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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 < wp;). 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
(wp. & w X 2wp,.). 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

Y

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 neéative-glow plasma
and generates oscillations at frequencies close to the electron plasma frequency,
wp,. 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 plasn.a frequency. Neither detailed experimen-
tal data nor a theoretical model was provided. Microwave generation in such a
iube 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. 1a). 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-
2, 2-us pulse forming network was charged at 3 to 15 kV, and discharged by a
thyratron switch into the anode through a 0 to 200 §2 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 diameter and 3 mm length) in order to reach a good ion saturation
current. Both probes showed the same results. The plasma density n, 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 10!°], em™3, and n. = 2 x 161°], cm~3 near
the walls (3 mm distance). For the 4.1-cm-diam cathode the density increases
by 5 - 7 times. The plasma dcasity with Ar is approximately 4 times larger
than with He (this was only checked for the 8.6-cm-diam tube). The electron
temperature T, of the main plasma is approximately the same for all diameters
and anode currents: T, = 7 — 8 ¢V (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




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 I,, 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 1, and the voltage across the discharge V, do not
depend significantly on the tube diameter and anode postion, but only on the
discharge current I, (see Fig. 3). The difference between 17, and ¥V, (anode fall)
was less than 50 - 60 V in all investigated current range. Also V}, does not depend
significantly on the pressure P in this current range. When P changes from 50
to 700 mTorr, 1}, changes less than 40 - 50 V. Note that 13 is in fact very close
to the cathode fall voltage because it is measured between the cathode and the
plasma.

In Fig. 4, the dependence of the generation frequency w,/27 of the RF
oscillations on the discharge current I, is presented for both diameters. The
frequenc.y increases monotonically with the plasma density n. independently of
whether one increases I, or decreases the diameter with the same I,. The period
of generation 2mw/w, is of the order of the transit time 7 of the ions moving
through the cathode sheath. In order to estimate 7 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
i1s not significantly disturbed yet. Then 7 = 7 - 8 A, V = 350 - 400 V, and




taking into account that n. near the sheath edge is ~ 0.6n, in the undisturbed
plasma, one obtains, with He, 1/7 =~ 22 MHz for the 8.6-cm-diam tube and 42
MHz for the 4.1-cm-diam tube. The experimentcl values are 23 MHz and 30
MHz respectively. With increasing I, up to 120 A (1} grows up to 800 V) the
difference between 1/7 and wy/27 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 wy.

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 wy/27 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 1, is kept constant). In other
words, more exactly, the RF generation breaks when the ratio vi,/w, reaches
~ 0.2 - 0.3 independently of the diameter. Heré v;, is the ion-neutral collision
frequency, vip, = vioy N, v; = (2Ti/AI)l/2, T; ~ 1 eV (which is the ordinary value
for such plasmas), N is the neutral molecules density, N = 3.6 x 10'® P(Torr).
o; =~ 4 x 1075 cm? is the cross section [12]. Therefore, one can conclude that
the growth rate of this instability is y/wy < 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 analvzer 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.
Ta 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 1s 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 7Tc 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 T.. Practically it means ~ 100% reduction
because T, << 1,. 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 6¢ that the ion current is not totally modulated. This is
because of the relativelv-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 10*! ~ 101!*
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




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,
wp, = (4me*n/m)!/2. The plasma density n depends on the discharge current I,
and can be written as: n = Al, where 4 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 8 is ~ 1077 cm?®/s {12, the decay time
7 is much larger than the oscillation period: 7 = (8n.)7}, (ne)maz = 5 x 1013
cm™? (for the 4.1-cm-diam tube and I, = 100 A), Tmin X 200 ns. But the
observed value is 27/wy = 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 sheath (its energy ~ 13, > T.). But such an
electron flux can cause high frequency oscillations only, w ~ w,,, where w,, is the
electron plasma frequency. However, the observed value is w ~ wy,, where wy, 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

1/21. where I,

electron space charge. The condition for this is [13}: I, X (M/m)
is the emitted electron curren* from the cathode and I; is the ion current from
the plasma. But in the present case I, = al;; here a = 0.1 - 0.5 {12] (a is the
secondary emission coefficient, and a < (M/m)!/?).

For a possible cxplanation 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




criterion {14]). 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 Te changing are few 27 /w,, which are
much smaller than the ionic response time 27,/w;,, 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 ar 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 instabilty. 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 i.}" 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 9} who Bpposed the Orbi-
tron interpretation of Alexeff and Dyer [7,8]. This latter interpretation depends
on the existunce 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 [7,8]
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 [11,,
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 generatic;n 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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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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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. Seasitivity 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); ¥ - axial distance from anode (in cm); z - density

(in relative units). Gas was He with 120 mTorr pressure.
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Fig. 9. Time evolution of spatial distribution of plasma waves for the 8.6-cm-diam

tube. x - radial distance from axis (in ¢m); y — axial distance from anode

(in cm); z - intensity (in relative units). to is 250 ns from start of pulse. At

is 250 ns. Gas was He with 120 mTorr pressure.
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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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ANALYSIS OF SOFT X-RAY SPECTRA FROM SHORT-PULSE LASER-
FRODUCED PLASMAS THAT ARE CANDIDATES FOR A RECOMBINATION
X-RAY LASER*-A.C. Abare, University of Florida
Cainesville; C.J. Keane, L. E' Siiva, R.H. Lee, and 10D,
PerTy, Lavrence Livermore National Laborstory; R.
Falcone, Universicy ot California Berkale &r:epozc
on the analysis of streaked soft x-ray spectra obtained
from the mttfuctios of a short-pulse high-intensity
laser (Ip+0 ) vich neon gas targets. In thesa
experiments long dura:im ¢+l ns) lins radiscion frem
Li- and Ba~like Ne {8 seen in addition to prompt
harmoniic emission. Transitions of the type 2s-np,2pnd
3e-tp, Jp-nd, and Xd-nf are identified. Line ratios
and time histories are analyzed and compared vith those
obtained from simpla modelling codes. Ihe results are
used Co estimate the plasna conditions and datermine

if they are appropriate for producing late-time quasi-
steady—-stata population invecrsions.

*tork performed under the auspices of the U.S.
Department of Energy by lLavrence Livermore National
Laborstory under comtract W-740S-ENG48.
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-] (-] LYy {-) -
duced by an Arbicrary Phocen Pylse Iocident op A Plapar
v, .o 2’}
unnmx_um_zmu_zm_nunu_mn._mmm

The slectromagnetic radiation fisld
produced by tho cloud of accalerating alectrons induced at
& photoelectren saitting surface in vacuum by an atbitrary
(in time) photen pulse i{ncident upon thac surface is deri-
ved analytically from first principles in the nom-
relaciviseic, small-spoc-sizes regime. As & fizsc scep,
non-relaciviatic electron cloud dynamics Ls presented; then
integral sxpressions for the electric and nagnatic flelds
at large bur finics ({.s., “finicely-tesote®) distances
from the cloud are dectived. The fields are calculaced by
directly suaming contributions over individual slectron
trajectories, using exact small-spot recardsd times, rather
thao by the usual technique of firsc forming the electren
eurrent dens{ty and then incegracing it. The resulcing
integral Tepresencations of the fislds are correct to ..rs:
order in v /e and are valid for all non-negative time and
for somawhat long (in space) charge clouds. These
finicely-renote fields are then used to compure asyupcotic
rasdiaction flelds end, subsequently, asymptot.c radiacien
quantities {n the limic of the field paint going to infin-
{cy. Flnally, an illuseracion of our tesults for s con-
scanc (“flac-top®) pulsa i3 presenced.

aR28 illations an Ge ina
Low-Pressure Hollow Cathode Discharge.” J. FersTmNEr, D.

Anzsi, 2. Bap-Lzv, A. Rosmvara, anD Ya. 2. SLUTSKBR,
-d. Generation of lngh-mmmty coher-
eat af oscillations close to the jon plaama frequency (w £ wy) is
observed |2 a low-pressure cylindrical hollow cathode dischazge.
Typical discharge parameters were: Cathode diameter 2 - 9
an, gss pressurs 0.05 — 1 Torr, curzent § - 100 A. Frequency
observed was 20 - 70 MHa. This phenomenou i associsted
with instebility of the cathode sheath which causes modula-
tion of the diacharge curreat of almost 100%. These intense AF
oscillstions are sccompagied by short microwave -pxka, each
emitted at the same phase of the R period. The microwave
radistion hes o ndc spectrum sbove the cectroa plasms fre-
quencey (wy, X w X %, ). This radistion appesrs to be due
to the trasformaticn of electrostatic plaama waves which were
mensured inside the plasma and are sssumed to be driven by
the beam-piagma instability: The beam of primary electrons
emitted from the eathode interacts with the discharge plaams.
Both &7 and microwave geaeration da not depend on the anode
shape, arca, or position (including the Orbitron geometry).
*Work supparted in purt by the U.S. AFOSR (Grant 88-0343).
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SESSION 4S: POSTER SESSION: PARTICLE BEAMS
AND ADVANCED ACCELERATORS

Tuesday afternoon, 17 Novembaear 1992

Fitth Avenue Room at 14:00
as1

R PROBASRA,
Y. SONG, A. FI.SHER" md N. ROSTOKER. Ugi
mmmm CI stellatron bas been for beam

mmuelsmnngvmshummto{mlb\udenm
of 11. uMngum::dlnlmphcmpodnchmbubymg
plisma scart-up. Afrer the completon of accelerasion, the beam oxbrit
was expanded by & spiller ficld and the electrons wers guided toward
naxmcupmby:h&hﬁdi About 1200 oC of eleczron charge
was puided inio dhe port mmmmmw o

]&nlhagz:plpdcmhwﬂnhem

The loss was reduced by shie 1S ransverss
to the rube axis, About 100 nC o dmmanleunﬁvm
the entrance of the exzraction port. Dexailed experimental results will
be presented,

* Work supporred by ONR.
*#Naval Research Laborawey, Washington, DC.

4352 Ideatification of Torojdal Field Errors in Mﬂ.
Betatron Accelerat gf ! P.LOSCHIALPO,* S.J.MARSH Y L.X.
LEN,* T. SMITE,® and C.A. KAPETANAKOS® A newly de-

veloped ptobe has beea used to detect exzors in the torvidal
msgaetic ficdd of the NRL modified betstron. Measurements in-
dicate that the radial field components (errors) ure 0.1 to 1%
of the applied toroidal Beld. Such errors, in the typically 5 kG
toroidal field, can excite resonsnces which drive the besm to the
wall. Two sources of delected field errors are discussed. The
first is due to the discrete nnture of the twelve single turn coils
which generale the toraidal field. Mensurements and computer
calculations jadieate that it's amplitude varies from 0 to 0.2%
as 3 funetd o .auius. This erroris & good suspect for causing
the ex: *ulica of the damaging £ = 12 resonance seen in cur ex-
periments. The other source of ficld etror Is due to the current
feed gaps in the vertical magnetic field coils. A magaetie field is
induced inside the vertical fivld coils’ conductor in the oppodte
direction of the applied toroldal field. Fringe Belds at the gaps
lead to additional field errors which have been mensured as laryge
a3 1.0%.

13upported by ONR and SPAWAR. * Narul Research "abora-
tory, ¥ SFA, lac, ¥ FM Technologies, Inc.

Lsiog Fxieroal Coupied Cavtins — P.R. MENGE, RM. ChGENBACH .
WALTER, C.H. GHING and Y.Y. LAU., intense Energy Beam imersction
Laborstory, Nuciear. Enginsenng Dept., University of Michigan, Amm Amxr,

M/, 48108-2104.~Experiments on slectron Daam ransport through 10 AF
cavities Aave shown that baam breskup (BBU) Instabity gromih can be
reducad by & facr of four when seven irdernal beam caviles are coupied by
coaxisl cable 0 seven sxismel dunimy cavities. The experimens are being
perfonmad wilh 8 long-puics relagvistic s-beam accelerstor, MELBA, (1= 0.5 -
15 us, Ve <0.7 - 0.8 MV, dade currsns » 1+15 kA, extracted cument = 300 A,
varsponad cumrent = 200 A).The expesimant coraists of 10 brass pilbox
cavities L d In & solanoldal fleld (1 « 4 ¥G). Bach cavily
comains 3 microwave coupdng astenna positioned to be sensitive 1o the
TM1g Deam breskup mode which occurs &t 2.5 GHz. The first cavity has Its
TM g mode primed By a 1 kW microwave puise (3 us) trom an extemal
magnevon. Strong growth (38 dB) of the 25 GHz RF measured between
the 274 gnd 108 cavitles has deen cbserved when 8 200 A e-beam is
nhaod o the uncoudied cavity system.! When seven imemal cavives
(39 . 9™ gre coumisd 1o saven idardical external dummy caviles via coanal
microwsve cable. he 2.5 GMI AF growth is reckuced to about 30 €B average.
1) P.A. Mengs, RM. Giigenbach ans RA. Bosch, Agpl Phys. Lar.,
August. 1992

Supported by SOIO-IST twough an ONR contract
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Collision-induced resonant amplification of electromagnetic waves

by electrons in circular orbits
J. Felsteiner and A. Rosenberg

Depariment of Physics, Technion-israel Institute of Technology, 32000 Haifa, Israe!
(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 velacity dependent. Amplification is obtained if the

momentum transfer cross section has a positive slope.

. INTRODUCTION

Electrons encirciing positive electrodes had been ap-
plied for producing microwaves in a device called a Helio-
tron.! Two decades later, Alexeff and Dyer introduced the
gas Orbutron.? This device is based on a glow discharge pro-
duced between a hollow cylindrical cathode and a positive
wire anode. The success of the gas Orbitron stimulated re-
search on the vacuum Orbitron.” However, results obtained
by other groups*® raised a debate as to whether the micro-
wave emission of the gas Orbitron 1s due to the Orbitron
mechanism suggested in Ref. 2. Schumacher and Harvey*
claimed that the observed radiation is consistent with the
generation by nonlinear wave-wave coupling of counter-
streaming electron plasma waves. Our group® suggested
that the gas Orbitron, which basically is a glow-discharge
tube, radiates microwaves by the same mechanism responsi-
ble for the amplification of millimeter waves observed in the
ne, tive glow of a glow-discharge tube.® This amplification
was explained as stimulated emission of bremsstrahlung in
electron-atom collisions, enhanced by the multicollision ef-
fect.

Recently Ben-Aryeh and Postan® tried a unified model,
including both the electron-orbit effect and the influence of
collisions. They assumed electrons moving in circular orbits,
interacting with a circular electromagnetic mode, and collid-
ing with the background gas atoms. The linearized Boltz-
mann equation was applied for a specific distribution and
their results led to the following conclusion: The inverse
Landau damping and the stimulated bremsstrahiung in-
duced by the collisions are operating in opposite directions
to each other and tend to have a compensating effect on the
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
moving in circular orbits is not appropriate for the glow-
discharge gas Orbitron, one can consider a device in which
such an electron distribution is produced and a controlled
amount of gas is added to effect electron-atom collisions. In
this paper, the influence of these collisions on the amplifica-
tion (absorption) of electromagnetic waves in such a device
is theoretically investigated. The linearized Boltzmann
equation is applied, but instead of trying a specific distribu-
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tion (as was done in Ref. 8), a quite general approach will be
taken. The results derived in the following sections are dif-
ferent from those of Ben-Aryeh and Postan® and can be sum-
marized as follows:

(a) Far from resonance (or without resonance for TE,,,
modle, the known expressions of (single-collision) stimu-
lated bremsstrahlung theory® are obtained.

(b) Near resonance the (inverse) Landau damping is
dominant for TE,, modes with / 0. The collisions reduce
both amplification and absorption of the electromagnetic
wave caused by the (inverse) Landau damping effect.

(¢) At resonance, amplification effected by electron-
atom collisions is predicted. The conditions necessary for
amplification are similar to those reported by Wachtel and
Hirshfield” for electrons at the cyclotron resonance in a
magnetic field.

Il. THEORETICAL MODEL

Following Ref. 8 we start with the linearized Boltzmann
equation:

afl afl e aﬂ)
A —— _ = 1
o T o i (h

where f, (v) is the electron distribution in the absence of the
tf field perturbation, £, {v,7) is a small perturbation caused
by the electromagnetic wave with electric vector E, and v(v)
is the velocity-dependent collision frequency. Assuming that
the electrons are moving in a circle of radius r with angular
velocity w,, then

v=w,rb, fo(v) =fy(wy),
and

I 1%,

N r dw,

so that Eq. (1) becomes
i dfi  eE, dfy

— twy— = —— —— = ~v(wy)f,. )

ar 56 viwo )y

In a cylindnical (or coaxial) geometry, electromagnetic
modes with E,#0 can propagate. namely, 1E,
(/=0.1.2...) and TM,, (! = 1,2,...). For these modes the
time and angular dependence of E,, is
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E() ~e~ Hant — Itl)'
Therefore, f, should also have this dependence, and we ob-
tain from Eq. (2):

f = _ite/mn) o
o He/mn) Yo

= - (3)
(lwy — w) — Iv Bw,y

The perturbed azimuthal current density J,, is obtained from
f' :
J,= — en‘.rzf wuf, (wy)dw,, (4

where n, is the electron density. Using Egs. (3) and (4) the
rf conductivity, defined as o = J,/E,,, is calculated:

2 + o« ’ a
o:.(e"")f @ 9 dw,. (5

m w (lwy, — @) — v dw,

For w, <0 there is no resonance (lw, — w#0), therefore,
we shall consider only w, > O, that 1s, electrons rotating in
the same direction as the electromagnetic wave. The integra-
tion in Eq. (5) will be limited to §§ dw,.

The amplification/absorption of the electromagnetic
wave is proportional to the real part of the rf conductivity o
as follows:

Far Re{o} >0, absorption.

For Re{c} <0, amplification.

Since the effect of collisions is investigated, v=0, and the
integrand 1n Eq. (5) is finite, provided dy, /6w, is finite (as
should be for a physically possible distribution). This allows
us to separate the real part of o in Eq. (5):

: - = € ’ a;)
Re{o} = -—<en‘r)f Do’ d dw,. (6)
(V]

m (lwy — w)* + 17 Jwy
Obviously, if df, /8w, <0 for 0 <w, < «, Re{o} >0,

and no amplification can be obtained. For example, absorp-
tion of the electromagnetic wave is predicted for a Maxwel-

1

Wy (80 /0wy ) [ Uw,, ~ 0)’ — 7] = 200, (I, — ©)

lian distribution. From Eq. (6) we see that the sign of Re{c}
is fixed by the integral of df,/dw, over the whole range
where

Wq v

(I‘Uo - ‘U)Z + e
and it should be noted that for any physical distribution, a
region with df,/dw, >0 is foliowed by a region where
aﬁ) /aw“ <0.

A much clearer physical picture is obtained if the inte-
gration is done on f; (w, ). Then one can calculate the contri-
bution of electrons with velocity w, to amplification/ab-
sorption, and conclude which distribution £, («w, ) is optimal
for obtaining amplification. Integration by parts of Eq. (6)

yields
Re{o} =< )L‘f"(w”)

a W, v
x (______) do,. 7
dwy \ (lwy — ) ++°

The collision frequency v is obtained from the momen-
tum transfer cross section oy,

,
en,r
m

v=un,0,(0) = rogn,ou(w,), (8)

where 1, is the atom density. o, is the experimentally mea-
sured quantity generally given for electron-atom scattering
(rather than v). A straightforward evaluation of the deriva-
tivein Eq. (7), together with Eq. (8), enables us to express
Re{o} in terms of oy, and do,,/dw, as follows:

Re(o} =

en.n,ry =
——_—)f /;)(Q)U)G(u)())da)”, (9)
o

m
where

Glwy) = ~w,
(@) @o [Uw, — ) +17]?

The ampilification of electrons with angular velocity w, is
proportional to G(w, ) [absorption for G{w, ) <0]. Given
the parameters of the electromagnetic wave (w and /) and
the type of gas (for which a,, is known), the gain function
G(w, ) can be calculated. Then, for any distribution £ (w, )
the net gain (or attenuation) can be evaluated. It should be
noted that Eqs. (9) and (10) were derived for electrons
moving in circular orbits, from the linearized Boltzmann
equation, without any approximations.

lll. APPLICATIONS

In order to demonstrate the physical content of the
equations derived above, the following regions will be ana-
lvzed further: Nonresonant interaction, near-resonance in-
teraction, and at-resonance interaction.

A. Nonresonant stimulated bremsstrahiung

The Boltzmann equation was applied by Bekefi'" to cal-
culate the amplification of a plane wave by stimulated

5982 J. Appl Phys., Vol. 68, No. 12, 15 December 1990

(10)

r

bremsstrahlung in electron-atom (ion) collisions. For low
collision rates, v<£w, the results are identical to those ob-
tained later by other methods.® The nonresonant conditions
are (lwy, — w)*» v* or [ = 0. For [ = 0 the electromagnetic
mode is TE,,, for which the electric field E, is independent
of 8. Therefore, electrons moving in circular orbits, parallel
to the electric-field vector, should contribute to amplifica-
tion as do electrons moving in the direction of the electric
field vector of a plane wave. From Eq. (10), for / = 0 and
w’>1" we obtain

do,
G(w,,)e—-"li(wu °'+2a‘,>. (i

i Wy
For comparison with the results of Ref. 6, we transform
Eq. (11) to the energy variable ¢, defined by
€= mrwg. (12)

Then the amplification of electrons with energy ¢ is propor-
tional to

J. Felsteiner and A Rosenberg 5982
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Gle)~ —-e"’(eﬂ—f-a,,). (13)
de

This equation is identical to the one obtained in Ref. 6 for

electrons moving in the direction of the electric vecior of the

electromagnetic wave. Note that negative do,,/de is a neces-

sary condition for obtaining amplification.

B. Near-resonance interaction

The resonance is obtained when /o, — @ = 0. Then the
electrons are moving with angular velocity equal to the azi-
muthal phase velocity of the electromagnetic wave. Assume
that the distribution f, (w, ) is peaked near a resonance. We
define the condition of near resonance by

w, — w) V", (14)

The gain function of Eq. (10) with the above approximaton
is

2wy w) do,,
oy lw, — .

G(wo )=

" (15
The first term of Eq. ( 15) 1s zero at exact resonance, positive
above resonance, and negative below resonance. It can be
physically identified with the inverse Landau damping ef-
fect: Electrons moving with (angular) velocity o, larger
than the (azimuthal) phase velocity of the electromagnetic
wave w/l, make lw, — w > 0, and amplify the electromagnet-
ic wave, and vice versa, electrons slower than the phase ve-
locity absorb energy from the electromagnetic wave.

The effect of collisions on the Landau effect 1s obvious in
the first term of Eq. (15): Both the Landau and the inverse
Landau effects are attenuated strongly by the collisions.
Since v~wqy0 4, the (inverse) Landau effect 1s proportional
10+~ . Note that Eq. (15) is exact only near the resonance.
If (lw, — w)? is larger than 17, Eq. (10) should be used.

C. At-resonance interaction

At resonance the first term of Eq. (15) goes to zero, and
the gain function G(w, ) can be approximated as ’

wy do
Glwy) = — —2L (16)
v dw,
Thus, at resonance, amplification s obtained if

do /0w, > 0. Negative slope o,, exists in the noble gases
Ne, Ar, Xe, Kr, for electrons with energies of few eV, due to
the Ramsauer effect.

The resonant interaction expressed by Eq. (16) is simi-
lar to the effect reported by Wachtel and Hirshfield.” They
predicted theoretically and found experimentally that elec-
trons within a xenon gas, with energies of few eV, amplify an
electromagnetic wave at a frequency equal to the cyclotron
frequency of the electrons in the applied magnetic field.

D. Effect of the electron distribution

The gain expected from each type of interaction depends
on the electron distribution, gas type, and pressure. The non-
resonant stimulated bremsstrahlung is effective with broad
electron distributions, provided most of the electrons have

5983 J. Appl. Phys ., Vol 68 No 12. 15 December 1990

energies in the range where ¢do,,/de + o,, <0, as is evident
from Eq. (13).

The near-resonance Landau interaction is operative in
most microwave devices. An initial mistune is necessary for
obtaining gain, namely, the optimal electron distribution is a
narrow one, peaked at w, slightly larger than w//, as can be
seen in Eq. (15). The coliisions with gas atoms have a detri-
mental effect on the amplification.

The resonant collision-induced gain is maximal for an
initial & distribution at the exact resonance (lw, — w = 0).
However, for real distributions, the mistune Landau effect
will accompany the collision-induced effect. To compare the
effects, we calculate by Eq. (15) the ratio between the mis-
tune gain G,, and the resonant collision-induced gain G as
follows:

G, 2wywo,llo, - w)

Ec_ Vg (80 /0w, )

_( o, ) w(lo, ~ o)
€(d0,,/0¢) 12 i

The term in large parentheses can be evaluated from stan-
dard atomic data.'' For electrons of about 8 eV, colliding
with argon atoms, it is approximately equal to one. Near the
resonance o can be replaced by /w,. The collision frequency
v, given by Eq. (8), can be controlled by the gas pressure.
However, v must be limited 10 comply with the basic as-
sumption that the electrons are moving in circular orbits.
We himit v by requiring that an electron will make (on the
average) at least one complete revolution, i.e., v < wy /27, 50
that

(17

G, _ lw, (lwy, — w) B

MR (2

G (w/27)° i} W,

The condition G,,; =G is obtained when the normalized
deviation from resonance (w, — w/{)/w, equals 1/(2x!)".
Fort= 1itis + 2.5%. Thus, the resonant collision-induced
gain will dominate if the electron distribution has a 5%
width and centered at resonance.

The evaluation’of efficiencies should be done on the ba-
sis of a nonlinear model. From the present linear model we
identify the difficulty of maintaining a 5%-wide distribution
in the presence of collisions. The main nonlinear effect ex-
pected is a collision-induced production of bunching in the
electrons which are initially distributed with random phases
with respect to the electromagnetic wave. This bunching
should enhance the gain.

oy = w/l
py e — @D (18)

IV. DISCUSSION

There is an interesting difference between the nonreson-
ant and at-resonance effects of the collisions on the interac-
tion: Negative do,, /dw, is necessary for amplification in the
first case, while a positive do, /3w, is required for the sec-
ond. This is a manifestation of the different physical pro-
cesses involved. In the nonresonant conditions the energy
exchange between the electrons and the electromagnetic
wave is enabled by the collisions, in the process called “'sti-
mulated bremsstrahlung.” Here the atoms provide the nec-
essary momentum for the emission {absorption) of photons
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by the electrons. On the other hand, at resonance the re-
quired momentum is supplied by the external force which
drives the electrons in the circular orbits. Here the role of
collisions can be explained as follows: For lw, = w the elec-
trons are rotating with angular velocity equal to the azi-
muthal phase velocity of the electromagnetic wave. Half of
the electrons are accelerated and half are decelarated by the
electric field of the wave, so that there is no net transfer of
energy. However, if do,,/dw, >0, those electrons which
have absorbed energy from the wave, have a greater velocity,
therefore a greater probability of being knocked out of the
circular orbit than those which lose energy to the electro-
magnetic wave and become slower. The result is a net trans-
fer of energy from the electrons to the electromagnetic wave,
i.e., amplification.

In view of the above, the resonant processes are not “sti-
mulated bremsstrahlung™ although they are effected by the
collisions. The near-resonance Landau effect was obtained
for a specific distribution by Ben-Aryeh and Postan.® How-
ever they seem to have misinterpreted their result [Eq. (11)
of Ref. 8}, namely, itis not the ““stimulated bremsstrahlung”
which opposes the Landau effect, but rather the attenuation
of the Landau effect caused by collisions, as expressed quite
generally in Eq. (15). Note also that the electron-radiation
interaction is zero for lw, = w, accordingto Eq. (11) of Ref.
8. The resonant effect of Eq. (16) seems to have been lost in
the approximations of Ref. 8.

The theoretical results derived above cannot explain the
microwave emission of the gas Orbitron, since the required
distribution is not supposed to exist in a gas discharge. The
electron distribution is broad and not peaked as necessary

5584 J. Appt. Phys., Vol. 68, No. 12, 15 Dacember 1990

28

for the resonant interactions. However, the multicollision-
enhanced stimulated bremsstrahlung’ can support nonre-
sonant amplification of electromagnetic waves.

The results presented in this paper should be tested in a
vacuum Orbitron (or Heliotron), to which a controlled
amount of gas has been added. The main problem expected
in such an experiment is that too high gas pressure might
destroy the needed electron distribution, while with too low
gas pressure the effects of the collisions might be negligible.
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