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Abstract. At the free electron laser FLASH at DESY pulse length measurements can
be performed with e.g. THz streaking or an analysis using the PolariX TDS. Since THz
streaking examines the XUV pulse directly whereas the PolariX TDS focuses on the
energy distribution of the (XUV pulse generating) electron bunch, both techniques are
capable of analyzing the same XUV pulse simultaneously. We used a newly installed
laser heater to shape the electron bunch and therefore influence the XUV pulse profile
and compare the resulting pulse shapes measured by THz streaking and the PolariX
TDS. We compare average pulse profiles as well as single-shot examples and discuss the
challenges of both types of analysis.

1 Introduction

Free electron lasers (FELs) play an important role across diverse scientific disciplines. Still, experiments
benefit significantly from non-destructive online photon diagnostics of the delivered XUV pulses. In
particular, determining the pulse duration has proven challenging. Insights into the longitudinal pulse
profile can be gained by direct photon-based diagnostics or indirectly by analyzing the energy distribution
of the electron bunch after it passed the undulator. For the former a THz streaking method [1, 2] can be
applied, where the XUV pulse profile is measured by mapping its temporal structure to the kinetic energy
distribution of photoelectrons. The latter can be achieved by using a Polarizable X-Band Transverse
Deflection Structure (PolariX TDS) [3, 4], which enables the measurement of the longitudinal phase
space of the electron bunch, in combination with a magnet that acts as an energy spectrometer. For the
first time at FLASH, reconstructed XUV pulse shapes from both TDS analysis and THz streaking are
compared. For this comparison we used a FEL setup delivering double pulses. In addition, we were able
to influence the electron distribution with a laser heater [5, 6] in order to suppress the FEL lasing process
in some parts of the electron bunch [7, 8].
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1.1 Methodology and data analysis

To carry out a photon pulse profile reconstruction utilizing a TDS, the electron bunch energy distribution
is compared to the energy distribution without lasing. Comparing the current distributions from lasing-on
data and lasing-off references isolates the FEL lasing effects. The difference in the center of mass (COM)
or the energy spread (RMS) can be compared [9] in order to reconstruct the XUV pulse shape. Lasing-off
references are typically recorded by detuning a corrector magnet upstream of the first undulator, which
forces the electron bunch on a path that does not overlap with the photon beam sufficiently to lead to a
lasing process. Ideally, this detuning minimally alters the electron path, preserving the initial distribu-
tion. In particular the current profile should not change. In reality, the slightly different electron path
through the undulators sometimes lead to a different electron distribution and different current profiles.
These effects have to be investigated in more detail in the future. For an accurate pulse profile it is
required to have a lasing-off reference with a phase space similar to the lasing-on data, aside from the
FEL lasing effects. Also, it is critical to correctly match the time and energy axes of the lasing image
and the reference. In our work we find the reference the same way as described in reference [10], which
uses a hierarchical clustering method (AgglomerativeClustering from sklearn) to group similar electron
current profiles and use the Pearson correlation coefficient to identify the best match between lasing-on
current profiles and lasing-off group averages. For aligning time axes, one of two methods is usually
applied: interpolation of the signal region to a defined number of slices (as in ref. [10]) or overlapping
the centers of mass of the electron bunches. Energy axis alignment, affected by jitter and drift, often
involves adjusting y-positions so that the integrated XUV pulse profiles match with independent pulse
energy measurements using a gas monitor detector (GMD) [11]. We instead set a non-lasing region of
the pulse profiles to zero, gaining useful insights from data even when the signal surpasses the fluorescent
screen’s energy range.

In the THz streaking setup, the FEL XUV pulse ionizes a noble gas target leading to a photoelectron
distribution with the same temporal shape. When the ionization region is superimposed with the electric
field of a THz pulse, the temporal structure of the XUV pulse is mapped into kinetic energies of the
photoelectrons, as long as the electron bunch is significantly shorter than the period length of the Tera-
hertz field [1, 2]. The electron kinetic energy distribution is recorded by electron time-of-flight (eTOF)
detectors. The setup used was installed at the beamline FL21 and is described in detail in the reference
[12]. Depending on the time window of interest, we used different ramps of the THz streaking field. Here
we can choose between a large time window with low temporal resolution of a short window with better
resolution. Extracting the correct pulse shape with this method can be challenging; however, a complete
absence of a photoelectron signal during a specific time window unambiguously indicates that no XUV
pulse was present at that time.

1.2 Comparison of pulse profiles from THz streaking and TDS analysis

We compare XUV pulse profiles from three different FEL setups. Here, we focus on comparing the recon-
structed XUV pulse shape, specifically addressing whether one or two XUV pulses are present. Different
electron bunch and XUV pulse characteristics are achieved by changing the set undulator wavelength
and by modifying the electron bunch with the laser heater. With increasing intensity, the laser heater
initially enhances the FEL lasing process by suppressing the accelerator microbunching instabilities. As
the intensity increases further, however, it hinders the FEL lasing process by increasing the initial en-
ergy spread, a phenomenon also referred to as ’overheating’ of the electron bunch [8]. To create distinct
temporal features for the comparison, we used a beam setup with a non linear compression to obtain an
electron bunch with two current spikes. The TDS images and current profiles of one example each of
lasing-on and lasing-off from each of our three setups are depicted in Figure 1. For all three setups, two
current spikes are clearly visible, whereas it is important to remember that a high current does not au-
tomatically correspond to an XUV pulse, especially for large energy chirps. We collected approximately
3000 lasing-on samples and around 2000 lasing-off samples for each dataset. For all setups the electron
beam energy was 965MeV.

The resulting pulse shapes for the TDS and THz streaking analysis for all three setups are depicted in
Figure 2. In setup1 the undulator was set to deliver an XUV wavelength of 11 nm. The laser heater
was attenuated just enough to maximize the FEL lasing intensity, resulting in a XUV pulse energy of
approximately 140µJ. The different ratios of the current spikes at 0 fs and 320 fs indicate that (probably
due to a too much altered electron trajectory) we do not have well-matched lasing-off references. Com-
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[13] Ivanov R, Bermúdez Macias IJ, Liu J, Brenner G, Roensch-Schulenburg J, Kurdi G, et al. Single-
shot temporal characterization of XUV pulses with duration from ∼10 fs to ∼350 fs at FLASH.
Journal of Physics B: Atomic, Molecular and Optical Physics. 2020 Jul;53(18):184004. Available
from: https://doi.org/10.1088/1361-6455/ab9c38.


