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Abstract Linear accelerators operating at millimeter or sub-terahertz frequen-
cies and short pulse duration have the advantages of lower power consumption
and high repetition rate. In this paper planar metallic accelerating structures with
different modes operating at 210 GHz were designed. A tolerance study was also
carried out to determine the sensitivities of the geometric parameters to the wake-
field acceleration performance. The generated Wakefield was simulated using the
beam parameter of the Compact Linear Advanced Research Accelerator (CLARA)
test facility at Daresbury Laboratory. For a 55 MeV single electron bunch with
charge of 250 pC and a bunch length of 0.27 mm (0.9 ps), an equivalent accelera-
tion gradient of 20 MV/m was achieved in the simulation. The relatively modest
acceleration gradient was limited by the charge in a single bunch. The acceleration
gradient could be further improved by using a bunch train which has larger total
bunch charge. From the simulation, the acceleration gradient of 100 MV/m can
be generated when it is driven by a 10-bunch beam train.

Keywords planar metallic waveguide · Wakefield generation · THz acceleration ·
acceleration structure

1 Introduction

The accelerators nowadays mainly operate at S-, C-, and X-bands. The accelera-
tion gradient is one of the most important parameters for a linear accelerator, and
it has always increased as development techniques have improved. For example,
the SLAC (Stanford Linear Accelerator Center) S-band linac achieved 17 MV/m in
the late 1960s [1]. The NLC (Next Linear Collider) operating in X-band achieved
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an acceleration gradient of 65 MV/m in the 1990s [2]. Currently, the CLIC (Com-
pact Linear Collider) under development at CERN has achieved an acceleration
gradient of 100 MV/m at X-band [3]. The increasing demand for higher acceler-
ation gradient is driven by the requirements for the next generation synchrotron
light sources [4].

Operating at millimeter or sub-terahertz frequencies and short pulse duration
has a few advantages. One is that the acceleration gradient increases with the
operating frequency at a fixed input power. For example, the acceleration gradient
at C band (6 GHz) can be 50 MV/m at a power of 1 GW [5], 100 MV/m at X-band
(12 GHz) for a power of 50 MW [6]. while at W-band (94 GHz), the acceleration
gradient can be 100 MV/m with a power of 10 MW using cavities of a similar
Q. The power requirement is much smaller when operating at higher frequencies.
It can be a significant benefit for high energy linear accelerators of the multi-km
scale to reduce the overall power consumption. Also the microwave pulse length
required in a higher frequency acceleration structure is shorter, which is helpful
for the applications that require a higher repetition rate.

However it is still challenging to generate intense millimeter or terahertz ra-
diation. Different techniques are under development, including the laser-driven or
beam-driven methods [7,8]. And acceleration media like dielectric materials and
plasma are used to improve the breakdown threshold to 1 GV/m to 10 GV/m
range. For acceleration in dielectric materials, intense short pulse radiation in the
terahertz frequency range can be used to accelerate short electron bunches. In
the laser-driven dielectric method, the intense terahertz radiation is produced by
the interaction of an ultra-short laser pulse with the eigenmode of a waveguide
structure. While in the beam-driven method, the radiation is generated from the
interaction between the high-relativistic short electron bunch and the waveguide
structure.

The Dielectric and THz Acceleration (DATA) project at the Cockcroft Institute
aims to realize the electron bunch acceleration driven using high power terahertz
waves [9]. The research in this paper is one of the schemes, to investigate metallic
structures driven by short electron bunches for Wakefield acceleration [10,11].

In this paper, the design of a planar metallic acceleration structure operating
at 210 GHz is presented. The performance of both 2π/3 and 4π/5 modes are
compared, and the Wakefield strength driven by the electron bunches of CLARA
was studied by numerical simulation.

2 Metallic Wakefield Structure

The operating parameters of the metallic structure were chosen based on the
CLARA facility, whose beam parameters are listed in Table 1. The CLARA beam
of energy 55 MeV that has the higher bunch charge of 250 pC with a bunch
length of about 0.27 mm (0.9 ps) will be used. The operating frequency of the
RF photo-injector gun is 3 GHz, and the metallic structure was chosen to operate
at its harmonic frequency. A high operating frequency, such as 420 GHz, would
achieve high acceleration field strength. However, the smallest dimension of the
structure was estimated to be about 0.1 mm, which is challenging to achieve using
the conventional machining techniques. To allow larger dimensions, a lower oper-
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Fig. 1 Drawings of the planar metallic structure. (a) cross-section view of Y Z plane, (b)
cross-section view of XY plane, (c) cross-section view of XZ plane, (d) 3D view of the half of
cavity structure.

ating frequency of 210 GHz was chosen, which corresponds to the 70th harmonic
frequency of the photo-injector gun.

Parameters Values Values
Bunch charge Q 100 pC 250 pC
Beam energy 55MeV 55MeV
RMS beam size <0.1 mm 0.1 mm
Norm. emittance (RMS) 5 µm 10 µm
RMS bunch length σz 0.2 ps 0.9 ps
RMS Energy spread 1.4% 1.0%
Frequency of photo-injector gun 3 GHz 3 GHz

Table 1 Beam parameters of CLARA. (RMS = Root-Mean-Square)

Among the various acceleration structures, the planar structure was chosen
because it is easier to machine as compared with the ridged metallic structures.
A planar structure was chosen, similar to the ones used in references [12–14], as
shown in Fig. 1. The whole structure is composed of two halves and each half
contains a half cavity. To avoid the electric field enhancement at the cavity edges,
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all the edges are chamfered. The biggest advantage of the structure is that the half
cavity structure can be machined individually by Computer Numerical Controlled
(CNC) micro-milling then assembled together. Therefore, it is able to significantly
reduce the machining complexity and cost. As the structure is composed of two
plates, it also has the advantage of being able to adjust the operating frequency
by changing the gap distance ((g in Fig. 1)) between the two plates. CLARA has
an RMS beam size of 0.1 mm, therefore a gap distance of 0.3 mm was used to
allow the electron bunch to pass through freely.

The acceleration structure was designed to operate in a traveling wave mode.
To interact with the highly relativistic electron bunch, its dispersion curve needs
to intersect with the beamline and the intersection point should be at the desired
operating frequency of 210 GHz. Therefore the relationship between the phase
advance (Θ) of each structure period (d) and the operating frequency (f) is

2πf = kzvz ≈ Θc/d (1)

where c is the speed of light. Normally the phase advance of each period can
be chosen as 2π/3. It gives a period of 0.48 mm at 210 GHz. From Fig. 1, it can be
seen that each period contains both the cavity and the gap between the adjacent
cavities. The wall thickness is twice the chamfer radius (r in Fig. 1). The wall can
not be too thin as it has to be mechanically strong so as not be deformed during
the machining. Therefore the wall thickness of 0.3 mm was chosen. As a result, the
cavity size becomes very small. To ease the fabrication requirements, it is possible
to operate in a mode with a slightly larger phase shift, for example, 4π/5, to give
an extra 20% of the period length, which becomes 0.57 mm.

The cavity size can be estimated from a simplified geometry. The gap dis-
tance between the two waveguide plates is small to cutoff the generated wakefield
radiation. By ignoring the effect of the round corners at the cavity edges, the cav-
ity shape can be approximated as a cubic shape. Its resonance frequency can be
written as

f =
c

2

√
(m/a)2 + (n/b)2 + (1/λ)2 (2)

where m,n and l are integers defining the mode, a and b represent the cavity
size in the X and Y direction, as labeled in Fig. 1. λ is the wavelength of the
propagation wave, which can be calculated from the phase advance and the struc-
ture period. The TM modes are suitable for beam acceleration as it has a large
Ez component. m = n = 1 is chosen as the TM11 mode has small Ex and Ey

components at the center. Since the dimensions of the acceleration structure is
small, it is reasonable to choose a ≈ b. Therefore a ≈ 1.17 mm,λ ≈ 1.43 mm can
be obtained for both cases of Θ = 2π/3 and Θ = 4π/5.

After choosing the initial dimensions, CST microwave studio [15] was used to
calculate the eigenfrequencies more accurately. The simulation model contained
3 periods for the 2π/3 mode and 5 periods for 4π/5 mode. A periodic boundary
condition was used with a phase shift of 2π and 4π, respectively, for the two
modes. To achieve an eigen frequency that is exactly the same with the operating
frequency, the dimensions of a and b were adjusted slightly. The final dimensions
of the acceleration structure are listed in Table 2. The electric field patterns of
both the eigenmodes (2π/3 and 4π/5) at YZ plane (X = 0) are shown in Fig. 2.
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Table 2 Dimensions of acceleration structure.

Parameters
2π/3 mode 4π/5 mode
Initial Adjusted Initial Adjusted

a (mm) 1.17 1.16 1.17 1.16
b (mm) 1.17 1.14 1.17 1.10
Period d (mm) 0.48 0.48 0.57 0.57
Chamfer radius r (mm) 0.15 0.15 0.15 0.15
Gap distance p (mm) 0.3 0.3 0.3 0.3

(a)

(b)

Fig. 2 Electric field patterns of the 2π/3 (a) and 4π/5 (b) modes.

The breakdown limit of the acceleration structure is determined by the field
strength at the wall, which is shown in Fig. 3 for both the 2π/3 and 4π/5 modes.
For the 2π/3 mode, the peak electric field at the wall is 100 MV/m and the
acceleration field strength on the cavity center is 49 MV/m, when it is driven
by an input power of 1 MW. For the 4π/5 mode, the field strengths are slightly
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(a)

(b)

Fig. 3 Electric field patterns on the cavity walls of the 2π/3 (a) and 4π/5 (b) modes.

smaller, the peak field strength of the wall is 96 MV/m and the acceleration field
strength is 44 MV/m at the center.

3 TOLERANCE STUDY OF THE METALLIC WAKEFIELD
STRUCTURE

Parameters sweeps were used to study the effect of the key geometry param-
eters listed in Table 2 to determine the requirements of the machining tolerance,
as well as the alignment requirement of the two half cavities. The results of the
tolerance dependence of two of the most important parameters, eigenfrequency
and shunt impedance are shown in Fig. 4. The shunt impedance Rs is defined by
U2/2Pd. Pd and U are the dissipated power and the stored energy in the simulat-
ed structure. They can be obtained from the results of the eigenmode solver. The
higher the shunt impedance, the higher the acceleration gradient of the Wakefield
structure can achieve.

Increasing the cavity dimensions, such as the a, b, period and gap distance
would increase the cavity size, and reduce the eigenfrequency of the operating mode
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(a) (b)

(c) (d)

(e) (f)

Fig. 4 Parameter scans results of the eigenmode solver, (a) the tolerance of dimension a, (b)
the tolerance of dimension b, (c) the tolerance of period d, (d) tolerance of the chamfer radius
r, (e) offset of the two plates and (f) the gap distance g.

accordingly. The sensitivity of dimension a was about 1.34 GHz per 20 µm for both
the 2π/3 and 4π/5 modes. The eigenfrequencies were more sensitive to dimension b
and the variation was about 2.80 GHz per 20 µm in tolerance. In general, operating
in the 2π/3 mode was more sensitive to the dimension tolerance than the 4π/5
mode, because it had smaller dimensions. The sensitivity of the eigenfrequencies
for the 4π/5 mode was about 0.6 GHz at a 20 µm tolerance on the period value.
Increasing the period value helped to improve the shunt impedance, which was on
an opposite trend as compared with dimensions a and b.

It was found that when it was with minus tolerance, the variation of the chamfer
radius r did not change the eigenfrequency much, however, it had a stronger impact
on the shunt impedance. A 20 µm increment on the chamfer radius resulted in a
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Fig. 5 Dispersion curves of the acceleration structures operating at 2π/3 and 4π/5 modes.

14% decrease in the shunt impedance. Therefore a larger chamfer radius is not
desirable. A chamfer radius of 0.15 mm is reasonable, enabling a 0.3 mm-diameter
ball-end milling tool to be used in its manufacture.

The effect on the alignment of both plates was also investigated. The structure
allowed reasonably large tolerance in assembly. A 60 µm offset gave a 0.5 GHz
offset in the eigenfrequency and no significant differences in shunt impedance.

The designed metallic structure is aimed to be machined by an in-house CNC
mill. It has a tolerance of 10 µm and the smallest high-speed milling tool available
was 0.2 mm in diameter. The structure has the advantage of tunability by adjusting
the gap distance between the two plates. It has a similar sensitivity with dimension
b. Reducing the gap distance from 0.3 mm to 0.2 mm will result in about 7 GHz
upshift of the eigenfrequency. It is possible to tune the gap distance to achieve the
required operating frequency by using a motorized stage.

4 DISPERSION CURVE AND CHARACTERISTIC PARAMETERS

The dispersion curves of both structures are shown in Fig. 5. The interaction
frequency of the acceleration structure with a 55 MeV electron beam is about 210
GHz, which agrees with the analytical equation.

A summary of the characteristic parameters of the acceleration structure is
shown in Table 3. Among the parameters, κ is the loss factor which represents the
amount of beam energy lost to the operating mode. It is usually normalized to per
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unit charge and per unit length of the acceleration structure and written as [16]

κ =
RsPd

4U(1− vg/c)
(3)

Pd and U are the dissipated power and the stored energy in the simulated structure.
They can be obtained from the results of the eigenmode solver. vg is the group
velocity at the operating frequency, which can be obtained from the dispersion
curve.

Parameter name structure operating
at 2π/3 mode

structure operating
at 4π/5 mode

Gap distance (mm) 0.3 0.3
Operating frequency (GHz) 210 210
Group velocity (1/c) 0.02 0.01
Quality factor Q 1044.9 1415.3
Shunt impedance Rs (MΩ/m) 72.1 96.9
Loss factor κ (nC·MΩ/m) 23.2 22.8

Table 3 The characteristic parameters of the acceleration structure

5 Wakefield Simulations

The Wakefield generated by a short electron bunch can be estimated as [17,18]

Ew = 2κqF (σz) (4)

where F (σz) = e−(kzσz)
2/2 is a forming factor, q and σz are the charge of the

electron bunch and the RMS bunch length, which is also defined in Table 1.
The Wakefield power can be expressed as

Pw =
E2

wvg
4κ(1− vg/c)

(5)

The pulse duration of the wakefield is

τ = Nd(1/vg − 1/c) (6)

where N is the period number in the whole acceleration structure. The accel-
eration gradient is proportional to the charge in the bunch. As the loss factors for
both 2π/3 and 4π/5 modes were similar from the eigenmode solver, the accelera-
tion gradient cacluated from Eq. 3 would have similar values. With the CLARA
beam parameters, the maximum acceleration gradient was 11.6 MV/m.

More accurate acceleration gradient can be obtained using time-domain sim-
ulations. A full structure contained 105 periods, and two couplers at both ends
were simulated, as shown in Fig. 6.

The electromagnetic wave was cut off at the edge of the two metallic plates and
the power leakage was small because the gap between them was small. The coupler
design, therefore, could be simplified to the model shown in Fig. 7(a), which can
be analyzed by the aperture coupling method [19]. Each coupler contained two
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Fig. 6 Simulated structure in CST Wakefield solver.

Fig. 7 (a) Simplified coupler structure, (b) coupler structure for the metallic acceleration
structure.

ports at both sides and the microwave radiation was coupled in to, or out from,
the regular cells through a waveguide aperture. A matching cell was used between
the coupling aperture and the regular cells to provide a transitional impedance,
as well to improve the bandwidth performance. From the theory, the width of the
input port (PW in Fig. 7(a)) mainly controlled the operating frequency. The gap
distance of the two plates also affected the operating frequency, it was fixed at 0.3
mm. The most sensitive dimensions were the length and height of the coupling
aperture (CL and CH). The width of the coupling aperture (CW) mainly affected
the coupling strength. The smaller its value was, the better coupling could be
achieved. To simplify the machining, it was set at twice of the chamfer radius and
the length of the matching cell (ML) was set to be the same as the period of the
regular cells.

The optimized parameter ranges of the coupler dimensions were firstly obtained
from the simplified model. Then the dimensions were used in in the metallic ac-
celeration structure, as shown in Fig. 7(b), to be further tuned, as the effect from



Design of planar millimeter-wave metallic structures for Wakefield acceleration 11

the chamfers has to be taken into account. In the simulation, a reduced period
number of 15 was used to save the computing time.

The transmission results of the acceleration structure with optimal coupler
dimensions are shown in Fig. 8(a). The transmission coefficient between port 1
and 3 (or 4) is between -5 and -10 dB in the frequency range of 207.2 GHz to
210.2 GHz when the gap distance is fixed at 0.3 mm. The coupler allows a certain
bandwidth which is useful for cold testing the acceleration structure using a vector
network analyzer (VNA). By adjusting the gap distance, the center frequency and
bandwidth can be adjusted by varying the gap distance. The center frequency
becomes higher and the bandwidth becomes narrower when the gap distance is
reduced. Fig. 8(b) shows the field pattern of the coupler at 210 GHz when the gap
distance is 0.3 mm.

In this study, the time evolution of the generated wakefield was verified by
using the Wakefield solver in CST particle studio. A few field probes were placed
at the beam path to diagnose the acceleration gradient. The generated wakefield
can also be extracted out from the couplers at both ends. The simulation results of
the Wakefield strength generated by one single bunch are shown in Fig. 9. The 4π/5
mode reached the peak field strength of close to 20 MV/m while the 2π/3 mode
is about 17 MV/m. The 4π/5 mode has a much longer tail which was mainly
caused by the lower group velocity. The average amplitudes of the acceleration
gradient from the Wakefield simulations were close to the predicted value from the
equations.

The acceleration gradient generated by one single bunch was relatively low and
mainly due to the magnitude of the bunch charge of the CLARA beam. One way
to increase the acceleration gradient is to excite the acceleration structure with
an electron bunch train. With proper time sequencing, the Wakefield excited by
an individual bunch can be added up by using a train of bunches resulting in a
higher accelerating gradient. The operating frequency of the RF photo-injector
gun is 3 GHz, which corresponds to a time interval between the bunch of 0.33 ns.
The Wakefield strength driven by such a bunch train was also simulated. Fig. 10
shows that the Wakefield strength can reach about 100 MV/m when the bunch
train contains 10 bunches.

6 CONCLUSION

In this paper, the design of a metallic Wakefield acceleration structure operating at
210 GHz is presented. Both the structures operating at 2π/3 mode and 4π/5 mode
were investigated and compared. The 4π/5 mode is less sensitive to the period of
the structure, as well as having a higher impedance. In wakefield simulation by
CST particle studio, the peak field strength of 20 MeV was achieved based on the
single electron bunch parameters of CLARA. It was mainly limited by the charge
contained in a single electron bunch. Further improvement in the acceleration
gradient can be realized using a bunch train. In the simulation, the acceleration
gradient of 100 MV/m was achieved by using a 10-bunch train.

A metallic structure operating at 210 GHz and 4π/5 mode will be manufactured
at the University of Strathclyde. Computer Numerical Controlled machining using
an air driven high speed (40,000 rpm) turbine will be used. Its microwave properties
will be measured using a vector network analyzer. An experiment is proposed to
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(a)

(b)

Fig. 8 (a) Transmission coefficients of the metallic acceleration structure with the coupler at
different gap distance, (b) field pattern at 210 GHz when the gap distance is 0.3 mm.

be carried out using the CLARA facility at the Daresbury Laboratory. A single
bunch measurement on CLARA is proposed to verify the design. Future work will
involve the study of electron beam dynamics through the planar metallic structure.
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(a)

(b)

Fig. 9 Wakefield simulation results with a single bunch (a) 2π/3 mode and (b) 4π/5 mode.

Fig. 10 Wakefield simulation result with a bunch train contains 10 bunch.
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