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ABSTRACT

In this work it was found that the Orbitron microwave generation follows

a much stronger generation of RF oscillations close to the ion plasma frequency

(w < wp1). The frequency observed was 20 - 70 MHz. This phenomenon is

associated with instability of the cathode sheath which causes modulation of the

discharge current of almost 100%. These intense RF oscillations are accompanied

by short microwave spikes, each emitted at the same phase of the RF period. The

microwave radiation has a wide spectrum above the electron plasma frequency

(Wpe < W < 2wpe). This radiation appears to be due to the transformation

of electrostatic plasma waves which were measured inside the plasma and are

assumed to be driven by the beam-plasma instability: The beam of primary

electrons emitted from the cathode interacts with the discharge plasma. Both

the RF generation and the microwave generation do not depend on the anode

shape, area, or position.

INTRODUCTION

Current oscillations in glow discharge tubes is a well known phenomenon [1>.

Their frequency varies from few Hz to few hundreds of KHz [2], and they are

obtained with gas pressures ranging from the sub-Torr regime up to few tens of

Torrs. These oscillations are driven mainly by collisional atomic processes: ioniza-

tion, excitation and recombination. The equations describing these processes are

non-linear, leading to sinusoidal oscillations at low currents and chaotic behavior

at higher currents [3].

Microwave emission from glow discharge tubes is observed when the gas

pressure is low and the discharge current is larger than a certain threshold [4',

Under these conditions the cathode-fall zone becomes narrower than the mean free

path of the electrons. Therefore, electrons which are emitted from the cathode

and accelerated in the cathode-fall zone gain a kinetic energy equivalent to the

cathode-fall voltage. This beam of electrons enters the negative-glow plasma

and generates oscillations at frequencies close to the electron plasma frequency,

WPe. The mechanism is the collisionless beam-plasma instability, which was also

investigated with well-controlled beams and plasmas [5].
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In 1963 McClure [6] noted 20 MHz oscillations in a low-pressure glow dis-

charge tube, comprising a cylindrical hollow cathode and a very thin coaxial wire

anode. This frequency is too high for ionization and recombination processes

and much lower than the electron plasna frequency. Neither detailed experimen-

tal data nor a theoretical model was provided. Microwave generation in such a

wube was reported by Alexeff and Dyer [7]. They attributed this phenomenon to

electromagnetic instability of electrons orbiting the positive thin wire anode, and

proposed the name "Orbitron" [7,8]. However, a debate arose about this model.

Experimental results reported by Schumacher and Harvey [9] and by our group

[10] seemed to contradict the Orbitron model. An alternative explanation for the

microwave emission was also suggested by Stenzel [11], based on sheath-plasma

resonance at the thin-wire anode, which is essentially the monotron instability.

In this report, an experimental study of the low-pressure hollow cathode dis-

charge is presented, that clarifies the situation described above. It was found in

this study that above a pressure-dependent threshold current, the tube current

was almost 100% modulated at RF frequencies - few tens of MHz. Microwave

pulses were radiated at a certain phase of the RF period. Since the anode was

a small half sphere located at the end of the cathode cylinder, neither the RF

oscillations nor the microwave generation could be attributed to the Orbitron

mechanism. Detailed diagnostics of this oscillating discharge tube, which are de-

scribed later, show that the RF oscillations are driven by a collisionless instability

of the ion sheath in the cathode-fall zone. Microwaves are generated from plasma

waves, transformed into electromagnetic waves by the plasma inhomogeneity.

THE EXPERIMENTAL SYSTEM

The experimental apparatus is shown in Fig. 1. Two brass open-ended

cylinders 4.1 cm and 8.6 cm in diameter, served as cathodes. Both had a length

of 10 cm. Initially the anode was a thin coaxial wire, the same as used in the

original Orbitrons [7,10]. Later it has been found, in accord with Ref. [9], that

the system works in the same way also when the thin wire was moved off axis.

Furthermore, it has been found in the present study that the same results are

obtained also for an anode in the form of a small coin. This arrangement was more

convenient for the purpose of inserting a probe into the tube. Thus the anode was
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chosen as a movable brass coin, 5 mm in diameter, which was typically placed at

one of the open ends of the cylinder (Fig. la). The anode could be moved also to

an outside position (Fig. 1b) without any influence on the experimental results.

Also the anode area had no influence on the results. The cathode and anode

were mounted inside a glass vacuum vessel filled with a gas. Usually He was used

but sometimes Ar in order to check the results. The minimum working pressure

was 40 - 50 mTorr for the 8.6-cm-diam. tube, and 100 - 150 mTorr for the 4.1-

cm-diam. tube. Below these pressures it was impossible to sustain the discharge

with the plasma inside the tube, i.e. the hollow cathode discharge. The discharge

was supported by a pulse current generator built in the following way: An 80-

Q2, 2-ps pulse forming network was charged at 3 to 15 kV, and discharged by a

thyratron switch into the anode through a 0 to 200 Q2 resistor. Typical discharge

currents were between 4 and 110 A. A shunt capacitor connected between the

anode and the cathode (see Fig. 1) created a low-impedance path for the RF

current oscillations. When its capacitance was above a certain value (200 - 250

pF), there was not any significant influence on the instability.

The diagnostics included a Rogowski coil to measure the discharge current.

with a very short time resolution (a few ns), and a high resistance divider to

measure the pulse voltage across the discharge. The same divider was used for

measurements of the plasma potential by a floating single probe. The electron

temperature and the spatial distribution of the plasma density were measured by

movable double and single Langmuir probes. Comparatively large probes were

used (1 mm diameterand 3 mm length) in order to reach a good ion saturation

current. Both probes showed the same results. The plasma density ne is directly

proportional to the anode current I,. Thus, for the 8.6-cm-diam cathode in He in

the center of the cathode n, - 8 x 10101,, cm-3 , and n, z 2 x 10101, cm- 3 near

the walls (3 mm distance). For the 4.1-cm-diam cathode the density increases

by 5 - 7 times. The plasma dcnsity with Ar is approximately 4 times larger

than with He (this was only checked for the 8.6-cm-diam tube). The electron

temperature Te of the main plasma is approximately the sarihe for all diameters

and anode currents: T, -z 7 - 8 eV (He) and T, - 4.5 eV (Ar).

In order to analyze the charged particles (electrons and ions) which were

going through the cathode sheath, an electrostatic plasma analyzer was mounted
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on the cathode surface. Its input grid of 2 cm diameter was a part of the cathode

surface (see Fig. 1). By this way one can investigate the potential across the

cathode sheath.

Electrostatic plasma waves were probed by a small dipole antenna movable

inside the plasma, and radiated microwaves were collected by a horn antenna

outside the vacuum vessel. The signals from the antennas were measured by a

spectrum analyzer or transferred through a waveguide section to a microwave

detector.

RESULTS

The scope traces of the total discharge current 1a, which is slightly below

and slightly above the current thresholds, are presented in Figs. 2a and 2b. For

both cathode diameters we observed the same current and voltage threshold (but

note that the same current corresponds to different densities for the different

tube diameters). The RF oscillations appeared to grow up very quickly and the

current modulation was about 100%.

The plasma potential lV and the voltage across the discharge V'• do not

depend significantly on the tube diameter and anode postion, but only on the

discharge current 1a (see Fig. 3). The difference between V, and V, (anode fall)

was less than 50 - 60 V in all investigated current range. Also VS does not depend

significantly on the pressure P in this current range. When P changes from 50

to 700 mTorr. V• changes less than 40 - 50 V. Note that V is in fact very close

to the cathode fall voltage bczause it is measured between the cathode and the

plasma.

In Fig. 4, the dependence of the generation frequency wg/27r of the RF

oscillations on the discharge current 1' is presented for both diameters. The

frequency increases monotonically with the plasma density n, independently of

whether one increases '. or decreases the diameter with the same 'a. The period

of generation 27r 'w, is of the order of the transit time r of the ions moving

through the cathode sheath. In order to estimate r we assume the potential

drop in the cathode sheath is in accord with the Child-Langmuir law. This

assumption is reasonable near the threshold, in which case the cathode sheath

is not significantly disturbed yet. Then 7r ; 7 - 8 A, V -z 350 - 400 V, and
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taking into account that n, near the sheath edge is -' 0.6n, in the undisturbed

plasma, one obtains, with He, 1/-r -_ 22 MHz for the 8.6-cm-diam tube and 42

MHz for the 4.1-cm-diam tube. The experiment.l values are 23 MHz and 30

MHz respectively. With increasing Ia up to 120 A (1V, grows up to 800 V) the

difference between 1/r and wg/27r increases by factor 2 - 3. Qualitatively this

difference may be explained by pondermotive force due to the RF field in the

cathode sheath. This additional force expands the plasma sheath, decreases the

ion density in the sheath, and, therefore, reduces w9.

In order to check the influence of the ion mass, He was replaced by Ar in the

8.6-cm-diam tube. With the same I, the density was increased approximately

by four times and the ion mass ratio -- 10. The generation frequency ,.g,/2-.r is

decreased by factor 1.4 (see Fig. 4) in good accordance with ion transit time

estimates.

The frequency of the RF oscillations does not depend on the pressure P:

if P is changed but n, is kept constant (this is checked by probe), w• does not

change at all. By increasing the pressure up to a certain value, one can stop

the RF generation. The threshold curves for both diameters are presented in

Fig. 5. Within the wide pressure range the starting current and voltage are

the same for both diameters and do not depend on P. (Of course the density

is completely different by factor 5 -7). Increasing P, one can see a sharp edge

whose position increases with decreasing diameter. It means that the threshold

pressure increases with the density (note that I' is kept constant). In other

words. more exactly, the RF generation breaks when the ratio vin!•'9 reaches

0.2 - 0.3 independently of the diameter. Here v/i, is the ion-neutral collision

frequency, Vin = viaiN, vi = (2T1/M) 112 , Ti --- 1 eV (which is the ordinary value

for such plasmas), N is the neutral molecules density, N = 3.6 x 10O6P(Torr).

ai ; 4 x 10-1s cm 2 is the cross section [121. Therefore, one can conclude that

the growth rate of this instability is 7/Uwg Z 0.2 - 0.3. This value is in good

agreement with the scope traces (Fig. 2) where we see a rapid grow up of these

oscillations, practically during the formation of the discharge.-

Experimental evidence for the strong cathode-fall variation was obtained

with the electrostatic charged-particle analyzer which was located at the cathode

(see Fig. 1) and which measured separately the ion and electron currents hitting
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the cathode. The electrostatic analyzer measurements showed directly a signifi-

cant changing ('- 100%) of the cathode fall voltage. The analyzer operated either

in ion collecting mode or in electron collecting mode. In Fig. 6a the ion current

is presented in absence of RF generation (slightly below the threshold). In Fig.

7a the electron current collected by the analyzer is presented under the same con-

ditions. One can see clearly that the electrons do not penetrate into the cathode

sheath if the RF generation does not exist. A completely different picture appears

when the RF generation does exist, as is seen in Fig. 6b and 7b for the ion and

electron analyzer currents respectively (the discharge current was slightly above

the threshold). In Fig. 6c and 7c are shown the same measurements when the

discharge current is even higher. From these figures one can see clearly that in

certain moments the plasma electrons can penetrate into the cathode sheath up

to the cathode wall. It means that in these moments the cathode fall is reduced

to very few electron temperatures Te. Practically it means - 100% reduction

because Te <t V,. If the AC amplitude is equal to the DC cathode fall voltage.,

in certain moments the ion current is restricted and the instability stops. This

point is supported by the total modulation of the discharge current (Fig. 2). It

is noted in Figs. 6b and 6c that the ion current is not totally modulated. This is

because of the relatively-long ion transit time.

In Fig. 8 is shown the plasma density spatial distribution as measured by

the movable probe for the 8.6-cm-diam tube. The results were the same using a

single probe or a double probe. It is seen that the density is maximal near the

tube axis and near the anode. The plasma density is of the order of 1011 - 1012

cm 3

Fig. 9 shows the time evolution of the electrostatic plasma waves spatial

distribution, as probed by a small dipole antenna movable inside the 8.6-cm-diam

tube. The plasma waves are supposed to be transformed into electromagnetic

waves in the microwave range by the plasma inhomogeneity. Fig. 10 shows scope

traces of the RF-modulated discharge current along with the detected microwave

spikes, each emitted at the same phase of the RF period. Finally, in Fig. 11

is shown an example of the wide spectrum measured by a spectrum analyzer of

the microwaves emitted from the 8.6-cm-diam tube for He with a pressure of 70

mTorr. The spectrum is mainly within a certain range above the electron plasma
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frequency, wp< w <. 2wp. It should be noted that due the wide distribution of

plasma densities (Fig. 8) the electron plasma frequency also has a wide range,

Wpe = (47re 2n/m)'/ 2 . The plasma density n depends on the discharge current 1a

and can be written as: n = AI, where A is a geometrical factor which depends

on the tube diameter and on the location inside the tube.

DISCUSSION

The RF oscillations cannot be caused by ionization and de-ionization pro-

cesses because: 1. There was not any frequency dependence on the pressure in the

investigated range. 2. Estimation shows that the decay time is too long. Natu-

rally, even if the recombination coefficient 03 is -- 10-7 cm 3/s 112', the decay time

is much larger than the oscillation period: 7 = (/3n,) 1 , (ne)ma, 5 X 1013

cm- 3 (for the 4.1-cm-diam tube and la = 100 A), "-rin > 200 ns. But the

observed value is 2,-riwg z. 20 ns under the same conditions.

In principle, such RF oscillations can also directly occur due to some kind

of beam-plasma instability in the plasma body: in fact. there is the beam of the

emitted electrons near the cathode siheath (its energy --- V, > T,). But such an

electron flux can cause high frequency oscillations only, w -- Wp•e where w•p is the

electron plasma frequency. However. the observed value is W -- L, where wap is

the ion plasma frequency.

As noted before, the anode position and its area have no influence on the

RF generation. Therefore, the electron current near the anode also cannot cause

this instability.

The cathode sheath disappearance could be caused by strong electron emis-

sion. In this case the ion space charge would be compensated by the emitted

electron space charge. The condition for this is 1131: I Z (M/m)"!2 Ij, where I,

is the emitted electron curren' from the cathode and Ii is the ion current from

the plasma. But in the present case I, =a1i; here a = 0.1 - 0.5 [121 (a is the

secondary emission coefficient, and a < (M/'m) 1 /).

For a possible ,xplanation of the RF experimental results one should take

into account the dynamic aspects of the cathode sheath formation. As is well

known, the plasma-sheath system near a negative wall reaches a stable structure

when the ions arrive at the sheath edge with energies W' > 1T, (the Bohm
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criterion ý141). This condition defines the state of the sheath with a certain

thickness, voltage fall, and charge and electric field distributions. Now suppose

that due to some reasons this balanced state is disturbed. This may be due to

electron-temperature changing in the plasma body or to space-charge disturbance

inside the sheath. Note that the timing of the sheath reaction is determined by

the motion of the massive ions. It is possible that the sheath reaction to the

electron-temperature changing may create a positive feedback which in turn will

lead to sheath instability. This electron-temperature changing may be caused via

the beam-plasma instability by the emitted electrons going through the cathode

fall into the plasma. Typical times for T, changing are few 2,-r/wup which are

much smaller than the ionic response time 2,-wP, and hence the ionic response

time should determine the frequency of oscillation. Alternatively, the balanced

space-charge distribution may be disturbed due to ion flux bunching inside the

sheath. In this case. the interaction of the bunched flux with the electric field

inside the sheath may create av. instability like in conventional microwave electron

tubes [15'. However, the large variations in the sheath voltage and in turn the

variations in the sheath thickness complicates the analysis of this phenomenon.

In any case, both possibilities lead to the same period of oscillations, which is

close to the ion transit time through the sheath.

The microwave radiation that is emitted from the discharge (Figs. 10.11)

appears to be due to the transformation of plasma waves which were measured

inside the plasma (Fig. 9). The beam of primary electrons emitted from the cath-

ode interacts with the discharge plasma. If the velocity of the beam electrons is

high enough to overcome the Landau damping mechanism then they will lead

to a beam-plasma instabiltv. This instability will cause the formation of electro-

static plasma waves. Since the cathode-fall voltage undergoes RF oscillations.

the plasma waves will be modulated with the same frequency. This, in turn, will

cause the iJ" modulation of the microwaves [Fig. 10!. The idea that the emit-

ted microwaves are due to plasma waves created inside the plasma has already

been mentioned briefly by Schumacher and Harvey '9i who opposed the Orbi-

tron interpretation of Alexeff and Dyer [7,81. This latter interpretation depcnds

on the exist,.nce of a thin wire anode, and attributes the microwave generation

to an electromagnetic instability of the electrons orbiting the thin positive wire.
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However, in the present study it was found that the results remain the same even

if one uses a small coin-shaped anode. Also in the present study the microwave

spectrum was found to be rather wide (Fig. 11) while Alexeff and Dyer [7,81

expect, and sometimes claim to observe, narrow peaks. Perhaps some of their

experimental conditions were different from the present study, and they relate to

a different effect, but they do not give sufficient experimental details to allow a

detailed comparison.

Another interpretation of the Orbitron microwave emission was given earlier

by the present group [10], using the idea of stimulated emission of bremsstrahlung.

This mechanism depends on the existence of collisions in the plasma and therefore

should be a function of the gas pressure. However, only later, after the present

project has started, better instrumentation has become available to the present

group. This has allowed a much better time resolution which. in turn, has lead

to the observation of the RF oscillations not seen before. From the threshold

curves (Fig. 5) it is seen that at low pressures the effect is pressure independent.

Also the beam-plasma instability is a collisionless mechanism. Finally, another

alternative explanation for the microwave emission was suggested by Stenzel [117,

based on sheath-plasma resonance near the positive thin-wire anode. However,

this idea is inconsistent with the present experimental observation that the anode.

made also in the form of a coin, could be placed even outside the cylinder (Fig.

1) without changing the experimental results.

CONCLUSIONS

The purpose of the present project was to investigate the microwave emission

mechanism of the Orbitron device. Out of several possible interpretations, the

present study supports the contention that the beam-plasma instability produces

plasma waves which transform into microwaves due to the plasma inhomogeneity.

The microwave emission was found to have a rather wide spectrum above the

electron plasma frequency. This microwave emission was found to be only a

secondary effect to a much stronger effect of RF generation due to a new kind

of instability in the hollow cathode discharge. It was shown to be a collisionless

instability of the cathode sheath, effecting a large reduction of the sheath voltage

and almost 100% modulation of the discharge current. The oscillation frequencies,
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which are in the RF regime (-,- 10 MHz - 100 MHz), are related to the ion transit

time through the sheath. The present device consists of a very simple and small

apparatus, which is magnetic-field free. It was found to produce an output of RF

oscillations at a power of the order of 10 kW in a yet unoptimized device. The

microwave emission, on the other hand, is only a low-power secondary effect, as

only part of the plasma waves transform into electromagnetic waves. In addition,

the emitted microwave radiation is strongly modulated by the RF oscillations.

PUBLICATIONS AND CONFERENCES

The results of this investigation will be presented in a contributed paper

in the 34th Annual Meeting of the Division of Plasma Physics of the American

Physical Society, to be held in Seattle, WA, on 16-20 November, 1992. The ab-

stract of this contribution was published in the Bulletin of the American Physical

Society 37, 1460 (1992), "RF Oscillations and Microwave Generation in a Low-

Pressure Hollow Cathode Discharge", and a copy of it is attached to this report.

An article describing the results of the present study is being prepared and will be

submitted for publication in the Phy ical Review. As a by product, a theoretical

investigation was carried out by the present group on the validity of the Orbitron

model compared to other related effects. This was published in the Journal of

Applied Physics 68, 5981 (1990), "Collision-Induced Resonant Amplification of

Electromagnetic Waves by Electrons in Circular Orbits", and a copy of it is also

attached to this report.
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rj -- O(a)

(b)

.. .. -----

4 1

FIG. 1. Experimental apparatus. (a) and (b) refer to different anode locations. 1 -

cathode cylinder with 8.6 or 4.1 cm diameter; 2 - anode; 3 - movable probe;

4 - shunt capacitor; 5 - pulse generator; 6 - electrostatic analyzer.
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(a)
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.6.

-A f(b)

FIG. 2. Scope traces of discharge current. (a) without RF generation; (b) with RF

generation. Timebase 100 ns/div, sensitivity 4 A/div. The broken lines show

the zero level.
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FIG. 4. Frequency dependence of the RF oscillations on the discharge current.
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FIG. 6. Scope traces of electrostatic analyzer ion current. (a) without RF generation;
(b) discharge current I, slightly over threshold; (c) I,, well above threshold.
Timebase 200 ns/div, sensitivity 10 mA/div.
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Fig. 7. Scope traces of electrostatic analyzer electron current. (a) without RF gen-

eration; (b) discharge current I, slightly over threshold; (c) I, well above

threshold. Timebase 200 ns/div. Sensitivity is 10 mA/div for (a) and (b),

and 20 mA/div for (c).
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Fig. 8. Plasma density spatial distribution for the 8.6-cm-diam tube. x - radial
distance from axis (in cm); y - axdal distance from anode (in cm); z - density
(in relative units). Gas was He with 120 mTorr pressure.
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A,-)

FIG. 10. Scope traces of: (a) the RF-modulated discharge current; (b) the detected

microwave spikes. Timebase 200 ns/div. Sensitivity is 10 A/div for (a) and

10 mV/div for (b). Gas is He with 120 mTorr pressure.
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Collision-induced resonant amplification of electromagnetic waves
by electrons in circular orbits

J. Felsteiner and A. Rosenberg
Department of Physics. Technion-Jsrael Institute of Technology. 32000 Haifa, Israel

(Received 30 April 1990; accepted for publication 24 August 1990)

Electrons moving in circular orbits and colliding with gas atoms interact with a circular
electromagnetic mode. Applying the linearized Boltzmann equation, the known nonresonant-
stimulated bremsstrahlung and the near-resonance Landau effect are obtained. We predict that
resonant electrons moving with angular velocity equal to the azimuthal phase velocity of the
electromagnetic wave can exchange energy with the wave if the momentum transfer cross
section for an electron-atom collision is velocity dependent. Amplification is obtained if the
momentum transfer cross section has a positive slope.

I. INTRODUCTION tion (as was done in Ref. 8), a quite general approach will be
taken. The results derived in the following sections are dif-Electrons encircling positive electrodes had been ap- terent from those of Ben-Aryeh and Postans and can be sum-

plied for producing microwaves in a device called a Helio- marized as follows:
tron.' Two decades later, Alexeff and Dyer introduced the (a) Far from resonance (or without resonance for TE.,
gas Orbitron.2 This device is based on a glow discharge pro- mode- , the known expressions of (single-collision) stimu-
duced between a hollow cylindrical cathode and a positive latec bremsstrahlung theory6 are obtained.
wire anode. The success of the gas Orbitron stimulated re-
search on the vacuum Orbitron.' However, results obtained bNarnan ce th (inverse land dai sdominant for TEl, modes with 1 #F0. The collisions reduce
by other groups'5 raised a debate as to whether the micro-
wave emission of the gas Orbitron is due to the Orbitron both ca tinvand a n ofmthe electr
mechanism suggested in Ref. 2. Schumacher and Harvey' wave caused by the (inverse) Landau damping effect.claimed that the observed radiation is consistent with the (c) At resonance, amplification effected by electron-

atom collisions is predicted. The conditions necessary forgeneration by nonlinear wave-wave coupling of counter- amplification are similar to those reported by Wachtel and
streaming electron plasma waves. Our group' suggested Hirshfield' for electrons at the cyclotron resonance in a
that the gas Orbitron, which basically is a glow-discharge magnetic field.
tube, radiates microwaves by the same mechanism responsi-
ble for the amplification of millimeter waves observed in the II. THEORETICAL MODEL
ne, tive glow of a glow-discharge tube.' This amplification
was explined as stimulated emission of bremsstrahlung in Following Ref. g we start with the linearized Boltzmann
electron-atom collisions, enhanced by the multicollision ef- equation:
fect.' 3f, I f, e E fy

Recently Ben-Aryeh and Postan' tried a unified model, d + V. -- v--at or m 43v
including both the electron-orbit effect and the influence of wherf (V) is the electron distribution in the absence of the
collisions. They assumed electrons moving in circular orbits, rf field perturbation, f, (v,d) is a small perturbation caused
interacting with a circular electromagnetic mode, and collid- by the electromagnetic wave with electric vector E, and v(v)
ing with the background gas atoms. The linearized Boltz- is the eloctromagneti c ollision el ec y. vector tha tmann equation was applied for a specific distribution and is the velocity-dependent collision frequency. Assuming that

mannequtio wa aplie fo a seciic istibuionand the electrons are moving in a circle of radius r with angulartheir results led to the following conclusion: The inverse
Landau damping and the stimulated bremsstrahlung in- velocity coo, then

duced by the collisions are operating in opposite directions v = wo rB, fo (v) =fo (awo),
to each other and tend to have a compensating effect on the and
amplification process. They claim that the inverse Landau
damping is the dominant effect in the Orbitron maser. =,

Although the assumption of a thin annulus of electrons 9v r dwo 0

moving in circular orbits is not appropriate for the glow- so that Eq. (1) becomes
discharge gas Orbitron, one can consider a device in which df, df, eE , df,
such an electron distribution is produced and a controlled -+-= - v(co )f,. (2)
amount of gas is added to effect electron-atom collisions. In dt 390 mr d(o
this paper, the influence of these collisions on the amplifica- In a cylindrical (or coaxial) geometry, electromagnetic
tion (absorption) of electromagnetic waves in such a device modes with E, # 0 can propagate. namely, "1 E,,,
is theoretically investigated. The linearized Boltzmann (I 0. . and TNI, (I = 12. ) For these modes the
equation is applied, but instead of trying a specific distribu- time and angular dependence of E. is
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E - "" - lian distribution. From Eq. (6) we see that the sign of Re{a}

Therefore,!f should also have this dependence, and we ob- is fixed by the integral of af)/adcto over the whole range
tain from Eq. (2): where

-- i(e/mr) 9f. (3) ,0,
= ( a)~ -- ) -- iv 30),. (/W,) -- &)" + l-

The perturbed azimuthal current density J0 is obtained from and it should be noted that for any physical distribution, a
region with f,1 /aw,, >0 is followed by a region where
af,/aow,, < O.

J,,=- en.r 2' wJ, (woo)dtoo, (4) A much clearer physical picture is obtained if the inte-
f= gration is done onf! (w, ). Then one can calculate the contri-

where n, is the electron density. Using Eqs. (3) and (4) the bution of electrons with velocity to, to amplification/ab-
rf conductivity, defined as a = Jo/E,, is calculated: sorption, and conclude which distributionf0 (wo) is optimal

/e2 ner (4) a1  for obtaining amplification. Integration by parts of Eq. (6)
u=k M f -J (l,, - W) - iv-d . (5) yields

For wo <0 there is no resonance (hoo - w 0 0), therefore, / ( , r\ )r
we shall consider only co, > 0, that is, electrons rotating in Re{l} e . j
the same direction as the electromagnetic wave. The integra- M

tion in Eq. (5) will be limited to fd .d--. a{ • .
The amplification/absorption of the electromagnetic X 1 3 o -(/a,) - c): + v (7)

wave is proportional to the real part of the rf conductivity a
as follows:For Re{a} >0, absorption. The collision frequency v is obtained from the momen-For Re{o'} <0, amsorpliftion. tum transfer cross section a,:For Refo} <0, amplification.

Since the effect of collisions is investigated, v-0, and the v' = vnla,,(V) = rw, na 1 (w%1  ), (8)
integrand in Eq. (5) is finite, provided df/&o, is finite (as where n. is the atom density. ao, is the experimentally mea-
should be for a physically possible distribution). This allows sured quantity generally given for electron-atom scattering
us to separate the real part of o, in Eq. (5): (rather than v). A straightforward evaluation of the deriva-

/eInr r) tive in Eq. (7), together with Eq. (8), enables us to express
Re{a} = - I j o, + , -dw, (6) Re{or} in terms ofor% and dor,,/dwo as follows:\m/o(lwo)- W), +• - wo

Obviously, if dfo/dw,, <0 for 0<w,, < cc, Re{a} >0, Re{a}c= - (e n ~n f (9)
and no amplification can be obtained. For example, absorp- M
tion of the electromagnetic wave is predicted for a Maxwel- whereI

ow (3, / 0 ) [ (lw,, - W- ] -
2 a,, U(1o,, - (j)

[ (loo - W) +Vj:]

The amplification of electrons with angular velocity wo is bremsstrahlung in electron-atom (ion) collisions. For low
proportional to G(wto) [absorption for G(wo) <0]. Given collision rates, v4ow, the results are identical to those ob-
the parameters of the electromagnetic wave (wo and 1) and tained later by other methods.' The nonresonant conditions
the type of gas (for which a, is known), the gain function are (1o, - o) 2, vw or 1 = 0. For I = 0 the electromagnetic
G(aoo ) can be calculated. Then, for an'v distributionf0 (woo) mode is TEo,,, for which the electric field E6 is independent
the net gain (or attenuation) can be evaluated. It should be of 0. Therefore, electrons moving in circular orbits, parallel
noted that Eqs. (9) and (10) were derived for electrons to the electric-field vector, should contribute to amplifica-
moving in circular orbits, from the linearized Boltzmann tion as do electrons moving in the direction of the electric
equation, without any approximations. field vector of a plane wave. From Eq. (10), for I = 0 and

to2 v . we obtain

III. APPLICATIONS
In order to demonstrate the physical content of the G(woo)- --7 a + ,

equations derived above, the following regions will be ana- W0 \ w 2 .
lyzed further: Nonresonant interaction, near-resonance in-teraction, and at-resonance interaction. For comparison with the results of Ref. 6, we transformEq. ( I I ) to the energy variable e, defined by
A. Nonresonant stimulated bremsstrahlung F = -mr~w0. (12)

The Boltzmann equation was applied by Bekefi ", to cal- Then the amplification of electrons with energy c is propor-
culate the amplification of a plane wave by stimulated tional to
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- 'l/2 (6a ) (13) energies in the range where edaM/ae + or, < 0, as is evidentG~e) dek-• a•/.(3 from Eq. (13).

This equation is identical to the one obtained in Ref. 6 for The near-resonance Landau interaction is operative in

electrons moving in the direction of the electric vector of the most microwave devices. An initial mistune is necessary for

electromagnetic wave. Note that negative do.,IdE is a neces- obtaining gain, namely, the optimal electron distribution is a

sary condition for obtaining amplification, narrow one, peaked at w, slightly larger than call, as can be
seen in Eq. ( 15). The collisions with gas atoms have a detri-
mental effect on the amplification.

8. Near-resonance Interaction The resonant collision-induced gain is maximal for an
The resonance is obtained when /too - to = 0. Then the initial 6 distribution at the exact resonance (/oi - w = 0).

electrons are moving with angular velocity equal to the azi- However, for real distributions, the mistune Landau effect

muthal phase velocity of the electromagnetic wave. Assume will accompany the collision-induced effect. To compare the

that the distributionf, (woo) is peaked near a resonance. We effects, we calculate by Eq. (15) the ratio between the mis-

definenof near -nance by tune gain G, and the resonant collision-induced gain G, asdefine the condition followssonnc:bfollows:
(lw0 -- t) , 2 (14)

G,, 2WO)wU., (l4w, - Wo)
The gain function ofEq. (10) with the above approximation -- 2
is

2tooo t:, a,, (. a,, ] (-Wo(,o co)

G~ o 1,'4 0'((()) -W '- 1-)2 11f"

The first term ofEq. (15) is zero at exact resonance, positive The term in large parentheses can be evaluated from stan-
above resonance, and negative below resonance. It can be dard atomic data.'' For electrons of about 8 eV, colliding

physically identified with the inverse Landau damping ef- with argon atoms, it is approximately equal to one. Near the
fect: Electrons moving with (angular)t velocity Wo. larger resonance w can be replaced by lw,. The collision frequency

S( v, given by Eq. (8), can be controlled by the gas pressure.
than the (azimuthal) phase velocity of the electromagnetic Hoivenr, v must be limited to comply with the basic as-
wave co/i, make/to, - c) > 0. and amplify the electromagnet- Hoervmsbelitdo opywttebaca-sumption that the electrons are moving in circular orbits.
ic wave, and vice versa, electrons slower than the phase ve- We limit v by requiring that an electron will make ton the
locity absorb energy from the electromagnetic wave.

The effect of collisions on the Landau effect is obvious in average) at least one complete revolution, i.e., v < to,/2-r, so

the first term of Eq. ( 15): Both the Landau and the inverse that

Landau effects are attenuated strongly by the collisions. G•, lwo(lwo --o) (L,, - W/!)- (2,l) :(18)
Since v -wo, a,.,, the (inverse) Landau effect is proportional G ,- (iOo/2 -)" Y W

to v - '. Note that Eq. (15) is exact only near the resonance. The condition G,, Q is obtained when the normalized
If (1w - co)z is larger than %-, Eq. (10) should be used. deviation from resonance (w,) -- to/l)/oo equals 1/(27.r1)2.

For I l I it is + 2.5%. Thus, the resonant collision-induced
C. At-resonance interaction gain will dominate if the electron distribution has a 5%

At resonance the first term of Eq. ( 15) goes to zero, and width and centered at resonance.
the gain function G(w,, can be approximated as The evaluation~of efficiencies should be done on the ba-

sis of a nonlinear model. From the present linear model we
G(w 0 ) z - (16) identify the difficulty of maintaining a 5%-wide distribution

-2 dw, in the presence of collisions. The main nonlinear effect ex-

Thus, at resonance, amplification is obtained if pected is a collision-induced production of bunching in the
dcr•,/dwo > 0. Negative slope a., exists in the noble gases electrons which are initially distributed with random phases
Ne, Ar, Xe, Kr, for electrons with energies of few eV, due to with respect to the electromagnetic wave. This bunching
the Ramsauer effect. should enhance the gain.

The resonant interaction expressed by Eq. (16) is simi-
lar to the effect reported by Wachtel and Hirshfield.' They IV. DISCUSSION
predicted theoretically and found experimentally that elec- There is an interesting difference between the nonreson-
trons within a xenon gas, with energies of few eV, amplify an theresoan e ffets of the non reson-ant and at-resonance effects of the collisions on the interac-
electromagnetic wave at a frequency equal to the cyclotron
frequency of the electrons in the applied magnetic field. tion: Negative 3aM/dw,, is necessary for amplification in the

first case, while a positive da,•/ldw,, is required for the sec-
ond. This is a manifestation of the different physical pro-

D. Effect of the electron distribution cesses involved. In the nonresonant conditions the energy

The gain expected from each type of interaction depends exchange between the electrons and the electromagnetic
on the electron distribution, gas type. and pressure. The non- wave is enabled by the collisions, in the process called "sti-
resonant stimulated bremsstrahlung is effective with broad mulated bremsstrahlung." Here the atoms provide the nec-
electron distributions, provided most of the electrons have essary momentum for the emission (absorption) of photons
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by the electrons. On the other hand, at resonance the re- for the resonant interactions. However, the multicollision-
quired momentum is supplied by the external force which enhanced stimulated bremsstrahlung' can support nonre-
drives the electrons in the circular orbits. Here the role of sonant amplification of electromagnetic waves.
collisions can be explained as follows: For Iwao = w, the elec- The results presented in this paper should be tested in a
trons are rotating with angular velocity equal to the azi- vacuum Orbitron (or Heliotron), to which a controlled
muthal phase velocity of the electromagnetic wave. Half of amount of gas has been added. The main problem expected
the electrons are accelerated and half are decelarated by the in such an experiment is that too high gas pressure might
electric field of the wave, so that there is no net transfer of destroy the needed electron distribution, while with too low
energy. However, if daG/&,io > 0, those electrons which gas pressure the effects of the collisions might be negligible.
have absorbed energy from the wave, have a greater velocity,
therefore a greater probability of being knocked out of the ACKNOWLEDGMENT
circular orbit than those which lose energy to the electro- This work was supported in part by the U.S. Air Force
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