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We investigate the use of tapered rectangular dielectric-lined waveguides (DLWs) for the acceleration of
low-energy, subrelativistic, electron bunches by the interaction with multicycle narrowband terahertz (THz)
pulses. A key challenge exists in this subrelativistic regime; the electron velocity changes significantly as
energy is gained. To keep electrons in the accelerating phase, the phase velocity must also be increased to
match. We present simulations which demonstrate that the dielectric thickness can be kept constant and the
width of the dielectric lining can be tapered along the direction of travel to vary the phase velocity, an
approach only possible by the use of a rectangular waveguide geometry. The properties of tapered DLWs
are discussed and following this, a design process is presented to demonstrate that the way this tapering can
be optimized for different pulse and beam parameters. The minimum accelerating gradient for electron
bunch capture is derived and compared to simulations. As examples of this design process, designs are
considered based on considerations of the THz source, incoming electron beam, and manufacturing
tolerances. A maximum THz pulse energy of 22.5 μJ in the DLWwas considered, which represents what is
readily achievable using mJ-level regenerative amplifier laser systems together with optical-to-terahertz
conversion in lithium niobate crystals. This will be more than double the energy of a 100 keV electron
beam, increasing it to 205 keV. We describe the optimization process and present a detailed exploration of
the beam dynamics, discussing how the performance will further improve with compressed bunches.
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I. INTRODUCTION

Terahertz (THz) waveguides have received interest in
recent years and are commonly used as a confined, low loss
way to transport THz waves. They are now beginning to
show great promise in a variety of applications, driven by
the high demand in areas, such as 6G telecommunications
and signal processing [1–5], submillimeter biological and
chemical sensors [6–9], as well as terahertz imaging,
microscopy, and spectroscopy [10–13]. With the recent
advent of THz sources with peak electric fields exceeding
the GVm−1 level [14], terahertz waveguides have found
another highly effective application; as a structure for

mediating THz-electron beam interactions. One common
approach to this technique is to use a dielectric-lined
waveguide (DLW) to match the phase velocity to the beam
velocity while also controlling THz pulse dispersion. Such
devices have been studied and used in demonstrations of
electron acceleration [15–23], deflection/streaking [16,24–
27], bunch compression [17,28–30], energy modulation
[18,31–34], and jitter suppression [22,28].
The mm-scale wavelengths in the THz regime offer

excellent control over the phase space of picosecond
electron bunches, with pC-level charge [16,18], while
not being so short as to introduce significant challenges
from manufacturing tolerances imposed by the use of
optical frequencies, as is the case with dielectric laser
accelerators (DLAs) [35–37]. The submicronwide channels
of DLAs, which are set by the optical driving wavelength,
also make bunch injection challenging, although there have
been recent demonstrations of energy gains from 28 to
41 keV [36] and 96 to 120 keV [37]. Terahertz radiation
therefore exists in an ideal region to be readily exploited by
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emerging THz generation techniques for building compact
accelerators with precise control over picosecond bunches.
Demonstrations of THz-driven acceleration in DLWs

have utilized a traveling THz wave, whose accelerating
phase co-propagates with an electron bunch [15,19].
Narrowband terahertz pulses have been used to demon-
strate a prolonged interaction [18], which is often limited in
these devices by pulse walk off caused by low group
velocity, and phase slippage caused by a difference in the
phase velocity compared to the beam velocity. In relativistic
cases, the phase-velocity-matching issue is mitigated by the
approximate constancy of particle velocity with energy
growth. This means a straight DLW of constant cross
section is capable of matching the THz phase velocity vp
with the electron velocity ve ≈ c along its length. The THz-
driven acceleration of subrelativistic beams in DLWs
remains challenging, however, as accelerated particles
are prone to overtake the accelerating phase of the driving
radiation in straight waveguides. Various methods have been
suggested to combat this phase slippage, including the use of
vacuum channel phase shifters with constant dielectric
thickness and varying metal channel width [38] and wave-
guideswith a dielectric lining of tapered thickness [39]. Each
of these methods aims to modify the THz phase velocity
along the longitudinal direction of the waveguide and ensure
that accelerating THz phase remains synchronous with the
particle beam.
Tapered DLWs offer a promising way to maintain syn-

chronism with a subrelativistic accelerating beam, having
been proposed for use in both THz-driven and laser-driven
schemes [39,40]. It has been shown that structures of this
type can offer stable synchronismwithminimal change to the
particle acceleration over a variety of input powers [39]. To
achieve any substantial acceleration, electrons and the THz
pulse must travel through the structure together with veloc-
itiesmatched such that the electrons remain in an accelerating
phase across the interaction length. To match the phase
velocity vp to a subrelativistic electron velocity ve < c, a
structure that can support subluminal phase velocities is
required. The rectangular dielectric-lined waveguide
[27,31,41] is well suited for this purpose, with the minimum
available phase velocity determined by the thickness of the
dielectric layer and the dielectric constant of the material.
Using dielectric linings on the order of a couple of hundred
microns thick, it is possible to fine-tune the accelerating
mode phase velocity, vp to well below c, and therefore it is
possible to synchronize with a subrelativistic electron beam.
Some existing studies have been based on cylindrical DLWs
with tapered dielectric thickness [39]. Here, we instead look
to rectangular structures that allow a new approach whereby
the dielectric thickness can be kept constant and thewidth of
the dielectric lining can be tapered to vary the phase velocity.
This is advantageous from a manufacturing perspective as it
allows the tapered shape to be cut from a ready-made sheet of
the chosen material. The rectangular shape also enables the

possibility of sliding parts that can tune the synchronous
frequency range as well as flexibility over the method of
coupling THz radiation into the structure.
In this work, we present the design process for the

production of a tapered DLW. We show how the consid-
eration of manufacturing limitations can lead to a design
which is achievable in a workshop. We then demonstrate
how a close connection between the design choices and the
transverse and longitudinal beam dynamics can yield an
optimized structure with enhanced beam preservation
properties. We then show how we have used this process
to design a tapered DLW. A specific case is considered
where the aim is to accelerate 100 keV bunches from a
commercially available dc photoelectron gun [42] using
0.2 THz multicycle pulses generated using the output from
a commercial regenerative Ti-Sapphire amplifier system
[43]. This gun is selected as it is a common off-the-shelf
model, but the design principles we discuss would remain
relevant with starting energies up to several hundred keV.
The layout of this paper is as follows: InSecs. II A and II B,

we introduce the general design principles and electromag-
netic properties of tapered DLWs. In Sec. II C, we describe
how the frequency choice influences the structuredesign, and
in Sec. II D,we explain the optimization process for a tapered
DLW designed to accelerate subrelativistic electrons. In
Sec. III, we report on the complete transverse and longi-
tudinal beam dynamics for a tapered DLW designed using
our methodology, detailing the modeling process in Sec. III
A, and the beamdynamics results in Sec. III B.Herewe show
how detailed consideration of the simulated beam dynamics
can influence the design choices. Finally, in Sec. IV, we
explore how solving the challenging problem of maintaining
synchronicity with a subrelativistic beam can open the door
to a scaled up THz beamline, constituting successive tapered
DLWs designed using our scheme. We explain how such a
linac would be capable of producing high-quality, high-
energy beams, with low transverse emittance and energy
spread.

II. GENERAL PROPERTIES AND DESIGN OF
TAPERED DLWs

In this section, the properties of rectangular DLWs are
discussed. We use a thick layer of fused silica in order to
match the low beam velocity; however, this results in a
mode that is mostly trapped within the dielectrics reducing
the impedance. The implications of this for THz applica-
tions are discussed with trade-offs, showing how it makes
for a suitable electron acceleration structure. We present the
principles of tapered DLWs and how practical consider-
ations for manufacture can guide design choices when
developing structures of this type.

A. General DLW design principles

In Fig. 1, we define the geometric variables in the
dielectric-lined waveguide (DLW) and illustrate an
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example tapering scheme. The accelerating mode in a
rectangular DLW of this type is the longitudinal section
magnetic mode, LSM11 [31,41], which has a strong
longitudinal electric field component on axis. The x and
y components are zero on axis, but off-center particles will
experience transverse forces as discussed further in Sec. III.
The properties of this mode can be controlled by careful
assignment of the variables in Fig. 1. To taper this structure,
the manufacturing practicalities must be considered. First,
td should be constant as machining a varying thickness on a
fused silica sheet is not feasible to the precision needed.
Second, in this case with a thick dielectric layer, varying h
(and hence a) has little to no impact on the group and phase
velocities. The gap height a should be chosen to allow
sufficient clearance between the beam edge and dielectric
surface. While using the smallest a possible raises the field-
on-axis, it can also increase the curvature of the field across
beam radius and increase the deflecting fields for off axis
particles. For our design, we have selected a ¼ 0.48 mm
based on the simulated beam dynamics of a commercially
available dc electron gun. The FWHM beam radius upon
entry is around 80 μm, and we allow triple this value either
side of the axis. This leaves only the widths w and wd as
available parameters for the tapering.
The eigenmode solver in CST Studio Suite [44] was used to

calculate waveguide properties. By use of a periodic
boundary condition in the direction of propagation and a
fixed phase advance across that boundary, the phase
velocity of a given mode and frequency can be found.
Repeating this calculation for cross sections of different
widths, it is simple to construct a picture of how vp varies
as the structure is tapered.

B. Properties of tapered waveguides

This section describes the effect of width tapering in a
rectangular DLW. For consistency with later sections, this
analysis is presented at a frequency of 0.2 THz, but trends
and principles discussed remain applicable at other operat-
ing frequencies. Likewise, for consistency, we show struc-
tures with our chosen gap height a ¼ 0.48 mm. For
structures with dielectric linings as thick as ours, the
sensitivity of group and phase velocity to gap height is
extremely low. When particle energies and the phase
experienced by particles are discussed in this section, we
refer to a single reference electron, neglecting the nonzero
duration and transverse size of the bunch until Sec. II D
where a realistic bunch is considered.
Figure 2 illustrates the maximum accelerating field for a

0.2 THz signal in example DLWs with different dielectric
thicknesses. When the dielectric layer is thick, the field is
mostly trapped, thus leaving low field on axis. However,
the minimum available synchronous velocity in a structure
depends on the dielectric thickness. Therefore, to reach a
lower minimum synchronous velocity, it is necessary to
also lower the accelerating gradient.
Figure 3(a) illustrates the widths at which vp ¼ ve for a

0.2 THz pulse propagating in a fused silica DLW with a ¼
0.48 mm and td ¼ 0.38 mm. Using a different value of td
or relative permittivity ϵr shifts the position of the curve,

FIG. 1. Cutaway view of a width-tapered rectangular DLWwith
metal width w, dielectric width wd, vacuum gap height a,
dielectric thickness td, full height h, and length L. The direction
of propagation is the z direction with the axis defined as the center
line of the waveguide.

(b)

(a)

FIG. 2. Illustration of field trapping in DLWs. (a) The maxi-
mum longitudinal electric field (for arbitrary total mode energy)
in DLWs with the same gap height and increasing dielectric
thickness. (b) Characteristic impedance and minimum synchro-
nous energy for 0.2 THz DLWs with increasing thickness of
dielectric layer and constant a and w.
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but the general shape remains similar. The dielectric
material and thickness here were chosen to match the
readily purchasable wafers that gave the most suitable
range of available synchronous velocities at 0.2 THz. Silica
was selected for manufacturing reasons, though in principle
one may design a dielectric-lined structure using a different
material, such as silicon [45], and alternative materials may
remain of interest for future design studies.
The near-vertical region of Fig. 3(a) effectively sets a

minimum electron energy for which synchronism can be
achieved. Use of a thicker dielectric would lower this
minimum value but would also lower the field on axis as
shown in Fig. 2. This means that synchronization from
100 keV would be possible with a thicker dielectric, but the
accelerating gradient would be lower. However, it is not
necessary or optimal to synchronize perfectly from the
injection energy. If a particle is injected off-crest but within
the accelerating bucket, it will still gain energy and will

have improved bunching due to the time variation of the
electric field providing more acceleration to the tail of the
bunch than the head. If this nonsynchronous off-crest
acceleration raises a particle above the minimum synchro-
nous energy before it drifts into a decelerating phase, that
particle can be captured for acceleration along the full
structure length. In addition, the bunch can be compressed
to a smaller bunch length as it accelerates toward synchro-
nism. This velocity mismatch issue is similar to that
considered in [46,47], where an equation is derived to
calculate the minimum required electric field for a low-
energy beam in a vp ¼ c linac. Modifying the derivation to
accommodate a subluminal phase velocity βp ¼ vp=c, we
can arrive at an equation for the phase slippage

sinϕ ¼ sinϕi þ
2πmc2

qE0λ

"
1
βp
− βiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2i

p −
1
βp
− βffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β2
p

#
; ð1Þ

where βi is the initial electron velocity (normalized to c), βp
is the chosen minimum phase velocity of the structure, ϕi is
the injection phase, and E0 is the longitudinal electric field
strength. For capture to be possible, the electron velocity
must rise from βi to βp before the electron slips out of the
accelerating bucket. Therefore, the maximum allowable
slippage is from −90° toþ90°. Upon inserting these values,
Eq. (1) may be rearranged to define the electric field
condition required for capture, giving

E0 >
πmc2

qλ

"
1
βp
− βiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2i

p −
1
βp
− βpffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2p

q
#
: ð2Þ

Equation (2) provides an absolute minimum wherein the
phase slippage moves the reference particle to the tail end of
the accelerating bucket. An idealized design would see no
overshoot, but in Sec. II D, we shall discuss that the
unavoidable overshoot when working with fields below
2E0 can actually be beneficial in a practical design.
Larger phase overshoot behind crest means more time with
particles experiencing less acceleration, so it appears attrac-
tive to work with the highest available field. However,
working with a higher accelerating field also entails higher
transverse fields for off-axis particles and can therefore lead
to larger transverse spreading and increaseddeposition rate to
the structure walls. On the other hand, a higher gradient
design would require less phase overshoot and therefore
allow particles to spend more time close to crest where
transverse forces are weak, though the beam size means that
they are never zero at all relevant points. These opposite
effects make it complicated to predict the relative transverse
characteristics of different designswithout a complete design
study. Transverse issues may also be alleviated with the
addition of a focusing magnet at the structure entrance to
keep all particles close to on axis. For a fixedmaximumpulse

FIG. 3. (a) Widths required to synchronize the phase velocity of
a 0.2 THz pulse and an electron of a given energy in a fused silica
DLW with a ¼ 0.48 mm and td ¼ 0.38 mm. (b) Group velocity
and characteristic impedance on axis (for arbitrary total mode
energy) in waveguide sections synchronized to electron energy.
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energy, having that energy delivered at a modest amplitude
over more THz cycles may offer better transverse perfor-
mance and more room for control over bunch characteristics
than if the same energy was delivered over a smaller number
of cycles with higher amplitude, though in principle, the
design process can be carried out for any pulse that satisfies
Eq. (2). Additionally, perfect velocitymatching along the full
length would require mechanically unfeasible tapering, and
an accelerating field that does not vary with transverse
position, so there may be a region where ve > vp and hence
phase slippage in the opposite direction will occur. In that
case, a small amount of phase overshoot is beneficial so that
the forward slippage is toward crest. In addition, the trans-
verse fields are defocusing on one side of the crest while
focusing on the other, depending on if the offset is in the
vertical or horizontal plane [21]. These transverse fields are
zero on crest, so the overshoot will cause focusing transverse
effects, which can be advantageous, depending on the size of
the overshoot. These assertions are applicable to both
rectangular and cylindrical tapered DLWs.
A further constraint on the accelerating field arises from

the available THz pulse energy and duration. Since vg < vp
in the DLW, a long pulse duration is desirable to extend the
walk-off length, and a high-amplitude field is desirable to
increase the accelerating gradient. Laser generation of
multiple-cycle THz pulses using periodically poled lithium
niobate (PPLN) wafer stacks allows control over the pulse
duration and amplitude [48], allowing for flexibility in the
choice of pulse parameters used in optimization.
In Fig. 3(b), it is clear that tapering only the dielectric

would be preferred, as this would maximize both the
accelerating gradient and the group velocity. However,
from a manufacturing perspective, the easiest option would
taper only the metal, but this only offers significant control
over phase velocity when the metal width is slightly larger
than the dielectric width. Since the relationship between
synchronous velocity and width is nonlinear, a taper
featuring a complex curve or some approximation to it
using several linear slopes seems desirable. Unfortunately,
cutting the fused silica sheet into a complex shape is not
practical. The shape in the dielectric layer is to be machined
with a straight-edged saw and hence straight edges in the
dielectric taper are preferred. In this study, we choose to
limit our silica geometry to a length of constant width,
followed by a linear taper down to some minimum width,
then another length of constant width. Additional control
may be achieved by tapering the metal, which can be
manufactured to much higher precision and need not be
limited to simple tapers. The combinations of w and wd
shown in Fig. 3 are examples only; any combination may
be used and they may be simultaneously tapered at different
rates. For this paper, we taper both w and wd at different
rates to achieve the most precise level of control that is
practically achievable with current methods. A design in
which only the dielectric is tapered would likely be better in
simulation but suffers larger manufacturing defects if built.

C. Frequency choice

For ourwork, there are a range of possible frequencies that
can be used. The conversion efficiency of THz sources is
relatively independent of the THz frequency range consid-
ered in this work, at around 0.14% [48]. Hence theTHz pulse
energy available is determined by the laser energy. Here we
make a comparison between frequency choices of 0.2 and
0.4THz,where the possible pulse energies are approximately
identical. The normalized electric field strength across the
vertical axis is shown in Fig. 4 for two DLWs with these
operating frequencies, each with a ¼ 0.48 mm.
Multiple advantages of selecting 0.2 THz are apparent.

Although the maximum value of Ez is much higher in the
0.4 THz case, it is the field at the center that is most relevant.
The beam radius is around 80 μm, and within this range, the
0.2 THz option has a higher and more uniform value of Ez.
For the 0.2 THz waveguide option, the initial electron
velocity was 0.548c, and the initial phase velocity was
0.587c. Inserting these values into Eq. (2), we obtain the
requirement that the accelerating field required for capture
E0 > 2.45 MV=m. The 0.4 THz alternative achieved a
slightly lower initial phase velocity of 0.576c, but since
Eq. (2) is also inversely dependent onwavelength, the benefit
of the smaller velocity difference is cancelled and we obtain
the requirement thatE0 > 2.55 MV=m.A40 ps pulsewould
need to carry approximately 50 μJ of energy to meet the
minimum field requirement in the 0.4 THz DLW but just
under 10 μJ in the 0.2 THz DLW.
Each structure has a range of injection phases that can be

captured. Electrons outside of the capture phases experi-
ence a variation in accelerating and decelerating fields and
hence are not synchronous with the THz field. Lower
frequencies enable larger duration electron bunches to be
captured. In a THz accelerator constituting multiple struc-
tures, it may be beneficial to start with a lower frequency

FIG. 4. Field profiles along vertical axis of the vacuum gap in
example 0.2 THz and 0.4 THz DLWs. Both examples used a gap
height of 0.48 mm and are normalized to set the 0.2 THz
amplitude on axis to 1.
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for the first few stages in an injector and increase the
frequency for later structures as the bunch length reduces
due to compression by the THz fields. In the highly
relativistic regime, a much thinner dielectric layer may be
used thus giving on-axis accelerating field.As a consequence
of the Panofsky-Wenzel theorem [49], the smaller variation
in Ez field transversely means that the deflecting Ey field is
lower at all points, also providing an improved beam quality
and lower charge losses. Additionally, the physical scale of
components at 0.2 THz compared with 0.4 THz reduces the
manufacturing challenge slightly and alleviates the problem
of ohmic losses due to surface roughness. Lower frequencies,
below 0.2 THz, were not considered due to the lack of high
field, short pulse sources.
As a result of the factors discussed here, we have chosen

0.2 THz as the frequency we use for the design of a tapered
DLW in our specific example.

D. Optimization of the 0.2 THz design

Twodesigns for a 0.2THz accelerating structure have been
considered. The first design was based on a 22.5 μJ THz
pulse, and the second design was based on a 12 μJ pulse
(referring to energy inside the DLW). These values were
selected based on the expected performance of using a 13mJ
commercial regenerative amplifier laser system togetherwith
periodically poled lithium niobate wafer stacks to generate
multicycle THz pulses [48]. Simulation results using CST

informed a conservative estimate of 60% coupling efficiency
between the source and the DLW accelerating mode. When
the 22.5 μJ pulse was delivered over 10 cycles (50 ps), the
electric field was sufficient to satisfy Eq. (2) and hence
overcome the velocity mismatch. A 12 μJ pulse delivered
over 8 cycles (40 ps) was also found to be suitable, with an
on-axis field of around 2.8 MV=m. Figure 5 illustrates the
result of Eq. (1) for the minimum field and the approximate

field of our two design options. This serves as a rough
indicator for the phase overshoot, not accounting for pulse
rise time, pulse flatness, or the option of beginning the taper
early. A perfectly velocity-matched design would see the
particles reach crest and match the minimum phase velocity
at the same point, from which tapering could begin. This
section discusses why perfect velocity matching is not
realistic in practice and shows that some levels of overshoot
can be beneficial.
The initial waveguide geometry was estimated based on

the trends illustrated in Fig. 3. CST Studio Suite [44] was then
used to perform parameter sweeps over several width
markers along the length. This initial stage of optimization
was performed using a point source for electrons and an
arbitrarily long THz pulse to ensure full-length interaction.
With an approximate structure established, all further opti-
mization of the design was performed with a beam imported
from GPT simulations (Sec. IV) developed to accurately
represent a commercial 100 keVelectron gun. The geometry
shown in Fig. 6 was calculated as an effective design for this
combination of THz source and electron gun.
To compare the different structures during the parameter

sweeps, the energy gain, energy spread, and capture rate
were considered, where the capture rate was defined as the
proportion of injected particles which exit the waveguide
having synchronously accelerated to a high energy. A total
waveguide length of 25 mm was selected as this was where
accelerating gradient tailed off to negligible levels due to
pulse walk off in an 8-cycle pulse with an initial group
velocity of 0.45c. The resulting energy growth of the
captured bunch along the propagation axis is shown in
Fig. 7, which illustrates an initially low gradient in the off-
crest region, followed by a high rate of acceleration
between 15 and 20 mm before pulse walk off at the
waveguide end. In this paper, the captured bunch is defined
as the particles within twice the FWHM of the peak in a
histogram of the final energy distribution. The total energy
gain was 62 keV over 25 mm using a 12.5 μJ THz pulse,
while the design optimized for a 22.5 μJ pulse displayed a
simulated energy gain of 105 keV.
Figure 8 illustrates ve, vp, and vg along the length in each

of the two designs and Fig. 9 shows the phase of the electric
field at the center of the bunch as a function of longitudinal

FIG. 5. Modeled phase of the accelerating field at the position
of a reference electron during the mismatched section in our two
designs.

FIG. 6. Widths of the dielectric lining and metal channel along
the length of the structure. The gap height (0.48 mm) and
dielectric thickness (0.38 mm) are constant.
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position. The particle data shown in Fig. 8 show the full
bunch sampled at 5 ps internals with each dot representing
a single electron. Due to the velocity mismatch, our
modeling shows that particles overshoot the crest as in
Fig. 5, which is consistent with the results in Fig. 9(b).
Once the mismatch has been overcome, the phase velocity
is increased by tapering. However, due to the aforemen-
tioned manufacturing constraints and the nonlinear trend in
Fig. 3(a), it is not possible to perfectly match the phase
throughout. Since a large change in width is required for a
small change in synchronous velocity at the low-energy end
of Fig. 3(a) while at the high end the opposite is true, our
restriction to a linear dielectric taper means that tapering
steeply enough for exact matching at the beginning would
mean tapering too steeply later. Fortunately, it is actually
beneficial to allow vp < ve here because this allows
forward slippage to counter the overshoot. When the
overshot particles have been realigned back to the crest,
we can then aim to keep the head of bunch slightly ahead of
crest such that the lower energy particles at the tail receive
the most acceleration to improve capture and flatten the
energy profile. In the final few mm of our design, the pulse
walk-off effect meant the bunch experienced a lower
accelerating field so optimization of the tapering in this
region offered only minor benefit. Using a narrower width
than that which would neatly match ve and vp provided
around 1% improvement to energy and a similarly small
improvement to the energy spread. This is because a
narrower DLW has a higher accelerating field on axis. It
also has a higher phase velocity that shifts the bunch
forward in phase meaning the peak field is experienced by
the lower energy back of the bunch, thus flattening its

energy profile. In the 22.5 μJ design, less phase overshoot
was necessary. This allowed for more of the interaction
length to use a close-to-crest phase alignment, while the
lower energy design must spend a significant portion of the
interaction length to slip back to the ideal phase alignment.
In this section, we have discussed the key design choices

required in developing a THz-driven tapered DLW and
explained the process for optimizing parameters of the
design, such as the frequency choice, structure geometry,
and tapering profile. We simulated the effective acceler-
ation and capture of an electron bunch in a tapered DLW
and demonstrated the bunch-phase alignment required to
do so. We have compared the general performance of
designs driven by low and modest pulse energies, demon-
strating that significant acceleration can still be achieved in
the lower energy case. In the following section, the beam
dynamics considerations of the interaction are discussed in
detail, focusing on the lower energy design. We assess the
energy spread and transverse emittance, as well as

0 5 10 15 20 25
Propagation distance (mm)

100

110

120

130

140

150

160
El

ec
tro

n 
en

er
gy

 (k
eV

)

FIG. 7. Energy growth for the captured bunch in a 0.3 fC bunch
from a commercially available electron gun [42] during propa-
gation through the DLW. The solid line shows the mean energy of
the captured bunch, and the dashed lines indicate the energy
spread of the captured bunch.

FIG. 8. Velocity of particles and waves along the structure
length for (a) the 12 μJ design and (b) the 22.5 μJ design. The
particle data show the full bunch at 5 ps snapshots with each dot
representing a single electron.
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discussing the overall performance using electron bunches
injected after varying degrees of compression. This allows
us to assess the ultimate performance of our tapered DLW
design when used in a range of applications.

III. ELECTRON BEAM DYNAMICS

In this section, we consider the modeling of the electron
beam, its interaction with the field in the structure and the
evolution of key electron bunch parameters. This process
allows a complete evaluation of the performance of the
structure designed in this paper and demonstrates that the
considered structures maintain the incoming beam quality
under acceleration. We consider the acceleration and
evolution of 100 keV electron bunches through the 12 μJ
structure.
To assess the performance and beam quality, both the

longitudinal and transverse dynamics of the THz-electron
beam interaction need to be analyzed in detail. For this, the
results are obtained using two computational tools. The
first is particle-in-cell (PIC) modeling using CST Studio Suite

[44], which recorded the coordinates of electrons in the
bunch in six-dimensional phase space during their propa-
gation through the structure. The particle data were
recorded in snapshots at intervals of 5 ps. The second tool
is general particle tracer (GPT) [50], which tracks electrons

in the presence of applied electromagnetic fields and space-
charge forces.
In this section, we review the tools and models used and

then assess the performance and the beam quality preserva-
tion properties of the 12 μJ structure presented in Sec. II D.
Alongside simulating the tapered DLW performance with
realistic GPT-generated bunches from an electron gun, we
also show results fromPIC simulations beginningwith shorter
duration, hypothetically compressed bunches.

A. Transverse and longitudinal
beam dynamics modeling

The design for this tapered waveguide has been pur-
posefully optimized to operate with a known electron
source that will inject bunches into the waveguide. This
electron source is a commercially available 100 keV, dc
photoelectron gun [42], which our simulations show to be
capable of delivering high-quality, low-energy spread
bunches with durations on the order of a single picosecond
[51]. This means that space charge plays a salient role in the
bunch dynamics from the gun to the THz structure.
For our process of analyzing the dynamics of the

interaction and assessing beam quality preservation, real-
istic electron bunches are needed to import into the CST PIC

simulation and to compute dynamics of the THz-electron
interaction. To achieve this, the electron gun is modeled
using GPT. Bunches are created with an emittance and
energy spread defined by the laser and the cathode. The gun
features an LaB6 photocathode, onto which ultraviolet
(UV) pulses are directed. The UV pulses have a short
duration, being produced via second-harmonic generation
using a 30 fs laser system. This and other factors such as the
low work function (2.5 eV) of the cathode, and the angle at
which the UV pulse impinges, impact the initial bunch
shaping. Immediately following the free-electron produc-
tion, the bunch propagates in the blowout regime where
space-charge broadening plays a dominating role. Electrons
are accelerated to 100 keV over a dc voltage and can be
generatedwith controllable charge. The accelerating, deflect-
ing, and focusing fields in the gun aremodeled explicitly, and
the electron bunches are propagated to the waveguide
entrance using a fifth order Runge-Kutta method to solve
the particle evolution through the gun stages, and the drift
section up to the waveguide. For modeling the bunch
dynamics, the core elements of the gun (and therefore the
GPT model) consist of the free-electron production, bunch
shaping and acceleration by two anodes, and a solenoid
which rotates and focuses the beam transversely into the
DLW entrance. Upon reaching the THz structure, these
realistic 100 keV bunches had a typical FWHM duration
of< 2 ps, an FWHMwidth of 80 μm, and an energy spread
of 0.05 keV, with some small variation to these parameters
depending on the bunch charge. For this study, we have
focused on studying the acceleration of relatively low< 1 fC
charges, as this charge level allows the electron gun to

FIG. 9. Electric field phase experience by the bunch for a
realistic bunch tracked from the gun using GPT and injected into
the structure. (a) shows the phase of the electron bunch
throughout interaction in the 12 μJ design along with the
corresponding field. In (b), this is compared with the higher
energy design, which requires less phase overshoot.
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produce bunches of short duration without additional com-
pression. In principle, however, there is nothing to prevent
scaling up the charge accelerated by our tapered waveguides
to an amount comparable with dc- and rf-driven electron
sources if the bunches are compressed before acceleration.
When modeling the THz-electron interaction using CST, a
custom particle interface was used to import these realistic
bunches from GPT.

B. Complete electron bunch dynamics
for the 12 μJ, 25 mm structure

The LSM11 mode utilized to give an on-axis accelerating
field, also features significant transverse electric fields,
particularly in the vertical, y direction. Field profiles for the
vertical electric field can be seen in Fig. 4. The Ey field is
90° out of phase with the accelerating field so has zero field
on crest and provides a focusing force and a defocusing
force either side of the crest of the THz pulse. The focusing
and defocusing forces originate from both quadrupolar and
octopolar components of the LSM11 mode [21] and exist in
regions behind crest and ahead of the crest, respectively.
The magnitude of these transverse forces increases approx-
imately linearly as particles slip off-crest.
For the captured bunch that accelerates in approximate

synchronism with the THz phase, significant transverse
momentum can be imparted over the interaction duration.
In our design, the captured bunch catches up with the on-
crest phase in the initial stages, experiencing a defocusing
force that decreases as it moves toward the crest. The
positive off-crest phase of these particles throughout the
central region of the DLW (≈5 to ≈20 mm) provides
vertical focusing to the beam, restricting the emittance
growth, before it slips back to a defocusing, negative off-
crest phase in the final 5 mm. This causes the trajectory of
the captured bunch to behave differently from other non-
captured particles, meriting the independent analysis of its
emittance growth and other properties.
Figure 10 shows energy spectra for two bunches after

being accelerated through the structurewith 12 μJ of injected
power. A large energy peak at 162 keV can be seen in
Fig. 10(a) where the 0.055 fC captured bunch is formed from
the input 0.5 fC, 1.85 ps (FWHM) electron-gun bunch.
Defining the capture rate as the charge contained in the
accelerated peak as a proportion of the incoming charge, we
find 11% for the electron gun bunch. Most particles do not
receive significant acceleration due to not entering the
waveguide in the initial capture region of the THz phase
required to become synchronous and hence see an oscillation
in the accelerating field along the length. Although the
overall energy spread and acceleration percentage here are
not directly competitivewith that of dc or rf sources,we find a
significant improvement when compressed bunches are
injected. Using for example, a 185 fs input bunch which
is identical but given a 10× compression longitudinally and a
2× compression vertically, the capture rate increases to 94%,

with all exiting particles being accelerated by> 40 keV. As
shown in Fig. 10(b), this produces a clear single spike in the
energy spectrum with a spread of 0.74 keV (FWHM), which
is comparable with the energy spread of the dc-injected
bunch. This makes the structure in question ideal for
inclusion in a future compactTHzbeamline. Such a beamline
couldprovide the compression and focusing suggested above
by including a THz-driven compression stage, operating at
the crossover phase, and a permanent magnet solenoid to
provide additional transverse focusing into the accelerating
structure.
Figure 11 shows the emittance growth for the captured

bunch from a 0.3 fC bunch from the electron gun. The
normalized vertical emittance of the captured bunch
increases from 0.0226 mmmrad at the waveguide entrance
to 0.549 mmmrad at the structure exit. This is driven
primarily by strong quadrupolar and octopolar components
of the transverse electric field. A small initial increase in
emittance can be seen in the first roughly 7 mm of
propagation due to the captured bunch primarily traveling
in a defocusing phase of theEy field. Simultaneously, space-
charge forces cause the bunch to expand via Coulomb
repulsion. These factors increase the vertical position and
momentum spread that contribute to the emittance growth.
For this initial stage of the interaction, the captured bunch
propagates from 90° behind the accelerating crest and is
catching upwith the peak longitudinal field,meaning that the
initial defocusingEy field is strong at injection and decreases
as the captured bunchmoves toward an on-crest phasewhere
the Ey field amplitude reaches zero. A sharp turn around in
hβ2yi can be seen in Fig. 11(d) at 4 mm, where the captured
bunch overshoots the crest and moves into the focusing Ey

field. This deflects vertically off-center particles back toward
an on-axis position. The effect of this vertical focusing then

(a)

(b)

FIG. 10. Energy distribution of the whole bunch at the wave-
guide exit, with a realistic 100 keV 0.5 fC bunch tracked using
GPT (a) and an idealized input bunch with 10% of the longitudinal
size and 50% of the vertical size (b).
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carries through to give a similar turning point in the beamsize
[Fig. 11(c)], and these dynamics limit the vertical emittance
growth in this region.
During propagation through the central portion of the

waveguide, the captured bunch travels behind the crest of the
accelerating field, corresponding to the vertically focusing
region. The Ey field causes the captured bunch to pass
through a focus at 15mmas can be seen in Fig. 11(c), and the
trajectories shown in Fig. 12(b), where the vertical size
reduces to an amount smaller than that of the incoming beam.
There is some overfocusing where the beam diverges again
following the focus. Although the captured bunch is still
propagating in the focusing region of the Ey field here,
because it is now< 30° off-crest between 15 and 20mm, the
focusing strength is lower. This is also reflected in theway the
squared vertical momentum spread hβ2yi stabilizes in this
region [Fig. 11(d)].
In the final 5 mm of propagation, the captured bunch

begins to diverge vertically again, increasing in both
vertical position and momentum spread. This is primarily
attributed to the captured bunch traveling in the defocusing
phase of the Ey field in this region, where particles reach
large amplitudes and are defocused by nonlinear fields. The
strength of the Ey field experienced by these particles
increases as they continue to move ahead of the Ez crest in
this final stretch of the DLW. Various factors here serve to
limit the emittance growth caused by the defocusing field,

including the increased beam rigidity following the
> 50 keV of energy gain, pulse walk off from the captured
bunch overtaking the THz pulse envelope, an increasing
correlation between vertical position and momentum
[Fig. 11(e)], and the loss of high jyj and jβyj particles
being deflected into the dielectric slabs. Because these
clipped particles are those which have the most extreme
vertical positions and momenta, eliminating these particles
from the beam gives a collimationlike process which
reduces the overall vertical spread and momentum growth.
As observed in another study on cylindrical structures [39],
this loss of particles with large vertical momenta was seen
to lead to some decrease in the vertical emittance for the
whole bunch.
The particle trajectories shown in Fig. 12 can be helpful

in understanding how the emittance evolves during the
acceleration. The effect of the Ey field can be seen in
Fig. 12(b), and comparison with the off-crest phase of the
captured bunch shown in Fig. 9 reveals a close alignment
between the off-crest phase throughout the propagation,
and the rate of focusing or defocusing in the trajectories. In
the vertical trajectories, the regions of defocusing phase are
from injection to 4 mm and from 20 mm to the exit. The
region where the captured bunch occupies the focusing
phase of the Ey field lies between 4 and 20 mm. The sign of
the off-crest phase of the captured bunch can be interpreted
as the direction of curvature of the blue paths (toward or
away from center). The physical length of the whole bunch
is evident in the vertical trajectories of Fig. 12; this is most
obvious between 10 and 20 mm where the captured bunch

FIG. 12. Particle trajectories for a realistic 0.3 fC bunch from a
commercially available electron gun propagating through the
DLW. Trajectories for electrons which are lost due to being
deflected into the dielectrics are highlighted in red, and electron
trajectories for the particles in the captured bunch are highlighted
in blue. The subplots show the (a) horizontal trajectories and
(b) vertical trajectories.
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(blue) is being focused,whereas some of the clipped particles
(red) that occupy different longitudinal positions of the
bunch are being defocused. In rectangular DLWs, the
transverse electric fields parallel to the plane of the dielectric
slabs are lower than those that are orthogonal to the dielectric
plane, which is why the horizontal trajectories in Fig. 12(a)
show fewer features and no particles collide with the side
walls or exceed the boundaries of the dielectric width in x. If
any particles did exceed that x coordinate in a different
design, they would experience lower field and fail to be
captured into the accelerated bunch.
Transverse dependence to the accelerating field across

the bunch is a general feature of structures with high
operating frequencies, whether rectangular or cylindrical in
geometry. Variation in the accelerating field vertically,
indicated by the solid green line in Fig. 4, has some impact
on the final phase space of the captured bunch in our
structure. Particles exiting with small jyj values were found
to have a lower average energy than those closer to the
dielectrics where the Ez field is stronger. A further effect of
Ez field profile is seen in Fig. 13, where this induced
particle velocity difference causes a “fishtail” shape to form
after some propagation.
Due to the presence of a strong electric field in the

vertical plane, some particles can be given enough trans-
verse momentum to collide with the dielectric slabs that
line the top and bottom of the vacuum channel. This is
undesirable for a number of reasons. First, PIC simulations
using realistic GPT-generated electron bunches showed that
a large proportion (≈70%) of particles that are deposited in
the dielectrics are initially accelerated to energies surpass-
ing 145 keV, suppressing the capture rate. These are
particles that begin accelerating in close synchronism with
the THz phase but occupy defocusing phase of the Ey field
for an extended duration. This causes them to receive a
coherent build up of transverse momentum during their
propagation. Second, as the deposited electrons cannot be
conducted away in the dielectric slabs, there is a static
charge build up over time (especially if running at high
repetition rates). This will exert some Coulomb repulsion

on subsequent bunches and could disrupt the overall beam
quality.
To minimize this effect, the length of the DLW section

can be chosen to eliminate as much distance on the end as
possible, without sacrificing energy gain. This is possible
because, as shown in Fig. 14, the majority of the particle
deposition occurs near the end of the structure. In an initial
30 mm long design, this region also offered negligible
energy gain due to pulse walk off where the electron bunch
had overtaken the low group-velocity THz pulse. Future
experimental work will aim to quantify the impact of
charging in this prototype design and determine a maxi-
mum safe repetition rate. Additionally, there is a potential
to further reduce particle deposition with additional focus-
ing magnets or an electrostatic lens near the waveguide
entrance or by surrounding the DLW with a solenoid.
Charging has also been partly mitigated in dielectric-loaded

FIG. 13. Energy and y and z coordinates of particles immedi-
ately before the bunch leaves the DLW.

5 10 15 20 25 30
Z position (mm)

0

2

4

6

8

10

12

D
ep

os
ite

d 
ch

ar
ge

 (a
C

 m
m

–1
)

Deposition in both designs
Deposition in 30 mm design only

FIG. 14. Charge deposition rate vs longitudinal position for a
realistic 0.3 fC bunch from a commercially available electron gun
propagating through the tapered DLW. By shortening the length
L of the DLW from 30 to 25 mm, some of the particle deposition
(light red) was eliminated.

TABLE I. Properties of the captured bunch at the end of the
propagation through the DLW. All spreads and lengths are given
as FWHM. Data are shown for two cases using different starting
bunches. The first is a realistic 0.5 fC electron gun bunch
modeled in GPT, and the second uses the same bunch but is
compressed by a factor of 10× longitudinally, and a factor of 2×
vertically.

Property Bunch from GPT Compressed bunch

X spread (μm) 100 96
Y spread (μm) 239 177
Length (μm) 104 67
Duration (fs) 407 263
Charge (fC) 0.0667 0.4678
Mean energy (keV) 162 162
Energy spread (keV) 1.32 0.74
X emittance (mmmrad) 0.054 0.038
Y emittance (mmmrad) 0.371 0.093
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structures by applying a very thin (< 10 nm) coating of
TiN on the dielectric surface [52].
The energy spread of the whole bunch is increased

significantly for bunches with a duration longer than the
capture region (see Fig. 8). The energy spread of the captured
bunch however remains small as shown in Table I, as these
particles accelerate synchronously with an accelerating
bucket of the THz pulse throughout their interaction.
The energy gain a particle receives during the interaction

is strongly dependent on its starting phase within the THz
pulse. Particles not in the capture phase region at the
beginning of the interaction do not receive enough velocity
increase to remain synchronous for the rest of their
propagation and therefore experience limited energy gain.
The effect of this capture phase region can be seen in
Fig. 15, where the amount of accelerated charge increases
as the input bunch is compressed. For highly compressed
input bunches, the proportion of electrons exiting the
waveguide with significant energy gain (> 45 keV) is
above 99%, however, a tail off in the total accelerated
charge can be seen for very short input bunches. This is
attributed to the entire input bunch now falling within the
capture phase region, and from this point, the limiting
factor on the accelerated charge becomes the particles being
deposited in the dielectrics.
With the goal of maximizing the charge in the captured

bunch, it becomes important not only to inject a short bunch
solely occupying the capture phase region but also a bunch
which is small vertically. Figure 16 shows how the capture

rate is close to 100% for particles entering the waveguide
close to on axis vertically, while particles entering the
waveguide off center in y are more likely to be deflected
into the dielectrics. When using this accelerating wave-
guide in a beamline, it is therefore beneficial to include a
simple focusing component, such as a permanent-magnet
solenoid before the structure entrance, as this will greatly
reduce charge loss and increase the capture rate.

IV. SCALING TO HIGHER ENERGIES

This paper has presented a design process with consid-
eration of a commercial laser-driven THz source, taking a
conservative estimate of available THz pulse energy. Good
performance has been demonstrated close to the minimum
suitable pulse energy and at a slightly higher value. In this
section, we discusswhat would be achievablewhen applying
the same design process to a higher energy system.
Since the taper design must depend on the available

gradient, simply injecting a higher energy pulse into the
same structure would not improve performance. If the
higher pulse energy was delivered over more cycles such
that the field amplitude remained the same, a longer design
with the same initial taper could work. However, in Fig. 8,
it can be seen that as we taper to small widths, the group
velocity falls off so the benefit of increasing pulse length
will decrease as the pulse becomes longer. Instead, it is
likely better to keep a similar pulse length but with higher
amplitude.
Figure 17 shows the accelerating field needed to over-

come larger velocity mismatches as given by Eq. (2). Note
that this refers to the field in the structure, which depends
on the dielectric thickness used. With a larger available
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field amplitude, a larger velocity mismatch can be tolerated,
thus allowing for a thinner dielectric which in turn
improves on-axis field. This means that we can expect
an above-linear improvement if we were to design a new
structure for a significantly higher power laser-generated
THz pulse than has been used here. The field needed for
capture of a subrelativistic electron in a vp ≈ c DLWwould
be very large, but the width-tapering method can be used in
any rectangular DLW. The dashed reference lines in Fig. 17
show an example case of a 100 keV beam injected into a
DLW with minimum phase velocity 0.8c, which would
require roughly 100 MV=m to overcome the mismatch
after that the width tapering method up to ve ≈ c could be
applied. Figure 17 also illustrates the relevance of the
tapering method with higher starting energies, with the
250 keV example still requiring some tapering to reach
ve ≈ c even when the accelerating field approaches
100 MV=m. With such high fields, transverse forces
may present an issue, but as discussed in Sec. III B, this
could be addressed with additional components for beam
focusing and bunch compression.
Other than increasing THz energy, another way to reach

relativistic energies is with a multistage approach wherein
the output bunch from one accelerating structure is refo-
cused to become the input bunch in another structure.
Optimized THz-acceleration structures create electron
bunches with very short duration and low-energy spread
electron bunches. These two properties enhance capture as
presented in Table I, thus making multistage acceleration
systems a competitive option compared with higher energy
dc sources. The challenging trade-off of requiring low on-
axis field to match low phase velocities is most pronounced
in the subrelativistic regime. Figure 17 includes the result
for the final energy, 162 keV, of our low-energy design. As
illustrated in Fig. 2, the modeled acceleration is much
higher when using a thinner dielectric. Therefore, assuming
the same pulse energy, a second stage would allow both a

higher gradient and a larger velocity mismatch. It is hence
reasonable to expect to reach fully relativistic energies with
three or more structures as in Fig. 18. The number of stages
needed and howmuch energy each stage can achieve would
depend on the pulse energy available, but in any case, each
stage after the first would be less challenging with respect
to the velocity mismatch issue. Additionally, the change in
velocity with increasing energy gets smaller as particles
approach more highly relativistic energies, so the range of
energies that can be covered with a similar amount of
tapering increases each stage. As an example, we consider
a rectangular DLW with a 250 μm fused silica lining.
With the same operating frequency and starting widths
(w ¼ wd ¼ 2.4 mm) as our presented design, the phase
velocity in this example DLW would be synchronous with
194 keV electrons and at the narrowest widths used
(w ¼ 0.8 mm, wd ¼ 0.6 mm), it would be synchronous
with 1 MeVelectrons, though pulse walk off means a single
structure cannot cover that full range without a large
increase in pulse duration and/or amplitude. When excited
with the same 12 μJ 8-cycle pulse, the electric field on axis
in an example 250 μm lined structure was over double that
of the 380 μm lined structure. With a simple calculation to
roughly estimate the interaction length, we can predict
somewhere around 20 mm of interaction in each stage. We
make a simplified estimate based on the on-crest field in a
2.4 mm wide structure at each energy level since this width
is around that which gives the minimum synchronous
energy in each case. The off-crest regions of interaction
and the fact that the accelerating field increases signifi-
cantly as the structure is tapered are not accounted for, but it
is a suitable approximation to inform future design.
Combining the estimations for gradient and interaction
length, we can also make a rough estimate of the taper
range of subsequent stages. A second stage with another
12 μJ pulse can be expected to increase our 162 keVoutput
bunch to around 280 keV with a 250 μm silica layer
tapering from w ¼ wd ¼ 2.4 mm to w ¼ 1.4 mm,
wd ¼ 0.8 mm. A third stage with a 220 μm silica layer
tapering from w ¼ wd ¼ 1.6 mm to w ¼ 1.2 mm, wd ¼
0.8 mm would have higher gradient again over a similar
interaction length and bring the bunch to around 450 keV.
With this low-energy 12 μJ pulse, we therefore anticipate
around six stages to reach 1 MeV. With a higher pulse
energy, such as our 22.5 μJ example, fewer stages would be
required. There also remains the possibility to study novel

FIG. 17. Minimum accelerating field required to overcome the
velocity mismatch in structures with different minimum phase
velocities for a selection of example electron beam energies.

FIG. 18. A possible scheme for achieving fully relativistic
energies by a multistage approach. Each stage would provide
higher energy gain than the previous one, and the number of
stages depends on the available THz pulse energy.
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techniques, such as phase shifters [38] or high-vg regions to
extend the interaction length, which may also reduce the
number of structures needed.
Unlike cylindrical structures where the transverse forces

are radial in nature, transverse effects in dielectric-slab lined
rectangular waveguides are more sensitive in the y direction
than the x direction, so aligning consecutive stages at 90°
rotation relative to each other could further improve perfor-
mance of a multistage design. This concept is discussed in
[21] where an x-z-aligned DLW was followed by a y-z-
aligned DLW, resulting in significant improvement in the
emittance and energy spread after acceleration. Thevery low-
energy spread of the output bunch is also expected to lower
the complexity of a multistage approach. Depending on the
pulse energy available, either high-gradient single stage or
modest-gradient multistage approaches are viable. A combi-
nation of both these ideas may also offer good performance,
such as raising the electron energy to, say, 200 keV in a low-
energy structure, then injecting that bunch into a high-
gradient system.

V. CONCLUSIONS

A design process for rectangular width-tapered dielec-
tric-lined waveguides has been presented. Through par-
ticle-in-cell simulations, this type of structure was shown to
provide an effective method for the acceleration of a
subrelativistic 100 keV electron beam. The advantage of
using narrowband THz pulses to prolong the interaction
length and increase the electron energy gain has been
previously shown; however, this remains a significant
challenge in the subrelativistic regime where particle
velocity depends strongly on energy. To overcome this
challenge, a waveguide design methodology has been
presented which uses hybrid width tapering to increase
the THz phase velocity along the direction of propagation.
The design process incorporated consideration of the
manufacturing limitations on the dielectric lining, which
limits how precisely the particle and phase velocities can be
matched. It has been shown that despite this limitation, an
effective taper profile still exists wherein the electron bunch
can be kept in an accelerating phase for the full interaction
length without exact matching. In fact, this mismatch of
velocities proves necessary for low-pulse-energy designs,
since electrons are injected below the lowest available
phase velocity and overshoot the crest with the available
gradient. We have shown that by then allowing phase
velocity to increase more slowly than electron velocity, the
bunch can be returned to crest and kept close to it until
pulse walk off occurs.
The design process for a width-tapered DLW was

described in detail, and the complete transverse and
longitudinal electron beam dynamics of the interaction
were explored. While the design was optimized for use with
a commercially available electron gun, simulation results
also showed the potential for capture rates above 90% using

a focused source of compressed electron bunches. In-
parallel beam dynamic simulations enhanced the design
process, and we were able to simulate acceleration of
subrelativistic electron beams by an amount greater than
previously demonstrated in THz-driven waveguides. Two
designs were developed by means of the presented design
process: one using a 22.5 μJ THz pulse and providing
a THz-induced energy gain of 105 keV, and bunches with a
1% energy spread and FWHM duration of 343 fs, and a
second using a 12 μJ THz pulse and providing an energy
gain of 62 keV. The latter represents the acceleration
achievable with close to the minimum on-axis field that
allows capture in this DLW.
Discussion of scaling to higher energies using higher

pulse energies or using a multistage approach has been
presented. The outgoing bunch from the presented accel-
erating structure has a low-energy spread and short dura-
tion, suitable to be used as the input bunch for further
acceleration in a second structure designed by the same
methodology. The waveguide properties presented in this
paper show that we can expect greater performance from
subsequent stages. Therefore, a sequence of several tapered
DLWs, each delivering more gain that the previous, could
feasibly provide an initially subrelativistic beam with an
energy increase to the MeV-level and ultrashort bunch
lengths, making such a linac suitable for use as an injector
for a higher energy machine, for medical and security
applications, or for ultrafast electron diffraction imaging.
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