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Abstract

Experimental results of a dielectric-loaded free-electron maser (FEM) oscillator in a stripline structure are presented. The
table-top oscillator experiment employs a low-energy electron beam (8 keV. 0.5 A) and a folded-foil wiggler (2 cm period).
The waveguide consists of dielectric slabs and metal striplines along the side walls of a rectangular tube. The metallic
striplines protect the dielectric slabs attached to them from the electron beam, and support a quasi-TEM mode in the
waveguide. The effective dielectric constant of the dominant odd quasi-TEM mode is measured as &,,, = 8. The oscillator
operates in a frequency range of 3-5GHz, in agreement with the tuning relation of the slow-wave dielectric-loaded

free-electron maser.

1. Introduction

Free-electron lasers (FELs) are considered typically as
fast-wave devices. They operate in the infrared regime and
in shorter wavelengths, in free-space optical modes [1].
Longer wavelength devices, known as ubitrons or free-
electron masers (FEMs), operate in the microwave and in
the millimeter wave regimes in uniform waveguides which
support fast-wave modes [2]. The tuning relation of the
FEL-type interaction is

V.= wltk. +k,). (N

where V, is the longitudinal electron velocity, w and k_ are
the em-wave angular frequency and axial wavenumber,
respectively, and k, = 2m/A is the wiggler periodicity.

Several schemes of slow-wave FELs have been pro-
posed and studied. These include the gas-loaded FEL [3]
and the periodic-dielectric FEL [4]. Other devices which
consist of wigglers and periodic structures are the ef-
ficiency enhanced FEL by slow RF field [5], and the
traveling-wave FEM [6]. The latter was proposed as a
synergism of the TWT and the FEL interactions. The
Cherenkov maser is also considered as an FEL-type device
which employs a dielectric waveguide without a wiggler
[7-9].

The effects of dielectric loading on fast-wave interac-
tions, such as the FEM and the cyclotron-resonance maser
(CRM), are studied in Refs. [10—14]. While the dielectric
loading improves the interaction bandwidth and efficiency,
it also, on the other hand, introduces technical difficulties
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due to the vicinity of an isolating dielectric material and a
high-energy electron beam.

The tuning relation of a dielectric-loaded FEL, assuming
k. =\/gwlc, where &, is the effective dielectric con-
stant of the medium, results from Eq. (1) as

w=Vk, /{1 —\/¢

cnvc fey. (2)
Eq. (2) shows that the Doppler up-shift in the dielectric-
loaded FEL. might be considerably large for slow electrons
near the Cherenkov synchronism (V, = ¢/A\/€,;,).

In this paper we present experimental results of a
dielectric-loaded free-electron maser (FEM) in a stripline
structure. This waveguide supports a quasi-TEM mode in a
wide range of frequencies and provides a metallic protec-
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Fig. 1. The stripline waveguide structure.
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(a) Odd Mode

(b) Even Mode

Fig. 2. Transverse field profiles of the odd (a) and even (b)
quasi-TEM modes.
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Fig. 3. Pulse delay measurement for the odd (a) and even (b)
quasi-TEM modes.

Table 1
Experimental parameters

Electron beam

energy <|1 [keV]
current ~0.5 [A])
pulse width <1 [ms]

Magnetic field

solenoid 2.5-3 [kG]
folded-foil undulator:
strength <0.1 [kG]
period 2 [cm]
Waveguide
rectangular tube 09x04 [in}]

metal striplines:

cross-section 2X3 [mm])
gap 11 {mm]}
dielectric slabs:
Cross-section 02x04 [in.]
dielectric constant 140
cavity length 18 {in.]

tion to the dielectric slabs from the electron beam. The
stripline dielectric waveguide is described in Section 2.
The experimental setup and results are presented in
Sections 3 and 4, respectively.

2. The stripline dielectric waveguide

The dielectric-loaded stripline waveguide used in our
experiment is shown schematically in Fig. 1. It consists of
two copper strips laid along a standard WR90 rectangular
metallic tube. Each copper strip is attached to a dielectric
slab along the waveguide wall. The dielectric slabs are
made of ceramic (MCT-140, manufactured by Trans-Tech
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Fig. 4. The diagnostic setup of the dielectric-loaded FEM oscil-
lator experiment.
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Fig. 5. Typical experimental measurements. (a) The electron gun voltage. (b) The RF detector output (no filter). (¢) The detected output of
the 4.5-5.7 GHz bandpass filter. (d) The detected output of the 2.8-3.1 GHz bandpass filter. (¢) The hetrodyine mixer output with a 2.9 GHz

local oscillator.

Ceramics Inc.) with a dielectric constant of &= 140. The
metal strips have both mechanical and electrical functions;
they protect the dielectric material from the electron beam

and prevent electrical charges and damage to the dielectric
slabs. In addition, they support quasi-TEM modes without

a cut-off frequency.
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The double stripline waveguide shown in Fig. 1 supports
even and odd quasi-TEM modes. Each mode has a
different transverse field profile as shown in Figs. 2a and
2b, and it propagates in a different phase velocity accord-
ing to its specific effective dielectric constant &, The
delay time of each mode is measured in the time-domain
by an HP 8720A vector-network analyser. The even and
odd modes are excited separately by appropriate transitions
from a coaxial line to the stripline waveguide. Figs. 3a and
3b show the delay time of short pulses along the wave-
guide in even and odd TEM modes. The effective dielec-
tric constants resulting from these measurements are &, ~
8 for the odd mode, and £,,, = 150 for the even mode.

3. Experimental set-up

The dielectric-loaded waveguide shown in Fig. 1 is
installed in the low-energy FEM and CRM experimental
setup at Tel Aviv University [15]. The device consists of a
thermionic Pierce electron gun, a WR90 waveguide, and a
solenoid. In this experiment we use a planar coaxially-fed
folded-foil undulator as described in Ref. [16]. The 10 keV
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 wiggler pulses, as described in
Ref. [17). The experimental parameters are listed in Table
1.

The oscillator cavity consists of the dielectric-loaded
stripline waveguide shown in Fig. 1. The waveguide is
terminated at both ends by two partial mirrors with holes at
the centers for the entrance and exit of the electron beam.
A small probe placed in the cavity couples —25 dB of the
inside radiation power to the output connector. The
sampled RF power is attenuated and split into two parallel
bandpass filters (BPFs) as shown in Fig. 4. Another portion
of the output power is mixed with a local oscillator (LO)
and produces the intermediate frequency (IF) signal. The
detected outputs of the filters and the IF signal are traced
by a Tektronix TDS540 and TDS620 digital oscilloscopes.
This diagnostic setup measures the spectral evolution of
the oscillator radiation simultaneously with the e beam
voltage and current, and the solenoid and wiggler fields.

4. Experimental results

Typical measurements of the stripline dielectric-loaded
FEM oscillator are presented in Figs. 5a—5e. The sweep in
the electron gun voltage is shown in Fig. 5a. The corre-
sponding measurement of the RF detector output without
filtering is shown in Fig. 5b. A burst of RF radiation is
observed in a wide range of electron energies from 11 to

6keV. The spectral evolution of the oscillations is mea-
sured by the two BPFs and by the heterodyne mixer. Figs.
Sc and 5d show the detected outputs of the BPFs in the
ranges 4.5-5.7 GHz and 2.8-3.1 GHz, respectively. The
results show a frequency shift from high to low fre-
quencies during the pulse, in accordance with the electron
energy sweep. The output of the high BPF appears at the
beginning of the RF burst whereas the low BPF output
appears at its end. The latter is confirmed by the IF signal
for an LO frequency of 2.9 GHz (within the range of the
low BPF) which appears at the same time.

Similar results are obtained in a range of axial magnetic
fields from 2.5 to 3kG (the corresponding cyclotron
frequency is 7-8 GHz, respectively). No emission of
radiation is observed without the wiggler field in this
experiment, hence, the measured effect is considered as an
undulator-beam interaction with slow waves.

5. Conclusions

The feasibility of a slow-wave FEL interaction im-
plemented in a stripline structure is demonstrated in this
experiment. The effect of the dielectric-loaded waveguide
on the FEL interaction is shown in the tuning diagram in
Fig. 6. It shows the slow-wave line for the odd mode in
our experiment intersecting with the electron beam line in
the energy range from 11 to 6 keV. The dielectric loading
increases the em-wave frequency (as compared to a free-
space interaction with the same energy) and broadens its
bandwidth. This tuning diagram based on Eq. (2) does not
take into account space-charge and axial-magnetic field
effects which may vary the tuning condition. Therefore it
products slightly higher frequencies than observed in the
experiment. However, the effect of increasing the Doppler
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Fig. 6. The tuning diagram of the FEL interaction with slow
waves.
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up-shift due to the dielectric loading is clearly seen in this
experiment.
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