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Abstract

A Two-dimensional (2D) Periodic Surface Lattice
(PSL) can produce distributed feedback in high power
microwave sources driven by an oversized electron beam
of annular geometry. Such 2D periodic structures can be
formed in cylindrical waveguide with a grating machined
on the walls, where the diameter of the waveguide is
larger than the wavelength A (D >> A). In this case
localised surface fields can be excited around the
perturbations if the structure is radiated by an external
source (for example an electron beam). Experiments were
conducted using a velvet cathode electron gun with the
electron accelerating voltage produced by a cable
Blumlein generator. “Additive Manufacturing” or “3D
printing” was used to construct a silver 2D PSL quickly,
efficiently and relatively inexpensively. The electron
beam formed within an 18 mm bore 1.8 T solenoid was
transported through the 7.2 mm inner diameter silver 2D
PSL beam-wave interaction region. An 80 kV, 100 A
electron beam with an outer diameter of 4 mm and inner
diameter of 2mm which was approximately 1.8 mm away
from the inner surface of the 2D PSL corrugation was
measured. Millimetre wave radiation at a frequency of
~80GHz at an output power of 130 += 30 kW
corresponding to an operating efficiency of ~1.7 % was
measured.

L.LINTRODUCTION

To increase the power available to a beam wave
interaction either the energy of the beam may be increased
or the current flowing in the beam [1-3]. Electron beam
density cannot be arbitrarily increased however as at some
point the internal space charge forces on the beam, and
the influence of the surrounding environment contrive to
impose limits on the beam stability and propagation. In
addition, the increased RF power density can result in
breakdown and the effect known as pulse shortening. To

avoid these issues, it is necessary to consider the
possibility of increasing the transverse size of the beam
and therefore, in general, of the microwave circuit itself,
if a further increase of power is to be achieved [4-6].
Unfortunately, increasing the transverse size of the
microwave circuit beyond a ratio of D/A~ 4 (where D is
the transverse size of the microwave circuit and A is the
radiation wavelength) results in a drop in efficiency and
spectral purity as the source loses mode selectivity [7-9].
To tackle this problem, the use of a 2D periodic surface
lattice resulting in the coupling of 4 waves (a forward and
backward longitudinal wave and a clockwise and anti-
clockwise azimuthal wave) to control the transverse
modes which can interact with the electron beam in an
oversized interaction space has been proposed [4]. This
enables high efficiency even when the transverse size of
the electron beam exceeds the radiation wavelength by
more than 2 to 3 orders of magnitude. Additive
Manufacturing [10] or “3D printing” was used to
construct a silver alloy 2D periodic surface lattice
structure that was designed to operate as a W-band source
(75- 110GHz).

II.RESULTS

A. 3D printed 2D Periodic Surface Lattice

3D printing developed in the mid 1980’s [10] and the
number of its applications is continuing to expand. The
tolerances achievable with 3D printing are projected to
improve over time as the technology develops, resulting
in higher degrees of accuracy [11]. 3D printing is used in
the initial creative process that results in structures such as
the example shown in Figure 1. It involves an additive
process by which consecutive layers in the x-z plane are
deposited sequentially in the +ve y direction. The printing
process follows the pattern in a given CAD input file,
usually in the STL (Stereolithograph) file format where
every face is built from a series of interconnected
triangles represented by 3 separate 32- bit floating-point
Cartesian coordinates. The physical parameters of the W-
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band (75-110GHz) 2D PSL are shown in Table 1. The
design is sliced into digital layers so that a curve is
‘approximated’ by many square-sided slices, with the
thickness of each layer representing the resolution of that
particular 3D printing process.

. The cylindrical 2D periodic structure can be described
by equation (1)

rzro + Arcos (kZerm(o) )

where 1 is the radius of the unperturbed waveguide, Ar
is the amplitude of the corrugation, k,=2m/d,, where d. is
the period of the corrugation over the z - coordinate and m
is the number of azimuthal variations of the corrugation

Table 1. The physical parameters of the 2D PSL.

Symbol Quantity Dimensions
dz longitudinal period 1.6 mm
m azimuthal variations 7
N number of longitudinal 16

periods
Ar perturbation amplitude 0.8mm
Vmin minimum radius of 3.6mm
perturbation
Vmax maximum radius of 5.2mm
perturbation

The perturbation amplitude is 800 microns (1.6mm
peak to peak). Representation of this structure with layers
of 16microns results in a reasonable level of accuracy and
the finished component appears to hold an adequate level
of detail. In the case of this specific piece the complete
part was printed in wax and this former was then used to
create a suitable mold into which a molten silver (92.5%)
chromium (7.5%) alloy was set, with the resultant
component having an overall final resolution within + 125
microns
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Figure 1 Cylindrical PSL manufactured using 3D printing

The 2D PSL structure was successfully incorporated in
a cold test system with the transmission of millimeter
waves measured using a Vector Network Analyzer
(VNA). When testing the structure using the VNA the
interaction uses an electromagnetic wave that interacts
with the 1.6 mm longitudinal period to give a response in
G-band, resulting in a resonance at 187.7GHz, as shown
in Fig. 2. The electromagnetic wave when interacting with
the 3.5 mm azimuthal period gives a fundamental

resonance in W-band at ~85 GHz and a resonance at the
Ist harmonic at 171.1 GHz in G-band. This is what gives

the 171.1 GHz resonance shown in the VNA
measurement.
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Figure 2 The measured transmission as a function of
frequency of the 2D PSL over the 140 GHz to 220 GHz
frequency range.

The response of the structure has been measured in the
G-band (140-220 GHz) to test the performance of the
structure and to verify that both the longitudinal and
azimuthal periodicities have been correctly manufactured.
The electron beam driven 2D PSL is a W-band structure
from the point of view of the frequency of the output of
the radiation source. It is because the electron beam is
travelling in this case at about half the speed of light and
it is the electron beam when operating as a source that is
exciting the longitudinal structure in W-band. The
corresponding fundamental azimuthal  resonant
electromagnetic response, as noted above, is in W-band
and is designed to correspond with the electron beam
excitation of the longitudinal structure in W-band.

Following VNA characterization measurements the 3D
printed 2D PSL structure was incorporated into a high
power millimeter wave source.

B Electron Beam Experiments

The electron gun was operated in the space-charge
limited regime of electron field emission, using an annular
velvet disk to enhance the electron emission properties of
the cathode. A stacked double-Blumlein pulsed high
voltage source was used to provide the accelerating field
[12]. As shown in figure 3 for a beam acceleration
potential of ~80kV, a beam current of 100A was
measured.
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Figure 3 Measured beam voltage and current



For accurate evaluation of interaction characteristics,
the beam current was measured in the 2D PSL cavity
using an in-line Faraday cup to collect the electrons with a
10Q current shunt used with the voltage further reduced
using 30dB of attenuation and then measured on a digital
storage oscilloscope. The Faraday cup beam diagnostic
was later removed when the high power millimeter wave
experiments were conducted. The electron beam was
formed, focused and transported through the 2D PSL
interaction region using a 1.81Tesla continuous water
cooled solenoid of length 30cm and inner diameter of
14mm as shown in figure 4

Figure 4 Photograph of 2D PSL high power mm-wave
source showing the Blumlein cable pulser, diode, water
cooled solenoid, output horn and window and diffstack
pumping system.

The transverse profile of the electron beam was
measured using electron sensitive film fixed on the front
face of the Faraday cup and placed at the end of the 2D
PSL interaction region. A typical electron beam
transverse pulse profile measured by the witness plate is
shown in figure 5. For one pulse at a cavity B-field of
1.81T a slightly off centre annular electron beam was
observed as shown in the image of the witness plate,

figure 5.
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Figure 5 The electron sensitive witness plate shows the
shape of the electron beam after one pulse has passed
through the 2D PSL interaction region.

The yellow witness plate film turns red when high
energy electrons hit it. It can be clearly seen on the 6 mm

diameter witness plate that the electron beam is displaced
slightly from the center and has a annular shape with an
outer diameter 4 mm and an inner diameter of 2 mm.

C Millimeter Wave Measurements

To measure the amplitude of the output radiation field
from the 2D PSL experiment, a W-band (75 to 110 GHz)
Flann rectifying crystal detector with a rotary vane W -
band attenuator and Flann 15 dB horn were used located
at a distance of 0.6 m from the output window. The
millimeter wave detector consisted of a rectangular horn
to collect the generated millimeter wave signal, an
attenuator to reduce the strength of the signal, a crystal
detector to convert the millimeter wave signal into a
voltage signal. The millimeter wave signal in mVs was
recorded using a digital storage oscilloscope after passing
through a series of high pass cut-off filters. When there
was no cut-off filter, with only the 75 GHz to 110 GHz
W-band rectangular waveguide section present the cut-off
frequency of the detection system was measured to be 60
GHz. Figure 6 displays the power output as measured in
mV from the crystal detector when a particular cut — off
filter was in place in the detection system. A number of
shots were taken for each filter with figure 6
representative of the signal detected after successive
shots.
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Figure 6 The power produced in the presence of a
particular cut — off filter. Light blue line 70 GHz, Green
line — 75 GHz, Purple line 80 GHz, red line 85 GHz dark
blue line 95 GHz. It is noted that using a 85 GHz cut —
off filter results in no mm wave output at all with much
reduced output measured for the cut-off filter above 80
GHz indicating that the signal lies somewhere between 80
GHz to 85 GHz.

Figure 6 demonstrates that the millimeter wave output
lies between 80 GHz and 85 GHz. Although the
magnitude of the power varies a little when different
filters were used it is clear that the mm wave output was
produced at a frequency of interaction of the 2D PSL at
~80 GHz.

In order to understand the mode generated, a farfield
analysis was performed on the output mode launched
through the horn and Mylar window. Here, a sector plate
marked in single degree intervals, 8, was used, with the
output horn and window located at the centre of the semi-
circular plate and a rectangular waveguide receiving



antenna mounted above the plate at the other end of the
semi-circle. The apertures of the 2D PSL output horn and
the detector receiving horn were separated by a distance,
0.6m. The receiving antenna was positioned on a
moveable rail, allowing measurements that could be taken
at values of 6 between -90° and 90°. In order to ensure
accuracy with the measurements, the output aperture of
the experiment was placed directly above the pivoting
point of the semi-circular plate. The mode scan results
over one half of the scan with 0 representing the centre
line is shown in figure 7.
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Figure 7 Green line represents the measured mode
pattern. From the mode scan results measurements the
peak of the green curve corresponds best to a combination
of the TMo2 mode and the TEs, mode

Although it is difficult to make a perfect match the
mode pattern measurements indicates that the most likely
mode is a combination of the TM,, volume and TEs,
surface mode.

The output power was measured using the general
antenna theorem with the total power from a launching
antenna, calculated by integrating its radiated power
density over space. The integration was completed by
numerically integrating the normalized mode profile of
the launching horn and multiplying by the measured
maximum power density. After optimization of the
experiment by adjustment of the location of the cathode a
total power of the ~80GHz source was found to be 130 +
30kW resulting in a beam — wave interaction of ~1.7 %
efficiency

INI.SUMMARY

The mode pattern and cut-off filter measurements gives
evidence of an interaction of a cavity eigenmode
produced by the coupling of a TMo2 volume field and a
TEs,1 surface field coupled within the 2D structure.
However a more accurate frequency measurement using a
heterodyne frequency diagnostic is required to
conclusively prove that the coupling between the surface
and volume field is the dominant beam-wave interaction
in the experiment. A heterodyne frequency diagnostic
experiment is planned as part of the future work.
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