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Abstract

In recent years, the interest in high intensity, short-pulse
coherent THz radiation for non-linear experimental research
and applications grew with upcoming high intensity lasers.
In contrast to lasers, accelerators provide free electrons for
which emission properties can be tailored to the demand at
typically much higher repetition rates than high-intensity
lasers can provide. Efforts are ongoing to augment short-
bunch accelerators such as the European XFEL with THz
radiation sources such as undulators.

At the far-infrared linac and test experiment (FLUTE) at
Karlsruhe Institute of Technology (KIT), we can facilitate
experiments to investigate coherent THz radiation from dif-
ferent sources and provide short electron bunches. As an
additional THz radiation source, a superconducting undula-
tor can be inserted and investigated.

In this contribution, we evaluate the opportunities of this
THz undulator at FLUTE for linear accelerators and free-
electron lasers (FELs).

MOTIVATION

THz radiation sources are of increasing importance in
various fields of research. The non-destructive properties
for biological tissue are of significant value in imaging tech-
niques in medical application [1]. The characteristics of
a THz radiation pulse are determined from the generation
process. At FLUTE, the laser-based method using a Ti:Sa
laser at 800 nm generates THz radiation in the range from
0.14 THz to 0.80 THz with the tilted-pulse-front pumping
in a non-linear crystal [2]. In contrast to the laser setup, the
electron bunches can generate a broad band of frequencies
by emitting synchrotron radiation. Though the intensity of
synchrotron radiation is higher compared to a typical laser,
the intensity in the THz range is still low for some applica-
tions of THz radiation. For short-pulse electron bunches the
total radiation power P(w) increases according to

P(w) « p(0)N[1 + (N - 1)F2%(1, 2)], (1)

where p(w) is the radiation power of a single electron, N
the number of electrons in a bunch and the form factor is
described by % . Therefore, the light intensity for particle
accelerators increases quadratically instead of linearly with
the number of particles N, when generating short-pulse co-
herent THz radiation which requires short electron bunches
in the fs-range. The setup of FLUTE as a test experiment
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provides a unique opportunity to study different sources and
possible applications of THz radiation.

FLUTE CONCEPT

At the linac-based test experiment FLUTE electrons are
generated in a photo-injector. The Ti:Sa main laser pulses at
800 nm are converted in a non-linear process to 266 nm. The
resulting fs-short laser pulses are stretched in a dispersive
medium to 2.5 ps and used to generate the electron bunch
from a copper cathode. The electron source is followed by
a 5.2 m long accelerator using a travelling wave structure.
With a maximum energy of 41 MeV the electron bunch en-
ters the bunch compressor. This dispersive chicane with
four bending magnets shortens the bunch length to the fs-
scale. With the inner magnets installed on movable stages,
the compression can be adjusted by the magnet position and
bending strength. In addition, the available bunch charge
from the electron source can be increased from <1 pC up
to 1 nC. This enables a wide range in bunch parameters at
the end of the accelerator to investigate the THz generation
process and useful applications. The beam parameters at the
exit of the bunch compressor are summarised in Table 1.
FLUTE is conceptualised as a modular experiment, which
enables the integration of temporary experimental setups. In
Figure 1 the diagnostic elements for bunch charge and bunch
size are shown, including the split-ring resonator experi-
ment. As a bunch length diagnostics it utilises laser-based
THz radiation in a electron streaking setup [3,4].

Table 1: FLUTE Electron Beam Parameters from [5].

Quantity Value Unit
Electron energy (E.) ~41 MeV
Electron bunch length (o) 1-300 fs
0.3-90 pm
Bunch charge (Q) <1 -1000 pC
Horizontal emittance (¢,) 1 mm mrad
Vertical emittance (gy) 1 mm mrad
Horizontal beta function (S3,) 1.1 m
Vertical beta function () 1.1 m
Pulse repetition rate 10 Hz

THz Radiation of Different Sources

At FLUTE, three different sources of THz radiation are
foreseen downstream of the chicane. Firstly, there is the
effect of coherent synchrotron radiation (CSR) emitted by
the last bending magnet of the chicane. Implementing Eq. 1
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Figure 1: Schematic layout including beam diagnostics and proposed position of superconducting undulator (SCU), not to

scale. (a) CSR/CER, (b) CTR, (c) radiation from SCU.

for the FLUTE electron parameters, the coherent radiation in
the THz range is up to 10 orders of magnitudes higher than
the incoherent radiation emitted by a longer electron bunch.
In addition to CSR, coherent edge radiation (CER) occurs
at the magnet exit [6]. The extraction of this THz radiation
is indicated in Figure 1 at the position (a). Secondly, the
electron bunch will be able to pass through a retractable thin
metal foil generating coherent transition radiation (CTR).
The position of this setup next to the chicane exit is indicated
as (b) in Fig. 1. Lastly, in addition to the unavoidable CSR
and CER the modular setup of FLUTE allows the investi-
gation of a short-pulse electron bunch in conjunction with
a THz undulator. In Figure 1 such an insertion device is
located at position (c).

This setup allows to study the different sources of THz
radiation at the same time.

UNDULATOR CONCEPT

Parameter

The design of such an insertion device was directed to
a superconducting undulator (SCU). Together with experi-
ences in existing SCU devices, the limited available space at
the experimental setup strengthen the design choice. In com-
parison to larger permanent magnet undulators, the SCU,
with a total length of 1.8 m, can fit into existing infrastruc-
ture and might be interesting for larger facilities such as the
EuXFEL. In this regard, FLUTE can also serve as a test-bed
for superconducting insertion devices in linear accelerators.
The parameter set of the THz undulator found to be suitable
for FLUTE are listed in Table 2. This THz SCU is under
construction and further details of the parametrisation, de-
sign and status of the actual THz SCU can be found in [7].

Table 2: FLUTE SCU Specifications

Quantity Value Unit
Period length (4y)) 65 mm
Number of full periods 15
Maximum magnetic field (B,,x) >0.88 T
K-value >5.34
Magnetic gap (gimag) 40 mm
Nominal magnetic length (1) 1600 mm
Radiation frequency A, 3.9 THz
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Comparison with European XFEL

Though FLUTE includes a linear accelerator with a chi-
cane and undulators like the European XFEL (EuXFEL),
the purposes of these machines are different. As FLUTE
operates at relatively low energies the photon intensity is
not going to be as high as in high energy FELs, such as
the EuXFEL. In Figure 2 one can see the flux density at
1 m after the source simulated 0.1 nC bunch charge and the
superconducting undulators designed to serve as a THz ra-
diation source for FLUTE. A comparison with an THz SCU
optimised for the EuXFEL shows differences in the order
of magnitudes in intensity. Also, for a high energy machine
the period length must be very large and the fields very
strong [8], such that the undulator behaves like a wiggler
for higher photon energies. In contrast, at low-energy ma-
chines such as FLUTE, one can go to smaller period lengths
and magnetic fields, and see the undulator-like behaviour
dominating over the entire range of photon energies.

Whereas EuXFEL is an FEL, FLUTE is not designed as
one. However, the undulator’s radiated light has got a larger
wavelength than the bunch length. The bunch length can be
as small as 1 fs or 300 nm. The undulator’s first harmonic is

at )
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with the relativistic Lorentz factor 7 = Eyjnetic/ Erest mass> the
undulator period length Ayj, the undulator parameter K and
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Figure 2: Spectrum of the spacial flux density produced
by the ideal THz undulator at FLUTE with SPECTRA [9]
on-axis at 1 m distance with 0.1 nC bunch charge.
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the radiation wavelength Ag. Therefore, it is possible to
tune the bunch length and the frequency of the undulator
radiation to match each other. It is possible to have a detailed
look at the transition from incoherent synchrotron radiation
to coherent synchrotron radiation in the THz range.

Ideas for cSTART

In case one would locate the undulator in a proposed ver-
sion of the Compact STorage ring for Accelerator Research
and Technology (cSTART) [10] with RF and 50 MeV beam
energy, it could also serve different purposes. One use would
be to obtain information on the length of the bunches from
the radiation spectrum, in order to verify their shortness.

As it would have its first harmonic at g = 51.8 um or
f = 6THz, it would shift the measurable light relative to
the bending magnets with a critical frequency in the UV
spectrum @, = 3 - 10'3 Hz. Furthermore, it increases the
photon flux at the peak frequency to enable the bunch length
measurement at cSTART.

Another use case could be to serve as an insertion device
for optical stochastic cooling [11] and thus be able to bench-
mark measurements done at [12]. The feasibility of these
and other applications is currently investigated.

SUMMARY

In this paper we provided an overview of the different THz
radiation sources at FLUTE including a new proposed THz
SCU. The opportunities of such a superconducting device
as diagnostic for very short electron pulses were mentioned.
Possible applications at FLUTE and also perspectivly at
c¢START were discussed. A SCU can be parametrised to
provide coherent radiation in the range of 4 THz to 20 THz.
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