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Abstract
The development of high-repetition rate XFELs brings

an exciting time for novel fundamental science exploration
via pump-probe interactions. Laser-based pump sources can
provide a wide range of wavelengths (200-10000 nm) via
various gain media. These sources can also be extended
with optical parametric amplifiers to cover a largely versatile
spectral and bandwidth range. However beyond 10 µm,
toward the THz regime, there exists no suitable gain media,
and optical-to-THz efficiencies are limited below 1%. In this
paper we discuss the use of Cherenkov-based radiators with
conventional electron bunches to generate high-power THz
radiation over a wide range of parameters for existing and
future XFEL facilities.

INTRODUCTION
The last decades of accelerator physics flourished, the

development of superconducting radio frequency (SRF) ma-
chines has provided a surge toward unparalleled efficiencies,
leading to incredible beam powers O(1 MW) at MHz repe-
tition rates for a plethora of applications. These machines
are very suitable candidates for colliders as in the proposal
of the International Linear Collider (ILC), but the limited
(but increasing) accelerating gradients of SRF cavities has
limited such TeV-frontier facilities to 10s of kilometers.

Other fundamental sciences desire X-rays to explore life
sciences, chemistry and more, which require more mod-
est beam energies O(10 GeV) to provide X-ray energies
O(10 keV) using conventional undulators. While a large
portion of users are interested in direct-imaging of their
samples, pump-probe spectroscopy has gained significant in-
terest, where generally a pump-laser of specific wavelength
and bandwidth is shone onto the sample to e.g. excite it,
subsequently an X-ray pulse then measures the developing
effects. This technique provides a way to diagnose electro-
magnetic responses of samples of interest.

Unfortunately the limited optical-to-THz conversion ef-
ficiencies below 1% has left an electromagnetic hole of re-
search opportunities in various sciences [1]. Alternatively
electron beam based THz sources can in principle cope with
the high power, repetition rate, and frequency requirements.
The freely available spent beam after a SASE undulator is an
attractive option for this purpose, as it still has a high beam
power. Moreover it is naturally synchronized to the X-ray
pulses and can fulfill all repetition rate requirements. (For
a detailed discussion on the compensation of path length
differences between THz and X-ray pulses see [2])
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At the XUV FEL FLASH, for example, a 9 period elec-
tromagnetic undulator with 40 cm period length is installed
behind the SASE undulator [3, 4]. The generated THz radia-
tion in the range of 1.5 – 30 THz is transported through a
65 m long evacuated beam line to the experimental chamber
where it meets the XUV pulse on the sample [5, 6]. Six
refocusing mirrors in combination with planar mirrors keep
the beam size under control and direct the beam to the exper-
iment. A variable delay line allows for adjusting the relative
timing of pump and probe beam.

Following the design ideas of FLASH the installation of
a special undulator for the generation of THz radiation be-
hind a SASE undulator at XFEL-facilities is discussed in [7].
However, the high beam energy of XFEL facilities (>10
GeV) requires a total undulator length of 10 m with peak
fields of up to 7.3 T and a period length of 1 m to comply
with the requested THz parameters. While such an undula-
tor appears to be technically feasibly with state-of-the-art
superconducting technology the cost and complexity of such
a device is unattractive. Another conceivable option is the
installation of a separate accelerator near the experimental
hutch, because THz radiation can be generated with con-
ventional undulator parameters already at modest ∼10 MeV
beam energies. While the SASE process in the THz range is
possible at these low electron beam energies [8, 9], this op-
tion is complex and expensive. Finally, compact accelerators
based on advanced concepts like e.g. plasma acceleration
are not yet able to deal with the beam quality, charge and
repetition rate requirements.

In this paper we consider an alternative method which has
not yet been proposed in the context of pump-probe sources
at XFEL user facilities: the usage of Cherenkov-type waveg-
uides to produce high-power, superradiant THz radiation in a
wide range of desired parameters [10–13]. There are various
types of radiating structures which include dielectric-lined
waveguides (DLW), corrugated structures, and bimetallic
waveguides [14, 15]. We provide a brief introduction to
various suitable radiation waveguides before discussing the
wakefield generation process in arbitrary waveguides. This
is followed by a section on radiation extraction and finally, a
case for the European XFEL is presented.

SUITABLE RADIATORS
There are many existing candidate structures which have

come forward for e.g. beam-driven acceleration and radi-
ation generation with phase velocites of the speed of light.
Of these there exists the dielectric-lined waveguide (DLW),
the corrugated waveguide, a bimetallic waveguide, and oth-
ers e.g. photonic bandgap structures, see Fig 1. We give a
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brief introduction to each structure and provide a summary
discussion on their relations below.

r1

(a) (b)
d

Figure 1: A corrugated structure is shown in (a), in (b)
a bimetal or dielectric-lined waveguide is shown, where
the thin layer with thickness d is interchanged; generally
dielectric-lined waveguides have much larger layers than
bimetal structures.

The DLW consists of a dielectric capillary with the outside
surface coated with an appropriately thick conductor to cover
the skin depth of the particular frequency. The DLW is very
easy to manufacture, generally capillaries can be drawn and
the coating process is rather trivial, using an e.g. sputtering
machine. However, dielectrics do have drawbacks including
charging, multipacting, and limited heat conduction.

The corrugated structure consists of periodic grooves
along the longitudinal length of the structure. The groove pe-
riods are generally much shorter than the wavelength which
avoids spatial harmonics. Corrugated structures can be man-
ufactured with high precision CNC machines, for the case of
a cylindrical corrugated pipe, generally two hemispheres are
manufactured and attached together. The corrugated pipe
can be represented as a DLW with the relation, ϵ ′

ϵ ′−1 =
p
g .

Recently, bimetallic structures have been proposed and
developed [14,15]. Here a thin-layer of conducting material
is deposited upon another conductor. The properties of
bimetallic structures are very similar to DLWs, exhibiting a
large range of possible operation parameters.

The various structures have been compared in detail in
[16] and exhibit a very similar range of characteristics along
the properly scaled dimensions. The following section dis-
cusses the generalized radiation characteristics of these struc-
tures.

SUPERRADIANT WAKEFIELD
GENERATION IN ARBITRARY

WAVEGUIDES
For a lossless single-mode structure, a charged particle

traveling through the structure will produce a wakefield po-
tential, which is equivalent to the Green’s function,

G(z) = κ cos(kz), (1)

where κ is the loss factor For a charged bunch, the wake-
field is given by the convolution of the Green’s function and
the current profile of the bunch I(z),

W(z) = κ
∫ z

−∞

dz′G(z′)I(z − z′). (2)

Equivalently we can express this equation as,

W(z) = qFκ cos(kz), (3)

where q is the charge, and F is the usual bunch form factor.
The total possible extraction energy is then given by

E = q2F2κL = q2F2L
Z0c
πr2

1
, (4)

where L is the structure length, r1 is the inner radius of
the structure, and Z0 is the impedance of free space, and
we have used the identity κ = Z0c

πr2
1
. Now, specifying to a

dielectric-lined waveguide, it can be shown that the reso-
nance condition is given by [17],

k2
0 =

2
r1d1

ϵ ′

ϵ ′ − 1
, (5)

where the dielectric permittivity is given by ϵ1 = ϵ0(ϵ ′+iϵ ′′),
and here we assume ϵ ′′ << ϵ ′.

The pulse length of the radiation is related to the group
velocity via

τ =
L
c
(1 − βg) = L

ϵ ′ − 1
ϵ ′

4d1
r1c
=

8
(k0 f1)2

L
c

(6)

By taking the ratio between the energy and the pulse
length, the radiated power is given by,

P = (qFk0)
2 Z0c

8π
∝

q2F2

r1d1
. (7)

There are practical considerations to the range of applicable
waveguides, generally determined by the Twiss parameters
of the driving beam since we should avoid beam losses on
the structure, therefore one may impose a condition on the
beam sizes at the structure edges e.g. Nσr < r1. We can
then find the limitations on the Twiss parameters, beginning
with the envelope equation,

β(s) = β∗ +
s2

β∗
, (8)

where β∗ is the minimum betatron value at s = 0 correspond-
ing to the center of the waveguide, and from the beam size
relation,

σ =

√
β(L/2)ϵ∗
γ

(9)

where ϵ∗ is the normalized emittance and γ is the Lorentz
factor. We can reexpress the condition as

r1 > N

√
ϵ∗

γ
β∗ +

L2

4β∗
. (10)

Then if we are interested in maximizing the energy extracted
from a drive beam through such a waveguide, following
Eq. 4 above, V ∝ L/r2

1 , then

V ∝
4γβ∗

N2ϵ∗
L

4β∗2 + L2
. (11)
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Maximizing this equality,

∂V
∂L
= 0 =

4β∗2 − L2

(4β∗2 + L2)2
4γβ∗

N2ϵ∗
, (12)

and rearranging terms for minimum rms beam size σ0 cor-
responding to β∗,

a > N
√

2σ0, (13)

which in correspondence to,

L =
2σ2

0 γ

ϵ∗
, (14)

gives the optimum structure length to the inner radius,

L
r1
=

√
2σ0γ

Nϵ∗
. (15)

For the sub-ultrarelativistic regime, these conditions should
be considered and optimized for specific applications. How-
ever in the ultrarelativistic regime which is the case at
XFELs, these conditions are significantly relaxed, allowing
for structures with larger aspect ratios, i.e. toward high-
frequency structures.

Figure 2: A CST simulation result is shown for the absolute
longitudinal component of the electric field for a launched
TM mode at 300 GHz. The cut is at 45 degree.

EXTRACTION
It is worthwhile to briefly discuss power extraction. In a

conventional undulator, radiation travels with the radiating
bunch and a bending magnet is used to separate the two. Al-
ternatively a significant advantage of radiating waveguides
is the opportunity to configure the waveguide as a Vlasov
antenna [18]. In such a configuration the end of the waveg-
uide is usually cut at an angle which allows the radiation to
exit at a similar angle to the cut. A simulation was carried
out in CST and is shown in Fig. 2. The simulations show
that output coupling efficiencies above 90% can be achieved
with various angle cuts.

Figure 3: Bunch form factor as a function of frequency for
various charge modes of the EuXFEL.

EXAMPLE FOR EUROPEAN XFEL
The European XFEL is designed to operate in a wide

range of modes with various bunch charges which covers
different user applications. The bunch form factor for the
different modes of the Eu-XFEL is shown in Fig. 3. Below 1
THz the bunch form factor is close to 1 even for a high bunch
charge of 1 nC. To generate an energy of 3 mJ at 0.1 THz
would require for example a structure of only 33 cm length
when the structure radius is 2 mm and the bunch charge is 1
nC. The temporal length of the radiation pulse would be 500
ps (50 cycles). And the power reached in this case is 6 MW.

At higher frequencies the bunch form factor shrinks con-
siderably. Lower bunch charges achieve higher form factors
so that it can become advantageous to reduce the bunch
charge when radiation above 3 THz shall be generated. On
the other hand the higher bunch charge of 1 nC is preferable
for the lower frequency range but it is not mandatory as
longer structures and/or smaller radii are not excluded.

The reduced energy requirements still allow generating
sufficient amounts of energy also at higher frequencies. At
6.6 THz only 0.7 µJ radiation energy are requested which
requires less than a centimeter structure length (1 mm radius)
at charges between 1 nC and 100 pC. Beyond 10 THz, the
20 pC operational mode of XFEL is appealing; however,
the usage of bimetallic and corrugated structures becomes
challenging due to manufacturing constraints. Fortunately,
drawing procedures for e.g. hollowcore optic fibers can
produce DLW capillaries to with radii below 1 µm and wall
thickness of ∼100 nm [19].

CONCLUSION
We have presented a versatile THz source for high-

repetition rate XFELs. Our beam-based approach uses
radiating or Cherenkov waveguides and can cover a wide
range of parameters which are desired by users. The waveg-
uide approach is significantly easier and less expensive than
undulator-based approaches which have been previously pro-
posed. Moreover, the flexibility to outcouple radiation with-
out disrupting the beam path is largely appealing to reduce
required modifications to beamlines and for its capability to
generate multiple THz beamlines with different parameters.
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