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The advancement of the techniques of producing electromagnetic radiation in the terahertz range
(1–20 THz) attracts a wide range of potential applications and the quest for powerful THz sources is ever-
increasing. The means to generate THz is an active research field and the energy per pulse is limited due to
breakdown of the medium used. In this paper, we propose a compact yet powerful narrowband THz source
based on two pillars of active research in the field of novel accelerators: laser plasma wakefield acceleration
and high gradient dielectric lined structures. The laser plasma wakefield (LPW) injector is used to provide
the relativistic electron bunches to an interaction tube, a dielectric lined waveguide (DLW), in order to
generate THz. Due to the high gradient nature of both devices, the combination ends up with a very
compact solution for mJ scale THz pulse generation. Potentially these pulses can be used as drivers for
nonlinear phenomena in condensed matter, which can be probed using ultrashort x-ray pulses at the same
free electron laser facility.
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I. INTRODUCTION

Electromagnetic radiation in the terahertz (THz) range,
which lies between approximately 1 and 20 THz, can
interact with matter in several remarkable ways, offering
unique opportunities both as a spectroscopic probe or, at
higher intensities, as a means to potentially engineer new
states of matter [1]. One key advantage of THz-frequency
radiation is tied to its low photon energy (hν ¼ 4.1 meV
for ν ¼ 1 THz). In many biological, chemical, and physical
systems, THz interactions are nonionizing and can often be
tuned to specific material resonances [2]. One particularly
exciting possibility is to combine intense THz radiation
with ultrashort and intense x-ray pulses from a free electron
laser facility, e.g., SwissFEL (the free electron laser in
Switzerland) [3], which can measure the dynamics of
charge, spin and ions in response to resonant THz exci-
tation of selected resonances [4]. Reference [5] provides a
general overview of THz-based experiments and their
road map.
Due to the appealing THz-matter interaction character-

istics aforementioned and its own scientific value, many
methods have been proposed to generate THz [6], including

but not limited to the methods based on solid state
oscillators [7], plasma dipole oscillators [8], quantum
cascaded laser [9], laser pumped solid state devices [10]
and electron beam accelerators [11,12] etc. However, most
of these methods generally suffer from low energy per
pulse. In this paper, we report on a THz radiator based on
an electron beam and dielectric lined waveguide (DLW), a
structure similar to that reported in Ref. [11]. We aim to
investigate the suitability of this method for the high energy
THz pulse generation for pump-probe experiments. This
constrains the DLW structure to be small enough trans-
versely to provide THz pulses in 1–20 THz compared with
the predominantly published experimental results, which
are normally around hundred GHz. The actual frequency of
interest depends of course on the target users and the
radiator should also be able to tune over a certain range.
The relativistic electron beam needed to drive the DLW

structure is normally from an accelerator beam line such as
Refs. [11,13]. In order to provide an electron beam with
hundred MeV, current rf accelerating technology requires
an electron injector and an accelerator of a few tens of
meters irrespective of normal conducting or superconduct-
ing radio frequency cavities [14–17]. Novel acceleration
schemes like plasma wakefield accelerators promise a GV/
cm accelerating gradient. These can provide kA electron
beam currents with μm transverse sizes ideal for THz
generation. In this paper, we exclusively investigate the use
of these electron bunches from a laser plasma wakefield
accelerator, which works essentially as an injector in our
case. The acceleration concept was first proposed by
Tajima and Downson in 1979 [18] and the experimental
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demonstration of monoenergetic electron beams are bloom-
ing in the 2000s [19–21], which benefited directly from the
high power laser system that can drive plasma wakefields
based on the chirped pulse amplification technique [22].
The electron beam out of such an injector normally features
percent level of energy spread and mrad divergence. As we
will see in the rest of the paper, the THz generation will be
insensitive to the energy spread for a relativistic electron
beam. A certain tunability can also be achieved with
nonrelativistic electron beam [23]. The high initial diver-
gence still has to controlled, which in fact limits the
interaction length to a few centimeters without any focus-
ing magnets. Provided the external focusing magnets are
used to compensate the divergence, the interaction length
can be increased accordingly. The length partially dictates
the bandwidth of the produced THz pulses. The inves-
tigation was intended for a possible narrowband (less than
10%) THz source at the SwissFEL free electron laser
facility.
SwissFEL is based on normal conducting S and C band

rf technology for the electron beam acceleration and it is
designed to provide soft and hard x-rays within the range of
0.7–5 nm and 0.1–0.7 nm respectively of beamlines Athos
and Aramis [3]. There is general interest in using THz
pulses in combination with the ultrashort x-rays. We have
proposed one possible solution by using the spent electron
beam from Aramis to generate THz for the users at Athos
[13]. This paper alternatively proposes the use of electrons
from a laser plasma injector to produce THz. This will
enable a flexibility of the deployment of the THz source in
comparison with a fixed electron source from SwissFEL.
The paper is organized as follows: in Sec. II, we report

the operational principle of laser plasma wakefield (LPW)
injector and the dielectric lined waveguide. The capture and
transport of the relativistic electron bunch from LPW to the
interaction DLW is investigated in Sec. III. The interaction
between the electron beam and the DLW is summarized in
Sec. IV. Some potential applications are discussed in
Sec. V. In the last section, we conclude the paper and
discuss potential future work.

II. OPERATIONAL PRINCIPLE OF THE THz
GENERATION

The generation of the THz pulses relies on wakefield
generation when an electron beam traverses a dielectric
lined waveguide and the electron beams are normally from
conventional rf accelerators, as reported in many published
experimental results [11,24–26]. The relativistic electron
bunches can also be generated from a laser plasma injector,
which is used to drive dielectric lined structures at a later
stage. The key motivation of combining the two is the fact
that the THz generation process is insensitive to the energy
spread of the electron beam coming out of the laser plasma
accelerating process. We discuss the generation of the
relativistic electron bunches in subsection II A and the

working principle of the dielectric structures and the
interaction in subsection II B 1 separately. The capture
and transportation of the electron bunches to the interaction
dielectric structures will be tackled in Sec. III.

A. Relativistic electron bunch generation

The relativistic electrons can be generated via a dedicated
rf injector as in many free electron laser facilities, e.g.,
SwissFEL. The electron bunch, however, is limited partially
due to space charge effects and has to be accelerated as
quickly as possible to become relativistic via rf accelerating
cavities. The rf accelerating cavities routinely used in running
accelerators are limited to be approximately several tens of
MV/m regardless of normal conducting or superconducting
technologies. This would require a long section of accel-
eration to produce several hundred MeV beam and also
necessitate the beam operation magnets for shorter bunches.
The intensive R&D researches about high gradient structures
arewidely carried out worldwide. Among them, laser plasma
acceleration attracts much attention due to the GV/cm
accelerating gradient demonstrated experimentally [19–21]
and the ability to work as an injector as well.
The relativistic electron bunch generation relies on the

nonlinear process of laser and plasma interaction [27].
When a laser pulse with sufficient strength traverses an
underdense plasma, the quiver motion of electron becomes
relativistic and the laser plasma interaction is nonlinear.
The ambient electrons in the plasma are pushed away by
the ponderamotive force from the propagating laser pulse
and bubble region with only ions is formed [27]. These
stray electrons potentially can be trapped in the bubble and
form a electron bunch to be accelerated.
The accelerating bubble cavity has strong dependence on

both the laser and plasma parameters. Therefore, it is vital
to form the plasma in a capillary so that the interaction
plasma profile is reproducible. Tailoring the cavity shape
with laser and plasma parameters is an active research field
to better control the electron beam quality during accel-
eration. The normalized laser strength has explicit depend-
ence on its wavelength λ and intensity I0,

a0 ≃ 8.54 × 10−10½λðμmÞ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0ðW=cm2Þ

q
: ð1Þ

The requirement of a0 > 1 dictates the laser intensity
grater than 1018 W=cm2 for 800 nm laser, which can be
routinely obtained based on the CPA technique with a
commercially available laser system. The laser peak power
used in the published experimental results varies from several
TW to PW with a pulse duration in a few tens of fs. The
accelerating gradient of these accelerating bubble structure
can be estimated with E0ðV=mÞ ≃ 96

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0ðcm−3Þ

p
and the

ambient electron density n0 is normally on the order of
1017–1019=cm3, which supports GV/cm accelerating gra-
dient. A hundredMeVelectron beam will require only a few
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mm interaction length, which is feasible in a single stage
acceleration and is well below the cutting-edge LPWs.
Short bunches are readily available from LPWs and the

wavelength of the accelerating wakefield wave is,

λpðμmÞ ≃ 3.3 × 1010=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0ðcm−3Þ

q
ð2Þ

where λp ≃ 3.3–33 μm for n0 ¼ 1019 − 1017 cm−3. If the
accelerated electron bunch takes only a fraction of this
length, a short bunch in a few μm is directly accessible and
this conforms to the published results.
Because these trapped electrons are quasisynchronized

with the wakefield, they can be accelerated over some
distance before the electron overtakes due to dephasing
[27], which limits the interaction length over a single stage.
The electron beam dynamics inside the bubble and the
dynamics of the bubble have strong influence on the final
beam quality when it exits the plasma interaction region.
The beam normally has μm level transverse size, percent
level of energy spread and mrad scale divergence. The
relative large energy spread and mrad divergence impede
the transport of the beam over long distance with conven-
tional magnetic beam line as we will discuss in Sec. III.
Many schemes have been invented to improve the beam
quality by changing the laser or the plasma parameters [28].
Several schemes have been proposed for better control of
the electron beam quality by methods such as self-trapping
[29], ionization injection [30], negative density profile [31].
We summarize some beam parameters for the later study
based on the published experimental results. Because of the
vast body of researches worldwide and its rapid develop-
ment, it is difficult to make an exhaustive list. The
parameters are rather intended to provide an approximate
parameter space for the first high energy THz pulse
generation. They are obviously not the best beam quality
achieved but rather conservative in order to relax the
requirements on the laser and plasma source so that the
proof of principle experiments can be carried out in the near
future. Any further improvements, especially the beam
divergence, will ease the overall design and improve the
THz pulses in general. The desired electron beam param-
eters are summarized in Table I.
The self trapping based on wave breaking works in 100–

1000 MeV range [32]. Although high quality GeV beam
are accessible experimentally, we here consider in the next
section to use 100 pC charge and 350 MeV beam energy
without concern about the energy spread. The laser pulse
required in order to generate such an electron bunch would
be with sub 100 TW peak power and a few tens of fs
FWHM (full width half maximum) duration. The electron
beam kinetic energy is 35 mJ in this case and a radiation
pulse energy of 17.5 mJ can be obtained even with a
moderate conversion efficiency of 50% upon a successful
transport of the electron bunches through DLW, which is

the topic in Sec. III. We will use this as a reference case
whenever appropriate.

B. Dielectric lined waveguide and wakefield

The quest for a high-gradient accelerating structure, the
same motivation for the development of plasma wakefield
cavities, triggered another research area: dielectric lined
waveguide (DLW). The DLW was first considered for
accelerating structures decades ago [33–39] and later has
spun off as high power electromagnetic radiation sources
[11,24,26,40,41]. The theoretical analysis of the mode
structures and the wakefield theory are discussed thor-
oughly in pioneering works [33,34,42–44] etc. We will first
consider a basic DLW structure as a reference case. The
wakefield is reviewed in the second part of this section.

1. DLW

A circular dielectric lined waveguide is considered here
and the section view along the rotation axis z is shown in
Fig. 1. In principle, the waveguide can be of any cross
section but a translational symmetry along z is imposed in
order to make the analytical analysis feasible. The wave-
guide with other cross geometries can be analyzed with
conformal mapping [45].
The DLW is formed with a vacuum channel of radius a

for the transport of the electron bunch and a surrounding
dielectric layer characterized with permittivity ε with a
layer thickness of b − a. The outside of the dielectric layer
is coated with metal, which confines the electromagnetic
field inside the DLW. The confined field is excited when a
electron bunch traverses the DLW.
The DLW is characterized with four parameters, inner

radius a, outer radius b, dielectric layer with permittivity ε
and the length of the structureL. Aswewill see later, in order
to generate THz between 1–20THz, the transverse size of the
structure is limited to a few hundred μm and the dielectric
material considered here is quartzwith ε ¼ 3.8 for this paper.
The length of the structure varies from a few cm to a few tens
cm in order to generate mJ pulses and this length also
determines the number of cycles of the THz pulses inside a
DLW, which is linked with the pulse bandwidth. A modi-
fication of the basic structure is favorable in some caseswhen
one needs to intensify the generated THz pulses or to make

TABLE I. Beam parameters from LPA.

Parameter Symbol Value Unit

Beam Energy γ0mc2 ≤1000 MeV
RMS Energy spread σδ ≤10% /
RMS Beam size σx;y ≤10 μm
RMS Beam Divergence σ0x;y ≤5 mrad
Charge Q ≤100 pC
RMS Bunch Length Ls ≤20 fs
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some special manipulation on the THz pulses, e.g., tapering
in a for the chirped THz generation [46].

2. Eigenmodes and wakefields of a DLW

In a DLW, the electromagnetic field, which is trans-
versely bounded forming a certain field distribution oscil-
lating at a specific frequency, is called mode. The mode can
travel along the z direction as in Fig. 1. Following the name
convention and methods used in, e.g., [34,42,43], the
transverse magnetic (TM) mode frequency can be obtained
by solving a dispersion relation as shown in Fig. 2.
The intersections between light line (ω ¼ kzcβ) and the

dispersion curve define the modes TM01−6 frequencies for
β ¼ 1 and 0.99. The two almost indistinguishable light
lines in Fig. 2 indicate that the mode frequencies are
approximately independent of the normalized speed β once
the electron beam is relativistic. Qualitatively, for the
maximum electron beam energy spread (10%) that we
consider here, the relative mode frequency detuning is less
than 10−6. This small frequency variation is well within the
bandwidth (≤10% preferably ≤ 5%) required for various
experiments. The mode frequencies depend only on the

parametersa andb for a fixed dielectricmaterial. A summary
of mode frequency map shows the dependence on both
parameters in Fig. 3. In order to reach above 1 THz, the
maximum a can be close to 500 μm. The insensitivity to β
indicates the excitation process is insensitive to the energy
spread of the electron beam.This allows us to use the electron
beam with a large energy spread from laser plasma injector
with less concern. The wakefield of a particular beam is
studied via eigenmode expansion methods [43]. In the
following sections, wewill consider only the ultrarelativistic
electron beam where we assume β ¼ 1. Therefore the
associated wakefield formulation is independent of β and
the higher order effects of β are mentioned whenever
appropriate.
The longitudinal electrical field Ez of the monopole

modes is shown in Fig. 4, which accounts for the THz
generation. It is effectively constant in the vacuum passage
for the TM0n modes. The excited monopole modes there-
fore have no dependence on the beam transverse distribu-
tion but only on the longitudinal one, which ensures a
stable THz intensity.
The electron beam excited field can be expanded in terms

of modes as in [43]. The energy loss Un to a given mode is
related to the loss factor κn and the charge q by Un ¼ κnq2.
The total energy loss Utot due to a single point charge q is

Utot ¼
q2

2πε0

L
a2

¼ q2
X∞

n¼1

κn: ð3Þ

As an example, the mode power and the total power by
summing up consecutive modes is shown in Fig. 5. A first
few modes will cover the frequency range between 1 and
20THz and account formost of the energy loss from a bunch.
A parametric study of the pulse energy is shown in Fig. 6.

In order to generatemJ scale pulse, there is a constraint on the
length of the structure and the inner radius. Higher pulse

FIG. 1. DLW with relevant structure (not to scale).

FIG. 2. Dispersion for the first six TM bands with a ¼ 100 μm,
b ¼ 120 μm. Two light lines with β ¼ 1 and β ¼ 0.99 are shown
and the intersection points determine the corresponding modes.

FIG. 3. TM01 mode frequency dependence on the DLW inner
radius a and dielectric thickness b − a.
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energy requires smaller a and longerL. For example, in order
to generate 1mJTHz pulse, aDLWwith 300 μm inner radius
would require the transport of 100 pC over 50 cm. This
distance is already comparably long due to the achievable
beam capture transport optics as we will see in the next
section.
Because the longitudinal and transverse wakefield scales

with 1=a2 and 1=a3 respectively, the field gradient can be
quite high for small aperture a. The uniform distribution of
the longitudinal electrical field makes the vacuum and
dielectric material interface vulnerable. In our case, it is on
the order of 2 GV=m, which is still below the breakdown

limit 12 GV=m shown experimentally [47]. The strong
transverse wakefields also impose stringent requirements
on beam transport inside a DLW.

III. BEAM TRANSPORTATION

Capture and transport of the electron beam without
significant beam quality degradation from the plasma chan-
nel to the interaction DLW structure turns out to be quite
challenging for the considered beam parameters. Inside the
DLW, the beam should be able to travel without significant
losses. Two basic designs can be conceived for our appli-
cation: 1. Place a DLW directly next to the plasma capillary;
2. Capture the electron beam from the plasma capillary via a
set of magnets. In the first case, the interaction length of the
DLWis limited by the initial divergence of the electron beam.
For the latter, the length of the DLW is jointly defined by the
transport line and the DLW itself. We will consider the two
approaches in the next two subsections.

A. Direct capture

Due to the small interaction length required for a DLW
with small inner radius a as indicated in Fig. 6, a DLW can
be placed directly next to the plasma exit. A schematic of
the setup is shown in Fig. 7.
The ultrarelativistic electron bunch is produced in the

plasma stage and is transported directly to the DLW stage.
This allows a compact yet powerful THz generator within
just a few cm. Due to the mrad scale divergent electron
beam, the beam will get lost quickly if the DLW is too long.
For example, a DLWof 1 cm will limit the inner radius a to
10 μm for 1 mrad beam, which can still grant a very high
pulse energy due to the GV/m decelerating gradient. Any
improvement of the beam divergence definitely favors a
longer DLW, which means more THz pulse energy and
smaller bandwidth. Some working points can be identified
with the help of a parametric study as shown in Fig. 8.

FIG. 5. Power spectrum for a charge of 100 pC with a ¼
148 μm and b ¼ 178 μm. We here considered point charge
(black dots), a 20 fs long Gaussian bunch (black squares) and
fractional power (magenta diamonds).

FIG. 4. Transverse profile of the longitudinal field strength of
the TM0n modes.

FIG. 6. Pulse energy dependence on a and L for a point charge
of 100 pC.
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It is obvious that for the same pulse energy, a shorter
DLW will accept a more divergent beam. There are opera-
tional points for beam divergence between 0.1 and 5 mrad in
order to generate mJ pulses. For example, an electron beam
with 1 mrad divergence requires a 2 cm long DLW with
20 μm radius to generate 10 mJ THz pulse and all the
regions below the dashed line provide corresponding work-
ing points (see Fig. 8). Coupled with Fig. 3, it is possible to
identify certain frequencies where THz pulses with energy
on the order of a mJ or more are possible. It is tempting to
use a shorter DLW with a small inner radius. However, the
breakdown threshold of the dielectric material sets the upper
limit one can operate in reality. For example, the inner
radius will be limited approximately to 10 μm to support
10 GV=m decelerating gradient. On the other hand, if the
length of DLW is small compared with the free wavelength
of the target THz, the mode frequency will shift significantly
if one starts to take into account the finite length effect. The
desirable less than 10% narrow bandwidth also requires the
DLW longer than one cm or so. Though it is an ultra-
compact solution for THz generation, it loses certain
flexibility. One also faces no room for beam diagnostics.
By transporting the electron beam from the plasma section
to the DLW section, one can obtain more space.

B. Capture and transport with magnetic line

Since the electron beam from the laser plasma injector
has a large divergence that limits the potential DLW length,
it is necessary to correct the beam divergence immediately
after the electron beam exits the plasma. It is almost
impossible to match the beam with current magnet tech-
nology due to the mismatch of more than two orders of
magnitude focusing strength. One option would be to use
the plasma lens (magnetic quadrupole equivalent but with
higher focusing strength) [48,49]. Another solution is to
tailor the plasma density gradient so that the electron beam
sees the plasma-vacuum interface gradually rather than
abruptly. Although both approaches are attractive, they are
still active research areas. Here we adopt the parametric
study in [50] and consider the use of the conventional
magnets based capture and transfer line.
Based on the published laser plasma acceleration experi-

ments, we adopt the electron beam parameters in Table I.
Electron beam with GeV energy, a few tens pC charge and
sub mrad divergence can be generated experimentally [51].
But this would require a PW scale laser. The hundred MeV
range we consider here should be feasible with commercial
TW scale laser with few tens fs pulse length. The electron
beamparameters are summarized inTable II for further study.
The transverse beam size expands quickly over the

transport distance due to the mrad divergence of a typical
beam obtained from a laser plasma accelerating process,
which will in turn cause beam losses and affect the THz
pulse energy. The normalized emittance εn;rms growth over
a drift distance s is [52]

ε2n;rms ¼ hγi2ðε20 þ s2σ2Eσ
4
x0 Þ ð4Þ

where ε0 is the initial emittance, σE and σx0 beam energy
spread and divergence, respectively. For energy spread on the
order of a percent and mrad divergence, the chromatic
emittance is added quadratically to the initial emittance ε0.
The chromatic emittance has strong dependence on the initial
divergence σx0 and energy spread σE. Its contribution quickly
dominates the initial emittance ε0. The strategy is therefore to
provide a strong focusing on both transverse planes with a
strong quadrupole triplet to control the beam size. In order
to find out the working points in terms of beam divergence
and energy spread, which are two parameters that have

FIG. 7. Schematic of THz generation without magnetic capture
and transport lines.

FIG. 8. Operational regions for different beam divergences.

TABLE II. Electron beam parameters for beam capture.

Parameter Symbol Value Unit

Beam Energy γ0mc2 350 MeV
RMS Energy spread σδ ≤5% /
RMS Beam size σx;y ≤5 (μm)
RMS Beam Divergence σ0x;y ≤5 mrad
Charge Q 100 pC
RMS Bunch Length Ls 10 fs
Normalized Emittance εn;rms ≤5 mmmrad
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significant impact on beam quality evolution as indicated in
Eq. (4), we have varied the initial energy spread between 0
and 5% and the divergence from 0 to 5 mrad. An optimized
triplet as in Ref. [50] was used to show the normalized
emittance εn;rms growth as the transport distance increases in
Fig. 9 with a energy spread of 5%.
It is obvious that the emittance grows quickly as the

divergence increases. The triplet helps mitigate the emit-
tance growth but it is still experiencing a quick growth.
However, from the interaction we described above, we care
more about the beam transverse size. The RMS beam sizes
at different beam divergences are shown in Fig. 10.

The triplet exit was located at s ¼ 0.36 m and a 20-cm-
long DLW can be placed next to it. It is still very critical to
control the initial beam divergence in order to match the
beam size to the small DLW. Even more complicated
schemes such as double triplet or achromatic lines provide
few benefits but add great costs and complexity to the initial
experiments as concluded in Ref. [50].
A drift space of 10 cm between the exit of the plasma

channel and the entrance of the triplet is introduced in order
to make the focusing efficient. Due to this space, the beam
size already blows up to approximately 100 μm for a
divergence of 1 mrad. In order to eliminate this size growth,
we also considered the use of a magnetic solenoid to
capture the divergent electron beam. With approximately
50 T central magnetic field, the transverse beam sizes are
shown in Fig. 11 for different beam divergences up to
5 mrad with 5% energy spread.
The solenoid can be applied directly to the plasma exit so

that the beam is focused in both directions simultaneously
unlike the quadrupole focusing magnets. Though this
capture method seems viable, the quest for the high field
magnet does not disappear. For a beam with 1 mrad
divergence, the magnetic field strength B was varied to
show the dependence in Fig. 12.
A moderate strength of 25 T should ensure a DLW of

1 meter, which can provide us above 10 mJ THz pulse.
This can host a longer DLW compared with the triplet
setup. The x and y correlation introduced by solenoid is not
a problem for us because of the azimuthal symmetry of the
monopole modes. This fact on the contrary will help us
mitigate the transverse kicks due to wakefield as we will
see in next section.
A suitable working point requires a certain trade-off

between the energy spread and divergence.Any improvement

FIG. 9. Normalized emittance evolution along the capture
triplet [dotted lines for x, solid lines for y and dash-dotted for
Eq. (4)]. The triplet is located at 0.1 m away from the plasma
injector exit.

FIG. 10. Transverse beam sizes for various beam divergences
over distance with a triplet.

FIG. 11. Transverse beam size over distance with a solenoid for
different beam divergences. Due to symmetry, only the beam size
in x is shown and exactly the same results apply to y direction.
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with lower divergence, high beam charge and less energy
spread will improve the THz pulse energy. Besides the
external focusing by various magnets, the electron bunch
traveling inside the DLW also experiences transverse
kicks from its self-excited field which is the topic for next
section.

IV. BEAM BREAKUP DUE TO WAKEFIELD

High deceleration gradient inside a DLW accompanies a
strong transverse deflecting force based on the Panofsky
and Wenzel theorem [53]. This causes shear displacements
of the bunch and can lead to the head-to-tail instability,
which might result in the electron beam loss in the DLW
wall. For a well-aligned DLW with respect to the electron
beam, only monopoles can be excited and the longitudinal
force is [43],

Fzjl¼0 ¼ −2qq0
X∞

n¼1

1

Cn0
cos knsΘð−sÞ ð5Þ

where Cn0 is a normalization constant, related to loss factor
defined in Eq. (3) as κn ¼ 2=Cn, for monopole modes
depending the DLW parameters, q and q0 are the leading
and trailing charge, kn the wave vector for mode n. There is
no transverse force contribution from this mode up to the
order of γ−2 due to the cancellation of the transverse force
from the magnetic and electric field. If the DLW is slightly
misaligned transversely, dipole, quadrupole modes can be
excited and the transverse kick is dominated by the dipole
modes [43],

Fxðx; y; sÞjl¼1 ¼ −4qq0
r0
R1

X∞

n¼1

1

Cn1

sin kns
knR1

Θð−sÞ

and Fyðx; y; sÞjl¼1 ¼ 0: ð6Þ
The transverse kick at the trailing particle depends on the

transverse offset r0 of the preceding particle. When the
preceding particle is horizontally (x) displaced, the kick in
the y direction is zero and this fact also favors the use
of solenoid because of the x − y coupling introduced. In
the following, we consider one extreme situation where the
particles are solely concentrated on the x − s plane. The
particle distribution at different location along s is shown in
Fig. 13. The bunch starts with a slight offset of 1 μm with
zero divergence. We gradually see the transverse kick to the
bunch tail and finally a particle loss in the dielectric wall
after 60 cm.
Upon the trailing particle transverse offset being negative

or positive, it can be either decelerated or accelerated. This
will further add to the energy spread of the bunch. The
transverse force is generally one order of magnitude smaller
than the longitudinal force if one assumes percent level
misalignment.

FIG. 12. Transverse beam size over distance with a solenoid for
different magnetic field strength B.

FIG. 13. Snapshot of beam movement, which offsets 1 μm, inside a DLW (a ¼ 148 μm and b ¼ 178 μm) at different location s.
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It is obvious that the transverse kicks can be mitigated by
centering the electron beam with respect to the axis of a
DLW, which can be positioned on a hexpod like platform
with six degrees of freedom. This allows us to correct not
only the transverse misalignment but also the tilt of the
DLW with respect to the electron beam. A beam-based
alignment can be conducted therein.
Although the mJ per pulse energy is already at least one

order of magnitude higher than what one can obtain from
an undulator based approach, which is limited by the
electron to photon energy conversion rate, it is possible
to further enhance the photon yield by manipulating the
electron beam longitudinal structure. This is essentially to
change the form factor of a certain bunch so that certain
TM0n mode is resonantly excited. Due to the inherent
energy chirp of the plasma accelerated electron bunch, the
optics can be hosted in the beam transport line with a dog
leg as in [54] after the proof of principle experiments.

V. POTENTIAL EXPERIMENTAL APPLICATIONS

Intense narrowband THz-frequency light pulses with a
few percent bandwidth have several interesting potential
applications in solid-state physics. Many such applications
rest on the idea of using the pulses to drive vibrational
resonances. These typically lie in the 1–30 THz range,
and have line-widths ranging from 1%–40% bandwidth.
Recently there have been several experiments showing that
focused midinfrared and THz-frequency light can drive
large-scale atomic motions that can drive changes in the
properties of the solid via linear [55] or nonlinear couplings
[56–63]. An example of the latter case includes the
observation of transient superconducting like behavior in
several different systems driven by multi-THz frequency
light in resonance with vibrational modes [57,59–62]. The
mechanisms for these observations are not well understood
and have stimulated new theoretical efforts in understand-
ing nonequilibrium superconductivity [64–67]. Nonlinear
phonon-phonon interactions have also been proposed as
a way to drive transient multiferroicity in nonmagnetic
materials via resonant enhancement of a time-dependent
polarization [63]. The nonlinear coupling of vibrational
coordinates to electronic states have also been proposed to
drive modulations of conductivity that in some cases result
in metallization of insulators on ultrafast timescales [68].
In addition to applications involving the resonant driving

of vibrations, there is also some burgeoning interest in
using intense THz pulses and their interactions with
electronic degrees of freedom to study Floquet physics
in solid-state materials. Many-body systems with strong
periodic driving are predicted to have lowest energy states
with properties that are quite different from those obtain-
able in equilibrium [69,70]. Examples of somewhat sur-
prising phenomena that have been predicted include
dynamic localization [71,72], dynamically driven topologi-
cal phase transitions [73–76] and spontaneous symmetry

breaking [77]. Some of these theoretical predictions have
been validated in cold atom systems [78] and in photonic
waveguides [79], and also in a few experiments on con-
densed matter systems [80,81]. This points to the exciting
possibility of using periodic driving as a means of control in
solid-state materials, an idea often referred to as “Floquet
engineering.” One main difficulty in practical realization of
Floquet engineering is the problem of heating: dissipation
channels limit the length of time over which one can apply
strong periodic driving without heating up the material to
very high levels [82]. Theoretical work has shown that in
many systems there exists a period of “pre-thermalization,”
when the effects of heating are not yet severe but the system
has otherwise settled into a steady state. In many systems
with electronic band gaps on the order of 1 eV, this regime
may be realized for intense 1%–10% bandwidth light pulses
in the THz-frequency range.
In order to understand better the novel material states that

could be created by the THz interaction, there must be a
way to measure the properties of these states on timescales
before thermalizaiton takes place. Ultrashort x-ray pulses
from a FEL are in many ways ideal probes that offer
selective measurements of different aspects of the structure
of these transient states. X-ray scattering, for example, can
be used to create snapshots of the electron density dis-
tribution with femtosecond time resolution [83,84]. By
tuning the x-ray wavelength to core level resonances it
also becomes possible to measure the structure of spin and
other valence electron properties with atomic resolution
[55,85,86]. The possibilities for combining the THz source
discussed here with the full capabilities of an x-ray FEL
offer unique opportunities for understanding the properties
of condensed matter under conditions of strong driving by a
periodic electromagnetic field.

VI. SUMMARY AND DISCUSSION

We have proposed a possible narrowband and powerful
THz generation method for the SwissFEL beamlines where
the users can perform THz pump and x-ray probe experi-
ments, which can completely push the potential experi-
ments to a new era. The method utilizes an external electron
source coming from a laser plasma injector and a dielectric
lined waveguide. The investigation forms a compact
solution for the high energy THz generation by benefiting
from the research of laser plasma acceleration and dielectric
high gradient structure.
With the typical LPW electron beam parameters, we

could generate mJ THz pulses. Due to the mrad divergence,
the electron beam capture with magnetic line and transport
through the DLW are still challenging but feasible. We
found three working regions: 1. use small radius DLW to
generate THz pulse before the electron beam hits the DLW
wall 2. utilize the high gradient PMQs to mitigate the
divergence effects and this allows us a few tens of cm DLW
3. capture the divergent beam with a solenoid. The use of
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solenoid seems the best option since it provides focusing
for both transverse planes at the same time. A sub-meter
DLW can be used inside the solenoid and this also
guarantees the narrow bandwidth to meet user’s needs.
The laser used for LPW is intrinsically synchronized

with the SwissFEL linac and thus the THz pulses are
synchronized with the x-ray pulses. This enables users to
perform a wide range of pump-probe experiments, where
timing is of paramount important.
The study here can be implemented independently as a

narrowband high pulse energy THz source as well. It
should be noted that LPW is a rapidly developing area and
with all the state-of-the-art experimental conditions, it is
feasible physically to produce multiple GeV electron beam
with sub nC charge and sub mrad divergence. This will
definitely push the energy frontier of the THz pulse
generation.
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