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ABSTRACT

The microwave radiations from a dc discharge plasma in a magnetic
field were studied. The experimental results showed that the resonant
radiations of tThe extraordinary wave, propagating perpendicular to a
magnetic field, were oObserved not only at w= (a&f%—wﬁzj%, but also
near the cyclotron harmonics. On the Other hand, it was shown that the
dispersion relation for the plasma type oOscillations derived by Bernstein
had a harmonic structure: In our experimental condition their dispersion
curve was divided into many branches, each of which approched asymptotically
tTO the curves given by = u¢?+uﬁf and by w=n (n being an integer ).
The resonant radiation detected was interpreted as the plasma type
radiation, above mentioned. The gaps in the radiation spectrum at the
cyclotron harmonics were not measured in our discharge plasmas.

Further, the number of the successive harmonics in a radiation increased

with decresasing the gas pressure, independently of the kind of gas used.



§ 1 Introduction

In this paper, the harmonic structure in the plasma oscillation is
investigated by measuring the microwave radiations from a magnetoactive
Plasma, .

As well known, the rf electromagnetic waves propagating in a magneto—
active plasma have two normal waves; ordinary and extraordinary1)_

If the thermal motion of Pplasma electrons is neglected, the extraordinary

wave, DPropagating perpendicular to a magnetic field B, resonates at
cu2=.wpz+wb2 , (1)

where wp==(11e2/4nsc))5é is the plasma frequency, wyp=e6B,/m and w the
resonant frequency. Considering an effect of spatial dispersion in
Plasmas, the theoretical investigations on the plasma oscillations have
been made extensively by many resSearchers 2)5). Bernstein 4) has
demonstrated that for longitudinal electron oscillations in this case,
there are gaps 1in the spectrum of allowed frequencies at multiples of the
glectron cyclotron frequency, but zero Landau damping.

On the other hand, by the measurements on the microwave radiation
from or absorption by a rather tenuous plasma in a magnetic field, the
plasma type radiation, having the dispersion relation given in Eg. (1),
has been observed by a number of workers 5)"8>. It was reported also by
Kato 9) that the oscillations of two types were detected by a probe: the
P-type oscillation given by Eq.(1) and the O-type oscillation given by
w=eB,/m. Further, the resonant radiations at the successive cyclotron

harmonics, given by

w=T1 Wy (ne=1, 2, e ), (2)

have been observed experimentally,10> 11) 12) although thelr physical
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mechanism was not clear,

In the present experiments, the microwave radistions from an optical-
1y dense as well as Tenuous plasma in a magnetic field are measured 15),
It is found that The Pplasma type radiation has the harmonic structure,
which can be interpreted from the dispersion relation given Ly Bernstein.4)

It has been,reported14> that very intense radiation due to the
negative absorption effect at the cyclotron resonance was observed in
slightly ionized gases such as Xe, Kr and Ar when the whole dlscharge
tube was placed in a magnetic fleld. Such an anomalous radigtion is not
detected, however, In this work where a part of the positive column is
immersed in & magnetic field.- In the following, the procedures and the
results of our experiments will be described in detail. Further, the

harmonic structure of the dispersion relation will be investligated and

the discussions will be given,

§ 2 Dispersion Relation

Since the measurements are made usually with varying magnetic
field at the fixed frequency of rf wave, the dispersion relation will De
re—examined from this point of view, The dispersion equation for an

extraordinary wave, propagating perpendicular to a magnetic field B , is

given ty 1)
2 o’
k Ezz’"_c'i(sxxezz_exzszx)"—"o ’ (3)
Where?E 1s the wave vector of propagating wave. Here, the z — and y-—axis

coincide with K and'ﬁ'respeotively. Considering the effect of the spatial

dispersion in plasmas, the components of dielectric permittivity tensor

Sik are 15)



€3 = 1 +~}—(A—‘2B+o),

822=1+%(A+2B+O), (4)
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where

¢ (A)=e 21, (1),

I_ : Bessel function of 1st kind of imaginary argument,

n
A=Xk2p2

o : gyration radius of the electron,

Now, we are interested in the resonant waves, The dispersion relation

of such waves 1s derived from taking the 1imit ck — oo Or the refractive
index ck/ —co in FEa. (3). The result is

l==1 2 W = O . (6>
wa 3 Ne=1 (__>2 _ n2
@y

€
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On the other hand, the dispersion relation derived by Bernstein, FEq.

(46) of his paper 4), can be simplified, after some calculation, as

follows:
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where a is the Debye length, Thus Eq. (6) is identical to Eq. (7) and
the resonant waves of extraordinary ones are nothing but the longitudinal
electron oscillations,

In the 1imit A=%k%p2<<1 , the case of gyration radius small

compared with wavelength, Hq.(7) can be expanded into a series in A as:

)\n-i—,é—i-zm nz
o] o0 0 j
k22— 5 3 3 (1) ' (8)
nei =0 m=o " oW1y (nim)r (afoy P
or |
2 n+g+2m—1 2
— =3 3 3 (D ' @)
wpz N=1 f=0 M=0 2" iy (nbm) (o, )2 —n? '

Fquation (9) is an exact expression corresponding to £q.(50) of Bernstein's
peper. From Bq. (9) the magnetic field (w,/w )? giving the resonant
wave can be plotted against the electron density (wp/a) )2 for the fixed
frequency . Such a graph, denoted hereafter by ( w, /w )2—(wp/w)2
diagram, will be obtained from the following equation, which is deduced

from Eg. (7),

1 272 € oo 171, (e/7%)
——— exyp ( - 5 ) X (10}
K € rc n=1t  1-—xfy?

Here

7]==(wp/w )2 , r=wy/w

e= (KT /m)k? /w? , A=k2p2=e /12
The y? — 7 diagram can be calculated from Eq.(10), taking & as a parameter.
In our experiments, the temperature of plasma electrons T 1is low ( ~ 104
°K ) and k is the order of 2 ~ 10 cm | ( 2 m/k being the order of dlameter
of plasma column ), and also w/27‘r:::9 x 107 cps, then €=~ 1074, Therefore

Eq.(9) is applicable even if harmonics up to the 30th are included, in

which A~10"1.




1
(1) TFor the y?-7 diagram in the interval 1> y> - it is sufficient to
keeD the terms up to the 1st order with respect to A in Eq. (9).

The result is

)" = -2 + (11)

or

=(1—r2)(4r2~7)

7 - (11
47c—=(1+3¢)
It is natural that, Eq. (11) reduces to the well-known equation,
N +rl=1 or w2-=wp2+wb2 ,
if the thermal motion of plasma electrons is neglected ( € =0 ) . It is
seen from Eq. (11)' that 7 Ybecomes an infinity for
1 3
2 - 2
= —— 4 — £ = 13
T PR T, | (13)

and 7 becomes zero for rz =1-~0.
1
(ii) Tor the root in the interval 1> y> 3 it is sufficient to keep the

terms up to the 2nd order with respect to A . Equation (9) yields

5 3
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or

) C1=72)(1=472) (1=972) (14}
(1+3e+15e2 )~ (13+27¢) %+ 367"

Therefore, 7 —occ for the following two values of 7,2 :




r2=—21—+:—€—5825722,
(15)
2 1 2 = 2
2 2
and 7 -0 for y¢—1-0 and 7y —»—4—~O.
1
(iii) Similarly, for the root in the interval 1>-r>>:? , Keeping the
Terms up to the 3rd order, Eg. (7) yields
w 1 5 1 A 7
(—392=——-~{1—A+i42——_15}+—-—(1—x+-12)
Wy )’_2—'] 8 24 r~2—4 12
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or

(1=r2)(1=472)(1-972)(1-167y2)

= . (16)
(1+3e+15e2+105¢) = (29+75e+240e2 )12 +(244+432¢ )y 4 =576

Therefore, 7—co for the following values of 72

. 1 3
rz——=--4— +-4—e-—5€2+25.2€55r22,
2 _ 1 2 3=, 2
7 ry +3e° 43,28 =y,° ) (17)
y?=— +20€5:r42,
- 2 1 o1
and -0 for Y -»T—O,~4—~O and?—o.

Clearly the similar results can be obtained for other branches of
Tthe higher order more than the 4th ( y <7}— ), although the calculation
becomes more complicated,

In Figs. 1 and 2 are plotted (wb/cu)z—(wp/w)z and (wb/w)~(wp/w)2
diagrams respectively, computing numerically on Egs. (11)',(14)' and (16)"
with e as a parameter. It is seen that these curves approach asymp —

totically to the curves of w? ==wU2 + wbz and of the cyclotron harmonics We=nw,,
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when € Dbecomes more and more small.

The gaps in the spectrum of pvossible frequencies in The vicinity of
the cyclotron harmonics, described by Bernstein, can be replaced Ly the
gaps of the magnetic field in our treatments. The widths of these gaps,
which correspond to those of the magnetic fields where the rf waves
cannot propagate, can readily be calculated from Eg. (17). At the 2nd,

3rd and 4th harmonics, these widths are glven by:

1 3
1&)/22:)/22“_2_%?81
1
A)’52=)’52 - ’é‘z 552, (18)

Ay =1, L~ pge3,

The corresponding width of the magnetic field strength at the 2nd harmonics

is
Aw 1 1 3 3 KT k2
Apy=—n— AT = em— (19)
w 2 (r)r=% 4 4 m w
or
AB, = — — (—— — w . 19
= o (5 (o) (19)
Similarly, at tht 3rd harmonics
AWz
He 9 2 KT k
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w 2 2 m w
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9 m KT k
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- 2 e m w

And at the 4th harmonics
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It is seen from the above equations that the widths of these gaps become
small with decreasing the electron Temperature and with increasing the
number of cyclotron harmonics.

In our experimental conditions, € =1 074 and. w,/2 t~=10Gc,
these widths are AB,=~0.25, AB5z2x10_5 and AB4z2x1D_7(ga,uss).
Therefore, considering from the experimental standpoints, it 1s the same

as saying that there are no gaps in our case,

§ 3 Experimental Apparatus and Procedures

The discharge tube used is 13mm in inner diameter as shown in Fig.3. An
anode was a tantalum cylinder of 10 mm in diameter and 20 mmn in length
with one end plate and sst 900 mm away from a cathode. The indirectly
heated oxide cathode consisted of the two coaxial hollow cylinder with
four spacing walls, 10 mm in outer diameter and 33 mm in length. This
tube was inserted into the holes of pleces of the electromagnet and was
in part within a waveguide running perpendicular to it as shown in Fig. 3.

This waveguide was square and had a side equal to the longer side of the
| standard X-band guldes, which were connected through the tapered parts
to 1it.

The intensity of the magnetic field between these two conically
shaped pieces with holes of 16 mm in diameter and apart 80 mm from each
other was measured by a gauss-meter., In Fig. 3 are plotted the intensity
distributions of the field along a axial as well as a radial direction,
It is seen from Fig. 3 that the magnetic field 1s homogeneous within 2 %

over the positive column in a waveguide, the microwave radiation from
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which was measured. At the same time, the field intensity at the centre
was measured Dy a protron—meter as a function of fleld coil current.

The magnetic field was impressed on a part of positive column, which was
~ 10 ¢ of the total length of positive column, and darallel to the
direction of discharge current.

The positive column between the pole pleces became more slender with
increasing the intensity of a magnetic field at rather low gas pressure.
For example, at the pressure of 10 nmHg, the positive column in the
magnetic field was seen inside the tube all over, but at the pressure of
1072 mnHg and above the magnetic field intensity of about one thousand
gausses, the diameter of column became several mm and at the small dis —
charge current a plasma of that portion was disappeared in the anode side,

The measurements of microwave radiation from a plasma were performed
by means of X-band radiometer. The axis of 1ts square waveguilde was
Perpendicular to The magnetic field B and the rf electric vector in the
guide was also perpendicular To f} Therefore, the extraordinary and
Plasma waves, propagating transversely to Eg, might be detected,

The radiometer used in this work was operated at the fixed frequencyv,
w,/2r=9,485Mc with a 5 Mc tand width, the image of a heterodyne
detection being cut,.

When the magnetic field was swept at a constant discharge current La
and the radiometer output was continuously traced on the recorder, the
radiation pattern, denoted hereafter by P(Iy)—-B patterns, was displayed,
in which x— and y— axis were proportional to the magnetic field strength
B and toc the radiated power respectively. In The same way, P(13==O)-—Id
pattern was recorded by varying the discharge current I4» belng fed into
X—axis al no magnetic field. In the figure illustrating the radiation
patterns, the zero level of radiation power from plasma was set at the
noise power of radiometer itself, and each pattern was displaced relatively

TO each other on y—axis and also the scale of x—axXlis was normalized to



the cyclotron field B,=(m, e ) w=3, 387 gausses, that is, plotted in

wb/w .
§ 4 Experimental Results and Discussions

In Fig. 4 are shown a geries of the radistion patterns (P(Ig)-B)
on a weakly ionlized, high—pressure dilscharge in neon, AT small currents
(Ig=5mA ) or low electron densities Wy, w<< 1, there appears the
resonant peak at the cyclotron field Wy, S w=1_, As the current increases
(I3=~5-50mA ) this peak becomes large in intensity and shifts to a lower
magnetic field (w,,w<1 ). When the current increases further, however,
the peak becomes small and broad in appearance, because the radliated
power at B=0 Dbecomes large, Although the Deak cannot be identified
clearly at these large Id' the peak seems to shift gradvually to a 1ow
magnetic field with increasing I4 and disappear near the wy, w=0,When the
radiation power at zero fiseld reaches the blackbody. It is to be noted
that the faint resonant peaks superimposed on & background radiation are
observed in the neighbourhood of the 2nd harmonics of the cyclotron field
Wy, W = —;- for some large I5(Is3=0.94 ).

The radiation patterns on & intermediate—pressure discharge in argon
exhibit the resonant peaks near the 2nd, 3rd, 4th and 5th cyclotron harmo-
nics at a large discharge current, in addition to the main peak, as
Shown in Blg. 5. The similar radilation patterns are measured on the
discharges in krypton and Xsnon ( Flgs.6 and 7 ) The amplitude of &
given harmonics ( for example, see the 2nd harmonics of Fig. 4 ) increases
with the discharge current and also these peaks seem to dip below the
background radiation on the small side of the magnetic field relative to
the harmonics as reported by Bekefi et a1.11>. PFurthermore, these anoma—
lous resonant peaks are also observed by measuring the transmission and
reflection from these plasmas. Strictly speaking, the radiation patterns

illustrated in this paper Must be cOrrected Dby Ttaking account of
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the reflection from the plasma, It was shown from the experiments,
however, that this effect was rather small and the radiation patterns
were not altered substantially.

In order to compare the experimental results with the theoretical,
the fileld strength giving the resonant Ppeak on the radistion pattern |
illustrated in Flg. 4 is plotted against the discharge current Ig-
A(wb//a:)—-ld diagram obtained by such a way is shown in Fig. 10 , which
represents & relation between the magnetic field (wyp,w ) and the
discharge current Iy for the resonant radiation detected with the fixed
frequency . (The short vertical hars in this figure represent the
broad and faint peaks in radiation patterns.) It is found from this
figure that the expPerimental plots seem to be divided into the two branches,
each branch approarching asymptotically to the line of the 2nd harmonics
wb//w==i% and to the dotted curve. Since 1T has been Observed that the
plasma tyDe resonant radiation ocurrs at w2==wp24—wb2 , the dotted
curve, which depends on the discharge current Id or plasma Ifrequency as
well as the magnetic field ( wb//a)) , 1s possilbly interpreted as the
P-type curve given by Eg. (1). Accordingly, the experimental plots may
be considerd to correspond To the theoretical curve given in Pig. 2,
with the exception that the former takes Iy , While the latter ( wp/ﬁu)z
a8 an abscissa. The apparent difference of P-type curve totween Figs. 2
and 10 can be explained as follows: Since The contraction of plasma
column ocurrs gradually with increasing a magnetic field up to, say, 1
kilogauss (wy, w=~ 13 ), the P-type curve of (wy  w ) - I; diagram is
enlarged along abscissa whithin wy /@< 1,3 , compared with that of
(wb/w)—(wp/w )2 diagram,

The radiation patterns on & relatively 1low pressure discharge are
shown in Fig. 8 and (wy,/w ) - I, dlagrams in Figs. 11 and 12. Since
the P-type radiations no longer can be traced clearly in the range of

wb//uué—%— from the complicated radliation patterns as shown in Fig, 8,




the P-type curves (the dotted) are drawn appropriately for reference in Figs.10~13,
by measuring the P-type curve in the range, 1> (wp /W )> %—, and the
discharge current at which the radiation with no magnetic field reaches
the blackbody. Since the peaks at the 2nd harmonics seem to dip below
the background radiation and then increase rapidly with increasing the
megnetic field as shown in Fig., 8, the field intensity at which these
peaks increase steeply is plotted by the short transverse bars in (wy,/ o)
_Id diagram. The other weak resonant peaks are observed on the left

side of P-type radistions within small discharge current as seen in Fig.8,
but these are not understood as yet, The experimental plots in ((ub//a))
- Iy diagram (see Figs. 11 and 12) have four branches, which seem to
correspond to the theoretical in Fig. 2. The number of these branches
increases with decreasing the gas pressure, as shown in Fig. 13. The
corresponding radiation patterns are shown in Fig. ¢, in which the suc-—
cessive harmonics as many as 9th harmonics can be observed.

In the region denoted by X in (wy,w ) - Iy diagram (Fig.13) The
Peculiar peaks are observed in the vicinity of the 2nd harmonics. As
shown in Fig. 14, several peaks at wy  w= %r are seen on the P ( Ij)
—B Dpatterns in the current range of Iy~50~120mA, and at more large
current, they disappear and the radiation merely increases steeply at the
2nd harmonics. It is understood from (wy w ) ~1I4 diagram (Fig. 15)
obtained from Fig., 14 that such peaks constitute several series and sach
of which becomes appeared at slightly larger magnetic field than the 2nd
harmonics and disappeared at the 2nd harmonics, the magnitude of which
being maximum at the 2nd harmonics. The Dphysical mechanism for this fine
structure at the 2nd harmonics spectrum is not understood as yet, though
the propagation of surface wave on the magnetoplasma oOr the standing wave
in the plasma column 1s considered. Recently such peculiar peaks are
observed also by KoJima et a1.16>.

Now it may Dbe reasonable to consider from the above mentioned experi-—
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mental results that the plasma type radiation detected has the harmonic
structure: The experimental curve in (a%//a))—-Li diagram ( Figs.10~
13 ) can e composed of the several bYranches, each of which approaches
asymptotically to the curves of w2==wp2-+a%2 and of the cyclotron
harmoni cs w=nwy . Thus the experimental curve corresponds to the
theoretical one plotted in Fig. 2. The gaps in the spectrum of allowed
frequencies &t cyclotron harmonics could not be measured, since these

£aps 1in the magentic fileld in our exXperiments are Vvery small as calculated
in § 2 and the peaks at harmonics are rather broad, compared with the
theoretical values of gaps. The amplitudes of the successive harmonics,
although they are decreasing, are of the same order of magnitude and
thelr widths decrease slightly with increasing the harmonics number, and
the peak disappesars into the background radiation near the highest harmonics
observed, Purthermore, the number of the successive harmonlcs increases
with the discharge current, untill it saturates above some discharge
current, its saturated value of the highest harmonics number veing denoted
Ty Nmax‘ The cyclotron harmonics are observed independently of the kind
of gas used and Nmax increases with decreasing the gas Pressure as shown
in Pigs. 16~19. Comparing at the same gas pressure, Ny debreases in
the order of Ne, Ar, Kr and Xe plasmas and especlially Npyax for Ne 1is

much larger than those for other three gases, whose Np,8 are almost
equal, These circumstances just correspond to the collision frequency
between the electron and the nutral particles Yen and 1t may be inferred

that Npgo increases with decreasing Ven - Although the line shapes of
the harmonics cannot be determined exactly, being superimposed on the
background radistion, it seems that thelr Deaks are rather asymmetrical

and their widths do not depend on the gas pressure and also these peaks

have a tendency to occur at slightly larger magnetic field than the
harmonics field.,

The radistions at the cyclotron harmonics was investigated theoretic-—




ally by Sugihara17) recently and he found that when a charge moves along
a magnetic field with a fast but non—relativistic velocity, the discrete
Peaks appear in the spectrum of radiation near the cyclotron harmonics,
This theory may be a possible explanation of the origin of cyclotron
harmonics described above,

It is to be noted that the resonant peaks at the succesive harmonics
were detected also for the ordinary wave propagating perpendicular to a
magnetic field 18).

The extensive effort was made to detect the intense radiafion due to
the negative absorption effect at the cyclotron resonance in slightly
ionized gases. Such radiations were observed in Xe, Kr, and Ar plasmas
alone when the whole discharged tube inolusive'of cathode was placed in a
longitudinal magnetic field as reported'4). But these radiations were
neﬁer observed on any pressure range of Xe, Kr, -and Ar gases in this work,
where & part of the positive column was immersed in the magnetic field as

shown in Fig., 3.

§ 5 Conclusion

The resonant radiation from a magnetoactive plasma for the extra —
Ordinary wave, propagating perpendicular to a Magnetic field was investigated .

Applying the theoretical results made by Bernstein to cur experimental

condition, it was shown that the plasma tType radiation has the harmonic
structure: When the thermal motion of plasma electron is congidered, the
curve of P-type radiation given by Eq. (1) is divided into many branches,
each of which approaches asymptotically to the curves ofAEq. (1) and of
the cyclotron harmonics w=nwy, &s shown in Figs. 1 and 2.

The microwave radiations from the magnetoactive Plasmas: in a waveguide
were measured and the characteristic of thelr reébnant radiations was
investigated, Their experimental plots in (wy,w ) —I4 diagram, where the

field strength of the resonant radiations being plotted against the dis-—




charge current, were considered to correspond Lo the theoretical curve shown
in Pig., 2. Thus these observed radistions were interpreted as the plasma
type ones, thelr dispersion relation having the harmonic structure. The
gaps 1m the spectrwn at cyclotron harmonics were not observed, because
these gaps were considered tTo be within the experimental error in our
experimental conditions,

The maximum number of the successive harmonics increased with de—
Creasing the gas pressurs, independently of the kind of gas., Since the
line shepe of the cyclotron harmonics was not determined experimentally,
the detailed study for theses was not made as yet. At the 1ow Pressure
discharge the fine structure 0of resonant peaks was observed in the
vicinity Of the 2nd harmonics, no physical meaning for these phenomena
being known,
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(wy/w)—-I, diagramon Ne (p=6x10"2")

Nmax — Pressure on Ne
Nmax — Ppressure on Ar
NmaX — Pressure on Kr
N — Ppressure on Xe
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