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Abstract— We present the theory, design and numerical
modeling of novel, pulsed sub-THz oscillators based on
cylindrical, two-dimensional (2D) periodic surface lattice
(PSL) interaction cavities. Investigation of the electronic
efficiency and power dependence on the magnitude of the
magnetic guide field and the electron beam current is
investigated. While cyclotron absorption effects have
been studied in low order, 1D BWOs, few studies have
considered cyclotron absorption in highly overmoded, 2D-
PSL oscillators. Here we investigate certain behavior
associated with cyclotron absorption in 2D-PSL devices
with over 400 modes. This electron cyclotron absorption is
shown to be a universal process, independent of frequency
and transverse cavity size. Dispersive behavior shows
minimal group velocity at the point of interaction and
demonstrates similarities with degenerate band edge
phenomena. In this work, the fundamental mode selection
mechanism relies on the coupling of high-order volume
and surface waves. Good agreement between theory and
modeling is presented.

Index Terms— Cherenkov, electron beam, mm-wave,
mode coupling, periodic structure, cyclotron absorption,
radiation source, terahertz.

[. INTRODUCTION

VACUUM electronic devices have significantly evolved
since they were first conceived one century ago. Renewed
interest in vacuum electronics has been stimulated by
contemporary advances in materials and composite materials
technology, metamaterials, nanofabrication and
electromagnetic (EM) simulation tools; establishing new
frontiers in the development of powerful sources at sub-THz
and THz frequencies. One type of vacuum electronic device
that shows promise for the realization of intense, high
frequency, pulsed sources, is an oscillator based on an intricate,
two-dimensional surface structure [1-11].

We present the design of slow-wave oscillators, based on
metal cylindrical, two-dimensional (2D) periodic surface
lattice (PSL) interaction cavities (with EM properties similar
to those of a cylindrical waveguide lined with a dielectric
material [1,11,30,31]). Achieving high output peak power
while simultaneously bridging the ‘THz-gap’ requires the use
of an ‘oversized’ interaction cavity in which the diameter, D is
several times the operating wavelength, 4. Complex boundary
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conditions imposed by the 2D-PSL on the inner cavity wall
restrict the number of modes within the oversized system,
facilitating single-frequency output. Vital heat dissipation and
thermal regulation are enabled by the metallic wall of the
cavity on which the sinusoidal corrugation is machined. The
2D corrugation provides the additional benefit of mitigating
charge accumulation and RF breakdown. Employing 2D
geometry (in place of the 1D corrugation typically favored in
conventional surface wave and backward wave oscillators
(BWOs) [12-16]) can enhance the spectral purity, output power
and electronic efficiency of the device [11]. Diverse, high-
impact applications of the pulsed 2D-PSL sources include:
communications, environmental sensing, dust cloud
monitoring, enhancing nuclear magnetic resonance (NMR)
spectroscopy using dynamic nuclear polarization (DNP-
NMR), long range imaging, pulsed high-frequency electron
paramagnetic  resonance  (EPR)  for  biomolecular
characterization, non-destructive testing, plasma scattering
diagnostics and radar systems [ 17-24].

The 2D-PSL mode selection mechanism involves the
coupling of ‘partial’ volume and surface waves. Such resonant
coupling is possible when the Bragg resonance conditions are
satisfied. The azimuthal Bragg condition is: m = m, + mg
(where m is the number of azimuthal variations around the
circumference of the cylinder and m,sis the number of
azimuthal variations of the volume v and surface s waves),
while the longitudinal Bragg condition is expressed: k = kg —
k, (where k, s is the wavevector of the volume v and surface s
waves). Analytical dispersions illustrate four eigenwaves (with
approximately equal wavenumbers); similar to the four-
eigenmode super-synchronization discussed in [27]. However,
in this work, the 2D-PSL dispersion is comprised of volume
and surface waves and the degeneracy condition [25-28] was
not considered.

This paper builds on the concepts developed in [11], delving
further into the 2D-PSL behavior;in particular, the effects of
electron cyclotron absorption. Although these effects have
been well researched in 1D BWOs, no explicit studies have
been made of cyclotron absorption in 2D oscillators. In this
paper, we demonstrate electron cyclotron absorption in 2D-
PSL oscillators at two different frequencies, based on cavites
with different diameter-to-wavelength ratios, D /A. Analytical
and numerical results show the electron cyclotron absorption
resonance at 176GHz (D/A~5.5) and 351GHz (D/A~3.5).
The parameters of the 176GHz 2D-PSL are: axial period,
d, = 2m/k, =0.78mm (where k, is the lattice wavevector);
corrugation amplitude Ar=0.25mm; mean radius r, = 4.5mm
and m =16 azimuthal variations. The design of the D /A~3.5,
351-GHz oscillator (r; =1.47mm; m =10; d, =0.39mm) is
discussed in [11]. For optimum performance and efficiency,
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magnetic fields in the region of this cyclotron resonance are
best avoided, and the results presented in this paper are
important for future designs at different frequencies. The 2D-
PSL cavities can be fabricated using copper electrodeposition
[1,4] or additive manufacturing [6].

II. THEORY

The EM field inside a cylindrical 2D-PSL can be derived by
considering a smooth cylindrical waveguide (of finite length)
with a fictious magnetic surface current, j,,,. The sinusoidal
2D periodic corrugation, p

p =1 + Arcos(me)cos (k,z) )

can be described in terms of an equivalent magnetic surface
current by imposing the following boundary condition:

jm =X [V(pE - n)] + iwpn X [n X H| )

The bold font indicates quantities with 3-vectors, i.e. the
electric E and magnetic H field and normal unit vector, n. The
transverse electric and magnetic fields are expanded from
Maxwell’s curl equations and described as wave packets with
slowly varying amplitudes (C;’h) filled with fast oscillating
terms. The electric and magnetic fields are described as a
summation of the complete set of eigenmodes, g as described
in [4, 30, 31]. For the stationary regime, where localized
surface fields are coupled to the non-propagating (near cut-off)
azimuthally symmetric TMox volume mode, the power
transmitted through the cylinder is defined by integrating the
Poynting vector over the cylindrical cross section to obtain the
wave equation:

7 o
VC, (2) + w8C7* (2) F C—ZC;’S(Z) =N, f}m.Hq, do

3)

Here, C;”* is the slowly varying amplitude of the magnetic field
of the ‘partial’ volume and surface fields, § is the Bragg
detuning (which can be complex with the imaginary
component describing losses) and @ is the mean frequency of
the volume and surface fields. The wave norm N, ¢ for the
volume (—) and surface fields (+) is N,z =
iwey/$ H,. Hg, do, where Hy, is the complex conjugate of the
magnetic field of the eigenmode [4, 29, 31]. Eq.(2) is
substituted into the left hand side of Eq.(3) which (for volume
and surface wave coupling) must be non-zero. Averaging over
the fast oscillation terms and renormalizing as outlined in [3,
29, 31] gives the coupled 2D-PSL dispersion relation:

(w2 — A2){A* = 2M2[(2 +T? + w2) + (2 - T%2 + w2)?]} =
2042 = T? 4+ w2 — A?) 4)

where A is the normalized wave vector, w,is a variable angular
frequency, T = ck,/Aw is a geometrical detuning parameter
where Aw = /(w?)? + (0§)?/2 and wl”® is the angular cut-off
frequency of the volume and surface modes and a is the
normalized coupling coefficient (which determines the
strength of the coupling of the volume and surface fields). The

dispersive EM properties of the structure can be predicted by
evaluating the normalized coupling coefficient, a:

Twle roArf

¢ 2

where & is the permittivity of free space and § is written:

o [ G e )y,
$(H;" - Hy,)do $(Hy* - Hy,)do
The strength of the coupling can also be estimated by

comparing analytical studies with numerical Particle-in-Cell
(PiC) calculations.

[ll. DISPERSION ANALYSIS

Previous studies have revealed that the geometrical detuning
parameter I" can define the operating regime of the system, i.e.
determining whether a backward wave, or a pi-point or a
forward wave interaction takes place. Within a certain
parameter space (I'~1.8 — 2.1, a~ 0.4 — 0.9), a “flat’ [11,30]
dispersion curve can be observed. Analytical dispersion
diagrams (obtained by solving Eq.4 [4,11,29,31]) in Fig.1
depict the interaction between the 2D-PSL eigenmode and a
modulated, 100kV electron beam (solid black line): w =
k,v, + (k,v,). The inclusion of the k,v, term is valid for all
slow wave devices in which the electron beam passes close to
a periodic cavity. The normalized dispersion in Fig.1(a) is
composed of three distinct branches. The lowest branch
(formed primarily from the ‘partial’ TMos volume mode)
exhibits a relatively flat profile and a correspondingly slow
group velocity. Normalized numerical data (dot-dash red),
obtained by modeling the periodic unit cell of the 2D-PSL
using the CST Eigenmode Solver, shows good general
agreement with the lower analytical dispersion branch when
k,/k,~—0.3,..,0.3. Deviations beyond this region can be
attributed to key differences between the two models; namely
the inclusion of spatial harmonics in the CST Eigenmode
Solver. The theoretical results are calculated by taking into
account just one spatial harmonic of the coupled eigenmode,
though in practice, coupling between these spatial harmonics
can be assumed. The dashed gray lines indicate additional
valid eigenwave solutions to Eq.(4). These eigenwaves,
together with the annotated forward and backward propagating
waves, demonstrate the existence of four degenerate
eigenwaves at ~176-GHz; k,/k,~0.46 (dotted grey line).
These findings have relevance to the work on four-eigenmode
super-synchronization [25-28] where a degenerate band edge
(DBE) has been shown to provide mode selection in a range of
vacuum electronic (as well as optical) devices. However,
unlike a DBE mode, the flattened dispersion curve of the 2D-
PSL oscillator is formed by the intersection of the ‘partial’
TMo, volume (dashed yellow curve) and ‘partial’ surface
(dashed green curve) fields as shown in Fig.2(b). The
imaginary solutions are indicated by the dotted black line, and
the red circle marks the interaction between the coupled 2D-
PSL eigenfield and the 100kV electron beam.



A. J. MacLachlan et al.: Powerful Narrow-Band sub-THz Oscillators based on Volume and Surface Modes

Simulations indicate that a similar, albeit lower efficiency,
result can be obtained in the positive k, region using a lower
voltage electron beam. However, since the aim is to achieve a
backward Cherenkov (absolute) instability, the group velocity
should be negative.
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Fig.1. Analytical dispersion diagrams for D/A = 5.5, 176-GHz, 2D-PSL
(a) Normalized dispersion plot comparing analytical solutions to the
CST Eigenmode solver (dot-dash-red) result. (b) Dispersion plot
showing interaction between coupled eigenmode (solid-blue) and
100kV modulated electron beam at 176-GHz. The partial volume
(dashed red), partial surface (dashed green) and imaginary (dotted-
black) solutions are shown.[37]

IVV. NuMERICAL PIC MODEL

The numerical PiC model of the D/A1 = 5.5, 176-GHz, 2D-
PSL oscillator has been created using CST Particle Studio
(CST-PS). A detailed description and diagrammatic
representation of the general model is provided in [11]. The
2D-PSL interaction cavity (constructed from lossy copper
walls with conductivity, ¢ = 5.8 X 107 S/m), consists of n=12
complete axial periods with additional tapered periods at the
input and output. The magnitude of the axial magnetic field is
gradually tapered to zero such that the electrons, having passed
through the 2D-PSL structure, are guided out to the wall in the
smooth collector region of increased radius (4.95 mm),
allowing the eigenmode to propagate from the structure. A thin
(0.1mm) annular beam is launched from a planar emission site
and accelerated directly towards a tungsten grid from a
magnetic field immersed cathode. The accelerating electric
field between the cathode and the grid is supplied via a discrete
voltage port. The separation between the outer radius of the
annular electron beam and the inner radius of the 2D
corrugation is 0.02mm, enabling the beam to intercept the
localized surface field. Designing a suitable electron gun to be
deployed within a working prototype will involve further
research. However, one type of cathode that can potentially
supply the required high current densities with spatial and

temporal control and fast turn-on capability, is a field emission
array cathode [32].

V. SIMULATION RESULTS

The backward Cherenkov interaction is driven by an axially
injected electron beam with minimal perpendicular velocity.
Unlike slow-wave electron cyclotron masers, which can also
operate in the Cherenkov regime, no transverse interaction
takes place (except in the case of cyclotron absorption where
the v, /v, ratio can increase as the electron beam propagates
through the 2D-PSL structure). The left-hand axis of Fig.2(a)
shows the axial (black) and transverse (v, vy; yellow, gray)
electron beam velocities as a function of axial position at a
time, 12ns. The right-hand axis (Fig.2(b)) illustrates the
modulated electron energy (red) for an interaction between the
pulsed electron beam (100kV,150A) and the 176GHz,
D/A~5.5 (Ar=0.25mm, r, = 4.5mm, m =16, d, =0.78mm)
2D-PSL. The 3-dimensional electron energy trajectory in
Fig.2(b) shows the azimuthal variation in electron energy
imposed by the azimuthal corrugation.

Fig.3 shows the main spectral peak at 176-GHz and
confirms that the power in the spatial harmonic at 352-GHz is
acceptably low. The frequency of this generated radiation
matches the interaction frequency predicted by the analytical
dispersion in Fig.1(b). Contour plots illustrating the axial
magnetic (left) and electric (right) field components of the
HE 6,1 eigenmode (composed of the “partial” TMos volume
field and the hybrid surface field) are presented in Fig.4. As
observed from the HE 6 time domain signal in Fig.3(b), the
majority (~2.2MW) of the total (~2.7MW) output power
(corresponding to ~18% electronic efficiency) is in the HE 141
eigenmode, while the remaining power is contributed by the
sum of the azimuthally symmetric TMon modes (N=1..6). The
simulated efficiency is lower than that achieved in [11] due to
the increased complexity of this more overmoded system,
which might benefit from further optimization. Nevertheless,
the fundamental proof-of-principle, high-order mode coupling
and single-frequency excitation has been established, and the
the coupling coefficient a~0.65 has been estimated by
comparing the theoretical and simulation results.
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Fig.2. (a) Left: Axial (v,, black) and transverse (vyvy; yellow,gray)
electron velocities [37]. Right: Electron energy (keV) at time, 12 ns, as

a function of axial position (b) 3D visualization of electron energy, in
keV.
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Fig.3. (a) CST-PS spectral peak at 176-GHz (dB scale) observed for
the 2D-PSL with ry, = 4.5mm, m =16, Ar=0.25mm, d, =0.78mm [37].
(b) time domain signal for the HEs: eigenmode with 2.2MW peak
pulsed power.
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Fig.4. CST-PS axial magnetic (left) and electric (right) field contour plots

The dependence of the pulsed power and efficiency on the
peak current (in the range /=10-100A) was investigated for the
less overmoded, 351GHz device in [11]. This study has been
extended to consider the power and efficiency as the current is
incrementally increased up to /=400A. Simulation results for
the D/A = 3.5, 351-GHz (triangular marker) and D/1 = 5.5,
176-GHz (circular marker) devices are plotted in Fig.5. The
input voltage V,, was adjusted to compensate for the impedance
of the discrete voltage port, thus maintaining the same effective
voltage V¢, at very high peak currents, I >250A. Signficant
detuning from the optimum interaction conditions, manifesting
in reduced spectral purity and diminished power and
efficiency, was otherwise observed. The black curves (Fig.5)
represent the normalized electronic efficiency (calculated
using Vess) for the D/A = 3.5, 351-GHz (triangular marker)
and D/A = 5.5, 176-GHz (circular marker) devices. The
corresponding red and blue dotted lines indicate the overall
device efficiency (calculated using V).

Results plotted in red (351-GHz) and blue (176-GHz) show
the output pulsed power as a function of current. Simulations
indicate that even the smaller (r, =1.47mm) cavity can accept
400A of pulsed current (peak current density, p~60Amm™?2)
generating 6.6 MW of peak output power. In this case, the
frequency spectrum is less clean, resulting in a broader
bandwidth (~3 GHz). The spectral purity is retained at 400A
for the larger radius (p~6.35Amm™2) cavity. These results
demonstrate the potential for extremely powerful, short pulse
2D-PSL oscillators with the principles of operation being
applicable over a wide range of frequencies.

It is evident from Fig.5 that the 2D-PSL devices operate in
different regimes below a threshold current (I;~130A,
f1 =176-GHz; I, ~60A,f, =351-GHz) and that launching a
current close to these values is detrimental to the efficient
operation of the device.
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Fig.5. Left-hand axis: dependence of the electronic (solid black) and
device (dotted) efficiency on electron beam current for the D/1 = 3.5,
351-GHz (triangular markers) and D/A =5.5,176-GHz (circular
markers) 2D-PSL devices. Right-hand axis: power as a function of
current for the D/A = 3.5, 351-GHz (red curve) and D /A =5.5,176-GHz
(blue curve) 2D-PSL devices.

Having established, both theoretically and numerically, that
the D /A=5.5, 176-GHz oscillator operates in a similar manner
to the D/A=3.5, 351-GHz device discussed in [11], the effects
of cyclotron absorption in both oscillators can be studied and
compared. Fig.6 illustrates the efficiency dependence on the
magnitude of the magnetic guide field, plotted from the CST-
PS simulation results for the D/A1=3.5, 351-GHz (triangular
markers) and D/A=5.5 176-GHz (circular markers) 2D-PSL
oscillators. For weak B- fields (< 2T) electrons were collected
on the wall due to inadequate beam transport. The results
demonstrate peak efficiency at ~3T at both 176-GHz and
351-GHz. While, in conventional BWOs, peak efficiency is
generally observed at higher B-fields, above the cyclotron
absorption region, 1D BWOs that perform efficiently with
modest guide fields have been reported [33]. In BWO devices,
the magnetic guide field transports electrons with minimal
perpendicular velocity, v,. However, near the cyclotron
resonance, where fast (FCM) or slow (SCM) cyclotron beam
modes couple with the eigenmode of the interaction cavity,
electrons typically deviate from their axial trajectory. In Fig.6,
the prominent dips at ~8.00-8.75T and ~14.50-16.00T are
suggestive of cyclotron absorption.  Although cyclotron
absorption in conventional Cherenkov oscillators has been
well-researched [34-36], few studies have hitherto been carried
out for 2D-PSL devices. The relativistic electron cyclotron
frequency is defined:

_eB
T 2mym,

fce
)

where e is the electronic charge, B is the magnitude of the
magnetic guide field, m,is the electron mass, yis the
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relativistic Lorentz factor, y~1 4+ V /511 and V is the electron
beam voltage in kV. From Eq.5, the cyclotron wave frequency
fce matches the frequency of the generated wave when
B=7.50T and B=14.73T (for the 176-GHz and 351-GHz 2D-
PSLs respectively). However, the cyclotron absorption effect
is more accurately determined by the location of the
intersection of the cyclotron beam mode with the 2D-PSL
“cold” dispersion curve and is further complicated by the
periodicity of the dispersion relation. From Floquet’s Theorem,
the spatial harmonics of the 2D-PSL dispersion curves are
separated along k, by k,, giving an infinite number of FCMs
and SCMs. The relativistic electron cyclotron frequency hence
provides only an approximation to where the electron
cyclotron resonance absorption will occur.

More accurate theoretical predictions for the (a) 176-GHz
and (b) 351-GHz devices are shown in Fig.7. In Fig.7(a.b) the
SCM of the | = 2 electron beam, w., = k,v, + I(EZUZ) -
1(Q..) with angular electron cyclotron frequency,
Q.. interacts with the 2D-PSL eigenmode in the first Brillouin
zone (—0.5 < k,/k., < 0.5). The dotted green line shows the
fee~188GHz, i =1 (B=8.00T) SCM intersecting the 2D-PSL
eigenmode near the pi-point at 177-GHz. The dot-dash green
line (B=8.75T, f..~206-GHz, i =1 SCM) shows a backward
wave interaction with the eigenmode at 175GHz.

The 1 =1 SCM of the synchronous (I = 1) electron beam
(B=8.00T, f..~188GHz, dotted red) intersects the second
spatial harmonic of the 2D-PSL eigenmode harmonic in the
second (0.5 < k,/k. < 1.5) Brillouin zone (while the
fee~206-GHz (B=8.75T) SCM crosses the second and third
Brillouin zones. An interaction between the i =1, FCM and
the —1 spatial harmonic of the 2D-PSL eigenmode is also
possible. Fig.7(b) shows the [ =2, i =1, f,~377-GHz
(B=16.00T) SCM intersecting the 351-GHz 2D-PSL
eigenmode at ~344-GHz. Overall, Fig.7 confirms that the
efficiency minima observed in Fig.6 correspond to cyclotron
absorption. Disadvantages in designing a device where the
magnitude of the axial magnetic field is within the region of
the electron cyclotron frequency are twofold: greatly
diminished, and often negligible, output power and efficiency;
and an increase in electron energy spread. For this reason,
these axial magnetic field magnitudes are best avoided, and a
suitable axial magnetic field (on either side of the cyclotron
resonance) should therefore be chosen.

Fig.6 illustrates that the separation between the maxima and
minima (AB;,) scales with the operating frequency; i.e.
AB;/AB,~f1/f, (where f; , = 176; 351GHz). Based on these
findings, W-band (75-110 GHz), ~ 100kV 2D-PSL oscillators
(for which cyclotron absorption is predicted to occur around
~3.2T at the lower end of the spectrum) may operate less
efficiently at ~3T. While this can potentially be resolved by
increasing the voltage and scaling d, accordingly, simulating
these 2D-PSL devices at higher magnetic fields could
nevertheless provide a more realistic starting point when
exploring initial design parameters.
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Fig.6. Normalized efficiency dependence on the magnitude of the
magnetic guide field for the 351 GHz (triangular marker) and 176 GHz
(circular marker) 2D-PSL devices. The red squares indicate the
magnetic field values of 7.5T and 14.7T, for which the relativistic
cyclotron frequency (calculated from Eq. 5) equals 176 GHz and 351
GHz respectively.
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Fig.7(a) Interaction of slow cyclotron modes with f,.=188, 206GHz
(corresponding to B=8.00, 8.75T) with the eigenmode of the 176-GHz
2D-PSL in the first, second (and start of the third) Brillouin zones. b)
Interaction of electron cyclotron modes with f,=330, 377GHz
(corresponding to B=14, 16T) with the eigenmode of the 351-GHz 2D-
PSL in the first Brillouin zone.

VI. CONCLUSION

Theoretical and numerical studies of electron cyclotron
absorption in highly overmoded oscillators based on 2D-PSL
interaction structures have been carried out at two different
frequencies; 176GHz and 351GHz. The cyclotron absorption
dip manifests within a narrow axial magnetic field range,
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which is shown to scale directly with frequency. This universal
observation is independent of the diameter-to-wavelength ratio
of the cavity. An interesting feature of these devices is the
potential for efficient operation at modest axial magnetic field
magnitudes of around 3T.

Few studies of electron cyclotron absorption in sources
based on highly overmoded 2D interaction cavities have
hitherto been made. This work demonstrates the importance
of choosing an appropriate magnetic field, sufficiently far from
the electron cyclotron resonance. When suitable magnetic
field magnitudes are chosen, simulations of the overmoded
176-GHz and 351-GHz 2D-PSL oscillators exhibit megawatts
of output power. Excellent spectral purity is observed when
the geometrical cavity dimensions and electron beam
parameters are correctly chosen according to the analytical
theory. The current of the electron beam has been shown to
affect not only the electronic efficiency of the wave-beam
interaction, but also the operating regime of the device.
Overall, good agreement between the CST particle-in-cell
simulations and the analytical theory has been demonstrated.
These results are applicable to future designs of 2D-PSL
oscillators at different frequencies.
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