@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

16th International Particle Accelerator Conference, Taipei, Taiwan
ISSN: 2673-5490

ISBN: 978-3-95450-248-6

JACoW Publishing
doi: 10.18429/JACoW-IPAC2025-THPM087

POSSIBILITIES FOR PERFORMANCE ENHANCEMENT OF A COMPACT
TDS AT FLUTE

S. Glukhov*

, O. Boine-Frankenheim,

Institute for Accelerator Science and Electromagnetic Fields (TEMF), Darmstadt, Germany
M. Nabinger, M. J. Nasse, A. Malygin, E. Briindermann, A.-S. Miiller,
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

Abstract

A compact transverse-deflecting system (TDS) is being
explored at the test facility FLUTE (Ferninfrarot Linac- und
Test-Experiment) located at the Karlsruhe Institute of Tech-
nology (KIT). It has been proposed for diagnostics of short
electron bunches. The idea of the technique is to use ter-
ahertz (THz) radiation, produced by the tilted-pulse front
method using a part of the facility’s photoinjector laser, am-
plified by a sub-mm scale resonator for streaking of the
electron bunch. Two types of resonators and their arrays
have been studied: inverse split-ring (ISRR) and tilted slit
resonator (TSR).

Since the temporal resolution of this technique depends
strongly on the electric field strength in the resonator gap,
it would be desirable to increase this field strength. A horn-
antenna-like device placed near the resonator has been pro-
posed and simulated for this purpose. Simulations and geo-
metrical parameter optimizations have been performed using
CST MICROWAVE STUDIO and will be presented in this
contribution.

INTRODUCTION

The goal of the Compact TDS experiment at FLUTE is
to develop a method for studying the longitudinal profile
of ultrashort electron bunches [1]. For this method, the
longitudinal particle distribution is streaked. This means a
time-varying transverse electric field is applied, transferring
the longitudinal distribution to a transversal direction, where
it can be recorded on a screen [2]. The approach does not
involve any cavity-based devices which are used in conven-
tional streaking systems. Instead, the same laser pulse is
used both for the generation of the electron bunch and the
streaking field. The laser pulse is split into two parts: one is
converted by third harmonic generation into an UV pulse and
directed at the copper photocathode in the electron source,
while the other is transformed into a THz-range pulse using
a lithium-niobate crystal and used as the streaking pulse.
Compact devices can be used in this scheme to provide an
interaction between the electron bunch and the streaking
pulse. The interaction takes place in a resonator structure of
~1 mm size (see Fig. 1). The detailed scheme together with
the optical table design is given in [3].
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Figure 1: Scheme of the compact transverse-deflecting sys-
tem (TDS) at the FLUTE facility.

RESONATOR GEOMETRIES AND
EXCITATION SIGNALS
Two basic resonator design options have been used in sim-
ulations [4]: inverse split-ring resonator (initially proposed
in [5] and [6]) and tilted-slit resonator (initially proposed
in [7]). Their shapes are presented in Fig. 2.
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Figure 2: Inverse split-ring resonator (a) and tilted-slit res-
onator (b) geometry. THz pulse direction is shown in red,
electron beam in blue.

e

N

QU
!
<>
318

It has been shown in [4] that their resonance frequencies
are inversely proportional to the cutout radius for ISRR and
horisontal slit size for TSR, respectively. The amplification
coefficient (ratio between the maximal field of the response
signal and excitation pulse) is inversely proportional to the
vertical gap size for both schemes. In [8], it has also been
shown that the resonator properties do not depend on its
material (it can be made of any metal).

The THz pulse spectrum measured using THz bandpass
filters is shown in Fig. 3(a). Figure 3(b) demonstrates the
temporal structure of an exponentially modified Gaussian
pulse, which has been used to approximate it. Transverse
distribution of the excitation signal has been studied in [8].
In the present paper, vertically polarized plane waves have
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been used to clearly see the effect of all geometric parame-
ters in the proposed enhancement schemes described in the
following sections.
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Figure 3: Measured THz pulse spectrum (a) and temporal
structure of an exponentially modified Gaussian excitation
pulse used in simulations (b).

HORN ANTENNA

One possible improvement, which may enhance the streak-
ing efficiency of the resonator is to concentrate the electric
field of the THz pulse on the resonator gap with a horn an-
tenna. Although this type of antenna is well-known and
had been widely studied, its usage in the TDS experiment
differs from the convenient scheme. It will be used only to
concentrate the electric field of the incoming THz pulse on
the resonator gap. Since a waveguide region coupled to the
horn is not used in this scheme, the term horn concentrator
will be used.

First, an analytical estimation has been used to determine
the limits of the spatial horn dimensions. Using a simple
wave reflection rule one can easily find how deep a plane
wave can enter into an angle formed by two conducting
plates (see Fig. 4). If h;, is the distance between the plates
measured in the input plane of the wave, then the wave will
be reflected at the point where this distance reaches A,;:

=

22 |
out _ 77 tanna —tana/2
Rin =f(a) = 1:11 tanna +tan a/2°

where « is the opening angle. Smaller ratios lead to better
horn efficiency in concentrating the electric field, this will
be proven in simulations. The main feature is that the ratio
goes down to zero for small opening angles, therefore the
horn efficiency theoretically can be infinitely increased. The
only limitation in this case is the horn length. For a given
a, there is an optimal length, above which further increase
does not make sense, since all additional incoming field will
be reflected back:

1-f(a)

Lo (@) = Whout .

This dependency for A, = 1Imm is shown in Fig. 4, along
with the geometric reflection scheme. Deviations from the
simulation results are explained later.

This analytical estimation only gives a hint for the optimal
horn concentrator dimensions and does not take into account
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Figure 4: Optimal length of a horn concentrator for different
opening angles and geometric reflection scheme.

the actual electric field vector directions in all the reflected
waves. CST MICROWAVE STUDIO [9] simulations have
been performed to calculate an amplification coefficient and
to define how far the output plane of the horn may be moved
from the electron beam. Amplification coefficient dependen-
cies on the distance from the output plane are shown in Fig. 5
for different horn opening angles. They show maxima at the
distance of 200—250 pm for opening angles smaller than
30° which is enough to move the horn out of the electron
beam. According to the analytical estimation and simula-
tions, smaller opening angles lead to better performance
but also to larger horn length. This can be problematic be-
cause of lack of free space in front of the resonator. So, 20°
opening angle seems to be a good compromise.
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Figure 5: Horn concentrator amplification coefficient as
a function of the distance from the horn output plane for
different opening angles (horn length is optimized at each
point).

VIVALDI ANTENNA

Another possible improvement is to transform ISRR into
an exponentially shaped Vivaldi antenna [10]. Its shape and
geometrical parameters are given in Fig. 6 (the exponential
profile is defined by the 1, parameter). The TSR resonator
on the other hand does not have a similar option.

Streaking efficiency dependencies on the 4, parameter for
different L dimension (see Fig. 2) values are shown in Fig. 7.
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Figure 6: Vivaldi antenna dimensions.

Streaking power increases with 1, and L as well. However,
above L = 4000 pm the gain becomes insignificant. 1, is
limited by the maximal admissible resonator length, similar
to the horn antenna case.
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Figure 7: Streaking power dependencies on the 1, parameter
for different L dimension values of a Vivaldi antenna.

An exponentially shaped Vivaldi antenna shows up to 3
times better performance in terms of the streaking efficiency
than a simple ISRR. It can be produced by laser cutting. On
the one hand, for this type of resonator the small gap region
requires more precise manufacturing. On the other hand, a
Vivaldi antenna forms an electron beam aperture (similar
to the TSR case) at least from one side, mostly blocking
non-streaked electrons.

SCHEME COMPARISON

The idea to combine both techniques considered above has
been proposed in [11]. This gives four improvement options
for the ISRR scheme: with and without Vivaldi and horn
concentrator (see Fig. 8), additionally a round horn concen-
trator with the same opening angle can be studied. Having
in mind that in the real experiment the transverse size of the
THz pulse is limited, streaking efficiency dependencies on
the transverse resonator structure size L for these options are
shown in Fig. 9. Tere, the horn opening angle equals to 20°
and the Vivaldi antenna parameters are adjusted to obtain
the same length.

As it had been shown in [4], for the basic ISRR op-
tion there is almost no efficiency dependence on L. At
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Figure 8: ISRR modifications: horn concentrator (a); inte-
grated Vivaldi antenna and horn concentrator (b).
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Figure 9: Streaking power dependencies on the transverse
dimension L for different improvement options.

L = 4500 pm Vivaldi antenna provides up to 3 times en-
hancement, while horn antenna up to 6 times and almost
the same amount for the combined option. The latter one is
the most difficult to manufacture, therefore its usage is not
reasonable.

CONCLUSION AND OUTLOOK

Two different resonator design options for the TDS exper-
iment have been investigated in the previous papers (ISRR
and TSR) [4, 8]. In the present paper two improvement
options for the ISRR scheme have been studied (Vivaldi
antenna and horn concentrator, as well as their combination).
The former option may provide up to 3 times streaking effi-
ciency enhancement and has the advantage that the Vivaldi
antenna can be produced by laser cutting similarly to a simple
ISRR. The latter option may provide up to 6 times enhance-
ment (and potentially even more because the efficiency is
limited only by admissible horn length). The combination
of both schemes does not provide a significant advantage
over the horn concentrator alone.

ACKNOWLEDGEMENTS

The authors acknowledge the support by the BMBF
ErUM-Pro project Compact-TDS (FKZ 05K22VK3).

THPM: Thursday Poster Session: THPM

MC6.T03 Beam Diagnostics and Instrumentation




16th International Particle Accelerator Conference,Taipei, Taiwan

JACoW Publishing

ISBN: 978-3-95450-248-6

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2025-THPM087

2864

MC6.T03 Beam Diagnostics and Instrumentation

THPM087

THPM: Thursday Poster Session: THPM

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


ISBN: 978-3-95450-248-6

(1]

[2]

(3]

[4]

(3]

16th International Particle Accelerator Conference, Taipei, Taiwan

REFERENCES

M. J. Nasse et al., "First electron beam at the linear accelerator
FLUTE at KIT”, in Proc. IPAC’19, Melbourne, Australia, May
2019, pp. 882-884.
doi:10.18429/]JACoW-IPAC2019-MOPTS0O18

M. Nabinger et al., “Terahertz streaking detection for longitu-
dinal bunch diagnostics at FLUTE”, presented at the IPAC’25,
Taipei, Taiwan, Jun. 2025, paper THPMO64, this conference.

M. Nabinger er al., "Efficient terahertz generation by tilted-
pulse-front pumping in lithium niobate for the split-ring res-
onator experiment at FLUTE”, in Proc. IPAC’21, Campinas,
Brazil, May 2021, pp. 4299-4302.
doi:10.18429/JACoW-IPAC2021-THPAB251

S. Glukhov et al., ”Simulations of the compact transverse-
deflecting system for ultra-short electron bunch diagnostic”,
in Proc. IPAC’23, Venice, Italy, May 2023, pp. 4887-4890.
doi:10.18429/]ACoW-IPAC2023-THPL192

J. Fabianska, G. Kassier, and T. Feurer. ”Split ring resonator
based THz-driven electron streak camera featuring femtosec-
ond resolution”. Sci. Rep., vol. 4. p. 5645, Jul. 2014.
doi:10.1038/srep05645

THPM: Thursday Poster Session: THPM

MC6.T03 Beam Diagnostics and Instrumentation

ISSN: 2673-5490

(6]

(7]

(8]

(9]

JACoW Publishing
doi: 10.18429/JACoW-IPAC2025-THPM087

X. Liu, M. Dehler, and A. Fallahi. "Theoretical investigation
on broadband THz deflectors for femtosecond electron beam
diagnostics”. Nucl. Instrum. Methods Phys. Res., Sect. A, vol.
986, p. 164722,2021.doi:10.1016/j.nima.2020.164722

L. Zhao et al., ’Terahertz streaking of few-femtosecond rela-
tivistic electron beams”, Phys. Rev. X, vol. 8, p. 021061, Jun.
2018.

doi:10.1103/PhysRevX.8.021061

S. Glukhov et al., “Resonator design optimization for a
compact transverse-deflecting system”, in Proc. IPAC’24,
Nashville, TN, May 2024, pp. 2343-2346.
doi:10.18429/]ACoW-IPAC2024-WEPG53

CST STUDIO SUITE, https://www.3ds.com/
products-services/simulia/products/
cst-studio-suite/.

[10] P.J. Gibson, "The Vivaldi Aerial,” 9th European Microwave

Conference, Brighton, UK, 1979, pp. 101-105.
doi:10.1109/EUMA.1979.332681

[11] Xie He et al., ”Terahertz-driven Two-Dimensional Mapping

for Electron Temporal Profile Measurement”, arXiv, Dec. 2024.
doi:10.48550/arXiv.2412.04108

THPMO087
2865

@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




16th International Particle Accelerator Conference,Taipei, Taiwan

JACoW Publishing

ISBN: 978-3-95450-248-6

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2025-THPM087

MC6.T03 Beam Diagnostics and Instrumentation

2865

THPM: Thursday Poster Session: THPM

THPM087

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


