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Efficient, 0.35 THz Overmoded Oscillator
Based on a Two-Dimensional Periodic Surface
Lattice

A. J. MacLachlan, C. W. Robertson, A. W. Cross and A. D. R. Phelps

Abstract— We present the theory, design and numerical
modeling of a cylindrical, two-dimensional (2D) periodic
surface lattice (PSL) intended for use as the interaction
region of an electron beam driven, pulsed source. The
production of 1.95MW peak, pulsed 0.35THz radiation with
an electronic efficiency of 24% is reported. Mode selection
in the oversized cavity, where the diameter D is almost 3.5
times larger than the operating wavelength 4, is achieved
by coupling volume and surface fields to form a coupled
cavity eigenmode. We demonstrate the advantages
(including enhanced output power and improved spectral
purity) of using a 2D-PSL over a simpler 1D structure. The
cylindrical D/2~3.5 2D-PSL demonstrates the ‘proof-of
principle’ high-order mode coupling with the potential to
increase D/A to values of 20 or more for the realization of
CW 2D-PSL sources or very powerful pulsed sources. The
theory is applicable over a broad frequency range.

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

I. INTRODUCTION

IGH power (HP) sub-THz and THz radiation sources are

widely sought after for applications in communications,
environmental sensing, dust cloud monitoring, long range
imaging, high field pulse electron paramagnetic resonance
(EPR) for biomolecular characterization, electron beam
diagnostics, non-destructive testing, and radar [1-6]. HP
vacuum electronic sources can be designed to complement and
enhance the continuous milliwatt output power of state-of-the-
art solid state devices (SSDs) for long range wireless
communications where the reduced atmospheric attenuation
at~0.35 THz is advantageous. Sources surpassing the power
capabilities of SSDs at 0.35 THz are fundamental to the
development of plasma scattering diagnostics [7] and advanced
sources for enhancing nuclear magnetic resonance (NMR)
using dynamic  nuclear  polarization = (DNP-NMR)
spectroscopic techniques, where there is a specific need for
powerful, pulsed sources in addition to moderate-power
continuous sources. The development of HP, high frequency
CW sources, with longer life-spans and lower guiding
magnetic fields than present gyrotron sources, is an important
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area of interest into which this work could eventually lead.
Spanning the ‘THz gap’ using vacuum electronic sources,
whilst maintaining HP output, poses significant challenges,
namely: (i) the avoidance of RF breakdown, (ii) the provision
of adequate cooling and (iii) manufacturing limitations [8]
associated with the small cavity dimensions. One promising
type of slow-wave device where these difficulties can be
resolved by making the interaction cavity diameter D several
times the free space operating wavelength A, whilst introducing
a cosinusoidal corrugation at the inner wall, is a surface wave
oscillator (SWO) [9-25]. In contrast to standard sources where
D~A, the interaction cavity of the SWO is oversized and
therefore highly overmoded. The periodic interaction cavity
reduces mode competition by (i) restricting the number of
modes that satisfy the complex boundary conditions and (ii)
matching the phase velocity v,, = w/k, of the EM wave or
wave harmonic (with angular frequency w and axial
wavenumber k) to the electron beam velocity, v,.

The generation of HP radiation is enabled by the excitation
of a localized surface field at the inner cavity wall. SWOs
based on one-dimensional (1D) periodic structures have been
designed at 0.14, 0.319-0.349 THz [16,17] by Wang et al. and
0.2 THz by Annaka et al. [18]. We present theoretical,
analytical and numerical results for a SWO with a complex,
two-dimensional periodic surface lattice (2D-PSL) interaction
cavity and demonstrate high-order mode selection, achieved by
coupling volume and surface fields to form a hybrid cavity
eigenmode. Slow wave devices based on 2D-PSLs have been
the subject of intensive research at the University of
Strathclyde [9, 22-24,31-34] and also at the Institute of Applied
Physics within the Russian Academy of Sciences [12-15,19-
21], where a 32.5 GHz 2D SWO driven by a kiloamp, ~300-
600 kV relativistic beam was developed [15].

We present the design of a compact, D/A1~3.5 2D-PSL
oscillator driven by a comparatively low voltage 89 kV, 90A
electron beam. Mode selection is achieved by coupling a
‘partial’ azimuthally symmetric TMo4 volume mode with a
localized ‘partial” surface field to form a hybrid, HE o, cavity
eigenmode. This is similar to the method proposed by Oparina
et al. where a high-Q supermode is formed inside an oversized
cavity based on the Talbot effect [25]. The results presented in
this paper have relevance to the research carried out at the
University of California, Irvine (UCI) [26-30] where
multimode synchronization, provided by four degenerate
modes, enables mode selection in similar oversized, 2D
structures [28]. The principle of mode selection has previously
been demonstrated in 2D-PSLs with planar geometry [31-
34].To obtain high output power at a specified frequency, the
dimensions and parameters of the 2D-PSL and the assembled
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oscillator must be carefully chosen. We demonstrate the
production of 1.95MW, pulsed 0.351 THz radiation with an
electronic efficiency of 24% for a 2D-PSL with mean radius,
1= 1.47mm, 10 azimuthal variations (m=10), and axial period,
d,=0.39mm. The D/A~3.5 2D-PSL presented in this paper
demonstrates the fundamental ‘proof-of-concept’ high-order
mode coupling, from which the potential to design D/A > 20
2D-PSL cavities for the realization of HP, THz CW sources,
can be inferred. Simulations comparing the 2D-PSL with its
1D counterpart demonstrate the benefits of the more complex
2D geometry.

[I. DESIGN AND THEORY

The 2D-PSL of length, L=14d, consists of 12 full axial
periods and 2 tapered periods (one at each end of the
corrugation) as shown in Fig.1. The larger diameter of the
smooth cylindrical output waveguide (Dy,=3.2mm) allows the
near cut-off TMp4 volume mode (which facilitates the
synchronization of the surface current induced around the
individual lattice perturbations) to propagate. The axial period
d, = 2m/k, of the PSL is related to the lattice wave-vector, k
and is shortened to facilitate coupling with the electron beam
by satisfying the synchronism condition, w = 2nv,l/d,
(where | = 1 is the electron beam harmonic and v, is the axial
beam velocity). The cosinusoidal corrugation on the inner
cavity wall is defined: r = 1, + Arcos(k,z)cos(Mp) where
Ar is the corrugation amplitude and m is the number of
azimuthal variations. The azimuthal period d,, = 2rry/m is
constrained by the wave-beam coupling criterion [22] for the
low voltage regime m < 2mr, /Ay, where y is the relativistic
Lorentz factor. The full set of parameters is given in Table 1.
Metallic 2D-PSLs can be constructed using additive
manufacturing [24] or by copper electrodeposition onto an
aluminum mandrel [9]. For successful operation of the
oscillator, the electron beam must pass sufficiently close to the
inner wall. The 2D-PSL (with shallow corrugation, Ar < A)
is approximated as an ‘effective metadielectric’ and the cavity
can be considered as a smooth waveguide lined with a thin
dielectric, or high impedance surface. When the resonance
conditions, (1) m =m, +ms; (where m,sis the number of
azimuthal variations of the volume v and surface s waves) and
(2) k = kg — k,, (Where k, s is the wavevector of the volume v
and surface s waves) are satisfied, the effective relative
permittivity of the metadielectric is &, = 1 + k2/k2. It has
been assumed that the relative permeability is p,.=1. The inner
radius of the ‘effective metadielectric’ is smaller than the
minimum radius of the 2D-PSL [22] and the surface field
protrudes beyond the lattice. The electron beam can therefore
intercept and excite the surface field without touching the walls
of the structure. The hybrid surface field bound to the inner
wall has both axial electric E, and magnetic H, field
components. Bessel functions of the second kind Y, are infinite
at r=0 but must be included in the definitions of the fields at
other radial points.
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Fig. 1 Diagram of 2D PSL showing the planar grid and cathode. The
annular electron beam, after emission from a thin annular emitting
region on the cathode, is accelerated towards the grid and transported
through the 2D PSL by a magnetic guiding field.

TABLE |
PARAMETERS OF 2D PSL

Symbol Quantity Parameter Value
To mean radius (mm) 1.47

d, axial period (mm) 0.39

m number of azimuthal variations 10

Ar corrugation amplitude (mm) 0.12

The boundary conditions at the wall are E, = 0 and %Hz =0.
The axial field components in the region of the lattice interface
(r = 1) are written:
E,1 = Ci[(m(kinYa(kin,) — Ya(kin/a(kin,))]
sin(me)exp (ik,z) (1a)
H,, = Cz[(]m(k_ir)ylm(kirw) - Ym(kir)]’m(kirw))]
cos(me)exp (ik,z) (1b)

Towards the center of the waveguide, the exponentially
decaying surface field is described using modified Bessel
functions Iz (k{'r). The imaginary transverse wavenumber of

the surface field is k$' = \/kZ — k2. Bessel functions of the
second kind are neglected in this region, and the axial field
components are written:

E,, = —(k§)?Cs(In(k$'T))sin(me)exp (ik,z) (2a)

o
I

2 =~k C4(In (k') )cos (M) exp (ik,2) (2b)
where C;,34 are amplitude constants. The tangential field
components in the two regions (divided by the two separate
media each with different permittivities) can be derived from
Eq.(1) and Eq.(2) [22] which are linked by matching boundary
conditions at the corrugated wall. To ensure continuity of the
tangential field and impedance matching at the lattice boundary
(r=rw) the following constraints apply: E, 1 = E, ,; H,; = H, 5;
E(p,l = E(p‘z; H(Pnl = Hq)‘z.

Ill. DISPERSION DIAGRAMS

Analytical dispersion diagrams showing the n=1, coupled
eigenmode harmonic of the 2D-PSL (composed of the ‘partial’
TMo4 volume and surface modes) are presented in Fig.2. The
cavity eigenfield is formed by the coupled, n,=0 volume mode
and ns~= £1 surface mode harmonics. Theoretically, a similar
cavity eigenmode can be formed via coupling of the n.,=1
volume and ns=0;2 surface mode harmonics (or alternatively,
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the n,=-1 and ny=0;-2 harmonics) [31]. The coupled 2D-PSL
dispersion is derived by describing the shallow periodic
corrugation using an effective (fictitious) magnetic surface
current [23,31]:
(w2 —AD){A* = 2N [2+ T2+ w2) + (2 -T2+ w?)?]} =
2a*(2 —T? + w? — A?) (3)

where A is the normalized wave vector, w,is a variable angular
frequency, a is the normalized coupling coefficient defining
the strength of the volume and surface mode coupling and ' =
ck,/Aw where Aw =/ (w?)? + (w$)?/2 and w;”* is the angular
cut-off frequency of the volume and surface modes. The
dispersive properties and overall appearance of the coupled
eigenmode are largely determined by the I' detuning parameter
which is a function of the structure’s geometry and links the
lattice periodicity with w;*. Coupling between the electron
beam and the n=1, cavity eigenfield of the 2D-PSL can be
defined according to Floquet’s Theorem, where the dispersion
relations are separated in axial wavenumber by k,. The
modulated electron beam is defined using a k,v, = Qy
oscillating term [24] which must be considered for any gyro or
slow wave device based on a periodic structure, especially
where the beam passes close to the corrugated wall. The
dispersion relation of the electron beam that interacts with the
synchronous, coupled cavity eigenmode is w = k,v, + nil,.
No parasitic gyrotron interactions are observed due to the
operating frequency being far from the cyclotron resonance
frequencies and the negligible perpendicular beam velocity v, .

Fig.2(a) illustrates how modifying I' can change the shape of
the dispersion and potentially control the operating regime, i.e.
determining whether a backward wave, or a pi-point or a
forward wave interaction takes place. The curves in Fig.2(a)
are the 2D-PSL coupled eigenmode dispersions for d,=0.32mm
(grey curve) and d,=0.39mm (red curve). The solid (89kV),
dashed (85kV) and dot-dashed (50kV) electron beam lines
show interactions with the lower dispersion branch at ~0.348-
0.349 THz, annotated in Fig.2(b). The blue circle represents an
interaction between the d,=0.39mm 2D-PSL and a 89kV beam
within the vicinity of the pi-point. Simulations reveal that the
voltage can be tuned within a few volts which can, in some
cases, change the operating regime of the device. The green
triangle illustrates an interaction between the same d,=0.39mm
2D-PSL and a 85kV beam, shifted further from the pi-point.
The yellow square indicates a backward-wave interaction
between a d,~0.32mm, 2D-PSL and a 50kV beam. Fig.2(c) is
the normalized dispersion for the d,=0.39mm, 2D-PSL with
the 89kV beam, where m~ 2mr, /Ay. The lower branch has an
especially slow group velocity, giving rise to a near stationary,
localized interaction. Similar flattened dispersion curves have
been observed in planar PSL structures [31].

This flattened appearance is highly suggestive of multiple
degenerate eigenwave synchronization [26-28]. Based on this
theory, the lower dispersion branch in Fig.2(c) indicates a ‘split
band edge’ and demonstrates that the structure can potentially
support a degenerate band edge (DBE) [28] where four
degenerate modes are implicated in the volume and surface
wave coupling. Although this DBE phenomenon is strictly
observed in the absence of gain media, the operating regime is
only slightly shifted when an electron beam is passed through

the structure and therefore certain properties [27], most notably
the enhanced mode selectivity facilitated by the mode
degeneracy, (and in this case enabled by the coupling of
volume and surface waves) are retained [26-30]. While the
coupled eigenmode inside the 2D-PSL is similar to a DBE
mode, the DBE concept was not used in the design of the
oscillator.

V. NUMERICAL MODEL

The 2D PSL oscillator has been modeled using the PiC solver
of CST MWS. The accelerating field between the cathode and
the grid is applied using a discrete voltage port and the
waveguide port at the output includes over 100 modes in the
calculations. The metallic 2D PSL wall is constructed from
lossy, annealed copper (with conductivity o =5.8e+07 S/m) to
account for dissipative ohmic losses. The planar, transparent
tungsten (o =1.89e+07 S/m) grid (positioned between the
cathode and the start of the 2D PSL taper) allows the electrons
to be injected close to the corrugated surface. The electrons are
directly accelerated towards the grid from the magnetic field
(B=3T) immersed cathode with minimal perpendicular
velocity (v, /v, = 0.01). The 2D-PSL oscillator has a
magnetic field significantly lower than the B-field required for
gyrotrons operating at the same frequency. The beam is narrow
in radial extent and launched from an annular emission site on
the flat cathode where A, is the separation between the outer
beam radius and the inner PSL radius. To replicate these
simulations in laboratory experiments, a thermionic, annular
cathode, or a carbon nanotube cathode [35] embedded in a flat
surface can be used with the planar grid. The particle energy as
a function of axial position in Fig.3 shows the electron beam
becoming increasingly modulated, with the wave-beam
interaction reaching saturation after 6ns. Although
transmission losses in the grid have not been included in this
model, further investigation has established a ~3% drop in
efficiency when these losses are considered. The beam
transmitted through the planar grid has improved quality
compared to cases without the grid. However, for the
construction of a CW 2D-PSL oscillator, where D/A ~20, a
“foil-less’ diode configuration may be necessary.

V. SIMULATION RESULTS

While the focus of this work is on the more complex and lesser
researched 2D-PSL, an equivalent ro=1.47mm, 1D-PSL was
simulated using an identical set-up. For the 1D-PSL, a
stronger, B=5T transporting magnetic field was required to
prevent electrons being lost to the wall. Fig.4(a) compares the
1D (dashed green trace) and 2D (solid blue trace) results for
B=5T and A,=0.055mm. The 1D spectral peaks correspond to
a rotating surface ‘whispering gallery’ mode (0.365 THz) and
the TMo,n=14 modes (72 GHz, 0.167 THz, 0.260 THz, 0.353
THz). The 2D-PSL spectrum shows the HE)o,; eigenmode at
0.351 THz, observed within + 3GHz of the theoretical
prediction (Fig.2). The improved spectral purity (compared to
the 1D PSL) is attributed to the additional boundary conditions
imposed by the azimuthal corrugation. Simulations of the 1D
PSL show electrons colliding with the wall when
A,<0.055mm. However, for the 2D-PSL, the efficiency is
increased as the beam is positioned closer to the wall where it
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can better intercept the surface field. Results for the 2D-PSL
with B=3T and A,=0.033mm are plotted on (b) log and (c)

linear scales.
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Fig. 2 Analytical dispersion diagrams for the (a,b) 2D-PSL with
d,=0.32mm (grey curve) d,=0.39mm (red curve) and 50kV (dot-
dashed), 85kV(dashed) and 89kV (solid) modulated electron beams.
The markers in (b) indicate potential interactions. Fig.2(c) is the
normalized d,=0.39mm 2D-PSL dispersion.
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Fig.3. Particle energy in electron volts of the thin, annular electron beam
at a time of 6 ns.

The linear plot in Fig. 4(c) illustrates the narrow, high-Q cavity
eigenmode, while Fig.4(b) provides a more thorough spectral
evaluation, with around 6 orders of magnitude dynamic range.
To confirm that the harmonic content of the output has an
acceptably low level, Fig.4(d) shows the ~6.5kW HEo;
eigenmode harmonic at ~0.704 THz, solved over 400 modes
and plotted over an extended frequency range (0.05-0.8 THz).
A similar, albeit lower efficiency (16%) result was observed at
0.352 THz for a d~0.32mm, 2D-PSL with a 50kV beam,
indicating that the frequency and spectral purity can be
maintained at different voltages by scaling the axial period,
and showing good agreement with the dispersions in Fig.2.

The 2D-PSL oscillator with the weaker 3T B-field outperforms
the 5T, 1D-PSL device . Simulations indicate that the 2D-PSL
oscillator can efficiently operate (16% efficiency) with a
guiding field as low as B=1.8T demonstrating the potential for
powerful and low cost, compact sources. The peak, 1.95 MW
power and 24% electronic efficiency of the 3T, 2D-PSL
oscillator is plotted in Fig.5. The majority (67%) of the 1.95
MW output power is in the dominant HE o ; hybrid eigenmode,
with 23% of the power contributed by the adjacent, lower order
TEs> mode and 10% provided by the propagating TM,,; mode.

The axial (a) electric E, and (b) magnetic H, field contour
plots presented in Fig.6 demonstrate the hybrid nature of the
coupled eigenmode. The azimuthally symmetric volume
(m, = 0) and surface (mg; = 10) fields satisfy the resonance
condition, m = mg + m,. The E, contour plots at the (i)
output, (ii) smooth cylindrical section and (iii) central PSL
cross sections show the field evolution through the structure. A
superposition of partial volume and surface fields is observed
in (ii) but upon reaching the output port, E, resembles a
propagating TMo 4 volume mode. Fig.6(b) shows the H, field
component at the output (left) and central (right) cross sections.
The tangential H; contour plots in Fig.6(c) show the ‘partial’
volume and surface fields that constitute the cavity eigenmode,
at the smooth output (left) and at a central location within the
2D PSL (right). Although complex mode converters are
typically required to utilize the radiation, the ‘partial’ volume
field observed at the cylindrical output port is more convenient
when compared to the 1D output where the EM field is bound
to the inner wall.

The output power and efficiency of the 2D-PSL oscillator is
plotted for different beam currents in Fig.7. Although the
oscillator is less efficient for lower currents, the ability to
reduce the current whilst still maintaining reasonably efficient,
powerful 0.35 THz radiation, shows the potential to develop
larger diameter CW sources. The lower current cases (red
dashed lines) are operating in a slightly different regime to the
higher current cases (solid black lines) that correspond to the
results shown in Figs.(4,5). Simulations show a lower effective
beam energy at smaller currents, consequently shifting the
operating point on the dispersion curves. In this way, a n-mode
interaction can potentially become a backward wave
interaction (or vice versa) depending on the geometry of the
2D-PSL. It is possible that the higher current regime is above
a certain threshold current which must be exceeded in order to
excite a particular regime of operation. A similar trend is
observed in the increase of the rate of growth (shown via the
decrease in time to reach the maximum output) as the current
increases, for the lower and higher current regimes. No direct
correlation between efficiency and voltage is observed. The
operating frequency is maintained for different voltages by
adjusting d, accordingly and, while altering the voltage
changes the point at which the electron beam intersects the
dispersion curve, this shift is counteracted by the
corresponding change in d, which controls the modulated
electron beam parameter, Q,, = 2rd,/v,.

The fundamental mode coupling relies on the careful
selection of parameters and the voltage is tunable only within
a few volts for any given d,. However, this small change in
voltage, in certain cases, is sufficient to change the operating
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regime. At frequencies as high as 0.35THz, the losses
associated with surface roughness can become problematic.
Increasing the losses in the model to correspond to surface
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Fig. 4. CST MWS results showing the output power and spectral purity

for (a) the 1D PSL (dotted green) with B=5T and A,=0.055mm; and the

2D PSL (solid blue) with B=3T and A,=0.033mm and (b) on a dB scale,

(c) on a linear scale and (d) over a dB scale a 50-800 GHz range.
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Fig. 5. Plots showing total 1.95 MW output power in watts (left) and
24% electronic efficiency (right) of the 2D PSL oscillator with a 89kV,
90A electron beam, using data provided in [36].
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roughness values of the copper surface that are realistically
achievable with standard construction methods yields a 6%
drop in efficiency. However, employing advanced, high
precision manufacturing techniques [7] should allow surface
roughness values consistent with the 24% efficient, 1.95MW
2D PSL model to be achieved. Simulations have been carried
out to investigate the impact of the velocity spread of the
electron beam on the performance of the device. Introducing a

5% velocity spread at the cathode emitter had little impact on
the output efficiency due to the electron velocities entering the
2D-PSL being primarily conditioned by the grid voltage.
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regime and the black solid line is the high current regime.
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To provide a more realistic test the model was adapted to
impose a velocity spread on the electrons emanating from the
tungsten grid. The efficiency and power do not decrease for a
5% velocity spread introduced at the grid. However, when the
spread is increased to 10%, although the spectral purity
remains good, the efficiency and power start to decline, and for
a 20% spread, the device no longer performs as expected.
These results demonstrate the importance of achieving and
maintaining a high quality electron beam, especially when
considering a practical, laboratory device.

VI. CONCLUSION

The design and simulation of a pulsed high frequency, 0.35
THz D/A=3.5, 2D PSL oscillator with 1.95 MW output and
24% efficiency is presented. This work demonstrates the
potential for oversized, cylindrical 2D PSLs to be exploited
within overmoded oscillators for the realization of high power,
efficient sources at sub-THz and THz frequencies. The
numerical modeling justifies the use of a 2D-PSL as opposed
to a 1D periodic structure by highlighting the superior mode
selectivity and spectral purity, in addition to the enhanced
power and electronic efficiency. An additional benefit is the
lower, magnetic field required to transport electrons through
the 2D-PSL. The modest, 3T field, shown to enable efficient
operation of the device, is especially competitive compared to
gyrotrons operating at the same frequency, and allows for
convenient deployment in applications. Simulation results
show the ability to generate a high quality, annular electron
beam that passes near the 2D-PSL wall and excites a localized
surface field. = The simulated planar cathode and grid
configuration, can be reproduced, by constructing carbon
nanotube cathodes, suitable for pulsed sources. We report
good agreement between theory and simulation for the 2D-
PSL. Future work will involve further increasing the diameter
(whilst maintaining the wavelength) of the cylindrical 2D-PSL.
The novel high order mode coupling method presented in this
paper is applicable even to extremely overmoded cavities and
D/A values of 100 are theoretically possible. If D/A=20 values
can realistically be achieved, then the development of
continuous ~2MW 2D-PSL sources with applications in
plasma heating for the eventual realization of fusion energy are
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possible. The successful operation of the 2D-PSL oscillator
has been demonstrated for currents as low as 20A. The theory
and modeling presented in this paper are scalable to different
frequencies increasing the broad scope of this research.
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