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ABSTRACT

Instabilities near harmonics of the electron cyclotron frequency are observed
when a weak electron beam is injected into a plasma in nearly thermal equilibri-
um. Measurements of microwave emission show that the electron cyclotron
harmonics are enhanced strongly by the electron beam passing through the plasma,
and that at the same time the second harmonics of the enhanced cyclotron harmon-
ics are generated by a nonlinear effect in plasmas. The experimental results are
interpreted by means of the model of a Maxwellian plasma penetrated by a mono-
energetic electron beam.

§1. Introduction

In the last few years, considerable interests have been built up in the pro-
blem of electron cyclotron harmonics in plasma. Landauer" could find the
electron cyclotron harmonic emissions up to the 45th, by observing noise emis-
sion from the PIG discharge. For explaining the result, Canobbio and Croci?
ascribed the harmonic emissions to the electrostatic waves which are excited
by superthermal electrons existing in PIG discharge and propagate perpendicular
to the magnetic field. On the cther hand, Mitani, Kubo and Tanaka® observed
the cyclotron harmonic emissions in the low pressure arc discharge as well.
Examining the dispersion characteristics of these emissions, they showed that
they correspond to the longitudinal plasma oscillations in the magnetic field,
which are suggested by Bernstein.# Many authors® discussed these electrostatic
waves near cyclotron harmonics in a collisionless plasma, and showed that they
can propagate perpendicular to the magnetic field without Landau damping.

In the case of the propagation parallel to the static magnetic field or more
generally, in the case of the propagation oblique to the magnetic field, the
Landau damping plays an important role and therefore, the cyclotron harmonic
waves damp out and can not propagate in a Maxwellian plasma. However, in
a plasma with an electron beam running along the magnetic field, the growing
cyclotron harmonic waves propagating parallel to the magnetic field are expected,
because the electron beam excites the waves strongly to overcome Landau
damping. Gruber et al. and Bekefi et al.” observed the cyclotron harmonic

* Reported in part in J. Phys. Soc. Japan 23 (1967) 660.
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wave growing along the magnetic field in a beam-generated plasma.

This result may be explained by a convective instability produced by the
coupling of cyclotron harmonic waves in a plasma with a slow space charge
wave in a beam, in the case of the oblique propagation.

The micro-instability of the electron cyclotron harmonics have been investi-
gated in detail by Harris.® This instability, which is an absolute one, results
from the anisotropy of the electron distribution in velocity space. From the
point of view of the beam-plasma interaction, Crawford et al.? proposed that
this instability is produced by an interaction of the cyclotron harmonic waves
in plasma with the cyclotron harmonic waves having negative energies in the
beam. This phenomenon is also expected to occur in the beam-plasma system.

In order to study this instability experimentally, we inject an electron beam
into a nearly Maxwellian plasma which is produced independently of the: beam,
and therefore, we can change parameters of the plasma and the beam inde-
pendently. Thus, comparing our present results with those reported up to the
present where either an electron beam is considered to be present in the plasma
spontaneously or the plasma is produced by injecting the electron beam into the
neutral gas, we can obtain more detailed informations on this instability.

The contents of the following paragraphs as follows: The microwave emis-
sion are measured when the electron beam is injected into the nearly Maxwel-
lian plasma. From the experimental results the electron cyclotron harmonic
waves propagating nearly perpendicular to the magnetic field are considered to
be strongly enhanced by the above mentioned absolute instability. When the
cyclotron harmonic emissions are enhanced strongly, their second harmonics
are generated by a nonlinear effect. Experimental results are analyzed by the
theory of Crawford et al.”

§2. Experimental apparatus and procedures

In order to investigate the instabilities of plasma due to the presence of an
electron beam, it is desired that a highly ionized and Maxwellian plasma is
produced and an electron beam is injected into this plasma. To obtain such a
beam-plasma system, we have set up the apparatus which is consisted of three
regions, that is, the dc discharge region, the plasma-diffused region and the
beam-produced region, as shown in Fig. 1. Argon gas of the pressure of about
10~ forr is fed into the discharge region and, by using a method of differential
pumping, the gas pressures of the plasma-diffused and the beam-produced re-
gions are maintained at about 5x10-* and 7x10-% forr respectively. An external
magnetic field is applied along the tube axis and its intensity distribution on the
axis is shown in Fig. 1. In the discharge region the plasma is produced by a
dc discharge between a cathode situated at the center of the cusped geometry
and an anode situated near the point cusp. The discharge current la is varied
from 2mA to 4.5A. This plasma is diffused through a hole (8wnwn in dia-
meter) at the center of the anode into the plasma-diffused region along the
external magnetic field. In the diffused-plasma region, the magnetic field is
uniform within a few percent and the plasma is present near the axis of glass
tube (50 mm in diameter). At the discharge current of 4.5 4, the electron den-
sity is equal to about 10'® ¢m~%, and the degree of ionization is of the order of
ten percent, while the electron temperature of the plasma is about 1x10* °K,
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Fig. 1. Experimental apparatus: 1) gas inlet, 2) cathode, 3) anode,
4) electron gun, 5) 2'° diffusion pump, 6) 6"’ diffusion pump,
and 7) 4'' diffusion pump.

Field intensity

and does not depend on the electron density. The principle of the apparatus is
similar to the TP-D machine!® at the Institute of Plasma Physics, Nagoya
University.

An electron beam is produced by the Pierce gun in the beam-produced
region, and is injected into the plasma-diffused region through a hole of 2mm
in diameters. This electron gun is set outside the air-coil magnet, so the elec-
tron ejected from the gun feels the increasing magnetic field as it runs to the
plasma-diffused region. Therefore, a part of the initial energy of the electron
is transformed to the energy perpendicular to the magnetic field. When the
voltage of the beam V,, is changed from 30V to 600V, the current of the beam
Iy, changes from 0.07 mA to 6.0 mA. (The perveance of the gun being about
4x10-7.) The electron density ns, of the beam is about 5x108 cm~? at [,=2.5mA.
The gun is operated continuously or pulsively.

Microwave emissions from the beam-plasma system are received by two
radiometers which are operated at the two receiving frequencies of f=4.1 and
f/=2f=8.2 GHz respectively and have the band widths of 5MHz. Measure-
ments are made in the following way: The discharge current is kept at the
fixed value of I« and the magnetic field is swept. The output power of the
radiometer is plotted as a function of the magnetic field on the XY-recorder
continuously. When the accurate power of the emission intensity is measured,
its power is ecompared with and equalized to that of the noise standard (Pxs) by
inserting a known value of attenuation in the transmission line from the plasma



16 T. IDEHARA

to the radiometer. By the simultaneous measurement on the emission at the
frequency of 4.1 GHz and 8.2 GHz, we have studied the phenomenon which occurs
at the same time for these two frequency bands.

§ 3. Experimental results

3. 1 Ewmission from the plasma, the electron beam and the beam-plasma
system

Measurements are made on the microwave emission from the plasma in the
absence of the electron beam and from the electron beam in the absence of the
plasma respectively. In Fig. 2 are shown those spectra as a function of the
magnetic field. In the curve (a), which is the emission spectrum for the beam
only, the cyclotron emission is seen at f./f=1, where f; is the electron cyclo-
tron frequency. The curve (b) shows the emission spectrum for the plasma
without the electron beam. Since the emission near the cyclotron harmonics
(fe/f=1/n) are weak, the plasma eclectrons are considered to be nearly in
thermal equilibrium. On the other hand, the degree of ionization of this plasma
becomes to be of the order of ten percent, as described in §2. Therefore, we
have obtained the plasma which is Maxwellian and highly ionized.

Ar Discharge Current, 2.2A
f =8200MH;

Emission from the plasmo
with the electron beam

(Attenuated by 21db)

Emission from the plosma
without the electron beam

al Emission from the electron beam ”

IR | | |
s o h !
Magnetic field f./f
Fig. 2. Emission spectra from the electron beam, the plasma and the
beam-plasma system, as a function of the static magnetic
field, fo/f. Here, Vy=420V and Iy=3.6 mA.

Emission power

When the electron beam is injected into this plasma, the emission spectrum
changes from the curve (b) to the curve (¢) which shows that the strongly
enhanced emissions are observed near the cyclotron harmonics. It is noted
that for measuring the curve (c¢), the sensitivity of the receiver is lowered by
21dB as compared with that for the curve (b). Moreover, the time-resolved
measurements shows that this enhanced emission is not stationary but pulsating
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/5 173 1/2 Magnetic field L fo/t
Emission spectra from a beam-plasma system as a function

of the static magnetic field, f./f, with I; as a parameter.
Here, f=8,200 MHz, Vp=420V and Ir=3.6 mA.
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Fig. 5. Power of enhanced emission P./Pn. normalized to that of the
noise standard, is plotted as a function of the .discharge cur-
rent Iq. Here, f=8,200 MHz, V=420V and I»,=3.6 mA.

in time, while the injected electron beam is stationary.

3. 2 The relation belween the enhanced emission and plasma density

In Fig. 3 are shown the emission spectra of the above-mentioned enhanced
emission for the various discharge current. At the rather small discharge cur-
rent, the enhanced emission (denoted by the peak ‘2’") appears near f;/f=1 as
shown in curve (a). As the discharge current increases, this peak approaches
to the second harmonic f./f=1/2, as seen in the curves (b) and (¢). While,

"as the discharge current increases, the intensity of the emission also increases

until it reaches the maximum value at a certain discharge current. However,
when I« increases further, its intensity becomes rather weak. At the same
time, the emission near the third harmonic begins to bz enhanced strongly.
Thus, with the increasing discharge current, higher and higher harmonic is
enhanced strongly, while the lower harmonic disappears, as shown in the curves
(~(e.

The above-mentioned characteristics, observed experimentally, of the en-
hanced emission near the harmonics (=2, 3, 4,...) are seen clearly in Figs.
4 and 5. In Fig. 4, the normalized magnetic field f./f, where the enhanced
emissions appear, is plotted as a function of discharge current. In Fig. 5, the
intensity of enhanced emissions, normalized to that of the noise standard, are
plotted as a function- of Ia. S

3. 3 Relations between the enhanced emission and beam parameters

Next, we 1nvest1gate the var1at1on of the enhanced emission on the beam

1% For the
fixed value of Vz,, the intensity of this emission near the second harmonic is
plotted as a function of I, as shown in Fig. 6. Here, in order to vary I, while
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Vi is kept at a certain value, a perveance of the gun is varied by changing the
temperature of the cathode.: It is seen from this figure that the enhanced
emission becomes to be observed at [,=0.1 mA and the intensity of this emission
increases exponentially with the beam current I;. In the case of V,=240V the
intensity of emission becomes to be saturated and amounts to P/P,;=20dB as
the beam current increases. Such a behavior is also observed in the case of
V5=23860V and the saturated emission intensity is larger than 30 dB.

In Fig. 7, the intensity of the enhanced emission is plotted as a function of
emission becomes to be observed at V,=160V and its intensity increases expo-
nentially with the beam voltage V,. However, its increasing rate with V,
becomes small above a certain value of V,. This values of V; are about 240V
for n,=1.4%10% cm~? and about 280V for n,=1.8x18% cm~? respectively.

3. 4 Doppler shift of cyclotron harmonics waves

It is observed experimentally that when the beam velocity is changed, the
magnetic field, where the enhanced harmonic emissions appear, is shifted. The
value of this shift from the magnetic field of f./f=1/n, increases nearly propor-
tional to +/V,, therefore this is considered to be the Dopper shift. In Fig. §,
the shift in f./f is plotted as a function of VV;,

Ar
145 450 mA

t = 8200 MHz

folt

Magnetic field

| | | ]
0. 10 20
Beam velocity [V (/volt)

Fig. 8. The magnetic field f./f, where the enhanced emission is ob-
served near f./f=1/2, is plotted as a function of the beam
velocity 1/V,. Here, f=8,200 MHz and Io=450 mA.

3. 5 Generation of the second harmonics of the strongly enhanced cyclotron
harmonic emissions
When the enhanced emission near the second harmonic fi/f=1/2, is observed
for the receiving frequency f=4.1GHz, the emission peak for the receiving
frequency f’=8.2 GHz, which is two times of f, is observed simultaneously. In
Fig. 9, the upper curve shows the emission spectrum of the frequency of f'=
2f and the lower the spectrum of . The emission peak, denoted by “2’”, in
the spectrum of f/ appears at the magnetic field near f./f=1/2, where the
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At the magnetic field where the strongly enhanced emission
is seen on the lower curve, the week emission is also observed
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Here, V3=420V and I,=2.2 mA.
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enhanced emission denoted by “2”, is observed in the spectrum of f. The
intensity of the former emission peak “2’” is smaller by 30 dB than that of the
latter “2”7. It must be noted that the peak ‘2"’ in the spectrum of f’ is cor-
responding to the enhanced emission ‘2’ in the curve () in Fig. 3. In Fig. 10,
the magnetic field, where the enhanced emission is observed as shown in Fig. 9
is plotted as a function of the discharge current I« for the cases of f=4.1 and
f'=2f=8.2GHz respectively. It is known that both enhanced emissions ‘2"’
for fand “2”’ for f/ occur at the same magnetic field near f./f=1/2. For these

T [ |
L0~ O: 1= —420 m
@ t:2R89MH i%
V= 420 V g
30 1= 22mA 0 8
4 :
@ X
i N
o0 |- —0 5o
~ .
o %
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«©
S
4
£
uoy | | |
0 100 200 300 400

Discharge current Ig (mA)
Fig. 11. Enhanced emission power Po/Pps near fi/f=1/2, is plotted
as a function of the discharge current I;, for the cases of
F=4,097 and f'=2f=8,195 MHz respectively. Here, V=420
V and I,=2.2mA.
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Fig. 12. Enhanced emission power P./Pys near f,/f=1/2, is plotted
as a function of the beam velocity 4/V,, for the cases of
F=4,097 and f'=27=8,195 MHz respectively. Here, ;=180
mA.
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two emissions of f and f’, the emission intensities as a function of the dis-
charge current I are shown in Fig. 11, and those as a function of the beam
velocity +/V, are shown in Fig. 12.

Further, these two emissions are represented on a dual beam shynchroscope
at the same time as shown in Photo 1. The upper trace shows the emission
for f/ and the lower that for f. Both emissions are pulsating in time and occur
at the same time.

Photo. 1. The enhanced emissions for both cases of f=4,100 MHz and
S =2 f=8,200 MHz are observed simultanuously on the shyn-
chroscope. The upper and lower traces show the emission
powers for f' and f respectively. For both traces, the
pulsed emissions occur at the same time. Sweep; 10g sec/

div. fe/f=1/2.

§4. Discussions

When a weak electron beam is injected into a Maxwellian plasma, the
strongly enhanced emissions are observed near cyclotron harmonics, as described
in the previous section. It is considered that these emissions result from the
excitation of the electrostatic waves near cyclotron harmonics due to instability
which is expected in beam-plasma systems.

As shown in Fig. 8, for this enhanced emission the Doppler shift is observed,
and its frequency shift is described by

(!)—2(1,)0:_/31) Vo. (1>

It is known from the form of the frequency shift given by Eq. (1), that the
instability considered here is not ascribed to the interaction of the cyclotron
harmonic waves in a plasma with the slow space charge wave in a beam, but
to the interaction of the cyclotron. harmonic waves in a plasma with the cyclo-
tron harmonic waves having negative energies in a beam. It has been suggested
theoretically by Bers et al.'? that such an instability due to the latter interac-
tion can occur for the waves propagating obliquely to the static magnetic field.
Eut the dispersion relation given by them is so complicated that it cannot be
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applied to the analysis of our experimental results. It may be considered from
their theories that the essential character of this instability is obtained for the
case where the waves propagate perpendicular to the magnetic field. Therefore,
in order to analyze the experimental results, we adopt the model suggested by
Crawford et al.,” where the monoenergetic electron beam is injected into a
Maxwellian plasma, and there occurs the above-mentioned instability which
results in the excitation of the waves propagating perpendicular to the magnetic
field.
The distribution function of electrons in velocity space is assumed to be®

(=) e 601 =001 B0, (2)

where a means the ratio of the electron density of the Maxwellian plasma to
that of the beam-plasma system. The dispersion relation for the electrostatic
waves propagating perpendicular to the magnetic field (&, =0), is given by?

0
9 w €X <—‘ ])In()u) 3 ]712 (ﬂ)
1208 [ 0 D iR P T ) (3)

G e

where 1= (k) vu/w)?, p=k, vo1/0. and w, is the electron plasma frequency of
a beam-plasma system. ‘

In Fig. 13, the regions of instability, given by Eq. (3) are plotted by the
following -way: First, the dispersion characteristic for the Maxwellian plasma
is calculated by Eq. (3) and plotted on the Allis diagram, where the parameter
Ais fixed at A={(p./Aw)?=0.05. Second, using the criterion of the instability
given by Crawford et al.,” the region for this instability to occur is shown by
hatching. Under our experimental conditions where the density of the electron

Magnetic field (f./f)2

| |
3/2 2
Plasma density (fp/f)?'

Fig. 13. Dispersion curves. The instablilty is expected to occur in
the regions of shadow. Here, 2==0.05, vo/vn=25 and a=0.9.
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beam is very small compared with that of the background plasma and
the velocity of the beam is very large compared with the thermal velocity of
the plasma, we can assume that «=0.9 and vs; /vwn=25. These hatched regions
agree qualitatively with these in Fig. 4 where the enhanced emissions are
observed.

In Fig. 14, is shown the growth rate of the cyclotron harmonics as functions
of the plasma density. Here, the approximate value of growth rate w; of the n
th harmonic is calculated from the resonant terms in Eq. (3) by

_ _wJL\Za( exp(—k}.:n(l) + exp(—2)1n+1gz) )
I )

..w-—]n ) ]n+l (ﬂ\)z ])]. (4

na)b) 1] 2 k(m(—ﬁfi-"f)wc) -1

~I-(1—-a)(

Comparing the calculated curves thus obtained in Fig. 14 with the experimental
curves in Fig. 5, we can see that the dependence of the growth rate on the
plasma density agrees qualitatively with that of the intensity of the harmonic
emissions on the discharge current. It was reported by Ikegami'® that such a
behaviour was observed on the microwave emission from a mercury vapor dis-
charge and was discussed theoretically from the view point of radiation from
plasma electrons,.

Growth rate wi/wy
=4 o

L w

I T

] !

o
=
I
3
i
N

]

Ly AL

0 0.5 1.0 15 20 25
Plasma density (& p/Wr)2

Fig. 14, The growth rate w;/@, near the cyclotron harmonics Wan@we,
is plotted as a function of plasma density (w,/w,)% Here,
2=0.05, vo/v:2=25 and a=0.9.

Next, the value of £, of the cyclotron harmonic wave is calculated to be
ky=21.3cm™! by using Eq. (1) and the experimental value of the Doppler shift
shown in Fig. 8. On the other hand, it is assumed that %, is estimated from
the value at which the instability is expected to occur. Such a value of y is
obtained from Eq. (4) to be larger than about 3.0, and v,/v. is assumed to be
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25. Therefore k) must be larger than 4x10°cm~!. Since k&, is much larger
than %y, it may be considered that the harmonic waves interested here propagate
almost perpendicular to the magnetic field and their approximate dispersion
relation is given by Eq. (3).

Finally, the second harmonics of the strongly enhanced cyclotron harmonics
will be discussed. This emission, which is shown as the peak ‘2”7 in the
emission spectrum of f/=2f in Fig. 9 is observed when the fundamental emis-
sion (the peak ‘2" in the spectrum of f) is enhanced extremely, as shown in
Fig. 11. Therefore, it is considered that the generation of the former emission
results from a nonlinear effect of the latter emission. It was reported by
Terumichi'® that such a generation of second harmonic was also observed when
the cyclotron harmonic waves are excited strongly by illuminating the plasma
with an external microwave. It is considered from our experimental result
that the plasma is strongly unstable though the electron beam is very weak
compared with the background plasma. On the other hand,. the theoretical
studies show that the plasma comes to be in a weak turbulent state, as the
nonlinear oscillations develop strongly in the plasma. Recently, Apel'® has
reported that by the convective instability in a beam-plasma system, the wave
near the plasma frequency is excited so strongly that its harmonics up to the
8th are observed and this system becomes turbulent. It is also expected in
our experiment that the instability near cyclotron harmonic frequencies will
develop and the plasma becomes turbulent as the eletron beam becomes much
intense. A detailed study of the phenomenon is under way.

The results described in this paper are summarized as follows: The cyclo-
tron harmonic waves are enhanced strongly, when the weak electron beam is
injected into the nearly thermalized plasma. It can be interpreted such that
these waves are ascribed to an absolute instability due to the interaction be-
tween the cyclotron harmonics in the plasma and those in the beam having
negative energies. These experimental results are analyzed by the model of
Crawford et al.? When the cyclotron harmonics are enhanced strongly, their
second harmonic emissions are observed as a result of a nonlinear effect in
plasma.
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