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Abstract: Free-electron lasers (FELs) operating in the extreme ultraviolet (XUV) and X-ray regions

deliver ultrashort pulses with unprecedented intensity, enabling groundbreaking research across

various scientific disciplines. A potential chirp (frequency change within the pulse) of these pulses

influences their spectral properties, directly impacting the experimental outcomes and FEL per-

formance. The accurate characterization of the chirp is, therefore, important for optimizing FEL

operation and interpreting experimental results. This study presents a comprehensive comparison

of two techniques determining the chirp of the XUV pulses at FLASH by directly measuring the

XUV pulses with THz streaking and by detecting the chirp of the electron bunches by a Transverse

Deflection Structure (PolariX TDS) to infer the XUV chirp. We conducted simultaneous measurements

using both techniques at FLASH2 while tuning the FEL to produce various energy chirps on the

electron bunch.

Keywords: free-electron lasers; temporal diagnostic; XUV pulses; SASE; THz streaking

1. Introduction

Free-electron lasers (FELs) operating in the extreme ultraviolet (XUV) and X-ray
regions deliver photon pulses with femtosecond (fs) durations and unparalleled intensity.
These pulses typically range from several hundred femtoseconds down to just a few
femtoseconds, with photon counts between 1011 and 1013 per pulse [1–6]. Most XUV and
X-ray FELs operate in the self-amplified spontaneous emission (SASE) regime, resulting in
each pulse exhibiting a unique combination of pulse energy, XUV spectrum, arrival time,
pulse duration, and chirp. Therefore, it is critical to perform temporal characterization of
the pulses on a shot-by-shot basis for proper interpretation of the experimental data.

Traditional photodetectors lack the necessary response time to operate in the few-
femtosecond regime, and time–frequency correlation techniques commonly used in the
optical domain are difficult to implement due to the small cross-sections in nonlinear
processes at X-ray wavelengths. This necessitates the development of advanced methods
for single-shot temporal characterization of FEL pulses.

Several diagnostic techniques have been devised to study the temporal properties of
FEL pulses [7]. One effective method for single-shot characterization is the THz streaking
technique, which is typically used to measure the pulse duration of the XUV pulses [8–10].
However, by extending the technique, one can infer the linear part of the frequency chirp
across the XUV pulses [8,11,12].

Another complementary approach involves measuring the longitudinal phase space
of the electron bunch, producing the XUV SASE radiation, using an X-Band Transverse
Deflection Structure (PolariX TDS) [13,14]. The PolariX TDS, in combination with an
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electron beam energy spectrometer, can be used to determine the time–energy distribution
of the electron bunches. In addition, the setup allows for determining which part of the
electron bunch contributed to the XUV SASE pulse [15] and, thus, allows for estimating a
possible frequency chirp of the XUV pulse.

In FEL experiments, usually a potential chirp is not considered as an important
parameter, while the analysis of previous THz streaking and TDS data shows that the XUV
pulses at FLASH are typically chirped. For many applications, the influence of chirp is
rather small, while it can influence other areas noticeably, for example, in femto-chemistry
where the chirp can even be used to alter the pathway of the chemical reactions [16–18].
Another consequence of a chirped electron bunch is a broader bandwidth of the XUV
pulse. By tilting the electron bunch in the time–energy domain, additional electron energies
contribute to the lasing process, leading to a broader XUV spectrum. Looking, e.g., for
absorption spectroscopy [19–21] or X-ray crystallography [22], a broad spectrum allows for
covering larger ranges of spectral lines or diffraction patterns in a single FEL pulse without
lengthy scanning of the FEL wavelength and, thus, speeding up data acquisition. Here, a
chirp is rather advantageous.

In this paper, we focus on measuring the linear chirp of the XUV pulses from FLASH2 [23],
using THz streaking and PolariX TDS as the only two diagnostic techniques at FLASH, which
are potentially able to determine the chirp. Each method offers unique advantages for
characterizing the temporal properties of XUV pulses. By comparing these techniques, we
aim to provide comprehensive insights into their effectiveness and applicability to optimize
the FEL performance and interpret the experimental results.

2. Experimental Techniques

2.1. THz Streaking

To determine the pulse duration and linear part of the chirp of the XUV FEL pulses,
we employed the THz streaking technique [8,9]. This method involves using a noble gas
target photoionized by the FEL pulses. The resulting photoelectrons carry the temporal
and spectral properties of the ionizing XUV radiation. As these photoelectrons propagate
through the time-varying electric field of the co-propagating THz radiation, their kinetic
energy distribution is influenced by the field. This distribution is then measured by an
electron time-of-flight (eTOF) spectrometer.

The momentum component of the photoelectrons changes depending on the time of
ionization relative to the THz field. If the electron wave packet is short compared with
the period length of the THz field, the temporal structure of the electron wave packet is
mapped onto the kinetic energy distribution of the emitted photoelectrons, allowing for
the determination of the pulse duration and linear chirp [11].

The THz streaking setup featured an interaction chamber where the XUV and THz
beams were focused co-linearly at the interaction point [24]. This point was monitored
by two eTOFs positioned opposite each other, perpendicular to the propagation direction
of the XUV pulses, as shown in Figure 1a. The second eTOF was installed to allow the
simultaneous measurement of photoelectrons created by the XUV FEL pulse interacting
with the same THz field, but with opposite momentum shifts. A dedicated laser system
provided ∼1 ps long pulses at 1030 nm, with a pulse energy of ∼3.5 mJ and a repetition
rate of 10 Hz. These laser pulses generate THz radiation through optical rectification using
a nonlinear crystal (LiNbO3). Details can be found in the following references [10,24,25].

By varying the delay between the THz field and the XUV pulse, the photoelectron
spectra (often called “streaking trace”) are recorded, which represent the vector potential
Astreak of the THz field [11]. As the THz field is polarized in the plane of the two eTOFs,
one eTOF records an upshift in the energy, while the other measures a reduced energy. The
streaking traces for both eTOFs are shown in Figure 1b. The “first” slope corresponds to the
initial interaction of the THz field with photoelectrons, while the “second” slope follows as
the THz field continues interacting with the photoelectrons, as illustrated in Figure 1b. In
this setup, the photoelectrons are streaked by a large fraction of the THz pulse.
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of the streaked spectra leads to a more complicated determination of the pulse duration.
Under certain conditions, more advanced techniques capable of measuring higher-order
chirp can be employed to overcome these limitations, as discussed in [26].

In the streaking trace shown in Figure 1b, we observed that the energy of photoelec-
trons measured at the center of the linear slopes on eTOF1 and eTOF2 differ slightly (red
dots in Figure 1b). In addition, due to the asymmetric shape of the THz field, the streaking
speeds at the first and second slope are different. Therefore, the spectral broadening mea-
sured on the first and second slopes of the THz field for a single eTOF differs. To account
for these differences, the streaking speed and reference width are determined for each eTOF
independently, leading to Equations (1) and (2). Assuming that the streaked spectrum
maintains a Gaussian shape, the XUV pulse duration can be written as [12]:

τXUV =

√

(σ2
1 − σ

2
ref,1)s2 + (σ2

2 − σ
2
ref,2)s1

(s1 + s2)s1s2

, (1)

where σ1 and σ2 are the spectral widths measured by eTOF1 and eTOF2 consecutively,
σref,1 and σref,2 are the spectral widths measured in the absence of the streaking field with
eTOF1 and eTOF2, respectively. s1 and s2 are the streaking speeds measured by eTOF1 and
eTOF2, respecitvely. In addition, the difference in the streaked widths can be used to obtain
information about the linear part of the XUV chirp:

c =
(σ2

1 − σ
2
ref,1)s

2
2 − (σ2

2 − σ
2
ref,2)s

2
1

4s1s2(s1 + s2)τ
2
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. (2)

Here, two eTOFs provide the invaluable advantage that the needed two measurements
can be acquired simultaneously for each streaked FEL pulse. If only one eTOF is available,
one still could obtain an estimate of the chirp and the correct pulse duration, when one
measures sequentially the broadening on the first slope and then on the second slope (see
Figure 1b and Ref. [12]).

2.2. PolariX TDS

The PolariX TDS [27,28], installed downstream of the undulators at FLASH2, offers
direct access to the longitudinal and energy distribution of electron bunches. The setup
consists of an X-band RF deflector and a dipole magnet acting as an energy spectrometer.
The longitudinal current distribution of the electron bunch traveling through the PolariX
TDS is first mapped linearly to a transverse one using the X-band RF deflector. The electron
bunch is then energetically dispersed by the dipole magnet. If the TDS streak direction
and the dipole bending direction are perpendicular, this setup allows for mapping of
the longitudinal phase-space density, thereby enhancing the operational capabilities for
optimizing the longitudinal bunch parameters that are crucial for the FEL process [13].
As the TDS is installed downstream of the undulators, it measures the phase space after
the SASE process has created intense XUV pulses. This has two important consequences,
namely, that one can indeed monitor with the TDS exactly the same FEL pulse that is
detected with the THz streaking (for SASE every pulse is different) and by analyzing the
TDS trace, one can reconstruct which part of the electron pulse was actually lasing.

In the lasing part, the electrons lose energy (which is transferred into the XUV pulse)
and the energy spread increases. Figure 2a,b show images acquired by PolariX TDS for
a single electron pulse. Especially in Figure 2a, one can see in the center part that the
energy distribution is much wider compared to the ends, indicating the enhanced energy
spread and the electrons in this part have less energy. By analyzing the image in detail
and comparing it to a reference where no SASE process took place, it is possible to infer
the shape of the ultrashort XUV photon pulses [15]. Here, we only concentrate on the
determination of the lasing part of the electron bunch.







Photonics 2024, 11, 1153 7 of 11

using THz streaking and PolariX TDS. To ensure that the XUV chirp measured by THz
streaking was independent of the streaking setup parameters, several parameters of the THz
detection system were systematically varied, and data were collected for each configuration.

Two different settings of the accelerator were used to cover a larger range for the
measurements. Firstly, FLASH2 was operated at an electron bunch energy of ∼1.0 GeV and
an electron bunch charge of ∼0.20 nC. This resulted in XUV pulses with ∼16 nm (77 eV)
and a pulse duration of ∼80 fs with ∼40 µJ average per FEL pulse for the negative chirp
and ∼180 fs with ∼300 µJ for the positive chirp. Secondly, FLASH2 had an electron bunch
energy of ∼0.7 GeV and the electron bunch charge was set to 0.26 nC. This configuration
resulted in XUV pulses at ∼28 nm (44 eV) with pulse durations around 120 fs and ∼140 µJ
pulse energy.

In order to generate a positive chirp (low-energy electrons were at the head of the
bunch and high-energy electrons were at the tail), the initially strongly positively chirped
electron pulse is under-compressed in magnetic chicanes. To obtain a negative chirp, we
had to go to the over-compression regime. We tried to linearize the longitudinal phase
space by compensating nonlinearities due to the RF curvature and collective effects in
the FLASH accelerator. As the latter are typically strong at FLASH, perfect compensation
was not possible, as one can see in Figure 2b. In principle, the chirp can be made larger
than what we used in our measurements by compressing the beam stronger. However,
collective effects (especially longitudinal space charge) become too strong adding much
larger nonlinearities, and can even reverse the sign of the linear part. In this space-charge-
dominated regime, the energy chirp at FLASH can exceed our measurements by one or
two orders of magnitude due to the short time scale (few femtoseconds) [32]. This regime,
however, cannot be studied with the diagnostics described in this paper.

Figure 3a presents the average values of the chirps including the measured fluctuation
range indicated by the error bars. The chirp determined by THz streaking (horizontal
axis) ranges from −4 meV/fs to 2 meV/fs, meaning that per fs the central energy de- or
increases by few meV. Considering a 2 meV/fs chirp for the 180 fs long XUV pulse at
77 eV photon energy, we obtain an energy change of about 0.36 eV within the FWHM
of the pulse. Superimposed with the natural FLASH2 bandwidths of about 0.5% [1], we
end up at the measured bandwidth of ∼0.7%. The energy changes of the electrons in the
accelerator monitored by PolariX were scaled to the expected changes in the XUV pulse,
as described above. Despite the different measurement techniques, we obtained a rather
good agreement of the measured chirp values for several different settings of FLASH2.
This supports the assumption that both diagnostics can be effectively used to determine
the chirp of the XUV SASE pulses, at least in its linear part.

For the two extreme cases of positive and negative chirp, a more detailed investigation
was conducted. Here, we looked at the dependence of the chirp determined by the THz
streaking on different settings of the THz detection setup without altering the FEL pulse
intentionally. The aim was to see how sensitive the results of the THz streaking depend
on the specific streaking setting and to what extent we can deviate from optimal streaking
conditions and still provide reliable chirp measurements. For all measurements we looked
at the “first” as well as the “second” slope of the THz field, as shown in Figure 1b. To alter
the streaking conditions, the electron spectrometer resolution, the signal level (including
space charge effects), and the THz field strength were changed.

In Figure 3b, the blue data points represent the average XUV chirp measured with
photoelectrons streaked by the first slope of the THz field, while orange data points show
the average XUV chirp value measured with photoelectrons streaked by the second slope.
The blue and orange shaded areas indicate the statistical distribution of the XUV chirp
measurements for each streaking setup configuration. The green shaded areas show the
XUV chirp derived from the electron bunches using PolariX.

Data point (1) was measured with optimum streaking conditions (maximum streaking
field, best energy resolution, and optimum signal level). To study the impact of the THz
streaking field on the measured XUV chirp, the pulse energy of the laser producing the
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THz field was reduced to 50% for the second data point (2). This reduced the streaking
speed by only about 6%, as the THz production is operated in the saturation regime. For
the third data point (3), the pulse energy of the laser was further reduced to 30%. As a
result, the streaking speed was reduced by about 30%. Throughout these measurements,
the eTOF resolution (i.e., the retardation voltage) was kept constant. For these points, there
is a certain variation of the chirp visible that does not seem to depend systematically on
changes in the streaking field. The laser generating the THz field shows only 1% rms pulse
energy fluctuations, making the resulting fluctuations in the THz field strength negligible
compared with other sources of fluctuation. Therefore, these fluctuations may be attributed
to drifts and fluctuations during the measurements (about 20 min per setting).

The data points (4–8) show measurements with negative chirp. Point (4) denotes
again the optimum streaking settings. This setting also shows the best agreement between
the values measured on both slopes of the THz streaking and the values determined
by the PolariX TDS analysis. As the next step, in point (5), the retardation voltage was
reduced (increasing Ekin from 36 eV to 44 eV), leading to a worse energy resolution of
the eTOF. Here, we see indeed less agreement between the two techniques. Reducing the
eTOF resolution even further in point (6), the retardation voltage was reduced even more
(increasing Ekin from 44 eV to 52 eV); therefore, the broadening of the streaking could not
be determined accurately, leading to discrepancies between THz streaking and PolariX.
For the seventh point (7), the XUV intensity was reduced to one-fourth, decreasing the
number of photoelectrons created by the same amount. Thus, the signal-to-noise ratio
decreased and statistical fluctuations increased (see, e.g., [10]). Conversely, for the last
point (8), the FEL intensity was increased four times higher, showing already signs of space
charge broadening by too many photoelectrons created in the small FEL focal volume
(see e.g., [10]).

Looking in more detail at Figure 3b, one can see that the fluctuations of the measured
chirp differ significantly for different FEL settings. For the negative chirp setting, the
SASE level was significantly lower and the electron bunch distribution was much more
fluctuating, as shown in Figure 2b, leading to a broader distribution of possible chirp
values determined by the TDS analysis. We also see much larger fluctuations in the chirp
determined by the THz streaking and, thus, we attribute this mainly to a more unstable
electron bunch, as in the positive chirp case. Still, there is a second reason why the chirp
values measured by THz streaking show a larger variation. The pulse duration measured
at this setting was shorter than the positive chirp case, leading to less broadening in the
streaking process and thus the difference between eTOF1 and eTOF2 broadening was
less, making it harder to determine the chirp accurately. The measurement at the second
slope showed an even broader distribution compared with those with the first slope. This
could be attributed to the even lower streaking speed (and thus broadening) of the second
compared with the first slope.

For the negative chirp setting, one can see in Figure 3b that the first slope of the
streaking field showed a much larger sensitivity to the changes in the streaking setup, while
the data from the second slope show a broader distribution but are less sensitive to changes
in the setup settings. Up until now, we do not have a solid explanation why the chirp
determined for worse streaking conditions on the first slope predicts systematically higher
chirps than were present.

Comparing the measurements and data analysis of both techniques, we can explore
their specific strengths and drawbacks. An essential difference is that THz streaking
measures the actual XUV pulse directly, while PolariX needs a prior assumption about
where the lasing occurs within the electron bunch, which is particularly difficult for low-
energy pulses where the lasing part within the bunch is uncertain or in cases where different
parts of the electron bunch contribute to the lasing. Here, a detailed analysis of the PolariX
analysis is needed while THz streaking delivers electron spectra reliably for XUV pulse
energies of only ∼1 µJ [10,24]. In addition, Figure 3b shows that even with significantly
detuned measurement parameters, the THz streaking technique is still able to reliably
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determine both the sign and an approximate value of the chirp. Additionally, THz streaking
has the advantage of being able to measure pulse duration parasitically [24], while PolariX
requires separate lasing-off measurements, disrupting regular beam operations from time
to time.

One limitation of THz streaking is that it can only determine the linear part of the
chirp of XUV pulses reliably with the used approach (Equation (2)). Higher orders would
alter not only the pulse widths, but also the pulse shape, but within current signal to noise
limits an explicit quantitative calculation of higher order contributions is not possible. Still,
in principle, complex electron bunch distributions with nonlinear chirp contributions can
be tuned at FLASH. For instance, as illustrated in Figure 2b, if the lasing part of the bunch
would be larger, strong second and third-order contributions would be present, leading
to negative as well as positive chirped parts in one electron bunch. In such a case, THz
streaking would lead to incorrect results. Thus, ideally, the combination of both techniques
is preferable to ensure a reliable analysis.

Generally, THz streaking based on LiNbO3 as the THz source has a limited range
for measuring pulse durations [10]. The typical range in which the pulse duration can be
determined with standard analysis is about 30–300 fs (FWHM) for unchirped pulses. For
chirped pulses, accurately determining the difference in streaking width requires an even
smaller range. Also, the ability to measure XUV pulses below about 30 fs with PolariX is
difficult. To overcome these limitations, the future planning for FLASH2 is to rely on the
determination of the XUV chirp for pulses longer ∼30 fs using PolariX, while for shorter
pulses, a new type streaking setup will be implemented based on angular streaking [33,34].
This technique can not only determine the pulse duration in the range of ∼30 fs down to
the sub fs range, but in addition offers the option to even measure higher-order chirps.
By developing and integrating angular streaking techniques into existing FEL facilities,
researchers can significantly enhance the precision and control of XUV pulses, leading to
more accurate and comprehensive studies of ultrafast phenomena.

4. Conclusions

The frequency chirp of SASE-based free-electron laser XUV pulses at FLASH2 was
measured using two entirely different approaches. THz streaking determines the linear
chirp of the XUV pulses directly, while the PolariX TDS monitors the phase space of the
electrons in the accelerator that produced the XUV radiation. Using simple scaling laws,
the XUV chirp can be derived this way as well. Our results show a good agreement
between the two methods across a large range of chirp values, including negative as well
as positive chirps. In addition, THz streaking seems rather robust against significantly
detuned experimental parameters.

Analysis of several years of THz streaking data revealed that XUV pulses often exhibit
a remaining chirp, either negative or positive. This highlights the importance of chirp
monitoring, especially for experiments sensitive to chirp. Future work will focus on
extending these techniques to characterize even shorter pulses and higher-order chirp.
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