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The layout of an integrated millimetre-scale on-chip THz spectrometer is
presented and its peformance demonstrated. The device is based on eight
Schottky-diode detectors which are combined with narrowband THz antennas,
thereby enabling the simultaneous detection of eight frequencies in the THz
range on one chip. The size of the active detector area matches the focal spot
size of superradiant THz radiation utilized in bunch compression monitors of
modern linear electron accelerators. The 3 dB bandwidth of the on-chip
Schottky-diode detectors is less than 10% of the center frequency and allows
pulse-resolved detection at up to 5 GHz repetition rates. The performance of a
first prototype device is demonstrated at a repetition rate of 100 kHz at the
quasi-cw SRF linear accelerator ELBE operated with electron bunch charges
between a few pC and 100 pC.

1. Introduction

Robust techniques and devices for measuring the spectrum
of THz radiation are of high technological interest (see, for
example, Dhillon et al., 2017). While the matured development
of laser-based techniques such as electro-optic sampling allows
measurement of THz spectra with large dynamic range and
excellent spectral resolution, there still exists a high demand
for easy-to-implement compact devices for application in
surveillance or monitoring in complex environments, for
example (Dhillon ef al, 2017; Ho et al., 2008; Sokolnikov,
2013). One such application is the monitoring of the super-
radiant THz emission from relativistic electron bunches in
modern electron linear accelerators (linacs) (Schmidt et al.,
2018). The acceleration of ultra-short electron bunches in
linacs has in the past 20 years emerged as key technology to
provide coherent photon pulses with unique properties in a
wide spectral range from the THz to the X-ray regime. In
particular, X-ray free-electron lasers (XFELs) are based on
kilometre-long accelerators and are required to function
reliably in 24/7 user operation (Waldrup, 2014; Ball, 2017).
Constant online surveillance along the accelerator and
appropriately fast feedback loops are required to keep the
most important electron bunch properties, i.e. arrival time,
charge, position and form, stable in order to minimize the
instabilities in the generated photon pulses. The current state-
of-the-art approach employs two fundamental detector types
in order to determine changes of these properties with high
precision. The arrival time of the electron bunches with
respect to a synchronized reference laser is measured at
various locations along the linac by means of compact so-
called bunch arrival time monitors (BAMs) (Lohl et al., 2010)
based on electro-optic detection of the Coulomb field of the
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bunches. The bunch charge and position are detected sensi-
tively by compact so-called beam position monitors (BPMs)
based on electric detection of the passing Coulomb field (Keil
et al., 2010, 2014), while changes of the bunch form are typi-
cally monitored by detecting the intensity of the emitted
superradiant THz radiation in the far-field by single-element
broadband detectors in compact so-called bunch compression
monitors (BCMs) (Dunning et al., 2007).

The latter type of monitor thereby provides one value for a
clearly multi-dimensional property such as the bunch form
which can be, for example, affected by bunch duration and
shape. Hence, different types of spectrometers have been
tested and installed at typically one exclusive position along
the linacs. While for mathematical reasons the emitted THz
spectrum unfortunately does not allow unequivocal determi-
nation of the bunch form or bunch duration (Schmidt et al.,
2018), it has been successfully shown that it can indeed act as a
very helpful characteristic fingerprint for a particular optimal
bunch compression setting (Nodvick & Saxon, 1954; Lai &
Sievers, 1997; Murokh et al., 1998; Watanabe et al., 2002;
Casalbuoni et al., 2009; Wesch et al., 2011; Maxwell et al., 2013).
The primary requirement for such a monitor is hence not to
provide an accurate THz spectrum but to provide a precise
measurement of the relative changes of the THz intensities in
different spectral regions over time. Here we present a THz
spectrometer that makes a compromise between robustness,
compactness, sensitivity and achievable frequency resolution
and provides fingerprint THz spectra at high dynamic range
and with a detector bandwidth that in principle allows pulse-
resolved detection up to 5 GHz repetition rates. It thereby
is not only applicable at linacs for fourth-generation light
sources such as XFELs (Ackermann ef al., 2007; Emma et al.,
2010; Altarelli, 2011; Galayda, 2014; Kang et al., 2017; Ishi-
kawa et al., 2012) but can also be employed at, for example,
future energy-recovery-linac-based light sources (Cornell,
2013; Abo-Bakr et al., 2012).

2. Results

The detection of THz signals can be carried out using many
mechanisms and materials (Brown, 2015), e.g. thermal detec-
tion, high-electron-mobility transistor (HEMT) or metal oxide
semiconductor (MOS) based detection and E-field rectifica-
tion. Semiconductor-based THz detectors have the advantage
of robust operation at room temperature and potentially low
cost. Additionally, semiconductor devices offer the detection
of high repetition rates up to GHz (e.g. in contrast to pyro-
electric detectors). The transit frequency of semiconductor
transistors is usually lower than the cut-off frequency of
diodes. The semiconductor devices with the highest frequen-
cies usable for THz detection are manufactured in III/V
semiconductor processes (Mehdi et al., 2017). Possible appli-
cations cover metrology, space and imaging.

The technology chosen for the spectrometer chip is based
on integrated gallium arsenide (GaAs) Schottky diodes. This
approach has been previously developed commercially for
microwave monolithically integrated circuits (MMICs) such as

mixer and power detectors. With minor layout modifications,
these diodes ensure robust operation at room temperature,
and compactness of the complete device matching well with
the limited space in modern accelerator tunnels. The manu-
facturing process is evaluated for MMICs in space (Kayali et
al.,, 1996; ESCC, 2014) and is therefore radiation tolerant.
Furthermore, reasonable low-cost mass production is possible,
which is important for the application as envisioned ‘field’
THz monitors at multiple positions along often kilometre-long
linacs. The fundamental concept is shown in Fig. 1. Schottky
diodes connected to narrowband on-chip antennas (Schiselski
et al., 2016) provide frequency selectivity. Each detector
consists of a Schottky diode and a narrowband capacitively
coupled closed-loop antenna with gamma match. This way,
different narrow frequency bands are sliced out of a broad
THz spectrum and the power within these bands can be
detected yielding a spectral resolution. The realized on-chip
spectrometer holds eight receiving antenna structures, each
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(a) Fundamental layout of the compact integrated THz spectrometer
based on Schottky diodes coupled to frequency-selective antenna
structures. The chip is 2.4 mm X 1.4 mm wide. Each detector element
can be read out and biased individually. The 50 GHz detector element is
for monitoring possible strong interfering signals at comparably low
frequencies. The remaining seven elements from 0.1 to 0.7 THz are used
to sample the spectral behavior. (b) Application as detector for THz
fingerprint spectra. When irradiated with a broadband THz spectrum
such as a superradiant pulse from an ultra-short relativistic electron
bunch, different frequency components can be detected in parallel and
relative changes can be monitored with high precision.
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connected to a Schottky diode detector.
The frequency bands range from
01THz to 0.7 THz. The 50 GHz
element detects interfering signals at
comparably low frequencies and high
powers. The spectral width of the
frequency bands is expected to be

between 4 and 20% of the center frequency, i.e. a few 10 GHz
in the frequency bands of operation (see Table 1).

Antenna structures for frequencies above 200 GHz require
a thinner GaAs substrate of 20 pm. Therefore, a glass-mask-
based grinding and polishing process was developed for chip
thinning. The respective frequency components in a THz

beam irradiating this area can thereby
be detected with a frequency resolution
given by the central frequency and the
bandwidth of the antenna-detector
structures (see Fig. 1b). The spectro-
meter chip has been tested at the SRF
accelerator-based TELBE light source
(Schiselski et al., 2016), which currently
provides THz pulses in a frequency
range between 0.1 and 1.2 THz at a
repetition rate of beyond 100 kHz. THz
pulses from the TELBE diffraction
radiator source were focused onto the
THz chip spectrometer by a short-focal-
length off-axis parabola (see Fig. 2).
Due to the characteristics of the
diffraction radiator source (Green et al.,
2016), the beam profile consists of two
lobes with the main intensity irradiating
an area of roughly 4 mm in diameter.
The THz beam can be dimmed by
means of a combination of wire-grid
polarizers. A polarizing beamsplitter
was used to guide a part of the beam
onto a reference detector. Various
options for primarily laser-based spec-
troscopies can be employed to char-
acterize the THz properties in the time
and frequency domain. In Fig. 3(a) the
time-domain measurement of the THz
pulses used to benchmark the detector
chip is shown. The THz pulses have a
duration of below 2 ps. For this test, the
readout electronics were optimized to
the nominal highest repetition rate
of the ELBE accelerator of 13 MHz.
This improves noise performance and
relaxes data acquisition requirements at
the expense of video bandwidth. The
detector response time is below 77 ns
and hence matched the requirements
as can be seen in Fig. 3(b) where the
detector signal from a single THz pulse
is shown.

Table 1

Simulated bandwidth (BW) of the antenna structures.

Antenna 50 GHz 100 GHz 200 GHz 300GHz 400GHz 500GHz 600GHz 700 GHz
BW (GHz) 6 13 42 15 17 19 26 28

BW (%) 11 13 21 5 4 4 5 4

The dynamic range of the THz spectrometer was then
subsequently tested by measuring THz spectra for different
bunch charges (see Fig. 4a). The sensitivity is evidently suffi-
cient to detect a meaningful THz spectrum and in particular
also relative changes of the different spectral components
sensitively down to the lowest charge of 2.5 pC which corre-
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Figure 2

(Left) Experimental setup for the benchmarking of the THz spectrometer chip. The TELBE beam
can be dimmed by means of a set of polarizing filters based on wire grids. Part of the beam can be
taken to a calibrated reference detector. The spectral content of the beam can be filtered by THz
bandpass filters. The beam can also be taken to a novel pulse-resolved THz diagnostic setup based
on single-shot electro-optic sampling (Kovalev et al., 2017) and to a time-domain spectroscopy set-
up (top). (Right) Image of a typical beam profile after focusing by a 150 mm focal length off-axis
parabola. The dimensions are in the few millimetre range and hence of the order of the THz
spectrometer chip.
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Bandwidth of the detector chip. (a) THz pulse form and duration from electro-optic sampling.
(b) Single-shot detector response of the 0.4 THz element determined for a 82 pC bunch charge with
a 4 GHz oscilloscope.
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Benchmarking of the spectrometer chip. (@) THz spectra for different charges between 2.5 and 82 pC. Error bars determined from the noise band with
absent signal are also given. The spectrometer chip is able to detect single THz pulses down to 2.5 pC with sufficient dynamic range. (b) Comparison of
the THz spectra for a bunch charge of 82 pC as determined by the THz spectrometer chip (purple solid) and by THz TDS (dashed). (c) Charge

dependence of the intensity as detected with the 0.2 and 0.3 THz element.

sponds to a top-down estimate of the pulse energy in the few
100 pJ regime. The noise floor of the current chip is given
by the RMS noise floor of the oscilloscope (mainly digitizer
noise) utilized for the read-out and can be further optimized.
Comparing the determined THz spectrum by the chip with
that of a subsequent THz time-domain measurement shown in
Fig. 4(b) reveals a surprisingly good qualitative agreement,
despite the fact that no care was taken to calibrate the
detector response or compensate for detector nonlinearities
and that the chip was positioned in the beam by optimizing the
intensity of the 0.2 THz and 0.3 THz antenna for the 100 pm-
and 20 pm-thick chip.

3. Conclusion

A compact robust THz spectrometer chip has been developed
and tested at the superradiant THz facility TELBE. The
detector bandwidth of the presented spectrometer chip allows
single-pulse detection up to 5 GHz repetition rate. The current
electronic readout circuitry of the chip is optimized for repe-
tition rates of 13 MHz and below. It thereby matches the
requirements for bunch compression fingerprinting at the
ELBE facility (Gabriel et al., 2000) (13 MHz), the European
XFEL (Altarelli, 2011) (4.5 MHz) and the LCLSII XFEL
(Galayda, 2014) (1 MHz). Note that the GeV-scale linear
accelerators at the European XFEL and the LCLSII XFEL
generate considerably larger THz pulse energies than the few
10 MeV ELBE linac. The ability of the THz spectrometer chip
to measure THz fingerprint spectra for charges down to the
few pC regime at TELBE hence ensures suitability for all
types of operation in these facilities including low charge
operation as recently developed for single-mode lasing
(Marchetti et al., 2014). Efforts are underway to utilize plasma
wave effects to realize detectors with higher sensitivity.
Furthermore, broadband as well as frequency-selective beam
profiling arrays up to 1.2 THz are planned. The current
detector chip readily detects THz fluences as low as
15nJ cm 2 and hence does not require focusing of the THz
beam. To ease the data acquisition, sequential readout of the
detectors could be applied. However, this would lead to a loss
of single-bunch information. Therefore a multi-channel analog
pulse integration front-end is currently under development.
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