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The experimental results of a thermionic cusp electron gun, to drive millimeter and submillimeter
wave harmonic gyrodevices, are reported in this paper. Using a “smooth” magnetic field reversal
formed by two coils this gun generated an annular-shaped, axis-encircling electron beam with 1.5 A
current, and an adjustable velocity ratio ␣ of up to 1.56 at a beam voltage of 40 kV. The beam
cross-sectional shape and transported beam current were measured by a witness plate technique and
Faraday cup, respectively. These measured results were found to be in excellent agreement with the
simulated results using the three-dimensional code MAGIC. © 2010 American Institute of Physics.
关doi:10.1063/1.3374888兴
Further to the design and numerical optimization of a
cusp electron beam source,1 in this paper we present the
experiment of the cusp gun and the measured results of the
generated axis-encircling electron beam. Due to its small
cross-sectional size 共less than 1 mm in diameter兲 in a large
magnetic field 共a few tesla兲 such a beam is capable of driving
millimeter and submillimeter wave gyrodevices which have
many modern applications notably in remote sensing,2 medical imaging,3 plasma heating,4 and electron spin resonance
spectroscopy.5 In order to reach higher frequencies, gyrodevices are more commonly operating at a higher indexed
waveguide mode and a harmonic of the electron cyclotron
frequency;6–10 the advantage being that it lowers the required
magnetic field strength by a factor of s, the harmonic number. However, operating at harmonics could introduce undesired mode competition, as well as parasitic oscillations. An
axis-encircling electron beam is ideal for harmonic gyrodevices due to its good mode selectivity as the beam-wave
coupling requires that the azimuthal index of the waveguide
mode, m be equal to s.11 Compared to previous cusp
guns,12–15 this cusp gun has the advantage of 共1兲 simple design and structure with reduced manufacturing complexity
due to the “smooth cusp” configuration16 using two coils
without any need for extra magnetic poles and/or material
and 共2兲 smaller cusp amplitude because the cusp is located
immediately after the cathode where the electron is not fully
accelerated.
The electron gun was designed and optimized using the
three-dimensional particle-in-cell code MAGIC. The applications were for three microwave sources being developed including a W-band gyrotron backward-wave oscillator
共gyro-BWO兲17 and a W-band gyrotron traveling-wave tube18
both using a helically corrugated waveguide and a terahertz
seventh harmonic gyrotron.19 These devices are based on the
previous radiation sources operating at X-band 共8.4 to 12
GHz兲 frequencies.20–22 The cusp gun was designed to generate an electron beam of 1.5 A, 40 kV with velocity ratio ␣
= 1 – 3 in order to generate millimeter and submillimeter
waves of 75 GHz to 390 GHz over a magnetic field range of
1.50–2.1 T. Based on the simulation results for one particular
set of parameters which yields an optimized beam for an
a兲
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alpha range of 1–2, the cusp electron gun of Fig. 1 was
manufactured.
The cathode assembly and the anode were arranged in a
coaxial configuration 共Fig. 1兲. The cathode head included
three following interchangeable parts: outer, inner focusing
electrodes, and the thermionic cathode emitter which was
located between the electrodes and constructed from porous
tungsten impregnated with barium oxide. Facing the cathode
head was an interchangeable anode tip. The beam trajectories
are determined by the dimensions of these interchangeable
parts. The cathode heating coil was bifilar wound in order to
minimize any contribution to the field at the cathode.1 Two
fine gaps of 0.1 mm in width between the emitter and the
focusing electrodes were used to reduce the thermal loading
of the cathode and to stop the migration of barium from the
emitter. Layers of thin tubes and disks made from molybdenum, located between the outer electrodes and the emitter
and behind the emitter, respectively, were used as radiation
shields to further reduce the thermal loading of the cathode.
The beam tunnel tapered down from the anode aperture 共radius 4 mm兲 to the cut-off filter 共radius 0.84 mm兲, followed
by an experimental region, a cylindrical tunnel of radius 3.0
mm and length 292 mm, and then to the up-taper and finally
the window region. This experimental region allowed the
beam diagnostic apparatus such as the Faraday cup and the
scintillator witness plate to be inserted. A single layer sapphire window was used in this beam experiment for observation of the visible light generated by the scintillator. The
whole system was evacuated to 10−9 mBar.
The magnetic field coils were wound from annealed,
varnish-coated, square copper wire of cross section 2.2
⫻ 2.2 mm2, enclosed in watertight, stainless steel chambers,
and cooled by high pressure recirculating water when in operation. The cavity solenoid which generates a uniform
B-field in the beam-wave interaction region has 14 layers
each of 103 turns. Two extra layers of coils were added to
both ends of the main solenoid to reduce the rise and fall
distance of its B-field profile for a certain length of the flattop so that the overall turns, length of the solenoid, and
hence the driving electric power were reduced. At maximum
achievable magnetic field strength of 2.1 T the required driving power was ⬃65 kW at a current of ⬃270 A. The layers
were separated by 0.4 mm gaps to allow cooling water to
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FIG. 1. 共Color online兲 Schematic diagram of the cusp electron gun with simulated and measured magnetic field profile overlaid.

pass from one end to the other end of the solenoid. Simulations of the fluid dynamics and heat exchange including heat
conduction, convection, and diffusion were performed by using the MultiPhysics code COMSOL.23 The reverse coil, having four layers each of ten turns, produced the reverse B-field
for the cusp gun. The magnetic field profiles measured using
an axial Hall probe and calculated from MAGIC are shown in
Fig. 1.
A double cable Blumlein24 which could output a
⬃380 ns, 40 kV pulse was used to drive the cusp gun. The
beam voltage was measured using a two-stage voltage divider made from metal film resisters. The emitted current
was measured with a Rogowski coil located in the earth line
between the anode and the cable Blumlein and the beam
current by a Faraday cup at Z1 location 共see Fig. 1兲.
The beam cross-sectional shape and dimensions were recorded by a phosphor scintillator plate and digital camera
system25 after the Faraday cup was removed. The scintillator,
a round transparent disk coated with a thin layer of phosphor,
produces visible light when electrons impact on the surface.
A thin titanium disk of thickness ⬃8 m was placed before
the scintillator to reduce the impact energy of the beam. The
scintillator disk was located at position Z2 共see Fig. 1兲, 10.5
cm from the window so as to match with the focal length of
the camera, at this position the magnetic field tailed off to
90% of the cavity B-field. By using the equation in Ref. 16,
the ␣ value in the cavity 共in particular, at Z1兲 could be calculated from the B-field and ␣ values at Z2.
Typical traces of beam voltage and beam current are
shown in Fig. 2. The emitted current from the cathode could
be varied from 0 to ⬃1.6 A by increasing the operating

FIG. 2. The typical traces of the measured beam voltage and beam current.

temperature of the cathode, at the applied beam voltage of 40
kV. Further increase in the temperature did not result in an
increase in the beam current. This indicated that the operation of the cathode had become space-charge limited. In Fig.
2, we can see the beam current reached a steady value of 1.5
A. When the cavity B-field was 1.82 T ⬃96% of this current
reached the Faraday cup.
A typical scintillator image, after the optical noise was
removed, is shown in Fig. 3. The image shows clearly that an
axis-encircling electron beam was generated. The simulated
beam cross-sectional shape is shown for comparison together
with beam trajectories in the R − Z plane. For this particular
measurement, at a cavity B-field of 1.64 T, the annular beam
was measured to have an average radius of ⬃0.37 mm. It
was calculated from the equation in Ref. 16 that the corresponding ␣ was 1.34⫾ 0.11. This corresponded to an ␣ value
of 1.56⫾ 0.16 at the Z1 position.
By adjusting the reverse coil current the magnetic field
at the cathode and hence the value of the velocity ratio of the
beam in the cavity could be controlled. At B0 = 1.64 T the
velocity ratio at position Z2 as a function of cathode B-field
was measured and is shown in Fig. 4. For comparison of the
simulated ␣ at Z1 and Z2 as well as analytically calculated
value at Z2 are also shown in Fig. 4. From the diagram, the
measured ␣ value had the same trend and good agreement
with both the numerical simulated and analytically calculated
values. However investigation at higher alphas was limited
by the capability of the existing power supply.
In summary, when the thermionic cusp gun for
millimeter/submillimeter wave gyrodevices was tested, the

FIG. 3. 共Color online兲 Snapshot of the simulated electron beam trajectory
with magnetic field profile overlaid, also simulated and scintillator recorded
beam cross-sectional shape at the downstream region.
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FIG. 4. 共Color online兲 The measured, simulated, and analytically calculated
beam velocity ratio as a function of cathode magnetic field at B0 = 1.64 T.

measured beam parameters were in excellent agreement with
the MAGIC simulation. In addition, in a recent experiment,
the beam from this cusp gun has been used in a helical waveguide gyro-BWO which generated microwave radiation in
the frequency range 92–100 GHz.26
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