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Cyclotron Maser Oscillator Experiments
in a Periodically Loaded Waveguide

Eli Jerby, Avi Shahadi, Vladimir Grinberg, Vladimir Dikhtiar, Marat Sheinin, Eran Agmon,
Harel Golombek, Vitaly Trebich, Moshe Bensal, and G. Bekefi

Abstract—The periodic-waveguide cyclotron maser is a device
in which orbiting, nonrelativistic electrons interact with traveling
waves in a metallic, periodically loaded waveguide. In this paper,
we describe a table-top oscillator experiment that operates in
the microwave regime (9.4 GHz) with a low-energy (8 keV),
low-current (0.2 A) electron beam pulse (1 ms pulse width).
The frequency modulation (chirping) observed is used in the
determination of cyclotron resonance condition for this inter-
action. The results show that the cyclotron interaction occurs
with a backward-propagating wave in the periodically loaded
waveguide. Microwave power of >0.3 kW and efficiency of
> 20% are measured by an external loading of the oscillator.

I. INTRODUCTION

HE periodic-waveguide cyclotron maser is a device in

which orbiting, nonrelativistic electrons undergo a cy-
clotron interaction with traveling waves in a periodic wave-
guide. The device is shown in Fig. 1.

Our first periodic-waveguide cyclotron experiment has been
conducted at MIT in an amplifier configuration [1], [2]. In
that experiment, a low-energy electron beam (8 keV, 1 A) in
an axial magnetic field of 3 kG interacted with an 8.2-GHz
traveling wave. The system consisted of an array of metal
posts in a standard rectangular WR90 waveguide. Cyclotron
resonance conditions were studied under various experimental
conditions. Electronic gain of ~10 dB was measured at the
Doppler-shifted electron cyclotron resonance. Following the
amplifier experiment at MIT, we then developed the oscillator
experiment at Tel Aviv University [3], [4] as described in this
paper.

The slow-wave properties of the periodic waveguides in our
maser are similar to the dielectric-loaded slow-wave cyclotron
(SWC) masers of earlier work [5]-[13]. Such schemes have
been investigated in various dielectric waveguides in order to
increase the interaction bandwidth and to reduce the necessary
electron beam energy as compared with respect to the more
conventional fast-wave cyclotron masers [14]-[18).

The dominant mechanism of the SWC interaction differs
from that of the fast wave cyclotron masers. In the SWC,
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the dominant electron bunching stems from the V, x B}
axial force component (i.e., the Weibel instability), whereas
the dominant effect in the fast-wave cyclotron devices is the
relativistic azimuthal bunching that results from the transverse
electron energy variation due to the nonzero V, - E, term
(where V| is the electron transverse velocity component and
E,, B are the transverse electric and magnetic components
of the electromagnetic wave). Although the interaction with
slow waves increases the bandwidth, a much-desired property,
it unfortunately makes the interaction more sensitive to the
electron beam spread (i.e., temperature).

A recent theoretical study of the periodic-waveguide cy-
clotron interaction [19] discusses the differences between this
mechanism and that of the dielectric SWC masers. From
the technical point of view, the use of a metallic periodic
waveguide, rather than a dielectric-loaded waveguide, allevi-
ates some technical difficulties (surface charging) that result
from the presence of a dielectric insulator in the vicinity of
a high-power electron beam. Thus, the periodic-waveguide
cyclotron maser is expected to be a more practical low-voltage
cyclotron-type device.

In the next sections we present the table-top experimental
setup and describe the experimental results. The theory of the
periodic-waveguide cyclotron maser is summarized in the next
section.

II. THEORY

The cyclotron device shown in Fig. 1 consists of a
periodically-loaded waveguide along which a low-energy
electron beam is orbiting in an externally applied axial
magnetic field. The orbiting motion of the electrons couples
them to a spatial harmonic of the electro-magnetic wave in
the periodic waveguide. The tuning relation of a cyclotron
interaction with the nth spatial harmonic is given by

w = we + Vo Bn(w) 1
where w is the em wave angular frequency. The angular
cyclotron frequency is

e
we = —— By,
ym

)

where e, m, v, and V;, are the electron charge, mass, rela-
tivistic factor, and axial velocity, respectively, and By is the
axial magnetic field. The wavenumber of the nth-order spatial
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Fig. 1. Schematic of a periodic waveguide Cyclotron device.

harmonic, f3,(w), is determined by the periodic waveguide
dispersion relation.

A theoretical model of the traveling wave cyclotron inter-
action [19] shows that in the linear regime the convective
cyclotron interaction with the nth spatial harmonic is described
by a Pierce-type dispersion equation, where the amplitude
growth rate A(z) is given in the Laplace § space by

s _ )2
Ay = =0 A,
3(5 — 0,)2 — 2Kn(3)Fy, C.(8)02
Here k,(3) is the complex coupling coefficient of the inter-
action given by

3

el
~

K‘n(g) = Eez(’g - én)( Zn - IBez)

1}23

ed ed4
e,

1-—-2 /= ~ ~
+‘2',36J_(kzn -5 ﬁn)' (4)
The dimensionless operating parameters in (3) and (4) are
defined as follows. The tuning parameter for the nth harmonic

is 0, = (w— w)ro — B, where 79 = L/Vp, is the
electron time of flight along the interaction length L. The
normalized space-charge parameter is 6, = w,79 where

wp is the relativistic electron plasma frequency, and the
dimensionless wavenumbers are defined as § = jsL, k=
kL, and B, = p,L. The parameters of the nth spatial
harmonic in (4) are the filling factor and the coupling factor,
Fy, and Cy(8), respectively, and the normalized harmonic
impedance Z, [19]. The electron average normalized axial
and perpendicular velocity components are §,, and £,
respectively.

The gain-dispersion equation (3) resembles the Pierce equa-
tion, which is valid in general for a wide range of traveling
wave devices and free-electron lasers. The coupling term (4),
however, is more complicated. It incorporates four different
effects denoted by the el to e4 shown with overbraces in (4).
Each effect dominates in a different parameter regime. For
zero initial transverse electron velocity component, 5y, = 0,
only the el and e2 terms exist in (4). The term denoted by

€2 is dominant when Z, < f,,, i.e., when the normalized

Fig. 2. A general view of the experimental setup.

harmonic impedance is smaller than the normalized electron
velocity. In this regime, as analyzed in [19], the device acts
as an amplifier. The e2 effect is believed to be the dominant
mechanism in the amplifier experiment at MIT [2] in which
no means were used to spin up the electrons at the entrance
to the interaction region.

The term denoted by el in (4) is dominant in a uniform
waveguide (no metal posts) in which Zo > P.,- This effect
involves a transverse acceleration of the e-beam by the elec-
tromagnetic wave. When it dominates, the wave is attenuated.
However, for (,, sufficiently large gain occurs. Here the
term denoted by e3 represents the azimuthal bunching effect,
which characterizes the fast cyclotron resonance maser (CRM)
devices in uniform, unloaded, waveguides. The term denoted
by e4 represents an axial bunching effect known as the Weibel
interaction. The latter is the dominant effect in the dielectric-
loaded SWC interaction [5]-[13]. The terms e3 and e4, which
correspond to the azimuthal and the axial bunching effects,
respectively, compete and oppose one another.

III. EXPERIMENTAL SETUP

A general view of the table-top experimental setup is
shown in Fig. 2. The apparatus is based on the traveling-
wave free-electron maser (TWFEM) experiment [20] at Tel
Aviv University. The oscillator tube consists of a Pierce-type
electron gun, a periodic waveguide, a solenoid, and a kicker
electromagnet. The latter imparts transverse velocity (Vo)
to the electrons. A low-energy electron beam (<10 keV) is
injected on-axis into the periodic waveguide and interacts with
the traveling waves. 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.

A block diagram of the experimental setup is shown in
Fig. 3. Three synchronized pulsers generate the solenoid, the
e-gun, and the kicker pulses. The e-gun high-voltage pulser
(10 kV, 025 A, 1 ms) and the high-current kicker pulser
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Fig. 3. A block diagram of the oscillator experimental setup.
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Fig. 4. A timing diagram of the solenoid, the kicker, and the e-gun pulses.

are triggered at the peak of the solenoid pulse as shown
in the timing diagram of Fig. 4. The main components of
the periodic-waveguide cyclotron oscillator experiment are
described in more detail in the following sections.

A. Periodic Waveguide

In the present oscillator experiment, we use an inductive
periodic waveguide similar to the MIT amplifier experiment.
This waveguide, shown in Fig. 1, consists of an array of metal
posts inserted into a standard WR90 rectangular waveguide.
The dimensions of the periodic waveguide are given in Table I,
with a glossary of the notation used in this paper. The
waveguide length and post diameter differ somewhat from
that of the MIT waveguide. The larger post diameter (1.9 mm
comparing to 1.0 mm at MIT) results in a higher waveguide
cutoff frequency in the oscillator experiment.
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TABLE I
EXPERIMENTAL PARAMETERS

electron beam

energy U 8 [keV]
current Iep 0.2 [A]
pulsewidth 1 [ms}
Magnetic field
solenoid N 4 kG]
kicker 7 [kA turns]
Periodic waveguide
rectangular tube a x b 0.9%0.4 [inch?)
metal post array:
periodicity P 20 [mm]
post diameter  2r, 1.9 [mm)]
post distance d 6.4 [mm]
length L 54 [cm]
Electromagnetic wave
frequency f 9.4 [GHz]
output power > 0.3 [kW}

The dispersion relation w(8s) of a lossless periodic wave-
guide, which consists of a periodic array of lumped inductive
elements is given by [21]:

cos (Bop) = cos (k1op) + %Fsin (k1o0p) 5)

where k19 = \/(w/c)? — (7/a)? is the wavenumber of the
fundamental T Ey mode, and p is the waveguide period. (5)
is valid when all higher modes are evanescent and their decay
lengths are much shorter than the waveguide period.

The normalized inductive susceptance of a single pair of
posts in a waveguide is given by [22]

B~ A ) (14 V?2) mry | In[(2a/7r,)tan (nd/a))]
T oo 4 a 4sin? (rd/a)

-1
2[ a sin(3rd/a)]?
+§[ﬁ sin(rd/a)] ‘1} ©®

where r,, is the post radius (r, < a), and A\, = 27 /k;o and
A = 2mc/w are the waveguide and free-space wavelengths,
respectively.

Cold measurements (in the absence of the electron beam)
of the periodic waveguide (28 pairs of posts, 60 cm length,
2 mm post diameter) were done on an HP 8757A network
analyzer shown in Fig. 5(a). The transmission and reflection
measurements (i.e., the waveguide |S»;|2 and |Sy;|? scattering
parameters, or the insertion and reflection losses, respectively)
are shown in Fig. 5(b) and (c). The first passband of the
periodic waveguide is in the frequency range of 9.23 GHz
to 10.14 GHz. The transmission curve shows 26 maxima
at different frequencies. Each maximum corresponds to a
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Periodic waveguide measurements. (a) The scalar network analyzer measurement setup. (b) The measured transmission curve. (¢) The measured

reflection curve. (d) The dispersion curves obtained from measurements (dots) and theory (solid line).

minimum in the reflection curve, as expected. These extremum
points represent the resonance frequencies of the finite periodic
waveguide and result from the reflections at both ends of
the system. The transmission maxima satisfy the resonance
condition

¢s = Pos L = sm

where L = 28p. Hence, an integer number of half-periods
of wavelength 27/, are spaced over the entire periodic
waveguide length L for the forward and backward waves. This
measurement provides a simple way to construct the dispersion
diagram w(f) of the periodic waveguide as proposed in [23].
The dots in Fig. 5(d) show the sth transmission frequency
maxima versus the corresponding (9, = sm/L wavenumbers
(for s = 1 to 26) as obtained from the transmission measure-
ment in Fig. 5(b). This experimental result is compared with
the theoretical dispersion relation (dashed line) found from

Vs=1,2---26. 0)

(5). The 2% deviation between the calculated and measured
dispersion curves in Fig. 5(d) stems from the neglect of the
resistive losses, the post capacitance [24], and the evanescent
modes in (5).

The periodic array used in the cyclotron oscillator experi-
ment is 54 cm long. It is tapered at the input end to improve
impedance matching to the waveguide (the far end from the
electron entrance is shorted). Due to vacuum considerations,
the periodic waveguide used in the cyclotron experiment
consists of a “nail-bed” structure inserted into the rectangular
waveguide. The microwave performance of this arrangement
might be somewhat inferior to welded posts due to imperfect
contacts between post tips and the waveguide wall. The cold
measurements shown in Fig. 5(b) and (c) are made on a welded
post waveguide. However, this “welded” waveguide was later
tested in the maser device after the completion of this paper
and produced results similar to those of the insert nail-bed
arrangement.
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Fig. 8. Schematic of the electron gun pulser.

B. Electron Beam

The low-energy electron beam (< 10 keV) is generated
by a Pierce-type electron gun. The electron gun developed
for this experiment [25] consists of a dispenser thermionic
cathode (Spectra-Mat, STD200) and electrostatic focusing
Pierce electrode. The electron optics shown schematically
in Fig. 6 consists of a kicker coil that induces the electron
transverse velocity component, and a 4-kG solenoidal field.
The waveguide is terminated by a collector section connected
to ground by a 10-( resistor. The voltage drop on this resistor
during the pulse yields the electron current.
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Fig. 9. The microwave diagnostic setup. It includes power measurements
and frequency heterodyne detection.

The kicker coil spins up the electron beam. Its effect can be
represented by two uncoupled equations [26], namely

1 1
O(2)r" + 5<I>’r' + [Z(q)" + po/eo) + #B(z)"’}r

(8a)

—%Cgr"g’ =0 (8b)

where 7 and « are the radius and phase of the electron trajec-
tory in cylindrical coordinates, ®(2) is the electric potential
on-axis, B(z) is the axial magnetic field component on-axis,
po is the electron charge density, and rg, o, and By are the
initial values of r, o and B respectively. The prime in (8a, b)
denotes a derivative over z (i.e., & = da/dz). The parameter
Co is given by Cy = mriao/e — Byrd/2. The kicker field
on-axis is approximated [26] by

P
B(z)=LNI’“_ (Z+l>ln2 F+(2+3)

2(7‘2 -7 )l 9

2
1\, r2+y/r3+(z—4)
—(z——)ln >
mt i+ (2 - g)

where [, 71, 72, and N are the kicker length, inner and outer
radii, and number of turns, respectively, and I}, is the kicker
current. The kicker axial field in our experiment (~2 kG on-
axis) is opposite to the solenoid field. The effect of the kicker
coil as a means to spin up the electrons is demonstrated
in Fig. 7. An electron injected into the coil parallel to its
axis acquires a transverse velocity component, and enters into
cyclotron motion along the solenoid bore. The parameters are
N =36, =100 A, I, =02 A, V,; = 8kV, and B, = 4
KG. The ratio 3, /B,, induced by the kicker is of the order
of one.

)
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Fig. 10. A typical experimental result of the periodic-waveguide cyclotron oscillator. (a) An electron gun voltage trace. (b) The e-beam current measured
in the collector. (c) The heterodyne mixer output. (d) A microwave detected power trace.

It should be noted that in [1] and [2], unlike the oscillator
experiment presented here, amplification is observed without
any imposed kicker field at the entrance. Reference [19]
provides a theoretical explanation for amplification without
initial transverse velocity when the e2 term in (4) is dominant.

C. Electrical Circuits

The electrical circuitry in the cyclotron experiment incor-
porates three high voltage pulsers, for the e gun, the solenoid,
and the kicker, as shown in the block diagram in Fig. 3. The
detailed electronic design of these pulsers is described in [27].

The solenoid pulser generates a 650-V, 30-ms pulse that
corresponds to a peak magnetic field of 4 kG. The kicker and
the electron gun pulsers are triggered near the peak of the
solenoid pulse as shown in the timing diagram in Fig. 4. The
e-gun pulse reaches 10 kV and its pulse width is 1 ms. The
kicker coil can produce 7 kG maximum magnetic field on axis.

The high-voltage electron gun pulser, based on a standard
car ignition transformer coil, is shown schematically in Fig. 8.
A 300-uF capacitor bank is charged initially to 600 V by a
charging circuit. The capacitor is discharged into the primary
winding of the ignition coil by an SCR (CS35-08i04) triggered
by a control circuit at the peak of the solenoid pulse. The
1N5408 diode prevents a damaging recharge of the electrolytic
capacitor. The secondary winding produces the high-voltage
pulse and is connected directly to the electron gun with no need
for any high-voltage switching. This circuit design was proved
to be a reliable low-cost solution for a table-top experiment.

D. RF Diagnostics

The RF power that is generated in the cyclotron oscillator is
detected by the apparatus shown in Fig. 9. The output signal is
sampled by a 20-dB cross coupler inside the cavity. The signal
is attenuated by a 30-dB attenuator in each output terminal of
the coupler. In one arm, the attenuated signal is detected by an
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HP424A power detector. In the other arm, the attenuated signal
is mixed with a 9.4-GHz fixed-frequency signal generated
by an external RF oscillator. The mixer output is filtered
by the internal 20 MHz low-pass filter of a Tektronix TDS
540 digital oscilloscope. The mixer output shows the laser
frequency shifted by 9.4 GHz. Typical signal measurements
are presented in the next section.

IV. EXPERIMENTAL RESULTS

Fig. 10(a)~(d) show a typical measurement in the periodic-
waveguide cyclotron oscillator experiment. Fig. 10(a) shows
the e-gun voltage variation during the pulse. Fig. 10(b) shows
the corresponding e-beam current measured in the collector
section. Fig. 10(c) and (d) show the microwave heterodyne
detection output and the corresponding microwave power
detection output, respectively.
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A frequency sweep (i.e., chirping) is observed in the mixing
output in Fig. 10(c). According to the tuning relation of (1),
this sweep results from the electron energy variation shown
in Fig. 10(a). The two nulls in the heterodyne output signal in
Fig. 10(c) represent the crossing of the maser frequency sweep
through the local oscillator frequency of 9.40 GHz. Using (1),
we can obtain the wavenumber at which the interaction occurs
by 8 2 (w—w,)/Vo.. The maser output frequency at the nulls
isw = wro = 2 7 (9.40) GHz. The cyclotron frequency is
computed from the axial magnetic field measurement (Fig. 4),
and gives w. ~ 2 7 (11.0) GHz. The electron axial velocity
is determined from the voltage measurement in Fig. 10(a) and
(8a)—~(8b), and gives Vy, ~ 0.12 c. This gives 3 ~ —280 m™?,
and a corresponding guide wavelength of 2.2 cm. The negative
sign indicates that the periodic waveguide cyclotron oscillator
interacts with a backward-propagating wave. However, unlike
a conventional BWO operation, here the group velocity is
positive and the phase velocity is negative. This result differs
also from the MIT cyclotron amplifier experiment [1], [2]
in which the interaction occurred with a forward wave near
cutoff.

The instantaneous intermediate frequency of the IF signal
shown in Fig. 11(a) (an expansion of Fig. 10(c)) is presented
in Fig. 11(b) as obtained from 1/period of each period in the
IF signal. The solid line in Fig. 11(b) is a second order curve
fit of the IF frequency variation. It follows accurately the
curvature of the electron energy sweep shown in Fig. 10(a),
in accordance with expectations.

The effect of a slight detuning of the peak electron beam
energy is demonstrated in Fig. 12(a)—~(c). The peak e-beam in
this shot (8.5 keV) is higher than the optimal peak energy
in Fig. 10(a) (7.8 keV) whereas the axial magnetic field is
the same in both runs (4 kG). Hence, the cyclotron oscillator
emits two separate microwave pulses as shown in the mixer
output in Fig. 12(b), and in the corresponding detector output
in Fig. 12(c). The interaction occurs below the peak energy,
namely at the leading and the trailing edges of the e-beam
pulse. That is, the e-beam energy between the two signals
of Fig. 12(b) and 12(c) is too high to fulfill the cyclotron
resonance condition.

The effective output power and the corresponding efficiency
of the periodic-waveguide cyclotron-resonance maser are mea-
sured by an external loading of the oscillator cavity, as shown
in Fig. 13(a). The dissipated RF power is sampled by a detec-
tor through a 20 dB coupler and a 36 dB attenuator. Fig. 13(b)
shows output microwave pulses of ~0.4 kW peak power with
the corresponding electron-gun voltage. Microwave outputs of
>0.3 kW have been observed routinely in similar conditions.
These measurements lead to an efficiency estimate of >20%
for this oscillator.

The cyclotron-resonance maser oscillator experiment has
been operated successfully for several months with hundreds
of shots and has been proven as a reliable experimental device.

V. CONCLUSION

The periodic-waveguide cyclotron oscillator experiment
shows strong cyclotron interaction between a low-energy
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Fig. 13. Microwave output power measurement. (a) The external dummy

load and the dissipated power sampling. (b) The oscillator output power and
the corresponding electron gun voltage.

electron beam in an axial magnetic field and a traveling
wave in a periodic waveguide. The coupling occurs at a
wave frequency which is slightly lower than the electron
cyclotron frequency, hence, with a backward harmonic
of the periodic waveguide. The relatively high efficiency
measured in this experiment (>20%), without any efficiency
enhancement mechanism, coincides with the large electron-
energy acceptance observed in our previous periodic-
waveguide cyclotron maser experiments [1]-[4].

A linear model of the periodic-waveguide cyclotron interac-
tion [19] predicts that amplification can also occur due to the
inductive impedance of the periodic waveguide near cutoff,
even in the absence of an initial electron transverse velocity.
In the present experiment, however, oscillations are observed
only with a relatively strong magnetic kicker that induces
initial transverse velocity at the entrance to the interaction
region.

A further study is needed to investigate the effects of
the waveguide impedance, dispersion, and losses, and initial
electron transverse velocity. Our recent amplifier and oscillator
experiments show, however, the feasibility of a compact
periodic-waveguide cyclotron maser device using nonrelativis-
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tic electron beams (~ 10 kV), unlike conventional cyclotron
masers and gyrotrons, which require beam energies of ~ 100
kV and higher.
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