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ARTICLE INFO ABSTRACT

Keywords: The FLASH1 THz beamline at DESY produces intense multicycle THz undulator radiation, along with quasi-
Free electron laser single cycle edge radiation. Characterizing the temporal profile of THz radiation generated by free-electron
Terahertz lasers (FELs) is challenging due to unavoidable timing jitter between the THz pulse and an external laser syn-
EOS

chronized to the FEL master clock. Although Electro-Optic Sampling (EOS) is a powerful diagnostic technique

tzsv:fj;iii for the FEL THz sources, this jitter limits the temporal resolution and spectral bandwidth, necessitating timing
Diagnostics jitter correction. To address this, we introduce a laser-free and low-jitter diagnostic method, Afterburner EOS
(ABEOS), which uses broadband laserlike-pulses generated with the THz radiation as a probe. ABEOS results
demonstrate good consistency with calculations across two probe configurations: a sequence of 10 pulses and
a single pulse. Furthermore, comparisons with conventional methods of scanning EOS with an external laser,
single-shot EOS (SSEOS), and FTIR show strong and reliable agreement. This technique offers ‘laser-free and
low-jitter’ THz waveform characterization as a simplified, accurate, and reliable alternative to conventional

THz diagnostics, validated up to 2 THz with potential for application at higher frequencies.
1. Introduction The FLASH1 THz beamline at DESY [12,13] generates multicycle
THz pulses with wavelength from 10 pm to 300 pm, pulse energy up
Many free-electron laser (FEL) facilities, much like synchrotron to 150 pJ, bandwidth of 10%, and linear polarization from the THz
facilities, have established dedicated IR and THz beamlines to ex- undulator. Single-cycle edge radiation [14,15] with radial polariza-
ploit FEL-specific features for advanced research utilizing THz sources tion generated from the dump magnet is also coupled into the THz
in both narrow- and broadband spectra. Narrowband THz sources, beamline. The THz undulator, named ‘Afterburner’, reuses electron
typically from undulators, provide high spectral purity, tunability, bunches after XUV generation, as shown in Fig. 1, providing intrinsic
and intensity, making them ideal for resonant excitation and selective temporal synchronization between THz and XUV pulses with less than 5

probing of material modes. Examples of FEL facilities providing such fs timing jitter, which is advantageous for pump-probe experiments. In

narrowband, tunable THz radiation include FELIX [1], FELBE [2], this geometry, THz and XUV are decoupled by a mirror with a central
FLASH [3,4], and NovoFEL [5], all of which support a broad range hole

of user experiments in material science and spectroscopy using pump-
probe experiments. Broadband THz sources offer a wide spectral range
and strong electromagnetic peak fields with short pulse durations, mak-
ing them suitable for pump-probe experiments on ultrafast dynamics,
nonlinear effects, and high-field THz interactions. These capabilities are
demonstrated at FERMI [6], FLASH [3,4], and TELBE [2]. Beyond these
examples, facilities such as CLIO [7], PITZ [8] in Europe, LCLS-II [9]
and Jefferson Lab FEL [10] in the United States, and SXFEL [11] in
Asia have either designed for or are in the process of expanding their
capabilities into the IR and THz regimes, thereby further enhancing the
scope of FEL-based research.

Advanced diagnostics at FLASH1 include THz pulse energy, arrival
time, and spatial/temporal profiles, which are critical for accurately
analyzing material dynamics under THz excitation. The temporal pro-
file of THz radiation, an essential information for dynamics studies,
can be characterized through Electro-Optic Sampling (EOS) [16]. This
technique uses ultrafast optical pulses, typically from the external
femtosecond laser, synchronized to the FEL with timing jitter on the
order of 100 fs. The remaining timing jitter and drifts can be mon-
itored by an additional instrument, so called Electro Optic Spectral
Decoding (EOSD) [17], and subsequently corrected, improving the
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Fig. 1. Geometry of the undulators at FLASH1: A THz undulator, positioned downstream of the XUV undulators, generates intense, tunable, narrowband THz
radiation from compressed electron bunches following XUV generation. Broadband edge radiation is also emitted at the electron dump magnet. Additionally,
broadband spectra are produced as wiggler radiation from the THz undulator and as synchrotron radiation from the dump magnet.
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Fig. 2. The ABEOS configuration. The IOA, parasitically traveling with the
THz radiation, is primarily used for EOS diagnostics. A small fraction of the
IOA is reflected by an apertured beam-splitting mirror and used to assess the
THz focus quality on the electro-optic (EO) crystal. The main power of the
IOA passes through the beam-splitting mirror as a probe beam. The inserted
picture shows two focal spots of the IOA, separated by 167.7 ym and measured
by a CCD camera at the EO crystal position. The optics inside the black frame
are mounted on an optical breadboard and can be pumped to vacuum. BP for
bandpass filter, OAP for off-axis parabolic mirror, HWP for half-wave plate,
QWP for quarter-wave plate, P for polarizer, WP for Wollaston prism, and PD
for photo-diode.

overall synchronization to sub-10 fs [13]. Consequently, the temporal
profile characterization of accelerator-based THz sources is complex
and costly, which limits its widespread application.

To address these challenges, we propose Afterburner EOS (ABEOS),
a novel laser-free and low-jitter diagnostic method. It utilizes Incoher-
ent Optical Afterburner (IOA) radiation in near-infrared (NIR) spectral
range from the FEL’s THz undulator and dump magnet as a probe beam,
intrinsically synchronized with the THz radiation. This eliminates the
need for an external femtosecond laser source, synchronization, and
jitter correction, offering a simplified and accurate THz diagnostic
solution confirmed by comparison with other THz diagnostic methods.
The ABEOS method has the potential to be a general diagnostic solution
for FEL-based THz sources.

2. Experimental method

The FLASH1 THz undulator primarily generates coherent and in-
tense THz radiation. With a high K-value of up to 49, it also operates
in the wiggler regime, producing broadband incoherent synchrotron
radiation, referred to as IOA, that extends to shorter wavelengths,
including the VIS (visible) and NIR (near-infrared) spectral ranges.
Furthermore, deflection of the electron bunch by the dump magnet’s
magnetic field generates synchrotron radiation up to visible spectrum.
The IOA radiation from both the undulator and dump magnet, is
transported through the same beamline as the THz beam. It is usually
utilized for THz alignment and for assessing the THz focus quality on
the EO crystal. The inset in Fig. 2 displays the IOA focal spots at the
EO crystal position, following the THz beam path (green) in the ABEOS

configuration. The focal spots were captured by a CCD camera without
any filter. Each spot exhibits a Gaussian shape, which is resulting from
radiation emitted during each half-period of the sinusoidal motion of
electrons through the THz undulator as shown in Fig. 1. The measured
FWHM focal spot size is in a range from 25.4 pm to 34.9 pm, with a
separation of 167.7 pm at 150 pm of nominal THz wavelength. Since
both the THz and IOA in the same optical beam path are focused using
a reflective off-axis parabolic (OAP) mirror, they share the same focal
length. The high-quality IOA focus therefore validates the THz focus.
The IOA beam is usually filtered out by THz filters (e.g., 33 pm low-
pass filter and various bandpass filters) in the THz branch. A typical
THz focal size is measured to be between 200 to 300 pm depending on
the nominal wavelength radiated from the THz undulator [13].

A new ‘laser-free’ approach to THz diagnostics uses the IOA as an
alternative to an external laser, while the inherent synchronization
between the IOA and THz pulses enables ‘low-jitter’ EOS diagnostics.
The ABEOS setup is located at the end of the THz beamline and is
shown in Fig. 2. The main part as shown in the black frame was
built on a 450 mm x 300 mm breadboard with compact optics for
improved mobility, and can be pumped into vacuum. The rest balanced
detection part is always outside the chamber in air. At the entrance of
the ABEOS setup, the IOA with lower divergence remains at the center
within the THz radiation and is consequently separated from the THz
pulse by passing through an aperture, 7 mm in diameter, of a beam-
splitting mirror. After focusing both the THz and IOA pulses onto an
EO crystal respectively, polarization changes in the IOA induced by THz
electric field are monitored by a balanced detection scheme. The two
separated beams with orthogonal polarizations after a Wollaston prism
are focused by lenses with a 50 mm focal length and detected by two
silicon-biased detectors (Thorlabs DET10A/M) with a 1 mm-diameter
circular active area. The signal from each detector is amplified by a
Phillips Scientific 6954 amplifier and collected by NI VirtualBench. The
signals are later assigned as I, and I, respectively, in Section 4.2. In
the data post-processing, the difference signal from the two detectors is
obtained and normalized by the total intensity of each IOA pulse. In the
path of the IOA probe, an 850 nm bandpass filter with a 40 nm band-
width is used to enhance the signal-to-noise ratio (SNR) of measured
signal by eliminating other spectral components that could contribute
to noise. The selected NIR also fulfills the phase-matching condition for
EOS in the ZnTe crystal. Two lenses were used for collimating the IOA
probe to half of its original beam size, followed by a third lens with a
150 mm focal length to focus it on the EO crystal. As a consequence, the
focal size of the IOA for sampling is around 100 pm, while the THz focal
spot is between 200 to 300 pm. Only one of the two IOA spots at the
focus overlaps with the focused THz beam. The other IOA spot, which
is not modulated by the THz beam in the EO crystal, is eliminated as
background via the balance detection scheme.

Fig. 3 shows spectral components of the IOA obtained with and
without the 850 nm bandpass filter. The bandpass filter transmits over
90% of the NIR spectrum near 850 nm, but allows some spectral
leakage between 1320 and 1650 nm. The photon energy at 1550 nm
(~0.80 eV) is too low to excite the electrons across the bandgap in
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Fig. 3. Spectra of IOA radiation with (red) and without (blue) an 850 nm
bandpass filter when the THz undulator is set at a nominal wavelength of
148.9 pm.
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Fig. 4. THz and IOA pulse energy with varying THz undulator tunes. The IOA
pulse energy was measured without the 850 nm bandpass filter.

silicon (~1.12 eV). As the Si-biased detectors were used in the ABEOS
diagnostics, it has been also experimentally confirmed to show no
response at 1550 nm. The spectral leakage has no contribution in the
ABEOS signal.

The pulse energy of the THz radiation and its corresponding IOA are
shown in Fig. 4. The IOA exhibited pulse energy in the tens of nJ range
across varying THz undulator tunes. Its pulse energy decreased to sev-
eral nJ after adding the 850 nm bandpass filter. Despite this reduction,
the filtered pulse energy remained sufficient for EOS. However, due to
the low pulse energy and incoherence of the IOA, its temporal structure
could not be directly measured using techniques such as FROG or
autocorrelation under the conditions of 45 pulses per burst, a repetition
rate of 200 kHz, and a burst repetition rate of 10 Hz. Instead, the pulse
duration was inferred to be in a similar range as the electron bunch
length, measured between 90 and 130 fs at 560 MeV electron beam
energy [18].

3. ABEOS calculation
Prior to the experiment, ABEOS results were estimated by calcula-

tions to demonstrate the proof of principle. To model THz pulses from
the THz undulator at FLASH, 10 periods of THz cycles were set in the
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temporal profile with a nominal wavelength of 150 pm, as shown in
Fig. 5(b). The THz pulse shape is in a square-like shape due to high
K value of the THz undulator [19]. The THz transmission spectrum
through air over a 2-meter propagation path, obtained from [20], is
shown in Fig. 5 (d.3) and is applied to reproduce the THz profile in air.
The IOA from the THz undulator comprises 10 pulses, separated by 500
fs, corresponding to a 150 pm undulator wavelength, as shown in Fig.
5(a). Each IOA pulse, after filtering, was centered at 850 nm. Each pulse
duration is initially 100 fs in FWHM, but chirped to 106 fs by two pieces
of 0.5-mm-thick diamond windows in the THz transport line. Among
the 10 pulses, the electric field phase is random from one pulse to
another. Two primary scenarios were examined: one with a single probe
pulse from the dump magnet and the other one with a sequence of 10
pulses from the undulator, as described above. When it comes to a 1-
pulse probe, as using an external laser, the ABEOS result should be the
same as that obtained from the conventional EOS. The result accurately
reflects the temporal profile of the THz field. In the case of 10-pulse
probe from the undulator, the calculation can provide insight into the
expected temporal profile by ABEOS and the corresponding spectrum.
This analysis can be compared with the measured ABEOS profile and
spectrum. A ZnTe crystal with 200 pm thickness was assumed in the
calculation. The calculation included phase matching of the two optical
beams in the crystal and the geometry of the electro-optic setup,
following the methods in [21]. The results are shown in Fig. 5.

In Fig. 5, (a) shows the defined real part of the electric field for the
1-pulse probe and 10-pulse probe, with chirp induced by the diamond
windows in the THz beamline. (b) shows defined THz profile in vacuum
(top) and calculated THz profile after propagating through 2 m of air
(bottom). The THz profile in air shows elongation in time, exceeding 20
ps, due to air absorption. The phase of air transmission spectrum was
estimated from its spectral intensity in (d.3), based on the Kramers—
Kronig relationship. The full information of the transmission spectrum
is used to calculate the THz temporal profile in air. Using the 10-pulse
probe in (a) and THz pulses in (b), the ABEOS profiles in vacuum
and air in (c) are calculated. The probe with 10-pulse-IOA produces
ABEOS profiles with significantly altered shapes (c.1 and c.2) compared
to the original THz profiles in (b). These alterations are the result of
the summed contributions of each pulse, with a certain delay between
the pulses. Consequently, the ABEOS profiles measured with the 10-
pulse probe do not directly reflect the original THz temporal profile.
As shown in (d), in the frequency domain, the Fourier-transformed
THz spectra obtained from the ABEOS signals with altered temporal
profiles by 10-pulse probe (d.1-blue and d.2-orange) exhibit the main
peak at 2 THz corresponding to the central frequency of the original
THz spectrum (d.1-magenta and d.2-lime) derived from (b). The ABEOS
spectrum represents the original THz spectrum. This occurs because
the probe pulse delay contributes only in the phase of the spectrum
but vanishes in the intensity. The spectrum in air, particularly, the
main peak shows multiple spikes which correctly represent the air
transmission in (d.3). Note that calculations with a single IOA pulse,
producing an ABEOS temporal profile and spectrum identical to those
of the original THz pulse, are not included in Fig. 5. These calculation
parameters for the IOA and THz were selected to predict the anticipated
ABEOS response and enable comparison with experimental results.

4. Results
4.1. THz characterization by ABEOS

THz temporal profiles were measured by the ABEOS methods both
in air and in vacuum in separate beamtimes. During the measurements,
the nominal wavelengths of the THz undulator were set near 150 pm. A
200 pm-thick ZnTe crystal was used. The results are compared with the
conventional EOS result obtained in vacuum, shown in Fig. 6(a). For the
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fs spacing, corresponding to the period of THz radiation at 150 pm. A chirp for the probe beam introduced by two 0.5-mm-thick diamond windows is included
in the calculation. (b) Defined temporal profile of the THz pulse at 150 pm in vacuum (top) and calculated temporal profile after propagating through 2 m of
air (bottom). (c) Calculated ABEOS signals: with the 10-pulse probe in vacuum (c.1) and in air (c.2) (d) Fourier-transformed THz spectral comparison: ABEOS
spectrum (blue and orange) with the 10-pulse probe and the original THz spectrum (magenta and lime) in vacuum (d.1) and air (d.2), respectively. (d.3) shows
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Fig. 6. Temporal profiles and spectra of THz undulator radiation with nominal wavelength settings near 150 pm. (a) Temporal profiles measured by conventional
EOS with a 1-pulse probe from an external laser in vacuum as a reference (a.1), and ABEOS signals measured with 10-pulse-IOA probe from the THz undulator
in air (a.2) and ABEOS signal measured with a 1-pulse-IOA probe from the dump magnet in vacuum (a.3). (b) Spectra obtained from conventional EOS (b.1),
ABEOS in air (b.2), ABEOS in vacuum (b.3), and FTIR (b.4). The ABEOS and FTIR spectra (b.3 and b.4) were measured in vacuum for THz radiation in the same

beamtime.

conventional EOS, an external laser with central wavelength of 830 nm
and pulse duration of 21 fs was used as the probe. Their Fourier-
transformed spectra from (a) are shown in Fig. 6 (b.1-3), along with the
spectrum measured by FTIR (Fourier Transform Infrared Spectroscopy)
(b.4) for comparison.

As shown in Fig. 6, the ABEOS profile in air (a.2) shows significant
temporal elongation, compared with the conventional EOS (a.1). This
elongation can be attributed to two factors: air absorption and the use
of the 10-pulses probe in the ABEOS setup, as expected in the ABEOS
calculation section. The spectrum of the ABEOS result successfully



S.-g. Gang et al.

(€)]
I0A from dump magnet
(1-pulse)

7 |0A from THz undulator

L%pling mirror
with a hole

Infrared Physics and Technology 151 (2025) 106121

(b)
I0A from THz undulator and
dump magnet (10-pulse)

Decoupling mirror
with a hole

Fig. 7. Two electron beam configurations: (a) Electron bunch centered in the THz undulator, leading to mainly the single-pulse IOA from dump magnet
coupled into THz transmission. (b) Electron bunch off-centered in the THz undulator, resulting in mainly the 10-pulses IOA from the undulator coupled into

THz transmission.
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filter or a 215 pm band-pass filter.

reproduces the THz spectrum with a central frequency corresponding
to the nominal THz wavelength.

In order to avoid air absorption, ABEOS measurement were per-
formed in vacuum in another beamtime as shown in (a.3). The result
has shorter temporal profile, closely resembling the original THz pulse.
The asymmetry in the ABEOS profile (a.3) in vacuum results from
imperfect signal balancing after pumping down the system. However,
the measured profile is shorter than the expected calculation as in Fig.
5 (c.1). The results in Fig. 6 (a.2, a.3) imply that different types of IOA
probes were selected for the measurements in the two beamtimes.

During the beamtime of ABEOS measurements in air shown in
Fig. 6 (a.2), the electron beam was intentionally shifted off-center
at the entrance and the exit of the THz undulator, while remaining
parallel to its axis as shown in Fig. 7(b). Thus, most power of the
10-pulse-IOA probe from the undulator was coupled into the THz
beamline, resulting in higher signal levels and improved SNR. As 10-
pulse-IOA probe was employed for the ABEOS diagnostics, the signal
was elongated over time shown in Fig. 6 (a.2), forming a similar
envelope shape of calculated ABEOS profile under the same condition
in Fig. 5 (c.2). While during the beamtime of ABEOS measurements in
vacuum in Fig. 6 (a.3), the electron bunch was well-centered along the
undulator axis, allowing the IOA from the THz undulator, with its lower
divergence, to pass through the hole of the decoupling mirror as shown
in Fig. 7(a). Only the 1-pulse-IOA probe, originating from synchrotron
radiation from the dump magnet, was coupled into the THz beamline

and used for the diagnostics. This setup reflects the configuration of the
conventional EOS. Consequently, the measured ABEOS signal provides
an accurate representation of the THz electric field profile like the
conventional EOS.

In Fig. 6(b), the THz spectrum from ABEOS (b.3) is compared
with the FTIR spectroscopy result (b.4) for the THz source under the
same condition in vacuum. It shows good consistency between the
two methods. In the ABEOS results with both the 1-pulse-IOA and
the 10-pulse-IOA, the measured main peaks of the THz center fre-
quency properly positioned at their assigned frequencies. The reliable
performance of ABEOS has been demonstrated in measuring the THz
spectrum. Even more notably, it has been shown to effectively measure
the temporal profile when using the 1-pulse-IOA probe.

Additionally, with the THz undulator off, ABEOS measurements
performed on the edge radiation from dump magnet using the 1-pulse-
IOA probe (synchrotron radiation) is shown in Fig. 8. The results
were compared with single-shot EOS (SSEOS) [22,23] measurements
conducted in the same beamtime. Here, two different filters, 33 pm
long-pass filter and 215 pm bandpass filter, were employed for the mea-
surements. The 33 um long-pass filter is transparent at spectral range
below frequency of 9 THz. Since these measurements were performed
in air, the ABEOS signal displays extended THz profile over tens of pi-
coseconds due to air absorption. The parameters for SSEOS are defined
by the laser pulse and the echelon reflector, which features temporal
resolution of 50 fs and timing window of 10 ps. Therefore, the SSEOS
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measurements cover only a portion of the ABEOS window around 10 ps,
but profiles obtained from both diagnostics align well across different
filters, achieving good temporal and spectral consistency. Thanks to
the longer scanning window in time, the ABEOS measurements achieve
better frequency resolution. Therefore, the air absorption is able to be
seen in the ABEOS spectra. The spectra of both methods with 215 pm
bandpass filter show consistent peak position corresponding to 1.4 THz
as shown in Fig. 8.

4.2. Timing jitter in ABEOS

To evaluate the performance of this method, the timing jitter is
estimated from the ABEOS signal in Fig. 9. During the scanning process,
the ABEOS signal for each delay position is defined as M; = (I, —
1)/, + I,), where I, and I, are the intensities measured by detectors
for two perpendicular polarizations in the balanced detection scheme.
M is proportional to Eyy.(7), where E;j;, is the THz electric field at
the time-delay (z) between the IOA probe pulse and the THz pulse. The
jitter was determined by calculating the standard deviation of signal
intensity, marked as 4M, at given time-delay point. For this analysis,
intensity fluctuations (AM) were extracted from the slope of the main
peak, indicated in the red zone in Fig. 9, specifically considering the
range from 10% to 90% of its magnitude. To estimate the timing jitter,
we analyzed the local gradient of the rising edge after subtracting the
baseline and the intensity fluctuation preceding the THz arrival. This
gradient, determined by linear fitting and depicted in blue in Fig. 9(b),
is denoted as k. The timing jitter was taken from the equation below

L Jam?

Ljitter = % slope

- AM;, €h)
where AMg,,. represents the M, fluctuations within the rising edge
after THz arrival, and AM,, refers to those in the background be-
fore THz arrival. With a 200 pm thick ZnTe crystal, we achieved a
remarkably low timing jitter of 21.1 fs where the slope of the linear
fit k = 1.68 x 10" 57!, AM;,,, = 0.0093 and AM,, = 0.0086. The
observed jitter is attributed to practical limitations of the experimental
method, such as imperfect signal balancing and fluctuations in the FEL

THz pulse energy.

5. Conclusion

We have successfully demonstrated a novel “laser-free and low-
jitter” THz electro-optic sampling (EOS) diagnostic technique, ABEOS,
that utilizes the broadband IOA radiation generated with the THz
pulse, bypassing the need for an external laser pulse. This approach
is inherently free from laser-induced timing jitter. However, a residual
timing jitter of 21 fs was observed, likely, due to practical experimental
limitations contributed from intensity fluctuations. ABEOS calculations
effectively corroborate the experimental results. ABEOS with the 1-
pulse-IOA probe from the dump magnet shows accurately reproduced
THz temporal profile. Although the ABEOS with the 10-pulse-IOA probe
cannot directly represent the original THz temporal profile, as expected
from the calculation, the spectra obtained using the ABEOS show
precise THz information. The results have excellent agreement with
other established diagnostic methods, including conventional EOS with
an external laser, SSEOS, and FTIR spectroscopy. These results validate
the capability of ABEOS for precise THz diagnostics in the frequency
range up to 2 THz.

The developments of ABEOS will continue after the FLASH2020+
upgrade project [24]. With an expected enhancement in IOA intensity,
further investigations become feasible, including direct measurement
of the temporal profile of IOA pulses, testing the ABEOS on THz
radiation with higher frequencies, implementing single-shot techniques
in ABEOS for real-time monitoring, and studying IOA temporal and
spatial coherence. This study underscores the potential of ABEOS as
a robust and innovative diagnostic tool without complex optical setup,
further leading to a low cost. The diagnostic method could be a general
solution for the FEL-based THz sources.
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