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Free electron laser pulse characterization by THz streaking

Abstract

The goal of this dissertation was to investigate a reliable single-shot pulse duration diagnostic
tool for the pulse duration and wavelength range delivered at the Free Electron LAser of Ham-
burg (FLASH). At Self-Amplified-Spontaneous-Emission-based free-electron lasers (FELs), the
radiation parameters - duration, arrival time, energy, spectrum, and spatial distribution - differ
for each pulse. A dedicated single-shot diagnostic tool for each parameter is therefore essential in
order to interpret the experimental data on a pulse-to-pulse basis.

This work summarizes the effort to realize a temporal diagnostic tool using the streaking tech-
nique by building a terahertz (THz) “streak camera”. The setupwas prepared and calibrated, and
various pulse duration measurements with different experimental settings were performed in or-
der to explore and validate the application range of the streaking method. The aspects limiting
the temporal resolution using the commissioned streaking setup were characterized experimen-
tally. The pulse duration measurements were analyzed using classical and quantum mechanical
streaking theory models. Furthermore, a deep statistical study on the SASE fluctuations was re-
alized using single-shot measurements of various radiation parameters. Scaling laws were derived
using theoretical simulations and the measured data. This analysis enabled the intrinsic statisti-
cal SASE fluctuations to be disentangled from accelerator-based fluctuations and measurement
uncertainties.

Exploiting the capabilities of the THz-streaking setup, fundamental atomic physics questions
were also addressed.

Within this thesis, the Post-Collision Interaction (PCI) effect in THz-assisted Auger decay
was studied for different noble gas atoms using a semi-classical analytical model. Moreover, a
quantum-mechanical description was developed in order to enhance the current methods. Nu-
merical simulations ofAuger electron spectra in the presence of aTHzfieldwere performedusing
the semi-classical model for various experimental parameters, focusing on achievable experimen-
tal conditions at currently operational FELs and particularly at FLASH. The results revealed the
optimal parameter range in which a measurable PCI effect can be expected and were used to pre-
pare PCI experiments at FLASH2 using the THz streaking setup.

iii





Free electron laser pulse characterization by THz streaking

Zusammenfassung

Ziel dieser Dissertation war es, ein zuverlässiges Einzelschuss-Diagnosewerkzeug für den Puls-
dauer- und Wellenlängenbereich des Freien Elektronen-Lasers (FEL) in Hamburg (FLASH) zu
entwickeln.

Die Strahlungsparameter, die von FELsmit selbstverstärkter Spontanemission (SASE) erzeugt
werden, sind für jeden Licht-Puls unterschiedlich. Dauer, Ankunftszeit, Pulsenergie, spektrale
und räumliche Verteilung ändern sich von Puls zu Puls. Daher kann eine Diagnose, die puls-
aufgelöst die zeitlichen Charakteristik der FEL Pulse vermessen kann, einen wichtigen Beitrag
zur genaueren Interpretation von Experimenten an FLASH liefern. Zu diesem Zweck wurde
eine Terahertz (THz) “Streak-Kamera” aufgebaut, die in dieser Arbeit vorgestellt wird.

Der Aufbau wurde vorbereitet, kalibriert, und es wurden verschiedene Pulsdauermessungen
mit unterschiedlichen experimentellen Parametern durchgeführt, um den Anwendungsbereich
derMethode zu erkunden und zu validieren. Durch die Analyse der gewonnenenDatenwurden
die Grenzen der zeitliche Auflösung dieses Streaking-Aufbaus untersucht. Die Messungen wur-
den mit klassischen sowie quantenmechanischen Methoden analysiert. Darüber hinaus wurde
eine eingehende statistische Untersuchung der SASE-Fluktuationen anhand von Single-Shot-
Messungen verschiedener Strahlungsparameter durchgeführt. Anhand von Simulationen und
gemessenen Daten wurden Skalierungsgesetze abgeleitet. Diese Analyse ermöglichte es, die im-
pliziten statistischen SASE-Fluktuationen von beschleunigerbedingten Fluktuationen undMes-
sunsicherheiten zu separieren.

Weiterhin ermöglichtTHz-Streaking eineVielzahl vonPump-Probe-Photoelektronenspektro-
skopie Experimenten. Als Beitrag zu grundlegenden Fragen der Atomphysik wurde der Post-
Collision Interaction (PCI)-Effekt beimTHz-unterstütztenAuger-Zerfall für verschiedene Edel-
gasatome mit Hilfe eines semi-klassischen analytischen Modells untersucht. Darüber hinaus
wurde eine quantenmechanische Beschreibung entwickelt, um die bisherigen Methoden zu er-
weitern. Numerische Simulationen von Auger-Elektronenspektren, in Gegenwart eines THz-
Feldes, wurden unter Verwendung des semiklassischen Modells für verschiedene experimentelle
Parameter durchgeführt. Hier lag der Schwerpunkt auf den experimentellen Bedingungen, die
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mit derzeit imBetrieb befindlichen FELs (insbesondere FLASH) erreichbar sind. Die Ergebnisse
zeigen den optimalen Parameterbereich auf, in dem ein messbarer PCI-Effekt erwartet werden
kann, und wurden zur Vorbereitung von PCI-Experimenten an FLASH2 mit Hilfe des THz-
Streaking-Aufbaus verwendet.
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Preface

This section summarizes the publications in scientific peer-reviewed journals derived frommy
work and specifies my contributions. The publications are attached in Appendix A and are re-
ferred to as A.1, A.2, A.3 and A.4 in the text.

A.1 Single-shot temporal characterization ofXUVpulses with duration from 10 fs to 350
fs at FLASH.
R. Ivanov, I. J. Bermúdez Macias, J.Liu, G. Brenner, J. Roensch-Schulenburg, G. Kurdi,
U. Frühling, K. Wenig, S. Walther, A. Dimitriou, M. Drescher, I. P. Sazhina, A. K. Kazan-
sky, N. M. Kabachnik and S. Düsterer. 2020 J. Phys. B: At. Mol. Opt. Phys. 53 184004
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S. Düsterer. The experiment was performed half a year before I started my PhD by S.
Düsterer, R. Ivanov and J. Liu. I developed part of the theoretical simulations using N.M
Kabachnik and A. K. Kazansky´s model. U. Frühling, K. Wenig, S. Walther and A. Dim-
itriou measured and analyzed the Auger spectra. R. Ivanov, S. Düsterer, N.M Kabachnik
and I prepared the initial manuscript. All of the other co-authors have provided sugges-
tions and proof-reading to finalize the manuscript.

A.2 Study of temporal, spectral, arrival time and energy fluctuations of SASE FEL pulses.
I.J. Bermúdez Macias, S. Düsterer, R. Ivanov, J. Liu, G. Brenner, J. Roensch-Schulenburg,
M. K. Czwalinna, andM. V. Yurkov. Opt. Express 29, 410491− 10508 (2021).
I analyzed the experimental data and interpreted the experimental results presented with
the supervision and approval of S. Düsterer. M.V. Yurkov performed the numerical simu-
lations and wrote the theoretical part of the paper. S. Düsterer, R. Ivanov and J. Liu per-
formed the experiment half a year before I started the PhD thesis. S. Düsterer and I wrote
and prepared the manuscript. All of the other co-authors have provided suggestions and
proof reading to finalize the manuscript.

A.3 Post-collision interaction effect in THz-assisted Auger decay of noble gas atoms.
I.J. Bermúdez Macias, S. Düsterer, R. Ivanov, U. Frühling, and N. M. Kabachnik. 2021 J.
Phys. B: At. Mol. Opt.Phys. 54085601.
U. Frühling, S. Düsterer and I suggested and developed the concept of the systematic stud-
ies of PCI experiments at FLASH2. Based on preliminary work done by S. Bauch andM.
Bonitz, I developed the code and performed the numerical simulations with the guidance
of N.M. Kabachnik. I interpreted the numerical results together with N.M. Kabachnik
and wrote and prepared the initial manuscript. All the coauthors contributed to the inter-
pretation of the results and the final version of the manuscript.
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A.4 Time-dependent postcollision interaction effects in THz-field-assisted Auger decay.
I.J. Bermúdez Macias, S. Düsterer, R. Ivanov, and N. M. Kabachnik. Physical Review A.
Accepted.
N.M.Kabachnick and I proposed and developed the novel theoreticalmodel as well as per-
formed the computational simulations. I interpreted the numerical results and prepared
the initial manuscript with the help of S. Düsterer, R. Ivanov and N.M. Kabachnick. All
the coauthors contributed to the final version of the manuscript.

Additional Contributions
I also contributed to the following publications which are not included in this thesis. As a

member of the FLASH team and with expertise on THz streaking, I conducted the experiments
mentioned in the publications below along the first authors and PIs, and contributed to the final
version of the manuscript.

• Electronic decay of core-excited HCl molecules probed by THz streaking.
K.Wenig, M.Wieland, A.Baumann, S.Walther, A.Dimitriou, M. J.Prandolini, O.Schepp,
I.Bermúdez Macias, M.Sumfleth, N.Stojanovic, S.Düsterer, J.Rönsch-Schulenburg,
E.Zapolnova, R.Pan, M.Drescher, and U.Frühling. Struct. Dyn.6, 034301 (2019).

• THz streak camera performance for single-shot characterization of XUVpulses with
complex temporal structures.
T. Oelze, O. Kulyk, B. Schütte, U. Frühling, E. Klimešová, B. Jagielski, L. Dittrich, M.
Drescher, R. Pan, N. Stojanovic, V. Polovinkin, K. P. Khakurel, K. Muehlig,
I. J. Bermúdez Macias, S.Düsterer, B. Faatz, J.Andreasson,M.Wieland, andM.Krikunova.
Opt. Express 28, 20686− 20703 (2020)
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1
Introduction

X-ray Free electron lasers (FELs) produce uniquely brilliant, transversally coherent and extremely
short laser-like photon pulses, allowing research of matter on both atomic time and length scales.
The first soft X-ray FEL in Hamburg (FLASH) started user experiments in 2005 [1] and was
followed by the construction and operation of other soft and hardX-ray FEL sources world-wide
such as LCLS [2], SCSS [3], SACLA [4], FERMI [5], European XFEL [6], SwissFEL [7] and
PAL-XFEL [8], to name some.

X-ray FEL facilities have opened exciting new opportunities for the investigation of ultrafast
processes in atoms, molecules, clusters and nanoparticles, in condensed matter and matter in
extreme conditions, including non-linear spectroscopy and single-shot single particle imaging
[9, 10, 11, 12, 13, 14, 15, 16, 17].
Currently, themajority ofX-rayFELs arebasedon self-amplified spontaneous emission (SASE).

This amplification process starts from shot noise in the electron beam, and the emitted photon
pulse consists of individual, independent, temporally coherent intensity spikes with positions
and peak heights changing from pulse to pulse [18, 19]. Therefore, all the radiation properties of
a SASE FEL such as the photon energy, spectrum, arrival time and duration vary for each pulse.
The knowledge of all these radiation parameters on a single-shot basis is essential for the evalua-
tion of the experimental data. Tremendous effort has beenmade to develop techniques and diag-
nostic tools in order to determine the different fluctuating radiation parameters for every pulse
in a non-invasive way. Particularly, various photon temporal characterizationmethods have been
developed [20, 21, 22, 23], since precise knowledge of the arrival time and pulse duration is im-
portant in time-resolved pump-probe experiments where one pulse is used to initiate a reaction
and a subsequent pulse is used to probe the system. For example, optical cross-correlation meth-
ods [24, 25] can be used as a temporal diagnostic tool, however these techniques are not feasible
at VUV and soft X-ray wavelengths as a timing tool due to the short absorption lengths in solids.
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Up to now, the THz streaking technique [26, 27] is the only method which has demonstrated
the capability to measure pulse duration and arrival time in a single-shot basis and for the wide
range of pulse lengths and wavelengths that soft-Xray SASE FELs can generate. Furthermore,
the streaking experimental setup can be installed in an almost non-invasive way and can poten-
tially match the high repetition rate of some FELs [28]. At FLASH, the proof-of-principle of
the THz streaking method was successfully demonstrated [26, 27], where the FEL pulse photo-
ionizes a gas target and creates photoelectrons which have the temporal information of the ion-
izing pulse. The energy of the released photoelectrons is then modified (streaked) by an external
electro-magnetic field depending on their time of ejection. For the pulse duration range provided
at FLASH(on the order of tens of femtoseconds), aTHzfield is used to streak the photoelectrons.
To this end, a single-cycle THz field is produced using an optical laser. After the implementation
of theTHz streaking experiment at FLASHand initial studies on how to use it as a temporal diag-
nostic tool [29], it was decided to dedicate a beamline (FL21) in order to study and commission
the setup.

In this work, the commissioning of a permanently installed THz streaking tool for the diag-
nostics of pulse duration and arrival time at FLASH is presented. A brief description of the
generation of SASE FEL pulses as well as streaking spectroscopy theory is discussed in chapter 2.
In chapter 3, the FLASH facility is shortly described, with special attention given to the FLASH2
experimental hall and the FL21 beamline, where the THz streaking setup is currently installed.
Furthermore, a detailed characterization of the streaking chamber is reported in section 3.3. In
chapter 4, a summary and overview of the scientific contributions derived from my PhD work
which resulted in peer-reviewed publications are presented. This encompasses the profound in-
vestigation of the application range and accuracy of the streaking setup aswell as a statistical study
of the photon properties both experimentally and theoretically. A preview of the most recent
measurements and analysis of pulse duration and arrival time with novel FEL operation modes
are also reported. These results will be part of future publications. Finally, the results of theo-
retical studies of post-collision interaction (PCI) effects in THz-assisted Auger decay are shown.
Preliminary results of experiments using the streaking chamber to study PCI are also discussed.
The conclusions and future perspectives are found in chapter 5.
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2
Theory

2.1 SASE free electron laser principle

The majority of FELs worldwide rely on the Self Amplified Spontaneous Emission (SASE) pro-
cess [19, 30, 31] to produce radiation. This type of radiation is generated by passing a relativistic
electron beam through an undulator, which is a periodic arrangement of dipole magnets of alter-
nating polarity. A planar undulator produces a magnetic field in the vertical y-direction whose
strength in the propagating z-direction varies as:

By(z) = B0sin(
2π
λu

z), (2.1)

where λu is the undulator period (which is the distance between two equal poles of magnets),
and B0 is the peak magnetic field on the undulator axis. When traversing the undulator, the
relativistic electron bunch is deflected on a sinusoidal trajectory in the propagating direction due
to the Lorentz force. The electron acceleration causes spontaneous emission of radiation at the
resonant wavelength [32]:

λr =
λu
2γ2

(1+
K2

2
+ γφ2), (2.2)

where γ is the Lorentz factor,

K =
eB0λu
2πmec

(2.3)

is the dimensionless undulator parameter and φ is the observation angle to the undulator z-axis.
Equation 2.3 shows that the resulting radiation is related to the magnetic field strength in the
undulator and the energy of the electrons moving through it. Therefore, the emitted radiation
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can be tuned by changing the electron bunch energy or, in the case of variable gap undulators, by
adjusting the magnetic field. The radiation emitted in the forward direction λ1 = λr(φ = 0) =
λu/2γ2(1 + K2/2) = 2πc/ωr, where ωr is the fundamental undulator frequency, co-propagates
with the electron beam and may exchange energy with the electrons. Steady energy transfer is
achieved if the difference of the propagated distance within one undulator period between the
electron bunch and the radiation is equal to the resonant wavelength. Since the wavelength that
meets the resonance condition is the same as that generated in the undulator in the forward direc-
tion, the spontaneously emitted radiation at the beginning of the undulator can be used as the
initial input to start the FEL process, known as SASE process. Depending on the relative phase

Figure 2.1: a) Schematic of a high‐gain SASE free‐electron laser, in which both the radiation power and the electron beam
microbunching grow as a function of the undulator distance until saturation. b) Growth of the radiation power and evolu‐
tion of the microbunching within the electron bunch as a function of the undulator distance. The microbunching process is
illustrated at three different positions in the undulator.

of the electrons to the light wave, some of the electrons in the bunch will lose energy to the radia-
tion while others will gain energy from it. If the interaction is continued over sufficient number
of undulator periods, faster electrons (with higher energies) will catch up with slower electrons,
and the electron beam will be periodically modulated in energy at the resonant wavelength λ1 of
the co-propagating radiation. As the beam propagates further in the undulator, the energy mod-
ulation results in a spatial modulation of the electron beam density at λ1. This is the so-called
“micro-bunching” shown in figure 2.1, where the electrons in each microbunch emit radiation
in phase. The more the electron bunch propagates through the undulator, the more the emitted
radiation increases, since it adds up coherently while the electron bunch loses energy, leading to
an exponential growth and eventual saturation of the radiation power. For the described geome-
try, the resulting radiation is linearly polarized in the horizontal direction, perpendicular to both
the magnetic field and the electron beam trajectory. Higher harmonic radiation, especially odd
harmonics, also exist with reduced intensity [33].
The behavior of a SASE FEL in the one-dimensional (1D) limit can be well characterized by
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the so-called FEL Pierce parameter ρ and the number of cooperating electronsNc [34, 35]:

ρ =

[
λ2uj0K2A2

JJ

16πIAγ3

]1/3

, Nc = I/(eρωr) , (2.4)

where γ is the relativistic factor, j0 is the beam current density, IA = mc3/e ≃ 17 kA, K is the
rms undulator parameter, and λu is the undulator period. The coupling factor is AJJ = 1 for a
helical undulator, and AJJ = [J0(Q) − J1(Q)] with Q = K2/[2(1 + K2)] for a planar undulator
where J0, J1 are the Bessel functions. I is the electron bunch current and ωr the frequency of the
amplified wave, with ωr/2π = c/λr.
As explained earlier, the radiation power grows exponentially with the undulator distance z:

P(z) ∝ exp(z/zG), where the power gain length is [34]:

zG ≃ λu
4π

√
3ρ

. (2.5)

The exponential growth continues until the energy of the electronbunch is decreased to the point
that the resonance condition is not fulfilled anymore, thus the FEL power achieves maximal sat-
uration. Furthermore, the microbunching also reaches saturation, and the electrons in the mi-
crobunch start being accelerated by the light wave and gaining energy on average (the light wave
loses energy). The effect of saturation in a high-gain FEL after passing the exponential growth
regime is depicted on the right side of figure 2.1.
The saturation length is given by [36]:

zsat ≃
λu
4πρ

(3+
ln(Nc)√

3
). (2.6)

SASE FELs can have excellent transverse coherence, as the high-gain process selects a dominant
fundamental mode. However, since the amplification process originates from fluctuations in the
electron beam current, SASE FEL radiation has limited temporal coherence and exhibits shot-
to-shot fluctuations in intensity. This gives rise to the importance of measuring the temporal
properties for every pulse at a SASE FEL. Examples of simulated SASE FEL photon pulses can
be found in figure 1 of A.2. The pulse is composed of individual intensity spikes, each with the
duration of the coherence time τc [18]. At the saturation point τsatc is given by[35]:

τsatc ≃ 1
ρωr

√
πln(Nc)

18
, (2.7)

where ωr is the resonance frequency. The coherence time is a measure of the temporal range over
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which the electrons emit coherently and the shortest pulse duration accessible at a SASE FEL
[37, 38, 39]. It grows at a rate of

√
z in the exponential gain regime (also known as linear regime),

reaches amaximumvalue just before saturation, and gradually drops down in the post-saturation
regime [35, 36] (see dotted line in figure 2 of A.2).

2.1.1 Statistical properties of SASE FEL radiation

The radiation from a SASE FEL operating in the linear regime holds properties of completely
chaotic polarized light [35], and the probability distribution of the energy in the radiation Er is a
gamma-distribution [35, 36]:

p(Er) =
MM

Γ(M)
(

Er

< Er >
)M−1 1

< Er >
exp(−M

Er

< Er >
) (2.8)

where Γ(M) is the Gamma function,

M =

(
< Er >

σEr

)2

, (2.9)

and σEr =
√

< (Er− < Er >)2 > is the standard deviation of the radiation pulse energy.
TheparameterM canbe interpreted as the averagenumberof ‘‘degrees of freedom’’ or ‘‘modes’’

(longitudinal and transverse) in the radiation pulse [36, 40, 41]. Furthermore, as demonstrated
in reference [41],M can be linked to the dimensionless normalized electron pulse duration τ̂el,

τ̂el = ρωrτel, (2.10)

where τel is the electron bunch pulse duration. There, it was shown that forM > 2, the number
of modesM essentially equals the normalized electron pulse duration τ̂el.
Using this information, it is possible to estimate the minimum rms radiation pulse duration

at the end of the high-gain linear regime [41] (See also equation 8 in A.2):

τmin
ph ≃ Mλzsat

15cλu
≃ Mτsatc

4
. (2.11)

Equation 2.11 allows a simple way to derive the minimum pulse duration by means of knowing
the coherence time and number of radiation modes.
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2.2 Terahertz streaking spectroscopy

Streaking experiments have been widely used in the past decades to measure photon pulse du-
ration [42, 43, 44]. The basic concept consists of mapping the temporal profile of the photon
pulse onto an “easy-to-measure”, energy distribution. This is achieved by creating an electron
wavepacket, via photoemission, which has the same temporal profile as the ionizing photon pulse.
The photoelectrons are accelerated depending on their time of release, by a laser field towards a
detector which measures the time-of-flight of the electrons.

Figure 2.2: Geometric representation of the THz streaking experiment. A noble gas target is photoionized by an FEL, creating
photoelectrons. Depending on the time delay between the linearly polarized THz field and the FEL pulse, the photoelectrons
will interact with a different phase of the field which will accelerate or decelerate the photoelectrons. Finally, a time‐of‐flight
spectrometer detects the ejected photoelectrons.

In recent years, an advanced streaking technique adapted from attosecond metrology [45, 46]
has been developed and implemented at FELs. This technique [26, 27] uses the electromagnetic
field of a laser pulse to streak the photoelectrons produced by the FEL. A condition for the field
is that its oscillation period has to be significantly longer than the photon pulse to be measured.
Due to the FLASH FEL pulse duration range of∼ 100 fs, the streaking field periods that fulfill
this condition correspond to frequencies in the THz range.

In figure 2.2 a representation of the THz streaking principle is shown, where an XUV pulse
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is focused into a noble gas target and collinearly overlapped in space and time with a linearly
polarized THz field. The interaction between the XUV pulse and the gas creates photoelectrons
via photoionization with the same temporal profile as the photon pulse. If this process occurs
within one half-cycle of the THz field, the photoelectrons will be accelerated in the direction of
the THz streaking field. The resultant change in momentum of the photoelectrons depends on
the THz vector potential at the ionization time. A time-of-flight (TOF) spectrometer, placed
along the polarization direction of both the XUV pulse and THz field, collects andmeasures the
time-of-flight of the ejected photoelectrons.

Semi-classical description

Physically, the ionization of an atom by a femtosecond XUV pulse in the presence of a low-
frequency strong laser field can be described as a two-step process, due to the difference in fre-
quency between the XUV and the laser pulse. The first step is the photoionization, which gen-
erates an electron wavepacket in the continuum, and the second is the effect of the laser field on
the energy spectrum of this wavepacket [47]. The semi-classical model uses classical mechanics
to describe the second step [48, 49] and is briefly described below.

Consider an electron ejected from an atom to the continuum by an XUV pulse at a time t0
with an initial kinetic energy of:

W0 =
mev20
2

= Exuv − Eb, (2.12)

where me is the electron mass, v0 is the initial velocity, Exuv is the energy of the absorbed pho-
ton and Eb is the binding energy of the atom. Assuming Eb ≪ Exuv, the influence of the ionic
potential on the electron motion can be neglected as the electron rapidly escapes from the ion.
Therefore, the motion of the freed electron will be driven by the strong laser pulse [50].

Consider a linearly polarized electric laser field

EL(t) = E0(t)cos(ωLt+ φ0), (2.13)

where E0 is the envelope of the laser pulse, ωL is its angular frequency and φ0 its phase at the
moment of ionization. In this thesis, an electric laser field in the THz frequency range was used.
The time-dependent momentum p⃗(t) of the electron is given by [44, 50]:

p⃗(t) = eA⃗L(t) + [mev⃗0 − eA⃗L(t0)], (2.14)

with A⃗L(t) being the vector potential of the laser’s electric field in the Coulomb gauge, such that
E⃗L = −∂A⃗L/∂t and is e the electron charge. Note that if there is no laser, equation 2.14 re-
duces to themotion of the free photoelectronmev⃗0. The first term on the right side describes the
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Figure 2.3: The dashed circle illustrates the initial photoelectron momentum distribution after ionization by the XUV pulse
without laser field. The solid circle, translated by−eA⃗L(t0), represents the momentum distribution under the influence of
a streaking laser field polarized along the x‐axis. Both, the electron kinetic energy and the direction of motion are altered.
Figure adapted from [44].

electron quiver motion in the laser field and goes to zero as the laser pulse ends. The bracketed
expression is the final momentum ⃗pf(t0) of the electron, which is a constant and is determined
by the initial momentum at the time of ionization p⃗0(t0) = mev⃗0. The final momentum differs
from the initial one by eA⃗L(t0) and is measured experimentally after the laser pulse ends.

The momentum change Δp⃗(t0) after the end of the laser pulse is given by:

Δp⃗(t0) = p⃗f(t0)− p⃗0(t0) = −eA⃗L(t0) (2.15)

Considering photoelectronswith a fixedmomentumamplitude |⃗p| anduniformangular distri-
bution, the effect of the laser field on the electron’s momentum can be visualized by plotting |⃗p|
as a function of the observation angle θ in the x-y plane (pz = 0) [44, 50, 51], as shown in figure
2.3. The finalmomentumof the photoelectrons in the absence of the laser field is independent of
θ and the distribution is thus a circle of radius p⃗0(t0) (dashed circle). In the presence of the laser
field, for a given t0, and assuming that the laser field E⃗L(t) is polarized in the x−direction, the
distribution of the photoelectrons will remain a circle (solid circle) with the same radius but with
its center translated by−eA⃗L(t0)with respect to the dashed circle in the x− direction. Therefore,
as t0 varies, this circle will oscillate along the polarization direction axis. This shows that besides
changing the electron’s final kinetic energy, the linearly polarized laser field deflects it from its
initial propagation direction.

For a given observation angle θ and time of ionization t0, one can determine the final mo-
mentum distribution p⃗f(t0) = p⃗0(t0) + Δp⃗(t0), and therefore calculate the final kinetic energy
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Wf = |⃗pf|2/(2me) for photoelectrons moving in the x − y plane by solving the second-order
polynomial equation |⃗p0(t0)|2 = |⃗pf(t0)− Δp⃗(t0)|2:

|⃗pf(t0)|2 − 2|Δp⃗(t0)||⃗pf(t0)|cosθ+ |Δp⃗(t0)|2 − |⃗p0(t0)|2 = 0. (2.16)

This leads, for a linearly polarized laser field and in the slowly-varying envelope approximation
(dE0/dt ≪ E0ωL), to [44, 50]:

Wf(t0) = W0 + 2Up(t0)cos(2θ)sin2(ωLt0 + φ0)

± cosθsin(ωLt0 + φ0)
√

8Up(t0)W0√
1−

2Up(t0)
W0

sin2θsin2(ωLt0 + φ0),

(2.17)

where the observation angle θ is the angle between p⃗f and the laser polarization direction, and
Up(t0) is the ponderomotive potential (cycle-averaged kinetic energy of a free electron oscillating
in the electromagnetic field of the laser pulse) at time t0. The latter is given by [50]:

Up(t) =
e2E2

0(t)
4m2

eω2
L
. (2.18)

ForUp ≪ W0/2, only the positive sign of equation 2.17 has a physical meaning. This equation
shows how the energy changeWf−W0 induced by the laser field is dependent on the ionization
time t0 and the observation angle θ.

For an observation angle perpendicular to the laser polarization direction (θ = π/2) where
there is a maximum deflection, the final kinetic energy is given by:

Wf⊥(t0) = W0 − 2Up(t0)sin2(ωLt0 + φ0). (2.19)

At this observation angle, the laser field leads to a reduction of the kinetic energy of the photo-
electrons with a periodic oscillation of double the laser frequency. This shift is negligible because
Up ≪ W0/2, and therefore the final kinetic energy measured is equal to the unperturbed initial
energyWf⊥(t0) = W0.
At an observation angle along the polarization direction (θ = 0), the final kinetic energy is

given by:

Wf∥(t0) = W0 − 2Up(t0)sin2(ωLt0 + φ0) + sin(ωLt0 + φ0)
√
8Up(t0)W0. (2.20)
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Here, the term in the middle can be neglected as in the case above. Taking this into account, the
photoelectron detector for streaking experiments is usually placed along the laser polarization
direction in order to have the largest energy shift effect. The measured kinetic energy change is
therefore given by:

ΔW∥(t0) = Wf∥ −W0 ≈
√
8Up(t0)W0sin(ωLt0 + φ0) ≈ e

√
2ω0

me
AL(t0). (2.21)

Note that around the zero crossing of the vector potential (when the argument ωLt0 + φ0 is
small), the ionization time is projected onto the kinetic energy of the electrons. According to this
model, the influence of the laser field depends on the time of ionization and leads to a periodic
modulation of the kinetic energy of the photoelectrons ejected to the continuum by the XUV
pulse. Furthermore, equation 2.21 shows that there is a linear dependence between the kinetic
energy change of the photoelectrons and the vector potential of the laser field at their ionization
time.

Quantum-mechanical description

The above formalism is valid for a point-like single electron. However, the released photoelec-
trons form a wavepacket, whose properties reflect the XUV pulse properties. At FELs, the XUV
pulses have a spectral distribution. Therefore, the model has to be adapted to a distribution of
electrons.

The effect of the streaking field on the initial time-momentum distribution ne(pi, t) of the
photoelectron’s distribution is [51, 52]:

σ(p) =
∫ ∞

−∞
ne(p− eA(t), t)dt. (2.22)

Here, the width of the streaked photoelectron spectrum depends on the initial electron distribu-
tion,whichdepends on theXUVpulse properties. Aquantum-mechanical descriptionof atomic
XUVphotoionization in a laser field canbe found for example, in references [44, 45, 46, 50]. This
model uses the strong field approximation (SFA) [53] in addition to the single active electron ap-
proximation (where the ionization is described as a pure one-electron process inwhich all remain-
ing non-ejected electrons act as frozen spectators). A comparison between the semi-classical and
the quantum-mechanical treatment shows that both models are equivalent as long as the XUV
pulse is significantly shorter than half the streaking field period.

The effect of the streaking field on an electron distribution with a finite temporal duration is
briefly explained below.

12



Streaking of Fourier limited pulses

TheXUVspectrum in the presence of a linearly polarized electric field canbe calculatedquantum
mechanically [44] and solved analytically in the special case of Fourier limited (also known as
bandwidth-limited) XUV pulses with a Gaussian envelope

EXUV = Ae−a(t−t0)2/2σ2XUV , (2.23)

where the full width at half maximum (FWHM) of the pulse duration is given as

τXUV = 2
√
ln2σXUV. (2.24)

For an observation angle along the polarization direction of the streaking field, the XUV spec-
trum has a Gaussian shape with a width determined by [29]:

σstreak =
√

σ20 + sσ2XUV, (2.25)

where s = ∂W∥/∂t is the streaking speed and σ0 is the width of the pulse without the streaking
field. In this thesis, σ0 is termed “unstreaked” or “reference” width.

Figure 2.4: Streaking of a Fourier limited XUV pulse. The photoelectron distribution produced via photoionization by an
XUV pulse is probed around the zero‐crossing of the streaking vector potential. The photoelectrons emitted before and after
the zero‐crossing are decelerated and accelerated respectively by the streaking field. This results in a broader spectrum as
compared to the field‐free case.

Figure 2.4 shows the effect of the streaking field in the photoelectron distribution produced
by a Fourier limited XUV pulse synchronized at the zero-crossing of the streaking vector poten-
tial. The electron distribution is a replica of the XUV pulse and thus has the same temporal
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distribution. The momentum change of the photoelectrons depends on its time of ionization
as they interact with a different phase of the streaking field - electrons produced before and after
the zero-crossing of the vector potential are decelerated and accelerated respectively. Therefore,
the width of the final momentum distribution is broader compared to the field free distribution.
The broadening of themeasured spectrumdepends on the streaking speed s of the field, the pulse
duration and bandwidth of the XUV pulse, as seen in equation 2.25.
In general, XUV pulses may have a chirp (time dependence of its instantaneous frequency)

and this dependence is also present in the photoelectron distribution, resulting in a different be-
haviour of the streaked spectrum.

For the case of an XUV pulse with a linear chirp and a Gaussian envelope

EXUV = ÊXUVcos(ωt+ ct2), (2.26)

where ÊXUV is the envelope of the pulse, ω is the central frequency of the XUV field and c is the
linear chirp parameter, equation 2.25 becomes [54]:

σstreak =
√

σ20 ± σ2XUV(s2 + 4cs). (2.27)

The sign ± depends on the slope of the vector potential. The sign is positive or negative for
an observation direction parallel or antiparallel to the streaking field respectively. Therefore, for
a linearly chirped XUV pulse, two measurements at opposite slopes of the vector potential are
required to determine the duration of the pulse[54].

2.3 Post-collision interaction effect.

The term Post-Collision Interaction (PCI) is used to describe the effects of the interaction of
charged particles in the final state of the atomic collision process [55]. In particular, in the pho-
toinduced Auger process, PCI is the interaction between the photoelectron, the Auger electron
and the residual ion [56]. Here, the PCI effect distorts the shape of theAuger line in the spectrum
and changes the mean energy. With the advent of time-resolved experiments to study atomic
processes such as Auger decay, it was found that under certain conditions, PCI leads to a time-
dependent Auger electron kinetic energy [57]. This temporal energy variation of the Auger spec-
trumwas investigated experimentally by using the terahertz (THz) streaking technique described
in the previous section, where atoms are ionized with an extreme-ultraviolet (XUV) pulse in the
presence of a linearly polarized electricTHzfield. An accurate theoretical description of theTHz-
assisted photoinduced Auger process can be given by solving the time-dependent Schrödinger
equation, where both the exciting XUV and streaking THz pulses are taken into account [58].
However, the long streaking THz pulse in comparison with the fast oscillations of the electronic
wave functions makes a direct application of this method not feasible due to prohibitively long
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Figure 2.5: Scheme of the PCI effect. A photoelectron (emitted at tph) is overtaken by a faster Auger electron (emitted at
tph + τA) at the time t∗ and distance r∗ from the ion. The change of screening of the ion, results in an energy gain for the
Auger electron and an energy loss for the photoelectron. Figure adapted from [57].

computation time. In reference [59], a new analytical semiclassical model was developed which
incorporates both the streaking of photoelectrons in the presence of a THz field and the PCI
effect. The model is based on the semi-classical description of the PCI effect (illustrated in figure
2.5): A slow photoelectron is overtaken by a fast Auger electron, causing a temporal change of
the effective electron-ion interaction potentialVei the two electrons experience. Therefore, when
the Auger electron passes by the photoelectron at a distance r∗ from the ion, the Auger electron
gains (photoelectron loses) the energy ΔEPCI = −1/r∗ − (−2/r∗) = 1/r∗ > 0. Here, it is as-
sumed that the energy exchange occurs instantaneously at t∗ and themovement of both electrons
is considered classically. Furthermore, this model predicts that the net amount of transferred en-
ergy depends on the distance from the ion - the closer the overtaking happens, the stronger is the
effect.

This model was used for the calculations performed in A.3. Since a detailed explanation of
the method is given in [57, 59] and A.3. Here, only a short description of the model and the
most important equations are presented. Atomic units are used in the equations presented in
this section.

Consider a photoelectron emitted at a time tph with momentum pph and an Auger electron
released after the photoelectron at a time τA with a momentum pA > pph in the presence of a
linearly polarized THz streaking field with vector potential ATHz(t). Expanding in Taylor series
the THz vector potential around the moment of the photoemission:

ATHz(τA) = Ap + ȦpτA + ϑ(τ2A) + ... (2.28)

15



where Ap = A(tph) and Ȧp = dA
dt (τph) denotes the first time derivative of the vector potential.

Considering the Auger electron spectra in two neighbouring zero-crossings of the vector poten-
tial (Ap = 0) and ignoring the higher order terms in 2.28, the energy shift for Auger electrons in
the THz field is given by pAA(τA) = pAȦp(τA) and shows that the energy shift depends on the
sign of the derivative Ȧp.
For a positive derivative of the streaking electric field Ȧp > 0, the PCI-distorted spectral line

shapes of the Auger electron is given by [59]

f+(ε) = Γ4
k+ − ε−

k+
e−Γ4(k+−ε+), (2.29)

where Γ4 = |α|ΓA with α = (2pAȦP)
−1 and ΓA is the Auger decay line-width (without THz field)

so that the core-hole lifetime is Γ−1
A .

For negative values of ȦP < 0, the Auger spectral line shape is:

f−(ε) = 2Γ4e−Γ4ε+(
ε−
k−

cosh Γ4k− − sinh Γ4k−). (2.30)

In equations 2.29 and 2.30, k± =
√

ε2− ± |β|, ε± = ε ± β
4δr

∗ with β = 4pAȦP/pr. The
parameters pr and δr∗ determine the classical distance from the ion at which the Auger electron
overcomes the slowerphotoelectron r∗ = τApr+δr∗. Here pr = pApph/[pA−pph+A(tph)−A(τA)],
and δr∗ is a small correction to the initial distance of the two electrons from the ion.

Finally, due to thefiniteXUVpulse duration, theAuger spectrumgeneratedby theXUVpulse
in theTHz field is given by the numerical convolution of the streaked energy spectrum fX(̂ε)with
the PCI-distorted spectral line shapes f±(ε):

fX±(ε) =
∫ +∞

−∞
dε̂fX(̂ε)f±(ε− ε̂). (2.31)

Where fX(̂ε) = 1√
πΓX

exp (− ε̂2
Γ2X
), ΓX = pAȦPτXUV, and τXUV is the XUV pulse duration full-

width at half-maximum (FWHM).
In [59] it was shown that as a result of the influence of PCI, the width of the Auger spectrum

at ȦP > 0 (denoted as ω+) is larger than at ȦP < 0 (denoted as ω−) and the widths are equal if
the PCI effect is negligible. Therefore, in A.3 PCI was characterized by the ratio of these widths

Rω = ω+/ω−. (2.32)

16



3
Experiment

3.1 The Free electron LASer in Hamburg (FLASH)

FLASH is the world’s first XUV and soft X-ray free-electron laser (FEL) facility and the only
high repetition FEL in this wavelength regime so far. Figure 3.1 depicts the schematic layout of
FLASH, which has been described in great detail in literature at its different development stages
[60, 61, 62, 63]. Briefly, FLASH is composed of the laser injector based on a laser-driven normal
conductingRF gun, which allows every 10Hz the generation of up to 800 electron bunches with
a repetition rate of up to 1MHz and several ps duration, seven 12m long TESLA-type supercon-
ducting accelerating modules that accelerate the electron bunches to energies from 0.35 to up
to 1.25GeV, bunch compressors that compresses the electron bunch longitudinally to∼ 100 fs
duration, leading to a peak current range of 1 − 2.5 kA, and undulator structures, which are a
series of permanent magnets. The FLASH1 undulator system consists of 6 undulators with a
period of λu = 27mm, peak magnetic field of B0 = 0.47T and a fixed gap of 12mm, whereas
FLASH2 is equipped with 12 variable-gap undulators with a period of λu = 31mm [64]. At the
last stage, a dipolemagnet deflects the electron beam into a dump, while the FEL radiation is sent
to the experimental halls.

3.2 FLASH beamlines

The FLASH facility has two experimental halls, FLASH 1 and 2 [61, 62, 63, 65, 66], where two
different experiments can be conducted in parallel. Up to 2021, FLASH1 has hosted five beam-
lines for users: BL1, BL2, BL3, PG1 and PG2 delivering short intense photon pulses from 4.2
to 50 nm. In addition, at the plane grating (PG) monochromator beamline [67, 68], there is
a branch (PG0) that can be used in parallel to the PG beamlines. This configuration enables
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Figure 3.1: Schematic view of the Soft‐Xray FEL FLASH in DESY. It shows the main components of an FEL, the electron
bunch injector, acceleration cavities, undulator section to produce FEL radiation and the 2 experimental halls.

the utilization of the 0th diffraction order for experiments while the dispersed radiation is simul-
taneously used to measure the FEL spectrum. On the other hand, FLASH2 can be tuned to
wavelengths from 4 to 90 nm and at present operates three beamlines: FL21, FL24 and FL26.

When the FEL radiation enters the experimental hall, it passes through a series of photon di-
agnostics [61] before the beam is sent to a specific beamline through ultra-high vacuum (UHV)
pipelines. Currently, there are various photon diagnostic devices operating at FLASH.The pulse
energy of the FEL radiation ismeasured on a single-shot basis at FLASH 1 and 2 using a gasmoni-
tor detector (GMD) [69, 70] with a precision of±10%. At FLASH 1 (BL beamline branch), the
photon spectrum is determinedusing apulse-resolving variable-line-spacing grating spectrometer
(VLS)with a resolving power of 500 to 8000depending on the FELwavelength [71]. In addition,
it is possible to measure the spectral distribution of pulses with a high resolution spectrometer
using the PG beamline [67, 68]. At FLASH2, an online photoionization spectrometer (OPIS)
[72, 73, 74] is available to measure the photon energy with an accuracy of 0.1 eV regardless of
the FEL wavelength [74]. Furthermore, a mobile compact spectrometer [75, 76, 77], which can
be set up at the endstation or behind user experiments of any beamline, can measure the spec-
trum with a spectral resolution in the 0.1–0.2% range [76]. At FLASH1, a transverse deflecting
RF structure (TDS) [78] in combination with an energy “spectrometer” (which is composed of
dipole magnets to disperse the electrons in the transverse direction and a detector screen) is used
for electron bunch length, longitudinal phase-space and energy spread measurements [79]. The
results are used to estimate the average photon pulse duration [41, 80]. On the other hand, at
FLASH2, a Polarizable X-band (PolariX) TDS [81] and a kicker to deflect the beam onto an off-
axis screen station are used for these type of measurements. Furthermore, the arrival time of the
electron bunches with respect to the master optical clock is measured at FLASH 1 and 2 using
the bunch arrival timemonitor (BAM)with an accuracy of∼ 10 fs rms [82, 83]. Experiments at
FLASH1with the THz-streaking setup showed that there is a good agreement between the BAM
measurements and the arrival timefluctuations of the FELpulseswith respect to the pump-probe
laser at the experimental end-station [29]. The results showed a very good correlation between
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Figure 3.2: On the left side, FLASH 1 and 2 experimental halls with their respective beamlines. On the right side, an overview
of the FL21 beamline at FLASH2, where the THz streaking experiment is currently installed. There is a cutting mirror that
reflects the beam into the streaking beamline, where a 1030 nm laser generates THz radiation.

them with a correlation width of∼ 15 fs, verifying the high precision of the BAM.
All these diagnostic tools are used together on a daily basis to provide feedback in order to fine

tune the FELparameters for user experiments aswell as to evaluate and sort the experimental data.
However, there is still no standard diagnostic tool for the direct measurement of photon pulse
duration and arrival time. After a thorough experimental study of different temporal diagnostic
techniques [20], where indirect and direct methods to measure pulse duration were compared,
at FLASH it was decided that the THz streaking technique fulfills most of the requirements
of a diagnostics tool for a SASE FEL, i.e. it can measure in a single-shot basis, it is wavelength
independent and can be set up in an almost non-invasive way. Therefore, as a major effort to
provide pulse duration and arrival time information, the FL21 beamline and a THz streaking
setup was commissioned as part of this doctoral thesis.

3.2.1 FL21 beamline

The FL21 beamline is located in the FLASH2 experimental hall (see figure 3.2). After the photon
beamenters FL21, there is a cuttingmirror (CM) that canbemoved in from top in order to reflect
part of the beam to the THz streaking beamline. Images of the FEL beam taken with a fluores-
cence screen imaged by a CCD camera at different mirror positions are shown in figure3.2. The
covered part of the beam is reflected to the THz beamline and the remaining radiation continues
along the straight pipeline downstream to the end of FL21. The FEL beam that propagates to
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the THz streaking experiment is focused using a toroidalmirror (TM)with a 1.5m focal distance
before it enters the streaking interaction chamber. Both theCMand theTMare coatedwith gold
and have an incidence angle of 86o. In addition, the photon beam that propagates through the
straight beamline can be used for placing further diagnostic experiments like a compact spectrom-
eter, wavefront sensor, etc, or an experiment that does not need a focused beam. This beamline
was designed with the purpose of conducting THz streaking experiments in parallel to experi-
ments at the end of the straight FL21 beamline and thus mimic and test the functionality of a
temporal diagnostics experiment that measures reliably while keeping a minimum disturbance
to the FEL beam.

3.3 Terahertz streaking setup

The THz streaking setup used for the experiments presented in this thesis is based on the experi-
ments described in references [26, 27, 84, 85]. Figure 3.3 depicts the layout of the THz streaking
setup, which was first installed and tested at the PG0 beamline in FLASH1 and later on moved
to FLASH2, where it is currently part of the FL21 beamline. It consists of two parts: the THz
production and transport and the UHV chamber.

Figure 3.3: Schematic layout of the THz‐streaking setup installed at the FL21 beamline of FLASH2. It consists of two parts,
the THz production via tilted pulse‐front in a LiNbO3 crystal using an IR laser and the UHV chamber located above the opti‐
cal table, where the FEL and THz beams are collinearly overlapped and focused in the interaction region.

1) The THz production and transport is achieved using a 1030 nm, ∼ 3.5mJ, ∼ 1 ps laser
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(a) (b)

Figure 3.4: (a) Electric field in the interaction region measured by THz streaking at the FL21 beamline. The measured photo‐
electron’s kinetic energy is used to deduce the THz vector potential by employing equation 2.21 as described in section 2.2.
The THz electric field is calculated by integrating the vector potential. The electric field strength estimated was∼ 150 kV/cm.
(b) Spectrum of the electric field calculated by a Fourier transform. The maximum of the spectrum is at∼ 0.7 THz.

at FL21 (800 nm, 6.5mJ, 80 fs at PG0 [29]), both operating with a 10Hz repetition rate. The
pulse-front of the IR laser pulse is tilted by a diffractive grating 1500 groovesmm−1 (2000 grooves
mm−1 at PG0) and imaged using 4f two lenses telescope with a focal length of f1 = 200mm and
f2 = 125mm (f1 = 150mm and f2 = 75mm at PG0) onto the LiNbO3 crystal that creates THz
radiation by satisfying the phase-matching condition for optical rectification [86, 87, 88].

A single-cycle THz pulse is produced with a slope of ∼ 600 fs (see figure 3.4), centered at
0.7THz, with an energy of ∼ 3.5 μJ and electric field strength of up to 150 kV/cm at FL21
(0.6THz, energy of 10− 15 μJ and electric field strength of up to 300 kV/cm at PG0 [29]).

The resulting THz beam is linearly polarized in the vertical direction and transported to the
interaction chamber located above the THz production optical table. First, a flat gold coated
mirror (M1) reflects theTHzbeam into a parabolicmirror (PM1) that collimates the beam,which
together with a second mirror (M2) form a periscope in order to rotate the polarization into the
horizontal direction and transport the beam upwards. The linearly polarized collimated THz
beam enters the chamber through a Zeonex 480 vacuum window with 5 mm thickness (50 mm
diameter clear aperture).

2)The UHV chamber (Cube 250 CF) is mounted on a three-axis movable support structure.
It is equipped with a parabolic mirror (PM2) with a focal distance of 101.6mm that focuses the
THz beam and serves to collinearly overlap the THz and FEL beams in the interaction region,
the latter passing through a 3mm central hole in PM2. A gas needle that can be moved in the
x-y-z-direction, introduces gas into the interaction region. A commercial electron time-of-flight
(eTOF) spectrometer Kaesdorf ETF11, is installed on a three-axis manipulator to optimize the
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position of the eTOF with respect to the interaction region.
The following subsections discuss the calibration and characterization of the THz streaking

setup, including the eTOF, space charge effects and the possible effects of the cutting mirror
(described in 3.2.1) on the FEL pulse duration.

3.3.1 The electron time of flight detector

The eTOFconsists of a groundedfield-free drift tubewith a conical entrance aperture, shieldedby
μ−metal. The spectrometer is optimized for a distance of 3mm between the interaction region
and the entrance cone. Situated after the aperture, there is a lens which collimates the electron
beam by applying voltages from 0 to up to+3000 volts. Negative voltages down to a minimum
of−500 and positive, up to a maximum of+500 volts can be applied to the drift tube, in order
to decelerate (retard) or accelerate high or low-energy electrons, respectively. At the end of the
driftube there is a micro-channel plate (MCP) which detects the photoelectrons, where a voltage
of up to +2300 volts can be applied. The output current of the MCP is then converted into a
digital signal by an analog to digital converter (ADC), ADQ412 by Teledyne SP Devices with 4
Gsample/s and 12bit dynamic range, and recorded in the FLASHdata acquisition (DAQ) system.
The acceptance angle of the spectrometer is on the order of 45o if the interaction zone is smaller
than 200 μm (see figures 2 and 10 in A.1).
Simulationswith SIMIONusing amodel of the geometry of the spectrometerwere performed

in order to understand the photelectrons’ trajectories along the eTOF. SIMION is an electro-
statics and particle optics simulation suite widely used for designing spectrometer components
and lens systems such as eTOF detectors. It calculates electrostatic fields and the trajectories of
charged particles through those fields of a given electrode configuration. Figure 3.5 shows an ex-

Figure 3.5: SIMION screenshot of electron trajectories in the eTOF spectrometer. The electrons (black lines) enter the eTOF
on the left side and arrive to the MCP detector at the end of the right side. The photoelectrons’ kinetic energy was set to 64
eV, the lens voltage to 430 V and the retardation voltage to 30 V.

ample of 100 photoelectrons’ trajectories (shown as black lines) along the eTOF. The simulation
was done for a photoelectron’s energy of 64 eV, lens voltage of 430V and a retardation voltage
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Figure 3.6: (a) Relation between the photoelectron’s time of flight and its kinetic energy. The experimental values measured
with the eTOF (points) were fitted using equation 3.1 in order to obtain the calibration parameters. The fit curve is shown as
a dashed line. For these measurements the FEL was set to an energy of 126 eV and there was no retardation voltage in the
drift tube. (b) Average widths of the measured photolines in FWHM as a function of the photoelectron’s remaining energy
(after being decelerated with the retardation voltage). A retarded energy of∼ 10 eV results in the best resolution. For these
measurements the FEL was set to an energy of 62 eV.

in the drift tube of 30V. In an experiment, one has to adjust the lens and retardation voltages
depending on the photoelectron’s energy in order to produce a “collimated” beam of photoelec-
trons travelling through the eTOF as the one depicted in figure 3.5.
In order to experimentally calibrate the eTOF, neon 2p and 2s photoemission, as well as xenon

Auger unstreaked spectra (without the external THz field) were taken at a fixed FEL photon
energy.

Given a measured time-of-flight Δt and a flight path of length L, the kinetic energy of a free
electron can be calculated by:

Ekin =
1
2
me

2 L2

Δt2
, (3.1)

whereme is the electron mass. Equation 3.1 can be used to map the time of flight of photoelec-
trons travelling through the eTOF drift tube into kinetic energy.

Figure 3.6 (a) shows the experimental average time-of-flight values over hundreds of shots
for neon 2p and 2s photoemission lines and xenon Auger spectra for an FEL energy of 126 eV
(9.8 nm) with no retardation voltage in the drift tube (0 V). These data points were fitted with
the time to energy equation 3.1 in order to extract the fit parameters: t0, (fromΔt : t−t0) the tem-
poral offset between the instant of ionization and the data acquisition starting point and L, the
effective time-of-flight path length. With those parameters, one can calculate the kinetic energy
of any photoelectron that passes through the eTOF as a function of its time-of-light. This type of
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energy calibration was done for various retardation voltages which resulted in similar calibration
parameters.

The time-of-flight resolution of the photolines measured by the eTOF can be improved by
changing the retardation voltages of the drift tube, depending on the photoelectron’s kinetic en-
ergy (FEL energy). Usually, for streaking experiments, one has to find the best suited retardation
voltage according to the FEL energy that one is working with. Figure 3.6 (b) shows the widths of
unstreaked photoemission lines in FWHM as a function of the photoelectron’s retarded energy.
For anFELwavelengthof 20 nm(62 eV), a neon2pphotoelectron’s remaining energyof∼ 10 eV
results in a better-resolved breadth of the spectrum than with no retardation (∼ 40 eV) due to
the longer flying time of the photoelectrons caused by the deceleration voltage. However, rela-
tively high retardation voltages compared to the photoelectron’s energy can lead to background
noise, since the same number of electrons is distributed over more samples in the ADC.

Similarmeasurements were performed at different FELwavelengths and it was concluded that
for the standard FLASH2 wavelengths (∼ 4 − 40 nm), the best retardation in the drift tube is
the one that leaves the photoelectrons with a remaining kinetic energy of around 30 eV. With
this setup, there is a compromise between a well resolved photoline and low background noise
present in the signal.

3.3.2 Space-charge effects

Space-charge effects in the interaction region, caused by the high FEL radiation intensity, could
lead to shifts and broadening of the photoelectron spectrum depending on the FEL energy, mod-
ifying the eTOFmeasurements in an undefinedway. During the photoionization process, the ac-
cumulated positive charge of the ions can decelerate the photoelectrons, leading to an additional
broadening of the photoline. There are different variables that can be changed in the streaking
experiment to prevent from space-charge effects, such as the amount of sample gas in the inter-
action chamber (gas pressure) and the FEL intensity. In order to understand the influence of
these variables and successfully avoid these unwanted effects, measurements of the unstreaked
photoelectron spectrum were done, varying the type of filters (FEL intensity) upstream the ex-
perimental chamber as well as the target gas pressure at a fixed FEL energy.

Figure 3.7 shows single-shotmeasurements of thewidths of the 2p neon unstreaked photoline
(σ0 from equation 2.25) at an FEL energy of 64 eV (20 nm) for different FEL intensities. The
FWHM of the photolines are plotted against the amplitude of the signal. The pulse widths stay
almost constant until a threshold value (∼ 1500 counts), where the widths start broadening lin-
early. After∼ 2000 counts the broadening becomes exponential, where space-charge effects are
fully present. It is clear that lowering the FEL intensity using filters prevents from space-charge
(see brown and purple points of figure 3.7), but the amplitude of the signal is not as high. A
low-amplitude signal increases the signal-to-noise ratio which leads to statistical errors. In the
experiments, therefore, it is important to compromise between these 2 parameters by having the
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Figure 3.7: Correlation between the widths in FWHM of the unstreaked pulses and the amplitude of the detected signal.
Space‐charge effects emerge at around 2000 counts and develop differently depending on the filter used or the pressure in
the interaction chamber. The number next to the element in the caption corresponds to the thickness of the filter in nm. The
transmission values at the measured FEL wavelength (20 nm) are the following: Al (205 nm): 0.63, Zr (200 nm): 0.05, Zr (298
nm): 0.01.

highest signal possible without the presence of space-charge (∼ 2000 counts from figure 3.7).
Furthermore, the number of electrons calculated in the signal was on the order of hundreds of
electrons in a single-shot measurement. It is relevant to mention that these results are only valid
for the specific amplifier, MCP voltage and ADC used during the experiment when measuring
the 2p neon photoline, and that they may vary if any of these variables change. However, these
results were important to understand how space-charge works in the streaking experiment and to
develop an analysis tool that is used onsite during the experiment in order to avoid space-charge.

3.3.3 Towards a minimal invasive temporal diagnostics tool

The aim of the THz streaking pulse duration and arrival timemeasurements is to perform the di-
agnostic experiments in parallel to the users experiments, while disturbing the FEL beam as little
as possible. The FL21 beamline described in section 3.2.1 was designed to fulfill these require-
ments in a smaller scale, in order to commission the THz streaking chamber. Since streaking
experiments do not need a high FEL intensity (∼ 1 μJ is enough to measure pulse duration) and
usually filters are used to decrease the FEL energy, then having a small fraction of the beammight
be sufficient tomeasurewithTHz streaking. Thequestion to answer is: is the FELpulse duration
affectedwhen only part of the beam is reflected into the streaking experiment?. This is important
to know since the photonpulse durationmay vary over the spatial distribution of the pulse due to
the presence of higher order spatial modes [89]. However this question is not straightforward to
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predict theoretically. The question was addressed experimentally by performing measurements
of pulse duration at different cutting mirror positions (see figure 3.8) for different FEL settings.

Figure 3.8: Images of the FEL beam profile sent to the streaking beamline for different cutting mirror positions. a) All the
mirror is in the beam, therefore 100% of the FEL beam is reflected to the streaking beamline (no beam is sent to the straight
beamline). b)∼ 80% of the beam is reflected to the streaking beamline and∼ 20% continues to the straight FL21 beam‐
line. c), d), e), f) and g) correspond to∼ 70%,∼ 50%,∼ 30%,∼ 15% and∼ 5% of the beam being reflected to the
streaking beamline, respectively. The diffraction rings observed in the images result from an upstream aperture.

Figure 3.9: Average pulse duration measurements over∼3000 shots at different mirror positions for different FEL settings.
The bar in each point indicates the distribution of the measurement. The dotted line depicts the average value of all measure‐
ments for a fixed FEL setting.

Figure 3.9 displays the results of the average pulse duration over ∼ 3000 pulses when using
different portions of the beam. The FEL pulse energy was kept constant for all measurements
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(mirror positions) by adjusting the FEL filter in order to obtain the same signal level. The bars in
figure 3.9 indicate the distribution of each measurement. The results show that when less than
3% of the beam is used for the experiment, there is a small apparent decrease in the pulse dura-
tion. Nevertheless, all the measurements agree with the average pulse duration of all the results
(shown as a dotted line in figure 3.9). These results strongly indicate that theTHz streaking beam-
line can measure pulse duration using only∼ 3% of the total FEL beam, making simultaneous
measurements with users experiments feasible.
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4
Overview of scientific contributions

This chapter is intended to give a general overview of the scientific contributions resulting from
the work of this cumulative thesis. A more detailed explanation can be found in the correspond-
ing publications provided in Appendix A. The publications are referred to as A.1, A.2, A.3 and
A.4 in the text.

4.1 Single-shot pulse duration measurements at FLASH, towards a temporal
diagnostics tool

As mentioned in chapter 3.1, FLASH produces photon pulses through the SASE process, and
therefore every pulse is different from one another. Thus arises a very important task: to reliably
measure all the photon properties of each pulse delivered to users. Currently, there are various
photondiagnostics operating at FLASH.However, so far there is nodirect photonpulse duration
diagnostic tool availablewhich canmeasure on a single-shot basis and at the high repetition rate of
FLASH. The streaking technique described in section 2.2, is a powerful method that has proven
to measure pulse duration and arrival time for every photon pulse. Previous proof-of-principle
experiments performed at SASE FELs [26, 27, 85, 84] demonstrated that THz streaking can be
used to characterize the temporal properties of the photon pulses. Furthermore, compared to
other direct or indirect photon pulse duration measurement techniques [20], THz streaking is
able tomeasure in anon-invasiveway, for everypulse and, potentially, at thehigh repetition rate of
some SASE FELs. Therefore it is a very promising candidate to be used as a temporal diagnostics
tool at SASE FEL facilities such as FLASH.

The main goal of this thesis was to commission a THz streaking setup to study the technique
inmore detail and potentially become the temporal diagnostics tool for tuning the FEL as well as
for users. In order to explore the applicability of the technique, the wide range of pulse duration
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that FLASH can produce (from sub 10 fs to ∼ 350 fs) at different wavelengths was measured
and investigated using the THz streaking setup described in section 3.3. The thorough study,
published in A.1, showed an accuracy of ±20% including the various possible error sources:
SASE fluctuations, Gouy phase broadening, eTOF spectrometer resolution and acceptance an-
gle, signal-to-noise ratio (SNR) and thenon-linearities of theTHzvectorpotential. In addition to
the experimental analysis, simulations of the streaking mechanism were performed using a novel
and numerically fast approach for FEL pulse retrieval [90]. The method is based on a quantum
mechanical approachwithin the strong-field approximation (SFA) and allows the reconstruction
of linearly polarized FEL pulses from streaked photoelectron spectra, taking into account the an-
gular distributionof thephotoelectrons aswell as the shape of the vector potential of the streaking
field (see figure 2 in A.1). Furthermore, the limits of the technique were tested and analyzed. For
the upper limit, long pulses that are as long as the slope of the THz streaking vector potential
were measured. In such cases, the broadening due to streaking is so strong that one can obtain
information of the pulse shape. In this case, the pulse shape is a convolution of the reference line
and the actual FEL shape and it was retrieved using the previously mentionedmethod (see figure
7 in A.1). For the other cases (pulses shorter than half the slope of the vector potential), a Gaus-
sian distribution is assumed as the streaked FEL shape. To investigate the lower limit, FLASH
was operated in the single-spike mode [37, 38], and for the short wavelengths used, an average
pulse duration of ∼ 10 fs was expected from spectral measurements. The THz field strength
produced with the setup described in section 3.3 was∼ 300 kV/cm and not sufficient to resolve
the FEL pulses, since the detailed analysis resulted in error bars of±100% (see figure 10 in A.1).
Finally, it was concluded that the commissioned setup can measure single-shot-pulse duration
for the range of 30 to 150 fs with an accuracy of ±20%, which is well suited for the standard
operation at FLASH.

4.1.1 Two-color operation mode at FLASH2

Using theTHz streaking setup,measurements of pulse duration and arrival timewere conducted
for the two-color operation mode of FLASH2, where two XUV pulses with two different wave-
lengths are produced by the same electron bunch. Such scheme can be achieved by different
methods [63, 91, 92] and enables XUV-XUV pump-probe experiments with different (XUV)
colors at the facility. For the results shown here, FLASH2 was set to the two-color operation as
described in reference [92]. Briefly, in order to create the twowavelengths from the same electron
bunch, FLASH2uses the advantage that the gap between each pair of undulators can be adjusted
independently. The odd pairs of undulators are tuned to λ1 and the even pairs to λ2.

In figure 4.1 (a), kinetic energy spectra of 2pneonphotoelectrons created by the twoFELwave-
lengths (λ1: 15 nm (83 eV) and λ2: 18.7 nm (66 eV)) in the presence of theTHzfield as a function
of the time delay between the FEL andTHzpulse are shown. The spectraweremeasured simulta-
neously using the eTOF detector. The single-shot measurements show that the duration of the
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Figure 4.1: (a) Kinetic energy of neon 2p photoelectrons in the presence of the THz field as a function of the time delay
between the FEL and THz pulses. The spectra were taken simultaneously for the two colors delivered at FLASH2 (λ1: 83 eV
and λ2: 66 eV). (b) Streaking traces of the two colors normalized to their maximum. It reveals that the relative average arrival
time between the two photoelectrons is shifted by∼ 15 fs.

pulses with higher energy is slightly shorter than those with lower energy (longer wavelength).
The average pulse durations measured were 110±20 fs for λ1 and 120±20 fs for λ2. In addition,
one can derive the relative arrival time between the two pulses averaging over thousands of FEL
pulses. Having a closer look at the THz streaking vector potential taken from the scan (figure
4.1 (a)), one can observe that the pulses produced at longer wavelengths arrive on average slightly
earlier than the ones at shorter wavelengths. This arrival time difference is depicted in figure 4.1
(b).

Furthermore, since both photon pulses are created by the same electron bunch, it is possi-
ble to determine the arrival time jitter between the two colors (pulses), which is induced only
by the SASE process (see section 4.3 of A.2). In paper A.2 (described in the following section),
the arrival time fluctuations of SASE pulses were studied theoretically, where a scaling law was
derived from the simulations (equation 4.1). However, the experimental results in A.2 did not
have sufficient resolution in order to verify the model since in those measurements, additional
jitter contributions e.g. due to the synchronization with the optical laser were present. The mea-
surements described here (section 4.1.1) enable the direct measurement of SASE fluctuations in
the arrival time and the results verify the theoreticalmodel derived inA.2 (see also figure 8 inA.2).
For the present results, a jitter of 19 fs rms was measured. This important result shows that for
XUV-XUV pump-probe experiments using the described two-color operation mode, one has
to take into account the jitter due to SASE as it can be significant, especially in comparison to
experiments using e.g. a split-and-delay unit (SDU), which has a resolution of< 1 fs [93]. The
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above results are the first single-shot pulse durationmeasurements ever taken at a SASE FELwith
such two-color operation mode and demonstrate the wide application range, capability and pos-
sibilities of the THz streaking setup. A publication discussing these results is currently being
prepared.

4.2 Statistical analysis of SASE FEL radiation parameters

An important result of this thesis is the thorough study of the different fluctuating SASE FEL
radiation parameters such as pulse length, arrival time, energy and spectral distribution, which
weremeasured simultaneously on a single-shot basis. InA.2, itwas analyzed how these four SASE
pulse properties vary for every shot as well as on average for a wide pulse length range from ∼
20 fs to up to∼ 300 fs and various FEL wavelengths. The experimental results were compared
to simulations of SASE pulses using two different approaches: employing the partial coherence
method [94] and the FAST code [95].

The partial coherence method is an algorithm that generates pulse shapes in time and energy
domain by filtering random electro-magnetic phases spectrally and temporally. This algorithm
can be easily implemented in a few lines of code in contrast to the FAST algorithm, which is a
complex three-dimensional, time-dependent SASE pulse simulation code. The results of the sim-
ulationswere used to identify the fluctuations that occur only due to SASE and the ones resulting
from other sources, which cannot be distinguished in the measurements. The analysis showed
that on average, the major contribution to the fluctuations (at least 60%) in all the radiation pa-
rameters are primarily related to SASE, and depending on the parameter (energy, pulse duration,
arrival time or spectral distribution), there is a varying contribution from the machine operation
side (figures 6, 7 and 8 in A.2).
Furthermore, by analyzing the simulation results (figure 3 in A.2), it was deduced that the

SASE fluctuations of the pulse duration and arrival time radiation parameters scale as 1√
M , where

M is the number of spectral modes (equation 2.8). The scaling law for the arrival time fluctua-
tions σar deduced was: σar

τph
≃ αar√

M
, (4.1)

and for the pulse duration fluctuations σph:

σph
τph

≃
αph√
M

, (4.2)

where τph is the photon pulse duration, the scaling parameter αar ranges from∼ 0.7 in the linear
regime to ∼ 0.4 in saturation and αph from ∼ 0.4 to ∼ 0.2 respectively (see also equations 11
and 12 inA.2). This result enables a fast rough estimation of themagnitude of SASE fluctuations
in pulse duration and arrival time. In addition, the result is useful for users, since it predicts
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approximately how the fluctuations of the photon parameters depend on the pulse duration,
without having to perform complex simulations that only experts can execute.

Furthermore, the mutual dependence between the different radiation parameters was investi-
gated experimentally as well as theoretically. Using the large amounts of data taken for various
FEL settings, it was shown that on average there is a linear relation between the pulse duration
and number of spikes present in the spectral distribution Nspect (see figure 11 in A.2). These re-
sults have been predicted by theory [18] in the linear regime (Nspect ∼ 0.7M, equation 9 in A.2),
but were for the first time tested experimentally when the FEL is operated in saturation. It is also
shown that the linear relation between these two radiation properties is only valid for the aver-
age over thousands of pulses, and not for single-shot values (figure 12 in A.2). This result means
that themeasurement of one single-shot spectrum cannot be used to calculate the pulse duration
using the derived scaling law. On the other hand, the direct approach to Fourier-transform the
spectrum in order to calculate the temporal profile is also not feasible due to the missing phase
information.

Finally, it was shown experimentally and verified by simulations that the pulse energy, dura-
tion and number of spectral spikes fluctuate independently, since there was no correlation found
between these properties (see figure 9 inA.2). This result emphasises the need for dedicated pulse-
resolved diagnostics for each of the radiation parameters and enables SASE FEL users to freely
sort their data by any of these radiation parameters without accidentally introducing systematic
errors.

4.2.1 Developmentof the radiation properties during the SASE amplification

As mentioned in 3.1, FLASH2 is equipped with 12 variable gap undulator segments, each of
2.5m length and 31.4mm period [64]. Using the streaking setup, the pulse duration was mea-
sured while varying the number of undulators contributing to the lasing. For this experiment,
FLASH2 was set to 3 different wavelengths: 8, 12 and 16 nm, with an electron energy of 1GeV
and an electron bunch charge of 0.19 nC.

For each wavelength, the photon pulse duration and energy were measured for several undu-
lator configurations. First, all 12 undulators were closed (thus contributing to the lasing), and
one pair of undulators was systematically opened at a time, down to only 7 undulators closed (5
opened), where no measurable XUV pulse energy was detected anymore. Since only the down-
stream (closest to the experimental hall) undulatorswere opened, the trajectory in the first (lasing)
undulators was kept constant. The energy of the photon pulses was simultaneouslymeasured us-
ing the GMD.

The experimental results were compared to simulations performed by M. Yurkov using the
FAST code. These types of energy gain curve simulations are well established and have been
experimentally tested [41, 64, 96]. The simulations were performed for two different normalized
electron bunch durations τ̂el = 8, 16 (equation 2.10) and are presented in figure 4.2.
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In order to compare the various measurements taken at different FEL wavelengths with each
other and to the simulations, the experimental results were normalized to the parameters used
in the simulations. As a first step, the number of undulators was scaled to the undulator length
z, such that the onset of measurable SASE (> 0.5 μJ) coincides with the z-range in which the
energy gain becomes visible in the simulated energy gain curve (solid line in figure 4.2). This
determines the scaling for the undulator z-axis and fixes the saturation length zsat. As a second
step, themeasured pulse energy was scaled such that the pulse energy at saturation length zsat was
defined as the saturation pulse energy Esat.

Themain parameters thatwere derived from the analysis of the gain curves (figure 4.2) are sum-
marized in table 4.1. The normalized electron pulse duration τ̂el was calculated using the known
coherence time at saturation τsatc (from table 1 inA.2) and equation 2.10 for everymeasuredwave-
length. Since the FEL wavelengths (8, 12 and 16 nm) were produced at the same electron energy
by changing the undulator gap, then the achievable saturation energy Esat increases for longer
wavelengths [1, 63, 64] as shown in table 4.1. The minimal pulse duration τmin

ph increases slightly,
while the needed number of undulators to reach saturation (zsat) decreases.

Table 4.1: Relevant parameters to compare the experimental data to the theoretical model. The parameters were deduced
from the analysis of the experimental data. The normalized electron pulse duration τ̂el was calculated for all measured wave‐
lengths using equation 2.10 and the coherence time at saturation τsatc (from [97] and table 1 in A.2).

Wavelength τ̂el |M Esat τsatc (FWHM) τmin
ph (FWHM) zsat

8 nm 22 80 μJ 7 fs 80 fs 12
12 nm 16 140 μJ 9 fs 80 fs 10.5
16 nm 16 170 μJ 12 fs 100 fs 9.5

Figure 4.2 shows the experimental (points) and simulation (lines) results of pulse duration
and pulse energy as a function of the undulator length z for different FEL wavelengths. The
undulator coordinate z is normalized by the saturation length zsat, meaning that values where
z/zsat < 0.8 are in the linear regime and values z/zsat = 1 on the onset of saturation. The
measured pulse energy is normalized to the saturation point Esat. In order to normalize the pulse
durationmeasurements, the experimental data was scaled to theminimumpulse duration τmin

ph at
z/zsat ∼ 0.8. The pulse energy increases exponentially until it reaches saturation at z/zsat = 1 as
expected, whereas the pulse duration grows at a lower rate. The maximum value of the photon
energy and pulse duration are reached at different stages of z/zsat: while the maximum pulse
energy is achieved at z/zsat = 1, for the pulse duration this point is reached at z/zsat = 1.2. The
shortest pulse duration for a fixedwavelength is at around 80% of saturation and it increases even
after reaching saturation. These results are important, especially for tuning the FEL for users,
since they show that operating in deep saturation by using all the undulators providesmore pulse
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energy - but on the other hand this will lengthen the photon pulse duration, which is undesirable
for time-resolved experiments.

Figure 4.2: Evolution of the pulse duration and energy along the undulator. The undulator distance z is normalized by the
saturation length zsat. The pulse energy is normalized to the energy at the saturation point Esat and the pulse duration to the
minimum pulse duration τmin

ph . The experimental results (shown as points) were measured at the FEL wavelengths of 8, 12
and 16 nm, which correspond to normalized electron bunch lengths τ̂el of 22, 16 and 16 respectively. The error bars of the
pulse duration measurements are on the order of±20% according to A.1 while for the energy are∼ 10%. The simulations
were performed for normalized electron pulse durations τ̂el of 8 and 16. The simulations for the photon energy are shown as
solid lines and for the photon pulse duration as dashed lines.

Furthermore, figure 4.2 showshowwell the experimental results (points) agreewith the simula-
tions (lines). This verifies experimentally the strong capability of the FAST code, which considers
Gaussian electron bunch shapes to predict the actual behaviour of SASE photon pulse duration
and energy. In reality, the electron bunch profile depends on the FEL setup and it is not neces-
sarily Gaussian.

A similar plot can be found inA.2 (figure 2), where only the simulations are presentedwithout
the comparison to the experimental measurements. The results shown in figure 4.2 are part of a
paper that is currently under preparation.

4.2.2 High harmonics

FLASH can produce FEL pulses in a wavelength range from 4 − 90 nm. However, depending
on the system under study, one might need shorter wavelengths. In SASE FELs, there are natu-
rally occurring harmonics of the fundamental (2ℏω, 3ℏω, ...nℏω), generated through non-linear
energy modulations of the electron bunch [33, 98, 99].
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The generation of higher harmonics is useful to extend the short-wavelength reach of SASE
FEL facilities such as FLASH. Analogously to the two-color measurements, THz streaking can
simultaneouslymeasure the pulse duration of the fundamental wavelength as well as the first few
non-linear harmonics produced. Figure 4.3 (a), shows the streaking spectra of the fundamental

(a) (b)

Figure 4.3: (a) Kinetic energy of 2p and 2s neon photoelectrons created by the fundamental, second and third harmonics in
the presence of the THz field as a function of the time delay between the FEL and THz pulses. The fundamental FEL wave‐
length was set to 24 nm. (b) Simulations of the pulse duration of the fundamental (blue line) and third harmonic (orange line)
normalized to the electron bunch length τ̂el as a function of the normalized undulator z/zsat distance using the code FAST.
The dashed line is the ratio between these two results. The dot is the ratio of the averaged pulse duration measured experi‐
mentally.

FEL wavelength (ω1), the 2nd (ω2) and 3rd (ω3) harmonics for the 2s and 2p neon photolines.
The FELwas set to a fundamental energy of 51 eV (24 nm). The analysis of themeasurements re-
sulted in an average pulse duration of τ1stph = 170±21 fs, τ2ndph = 108±40 fs and τ3rdph = 85±40 fs
for the fundamental, 2nd and 3rd harmonics respectively. It is important to mention that the
higher harmonics are about two orders of magnitude less intense compared to the fundamen-
tal [33] and thus filters have to be used to partially suppress the intensity of the fundamental
wavelength. These results were compared to simulations performed byM.Yurkov using the code
FAST. Figure 4.3 (b) shows the simulation of the photon pulse duration normalized to the elec-
tronbunch length (τ̂el) as a function of the undulator distance z, where z/zsat = 1 (fromequation
2.6) denotes the onset of saturation. The simulation shows that τ3rdph is almost constant in the lin-
ear regime (z/zsat < 0.8) and longer than τ1stph. Towards the end of the linear regime (z/zsat ∼ 0.8),
τ3rdph drops and becomes even shorter than τ1stph. At the onset of saturation, both pulse durations
increase but τ3rdph stays shorter than τ1stph until deep saturation is reached. This difference in pulse
duration was also present in the measurements as shown earlier. Since the spectral distribution
of the pulses was not measured for this experiment and the photon pulse duration was measured
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at only one undulator configuration, the experimental results of the photon pulse duration can-
not be normalized in the same way as in the simulations (see equations 8, 9 and 10 in A.2 and
the normalization of figure 4.2). Therefore, in order to compare the experimental and the sim-
ulation results, a ratio between τ3rdph and τ1stph is presented. The green dotted line in figure 4.3(b)
shows the simulation results of this ratio as a function of the normalized undulator distance. The
experimental result, shown as a dot, is the ratio between the averaged pulse duration over∼ 3000
pulses of τ3rdph and τ1stph measured with THz streaking and agrees with theory within its respective
error bars. This novel result is the basis of a future paper which is currently under preparation.

4.3 Study of the post-collision interaction effect in Auger decay using THz
streaking

In previous sections, results demonstrating the strong potential of the THz streaking experiment
as a pulse duration measurement diagnostic tool at FLASH have been presented, as well as sta-
tistical studies of the temporal properties of the pulses and their relation to the energy and spec-
tral properties, which was the main focus of this dissertation. However, streaking is a powerful
technique that can be used to look at dynamic processes in atoms and molecules. Within this
thesis, experiments at FLASH1 at the THz undulator (BL3 beamline) were also performed using
a streaking setup. The results were published in the papers [100] and [101].
Furthermore, in the scope of this thesis, the post-collision interaction (PCI) effect in Auger

decay of noble gas atoms was investigated theoretically and experimentally. Firstly, theoretical
studies were performed by using a semi-classical model [59] to study the PCI effect for different
experimental parameters ( A.3). Subsequently, a new quantum-mechanical model was proposed
and compared to the semi-classicalmodel (A.4). The results of the theoretical studieswere vital in
defining thedesignof experiments at FLASH2using theTHz streaking setupdescribed in section
3.3. The preliminary results of the PCI experiments are presented at the end of this section.

4.3.1 Post-Collision interaction effect in Auger decay of noble gas atoms.

The ionization of an atom may, under certain conditions and depending on the excitation pro-
cess, be influenced by an effect termed post-collision interaction (PCI). This effect is associated
with the Coulomb field interaction of slowly receding charged particles [102]. In particular, PCI
effects were observed in near-threshold inner shell photoionization of atoms followed by Auger
decay [56]. In this case, the interaction with the slow photoelectron shifts the energy of the
Auger electron and considerably distorts the Auger spectral line-shape. A semi-classical theory
was first developed [102] in order to understand this effect and, later on, a quantum mechani-
cal approach was established [103]. The development of time-resolved experiments enabled the
study of atomic processes directly in the time domain, particularly Auger decays [104, 105]. A
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first THz-assisted time-resolved study of the Auger process in atoms revealed that PCI leads to a
time-dependent (chirped) Auger electron energy [57].

In reference [57], itwas experimentally demonstrated - andverifiedby theory for theXe (NOO)
and Kr (MNN) Auger decays - that when the kinetic energy of Auger electrons is larger than
that of the promptly emitted photo-electrons, theAuger electrons are chirped (the spectral shape
within the pulse changes as a function of time) due to energy exchange between them. When the
fast (more energetic) Auger electron overtakes the earlier emitted slower (less energetic) photo-
electron, there is a screening of the electrons-ion potential, causing theAuger electron and photo-
electrons to gain and lose energy respectively (see figure 2.5 in section 2.3). For that experiment,
Xe (NOO) andKr (MNN)Auger decayswere initiated by ultrashort (femtosecond)XUVpulses.
The atoms were ionized in the presence of a co-propagating, linearly polarized THz field which
streaked the electrons. The time evolution of the Auger decay was investigated by changing the
time delay between the XUV and THz pulses. A significant difference in the widths of the ki-
netic energy spectra for opposite THz field gradients (positive and negative slopes) was observed
in reference [57], indicating an energetic chirp. The theoretical interpretation of the results was
acheived using the semi-classical approach developed in reference [59].
While reference [57] found evidence of the presence of PCI effects in Auger spectra under

specific conditions, the effect was studied in more detail as part of this thesis using the analytical
semi-classical model developed in [59]. In A.3, the PCI effect was studied for the following noble
gas atoms: Ne(KLL), Ar (LMM), Kr (MNN) and Xe (NOO), under various experimental con-
ditions. The aim of the investigation was to understand how PCI behaves as a function of the
photoelectron’s energy, photon pulse duration, THz streaking field’s strength and the atom’s
core-hole lifetime, in order to optimize the experimental parameters for future experiments at
high harmonic generation (HHG) or FEL sources. In A.3, Auger electron spectra in the pres-
ence of a THz streaking field were simulated to study PCI effects in the time-evolution of pho-
toinduced Auger decays. The PCI effect was quantified by the ratio of the widths of the Auger
lines (Rω, equation 2.32) calculated at the zero crossing and at the positive and negative (rising
and falling) slopes of the THz vector potential.

The results of the simulations showed that the longer the pulse duration of the ionizing XUV
pulse, the weaker the PCI effect for all atoms analyzed (see figures 1-4 in A.3); therefore, in order
to measure the effect, the XUV pulse duration must be shorter than∼ 50 fs. Furthermore, the
effect is stronger for transitions with a core-hole lifetime longer than 4 fs (see figure 7 in A.3).
The PCI effect also exhibits a dependence on the streaking electric field strength; the smaller the
field, the stronger the effect (figure 5 a) in A.3). These results were of great importance in order
to prepare experiments at FLASH2 to measure PCI with the THz streaking setup.
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4.3.2 Post-collision interaction effects in time-dependent theory of
field-assisted Auger decay.

An analytical quasi-classicalmodel which describes PCI effects in THz-assistedAuger transitions
was developed in reference [59]. However, this model is only valid at the extrema of the THz
electric field (corresponding to zero values of the vector potential) where the electron does not
acquire a net kinetic energy shift.

In A.4, a simple, yet more rigorous quantummechanical description of the PCI effects in the
time-resolved Auger process is presented. It is based on the time-dependent theory of the Auger
process induced by an ultra-short XUV pulse in the presence of an external laser field [58]. In
addition, it uses a quasi-classical approach [106] in order to include PCI. An advantage of this
model is that it can be used for any time delay between the exciting XUV andTHz pulses (see fig-
ure 1 in A.4), in contrast to the semi-classical one [59]. Using the model, Auger Kr (MNN) spec-
tra were simulated for different experimental conditions. The dependence of the PCI-distorted
Auger spectra on the energy and duration of the exciting XUV pulse was studied (figures 2 and
3 in A.4), and this effect was calculated for different time delays between the XUV and the THz
field (See figure 4 in A.4). It shows that the closer to the maximum of the THz vector potential,
the stronger the effect (figure 5 in A.4). In addition, the PCI effect was determined for different
frequencies of the THz streaking field. The results show no significant difference for the various
frequencies analyzed (figure 6 in A.4). Finally, the quantum mechanical results were compared
to the results of the analytical semi-classical model presented in A.3, and it was found that the
latter model predicts considerably larger PCI effects in THz streaking spectra as compared to the
quantum model developed in A.4. These results are expected to encourage further theoretical
efforts, as well as new experiments dedicated to the investigation of the time evolution of PCI
effects.

4.3.3 The experiment

As mentioned in section 3.1, FLASH2 is equipped with variable-gap undulators, and thus the
FEL wavelengths can be changed relatively easily within certain boundaries. Using this feature,
the PCI effect as a function of the photoelectron’s energy can potentially be studied experimen-
tally. In order to do these experiments, a second eTOF was installed in the streaking setup de-
scribed in section 3.3. The new eTOF was placed in an opposing direction to the spectrometer
already installed (opposite to the THz polarization direction). This upgrade enables simultane-
ous measurements of electrons that are accelerated and decelerated by the THz streaking field
[26, 54]. Therefore, the spectrum of the Auger and photoelectrons at positive (ȦTHz > 0, equa-
tion 2.28) and negative (ȦTHz < 0) slopes of the vector potential was measured at the same time
for every FEL pulse (figure 4.4).

As afirst experiment,Kr (MNN) spectraweremeasured at anFELwavelengthof 13 nm(95.4 eV).
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(a) (b)

Figure 4.4: Streaking spectra of the Auger as well as the photo‐electrons of krypton at an FEL wavelength of 13 nm (95.4
eV) for different time delays between the FEL and THz pulses. (a) Electrons detected with the eTOF along and (b) oppo‐
site to the THz field direction. The various photolines and Auger lines are labeled, where Augers#10 − 12 denotes the
M5N2,3N2,3(S10),M4N2,3N2,3(S10),M5N2,3N2,1(D1

2),M4N2,3N2,1(D1
2),M5N2,3N2,1(P3

2),M4N2,3N2,1(P3
0,P3

1 )
Auger transitions. Augers#30 − 20: M5N1N2,3(P1

1),M4N1N2,3(P1
1),M5N1N2,3(P3

1 ) andM4N1N2,3(P3
2).

Augers#40− 35 : M5(S10) andM4(S10).

At this XUV energy a strong PCI effect in theAuger electrons is expected (as shown inA.3), since
the energy of the photoelectrons 3d5/2 is almost zero. Using the photolines N24p1/2, the mea-
sured FEL pulse duration was∼ 40 fs FWHM. Furthermore, they were used to verify that there
was no linear chirp in the XUV pulse. The single-cycle THz field strength for the experiment
was∼ 120 kV/cm. The PCI effect is characterized by the ratioRω (equation 2.32) as described in
section 2.3 and A.3. With this XUV pulse duration, XUV wavelength and THz streaking field
strength, a ratio ofRω ∼ 2 is expected according to the simulations presented in A.3.

Figure 4.4 shows the kinetic energy spectra of Kr 3d photoelectrons and (M4,5NN) Auger
electrons created by the FEL in the presence of the THz field as a function of the time delay
between the FEL and THz pulse. The measurements were taken along the THz field direction
(ȦTHz > 0) with eTOF1 (figure 4.4 (a)) and opposite to the THz field direction (ȦTHz < 0) with
eTOF2 (figure 4.4 (b)).
In order to investigate the influence of PCI on the Auger electrons, Auger spectra were taken

close to the zero-crossing of the vector potential (at∼ −0.45 ps). Figure 4.5 shows themeasured
reference spectra (without THz field) taken with the two eTOFs. The reference spectra show an
average of∼ 200 FEL pulses and were used to identify the Auger peaks and to calculate the res-
olution of the eTOF detectors. There are 19 Kr (MNN) Auger transitions in the range between
36 eV and 44 eV [107]. In figure 4.5, five Auger peaks are plotted assuming a Lorentzian distri-
bution, using the data from reference [107] and considering a width of 88meV (since the natural
width of the spectral line determined by the decay of theM4,5 vacancy is 88meV [108]). Due to
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Figure 4.5: Reference spectra (without THz field) measured simultaneously with TOF1 and TOF2. Each spectrum consists of
an average of∼ 200 FEL pulses. Five Kr (MNN) Auger transitions are plotted in red using the data from [107, 108] in order
to identify the Auger peaks.

the limited eTOF resolution, only four peaks are resolved, where one peak (at∼ 40 eV) can be
attributed to two Auger transitions. The third measured peak (from left to right, at ∼ 40 eV)
consists of two underlying Auger peaks and, most likely, a contribution from a background pho-
toelectron line that may be associated with the ionization ofO2.
For the analysis of PCI first, a 4−Gaussian fit was performed on the reference spectra. The

reference widths were then convoluted with the theoretical widths ω+, ω− determined in A.3
for the specific parameters of the experiment. Due to the additional broadening, this resulted
in an expected ratio of Rω ∼ 1.6 (including the detector response), as compared to 2 from the
simulations using the natural line widths. Figure 4.6 shows the streaked spectra (with THz field
on) taken close to the zero-crossing of the vector potential with eTOF1 (at ȦTHz > 0) and eTOF2
(at ȦTHz < 0). Each streaked spectrum is composed of∼ 10 XUV pulses. A change in the width
and shifting of the streaked spectra from the reference spectrum is observed.

Figure 4.7 shows the streaked spectrameasuredwith eTOF2, including its statistical error band
(shaded area) due to the limited number of electrons in a single shot (∼ 70 electrons in the energy
range of the shown Auger transitions - see also error discussion in A.1). The averaged streaked
spectrameasuredwith eTOF1 and eTOF2were fitted to a 4-Gaussian function in order to obtain
the widths of the peaks ω+ and ω−, respectively. The results are shown in table 4.2. As seen in
figure 4.7, the first peak from left to right (Auger transitionM5N1N2,3(P1)) is the best defined
and has the smallest statistical error, whereas the last peak (Auger transitionM4N1N2,3(P2)) is
the least prominent and has the largest statistical error. This is reflected in the results shown in
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Figure 4.6: Kr (MNN) Auger spectra measured with (streaked) and without (reference) THz field close to the zero‐crossing of
the THz vector potential. The blue line is the streaked spectrum taken along the THz polarization direction (TOF1) and the
orange line opposite to it (TOF2). A change in the width and shifting of the streaked spectra from the reference spectrum is
observed.

Figure 4.7: Streaked Kr (MNN) Auger spectra measured with eTOF2. The spectrum shows the average of∼ 10 FEL pulses.
The shaded area depicts the error band±σ caused by Poisson statistics due to the limited number of electrons in a single
spectrum. The 4‐Gauss fit to the data in order to obtain the widths of the peaks is shown as a dashed line. The same analysis
was performed on the data measured with eTOF1.
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Table 4.2: Ratio of the widths of the peaks measured along the polarization direction (ω+) with eTOF1 and opposite to it
(ω−) with eTOF2. The widths were calculated by fitting a 4‐Gaussian function to the streaked spectra (as shown in figure 4.7).
Note that the ratioRω predicted by the semi‐classical model (A.3) is∼ 1.6 and the predicted by the quantum‐mechanical
model (A.4) is∼ 1.1.

Auger transition Ratio,Rω = ω+/ω−

M5N1N2,3(P1) 1.2± 0.2
M4N1N2,3(P1) 1.2± 0.4
M5N1N2,3(P2) 1.3± 0.3
M4N1N2,3(P2) 1.4± 0.6

table 4.2. The experimental results lie in between the theoretical predictions - the semi-classical
model (A.3) calculated a ratio Rω of∼ 1.6 and the quantum-mechanical model (A.4) a ratio of
∼ 1.1. Unfortunately, the experimental resolution is not sensitive enough to determine which
model is more suitable to describe PCI. However, these results favor the quantum-mechanical
approach developed in A.4. A challenge faced in the analysis of this experimental data was the
temporal jitter between theXUVandTHzpulses. Since not all XUVpulsesweremeasured at the
exact same time-delay (slightly shifting the spectrum in energy) due to the temporal jitter, then
averaging over many pulses causes a false shape of the spectrum as compared to an averaged spec-
trumwith no jitter. Furthermore, as shown in A.3, the longer the FEL pulse, the smaller the PCI
effect (i.e. the ratio Rω decreases). For the experiment, an FEL pulse duration of 20 fs FWHM
was requested but∼ 40 fs FWHMwas achieved, decreasing the resolution of the experiment.
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5
Conclusion and outlook

This cumulative thesis documents the successful implementation and commissioning of a per-
manent streaking setup for pulse duration and arrival time measurements at the FL21 beamline
of FLASH2. This involved the thorough characterization of the experimental chamber, includ-
ing the eTOF spectrometer. Furthermore, it was demonstrated that measurements of pulse du-
ration and arrival time are feasible using only a small fraction (∼ 3%) of the total FEL beam,
facilitating simultaneousmeasurements with another beamline. Following the pioneering proof-
of-principle experiments, the streaking setup presented here has been permanently installed and
used as a photon pulse diagnostic tool for the wide range of FEL energies and pulse durations
available at FLASH, and will remain in operation. For the pulse duration range of ∼ 30 fs to
∼ 150 fs, the streaking setup measures pulse duration with an overall precision of±20%. It has
already been used to measure pulse duration for users, either before or after the users’ beamtime,
verifying if the machine setup delivered the expected pulse duration. This task is especially im-
portant when the time scales of the processes under study are close to (or strongly dependent on)
the FEL pulse duration. Furthermore, the results of the streaking measurements were used to
provide feedback to the machine operators, and were given to users that need to know the FEL
pulse duration for the interpretation of their experimental data.

In addition, single-shot measurements of various SASE photon parameters (energy, arrival
time, pulse duration and spectrum) were recorded at the same time for different FEL settings.
The experimental data was used to investigate in detail how these radiation properties fluctuate
and if there are correlations between the different parameters. The experimental results were
compared to simulations; the comparison showed that more than∼ 60% of the fluctuations in
the photon properties are due to SASE physics, with the remaining fluctuations caused by techni-
cal fluctuations andmeasurement uncertainties. These results demonstrate that the experimental
measurements agree verywell with the FEL theory for the various SASEphotonproperties. Addi-
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tionally, the resultswere used to derive scaling parameters that can be used to easily estimate SASE
FEL fluctuations for different radiation properties without performing complex simulations. A
useful result for SASE FEL users is the possibility to sort SASE FEL data by either photon energy
or pulse duration, since there was no correlation predicted by theory or experimentally found
between them.

Furthermore, the THz streaking setup successfully measured pulse duration and arrival time
in new SASE FEL schemes, such as the two-color operation mode at FLASH2, higher order
harmonics and double pulses. The results show the applicability and versatility of the streak-
ing chamber and encourage the development of novel FEL schemes supported by THz streaking
as a powerful temporal diagnostics tool.

Inorder to further exploit the extensive capabilities of theTHz-streaking technique, thePCI ef-
fect in Auger decay was studied both theoretically and experimentally. Following the experiment
that found evidence that Auger electrons may have an energetic chirp due to the PCI effect[57],
this effect was studied in more detail theoretically using a semi-classical model, and a new quan-
tum mechanical approach was developed. The results served to find the optimal experimental
parameter ranges for which the PCI effect can bemeasured at FLASH2 using the THz-streaking
setup. After comparing both theoretical models, it was found that the PCI effect predicted by
the semi-classicalmodel is up to five times as strong as that predicted by the quantum-mechanical
approach. These results encouraged further experiments. The preliminary results of a PCI exper-
iment performed at FLASH2 showed that this effect can be measured with the THz-streaking
setup and favors the quantum-mechanical model. However, due to some experimental limita-
tions such as the FEL pulse duration during the beamtime, the experimental results are not pre-
cise enough to determine which theoretical approach describes the PCI effect more accurately
until more experiments are performed.

In the near future, the THz streaking setup presented in this thesis will bemodified in order to
extend itsmeasurement capability range down to sub-20-fs pulses. As a first step, twonew eTOFs
were already installed. One was placed in front of the existing detector (anti-parallel to the THz
electric field), similar to the setup in references [26, 54], and the other eTOFwas installed parallel
to the first one and a few ten centimeters upstream (out of theTHz focus) in order tomeasure the
reference spectrum independently for eachXUVpulse. This update enables themeasurement of
the photonpulse chirp [26, 54], forwhich therewas no existing directmeasurement tool available
at FLASH2, and which is an important parameter for some experiments.

In the future, the angular streaking technique [109] couldbe implemented as a complementary
method to enable the characterization of even shorter pulses. Here, a circularly polarized IR
field is used to streak the photoelectrons instead of a linearly polarized streaking field. Using this
technique would enable measurements from the attosecond range to ∼ 30 fs, which together
with THz streaking would cover the full range of the pulse duration capabilities at FLASH.

In summary, the results presented in this cumulative thesis show a substantial step towards a
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single-shot temporal diagnostic tool at a SASE FEL, which is highly desired in the FEL scientific
community. Furthermore, the results published and the ones under preparation exhibit the po-
tential and versatility of the THz streaking technique. Although the technique was established
years ago at FELs, there is still a lot to discover, particularly with the new possibility of regularly
measuring the photon pulse duration along with other FEL electron and photon parameters.
These measurements, in combination with simulations of the SASE process provide a more de-
tailed understanding of the SASE FEL mechanism, which in addition can help to improve the
tuning of the FEL. This enables not only a better understanding of the SASE FEL operation and
tuning, but enables user experiments to further push towards the yet unreached limits of FEL
physics.
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Abstract
Ultra-short extreme ultraviolet pulses from the free-electron laser FLASH are characterized
using terahertz-field driven streaking. Measurements at different ultra-short extreme ultraviolet
wavelengths and pulse durations as well as numerical simulations were performed to explore
the application range and accuracy of the method. For the simulation of streaking, a standard
classical approach is used which is compared to quantum mechanical theory, based on strong
field approximation. Various factors limiting the temporal resolution of the presented terahertz
streaking setup are investigated and discussed. Special attention is paid to the cases of very
short (∼10 fs) and long (up to ∼350 fs) pulses.

Keywords: temporal diagnostic, XUV pulses, SASE FEL, FLASH, THz streaking, single
cycle terahertz pulse

(Some figures may appear in colour only in the online journal)

1. Introduction

Free-electron lasers (FELs) working in the extreme ultravio-
let (XUV) and x-ray region deliver unrivalled intense pulses

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

of fs-duration [1–6]. They allow the investigation of basic
light–matter interactions at high photon intensities such as
multiphoton ionization of atoms and molecules. The most
promising application of the XUV FELs is the investigation of
the time evolution of electronic processes by applying pump-
probe techniques. For the realization of this method it is crucial
to know the temporal characteristics of the XUV pulses deliv-
ered by the FEL such as arrival time, pulse duration and—at
best—the temporal shape of the pulses.
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Most FELs in the XUV and x-ray range operate in the
self-amplified spontaneous emission (SASE) regime relying
on stochastic processes, resulting in pulses varying on a shot-
to-shot basis [7, 8]. Each pulse is composed of independent,
temporally coherent spikes, with the duration of these spikes
ranging from hundreds of attoseconds to tens of femtosec-
onds depending on the wavelength and coherence length of
the FEL process. The stochastic nature of the FEL radiation
leads to large shot-to-shot fluctuations in the temporal char-
acteristics of the pulses. Most of the known temporal charac-
terization methods are based on averaging over many pulses
[9], which strongly limits the accuracy of the pump-probe
experiments. The necessity to know the duration and tem-
poral profile of each individual pulse stimulated the devel-
opment of different methods that are suitable for single-shot
temporal characterization. Besides terahertz (THz) streaking,
there are mainly three different techniques available: (1)—the
observation of optical properties changes in solid thin films
upon XUV pumping (e.g. [10, 11]). This method however
only works within a very limited dynamic range in the XUV
and it is questionable how the method can be scaled to the
MHz high-repetition rate of FLASH. (2) A different approach
investigates the temporal profile modulation of the electron
bunch during the XUV/x-ray creation process using a radiofre-
quency transverse deflector device [12]. It has been shown that
these measurements can provide photon pulse durations with
very high temporal resolution, however, currently cannot be
scaled to the burst mode structure of FLASH. (3) A similar
approach using an optical replica of the electron bunch mod-
ulation (‘optical afterburner’) [13] is potentially also able to
deliver single-shot pulse duration information but has so far
not been demonstrated experimentally.

THz streaking [14–19] on the other hand can overcome
these limits and has the potential to deliver single-shot pulse
duration information basically wavelength independent and
over a large dynamic range (in pulse duration and FEL energy).
It can be operated with repetition rates up to several hundred
kHz (potentially even MHz). In addition, it can provide arrival
time information of the FEL pulse with respect to the laser
driving THz generation for each single pulse with an accuracy
well below 10 fs [18]. Due to its wide working range the con-
cept can not only be used at soft x-ray FEL like FLASH, but
also at hard x-ray FELs [17, 20].

Recently a THz-field driven streaking setup has been
installed at FLASH1 [18] delivering photon pulse duration
as well as arrival time information for each individual XUV
pulse. In this paper, we report on measurements performed
with this streaking setup and theoretical simulations devoted
to the investigation of its accuracy and limitations. Previous
THz streaking experiments [14, 15, 17, 19] have been per-
formed at fixed FEL settings where the average XUV wave-
length, pulse duration and pulse energy were essentially stable.
Here, for the first time, a comprehensive collection of measure-
ments recorded at various FEL parameters governing the pulse
duration are presented. From shortest possible FLASH SASE
pulses in the sub 10 fs range (single longitudinal mode) with

only few μJ of pulse energy to intense>100μJ pulses contain-
ing a large number of longitudinal modes extending to pulse
durations >300 fs (FWHM) have been investigated.

The paper structure is as follows: the next section is devoted
to the theoretical description of the streaking process which
is used in the simulations and the reconstruction of the tem-
poral profiles from the electron time-of-flight (eTOF) mea-
surements. In section 3 the experimental setup at FLASH1 is
briefly described providing necessary information about the
parameters of the XUV and the THz fields. In subsection 3.2
the analysis of the possible error sources as well as limitations
of the described streaking setup is given. Section 4 presents
experimental results for different XUV pulse durations and
various parameters of the THz field. Finally, we conclude in
section 5.

2. Theoretical background

2.1. Streaking principle. Classical description

We consider the photoionization of an atom by a short (fem-
tosecond) XUV pulse in the presence of a co-propagating THz
radiation field. Both fields are linearly polarized in the same
direction. In the scope of the current paper, we assume a single-
cycle THz pulse with duration much longer than that of the
XUV pulse [15]. The XUV pulse produces a distribution of
photoelectrons via ionization that carries the temporal infor-
mation of the ionizing XUV pulse. The kinetic energy of the
photoelectrons is modified by the interaction with the THz
electric field, and their final energy is determined by the instant
THz-field vector potential at the moment of ionization. Thus,
the temporal structure of the electron wave packet is mapped
onto the kinetic energy distribution of the photoelectrons.

Classically, one can write the final energy W of photoelec-
trons emitted at the instant of time t as (atomic units (a.u.) are
used in this section unless otherwise indicated)

W (t) = W0 + qATHz (t) cos θ − (ATHz(t))2/2, (1)

where W0 is the initial energy of the ejected electron with-
out THz field, q =

√
2W is its final linear momentum directed

at angle θ to the polarization direction of both pulses, and
ATHz (t) = −

∫∞
t ETHz(t′)dt′ is the THz-field vector potential,

with ETHz(t′) being the THz electric field. Note that the THz
field is weak and the quadratic term in equation (1) can
be ignored. One can further simplify the THz field-induced
photoelectron energy modulation to ΔWstreak = W − W0

∼=
qATHz (t) by assuming θ = 0 (detecting only electrons along
the polarization direction). Thus, the shift of the kinetic energy
peaks provides the arrival time of the XUV pulse.

The relation between the time interval δt and the energy
interval δ(ΔWstreak) is as follows:

δ (ΔWstreak) = sδt = q
dATHz(t)

dt
δt, (2)

where s is the so-called streaking speed. As a first approxima-
tion, the value s may be set to be a constant proportional to the
derivative of the vector potential at the center of the slope. The
pulse duration τXUV can thus be extracted from the broadening

2



J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 184004 R Ivanov et al

of the photoelectron spectrum due to the presence of the THz
field. For a Fourier limited Gauss-shaped peak the following
equations apply:

σ2
streak = σ2

ref + s2τ 2
XUV, (3a)

τXUV = s−1
√
σ2

streak − σ2
ref, (3b)

with σstreak and σref being the widths of the peak with and
without the THz field, respectively.

If the XUV pulse has a linear chirp, e.g. EXUV (t)
= ẼXUV (t) cos

(
ωt + ct2

)
where ẼXUV (t) is the envelope and

ω is the center frequency of the XUV field, equation (3a)
becomes σ2

streak = σ2
ref + τ 2

XUV

(
s2 + 4cs

)
which may be used

for experimental determination of the chirp [14, 19, 21].
As the THz pulse is focused the phase of the THz field

changes continually along the propagation direction. This
effect, often called Gouy phase, changes the phase by 180◦

across the Raleigh range. Thus, electrons generated at differ-
ent positions within the interaction region are accelerated by a
slightly different THz field and therefore experience a differ-
ent energy modulation. This leads to an additional broadening
σGouy of the photoelectron line independent of the XUV pulse
duration [21]. The broadening can, at least approximately, be
determined from the THz focusing geometry and the accep-
tance volume from which the electrons are collected. This
Gouy phase broadening has to be subtracted from the actually
measured width:

τXUV = s−1
√
σ2

streak − σ2
ref − σ2

Gouy. (4)

2.2. Quantum mechanical simulation

A more accurate description of the streaking process can be
achieved by a quantum mechanical approach. For calculations
of the double differential cross section of the photoionization
(in energy and angle), the strong field approximation (SFA)
can be used [22] since it is valid for medium strong streaking
fields and relatively fast electrons (kinetic energies of more
than 1 a.u. (27.2 eV)). Realization of the SFA in the con-
text of streaking was discussed in references [23–26]. Within
this approximation, pulse duration, temporal profile, kinetic
energy, target gas, streaking field and strength can be indepen-
dently varied to study the role of each parameter in the streak-
ing process. As a result, the simulation provides the energy
and angular resolved double differential cross sections for the
streaked photoelectrons. Several examples will be discussed
later.

The SFA approach, however, is computationally rather
demanding limiting its applicability in fast (on-line) shot-to-
shot analysis of experimental spectra. The description of the
process can be significantly simplified within a quasi-classical
approach using the stationary phase method as suggested in
[24, 25]. Recently, a very simple and fast method of FEL pulse
retrieval from the THz streaking spectrum has been suggested
in reference [26]. The method is based on SFA and uses the sta-
tionary phase approximation. As shown in reference [26] the
double differential cross section (DDCS) for XUV ionization

in the presence of the THz field can be presented as:

dσ
dWdΩ

(W, θ) =
2πE2

XUV (ts)

ETHz (ts)
√

q2
0 − 2W sin2 θ

dσ(0)

dWdΩ

(
W̃ s, θ̃s

)
,

(5)
where the last factor is the common DDCS of photoionization
of the l0 shell of the atom by the XUV pulse alone which can
be presented in a standard form:

dσ(0)

dWdΩ
(W̃s, θ̃s) =

σl0
(0)

(
W̃s

)
4π

(1 + β
(
W̃ s

)
P2 (cos θs)), (6)

hereσl0
(0)(W̃s) andβ

(
W̃s

)
are the cross-section and anisotropy

parameter for the photoionization of the l0 shell of the atom
by the XUV pulse alone, P2(x)is the second Legendre polyno-
mial. The energy W̃s and angle θ̃s are defined as:

W̃s =
1
2

∣∣∣	q − 	ATHz(ts)
∣∣∣2, (7)

θ̃s = arccos
(
cos θ − ATHz (ts) /q

)
. (8)

They have the meaning of the electron energy and emission
angle before entering the THz field. The stationary point ts
(the time of ionization providing the final energy (W = q2/2)
is given by the equation:

(q cos θ − ATHz (ts))2 + q2 sin2 θ − q2
0 = 0, (9)

with q0 =
√

2W0 and W0 being the initial energy of the
photoelectrons.

Equation (9) has two solutions q cos θ − ATHz (ts)

= ±
√

q2 sin2 θ − q2
0. The experiment implies that the

momenta q0 and q involved are substantially larger than the
magnitude of the vector potential of the THz field ATHz. Thus,
if one considers the case cos θ > 0, the solution with the plus
sign should be chosen while the solution with the minus sign
should be chosen for cos θ < 0. If only complex roots ts of
equation (9) exist, for computation of the SFA amplitude the
saddle point method should be used instead of the stationary
phase method. The saddle point method allows one to obtain
the Airy function representation for the SFA amplitude which
exponentially decreases with increase of the absolute value of
the imaginary part of ts. For the present problem this case is
not relevant.

The expression (5) can be directly used to retrieve the tem-
poral XUV pulse profile from a measured electron energy
spectrum:

E2
XUV (ts) =

ETHz (ts)
√

q2
0 − 2W sin2 θ

2π

× dσ
dWdΩ

(W, θ)

[
dσ0

dWdΩ

(
W̃s, θ̃s

)]−1

. (10)

The retrieval strategy is the following: for each energy
W = q2/2, angle θ and a given time-dependence of the THz
vector potential ATHz(t), the emission moment ts is found from
the relation (9). Then the energy W̃s and angle θ̃s are calculated
according to equations (7) and (8), respectively. Finally using
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Figure 1. (a) Geometry of the THz streaking setup used at the PG0 beamline of FLASH. (b) THz streaking principle. Photoelectrons are
emitted from free (noble gas) atoms ionized by short XUV pulses in the presence of a strong linearly polarized THz field, thus modifying the
momentum component of the photoelectrons. (c) Mapping of the temporal information to the kinetic energy distribution from the THz
vector potential (streaking trace).

equation (10) the XUV pulse is evaluated, provided the cross
section dσ0/dWdΩ is known.

Since expression (10) is algebraic, the pulse retrieval is as
fast as using the classical expression (1) with linear approxi-
mation of the vector-potential. The former expression (10) has
the advantage that it can be used for any shape of the vector
potential and therefore is suitable also for comparatively long
XUV pulses. The only limitation is that the THz vector poten-
tial must be a monotonous function in time during the XUV
pulse duration.

3. Experiment

3.1. THz-streaking setup and data acquisition

The experiments were performed at the plane grating (PG)
monochromator beamline [27, 28] of the free-electron laser
in Hamburg (FLASH) [1]. The PG beamline was operated in
the so-called parallel configuration. This configuration enables
the utilization of the 0th diffraction order (at the PG0 beamline
branch) for experiments or diagnostics (THz streaking in our
case) while the dispersed radiation is simultaneously used to
measure the XUV FEL spectrum with high resolution.

Various settings of the accelerator were used to test the
applicability of the streaking diagnostic over a wide range of
FEL parameters. The FEL was operated in single bunch mode
at 10 Hz, with electron bunch charges altered from 0.08 nC
up to 0.44 nC, leading to different XUV pulse durations from
∼10 fs to ∼350 fs (FWHM) as well as to XUV pulse energies
ranging between only a few μJ at 7 nm to >100 μJ per pulse
at 20 nm.

An 80 fs, 800 nm, 6.5 mJ, 10 Hz Ti:Sapphire laser [29]
with a sub 10 fs synchronization to the optical master oscilla-
tor [30] was used to generate single-cycle THz streaking pulses
based on pulse front tilt optical rectification in a lithium nio-
bate (LiNbO3) crystal [31]. The obtained THz pulse energy
was on the order of 15 μJ leading to a THz field strength up to
300 kV cm−1 (see figure 3 in [18]). A detailed description of
the experimental setup and the working principle can be found
in reference [18]. In brief, the XUV pulses are focused into a
noble gas target (see figure 1) and create photoelectrons via
ionization. The XUV focus size is chosen to be sufficiently
smaller (∼300μm diameter (FWHM)) as compared to the THz

focus size of 2.1 mm (FWHM). A Ce:YAG screen and fast
photodiode were used to find the coarse spatial and temporal
overlap between the XUV and THz pulses [32].

Neon was chosen as the target gas providing the 2p and 2s
photoelectron spectral lines in the energy range of interest. The
electron binding energies are 21.7 eV (2p) and 48.5 eV (2s),
respectively [33]. At the FEL wavelength of 6.8 nm (182.3 eV),
two single, well separated spectral lines with kinetic energies
of 160.6 eV and 133.8 eV were measured. At 20 nm (62.0 eV)
XUV wavelength the photoelectron kinetic energies are 40.3
eV and 13.5 eV, respectively.

As will be shown below, the range of XUV pulse durations
from 30 fs < τXUV < 150 fs can be evaluated for XUV wave-
lengths up to about 30 nm. For longer wavelengths, pulse dura-
tions of 30 fs approach the few-mode operation and have to be
treated more carefully. Furthermore, the photoelectron kinetic
energy gets smaller, thus making it increasingly more diffi-
cult to reach sufficient streaking strength (see equation (2)).
Nevertheless, pulse duration measurements using a similar
setup have been successfully measured at 34 nm seeded VUV
radiation [19].

The mapping between the streaked kinetic photoelectron
energy and the time is given by ΔW (t) ≈ eATHz(t)

√
2W0/me.

The right-hand side of this equation is usually called ‘streaking
trace’ and provides the maximum energy shift of photoelec-
trons for a given THz field. By fitting the linear part of the
vector potential we can evaluate the streaking speed ‘s’ which
relates the energy shift and emission time [14, 21].

3.2. Possible sources of errors and limitations

One of the main challenges of pulse duration diagnostics is
the determination of measurement error bars. There are sev-
eral different sources of inaccuracy that have already been
discussed in [14–16, 34]. Here we summarize the factors that
limit the accuracy and the temporal resolution of THz streak-
ing in general. In section 4 we focus on the specific influence
of the error sources for the different pulse duration ranges and
provide experimental results from FLASH.

3.2.1. Spectral fluctuations of the SASE FEL pulse. As fol-
lows from equation (2) the shorter the XUV pulses are, the
smaller the broadening induced by the streaking for a certain
THz field is. Ultimately, for the shortest pulses available at
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Table 1. Broadening of the streaking signal in fs (FWHM)
calculated for 300 kV cm−1 THz field and different horizontal
positions (along the FEL propagation) of the eTOF with respect to
the THz focus and for different acceptance volumes-source size
(horizontal length) of the eTOF [18].

eTOF position Source Phase Gouy broadening
(mm) size (mm) (rad) FWHM (fs)

0 0.25 0.023 6.2
0 0.5 0.047 13
0 0.75 0.071 19
6 0.25 0.017 4.7
6 0.5 0.033 10
6 0.75 0.053 14

FLASH the broadening approaches the spectral width fluc-
tuations caused by the SASE process (see e.g. figure 6). In
addition, for short pulses only a few or eventually one spectral
mode is present [35]. Thus, the spectral distribution changes
significantly from shot to shot while the influence of the broad-
ening due to streaking is decreasing, leading to a more chal-
lenging data analysis. For this work it is mandatory to use
the information of reference spectra from each XUV pulse
measured either by a second eTOF [14] or by an XUV spec-
trometer. In the present case, the XUV spectral distribution is
measured for each FEL pulse simultaneously to the THz
streaking by the PG monochromator beamline operating in
spectrometer mode [27]. These spectra can then be used to
provide the reference energy width on a single-shot basis with
significantly higher resolution as compared to an eTOF [27].
In order to crosscheck the approach, a set of un-streaked pho-
toelectron spectra were recorded and the determined width
of these eTOF spectra were found to correlate well with the
spectral width determined by the XUV spectrometer. Since
the few-spectral-mode substructure is also visible in the eTOF
spectra an analysis based on a single-peak Gaussian approxi-
mation has severe limitations and the analysis has to be adapted
individually for each pulse as has been shown in [14, 15].

An alternative way to cope with the spectral fluctuations of
the SASE pulses is the utilization of Auger emission processes.
Here the SASE pulses eject an inner shell electron of noble
gas atoms. The excited ions will later decay via the emission
of Auger electrons. The energy of the Auger electrons only
depends on the involved atomic states and is independent of the
energy of the ionizing photons. The spectral width of the Auger
electrons is determined by the lifetime of the excited state and
is typically about 100 meV or smaller [36]. Thus, the spec-
tra of the Auger electrons are extremely narrow and stable as
compared to direct photoelectron spectra at SASE FELs. The
measured temporal distribution of the Auger-electron wave-
packets is a convolution of the temporal profile of the ionizing
light pulse and the exponential Auger decay. The XUV pulse
duration can be extracted from the streak-measurements by a
simple deconvolution. The Auger lifetimes are usually well
known and typically lie in the range of a few femtoseconds.
Therefore they do not pose a severe limit for the target pulse
duration range.

3.2.2. Gouy phase broadening. The THz phase shift before
and after the focus leads to an additional broadening of the
eTOF signal resulting in a longer retrieved XUV pulse. Our
eTOF spectrometer has a ∼0.5 mm FWHM acceptance range
[18]. In table 1 we present the Gouy broadening calculated for
our THz source [18] for different acceptance volumes, source
size (horizontal length) and interaction point position regard-
ing the THz focus. In order to reduce the Gouy phase induced
broadening, one can either move the interaction point away
from the THz focus position or minimize the interaction vol-
ume. The latter could be achieved by using a more narrow gas
target and a restricted eTOF acceptance range.

3.2.3. eTOF spectrometer resolution, acceptance angle and
signal to noise ratio (SNR). The energy resolution of the used
eTOF (Kaesdorf ETF11) is approximately 1% of the initial
electron kinetic energy similar to the photon energy band-
width of the XUV pulse. Thus, in the case of 7 nm XUV
wavelength, the un-streaked peak width is on the order of
1.0–1.5 eV. It should be noted that for a given eTOF spectrom-
eter, the temporal resolution can be improved either by apply-
ing a more intense THz field or by streaking more energetic
photoelectrons.

Nevertheless, the increased energy resolution usually leads
to a reduced collection efficiency, and it is challenging to
achieve high energy resolution and high collection efficiency
simultaneously. The single-shot streaked photoelectron signal
has to be intense enough to determine the streaking for each
single XUV pulse, i.e. to collect a sufficient number of elec-
trons per pulse while avoiding unwanted spectral broadening
due to space charge resulting from too many ions created in the
FEL focal volume [37]. By increasing the target gas pressure
until a significant broadening of the un-streaked photo-line was
observed, we could determine that a total number of collected
electrons in the range of few hundred per XUV pulse does not
lead to significant space charge broadening. Considering the
45◦ collection angle this corresponds to a total number of a
few ten thousand electrons within the FEL focus volume.

The collected electrons are distributed by the time-of-flight
principle of the spectrometer to a certain time interval which is
typically few times longer than the signal produced by a single
electron (1.2 ns (FWHM) for the used setup).

Thus the recorded amplitude of an eTOF trace at a certain
point is typically composed of a few tens of electrons only.

The finite number of electrons contributing to the signal
leads to a statistical uncertainty of the signal shape [21]. In
the case of a Gaussian distribution the uncertainty due to the
Poisson statistics can be easily calculated. For n electrons
contributing to the amplitude of the photoelectron signal, the
uncertainty of the amplitude is given by Poisson statistics:

√
n.

Thus the uncertainty range for the normalized amplitude is 1
± 1/

√
n as shown in figures 5, 7 and 9.

A simulation of the streaked eTOF signal dependence on
the acceptance angle was performed to verify the additional
broadening due to the rather large acceptance angle of the used
eTOF spectrometer. Using equation (5) the DDCS was calcu-
lated for the model case of six 5 fs XUV pulses in three pairs
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Figure 2. SFA simulation according to equation (5). The 2D figure
shows the double differential cross-section simulated for the neon
2p ionization (at an incident photon energy of 182 eV/6.8 nm) using
three pairs of 5 fs (FWHM) XUV pulses which are spaced by 15 fs
while the pairs are 200 fs separated. A 250 kV cm−1 streaking field
was chosen. The middle pair was set at the zero crossing of the
vector potential. The streaking field acts strongest at 0 degrees
(electrons emitted parallel to the THz polarization) and its effect is
decreasing for higher angles. In the angular range of ±22.5 degrees
for the used spectrometer there is already a certain change visible in
the angular distribution. The lineouts (b) and (c) show the integrated
photoelectron signal for the angular acceptance of ±22.5 degrees
(red) and for the reference signal taking only the emission at 0
degrees into account—(blue). Two cases are shown: for a THz field
of (b) 150 kV cm−1 and (c) 250 kV cm−1. While there is a
significant difference in the resolution for the temporally shifted
peaks (∼190 eV), the difference between the large acceptance angle
and the reference is almost negligible for the streaked signals at the
zero crossing of the vector potential (∼160 eV). One can also see
the better resolution at 250 kV cm−1 compared to 150 kV cm−1.

Figure 3. XUV pulse retrieval simulations using equation (10).
Figure 3(a) shows three streaked Gaussian pulses of different XUV
durations in the energy domain (with a central energy of 68 eV). The
lower panel figure 3(b) displays the corresponding retrieved XUV
pulses. The dashed lines denote the linear (L) reconstruction of the
pulse (assuming a linear behavior of the main slope of the vector
potential); the solid lines denote the reconstruction of the same
streaked pulse but using equation (10) (NL) with a measured THz
potential (streaking trace). The streaking trace is shown in black
dots. For pulses <150 fs, the reconstruction gives a Gaussian-like
pulse. As the pulse duration increases, the shape of the THz vector
potential has a greater influence, leading to a considerable change in
the shape of the XUV pulse.

spaced by 200 fs and each of the pairs separated by a 15 fs inter-
val. The calculation was performed for neon 2p ionization at an
XUV wavelength of 6.8 nm (electron energy 160 eV) in a THz
field of 250 kV cm−1. As shown in figure 2(a) the strongest
effect of the streaking field is for electrons moving along the
polarization direction (theta = 0 degrees).

For electrons moving perpendicular to the THz field (90
degrees) there is practically no energy shift. It is interesting
to note that the photoelectron lines do not cross the initial
photoelectron energy of 160 eV but the electrons not emit-
ted at the zero crossing of the streaking trace end up with
less kinetic energy at 90 degrees than the un-streaked elec-
trons. In equation (1) there are two terms depending on the
field (pATHz (t) cos θ) and

(
ATHz(t)2

)
. The term

(
ATHz(t)2

)
is

typically very small and can be neglected, however, it causes
the asymmetric shift at 90 degrees.

The angular distribution at the zero crossing of the THz vec-
tor potential has almost no angular dependence. Therefore, a
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larger acceptance angle does not limit the resolution signifi-
cantly. On the other hand, at streaking positions outside the
zero crossing (yielding an energetic shift at 0 degrees), a sig-
nificant effect of the acceptance angle can be observed (see
figures 2(b) and (c)).

In our case, the acceptance angle of 45 degrees (full solid
angle) shows only an additional broadening of <1 fs at the
zero crossing of the vector potential and <5 fs measured 200
fs away from the crossing. Reducing the field to 150 kV cm−1,
the two pulses located 200 fs away from the crossing cannot
be resolved anymore showing the importance of the correct
setting of the relative timing between XUV and THz fields.

3.2.4. Influence of the non-linearities of the THz vector poten-
tial. Usually the analysis of the streaking spectra is performed
assuming a linear slope in the THz vector potential (constant
streaking speed). However, the vector potential is non-linear
and the streaking speed depends on the arrival time. For very
short pulses and for arrival times close to the zero-crossing
of the THz field vector potential the difference is negligible.
Nevertheless, for longer pulses this difference may be consid-
erable. We investigated the influence of the non-linear ramp by
retrieving Gaussian streaked XUV pulses using equation (10)
for different pulse durations. The results are shown in figure 3.
When the pulses are almost as long as the range of the vector
potential slope, the non-linearity is reflected as a change in the
shape of the pulse as well as a small shift in the arrival time.

3.2.5. SASE induced error sources. Another source of
uncertainty results from radiation properties of the SASE pulse
itself. Measurements of the electron phase space and the spec-
tral width of the XUV radiation give strong hints that the SASE
radiation can be chirped due to the influence of space charge
and radio frequency (RF) slopes [38–41]. The energy chirp
results in an SASE pulse whose leading part has a slightly
different average wavelength as compared to the trailing part.
This leads to different measured pulse durations depending on
the relative sign of the THz streaking field and the chirp as
explained e.g. in [21]. To estimate the influence of the effect,
one can compare the pulse durations retrieved from the posi-
tive and negative THz slopes (compare streaking trace shown
in figure 1(c), if only one eTOF is used. For two eTOFs fac-
ing each other see [14, 21]) the chirp can be derived for each
measured XUV pulse.

4. Measurements and discussion

4.1. Streaking in the ‘standard’ XUV pulse range (30 fs <
τXUV < 150 fs)

Before focusing on the limits of the method, we have inves-
tigated the ‘standard’ pulse duration regime of FLASH. Note
that the error sources discussed above are in a tolerable range
and the pulse duration can be determined rather accurately. A
detailed investigation of the pulse duration fluctuations and
their correlations to other pulse parameters such as pulse
energy and spectral distribution was discussed in [42]. For
this pulse duration region the influence of the different error
sources is comparatively small.

Figure 4. (a) Single-shot pulse duration measurements shown for
three thousand FLASH pulses. The red line indicates the mean value
of ∼102 fs FWHM. The error bars of each measured pulse duration
(not shown in the plot) is ±20% including all different contributions
discussed in the text. (b) Histogram of pulse durations.

Figure 4 shows the single-shot pulse duration with the
unavoidable and expected fluctuations due to the SASE pro-
cess pointing again on the need to provide a single-shot diag-
nostic for SASE based FELs.

4.1.1. Reference spectra-SASE fluctuations. For the used
experimental setup, the streaked photoelectron spectra are sig-
nificantly broadened as compared to the un-streaked ones
(figures 5 and 6(b)). We therefore can simplify the analysis by
recording the averaged un-streaked reference spectral width by
blocking the THz beam every few minutes.

Since the eTOF resolution is not good enough to resolve
the temporal sub-structure in the streaked spectrum, we used
a Gaussian fit to determine the line width (FWHM) of both
streaked and un-streaked spectra. In order to get an estimate
of the error introduced by taking the averaged reference, the
resulting XUV pulse duration was calculated by using the
smaller and larger FWHM values of the reference spectrum
width histogram. The widths of the reference spectra his-
togram shown in figure 6(b) is 0.9± 0.1 eV which leads (using
equation (3b)) to an uncertainty of <1% for determination of
the pulse duration and therefore negligible.

4.1.2. Gouy phase broadening. The influence of the Gouy
phase was taken into account for the THz beam shape around
the interaction point (see also figure 4 in reference [18]).
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Figure 5. Streaked (red) and un-streaked (blue) photoelectron
spectra of ∼60 fs (FWHM) XUV FEL pulses are shown (thick lines)
including the 1/σ error bars (shaded area) caused by the Poisson
statistics due to the limited number (about 80–100 electrons in the
peak) of electrons in the spectrum. The streaking speed s was 0.05
eV fs−1. FEL photon energy was 70.2 eV (wavelength 17.6 nm).
Streaked spectrum for Ne 2p was taken at the 0-crossing of the
THz-vector potential.

According to table 1, the Gouy broadening is (13 ± 2 fs)
for the THz focus position and ∼0.5 mm source size (hori-
zontal length). The uncertainty in the Gouy broadening stems
from the not precisely known source size. Due to the quadratic
dependence, the influence on the acquired pulse duration is
rather small (see equation (3)) and the uncertainty in the
knowledge of the Gouy phase leads to an error of <5%.

4.1.3. eTOF spectrometer resolution, acceptance angle and
signal to noise ratio (SNR). As shown in figure 2 the broaden-
ing by a larger angular acceptance is (at the zero crossing of the
vector potential) only a few fs and thus leads, in the considered
pulse duration range, to an error of less than 5%.

The photoelectron peak width/shape has an uncertainty due
to the limited number of electrons in a shot (∼200–500 elec-
trons). The finite number of electrons contributing to the sig-
nal, leads to a statistical uncertainty of the signal shape. The
statistical error of the width determination together with the
Gaussian fitting leads to an uncertainty of 10%–25% as illus-
trated in figure 5. Typically, the eTOF resolution in combina-
tion with counting statistics shows an error that is too large
for a detailed analysis of the pulse shape. Thus, only the
pulse duration is analyzed. However, for longer pulses some
information about the rough overall pulse structure can be
determined as shown in section 4.2.

4.1.4. Influence of the non-linearities of the THz vector poten-
tial. In the considered pulse duration range, the SASE pulses
consist of several sub pulses which cannot be resolved by the
current eTOF spectrometer, thus we only apply a Gaussian fit.
As shown in figure 3 the influence of the non-linear THz field
is only a few percent and thus for the standard analysis, the
linear approach (equation (4)) can be applied.

4.1.5. SASE induced error sources. Potentially, a strong
energy chirp in the electron bunch generating the XUV pulse,

can lead to a corresponding frequency chirp of the XUV pulse
which is not detectable on a single shot basis with the present
setup due to the given statistical uncertainty. However, the
average amount of frequency chirp was determined by com-
paring the average streaking width on the positive and negative
vector potential slope, similar to how it was done in reference
[19]. Interestingly, we did not find an indication of chirp (larger
than the error bars) for the whole large range of measured FEL
parameters.

In summary, for pulse durations in the range 30 fs < τXUV

< 150 fs we can state a typical uncertainty of ±20% for the
determination of the single-shot pulse duration.

4.2. Exploring the upper limit: ‘long’ (τXUV > 150 fs) XUV
pulses

For pulses that cover a significant fraction of the streaking
slope, the THz streaking induced broadening is so large that
the XUV pulse shape deviates from the initial Gaussian shape
and shows a convolution of the reference line shape with the
actual XUV pulse shape (see figure 6(c)). In this case, we can
determine not only a value (FWHM) for the pulse duration but
reconstruct the pulse shape of the individual XUV pulses, mak-
ing a deconvolution of streaked and reference spectra using
the non-linear equation (10) (see figure 7). Note, that here the
influence of the various error sources is different as compared
to the standard streaking case (section 4.1).

4.2.1. Reference spectra-SASE fluctuations. One can see
from figure 6(c) that the width distribution of the reference
spectra (no THz) and of the actual streaked spectra are suf-
ficiently well separated. Thus, the SASE fluctuations show
almost no contribution to the pulse duration uncertainties
(<0.1%).

4.2.2. Gouy phase broadening. Gouy correction leads to
<1% change of the pulse duration and does not have to be
considered.

4.2.3. eTOF spectrometer resolution, acceptance angle and
signal to noise ratio (SNR). The maximum streaking field
strength has to be adjusted to provide sufficient streaking
strength to clearly broaden the photoelectron peaks in compar-
ison to the reference width. This allows one to determine the
actual XUV pulse shape, while keeping the signal level still
large enough within the time bins of the eTOF signal. If the
streaked photoelectron line is broadened too much, there are
only few electrons per time bin left leading to a large Poisson
uncertainty and thus a large error in the determination of the
pulse shape.

We found that 30–40 electrons contributing to the maxi-
mum signal are sufficient to reduce the error for the signal
amplitude to <20%. Figure 7 shows the retrieved XUV pulses
including the statistical error bands.

4.2.4. Influence of the non-linearities of the THz vector poten-
tial. The reconstruction of the XUV pulse shape from the
measured photoelectron distribution needs to take the mea-
sured vector potential into account if the pulses cover large
parts of the slope. The XUV pulses were reconstructed using
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Figure 6. Upper row: XUV spectra for different pulse duration settings. Column (a): represents the case τXUV < 30 fs; (b): 30 fs < τXUV <
150 fs; (c): τXUV > 150 fs. Green, blue and red lines are examples of single-shot spectra measured with the PG spectrometer. Black curves
represent the average spectra. One can clearly see the different number of spectral spikes/modes for the different settings. The lower row
shows the corresponding histograms for the eTOF spectral width (FWHM in eV) for streaked and un-streaked (reference) spectra. While for
the long pulse duration (column (c)) the width fluctuations of the reference (un-streaked) spectra is negligible, for the short pulses (column
(a)) there is a significant overlap showing the need of a careful consideration of the reference pulses.

Figure 7. Reconstruction of the XUV pulse shape for pulses that are
almost as long as the ramp of the THz vector potential. Red and
green curves represent two examples of measured eTOF spectra
with a pulse duration of ∼350fs (FWHM). The error envelope takes
into account the statistical uncertainty. The dotted line represents the
THz streaking trace. The streaking speed s was ∼0.043 eV fs−1.

equation (10), taking the quantum mechanical nature of the
interaction into account. In addition, the acceptance angle
of the eTOF was included in the simulation. The differ-
ences in pulse reconstruction between the linear and nonlinear
approaches are in the same range as the statistical errors (see
figures 3 and 7).

4.2.5. SASE induced error sources. Using only one eTOF,
no single-shot information about the chirp can be acquired.
Unfortunately, the comparison of the pulse durations acquired
from the positive and negative slope as shown in [19] is not
applicable here since the XUV pulses are too long to be prop-
erly be measured by the ‘shorter’ side slope (see figure 1(c)).

4.3. Exploring the lower limit: ‘short’ (τXUV < 30 fs) XUV
pulses

Up to date, higher frequency streaking fields in the infrared or
near infrared ranges have been applied to measure XUV pulses
down to attosecond pulse duration [43–45]. Shorter wave-
length streaking fields usually provide more intense streaking
strength while restricting the temporal window of the measure-
ment. Thus, one has to be sure that both temporal jitter and the
pulse duration are shorter than the streaking slope.

THz generation based on lithium niobate (LiNbO3), cen-
tered around 0.6 THz with a field strength of ∼300 kV cm−1

(maximum achieved streaking speed s of ∼0.11 eV fs−1 in the
THz focus), is ideally suited for the main working range of
FLASH, providing XUV pulse durations of ∼30 fs to ∼150
fs (FWHM). The achievable streaking speed is rather low (as
compared to e.g. IR streaking) and thus the ability to measure
few fs pulse duration is rather poor. Nevertheless, we want to
explore the resolution limit for measuring short pulse durations
with the present setup.

In order to experimentally test the limits of the presented
technique, we employed a new option of FLASH to produce
sub 10 fs pulses [35]. As FLASH operates in the SASE mode,
the generated XUV pulses consist of a stochastically fluctu-
ating sequence of sub spikes [7, 40, 46]. Thus, the shortest
pulse that can be generated by an SASE FEL without addi-
tional beam modulation is a single spike [35, 47]. Each tem-
poral spike has a duration of roughly the coherence time τ c.
For the experimental wavelength of 6.8 nm, the coherence
time is about 6 fs (FWHM) [35, 47]. Reference [35] provides
a detailed description of how to achieve single mode opera-
tion at FLASH by using a dedicated photocathode laser with
an about ten times shorter pulse duration as compared to the
standard laser used. This configuration produces low charge
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Figure 8. Measured Kr MNN-Auger spectra with (green) and
without (blue) THz field.

electron bunches (∼80 pC) that can be compressed to below
30 fs (FWHM) leading, in the nonlinear amplification process,
to sub 10 fs XUV pulses. This results in strongly fluctuating
XUV pulses with average pulse energies of about 1 μJ. Mea-
surements of the XUV spectral distribution show that about
50% of the produced XUV pulses have only one single spectral
spike. In the following section we present a detailed analysis
of the error sources in pulse duration determination for such
single spike short pulses.

4.3.1. Spectral fluctuations of the SASE pulse. Looking at
figure 6(a) one notes that the width distributions of the ref-
erence spectra (no THz) and of the streaked spectra are
partially overlapping. Thus, without a precise knowledge
of the individual reference pulses the analysis is strongly
limited.

In order to test the resolution of the streaking setup, we
used the option of recording a high resolution XUV spectrum
for each FEL pulse and a streaked electron spectrum simulta-
neously. To make sure that only the shortest XUV pulses are
analyzed, we selected in a first step the XUV pulses showing
only one single spectral peak and thus only one temporal spike.
The spectral width of the single spike still varies in width by
±15% due to SASE fluctuations. The Fourier limit of the nar-
rowest spikes was calculated to be below 5 fs (FWHM). To
determine the resolution of the streaking setup, a selection of
single spike pulses has been used while in general few spike
pulses require iterative reconstruction algorithms to determine
the most likely pulse duration shape [14, 48, 49].

Here, we also want to emphasize that there is an alternative
approach which can be used to determine the small differences
between streaked and un-streaked spectra for ultrashort pulses
without the need of precise knowledge of the actual reference
XUV-spectrum. If Auger lines are used for streaking, the anal-
ysis is independent of energy fluctuations of the incident XUV
pulse. Any energetic shift of the streaked lines can directly
be ascribed to a shift of the arrival time. In the present case,
krypton MNN-Auger electrons emitted after ionization of the
Kr 3d shell have been investigated. Figure 8 shows streaked
and un-streaked Auger spectra. The Auger spectrum consists
of several narrow lines. The line width is determined by the
resolution of the electron spectrometer which was ∼1 eV. The

Figure 9. Calculated photo- (blue) and Auger- (orange) electron
emission rates assuming a Gaussian intensity distribution of the
ionizing XUV pulse with an FWHM duration of 10 fs and a 7.9 fs
Auger lifetime.

THz field shifts and broadens the spectra. The shift is propor-
tional to the THz-vector potential at the instance of ionization
and thus a measure for the chosen XUV/THz arrival time.

To determine the shortest XUV pulse durations within this
approach we have again chosen XUV shots with only sin-
gle modes in the simultaneously measured XUV-spectra. After
averaging 50 spectra with the same relative XUV/THz arrival
time, the widths of the streaked and un-streaked spectral lines
were fitted by four Gaussian functions. After the deconvolution
of the streaked and un-streaked spectra as in equation (3b) an
FWHM duration of the Auger-electron emission of 10–15 fs
has been determined whereby the streaking speed s was 0.05
eV fs−1.

For Auger electrons the emission rate is not proportional to
the XUV intensity profile but consists of a convolution of the
XUV intensity distribution with the exponential Auger decay
rate. In case of krypton the lifetime of the M-shell vacancy is
7.9 fs [50]. Plotted in figure 9 are calculated electron emis-
sion rates for direct photo- (blue) and krypton MNN-Auger-
electrons (orange) ionized by an XUV pulse with Gaussian
envelope and 10 fs FWHM duration. The FWHM width of the
Auger emission is 15 fs and thus significantly larger than the
XUV pulse duration.

However, since the Auger-lifetime is well known it is possi-
ble to reconstruct the XUV pulse duration from the measured
Auger emission rates. The here observed FWHM Auger emis-
sion widths of 10–15 fs correspond to XUV pulse durations of
5–10 fs which is in good agreement with the values inferred
from spectral analysis and photoelectron streaking.

4.3.2. Gouy phase broadening. For the short XUV pulses,
the Gouy broadening is on the order of the pulse duration
and thus of uttermost importance. Here the uncertainty of the
knowledge of the Gouy phase has a severe impact on the error
bars of the retrieved XUV pulse. In order to reduce the Gouy
phase induced broadening, we moved the interaction point
(eTOF spectrometer and gas source) out of the THz focus
by ∼6 mm. The corresponding effective broadening is on the
order of 10 fs (see table 1).
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Figure 10. Streaked (red) and un-streaked (blue) photoelectron
spectra are shown (thick lines) including the 1/σ error bars (shaded
area) caused by the Poisson statistics due to the limited number of
electrons in the spectrum. (a) A single-shot spectra for an XUV
pulse containing single spectral spike (wavelength 6.8 nm). (b) The
average over ten streaked and ten reference pulses from similar
single spectral spike pulses. The streaking speed s was 0.09 eV fs−1.

4.3.3. eTOF spectrometer resolution, acceptance angle and
signal to noise ratio (SNR). To determine the small differ-
ences between the streaked and un-streaked spectra the Pois-
son statistics is very important to be considered. In order to
keep the signals below the space charge limit, the signal ampli-
tude of the individual pulses was on the order of 100–200
electrons leading to the contribution of about 40–80 electrons
in the peak of the signal. Figure 10(a) shows the rather large
error bars (>15%) for a single shot spectrum (red: streaked,
blue: reference). As one can see, the reference and streaked
confidence bands overlap. Thus, for single-shot spectra the
uncertainty of the pulse duration measurement is on the order
of 100% due to counting statistics.

Having the set of sorted data as described above we can
average 10 spectra leading to a ∼3 times smaller error due to
Poisson statistics. The confidence bands shrink to a level that
the pulse duration can be determined with <50% error.

For ultra-short pulses the angular acceptance of the eTOF
spectrometer has to be taken into account as well. Figure 2
shows that only spectra measured at the zero-crossing of the
vector potential are not affected for eTOF spectrometers hav-
ing a large collection angle, while additional broadening is

observed for delay times far away from the zero-crossing.
Indeed, after correcting for the different eTOF resolutions at
different kinetic energies and streaking strength, we see a slight
trend of broader spectra as the delay is moved away from the
zero-crossing. The effect is however within the error bars.

4.3.4. Influence of the non-linearity of the vector potential.
Since the streaking for ultrashort pulses uses only a small frac-
tion of the streaking slope, the linear approximation of the
streaking slope is sufficient.

4.3.5. SASE chirp. For the present setup the resolution is not
good enough to tell anything about the chirp of singles-spike
XUV SASE pulses.

In summary, the main limiting factors of the present streak-
ing setup at the short pulse limit are the counting statistics and
the uncertainty in the knowledge of the Gouy phase broaden-
ing. Summarizing the errors discussed above we can state that
a measured pulse duration for the single-shot single spectral
spike SASE pulses (at 6.8 nm) relying on the streaking data
is 10 fs+7 fs

−10 fs. Using the Fourier limit derived from the spec-
tral information as additional constrain (the lower bound is
more confined), we can state for a single shot measurement
10 fs+7 fs

−7 fs . By averaging pulses with similar XUV spectra we
can reduce the pulse duration value and the error range to
8 fs+4 fs

−4 fs [35].

5. Conclusion

Terahertz-field-driven streaking is a powerful tool for measur-
ing the duration and (to a certain extent) time-structure of ultra-
short XUV pulses on a single-shot basis. We investigated the
applicability of the method by using the large parameter range
of FLASH delivering pulse durations from ∼10 fs to ∼350 fs
at different XUV wavelengths.

We show that the streaking technique relying on laser
based THz generation in LiNbO3, yielding a field strength of
300 kV cm−1, is ideally suited to measure the pulse duration
in the range of 30 fs to 150 fs with an overall precision of typ-
ically ±20%. The individual error contributions are discussed
in detail. In addition, for the precise analysis of the spectra
and the simulation of the influence of different parameters,
the theoretical description of the streaking process based on
quantum mechanical principles is presented. Here, a novel
approximation of the common SFA approach allows the fast
reconstruction of XUV pulses from measured photoelectron
spectra including the angular distribution of the photoelectrons
as well as the nonlinear vector potential of the streaking field.

To determine the limits of the method we explored the long
pulse limit where the XUV pulses extend over essentially the
whole streaking slope, as well as sub-10 fs pulses to deter-
mine the resolution limit. In the present setup, pulse durations
down to about 20 fs can be measured reliably while for even
shorter pulses higher streaking fields are required. In princi-
ple, this can be achieved using higher THz frequencies [20] or
even using IR radiation [45]. However, in this range the jitter
between THz (IR) and XUV easily becomes larger than the
streaking slope and new methods have to be applied [48].
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Abstract: Self-amplified spontaneous emission (SASE) pulses delivered by free electron lasers
(FELs) are inherently fluctuating sources; each pulse varies in energy, duration, arrival time and
spectral shape. Therefore, there is strong demand for a full characterization of the properties
of SASE radiation, which will facilitate more precise interpretation of the experimental data
taken at SASE FELs. In this paper, we present an investigation into the fluctuations of pulse
duration, spectral distribution, arrival time and pulse energy of SASE XUV pulses at FLASH,
both on a shot-to-shot basis and on average over many pulses. With the aid of simulations, we
derived scaling laws for these parameters and disentangled the statistical SASE fluctuations from
accelerator-based fluctuations and measurement uncertainties.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Free-electron lasers (FELs) working in the extreme ultraviolet (XUV) and X-ray region deliver
photon pulses with few-femtosecond (fs) duration and unrivalled intensity [1–7]. The majority of
X-ray FELs operate in the self-amplified spontaneous emission (SASE) regime, meaning that
each pulse is characterized by a unique combination of pulse energy, XUV spectrum, arrival time
and pulse duration (see e.g. Figure 1). For a detailed analysis of experimental data taken during
FEL experiments it is essential to determine as many SASE pulse radiation properties as possible,
at best on a shot-to-shot basis. A variety of pulse-resolved methods have been developed and
are used to determine, e.g. the pulse energy [8,9], the spectral distribution [10,11] and arrival
time of the electron bunches [12], but the XUV pulse duration still lacks a standard detection
scheme. Providing accurate pulse length information would enable experimentalists to sort their
experimental data according to all pulse properties. Furthermore, it would allow one to identify
whether there are correlations between different parameters, such as pulse energy and duration.
So far, many studies have examined the fluctuations in pulse energy [13–17] or XUV spectrum
[17–21] separately. Due to the shortcomings of available pulse-resolved XUV pulse duration
diagnostics, the influence of the SASE process on the temporal properties and the dependence of
other parameters on the pulse duration have yet to be investigated in detail. In this paper, we
present pulse-resolved measurements of the XUV pulse duration at the free-electron laser FLASH
in Hamburg [1], achieved using THz streaking [22–24], in addition to measurements of the XUV
spectrum and pulse energy of all individual pulses. The fluctuation of these parameters, as well
as the correlations and dependencies between them are studied. Furthermore, simulations using
a fast three dimensional, time-dependent simulation code FAST [25] and the partial coherence
method [26], support our experimental findings and are used to disentangle the influence of the
physics of the SASE process and its fluctuations from measurement uncertainties.

#419977 https://doi.org/10.1364/OE.419977
Journal © 2021 Received 21 Jan 2021; revised 26 Feb 2021; accepted 2 Mar 2021; published 18 Mar 2021
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Fig. 1. The temporal distribution of a SASE pulse is illustrated with a simulation result
using FAST. The x-axis, is the scaled time coordinate along the bunch where vz is the
longitudinal velocity of the electrons. Fig. (a) shows photon pulses generated in the linear
regime (τ̂el = 4) and Fig. (b) at the onset of saturation (τ̂el = 8) . The dashed line denotes
the electron bunch pulse shape.

A theoretical overview of the statistical properties of the SASE FEL radiation, as well as the
methods and results of the numerical simulations, are presented in Sec 2. The experimental
setup is described in Sec 3. In Sec 4 we discuss the experimental results and compare them to
simulations. Furthermore, the average and shot-to-shot fluctuations of the FEL photon pulse
duration, energy, and arrival time are presented in Sec 4.

2. Statistical properties of the SASE FEL radiation

The amplification process in a SASE FEL develops from the shot noise in the electron beam,
and amplifies a narrow band of density modulations around the resonance wavelength λ =
λu (1 + K2)/(2γ2). In the one-dimensional model’s framework, the operation of a SASE FEL is
described by the FEL parameter ρ and the number of cooperating electrons Nc [13,27] in the
SASE process:

ρ =

[︄
λ2

u j0K2A2
JJ

16πIAγ3

]︄1/3
, Nc = I/(eρω) , (1)

where γ is the relativistic factor, j0 is the beam current density, IA = mc3/e ≃ 17 kA, K is the
rms undulator parameter, and λu is the undulator period. The coupling factor is AJJ = 1 for a
helical undulator, and AJJ = [J0(Q) − J1(Q)] with Q = K2/[2(1 +K2)] for a planar undulator. I is
the electron bunch current and ω the frequency of the amplified wave.
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In this section, we assume that the electron bunch has a Gaussian longitudinal profile and
its rms pulse duration is τel. We extend the results of Refs. [14,17] by in addition studying
the statistical properties of the photon pulse duration and arrival time. We perform a series of
numerical simulations of the FEL process using the simulation code FAST [25] for a wide range
of electron bunch durations τel, and trace the FEL amplification process from the start-up of the
shot noise to the deep nonlinear regime. Then, we apply similarity techniques [13] to the results
of the numerical simulations and derive general statistical properties of the radiation.

The output of a specific simulation run is an array of radiation fields Ẽ(t), from which we
can calculate the temporal profile of the radiation power P(t) ∝ |Ẽ(t)|2 and the radiation pulse
energy Er =

∫
P(t)dt as shown in Fig. 1. The center of mass of the photon pulse, which we

also associate with the photon pulse arrival time τar, and its rms duration τph are derived from
numerical simulations as follows:

τar =

∫
tP(t)dt
Er

, τ2
ph =

∫
(t − τar)2P(t)dt

Er
. (2)

The energy, duration, and arrival time of the radiation pulses fluctuate from shot-to-shot. These
fluctuations can be described with their standard deviations:

σ2
ph = ⟨(τph − ⟨τph⟩)2⟩ ,

σ2
ar = ⟨(τar − ⟨τar⟩)2⟩ ,
σ2

E = ⟨(Er − ⟨Er⟩)2⟩/⟨Er⟩2 .

(3)

As a next step of the analysis, applying similarity techniques, we translate the results of a
specific numerical simulation onto a map of physical parameters [13]. The typical temporal
scaling factor in FEL physics is the coherence time τc, defined as τc =

∫
|γc(t)|2dt, with γc as the

complex degree of coherence [28]. On the other hand, the relevant scaling parameter for the
variables having a dimension of time is ρω leading to the following dimensionless expressions
(the relation to experimental parameters can be found in Table 1):

τ̂el = ρωτel , τ̂ph = ρωτph ,
σ̂ar = ρωσar , σ̂ph = ρωσph .

(4)

Table 1. The table shows the relation between normalized electron
pulse durations τ̂el, that were used in the simulation and the

corresponding expected XUV pulse durations in fs (FWHM) at the
onset of saturation. Note that τ̂el is equivalent to the number of

modes M (for τ̂el>2). τph was calculated according to Eq. (9). We used
τcFWHM (6.8nm) ∼ 6 fs and τcFWHM (20nm) ∼ 15 fs (FWHM).

τ̂el | M τph,FWHM(6.8nm) τph,FWHM(20nm)
4 17 fs 40 fs

8 35 fs 85 fs

16 70 fs 170 fs

32 140 fs 340 fs

Then scaling the parameters with the normalized electron pulse duration τ̂el, we obtain:

τ̄ph = τph/τel , σ̄ph = σ̂ph/τ̂1/2
el ,

σ̄ar = σ̂ar/τ̂1/2
el , σ̄E = σEτ̂

1/2
el ,

η̄ = Er/(ρEeb) ,

(5)

where Eeb is the kinetic energy of the electron bunch.
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Figure 2 shows the evolution of the main characteristics of the SASE FEL electron and radiation
pulse along the undulator. Using Eq. (5), the average values and fluctuations of the electron
pulse energy and duration, as well as the arrival time of the radiation pulses’ fluctuations, are
shown. For radiation pulse durations τ̂el ≳ 4, the scaled parameters (5) show a common behavior.
The longitudinal coordinate z along the undulator in Fig. 2 is scaled to the saturation length zsat
[13,29]:

zsat ≃
λu

4πρ

(︃
3 +

ln Nc√
3

)︃
, τsat

c ≃ 1
ρω

√︃
π ln Nc

18
. (6)

Fig. 2. Evolution along the undulator of the scaled FEL efficiency η̄, scaled rms fluctuations
of the radiation pulse energy σ̄E, scaled rms photon pulse duration and its scaled rms
deviation, τ̄ph and σ̄ph, as well as the scaled rms deviation of the photon pulse arrival time
σ̄ar. The notations of the scaled parameters are given by Eq. (5). The black, red, blue
and green curves correspond to the normalized electron pulse durations τ̂el of 4, 8, 16,
and 32, respectively. The dashed line shows the coherence time scaled to the coherence
time at saturation. The calculations are plotted as function of the undulator coordinate z
normalized by the saturation length zsat. Thus, values z/zsat<0.8 denote the linear regime
while z/zsat = 1 is the saturation point.

The brilliance of the radiation, which is proportional to the product of the radiation power and
the coherence time, reaches a maximum value at the saturation point. The coherence time at the
saturation point τsat

c is given by Eq. (6). It grows at a rate of z1/2 in the exponential gain regime
(also called linear regime), reaches a maximum value just before saturation, and gradually drops
down in the post-saturation regime [13,30].

The maximum of the energy fluctuations and minimum of the radiation pulse duration are
obtained at the end of the exponential gain regime, at about 0.8 of the saturation length. The
radiation from a SASE FEL operating in the linear regime holds properties of completely
chaotic polarized light [13,30], and the probability distribution of the radiation energy Er is a
gamma-distribution [30]:

p(Er) = MM

Γ(M)

(︃
Er
⟨Er⟩

)︃M−1 1
⟨Er⟩ exp

(︃
−M

Er
⟨Er⟩

)︃
, (7)

where Γ(M) is the Gamma-function. The physical meaning of M is that it is equal to the total
number of modes (longitudinal and transverse) in the radiation pulse. It is connected to the
fluctuations of the radiation pulse energy by the relation M = 1/σ2

E. Furthermore, at the onset of
saturation, M essentially equals the normalized electron pulse duration τ̂el (for M>2) as shown in
Ref. [17].

The radiation of the SASE FEL at the initial stage of the amplification consists of a large
number of transverse and longitudinal modes. The number of longitudinal modes is defined by
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the fluctuations of the radiation pulse energy filtered with a pin hole, and it is improved along
the amplification process, resulting in a reduction of the number of longitudinal modes. The
transverse mode selection process leads to a suppression of the higher transverse radiation modes.
As a result, primarily the fundamental transverse mode dominates in the high-gain linear regime
for diffraction-limited electron beams. This feature makes the one-dimensional model applicable
for the description of FELs like FLASH.

A practical estimate for the minimum rms radiation pulse duration at the end of the high-gain
linear regime is [16,17]:

τmin
ph ≃ 0.4τel ≃ Mλzsat

15cλu
≃ Mτsat

c
4

. (8)

The lengthening of the radiation pulse occurs when the amplification process enters the
nonlinear regime. This happens due to the electron bunch tails lasing into saturation and the
slippage effect. The latter is more pronounced for shorter pulses, as illustrated in Fig. 2. At the
saturation point, the lengthening is about a factor of 1.2 greater with respect to the minimum
pulse length given by Eq. (8), and it increases up to a factor of 1.8 in the post-saturation regime.
To compare these results to the experimentally determined data, a scaling of Eq. (8) to full width
half maximum (FWHM) is helpful:

τsat
phFWHM

≃ 0.7Mτsat
cFWHM (9)

using the experimentally easier accessible FWHM of the coherence time which is linked to τsat
c

by τsat
cFWHM = 2

√︁
ln 2/π × τsat

c ∼ 0.94 × τsat
c [28].

In addition, the relation between the number of spikes (Nspect) present in the spectral distribution
and the number of modes is important for the analysis of the experimental data. Following the
argumentation in Ref. [31] we obtain the relation:

Nspect ∼ 0.7M. (10)

Looking at Fig. 3 the following scaling of the pulse duration fluctuation can be deduced:

σph

τph
≃ αph√
τ̂el

≃ αph√
M

(11)

with the scaling parameter αph ranging between 0.4 for the linear regime and 0.2 in saturation.
Equivalently, for the pulse arrival time fluctuation we obtain:

σar
τph

≃ αar√
τ̂el

≃ αar√
M

(12)

with αar ∼ 0.7 for the linear regime and αar ∼ 0.4 in saturation.
The ratio σph/σar ≃ 0.6 remains nearly constant for all the stages of the amplification process.

Thus, the SASE induced fluctuation of the arrival time (movement of the centroid) is about
twice as large compared to the fluctuations of the pulse duration itself. This has important
consequences for high precision pump-probe experiments where the arrival time of the applied
pulses has to be known precisely.

Figure 4 shows the correlation plots of the photon pulse duration versus the radiation pulse
energy for several thousand simulation runs. A clear correlation is visible in the high-gain linear
regime where shorter pulses contain more energy while for saturation and post-saturation there
is no significant correlation as will be discussed in the next section.

In addition to the advanced simulation of the actual SASE process, a very simple but powerful
approach based on the partial coherence model introduced in Ref. [26] was used to determine to
what extent this model agrees with the experiments. This method generates a random spectral
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Fig. 3. Shown is the evolution of the fluctuations normalized on the pulse duration for the
pulse arrival time σar/<τph> and pulse duration σph/<τph> scaled with the normalized
electron pulse duration

√︁
τ̂el. The plot reflects how the fluctuations decrease as saturation is

reached. Pulse arrival time fluctuations dominate over the pulse duration fluctuations. The
three different colors of the curves correspond to the different normalized electron pulse
durations τ̂el = 4, 8 and 16.

Fig. 4. Correlation plot of the scaled rms photon pulse duration τ̄ph versus the scaled photon
pulse energy η̄. Black, red and blue colors correspond to the normalized electron pulse
durations τ̂el = 4, 8 and 16. The left area of the plot corresponds to the high-gain linear
regime (z = 0.8 × zsat), where a negative slope can be observed predicting shorter pulses at
larger pulse energies. The middle and right areas correspond to the saturation, and deep
nonlinear regime (z = 1.5 × zsat), where no correlation is found (compare with Fig. 2). The
notations of scaled parameters are given by Eq. (5).

phase and amplitude distribution at different sample frequencies which are used to create an
initial electric field. This field is "filtered" with the (measured) average spectral distribution of
the FEL. After a Fourier transform, this leads to a series of coherent spikes in the time domain,
which, in a second step, is folded with the desired average pulse duration shape, restricting the
electric field to the finite pulse duration. This step finally leads to the characteristic spectral
spikes after a second Fourier transform back to the spectral domain. The new filtered electric
field will be partially coherent as it is delimited by the known FEL pulse duration and average
spectrum and will be different for each random choice of the spectral phase function. Using this
approach, one can easily provide a large set of simulated SASE-like pulse distributions to model
SASE FEL experiments.
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3. Description of experiment

The experiments were performed at the plane grating (PG) beamline [32] of FLASH. For the
experiments described here, the PG beamline was operated in so called parallel configuration.
This special mode enables the utilization of the zero order of the FEL photon beam (at the PG0
beamline branch) for the pulse length diagnostic based on THz streaking [24], while the dispersed
radiation is simultaneously used in the PG2 beamline to measure the FEL spectrum with high
resolution [33]. This configuration was used for the presented measurement in order to acquire
the maximum amount of information about the XUV SASE pulses.

Various settings of the accelerator were used to provide a large range of different radiation
pulse properties. The electron bunch charges were altered from 0.08 nC up to 0.44 nC leading to
different XUV pulse durations as well as to XUV pulse energies ranging between only few µJ
to > 100 µJ per XUV pulse. FLASH was tuned to a wavelength of 6.8 nm (180 eV) and for a
second set of measurements to 20 nm (62 eV).

The FEL was operated in single bunch mode at 10 Hz. To generate single-cycle THz pulses,
the near-infrared (NIR) pump-probe laser system at FLASH [34] was used. This Ti:sapphire laser
delivers ∼100 fs (FWHM) pulses with 6.5 mJ pulse energy at a central wavelength of 800 nm
and a repetition frequency of 10 Hz. The overall level of synchronisation between the NIR pulses
and the XUV FEL pulses was on the order of few tens of fs jitter (FWHM) (for the description
of the synchronization system see e.g. [35]). The THz streaking setup consists of an optical
setup with beam size adaption, pulse front tilting, THz generation and transport to the interaction
region as well as an UHV interaction chamber. An electron time-of-flight (TOF) with high
collection efficiency (Kaesdorf ETF11) mounted on a 3D manipulator records the time-of-flight
of photoelectrons upon XUV ionization of the rare gas atoms target. A detailed description of
the setup and measurement procedures are presented in Refs. [24,36].

Using the current THz streaking setup it was not possible to resolve the pulse sub structure,
e.g the individual longitudinal modes of the pulse. The instrument broadening resulted in a
Gaussian photoelectron distribution. The measured photoelectron line was therefore fitted using
a Gaussian distribution.

The streaking measurements are rather complex and thus the measurement uncertainty depends
on various parameters, which are described in detail in [36]. Generally, an error bar of ± 20% is
in good agreement with the detailed investigations.

In addition to the XUV pulse duration and the XUV spectrum, the shot-to-shot pulse energy
was recorded simultaneously using a transparent pulse energy monitor [8,9] located upstream of
the THz-streaking setup and the PG beamline as well as the electron bunch arrival time [12].

4. Results and discussion - Characterization of SASE radiation

FLASH is a very versatile free-electron laser, able to deliver radiation across a wide range of
wavelengths and pulse durations. Using these opportunities we could experimentally determine
dependencies between XUV pulse duration, XUV spectral distribution and XUV pulse energy
for many thousands of pulses and different machine settings, as will be shown in this section.

4.1. Fluctuations of the radiation pulse duration

The single-shot SASE XUV pulse duration derived from the THz streaking measurements reveals
large fluctuations from shot-to-shot as shown in Fig. 5(a). The pulse duration from one pulse
to the next can change by a factor of two to three. Likewise, the pulse energy and arrival time
show strong fluctuations as presented in Fig. 5(b). These are the fluctuations experiments must
cope with in the course of analyzing and interpreting the measured data. In addition, Fig. 5
emphasizes the need for an online pulse-resolved photon diagnostic of the radiation parameters
at SASE FELs. An interesting question arises: What is the actual source of the fluctuations -
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Fig. 5. The plots show how the measured XUV pulse duration (a), energy (b) and arrival time
(c) fluctuate from pulse to pulse for around four thousand FLASH pulses. The line indicates
the mean value. Error bars (not shown) are on the order of 20 % for the pulse duration and
<10% for the pulse energy measurements. The arrival time uncertainty measured by THz
streaking was ∼ 20 fs. In addition, the histograms of the shown time series are shown.
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SASE or technical fluctuations? To get information on the fluctuations source, simulations of the
different FEL parameters that are only taking the SASE process into account are used to compare
to the experimentally determined values. That way we can disentangle the fluctuations induced
by inherent SASE fluctuations from measurement uncertainties, fluctuations in the energy gain
and compression of the electron bunches (related to the acceleration field phase stability), that
we summarize and refer to as "technical fluctuations".

As shown in Fig. 5 (a, right side), the histogram of the measured pulse durations has a Gaussian
distribution, with its center of mass denoting the mean pulse duration width representing the
shot-to-shot fluctuations. To compare the width of the distribution for different pulse duration
settings of the FEL, we use the rms of the distribution normalized by the pulse duration (σph/τph).

Equation (11) shows that the relative fluctuations of the pulse duration depend on the number
of spectral modes. Therefore, in order to compare the experimental values measured at 6.8 nm ,
20 nm and the simulation, the measured pulse duration was converted to the number of modes
using Eq. (9). The coherence times τc were taken from Ref. [37]: τcFWHM(6.8 nm)∼ 6 fs and
τcFWHM (20 nm)∼ 15 fs as summarized in Table 1.

The relative pulse duration fluctuations determined by the THz streaking experiments are
plotted in Fig. 6 (dots) together with the simulation results [Eq. (11)] for saturation (full line) and
exponential gain regime (dashed line). The experimental data points are the average fluctuations
for several thousand FEL pulses recorded for different FEL operation modes. The fluctuation
decreases when increasing the pulse duration from (σph/τph) ∼ 30% for short pulses to ∼ 10%
for longer ones. Therefore, SASE delivers better defined pulse durations for longer pulses than
for short pulses. The general trend can be understood by looking at the modal structure; short
pulses consist only of a small number of modes/spikes, such that the relative change of ±1 modes
affect the pulse duration much stronger than for longer pulses consisting of many more modes.

Comparing the measured data with the predicted pure SASE fluctuations from the FAST
simulation (see Fig. 6), we find that a large fraction of the fluctuations is due to the SASE process.
However, 20-50 % of the fluctuations can be attributed to "technical sources". Since the FEL was
operating close to or in saturation, the relevant simulation for comparison is that of the solid
line. The error bars include the uncertainty of the single-shot pulse duration measurement as
described in [36] but accelerator based fluctuations are not taken into account.

The identification and quantification of other sources of fluctuations will have to be addressed
in future studies. Even if additional "technical" error sources will be minimized in future
accelerators, the pulse duration fluctuations based on pure SASE are still significant. Looking at
Fig. 1 the pulse shape and resulting intensity distribution changes much more from shot-to-shot
than the rms width, which underlines the demand for a high resolution temporal diagnostic
resolving the SASE substructure.

In order to test to what extent the partial coherence model simulation [26] can reproduce
the predicted fluctuations, we generated a large set of XUV spectra and temporal distributions.
Ensembles of 400 pulses were calculated for different pulse durations between 10 fs and 200 fs
in combination with a range of spectral bandwidths from 0.2 % to 0.9 %. For each simulated
pulse we derived the pulse duration using Eq. (2) and its number of modes by counting the
spectral spikes and using Eq. (10). For each setting, the standard deviation over the 400 pulses
was calculated and normalized by the average pulse duration. The result is plotted in Fig. 6 as
orange diamonds. Despite the large variation of input parameters, the simulated fluctuations
agree very well with the fluctuations for pulses at saturation as predicted by the FAST simulation.
Since FLASH typically operates in saturation, we can conclude that the partial coherence model
provides a simple scheme to simulate SASE pulses that resemble the theoretically expected
scaling of the pulse duration fluctuations.
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Fig. 1 the pulse shape and resulting intensity distribution changes much more from shot-to-shot
than the rms width, which underlines the demand for a high resolution temporal diagnostic
resolving the SASE substructure.

Fig. 6. The relative fluctuation of the SASE pulse durations are shown for the FAST
simulation results as well as the experimentally measured values. The experimental
pulse durations (for 6.8 nm and 20 nm) were scaled to number of modes using Eq.
(9). The expected scaling of the fluctuations [(see Fig. 3 and Eq. (11)] are shown for
the linear range and at saturation. In general, the relative fluctuations are decreasing
for longer pulse durations while the experimental values (measured at saturation
conditions) exceeding the simulation values indicating a significant contribution by
technical fluctuations and drifts in the accelerator and measurement uncertainties of
the THz streaking. In addition, the normalized fluctuations of 400 simulated pulses,
calculated using the partial coherence method [26] are plotted.

In order to test to what extent the partial coherence model simulation [26] can reproduce
the predicted fluctuations, we generated a large set of XUV spectra and temporal distributions.
Ensembles of 400 pulses were calculated for different pulse durations between 10 fs and 200 fs
in combination with a range of spectral bandwidths from 0.2 % to 0.9 %. For each simulated
pulse we derived the pulse duration using Eq. (2) and its number of modes by counting the
spectral spikes and using Eq. (10). For each setting, the standard deviation over the 400 pulses
was calculated and normalized by the average pulse duration. The result is plotted in Fig. 6 as
orange diamonds. Despite the large variation of input parameters, the simulated fluctuations
agree very well with the fluctuations for pulses at saturation as predicted by the FAST simulation.
Since FLASH typically operates in saturation, we can conclude that the partial coherence model
provides a simple scheme to simulate SASE pulses that resemble the theoretically expected
scaling of the pulse duration fluctuations.

4.2. Fluctuations of the radiation pulse energy

The pulse energy fluctuations can be treated analogously to the pulse duration fluctuations. As
indicated in Fig. 2, the (relative) pulse energy fluctuations are larger compared to the pulse
duration fluctuations and the difference between the linear gain and saturation regime is bigger as
well.

Fig. 6. The relative fluctuation of the SASE pulse durations are shown for the FAST
simulation results as well as the experimentally measured values. The experimental pulse
durations (for 6.8 nm and 20 nm) were scaled to number of modes using Eq. (9). The
expected scaling of the fluctuations [(see Fig. 3 and Eq. (11)] are shown for the linear
range and at saturation. In general, the relative fluctuations are decreasing for longer pulse
durations while the experimental values (measured at saturation conditions) exceeding the
simulation values indicating a significant contribution by technical fluctuations and drifts
in the accelerator and measurement uncertainties of the THz streaking. In addition, the
normalized fluctuations of 400 simulated pulses, calculated using the partial coherence
method [26] are plotted.

4.2. Fluctuations of the radiation pulse energy

The pulse energy fluctuations can be treated analogously to the pulse duration fluctuations. As
indicated in Fig. 2, the (relative) pulse energy fluctuations are larger compared to the pulse
duration fluctuations and the difference between the linear gain and saturation regime is bigger as
well.

Figure 7 summarizes the simulation results and the experimental data points. The experimental
data lies between the predicted curves for the linear and the saturation regime. The pulse energy
fluctuations of the experimental data are closer to the simulated ones, which is partly due to the
much lower measurement uncertainty of typically ±(5 − 10)% for pulse energy measurements
[8,9]. Nevertheless, similar to the pulse duration fluctuations, a significant fraction of the
fluctuations can be assigned to technical sources. Again, the partial coherence model agrees well
with the FAST simulation for the saturation regime.

4.3. Fluctuations of the arrival time

Due to the varying sub-structure of the XUV pulse, the center of mass of the photon pulse (τar)
is slightly different from pulse to pulse, leading to fluctuations in the arrival time σar of the
photon pulse with respect to the electron bunch. To compare the prediction to the experimentally
determined values we can use the arrival time of the center of mass of the electron bunch with
respect to the master optical clock, which is measured at FLASH with high accuracy (∼ 10 fs
rms [12,35]) by the so called bunch arrival time monitor (BAM). In addition, the THz streaking
arrival time measurements of the center of mass of the XUV photon pulse with respect to the THz
pulse is monitored with few fs resolution [35]. However, after accounting for the synchronization
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Figure 7 summarizes the simulation results and the experimental data points. The experimental
data lies between the predicted curves for the linear and the saturation regime. The pulse
energy fluctuations of the experimental data are closer to the simulated ones, which is partly
due to the much lower measurement uncertainty of typically ±(5 − 10)% for pulse energy
measurements [8,9]. Nevertheless, similar to the pulse duration fluctuations, a significant fraction
of the fluctuations can be assigned to technical sources. Again, the partial coherence model
agrees well with the FAST simulation for the saturation regime.

Fig. 7. The relative fluctuation of the SASE pulse energy is shown for the FAST
simulation results as well as the experimentally measured values. The experimental
pulse energy was measured for different FEL operation modes, from few µJ to up to
50 µJ. The simulated fluctuations are shown for the linear range and at saturation. In
general, the relative fluctuations decrese for longer pulse durations. The experimental
values (measured at saturation conditions) exceed the simulation values, indicating
a significant contribution of technical fluctuations and drifts in the accelerator and
measurement uncertainties.

4.3. Fluctuations of the arrival time

Due to the varying sub-structure of the XUV pulse, the center of mass of the photon pulse (gar)
is slightly different from pulse to pulse, leading to fluctuations in the arrival time far of the
photon pulse with respect to the electron bunch. To compare the prediction to the experimentally
determined values we can use the arrival time of the center of mass of the electron bunch with
respect to the master optical clock, which is measured at FLASH with high accuracy (∼ 10 fs
rms [12, 35]) by the so called bunch arrival time monitor (BAM). In addition, the THz streaking
arrival time measurements of the center of mass of the XUV photon pulse with respect to the THz
pulse is monitored with few fs resolution [35]. However, after accounting for the synchronization
of the THz producing laser to the master optical clock, the distribution of synchronised optical
clock signals, transport of the electron bunches and XUV radiation by many tens of meters, as
well as several other involved subsystems, the overall accuracy of arrival time determination
between the electron bunch and the XUV photon pulse measured with THz streaking is in the
range of 15-20 fs rms (corresponding to 30-50 fs FWHM) [24].
Looking at the theoretical prediction of SASE arrival time fluctuations [Eq. (12)] we find,

for the presented parameter range of wavelengths and pulse durations, that the arrival time

Fig. 7. The relative fluctuation of the SASE pulse energy is shown for the FAST simulation
results as well as the experimentally measured values. The experimental pulse energy was
measured for different FEL operation modes, from few µJ to up to 50 µJ. The simulated
fluctuations are shown for the linear range and at saturation. In general, the relative
fluctuations decrese for longer pulse durations. The experimental values (measured at
saturation conditions) exceed the simulation values, indicating a significant contribution of
technical fluctuations and drifts in the accelerator and measurement uncertainties.

of the THz producing laser to the master optical clock, the distribution of synchronised optical
clock signals, transport of the electron bunches and XUV radiation by many tens of meters, as
well as several other involved subsystems, the overall accuracy of arrival time determination
between the electron bunch and the XUV photon pulse measured with THz streaking is in
the range of 15-20 fs rms (corresponding to 30-50 fs FWHM) [24].Looking at the theoretical
prediction of SASE arrival time fluctuations [Eq. (12)] we find, for the presented parameter
range of wavelengths and pulse durations, that the arrival time fluctuations due to the statistical
variation of the photon pulse sub-structure are below 10 fs (rms) and thus can not be determined
using current arrival time measurement techniques. Figure 8 shows the relative fluctuations
of the arrival time simulated using FAST for the linear and non-linear regime and the partial
coherence model. The experimental arrival time fluctuations were calculated by taking the
standard deviation of the difference between the photon arrival time measured by THz streaking
(τph) and the electron beam arrival time (τBAM). The 15-20 fs rms accuracy of the photon pulse
arrival time measurements is much larger as compared to the pulse duration, therefore the relative
fluctuations are greater and it is used as the upper limit of the fluctuation’s uncertainty.

4.4. Correlations of the radiation pulse energy and pulse duration

In the previous sections, fluctuations of pulse energy and pulse duration were discussed as
average values and independently from each other. With thousands of experimental and simulated
pulse durations and corresponding pulse energies of individual SASE pulses, the analysis can be
extended to a shot to shot basis.

Studying the temporal structure of the SASE pulses (Fig. 1), one is tempted to conclude
that a longer pulse containing more sub spikes (modes) also contains more photons on average
and thus has a higher pulse energy. Plotting the single-shot normalized pulse duration and
corresponding pulse energies for different FEL settings, we obtain the correlation plots shown
in Fig. 9(a). Three different FEL settings were used, with ∼17 fs, ∼35 fs and ∼70 fs (FWHM)
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Fig. 8. The relative fluctuation of the SASE arrival time using the FAST and partial
coherence model simulations are shown. The fluctuations were calculated for the
saturation (solid line) and linear (dashed line) regime. The arrival time fluctuations
simulations decrease for longer pulse durations. The current experimental resolution of
15-20 fs gives an upper limit on the uncertainty of the measured arrival time relative
fluctuations.

fluctuations due to the statistical variation of the photon pulse sub-structure are below 10 fs
(rms) and thus can not be determined using current arrival time measurement techniques. Figure
8 shows the relative fluctuations of the arrival time simulated using FAST for the linear and
non-linear regime and the partial coherence model. The experimental arrival time fluctuations
were calculated by taking the standard deviation of the difference between the photon arrival
time measured by THz streaking (gph) and the electron beam arrival time (gBAM). The 15-20 fs
rms accuracy of the photon pulse arrival time measurements is much larger as compared to the
pulse duration, therefore the relative fluctuations are greater and it is used as the upper limit of
the fluctuation’s uncertainty.

4.4. Correlations of the radiation pulse energy and pulse duration

In the previous sections, fluctuations of pulse energy and pulse duration were discussed as
average values and independently from each other. With thousands of experimental and simulated
pulse durations and corresponding pulse energies of individual SASE pulses, the analysis can be
extended to a shot to shot basis.
Studying the temporal structure of the SASE pulses (Fig. 1), one is tempted to conclude

that a longer pulse containing more sub spikes (modes) also contains more photons on average
and thus has a higher pulse energy. Plotting the single-shot normalized pulse duration and
corresponding pulse energies for different FEL settings, we obtain the correlation plots shown
in Fig. 9(a). Three different FEL settings were used, with ∼17 fs, ∼35 fs and ∼70 fs (FWHM)
average pulse durations [converted to the number of modes by Eq. (9)]. Firstly, the fluctuations
are not correlated for any of the measured FEL settings. Thus, perhaps surprisingly, the pulse
energy fluctuates independently of the pulse duration, contradicting the simple interpretation
mentioned above. Furthermore, the normalized fluctuations show about the same amplitude for
the pulse energy and the pulse duration. In addition, there are smaller fluctuations for longer
pulses, containing more modes. These observations are in agreement with the averaged data

Fig. 8. The relative fluctuation of the SASE arrival time using the FAST and partial
coherence model simulations are shown. The fluctuations were calculated for the saturation
(solid line) and linear (dashed line) regime. The arrival time fluctuations simulations
decrease for longer pulse durations. The current experimental resolution of 15-20 fs gives
an upper limit on the uncertainty of the measured arrival time relative fluctuations.

average pulse durations [converted to the number of modes by Eq. (9)]. Firstly, the fluctuations
are not correlated for any of the measured FEL settings. Thus, perhaps surprisingly, the pulse
energy fluctuates independently of the pulse duration, contradicting the simple interpretation
mentioned above. Furthermore, the normalized fluctuations show about the same amplitude for
the pulse energy and the pulse duration. In addition, there are smaller fluctuations for longer
pulses, containing more modes. These observations are in agreement with the averaged data
shown in Figs. 6 and 7. The error bars of a single shot measurement are shown in the lower
right edge of Fig. 9(a) - the relatively large uncertainty may obscure any possible correlation.
Simulations can help to clarify this situation.The simulation results calculated by FAST are
plotted in Fig. 9(b). There is also no sign of correlation between pulse duration and pulse
energy, supporting the experimental finding. We therefore conclude that the pulse energy and
pulse duration are indeed fluctuating independently. Similar to the experiment, the simulated
data shows smaller fluctuations in both quantities for longer pulses (larger number of modes).
However, in contrast to the experimental values, the fluctuations for the pulse durations are
smaller than those in pulse energy, in agreement with Fig. 2. The simulated pulse duration values
fluctuate less in comparison to the experimental ones.

Despite the surprising result that there is no significant correlation between the pulse energy and
the pulse duration of individual SASE pulses, there is an even more surprising observation obtained
from the simulation for the linear gain regime. Figure 4 displays the pulse resolved correlation
plots for the pulse duration and pulse energy at different stages along the undulator. When moving
from the linear regime to deep saturation, the pulse energy increases by approximately two
orders of magnitude, and the pulse duration increases by a factor of approximately two. While
there is no correlation found in saturation, there is a tilted ellipse for the linear regime (Fig. 4),
indicating a negative correlation between pulse energy and pulse duration. On average, pulses
with shorter pulse duration actually contain more pulse energy. One possible explanation would
be the following: Slightly increased intensity spikes in the initial random "seed" distribution
gain faster more energy due to the exponential growth, leading to strong spikes. In contrast,
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Fig. 9. Normalized and pulse resolved SASE pulse energy versus radiation pulse duration
in the saturation regime. The experimental data (a) results from three different FEL settings
at 6.8 nm with average pulse durations of ∼15 fs, ∼30 fs and ∼90 fs (FWHM). The error
bars for the single pulse measurements are shown in the lower right corner. Part (b) shows
the simulation result (FAST) for different number of modes at saturation (z/zsat = 1). The
fluctuations of the pulse energy are (for the same number of modes) about a factor of 2 larger
as compared to the pulse duration in accordance to Fig. 2. The difference to the experimental
result can be explained by measurement uncertainties and accelerator fluctuations.

the less intense parts of the initial distribution gain less energy and catch up only at saturation.
Therefore, in the exponential gain regime, single intense spikes are more strongly amplified,
leading to a larger fraction of short and intense pulses in the correlation plot. This results in an
anti-correlation between pulse energy and pulse duration. Up to now the experimental resolution
for pulse duration measurements at very low pulse energies has been insufficient to determine
this negative correlation in the linear regime.

4.5. Radiation pulse duration and spectral structure

Generally, the spectral distribution of SASE XUV pulses also contains important information
about the pulse duration. The second order spectral correlation function (g2) [19–21] is typically
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used to determine average pulse duration estimates from spectral information using the width
of the spectral spikes. In Ref. [24] it is also demonstrated that there is a good agreement
between XUV pulse durations determined by THz streaking and the g2 method. However, a more
experimentally straightforward method is to simply count the number of spectral spikes, which is
a widely used technique that has not been investigated in detail so far.

As introduced in Eq. (8), the SASE pulse duration depends linearly on the number of modes.
Strictly speaking, this relation only holds for the linear gain regime below saturation and it is a
statistical parameter for average values calculated from an ensemble of data [19,31]. The extent
to which this simple relation can be used as quick online analysis to estimate the pulse duration
in saturation was investigated experimentally.

Figure 10 displays the FEL spectra measured as described in section 3, for different pulse
lengths. The number of spectral modes was determined by a peak detection algorithm using
a threshold of 20% of the maximum peak and a minimum distance between spikes. It was
carefully checked that the counted number of peaks did not depend on the exact settings of the
algorithm. However, considering that there may be overlapping modes which are not detected as
two separated peaks, the number modes determined may underestimate the actual number of
modes.

Fig. 10. FEL spectra measured at the PG2 beamline [32] for different pulse lengths.
The blue line represents a single spectrum and the red line, the average over thousands
of pulses. One can see the spiky nature of the SASE pulses in the spectral domain. The
measurements show an increasing number of spikes for longer pulse durations.

shows the averaged pulse duration and number of spectral spikes for different electron bunch
length settings at FLASH. For most of the settings the FEL was operated in saturation, delivering
over 15 `� per XUV pulse. The measured relation between spectral modes and XUV pulse
duration can be well approximated with a linear slope -as expected for the linear gain regime-
even though already operating in saturation. The slope was determined to be 6.5 fs/spike, yielding
a coherence time of ∼ 6.5 fs (FWHM) for 6.8 nm [see Eqs. (9) and (10)], which is in good
agreement with longitudinal interference measurements presented in Ref. [37]. Figure 11 shows
the linear dependence between the averaged values of the number of spikes in the spectral domain
and the pulse duration measured with streaking.
To investigate the correlation for single SASE pulses, the number of spikes and the pulse

duration are plotted for each SASE pulse in Fig. 12(a). Plotting the data for a fixed FEL setting,
there is almost no correlation between the single-shot spike number and the pulse duration. For
the same number of spikes, there can be up to a factor of two difference in pulse duration which
does not allow one to predict, on a single shot basis, the XUV pulse duration from the spectral
measurements. This experimental finding, shown in Fig. 12(a), is also confirmed by simulations.
Using the partial coherence model [26], SASE pulses in temporal and spectral domain, were
calculated for different average pulse durations and analyzed with the same peak finding algorithm

Fig. 10. FEL spectra measured at the PG2 beamline [32] for different pulse lengths. The
blue line represents a single spectrum and the red line, the average over thousands of pulses.
One can see the spiky nature of the SASE pulses in the spectral domain. The measurements
show an increasing number of spikes for longer pulse durations.
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Since the XUV spectra and the streaking measurements are acquired simultaneously, we can
determine the number of spikes and the pulse duration for each recorded FEL setting. Figure 11
shows the averaged pulse duration and number of spectral spikes for different electron bunch
length settings at FLASH. For most of the settings the FEL was operated in saturation, delivering
over 15 µJ per XUV pulse. The measured relation between spectral modes and XUV pulse
duration can be well approximated with a linear slope -as expected for the linear gain regime-
even though already operating in saturation. The slope was determined to be 6.5 fs/spike, yielding
a coherence time of ∼ 6.5 fs (FWHM) for 6.8 nm [see Eqs. (9) and (10)], which is in good
agreement with longitudinal interference measurements presented in Ref. [37]. Figure 11 shows
the linear dependence between the averaged values of the number of spikes in the spectral domain
and the pulse duration measured with streaking.

Fig. 11. Plotted is the experimentally determined average pulse duration as function
of the average number of spectral spikes for different FEL operation settings (all at
a wavelength of 6.8 nm). Several thousand pulse resolved measurements have been
averaged for each data point. The FEL was operated close to or in saturation. The
linear fit shows 6.5 fs/spectral spike.

as the experimental data. Similar to the experimental data there is a large scatter observed within
the simulation results belonging to the same average pulse duration [Fig. 12(b)].
While there is on average and in saturation, a linear dependence between the pulse duration

and the number of spectral spikes in the SASE radiation, both quantities fluctuate independently
on a single-shot basis.

5. Conclusion

We presented experimental data from the XUV SASE FEL FLASH for pulse duration, pulse
energy, arrival time and spectral distribution. The fluctuations of these four important radiation
pulse properties have been investigated on average and on a pulse to pulse basis for FEL pulses
ranging from a few fs to up to 200 fs (FWHM). SASE simulations have been performed to support
the experimental results and to disentangle experimental fluctuations and uncertainties from pure
SASE related fluctuations. This approach shows that the major contribution of fluctuation is
indeed caused by SASE, accompanied by a varying part of "technical" fluctuations. Analyzing the
simulation results, scaling laws for the fluctuations have been derived theoretically and validated
experimentally. The resulting 1/√" scaling allows a fast and precise way to estimate the amount
of fluctuations of SASE parameters to expect for different FEL pulse durations and wavelengths
without the need to perform complex simulations. Recording spectral and temporal pulse
properties simultaneously for a large number of different FEL settings, we could experimentally
verify that the linear dependence between the average pulse duration and average number of
spectral spikes which was expected for the linear range by theory, still holds when the FEL is
operated in saturation. This linear dependence however, disappears completely when the data is
analyzed on a shot-to-shot basis. We found no correlation between single-shot pulse duration and
number of spectral spikes as well as pulse energy - all three parameters fluctuate independently
in the experiment and the simulations. This result shows clearly that dependencies that were

Fig. 11. Plotted is the experimentally determined average pulse duration as function of the
average number of spectral spikes for different FEL operation settings (all at a wavelength of
6.8 nm). Several thousand pulse resolved measurements have been averaged for each data
point. The FEL was operated close to or in saturation. The linear fit shows 6.5 fs/spectral
spike.

To investigate the correlation for single SASE pulses, the number of spikes and the pulse
duration are plotted for each SASE pulse in Fig. 12(a). Plotting the data for a fixed FEL setting,
there is almost no correlation between the single-shot spike number and the pulse duration. For
the same number of spikes, there can be up to a factor of two difference in pulse duration which
does not allow one to predict, on a single shot basis, the XUV pulse duration from the spectral
measurements. This experimental finding, shown in Fig. 12(a), is also confirmed by simulations.
Using the partial coherence model [26], SASE pulses in temporal and spectral domain, were
calculated for different average pulse durations and analyzed with the same peak finding algorithm
as the experimental data. Similar to the experimental data there is a large scatter observed within
the simulation results belonging to the same average pulse duration [Fig. 12(b)].

While there is on average and in saturation, a linear dependence between the pulse duration
and the number of spectral spikes in the SASE radiation, both quantities fluctuate independently
on a single-shot basis.
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Fig. 12. Shown is the pulse resolved correlation between the number of spectral spikes and
the pulse durations. The experimentally determined data was recorded for three different
operation modes of the FEL with average pulse durations of 30fs, 120fs and 170 fs (at 6.8
nm). For a fixed FEL operation mode the pulse duration and number of spectral spikes
fluctuate independently. This observation is supported by simulation results (b). Using the
partial coherence method [26] the same behavior was observed.

5. Conclusion

We presented experimental data from the XUV SASE FEL FLASH for pulse duration, pulse
energy, arrival time and spectral distribution. The fluctuations of these four important radiation
pulse properties have been investigated on average and on a pulse to pulse basis for FEL pulses
ranging from a few fs to up to 200 fs (FWHM). SASE simulations have been performed to support
the experimental results and to disentangle experimental fluctuations and uncertainties from pure
SASE related fluctuations. This approach shows that the major contribution of fluctuation is
indeed caused by SASE, accompanied by a varying part of "technical" fluctuations. Analyzing the
simulation results, scaling laws for the fluctuations have been derived theoretically and validated
experimentally. The resulting 1/√M scaling allows a fast and precise way to estimate the amount
of fluctuations of SASE parameters to expect for different FEL pulse durations and wavelengths
without the need to perform complex simulations. Recording spectral and temporal pulse
properties simultaneously for a large number of different FEL settings, we could experimentally
verify that the linear dependence between the average pulse duration and average number of
spectral spikes which was expected for the linear range by theory, still holds when the FEL is
operated in saturation. This linear dependence however, disappears completely when the data is
analyzed on a shot-to-shot basis. We found no correlation between single-shot pulse duration and
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number of spectral spikes as well as pulse energy - all three parameters fluctuate independently
in the experiment and the simulations. This result shows clearly that dependencies that were
observed for averaged parameters may not hold for SASE based shot-to-shot fluctuations. This is
important for FEL photon diagnostics, pointing out that one can not simply employ one quantity
to predict the other on a shot-to-shot basis. It is not possible to substitute a complex task such as
measuring the XUV pulse duration by just measuring the spectrum or even pulse energy. On the
other hand, the missing correlation between the different radiation parameters is good news for
the analysis of experimental data since it allows to sort the experimental data independently by
one of the parameters without the risk to generate spurious correlations by the sorting procedure.
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Abstract
Auger electron spectra were simulated in the presence of a terahertz streaking field to study
post-collision interaction (PCI) effects in the time-evolution of photoinduced Auger decays.
The PCI is characterized by the ratio of the spectral line width for Auger electron emission in
opposite directions with respect to the THz-field. These calculations have been performed
using the analytical semiclassical model developed by Bauch and Bonitz (2012 Physical
Review A 85 053416). The results are shown for Ne(KLL), Ar(LMM), Kr(MNN) and
Xe(NOO) Auger transitions whereby different possible experimental conditions were
evaluated.

Keywords: post-collision interaction, Auger decay, terahertz streaking

(Some figures may appear in colour only in the online journal)

1. Introduction

The term ‘post-collision interaction (PCI)’ encompasses a
broad range of phenomena in atomic collisions and pho-
toionization, associated with the influence of the Coulomb
interaction of slowly receding charged particles on autoion-
ization (Auger) electron spectra [1]. In particular, PCI effects
were observed in near-threshold inner shell photoionization of
atoms with the following Auger decay (see [2, 3] and refer-
ences therein). Here, the interaction with the slow photoelec-
tron shifts the energy of the Auger electron and considerably
distorts the Auger line-shape in the spectrum. In addition, PCI

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

is responsible for the recapture of emitted photoelectrons to
Rydberg states of the ions [4]. These phenomena were thor-
oughly studied experimentally in nineties and zeroes at syn-
chrotron radiation facilities (see, for example, [5–9] as well as
references in [2, 3]). A good understanding of the PCI effects
was achieved first on a semiclassical basis [10–13] and later in
a stationary quantum mechanical picture of the process within
the unified theory of the Auger process [14, 15] and the ran-
dom phase approximation with exchange approach [16, 17].
The non-stationary description of the PCI-induced recapture
process was developed in [9, 18].

The above mentioned experiments were performed by
standard time-integrated spectroscopic methods using high-
resolution electron spectrometers. In the past decades,
tremendous progress in the availability of femtosecond and
subfemtosecond photon pulses has enabled the study of atomic
processes in the time-domain, in particular Auger decays
[19–25]. A first terahertz (THz)-assisted time-resolved study
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of the Auger process in atoms has revealed that PCI leads to a
time-dependent (chirped) Auger electron energy [26].

In the experiment [26], Kr MNN and Xe NOO Auger
spectra, excited by ultrashort (femtosecond) extreme ultravi-
olet (XUV) pulses from the free-electron laser in Hamburg
(FLASH) [27] and from a high harmonic laser source have
been studied. The electrons were ionized in the presence of
a co-propagating, linearly polarized THz field which intro-
duced a time dependent modulation (streaking) of the elec-
tron energies. By changing the time delay between XUV and
THz pulses the time development of the Auger decay has
been investigated. A significant difference of the widths of
kinetic energy spectra for opposite observation directions and
THz field gradients has been observed. This indicates an ener-
getic chirp, i.e. a pronounced time-dependent variation of the
Auger electrons kinetic energy. Theoretical interpretation of
the results has been given using the semiclassical approach
developed by Bauch and Bonitz [28]. It was shown that the
chirp may be explained by the PCI of the photo- and Auger
electrons in the final state. Later this finding has been used to
study the temporal evolution of interatomic-Coulombic decay
by evaluating the PCI energy shift of electrons and thereby
deducing the ionization times [29]. Moreover, it was demon-
strated that the measured PCI effect is very sensitive to the
details of the photoinduced Auger emission. Furthermore, it
was suggested to use the observed effect in metrology of
ultra-fast pulses. These observations stimulate an interest in
continuing and broadening the studies of the time-resolved
PCI effects. Thus, the present paper shall serve as a basis
for experimental studies on FELs or HHG sources in order
to determine the optimum experimental conditions to observe
a strong PCI effect. In particular, the study is motivated to
guide future experiments at the THz streaking setup at FLASH
[30, 31].

In the present paper we report the results of the theoreti-
cal study of the THz-assisted photoinduced Auger processes
in noble gas atoms. The main goal is to investigate the PCI
effects in the process and their dependence on the experimen-
tal parameters. We used the analytical model of the process
developed by Bauch and Bonitz [28]. A concise description
of the model is presented in section 2. The calculations have
been done for KLL transitions in Ne, LMM in Ar, MNN in
Kr and NOO in Xe. The results are shown and discussed
in section 3. Finally, section 4 contains the conclusions and
outlook.

2. Semiclassical description of PCI

An accurate theoretical description of the THz assisted pho-
toinduced Auger process might be given on the basis of
a numerical solution of the time-dependent Schrödinger
equation [32] which involves both the exciting XUV pulse
and the streaking THz pulse. This approach would auto-
matically include the description of PCI as it was demon-
strated in [18] for the case without a THz pulse. However, the
long streaking THz pulse in comparison with the fast oscilla-
tions of the electronic wave functions makes a direct appli-
cation of this method not feasible due to prohibitively long

computation time. Bauch and Bonitz [28] suggested a sim-
ple analytical model which incorporates both the PCI effect
and the streaking in the THz field. The model is based on
the semiclassical description of the PCI effect [10, 12, 13].
Namely, it is associated with the abrupt change of the screen-
ing which is felt by the slowly receding photoelectron at
the moment when the fast Auger electron overtakes it. The
movement of both electrons is considered classically, and an
essential parameter of the model is the distance from the ion
nucleus at which the Auger electron overtakes the photoelec-
tron. The model was tested in [28] by comparing it with the
solution of the time-dependent one-dimensional Schrödinger
equation and Monte Carlo molecular dynamics simulations.
Furthermore, it has accurately described the experimental
data [26].

In the following, we use the analytical semiclassical model
[28] to predict the PCI effects in THz assisted Auger decay in
noble gas atoms. In a short description of the model we follow
the paper [28].

Consider a photoelectron emitted at a time tph with a
momentum pph and an Auger electron released after the pho-
toelectron at a time τA with a momentum pA in the pres-
ence of a linearly polarized streaking THz field with vector
potential A(t). It is supposed that pA > pph. The Auger decay
line-width (without THz field) is denoted ΓA so that the
core-hole life-time is Γ−1

A (here and below atomic units
are used unless otherwise indicated). For calculating the
Auger-electron spectral line-shape, the THz vector potential is
expanded around the moment of the photoemission in Taylor
series:

A(τA) = AP + ȦPτA +O(τ 2
A), (1)

where AP = A(tph) while ȦP = dA
dt (tph) denotes the first time

derivative of the vector potential. We consider the Auger elec-
tron spectra in two neighbouring zero-crossings of the vector
potential where AP = 0. Ignoring the higher order terms of the
expansion (1), we obtain that the energy shift for Auger elec-
trons in the THz field pAA(τA) = pAȦPτA depends on the sign
of the derivative ȦP. Moreover, it is clear that the streaking
effect for different signs of ȦP can be equivalently studied by
changing the sign of pA, i.e. by detecting the emitted Auger
electrons in opposite directions.

The model Auger spectrum generated by the XUV pulse
in the THz field is presented as the numerical convolution
of the PCI-distorted spectral line shapes f ± (ε) with the
streaked energy spectrum fX(ε̂) due to the finite XUV pulse
duration:

fX±(ε) =
∫ +∞

−∞
dε̂ fX(ε̂) f ± (ε− ε̂). (2)

Here

fX(ε̂) =
1√
πΓX

exp

(
− ε̂2

Γ2
X

)
, (3)

with
ΓX = pAȦPτX , (4)

where τX is the XUV pulse duration full-width at half-
maximum (FWHM).
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As demonstrated in [28], for a positive derivative of the
streaking electric field ȦP > 0, the spectral line shape f+(ε)
may be presented as:

f+(ε) = Γ4
k+ − ε−

k+
e−Γ4(k+−ε+), (5)

where Γ4 = |α|ΓA with α = (2pAȦP)−1.
On the other hand, for negative values of ȦP < 0, the Auger

spectral line shape is:

f−(ε) = 2Γ4e−Γ4ε+

(
ε−
k−

cosh Γ4k− − sinh Γ4k−

)
. (6)

In these equations k± =
√
ε2
− ± |β|, ε± = ε± β

4 δr∗ with
β = 4pAȦP/pr.

The parameters pr and δr∗ determine the classical distance
from the ion at which the Auger electron overtakes the slower
photoelectron:

r∗ = τA pr + δr∗. (7)

Here pr = pA pph/[pA − pph + A(tph) − A(τA)], and δr∗ is a
small correction to the initial distance of the two electrons
from the ion. For the derivation of these expressions and their
detailed discussion the reader is referred to the paper [28].

As it is shown in [28], due to the influence of PCI the spec-
tral width of the Auger line at Ȧ > 0 (denoted ω+) is larger
than at Ȧ < 0 (denoted ω−).

Qualitatively, the difference in spectral width at the two
slopes of the vector potential may be explained as follows. The
energy shift of the Auger electron in the THz field taking into
account the PCI effect is ΔEA = −pAA(t) + A2(t) + EPCI(t),
where t is the moment of the Auger electron emission. The
term EPCI(t) accounts for the change of Auger electron energy
due to the PCI effect. In the semiclassical model, this term is
equal to the energy gain of the Auger electron when it over-
takes the slow photoelectron at the distance r∗(t). It is due to the
change of screening at this moment and is equal to EPCI(t) =
1/r∗(t). When time t increases, the Auger electron overtakes
the photoelectron at a larger distance and therefore gains less
energy. Thus the energy of the Auger electron depends on time
indicating a ‘chirp’. The quadratic term A2(t) is small and may
be ignored. The width induced by the THz field and the PCI
may be estimated as δ(ΔEA) = (−pAdA/dt + dEPCI/dt)Γ−1.
The second term does not depend on the sign of dA/dt and
is always negative. Therefore, for a positive derivative both
terms have the same sign and the width is larger than for a
negative one, where the two terms have different signs and
partly cancel each other. This is the consequence of the chirp
and is similar to the effect of chirp on the spectral width
of photoelectrons [33]. On the other hand, these widths are
equal if the PCI effect is negligible. Therefore, it is conve-
nient to characterize the PCI effect by the ratio of the widths
ω+/ω−.

3. Results and discussion

To illustrate the PCI effect for experimentally reachable
parameters at FELs or HHG sources in the time evolution of

the Auger decay, the photon energies were varied such that
the ratio of the photoelectron to the Auger electron energy
ranged between zero (the photon energy is equal to the corre-
sponding threshold energy) and one (the photoelectrons have
the same energy as the Auger electrons). Therefore, we have
chosen the following representative examples of the Auger
transitions:

1. KL2,3L2,3(1D2) transition in Ne. This is the strongest
line in Ne Auger spectrum at the Auger electron energy of
804.5 eV [34]. The binding energy of the 1 s electron is
870.2 eV and the decay width is ΓA = 263.2 meV [35] cor-
responding to a lifetime of Γ−1

A = 2.5 fs. The photon energy
needed for the experiment is in the interval from 870.2 to
1674.7 eV.

2. L3M2,3M2,3(1So) transition in Ar with an Auger electron
energy of 201 eV [36]. The binding energy of the 2p3/2 electron
is 248.4 eV and the decay width is ΓA = 114 meV [36] cor-
responding to a lifetime of Γ−1

A = 5.5 fs. The required photon
energy should therefore fall between 248.4 and 449.4 eV.

3. N5O2,3O2,3(1So) transition in Xe with an Auger electron
energy of 29.8 eV [37]. The binding energy of the 4d5/2 elec-
tron is 67.5 eV and the decay width is ΓA = 100 meV [38]
corresponding to a lifetime of Γ−1

A = 6.5 fs. The required pho-
ton energy for the experiment is in the interval from 67.5 to
97.3 eV.

4. M5N1N2,3(1P1) transition in Kr that has an Auger elec-
tron energy of 38.4 eV [37]. The binding energy of the 3d5/2

electron is 93.8 eV and the decay width is ΓA = 88 meV [22]
corresponding to a lifetime of Γ−1

A = 8 fs. The required pho-
ton energy for the experiment is in the interval from 93.8 to
132.2 eV.

X-ray photons with the requisite energy to photoionize Ne
and Ar are available at e.g. European XFEL [39] and LCLS
[40], while XUV photons for the photoionization of Kr and
Xe are available at e.g. FLASH and HHG sources.

For these transitions, we have calculated the ratio of the
line width Rω = ω+/ω− as a function of the photoelectron
energy. The results are presented in figures 1–4. We note that
the value of the parameter δr∗ has no significant effect on the
final results. Therefore, in all calculations below, we assumed
that δr∗ = 1 as it was used in [28]. Furthermore, for a fixed
streaking field strength, the calculations are independent of the
frequency. For each case, we considered THz field strengths
from 30 to 300 kV cm−1 and transform limited XUV (x-ray)
photon pulses with Gaussian envelopes and durations from 5
to 100 fs FWHM.

Figure 1 shows the results for the Ne(KLL) Auger transi-
tions with a core-hole lifetime of Γ−1

A = 2.5 fs for a THz field
strength of 120 kV cm−1. When the energy of the photoelec-
tron is smallest (close to zero) compared to that of the Auger
electron, the width of the spectral line in the falling slope of
the vector potential (Ȧ < 0) is smaller than in the rising slope
(Ȧ > 0) and the ratio Rω is highest. This ratio is decreased by
increasing the photoelectron energy and it is one (both widths
are the same) when the Auger and photoelectrons have the
same energy, meaning that the PCI effect is negligible. Further-
more, the effect can be easier resolved (it is more pronounced)
for shorter XUV pulse durations.
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Figure 1. Ratio of the widths Rω for the neon Auger spectral line
KL2,3L2,3(1D2) for different photon pulse durations at a 120 kV
cm−1 THz−1 electric field strength. The ratio is maximum when the
photoelectron energy is close to zero, and goes to one when both
photo and Auger electrons have the same energy.

Figure 2. The same as in figure 1 but for the argon Auger spectral
line L3M2,3M2,3(1S0).

In figure 2 the results of the Ar(LMM) Auger transitions
with a core-hole lifetime of Γ−1

A = 5.5 fs for a THz field
strength of 120 kV cm−1 are presented. In this case, similarly
to the previous one, the ratio of the spectral line widths at the
rising and falling slopes of the THz vector potential is also
maximum for relatively slow photoelectrons and goes to one
(there is no PCI effect) when both Auger and photoelectrons
have the same energy.

The results for the Xe(NOO) Auger transitions with a core-
hole lifetime of Γ−1

A = 6.5 fs and for Kr(MNN) Auger tran-
sitions with a core-hole lifetime of Γ−1

A = 8 fs are shown
in figures 3 and 4, respectively. In both cases the THz field
strength is 120 kV cm−1. Similarly to the previous atoms, the
ratio of the widths of the Auger spectral lines in the rising and
falling slopes of the THz vector potential is highest for the
slowest photoelectrons and goes to one when both the Auger
and photoelectrons have the same energy.

Figure 3. The same as in figure 1 but for the xenon Auger spectral
line N5O2,3O2,3(1S0).

Figure 4. The same as in figure 1 but for the krypton Auger spectral
line M5N1N2,3(1P1).

As mentioned earlier, calculations were done for different
electric field strengths. In figure 5, the results of the simu-
lations for electric field strengths from 60 to 300 kV cm−1

with a photon pulse duration of 20 fs FWHM for Kr(MNN)
Auger transitions are shown. Figure 5(a) shows the ratio Rω as
a function of the energy ratio of the photoelectron to the Auger
electron. In figure 5(b) the line widths in eV at the rising and
falling slopes of the vector potential are plotted. As seen from
figure 5(b), the Auger line width is larger for stronger streaking
THz field. Furthermore, the ratio Rω in figure 5(a), which char-
acterizes the PCI effect, is largest for the weakest THz field.
This may be explained by the fact that the Auger line width in
the THz field is determined by both streaking and PCI effects.
The streaking effect increases with the THz field strength,
while the PCI effect is independent of the THz field. Therefore,
the relative contribution of the PCI effect diminishes with the
THz field strength.

Conversely, in order to experimentally measure the PCI
effect, one has to account for the experimental resolution of the
spectral line widths with an instrument broadening of ∼1 eV.
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Figure 5. (a) Ratio Rω for the krypton Auger spectral line M5N1N2,3(1P1) for different THz streaking field strengths with a photon pulse
duration of 20 fs FWHM. (b) Widths in eV of the same krypton spectral line at the rising Ȧ > 0 (solid) and falling Ȧ < 0 (dotted) slope of
the THz vector potential. Stronger THz fields streak the pulse more resulting in a broader spectral line.

Figure 6. Comparison of the ratio Rω between xenon, krypton,
argon and neon atoms. The calculations were done for a pulse
duration of 10 fs and a THz field strength of 120 kV cm−1. The PCI
effect is stronger for xenon and krypton atoms compared to argon
and neon. The widths’ ratio is almost double for the same energy
ratio between the photo and Auger electrons. On the other hand,
similar behaviour is observed for all of the atoms—the width ratio is
maximum for photoelectrons with energy close to zero and it goes to
one when both photo and auger electrons have the same energy.

A stronger THz field and thus a broader line width will bet-
ter resolve the effect. Therefore, the PCI effect (Rω) together
with the experimental resolution is the parameter that has to be
optimized.

A comparison between the four considered transitions is
shown in figure 6 for an XUV pulse duration of 10 fs and a
THz field strength of 120 kV cm−1. It is observed that there
is a stronger PCI effect for the xenon and krypton atoms as
compared to neon and argon. This can be explained by the
different core-hole lifetimes. To show this, calculations at a
fixed Auger and photoelectron energies but different core-hole
lifetimes ranging from zero to 15 fs were done.

Figure 7. Ratio Rω of the spectral lines at the rising and falling
slopes of the vector potential as a function of its core-hole lifetime.
The calculations were done for Auger and photoelectron energies
of 30 and 0.5 eV respectively, with a THz field strength of
120 kV cm−1 and various photon pulse durations. The PCI effect is
negligible (the ratio is one) for relatively short core-hole lifetimes
and increases for values longer than 4 fs.

Figure 7 shows the ratio of the spectral line widths at the
rising and falling slopes of the THz vector potential for a field
strength of 120 kV cm−1 and different XUV pulse durations
at a photo and Auger electron energies of 0.5 eV and 30 eV
respectively. For relatively short core-hole lifetimes, the PCI
effect is negligible (the ratio is almost one) and it increases sig-
nificantly for core-hole lifetimes longer than 4 fs and reaches
‘saturation’ at 7 fs. Since the core-hole lifetimes of neon and
argon are below 7 fs, the effect is not so pronounced in the
results shown in figures 1 and 2 as compared to xenon and
krypton (figures 3 and 4).

In the semi-classical approach used in our calculations
the electron–electron correlations are not included which
might influence the accuracy of the results, especially for
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low-energy photoelectrons close to threshold. However, full
quantum-mechanical calculations of Auger electron spectrum
(without THz field), which take into account electron cor-
relations [14, 16], show excellent agreement with the semi-
classical approach also for photoelectrons with very low
energy. Moreover, in reference [14] it was shown that the
semi-classical approach is valid when the excess energy
Eex > (ΓEA)1/2, where Γ is the Auger width and EA the Auger
electron energy. For our examples, this condition is satisfied
when the ratio of photoelectron and Auger electron energies
Ee/EA > 0.06 (Xe), 0.05(Kr), 0.02 (Ar, Ne). Thus, we sup-
pose that our results are accurate practically for the whole
considered energy range with an exception of points close to
zero.

4. Conclusions

Using the semi-classical analytical model developed in [28],
we presented the results of numerical calculations of the
PCI effect for different noble gas atoms and various experi-
mental conditions. The results show that there is a stronger
effect for transitions with a core-hole lifetime longer than
4 fs, namely xenon and krypton. Furthermore, it is easier
to resolve the effect for photon pulse durations shorter than
50 fs FWHM as compared to longer ones. Surprisingly, lower
streaking THz field strengths result in a larger ratio Rω .
These results will help future experiments at HHG or FEL
sources to tailor experimental conditions, in order to deter-
mine a parameter space in which a measurable effect can be
expected.
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The effects of postcollision interaction (PCI) in the time evolution of photoinduced Auger decay, assisted
by a terahertz (THz) field, is theoretically investigated. We propose a time-dependent model which is based on
the quantum-mechanical description of the photoinduced Auger process and quasiclassical description of the
PCI. The suggested model is used for calculating the PCI distortion of the Auger spectrum at different temporal
overlaps of the exciting extreme ultraviolet pulse and the streaking THz pulse.
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I. INTRODUCTION

The term postcollision interaction (PCI) is used to describe
the effects of the interaction of charged particles in the final
state of the atomic collision process [1]. In particular, in the
photoinduced Auger process, PCI is the interaction between
the photoelectron, the Auger electron, and the residual ion
[2,3]. The PCI distorts the shape of the Auger line in the
spectrum and shifts the position of its maximum. Furthermore,
PCI is responsible for the recapture of slow photoelectrons
back to the ion. The effects of PCI were widely discussed in
experimental [4–9] and theoretical [10–18] works in the ’80s
and ’90s. With the advent of free-electron lasers in the extreme
ultraviolet (XUV) and x-ray regions, and of new XUV sources
based on high harmonic generation producing ultrashort XUV
pulses, the experimental investigation of the time evolution
of the Auger decay has become possible [19–25]. Recently,
the first time-resolved observation of the PCI effect in Auger
decay has been reported [26]. In the experiment, the Auger
spectra for the transitions MNN in Kr and NOO in Xe were
investigated using a time-resolved pump-probe method. The
Auger transitions were induced by ultrashort XUV pulses. The
temporal variation of the Auger spectra were measured using
a terahertz (THz)-field-driven streak camera. The difference
in the dependence of the spectra on the time delay between
the XUV and THz pulses on the ascending and descending
slopes of the streaking vector potential (an energetic chirp) has
been revealed, which was interpreted as the effect of PCI. For
the interpretation of the results, the analytical semiclassical
approach, developed in Ref. [27], was used.

The quantum mechanical description of the temporal evo-
lution of the field-assisted Auger decay based on the solution
of the time-dependent Schrödinger equation has been de-
veloped in Refs. [18,28]. However, the application of these
approaches for the considered case of Auger transitions in
the THz field is practically impossible at present, since the
relevant numerical calculations would demand prohibitively
long computer time.

To overcome this problem, Bauch and Bonitz [27] solved
the relevant 1D Schrödinger equation and also used the Monte
Carlo molecular dynamics method based on classical me-
chanics. They also developed an analytical (quasi)classical
model which describes the PCI effects in the THz-assisted
Auger transition. The model is applicable at the extreme of the
THz electric field (corresponding to zero values of the vector
potential), where the electron does not acquire a net kinetic
energy shift. Very recently, this analytical model was used
to predict the time-dependent PCI effect of the THz-assisted
Auger emission in noble gas atoms [29].

In the present paper, we suggest a more rigorous al-
beit simple quantum mechanical description of PCI effects
in the time-resolved Auger process. It is based on the
time-dependent theory of the Auger process induced by an
ultrashort XUV pulse in the presence of a powerful laser field
as developed by Kazansky et al. [28]. To include PCI, we use
the quasiclassical approach suggested in Ref. [13]. With this
model, we are able to investigate the variation of the PCI effect
in the time evolution of the Auger spectra as a function of
the overlap between the XUV and the THz pulses. Using the
proposed model, we calculated the spectra of Auger electrons
for MNN transitions in Kr atoms which are most suitable for
experimental investigation [29]. The results are compared to
the analytical semiclassical model.

In the next section, we describe the suggested model and
the approximations used. Section III shows the results of
calculations. Conclusions are presented in Sec. IV.

II. BASIC EQUATIONS AND APPROXIMATIONS

A time-dependent theory of Auger decay induced by ultra-
short XUV pulses in a strong laser field has been developed in
Ref. [28]. It is based on solving a system of time-dependent
Schrödinger equations which describes the photoionization of
an inner atomic state and the decay of the created vacancy. In
this approach, the Auger electron interacting with the strong

2469-9926/2021/104(5)/053102(8) 053102-1 ©2021 American Physical Society
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laser field is treated in the strong field approximation [30].
Thus the theoretical description is appropriate for the com-
paratively fast Auger electrons with energies EA > 1 a.u. In
Ref. [28], the following closed expression for the probability
of Auger electron emission has been obtained for the near
threshold photoionization, which predicts rather accurately
the shape of the Auger electron spectra for short exciting
pulses. In this paper, atomic units are used unless otherwise
indicated:.

W (�kA) = �

8π

∣∣∣∣
∫ ∞

t0

dt eiQ(�kA,t )− �
2 (t−t0 )

×
∫ t

t0

dt ′ ei(Ee−i �
2 )(t ′−t0 )−i(ωX +ε0 )t ′ ẼX (t ′) D�ke

∣∣∣∣
2

, (1)

where

Q(�kA, t ) = −
∫ t

t0

[
−EA + 1

2
[�kA − �AL(t ′)]2

]
dt ′. (2)

Here �kA is the linear momentum of the emitted Auger elec-
tron, t0 is the time when the XUV pulse starts, ẼX (t ′) is the
envelope of the XUV pulse, ωX is its central frequency, Ee is
the photoelectron kinetic energy, Ee = k2

e /2, ε0 is its binding
energy in the atom, � is the Auger decay width, and D�ke

is
the dipole matrix element characterizing the interaction of the
electron with the electromagnetic field of the XUV pulse. The
value Q(�kA, t ) is the phase, related to the Volkov phase [31],
accumulated by the Auger electron moving in the THz field
which is characterized by the vector potential �AL(t ), EA is
the nominal energy of the Auger electron. In the derivation
of Eq. (1), the interaction of the photoelectron with the THz
field is ignored. Expression (1) describes the Auger electron
spectrum for arbitrary XUV and THz pulses, both linearly
polarized in the same direction. In the following, the matrix
element D�ke

is set equal to unity. The latter assumption means
that we ignore the energy dependence of the matrix elements.
Thus we can apply this model in an energy interval which
is much smaller than the typical energy of the considered
Auger electrons. Within this model, only the shape of the
Auger spectrum and energy shift can be discussed but not the
absolute value of the cross section.

In the above approach, both photoelectron and Auger
electron are considered as independent and noninteracting.
Therefore, the PCI effects are not included. To take them into
account, we use the semiclassical approach as described in
Ref. [13]. The main part of the PCI is considered to be induced
by the change of the screening of the ionic core, which is felt
by both electrons when the fast Auger electron overtakes the
slower photoelectron. This change of the screening leads to
an increase of the energy of the Auger electron and, corre-
spondingly, to a decrease of the photoelectron’s energy. If one
denotes the total energy gained by the Auger electron in PCI
as SA(t ), then the outgoing Auger electron will be observed at
an energy E = E ′ + SA(t ), where

E ′ = k2
A/2 = E − SA(t ) (3)

denotes the energy of the electron ignoring PCI.
In the semiclassical approach, the term SA(t ) may be cal-

culated as SA(t ) = 1/r∗(t ), where r∗ is the distance from the
ion nucleus to the point where the Auger electron overtakes

the photoelectron. With sufficient accuracy, it is given as [12]
(see also Ref. [27])

r∗ = t pr + δr∗, (4)

with pr = kAke/(kA − ke + AL(t0) − AL(t )). The value δr∗ is
a small correction depending on the radii of the initial and the
final electron subshells involved [27]:

δr∗ = (kA − AL(t ))Re − (ke − AL(t0))RA − AL(t )(RA − Re)

kA − ke + AL(t0) − AL(t )
.

(5)

Here AL(t ) = | �AL(t )|, kA = |�kA|, RA, and Re are the radii of
the initial subshells of the Auger and the photoelectron, re-
spectively.

Note that the energy gain SA(t ) depends on the emission
time of the Auger electron. At larger t , the Auger electron
overtakes the photoelectron at a larger distance from the nu-
cleus, and therefore the energy gain by the Auger electron is
smaller.

We further assume that the Auger electron is detected along
the polarization direction. Taking into account that Ee ≈ ωX +
ε0, we obtain from Eq. (1) the final expression

W (E ) = �

8π

∣∣∣∣
∫ ∞

t0

dt eiQ(E ,t )− �
2 (t−t0 )

∫ t

t0

dt ′ e
�
2 (t ′−t0 )ẼX (t ′)

∣∣∣∣
2

(6)

with the phase

Q(E , t ) = −
∫ t

t0

[ − EA + E − SA(t ′) ∓ kAAL(t ′)

+ A2
L(t ′)/2

]
dt ′, (7)

where the minus (plus) sign corresponds to the detection of
Auger electron in the (opposite) direction of the vector poten-
tial.

This expression reduces to that obtained by Russek and
Mehlhorn [13] if we take AL(t ) = 0 and assume that the XUV
pulse is very short (delta function). On the other side, if we
ignore the SA(t ) term, we return to Eq. (1), which describes
the Auger electron spectrum induced by a short XUV pulse.

III. RESULTS AND DISCUSSION

In this section, we show some results of the calculations
using the theoretical model introduced above, which illus-
trates the PCI effect for different conditions. In particular, we
compare the influence of PCI to the streaking effect in the
presence of a THz field. In all calculations, we use the model
THz vector potential described by the analytical expression

AL(t ) = A0 exp
(−t2/2σ 2

L

)
cos(2πt/TL ),

− 0.75 TL < t < 0.75 TL. (8)

Here A0 and TL are the amplitude and period of the THz field
vector potential. This vector potential is similar to the vector
potential of the single-cycle THz field used in experiments
[32]. The ionizing XUV pulse is described by a Gaussian
envelope of the electric field,

ẼX (t ) = exp
( − (t − td )2/2σ 2

X

)
, (9)
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FIG. 1. Vector potential of the THz field in atomic units (black
solid curve) and the XUV pulses (in arbitrary units) used in the
calculations as a function of time in fs. The position of the maximum
of the x-ray pulse for several delay times used in the calculations is
indicated by numbers. The dashed line shows the corresponding THz
electric field in atomic units multiplied by 104.

with intensity full width at half maximum (FWHM) =
2
√

ln 2σX and a time-delay td with respect to the maximum of
AL(t ). Figure 1 shows the used vector potential with amplitude
A0 = 0.29 a.u., σL = 475 fs and period TL = 1900 fs, which
corresponds to a THz field with the central frequency of 0.53
THz and a field strength of 120 kV/cm. In the same figure,
we show the relative positions of six different Gaussian XUV
pulses of 10 fs duration (FWHM). Position 1 corresponds to
the zero crossing of the vector potential, while positions 2–6
are located on the decreasing slope of it.1

As a target atom, we have chosen Kr and considered the
MNN Auger transitions which are well investigated experi-
mentally [33,34]. In particular, we have chosen the transition
M5N1N2,3(1P1), resulting in an Auger electron at an energy
of 37.7 eV [34]. The corresponding radii of the orbits were
taken from Hartree-Fock calculations to be Re = 0.538 a.u.
and RA = 1.952 a.u. The threshold energy for Kr (3d5/2)
ionization is 93.8 eV [35]. The Auger lifetime for this tran-
sition is τ = 7.5 fs, � = 88 meV [36]. As shown in Ref. [29],
the Kr MNN Auger transition is a good candidate for fu-
ture experimental investigations of the PCI effects in Auger
decays.

A. Auger line shape distorted by PCI in absence of THz field

Let us first consider the PCI effects in the Auger process
generated by a short XUV pulse in the absence of the THz
field (AL(t ) = 0). As is well-known, PCI affects the shape of
the Auger spectral line and the position of its maximum. In
Fig. 2, we show the shape of the line in the Auger spectrum
calculated using expression (6) with and without PCI effect

1Note that our definition of vector potential differs by sign from that
used in Ref. [27]. Therefore, also the terms rising slope and falling
slope of the vector potential are interchanged.

FIG. 2. The shape of the Auger line calculated with (solid
curves) and without (dashed curves) PCI effect for different pulse
duration (FWHM) of the exciting XUV pulse: 5 fs (lines 1), 10 fs
(lines 2), 20 fs (lines 3). The excess energy is 0.5 eV. The spectral
lines are normalized to unity in the maximum, the energy scale is
relative to the nominal Auger electron energy, EA.

for different XUV pulse durations of 5 fs, 10 fs, and 20 fs
for the excess energy 0.5 eV (energy of the photoelectron).
In earlier calculations of PCI effect for Auger transitions
(see Ref. [13] and references therein), a prompt ionization
was assumed, which corresponds to an ultrashort XUV pulse
τXUV → 0. In contrast, Fig. 2 shows that the shape of the
Auger line depends on the duration of the XUV pulse. The
width of the lines for nonzero τXUV is determined not only by
the Auger width but also by the energy spread of the ionizing
pulse. When the PCI effect is ignored, the maximum of the
Auger line is at the nominal energy of the Auger electron. Its
width diminishes by increasing the pulse duration. The PCI
shifts the maximum and changes the shape of the line. By
increasing the XUV pulse duration, the relative influence of
the PCI diminishes. Furthermore, the energy shift becomes
smaller and the line shape approaches a Gaussian shape which
is determined by the Gaussian shape of the XUV pulse. If
the pulse [Eq. (9)] is not Gaussian, the Auger line shape will
depend on the XUV pulse shape.

In Fig. 3, we show the calculated Auger line shapes for
one duration of the exciting XUV pulse (5 fs) but for different
excess energies (kinetic energy of photoelectron) of 0.5 eV,
2.5 eV, 5 eV, and 10 eV. In accordance with Ref. [13], the max-
imum distortion and maximum energy shift occur at smaller
excess energy (see inner figure). By increasing the excess
energy, the shift decreases and the line shape becomes close
to a Lorentzian shape.

B. Influence of THz field on Auger line shape including PCI

When the THz field is switched on, the Auger spectrum
is modified by the streaking effect and this effect strongly
depends on the time delay between the THz and the XUV
pulses. In Fig. 4, we compare the spectra for one and the same
XUV pulse duration (10 fs) and one value of excess energy
(1 eV) but for different time delays, as shown in Fig. 1. Note
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FIG. 3. The shape of the Auger line calculated taking into ac-
count the PCI effect for an XUV pulse duration of 5 fs and different
excess energies 0.5 eV (line 1), 1.5 eV (line 2), 2.5 eV (line 3), and
10 eV (line 4). The spectral lines are normalized to unity in the
maxima, the energy scale is relative to the nominal Auger electron
energy, EA. The inner figure shows the absolute energy shift of the
peak of each Auger line as a function of the excess energy Ee. The
dashed line is used to guide the eyes.

that the spectra presented in Fig. 4 are not normalized. They
are shown in arbitrary units but the units are the same for all
spectra. The shown spectra are calculated taking the PCI effect
into account (solid lines) and ignoring the PCI effect (dashed
lines). The presence of only the THz field shifts the position
of the Auger line and changes its width. In addition, the PCI
effect distorts and shifts the spectral line as well. Both the
streaking and PCI change the width of the Auger line which
makes the observation of the PCI effect and its quantitative
investigation even more complicated.

In the experiment [26], the shapes of the lines in the spectra
of Auger electrons streaked by the THz field have been studied
for opposite directions of Auger electron emission: along the
polarization of both XUV and THz fields and opposite to it.
This is equivalent to studying the streaking at the descending
and at the ascending slopes of the vector potential. In Fig. 4(a),
we present the results of the calculations for the emission
angle θ = 0, i.e., along the polarization, while Fig. 4(b) shows
the results for θ = π . Spectrum 1 corresponds to the XUV
pulse position close to zero vector potential (see Fig. 1). The
maximum of the Auger line is close to the nominal position
and the line is broadened. Spectra 2–6 show a large energy
shift due to interaction with the THz field. On the descending
slope of the vector potential, the Auger electron peak in the
forward direction is shifted to higher energies and becomes
broader. In the backward direction, the peak is shifted to
smaller energies and becomes narrower. In both cases, the
PCI effect shifts the peak to higher energies and makes it
broader.

It is interesting to discuss the variation of the peak widths
as a function of the time delay in more detail. Since the spectra
presented in Fig. 4 are calculated for the same transition but
for different time delays, they only differ by the interaction
with the THz field. Thus, the total number of emitted Auger

FIG. 4. Spectra of the Auger decay in the THz field calculated
including the PCI effect (solid lines) and without PCI (dashed lines)
for an XUV pulse duration of 10 fs, for an excess energy of 1 eV and
for different time delays between the XUV and the THz field. The
numbers near the peaks indicate the XUV pulse position as shown in
Fig. 1. (a) Auger electrons detected in forward direction, (b) Auger
electrons detected in the backward direction.

electrons (the area under the peak) is the same, and a larger
value in the maximum of the spectrum corresponds to a
smaller width. Consider first the case without PCI (dashed
curves) at Fig. 4(a). One sees that going from spectrum 1
to spectrum 6 (decreasing the time delay), the width of the
line first increases and then starts to decrease. The widths of
the spectra in Fig. 4(b) also show a similar behavior. This
modulation of the width due to streaking can be explained as
follows. From the classical theory of streaking [32,37], one
knows that the width of the line acquired due to streaking is
proportional to the time derivative of the streaking THz vector
potential, corresponding to the THz electric field. The latter is
presented in Fig. 1 for the chosen vector potential as a dashed
curve. The variation of the spectral widths in Fig. 4 follows
the change of the derivative of the vector potential.

In Ref. [29], we suggested characterizing the influence
of the PCI effects by the ratio of the Auger line widths
for opposite emission directions θ = 0 and θ = π . It was
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FIG. 5. The ratio of the widths of the Auger line calculated for
emission in forward and backward directions as a function of delay.
The points in the solid curve (upper line) were calculated with PCI,
the points in the dashed curve (lower line) without PCI. The param-
eters of the pulses are the same as in Fig. 4. The lines are drawn to
guide the eyes.

shown that the ratio of the widths, which can be measured
in an experiment, is sensitive to the PCI effect. To ob-
tain such ratio, we fitted the streaked Auger lines by the
Gaussian curves and determined their width and the ratio.
The resulting ratios are shown in Fig. 5 for different time
delays.

Qualitatively, the influence of the PCI on the streaked
Auger line width and their ratio may be explained as fol-
lows. Considering expression (6) for the Auger line shape,
the phase Q(E , t ) in the first integral is quickly varying. To
approximately evaluate the integral, one can use the saddle
point approximation [37]. The saddle point is defined by the
condition ∂Q(E ,t )

∂t |t=ts = 0, which gives the relation

−EA + E − SA(ts) ∓ kAAL(ts) + A2
L(ts)/2 = 0. (10)

Here the minus (plus) sign corresponds to emission in the for-
ward (backward) direction. For the considered experiments,
kA 
 AL(t ). Solving the above equation, we find

kA =
√

2[EA + SA(ts)] ± AL(ts). (11)

Equation (10) links the final momentum kA, and hence the fi-

nal Auger electron energy E = k2
A
2 , with the time of the Auger

electron emission ts. It qualitatively explains the evolution
of the Auger spectral line with the time delay. Going from
delay point 1 to point 6, the vector potential increases, thus
the Auger energy on the right slope [plus sign in (11)] also
increases while on the left slope it decreases. Using Eq. (11),
one can also estimate the width of the spectral line for differ-
ent delays:

δE = kAδkA ≈ kA|dAL(ts)/dt ± EA
−1/2dSA(ts)/dt |δt . (12)

If one ignores PCI [SA(t ) = 0], then the width is determined
by the derivative of vector potential. It is increasing (modulus)
by changing the delay from position 1 to 6. Besides, kA also
changes with the time delay. The ratio of widths in the forward

and backward directions is

δE+/δE− =
√

2EA + AL(ts)√
2EA − AL(ts)

≈ 1 + 2
AL(ts)√

2EA
. (13)

The ratio is increasing going from point 1 to point 6 (see
dashed curve in Fig. 5).

When PCI is taken into account, it gives a contribution to
the widths. As we already discussed, the energy gain SA(t )
diminishes with t , thus the derivative dSA(t )/dt is negative.
On the right slope [forward emission, plus sign in Eq. (12)],
the derivative of the vector potential is negative, therefore both
terms in Eq. (12) have the same sign; the width is increasing
due to PCI. On the contrary, on the left slope [minus sign
in Eq. (12)], the PCI diminishes the width of the line. The
resulting ratio, shown in Fig. 5 by the solid curve, increases
steeper from delay 1 to delay 6 than the dashed curve calcu-
lated without PCI.

The above calculations have been done for the THz field
strength 120 kV/cm and frequency 0.53 THz. To investigate
the influence of the PCI on the line shape at different frequen-
cies of the streaking field, we made calculations for the same
field strengths but varying the frequencies. The results are
shown in Fig. 6. Remember that in the analytical semiclassical
model suggested in Ref. [27], the streaked Auger spectrum
does not depend on THz frequency. Indeed, the spectrum is
considered when the XUV pulse is set at zero vector potential.
Then the main parameter which determines the influence of
the THz field is the time derivative of the vector potential
which is actually the THz electric field. Thus, according to
the semiclassical model, for the fixed strength of the THz
field, the results should not depend on the frequency. We have
verified this prediction using our model. The results are shown
in Fig. 6(a). The calculations made for 0.53 THz, 1.05 THz,
and 2.1 THz give almost identical results for both the shape
and the position of the maximum. Naturally, at other delays
the vector potential is nonzero and therefore the position of
the Auger spectral line depends on the delay while the width
is determined not only by the PCI but also by the streaking.
Since the vector potential scales as EL/ωL for a fixed THz
field strength, it depends on the frequency. Therefore, the line
shape and position depend on the frequency as well, as shown
in Fig. 6(b).

C. Comparison of the quantum and
analytical semiclassical models

Finally, we compare the results of the calculations made
using the suggested model, based on the quantum-mechanical
approach, with the results of the analytical semiclassical
model [27,29]. Remember that in the latter model, simple
analytical expressions for the spectral line shape for an in-
finitesimal XUV pulse duration have been suggested [27]. For
a positive derivative of the streaking electric field ȦL > 0, the
spectral line shape f+(ε) is presented as

f+(ε) = �4
k+ − ε−

k+
e−�4(k+−ε+ ), (14)
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FIG. 6. (a) The shape of the Auger line in the THz field calcu-
lated taking into account the PCI effect for the XUV pulse close to
the zero crossing of vector potential (position 1 in Fig. 1), for three
different THz frequencies 0.53 THz (solid line), 1.05 THz (dotted
line), and 2.1 THz (dashed line). An XUV pulse duration of 10 fs,
excess energy of 0.5 eV, and THz field strength of 120 kV/cm have
been used in the calculations. (b) shows the same as in (a) but for the
time delay corresponding to position 5 in Fig. 1.

where �4 = |α|� with α = (2kAȦL )−1. For negative values of
ȦL < 0, the spectral line shape is

f−(ε) = 2�4e−�4ε+

(
ε−
k−

cosh �4k− − sinh �4k−

)
. (15)

In these equations, k± =
√

ε2
− ± |β|, ε± = ε ± β

4 δr∗ with
β = 4kAȦL/pr . To obtain the Auger spectrum for a finite pulse
duration τX , one convolutes these spectral line shapes with the
streaked energy spectrum fX (ε̂) due to the finite XUV pulse
duration:

W (E ) =
∫ +∞

−∞
d ε̂ fX (ε̂) f± (E − ε̂). (16)

Here fX (ε̂) = (
√

π�X )−1 exp (−ε̂2/�2
X ), with �X = kAȦLτX .

For a more detailed description of the semiclassical analytical
model, the reader is referred to the paper by Bauch and Bonitz

FIG. 7. The widths of the Auger line calculated for the emission
in the forward (solid lines) and the backward (dashed lines) direc-
tions as a function of the ratio of the excess and Auger electron
energies. The calculations have been performed for the zero crossing
point of the THz vector potential. The result of the calculations using
the present quantum mechanical model are shown as black lines, the
results of the analytical semiclassical model of Ref. [29] are shown
as red lines (lighter gray). The calculations have been done for an
XUV pulse duration of 5 fs for an excess energy of 1 eV and THz
field strength of 60 kV/cm.

[27]. As a typical example, in Fig. 7 we show the dependence
of the Auger line widths for the emission in forward and
backward directions on the energy ratio of photo and Auger
electrons for the case of an XUV pulse duration of 5 fs and
an excess energy of 1 eV at a THz field of 60 kV/cm. The
calculations using the quantum model have been performed
for a time delay close to the zero-crossing of vector potential
where the analytical model is valid. The classical analytical
model predicts much broader lines and a considerably larger
difference between widths as compared to the quantum model
(larger PCI effect).

We note that both models use approximations which are,
however, significantly different. In the analytical model [27],
the time-to-energy mapping is calculated using a classical
description of the Auger electron motion. The energy gained
by the Auger electron, due to the change of screening when
it overtakes the photoelectron, is added to its classical energy.
In the present quantum model, the Auger decay is described
quantum mechanically where the energy gain is added to the
phase of the Auger electron. Furthermore, the method of av-
eraging over the XUV pulse duration is significantly different
for the two models. In the quantum model we consider, in
accordance with the rules of quantum mechanics, the ampli-
tude of the Auger emission induced by the finite XUV pulse
is calculated, which is then squared to obtain the probability.
In contrast, in the analytical model [27], the probability of the
Auger emission is calculated for an infinitesimally short XUV
pulse, which is then convoluted with the spectral distribution
of the finite pulse. The latter approach corresponds to the
so-called ad hoc model, based on the rate equations. (See
discussion, for example, in Refs. [38,39]). Therefore, it is not
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surprising that the calculated Auger widths are different in the
two models.

IV. CONCLUSION

We presented a theoretical model which combines a fully
quantum mechanical description of the time-dependent Auger
process induced by an ultrashort XUV pulse in the presence
of a THz field, with the quasiclassical description of PCI. The
model enables the investigation of the time evolution of PCI
effects experienced by Auger electrons in a THz field. We
analyzed the dependence of the PCI distorted Auger spectra
on the pulse duration of the exciting XUV pulse as well as the
effect of PCI on the spectra of Auger electrons in the presence
of a THz field. An advantage of the suggested model is that
it can be used for any time delay between the exciting XUV

and probing THz pulses. The quantum mechanical results are
compared to the results of an analytical (semi)classical model
[27]. We show that the latter model predicts considerably
larger PCI effects in THz streaking spectra as compared to
the present quantum model. Further theoretical efforts as well
as new experiments devoted to the investigation of the time
evolution of PCI effects would be very desirable.
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