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Abstract— A cyclotron-resonance maser (CRM) oscillator ex-
periment in which a spiraling electron beam interacts with a
transverse electromagnetic wave in a nondispersive waveguide
is presented. The experiment employs a low-energy (<5 keV)
low-current (<1 A) electron beam in a two-wire (Lecher type)
waveguide. The microwave output frequency is tuned in this
experiment by the axial magnetic field in the range 3.5-6.0 GHz.
A second harmonic emission is observed at ~7 GHz. CRM theory
shows that in a free-space TEM-mode interaction, the gain might
be canceled due to the equal and opposite effects of the axial
(Weibel) and the azimuthal bunching mechanisms. This balance
is violated in the large transverse velocity regime (V. > V.) in
which our experiment operates. The tunability measurements of
the CRM oscillator experiment in the nondispersive waveguide
are discussed in view of the CRM theory.

I. INTRODUCTION

HE CYCLOTRON resonance maser (CRM) is well

known as a high-power source of millimeter waves [1].
Early studies of the cyclotron resonance interaction were
conducted in the late 1950’s [2]-[4]. These studies were
followed by various related experiments [5}-[10], including a
demonstration of a CRM oscillator [7].

Relativistic electron beams were used in CRM experiments
[11] in order to obtain high-power coherent millimeter waves.
The gyrotron [12]-[16] was developed as a practical source for
millimeter and submillimeter waves based on the cyclotron
resonance interaction. Superconducting magnets are used in
some gyrotron devices in order to increase the resonance
frequency. The practical limit of the magnetic field strength
motivates an intensive study of high-harmonic operation of
cyclotron resonance masers [13], [17]-[20]. Another approach
to increase the radiation frequency is by using the Doppler

Manuscript received August 7, 1995; revised February 23, 1996. This work
was supported by the Israeli Ministry of Energy and the Belfer Foundation
for Energy Research, the Israeli Ministry of Science, the Israeli Academy of
Science, and the Avraham Schaterman Foundation.

E. Jerby, A. Shahadi, R. Drori, M. Korol, M. Einat, M. Sheinin, V. Dikhtiar,
V. Grinberg, and M. Bensal are with the Faculty of Engineering, Tel Aviv
University, Ramat Aviv 69978 Israel (e-mail: jerby @taunivm.tau.ac.il).

T. Harhel and Y. Baron are with the Technical College, Tel Aviv University,
Ramat Aviv 69978 Israel.

A. Fruchtman is with the Center for Technological Education, Holon, Isracl.

V. L. Granatstein is with the University of Maryland, College Park, MD
20742 USA.

G. Bekefi, deceased, was with the Department of Physics and Research
Laboratory. of Electronics, Massachusetts Institute of Technology, Cambridge,
MA 02139 USA.

Publisher Item Identifier S 0093-3813(96)05188-0.

upshift in a cyclotron autoresonance maser (CARM) scheme
[15], [21]-[23]. Recent theoretical studies on CRM and CARM
interactions include nonlinear and self-consistent analysis,
electron space charge effects, nonuniform magnetic fields,
gyro-harmonic operation, and stability analysis [15], [24]-[29].
A gyrophase coherent electron beam has been proposed in
order to increase the radiation gain [30].

The main interest of CRM studies has been fast-wave
devices operating with TE and TM waveguide modes. Slow-
wave cyclotron masers [31]-[38] have been investigated in
various dielectric waveguides in order to increase the interac-
tion bandwidth and to reduce the electron beam energy. The
dominant mechanism of the slow-wave cyclotron maser is the
axial bunching effect, known as the Weibel interaction. This ef-
fect opposes the azimuthal bunching effect which dominates in
the fast-wave CRM interaction [39]. The periodic-waveguide
cyclotron maser [40]-{43] is a device which can operate in
both fast- and slow-wave modes. It has been demonstrated
recently in amplifier [40] and oscillator [41], [42] experiments.
A theoretical analysis of the periodic-waveguide cyclotron
maser shows that it may operate in a fast-wave mode without
an initial electron transverse velocity component [43].

Studies of CRM interactions with TEM waves were con-
ducted early in the 1970’s. In the low-gain regime, the TEM-
wave interaction is expected to be weaker than with other
modes [44], [45]. A CRM oscillator experiment operating
in a Fabry—Perot cavity is described in [46]. It defines the
condition for a CRM amplification in free-space as V7 > 2V,c,
where V| and V, are the electron perpendicular and axial
velocity components. Other CRM experiments in Fabry-Perot
resonators are reported in [47] and [48]. Theoretical studies
of CRM interactions with TEM waves are devoted mainly to
free-space propagation and to open resonators [49]-[54].

In this paper we describe a low-voltage table-top’ CRM
oscillator in a nondispersive parallel-line waveguide which
supports TEM waves. (To our best knowledge, this is the
first CRM experiment reported in this scheme.) Radiation is
observed in this experiment in a wide range of frequencies.
The instability occurs whenever the electron beam acquires a
large transverse velocity by a magnetic kicker at the entrance
to the interaction region (pote that the CRM theory does
not predict gain in free-space TEM modes, except for the
V. > V, limit). A considerable emission at the second
harmonic is observed as well. Theoretical aspects of the TEM-
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Fig. 1. Schematic of the TEM-mode cyclotron maser device.

mode cyclotron interaction are discussed in Section II. The
experiment and its results are presented in Sections III and
IV, respectively.

II. THEORETICAL BACKGROUND

The cyclotron device used in our experiment is shown in
Fig. 1 [55]. The metallic waveguide consists of a rectangular
tube along which two parallel wires support odd and even
TEM modes at frequencies below the empty waveguide cutoff.
The feedback for oscillation buildup is provided by two
metallic mirrors at both ends of the waveguide. A low-
energy electron beam is orbiting in an externally applied
axial magnetic field. The orbiting motion of the electrons
couples them synchronously to the electromagnetic wave in
the nondispersive waveguide.

The tuning relation of the cyclotron interaction is given in
general by

w = nw, £ V,k, 0y

where w = kc is the electromagnetic (EM) wave angular
frequency, k, is the axial wavenumber, and n is the harmonic
order. The 4 signs correspond to interactions with forward and
backward waves, as shown in the tuning diagram in Fig. 2. The
angular cyclotron frequency is

we=—"08o 2
ym

where e,m, and v are the electron charge, mass, and rel-
ativistic factor, respectively, and By is the axial magnetic
field.

The cyclotron interaction is described in the linear regime by
a fourth-order Pierce-type dispersion equation [39], [43]. The
transfer ratio of the electromagnetic wave at the fundamental
harmonic (n = 1) along the interaction region is given in the
Laplace complex-plane by

o (5= k)W — we) + Vas]?
Toe) = @ - wo) 7 Vol = Qule, )

3

where the s variable is defined as a complex wavenumber
in accordance with the known Laplace transform, 7'(s) =
I6° T(z)e™** dz. The coupling term between the EM wave
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Fig. 2. The tuning diagram of the cyclotron interaction with a TEM wave.

and the cycling electron beam is

. wZ
Qulo10) = 5] (o 4 Vel = wr) + 2

2
+ %(82 + kQ)}. )

The effective electron plasma frequency is wp, =
(e?noFy/egym)t/?, where ¢y is the vacuum dielectric
permittivity, no is the electron beam density, and Fy is
the effective filling-factor of the ¢ beam in the interaction
cross section.

The coupling term Q.(s,w) incorporates four different
effects, each dominates in a different parameter regime as
described in [39] and [43]. For a zero initial transverse electron
velocity component (V, = 0), the term (jw + V,s) in (4)
represents the cyclotron absorption effect for w > |V, 5| (as in
our experiment). The opposite may occur in dielectric-loaded
cyclotron masers [31]1-[38], or periodic-waveguide cyclotron
masers [40]-[43], in which the phase velocity of the EM wave
might be considerably slow. Thus, for w < |V s| and w. <0,
a net amplification may be obtained without an initial rotation
of the e beam (i.e., V| = 0). This mechanism is associated
with the anomalous Doppler effect [56].

For Vi # 0, the term V(s + k2) in (4) describes
two opposing bunching mechanisms. The azimuthal bunching,
represented by k2, is the dominant amplification mechanism
in the fast-wave cyclotron resonance interaction in uniform
unloaded waveguides (where |s| < k). The axial bunching
(Weibel) effect, represented by s2, is the dominant amplifi-
cation mechanism in the dielectric-loaded slow-wave (|s| > k)
cyclotron interaction [31]-[38].

Fig. 3 shows the Lorentz force components which generate
the azimuthal and the axial bunching effects, where E |
and B, denote the transverse electric and magnetic field
components of a TEM plane wave in free-space. The azimuthal
bunching stems from the stationary V| . E; product near
the cyclotron resonance. The corresponding transverse force
F modulates the electron energy (¥ = —(e/me2)V, - E])
and slightly varies the cyclotron frequency (2) for electrons
in different phases. This relativistic effect occurs also in
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plane wave

Fig. 3.
action.

The azimuthal and axial force components of the TEM—CRM inter-

low-energy CRM’s (as in our 5 keV experiment). The axial-
bunching Weibel effect stems from the F, = —eV | X B
axial force component as in the ubitron—-FEL (free electron
laser) interaction.

In a free-space TEM mode, V,, = ¢, the approximate
tuning relation (1) for forward or backward waves (k, = +k,
respectively) is

NWe

=TV

(5)
The term s2 + k2 in (4) is small in this case since s = £jk.
Hence, the azimuthal and the axial bunching effects are almost
equal and opposite and they tend to cancel one another. An
analysis of (3) and (4) shows that the EM wave energy is
absorbed in the cyclotron interaction by the ¢ beam, unless the
initial transverse velocity of the electrons is extremely large
[15], [46]). The condition for a forward wave amplification in
this case is

Vi>y/Vi(e= V). ©)

This result differs by a factor of two from a similar known
condition [15] due to the inclusion of nonresonant terms in the
small-signal analysis here (see [15, Sec. 6]). In this condition
(6), the power growth rate of the amplified quasi-TEM wave
results from (3) and (4) as

1 1
'out E ZPin €xXp [2—6‘*)171“7-0 Vf - V;(C - sz)} (7)

where P, and P, are the input and output EM wave power,
respectively, and 79 = L/V, is the electron transit time in the
interaction region.

For a large pitch ratio (V. /V, > 1), the empty-waveguide
TEM mode is modified in the bound interaction region to a
quasi-TEM wave (|s| £ k, according to the dispersion relation
(3) poles). The dielectric properties of the rotating electron
beam violate the balance of the axial and the azimuthal
bunching effects, and a net gain is feasible.
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Fig. 4. Power growth of the TEM—cyclotron interaction with the forward
and backward wave versus the pitch ratio Vi /V;.
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Fig. 5. The TEM-CRM oscillator experimental device.

For a nonrelativistic electron beam, the amplification condi-
tion in (6) dictates a very small axial velocity of the electron
beam. Hence, the Doppler shift in (5) is relatively small, and
w ~ w,. In addition, the electron transit time in the interaction
region, 7y, becomes larger for a given interaction length. For
instance, a 5-keV electron beam (3 ~ 0.14) should propagate
with 8, <0.02 (19 >0.15 us per meter) in order to satisfy
the amplification condition of (6), where 3, = V./c. The
relatively long transit time of the electrons in the interaction
region in this scheme intensifies the effect of the electron
density [according to w,,Tg in (7)], and consequently increases
the amplification.

Fig. 4 shows the power growth of forward (w > w.) and
backward (w < w,.) waves computed numerically by (3) and
(4) for the experimental parameters given in Table I. The
power growth rates are presented in Fig. 4 with respect to
the pitch ratio V| /V,. The results show that the cyclotron
interaction with a backward wave produces a significant power
growth for a pitch ratio of V| /V, > 6, whereas the interaction
with a forward wave requires a pitch ratio of V| /V, > 10
for amplification. The CRM synchronism with the backward
wave may also excite an absolute instability [29]. Otherwise,
oscillations may build up by the feedback mechanism provided
by the cavity mirrors and the CRM amplifying medium.
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Fig. 6. The even (a) and odd (b) TEM modes of the parallel-line waveguide.

III. EXPERIMENTAL SETUP

A general view of the table-top experimental CRM device
is shown in Fig. 5. The apparatus is based on the setup of the
periodic-waveguide CRM experiment at Tel Aviv University
[42]. This setup is used for various CRM experiments, and
for a low-voltage free-electron maser experiment [57]. The
oscillator tube consists of a planar-diode electron gun, a
nondispersive parallel-line waveguide (shown in Fig. 1), a
solenoid, and a kicker electromagnet which imparts transverse
velocity to the electrons. A low-energy electron beam (<5
keV) is injected into the waveguide and interacts with the
TEM wave. The uniform solenoidal magnetic field maintains
the electron cyclotron motion along its axis. The electron beam
is dumped at the exit of the interaction region onto a collector
which is also used to measure the electron current.

Three synchronized pulsers generate the solenoid, the e-gun,
and the kicker pulses, as described in [42]. The e-gun high-
voltage pulser (5 kV, 1 A, 1 ms) [58] and the high-current
kicker pulser are triggered at the peak of the 25-ms width
solenoid pulse.

The TEM-mode waveguide shown in Fig. 1 consists of
two metal wires stretched along a standard WR90 rectan-
gular waveguide. The wires are supported by two small
ceramic (Macor) holders at the center of the waveguide.
The dimensions of the waveguide are given in Table L
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TABLE I
TEM-CRM EXPERIMENTAL PARAMETERS
electron beam
energy <5 [keV]
current <1 [A]
pulsewidth ~1 [ms]
Magnetic field
solenoid 1-3 [kG]
kicker ~20 [kA turns]
TEM waveguide
rectangular tube 09 x 0.4 [inch?]
length 75 [cm]
parallel wires:
wire diameter 1.9 [mm]
distance between centers 11 [mm)]
Frequency range
first harmonic 3.5-6 [GHz]
second harmonic ~7 [GHz]

RF outed
RF
LO . Spiltter Attenuator
Mixer
IF Detector
To Scope
To Scope

Fig. 7. The microwave diagnostic setup. The radiation is coupled out and
split to a frequency heterodyne arm and to a power detector arm.

The computed transverse profiles of the even and odd TEM
modes of the parallel-line waveguide, shown in Fig. 6(a)
and (b), respectively, are derived from the Laplace equation
with the appropriate boundary conditions. The impedance of
the parallel-line waveguide in both odd and even modes is
measured and calculated to be ~0.2 kf).

The waveguide is terminated in the CRM oscillator by two
partial mirrors at both ends. The mirror near the electron gun
has a hole at the center for the electron beam entrance. The
mirror at the collector has an SMA (50 2) RF connector
attached to each wire. These terminations form a cavity
with a low quality factor (@ <200). Cold measurements
(in the absence of the electron beam) of the parallel-line
waveguide were done on an HP8575A network analyzer [42].
The transmission and reflection measurements of the 75-cm
long cavity show resonance frequencies separated by ~200
MHz. The axial modes are almost equally spaced in the
frequency domain except for a small deviation related to the
reactive loads at the ends of the waveguide.
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Fig. 8. Typical experimental results of the TEM~CRM oscillator. (a) The electron gun voltage. (b) The electron beam current measured in the collector.
(c) The microwave detected output power. (d) The heterodyne mixer output.

The low-energy electron beam is generated by a simple
planar diode electron gun, which consists of a dispenser
thermionic cathode (Spectra-Mat, STD200) and a planar an-
ode. The electron beam diameter is 4 mm and its filling
factor for the odd TEM-mode in Fig. 6(b) is found to be
Fy = 0.026. The electron optics shown schematically in
Fig. 5 consists of a kicker coil which spins up the electron
beam. A 1-2 kG solenoidal field is induced along the beam
axis. The axial solenoid field drops at the ends (hence, the
coherence of the cyclotron frequency is slightly degraded).
The waveguide terminated by a collector section is connected
to ground. through a 10-Q resistor. The voltage drop on this

resistor during the pulse yields the electron current. The effect
of the Kicker coil as a means to spin up the electrons is studied
by a trajectory simulation. The simulation shows that a portion
of the electron beam is completely stopped in the z direction.
The entire kinetic energy of these electrons is transferred from
the initial V, velocity component to V, by the kicker action
(thus their pitch ratio is V /V, — o). Another portion of the
electron beam satisfies the CRM amplification condition (6).
The rest of the electrons have a large spread in V.

The RF power generated in the cyclotron oscillator is
detected by the apparatus shown in Fig. 7. The output signal
is sampled by a small dipole antenna leading into a WR187
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Fig. 9. The linewidth of the CRM oscillator. The dots represent the mixer IF
output (rms) for different LO frequencies in various shots. The axial magnetic
field is Bo = 1.52 kG.

waveguide section which acts as a high-pass filter (its cutoff
frequency is 3.15 GHz). The signal is received by a coaxial
probe and is split into two arms. In the power measurement
arm the signal is attenuated and detected by an HP8474C
power detector. In the heterodyne measurement arm the signal
is mixed with a fixed local-oscillator (LO) signal from an
external RF oscillator. The mixer output is filtered by the
internal 20-MHz low-pass filter of a Tektronix TDS 540 digital
oscilloscope. This heterodyne measurement shows the spectral
contents of the CRM oscillator output shifted by the LO
frequency. Typical output signal measurements are presented
in the next section.

IV. EXPERIMENTAL RESULTS

Typical results of the CRM oscillator experiment are shown
in Fig. 8(a), (b), (c), and (d). Fig. 8(a) and (b) shows the
electron gun voltage variation during the pulse and the cor-
responding electron beam current measured in the collector
section, respectively. Fig. 8(c) and (d) shows the microwave
power detector output and the corresponding microwave het-
erodyne detection output, respectively. The output signal of the
mixer shown in Fig. 8(d) is observed with an LO frequency
of fro = 4.4 GHz and a solenoid field of By = 1.6 kG. The
corresponding cyclotron frequency (f. 2 4.7 GHz) is slightly
higher than the radiation frequency.

The spectral content of the CRM oscillator emission is
measured by varying the LO frequency from pulse to pulse
with the same axial magnetic field. The dots in Fig. 9 rep-
resent the rms values of the mixer IF-output in different LO
frequencies. The axial magnetic field in these runs is By = 1.5
kG, which corresponds to f. = 4.2 GHz. According to the
tuning relation of (5), f = nf./(1 £ 3,), the deviation of the
center frequency in Fig. 9, f = 4.05 GHz, from the cyclotron
frequency corresponds to 3, = 0.04, and to an interaction
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with a backward wave. Consequently, the CRM operates with
a pitch ratio V| /V, > 2.5. The total electron velocity in this
experiment is |V| 2 0.11¢, and most of it is imparted to the
transverse cyclotron motion in agreement with theory (Fig. 4).
The CRM linewidth (full width at half maximum) is measured
in Fig. 9 tobe A f = 0.1 GHz. The axial velocity spread which
may cause this line widening is AS, = 0.02 [assuming that
AB. ~ (1 - B,)?Aw/w, as results from (5)].

Radiation bursts at second-harmonic frequencies are ob-
setved in different axial magnetic fields. Fig. 10 shows the
second-harmonic spectral content as measured by varying the
LO frequency from pulse to pulse, as in Fig. 9. The dots in
Fig. 10 represent the rms values of the mixer IF-output in
different LO frequencies in the second harmonic range. The
axial magnetic field in these runs is By = 1.35 kG, which
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Fig. 12. The effect of the kicker strength on the CRM radiation emission.

corresponds to f. = 3.65 GHz. In these runs the emission
in the second harmonic is stronger than in the fundamental
harmonic, probably because it is better tuned to the cavity
mode. The measured RF center frequency, ~6.8 GHz, is
slightly lower than the second-harmonic cyclotron frequency,
7.3 GHz, and consequently, the interaction occurs with a
backward wave, as the fundamental harmonic interaction.

The CRM oscillator frequency is tuned by varying the
solenoid field. CRM tunability is demonstrated over almost
one octave in this experiment, at the frequency range 3.5-6.0
GHz (in the first harmonic). Lower frequencies are measured
as well without the high-pass filter at the exit of the cavity.
The dots in Fig. 11 represent the LO frequencies in which the
maximum IF outputs (rms) are obtained at each value of the
axial magnetic field. The RF frequency line in Fig. 11 is lower
than the cyclotron frequency line (shown in a dashed line)
by a factor of w/w. ~ 0.96, in agreement with the theory
discussed above.

The effect of the kicker field is observed by varying the
magnetic strength produced by the kicker coil shown in Fig. 5.
The relation between the radiation output and the kicker
strength is shown in Fig. 12. No radiation is observed below
a threshold in the kicker field of 5 kA-turns. The optimal
kicker strength in this experiment is ~20 kA-turns. The typical
output RF power extracted from the cavity in this case is ~10
W, which corresponds to an extraction efficiency of ~2%.
In larger kicker fields the focusing of the electron beam is
deteriorated.

V. CONCLUSIONS

The cyclotron maser oscillator experiment presented in this
paper shows a cyclotron interaction between a low-energy
electron beam orbiting in an axial magnetic field and a TEM
wave in a nondispersive waveguide. The coupling occurs
only with a considerable kicker field. The kicker induces
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a large transverse electron velocity component, as required
by the CRM linear model. A wide tunability of the CRM
interaction in a nondispersive waveguide is demonstrated in
this experiment. A considerable emission is observed also at
second-harmonic frequencies.

A further study is needed to investigate the effects of
the electron velocity spread. Novel kicker mechanisms and
higher harmonic interactions should be examined in order
to improve the performance of the CRM device. Our recent
experiment shows, however, the feasibility of a nonrelativistic
CRM device in a nondispersive metallic waveguide.
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