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Abstract: The Free-electron LASer in Hamburg - FLASH - generates intense ultrashort pulses
with femtosecond duration in the range of 3.3 — 90 nm in the fundamental. In addition, higher
harmonic contributions are always present in the spectral distribution, extending this range to
much shorter wavelengths. This study presents a detailed exploration of the evolution of the
radiation properties of the third harmonic contribution in the self-amplified spontaneous emission
(SASE) amplification process. Utilizing a terahertz streaking setup, we measured and analyzed
the pulse durations and energies of the fundamental and third harmonic during the amplification
process under various operational configurations and compared these with results from the 3D
time-dependent free electron laser (FEL) simulation code FAST.
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1. Introduction

The interaction of the electron bunch with the extreme ultraviolet (XUV) and x-ray light
generated in the undulator of a free electron laser (FEL) leads to the modulation of the electron
bunch at the resonant wavelength. This in turn leads to the emission of a powerful, coherent
radiation pulse at the fundamental [1-7] as well as small contributions at higher order harmonics
hw, 3hw, . .. nhw) mainly due to nonlinearities in the bunching [8—10]. For FELs with planar
undulators, harmonics are typically present on the few per mill level [1,11-14].

By now the mechanism of the creation of the harmonic radiation content in FELs and their
properties have been extensively studied, both theoretically [8,9,11-13,15] and experimentally
[1,10,16-24] in quite some detail. However, a comprehensive experimental comparison of the
fundamental and harmonic pulse durations, including their evolution during the amplification
process has not been performed to the best of our knowledge. Using the THz streaking setup at
FLASH [25] we can measure the pulse duration of the fundamental wavelength as well as the
second and third harmonic contribution. In addition, simulations have been performed to get
insight into the contributing effects.

Understanding the properties of harmonic radiation is not only of theoretical interest, as
many experiments performed at FELs are influenced by higher harmonic radiation. It either
generates undesired background or even mimics nonlinear multi-photon interactions [26—28].
On the other hand, many experiments are utilizing the harmonics as they significantly extend the
short-wavelength range of the FEL. In particular, investigations in solid samples suffer easily
from space-charge effects induced by intense FEL radiation and therefore typically only a fraction
of the possible FEL pulse energy is used [29]. In these cases, the flux provided by the harmonics
is well sufficient and is frequently used [17,30-33]. Knowing the pulse duration of the harmonic
radiation is especially important, as most experiments at FELs are time-resolved studies.
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2. Overview of the radiation properties of the harmonics

For the theoretical study, we consider the case of a free-electron laser with a planar undulator
driven by an axisymmetric electron beam. The radiation of the electron beam in the planar
undulator contains a rich harmonic spectrum. This refers to both coherent and incoherent radiation.
Since odd harmonics of the radiation are resonant on-axis, their intensities are pronounced, while
even harmonics are strongly suppressed for the case of axisymmetric electron beams [11,34,35].
The amplification process in a SASE FEL starts from the shot noise in the electron beam, and
the radiation at the initial stage is just incoherent undulator radiation. Resonant harmonics are
amplified independently in the so-called "linear" (exponential gain) regime [8,36]. This process
is referred to as the linear harmonic generation mechanism (LHG).

Figure 1 presents simulations performed using the three-dimensional, time-dependent code
FAST [37], illustrating the evolution of radiation power for the fundamental and the third harmonic.
The simulation is based on typical FLASH parameters (the same as used in Ref. [38]) including
a chirped electron beam as described below. In Fig. 1(a) we see that in the parameter space of
FLASH, the fundamental has a much larger gain than the third harmonic. As the amplification
of the fundamental approaches the onset of the nonlinear stage (maximum fluctuations in the
radiation pulse energy), the density modulation in the electron beam at the higher harmonics
becomes more pronounced. This results in a much stronger 3rd harmonic radiation than produced
by the LHG mechanism. Starting from the undulator length z 2 0.65z, (where zy,; is the
saturation length) the nonlinear harmonic generation mechanism (NHG) completely controls the
generation of the radiation at higher harmonics. Radiation powers at this point are on the level of
E/Ey,; ~ 0.01 for the fundamental, and E/E;, ~ 0.001 for the third harmonic, respectively (with
E;,, as the pulse energy emitted at saturation). In practical units, these radiation energies are in
the sub-microjoule range for the fundamental, and in the nanojoule range for the third harmonic.

The fluctuations observed in the radiation pulse energy curves reflect the inherent statistical
nature of SASE FEL radiation. In the linear stage of amplification, all harmonics are amplified
independently, and the statistical properties of the radiation of all frequency harmonics correspond
to those of completely chaotic polarized light and are described by Gaussian statistics [39—41].
When an electron beam enters the undulator, its radiation consists of a large number of longitudinal
and transverse modes. The mode selection process takes place along the undulator, and radiation
energy fluctuations start to grow as 0',% = 1/M, where M is the number of modes in the radiation
pulse. Since the evolution of the fundamental is only slightly disturbed by the harmonics, we can
state that its statistical properties are governed by Gaussian statistics up to the undulator length
of z =~ 0.75z4,,. In this case, the probability distribution of the instantaneous radiation intensity
W follows a negative exponential distribution, and any integral of the radiation intensity (such
as radiation power P, or radiation pulse energy E), fluctuates in accordance with the gamma
distribution [40,41]:

o L w oo MY (ENT L X
= T exp( <W>) - P (<E>) ) exp( <E>)’ .
where ['(M) is the gamma function, with argument M = 1/ o-é, and o-é = ((E-(E))*)/(E)? is the
relative dispersion of the radiation energy. For completely chaotic polarized light, the parameter
M has a clear physical interpretation - it is the number of modes in the radiation pulse [40,41].

As depicted in Fig. 1(b), the behavior of the radiation energy fluctuations for the third harmonic
differs from that of the fundamental. It is governed by Gaussian statistics up to z =~ 0.65z,,,, after
which a rapid increase in fluctuations between 0.65z,,, and 0.75z,, is observed. This occurs
because the nonlinear harmonics of electron density modulation, driven by the amplification of
the fundamental, start to dominate over those generated in the LHG mechanism.

The stage of the amplification process at the onset of the nonlinear regime is a very interesting
range, since the third harmonic is produced by the NHG mechanism, while the radiation of
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Fig. 1. Simulated gain curves for typical FLASH parameters (details provided in the text).
a) Average radiation energy. b) Fluctuations of the radiation pulse energy. c) Evolution
of the radiation pulse duration along the undulator. Blue and red colors correspond to
the fundamental and the third harmonic, respectively. Results are obtained with the FEL
simulation code FAST for an electron bunch with a 5 MeV peak-to-peak energy chirp.

the fundamental is described by Gaussian statistics. It has been noted in Ref. [12] that the
statistical properties of harmonic radiation from a SASE FEL change significantly with respect
to the fundamental (e.g., with respect to Gaussian statistics). In fact, the radiation intensity of a
higher harmonic generated in the NHG process results from the nonlinear transformation of the
fundamental intensity, expressed as z = W". Thus, the negative exponential distribution (Eq. (1))

transforms to [12,42]:
z

n(W)

In the nonlinear regime near the saturation point, the probability distributions for both, the
fundamental and the 3rd harmonic, change significantly from those in the linear regime. For
instance, at saturation, the 3rd harmonic radiation exhibits a much noisier behavior (a nearly
negative exponential) for instantaneous intensities, while the fluctuations of the fundamental
begin to stabilize [12].

Figure 1(c) shows the evolution of the radiation pulse duration along the undulator for both
the fundamental and the third harmonic. In the initial stage of amplification, the radiation
is incoherent, thus the radiation pulse profile mimics the electron beam axial profile for all
harmonics. As the FEL amplification progresses, the radiation pulse duration begins to shorten
since the core of the electron bunch exhibits a higher modulation and produces more radiation
power. The minimum pulse duration of the fundamental is achieved at the end of the high gain
exponential regime at z =~ 0.75z,,,. After this point, the gain in the central part of the electron

p(z) = 1 exp(=Z! " (W) )



Research Article Vol. 33, No. 5/10 Mar 2025/ Optics Express 10984 |

Optics EXPRESS i N

bunch is saturated while the tail of the bunch (where the amplification process is still in the
exponential gain regime) starts to contribute more, leading to the increase of the pulse length by
about 40% at the saturation point.

The evolution of the third harmonic pulse duration exhibits a different behavior. When the
generation of the third harmonic is driven by the LHG mechanism (for z < 0.65z,), the radiation
pulse duration is reduced, but at a much slower rate than that of the fundamental. The reason
for this is the significantly smaller FEL gain. When the NHG mechanism starts to dominate the
harmonic generation, the pulse durations of the fundamental and third harmonic become quite
comparable.

Practical estimates of SASE FEL parameters are well described in the framework of the
one-dimensional model. We start with the fundamental. The amplification process in SASE
FELs starts from shot noise in the electron beam. Radiation power and electron beam modulation
grow exponentially until the amplification process reaches the saturation regime. The coherence
time grows as well in the exponential gain regime. The saturation point corresponds to the
maximum brilliance of the radiation [43]. The saturation length can be described in terms of the
FEL parameter p and number of cooperating electrons N, [41,44,45]:

Aw (3 + 1“—N) , 3)

Zsat = m \/§

where N, = I/(epw), w is the radiation frequency, I is the beam current, —e is the charge of
electron, and Ay is undulator period. The coherence time at saturation is given by

1 [nInN,

(T max = p_w 18

“

A practical estimate for the parameter p can be made based on the observation that in the
parameter range of SASE FELs operating in the XUV and x-ray wavelength range, the number of
field gain lengths to reach saturation is about 10 [43]. Thus, the parameter p and the coherence
time 7. relate to the saturation length as:

p= /lW/Zsat’ T = /lzsat/(z‘/;C/lW)- 5

We consider an electron beam with a longitudinal Gaussian profile with an rms duration ;.
The radiation pulse duration is mainly determined by the length of the lasing fraction of the
electron bunch with additional corrections related to the slippage effect. The minimum pulse
duration (‘r[’j’;l"” in FWHM) is reached at the end of the high-gain linear regime [46]:

T[;’,gf" ~ 047, =0T XMXT1,. (6)
The figure of merit for describing the radiation properties of the higher harmonics is the
coupling factor Kj:

K = K(-D"Y2[1412(0) = T2 (Q)] @)

where Q = K?/[2(1 + K?)], K is the undulator parameter, and J is the Bessel function. In the
saturation point, the radiation powers for the 3rd and 5th harmonics are related to the power of
the fundamental as [12]:

(W3)

K3
——|sat = 0.094 X —,
<W1> |bdt K%

K3
=0.03%x =2 . ®)
K

with relevant corrections for emittance and energy spread effects.
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At the saturation point, the coherence time for higher harmonics decreases approximately in
inverse proportion to the harmonic number n, while the relative spectral bandwidth remains
nearly the same for all harmonics.

This model describes the SASE process in FLASH rather well. Experimental results of
extended studies of harmonic generation at FLASH have been presented e.g. in Ref. [1]. In these
studies, the fundamental wavelength was 13.7 nm. The contribution of the odd harmonics was in
agreement with theoretical expectations, of approximately 0.6% and 0.03% for the 3rd (4.6 nm)
and the 5th (2.75 nm) harmonics, respectively.

Looking at even harmonics, it is to note that the harmonic bunching factor is highest for the
second harmonic, but due to the symmetry of the planar undulators, the on-axis radiation at even
harmonics is strongly suppressed, since the contributions from neighboring periods are out of
phase and cancel each other out due to destructive interference. Consequently, the radiation of
even harmonics is significantly suppressed in a SASE FEL with a planar undulator driven by
an axisymmetric electron beam [11,34,35]. The measurements of even harmonics presented in
Ref. [1] have shown that they were indeed much weaker compared to the odd harmonics, since
these measurements have been performed with careful tuning of the machine parameters such as
the beam formation system, orbit, optics, dispersion, etc. However, sometimes measurements
show non-negligible levels of the 2nd harmonic [20] as well as in the present work. This happens
when not all machine parameters are tuned in a controlled way leading to an asymmetry in the
radiating system. Due to a finite electron beam size, betatron motion inside the undulators as
well as a not perfectly straight trajectory (and possibly other reasons) the destructive interference
is limited, leading to significant second harmonic radiation. Unfortunately, the properties of the
2nd harmonic cannot be described quantitatively due to insufficient knowledge of imperfections,
allowing only a qualitative discussion of potential effects [11,35,36,47].

The statistical properties of the 2nd harmonic are governed by the NHG mechanism similar
to those of odd harmonics. Regarding the radiation pulse duration, within the NHG-controlled
range it should evolve similarly to the fundamental. A quantitative description is only possible
with precise knowledge of the asymmetries. Detailed experimental studies of the 2nd harmonic
radiation are a delicate subject and require dedicated setups that also account for the specific
angular distribution of the radiation.

3. Simulation of the SASE process

The analysis of the FLASH2 operation indicates that the value of the normalized rms emittance
of the electron beam is in the range between 1 and 1.4 mm-mrad. Typically, at 13.5 nm, the
machine reaches saturation after seven undulator modules when operating with a 1 GeV electron
beam energy. This corresponds to the value of the peak electron beam current in the range from
1 to 1.5 kA. Based on multiple spectral measurements conducted at FLASH, the measured FEL
bandwidth is typically around 1% FWHM [1,48-50], which is notably wider than the natural
FEL bandwidth of approximately 0.4-0.5% for the given parameter space. This doubling of the
natural bandwidth arises from the energy chirp along the electron bunch. Using the frequency
chirp characterization method based on THz streaking, outlined in Ref. [51], we measured a
chirp for the data shown in this publication that resulted in a broadening factor ranging from 1.8
to 2.3 times the natural bandwidth, which is in good agreement with the spectral measurements.
Building on these findings, the the chirp in the simulation was adjusted such that the natural line
width is doubled leading to a spectral width of approximately 1%.

There are several mechanisms of chirp generation. Long pulse, low current electron beam
produced in the electron gun is compressed in several stages by a large factor (up to about one
hundred), and the peak current is increased correspondingly [52]. To achieve such a compression,
an energy chirp along the electron bunch is applied in the accelerating sections. This energy
chirp leads to bunch compression when the electron bunch moves through dedicated magnetic
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bunch compressors. The RF-induced energy chirp can be minimized such that it only slightly
changes the FEL properties with respect to a monoenergetic beam. On the other hand, different
kinds of wakefields and collective effects also generate an energy chirp along the electron bunch.
In particular, the longitudinal space-charge field (LSC) [52] has a strong effect on the energy
chirp. An important feature of the LSC wake is that the energy of the electrons in the lasing
fraction of the electron bunch is increased from the tail to the head of the electron bunch. This
feature results in a visible increase in FEL efficiency in the nonlinear regime, at the cost of an
increase in the FEL radiation bandwidth. The radiation pulse duration is also affected by this kind
of energy chirp. During the experiments discussed in this paper, the beam formation system was
typically tuned such that the LSC produced a significant energy chirp, resulting in the increase of
the radiation spectrum bandwidth by about a factor of 2 compared to the natural FEL bandwidth.

Thus, the simulations have been performed with the three-dimensional, time-dependent
simulation code FAST [37] for an electron energy of 1 GeV including a 5 MeV peak-to-peak
energy chirp, an rms energy spread of 0.2 MeV and a rms normalized emittance of 1.4 mm mrad.
The lasing fraction of the electron bunch is approximated with a Gaussian distribution of about
16 fs rms pulse duration and a 1.5 kA peak current, resulting in a radiation wavelength of 13.5 nm.
The same simulation parameters have already been used in Ref. [38], where a good agreement
between simulation and experiment has been shown over a rather large experimental parameter
range.

4. Experiment

4.1. Setup description

To obtain information on the XUV pulse duration and pulse energy for both the fundamental and
its third harmonic (and to some extent the second harmonic), we used THz streaking [53,54].
The THz streaking technique employs a noble gas target, which is photoionized by the FEL
pulses. The resulting photoelectrons carry the temporal and spectral characteristics of the
ionizing XUV radiation. These photoelectrons propagate within the time-varying electric field
of a co-propagating THz radiation and the final photoelectron kinetic energy distribution is
measured by an electron time-of-flight (¢€TOF) spectrometer. Depending on the time of ionization
with respect to the THz field, the photoelectrons change their momentum component in the
polarization plane of the THz field. If the electron wave packet is short compared to the period
length of the THz field, the temporal structure of the electron wave packet will be mapped
onto the kinetic energy distribution of the emitted electrons and thus can be used to determine
the pulse duration (details are described e.g. in Ref. [55,56]). Since the number of detected
photoelectrons was proportional to the XUV photons interacting with the gas target, we could use
the photoelectron spectra as the pulse energy monitor as well, similar to the approach outlined in
Refs. [57,58].

The measurements were performed at the dedicated photon diagnostic beamline FL21, which
is equipped with a permanently installed THz streaking setup [25]. The setup consists of
an interaction chamber in which the XUV and the THz beams are focused co-linearly to the
interaction point that is monitored by two eTOFs opposing each other perpendicular to the
propagation direction of the XUV pulses. A dedicated laser system delivers about 1 ps long
pulses at 1030 nm with a pulse energy of 3.5 mJ at a repetition rate of 10 Hz. These laser pulses
are used to generate the THz radiation based on optical rectification using a nonlinear crystal
(LiNbO3) (for details see e.g. [56,59]).

To accurately determine the streaking effect for each XUV pulse while avoiding space-charge-
induced spectral broadening, the single-shot streaked photoelectron signal must be sufficiently
intense, but not excessive to avoid a too large amount of ions created in the FEL focal volume.
Because of the large collection efficiency of the eTOF (Kaessdorf ETF11) and the high cross
section of noble gases in the XUV regime, only few 100 nJ of pulse energy are needed to
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accurately measure the kinetic energy distribution of the photoelectrons [56]. The low pulse
energy requirement allows the measurement of even the weak harmonic content of the FEL
radiation. Since the harmonics typically only contain a fraction of a percent of the fundamental
radiation, the latter one has to be suppressed substantially to be able to monitor the harmonic
signal without tremendous space-charge effects of the fundamental. Therefore, thin metal filters
(such as 200 nm zirconium in the present case) must be used to reduce the intensity of the
fundamental wavelength significantly (see Fig. 2). This ensures an accurate measurement of
the higher harmonics alongside the fundamental. Due to the strongly attenuated fundamental
and a rather large XUV focal spot of ~ 100 pm, we can exclude the possibility of multiphoton
processes contributing to the observed signals.

200

=& Fundamental streaking speed = 32 eV/ps
=& 2nd harmonic streaking speed = 53 eV/ps
== 3rd harmonic streaking speed = 67 eV/ps

175

-0.5 0.0 0.5

1.0
Time (ps)

Fig. 2. Kinetic energy of neon 2p and 2s photoelectrons induced by the fundamental, second
and third harmonic radiation of FLASH. The photoelectrons are created in the presence of
the THz streaking field, plotted as a function of the time delay between the FEL and THz
pulses. The fundamental FEL wavelength was set to 24 nm (52 eV), leading to a second
harmonic of 12 nm (104 V) and a third harmonic of 8 nm (155 eV). The fundamental
radiation is strongly suppressed by a 200 nm thick Zr filter. The ’streaking speed’ is derived
from the slope of the linear segment in each streaking trace.

4.2. Pulse duration measurements

In Fig. 2, the kinetic energy spectra of photoelectrons created by the fundamental, second and
third harmonic are plotted as a function of the temporal delay between the XUV and THz pulses.
This delay scan, often called the ’streaking trace,’ is directly proportional to the vector potential
of the THz field. The streaking trace provides the maximum energy shift of photoelectrons for a
given THz field and electron kinetic energy. By fitting the linear segment of the streaking trace
(shown as solid lines in Fig. 2), we can determine the ’streaking speed’, a parameter that connects
the energy shift with the emission time [56,60]. Note, that the streaking speed increases (for the
same THz field) with the kinetic energy of the electrons as vEy;, [55]. The pulse durations were
analyzed following the method described in Ref. [51], with the chirp taken into account.
FLASH can be operated in a large range of parameters regarding wavelength, pulse energy,
pulse duration, etc. Thus, the pulse durations of the fundamental and the third harmonic were not
only measured for a specific setting but utilizing the benefit of a permanently installed diagnostics
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endstation [25] several different FEL configurations were used. As illustrated in Fig. 3 the
fundamental (blue points) and the third harmonic (red points) pulse durations were measured as
a function of the amplification along the undulator.
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Fig. 3. Evolution of the measured pulse duration for the fundamental and the third harmonic
for various FEL settings compared to the simulation. The experimental data was acquired
over a period of several years for different FEL settings (see legend). For each data point
~ 3000 pulses of T;zt and ‘r]f]:d have been measured with THz streaking. To compare the
individual measurements the fundamental pulse durations of each setting have been scaled
to the simulation and the same scaling factor was applied to the third harmonic durations.
The ’error bars’ do not show the experimental uncertainty, but rather the rms width of
the observed pulse duration distribution caused by SASE-based fluctuations, "technical’
fluctuations as well as measurement errors to demonstrate how much the FEL pulse duration
changes for a particular setting. The simulated values (lines) are the 3D FAST simulations
for a chirped electron pulse, as shown in Fig. 1.

Analog to the scheme outlined in Ref. [38] the undulators were opened one by one and the
experimental conditions (XUV pulse energy and suppression of the fundamental) were optimized
for each setting. In total, we measured the complete gain curve or at least parts of it in several
different measurement campaigns distributed over few years. Thus, we cover a large range of
FEL settings with fundamental wavelengths from 20 to 48 nm, for pulse durations in the range of
100 fs to 180 fs and saturation energies of 15 pJ to almost 200 .

The experimentally determined pulse durations of the third harmonic (red points) and the
fundamental (blue points) for a large parameter range are presented in Fig. 3 together with the
simulation result as solid lines. To compare the different settings, the pulse durations of the
fundamental and the pulse energies were scaled to the FAST simulation. The scaling process
followed the method described in Ref. [38], as the simulation result for the fundamental provides
a reasonably accurate description of the evolution of the pulse duration along the undulators,
despite differences between the experimental and simulated parameters.

The number of undulators was scaled to the undulator coordinate z, ensuring that the onset of
measurable SASE (>0.5 wJ) aligns with the z range in which the energy gain becomes visible in
the simulated energy gain curve (z/zsq; ~ 0.7). This establishes the scaling for the undulator axis
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and defines the saturation length z,,,. Subsequently, the pulse energy was scaled such that at
Z = Zsar, the pulse energy was defined as the saturation pulse energy E;,, and all energies were
normalized to this value. Since we typically have fewer measurements for the pulse duration
than we have for the pulse energy, we cannot normalize the pulse durations as systematically as
the pulse energy. Thus, we chose the approach to scale the pulse durations of the fundamental
for each experimental setting to minimize the deviation to the simulation and use this factor to
subsequently scale the third harmonic duration.

Due to the lack of theoretical predictions for comparison, the second harmonic pulse duration
was not systematically studied. However, for a few cases second harmonic data was taken,
showing that the second harmonic pulse duration had about the same pulse duration as the third
harmonic, thus slightly shorter than the fundamental.

4.3. Pulse energy in the harmonic

Typical XUV pulse energies for the fundamental are in the range of tens to hundreds of uJ for
FLASH while the second and third harmonic radiation is expected to be on the order of 0.2-2%,
thus in the nJ or low wJ range [12]. See also Ref. [21] for a comprehensive analysis of the second
and third harmonic at the European XFEL.

The determination of the actual pulse energy ratios of the harmonics and the fundamental
radiation at the exit of the undulator is indeed not as easy as it may look at first glance at Fig. 2.
Here one can rather easily determine the different signal amplitudes for the fundamental, second
and third harmonic. However one has to consider several factors that influence this ratio on the
way between the undulator exit to the detector of the eTOF.

First of all the fundamental radiation is attenuated by the so-called gas attenuator, in order to
reduce the amount of FEL photons that reach the THz streaking setup. The attenuator consists of
a ~ 15 m long part of the XUV beamline which can be filled with up to few times 10> mbar
of gas (noble gas or, as in the present case, nitrogen) that typically has significantly different
cross-sections for the fundamental and the harmonics (here we consider the wavelength range of
25 nm- 35 nm). Following the Lambert-Beer law we can determine the attenuation which can
be many times higher for the fundamental than for the harmonics for high gas pressures in the
attenuator. The second influence to consider is the presence of 5 mirrors in the beam path (3x
carbon coated + 2x gold coated) with only a small wavelength dependence in the measured range
but significant influence for shorter wavelengths.

An additional source of influence is the wavelength-dependent cross-section of the target gas
(Ne), which is about 2-4 times larger for the fundamental than for the harmonics [62]. In addition,
the asymmetry parameter 3, indicating the angular distribution of the photoelectrons, changes
over the considered wavelengths range by a factor of about 2 [62]. Electrons ejected by shorter
wavelength radiation are more predominately emitted along the polarization axis of the XUV and
thus are more efficiently collected by the eTOF.

Finally, to get a sufficient eTOF signal for the harmonic radiation, the electrostatic lens in the
eTOF has to be optimized for a good transmission for faster electrons, which leads again to a
change of the fundamental to harmonic signal ratio in the range of 10. This enhancement factor
can be determined by measuring the ratio with and without a lens for a strong harmonic signal
(in deep saturation). Furthermore one has to consider that the measured signal by the eTOF is
proportional to the number of photons present in the harmonic or the fundamental. Thus, to get
the ratio in pulse energy (uJ) one has to multiply the determined ratios by 2 for the second and 3
for the third harmonic. Using all corrections leads to rather a large uncertainty which we estimate
to be about + 50%.

We do not consider the possible difference in pointing and divergence of the fundamental and
the harmonics, since typically most of the radiation propagating along the beamline is collected
by the focusing mirror and is focused on the interaction point.
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4.3.1. Pulse energy measurement

The second and third harmonic ratios vary a lot each time the FEL is set up for a new operation
point (different pulse duration, wavelengths, pulse energy, etc.). Looking at the large number of
measurements taken over a period of several years, we find the second harmonic ratio range at ~
0.1-0.6% and the third harmonic ratio at ~ 0.2-0.6% compared to the fundamental pulse energy.
Measurements with a grating spectrometer have determined values up to 1% for FEL settings
specifically optimized for the third harmonic. The determined third harmonic range is also in
agreement with Eq. (8), predicting a maximum third harmonic contribution between 0.9% (for
K ~ 1) and 1.8% (for K ~ 2) within the K (undulator parameter) range used in the experiments
(see Ref. [8]). Here one has to take into account that the typical energy spread suppresses the
third harmonic up to a factor of 3 in the practical case [12] decreasing the maximum values to
the range of the experimentally determined ratios. In the future, a third harmonic afterburner
undulator will further enhance the radiation output at the third harmonic at FLASH?2 [63].

The development of the FEL pulse energy along the undulators is illustrated in Fig. 4(a).
The simulation (solid lines) suggests that, at the end of the linear amplification regime of the
fundamental, NHG mechanism governs the generation of the third harmonic such that the power
of the third harmonic increases more rapidly than the power of the fundamental. Therefore,
according to the simulation, to achieve a high-intensity third harmonic, the FEL likely needs to
be tuned for saturation or even better deep saturation regime. Experimental data suggest a similar
trend to that indicated by the simulation. However, the absolute values of the harmonic energies
are lower than predicted by the simulation. A possible reason is that the measurement was taken
for a standard FEL setup that was not tailored for harmonic emission. The second harmonic
radiation is in addition to the third harmonic signal also recorded in the eTOF traces. Thus, we
can present the measured values, which are typically rather similar to the third harmonic, but due
to limited knowledge about non-symmetry in the radiating system that leads to the generation of
the second harmonic, no simulation was performed.

4.3.2. Pulse energy fluctuations

Since the pulse energy is measured for each FEL pulse, we extended the analysis from the
average pulse energies shown in Fig. 4(a), to the pulse-to-pulse energy fluctuations as shown in
Fig. 4(b). The fluctuation (rms of the pulse energy normalized to the average pulse energy) of the
fundamental and third harmonic pulse energy are plotted along the undulators and compared with
the simulation. The simulation predicts that the fluctuation increases in the linear regime to a
maximum at about z/z,,; ~ 0.8, where the fundamental and third harmonic reach their maximum
fluctuation and subsequently the fluctuations are strongly suppressed in saturation [12,40]. While
the third harmonic shows lower fluctuations than the fundamental in the very early part of the
amplification it has a much stronger increase and exceeds the fluctuations of the fundamental by
factor ~ 2.5 at z/z4; ~ 0.8. The fluctuations of the third harmonic, however, stay about 2.5 higher
than the fundamental fluctuations in deep saturation, since in this regime the third harmonic
is governed by the NHG while the fundamental radiation follows Gaussian statistical behavior.
Thus, to obtain a third harmonic pulse with reduced fluctuations, the FEL should operate in
the saturation and deep saturation regime. The measured fluctuations exceed the theoretically
predicted values, mainly due to measurement uncertainties and additional technical fluctuations
during the acceleration process, as discussed in detail in Ref. [61].

4.4. Single-pulse correlations

4.4.1. Pulse energy correlation

Recording the pulse energies for each FEL pulse at the fundamental and the third harmonic enables
the investigation of any correlation between them. The pulse energy of the fundamental radiation
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Fig. 4. a) Evolution of the pulse energy for the fundamental, second and third harmonic,
displayed on a logarithmic scale, as a function of the undulator length on a linear scale
(symbols are experimental data, lines are from the FAST simulation). All data points were
normalized on the fundamental pulse energy at the onset of saturation (z/zsq; = 1). The
estimated error for the harmonic experimental data is £50% - see text. b) Fluctuations of the
pulse energy for the fundamental and the third harmonic as a function of undulator length,
comparing experimental data with simulation results. The experimental data shows larger
fluctuations than the theoretically expected values, which can be attributed to measurement
uncertainty and additional technical fluctuations in the accelerator, as discussed in Ref.
[61]. The third harmonic shows about a factor of 2.5 larger energy fluctuation than the
fundamental at z/z4,; = 0.8 and beyond. This difference arises in the saturation regime, as
the third harmonic is produced by the NHG mechanism, while the fundamental is described
by Gaussian statistics.

was measured using a gas monitor detector (GMD) [57,64] upstream of the THz streaking (which
has a measurement precision of ~ £5%). The energy of the third harmonic is derived from the
signal intensity measured by the eTOFs. The single-shot energies of the fundamental and third
harmonic along the undulators are shown in Fig. 5(a) to (d). The experimental data shows no
correlation between the pulse energy of the third harmonic and fundamental. Still, one can see
the decrease of the fluctuations as the amplification process advances (as shown in Fig. 4(b)). The
simulation predicts a linear correlation between the pulse energies of the fundamental and third
harmonic in the linear regime. However, this linear correlation was not observed experimentally,
probably due to the larger measurement uncertainties in this regime.

4.4.2. Pulse duration correlation

Additionally, the pulse duration of the third harmonic was measured pulse resolved with THz
streaking and, thus, can be compared with the pulse energy of the third harmonic. The result
together with the simulation is shown in Fig. 5(e) to (h) at different stages of the amplification
process. The simulation suggests that fluctuations in pulse energy are approximately twice as large
as those in pulse duration. The experimental data confirm this but with broader fluctuations as
seen in Fig. 4(b). The simulation as well as the experimental results indicate no clear correlation
between the pulse duration and pulse energy of the third harmonic in or close to saturation. On
the other hand, the simulation predicts an interesting relation for the early amplification stage
(z/zsar = 0.76) for which we unfortunately do not have sufficient experimental data due to the low
signal level at z/z5,; = 0.76.
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Fig. 5. The upper row shows the experimental and simulated data the for single-shot pulse
energy of the fundamental and third harmonic, at different stages of amplification. All shown
data is normalized to the respective mean value. The experimental data does not show a
correlation. The lower row shows experimental and simulated data for the pulse duration
and pulse energy of the third harmonic. In e), the experimental result is not shown since the
third harmonic signal was too low for a reliable pulse duration measurement.

5. Discussion

In Ref. [38] we compared the evolution of the fundamental pulse duration and energy along the
undulator with predictions from a 3D FEL simulation (FAST code), using standard FLASH settings
including a chirped electron beam. There was a remarkable agreement of the measurements with
the simulation despite the simulation being performed for one specific case and the measurements
spanned over a rather large parameter range (wavelengths from 8 nm to 34 nm). As shown in Ref.
[38] the addition of a chirp in the electron bunch simulation leads to much better agreement with
the experimental data. Here we extended the approach by including the pulse duration and energy
of the third harmonic content of the FEL radiation. And again we find a reasonable agreement
between the simulation results and the measurements.

Figure 3 shows the photon pulse duration for the fundamental and the third harmonic radiation
as a function of the undulator coordinate z. The simulation shows that the pulse duration of the
fundamental is rather constant in the linear regime (z/z4,,<0.8) and increases towards the end
of the linear regime by only ~ 30% and stays almost constant in saturation (in contrast to the
unchirped simulation where the pulse duration strongly increases in saturation [38]). The third
harmonic pulse duration has a more interesting behavior. In the linear regime it is actually longer
than the fundamental. In this regime, the generation of the third harmonic is primarily driven by
the LHG mechanism (up to z = 0.65z,,). Therefore, the third harmonic pulse duration remains
longer than that of the fundamental. This slower reduction in duration is attributed to the smaller
FEL gain for the third harmonic compared to the fundamental. However, as the NHG mechanism
begins to dominate (around z 2 0.65z,,), the third harmonic experiences enhanced amplification
driven by nonlinear density modulation effects. After the saturation point, the simulation predicts
that the pulse duration of the fundamental and the third harmonic are about identical. This is
indeed surprising if one compares this with seeded FELs where the n”” harmonic of the seed laser
leads to an FEL pulse duration scaling (in the simplest approach) as 1/+/n [65] and the same
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scaling applies for the harmonic generation of optical pulses in a nonlinear crystal (again in a
simple approach) [66].

The experimental data shows a large variation of the third harmonic pulse durations which can
be attributed to the widely different experimental settings for each experimental campaign. Still,
it shows a similar trend as the simulation, namely a slight pulse duration elongation from linear
range to deep saturation. However, looking at the actual third harmonic pulse durations, they
are on average ~ 20% shorter as compared to the fundamental, and thus slightly shorter than
anticipated by the simulation. This may be due to a not fully optimized electron bunch phase
space for the standard operation.

Looking at the pulse energy, the simulation result shown in Fig. 4(a) predicts that in the linear
regime, the third harmonic’s energy rises significantly faster compared to the fundamental. Upon
reaching the saturation regime, the increase in pulse energy for both the fundamental and the
third harmonic slows down. The experimental data follows a similar trend but with lower overall
energy values, which again can be caused by unoptimized FEL settings.

Utilizing the third harmonic in FEL experiments it is not only important to know the pulse
energy but also its fluctuations. The energy fluctuations shown in Fig. 4(b) indicate that the
fundamental and third harmonic reach their maximum fluctuation at the end of the linear regime
at z/zs4 = 0.8 [12]. Both theory and experiment show that the fluctuation decreases strongly
afterwards. It is to be noted that the energy fluctuations of the third harmonic are at the end of
the linear regime till deep saturation about 2.5 times larger than the ones for the fundamental,
thus making measurements using the third harmonic more challenging.

Summarizing the findings so far, the best operation point (not considering transverse beam
properties) for decent third harmonic radiation at FLASH is in deep saturation. The pulse energy
is still growing in saturation for a (negatively) chirped electron bunch while the fluctuations are
constantly low and the pulse duration only increases slightly.

Since the THz streaking measures the pulse energy and pulse duration for each photon pulse,
we can also look for correlations between different radiation properties. In Ref. [61] we looked
at correlations between various properties of the fundamental radiation and found no significant
correlations in saturation either in the simulation or in the experimental data. Looking at Fig. 5
we also find no defined correlation for the pulse energy or pulse duration of the third harmonic in
saturation. However, the simulation predicts a strong correlation between the fundamental and
the third harmonic pulse energy in the linear regime, which is not represented in the experimental
data. Even having the large error bars, we should be able to see a certain degree of correlation in
the data and it is up to now not understood why it was not observed. Looking at the exponential
gain regime there is a negative correlation between the third harmonic pulse energy and pulse
duration (analog to the simulations for the fundamental presented in Ref. [61]) as shown in
Fig. 5(e). The pulse duration tends to be shorter for pulses with larger energy. Unfortunately, due
to the low signal-to-noise ratio at z/z,,; = 0.76, we were not able to measure the pulse duration
and compare with the prediction.

Generally, the absence of correlation for the saturated pulses is advantageous for data analysis.
When sorting the experimental dataset according to one radiation property there is no undesired
spurious correlation with another property which could lead to false correlations in the sorted
experimental data.

Considering that the simulation was performed for quite different FEL parameters the agreement
is rather remarkable. In several cases, the measured performance was less than in the (perfect)
simulations which we attribute to not fully optimized FEL settings. This may sound like a
drawback for the comparison with the theoretical predictions, but we deliberately measured with
the standard settings that are present for all-day operation, to document the parameters available
for experiments without dedicated optimization of certain parameters. This way we get a good
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estimation of the variation of parameters and how well the theoretical predictions can be used for
the planning of future experiments.

6. Conclusion

We analyzed the evolution of the pulse duration and pulse energy of the fundamental and third
harmonic radiation of FLASH during the amplification process. Using THz streaking as a
detection method, measurements were taken for a large range of FEL parameters from 20 nm to 48
nm, for pulse durations in the range of 100 fs to 180 fs and saturation energies of 15 uJ to almost
200 pJ for the fundamental radiation. The experimental results were compared to 3D simulations
(FAST code) simulating a chirped electron bunch, similar as described in Ref. [38]. Due to the
large parameter range, the measurements show some variation, but in general we can state that the
third harmonic pulse duration is about 20% shorter as compared to the fundamental, with a pulse
energy ratio to the fundamental ranging from 0.2% to 0.6%. The pulse durations of fundamental
and third harmonic increase from the onset of saturation to deep saturation only slightly due
to the electron chirp which is typically present at FLASH. The energy fluctuations of the third
harmonic decrease from the end of the linear regime to deep saturation but stay for the whole
range about 2.5 times higher than the fluctuations of the fundamental. Looking at correlations
between pulse energy and pulse duration we found experimentally no significant correlations
between the properties (similar to investigations in Ref. [61]). In contrast, the simulations predict
correlations in the early stage of the amplification which are experimentally not easily accessible.
Despite the differing FEL parameters used in the simulation and the experiments, the agreement
between the measured data and the simulations is decent. Thus, the predictions of the simulation
can be used for a large parameter range to guide future FEL experiments.
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