, since our theory given in (2) is correct only for small
%. Thus, for small %, if 7, or the shift of the resonance position is measured,
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Fig. 7. Comparison between electron densities measured from
resonance position and by double probe versus tube current.
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we can easily calculate %, hence the electron density. In Fig. 7 are shown the
electron densities (V,) measured from resonance position and by double probe
versus tube current. It is noted here that the electron density measured by
probe is that in the case of no magnetic field.

In Fig. 8 are shown the electron density and the temperature (7,) versus
pressure which are calculated from double probe measurement according to
Johnson-Malter (11) assuming 7;=400°K.

(2) Asymmetry of absorption curves

The absorption curve plotted against 7 is not symmetrical and a measure of
asymmetry is given by:
as shown in II. Therefore, the absorption curve becomes more asymmetrical with
increasing § than with increasing 7, as it can in fact be seen from the experi-
mental curves in Figs. 4 and 5.

According to (1), however, the absorption curves versus 7* is symmetrical.
In Fig. 9 are plotted the experimental points together with the theoretical curves.
Both agree well within the half-width but does not outside and this may be due

to the way of setting the zero-level of absorption curve as stated in 33 (5).

~
:g Neon
~ 3 p=15mmHg
=
o
S ab Ig(ma) 7 B a ,/
§ x 30 0.14 0.080 \ \:\ /97
S s 50 019 0084 "
g 5+ a 70 024 0.086 X 7/
\
p Y
ot
] 1 1 1 1 ) 1 . i
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10 N 1.2 13
h E-

Fig. 9. Comparison between theory and experiment of resonance absorption versus -
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(3) Maximum absorption
(a) Since ain={A-7)/2—p}ny/B8, we have
(4)

Therefore, ai, is inversely proportional to 8. Thus, as the pres-

apmf = np(l—17)/(2—7) = const.,

if »=const..
sure is increased with [,= const., the absorption peaks are lowered. From the
experimental data at I,=50mA given in Fig. 5, a1, are obtained as:

0.37, 0.27, 0.37, 0.42, 0.36.
(b) If B=const., then

Clm2—y _ 7

7 1-n B

which implies that «.,, is very proportional to ». From the experimental data

(5)

= const.,

at p=15mm Hg given in Fig. 4, the values given on the left-hand side of (5) are
53, 53, 55, 50.

(4) Half-width and collision probability
The relation between the half-width and B is:
~1-74B
2—9 By’
as shown in II. In Fig. 10 are shown the experimental data on 8 and v, versus
p» which are obtained from the half-width.
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Fig. 10. Variation of collision frequency with pressure for neon,
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On the other hand, v, is given by (12):
Ve ";f)oPcV , ( 7 )

where P, is the collision probability, p,=273 p/T, the reduced pressure in mm Hg
and V the average velocity of electron.

For neon, Ramsauer effect is very small and actually P, can be taken as con-
stant under our experimental conditions, in which the electron temperature varies
from 4% 10" to 2.3x 10" °K, according to the pressure increase from 0.4 to 3mm Hg
as shown in Fig. 8. V varies by the factor +/4/2.3=1.32 in the above pressure
range. If this variation of V can be neglected, v. depends only on p. From the
experimental data in Fig. 10, this relation can be expressed approximately as:

ve = 19x10°p+2.0%10° (¢/s) . (8)

The constant term independent of p in (8) is very difficult to be interpreted.
However, in this case, the electron collisions with tube wall have been neglected
in comparison with those with neutral particles, since the gyration radius of
electron is about 2x1072mm even at B=3000 gauss. The impurity gases emitted
from electrode and wall, which are independent of p, may be responsible for this
term. Such a constant term is seen in Whitmer’s report (13), in which he has
studied the electron loss process in hydrogen gas discharge with the microwave
techniques.
From the pressure dependent term in (8), P. is calculated as:

P. = 25cm?*/cm®* mm Hg,

where T¢=350 °K and T,=3x10* °K have been taken. This value of P. is about
three times larger than that reported (10). One of the reasons why such a large P,
is obtained is that the cyclotron resonance occurs at j75=1—7%, hence the spatial
distribution of electron density of our experimental plasma causes naturally the
absorption curves to be broadened. Also impurity gases may be responsible for

such a large P..

5. Experimental results for argon

The experimental results of agron plasmas are similar to those of neon
plasmas, except that the collision frequency is somewhat larger and the absorption
curves broader. In Fig. 11 are plotted the experimental data on # and v, against
p. Ramsauer effect of argon gas is very large and the collision probability varies
from 12 to 5cm?*/ecm®mm Hg (10) as the electron temperature decreases from
2x10* °K to 1.25x10* °K, while the increase of the pressure from 0.5 to 5mm Hg
is accompanied by such a variation of electron temperature. But, neglecting the
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Ramsauer effect and the variation of 7., we assume that v, depends only on p,

and v, can be expressed approximately from Fig. 11 as:
Vo= 14X10°p+4.0x10° (c/9). (9
Then, taking T,=350 °K and 7T,=15x10"°K, P, is calculated as:
P, =27 cm*/cm® mm Hg,

which is rather larger than that reported (10).
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Fig. 11. Variation of collision frequency with pressure for argon.

6. Experimental results for helium

The absorption curves of helium plasma are similar to those of neon and
argon, but they are very broad, since the electron temperature is high and the
collision probability is large in helium gas. In Fig. 12 are plotted the experimental
data on v, against p, which can be expressed as:

ve = 14X10°p+6.5%10° (c/s). (10

Neglecting the variation of T, from 4x10* to 3x10*°K as the pressure in-
creases from 2.5 to 6 mm Hg, we can calculate P, from (10), obtaining

P, =218 cm?/cm® mm Hg,
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where 7T,=350°K and 7,=35x10'°K have been taken. This value of P, is
consistent with that reported (10) (P.=20).

~
L
N
o
=~ 45
x
X 0.2
N
S
g /.0
S 1 >
£
o
-0, 1
Q .
S 0.5}
E | | ) | i |
S 0 2 4 6

Pressure p(mmHg)

Fig. 12. Variation of collision frequency with pressure for helium.

7. Conclusion

It causes disadvantage for the hybrid wave to be used, that the absorption
curve becomes rather complicated in comparison with that for the purely trans-
versal wave, but it is meritorious that the electron density and the collision
frequency are determined from the resonance position and the half-width. This
circumstance can be applicable as microwave diagnostics to the studies of gaseous
discharge plasmas.

Recently, Brown (8) has carried out the measurements on the cyclotron
resonance radiation for the case of k, L B, and has shown that the resonance posi-
tion shifts with increasing electron density. His result is consistent with ours if
based on Kirchhoff’'s law. Schneider et a/. (5) have carried out the measure-
ments on the cyclotron resonance absorption for the case of k, L B, but wrongly
discussed the result, using the absorption factor for %,/ B. Practically, however,
their results are not incorrect fortunately, because their measurements were made
on very dilute plasmas (%~0.002).

Finally, since there are boundaries to the test plasma generated in our labor-
atories, the effect of boundary must be considered, as considered in another
report (14). Also, it will be necessary to consider the effect of long range
Coulomb interaction (e~ and e-e collisions) and the effect of thermal energy of
electrons and ions upon the electron cyclotron resonance.
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