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Preface

The book will review the most recent achievements in optical technologies applied
to photon handling and conditioning of extreme-ultraviolet (XUV) and soft X-ray
coherent sources.

The developments in laser technology over the past 30 years led to the gener-
ation of coherent optical pulses as short as a few femtoseconds, providing a unique
tool for high-resolution time-domain spectroscopy that revolutionized many areas
of science from solid-state physics to biology. While femtosecond optical lasers
offered unique insights into ultrafast dynamics, they are limited by the fact that the
structural arrangement and motion of nuclei are not directly accessible from mea-
sured optical properties. This scientific gap has been filled by the availability of
ultrafast coherent sources in the extreme-ultraviolet and X-ray spectral region, such
as high-order laser harmonics and free-electron lasers.

High-order laser harmonics, that are produced by the interaction between a very
intense ultrashort pulsed laser and a gas/solid target, exhibit high brightness, high
degree of coherence, and high peak intensity. The combination of the use of
advanced phase matching mechanisms and interaction geometries as well as intense
ultrafast laser has made possible to obtain radiation down to the water window
region (2.3–4.4 nm). Moreover, the radiation generated with the scheme of the
high-order harmonics using few-optical-cycles laser pulses is presently the most
advanced tool for the investigation of matter with attosecond resolution.

Synchrotron radiation has provided over the past 40 years an increase in flux and
brilliance of more than ten orders of magnitude in the extreme-ultraviolet and X-ray
spectral regions. The free-electron-laser sources generate spatially coherent
XUV/X-ray radiation with characteristics similar to the light from conventional
optical lasers, ultrashort time duration, and an additional increase of 6–8 orders of
magnitude on the peak brilliance with respect to synchrotrons.

In order to investigate the properties of these laser-type sources as well as to
exploit their new capabilities in terms of scientific return, the instrumentation that is
used to handle, condition, and characterize the photon beam has a fundamental role.
The development of optical technologies suitable for photon handling of coherent
XUV/X-ray sources is a typical field where a strong collaboration between research
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and industry is required to reach new exciting results. On one side, the impressive
developments of lasers have opened the way to major improvements in terms of
performance from the sources. On the other side, new optical techniques have been
studied and demonstrated in order to exploit the full potentialities of coherent light
in the XUV/X-ray, especially in terms of coherence preservation and temporal
resolution. An increasing number of scientific and industrial partners are collabo-
rating on the development of the applications based on next-generation light
sources, and in the twenty-first century many secondary sources came out of the
laboratory to be proposed as “machine” to perform experiments. The optical
technologies described in this book represent the achievement of the scientific
development and the beginning of the technological life of the coherent light
sources.

The book is organized as follows.
Chapters 1 and 2 are focused on the two free-electron laser facilities that are

presently in operation with photon emission in the extreme-ultraviolet region:
FLASH in Germany and FERMI in Italy. Photon beam transport and diagnostic
techniques on the two facilities are reviewed.

Chapters 3 and 4 review the techniques related to high-order laser harmonics to
generate intense pulses in the femtosecond and attosecond timescale. Recent
experimental progresses in the field of attosecond sources and on high-flux ultrafast
sources are discussed.

Chapter 5 is focused on the use of high-order laser harmonics as seeding sources
for free-electron lasers, joining the two techniques previously described, namely
free-electron lasers and high-order laser harmonics, to obtain a coherent source with
increased performance.

Chapter 6 reviews the diagnostic techniques to measure the pulse duration, that
is an essential tool to assess the ultrafast time regime. The most important methods
for temporal pulse characterization are discussed, with particular emphasis on
attosecond pulses generated by high-order harmonics and on femtosecond soft
X-ray pulses emitted by free-electron lasers.

Chapter 7 is focused on the metrology of the optical elements that are requested
to handle the coherent photon beam. Particularly demanding are the requirements
on optical elements for free-electron lasers, where an improvement of one order of
magnitude in terms of figure error has been achieved with respect to the optics for
third generation storage rings.

Chapters 8 and 9 review the main technologies used for photon handling, beam
conditioning, spectral selection, and temporal shaping of ultrafast pulses, namely
multilayer mirrors and reflection gratings.

Finally, as editors, we would like to thank all the authors for their appreciable
contributions to the book.

Evry, France Federico Canova
Padova, Italy Luca Poletto
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Chapter 1
The Soft X-ray Free-Electron Laser
FLASH at DESY

E. Plönjes and K. Tiedtke

Abstract FLASH, the Free-electron LASer in Hamburg, is the world’s first free
electron laser for extremely bright and ultra-short pulses in the extremeultraviolet and
soft X-ray range. Efficient photon beam transport and diagnostics play an essential
role in exploiting the features of this new generation of light sources in a large variety
of user experiments. A detailed overview of the FLASH user facility is presented.

1.1 Introduction

Since 2005 the Free electron LASer in Hamburg (FLASH) has served as a user facil-
ity [1–3], providing highly intense, short-pulsed radiation. 80–6nm was the design
wavelength range, which FLASH and its photon beamlines were originally config-
ured for. Based on user requests a tuning range from 47–6.9nm was experimentally
explored in the first phase. With the upgrade in 2009, the maximum electron energy
has been increased from 750MeV to 1.25GeV extending the wavelength range down
to 4.2nm [4, 5].

Peak and average brilliance of FLASH exceed both, modern synchrotron facilities
and laser plasma sources by many orders of magnitude. The soft X-ray output pos-
sesses unprecedented flux of about 1013 photons per pulse with pulse durations in the
femtosecond range and a high level of coherence. Hence, combined with appropriate
focusing optics, peak irradiance levels of more than 1016 W/cm2 can be achieved.

Over the past decade FLASH has hosted many international groups who actively
explore a diverse range of novel applications. These include fundamental stud-
ies on atoms, ions, molecules and clusters, creation and characterization of warm
dense matter, diffraction imaging of nanoparticles, spectroscopy of bulk solids and
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2 E. Plönjes and K. Tiedtke

surfaces, investigation of surface reactions and spin dynamics, and the develop-
ment of advanced photon diagnostics and experimental techniques (see http://www.
photon-science.desy.de/facilities/flash/ and references therein).

1.2 FLASH Machine

FLASH is a single-pass free electron laser (FEL) lasing in the soft X-ray regime.
The generation of soft X-ray laser radiation is based on the so called self-amplified
spontaneous emission (SASE) process [6]. The 1.25GeV superconducting linear
accelerator is described in detail by Ackermann et al. [1] and references therein.

In short, a photo-injector generates very high quality electron bunch trains which
are accelerated to relativistic energies of up to 1.25GeV. They produce laser-like soft
X-ray radiation during a single pass through a 30m long undulator, a periodic mag-
netic structure. In the undulator, the electron bunches undergo a sinusoidalmotion and
emit synchrotron radiation. The radiation moves faster than the electron bunch and
interacts with electrons farther up. This leads to a charge density modulation within
the bunch with a period corresponding to the fundamental in the wavelength spec-
trum of the undulator. This well-defined periodicity in the emitting bunch enhances
the power and coherence of the radiation field exponentially while the electron bunch
travels once through the long undulator without the need for a resonator.

Figure1.1 depicts the electron bunch and the resulting photon pulse pattern of
FLASH at a repetition rate of 10Hz. Table1.1 summarizes the performance of
FLASH achieved since 2009.

The exponential amplification process in a SASE FEL starts from spontaneous
emission (shot noise) in the electron bunch. Therefore, the SASE FEL radiation
itself is of stochastic nature and individual radiation pulses differ in their intensity,

100 ms 100 ms

Fig. 1.1 Electron bunch and resulting photon bunch time pattern of FLASH with 10Hz repetition
rate and up to 800 bunches in a 800µs-long bunch train. Electron/photon bunch separation within
a train can be set to 1, 2, 10, or 100µs

http://www.photon-science.desy.de/facilities/flash/
http://www.photon-science.desy.de/facilities/flash/
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Table 1.1 Performance of FLASH

Parameters of FLASH

Wavelength range fundamental (measured) 4.2–47nm

Higher harmonics 3rd ∼ 1.4nm

Pulse energy average 10–250µJ

Peak power Several GW

Pulse duration (FWHM) 10–300 fs

Spectral width (FWHM) 0.5–1%

Angular divergence (FWHM) 90 ± 10µrada

Peak brilliance 1029–1030 photons/sec/mrad2/mm2/0.1%bw
aSASE in saturation@30nm

temporal structure, and spectral distribution. As a consequence, exploitation of the
unique properties of the FEL radiation requires suitable pulse-resolved diagnostic
tools. Online determination of important photon beam parameters, such as intensity,
spectral distribution, and temporal structure aremandatory formost user experiments.
This requires diagnostics tools which operate in parallel to the user experiments and
in a non-destructive way. To fulfill these demands, new diagnostics concepts, such
as online spectrometers and intensity monitors, have been developed for FLASH.

1.3 Layout of the Facility

The layout of the FLASH facility takes essential aspects which are unique to SASE
X-ray free electron lasers into account. First, in contrast to synchrotrons, FELs are
single-pass machines which can serve only one user at a time. Despite this fact, the
FLASH beam is delivered to five experimental stations with different characteristics
described in detail below. The photon beam can be switched from one station to the
other very quickly, thus making very efficient use of the 24-h operation of FLASH.
Second, due to the strong absorption of vacuum-ultraviolet and soft X-ray radiation
in any material, particularly also in air, a windowless ultra-high vacuum and particle
free system has been designed encompassing the FEL, the photon beam transport
and the experimental stations, altogether 330m. The photon beam transport system,
which is approximately 75m long from the undulator to the endstations, includes only
grazing incidence optics which cover the wavelength range of FLASH described in
Table1.1. Finally, due to the stochastic nature of the SASEprocess, FLASHfluctuates
significantly from pulse to pulse in its photon beam parameters and user experiments
require photon diagnostics which are capable of resolving each individual pulse
within a pulse train at all beamlines.

Figure1.2 shows the layout of the user facility. The FEL, a THz and a synchrotron
radiation beamline (see Sect. 1.6) enter into the hall from the bottom of the schematic.
The FLASH beam is delivered directly to the beamlines BL1–BL3 which differ in



4 E. Plönjes and K. Tiedtke

unfocussed

BL 3

20 µm

BL 1

100 µm

PG 2

50 x 50 µm

PG 1

5 x 5 µm

unfocussed

BL 2

20 µm

Fig. 1.2 Schematic view of the experimental hall. Beamlines are highlighted by a colour code:
‘direct’ FEL beam in dark blue, monochromatised FEL beam in light blue, optical laser in orange
and THz radiation in red. Different experimental stations are named ‘BL’ in case of direct FEL
beam or ‘PG’ for the monochromatised FEL beam. Approximate focal sizes are given next to the
station name
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their focusing optics and offer different beam manipulation tools. The beamlines
PG1 and PG2 comprise of a high-resolution monochromator allowing the selection
of an even narrower spectrum from the FEL pulse.

Before and during the separation of beamlines the FEL radiation passes through
a set of photon diagnostics and beam manipulation tools, such as a set of four gas-
monitor detectors (GMD) for intensity and beam position determination (Sect. 1.4),
an attenuation system based on gas absorption (Sect. 1.5), a set of filters and a fast
shutter. The BL beamlines are equipped with a variable-line-spacing spectrograph
as well as a detector system based on photoelectron and -ion spectroscopy (Sect. 1.4)
for online determination of the FLASH wavelength spectrum in parallel to the user
experiments. Due to the strong interest in ultra-fast time resolved studies, the facil-
ity provides two additional light sources for femtosecond time-resolved pump-and-
probe experiments. A femtosecond optical laser synchronized to the FEL (Sect. 1.6)
is situated in a laser hutch depicted in Fig. 1.2 and distributed to the end stations in
a separate beamline system. A THz source is generated by a dedicated undulator
through which the FLASH electron beam passes subsequent to the XUV undulators.

1.3.1 Layout of the Optical System

The FEL beam is distributed to the five endstations by moving one or two plane
mirrors between in and out positions. Most of the beamline system and some of
the photon diagnostics have been designed for the originally envisaged wavelength
range of 6–80nm. Downstream of the first pair of mirrors, which creates a beam
offset to separate potential Bremsstrahlung from FEL radiation, the beam can be
distributed in two different branches: the ‘direct’ or the ‘monochromator’ branch. In
the beamline design, particularly when choosing the focusing optics, a large number
of different user chambers had to be taken into account. This required a compromise
between necessary focal length and reachable focal spot size.

1.3.1.1 Grazing Incidence Optics

Again, in the choice of optics, the large wavelength range and a high flexibility for
different user applications had to be taken into account. Thus, grazing incidence
optics were chosen for the general layout of the facility. To provide high degrees
of reflectivity, avoid the risk of damage due to the high peak powers, and minimize
deformation of the mirrors by long bunch trains, very shallow incidence angles of
2◦ and 3◦ are used. A total mirror length of 500mm has been chosen based on a 6σ

acceptance for a beam diameter of 3–5mm (FWHM). The beam divergence strongly
depends on wavelength and for the longer wavelength ≥30nm a 6σ acceptance of
the optics cannot be expected any more.
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The mirrors are silicon (plane) or zerodur (focusing) substrates with high-density
carbon coatings. A state of the art low surface roughness amounts to less than 3Åover
the full mirror length for the plane mirrors and less than 5Å for the focusing optics.
Carbon coatings have been chosen because of their nearly constant high reflectivity
between 94 and 96% in the originally anticipated spectral range of the FLASH
fundamental of 6–80nm. The first pair of mirrors, which directs the beam to BL2
has an additional nickel coating and thus allows experiments the carbon K-edge.

1.3.1.2 Multi-layer Optics

In addition to the general endstation layout, users can bring their own focusing
optics as part of their experimental chambers. For this purpose, at beamlines BL2
and BL3 (see below) the grazing incidence focusing optics can be retracted, allowing
users either to conduct experiments in the non-focused beamwith typically 5–10mm
FWHM beam size or to install their own optics. A variety of configurations have
been used in past experimental runs. Back-reflecting spherical multilayer mirrors
have been used to cover a large range of irradiation conditions from ∼10mm in the
non-focused beam down to ∼2µm [7] or for THz-XUV pump-probe setups (see
Sect. 1.6.2). Extremely small foci down to ≤1µm have been achieved using off-axis
parabolas for warm dense matter studies [8] and other special optics are used for
coherent diffraction imaging (see [9] and references therein).

1.3.1.3 Beamlines

BL1, BL2 and BL3 utilize the direct SASE FEL beam. The three end-stations offer
different focusing schemes leading to more or less intensely collimated FEL beams.
BL1 was originally been equipped with a toroidal mirror (f = 10m) providing a
focal spot size of ∼100µm. Since the vast majority of user experiments require
smaller foci than BL1 can offer, this endstation is currently newly equipped with a
permanent endstation—the CAMP chamber [10]—which will include a Kirkpatrick-
Baez system. This new endstation will be available to users from the middle of 2014.

At BL2 and BL3 ellipsoidal mirrors with focal length f= 2m generate focal sizes
of ∼20–30µm. As described in detail above, at both beamlines the focusing optics
can be retracted to install other types of optics.

For the second branch a high-resolution plane grating monochromator has been
built by the University of Hamburg in collaboration with DESY [11, 12] to enable
high resolution spectroscopy at beamlines PG1 and PG2. Although the photon pulses
of FLASH already offer a narrow inherent bandwidth of∼1%, many scientific areas
require even further monochromatised radiation. Examples are the spectroscopy of
highly charged ions [13], measurements of higher-order intensity correlation func-
tions [14], or time-resolved pump-probe X-ray photoelectron spectroscopy [15].
Figures1.3 and 1.4 depict the calculated photon flux behind the PG beamlines and
the resolving power, respectively.
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Fig. 1.3 Calculated photon flux behind the monochromator assuming 100µJ pulse energy at the
undulator exit

Fig. 1.4 Calculated (lines) and measured (stars) resolving power. Exit slit set to 20µm for a
constant fixed focus cff = 3 and 35µm for cff = 1.5

PG1 is equippedwith a permanently installed high-resolution doubleVUV-Raman
spectrometer which can be used to study various samples with different techniques,
such as resonant inelastic X-ray scattering (RIXS) to probe low-energy elementary
(charge, spin, orbital and lattice) excitations in complex solids. The spectrometer
employs a double monochromator setup which—along with enhanced stray light
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Table 1.2 Technical specifications of the FLASH beamlines

BL1 BL2 BL3 PG1 PG2

Monochromatisation – – – Yes Yes

Optical elements 4 3(2) 5(4) 8 6

Focusing Toroidal Ellipsoidal
(none)

Ellipsoidal
(none)

KBa Toroidal

Focus size approx. (µm FWHM) 100 20 20 5 50

Distance undulator end-focus (m) 76 73 72.2 75.2 72.5

Distance last flange-focus (m) 1.281 0.636 0.637 0.758 0.758

Transmission @13.5nm (%) 65b 64±4 59±6 – 64c

aKirkpatrick-Baez
bCalculated
c∼64% for the zeroth order diffration of the 200 lines mm−1

rejection—allows high energy resolution measurements close to the Rayleigh line.
During the first commissioning phase an instrument resolution of 30meV has been
confirmed [16, 17]. The ultimate resolution of below 10meV should be reached after
the commissioning of an improved Kirkpatrick-Baez (KB) focusing optic generating
a FEL focal spot of 5µm (vertically) at the sample position. PG2, on the other
hand, is a general purpose monochromator beamline, where users provide their own
experimental chambers. The spot size at PG2 is presently about 50µm depending
on wavelength and monochromator settings.

In Table1.2 the most relevant information on the FLASH beamlines is summa-
rized.

1.3.1.4 Fast Switching Mirror

Switching of beamlines is typically performed between user shifts every 12 or 24 h.
The procedure takes several minutes with an accuracy of the position reproducibility
in the µm range. However, not all user experiments require a 10Hz repetition rate
of the photon pulse trains. Provided that both user groups require the same FEL
parameters, the laser beam could in principle be shared between two beamlines by
using a fast switching mirror capable of shifting between pulse trains. Such a system
has been developed at FLASH [18] and installed for switching between beamlines
BL2 and BL3. It can move the FEL between the two beamlines with a frequency of
up to 2.5Hz and is coupled to the fast shutter (Sect. 1.5) to provide an appropriate
FLASH pulse repetition rate. A major design challenge is posed for and met by the
system in the repetition accuracy for themechanicalmovement.At the reversal points,
an accuracy in position of a fewµmand in angle of about 1arcsec is required, because
the user endstations are typically 15–20m downstream of the switching mirror.
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1.3.1.5 Experimental Endstations

Up to 2013, FLASH user groups have typically brought their own experimental
setups to the beamtimes. In the near future with the addition of FLASH2 (Sect. 1.7)
and thus a higher number of available beamlines, several user endstations will be
permanently installed. All beamlines end with an interconnection point, which con-
sists of a differential pumping unit interfacing the ultra-high vacuum of FLASH to
the user experiments. The latter may be operated with pressures up to 10−5 mbar.
The experimental area is typically 3.4m2 and contains provisions for connection to
FLASH signals such as trigger, time stamp, photon diagnostics, the FLASH data
acquisition system as well as vacuum control and interlock and gas systems [3].

1.3.2 Characterization of the Optical System

1.3.2.1 Damage of Optical Components

At a free electron laser, high peak powers could potentially render an (costly) optical
component useless within fractions of a second [19]. The research of various damage
mechanisms caused by this kind of sources is therefore an active field [20, 21]. The
empirical data for damage thresholds that exist are often very specific to a certain
(synchrotron) beamline and are thus unique in flux and operating wavelength. For
these reasons, materials for optics and their coatings employed at X-ray free electron
lasers around the world have begun to be studied in a more systematic fashion [21,
22], notably the low Z materials B4C and SiC [23].

Damage to optical elements at a FEL can be thought of as direct and in-direct:
direct damage could be ablation cratering of the surface, distortion due to the heat-
load caused by the pulse, etc. In-direct damage mechanisms are more subtle and
include damage to multilayers by diffusion or chemical modification of surfaces
and layers or changes to the refractive index. Careful monitoring of the beamline
performance is thus important and the methods described in Sect. 1.3.2.2 inherently
give information that can be used to diagnose the optics.

1.3.2.2 Advanced Beamline Alignment Techniques and Determination
of Coherence Properties

For alignment of the FLASH beamlines and focusing optics, wave-front sensors
are regularly employed. First, a wave-front sensor by Imagine Optic [24] was used.
Meanwhile, two very compact sensors, which include alignment mechanics directly
in the system, were developed and extensively tested in a collaboration of DESY and
Laser Laboratorium Göttingen (LLG) for beamline characterization and optimization
both at FLASH [25] and FERMI [26]. They can also be employed by user groups
in their experimental setups. The Hartmann-type sensors are largely independent
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of wavelength in the soft X-ray region and capable of measuring the wave-front of
individual FEL pulses. They proved a valuable tool for observing the FEL beam
quality as well as the performance of optical elements, such as metal filter foils or
the gas attenuator.

In a Hartmann sensor the incoming photon beam is divided into a large number
of sub-rays by a pinhole array and monitored in intensity and position on a CCD
camera. The incident wave-front is determined by comparing the CCD image to that
of a perfect spherical wave generated behind a pinhole for calibration. Ray tracing
in upstream direction based on the measured wave-fronts is used to determine focal
spot size and position.

In SASE FELs such as FLASH an influence of the stochastic nature of the beam
generation process on the degree of spatial coherence is to be expected. Techniques
to measure it are necessary and currently under investigation. In particular, 2nd order
correlations should be considered for partially coherent sources to achieve reliable
beam propagation and in the design of complex optical systems. Several experi-
ments have been carried out so far based on an evaluation of two-beam interference
patterns similar to Young’s double slit experiment [27–29]. Alternatively, phase
space tomography i.e. the reconstruction of the Wigner distribution function from
selected two-dimensional intensity profiles along the beam caustic behind a focus-
ing optic, has recently been carried out at FLASH with promising results (see [30,
31] and reference therein). This technique delivers in principle a complete beam
characterization including wave-front, propagation and spatial coherence. However,
unlike Hartmann wave-front measurements and techniques based on Young’s double
slit experiment, the Wigner-reconstruction gives only average results and no single
pulse information.

1.4 Characterization of the FEL Pulses

Inside the FLASH tunnel a set of photon diagnostics is installed mainly for use by
operators during setup of SASE. The FEL beam passes two diagnostic units equipped
with apertures ranging between 0.5 and 15mm and Ce:YAG screens for visualiza-
tion of the XUV radiation which are located 20 and 25m behind the last undulator
segment. Centering the FEL beamwith respect to these apertures ensures an accurate
propagation of the photon beam across all beamlines towards the experiments. For
fast intensity measurements an MCP tool and one of the GMD detector pairs (see
below) are located inside the tunnel, as well as a grating spectrometer [32] and an
OPIS (see below) for wavelength calibration.

At the same time, most user experiments need online information about impor-
tant photon beam parameters, such as intensity, spectral distribution, and temporal
structure. Due to the pulse-to-pulse fluctuations of FLASH, photon diagnostics need
to be capable of resolving each individual pulse within a pulse train. This requires
diagnostic tools which operate in parallel to the experiments in a non-destructive
way.
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1.4.1 Monitoring of the Intensity and Beam Position

A precise knowledge of the pulse energy of each individual FEL pulse is naturally
essential for almost all user experiments. Depending on the operating conditions of
the FEL, the average energy per bunch is typically in the range of 10–250µJ as
shown in Table1.1. Intensity monitors have to cover the full spectral range from
4.2 and below to 80nm as well as the extended dynamic range from spontaneous
undulator radiation to SASE in saturation. To accomplish these requirements a state-
of-the-art gasmonitor detector has been developed [33, 34] to perform a non-invasive
measurement of the intensity of each individual pulse within a pulse train.

Four gas monitor detectors, which are also used to determine the beam position
of FLASH for each pulse, are positioned in the FEL beamlines. A set of two GMDs
is located at the end of the accelerator tunnel and a second one at the beginning
of the experimental hall. Between these two sets of GMDs a 15m long gas filled
attenuator is positioned as described in Sect. 1.5. When an FEL pulse passes through
the ionization chamber of a GMD detector, the gas inside is ionized, and an electric
field accelerates the ions upwards and the electrons downwards to be detected by
Faraday cups. The absolute number of photons in each shot can be deduced with
an accuracy of 10% from the resulting electron and ion currents. Furthermore, the
FEL pulse passes between two split electrode plates, allowing the pulse-resolved
determination of the horizontal and vertical position of the beam. The gas in the
ionization chamber has a very low pressure of about 10−6 mbar, and it is nearly
transparent to the FEL pulse that proceeds unaltered to the experimental stations.

1.4.2 Monitoring of the Spectral Distribution

Some user experiments require pulse-to-pulse knowledge of the spectral distribution
of individual FEL pulses to interpret their data. Still, they may not want to use the
PG beamline, because of temporal broadening of the pulse or a reduction of photon
flux. Three options have been developed for this purpose at FLASH, a variable-
line-spacing (VLS) grating spectrometer integrated into the BL beamline branch, an
online photoionization spectrometer (OPIS) located in the photon diagnostic section
in the FLASH tunnel and a mobile compact spectrometer which can be setup at the
endstation or behind user experiments [35].

1.4.2.1 High Precision Online VLS Grating Spectrometer

A variable line spacing (VLS) grating spectrometer installed at the non-monochr-
omatised BL-beamline branch allows to parasitically measure the spectral distrib-
ution of the FEL pulses. The optical design of the spectrometer has been carried
out in a collaboration of DESY, Scientific Answers and Solutions (SAS) in Madison
and the Council for the Central Laboratory of the Research Councils (CCLRC) in
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Daresbury [36]. Making use of two interchangeable plane VLS diffraction gratings
the spectrometer covers the wavelength range from 6 to 60nm. Shorter wavelengths
can be reached using second order light. The main vacuum vessel which houses the
optics as well as the mechanics for the movement of the gratings have been designed
in a joint project of Helmholtzzentrum Berlin (HZB) and DESY.

The major fraction of the radiation, ∼85–99% depending on wavelength and
grating, is reflected in zeroth order to the experimental station, while only a small
fraction is dispersed in first order and used for the online measurement of the spectral
distribution. In the current setup, the dispersed radiation is focused on a detector unit
containing a Ce:YAG single crystal screen which is imaged by an intensified CCD
camerawith an effective pixel size of 12µm.The gated camera is able to record single
shot spectra with a repetition rate of 10Hz. Up to now, the instrument has reached a
resolving power of 1000 at 25nm FELwavelength. In the near future, the gated CCD
camera will be complimented by a fast line detector for spectral analysis of pulse
trains. Alternatively, a mirror with both, carbon or nickel coating can be moved in
place of the gratings if no information of the spectral distribution is requested or if
the intensity on the sample is very critical.

1.4.2.2 Online Photoionization Spectrometer

Wavelength measurements with the online photoionization spectrometer (OPIS) are
based on photoionization processes of gas targets such as rare gases or small mole-
cules like N2 or O2 [37–39]. Since binding energies and photoionization cross sec-
tions are precisely known from literature they can be used as a basis for wavelength
determination.

An ion spectrometer is used to measure the intensities of different charge states of
the created photo-ions. Since the partial cross sections of the different charge states
evolve differently with increasing photon energy, the ratios of their corresponding
intensities are a unique measure of the photon wavelength in a certain wavelength
interval. Literature data of partial cross sections for the different charge states of
various rare gases cover basically the full wavelength range of FLASH. The ion
spectrometer has two major advantages. The signal intensity is high since the extrac-
tion fields collect all ions created by the radiation and it is insensitive against beam
position changes.

In electron time-of-flight spectra, the arrival times of the photo-electrons reflect
directly their kinetic energy. The electron binding energies of the orbitals fromwhich
the photo-electrons are emitted are the only information needed forwavelength deter-
mination. Hence, with only a fewwell known constant quantities the FELwavelength
can be derived over the full wavelength range. This is the main advantage compared
to the ion method described above. In addition, more detailed spectral information
such as higher harmonics content or the number of FEL modes [3] can, in principle,
be deduced aswell. On the other hand, the electron signal intensity is lower compared
to the ion spectrometer due to limited acceptance angles and it is sensitive to external
magnetic and electric fields.
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The OPIS device contains a set of time-of-flight spectrometers for detection of
photo-ions and photo-electrons, respectively. Since ion and electron signals are mea-
sured using fast digitizers, traces of full bunch trains of FLASH can be recorded and
it is possible to monitor the spectral distribution resolved for each micro bunch. In
addition, the spectrometer is in principle not limited in wavelength range and typical
gas target pressures are in the range of 10−7 hPawhich allow a photon transmission to
the user experiment of essentially 100%. These advantages make OPIS a promising
complement to the existing grating spectrometers.

1.4.2.3 Compact Spectrometer

In collaboration with the CNR-Institute of Photonics and Nanotechnologies in
Padova, a compact and portable spectrometer has been built for real time monitoring
of the high-order harmonic contents of the FEL radiation [35]. This spectrometer
can be installed at beamline ends or behind user experiments to determine the funda-
mental and high-order harmonic contents in single-shot operation mode. Its design is
based on two flat-field grazing-incidence gratings combined with a EUV-enhanced
CCD. The spectrometer covers the spectral range from 1.7 to 40nm (720–30eV).

1.4.3 Monitoring of the Temporal Properties

The temporal properties of the photon beam are a key measure of the performance of
FELs. The pulse length is required to estimate the integral power at the experiment;
the pulse profile determines the “quality” of the pulse in terms of length and height
of the ideal pedestal shape; the pulse jitter is a random fluctuation in the arrival time
of a pulse and needs to be correlated to another timing event. Thus, for pump-probe
experiments it is obviously a crucial parameter. Since the temporal properties of a
SASE FEL are going to change on a pulse by pulse basis by an amount that will
cause difficulty for many experiments, there is a general need for temporal online
diagnostics.

Such tools for the whole parameter range of FLASH are not a straightforward
choice since they require intricate setups oftenwith external laser sources.AtFLASH,
they are currently under intensive development. A choice of techniques like cross-
correlation with an optical laser, intensity auto-correlation, reflectivity modulation
of a semiconductor by a FEL pulse or the utilization of phase-correlated terahertz
radiation has been tested and at this time each has shown their pros and cons. For
details see [40] and references therein.
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1.5 Manipulation of the Photon Beam

The photon beam can be manipulated by changing FLASH machine parameters.
Within the pulse trains, the bunch repetition rate can be varied from single pulse to
1MHz with up to 800 bunches (see Fig. 1.1), while a wavelength range from 4.2
to 47nm is available at FLASH with the current machine parameters. Moreover,
several options to modify beam properties are incorporated into the beamlines while
the machine parameters are kept fixed. These are reduction of the intensity by a gas
attenuator, suppression of harmonics using filter foils, and pulse picking with a fast
shutter. Users can directly access these beamline components through the control
system interface. Finally, two split-and-delay units, one at BL2 and the other at PG2,
allow XUV-XUV pump-probe techniques both in the direct FLASH beam and in the
monochromatic beam.

1.5.1 Reduction of Photon Pulse Energy

Research on the interaction of intense photon beams with matter benefits strongly
from the possibility to vary the FEL intensity continuously over a large range. For
this purpose, a gas filled attenuator is installed at FLASH, which gives the option
to reduce the photon pulse energy by absorption in various gases. This technique
leaves the other beam characteristics unchanged in contrast to changing machine
parameters [41].

The attenuator is awindowless 15m longgas-filled tubewhich is installed between
the FLASHmachine tunnel and the experimental hall. Two pairs of GMD in front of
and behind the attenuatormonitor the transmission of light. The attenuator is operated
with either rare gases or nitrogen. Nitrogen covers an attenuation range of about four
orders of magnitude in the spectral range of 19–60nm. Between 19 and 9nm and for
shorter wavelengths Xenon and Krypton are used. Both sides of the attenuator are
terminated by differential pumping stages to preserve the beamline vacuum. Within
minutes to tens of minutes the transmission can be reduced by orders of magnitude
and re-established to 100%. Wave-front measurements have demonstrated that this
attenuation technique does not degrade the coherence properties of the beam.

1.5.2 Suppression of FEL Harmonics

Spectrally, the FLASH photon beam consists of a strong fundamental and, to a much
lesser degree, of higher harmonics [1, 42]. Certain experiments desire the suppres-
sion of the harmonic content, for example to distinguish between multi-photon and
single photon processes due to harmonics. On the other hand, suppression of the
fundamental and transmission of selected higher harmonics offers the opportunity
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Table 1.3 Calculated transmission of various filter foils for three selected wavelengths of
FLASH [43]

Filter Thickness [Å] Calc.
transmission at
7nm

Calc.
transmission at
13.7nm

Calc.
transmission at
27.3nm

Al 1000/1980 0.111/0.013 0.063/0.004 0.804/0.651

Si 2210/4190 0.017/4.5E-4 0.687/0.491 0.465/0.235

Zr 2000/2870 0.486/0.354 0.490/0.359 3.0E-8/<1E-10

Nb 1970/3840 0.398/0.166 0.369/0.143 <1E-10/<1E-10

Si3N4 3500/5000 0.002/1.2E-4 0.047/0.013 2.2E-5/2.2E-7

C/Al/C 2512/5025/2511 8.3E-6 3.8E-8 5.8E-7

For the calculation an additional coverage of a 20Å oxide layer was assumed for the filters

to perform experiments at considerably higher photon energies. Also, a very quick
reduction of the photon intensity for equipment tests is possible. Both, the BL and
the PG branch have filter wheels with a variety of different metal foil filters. All
filters are produced as self-supporting films without mesh support on frames with
10mm diameter apertures. Table1.3 summarizes the properties of the filters installed
typically in the units.

1.5.3 Single Pulse Selection

A rotating fast bunch train shutter, shown in Fig. 1.5, has been developed at DESY for
selection of individual photon bunch trains, repetition rates of below 10Hz, or, in case
of one bunch operation, single pulses of FLASH. The shutter contains an aluminum
or glassy carbon disk which has six equidistant slits each providing a beam aperture
of 20mm. The disk rotation in vacuum is generated by a special magnetic rotary
feed-through combined with a DC-motor outside of the vacuum system. The feed-
through couples the rotation of the motor to the disk inside the vacuum without
using bellows, mechanical or fluidic couplings. The rotating shutter can be operated
through the FLASH control system [44].

1.5.4 Split and Delay Units

At BL2, a grazing incidence split-and-delay unit, which was developed and built
in a collaboration of HZB, Universität Münster and DESY, is incorporated into the
beamline to facilitate XUV-XUV pump-probe experiments. The device consists of
eight mirrors under 6◦ grazing incidence which are positioned in a tubular ultra-
high vacuum (UHV) chamber with a length of 1800mm and a diameter of 500mm.
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Fig. 1.5 The fast shutter is able to select a single pulses or pulse trains out of the generic 10Hz
repetition rate of the FLASH machine

The entire instrument can be shifted under vacuum to open a clear path through it,
in case BL2 is to be used without the autocorrelator.

The FEL beam is split into two parts geometrically on the edge of the first mirror.
One half passes a fixed length beam path, while two mirrors are positioned on a
parallelogram-based delay stage in the other arm. A delay of –5 to +20ps can be
realized in this instrument with a 1 fs stability/reproducibility. Finally, both beams
are recombined at the focus of BL2. The precision of the translation of the delay stage
allows interference experiments, autocorrelation measurements of the pulse length
of the femtosecond FEL pulses and pump-probe experiments at the user endstation.
A detailed technical description can be found in [28, 45] and references therein.

At the plane grating monochromator beamline PG2, a Mach-Zehnder type auto-
correlator has been developed by the Universität Hamburg and implemented as a
XUV split-and-delay line. The device is able to split the pulses and delay them up to
±5.1ps with a stability in the 200 attosecond range. Both delay arms include an
intensity monitor system to measure the beam splitting ratio online. A filter unit in
the arms of the delay-line allows a choice of harmonics, as described above, and thus
two-colour XUV-XUV pump-probe experiments [46].

The device allows studies of ultra-fast XUV induced dynamics in a site-selective
way and it can again be used tomonitor the temporal coherence properties of FLASH.
In particular, at themonochromator beamline PG2 temporal coherence properties can
be measured energy resolved at the expense of lengthening the pulses.
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1.6 Additional Light Sources for Advanced
Multi-colour Experiments

The femtosecond pulses of FELs make studies of ultra-short processes a particularly
attractive area of research at these facilities. More than half of the user experiments
use the various options of pump-probe techniques at FLASH. In addition to the split-
and-delay units which open up XUV-XUV pump-probe measurements, the FLASH
facility offers two additional light sources in combination with the FEL for two-
colour pump-probe experiments: a highly advanced optical laser system and a THz
radiation source.

1.6.1 Optical Laser System

The optical laser system and the associated infrastructure in the FLASHexperimental
hall fulfill exceptional requirements [47]. To offer very flexible research opportuni-
ties, a complex laser system was built delivering either femtosecond pulses down to
60 fs duration with the macro pulse structure of the FEL (see Fig. 1.1) and moderate
pulse energies of 50µJ (pulse train option) or a few hundred times more intense
pulses at 10Hz repetition rate (mJ-option).

The system is reliable for long-term measurements, highly automated, and
remotely controllable from the experiment. Advanced techniques for the synchro-
nization of the optical laser to FLASH are in place. A synchronization scheme with
long-term stability is used. It is based on a length-stabilized fiber-distributed opti-
cal reference signal with sub-10 fs (rms) timing jitter employing a balanced optical
cross-correlator [48].

The pulse train option delivers ultra-short pulses with the same time structure as
FLASH. The systemwas built in collaboration with the Max-Born-Institute in Berlin
and consists of three modular sub-systems. The pump laser, a slightly modified copy
of the photo cathode laser of the FLASH accelerator, is a Nd:YLF based burst mode
laser which was optimized to produce pulse trains of up to 600 pulses with a spacing
of 1µs between individual laser pulses. The pulse trains are produced with 10Hz,
thus delivering up to 6000 pulses per second. A Ti:Sapphire oscillator is used to
provide ultra-short (∼20 fs, 3nJ per pulse, 108MHz repetition rate, synchronized to
the FEL) pulses. These femtosecond pulses are subsequently amplified by the second
harmonic of the Nd:YLF laser in an optical parametric amplifier (OPA). As a result
∼60 fs (FWHM) near infrared laser pulses at a wavelength of around 800nm and a
pulse energy of up to 50µJ with the pulse train structure of the FEL can be produced.
This laser is particularly suited for high repetition rate experiments such as pump-
probe experiments in solids (e.g. magnetization dynamics) which yield low count
rates for single pulses and thus need a high number of pulses to acquire sufficient
signal.
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The mJ-option on the other hand is suited for experiments which need a more
intense laser pulse. The same Ti:Sapphire oscillator pulses are this time amplified by
a commercial amplifier based on a chirped pulse amplification (CPA) setup including
a regenerative as well as a 2-pass amplifier (Hidra 25 by Coherent). The maximum
laser output amounts up to 20mJ at 60 fs pulse duration (15mJ, at the experimental
station).

Since the user endstations are up to 20m distance away from the laser hutch, the
optical laser is distributed in a separate dedicated beamline system to four of the
experimental stations, namely BL1-BL3, and PG2 as seen in Fig. 1.2 [3].

1.6.2 THz Beamline for Pump-Probe Experiments

As a second option for pump-probe experiments, a planar electromagnetic undulator
with 9 full periods producing THz radiation was installed 5m downstream of the
FLASH undulator [49]. It generates THz pulses from 10–330µm, i.e. 30–0.9THz,
in wavelength and 300 fs–10ps in pulse duration. The soft X-ray and THz pulses are
synchronized on a femtosecond scale since they are emitted by the same electron
bunch.

The two pulses are separated and transported in dedicated beamlines to be recom-
bined at endstation BL3 for two-colour pump probe experiments. In its dedicated
65m long beamline the THz beam is refocused repeatedly owing to its large diver-
gence. As a result, the XUV beamline to BL3, which includes only grazing incidence
optics, is 4m shorter than the THz beamline. Thus, this path difference has to be com-
pensated by redirecting the XUV beam using appropriate multi-layer mirrors in back
reflection geometry to achieve zero delay. Following this coarse timing overlap, an
optical delay line in the THz beamline compensates path differences in order tomatch
the timing of both pulses or delay them in a controlled way.

1.7 Near Future Perspectives

Since 2005, the FLASH user facility has been steadily improved, the wavelength
range enlarged and new diagnostic tools have been added. The user time at the
facility is highly overbooked and possibilities to extend it with the existing FLASH
facility are limited. Thus, a major upgrade to expand the facility and double the user
capacity is under way. In the FLASHII project, a new tunnel and experimental hall
are added to the existing facility as shown in Fig. 1.6 [50, 51]. They will house a new
undulator line FLASH2with up to seven photon beamlines and reserve capacity for a
third undulator line FLASH3 as well as other upgrades and extensions. In the future,
a seeding scheme will be added to FLASH2 as an alternative to SASE to improve
the beam quality.
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Fig. 1.6 Layout of the FLASH facility including FLASH1 and FLASH2

FLASHII uses to a large extent the existing facility and infrastructure. Modifi-
cations needed to the present accelerator which will now drive both undulator lines
are minor. Behind the last accelerating module, the beam is switched between the
original undulator line now called FLASH1 and the new variable gap undulator line
FLASH2. The bunch train can be divided into two bursts, one going straight to
FLASH1, the second being kicked to FLASH2. Thus, the electron beam is delivered
for both lines with a 10Hz repetition rate each while varying pulse repetition options
are possible. Since FLASH1 has a fixed-gap undulator, the desired FLASH1 wave-
length determines the accelerator parameters and the FLASH2 undulator gap is then
tuned to the desired wavelength at FLASH2 in a second step.

Similarly to FLASH1, photon diagnostics are positioned in the new FLASHII
tunnel behind the dump magnet as well as at the front of the experimental hall.
However, contrary to FLASH1, the first two deflecting mirrors are also in the tunnel
and radiation shielding will not be necessary inside the new experimental hall. The
new hall will allow space for up to seven beamlines [52, 53]. All diagnostic and beam
manipulation tools described above, as well as an optical pump-probe laser system
and a THz source based on a dedicated undulator will be included into the FLASH2
facility.

Acknowledgments The authors are indebted to all collaboration partners and the FLASH team at
DESY for their contributions.
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Chapter 2
The Soft X-ray Free-Electron Laser
FERMI@Elettra

Marco Zangrando, Nicola Mahne, Lorenzo Raimondi
and Cristian Svetina

Abstract FERMI, the Italian free electron laser (FEL) user facility, delivers high-
intensity ultra-short photon pulses in the 100–4nm range. A diagnostic section called
PADReS (Photon Analysis, Delivery, and Reduction System) follows the two undu-
lator chains, giving informations about the photon beam intensity, transverse distrib-
ution and coherence, pointing, and energy spectrum.All these quantities are available
during the experiments as they are obtained in a non-invasive way on a shot-to-shot
basis. The radiation intensity can also be controlled bymeans of a gas absorber.More-
over, it is possible to split and delay part of the beam to perform auto-correlation
measurements determining the pulse length and temporal coherence, as well as to
perform pump-probe experiments. Finally, active optics-based systems refocus the
photon beam into the endstations.

2.1 Introduction

FERMI, the Italian seeded FEL user facility at Elettra—Sincrotrone Trieste (Italy),
has been designed to produce high-quality ultra-short photon pulses in the EUV and
soft-X-ray spectral range. Being currently in operation, it has been running for users’
operations since the end of 2011, and the first users started to perform experiments
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Table 2.1 FERMI machine and photon beam parameters

Parameter FEL-1 FEL-2 FEL-1 (to date) FEL-2 (to date)

e-beam energy (GeV) 0.9–1.5 0.9–1.5

Bunch charge (nC) 0.5–0.8 0.5–0.8

Peak current (A) 500–800 500–800

Repetition rate (Hz) 10/50 10

Wavelength (nm) 100–20 20–4 100–20a 14.4–4

Pulse length FWHM (fs) 30–100 ≤100 95 (estimated) t.b.d.

Bandwidth rms (meV) 20–40 20–40 20b ∼60c

Polarization Variable Variable LH-LV-RC-LC LH-LV-RC-LC

Energy/pulse (µJ) ≥100 ≤100a 30–200 100c

Power fluctuations (%) ∼25 ≥50 10b 50c

Central λ fluct. (meV) Within BW Within BW ∼3b ∼30c

Pointing fluct. (µrad) ≤5 ≤5 In specs In specs

Source size FWHM (µm) 290 140 t.b.d. t.b.d.

Divergence rms (µrad) 1.25×λ

(nm)
1.5×λ

(nm)
In specs In specs

t.b.d. To be determined
aWith some limitations depending on the specific working range
bMeasured at 32.5nm
cMeasured at 10.8nm

in 2012. The parameters of the machine as well as those of the emitted photon beam
are reported in Table2.1.

The FEL generation is alternated in two parallel undulator chains that share the
electron beam produced by a common linear accelerat [1, 2]. The first undulator
line (FEL-1) nominally produces coherent radiation in the spectral range from 100
to 20nm, while the second line (FEL-2) covers the spectral range between 20 and
4nm (14.4–4nm actually verified to date). In both cases the wavelength can be tuned
continuously on selected energy ranges by operating on the seed laser wavelength.
Both undulator chains are based on the high-gain harmonic generation (HGHG)
scheme [3] and represent the first high-gain FELs to be operated with APPLE-II
radiators [4], providing full control of the FEL polarization state. In particular, they
allow the production of on-axis, coherent harmonic emission with both planar and
circular polarization [5].

As the HGHG seeding scheme is based on the use of an external UV laser (the
seed) that drives the emission of coherent radiation from the undulator chains, the
coherence properties of the FEL radiation are directly inherited from the seeding
source. This leads to improved longitudinal coherence and stability as compared
to existing FEL facilities operating in the same spectral range and typically based
on a self-amplified spontaneous emission scheme. In particular, under optimized
conditions FERMI can produce FEL pulses close to the Fourier time-bandwidth
limit, as confirmed by first results [1]. The use of nonlinear harmonic emission [6],
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Fig. 2.1 Layout of PADReS. The system is installed after the undulators, and it is devoted to carry
the photon beam to the endstations. It includes beam diagnostics and manipulation systems that are
described in the text

finally, will further extend the tuning range of FERMI up to a photon energies of
∼1keV.

The spent electron beam, after the undulators, is then sent to the beam dumpwhile
the emitted radiation propagates for ∼15m to the front-end sections of PADReS
(Photon Analysis Delivery and REduction System) [7–9]. The layout of the system
is reported in Fig. 2.1.

Each FEL line has a dedicated front-end hosting a shutter, a Beam-Defining Aper-
ture (BDA), and a Beam Position Monitor (BPM). Then, for both FEL lines a differ-
ential pumping section, hosting an IntensityMonitor (I0M), ends into aGasAbsorber
(GA) section [10]. A following differential pumping section including a second I0M
links the GA to the subsequent plane mirror chamber (PM1a for FEL-1 and PM2a
for FEL-2). These mirrors deviate the photon beam with respect to the initial undu-
lator trajectory in order to fulfill radiation safety restrictions. As a by-product, in
this way it is possible to merge the FEL-1 and FEL-2 optical paths into a common
transport system towards the Experimental Hall (EH). A third plane mirror (PM1b)
can then be used (for FEL-1; for FEL-2 it is not necessary) to send the beam to the
PRESTO (Pulse Resolved Energy Spectrometer: Transparent and Online) that is the
first element of PADReS installed in EH. PRESTO covers the wavelength ranges
of both FELs with two variable line spacing (VLS) diffraction gratings, sending
the non-diffracted beam (0-order) to the beamlines, and using the diffracted part to
determine the pulse spectral characteristics [11, 12].

All the above-mentioned diagnostics work non-invasively shot-to-shot, and give
pulse-resolved information (tagged by the bunch number). An additional diagnostic
dedicated to transverse coherence measurements (not pulse-resolved and invasive)
is installed along one of the beamlines.

After PRESTO two switching mirror chambers hosting plane mirrors give the
possibility to select one of the four endstations available: EIS-TIMER, EIS-TIMEX,
DiProI, and LDM. Before reaching the endstations (except for EIS-TIMER) the pho-
ton beam passes through a split-and-delay section where, after a wavefront splitting,
the resulting two half-beams are delayed one respect to the other up to tens of ps or
ns, depending on the optical configuration selected. At the end, each beamline uses
a dedicated refocusing section to focus the photon beam down to severalµm onto
the samples.
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2.2 Diagnostics

Most of the elements of PADReS are devoted to serve as diagnostic tools during
the routine activity of the facility. All the users involved in these activities (machine
physicists, people taking care of the transport system, experimentalists) have access
to a set of photon beam parameters tagged by the bunch number, and carrying all
the available informations about the single pulse. If possible, every diagnostic works
online and shot-to-shot, providing information without perturbing the photon beam
that is delivered to the endstations.

2.2.1 Beam Position Monitor

The BPMs collect the drain current generated on fourmetallic blades intercepting the
tails of the FERMI photon beam transverse intensity distribution. The four blades
are electrically insulated and made of copper, and they are tilted by 20◦ to avoid
ablation. In Fig. 2.2 the mechanical assembly of the BPM is reported.

Being the photon beam transverse distribution Gaussian in both transverse direc-
tions, it is possible to calculate precisely its centroid in the space. The spatial res-
olution is determined by the resolution in measuring the currents generated on the
blades (10−6 for the picoammeters used at FERMI) and by the minimummechanical
step of the motors controlling the travel of the blades (1µm in this case). Since a

Fig. 2.2 Mechanical drawing of the BPM. The incoming beam enters the BPM vacuum chamber
through the flange visible in the forefront. The tilted brown plates intercept the tails of the photon
beam distribution in the four directions up, down, left, and right
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transverse displacement of 1µm on the tails of the distribution (≥3σ from the cen-
ter) introduces a relative variation of the electrical current as low as 3×10−6, which
is already detectable by the picoammeters, the spatial resolution can be conserva-
tively set to 1.5µm rms. Moreover, by the concurrent readings of the second BPM
positioned about 9m after, it is possible to deter-mine the angular movement of the
photon beam shot-by-shot with sub-µrad precision.

2.2.2 Intensity Monitors

Different ways of detecting the photon beam intensity have been implemented at
FERMI. In particular, both non-invasive and invasive methods have been used dur-
ing the machine commissioning to determine the generated number of photon per
pulse, often performing cross-check measurements among the different detectors.
The adopted solutions span from gas-based monitors, to calibrated photodiodes, to
integrated signal from the energy spectrometer, to bolometers and other devices used
in the endstations.

The most used diagnostics during normal operation are the gas-based intensity
monitors, as they are available online and give shot-to-shot informations. They are
simple iom chambers based on the atomic photoionization of a rare gas at low particle
density in the range of 1011 cm−3, corresponding to a pressure of ∼10−5 mbar. The
monitors are practically transparent thanks to the low pressure used for the rare
gas, and they do not suffer from saturation effects. Additionally, they do not depend
on the beam position fluctuations and they can be used on the whole wavelength
range. Finally they can be calibrated providing the absolute number of photons per
single pulse. In Fig. 2.3 a mechanical sketch of the I0M as well as a typical intensity
acquisition over about 15min are reported.

The calibration has been carried out using a diagnostic composed by a photodi-
ode (IRD SXUV100), and a 500µm-thick Ce:YAG fluorescent screen coated with
200nm of aluminum (to cut the seed laser radiation). This diagnostic has been imple-
mented into PADReS after prior calibration on the BEAR beamline at the Elettra
synchrotron radiation facility [13]. Moreover, it has been cross-checked with respect
to a calibrated bolometer installed in the experimental hall (ForTechHTSHigh Speed
Thermal detector) with concordant results.

2.2.3 Energy Spectrometer

The energy spectrometer PRESTO, positioned on the common optical path toward
the endstations, is equipped with two variable-line-spacing plane gratings, designed
to cover (in first order of diffraction) the 100–24 and 27–6.7nm ranges respectively.
An additional plane mirror is also mounted to maximize the throughput, if necessary.
The parameters of the optics and the optical characterization of the instrument are



28 M. Zangrando et al.

Fig. 2.3 Left mechanical drawing of the I0M. The arrow represents the incoming beam, and the
two plates forming the ion chamber condenser are visible. Right typical behavior of the intensity
(in µJ) versus time (in s) as recorded by the intensity monitors through the control system. In this
case a time frame of 1000s is recorded at 52.18nm, giving indications about the absolute intensity
and the FEL emission stability

described in detail in [11, 12], while a mechanical representation of the instrument
is reported in Fig. 2.4.

The ES is designed to work online and shot-to-shot, delivering ∼97% of the
radiation in 0-order to the following beamlines, while horizontally focusing the
diffracted part onto a Ce:YAG crystal, then imaged by a visible-light CCD camera
(Hamamatsu C8800-01C high-resolution, 1000×1000, 12-bit). A double analysis
is thus possible from the recorded images: in the vertical direction they represent
the (vertical) intensity distribution of the FEL emission, while horizontally they
reproduce the spectral distribution of the emitted photon beam. These informations
are immediately available during the operations, and have proven to be essential
during the entire machine commissioning.

Single-shot spectra have been routinely obtained in the first order of diffraction
for all the wavelengths emitted by FEL1 and FEL2, from 65 to 7nm (up to date).
Moreover higher orders of diffraction can be (and were) successfully used to cover
broader wavelength ranges than those restricted to the first orders (of both gratings).

By the measurement of the bandwidths at different wavelengths it has been possi-
ble to verify that the FERMIFELemission is close to the transform limit. For example
at 43.3nm the measured single-shot FEL bandwidth was 33.8meV, while the pulse
length was estimated to be∼61.2 fs FWHM (seed laser pulse length FWHM, divided
by the square root of the seed laser harmonic number:∼150 fs /

√
6, at 43.3nm) [14].

Assuming a Gaussian pulse, the FEL pulse was found to be 1.12×-transform limited,
and similar values were found for different wavelengths in the FEL1 emission range.

The spectral stability of the FEL emission in time can also bemonitored by the ES,
as reported in Fig. 2.5 for a 12 h-long shift at 52nm. The averagemeasured bandwidth
(FWHM) was 27.8meV, and the maximum deviation of the peak position in energy
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Fig. 2.4 Mechanical drawing of PRESTO, the energy spectrometer. The vacuum chamber, visible
on the right side, is endowed with two exit flanges: one for the 0-order reflected radiation, and one
for the diffracted radiation. The latter is followed by an adjustable vacuum pipe connecting the main
chamber with the movable detector housing, visible on the left side of the figure

was 5.5meV, well within the bandwidth itself. Moreover, on shorter timescales, such
as minutes, the FEL spectral stability (wavelength and bandwidth) further increases.
For instance at 32.46nm (38.19eV) 500 consecutive shots (corresponding to 50s)
have shown an emission energy deviation of 1.1meV rms, leading to a fluctuation
of ∼3×10−5 rms on the wavelength. For the same set of spectra, on the other side,
the bandwidth, which was measured to be 22.5meV rms, fluctuated within 3% rms.

Another possible important measurement deals with the determination of the third
harmonic of the FEL emission. As an example, working at 65nm as the fundamental
wavelength it was possible to characterize the third harmonic at 21.7nm by proper
tuning of the ES. The results showed that the intensity of the third harmonic (0.6%
of the intensity of the fundamental) and the bandwidth (3× that of the fundamental)
are in good agreement with the expectations.

2.2.4 Transverse Distribution

The determination of the transverse spatial distribution of the photon beam has
revealed to be crucial for the proper optimization of the machine parameters. The
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Fig. 2.5 Single-shot spectra
acquired at an emission
wavelength of 52nm during
a 12 h dayshift. The
coordinate of the y-axis is
the intensity in arbitrary
units, while the spectra taken
during the shift are vertically
displaced for clarity. The
vertical dashed line
represents a guide for the eye

measurement of the absolute intensity only, in fact, does not guarantee that the
machine optimization follows the right path, especially when getting tomedium-high
intensities (e.g., 0.1–10sµJ). In the case of FERMI, for instance, the contribution
of photons emitted off-axis can be non-negligible with respect to the central TEM00
mode emission, but the gas-based intensity monitors cannot distinguish between
on- and off-axis photons. As a consequence, the additional help of some diagnostic
devoted to the spatial transverse distribution is mandatory. The solutions chosen at
FERMI are two: simple Ce:YAG fluorescent screens and the energy spectrometer.

Several Ce:YAG screens are installed along the photon beam transport (typically
after each optical element, when possible). They are insertable into the beam and are
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Fig. 2.6 Left photonbeamprofile on aCe:YAGscreenpositioned in the safety hutch at the beginning
of the experimental hall. The oval shape, though the beam hits perpendicularly the screen, is due
to the angle of view of the camera. Right photon beam profile on a Ce:YAG screen located in the
experimental hall. The slightly elongated image in the vertical direction is due to the fact that the
screen is inserted into the beam at a 45◦ incidence angle, while the camera looks perpendicularly
to the screen itself

imaged by visible CCD cameras. They are, of course, invasive, and cannot be used
during normal operations when the beam should arrive to the endstations. Nonethe-
less they have been intensively used during the machine commissioning, and they
are still used during every beamtime to monitor the FEL emission behavior and to
optimize it when needed. In Fig. 2.6 two examples of spot profiles onto YAG screens
along the transport system are reported.

On the other side, in order to monitor the transverse distribution online and shot to
shot, it is possible to use the energy spectrometer, namely the 2D image produced by
the diffraction grating onto aCe:YAGscreen imaged by aCCDcamera.As amatter of
fact, the spectrometer uses a set of plane gratings (with variable line spacing) to focus
shot to shot a small fraction of the photons contained in a single pulse, while the rest
of the photons travel unperturbed to the endstations. Consequently, the planar shape
of each grating assures that the diffracted photons are focused only in the horizontal
direction by the VLS grooves. In the vertical direction, on the contrary, the gratings
behave as pure plane mirrors, leading to a distribution on the CCD camera that is
simply reproducing the transverse photon beam distribution in the vertical direction
(see Fig. 2.7). In this way it is always possible to monitor and record at least the
vertical transverse distribution of each single pulse, on an online and shot-to-shot
basis.



32 M. Zangrando et al.

Fig. 2.7 Left FEL emission with off-axis components imaged by the spectrometer CCD camera.
The vertical profile clearly shows how the vertical distribution of the photon beam is markedly off-
axis. Right FEL emission in standard optimized conditions. The vertical profile shows the expected
centered Gaussian-like shape

2.2.5 Transverse Coherence

Asmentioned, the FEL emission of FERMI is based on the HGHG scheme, in which
the seed laser imprints its properties onto the electron beam. In particular, due to
the high degree of coherence of the seed laser, a very good transverse coherence
is expected for the photon beam. Different transverse profiles of the FEL emission
at 32.5nm were measured on YAG screens placed ∼52 and ∼72m after the last
radiator exit. They have confirmed a photon beam very close to be a diffraction-
limited Gaussian. In addition, the good degree of transverse coherence has been
demonstrated by using a Young’s double-slits setup [15] installed in the experimental
hall (see Fig. 2.1). This setup consists of a set of vertical slits (with different separation
and width) laser-cut into a copper foil (placed at ∼64m from the last radiator exit)
mounted 8.5mbefore aYAG screen collecting the interference patterns (see Fig. 2.8).
Preliminary data analysis shows a coherence factor of∼90%, measured at a 0.8mm-
slit separation corresponding to ∼0.3σ ), reducing to ∼50% at a 2mm-separation
(∼0.7σ ). It is of course evident that such a setup to measure the coherence properties
of the photon beam cannot be operated online as it is invasive and, moreover, it
requires long times both for the alignment and the acquisition.

2.3 Manipulation

PADReS includes, besides the true diagnostics, also a set of instruments and instal-
lations whose task is to give the possibility to manipulate the photon beam. In this
way it is then possible for the user to modify controllably some parameters (e.g., the
intensity), to isolate some portions of the beam (e.g., to get rid of unwanted lateral
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Fig. 2.8 Image and projection of the interference pattern recorded on the second YAG screen when
the FEL beam propagates through two 20µm slits, separated by 0.8mm, placed about 8.5m before
the screen. The coordinate of the x-axis is the pixel number referred to the CCD camera imaging
the YAG screen where the interference pattern is imaged

off-axis structures), to introduce a delayed part of the beam itself, to modify the
optical properties of the beam so to refocus or collimate it, and so on.

2.3.1 Beam Defining Apertures

The BDAs define the acceptance angle of the incoming photon beam, and particular
care has been used in designing them, due to the very high peak power (or fluence)
characterizing the FEL photon beam impinging on these elements (∼40mJ/cm2 for
FEL1 at 20nm, and ∼400mJ/cm2 for FEL2 at 5nm).

They are formed by two copper trunks of pyramid, with a central aperture of
each trunk being 20×20mm2 (see Fig. 2.9). The trunks are moved one with respect
to the other in order to select the effective aperture, and a complete closure of the
total aperture is possible. The central aperture itself, which corresponds to an angu-
lar acceptance of 0.6mrad for FEL-1 and 0.8mrad for FEL-2, can be moved by
±12.5mm around the ideal axis in order to give the possibility to explore also off-
axis emission structures of the FEL. The pyramidal shape has been selected so to
guarantee a grazing incidence angle of the radiation on the trunks, avoiding possible
radiation damage [7].
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Fig. 2.9 Mechanical drawing of the beam defining apertures setup. The two trunks of pyramid are
clearly visible inside the vacuumchamber. Each of them ismoved in the twodirections perpendicular
to the direction of propagation of the photon beam

2.3.2 Gas Absorber

The high peak power of the pulses delivered by the FELs require the possibility
to actively control the photon beam intensity over several orders of magnitude, for
different reasons such as sample alignment or fluence-dependent studies. In order to
accomplish this task, a 5.5m-long pipe (positioned between the two I0Ms of each
FEL) can be filled by a properly selected gas (different gases are used to cover the
entire wavelength range) in order to achieve a reduction factor of 10−4 for every
wavelength emitted by the machine. The gas pressure can be dosed in the range
10−7 to 0.1mbar, having two differentially-pumped sections (before and after the
GA itself) to maintain the ultra high vacuum level in the other systems along the
photon beam transport paths [10].

In order to monitor the effective damping factor achieved at a certain gas pressure
within the GA, the ratio of the I0M2 and I0M1 intensities is recorded online during
the experiments. In Fig. 2.10 the typical behavior of the I0M2/I0M1 ratio versus the
pressure inside the GA is reported (in this case for 32.5nm, using N2).
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Fig. 2.10 Ratio of the photon beam intensities measured by I0M2 and I0M1 plotted versus the
N2 pressure inside the GA (in mbar). The data refer to a 32.5nm-wavelength photon beam. The
theoretical values, as calculated by the CXRO toolset, are also reported

Fig. 2.11 Mechanical drawing of the split and delay line as seen from a side. The two satellite
vacuum chambers host the mirrors in charge of splitting and recombining the photon beam, which
in the middle follows the two different optical paths

2.3.3 Split and Delay Line

The split and delay line that will be installed at FERMI is based on the wavefront
splitting operated by a knife-edge mirror working at grazing incidence angle that
splits the beam in two semi-beams. These semi-beams travel different optical paths
and are subsequently recombined by a mirror similar to the splitting one, and sent
forward on the same optical travel to the endstations. One of the two optical paths
is variable by moving concordantly two mirrors along two mechanical guides. In
this way it is possible to introduce a temporal delay ranging from –2 to ∼30ps. All
the optics used to create the two optical paths are plane mirrors working at grazing
incidence angles of 2◦ or 3◦ (see Fig. 2.11).
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The delay range set by the grazing plane mirrors can be further increased by
introducing additional differences in the two main optical paths. This can be done
using, on each path, a dedicated small delay line based on 4 multilayer-coated optics
working at 45◦-incidence angle that introduces an additional travel of tens of cen-
timeters. By the proper choice of the dimensions of these delay lines, and even
implementing the possibility to control the delay in one of the two, it is possible
to extend the delay range up to 1.3ns. The drawback in using the multilayer-based
optics is that, differently fromwhen using only grazing incidence mirrors, only some
wavelengths are allowed, due to the typical narrow-band reflectivity of the multilayer
optics themselves.

2.3.4 Focusing Mirrors

The photon radiation, as emitted from the undulators, apart from passing through
plane mirrors as described before, is not focused until the very last vacuum cham-
bers before the endstations, and this is true for all the different branchlines. The
distances of the endstations from the effective photon sources (FEL-1 and -2) are
about 97±4m. In order to reduce as much as possible the achievable spot sizes,
the demagnification factors (e.g., the ratio between the distances [source–refocusing
optic] and [refocusing optic–focus]) should be kept quite high, meaning that the dis-
tances between the refocusing optics and the focal points are of the order of 1.5m.
These high demagnifications pose some constrains on the choice of the shape to be
adopted for the refocusing mirrors.

At FERMI, when there was the indication to use just one single optic to refocus
the radiation, avoiding additional reflections and consequently additional intensity
losses, an ellipsoidal shape was selected. As known, the elliptical shape is nearly
aberration-freewhenworkingwith the photon source and the photon focus positioned
in the two focii of the ellipse itself. This can be generalized in three dimensions using
an ellipsoidal shape. This kind of shape is very demanding in terms of manufacturing
as it is requested to produce a portion of the ellipsoid very far from the central part
located in the middle between the two focii, keeping the optical quality very good
(e.g., slope error rms ≤1µrad in this case). This kind of optic has been chosen for
the EIS-TIMEX endstation where the interest is specifically directed to the highest
fluence achievable (smallest spot).

On the other hand, two other endstations (DiProI and LDM) are more interested
in the full control of the spot size in different conditions. In particular, they use
an active-optics Kirkpatrick-Baez (KB) refocusing system [16] that focuses the
radiation independently in the horizontal and vertical plane. Each of these systems is
endowed by two thin plane mirrors (thickness = 10mm; optical surface dimensions
400×40mm2) that are bent through mechanical pushers acting on clamps holding
them in place and acting on the shorter edges of the mirrors (see Fig. 2.12). With this
solution several advantages can be obtained: the two focusing planes are decoupled
(easier alignment on the sample), the mirror parameters can be adjusted in order to
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Fig. 2.12 Holder of one of the KBmirrors used to refocus the radiation in the endstations. Just two
mechanical pushers are enough to deform the mirror to the required shapes

optimally focus the two different FEL sources (adaptivity), the surface quality can
be the highest possible as the mirrors are manufactured in the plane shape and then
curved (spot quality).

Different techniques can be used to determine and characterize the spot dimen-
sions, and several campaigns of measurements have been carried out at FERMI on
this topic. A rough estimation of the spot size can be made using Ce:YAG and/or
phosphor fluorescent screens placed in the focal plane. This kind of techniques suf-
fers heavily from the damaging induced almost immediately on the used substrates
by the highly intense FEL radiation, even in single shot mode (reaching power den-
sisties as high as 1015–1016W/cm2). Nonetheless, with this type of diagnostics it is
possible to determine a higher value for the spot size in the 30–50µm range. Most
of the limitations come from mainly two problems: some saturation effect due to the
screen materials (phosphor or YAG) in the image acquisition, and a spot broadening
due to the non-homogeneity of the screen surfaces after few FEL shots.

Consequently, if a smaller spot is needed by the experimentalists, then additional
tools should be used. In particular, the single-shot damaging of a selected substrate
(like PMMA or bare silicon) can be used to analyze in more detailed, and with higher
spatial resolution, the spot size and shape.With this technique features as small as few
µm can be resolved, leading to a proper determination (and optimization) of the spot
size. The drawback of this kind of post-mortem analysis is the time consumption: the
damaged samples, most of the times, need to be taken out from the vacuum chambers
and then analyzed with proper microscopes (AFM, Nomarski, etc.).

In order to avoid these dead times, another way to precisely measure the spot size,
and to optimize it, is the use of a wavefront Hartmann sensor [17]. This diagnostic
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10 µm

15 µm

Fig. 2.13 Left reconstruction of the spot shape and size with the wavefront sensor software, analyz-
ing data takenwith a radiation of 32.5nm. The estimated spot size FWHM is 5×8µm2.Right single
shot indentation of a PMMA substrate in the same conditions as in the left pane. The dimensions
refer to the “whole peak” widths

consists of an array of pinholes (typically,∼80µm-pinholes distributed in 2D with a
pitch of ∼250µm) that splits the incoming wavefront into several individual beams
that are imaged by a CCD camera (typical field of view of ∼10×10mm2). From
the analysis of the image, namely taking into account the deviations of each single
beam with respect to a reference position, it is possible to reconstruct the wavefront
hitting the pinhole array. This instrument can be placed conveniently extra-focus by
some tens of cm, so to be used online and without any interference with a possible
experiment going on in the focal region. With this diagnostic it is then possible, and
it has been done at FERMI, to determine the spot sizes with sub µm-resolution,
leading also to the ideal optimization of the bendable mirrors used in the KB sys-
tems. In Fig. 2.13 it is reported (Left) the reconstruction of the spot at 32.5nm via the
wavefront sensor software controlling the instrument. With this tool it has been pos-
sible to reduce the final spot sizes down to a value (5× 8µm2 FWHM) close to the
diffraction limit of the equivalent optical system, being also close to the mechanical
limit of the system itself. To confirm these results, in the same optical configuration
it has been also damaged a PMMA substrate in single shot mode, analyzing subse-
quently the indentations on the surface. A typical result is shown in the right pane of
the same Fig. 2.13, where the “whole peak” widths of the pulse are indicated.
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2.4 Conclusions

New generation lightsources like the free electron lasers currently represent the state
of the art in terms of the emission of ultra-intense ultra-short light pulses in the
extended x-rays range (EUV to hard x-rays). These facilities are spreading world-
wide, having some of them already operative, and others in the design or realization
phases. In most of the cases the target is to serve a fast-growing community of users,
providing them the tools to perform new and innovative experiments. Besides the
machine physics and physicists needed to achieve the goal of having stable, reliable,
and reproducible sources, another target is to have the possibility of actually monitor
and characterize the produced radiation. In order to do that, more and more efforts
are spent to realize diagnostics and instruments capable of accurately determine the
photon beam parameters, ideally without perturbing the beam itself.

In this chapter the diagnostics and the photon beam manipulation systems of
FERMI (PADReS) have been presented and discussed. Whenever possible, they
are operated online giving shot-to-shot informations about each single pulse that
is then delivered to the endstations. Currently, PADReS is operative on FEL-1 and
FEL-2, and it is used by both machine physicists and endstation experimentalists to
determine, improve, and exploit the photon beam properties.
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Chapter 3
Overview on Attosecond Sources

Francesca Calegari, Giuseppe Sansone and Mauro Nisoli

Abstract In the last decade dramatic progress has been achieved in the field of
attosecond technology, due to breakthroughs in ultrafast laser science and to the
introduction of novel experimental techniques for the characterization and appli-
cation of extreme ultraviolet attosecond pulses, produced by high-order harmonic
generation in noble gases. This chapter will review recent experimental progress in
the field of attosecond sources.

3.1 Introduction

High-order harmonic generation (HHG) in gases is a widely used technique for the
generationof attosecondpulses. In the last decade extreme-ultraviolet (XUV) attosec-
ond pulses have been employed for the investigation of ultrafast electron dynamics
in atoms, molecules and solids [1, 2]. Attosecond science is now a well-established
research field, which offers formidable tools for the investigation and control of fun-
damental atomic and sub-atomic electron processes. Novel experimental approaches
have been proposed and implemented in order to achieve time-resolved imaging of
electronic and molecular structures. In this contest, the exploitation of the recollision
physics, in combination with optical science, offers the possibility to observe, with
sub-Angstrom resolution, atomic and molecular orbitals [3].
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In this chapter we will review recent experimental progress in the field of attosec-
ond sources. Section3.2 briefly describes various techniques for the generation
of few-optical-cycle pulses with high-peak-power, required for the production of
attosecond pulses. Section3.3 presents a description of the physical processes at the
basis of HHG and attosecond pulse generation, together with an overview of the
theoretical model used for the numerical simulation of the XUV generation process.
Various techniques used to confine the harmonic generation process to a single event
are described in Sect. 3.4.

3.2 Ultrafast Laser Technologies for the Generation
of Attosecond Pulses

Ultrashort laser pulses with stabilized carrier envelope phase (CEP) are a fundamen-
tal prerequisite for the generation of attosecond pulses. A typical Ti:sapphire laser
system based on chirped pulse amplification (CPA) routinely delivers 20 fs, 800nm,
CEP-stabilized pulses at the multi-millijoule level. Shortening the pulse duration to
sub-10 fs requires a post-compression stage. In order to improve the photon flux of the
attosecond sources, efforts have been made to increase the energy of the broadband
driving pulses and different approaches for post-compression have been developed.
A promising alternative for the generation of ultrashort laser pulses is offered by the
optical parametric chirped pulse amplification (OPCPA) technique, which combines
optical parametric amplification and CPA in order to obtain few-optical cycle pulses
with peak power up to the petawatt level.

3.2.1 Pulse Compression Techniques

The most common technique for pulse compression of high-energy femtosecond
pulses is based on propagation in a gas-filled hollow-core fiber (HCF) in combi-
nation with ultrabroadband dispersion compensation. This method requires a long
interaction length (∼1 m) and peak intensity below 1014 W/cm2 to avoid ioniza-
tion. The first demonstration of this compression technique was achieved in 1996:
10 fs, 0.24mJ pulses were obtained starting from 140 fs, 0.66mJ input pulses [4].
To date, sub-5 fs durations associated with pulse energies close to 1 mJ are avail-
able in many laboratories. The peak intensity of the input pulses is limited by self
focusing and plasma generation. Both processes can occur near the entrance of the
fiber, thus giving rise to filamentation which degrades the spatial beam quality and
results in a less efficient coupling into the fiber. In order to overcome this prob-
lem and boost the output energy beyond the millijoule level, several strategies have
been adopted. In 2005 Suda and co-authors [5] proposed and demonstrated a method
to compress multi-mJ pulses based on the use of an HCF with pressure gradient.
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In this configuration, the gas cell of the HCF is divided in two parts: the first cell is
evacuated in order to avoid nonlinear processes at the fiber entrance, and the second
cell is filled with a continuous flow of noble gas. Pressure gradient in combination
with chirped pulses was implemented in 2010 in order to obtain 5 fs, 5mJ pulses [6].
The use of circularly polarized light was also proposed to reduce ionization at the
fiber entrance and an increase of 30% in the throughput compared to the linearly
polarized light was demonstrated [7]. A progress in scaling this post-compression
technique to higher peak intensities (>1015 W/cm2) has been recently obtained by
using spectral broadening induced by gas ionization in an HCF filled with helium at
low gas pressure (a few millibars). The experiment was performed by using 70 mJ,
40 fs input pulses, the hole setup was maintained under vacuum to avoid ionization
outside the HCF and He gas was injected through a hole in the capillary well. In this
configuration an output pulse energy of 13.7 mJ and a pulse duration of 11.4 fs were
obtained [8].

Recently Wirth et al. proposed and demonstrated a more sophisticated approach
to obtain almost single-cycle pulses [9]. The idea is to generate a coherent supercon-
tinuum (ranging from 330 to 1100nm) by using a gas-filled HCF and to separately
compress different spectral regions by using properly designed dispersive chirped
mirrors. By using this light field synthesizer a complete control of the electric field
on the sub-cycle temporal scale has been demonstrated.

3.2.2 Optical Parametric Amplification

CPA based Ti:sapphire laser systems are currently the most common sources
for driving the HHG process. Although CPA scheme in combination with post-
compression techniques allows one to obtain few-optical cycle pulses in the milli-
joule range, these laser sources have a few limitations including frequency tunability
in a narrow range around 800nm, power scalability in the post-compression step and
demand for active electronic stabilization of CEP using two separate feedback loops.
A different approach for the generation of few-optical cycle, high-peak power pulses
with stable CEP is based on optical parametric amplification (OPA) [10]. Several
schemes have been developed for the generation of near infrared (IR) pulses. In the
OPA process the pump beam (angular frequency ωp) generates the idler beam at
ωi and transfer energy to the signal (seed) beam at ωs which is amplified. Energy
conservation requires that ωi = ωp − ωs and momentum conservation leads to the
phase-matching condition: Δk = k p − ki − ks = 0, where k p, ki and ks are the
wave vectors of pump, idler and signal. If signal and idler have parallel polariza-
tions phase matching is achieved in Type I configuration, on the other hand Type II
phase matching requires that signal or idler is polarized parallel to the pump beam.
In near-IR OPA Type I phase matching is generally used for broadband amplifica-
tion, while Type II phase matching allows tunability of the central wavelength over
a broad range. The group velocity mismatch (GVM) between pump and signal or
idler limits the maximum interaction length and thus the amplification, and the GVM
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between idler and signal limits the phase matching bandwidth. To overcome this last
problem and to obtain a broadband amplification, a non collinear configuration can
be adopted (NOPA).

β-Barium Borate (BBO) is the most common uniaxial crystal employed for OPA
in the near-IR and, because of the availability of large pump energies from CPA
Ti:sapphire systems, a pumping wavelength of 800nm is often used. A scheme for
the generation of high-energy, CEP-stabilized few-optical cycle pulses in the near-IR
has been proposed and demonstrated in 2007 [11]. In this approach a CEP-stable seed
is produced by difference frequency generation (DFG) between different components
of a supercontinuum obtained by optical filamentation of 800nm pulses in a gas cell.
The energy of the near-IR pulses produced by DFG is boosted with two OPA stages
operated around degeneracy and with a broadband gain in the near-IR. Starting from
a CPA-based Ti:sapphire laser system (60 fs, 10 mJ, 800nm, 10Hz), the generation
of 1.2 mJ, 17 fs, CEP-stable pulses with a carrier wavelength tunable between 1.3
and 1.7 µm has been demonstrated. In principle this approach can be scaled to the
multi-mJ level by increasing the pumping energy and the number of OPA stages,
thus reaching the terawatt (TW) level in the near-IR.

Higher peak intensities can only be achieved by integrating CPA and OPA in an
optical parametric chirped pulse amplification (OPCPA) technique, which combines
the advantages of both amplification methods [12–15]. In a typical OPCPA design a
broadband seed is stretched to a temporal duration in the 10–100 ps range. Parametric
amplification occurs in a nonlinear crystal with a quasi-monochromatic high-energy
pump pulse and the subsequent compression of the amplified pulse leads to a peak
power up to the PW level. OPA is an instantaneous process which requires seed
and pump pulses to have similar durations and to be simultaneously present in the
nonlinear crystal. The direct consequence of the first requirement is the demand for
pump lasers with temporal durations much shorter compared to pump lasers used for
Ti:sapphire systems, thus custom pump lasers operating in the 10–100 ps range have
been developed. Moreover a temporal synchronization between the two pulses with
sub-ps accuracy is required. The pump-seed synchronization can be achieved either
by using the same laser (output of a broadband Ti:sapphire oscillator) as a seed for
the OPCPA and for the pump laser [16, 17] or by using electronic stabilization with
active feedback loops [18, 19].

This amplification scheme is a valuable alternative to the conventional CPA
scheme (combined with a post compression stage) to obtain powerful few-optical
cycle pulses for the generation of bright attosecond pulses.

Broadband amplification in the near-IR and mid-IR has been demonstrated by
using KTA or KTP crystals pumped by Nd:YLF (1053nm) or Nd:YAG (1064nm)
lasers. Few-optical cycle, 8mJ pulses at 3.9 µm carrier wavelength have been gener-
ated by using a KTA based OPCPA in combination with a CPA femtosecond laser in
an hybrid configuration [20]. The front end of the system is a Yb:CaF2 CPA ampli-
fier followed by a cascade of three KTP based OPAs producing 65µJ, 1460nm seed
pulses for a two-stages OPCPA. The near-IR seed pulse is stretched by a negative
dispersion grating pair and subsequently amplified up to 0.5 mJ with a first OPCPA
stage based on a 10mm long KTA crystal and pumped by 50 mJ, 1064nm pulses.
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The amplified signal is used to seed a second OPCPA stage pumped by 175 mJ
pulses and producing uncompressed 22 mJ, 1.46 µm (signal) and 13 mJ, 3.9 µm
(idler) pulses. After compression the 3.9 µm pulses have a temporal duration of
about 80 fs. Using this powerful source in the mid-IR to drive the HHG process, the
generation of bright, coherent radiation with photon energies above 1 keV has been
obtained [21].

Waveform synthesis based on the coherent combination of two CEP-stable,
few-optical cycle pulses obtained from a near-infrared (NIR) OPCPA and a short-
wavelength infrared (SWIR) OPCPA has been demonstrated [22]. The generated
optical waveform has a non-sinusoidal temporal shape, a two-octave spanning spec-
trum and an energy of 15 µJ at a repetition rate of 1 kHz.

A further step in the development ofwaveformcontrolled, few-optical cycle pulses
with PW peak power for the generation of bright attosecond pulses is represented by
the petawatt field synthesizer (PFS). This laser source based on OPCPA technology
is currently under construction and it is designed to deliver 5 fs pulses with an energy
of 3 J at a repetition rate of 10Hz [23].

3.2.3 Carrier-Envelope Phase Stabilization

The electric field of a laser pulse can be written as:

E(t) = E0(t) cos(ω0t + φ) (3.1)

where E0(t) is the envelope, ω0 is the carrier frequency and φ is the CEP, which is
defined as the offset between the maximum of the envelope and the maximum of the
carrier wave. Stable and reproducible attosecond pulse generation trough HHG with
few-optical cycle pulses requires CEP stabilization. CEP stability can be obtained
with active or passivemethods: in the first case electronic feedback loops are required,
while in the second case CEP fluctuations are automatically cancelled with the DFG
process, all-optically.

Active stabilization of Ti:sapphire laser system based on CPA is achieved with
two feedback loops: a fast-loop to phase-stabilize the laser pulses at the output of
the oscillator and a slow-loop to compensate for CEP fluctuations introduced by the
amplification process [24–26].

In a conventional Ti:sapphire oscillator the absolute phase changes from pulse to
pulse. Indeed, each time the pulse travels in the cavity through the active medium
a mismatch between the group velocity and the phase velocity occurs, so that a
systematic pulse-to-pulse CEP slippage Δφ is present at the output of the cavity. In
this picture consecutive pulses should be characterized by a constant Δφ, however
energy fluctuations of the pump laser translate into additional CEP fluctuations by
means of the nonlinear Kerr effect inside the rod. Conventionally, in the fast-loop,
CEP control is achieved in three steps: (i) measurement of Δφ; (ii) stabilization
of Δφ using an electronic feedback on an acousto-optic modulator (AOM), which
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adjusts the oscillator pump power; (iii) selection of pulses every 2π/Δφ round trips,
sharing the same CEP for amplification.

The CEP variation Δφ can be derived from the corresponding carrier envelope
offset frequency νceo = νrepΔφ/2π, where νrep is the repetition rate. Indeed, νceo

can be obtained by measuring the heterodyne beat note signal resulting from the
interference between the fundamental f and the second harmonic 2 f components
of the frequency comb corresponding to the mode-locked pulse train. If the out-
put of the oscillator is not octave-spanning, spectral broadening can be achieved by
Self Phase Modulation (SPM) in a photonic crystal fiber (PCF) [27]. A monolithic
scheme for CEP stabilization has also been demonstrated: the output of a Ti:sapphire
oscillator is tightly focused in a periodically poled magnesium-oxide-doped lithium
niobate (PP-MgO:LN) crystal to induce SPM and DFG in the near-IR. In the region
of spectral overlap between the broadened fundamental and the DFG signal an inter-
ferometric beat note is produced and CEP locking can be obtained [28]. Compared
to the conventional f –2 f approach, this method obviates the need for coupling in
a PCF, splitting a portion of the laser for CEP control, and recombining the spectral
components with an interferometer.

A different method for CEP stabilization of a free-running femtosecond oscillator
has been recently demonstrated [29]. In this approach an acousto-optic frequency
shifter (AOFS) for comb synthesis is used to split the output of the oscillator in
zero-order (30–40%) and first-order (60–70%) beams by diffraction. The first-order
is used for applications while the zero-order serves to measure the carrier envelope
offset frequency. Themeasured νceo is sent to theAOFS in order to shift the first-order
beam to zero offset, thus cancelling the phase fluctuations for each pulse. Compared
to other active methods, this scheme does not require complicated electronics and
can be applied to any type of mode-locked laser.

Due to pump energy fluctuations which are responsible for refractive index
changes in the active medium of the amplifier, a slow CEP drift is introduced by
the amplification [30]. For this reason most of the CPA systems with CEP control
are equipped with a second feedback known as slow-loop [31]. CEP drift is detected
with a collinear f –2 f in which an octave spanning continua is generated by SPM
in a sapphire plate [32] and second harmonic generation (SHG) is subsequently
performed in a BBO crystal. The spectral fringes generated in the green portion of
the spectrum are recorded with a spectrometer and Δφ can be extracted by Fourier
processing the data [33]. The slow feedback loop can be used to control the AOM
in the oscillator cavity or the position of glass wedges situated before the ampli-
fier. An efficient control of CEP in a CPA laser system featuring an acousto-optic
programmable dispersive filter (AOPDF) has been also demonstrated [34].

PassiveCEP stabilization, pioneered byBaltuška et al. [35], is based on the process
of DFG, in which two pulses with frequencies ω1 and ω3 are combined in a second
order nonlinear crystal to produce the difference frequency ω2 = ω3 −ω1. If the two
pulses are coming from the same laser source, they share the same CEP except for
constant contributions due to propagation (φ1 = φ + c1 and φ3 = φ + c3), and the
phase of the DF pulse results:
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φ2 = φ3 − φ1 − π/2 = c3 − c1 − π/2 = const. (3.2)

If φ is a random phase coming from the source DFG always cancel it, thus leaving
the constant CEP value c3 − c1 −π/2. CEP stabilization can be achieved with OPA:
if pump and signal are coming from the same laser source, then idler (DF between
pump and signal) is phase-stable. Passive CEP stabilization of the idler pulse has
been demonstrated by using OPAs pumped with either 800 or 400nm pulses [35–
37]. Phase stabilization through DFG between pulses coming from two different
OPAs and sharing the same CEP has been also demonstrated [38]. These schemes
suffer from the drawback that the two pulses undergoing DFG travel distinct optical
paths, so that fluctuations in the path length difference result in CEP fluctuations.
This limitation can be overcome by performing DFG between different spectral
components of a single ultrabroadband pulse [28, 39]. With this approach the two
spectral components are automatically synchronized and the delay-induced CEP
jitter is eliminated. This scheme has been successfully used for CEP-stable seeding
of OPAs and OPCPAs [11, 40, 41].

3.3 High-Order Harmonic Generation

The advances in laser technology described in the previous section have contributed
to the rapid evolution of the attosecond research field. In this section we will briefly
describe the basic physical processes leading to the production of attosecond pulses
by high-order harmonic generation in gases and the theoretical models used to inves-
tigate these processes.

3.3.1 Semiclassical Model

High-order harmonic generation in gases can be understood in the framework of the
semiclassical model introduced by Kulander et al. [42] and Corkum [43]. When a
femtosecond laser pulse is focused onto a gas target, with peak intensity in the range
between 1013 and 1015 W/cm2, the Coulomb potential experienced by the outer shell
electrons is strongly modified by the laser field. A potential barrier is generated,
through which an electron can tunnel. As a first approximation we can assume that
the freed electron appears in the continuum with velocity v = 0. Assuming a mono-
chromatic driving field, linearly polarized in the x direction, E(t) = E0 cos(ω0t)ux ,
where ω0 is the angular frequency of the fundamental radiation (ω0 = 2π/T0, T0 is
the optical period), the equation of motion of the electron after ionization is

dv

dt
= − e

m
E(t), (3.3)
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where m and −e are the electron mass and charge, respectively. This equation
of motion can be easily integrated, thus giving the velocity of the electron after
ionization:

v(t) = − eE0

mω0
[sin(ω0t) − sin(ω0t ′)], (3.4)

where t ′ is the tunnel ionization instant, and the electron position:

x(t) = eE0

mω2
0

[cos(ω0t) − cos(ω0t ′) + ω0(t − t ′) sin(ω0t ′)], (3.5)

where we have assumed that the initial position of the electron after ionization is
x(t ′) = 0. In the case of linear polarization, the electron can return to the parent ion
and recombine to the ground state, with emission of photons with energy given by
the following expression:

�ω(t) = Ip + 1

2
mv2(t) = Ip + 2Up[sin(ω0t) − sin(ω0t ′)]2, (3.6)

where Ip is the ionization potential of the atom and Up = e2E2
0/4mω2

0 is the pon-
deromotive energy. Figure3.1 shows a graphical illustration of the physical processes
giving rise to high-order harmonic generation. The recombination instant can be cal-
culated by solving the equation x(t) = 0, which does not have analytical solutions.

Fig. 3.1 Graphical illustration of the semiclassical, three-step model. Since the process is peri-
odically repeated each half-optical cycle of the driving radiation, the generated XUV spectrum is
composed by the odd harmonics of the fundamental frequency ω0
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It is possible to show that the freed electron can return to the parent ion if
0 ≤ ω0t ′ ≤ 80◦ or 180◦ ≤ ω0t ′ ≤ 260◦. The numerical solution of equation
x(t) = 0 can be fitted by the following function [44]:

ω0t = π

2
− 3 sin−1

( 2

π
ω0t ′ − 1

)
, (3.7)

By using the previous expression in (3.6) it is possible to obtain a simple expression
for the energy of the emitted photons

�ω(t) = Ip + 2Up

{
cos

[
3 sin−1

( 2

π
ω0t ′ − 1

)]
− sin(ω0t ′)

}2
(3.8)

Figure3.2 shows the kinetic energy of the returning electron, normalized to the
ponderomotive energy, as a function of t ′/T0 = ω0t ′/2π. The electron released at a
particular instant t ′ < 0.05T0 has the same kinetic energy of an electron emitted at
t ′ > 0.05T0. Since shorter ionization times, t ′, correspond to longer recombination
times, t (see 3.7), it is common to group the trajectories described by the electrons
between tunnel ionization and recombination in two classes. The long trajectories
are the paths followed by the electrons ionized at t ′ < 0.05T0, while the short paths
correspond to the trajectories described by the electrons ionized at t ′ > 0.05T0. In the
case of the short trajectories, the corresponding recombination time, t is 0.25T0 <

t < 0.7T0. For the long trajectories 0.7T0 < t < T0.
The maximum energy of the photons emitted by recombination of the returning

electrons is given by �ωmax = Ip +3.17Up (cutoff law). Since Up ∝ I0λ2
0, where I0

is the peak intensity of the driving pulse and λ0 the excitation wavelength, the cutoff
frequency can be extended by increasing the excitation intensity and by increasing
the wavelength. On the other hand the driving intensity is limited by the saturation
intensity, which leads to complete ionization of the ground state.

The processes at the basis of the semiclassical, three-step model (i.e., tunnel
ionization, acceleration in the laser electric field and recombination) are repeated

Fig. 3.2 Kinetic energy of
the returning electron,
normalized to the
ponderomotive energy, as a
function of t ′/T0 = ω0t ′/2π,
calculated using the
approximated expression
(3.8)
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every half optical cycle of the driving radiation, so that a train of extreme-ultraviolet
pulses, separated by T0/2, are generated.

Since the instantaneous angular frequency of the XUV pulses is a function of
time, as shown by (3.6), the attosecond pulses present an intrinsic chirp, C = dω/dt
[45]. The XUV pulses generated by the short trajectories exhibit a positive (almost
linear) chirp, while the pulses generated by the long ones are negatively chirped. As it
will be discussed in Sect. 3.3.3, the short electron trajectories can be experimentally
selected, thus generating trains of attosecond pulses characterized by a linear and
positive chirp, which can be properly compensated by suitable techniques.

3.3.2 Strong-Field Approximation

A more accurate physical description of the single-atom response has been pre-
sented by Lewenstein et al. in 1994 [46]. Considering a single atom in a classical
electromagnetic field, the Schrödinger equation can be solved using the following
approximations: (i) single active electron approximation: the atom is treated as a
hydrogen-like system and multiple ionization is neglected; (ii) strong field approx-
imation (SFA): the electron in the continuum is treated as a free particle moving in
the electric field, i.e. the influence of the Coulomb potential is completely neglected;
(iii) only the ground state and the continuum are considered, the influence of the
other bound states of the atom is completely neglected. The expectation value of the
dipole moment of the atom, which represents the source of the harmonic emission,
is given by (in atomic units)

〈r(t)〉 = 〈ψ(r, t)|r|ψ(r, t)〉, (3.9)

where |ψ(r, t)〉 is the time dependent wavefunction of the system, which can be
written as a superposition of the ground state wavefunction, |0〉eiIpt , and of the
continuum wavefunction, which corresponds to the electron wave packet moving in
the continuum after tunnel ionization:

|ψ(r, t)〉 = ei Ipt
[
a(t)|0〉 +

∫
d3vb(v, t)|v〉

]
, (3.10)

where a(t) is the amplitude of the ground state wavefunction and b(v, t) are the
amplitudes of the continuum states. Using the SFA it is possible to obtain a simple
expression for the dipole moment (3.9):

〈r(t)〉 = i
∫ t

0
dt ′

∫
d3pa∗(t)d∗[p+A(t)]e−i S(p,t,t ′)a(t ′)E(t ′)d[p+A(t ′)], (3.11)

where: A and E are the vector potential and electric field of the driving radiation, p is
the canonicalmomentumdefined asp = v(t)−A(t),d[p+A(t ′)] andd∗[p+A(t)] are



3 Overview on Attosecond Sources 51

the expectation values of the dipole transition moment between the ground state an a
state in the continuum characterized by velocity p+A(t ′) and p+A(t) respectively;
S(p, t, t ′) is the quasi-classical action, which gives the phase accumulated by the
electron wavefunction during the propagation in the continuum:

S(p, t, t ′) =
∫ t

t ′
dt ′′

{ [p + A(t ′′)]2
2

+ Ip

}
, (3.12)

Equation (3.11) has a simple physical interpretation in complete agreement with the
three-step quasi-classical model. The dipole moment is given by the contribution of
all the electrons emitted in the continuum at an instant t ′ with momentum p with a
probability given by the term E(t ′)d[p + A(t ′)]; the electron is then accelerated by
the electric field and acquires a phase factor e−i S(p,t,t ′), and finally recombines with
the parent ion at an instant t with probability d∗[p+A(t)]. In the spirit of Feynman’s
quantum paths approach [47], each electron trajectory has to be considered and
integrations over the momentum space d3p and over the ionization instants dt ′ are
required. It is important to observe that the various electron trajectories (quantum
paths) do not contribute in the same way to the electric dipole moment: due to the
fast oscillating phase term, all the contributions tend to cancel out apart for those
corresponding to the stationary points of the classical action:

∇pS(p, t, t ′) = 0, (3.13)

In this way the dipole moment can be written as a coherent superposition of only
a few electron quantum paths, which are the complex trajectories followed by the
electrons from the ionization instant to the recombination with the parent ion. Using
the saddle-pointmethod, the Fourier transformof the dipolemoment, x(ω) (assuming
a driving field polarized along the x-axis), can be written as a coherent superposition
of the contributions from the different electron quantum paths corresponding to the
complex saddle-point solutions (ps, ts, t ′s), where ps is the stationary value of the
momentum acquired by an electron which is set free at time t ′s and recombines with
the parent ion at time ts . The sum over the relevant quantum paths can be decomposed
in two terms related to the short and long quantum paths. The Fourier transform of
the dipole moment can be written as [48]:

x(ω) =
∑

s∈short

|xs(ω)| exp[i�s(ω)] +
∑

s∈long

|xs(ω)| exp[i�s(ω)], (3.14)

where the first sum takes into accounts the contributions of the short quantum paths,
while the second one considers the long quantum paths. �s(ω) is the phase of the
complex function xs(ω).
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3.3.3 Phase-Matching in High-Order Harmonic Generation

So far we have discussed the single atom response of the generating medium: XUV
radiation is produced bymany atoms, with a typical conversion efficiency of the order
of 10−5–10−6. As all nonlinear processes, high conversion efficiency in harmonic
generation requires phase-matching of the harmonic field with the driving polariza-
tion, i.e. the phase difference between the generated field and the driving polarization
has to be minimized over the generating medium in order to have an efficient energy
transfer. In the case of plane waves and low order harmonics this gives rise to the
phase-matching condition on the wave vectors: Δk = kq − qk0 = 0, where k0 and
kq are the wave vectors of the fundamental and qth harmonic beams, respectively.
The corresponding coherence length, defined as the propagation length at which the
phase mismatch between harmonic and fundamental radiation is equal to π, is given
by Lcoh = π/|Δk|. For high harmonic orders the phase variation of the driving
polarization is much more important than that of the induced field, therefore efficient
harmonic generation requires the minimization of the phase variation of the driving
polarization. The analysis of phase matching conditions in HHG is complicated by
the presence of the dipole phase term S(p, t, t ′) in (3.11). It has been shown that, in
the adiabatic case, this term can be approximated as S ≈ Upτ [47], where τ = t − t ′
represents the time spent by the electron in the continuum between tunnel ionization
and recombination, and depends on the considered quantum path and on the laser
intensity (and therefore on the position of the nonlinear medium with respect to the
focus position of the fundamental beam). This intrinsic phase introduces an additional
dispersion term proportional to the gradient of the laser intensity. The generation of
an electron plasma also influences the phase matching mechanism because of the
introduction of a time dependent refractive index affecting the propagation of the
driving pulse. Such dispersion term tends to speed up the fundamental phase veloc-
ity with respect to the harmonic radiation, thus reducing the coherence length. Since
shorter wavelengths are generated in the presence of a higher free electron density,
the phase mismatch rapidly increases with harmonic order. Finally, due to focusing,
the laser beam experiences a geometric phase shift called Gouy phase shift, which
limits the coherence length corresponding to the qth harmonic to Lg = πz0/q, where
z0 is the Rayleigh range. All these terms contribute to the phase of the driving and
harmonic pulses determining complex phase-matching mechanisms. In particular,
in the longitudinal direction, the dipole phase term, Upτ , is symmetric with respect
to the laser focus, and competes with the antisymmetric Guoy phase. Depending on
the geometrical conditions, the contribution of one trajectory can be enhanced and
the others reduced [49]. For example, when the laser beam is focused before the
nonlinear medium, the phase variation induced by focusing is small and the selected
trajectory is the one with the slowest phase variation (short trajectory). When the
nonlinear medium is located around the position of the laser focus the contribution
of the long paths increases. Moreover, it has been demonstrated that the harmonic
emission due to the long paths is characterized by a larger divergence with respect to
that due to the short paths, therefore it is possible to isolate the contributions of the
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short and long quantum paths simply adjusting the position of the nonlinear medium
with respect to the laser focus and by spatial filtering.

Note that, due to the high photon energy the harmonic radiation can excite core
electrons and ionize valence electrons along its propagation in the gas medium and
can be reabsorbed. For this reason the conversion efficiency saturates after the absorp-
tion length Labs = 1/σρ, where σ is the absorption cross section and ρ is the gas
density [50]. A rule of thumb for the optimization of the harmonic conversion effi-
ciency is given by two conditions: Lmed > 3Labs (where Lmed is the medium length)
and Lcoh > 5Labs [50]. In the case of a short medium, the first condition is gener-
ally not fulfilled and the emission is limited by the medium length; in the case of
long media, both conditions can be fulfilled simultaneously. By controlling the laser
aperture, length, pressure and position of the gas medium, harmonic energies in the
microjoule range have been reached, thus opening new perspectives for the applica-
tions of harmonic radiation. In this case the harmonic radiation is intense enough to
induce nonlinear optical processes in the XUV spectral range.

3.4 Generation of Isolated Attosecond Pulses

As shown in Sect. 3.3, trains of attosecond pulses can be generated using multi-cycle
driving IR pulses. Several techniques have been implemented over the last decade
in order to isolate a single attosecond pulse out of these trains. All these strategies
can be understood and schematized in terms of “gating” of the harmonic radiation
or of the harmonic generation process. Even though some techniques are based on
the combination of different gating mechanisms, the principles of operation can be
divided in spectral, temporal and spatial gating.

3.4.1 Spectral Gating

The first experimental generation and characterization of isolated pulse were based
on few-cycle driving pulses [51].Using these driving fields, a short train of attosecond
pulses (typically∼3–4 pulses) is produced. It is fundamental to observe that for these
pulses the optical period T0 is comparable with the duration of the pulse envelope
(usually defined as the full-width at half maximum of the intensity profile τ ), leading
to strong variations of the maximum electric field strength between consecutive
oscillations of the electric field. As the harmonic generation process is driven by the
electric field waveform, variations of the timing between the carrier-wave oscillation
and the pulse envelope determine a different electric field evolution, and, in general,
a different harmonic spectrum. The timing between the optical field oscillation and
the pulse envelope is usually described in terms of the CEP ϕ. The generation of
a reproducible harmonic spectrum and of isolated attosecond pulse relies on the
availability of driving pulses with a well-defined and reproducible CEP, i.e. with a
stable CEP.
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Fig. 3.3 Electric field (dotted line) of a cos2-shaped, 5 fs 800nmwavelength pulsewith an amplitude
of E0 = 6.17 × 1010 V/m for the CEPs ϕ = 0 (left panel) and ϕ = π/2 (right panel). Energy
of the emitted XUV photon according to the three-step model (full line) for the two CEPs. In the
spectral region above the dashed vertical line (>105 eV) an isolated and two attosecond pulses are
obtained for the CEPs ϕ = 0 and ϕ = π/2, respectively

As already discussed in Sect. 3.3 the XUV photon energy spectral distribution of
a single attosecond pulse in the train depends on the energy acquired by the released
electron wave packet and, therefore, on the strength of the electric field during the
motion in the continuum. As a consequence, the attosecond pulses emitted at the
center of the driving field present a higher photon energies with respect to the ones
emitted on the leading and trailing edges of the pulse, as shown in Fig. 3.3. As the
CEP influences the maximum electric field strength of few-cycle pulses, cosine-like
(ϕ = 0) and sine-like (ϕ = π/2) lead to different photon energy spectral distri-
butions, as shown in Figs. 3.3a and 3.3b, respectively. In particular, it is clear that
the highest energy part (cut-off) of the harmonic spectrum is confined only in the
central attosecond pulse for the cosine-like pulse, and in the two central adjacent
attosecond pulses for the sine-like pulse. Using a suitable spectral filter, only the
highest photon energies can be selected thus leading to the selection of an isolated
attosecond pulses. This method for the generation of isolated attosecond pulses was
first proposed by Christov et al. [52] and experimentally demonstrated by Hentschel
et al. [51]. In this first experimental demonstration CEP-unstable few-cycle pulses
were used; however later theoretical analysis [53] demonstrated that in the experi-
mental conditions reported in [51] efficient generation of harmonic radiation could
occur only for thoseCEPs leading to an isolated attosecondXUVpulse, thus confirm-
ing the main experimental conclusions. Further experiments using CEP-stabilized
pulses have reported the generation and characterization of isolated attosecond pulses
[54], selecting only the highest energy range of the harmonic radiation.

Recent advances in the generation of supercontinuum extending from the infrared
to the ultraviolet region have been reported [9]. These pulse comprises only a single
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complete oscillation of the electric field. For theses pulses, efficient harmonic gen-
eration can occur only for the central half optical cycle oscillation, thus leading to
the generation of an isolated attosecond pulse for each CEP [9].

3.4.2 Temporal Gating

3.4.2.1 Polarization Gating

Since the first experiments, it was clear that the HHG process efficiency strongly
depends on the polarization state of the driving pulse [55]. From the three-stepmodel,
it is straightforward that the recombination process can occur only if the electron
revisits the position of the parent ion, thus requiring a linearly polarized driving field.
For a circularly polarized driving field, the electron acquires a transverse momentum
and does not revisit the original position during its motion in the continuum, thus
inhibiting the HHG process. Measurements of the HHG efficiency on the ellipticity
of the driving field indicate that the harmonic yield is reduced by a factor of 
2
for an ellipticity εth of 0.13 [55]. Taking advantage of this property, Corkum et al.
[56] proposed a method for the generation of isolated attosecond pulses based on
the combination of two perpendicularly polarized pulses with frequencies ω1 and
ω2 slightly detuned ((ω1 − ω2) � (ω1 + ω2)/2). Due to the coherent superposition
of the two fields, the polarization state changes through the pulse being circularly
polarized on the edges and linearly polarized at the center. For such a pulse, HHG is
efficient only in the central temporal windowwhose duration depends on the duration
of the two pulses and on the frequency differences between the two components.
Tcherbakoff et al. [57] implemented this original idea using a single-color driving
pulse and twobirefringent plates. Thefirst one splits the incoming beam in two replica
with perpendicular polarization, that, propagating through the birefringent material
acquire delay Td given by the thickness of the first plate and by the difference of the
group velocities between the ordinary and extraordinary axes. The second plate is a
zero-order quarter wave plate oriented parallel to the incoming polarization direction
that transforms the linear polarization of the leading and trailing edge in counter-
rotating circular polarization, and the circular polarization of the central part in linear.
The final intensity envelope and polarization state of the pulse at the output of the
second plate is shown in Fig. 3.4.

The final field can be also decomposed in two linearly polarized components:
a driving and a gating field polarized along perpendicular directions as shown in
Fig. 3.4b. At the center of the gating the gating field is zero and the pulse is linearly
polarized. At the edges, the driving and gating fields have similar amplitude (and
present a phase difference of π/2) thus leading to circular polarization. The duration
of the central temporal gate δtg where HHG can occur can be estimated as [58]:

δtg = 0.3
εthrτ

2
p

Td
(3.15)
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(a) (b)

Fig. 3.4 a Intensity of the driving field at the output of the two birefringent plates (solid line).
Absolute value of the ellipticity of the final electric field (dash-dotted line). The field can be decom-
posed in the composition of two delayed pulses with circular polarization (dash and dotted lines) (a)
or of two linearly polarized pulses: a driving field (dotted line) and a gating field (dashed line) (b)

where Td is the temporal delay between the two pulses introduced by the first plate
and τp is the duration of the incoming pulse. When the temporal gate is shorter than
half-optical-cycle, a single attosecond pulse can be generated. This technique has
been used for the generation of XUV continua [59] and for the first complete charac-
terization of isolated attosecond pulses [60], using few-cycle pulses. An advantage of
this technique is the possibility to generate XUV continua also in the plateau region
of the harmonic spectrum and not only in the cut-off region.

The polarization gating (PG) technique requires few-cycle pulses in order to gen-
erate efficiently isolated attosecond pulses. For longer pulses, the condition δtg < T0
requires larger delay between the two perpendicularly polarized components of the
incoming beam after the first plate, determining a low intensity of the electric field
in the central temporal gate and, therefore, a low efficiency of the harmonic process.
A solution of this problem has been implemented combining the polarization gat-
ing technique with a two-color scheme in a technique dubbed double optical gating
(DOG).

3.4.2.2 Double Optical Gating and Generalized Double Optical Gating

This approach is based on the use of a weak second harmonic field added to the
fundamental field in order to relax the requirement about the duration of the temporal
gate [61]. The combination of the fundamental and its second harmonic resemble
the two-color scheme discussed in Sect. 3.4.1. Also in this case the constructive
and destructive interference effect enhance the electric field in one semi-cycle while
decreasing the total field in the two adjacent ones. For this reason the condition for
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the generation of an isolated attosecond pulse in the double optical gating requires a
time window shorter than the full optical cycle δtg < T0, rather than the half-optical
cycle as in the polarization gating scheme. In this configuration, longer pulses or
smaller delays can be used with an increase in the harmonic generation efficiency as
demonstrated in [62] were pulses as short as 12 fs were used to generate an isolated
attosecond pulse.

In the implementation of the PG and DOG techniques, pulses from an hollow
fiber compressor were used. Isolated attosecond pulses using driving pulses obtained
without post-compression were demonstrated using a generalization of the DOG
technique [63]. This scheme can be understood considering the driving and gating
field introduced in the description of the polarization gating technique and shown
in Fig. 3.4b. A possibility for reducing the duration of the time window is to reduce
the amplitude of the driving field; in this way the variation from linear to circular
polarization occurs on a shorter time window while the edges of the pulses are
elliptically polarized as shown in Fig. 3.5. Also in this case HHG is strongly reduced
on the leading and trailing edges of the pulse. The attenuation of the electric field
of driving field can be accomplished exploiting the dependence on the angle of
incidence for the transmission of a thin plate as schematically shown in Fig. 3.6. The
first quartz plate (QP1) splits the incoming beam in two perpendicularly polarized
replica with a delay Td . The Brewster plate reduces by reflection the energy of the
driving component. The transmission for this component can be controlled by varying
the angle of the Brewster plate. The second quartz plate and the BBO crystal acts as
a quarter wave plate. In addition a second harmonic field parallel to the driving field
is generated in the BBO to relax the requirement on the duration of the time gate. In
this approach, therefore, part of the driving beam energy is rejected for obtaining a

Fig. 3.5 Intensity of the driving field at the output of the two birefringent plates and of the Brewster-
angle plate (solid line). The field can be decomposed in the sum of two linearly polarized pulses:
a driving field (dotted line) and a gating field (thin dashed line). Absolute value of the ellipticity
of the final electric field (thick dashed line). For comparison the absolute value of the ellipticity
without Brewster-angle plate is shown (dash-dotted line)
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Fig. 3.6 Optics used for the implementation of the GDOG: quartz plates (QP1 and QP2), Brewster-
angle plate (BW) and second harmonic crystal (BBO)

shorter time gate. Using this scheme, isolated attosecond pulses were demonstrated
using CEP-stable and CEP-unstable laser systems [64].

3.4.2.3 Interferometric Gating

Similar to the previous technique, the interferometric gating has been realized and
implemented for many cycle high-energetic pulses [65]. The manipulation of the
polarization state of the driving pulse is achieved by using a series of interferom-
eters and birefringent plates for rotating the polarization of the incoming beams.
This scheme resembles the first part of the GDOG scheme were the driving field is
attenuated with respect to the gating one, in order to reduce the duration of the gating
window. This scheme allows one to handle pulses with high energy (up to few hun-
dreds of millijoules and even Joule) [65]. Recently a compact, collinear version of
this scheme has been created and used for the generation of XUV continua [66]. This
technique is scalable to high energy pulses, the main limitation being the self-phase
modulation occurring in the plates at high intensities.

3.5 Spatial Gating

Recently Vincenti and Quéré [67] introduced a new method for the generation
of isolated attosecond pulses based on the dependence of the emission direction
of attosecond pulses generated in gases or in plasma on the wave front rotation of
the driving IR pulse. This scheme is based on the exploitation of spatio-temporal
coupling occurring in ultrashort pulses, i.e. the dependence of the spatial properties
of a pulse on its temporal profile and vice versa. These effects are usually considered
as detrimental because they limit the maximum intensity that can be achieved at the
focus; in particular pulse-front tilt is a spatio-temporal effect that can affect ultrashort
pulses delivered by amplified laser systems as the result of a small misalignment of
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the a dispersive element in a grating or prism compressor. This effect can be described
according to the relation:

E(x, t) = E0 exp
(

− 2
[ t − ξx

τ

]2 − 2
x2

w2 + iωt
)

(3.16)

where τ is the pulse duration,w the beam diameter before focusing, ξ the pulse-front
tilt parameter and ω the laser frequency. In the absence of pulse-front tilt, ξ = 0.
From (3.16), it turns out that the maxima of the field in the (x,t) plane are tilted with
respect to the wave front. Upon focusing with an optic of focal length f , different
frequencies are focused in different transverse position thus leading to a reduction of
themaximumachievable intensity. In termsofwave fronts, this condition corresponds
to a wave front rotation in time with a speed given by the relation:

vr = w2

f τ2
ξ

1 + (wξ/τ )2
(3.17)

This effects can be used to produced isolated attosecond pulses. Ultrashort pulses
with negligible pulse-front tilt are usually implemented for HHG in gases or in
plasma, in order to obtain the maximize the intensity in the interaction point. In this
condition a train of attosecond pulses propagating in the same direction are generated.
The interference in the far field of these pulses determines the harmonic structure
observed in the spectral domain. On the other hand, for ultrashort pulses presenting a
non negligible pulse-front tilt, each attosecond pulse is emitted in a slightly different
direction corresponding to the instantaneous direction of propagation of the driving
field at the instant of generation. In the far field, therefore, it is possible to separate
consecutive attosecond pulses emitted with a time distance Δt , thus obtaining a
continuous XUV spectrum, assuming that the angular separation of two consecutive
attosecond pulses Δβ = vrΔt is larger than the divergence θn of the XUV pulses:
θn < Δβ. This condition limits the maximum pulse duration and the minimum
wave-front rotation that can be used for generation of isolated attosecond pulses. As
isolated attosecond pulses are emitted in different directions, the effect is indicated
as attosecond lighthouse.

This scheme should be applicable for the generation of isolated attosecond pulses
from gas and solid targets. The first experimental demonstration of the validity of
this approach has been demonstrated using CEP-controlled few-cycle light pulses at
800nm wavelength used to drive harmonic generation on solid targets [68]. Optimal
pulse compressionwas achieved by adjusting the thickness of two fused silicawedges
in the beam path before the interaction region. Upon tilting one of the two wedges, a
controllable pulse front tiltwas introduced in the ultrashort pulse.Upon increasing the
pulse front tilt the XUV beam splits into well separated beams, each corresponding
to an isolated attosecond pulse.
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3.6 Conclusions

Attosecond pulses are powerful tools for the investigation of important ultrafast
processes in atoms, molecules and solids, where the electron dynamics play a crucial
role. In this chapter we have reported on recent advances in laser technology rele-
vant for the generation of attosecond pulses. Particular attention has been devoted
to the hollow-fiber compression technique and to the development of high-energy
parametric sources with stable carrier-envelope phase. Various techniques for the
generation of attosecond pulses have been discussed, with particular emphasis on
the production of isolated sub-femtosecond pulses.
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Chapter 4
Overview on HHG High-Flux Sources

Willem Boutu, Mathieu Ducousso, Jean-François Hergott
and Hamed Merdji

Abstract High order laser harmonic generation is a relatively recent and promising
source of intense coherent radiation in the extremeultraviolet and softX-ray domains.
The process, due to the highly non linear interaction between an intense and ultrashort
laser pulse and a gas medium, has a relatively low efficiency at the single atom
level. However, progresses in laser technology and a better understanding of the
macroscopic construction of the harmonic field have enabled high flux sources. In
this chapter, we will review the last developments that allow the publication of the
first demonstrations of photon demanding experiments in solid state physics and
non linear optics. Control and shaping of the fundamental laser field have led to an
increase of the conversion efficiency of several orders of magnitude.Microjoule level
emissions have been obtained on high power lasers thanks to phase matching and
quasi phase matching schemes. We will also mention very high repetition rate laser
systems that produce photon flux per second of the same order of magnitude than
those obtained with lower repetition rate and higher energy level.

4.1 Introduction

With the rapid development of always more powerful laser systems, high-order har-
monic generation (HHG) of intense laser pulses interacting with atomic gases has
known impressive advances. Two decades of theoretical and experimental works
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have allowed pushing the radiation towards promising characteristics. The covered
spectral range now extends from 100nm (12eV) [1, 2] to a few nanometers (the keV
range), thus including the water window that allows imaging of biological samples
(2.34–4.4nm; 530–280eV) [3, 4]. Exhaustive studies have characterized the XUV
emission, both in the spatial and temporal domains, and have demonstrated control
over crucial properties, such as spatial coherence [5, 6], beam quality [7] or temporal
coherence [8, 9]. A growing number of time resolved experiments have been per-
formed using HHG pulses either as a probing tool to follow ultrafast phenomena or
as a energetic pump to trigger them. Applications to ultrafast dynamics in atomic and
molecular systems, solid state and plasma physics are a non exhaustive list of such
examples. However, some areas are not yet fully accessible to researchers, because of
the limited number of XUV photons available. The first implementations of photon
demanding experiments were possible after extensive beamline optimizations, such
as multiphoton ionization of atoms and molecules in the gas phase [10–12] or sin-
gle shot coherent diffractive imaging [13–15]. High order harmonic generation from
plasma mirrors is a promising source of intense XUV radiation [16, 17]. As there is
no limitation in the laser intensity producing the radiation, powerful emission can be
achieved using the multiterawatt lasers that are nowadays available. However, very
few applications using those sources have been published yet, as there are still in a
characterization stage (for instance, no temporal characterization of the emission has
been performed yet). For this reason, the following chapter will be limited to HHG
from gases.

The low conversion efficiency is due to the combination of two factors: first the
weak atomic response to the laser field and, second, phase mismatches between
fundamental and harmonic fields during the macroscopic construction of the field.
To increase the harmonic photon flux, one can compensate one or the other, as will
be explained in the first two sections. A third section will review a new promising
geometry, HHG from a multi-kHz fiber laser sources, that already reached integrated
flux per second similar to high power laser based sources.

4.2 Optimization of the Atomic Response

High order laser harmonic generation is a highly nonlinear coherent process resulting
from the interaction between an intense ultrashort pulse and a gas medium, usually
a rare gas. In the spectral domain, the emission has a discrete structure consisting of
odd harmonic orders of the fundamental wavelength. The spectrum can be divided
in two areas: the plateau region, where the amplitude of the consecutive orders is
constant, followed by the cutoff, where their amplitudes drop very fast. The position
of the cutoff depends on several parameters. The maximum photon energy can be
written as:

hνmax = Ip + 3.17Up (4.1)
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Here, Ip is the gas ionization potential andUp , scaling as Ilaserλ
2, the ponderomotive

energy. One could in principle reach arbitrarily high photon energies simply by
increasing the driving laser intensity. In practice, however, one observes that above the
saturation intensity the large fraction of plasma prevents emission of HHG at higher
photon energies. This is due to two effects. First, the plasma induces defocusing of
the laser, effectively decreasing the laser intensity. Second, the conversion efficiency
is low due to the large spectral dispersion in the plasma and the resulting phase
mismatch between the laser and the soft X-rays. According to (4.1), using higher
ionization potential leads to shorter wavelengths. However, lighter atoms also have
a smaller ionization cross-section, reducing the overall efficiency. Looking closely
at the HHG mechanism gives hints of ways to enhance the atomic response.

HHG can be explained by the semi-classical three-step model [18]. Close to each
maxima of the laser field, an electron is tunnel ionized. It is subsequently accelerated
by the electric field, and reverse direction with the field to come back at the core
ion vicinity, with the possibility for recombination. The recolliding electrons follow
trajectories that can be sorted into two main families, the so-called short and long
ones. Experimentally, the short one is usually selected, because of the properties of
the photons it generates (coherence, conversion efficiency, divergence). This can be
experimentally achieved by putting the generating medium after the focal spot or by
using a small aperture in the XUV beampath [19–21].

The ionization step is limited in time around the field maxima because of the
high intensity dependence of tunnel ionization. Short trajectories electrons, being
emitted close to field zero crossings, are more sensitive to this effect. The addition
of a second electro-magnetic field, helping the ionization step, allows increasing the
number of released electrons. This second field is used to change the ionization step
to a single photon process and/or to choose the time at which the ionization happens
by varying the relative phase between the two fields. Moreover, it offers additional
control over the free electron trajectories, increasing for instance the energy gained by
the free electron from the laser field, or limiting the lateral spreading of the electron
wavepacket. This fine control of the generating field can lead to an enhancement of
the produced XUV radiation under some specific conditions.

Several demonstrations using the fundamental field together with its second har-
monic, generated in a crystal, have been published (see e.g. [22–24]). Both parallel
and orthogonal polarization directions have been tested, the latter beingmore efficient
according to [23] (they achieved 0.6µJ at harmonic order 38 (21.6nm)). Contrary to
the weak perturbative second harmonic field used in single attosecond pulse experi-
ments, the fundamental and harmonic fields are of comparable intensities. Watanabe
and coworkers observed a close to one order ofmagnitude enhancement for harmonic
orders 27–31 using the third harmonic from a crystal [25]. The third harmonic field
can also be produced in a gas cell put before the HHG cell. This technique recently
led to an enhancement factor between two and five at harmonic order 41 (19.5nm)
between the seeded and unseeded cases, depending on the generation intensity, lead-
ing to the generation of 20nJ [26].
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Higher harmonic orders can also be used. Two main configurations have been
proposed. In the first case, the booster beam can be generated in a first cell, before
the main one (see e.g. [27]). In the second one a gas mixture is used as the generation
medium: lower order harmonics from an heavy gas are used to boost HHG from a
lighter gas (e.g. [28]). The first case allows for the optimization of both generation
stages independently, while the second configuration is easier to align. As an illus-
tration of the latter case, harmonics 11–23 from xenon were used to boost harmonics
from helium, and a gain of more than three orders of magnitude was observed at
harmonic 27 (29.6nm).

One has to keep in mind that quantifying the enhancement factor is not an easy
task. In principle, one should find the optimum sets of HHG parameters for both the
seeded and unseeded cases, which can be totally different (in focal length, gas specie,
medium length and pressure, laser intensity…). Moreover, a gain in harmonic signal
does not necessarily translate as a gain in frequency conversion efficiency.Measuring
HHG efficiency implies measuring the exact number of emitted photons at the source
level, which in turn means that the detector has to be calibrated, and that the spectral
transmission or reflectivity of the different optical components and filters (used to
remove the fundamental laser and select harmonic orders) also need to be measured
and calibrated.

4.3 Phase Matching

In addition to the single atom response, the macroscopic coherent construction of the
harmonic field has to be optimized. It relies on the balance between three terms: phase
matching, absorption and coherence. The different contributions to phase matching
can be written as:

kq = qk1 + �kgeo + �katom + �kelec + �kion + αi∇ Ilaser (4.2)

where k1 and kq are the fundamental and harmonic wave vectors. The successive
terms stand for the effect of the focusing (Gouy phase), the dispersion from the
neutral atoms/free electrons/ions in the gas medium and the dipole phase, with αi

depending on the electron trajectory considered and Ilaser the laser intensity. Balcou
et al. derived from (4.2) conditions for effective phase matching [19]. When the gas
medium is at focus, the last term of (4.2) is equal to zero and phase matching is not
possible. When the medium is after the focus, on-axis phase matching is possible,
while before focus the phase matching happens only off axis.

The effect of the ions on the phase matching, which is as we saw critical, can be
reduced using very short laser pulse duration. For long pulse duration, total ioniza-
tion of the medium is reached before the maximum of the pulse envelope, and the
harmonic emission saturates. For shorter pulses, the ionization onset comes later in
the envelope, close to its maximum. The saturation intensity value is consequently
increased, and the position of the cutoff is shifted towards higher harmonic orders,
while plateau harmonics keep the same intensity [29, 30].
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The choice over the optimum HHG experimental geometry can be reduced to
a discussion over three typical lengths: the medium length Lmed , the coherence
length Lcoh and the absorption length Labs . Lcoh represents the length over which
the nonlinear polarization and the harmonic field get dephased by π , and Labs is
the distance over which the XUV radiation is reabsorbed by the generating medium
(Labs = 1/(σρ) with σ the ionization cross section and ρ the atomic density).
Constant and coworkers showed that the following conditions had to be fulfilled [31]:

Lmed > 3Labs (4.3)

Lcoh > 5Labs (4.4)

4.3.1 Loose Focusing

Equations (4.3) and (4.4) need to be fulfilled at each point throughout the medium,
which in turn implies that the laser wavefront and intensity are optimized and slowly
varying along the propagation axis. This leads to the so–called loose focusing geom-
etry, where the beam is focused with a long focal length lens into a long and homoge-
neous medium such as a long gas jet [32], a gas cell [33, 34], a gas filled hollow core
fiber [31]. Long focal lenses create large focal spots, which in turn allows coupling
more laser energy for the same saturation intensities and enlarges the generation
volume in the radial direction. When phase matching is obtained, the number of har-
monic photons will scale with the increase of the laser energy and generation volume.
Figures4.1 and 4.2 illustrate the scaling effect from numerical simulations and exper-
imental data, respectively. The expected scaling laws are not followed in most cases,
for various reasons. In Fig. 4.1a, the number of photons decreases for long media due
to reabsorption of the harmonics and refraction effects on the fundamental field that

Fig. 4.1 Scaling effect of the harmonic photon number. a Variation of the number of photons
(H25) as a function of the argon cell length for different focal lengths. b Variation of the number
of photons (H25) as a function of the focal length for different argon pressure. In both cases, the
authors considered argon and an IR intensity of 2 × 1014 W/cm2. From [34]
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Fig. 4.2 Experimental scaling of the number of photons with the focal length. From [33]

Fig. 4.3 Optimized
harmonic spectra. In black,
data from [33], in red, data
from [15, 32] and
unpublished data. See
Table4.1 for explanations

decreases the effective intensity (in Fig. 4.1b, the chosen medium length was 5cm).
Figure4.1b shows a f 4 trends for low pressure, where f is the focal length, and f 6

at P = 5Torr. This complex behavior was attributed to the fact that the peak laser
intensity was below saturation intensity, which implies that the harmonic in some
cases shifts to the cutoff region. Figure4.2 shows a linear evolution of the photon
number with the focal spot.

The loose focusing geometry is well adapted to the high power laser commercially
available today, and have allowed several research groups to demonstrate microjoule
level harmonic beams [13, 32, 33]. Figure4.3 summarizes some of the optimized
spectra from the literature as well as some unpublished data points obtained on the
coherent diffractive imaging beamline at CEA-Saclay (see [13–15]) for different
gases (see Table4.1 for experimental parameters). Conversion efficiency in the 10−4

range are now reached for low harmonic orders in xenon. Plateau harmonic in argon
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Table 4.1 Experimental parameters for Fig. 4.3

Gas Lab Elaser (mJ) f (m) Lmed (cm) Symbol in Fig. 4.3

Xenon RIKEN, Japan 14 5 14 Black filled stars

Xenon CEA, France 25 5 0.03 Red hollow stars

Argon RIKEN, Japan 50 5 10 Black filled circles

Argon CEA, France 15 5.5 8 Red hollow circles

Neon RIKEN, Japan 50 10 5 Black filled squares

Neon RIKEN, Japan 130 10 4 Black filled squares

Neon CEA, France 28 5.5 5.5 Red hollow squares

(λ between 60 and 30nm) can be generated with an efficiency better than 10−5. One
ormore additional orders ofmagnitude are lost when using neon to generate radiation
around 20nm or below, leading to conversion efficiencies close to 10−6 (Fig. 4.4).

4.3.2 Quasi Phase Matching

For high harmonic orders (typically when λ gets below 20nm) Labs becomes very
large (>mm) and Lcoh , decreasing as a power function of q, will be smaller than
Labs . Fulfilling (4.4) becomes impossible, and perfect phase matching cannot be
achieved. New schemes have been proposed in order to optimize the macroscopic
coherent construction of the harmonic field. The main idea is to cancel the HHG
process in the medium region where the polarization and the harmonic field are out

Fig. 4.4 Harmonic generation efficiency. In black, data from [33], in red, data from [15, 32] and
unpublished data. See Table4.1 for explanations
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Fig. 4.5 Principle of quasi phase matching. a Phase matching is not achieved: the harmonic field
amplitude oscillates with a period of 2Lcoh . b The quasi phase matching geometry cancels out HHG
when the fields are dephased, the harmonic field can build up efficiently over the medium

Fig. 4.6 Different quasi phase matching geometry. a Array of gas jets. b Modulated fiber. c Train
of counter propagating pulses

of phase, similarly to quasi phase matching (QPM) schemes in the visible domain.
In this scheme, HHG reaches the absorption limit when the effective medium length
over which the field builds up (in principle, an odd multiple of Lcoh/2) is larger than
Labs (Fig. 4.5).

A first solution is to physically modulate the medium by changing its density
periodically (Fig. 4.6a). The effect of a set of successive gas jets has been studied
both theoretically [35, 36] and experimentally [37–39]. This geometry not only
periodically suppresses HHG, but it also suppresses absorption between the jets.
Willner et al. designed amultijet arraymade of a succession of six argon jets separated
by hydrogen jets, leading to a total argon length of 700µm, that they compare with
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a 700µm long jet. They observed an enhancement of H27 signal by a factor 36,
corresponding to quasi phase matching, for a total HHG efficiency of 3 × 10−6

(1.2×10−5 for H19) [39]. The jet geometry prevents any damage, while the entrance
and exit holes of a cell or a capillary get destroyed by the laser. Consequently, no
deterioration of the systemappears over time, evenwhen coupling high laser energies.
However, the period of the modulation is difficult to fine tune, especially in Willner
et al. configuration.

HHG in capillaries and fibers presents the advantages of a laser guiding geome-
try, preventing laser defocusing, which ensures a constant intensity over the whole
medium length. Moreover, phase matching can be reached by adjusting the gas pres-
sure inside the capillary. However, this fails when ionization becomes too important,
preventing generation of high orders. Consequently, adapted quasi phase matching
schemes have been proposed. It is possible to manufacture modulated fibers, with a
core diameter that is modulated with Lcoh (or a multiple of Lcoh (Fig. 4.6b)). The
modulation allows compensating for the phase mismatch induced by the plasma
contribution, hence increasing the signal [40, 41].

Mode beating in a fiber has also been used to modulate the laser intensity on axis
and achieve QPM [42]. While in principle only the coupling of two modes creates
a regular periodic modulation allowing perfect QPM, it is experimentally difficult
to achieve. Due to imperfect matching of the laser with the fiber, fiber imperfection
and ionization, the coupling of a laser inside a fiber will more often lead to multi
mode beating. However, the less regular resulting intensity modulation can also lead
to an enhancement of the signal, somehow reduced compare with perfect QPM. Zepf
and coworkers thus observed an enhancement by three orders of magnitude of water
window harmonics (≈4nm) generated in argon. However, coupling the laser beam
into the first and 20th modes only, as in the numerical simulation showed in [42], or
reproducing on a daily basis the same multi mode coupling, is not easily achieved.

A more versatile way towards quasi phase matching is to use a weak counter–
propagation pulse (Fig. 4.6c) [43]. The modulation of the main electromagnetic field
by the counter-propagating field suppresses HHG in the overlap regions. Robinson
et al. proposed a technique using birefringent crystals or acousto-optic dispersive
filter to generate trains of up to 100 pulses with arbitrary pulse separation [44],
which opens the way towards a full control of QPM. Using a train of three weak
pulses, Zhang and collaborators measured an enhancement by a factor 300 of H45
emission in an argon filed capillary, bringing otherwise cutoff harmonics to the same
level of orders in the plateau [45].

Finally, other wavelengths can be used to modulate the medium: for instance,
chirped orthogonal THz radiation was numerically shown to increase the conversion
efficiency by three orders of magnitude in the cutoff [46].
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4.3.3 Artificial Tailoring of the Laser Pulses

QPM schemes require a good control over the medium properties. Imperfect mod-
ulations lead to a reduced signal growth. Other possibilities, relying on passive or
active shaping of the generating laser, in either spectral or spatial domains, have
been proposed to optimize phase matching and HHG. Passive control relies on a
given fixed modification of the beam, for instance creating diffractionless beams,
while active control relies on learning genetic algorithms that modify given proper-
ties (phase front, chirp, …) to maximize a fitness function (which can be related to
a total number of emitted photons, the contrast between some harmonic orders, …).

Diffractionless beams keep their transverse amplitude and spatial phase almost
constant during their propagation.Consequently, they are good alternative to the loose
focusing geometry mentioned in Sect. 4.3.1. They can be produced by focusing a
ring shaped laser pulse [47] or using axicons [47–49] for instance. In the first case,
using a Bessel-Gauss beam leads to an increase of the third harmonic conversion
efficiency from a gas cell. The effect of axicons to HHG were studied numerically in
[48]. They found that the brightness of H21 generated in argon could be increased by
at least two orders ofmagnitude compare to the Gaussian case thanks to the improved
spatial properties of the harmonic emission.

While beam shaping can be used to improve phase matching, another solution is
to enlarge the focal spot, hence increasing the generation volume and the number
of emitters. This is one of the effect of loose focusing, as the beam waist is propor-
tional to the focal length. However, coupling high laser energy without exceeding the
saturation intensity requires very long focal lengths [33]. Alternative solutions have
been proposed to spatially tailor the beam focus with a reasonable size focal length.
Using a phase mask before the lens, Boutu and collaborators created a flat top profile
at focus, enlarging the beam profile compared to what is given by propagation of
the Gaussian beam [50]. However, no gain was observed when comparing with the
optimized Gaussian beam generation, because of laser energy limitations.

An efficient way to optimize HHG is the use of learning genetic algorithms.
Using a fitness function that can be defined by the number of XUV photons, the
shape of the spectrum or the XUV spatial profile, the algorithm modifies a set of
parameters (usually some characteristic of the laser beam) to optimize the output
[51]. The algorithm can modify the laser spectral phase by the use of a acousto-optic
programmablefilter (a “Dazzler” for instance) in order to spectrally shift the harmonic
lines [52]. Control over the laser spectral phase has also been achieved through the
use of a deformable mirror set in a place inside the laser chain were the spectral
components are spatially separated [53]. Boyko et al. showed that depending on the
laser total energy, the genetic algorithmmodifies the laser pulse so that the saturation
intensity is reached in the medium: when the energy is low, the optimization results
in a Fourier limited pulse to maximize the intensity. When the energy is too high,
the shaped laser pulses present a long leading edge with a gentle slope in order to
obtain a longer duration for HHG [54].
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Most of the studies use deformable mirrors to control the beam spatial profile,
looking at the XUV flux (either integrated or for a single harmonic order) for opti-
mization [55–57]. Eyring et al. used a pulse shaper to optimize the infrared laser focal
spot [58], assuming that the HHG optimum would be reached with the best focus.

Characterization of the spatial wavefront, which is sometimes used as the criterion
for laser optimization, is not limited to visible and near infrared lasers, as Hartman
sensors have been designed for XUV wavelengths [59]. Aberrations of the XUV
beam need to be minimized in order to optimize the beam focal spot. As to now, no
iterative procedure was performed with this criterion, but several authors reported
on the measurement of the XUV spatial phase as a “manual” optimization tool [15,
60, 61]. Due to the high non linearity of the HHG mechanism, it is however difficult
to establish a clear link between the infrared laser and the XUV beam.

4.4 High Repetition Rate Sources

Today intense lasers allow for the generation of high flux XUV photon radiation.
Sub-microjoule level pulses enable the study of non linear effects, pulse duration
measurement by autocorrelation and single shot coherent diffractive imaging. How-
ever, the low repetition rate of those lasers (usually a few Hz to a few 10s of Hz)
is a severe limitation to their application to a larger set of problems. Coincidence
measurements, for which the number of event per laser shot has to be one or less,
are then prohibited. Moreover, some experiments in solid state physics where space
charge effects need to be avoided relies more on repetition rate than in intense single
bursts of photons. Lock-in detection schemes use a fast modulation of the pump laser
to give access to very small variations of signals.

Kilohertz amplified laser systems are now reaching 10mJ of energy and more. Up
to now, no optimization work has been reported from such systems, but few mJ kHz
systems have already led to interesting results. Dao et al. reported 5× 1010 photons
per shot for harmonics from argon (wavelength between 20 and 32nm) and up to
1010 photons/harmonic cm2 s for He harmonics (between 10 and 16nm) from a 5mJ,
1kHz system [62]. Using a 7mJ, 1kHz system, Lambert et al. measured 1010 photons
per shot at λ = 44nm, corresponding to an energy of 50nJ [24]. With a lower energy
system, Jakubczak and coworkers reached 0.652µJ/s for argon harmonics (90nJ/s for
a single harmonic at 30nm) [63]. Multi-10kHz are currently less energetic, however
using very short focal length lenses, intensities in the HHG range are reachable.
Integrated photon flux have been demonstrated above 109 photons/s in argon and
xenon [64, 65]. Finally, repetition rate of several MHz can be obtained using intra
cavity HHG schemes at an energy level of several hundreds of nanowatts [66, 67].

Other technologies are explored to generate high power high repetition rate lasers,
as a promising alternative to Titanium-Sapphire based lasers. Based on doped fiber
amplification stages, they lase in the near infrared domain. By adapting the chirp
pulse amplification technique, millijoule level systems have been developed [71,
72]. Moreover, the pulse duration can be shortened using spectral broadening in
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Table 4.2 Experimental results with amplified fiber laser systems

Reference [68] [68] [69] [69] [70]

Technology FCPA NC-FCPA NC-FCPA FCPA FCPA

Pulse energy (µJ) 80 580 100 28 100

Rep. rate (kHz) 1000 50 100 1000 100

Duration (fs) 500 45 270 500

Average power (W) 80 29 10 28 10

Intensity at focus
(1014W/cm2)

0.42 7.6 0.71 0.2 0.6

Shortest wavelength
(nm)

49 (Xe) ≤17 (Ar) 33 (Ar) 68.7 (Xe) 38.1 (Ar, Kr)

Strongest order (nm) 54 49 (Kr) 41.2 (Ar) 79.2 (Xe) 54–93.6 (Xe)

Photons per second 7.9× 1011 4.5 × 1012 (full
spectrum)

Efficiency 1.2×10−7 5 × 10−7

noble gas filled hollow fibers in order to reach gigawatt peak power. Using short
focal length lenses, intensities above 1013W/cm2 are easily reached, hence making
HHG possible. Table4.2 shows the most recent published results using such sources.
The photon flux per second already reaches the same level as usual loose focusing
geometries at long wavelengths, and similar flux in the water window range are soon
expected.

4.5 Conclusion

High flux high order harmonic sources are nowadays producing intense coherent
ultrashort XUV photons beams. Perfect phase matching conditions can be reached
formoderately lowharmonic orders, using loose focusing and long generatingmedia.
For shorter wavelengths, clever quasi phase matching schemes allow optimizing the
overall macroscopic construction of the harmonic field. While the photon flux at
the source can be important, special care has to be taken to propagate the XUV
radiation towards the experiment. The first step is to remove the infrared field that
copropagates with the harmonics. When the laser fluence is low, simple metallic
filters can be used, either free standing or supported by a mesh to encerase the
thermal conductivity. However, when high energy lasers are used, other schemes are
required, as it is not always possible to put the filters far enough from the focus.
A first solution is to generate harmonics with an annular beam, created by inserting a
small beam blocker at the center of the infrared beam before the focusing lens. After
the generation medium, an iris is used to block the fundamental radiation, while the
harmonic beam, less divergent, is transmitted. However, this technique is not very
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adapted to high flux sources, as most of the infrared energy is lost. Beamsplitters
have been developed that consist in plates set at Brewster’s angle for the fundamental
frequency. Due to the grazing incidence, the harmonic reflectivity is of the order of
several tens of percents, while the infrared attenuation rate is around 10−4–10−5

[73]. Kojima and collaborators performed an extensive study of several materials
suitable for this technique [74]. SiC is an interesting candidate, that is already used
in some HHG XUV beamlines [73]. A similar technique uses fused silica plates
with an anti–reflective coating for the infrared radiation. At grazing incidence, the
reflectivity for the harmonics is above 50% [13]. Grazing incidence metallic optics
can then be used to focus the XUV radiations at the experiment interaction point
when broadband radiation is needed. Thanks to continuous development, multilayer
coated mirrors offer now high reflectivity when a specific spectral range is needed.
Overall, a loss of one to two orders ofmagnitude in photon numbers is to be expected.

Using intense low repetition rate lasers, time resolved single shot studies of ultra-
fast phenomena and nonlinear optics are now possible. On the other hand, very high
repetition rate systems are becoming competitive and generate similar number of
photons per seconds, and applications in solid state physics (i.e. XPEEM imaging)
and coincidence experiments should be attempted very soon.

While the photon flux is still several orders of magnitude below what produce
free electron lasers (FEL), high efficiency HHG sources clearly have an important
role to play, thanks to their very good spatial (coherence, wavefront …) and tem-
poral (femtosecond to attosecond duration, zero temporal jitter with the laser pulse)
properties. Finally, the “room scale” size and cost of such XUV radiation sources is
also negligible in comparison to big facilities like FEL.
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Chapter 5
Seeding Free Electron Lasers with High
Order Harmonics Generated in Gas

Marie-Emmanuelle Couprie and Luca Giannessi

Abstract Short wavelength Free Electron Lasers (FEL) may operate in the Self
Amplified Spontaneous Emission (SASE) configuration, where the spontaneous radi-
ation originated by the electron shot noise is gradually amplified. This generally leads
to an output pulse consisting of uncorrelated temporal spikes with a limited longitu-
dinal coherence length. When a FEL amplifier is seeded by a coherent light source,
the coherence properties of the seed are transferred to the initial electron-beam mod-
ulation, allowing for an improved control of the longitudinal properties of the emitted
radiation. The spiky structure is suppressed both in the temporal domain and spectral
domain and the bunching process becomes more efficient. Associated intensity and
jitter fluctuations are reduced, as well as the arrival-time jitter. In addition the use of
an external seed reduces the saturation length and therefore the associated costs of
the device. High order harmonics generated in gas permit to seed a FEL amplifier in
the vacuum ultra-violet, enabling the direct generation of seeded-Free Electron Laser
radiation directly at short wavelengths. We analyze here the basic requirements for
the seed source in terms of seed level versus the electron shot noise, and the prob-
lems of coupling of the seed source to the FEL. We also review the most recent
achievements with HHG seeding, in particular on SCSS Test Accelerator, SPARC
and SFLASH.
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5.1 Introduction

Accelerator-based light sources [1] produce short wavelength, widely tuneable radi-
ation, either in storage rings (second or third generation) with partial transverse
coherence, or in linear accelerators (linac) combined to FEL amplifiers. The latter,
considered as fourth generation light sources, provide short pulses, improved coher-
ence and higher brilliance. The radiation mechanism is the synchrotron radiation
emission by accelerated relativistic charged particles, when submitted to a magnetic
field in bending magnets or in insertion devices, undulators or wigglers [2], made
of an alternated succession of magnets, which allow the number of curvatures to
be increased and the radiation to be reinforced. The polarization properties of the
emitted light depend on the electron orbit in the specific undulator configuration,
which can be linear or helical. Electrons subject to the periodic sinusoidal mag-
netic field (period λu and peak field Bu) along the transverse direction undergo
smooth sinusoidal oscillations in the transverse plane and emit synchrotron radiation
at each bend of the trajectory. Interference takes place at the wavelengths λn such that
nλn = λu(1 − βs), with n an integer, and with βs the longitudinal reduced velocity
of the electrons. In the linear polarized undulator case, we have

βs =
(

1 − 1

2γ2

(
1 + K 2

u

2

))
(5.1)

with γ = E/m0c2 and Ku = e0 Buλu/(2πm0c), E being the electron beam energy,
m0 the electron rest mass, e0 the electron charge and c the speed of light in vacuum.
The fundamental resonant wavelength is obtained for n = 1, i.e., for λ1 = λu(1−βs).
The resonant wavelength and its harmonics may be then expressed as:

λn = λu

2γ2n

(
1 + K 2

u

2

)
(5.2)

The wavelength λn of the emitted radiation can be controlled through a modifi-
cation of the beam energy or through the undulator magnetic field (by changing the
gap for permanent magnet insertion devices or the power supply current for electro-
magnetic insertion devices). Indicating with Nu the number of undulator magnetic
periods, in the time domain an observer receives a train of Nu optical periods, which
can be considered as quasi-continuous emission of radiation with respect to the
bending magnet radiation. The radiation spectrum, i.e., the square modulus of the
Fourier transform of the field associated to this train of pulses, is then composed
by a series of square “sinc” functions, centered on odd harmonics. The “homoge-
neous” (referring to the case of a single electron) relative linewidth of the harmonics
is given by �λ/λn = 1/(nNu). The emission is narrow in the frequency domain.
An “inhomogeneous” broadening of the undulator line may result from the electron
beam energy spread, size and divergence [3]. Synchrotron radiation is tunable from
infra-red to X-rays, has low divergence, small source size, and may posses different
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polarization properties. The duration of radiation pulses is determined by the length
of the electron bunches from which the former are generated. The repetition rate of
the source depends on the type of accelerator used to produce the electron bunches. It
may be in the MHz range in storage rings, MHz–kHz range in superconducting linacs
and 10–100 Hz range in normal conducting linacs. Third generation light sources,
based on storage rings designed to minimize the electron beam transverse emittances
(the product of beam size by beam divergence), and to host a high number of inser-
tion devices for the generation of radiation, provide a high average brilliance and a
partial transverse coherence. Typical duration of the generated light pulses is in the
range of a few ps, unless specific optics [4] or slicing scheme [5, 6] are implemented.
These schemes are generally associated to a reduction of the total photon flux avail-
able. On the other side, in FELs [7] longitudinal coherence is achieved by phasing
the emitting electrons undergoing the emission process: a light wave at the resonant
wavelength λ, which may be the spontaneous synchrotron emission progressing with
the electron beam along the undulator or stored in an optical cavity, or an external
seed from a laser or another coherent source, interacts with the electron bunch in the
undulator, inducing an energy modulation of the electrons; this energy modulation is
gradually transformed into a density modulation by the dispersion properties of the
undulator itself, and the coherent emission from the modulated beam at λ0 and λ/n
(fundamental and harmonics) [8] leads to the amplification of the light wave. The
wave is amplified to the expense of the electron kinetic energy. Like for synchrotron
radiation, the tunability is achieved through the magnetic field of the undulator or
through electron beam energy. Operation at short wavelengths requires high beam
energies to reach the desired resonant wavelength (hundreds of MeV to several GeV
for VUV/soft-X and hard X-rays). The superposition of the optical wave with the
electron bunch is essential for an efficient energy exchange. The lack of suitable
mirrors for the realization of an optical cavity to store the radiation has driven the
design of short wavelength FELs towards very long undulators, to extend the inter-
action region, and towards increased electron beam density (small emittances and
high current) to enhance the coupling between the beam and the wave in a single pass
through the undulator. In single pass FELs, transverse coherence depends on the size
of the emitting source in phase space, which for a diffracton-limited source should
be smaller than the corresponding radiation phase-space area. This poses constraints
on the desired electron beam emittance, which should be of the order of the emitted
wavelength or smaller.

5.2 Seeding and Harmonic Generation, a Particular
FEL Configuration

5.2.1 Oscillator

The first FEL operation in 1977 at MARK-III (Stanford, USA) in the infra-red [9],
as well as the second FEL (first at visible wavelengths) in 1983 at ACO (Orsay,
France) [10] were based on an oscillator configuration [11, 12]. In the oscillator
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Fig. 5.1 Sketch of the oscillator configuration: the undulator, (green), induces a trajectory oscillat-
ing in the horizontal plane of the electron bunch (blue, without and with bunching), with unphased
emission at the undulator entrance, and phased emission after bunching is established

configuration, as shown in Fig. 5.1, synchrotron radiation is stored in an optical cavity
designed to ensure multiple interactions with the periodic electron beam current
provided by a radio frequency accelerator. This periodic interaction amplifies the
stored radiation synchronous with the electron current periodicity, leading to a train
of laser pulses, with a mechanism analogous to the temporal gain modulation used
to shorten the pulse duration in active mode-locked lasers. In the frequency domain
the radiation spectrum is determined by the FEL gain bandwidth and by the optical
cavity bandpass. FEL oscillators cover a spectral range from the THz to the VUV,
where mirrors are available. First FEL applications started in the infrared and in
the UV [13–16] in 1993. Various FEL oscillators were built down to the ultraviolet
[17–22] and down to VUV at ELETTRA (Trieste, Italy) [16, 23, 24]. Extensions to
shorter wavelengths [25–27] have been proposed in the VUV-Soft X-ray range and
recently in the hard X-ray range of the spectrum [28] where the X-ray pulses are
stored in a Bragg cavity. This scheme, which could provide high repetition rate, fully
transversely and longitudinally coherent X-rays with very low spectral bandwidth,
is envisaged to be implemented on the JAEA ERL [29].

5.2.2 High Gain and Self Amplified Spontaneous Emission

The lack of mirrors suited for the realization of an optical cavity in the VUV or
X-rays has pushed the design of the first short-wavelength FEL sources towards the
Self Amplified Spontaneous Emission (SASE) configuration, where the spontaneous
synchrotron radiation emitted by the beam is then amplified by the FEL process
in a single pass along the undulator. The conversion from electron kinetic energy
to energy of the optical wave has the typical behavior of an instability, with an
exponental growth regime followed by a saturation process [30–34]. The gain of the
instability in a cold beam (i.e., zero emittances and no incoherent energy spread) is
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described by the universal scaling parameter ρ f el , that is recalled here in the case of
a planar undulator,

ρ f el = 1

4πγ

[
2π2

Σb
( fb (ξ) λu Ku)2 Ipeak

IA

] 1
3

(5.3)

where Σb is the electron beam cross section, Ipeak is the e-beam peak current and
IA = e0c/r0 ∼ 17 kA is the Alfven current (being e0 the electron charge and r0
the electron classical radius). The function fb (ξ) = J0 (ξ) − J1 (ξ), where ξ =
K 2

u /
(
4 + 2K 2

u

)
is a factor arising from the average over the longitudinal fast motion

typical of the electron orbit in linear undulators. The e-folding (gain) length LG , for
the power associated to the electromagnetic wave as resulting from the 1-dimensional
theory in the cold beam limit is given by the general expression,

LG = λu

4π
√

3ρ f el
(5.4)

After a distance Lsat ∼ 20LG the FEL output signal saturates at a power
Psat ∼ ρ f el Pbeam where Pbeam = Ipeakγ m0c2/e0 is the peak power carried by
the electron beam. The natural line width of the output radiation from the SASE
process in the classical regime is of the order of the parameter ρ f el . The frequency
spectrum of the emitted radiation corresponds to the white noise associated to the ini-
tial electron random distribution, filtered by the FEL gain bandwidth and the emission
usually presents poor longitudinal coherence properties, with a structure constituted
by a series of longitudinal spikes uncorrelated in phase [35–38]. Ultra short electron
bunches may lead to the generation of a single isolated radiation spike, as proposed
[39–41] and later demonstrated [42]. Thanks to recent accelerator advances (high
peak current, small energy spread, low emittance), long undulator, linac based, single
pass SASE FEL are blooming worldwide. They now provide tuneable coherent sub-
ps pulses in the UV/X-ray region, with GW peak powers and a substantial increment
in peak and average brilliance with good transverse coherence resulting from the low
electron beam emittance and from the amplification process [43]. The first evidence
of high gain starting from noise was obtained at the Laboratoire d’Utilisation du
Rayonnement Electromagnétique at Orsay [44], at Brookhaven National Laboratory
[45] and at University of California, Los Angeles [46]. Saturation was achieved in
the visible at LEUTL (Argonne, USA) [47] and some years later in the VUV-Soft
X-ray at FLASH (Germany, 30–4.5 nm) [48], at the SCSS Test Accelerator (Japan,
40–60 nm) [49] and in 2010 at FERMI (Italy, 20–100 nm), where for the first time
a user facility implemented the amplification of a seed [50] (see next section). In
the hard X-ray range, the first tuneable fs X-ray FEL operated in 2009 at the Linear
Coherent Light Source at 0.15 nm (LCLS, Stanford, USA, 2 mJ, 14 GeV) [51, 52].
Lasing was obtained at the FERMI FEL facility in Italy in 2010, at the wavelength
of 52 nm. Later on, in June 2011, at SACLA (Japan) [53], the wavelength of 0.12 nm
was obtained with an electron energy of 8 GeV. This trend will continue in the next
years with the realization of the European XFEL [54], the Korean XFEL [55], the
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SwissFEL [56] and the Shanghai FEL [57]. These sources represent the brightest
X-ray beams ever produced on earth and exploited by scientists in a wide variety of
experiments. Fifty years after the laser discovery [58], the emergence of several mJ
X-ray lasers for users in the Angstrom range constitutes a major breakthrough [59],
opening a new era for scientific applications.

5.2.3 Seeding and Harmonic Generation

Instead of initiating the FEL process from the stochastic synchrotron emission, one
can seed a FEL amplifier by an external coherent source. The coherence properties
of the seed are transferred to the electron modulation, leading to coherent emission
at the undulator resonance and at its harmonics. The FEL may therefore operate
as an amplifier of the initial seed, capable of increasing the peak power of a light
source to approximately the same Psat value characteristic of SASE saturation. The
presence of the seed suppresses the spikes in the output pulse, shortens the undulator
length necessary to reach the saturation power and reduces the intrinsic shot-to shot
fluctuations associated to the SASE process [60].

In a seeded FEL, as shown in Fig. 5.2a, b, a sufficiently intense input field gener-
ates an efficient bunching even in a short undulator, leading to coherent emission of
undulator radiation and of its higher order harmonics. Coherent harmonic generation
was first observed at ACO (Orsay, France) [61] in the UV and VUV [62, 63], then
at SuperACO FEL (Orsay, France) [64] in the VUV, at MAX-Lab [65], and more
recently at ELETTRA [66, 67], DUKE [68] storage rings and at Maxlab linac [69].
Later on, at UVSOR (Okazaki, Japan), further dynamics investigations were carried
on the appearance of synchrotron sidebands [70, 71] and on the laser injection inten-
sity dependance [72]. Issues regarding operation in helical configuration were also
the subject of further investigations [69, 71, 73].

The higher order harmonic components of the density modulation induced by
the FEL process may be exploited in a “harmonic converter” configuration [74], to
multiply the frequency, and extend the original spectral range of operation, of the
FEL. In [75] the modulated beam at the exit of a FEL oscillator, injected in a single
pass FEL amplifier, was proposed as a method to initiate the FEL amplification from a
modulation stronger than that associated to the natural electron beam shot noise. The
High Gain Harmonic Generation scheme (HGHG) [60, 76], shown in Fig. 5.2 consists
of a short undulator seeded by a strong optical wave. The injected laser induces the
energy modulation of the electron bunch in a first undulator, which is followed by
a small chicane converting the energy modulation into a density modulation. The
radiation is then generated in a second undulator tuned at the fundamental of the
first or at one of its higher order harmonics (cascade scheme). The two undulator
resonances can be also tuned to have one of the higher order harmonics in common,
as in the situation shown in Fig. 5.2d [77].

Wavelength tuning may be obtained by simultaneously changing the seed wave-
length and the undulator gap [78] or by applying a chirp (frequency drift) on the
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Fig. 5.2 Seeding configuration with a coherent source tuned on the resonant wavelength of the
undulator. a Coherent Harmonic Generation in the low gain regime: the laser induced efficiently
energy exchange and consequent density modulation leads to coherent harmonic emission, b High
gain seeding case with significant seed amplification thanks to the FEL process, c High Gain
Harmonic Generation: the first undulator being tuned on the seed wavelength, the second one on a
harmonic of the seed, d Harmonic cascade where undulator fundamental frequencies have one of
the higher order harmonic as a common frequency e Echo Enable Harmonic Generation (EEHG)

modulated electron bunch [79]. Coherent Nonlinear Harmonics of the fundamental
wavelength are also generated [80]. FEL pulse temporal and spectral distributions
result from the seed itself, but may be deeply altered by the FEL saturation process.
The radiation field indeed slips over the electron current because of the different
propagation velocity along the undulator. The path difference at the end of the undu-
lator is indicated as “slippage length”. Depending on the duration of the seed pulse
with respect to the slippage length, different regimes can occur. When slippage length
is much shorter than the pulse length, the intensity at the peak of the pulse entering
earlier in saturation suddenly drops leading to a pulse splitting regime. The local
heating of the electrons induced by saturation leads to the separation of the pulse in
two different branches. This regime is of particular interest of pump-probe two-color
experiments [81] and may be combined with a frequency chirp of the seed to obtain
frequency-separated pulses [82, 83]. When the pulse length is comparable to the
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slippage length, the FEL dynamics enters a strongly nonlinear superradiant regime,
exhibiting pulse duration narrowing and further intensity increase [35, 84–86], as
observed experimentally at BNL (USA) [87]. In superradiant regime, emission of
harmonics is enhanced: simultaneous emission of harmonics up to the 11th order
have been observed at SPARC [88].

At the FERMI FEL facility, the only existing VUV/soft X-ray seeded FEL user
facility, the HGHG cascade scheme is implemented in FEL-1, to generate fully
coherent radiation pulses in the VUV spectral range [50]. The seed laser is based
on an optical parametric amplifier continuously tuneable in the range 230–260 nm,
delivering pulses of few tens of microjoules. Radiation resulting from conversion
up to the 13th harmonic of the seed is routinely delivered to user experiments. Test
experiments have shown that in specific conditions, the generation of very high
harmonics, up to order 29 is possible [89]. Nevertheless it is the energy spread
induced during the beam modulation process, the main limiting factor for achieving
efficient energy conversion at very high frequency conversion factors.

The Echo Enabled Harmonic Generation (EEHG) [90] scheme (Fig. 5.2e) is a
concept, without equivalent in classical optics, where two successive laser-electron
interactions are performed, using two undulators, in order to imprint a “sheet-like
structure” in phase space and to provide higher order harmonics with a lower induced
energy spread. The EEHG has been experimentally demonstrated at the Next Lin-
ear Collider Test Accelerator at SLAC [91] and at the Shanghai FEL Test Facility
[92]. From a conceptual point of view it constitutes a breakthrough in up-frequency
conversion in terms of compactness and pulse properties (e.g., duration and wave-
lengths). Schemes derived from EEHG such as the Triple Mode Chicane open per-
spectives for very short wavelength (nm) and short duration at moderate cost [93].
The other alternatives to reach shorter wavelengths consist in starting from a shorter
seed wavelength, or in repeating the HGHG conversion process, seeding a second
FEL modulator-amplifier device with the radiation produced in a first FEL converter.
The latter scheme is based on the fresh bunch injection technique concept [94, 95],
recently demonstrated at the SDUV-FEL [96] and at FERMI [97]. At FERMI the
FEL-2 source has reached conversion factors corresponding to the 65th harmonic of
the seed, delivering radiation to experimental stations in the soft-X-ray region of the
spectrum. An alternative to the complexity of multiple conversion stages, is that of
starting directly with a short wavelength coherent seed, such as High order Harmon-
ics generated in Gas (HHG) [98, 99]. After the first ideas [100, 101], HHG seeding
has been demonstrated at the SCSS Test Accelerator at 160 nm [102] and later on at
60 nm [103] and at 30 nm at s-FLASH [104]. Meanwhile the first demonstration of
frequency multiplication from an HHG-seeded FEL was achieved at SPARC [105],
by upconversion of the third harmonic of the Ti:Sa drive laser, generated in a gas
cell. The hard X-ray region of the spectrum is presently out of reach for an externally
seeded FEL. Self-seeding [106] suits better the hard X-ray domain: a monochroma-
tor installed after the first undulator spectrally cleans the radiation before the last
amplification in the final undulator. Recently, self-seeding with the spectral clean-
ing of the SASE radiation in a crystal monochromator [107] produced with the first
promising results [108, 109].
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5.3 HHG Seeding and Harmonic Generation Process

Developments in femtosecond laser technology are making the direct seeding of a
FEL amplifier in the VUV a viable solution. Harmonic generation in gas is one of the
most promising methods to generate radiation at short wavelengths in the VUV–EUV
region of the spectrum, to be used as an input seed. The high order harmonics result
from the strong non-linear polarisation induced on rare-gas atoms, such as Ar, Xe,
Ne and He, by the focused intense electromagnetic field of a pump laser. The most
important characteristics of the process are described by the three-step semi-classical
model [110, 111] illustrated in Fig. 5.3.

As the strength of the external electromagnetic field is comparable to that of the
internal static field Vc of the atom in the interaction region close to laser focus,
atoms ionize by tunnelling of the outer electrons. The ejected free electrons, far
from the core, are then accelerated in the external laser field and gain a kinetic
energy EC . Those which are driven back close to the core can either be scattered or
recombine to the ground state emitting a burst of XUV photons every half-optical
cycle. Correspondingly in the spectral domain, the harmonic spectrum includes
the odd harmonics of the fundamental laser frequency. The characteristic distrib-
ution of intensities is almost constant for harmonic order in the “plateau” region,
where, depending on the generating gas, the conversion efficiency varies in the range
10−4–10−7. For higher orders, in the “cut-off” region, the conversion efficiency
decreases rapidly.

The upper spectral limit is given by the so-called “cut-off law”, Ecut−of f =
Vp +3.2Up, with Vp the gas ionization energy, Up the ponderomotive energy [112].

(a)

(b)

(c) (d)

Fig. 5.3 Three-step semi-classical model: a initial state of the gas atom at zero field, Ip: ionization
potential, b electron tunnelling c electron acceleration and gain of kinetic energy EC , d radiative
recombination and emission of XUV burst
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According to the three-step model and the cut-off law, the lighter is the gas (i.e.,
the higher is the ionization energy, and the laser intensity which can be applied
without ionizing the atom) the higher is the cut-off energy. High order harmonics
are linearly polarized sources between 100 and 3 nm (12–400 eV), of high temporal
and spatial coherence, emitting very short pulses (less than 100 fs), with a relatively
high repetition rate (up to few kHz). The radiation spectrum is completely tuneable
in the VUV–XUV region. The harmonic radiation is emitted on the axis of the laser
propagation with a small divergence (1–10 mrad). Fraction of a microjoule of energy
can be obtained at wavelengths down to 25–30 nm.

5.3.1 Shot Noise and Comparison with Available Seed Power

The critical question about the requirements in terms of intensity, bandwidth and
phase stability at short wavelengths to efficiently seed a FEL amplifier is here
addressed. The input seed, in order to be effective, must be intense enough to over-
come the beam shot noise, which is the source for the SASE FEL process. We may
estimate the relation between the electron shot noise at the FEL resonant frequency
and the intensity of the associated field.

In the small-signal regime the FEL dynamics is well represented by an integral
equation which can be cast to include the presence of a source term associated to the
electron beam shot noise [113]:

d

dτ
a (τ ) = −2πg0b1e−iν0τ + iπg0

∫ τ

0
dξξe−iν0ξa (τ − ξ) (5.5)

Here τ = z/Nλu is the position along the N periods undulator. In deriving 5.5
it is assumed a single resonant mode for the field, at frequency ω, defined, with
respect to the resonant frequency ω0 = 2γ2ωu/

(
1 + K 2

u /2
)
, with ωu = 2πc/λu ,

by the detuning parameter ν0 = 2πN (ω0 − ω)/ω0. Without loss of generality we
consider the case of a linear undulator, where the gain coefficient g0 is defined as
g0 = 2π(N/γ)3(λu Ku fb(ξ))

2 Ipeak/Σb IA, where Ipeak is the beam currrent, IA is
the Alfvén current, fb (ξ) is the Bessel factor gain correction, as previously defined
and Σb is the electron beam cross section. The small gain coefficient g0 is related
to the FEL parameter ρ f el by the relation 4πNρ f el = (πg0)

1/3. The field a(τ ) in
Colson’s dimensionless units [8] is related to the radiation intensity by the relation
IL = Is |a|2 /8π2, with Is = Pbeam/2Ng0Σb, and where Pbeam is the electron beam
power, i.e. Pbeam = Ipeakm0c2γ/e0.

The source term in 5.5 is proportional to the bunching coefficient b1, where for
any integer n, bn is

bn = 1

λ

∫ λ

0
ρe(ζ)e−i2πnζ/λdζ (5.6)
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i.e. the Fourier coefficient of the longitudinal electron beam density distribution ρe(ζ)

at the resonant wavelength λ.
Equation 5.5 describes the initial evolution of the FEL instability, which may be

initiated by a seed a(0) �= 0, or by a modulated beam, b1 �= 0. At the same order
in the field, 5.5 would contain an additional term proportional to b2 which may be
important in a seeded FEL where a pre-bunched beam is injected into a radiator
with a pre-existing laser field 2. This term may be neglected here where we limit the
application of the integral 5.5 to the startup process.

Let’s consider the case b1 �= 0, a(0) = 0 and ignore the second term on the r.h.s.
of 5.5. The evolution of the field is given by

a(τ ) = −2πg0b1

(
1 − e−iν0τ

)

ν0
(5.7)

representing the coherent spontaneous emission power growth, which is quadratic
with the position along the undulator. The transition to the exponential gain regime
occurs when the second term on the r.h.s. of 5.5 becomes larger than the first one,
i.e.

∣∣∣−2πg0b1e−iν0τ
∣∣∣ <

∣∣∣∣iπg0

∫ τ

0
dξξe−iν0ξa (τ − ξ)

∣∣∣∣ (5.8)

We may find the threshold value of τ by assuming that during the phase of
quadratic growth the gain is negligible, substituting the solution 5.7 in 5.8 and solving
for τ . The threshold, assuming perfect detuning (ν0 = 0) is

τth � 1

(πg0)
1/3 (5.9)

And the field at the threshold is

a(τth) = −2 (πg0)
2/3 b1 (5.10)

This expression depends on the electron beam modulation at the undulator entrance.
We may now consider an ideal case where this modulation is exactly zero and where
the process is initiated by an input seed of dimensionless amplitude a0. We consider
therefore 5.5, in the case b1 = 0 and a(0) = a0. The solution [31–33] reads:

a (τ ) = a0

3

{
e−i(πg0)1/3τ + e

− i
2 (πg0)

(
1+i

√
3
)
τ + e

− i
2 (πg0)

(
1−i

√
3
)
τ
}

(5.11)

On the r.h.s. of 5.11, the first and the third complex exponentials have null or
negative real arguments, while the second one has a positive real argument leading to
exponential growth, with a (power) dimensionless folding length L̃g = √

3 (πg0)
1/3,
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equivalent to Lg = λu/4π
√

3ρ f el in the coordinate z along the undulator. The
equivalent input intensity associated to a given beam pre-bunching, may be derived
by imposing that the magnitude of the field associated to the exponentially growing
root, equals |a (τth)|, i.e.:

∣∣a0eq

∣∣ = 6 (πg0)
2/3 e−

√
3

2 |b1| (5.12)

In terms of seed intensity, by squaring the previous expression and converting to
dimensioned quantities, we get

I0eq = 9e−√
3 Pbeam

Σb
ρ f el |b1|2 � 1.6

Pbeam

Σb
ρ f el |b1|2 (5.13)

In order to estimate the minimum necessary seed intensity for a FEL amplifier
we need to calculate the bunching coefficient b1 for a randomly distributed electron
beam. We define the normalised longitudinal distribution of a discrete number ne of
electrons at the random longitudinal positions ζi , as

ρe(ζ) = 1

ne

ne∑
i=1

δ (ζ − ζi ) (5.14)

The corresponding bunching coefficient, according to the definition in 5.6 is given
by the sum of ne complex phasors with random phases, which scales as

b1 = 1

ne

ne∑
i=1

e−i2πnζi /λ = O
(

1√
ne

)
(5.15)

The Fourier coefficient considered in 5.6 is calculated over one period of the res-
onant field λ0, but the microscopic electron distribution is not a periodic function of
the longitudinal coordinate and the average has to be calculated over a length larger
than λ0, to account for interference of the fields emitted by electrons separated by
more than a wavelength. A random, infinitely extended, point-like electron distribu-
tion such as 5.14, has a white-noise spectral distribution, while a FEL amplifier has
a relative amplification-bandwidth of the order of ∼2ρ f el [35] and only the noise in
this spectral range will be amplified. We need then to calculate the fluctuations in a
frequency range �ω ∼ 2ωρ f el and the portion of beam that we have to consider for
the average, has to be of the order of the cooperation length, lc ∼ λ0/4πρ f el . The
number of electrons in one cooperation length is

nec = Ipeak lc/e0c = Ipeak λ0/
(
4πe0cρ f el

)
(5.16)

We may therefore estimate the shot noise intensity of interest by combining 5.13,
5.15 and 5.16
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Fig. 5.4 Calculated shot
noise associated power as a
function of the operating
wavelength. Parameters:
ρ f el ∼ 10−3,λu = 3 cm and
Ku = 2

Isn ∼ 18e−√
3ω

ρ2
f el

Σb
γm0c2 ∼ 3 ωρ2

f elγm0c2 (5.17)

This function is proportional to the square of the ρ f el parameter, grows linearly
with the frequency and with the electron beam energy. Assuming typical values for
the main parameters (ρ f el ∼ 10−3,λu = 3 cm and K = 2) we have plotted in
Fig. 5.4 the power corresponding to the intensity 5.17 over a transverse mode area
equivalent to the electron beam transverse size.

The shot noise power scales as ∝λ
−3/2
0 . While it is simple to achieve the necessary

intensity threshold in the visible range, it becomes more and more difficult in the
VUV and in the soft X-rays. In addition, it is reasonable to request a contrast ratio of
10−102 between the seed and the background noise. Especially at short wavelengths
the seed pulse length is shorter than the electron bunch, and an additional factor has
to be considered in order to preserve the desired contrast in the spectral domain.
The seed has to be transported and matched to the electron beam size over the
undulator. These aspects are critical in the case of HHG sources [114]. The losses
transporting and matching the beam to the electrons were estimated at 50 % under
the best conditions. While harmonics generated in gas have a width of the order of
10−2, the typical gain bandwidth of a FEL is 10−3, therefore an additional order of
magnitude is lost because of the matching in the spectral domain. The seed intensity
should overcome the shot noise level by a factor ranging between 2 × 103 and (more
realistically) 104.

In Fig. 5.5 experimental data obtained with HHG sources at different laboratories,
as reported earlier in this book, in Fig. 4.3 are shown. The dashed line represents the
FEL shot-noise equivalent-energy derived from 5.17 and multiplied by the factor
104.

http://dx.doi.org/10.1007/978-3-662-47443-3_4
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Fig. 5.5 Pulse energy as a function of the wavelength for different HHG sources and gas type.
Triangles refer to Xenon: 14 mJ drive laser energy (blue), 25 mJ laser energy (red). Squares refer
to Neon: 50 mJ (blue), 130 mJ (red). Circles refer to Argon: 15 mJ (blue), 50 mJ (red). Data taken
from [115–117]. The dashed line represents the FEL shot noise equivalent energy scaled to a pulse
length of 50 fs, derived from 5.17, multiplied by the factor 104

5.3.2 HHG Seeded FEL Dynamics

While specific FEL configuration devoted to preserving the HHG attosecond pulse
structure have been proposed [118], in HHG-seeding the longitudinal profile and
spectral bandwidth of the HHG seed are modified significantly by the FEL interaction
well before saturation [119, 120]. Start-to-end simulations of the electron beam
dynamics in a single-pass FEL have been widely used to understand the dynamics of
the coupled system of electrons and fields undergoing the FEL process. In order to
analyse the amplification process of the large-bandwidth seed in the FEL amplifier,
start-to-end simulations including the process of harmonic generation in the gas jet
were done [119]. The high-order harmonic spectra have been simulated using a 3D
non-adiabatic model that includes both the single-atom response and the effect of the
propagation of the XUV field inside the gas jet, in the framework of the Strong Field
Approximation (SFA) [121]; in this model the atom is ionized via tunnelling by the
IR field, and the freed electron is then accelerated by the electric field of the driving
pulse. For a particular emission instant, the electron can be driven back to the parent
ion and can recombine with the ground state, emitting the energy in excess as a photon
in the extreme ultraviolet region or soft X-ray region [112]. Propagation effects are
extremely relevant for a correct simulation of the time structure of the harmonic
radiation. Indeed usually the single atom response is characterized by a complex
time-structure (usually few attosecond pulses for each half optical cycle), whereas
the macroscopic time structure of the XUV radiation is characterized by a single
attosecond-pulse for each optical half-cycle. The origin of this difference is related
to the phase matching mechanism operating during the propagation of the XUV field
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Fig. 5.6 Short wavelength spectrum of the simulated HHG seed field (Simulations by Sansone et
al. in [119]). Gaussian beam with a 50 μm beam waist focused 3 mm before a Neon gas-jet with
a thickness of 1 mm. The pulse duration is 30 fs (FWHM) with a peak intensity in the focus of
1014 W/cm2

inside the gas jet. In the process of high-order harmonic-generation, the electron
can follow two different paths to recombine with the parent ion. These two paths
are usually referred to as the “short” and the “long” path, as they are characterized
by different times spent by the electron in the continuum of energy states. For the
short path, this time is usually less than half the optical period, while for the long
path, this time is typically of the order of the laser period [112, 122]. The coherent
superposition of the contributions of these two paths induces the generation of two
attosecond pulses for each optical half-cycle of the driving laser field. The coherent
interference of the dipole emission of the different atoms inside the gas jet leads to
different phase-matching conditions for the two paths. The relative contribution of
the two paths to the harmonic spectra can be enhanced or reduced by changing the
relative position of the gas jet with respect to the laser focus. The phase-matching
condition in the HHG process is indeed determined by the geometric phase of the
driving pulse and by the phase accumulated by the electron wave-packet during its
motion. In particular conditions (gas jet positioned few millimeters after the laser
focus [123]), it is possible to efficiently select the contribution of the short path,
leading to the selection of only one XUV pulse for each half-cycle of the driving
IR field [124]. In another condition (gas jet before, or close to, the laser focus), the
contribution of the long paths increases and the time structure of the generated XUV
radiation is more complex. An example of the high-frequency portion of the spectrum
(20–60 nm) of the on-axis radiation is shown in Fig. 5.6.

As mentioned above, the spectrum contains the odd harmonics of the Ti:Sa res-
onant wavelength (800 nm). In [119] the FEL dynamics was studied using the code
GENESIS 1.3 [125] which relies on the slowly varying envelope approximation
(SVEA). The code is therefore not suited to describe the evolution of the wide band-
width optical field extending from the IR to the UV. For this reason the bandwidth of
the input signal is reduced by numerically filtering the seed centered at the resonant
wavelength corresponding to the 27th harmonic of the Ti:Sa (Fig. 5.6), with different
bandwidths as shown in Fig. 5.7.

Considering a FEL configuration with the parameters listed in Table 5.1, the
FEL parameter is ρ f el ∼ 10−3 and an estimate of the seed intensity necessary
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Fig. 5.7 Seed bandwidth
reduction with various
simulated filters. Al filter
data from Center for X-ray
optics Lawrence Berkeley
National Laboratory’s
Materials Sciences Division
(http://henke.lbl.gov/
optical_constants/)
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Table 5.1 Parameters of the
FEL simulation

Parameter Value Units

Beam energy 1 GeV

Peak current 1 kA

Energy spread 0.06 %

Betatron function 6 m

Undulator period 4.2 cm

Ku 2.97

Periods 58 × 8

to override the e-beam shot noise, as calculated in the previous section, is about
Isn ≈ 0.3 MW/cm2.

The seed spot size and divergence have been matched to the e-beam optical func-
tions by propagation through a drift+ lens+drift optical system, and the field evolu-
tion in the FEL amplifier has been simulated with GENESIS 1.3. The radiation power
as a function of the longitudinal coordinate in the electron beam frame (horizontal)
and position along the undulator at the coordinate z (vertical) is shown in Fig. 5.8.
The power is normalized at each z. The plots have been obtained by applying differ-
ent numerical filters, as shown in Fig. 5.7, to the input seed. The input seed energies,
2.5 nJ at 10 nm, 1 nJ at 2 nm and 0.5 nJ at 0.1 nm have been chosen in order for the
energy in a bandwidth 2ρ f el , to be roughly the same (0.5 nJ) in the three cases.

The fine structure present in the case where the seed is filtered with 10 nm band-
width, is wiped out by the small bandwidth of the FEL. The different filtering affects
the pulse shape only before saturation, which occurs at about 15 m in all cases. There-
after the pulse enters the superradiant regime where the pulse length is related to the
peak power and becomes the same in all cases. The input seed intensity is 15MW/cm2

at 10 nm, 8.5 MW/cm2 at 2 nm, and 4 MW/cm2 at 0.1 nm, always much larger than
I0. In Fig. 5.9, the simulation corresponding to 0.1 nm has been repeated with input

http://henke.lbl.gov/optical_constants/
http://henke.lbl.gov/optical_constants/
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Fig. 5.8 Normalized longitudinal profile of the radiation power as a function of the longitudinal
coordinate in the electron beam frame (ζ) as it evolves along the undulator (coordinate z). The input
seed has been filtered with different band pass filters (low right corner), as shown in Fig. 5.7

Fig. 5.9 Same as in Fig. 5.8 (with 0.1 nm BW) approximately at the threshold I0 (left), and below
threshold (right)
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energies 0.05 and 0.01 nJ, corresponding to intensities close to the threshold Isn .
In these cases SASE spikes are clearly visible at the beginning. In the 0.01 nJ seed
energy case, a structure in the pulse with loss of longitudinal coherence is present
and SASE spikes compete with the seeded signal until saturation.

5.4 Coupling the Seed Source to the FEL

5.4.1 HHG Chamber Design for FEL Seeding

The implementation of HHG seeding in FELs usually involves the use of several
chambers to separate the region hosting the gas interaction region, from the high
vacuum required by the accelerator [126]. First, the HHG seeding chamber with its
associated laser, in general located inside the accelerator tunnel is equipped with a gas
cell or jet. The choice of the gas is determined by the required HHG wavelength (Xe
in the case of the SCSS Test Accelerator, for example). A second chamber handles
the transverse focus of the seed in the first undulator (Fig. 5.10). Finally an injection
chamber, contains a set of steering mirrors located in a magnetic chicane or dogleg
of the accelerator. The laser generating the harmonic can be located either outside
the accelerator tunnel (as in the SCSS Test Accelerator) or inside it (as in the SPARC
case). The first approach imposes remote control of several elements. Intensity losses
on the HHG transport should be minimized to keep the seed level sufficiently above
the shot noise. The infra-red laser that generates HHG is eliminated by the narrow
spectral bandwidth of the HHG transport mirrors, by plates at Brewster angle, or
simply by the gain bandwidth of the FEL itself. At 60 nm the optimized design [103]
implied a SiC harmonic-separator mirror, set at the Brewster angle (69◦), for the Ti:Sa

Fig. 5.10 CATIA software 3D drawing view of the mirror chamber used first at SCSS Test Accel-
erator HHG seeding for spectral selection and transverse beam shaping, comporting two spherical
mirrors and a first periscope mirror



5 Seeding Free Electron Lasers with High Order Harmonics Generated in Gas 97

pump laser. By introducing a pair of Pt-coated, nearly-normal-incidence mirrors, both
the collimation and the focusing of the HHG radiation were achieved. The sFLASH
seed laser system produces 800 nm, 30 mJ adjustable pulse length (down to 30 fs).
It is connected to the accelerator tunnel by a 7 m long tube. The first undulator is
located 5 m after the point of injection into the tunnel.

Offline metrology of high-order harmonics for free-electron laser seeding has
been carried out in detail [127]. Online diagnostics characterizing the HHG in terms
of spectrum, energy, beam position and shape, consists typically of spectrometer
[128], photodiodes and microchannel plates.

5.4.2 Spectral Tuning, Tuneability, Polarisation Matching,
Optical Transport and Synchronization

Spectral tuning between the HHG seed and the undulator resonance should of course
be properly performed. The undulator gap is adjusted for the radiation to be reso-
nant with the HHG seed. To tune a seeded FEL, one may change either the laser
wavelength that generates the HHG, or use few cycle HHG leading to broad band
HHG radiation [129, 130], coupled with an undulator gap change. The electric field
of the seed should properly match to that of the undulator radiation. For the usual
case of a linear undulator, the polarisation of the seed should be aligned accord-
ingly, and this imposes some constraints on the angles of the HHG optical transport.
When a helical undulator is used, circularly polarized HHG could also be employed
[131, 132], otherwise circulary polarized FEL radiation may be more easily gener-
ated by injecting the pre-modulated beam into a circularly-polarized undulator.

For the HHG transport, a typical value of M2 of 3.5 can be considered at 60 nm.
Mirror choices result from the targeted HHG wavelength, as for example CaF2 for
160 nm, SiC for 60 nm. Filter such as Al, Sn insure an additional spectral selection.

The sub-picosecond synchronization between the electron beam and the seed
pulse is achieved by locking the oscillator of the laser generating the harmonics to
the highly stable clock of the accelerator. The timing can be first adjusted with a few ps
resolution using a fast photodiode or a streak camera (such as Hamamatsu Photonics
FESCA-200-C6138), detecting the 800 nm laser light and the OTR emission from the
electron beam. An optical delay line on the IR laser path allows for a fine adjustment
of the synchronization. Depending on the electron bunch length, synchronization can
be critical, and significantly affect the performances of the seeded FEL. At SCSS
Test Accelerator seeding, a feedback on the timing has been implemented with an
electro-optical crystal, enabling a significant improvement of the synchronization
stability [133].
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5.5 Achievements with HHG Seeding

HHG seeding as been carried out at several facilities. The first demonstration was
obtained at SCSS Test Accelerator at 160 nm [102] and at 60 nm [103] with an
upgraded HHG apparatus, at SPARC [105] with the demonstration of a cascaded
configuration and at 30 nm, at S-FLASH [104, 134].

5.5.1 Direct Seeding Mode

In the first demonstration of HHG seeding index HHG seeding [102], the 160-nm
HHG seed was strongly amplified in the first 4.5 m of the undulator at the SCSS
test accelerator facility, resulting in three orders of magnitude higher intensity of
the output pulse than in unseeded conditions. The saturation length was reduced
by a factor of 2 and the fundamental wavelength was accompanied by the Non
Linear Harmonics (NLH) at 54 and 32 nm. Figure 5.11 compares the single-shot
spectra of the seed, the SASE and the seeded FEL with one (a) or two (b) undulator
segments at 160 nm. A clear amplification occurs with seeding and even at low seed
energy (0.53 nJ per pulse). With one undulator segment, the HHG seeded FEL is
500 times more intense than the seed and 2600 times more than the non-saturated
SASE. Its pulse energy is 0.34 J. The amplification factor agrees with GENESIS
[125] or PERSEO [135] simulations. The HHG broadband seed (FWHM relative
spectral width: 0.54 % for 0.53 nJ, 0.75 % for 4.3 nJ) properly suits the FEL spectral
gain (0.88 %). With the HHG seed, the spectra do not exhibit the random spikes
characteristic of SASE emission and reflect instead the seed Gaussian-like shape,
with a spectral narrowing (from 0.54 to 0.46 % (0.53 nJ seed) and 0.75–0.44 % (4.3 nJ
seed)) as expected from theory. The seeded emission is red-shifted with respect to
the SASE one, probably because of a change of the FEL resonance condition due to
an energy loss of the electrons and/or to a possible chirp in the beam energy. The
red-shift is larger with two undulator segments.

The influence of the seed level [136] for this first demonstration experiment is
illustrated in Fig. 5.12. Amplification is observed when the seed energy is larger than
1.4 pJ, but the spiky SASE structure in the spectrum is suppressed only when the seed
energy is about one order of magnitude larger (8.8 pJ). To this energy corresponds
a seed peak power, which is about one order of magnitude larger than the shot
noise. The power evolution from GENESIS and PERSEO simulations (gain length
of 0.43 m) well agrees with the experimental data (gain length of 0.65 m).

Figure 5.13 shows that light up to the seventh harmonic of the FEL resonance
can be measured while in presence of the seed. The seventh harmonic could not
be detected when the FEL amplifier was operated with no seed, in SASE mode. A
significant increase of the non linear harmonics signal, as compared to the unseeded
case, was also observed at the third and fifth harmonics, which were amplified by
factors 312 and 47 for the third (0.3 nJ at 53.55 nm) and for the fifth (12 pJ at 32.1 nm)
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Fig. 5.11 First HHG seeding at SCSS Test Accelerator. HHG seeding at the fundamental wave-
length 160 nm: a Seed: 4.3 nJ, one undulator b Seed: 0.53 nJ, one undulator, c Seed: 4.3 nJ, two undu-
lators. Experimental conditions: Ti:Sapphire laser (800 nm, 20 mJ, 100 fs FWHM, 10 Hz) loosely-
focused geometry (7 m lens) on a 9 mm-long xenon gas cell, generating 3rd–21st odd harmonics.
The 5th harmonic occurs at 160 nm, with 1 μJ per pulse, 50 fs (FWHM) duration. SCSS test accel-
erator (150 MeV, 0.35 nC, 1 ps FWHM, 10 Hz) consists of a 500 kV pulsed DC electron gun (CeB6
thermionic cathode), S-band (2.856 MHz) and C-band (5.712 MHz) acceleration sections. Two 4.5 m
long in-vacuum undulator sections at 3 mm gap: period 15 mm, tuned at 160 nm, separated by 1.5 m
drift space. Detection after a Au coated SiO2 flat mirror (85 angle of incidence) into a Shimatsu
Corp dispersive spectrometer vertical and horizontal slits followed by a concave laminar grating
(Au coating, concave laminar grating of N = 2,400 lines/mm) equipped with a high sensitivity
back-illuminated CCD camera (Princeton Instruments PI*SX 400)

respectively. Spectral narrowing was also observed at the harmonics (from 2.66 to
0.84 % for the third harmonic and 2.54–1.1 % for the fifth harmonic) [137].

The next significant step was achieved by seeding the FEL amplifier at higher
order harmonics, i.e. the thirteenth harmonic generated in a Xe gas cell at 60 nm
[103]. A new set-up of the HHG chamber was been installed at the SCSS Test
Accelerator operating at 250 MeV, with improved diagnostics of the HHG radiation
before injection. The energy-per-pulse injected was 2 nJ, corresponding to 40 kW
(50 fs pulse duration). The seeded FEL exhibited a sharp increase in the spectral
intensity for several shots, with a typical hit rate of 0.3 %, resulting from the timing
jitter between the seeding laser pulse and the electron bunch. The pulse energy of
the seeded FEL (1.3μJ), is twice as large as in SASE mode (0.7μJ) and 650 times
larger than the HHG seed (2 nJ). The spectrum of the seeded radiation is blue-shifted
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Fig. 5.12 SCSS Test Accelerator FEL power versus 160 nm HHG seed level intensity and associated
spectra (inset): Bars peak-to-valley range of experimental values obtained for five consecutive shots.
Full line Analytical calculation, 0.65 m gain length. Dashed line GENESIS simulation with a relative
energy spread of 0.04 %, a peak current of 123 A, a normalised emittance of 0.83πmm mrad

Fig. 5.13 Non Linear harmonics of SCSS Test Accelerator FEL seed with HHG at 60 nm a fifth
to seventh harmonic image of the spectrometer. Comparison of SASE and seeded FEL harmonics
of third order (b) and fifth one (c)

compared to that of the HHG seed by about 0.3 nm. Thanks to the temporal feedback
provided by an electro-optical measurement [133], the hit rate was improved by two
orders of magnitude, reaching 24 %. This HHG seeded FEL was also made available
for user operation. Further improvements and extensions are expected in the next
future with the move of SCSS Test Accelerator to the SACLA site, the upgrade
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of the accelerator enabling the FEL to operate down to 3 nm at a beam energy of
1.4 GeV. The plan is to perform HHG seeding, and then possibly to combine it with
HGHG.

Direct seeding at even shorter wavelengths was attempted at FLASH [104]. The
seed wavelength was 38 nm, the 21st harmonic of the 800 nm Ti:Sa laser, generated
by injecting up to 50 mJ of infrared light in a gas filled capillary. The VUV light,
with a pulse energy of about 2 nJ, was either sent to the accelerator or to in-tunnel
diagnostic system. A proof of the interaction and amplification of the seed, coupled
to the electron bunch, was clearly obtained. This is the shortest wavelength where
harmonics generated in gas have been amplified in a single-pass FEL [134].

5.5.2 Cascaded FEL Configuration

The cascaded scheme was proposed with the goal of increasing the frequency up-
conversion of seeded FELs. An efficient electron-beam modulation, when typical
energy per pulse is as in Fig. 5.5, can be reached only after some amplification in the
FEL modulator. This experiment was done for the first time at SPARC [105], where
the dependence of the FEL performances on the length of the modulator was studied.
The SPARC FEL amplifier [38, 138] is driven by a high brightness accelerator
providing energies between 80 and 180 MeV and an undulator composed by six
variable gap, modules. The flexibility offered by the variable gap configuration of
the SPARC undulator (see Fig. 5.14) and the natural synchronization of the electron
beam with the laser driving the photo-injector, made the SPARC layout particularly
suited for a number of experiments, where the FEL amplifier was seeded by an
external laser source [88, 139].

The main component of the seed generation system is a regenerative ampli-
fier (LEGEND HFE, Coherent Inc.), seeded by the same oscillator driving the

Fig. 5.14 View of the
sequence of undulators of the
SPARC amplifier
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Fig. 5.15 Harmonic generation chamber realized at CEA

photocathode amplifier. This solution ensured sufficient synchronization between
the seed laser and the electron bunch. The laser delivered up to 2.5 mJ at 800 nm
with a pulse duration of about 120 fs. The laser was focused by a 2 m focal length
lens to an in-vacuum cell, where a valve synchronized to the 10 Hz timing system
of SPARC, injected argon gas at 15 bar. The gas interaction chamber was designed
and built at CEA [140] for the specific purpose of this experiment. The generation
chamber and the injection system are shown in Fig. 5.15:

The laser enters from the left side in chamber (A), where the gas cell is located.
The cell is directly connected to the accelerator transfer line through chambers (B)
and (C), therefore a differential vacuum pumping system is required. This is the main
motivation of chamber (B) where irises and additional pumping enabled to reduce
the background pressure from 10−4 mbar in (A) to 10−8 mbar in (C). Chamber (C)
on the right hosts two spherical mirrors used to match the seed beam to the electron
beam size in the center of the undulator. The UV pulse was injected into the SPARC
undulator by means of a periscope; a magnetic chicane deflected the e-beam from its
straight path. High-order odd harmonics of the Ti:Sa laser may be generated at the
wavelengths 266, 160, 114 nm and lower, but the available electron beam energy was
only compatible with 266 and 160 nm. The latter wavelength was used for a “direct
seeding” FEL amplifier experiment, reproducing the situation previously studied at
the SCSS Test Accelerator. At the longer seed wavelength, the gap tuning of the
undulators permitted to set the resonance both at 266 nm and at its second harmonic.
The six undulators could be independently tuned at the seed wavelength, operating as
modulators, or at its second harmonic, 133 nm, as radiators of a frequency-doubling
cascade. The total number of six radiators was unchanged in order to keep the same
geometry for the radiation collection at the end of the undulator line, where the
diagnostic, consisting of an in-vacuum spectrometer [128], was installed. The seed
energy per pulse was limited to about 50 nJ and was amplified by the FEL process
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Fig. 5.16 Spectrum of the signal from the FEL amplifier at SPARC

in the first part of the undulator. The experiment was done with an electron beam
energy of 176 MeV and with a modest peak current of about 50–70 A.

The higher output energy of 1 mJ at 133 nm was obtained with four undulators
as modulators and two undulators as radiators at 133 nm, corresponding to magnetic
length of about 8.4 m for the modulator and 4.2 m for the radiator. The estimated
gain length in the modulator was about 1.1 m, sufficient to increase the input seed to
a level close to FEL saturation. A typical spectrum, obtained in single-shot mode in
this configuration, is shown in Fig. 5.16.

This experiment demonstrated the feasibility of a cascaded FEL configuration
seeded by harmonics generated in gas, where the modulator operated in high gain
conditions. Up to ∼4×1012 photons at 133 nm were produced in “single” line spectra
with a spectral width lower than 0.2 %; the typical SASE spikes were suppressed.

5.6 Conclusion

A FEL amplifier seeded by HHG enables the possibility of reaching VUV wave-
lengths in a direct seeding configuration. With sufficient seed energy, a single stage
cascade initiated at VUV wavelength would also permit reaching the carbon-K edge
and the water-window spectral region with singly peaked spectral and temporal dis-
tribution and with the pulse synchronization properties typical of the solid-state laser
source generating the seed. Such a FEL would be competitive with FELs based on
the double stage cascade and fresh bunch injection technique, such as FERMI FEL-2
[97], by reducing the fluctuations generated by the FEL in a multiple-stage cascade
and by allowing for a greater electron bunch compression and higher peak current.
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The latter is one of the limiting factors when the stages of a multiple stage FEL
have to operate all with the same electron bunch. This configuration, with a proper
handling of the jitter and of the intensity fluctuations, would be of great interest
for pump-probe experiments in the soft X-rays, e.g. to extrapolate at shorter wave-
lengths the seeding technique used at FERMI, where the FEL-1 single stage has
been driven by two independent pulses to study the time-evolution of the diffraction
pattern produced by a titanium-grating, in a typical pump-probe experiment [141].
HHG seeding can also be considered on laser-wakefield-acceleration based FELs
[142], where so far only undulator spontaneous emission has been observed [143,
144]. Besides strong quadrupoles located very close to the electron source [145] to
handle the large divergence of these beams, electron beam manipulation by chicane
decompression [146] or by the use of transverse gradient undulator [147] suggest that
significant amplification with the present LWFA performance has become possible.
This will be tested in the LUNEX5 project [148]. Multiple-wavelength seeding, such
as in the Triple Modulator Chicane [93], are also promising techniques. The main
present limitation of HHG as a seed for FEL amplifiers lies in the level of the seed
intensity relative to the FEL shot noise. Improvement of the efficiency of the HHG
[149] are of great interest, and further advances in seeding FELs by HHG will clearly
benefit from the progresses of the HHG sources themselves.
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Chapter 6
Temporal Characterization of Ultrashort
Extreme-Ultraviolet and Soft X-ray Pulses

Michele Devetta, Matteo Negro, Salvatore Stagira and Caterina Vozzi

Abstract The impressive technological advances in the generation of ultrashort
XUV and soft X-ray light pulses have triggered the quest for novel techniques, able
to characterize these pulses in the temporal domain. In this chapter we will present
and discuss the most important methods for temporal pulse characterization, with
particular emphasis on attosecond pulses generated by high-order harmonics and on
femtosecond soft X-ray pulses emitted by free electron lasers.

6.1 Measurement of Attosecond Pulses

The development of novel experimental techniques for the temporal characterization
of sub-femtosecond XUV pulses generated by high-order harmonics, represented a
breakthrough in attosecond science. Two general methods have been proposed and
demonstrated so far. The first one is a cross-correlation method, very similar to the
standard streak camera approach widely used for the measurement of much longer
pulses. The second technique exploits non linear effects induced by the attosecond
pulses. In the following we will review several aspects of these two approaches.
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6.1.1 The Attosecond Streak Camera

In order to obtain the full temporal characterization of attosecond bursts it is possible
to followa cross-correlation approach: the so-called “streak camera”method. Indeed,
all the application of isolated attosecond pulses proposed and demonstrated so far
are based on this approach. In this kind of measurements the attosecond pulse ionizes
a target gas by single photon absorption, generating an electron wave-packet. If the
process happens away from any atomic resonance, the electron wave packet is a
perfect replica of the attosecond light pulse. A non-stationary filter is required to
access the temporal properties of the attosecond pulse [1]. This can be realized if
the ionization process triggered by the attosecond burst happens in the presence of a
streaking IR pulse, which acts as an ultrafast phase modulator on the electron wave
packet. A simple sketch of this kind of measurement is depicted in Fig. 6.1a. It is
possible to demonstrate that the sequence of photo-ionization spectra as a function of
the delay τ between the attosecond and the IR pulses contains enough information
for the complete reconstruction of the temporal amplitude and phase of both the
attosecond pulse and the streaking IR pulse at the same time. This technique is known
as Frequency-Resolved Optical Gating for Complete Reconstruction of Attosecond
Bursts (FROG-CRAB) [2]. For the description of the photo-ionization process by
the attosecond pulse, the photo-electron spectrum is given by |av|2, where av is the
transition amplitude between the atomic ground state and a state in the continuum
with momentum v. This amplitude can be described in the framework of first order
perturbation theory as (in atomic units):

av = −i
∫ ∞

−∞
dt dv EX (t) ei(W+IP )t (6.1)

In this expression, EX (t) is the electric field of the attosecond pulse, dv is the dipole
matrix element between the ground state and the continuum, W is the final kinetic
energy of the electron and IP is the ionization potential of the atom. Equation (6.1)
highlights the close relation between the photo-electron wave-packet and the elec-
tric field of the attosecond pulse in absence of atomic resonances [3]. As already
mentioned, for the temporal reconstruction of the attosecond electron wave-packet
it is necessary to acquire the photo-electron spectra in presence of an external low-
frequency field. The latter acts as a phase gate in the measurement. It is possible to
derive the expression of the transition amplitude av in these conditions, by solving
the Schroedinger equation for an atom in a classical electromagnetic field under cer-
tain approximations, namely (a) Single Active Electron approximation (SAE)—the
atom is considered hydrogen-like and multiple ionization is neglected; (b) Strong
Field Approximation (SFA)—the electron in the continuum is influenced only by the
external electric field, the influence of the parent ion Coulomb potential is neglected;
(c) only ground state and continuum states are considered—no influence of the
atomic bound states is considered. With these approximations, the expression for av
reads [2, 4]:
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av(τ ) = −i
∫ ∞

−∞
dteiφ(t)dp(t)EX (t − τ ) ei(W+IP )t (6.2)

where τ is the delay between the attosecond and the IR pulse, p(t) = v + A(t) is the
instantaneous kinetic momentum, A(t) is the vector potential of the IR pulse, dp(t)
is the dipole matrix element between the ground state and the continuum state with
momentum p(t) and φ(t) is the phase modulation due to the external IR pulse. The
latter is imposed to the electron wave-packet during the ionization process and can
be written as follows:

φ(t) =
∫ ∞

−t
dt ′ [ v · A(t ′) + A2(t ′)/2 ]. (6.3)

For deriving the expression of the phase modulation, one can assume a linearly
polarized IR pulse, whose electric field has the form EIR = E0(t) cos(ωIRt) and
whose temporal duration is long enough to assume the Slowly Varying Envelope
approximation (SVEA). With these assumptions, the phase modulation φ(t) reads as
the sum of three contributions [2]:

φ1(t) =
∫ ∞

−t
dt ′ Up(t

′) (6.4)

φ2(t) =
√
8WUp

ωIR
cos θ cos(ωIRt) (6.5)

φ3(t) = − Up

2ωIR
sin(2ωIRt). (6.6)

HereUP = E2
0(t)/(4ω

2
IR) is the ponderomotive energy and θ is the angle between the

electron velocity v and the polarization direction of the IR field. From the equations
above, it appears that the phase modulation has two oscillating components: φ2(t)
and φ3(t) at frequency ωIR and 2ωIR respectively. Considering that often W � UP ,
the phase term φ2(t) is the leading one for all the observation angles θ, but θ ≈ π/2.
The maximum energy shift of the measured photo-electron spectrum due to IR field,
is given by the maximum value of |∂φ/∂t | [3]. Thus the expression (6.5) allows
to identify the requirements on the phase modulation for the characterization of
the electron wave-packet, leading to the correct reconstruction of the attosecond
pulse: the phase modulation should be fast enough and the bandwidth of the phase
modulation should be a large fraction of the bandwidth of the attosecond pulse to
be characterized. In Fig. 6.1b it is shown an example of CRAB trace: a sequence
of photo-ionization spectra calculated as a function of the delay τ between the
attosecond pulse and the IR streaking pulse. The photo-electron spectra have been
calculated for photo-ionization by a 300-as chirped XUV pulse (transform limited
pulse duration: 100as) in the presence of a 5-fs 750-nm streaking pulse. In this
calculation, the photoelectron spectra are detected around θ ≈ 0◦. The trace
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Fig. 6.1 a Simple scheme of the attosecond streaking experiment. b CRAB trace calculated for
photo-ionization by a chirped attosecond pulse (transform-limited pulse duration: 100as, actual
pulse duration: 300as)

oscillations correspond to the oscillation of the vector potential A(t) of the streaking
IR pulse.

In Frequency Resolved Optical Gating (FROG), a standard cross-correlation
method for the complete characterization of ultrashort pulses in the femtosecond
domain, a gate pulse is used to temporally “sample” the electric field of the pulse
to be characterized through a nonlinear optical interaction [5]. The FROG trace is
given by

S(ω, t) =
∣∣∣∣
∫ ∞

∞
dt G(t) E(t − τ ) eiωt

∣∣∣∣
2

(6.7)

and it corresponds to the sequence of temporal slices acquired as a function of the
delay τ between the electric field E(t) and the gate pulse G(t) during the sampling
process.

The similarity between FROG-CRAB and FROG appears now clearly by com-
paring (6.2) and (6.7): the sequence of photoelectron spectra |av|2 is exactly like a
FROGspectrogram inwhich the gate is the phase gateG(t) = eiφ(t). From theCRAB
trace it is then possible to retrieve the amplitude and phase of the attosecond XUV
pulse by applying an iterative algorithm, like the Principal Component Generalized
Projection Algorithm (PCGPA) [6].

6.1.2 Semiclassical Model for Attosecond Streaking

A physical picture of streaking-like attosecond measurements and attosecond pulse
characterization can be gained with a simple semiclassical model for atomic photo-
ionization. Since the central frequency of the attosecond pulse ωXUV is very different
from the one of the streaking IR pulse ωIR, photo-ionization can be depicted as a
two-step process [7]. During the photo-ionization process driven by the attosecond
pulse, an electron is freed by the parent ion and it is promoted in a continuum state
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Fig. 6.2 Sketch of the
semiclassical interpretation
for attosecond streaking:
dashed curve is the
photo-electron velocity
distribution without the
streaking IR field; solid
curve shows how the velocity
distribution is affected by the
streaking IR field x

y

V0

Vf

A(t )i

at the time ti with an initial velocity v0 and a corresponding initial kinetic energy
W0 = v20/2 = ωXUV − IP . In the standard conditionsUp � ωIR and ωXUV � Ip, the
motion of the electron in the external streaking field EIR(t) = E0(t) cos (ωIRt + ψ)
can be calculated by classical mechanics and the velocity of the electron as a function
of time turns out to be

v(t) = −A(t) + [v0 + A(ti )]. (6.8)

The first contribution to the electron velocity corresponds to the fast quiver motion
of the electron in the streaking field and it vanishes when the IR pulse is gone-by.
Thus the final drift velocity of the electron reads v f = v0+A(ti ) and it is proportional
to the vector potential of the streaking field at the time of ionization. To visualize the
influence of the streaking field on the electron velocity Fig. 6.2 shows the electron
velocity distribution in the xy plane perpendicular to the propagation direction of
the XUV and IR pulses: the dashed curve corresponds to the velocity distribution
without the streaking field, which is a circle centered on 0 with radius |v0|. The effect
of the streaking field results in the shift of the electron velocity distribution by A(ti ):
considering a linearly polarized streaking field this shift occurs in a direction parallel
to the IR electric field and the distribution moves back and forth as a function of the
ionization time ti , as sketched in Fig. 6.2, solid curve. In these conditions the electron
drift kinetic energy is given by:

W = W0 + 2Up cos(2θ) sin
2 φi ± α(8W0Up)

1/2 cos θ sin φi , (6.9)

where UP is the ponderomotive energy at ti , φi = ωIRti + ψ and α = {1 −
(2 Up/W0) sin2 θ sin2 φi }1/2. Equation (6.9) shows the role of the observation angle
θ on the measured electron velocity: the strongest modulation can be observed for
θ = 0◦, with the drift kinetic energy W oscillating around W0 as a function of
the ionization time through the phase φi . It is worth noting that this semiclassical
model properly describes the process only if the attosecond electron wave-packet
is shorter than one half-optical-cycle of the IR field. Otherwise, electrons emit-
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Fig. 6.3 a Scheme of the RABBITmeasurement. bExample of a sequence of photoelectron spectra
acquired in a RABBIT experiment. Figure adapted from [10]

ted at different times are mapped onto the same energy and quantum interference
effects have to be taken into account. In this semiclassical picture, it is very clear
how the depicted mechanism shows a close connection with the well-established
streak-camera approach for the measurement of visible pulses in the picosecond
time domain. Here the temporal information is encoded in the energy distribution of
the photo-electron wave-packet, while in a standard streak camera measurement the
pulse temporal profile is mapped into the spatial distribution of electrons.

6.1.3 RABBIT: Measurement of Attosecond Pulse Trains

It is worth noting that the approach described so far can be applied also for the
characterization of attosecond pulse trains. In this case, the FROG-CRAB technique
represents a generalization of the Reconstruction of Attosecond Beating By Interfer-
ence of Two-photons transitions (RABBIT) method [8, 9]. The RABBIT technique
relies on the measurement of photoelectron energy distribution generated in the ion-
ization process of a noble gas driven by the superposition of as pulse train and the
fundamental streaking IR field. In such an experiment, sidebands appear in between
photoelectron peaks corresponding to adjacent harmonics. The intensity of these
sideband peaks is modulated as a function of the delay between the XUV and IR
pulse. From the amplitude of this modulation the phase relation between adjacent
harmonics can be retrieved. A sketch of this measurement technique is depicted in
Fig. 6.3 with a sample of a RABBIT trace. With respect to the FROG-CRAB, the
RABBIT does not allow to reconstruct the full temporal profile of the attosecond
pulse train because it does not exploit the full information of the photoelectron spec-
tra.
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Bymeans of RABBIT technique, the first observation of an attosecond pulse train
was achieved in 2001 by Paul et al. [8]. In that experiment, the harmonic spectrum
containing harmonics up to the 19th were focused on an argon gas jet together
with a fraction of the fundamental 800-nm beam. The analysis of the sidebands
in the photoelectron spectra allowed to retrieve the phase between the harmonics.
By measuring the relative harmonic intensity it was possible to characterize the
average intensity profile of the attosecond pulse train corresponding to a sequence
of 250-as pulses spaced by half of the optical cycle of the fundamental driving field.
Subsequently, a train of 170-as pulses has been generated by amplitude and phase
control of harmonics generated in argon and has been characterized by means of
RABBIT approach by Lopez-Martens et al. in 2005 [11]. More recently the same
technique was exploited by Gustafsson et al. for the characterization of a train of as
pulses as short as 130as generated in neon [12]. In this case the intrinsic chirp of
the attosecond pulse related to the quasi-linear variation of the harmonic emission
time as a function of the harmonic frequency [13] was compensated by the negative
group-delay dispersion associated to propagation through a Zr filter following the
approach proposed by Kim et al. [14].

6.1.4 Isolated Attosecond Pulse Characterization:
Experimental Results

The streak camera approach was applied for the first time in 2001 by Hentschel et al.
[15], who reported the measurement of an isolated attosecond pulse generated by
spectral selection in the cutoff region of the harmonic emission generated in neon
by a 7-fs driving pulse. In this experiment the central portion of the fundamental
IR beam was blocked by a Zr filter and the transmitted XUV beam was focused
together with the remaining annular part of the IR beam onto a krypton target by a
concentric piezo-controlled double mirror which acted as a delay stage. The spectral
selection of the cutoff region was performed exploiting the inner part of the con-
centric double mirror, consisting of a Mo/Si multilayer [16]. The out-coming XUV
pulse spanned a bandwidth of ≈5eV around 90eV. From the measurement of the
delay-dependent photoelectron spectral width, a pulse duration of 650 ± 150as has
been measured. The same experimental approach has allowed in 2004 to measure
isolated attosecond pulses as short as 250as [17]. In 2006 Sansone et al. provided
the first demonstration of the FROG-CRAB technique for the complete characteri-
zation of an isolated attosecond pulse [18]. In this experiment, the attosecond pulse
generation was achieved by means of the polarization gating technique applied to
few-cycle IR pulses with stable carrier-envelope phase. A sketch of the experimental
setup is shown in Fig. 6.4a: the driving beam for HHGwas separated from the streak-
ing beam by a drilled mirror, the inner part was transmitted by birefringent plates in
order to obtain the proper polarization state for gating the harmonic emission. Har-
monics were generated in an argon cell and were transmitted through an Al filter for
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(a)

(b) (c)

Fig. 6.4 a Experimental setup for the generation and measurement of attosecond pulses, here the
isolated attosecond pulse is generated by polarization gating technique. M1, M2 spherical mirrors,
M3, M4 drilled mirrors, TOF time of flight electron spectrometer. b Experimental FROG-CRAB
trace; the attosecond pulse and the streaking field come from a 5-fs 800-nm phase-stabilized pulses
with modulated polarization state. c Reconstruction by PCGPA algorithm of temporal intensity
profile and phase of the attosecond pulse from the trace shown in (b). Figure adapted from [18]

removing the fundamental IR beam and for dispersion compensation of the intrin-
sic harmonic chirp. The XUV beam was collinearly recombined with the annular
streaking beam in a second drilled mirror. The two beams were focused on a second
argon jet for the photo-ionization measurement and the delay was controlled by a
piezoelectric translation stage with 1nm resolution. Photoelectrons were acquired
with an acceptance angle of ±2◦ around θ = 0◦, with θ being the angle between the
electron momentum and the driving filed polarization direction. The measurement
is shown in Fig. 6.4b: as described in Sect. 6.1.2 the vector potential of the streaking
pulse produces the periodic oscillation observable in the CRAB trace. The temporal
characterization of the attosecond pulse was extracted using the PCGPA: a pulse
duration of 130as corresponding to 1.2 optical cycle of the carrier frequency was
measured as shown in Fig. 6.4c. In 2008 the FROG-CRAB technique was exploited
for the measurement of isolated attosecond pulses obtained by spectral selection of
theHHGcutoff region. In this case theXUVspectrumwas generated by sub 1.5-cycle
800-nm laser pulses and it allowed the production of 80 ± 5as isolated pulses [19].
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6.1.5 XUV Non-linear Optics

An approach widely followed for the characterization of femtosecond visible or
near-infrared pulses is based on nonlinear effects: for instance intensity or interfero-
metric autocorrelation is measured by using second-harmonic generation in nonlin-
ear crystals. Both the most widespread techniques for the complete reconstruction
of the laser pulses, FROG [5] and spectral interferometry for direct electric-field
reconstruction (SPIDER) [20], are based on nonlinear effects in suitable crystals.
However the extension of these methods to attosecond metrology presents some
difficulties. The low photon yield of the currently available attosecond sources and
the low nonlinear cross-section in the XUV have prevented the application of non-
linear optics in this spectral region so far. Nonlinear processes induced by XUV
attosecond pulses unavoidably lead to ionization in the multi-photon regime due to
the high photon energy. This is because the XUV field intensity usually does not
exceed 1014 W/cm2, which corresponds to a Keldish parameter calculated for argon
of γ � 31 [21]. The photoelectron yield Y (2) for a second-order process, considering
an interaction volume V with an atomic density na is given by: Y (2) = σ(2)F2τna V .
Here σ(2) represents the two-photon cross-section, which is of the order of 10−49 to
10−52 cm4 s for excess energies ranging from zero to the ionization energy [22], F
is the photon flux and τ is the pulse duration. Indeed from this expression it is clear
how the XUV field intensity should exceed 108W/cm2 in order to have a measur-
able two-photon ionization yield. This explains why the observation of two-photon
processes driven by attosecond pulses in the XUV spectral range is a quite critical
experimental issue [23].

Nevertheless a number of nonlinear processes have been exploited so far to mea-
sure the duration of ultrashort XUVpulses: (i) two-photon above threshold ionization
(ATI); (ii) two-photon absorption in atoms; (iii) two-photon double ionization; (iv)
Coulomb explosion of diatomicmolecules via two-photon double ionization. In 2004
the temporal characterization of the ninth harmonic of 400-nm sub-10-fs driving
pulses was obtained by Sekikawa et al. by means of the autocorrelation technique,
based on two-photon above-threshold ionization of helium [24, 25].

As shown in the level diagram of Fig. 6.5, the photon energy of the ninth harmonic
(27.9eV) is higher than the firstHe ionization threshold,while two-photon absorption
is below the double ionization threshold. In the process of two-photon ATI a second
photon is absorbed in addition to the one required for ionization of the helium atom.
In the experiment of Sekikawa et al. two delayed replica of the driving pulse at 400nm
were focused with no spatial overlap into an argon gas jet for high-order harmonic
generation. The generated ninth harmonic, spectral filtered by an aluminum foil in
order to eliminate the fundamental and low-order harmonics, was focused into an
helium gas jet by an Sc/Si multilayer spherical mirror (2nJ harmonic pulse energy
on target). The resulting photoelectrons were collected and resolved in energy by
a magnetic bottle photoelectron spectrometer. The number of photoelectrons with
energy corresponding to the two-photonATIpeak (at 31.2eV),measured as a function
of the time delay between the two ninth-harmonic pulses, yielded an autocorrelation
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Fig. 6.5 Sketch of
two-photon above-threshold
ionization process in helium

He
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photoelectron
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trace,which showed aminimumpulse duration of 950 ± 90as. In a recent experiment
the ninth harmonic pulses at 27.9eV have been fully characterized in the temporal
domain, i.e. in amplitude and phase, by using FROG based on two-photon ATI in He
[26]. The measured shortest pulse duration was 860as with a flat phase.

Two-photon absorption (TPA) ionization of helium induced by high-order har-
monics of a Ti:sapphire laser was firstly observed by Kobayashi et al. in 1998 [27].
Upon acquiring the He+ yield induced by two-photon absorption they were able to
obtain the autocorrelation trace of the ninth harmonic, which showed a pulse dura-
tion of 27 fs. In 2003 the exploitation of the same nonlinear process allowed the first
demonstration of an autocorrelation measurement of a train of attosecond pulses,
reported by Tzallas et al. [28]. In this experiment, the harmonics from seventh to
fifteenth were generated in a xenon jet and transmitted through an indium filter and
then injected into a volume autocorrelator. The XUV beam was divided in two parts
by means of a split spherical mirror, which focused the two beams in a helium gas
jet and allowed to tune the delay τ between the two pulse replica. The He+ yield
induced by TPA was measured as a function of τ by a time-of-flight mass spec-
trometer, and provided the second-order autocorrelation signal. A clear attosecond
structure is present in the measured ion yield signal which shows a period double
with respect to the driving laser field. From this signal it was possible to estimate the
average duration of the attosecond pulses in the train, resulting in 780 ± 80as.

In 2005, two-photon double ionization (TPDI) of He induced by femtosecond
harmonic pulseswas exploited to detect the autocorrelation trace of the 27th harmonic
(42-eV photon energy) of Ti:sapphire laser pulses [29]. Here, a beam separator of
silicon-carbide divided into two parts was used for obtaining the two harmonic pulse
replicas; one of the two halves of the separator was mounted on a translation unit
in order to introduce a controllable delay between the two pulse replicas. In this
experiment, the yield of doubly charged helium ions as a function of the delay
provided the autocorrelation trace: the shortest measured pulse duration was 8 fs,
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Fig. 6.6 Sketch of potential
energy curves for N2, N

+
2

and N2+
2

0 1 2 3
0

10

20

30

40

50

0

10

20

30

E
ne

rg
y

(e
V

)

Internuclear distance (Å)

H
ar

m
on

ic
or

de
r

N2

N2

+ N + N
+

N + N
+ +N2

2+

ATI

CE

with a 24-nJ pulse energy (corresponding to an intensity in the focal point of 1.7 ×
1013 W/cm2). So far TPDI has not been reported in the attosecond regime.

As a last approach, Coulomb explosion of diatomic molecules following two-
photon double ionization was recently suggested as a method for measuring the
interferometric autocorrelation of an attosecond pulse train [23, 30], due to the
larger nonlinear cross section of this process with respect to noble-gas atoms. The
experimental apparatus is analogous to the one describe above for TPDI of helium
[29]; however, in this case the authors have used N2 molecules as a target instead
of He atoms, and two-photon absorption was triggered by harmonics from the 9th
to the 19th. The estimated intensity of the 11th harmonic at the focal point was
3× 1014 W/cm2. A sketch of the energy levels of N2 molecule and ions relevant for
the measurement is shown in Fig. 6.6. The measured time-of-flight mass spectrum
exhibits a two-peak structure corresponding to N+ ions produced by Coulomb explo-
sion of N2+

2 ions induced by two-photon double ionization. This two peaks can be
assigned to ions sharing the same kinetic energy release of 5eV, that are emitted in
the forward and backward directions. By integrating the ion yield as a function of the
temporal delay between the two XUV pulse replicas, one obtains the interferometric
autocorrelation trace of the train of attosecond pulses, which indeed shows bunches
with a periodicity twice that of the driving laser field. The estimated duration of the
pulse envelope is 320as full width at half maximum, corresponding to ∼1.3 optical
cycles of the carrier frequency of the 11th harmonic.
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6.2 Temporal Characterization of Pulses Generated by FELs

Amajor problem faced in the characterization of light pulses emitted byFreeElectron
Lasers, in particular when operated in SASE configuration, comes from the intrinsic
jitter in the arrival time of the emitted pulses as well as from fluctuations in their
temporal behavior and spectral content. Several approaches have been proposed for
the determination of FEL pulse structure and duration; we can group them in two
main sets, namely autocorrelation and cross-correlation techniques. In the following
we will discuss these two different approaches in detail.

6.2.1 Autocorrelation of XUV FEL Pulses

A standard approach for the determination of the structure and duration of ultrashort
laser pulses, that can be applied also to FEL pulses, is based on nonlinear intensity
autocorrelation; in this technique the pulse that one wants to analyze is split into two
identical replicas which are then focused in a nonlinear medium, whose response
is detected as a function of the delay between the two replicas. The average dura-
tion of the intensity envelope of the FEL pulse can be afterwards deduced from the
delay-dependent autocorrelation trace. The autocorrelation might carry additional
information about the temporal coherence of the pulse, which is particularly impor-
tant for FELs operating in SASE configuration; it is worth noting that information
about temporal coherence [32] and spatiotemporal coherence [33, 34] in FEL pulses
is also extracted from linear autocorrelation measurements.

Differently from the infrared and visible domains, where transmission beam split-
ters are available, in the XUV spectral region the two pulse replicas are very often
produced by geometrical or wave-front splitting of the measured pulse; for appli-
cations to FEL pulses, this splitting has been accomplished by exploiting a grazing
incidence Mach–Zehnder geometry [35] or using a splitting multilayer mirror [31].
In the XUV spectral domain, the nonlinear effect exploited for intensity autocorrela-
tion is non-linear non-sequential single or multiple ionization of atoms or molecules;
in general, the ionization yield is proportional to I n , where I is the intensity of the
XUV pulse in the target medium and n is the number of absorbed photons.

Several implementation of autocorrelation measurements have been exploited
for the characterization of FEL pulses, for instance by two-photon single ioniza-
tion of helium at a photon energy of 20.45eV [31], by two-photon double ioniza-
tion of helium at photon energies of 51.8eV [36] and 47.0eV [35], by triple ionization
of argon [37] at a photon energy of 28eV and by four-photon multiple ionization
of nitrogen at a photon energy of 38eV [38]. A common feature in all those mea-
surements is the appearance of a sharp central peak in the temporal trace of the
ionization yield (see for instance Fig. 6.7), that is attributed to the pulse longitudinal
coherence time.

It is worth noting that the estimation of the average FEL pulse duration requires
to perform a numerical modeling taking into account the statistical fluctuations in
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Fig. 6.7 Autocorrelation trace of FEL pulses measured at the Spring-8 Compact SASE Source.
Symbols experimental He+ ion yield plotted as a function of the pump-probe delay using 20.45eV
photons; thin solid line theoretical model assuming identical pulse replica taking into account the
experimental peak intensity. Thick solid line theoretical model including pulse-front tilt. Figure
adapted from [31]

the pulse spectrum as well as several additional effects like the pulse front tilt, the
focusing geometry inside the autocorrelator and the asymmetry in the energy con-
tent of the two arms [31]. The importance of these effects is illustrated in Fig. 6.7,
which shows the autocorrelation trace measured at the Spring-8 Compact SASE
Source facility emitting XUV pulses with a 20.45eV photon energy [31], exploiting
the two-photon single ionization in helium. The experimental trace (shown as sym-
bols) appears asymmetric; a fit based on the Partial Coherence Method (PCM, [39])
assuming identical pulse replicas (thin solid line) is unable to reproduce the exper-
imental outcome. The inclusion of a modest pulse front tilt allows a better agree-
ment between experiment and numerical modeling; in particular, from the modeling,
Moshammer and coworkers estimated an average pulse duration of 28.3 fs FWHM,
a longitudinal coherence time of 8.5 fs and a pulse front tilt of about 0.02◦ [31].

6.2.2 Cross-Correlation Measurements Involving
XUV FEL Pulses

Experiments performed at FEL facilities often require the synchronization of the
FEL pulse with pulses produced by an independent laser source. In such cases,
the temporal resolution achievable in the experiment can be determined by cross-
correlationmeasurements involving the two pulses. Differently from autocorrelation,
that is a self-referencing technique not affected by fluctuations in the arrival time of
the FEL pulse, cross-correlation measurements severely depend on the relative jitter
between the FEL and the auxiliary laser source. Such jitter can amount, in FELs
operating in SASE configuration, to hundreds of femtoseconds [40].

Several techniques have been exploited for determining at the same time the
relative jitter and the temporal structure of the FEL pulse; most of them are based
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on the detection of photoelectrons generated in a gaseous target by the FEL pulse
in presence of an assisting IR light pulse. Two different regimes of interaction can
be considered according to the duration of the FEL pulse with respect to the optical
cycle of the assisting field: when the FEL pulse duration is much longer than half
the optical cycle of the IR pulse, the interaction leads to the so called Laser-Assisted
Photoelectric Effect (LAPE) [41] that consists in the absorption or emission of one
or more IR photons from electrons ionized by the XUV FEL pulse. These absorption
and emission events give rise to sidebands at respectively higher and lower electron
kinetic energies with respect to the center of the primary photoelectron spectrum
produced by the FEL pulse. The larger is the temporal overlap between the two
pulses, the higher is the number as well as the intensity of these sidebands.

On the other hand when the FEL pulse has a duration shorter than half the optical
cycle of the assisting pulse, the interaction leads to the so called ponderomotive
electron streaking [42]: the assisting field (also called streaking field) leads to a
variation of the final electron kinetic energy, which depends on the value of the
IR vector potential at the time of ionization. Electrons ionized by the FEL pulse
at different times will experience different streaking fields and will carry different
kinetic energies; hence there will be a mapping of the temporal domain onto the
energy domain that can be suitably exploited for a reconstruction of both the streaking
pulse and the FEL pulse.

6.2.2.1 Cross-Correlations Exploiting LAPE

The first attempts of cross-correlations were based on the analysis of sidebands
produced in the photoelectron spectra by the interaction of the FEL pulse with a near
infrared (IR) femtosecond pulse inside a gaseous target [10, 40]. Cross-correlation
based on LAPE can be performed by scanning the delay between the pulses and
recording the overall photoelectron spectra [40] or by choosing a proper electron
energy region where a sideband appears and acquiring single-shot signals with a

Fig. 6.8 Photoelectrons generated in a gas jet by LAPE produce, by an electron lens system
with a high-pass energy filter (shown on the left), a two-dimensional image of the FEL-IR pulse
cross-correlation (shown on the right), thereby mapping time onto a space coordinate. In this way,
information about pulse duration and relative timing between the pulses can be obtained without a
delay scan. Figure adapted from [10]
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position sensitive electron energy spectrometer [10]. The former approach allows to
monitor all sideband orders, hence it is more sensitive to the relative delay between
FEL and IR pulses; however it is intrinsically a multi-shot measurement, thus it can
provide only a statistical information about the pulse durations and/or the delay jitter.

On the other hand, the second approach allows in principle a single-shot acqui-
sition. Figure6.8 shows the setup of a proof-of-principle experiment performed by
Cunovic and coworkers at the free-electron laser in Hamburg (FLASH) [10]: the FEL
and the IR beams cross at a right angle inside a Kr gas jet; a suitable electron imaging
system translates the position-dependent sideband signal into a cross-correlation in
the temporal domain. The authors found a temporal width of the detected signal of
about 1.9ps. This outcome is the convolution among the experimental time window,
the jitter between the two pulses and their pulse widths. Taking into account themuch
shorter durations of the pulses (estimated as 30 fs for the FEL pulse and 150 fs for the
IR pulse), it was inferred that the measured temporal width was almost completely
ascribed to the FEL jitter.

6.2.2.2 Cross-Correlations Based on Photoelectron Streaking

Photoelectron streaking is nowadays a fundamental tool for measuring attosecond
XUV pulses [42]. Attosecond technology exploits near-IR streaking fields (typically
at 800nm), since the streaking optical cycle is in such a case much longer than the
duration of the measured XUV pulse. Photoelectron streaking can be in principle
applied also to the characterization of XUV FEL pulses; however the duration of

Fig. 6.9 a Streaked photoelectron energy spectra generated in krypton by 13.5-nm FEL pulses in
presence of 92-µmTHz pulses as a function of the delay. b, c Photoelectron spectra measured b
perpendicularly and c within the polarization plane of the THz streaking field. d Distribution of
FEL pulse durations (FWHM) retrieved over 1000 FEL shots assuming gaussian temporal pulse
shape. Figures adapted from [43]
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these pulses is in the order of tens of femtoseconds, thus requiring streaking fields
with an optical cycle two orders of magnitude longer than that of near-IR fields. In
a pioneering experiment performed at the FLASH facility, Frühling and coworkers
have shown that terahertz (THz) pulses with central wavelength around 100 µm can
be exploited for the characterization of FEL pulses by a streaking technique [43].
Figure6.9 (panel a) shows a sequence of photoelectron energy spectra obtained in a
krypton gas jet by the interaction of 13.5-nm FEL pulses with 92-µmTHz pulses as
a function of temporal delay. It is worth noting that the THz pulses were generated
in a dedicated undulator line exploiting the same electron bunch used for XUV
pulse emission, hence the two pulses were synchronized [43]. As clearly visible
from the figure, the streaking effect is noticeable in spite of the low peak intensity
(about 3 × 108 W/cm2) of the THz field, since the ponderomotive potential of the
streaking field is proportional to the square of the streaking wavelength [43]. The
streaking effect can be also seen by comparing the photoelectron spectra acquired
in the direction perpendicular (panel b) and parallel (panel c) to the polarization
direction of the THz field; the former corresponds to the soft X-ray spectrum shifted
by the krypton ionization potential, whereas the latter shows the spectral broadening
induced by the streaking field in correspondence of the zero crossing of the THz
vector potential [43].

A suitable elaboration of the measured streaked spectra allowed to retrieve the
statistical distribution of FELpulse durations over 1000 shots (see panel d in Fig. 6.9),
which was found to be 35 ± 7 fs FWHM.

Although the approach exploited in [43] can be successfully used for the FEL
pulse characterization, it does not provide any information about the jitter in the
arrival time of the pulse, since the streaking field is intrinsically synchronized to it.
Tavella et al. showed that the jitter in the arrival time of the FEL pulse with respect
to a reference Ti:Sapphire laser pulse can be monitored by single shot measurements
of the parasitic THz emission from the electron bunch; the THz emission was char-
acterized in time domain by a single-shot version of electro-optic sampling (EOS)
based on the reference laser [45]. In a subsequent experiment performed at FLASH,

Fig. 6.10 Left panel 50 consecutive single-shot FEL pulse measurements. Right panel Distribution
of arrival times determined over about 450 shots; the distribution has a width of about 87 fs r.m.s.
Figures adapted from [44]
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Grguraš et al. showed that THz streaking can be used for both measuring the tem-
poral profile and the arrival time of the FEL pulses on a single-shot basis [44]. They
generated the THz pulses by optical rectification of 3-mJ, 50-fs pulses produced by a
Ti:Sapphire laser; this approach provides very stable THz emission, which was inde-
pendently characterized by electro-optical sampling exploiting a small portion of the
same Ti:Sapphire beam [44]. Single-shot photoelectron spectra were detected in a
helium gas jet upon the interaction with 10-µJ, 258-eV FEL pulses; the single-cycle
streaking field (2-ps temporal duration, energy of about 4 µJ) was centered around
0.6THz. Left panel in Fig. 6.10 shows a set of 50 consecutive single-shot FEL pulse
measurements retrieved after the THz streaking field was taken into account; a dis-
tribution of FEL pulse arrival times, determined over 450 shots, is shown in the right
panel of the same figure. The authors found that the distribution of arrival times
measured from the retrieved FEL pulse measurements has a width of about 87 fs
r.m.s.

6.2.2.3 Optical Cross-Correlations

Cross-correlationmeasurements based on electron detection require a dedicated elec-
tron spectrometer in high vacuum conditions and are limited by space charge effects;
optical cross-correlation methods would not be limited by these requirements. In this
framework, a different approach for the characterization ofXUV-IR cross-correlation
has been demonstrated by Gahl and coworkers at FLASH [46]; a 39.5±0.5eV pulse
generated by the FEL impinged on a clean and undoped GaAs(100) surface. The
optical reflectivity of the sample was probed by a delayed 800-nm laser pulse (or
by its second harmonic) with a temporal duration FWHM of about 120–150 fs. The
excitation of the sample induced by the FEL pulse leads to a dramatic change in the
reflectivity, in particular to a drop that recovers in few picoseconds.

This behavior is illustrated in Fig. 6.11, which shows the distribution of transient
reflectivity changes induced in the GaAs sample as a function of the nominal delay
between the FEL and the IR pulses, acquired on a very large number of shots.
Gahl and coworkers found that very different statistical distributions of the signal
are found at different nominal delays and, in particular, detection of the reflectivity
changes around the nominal zero delay allows to efficiently monitor the temporal
jitter between the two pulses.

The approach demonstrated in [46] was soon improved to the single-shot regime
byMaltezopoulos et al. by exploiting the sameworking principle, but with unfocused
pump and probe beam impinging on the GaAs surface [47]. The FLASH (at 28nm)
and the probe (at 400nm) beams, forming a right angle,were overlapped on the target;
the probe light reflected from the semiconductor surface was in this case imaged onto
a bidimensional detector. It is worth noting that different positions along the target
surface correspond to different delays between the two pulses. Since the FEL pulse
reduces the reflectivity of GaAs, the onset of the reflectivity change imprinted on the
probe beam can be used to directly map the delay between the FEL and the probe
pulse [47]. Using this approach, the authors found a delay jitter of about ±250 fs
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r.m.s. between the FEL and the 400-nm laser pulse. The single-shot implementation
of the optical cross-correlation technique has been also successfully exploited at
higher photon energies at the Linac Coherent Light Source (LCLS) [48, 49].

A different approach for the optical cross-correlation of FEL and IR pulses has
been proposed by Bionta et al. and implemented again at LCLS [50]: the 1-keV
FEL pulse was collinearly combined with a visible probe pulse having a continuum
spectrum spanning the 500–900nm spectral region. The visible pulse was chirped
by propagation inside glass blocks up to a temporal duration of about 3ps. The
two pulses were then sent through a 500-nm thick membrane of Si3N4. The FEL
pulses created free carriers via photo-ionization of core electrons, which altered the
optical properties of themembrane. The chirped continuumpulse probed the transient
changes in optical transmission. These changes were imprinted in the transmitted
probe spectrum and measured by a spectrometer. It is worth noting that the chirped
nature of the pulse allows a temporal to spectral mapping, which has been exploited
for reconstructing the arrival time of the FEL pulse with respect to the probe one.
The authors found a natural jitter in the arrival time of the FEL pulse of about 180 fs
r.m.s. [50].

6.3 Conclusions

In this chapter we have reviewed several methods for the temporal characterization of
XUV and X-ray pulses on the femtosecond and attosecond time scales. In particular
in the first section we have considered isolated attosecond pulses and attosecond
pulse trains generated by high order harmonic emission. In the second section we
focused on the measurement of femtosecond soft X-ray pulses produced by free

Fig. 6.11 Distribution of
transient reflectivity changes
induced in GaAs by 39.5-eV
pulses generated at FLASH
and probed by 800-nm laser
pulses; the thick solid line
shows the average
reflectivity change. Figure
adapted from [46]
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electron lasers. Indeed, both these pulse sources represent nowadays cutting edge
tools for time-resolved experiments in atomic and molecular physics, which require
a reliable temporal characterization of the exploited source.
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Chapter 7
Optical Metrology—On the Inspection
of Ultra-Precise FEL-Optics

Frank Siewert

Abstract Dedicated instrumentation is required to inspect the quality of optical
elements like mirrors or gratings used in grazing incidence condition at FEL-
beamlines. Comparing the quality of optical elements available with the advent of
3rd generation storage rings two decades ago to the state of the art of today an
improvement by one order of magnitude in terms of figure error has been achieved.
These achievements were mainly possible by improvements on deterministic surface
finishing as well as by new developments on the field of metrology. This chapter will
give an overview and description of the state of the art ex-situ metrology applied to
measure synchrotron optical components.

7.1 Introduction

Mirrors and gratings of outmost precision used in grazing incidence are essential to
collimate or focus synchrotron light or to provide monochromatic light of high spec-
tral purity in synchrotron radiation (SR) beamlines. Optical elements for application
at Free Electron Lasers (FEL) represent in some cases like for the European-XFEL
[1] the most challenging pieces of X-ray optical elements of today. The precise char-
acterization of such optics is fundamental to ensure the wave-front and coherence
preserving transport of photons from its source in the undulator section of the FEL
to the experimental station. Problems related to Bremsstrahlung and heat-load will
cause significant deformation of shape, mainly on the first mirrors. This leads the
beamline design to place the first mirrors in a large distance to the undulators also
to avoid the optics to be damaged. Beamlines at VUV-FEL’s like at the FLASH [2]
or FERMI [3] usually have a length of 100 to 150m. In case of the European-XFEL
the beamline e.g. to serve the SPB-experiment will have a length of about 932m [4].
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Optical elements at such beamlines are in use under extreme shallow incidence angles
of a few mrad only (e.g. 4 ± 0.04mrad as designed for the focusing mirrors of the
SPB-experiment at European-XFEL). This leads to large aperture sizes in meridional
direction. Thus such mirrors will have a length up to 1000mm and are characterized
by a residual slope error of 50nrad rms corresponding to a 2nm pv residual figure
error [5]. It is noted here that in case of some elliptical cylinder shaped focusing
mirrors of 1000mm length a residual slope error of 20nrad rms is under discussion
[4]. Finally these delicate optical elements have to be clamped in a shape preserving
way. This chapter will mainly discuss the most critical part in ex-situ metrology for
SR-optics the characterization of the long spatial figure error part the so called “slope
error”.

7.2 Slope Error and Micro-Roughness

Dedicated expertise and instrumentation have been established in the synchrotron
community to measure the critical characteristics of high performance optical ele-
ments. Better knowledge describing the shape of an optical element enables opti-
mizing the optics by applying deterministic surface finishing techniques like ion
beam figuring (IBF) [6], computer aided polishing (CAP) [7] and elastic emission
machining (EEM) [8]. Metrology data allows a better modeling, optimization and,
in the final analysis, improved performance of X-ray optical systems. The quality of
reflective optical elements can be described by their deviation from ideal shape at
different spatial frequencies. Usually one distinguishes between the figure error, the
low spatial error part ranging from aperture length to 1mm frequencies, and the mid-
and high spatial error part from 1mm to 1µm and from 1µm to some 10nm spatial
frequencies respectively [9, 10]. In case of extreme sized beamlines up to a length of
one kilometer with extreme shallow angle of incidence these ranges of shape error
are shifting. It is assumed that the low spatial error part (slope error) of a 1000mm
long focusing mirror at the SPB-experiment at the European-XFEL will range from
aperture length to about 10mm. Corresponding to this the mid- and high spatial error
part will follow this tendency and shift to 10mm to 2µm for the mid-spatial- and
2µm to 20nm for the high-spatial error part [4]. While the figure error will affect the
imaging properties [11] of the system the higher spatial frequency errors will cause
light to be deflected or scattered away from the spectral image [12, 13]. Figure7.1
shows a 2-theta scan taken on a super-polished silicon substrate at 124eV for 5◦
angle of incidence [14]. The spectral reflection peak as well as the small and white
angle scatter contribution is clearly identified.
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Fig. 7.1 2-Theta scan on a super-polished sample of single crystal silicon. The measurement was
performed at the Optics-beamline at the BESSY-II synchrotron in Berlin [15]. The sample shows
a micro-roughness of Sq = 0.06nm rms as measured by used of a WLI magnification 20× and
Sq = 0.28nm rms as measured by use of an AFM. Courtesy of S. Kuenstner and F. Schäfers (HZB)

The quantitative description of the surface errors of a reflecting optical element can
be statistically interpreted in terms of the power spectral density function, PSD,
and summarized as the slope error and the surface roughness. Based on Kirchhoff‘s
theory of diffraction, Church and Takacs [16, 17] have developed amodel to describe
this (see also [18, 19]). The natural “system coherence length”, W, is given by

W = √
2

λ

� cos θi
(7.1)

with � as the angular radius of the system image (customer given), θi is the angle
of incidence relative to the mirror plane and λ is the operating wavelength. W is
approximately the length of the used aperture of the mirror of overall length L .

One can assume that the influence of the mirror errors on the image quality can be
described by the on-axis Strehl factor for the grazing incidence case: 7.3 [17]. The
on-axis Strehl factor

I (0)

I0(0)
(7.2)

is given as the ratio of the on-axis intensity in the presence of real surface errors to
its value for zero errors. For the grazing incidence case can be written for the Strehl
ratio [17]:

I (0)

I0(0)
≈ 1 − 8

�2 δ2 −
(
4π

λ
cos θi

)2

σ 2 (7.3)
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where δ and σ are the bandwidth limited values of the rms values of the slope error
(δ) and the roughness (σ) given by

δ2 = (2π)2
∫ 1/W

1/L
d fx S1 ( fx ) f 2x [2] (7.4)

and

σ 2 =
∫ 1/λ

1/W
d fx S1 ( fx ) . [2] (7.5)

S1 ( fx ) is the profile spectrum of the surface under test (SUT).

It is noted here that a Strehl ratio of 0.8 or larger is generally accepted within the
X-ray-community as the indication for a high quality performing optical system in
FEL-beamline application [20] and is corresponding to a rms wave front distortion
of <λ/14 known as the Maréchal criterion.

The surface roughness can be measured using an interferometric microscope
(often referred to as with light interferometer (WLI)) for the mid spatial figure
error or atomic force microscope (AFM) to measure the high-spatial figure error.
The atomic force microscope (often referred to as scanning force microscope) is
also used to inspect the grating profile, the ratio of lines and spaces as well as the
groove roughness of diffractive optical elements like gratings of reflective zoneplates.
These instruments are commercial available and have been described in the literature
widely [21, 22].

To inspect the slope error, a different measuring technique is used: interferometry
or various types of surface profilers. The use of an interferometer, to inspect optical
components, requires a reference of complementary shape and excellent quality. Due
to the fact that many of the necessary optical components are of aspherical shape and
are designed individually for each SR-beamline, such reference objects would cause
an extraordinary expense for the metrology. In addition, the quality of the references
used limits the accuracy of the result of the metrology. Because of the flat (grazing)
angles used in SR-beamlines, synchrotronmirrors may have a length of up to 1m and
more and have a large ratio of length to width. Thus, basic conditions have lead to the
idea of inspecting the shape of optical elements in the long dimension by slope mea-
surement. A few slope measuring instruments have been developed during the last
25 years, foremost among them, the LongTrace Profiler (LTP) [23–25], theNanome-
ter Optical Component MeasuringMachine (NOM) [26–33] and the Extended Shear
Angle Difference Method (ESAD) [34, 35]. These methods are based on the princi-
ple of direct measurement of slope deviation and curvature and, in contrast to other
methods, yield results without the need for a reference. The measurement result is
directly traced back to SI1 base units angle and length. The measurement is a non-
contact scan by using a laser source to create a measurement beam. Depending on the
angular acceptance of the instrument, it is possible to measure the geometry of any

1SI—is the International System of Units
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AFM 1x1µm2

NOM

WLI 2.5x

WLI 50x

AFM 10x10µm2

Fig. 7.2 Different measuring instruments cover different ranges of spatial frequency. Tangential 1D
PSD spectra obtained with the BESSY-II-NOM, the Micromap WLI (2.5×, 50×) and the Atomic
Force Microscope (AFM) on 10× 10µm2 and 1× 1µm2

reflective surface. Figure7.2 shows the range of spatial frequencies to be inspected by
using different metrological instruments. In the case shown, a beam distribution flat
mirror for FLASH made of a polished silicon single crystal and coated with amor-
phous Carbon (a-C) was investigated using different measuring techniques over a
spatial frequency range from ∼10−6 to 102 µm−1.

7.2.1 The Principle of Slope Measurement

Tomeasure the shape of an optical element a test beam from a laser source is reflected
from the surface under test (SUT). The relative position after reflection from the SUT
is determined by the local shape and is detected on a sensor. The reflection of a test
beam from a mirror along the axis of the instrument will depend on the angle, θ ,
of the mirror’s normal with respect to the propagation direction of the laser beam
[36, 37]. Figure7.3 shows the measurement principle of a scanning penta prism set
up as realized for the BESSY-NOM system. The 45◦ double reflection of the mea-
surement beam prevent the pitch-error of the carriage to contribute as 1st error to the
error budget of the measurement. To avoid beam distortion caused by inhomogene-
ity of glass the bulk penta prism is substituted by a 45◦ double mirror set up. These
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Fig. 7.3 Principle set-up of a scanning mirror based penta prism like slope measuring profiler with
an autocollimator detector

mirrors are super-polished with a micro-roughness of 0.1nm rms (as measured with
a WLI) and have a flatness of λ/100 in the mounted state.
The slope δ is

δ (x) = tan θ = dy/dx (7.6)

Figure7.4 shows the slope profile and the corresponding profile of height for an
ellipsoidal focusing mirror installed at beamline BL3 at FLASH [38] measured by
use of a NOM. What is detected in the sensor is the change from one position x
on the SUT to the next position x + �x . From these data the height profile can be
obtained by spatial integration of the slope function δ (x) over the abscissa x , see
also Fig. 7.5. The height h (xk) function is given by

h (xk) = h(x0) +
k∑

m=1

dx

2

[
δ(xm) + δ(xm−1)

]
(7.7)

Applying improved integration algorithms such as spline interpolation became
an option to handle more noisy data as well [39]. At least the point of interest is
the relative slope along the line of inspection. Thus the residual figure/slope error is
obtained by subtracting the desired shape profile for the theoretically perfect geom-
etry from the raw slope data. In the shown case the residual figure error is gained by
subtraction of an ideal elliptical profile, see Fig. 7.5. Figure7.5 shows to the upstream
and downstream mirror edges a typical “roll on roll off” indicating the aperture of
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Fig. 7.4 Result of a direct slope measurement (NOM-scan): slope profile of an ellipsoidal focusing
mirror along meridional axis (top) and the corresponding profile of height (below), obtained by
integration of the slope data

the mirror finished by deterministic surface finishing. In this case computer aided
polishing (CAP) was used. With this technology a residual slope error of 1.5µrad
rms was achieved which is sufficient for use in the VUV-range.

Optical systems up to a length of 1600mm in length can be aligned for inspec-
tion at the BESSY-NOM. The maximum possible scan length of the instrument is
1200mm. An additional y-table at the NOM allows moving the sample under test in
y-direction and thus optics can be inspected by a complete surface slope mapping.
The surface slope mapping [25] enables to provide surface topography data to calcu-
late the required data matrix for deterministic surface finishing as well as to identify
surface deformation caused by e.g. miss-clamping of the optics. Figure7.6 shows
the residual shape of an elliptical cylinder shaped re-focusing mirror before and
after shape optimization by use of IBF [6]. Recently commissioned NOM-systems
allow to measure optics up to a scan-length of 1500mm [28, 30]. The spatial period
range covered by NOM is from 1.7mm to the aperture length [40]. Virtually any
curved, reflective optical shape can be measured as long as the slope change is
within a ±5mrad acceptance angle and the local curvature is larger than 5m for
highly reflective samples under test. Stitching techniques can be applied in case a
long optical surface of significant curvature needs to be measured [41].
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Fig. 7.5 Profile of residual slope of an ellipsoidal focusing mirror along meridional axis gained by
subtraction of a ellipse profile (top) and the corresponding profile of height (below), obtained by
integration of the slope data

Fig. 7.6 Map of residual height after subtraction of the ideal ellipse parameter, a initial state before
IBF-treatment 61nm pv residual figure error, b final state 22nm pv residual figure error
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7.2.2 On the Calibration of Slope Measuring Profiler

It was shown recently that a careful characterization and calibration of the sensor in
use is essential to achieve the required measurement performance [42, 43].

To characterize and calibrate slope measuring sensors dedicated equipment like
the angle comparator [43] at the Physikalisch Technische Bundesanstalt (PTB) is
used. A few years ago the so called universal test mirror (UTM) [44] was proposed.
Avertical angle comparator (VAC)was developed at theBESSY-IIOptics Laboratory
for the characterization and calibration of angle measuring sensors, see Fig. 7.7 [42].
The VAC allows to characterize slope measuring profiler with an accuracy of ≤50
nrad rms along a measurement length of 1000mm. It consists of a 1.3m long U-
shaped aluminumbar. The axis of the instrument is formed by a structure of a crossing
flexure joint. A linear stepper motor actuator and two linear encoders (Heidenhain
Certo CP 60K) enable a controlled tilting of the VAC. The linear encoder provides a
measuring uncertainty of ±50nm over a range of 60mm. The measuring resolution
of the Certo is ±5nm, this corresponds to an tilting resolution of about 10nrad
about. A range of just ±5mm is needed to perform the calibration over the entire
view field of the NOM-sensor. A test mirror is placed at the desired x-position under
the penta-prism to perform a calibration measurement. By placing the test mirror at
various positions this procedure is repeated along the scan length of the instrument.
The calibration curve is gained by converting the change of height while tilting
of the VAC to the corresponding angle value and subtracting the angle values of
the autocollimator αAK F , recorded simultaneously, see (7.8). With Lc the distance
between the two Certos and dhi the change of height measured by the Certos.

αcal = arctan

(
dhCerto1 − dhCerto2

Lc

)
− αAK F (7.8)

7.2.3 Super Polished Mirrors for FEL Application

In the past ultra-precise optical components were limited to a length of 100mm e.g.
as finished with the EEM-technology. Deterministic surface finishing technology,
EEM as well as IBF, has been improved recently to optimize the shape of mirror-
or grating-substrates up to a length of 1000mm and even longer. The first mirrors
of such a length are expected to be manufactured within the next few years to be
installed at the European XFEL within the years 2016/17. These finishing tools
enable to optimize the long spatial error part of optics to an rms sub-nm-accuracy
state as required for focusingmirrors at the Linac Coherent Light Source (LCLS) and
in the near future for European-XFEL. Figure7.8 gives an example of such a mirror
as installed to focus photons in vertical direction in a KB-mirror set-up [45] at the
Coherent X-ray Imaging (CXI) instrument at the LCLS [20]. The elliptical cylinder
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Fig. 7.7 Principle set-up of a vertical angle comparator for the calibration of slope measuring
profiler

Fig. 7.8 Profile of residual height of a vertical focussing mirror at the CXI-Experiment at LCLS
in the “free” and “mounted” state—in face up-condition
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Fig. 7.9 Different finishing technology cause different characteristic residual. Comparison of two
different focusing mirrors, an elliptical cylinder finished by Elastic Emission Machining (EEM)
and a rotational ellipsoidal mirror (see also Fig. 7.5) made by Computer Aided Polishing (CAP)

shaped mirror of single crystal silicon and coated with B4C is of 400mm in length
with an optimized aperture section of 350mm × 20mm. The mirror was finished
by use of the EEM-technology. A dedicated prefiguring was given to the mirror
to compensate the impact of the gravitational sag on the mirror figure. Figure7.9
shows a comparison of this mirror and the in Figs. 7.4 and 7.5 discussed ellipsoidal
mirror in terms of PSD. It demonstrate that different finishing technology cause
characteristic and individual residual to be identified in the spatial frequency spectra
of the mirror profile (in meridional direction). Note the ellipsoidal mirror for FLASH
is of significant stronger curvature compared to the LCLS-focusing mirror. Thus the
ellipsoidal mirror can’t be finished by use of EEM-technology. While EEM allows
to apply a micro-polishing jet, the CAP-technology is characterized by used of a
few-millimeter sized mechanical polishing tool which allows to realize an aspherical
shape in meridional and sagittal direction.
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Chapter 8
Multilayer Mirrors for Coherent
Extreme-Ultraviolet and Soft X-ray Sources

Charles Bourassin-Bouchet, Sébastien de Rossi and Franck Delmotte

Abstract After a brief description of the theoretical principles ofmultilayermirrors,
we present the state of the art of experimental results obtained in the XUV range.
We then focus on the specificities of multilayer mirrors for pico- and femtosecond
sources, in terms of reflectivity, selectivity and stability. Finally, we report the recent
advances in the development of multilayer mirrors for attosecond sources, from the
design of the mirror to the characterization of such a component.

Since the first paper on this subject in 1972 [1], research on multilayer mirrors for
XUV radiation has been boosted by the rapid development of coherent XUV sources
and their applications. In 1985, T. Barbee wrote: “The high reflectivities of these
molybdenum-silicon structures will make possible application of traditional optics
approaches in theEUVand support newdevelopments including free electron lasers”.
His prediction has been remarkably validated in the following decades. Nowadays,
multilayer mirrors represent key components for the development of applications for
coherent XUV sources. In a first part, we present the basic principles of XUV mul-
tilayer mirrors, their design and a brief review of experimental reflectivity reported
up to now in the XUV domain. The second part deals with the specific properties
of mirrors for pico and femtosecond sources. Finally, in the last part, we discuss
the possibility of designing and characterizing multilayer mirrors to reflect and/or
compress attosecond pulses.
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8.1 Multilayer Mirrors for the XUV Spectral Range

Optical properties of materials in the XUV range are a major issue for the devel-
opment of normal incidence mirrors. Actually, in this spectral domain, absorption
occurs in all materials and refraction phenomena at interfaces are weak. For exam-
ple, at a wavelength of 7nm, the normal incidence reflectivity of a bulk mirror, i.e. a
vacuum/material interface, is about 10−4 or less. The only way to increase the nor-
mal incidence reflectivity is to benefit from constructive interferences in a multilayer
stack. In the previous example, the coefficient of reflection in amplitude is about
10−2. Consequently, by adding in phase reflections at 100successive interfaces, one
can reach a reflectivity near 1 if neglecting absorption. This is the principle of multi-
dielectric mirrors used in the visible range, which consist of a periodic stack of two
transparent materials, one exhibiting a high index and the other one with a low index,
and with a quarter wavelength optical thickness. In the XUV domain, the material
absorption reduces the penetration depth of incident light into the stack, which limits
the total reflectivity. At 7nm wavelength, the absorption length is about 70nm, that
is 10 λ. Consequently, the incident light will “see” only the first 40 interfaces of the
multilayer stack.

8.1.1 Multilayer Mirrors: Theory and Design

Consider a plane electromagnetic wave, with a wavelength λ0, propagating through
an ideal interface between two media with complex indices ñi and ñ j , see Fig. 8.1a.
E (resp. E ′) is the electric field associated to the incident (resp. reflected) wave. The
amplitude reflection coefficient r j,i at the j/ i interface, also known as the Fresnel
coefficient, is defined as the ratio of the reflected amplitude over the incident one.
It can be calculated using the continuity relationships of the electric and magnetic
fields at the interface. In the case of normal incidence, we obtain the equation given
in Fig. 8.1a. The reflection coefficient r of a thin film deposited on a substrate can
be calculated from the reflection coefficients at vacuum/layer and layer/substrate
interfaces by taking into account the wave propagation through the layer, see formula
in Fig. 8.1b. This propagation induces a complex phase delay, i.e. a real phase delay
and an attenuation, called ϕ1. Through an iterative process, one can determine the
reflection coefficient of a stack of thin films by adding the layers one by one onto
the substrate. We consider here a stack of N thin layers and we designate by i and
j two successive layers, see Fig. 8.1c. With the equation given in Fig. 8.1c, one can
calculate the reflection coefficient r j on top of layer j , assuming that layer j is the
top layer of the stack, as a function of the reflection coefficient ri at the previous
step. Note that all the contributions arising from multiple reflections are included
in this calculation. The reflection coefficient of the whole stack is then given by
rN . Knowing the latter quantity, one can deduce the reflected intensity R (λ0), that
corresponds to |rN |2, and the phase shiftϕ (λ0) of the coating which equals arg (rN ).
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Fig. 8.1 a Reflection of an electric field on a perfect interface between two layers. b Reflection
coefficient in the case of a layer deposited on a substrate. c Reflection coefficient in the case of a
multilayer

For simplicity, we consider in the previous examples the case of normal incidence.
However, similar equations can be derived in the case of oblique incidence, see for
example [2]. This iterative approach is implemented for example in the IMD simu-
lation code [3]. Note that other calculation methods exist, as the matrix formalism.
A review on multilayer calculation formalisms is given in [4].

Even if the optimal multilayer structure that gives the absolute maximum reflec-
tivity is a non-periodical stack, see for example Yamamoto’s layer-by-layer design
method [5], periodicmultilayers are themostwidely used in practice. Indeed periodic
multilayers provide almost the same reflectivity and aremuch simpler to fabricate and
to characterize. According to Bragg’s law for a normal incidence mirror, its period
thickness is approximately equal to half the first order peak wavelength. In order to
get the highest theoretical reflectivity with a periodic multilayer mirror, one has to
choose the optimal material pair. Yamamoto proposed an efficient method based on
the graphical representation in the complex plane of material Fresnel coefficients [5].
Systematic computation of all material combinations can also be used to find the best
pair. However, in order to estimate the real performances of multilayers, one has to
take into account some imperfections such as interfacial and surface roughness, sur-
face oxidation, layer contamination, etc.We compare in Fig. 8.2 the losses induced on
the reflectivity of a multilayer by such imperfections. The effect of roughness can be
calculated by using the Nevot-Croce formalism [6]. As expected, the losses induced
by interfacial roughness become predominant when the wavelength decreases, see
Fig. 8.2. On the other hand, the effect of surface oxidation becomes predominant
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Fig. 8.2 Reflectivity losses
due to oxydation, roughness
or contamination
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when wavelength increases. Finally, a typical layer contamination of a few percent
induces negligible losses on the reflectivity, except for wavelengths above 30nm.

8.1.2 Deposition and Characterization of Multilayers

In practice, for a given wavelength, the choice of materials in the multilayer has to
be optimized, taking into account the material optical properties but also the ability
to deposit these materials in smooth and thin layer stacks. Thus, it is necessary to
control the deposition of high quality thin films with smooth interfaces for a large
number of materials. For this reason, multilayer mirrors are generally deposited by
using physical vapor deposition techniques such as magnetron sputtering, ion beam
sputtering, e-beam evaporation or pulsed laser deposition. Magnetron sputtering is
usually preferred because it gathers several advantages: simplicity, versatility, repro-
ducibility, deposition of dense materials and smooth interfaces, possibility to coat
curved surfaces. In practice, a uniformity better than 1% is achievable on 200mm
diameter optics. The characterization of layer thicknesses can be accurately achieved
by using grazing incidence X-ray reflectometry on laboratory apparatus [7, 8]. Some
EUV reflectometers based on plasma sources have also been developed [9, 10]. How-
ever, the precisemeasurement of the coating performances in theXUV range requires
synchrotron radiation sources, e.g. beamline 6.3.2 at ALS, beamline 7.2 at PTB, the
BEAR beamline at ELETTRA or theMetrology beamline of SOLEIL. Structural and
physico-chemical analysis are also required in order to get knowledge on thematerial
quality (density, purity, stoichiometry), on interfacial phenomena between materials
(interdiffusion, compound formation), or on the top layer surface evolution (contam-
ination, oxidation). The most commonly used techniques are nuclear microanalysis
(RBS, NRA), surface spectroscopy (XPS, XES, SIMS), and nanoscale microscopy
(AFM, TEM).
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8.1.3 State-of-the-Art of Normal Incidence Multilayer Mirrors

In the XUV domain, multilayer mirrors are the only way to obtain efficient near
normal incidence reflectivity. Note that multilayer coatings are also widely used in
grazing incidence configuration in theX-ray spectral domain (photon energy>1keV)
in order to improve optical performances of spectrometry or imaging instruments
[11–13]. However, we will focus only on near normal incidence mirrors in this sub-
chapter.Nowadays, experimental near normal incidence reflectivity greater than 10%
have been reported in almost all of the XUV spectral ranges but specificities exist
for each spectral region. More precisely, one can distinguish six regions delimited
by the absorption edges of “spacer” materials, see Fig. 8.3.

In region I, below the oxygen K absorption edge (λ < 2.3nm), the impact of
interfacial roughness on the reflectivity becomes drastic and the layer thicknesses
approach the atomic limit. Nevertheless, Windt et al. have reported Bragg’s peak
reflectivity up to 1% at 2.2nm and 0.1% at 1.6nm with W/B4C periodic multilay-
ers [14].

The spectral region II between O and C K edges (2.3nm< λ <4.4nm), the
so-called water window region, is of particular interest for X-ray microscopy of
biological samples. The development of Cr/Sc multilayers in the late nineties made
it possible to surpass the 10% reflectivity limit in the vicinity of the Sc L edge (3.1nm
wavelength) [15–17].

Several multilayer structures have been studied for spectral region III between
C and B K absorption edges (4.4nm< λ <6.7nm), including W/C, Ni/C, Co/C,
Cr/C. Reflectivity close to 15% has been obtained with Co/C multilayers near the C
edge (at λ = 4.58nm) [18]. However, these stacks become less efficient when the
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wavelength increases and no reflectivity data higher than 10% has been published
to date in the range from 5 to 6.5nm.

Region IV extends from the B K edge to the Si L edge (6.7nm< λ <12.4nm).
Boron carbide, more stable than pure boron, is generally used as a spacer in the
short wavelength part of this region. Close to the B edge, the best reflectivity has
been obtained with La/B4C multilayers [19]. Recently, reflectivity in near normal
incidence greater than 50% has been reported by Chkhalo et al. [20]. Mo/B4Cmulti-
layers with reflectivity up to 25% at 6.7nm are also commonly used. As in the case of
region III, the reflectivity in region IV rapidly drops when the wavelength decreases.
For example, the reflectivity ofMo/B4Cmultilayers at 7.3nm is only 6% [21]. Mo/Y
and Mo/Sr stacks with reflectivity ranging from 20 to 40% have been developed for
the 8–11nm spectral region [22, 23]. For wavelengths greater than 11nm, Mo/Be
multilayers, firstly studied for the EUV lithography, can exhibit a reflectivity as high
as 70% [24].

Region V between the Si L edge and the Sc M edge (12.4nm< λ <44nm)
has been dominated for a long time by the Mo/Si multilayers introduced in 1985
by Barbee et al. [25]. This is still the case for the short wavelength part of this
region, typically below 17nm. In this range, Mo/Si experimental reflectivity varies
from 70% at 13.5nm (the EUV lithography wavelength) to about 40% at 17nm.
Beyond 17nm, recent studies have allowed one to exceed the performances ofMo/Si,
using for example B4C/Mo/Si three-material multilayers [26], Al-based multilayers
[27–29] orMg-basedmultilayers [30, 31].With the development of Sc/Simultilayers
by Uspenskii et al. [32, 33], the wavelength region above 44nm (Sc M edge), con-
stituting the region VI, has become accessible to multilayer mirrors. More recently,
reflectivity close to 30% has been measured at 62.5nm with Si/Gd multilayers [27].

8.1.4 Specificities of Multilayer Mirrors for Coherent
X-ray Sources

Coherent X-ray sources, such as synchrotron radiation (SR), high-harmonic genera-
tion (HHG), free electron lasers (FEL) or X-ray lasers (XRL), can emit XUV flashes
ranging from the picosecond to the attosecond timescale. In order to efficiently reflect
such ultrashort pulses off a multilayer mirror, the latter must have a bandpass broader
than the pulse spectrum and awell-controlled phase. This being said, there is a natural
distinction between the design of amultilayer stack for pico/femtosecond pulses, and
for attosecond pulses. In the first case, the pulse spectrum never exceeds a few tenths
of electron-volts, which always fits in the Bragg’s peak of a periodic multilayer stack.
Moreover, the phase of such a mirror being always linear throughout the reflectivity
peak, the pulse can be efficiently reflected off a simple periodic stack. In the case
of attosecond pulses, the XUV spectrum can be a hundred-eV large. Therefore a
special effort has to be made during the optimization to obtain multilayer structures
exhibiting a broadband reflectivity and a controlled phase.
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Table 8.1 Main requirements (** = Most important parameter, * = second most important para-
meter, – = less important parameter) for multilayer mirrors as a function of the kind of source

FEL SR XRL HHG

High reflectivity * ** ** *

High selectivity – – – **

High stability ** * * –

Table 8.2 High efficiency multilayer mirrors, i.e. mirrors with experimental near normal incidence
reflectivity above 50% (incidence angle of 17◦ for Chkhalo et al. and ≤10◦ for the rest of them)

Year Materials Wavelength (nm) References

1985 Mo/Si 13 Barbee et al. [25]

1995 Mo/Be 11 Skulina et al. [34]

2004 Sc/Si 46 Yulin et al. [35]

2009 Mg/Sc/SiC 28 Aquila et al. [36]

2010 Al/Mo/SiC 17 Meltchakov et al. [28]

2013 La/B4C/C 6.8 Chkhalo et al. [20]

8.2 Multilayer Mirrors for Picosecond and Femtosecond
Sources

Concerning multilayer mirrors for pico/femtosecond sources, the main requirements
are a high reflectivity, a high (or controlled) selectivity and/or a high stability. The
predominant factor depends on the source type as illustrated in Table8.1. In this part,
we will present the recent progresses that have been made to improve these three
parameters.

8.2.1 High Reflectivity Mirrors

Table8.2 presents a synthetic view of multilayer mirrors that provide near normal
incidence reflectivity greater than 50% and that we refer to as “high efficiency” mul-
tilayermirrors. T. Barbeewas the first one, in 1985, to produce high efficiencymirrors
with the well-knownMoly-silicon multilayers around 13nm. Ten years after, Mo/Be
multilayers were developed as a potential solution for EUV lithography coatings at
11nm. Then Sc/Si extended the spectral domain of high efficiency mirrors to higher
wavelengths. Since then, three new high efficiency multilayer mirrors have been
reported. It is worth noticing that these last three mirrors consist of a combination of
three materials.

Larruquert has demonstrated theoretically the interest of using more than two
materials in aperiodic multilayer structures [37]. Following his work, we have been
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able to increase the reflectivity in the 20–40nm wavelength range by adding a third
material in a periodic structure. We have also studied theoretically and experimen-
tally the increase of reflectance generated by adding a third material in a periodic
multilayer structure [26]. Simulations show that multilayers made of B4C, Mo and
Si materials present higher reflectivity than two components multilayers (B4C/Si
and Mo/Si) if they are deposited in the optimal order, that is B4C over Mo over Si.
B4C/Mo/Si structures present a theoretical reflectivity of 42% at 32nm and exper-
imental reflectivity up to 37%. This represents a significant increase compared to
B4C/Si or Mo/Si multilayers which have an experimental reflectivity about 25% at
32nm. Other researchers have also taken advantage of this “three material effect”.
Thereby, Yulin et al. have shown an improvement in the reflectivity of Sc/Si multi-
layers at a wavelength of 45nmwhen adding a Cr layer at the Si-on-Sc interface [35].
Moreover, Aquila et al. have demonstrated an increase of reflectivity from 46 to 52%
around 28nm by adding Sc material in Mg/SiC multilayers [36]. These Mg/Sc/SiC
multilayers thus provide the highest reflectivity ever reached at this wavelength. Due
to the presence of an absorption edge at 70eV (17nm), Aluminum is of particular
interest as a spacer material for high reflectivity EUV multilayers. In the past few
years, several Al-based two- and three-components multilayers have been studied
[28, 29, 38, 39]. The actual issue in such multilayers is the large roughness of Al
layers associated with their polycrystalline structure. In fact, two-components mul-
tilayers Al/SiC and Al/B4C still present non-negligible interfacial roughness (about
1nm RMS), which induces a significant loss of reflectivity compared to the theo-
retical ideal case. However, by optimizing the deposition process and by adding a
refractory material (Mo or W) in the periodic stack, we have been able to smooth the
interfaces down to∼0.5nm.Moreover, thesemultilayers benefit from the threemate-
rial effect that enhances the theoretical reflectivity in the 17–40nm range, as shown
in Fig. 8.4. Thus, in the case of Al-based multilayers, the addition of a third mater-
ial improves both the theoretical reflectivity and the experimental interface quality.
Experimental reflectivity up to 56% has been obtained recently near the Al L edge
with Al/Mo/SiC multilayers, which is the reflectivity record for such a wavelength.

8.2.2 High Selectivity Mirrors

Narrowband Mirrors
Several authors have addressed the problem of spectral selectivity of multilayer mir-
rors. As early as 1990, Boher et al. proposed to use multilayers made of two low-Z
materials in order to reduce the mirror bandwidth. They obtained interesting pre-
liminary results with Si/SiO2 and Si/Si3N4 multilayers. Since then, a lot of low-Z
multilayers have been studied by different authors: Si/B4C [40], C/Si [41], MoSi/Si
[42], B/Si [43], Si/C and Si/SiC [44]. Another potential solution to reduce the band-
width of the multilayer is to work at a high Bragg’s peak order. Usually, multilayer
mirrors work at the first Bragg’s order in order to optimize the reflectivity. Choosing
a higher order Bragg’s peak is an efficient way to obtain narrowband mirrors in the
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case of high efficiency multilayers such as Mo/Si ones. As a matter of fact, when
increasing the Bragg’s order, the bandwidth decreases faster than the reflectivity.
Thus, one can obtain a very narrowband mirror with a non-negligible reflectivity
value. For example, when working at the fifth order instead of the first one, the theo-
retical bandwidth of a Mo/Si mirror is reduced by a factor of 5 (from 0.6 to 0.12nm)
while the theoretical reflectivity is only reduced by a factor of 2 (from 75% down
to 39%). Experimental results with Mo/Si mirrors up to the tenth order have been
reported by Feigl et al. [45].

Mirrors with Antireflection Layers
Concerning selectivity, another important issue concerns the rejectionof unwanted

spectral regions, and especially in the VacuumUltra-Violet (VUV) domain (60nm<

λ <200nm) where some coherent sources such as HHG or FEL deliver intense radi-
ations. In order to use the XUV emission, one has to efficiently filter out these VUV
components. In fact, most of the materials used in XUV multilayer mirrors present
a significant surface reflectivity. As shown in Fig. 8.5a, the normal incidence reflec-
tivity for typical materials ranges from 10 to 60% in the VUV range. The solution
generally implemented is to use metallic filters in transmission in order to suppress
the VUV emission. Such components consist of ∼100nm thick freestanding mate-
rials and are mechanically fragile. Moreover their optical transmission is significant
only close to absorption edges. In practice, few materials are available in such filter
form, and their use is limited to some specific wavelength regions. Another possible
solution is to filter out the VUV light with the multilayer mirror itself. Indeed the
penetration depth in the VUV being typically around 10nm, only the top layers of
the stack will contribute to the spectral response of the mirror in this region. Thus,
by a proper choice of top layers material and thickness, one can minimize the VUV
reflectivity while preserving the high XUV reflectivity. To do so, the top layer has to
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act as an anti-reflection (AR) layer for the VUV light. If one adds a 5nm thick SiO2
layer on top of bulk silicon, one obtains a very low reflectivity (less than a few per-
cents) on the all VUV range, see Fig. 8.5 a. In this case, interferences between waves
reflected off vacuum/SiO2 and SiO2/Si interfaces provide an efficient AR effect.

Several authors have reported such an AR effect by performing “top-layer engi-
neering”. In 2007, Bajt optimized mirrors for the FLASH FEL in order to reflect the
second order harmonic of FLASH at 16nm, and to reject its fundamental emission
at 32nm. The optimized top layer was a thick Si layer (>40nm). They obtained
reflectivity values greater than 40% at 16nm and lower than 1% at 32nm over a
large angular range (incidence in the range 30–60◦) [47]. Corso et al. used a similar
approach to produce FERMI FEL multilayer mirrors. They optimized Pd/B4C mul-
tilayers with specific top layers in order to reflect the third harmonic at 6.67nm and
to reject the fundamental emission [48].

For the purpose of EUV lithography development, Van Harpen et al. proposed
to use a Si3N4 top layer on Mo/Si multilayers that acts as an AR layer for VUV
light (up to 200nm). They demonstrated a reduction of the VUV reflectance by a
factor of five while maintaining a reflectance greater than 60% at 13.5nm [49]. In
order to improve the spectral purity of multilayer mirrors used for the selection of
one harmonic in an HHG spectrum, we have optimized SiO2 AR coating both on
B4C/Si multilayers (for the selection of harmonics 21–25) and Sc/Si multilayers (for
selection of harmonics 17–19). As depicted in Fig. 8.5b, such SiO2 AR layers present
a good rejection of low order harmonics in the VUV and provide an efficient solution
to select one harmonic with an enhanced spectral purity. These optimized multilayer
mirrors have been used for the study of dissociative ionization of molecules induced
by HHG femtosecond XUV pulses [46, 50].

Mirrors with a Controlled Spectral Response These few examples demonstrate
that top layer engineering is a good way to reject a specific wavelength or a spectral
region. However, when the top layer thickness increases too much, the XUV peak
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reflectivity drops, which constitutes the main limit of this approach. In order to
overcome this difficulty, one can replace the top layer by a second periodicmultilayer.
If the two multilayers are properly matched, the increase of the top multilayer total
thickness will not degrade the XUV peak reflectivity. Such bi-periodic multilayers
open the way to obtain high rejection rate for several wavelengths close to the XUV
peak reflectivity. Moreover, we have shown that the first and second Bragg’s peak
position can be tuned by adding a buffer layer between both periodicmultilayers [51].
Figure8.6 shows an example of dual-band multilayer mirror designed for the coronal
imaging of the sun. The mirror reflects both 17.4 and 33.5nm emission lines with a
good rejection of the 30.4nm emission line. As shown in the figure, one can tune the
position of the other rejections by optimizing the top multilayer and the buffer layer
thicknesses. Suchmultilayer structures, initially developed for the Solar Orbiter ESA
mission, are of particular interest for applications on HHG or FEL sources.

Going from a periodic to a bi-periodic structure is a way to increase the degrees
of freedom in the optimization of the spectral response. This approach can be pushed
further by considering non-periodic structures. Up to now, most of the studies related
to non-periodic multilayers aims at optimizing reflectivity in a given spectral range
rather than at a specificwavelength.As soonas 1996,Loevezijn et al. studied the effect
of thickness disorder in periodic multilayers and proposed a systematic optimization
method to design non periodic multilayers with optimized integrated reflectivity on a
specific spectral range [52].Michette et al. proposed a similar method but applied to a
more general case: they took into account interfacial roughness, layer thickness errors
and non-sharp boundaries [53]. Note that such a depth-graded or aperiodicmirror can
be very useful for applications that require broad angular acceptance. For example,
depth-graded Mo/Si multilayer mirrors reflecting between 50 and 60% in the 0–16◦
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angular bandpass have been reported for the production of EUV lithography optics
[54]. Corso et al. have also used such an aperiodic approach to optimize AR layers
on a periodic stack [48].

8.2.3 High Stability Mirrors

Multilayer mirrors are widely used on EUV and X-ray FEL to transport or focus the
beam. Considering the pulse duration and brilliance of these sources, the temporal,
thermal and irradiation stability of multilayer mirrors turns out to be a major issue
[47, 48].

Concerning multilayer thermal stability, temperature damage threshold is usu-
ally related to different physico-chemical phenomena, depending on the materials.
In some systems, such as Mo/Si or Sc/Si, the increase of temperature produces a
decrease in the period thickness. It has been demonstrated that this phenomenon,
known as “period contraction”, is related to the growth of interdiffusion layers at
interfaces [55–57]. Figure8.7 shows that the threshold for this phenomenon is typ-
ically of 100 ◦C for Sc/Si and 250 ◦C for Mo/Si multilayers. Other systems do not
exhibit any period contraction. For example, Mo/B4C periods are almost stable up to
600 ◦C but the growth of interlayers with temperature induces changes in mechanical
stress, from compressive to tensile, and a small decrease of reflectivity [21].

In some cases, these damage thresholds are too low and an improvement of the
thermal stability is required. One solution is to add thin layers of a few tenths of
nanometers of a third material at both interfaces. It has been shown that carbon layers
or carbon or nitride compounds such as SiC, SiN and B4C improve the thermal sta-
bility of Mo/Si without significant reduction of peak reflectivity [57–59]. Figure8.7
illustrates the effect of such barrier layers on the temperature damage threshold in
the case of Mo/Si and Sc/Si multilayers. Barrier layers proved to be efficient even for
material pairs with low thermal stability such as Sc/Si. Several authors have reported
experimental results with ScN, SiN, W, Cr or CrB2 barrier layers in order to improve
Sc/Si thermal stability. An interesting study of reactive diffusion in Sc/Si together
with a comparison between different barrier materials can be found in [60].

A significant effort has beenmade in the past 10years on the optimization ofMo/Si
multilayers for EUV lithography, including barrier layers and capping layers in order
to improve thermal and temporal stability. All these progresses benefit coherent EUV
sources and their applications in different scientific fields. Louis et al. have recently
published a detailed review on these technological developments [61]. A thorough
report on ultrathin films that could be used as capping layers to protect and extend
the lifetime of multilayer optics is given in [62].

The stability of multilayer mirrors exposed to intense XUV radiation has become
a real concern with the development of FEL sources. Nevertheless, some studies
have been reported with other coherent sources such as X-ray lasers. For example,
Grisham et al. have investigated the damage threshold and damage mechanism of
Sc/Si multilayer mirrors exposed to focused nanosecond pulses at 46.9nm with a
compact capillary-discharge laser. They have reported damage thresholds of about
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80mJ/cm2 [63]. Concerning stability to FEL radiation, several experiments have
been implemented on the FLASH source. Hau-Riege et al. have studied the stability
to radiation on B4C and SiC thin films to be used for X-ray FEL optics. They reported
a strong wavelength dependence for both thin films between 13 and 32nm, with a
damage threshold in the range 320–350mJ/cm2 at 13nm, and 10 times lower at
32nm [64]. Louis et al. have determined the threshold for irreversible damage of
Mo/Si multilayers exposed to FLASH FEL 13.5nm radiation to be 45mJ/cm2 [65].
Similar studies have been reported also in the single shot regime [66]. The damage
mechanisms of multilayer optics exposed to FEL radiation have been investigated,
in particular for Mo/Si [66] and MoN/SiN multilayers [67].

8.3 Multilayer Mirrors for Attosecond Sources

As opposed to pico/femtosecond XUV sources, the development of mirrors for
attosecond pulses requires a “phase engineering” of the multilayer structures.
This imposes to use new approaches for the design and the characterization of
such mirrors.

8.3.1 Specificities of the Attosecond Regime

Attosecond pulses have been obtained exclusively with HHG sources so far. One of
their specificities lies in their spectral phase. Apart from the highest energies of the
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spectrum, called the cut-off region, the spectral content of these pulses always exhibits
a GroupDelayDispersion (GDD), also known as the attochirp, see Chap.3, that tends
to increase their duration. Equation (8.1) gives the evolution with the amount of GDD
of the FWHM duration τ of a gaussian pulse, τ0 being the duration in the chirp-free
case:

τ = τ0

√
1 + 16 ln 22G DD2

τ20
(8.1)

As an example, a gaussian spectrum with a FWHM of 18eV, see Fig. 8.8a, corre-
sponds to a Fourier-transform limited pulse duration τ0 of 100as FWHM. However,
a typical GDD of 20,000as2/rad changes this duration into 556as FWHM. Conse-
quently, the compensation of this attochirp could potentially lead to much shorter
pulses.

To do so, one needs to filter the attosecond radiation with a dispersive component
exhibiting the opposite GDD along with a low absorption in the considered spectral
range. The easiest way to proceed is tomake use of the natural dispersion ofmaterials
such as metallic filters [68] or gas cells [69]. This solution is straightforward to
implement but is not tunable, the dispersion being imposed by the chosen material.
The second possibility relies on the angular dispersion of a diffraction grating [70].
Such agrating compressor allows amoreflexible control of the chirp ratewhich canbe
set by the geometry of the system. However, such systems always require one or two

http://dx.doi.org/10.1007/978-3-662-47443-3_3
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pairs of angularly dispersive components, making their alignment rather complex.
The last solution consists in using a structuredmedium, such as a reflectivemultilayer
mirror. In that case, the dispersion of the component is set by the interferences
in the structure. Consequently, a single mirror offers potentially arbitrary shaping
capabilities [71–73].

8.3.2 Design of Attosecond Mirrors

The effective shaping/transport of an attosecond pulse with a multilayer mirror
depends on the quality of its structure.
Structure of the Multilayer Stack
As a logical starting point, one can first consider a periodic multilayer structure
with N periods and working near normal incidence. The spectral bandwidth of such
an optical resonator is approximately λBragg/N , λBragg being the wavelength at
the Bragg’s peak. Consider mirror (1) in Fig. 8.8a, that is a Mo/Si stack composed
of N = 30 periods. One obtains a reflectivity peak around 85eV which is much
narrower than the broadband spectrum to reflect. The direct solution is to decrease
the number of periods of the stack, which increases the mirror bandwidth at the price
however of a decrease of the Bragg’s peak reflectivity, see mirror (2) in Fig. 8.8a.
Moreover, the phase being linear throughout the Bragg’s peak in both cases, the pulse
will accumulate a time delay during its penetration into the structure, but its temporal
shape will remain unchanged. Consequently, despite a low reflectivity, low-period
multilayer stacks are well suited to the transport of attosecond pulses. This simple
solution can be exploited in the cut-off region of a HHG spectrum where the GDD
is zero [74].

In order to get a broadband mirror with a tailored spectral phase, one needs to
consider more sophisticated multilayer structures. Following the strategy developed
for chirped mirrors for femtosecond infrared pulses [75, 76], it is possible to design
a stack where the period varies with depth. One thus creates a structure where the
Bragg’s phase matching is fulfilled at a given depth for a given wavelength. If the
period increases linearly with depth, larger wavelengths will be reflected deeper in
the stack while short wavelengths will be reflected off the surface. One therefore
obtains a mirror with a negative GDD, that is a parabolic convex spectral phase as
shown in Fig. 8.8b, enabling the attochirp compensation. This approach is valid only
in spectral regions where the used materials are not too absorbent, that is in the
70–100eV range for Mo/Si structures.

At higher energy, silicon becomes too absorbent and a substitute, such as Lan-
thanum, must be used [77]. Below 70eV, molybdenum and silicon are still usable
but gradient structures are no longer adapted. Indeed, their dispersive absorption
needs to be taken into account and the design of a broadband phase-controlled mul-
tilayer structure becomes non trivial. This requires using optimization algorithms
and leads to totally aperiodic structures. Moreover, a third material, usually boron
carbide, is often added to increase reflectivity, see Sect. 8.2.1, and to get more degrees
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of freedom. Two examples of such structures are depicted in Fig. 8.8c, showing a
linear phase and a quadratic convex phase for an efficient transport or compression
of attosecond pulses in the 35–55eV range [78].
Optimization Procedure
Optimization algorithms are needed to design totally aperiodic structures. Indeed,
consider a multilayer stack with N periods, not more than a few tens in practice
because of absorption. Each of these periods can contain m materials, in general only
twoor three due to the limited space in the depositionmachine.And consider that each
layer can take n values of thickness, typically a few hundreds, theminimum thickness
being imposed by the deposition technique. The number of combinations is thus
nm×N , that makes ∼1003×10 possible stacks in practice. Since it is not reasonable to
test all these combinations to identify themost suitable one, the search for a solution in
theminimum time requires highly efficient global algorithms, such as those belonging
to the class of metaheuristics. Several approaches have been explored such as the
use of simulated annealing algorithms [78], genetic algorithms [79], or home-made
algorithms [80]. These algorithms always rely on an objective function to minimize
in the least squares sense and which depends on the quantities one wants to optimize.
In the case of attosecondmirrors, one can optimize themultilayer performances in the
spectral domain [73, 80], such as its peak reflectivity, its bandwidth or the shape of
its spectral phase, or in the time domain. The latter procedure consists in optimizing
directly the features of the reflected attosecond pulse, such as its duration, the relative
intensity of its secondary peaks compared to the main temporal burst, or its deviation
from a gaussian pulse profile [72, 81].

8.3.3 Characterization of Attosecond Mirrors

Since attosecond mirrors are designed to control both the pulse amplitude and phase,
their characterization requires the measurement of the mirror complex response, that
is its reflectivity and phase. The characterization of the mirror reflectivity is well-
established, and can be performed with a good precision on a synchrotron metrology
beam line, the procedure being identical for a broadband reflectivity and for Bragg’s
peak one. Therefore, we only consider now the issue of the phase characterization
of a multilayer mirror.
Characterization by Photocurrent Measurement
The first solution is known as the Total Electron Yield (TEY) technique. It builds
upon the pioneering work made by Pepper [82] in the seventies on the photoelectric
effect occurring in thin films illuminated by XUV light, as shown in Fig. 8.9a. During
the reflection of light off the mirror, the incident and reflected electric fields overlap
inside the stack without interacting unless a phenomenon that is sensitive to the
square modulus of the field occurs locally. This is precisely what happens with the
photoelectric effect, the latter creating photoelectrons everywhere in the multilayer
structure. However, those are much more numerous in the top layer because of the
depletion of the XUV photons as they penetrate in the stack. Moreover the mean
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Fig. 8.9 a Principle of the measurement of the phase of a multilayer mirror via photocurrent mea-
surements. b Theoretical and measured normalized photocurrents for a multilayer stack exhibiting
a GDD of 95.6 × 103 as2. c Phases simulated (continuous lines) and measured with the TEY tech-
nique (symbols) in the case of a positively (grey curve) and negatively (light grey curve) chirped
mirrors, and in the case of a periodic Mo/Si stack (black curve). Figures b and c are taken from [83]

free path of photoelectrons is usually of a few tenths of nanometers in the structure,
so that the photocurrent measured on top of the stack will be mainly composed of
electrons coming from the top layer. One can then state that this photocurrent imir

will be proportional to the light intensity at the surface of the mirror, that is set by
the standing wave formed by the superimposition of the incident Ain and reflected
Aout electric fields:

imir (ω) = C (ω) · |Ain (ω) + Aout (ω)|2

= C (ω) · |Ain|2 ·
[
1 + Rmir + 2

√
Rmir · cos (ϕmir )

]
(8.2)

Therefore, by measuring such a photocurrent along with the mirror’s reflectivity
Rmir , one can access the phase shift ϕmir induced by the multilayer mirror on the
incident light. In equation (8.2), C (ω) is a coefficient representing the ability of a
given material to emit photoelectrons in given illumination conditions. In order to
get rid of this unknown, the strategy consists in measuring the photocurrent ire f (ω)
of a reference sample having the same coefficient C (ω). To make sure this condi-
tion is fulfilled, the reference sample must be made of the same material as the one
composing the top layer of the mirror. The reflectivity of this single layer reference
sample is mostly very low, which allows one to approximate that ire f (ω) equals
C (ω) · |Ain|2. Therefore, knowing the ratio i/ ire f , called the normalized photocur-
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rent, and the reflectivity of the mirror to characterize gives rise to the phase shift
ϕmir (ω):

imir (ω)

ire f (ω)
≈ 1 + Rmir + 2

√
Rmir · cos (ϕmir ) (8.3)

In practice, such a measurement can be performed on a synchrotron beam line. It
requires putting an anode at the surface of the mirror to collect the photocurrent and
linking it to picoammeter, see Fig. 8.9a. An example of photocurrent measurement
and of phase reconstruction is reported in Fig. 8.9b, c.

This technique was introduced for the characterization of attosecond mirrors by
Aquila et al. [83]. It is particularly suited for the phase characterization ofmultilayers
in the 70–100eV range, where it is rather straightforward to find low reflectivity
reference mirrors. But it has also been demonstrated near absorption edges [84], and
for very large spectral ranges [81].
Characterization by Direct Measurement of Attosecond Pulses
Another approach for characterizing the phase of multilayer mirrors consists in mea-
suring the attosecond pulses reflected off the mirror. One thus directly observes the
impact of the mirror on the pulse [72, 77, 85]. However, in order to fully charac-
terize the multilayer, one has to measure the pulse with and without the mirror. The
variation of the pulse spectral phase after reflection thus corresponds to the phase
shift induced by the mirror. If such a differential measurement has already been used
to characterize the dispersion of metallic filters [68], its implementation in the case
of mirrors is more problematic. Indeed, the reflective optic deviates the beam, and
the procedure thus requires a major move of the attosecond pulse detector. In order
to maintain the same experimental geometry, it can be convenient to use a reference
mirror with a well-known, and usually simple, phase response such as a silver coated
mirror [78]. Afirstmeasurementwith the referencemirror gives access to the incident
light properties. The measurement is then repeated with the mirror to characterize to
access the reflected pulse. This technique has been used to characterize the mirror (2)
in Fig. 8.8c, the result of this measurement is depicted in Fig. 8.10a. Such measure-
ments were also attempted for by Morlens et al. [86]. Finally, a comparison between
the phases obtained with the TEY technique and via the direct characterization of
attosecond pulses has also been reported, and tends to show that both techniques lead
to similar results [87].
Examples of Attosecond Pulse Compression with Multilayer Mirrors
The shortest attosecond pulses produced to date lie in the 60–70as range [69, 88,
89], and make use of the natural dispersion of argon cells or zirconium filters to
compensate for the attochirp. However, recent achievements show that similar per-
formances could be achievedwithmultilayers [78, 81, 85]. Figure8.10 illustrates two
examples of such a post-compression of attosecond pulses with multilayer mirrors.

In Fig. 8.10a is depicted the experimental characterization of the mirror (2)
described in Fig. 8.8c. Its reflectivity was measured on a synchrotron and its group
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Fig. 8.10 a Measurement of the reflectivity (thick grey curve) and group delay (grey squares)
of mirror (2) described in Fig. 8.8c and taken from [78]. The black dotted lines correspond to the
simulated properties.bMeasurements (shaded lines) and simulations (dotted lines) of the reflectivity
and phase of a broadband multilayer mirror optimized in the time domain. Data taken from [81].
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time-domain optimization of the mirror in (b), along with the reflected pulse profile retrieved from
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delay, that is the derivative of its spectral phase, on an attosecond beam line [78].
This aperiodic mirror has been optimized to exhibit a negative GDD on the 35–55eV
range. This is confirmed by the measurements, the mirror group delay being linearly
decreasing in this range. The compression capability of this mirror is clearly visible
in the time domain. Figure8.10c shows the temporal profile of the radiation in the
35–55eV range reflected off a zero phase reference mirror and off the multilayer
mirror. In the second case, the pulse duration is decreased by a factor of two, down
to 123as.

As as second example, we depict in Fig. 8.10b the spectral features of a multilayer
mirror optimized to compress below 50 as the 103as pulse shown in Fig. 8.10c [81].
The spectral phase of the mirror has been measured with the TEY technique on
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the 20–140eV range. The agreement between the pulse profiles obtained from the
simulations of the mirror and from its measured properties confirms the sub-50as
compression capability.

8.4 Conclusion

Research carried out on XUV multilayer mirrors in the past 40years have provided
firstly a better understanding of the physics of X-ray multilayer structures, and sec-
ondly a huge number of technological progresses in the development of new optical
components for this spectral range. Nowadays, multilayer mirrors for XUV radiation
have become essential for the development of coherent source applications. Even if
they rely on a mature technology, it remains many scientific and technologic chal-
lenges to address in the future: the improvement of the mirror reflectivity in some
specific wavelength regions, the development of new deposition processes in order
to obtain ultra-smooth interfaces, a better understanding and control of multilayer
stability and mechanical stress induced by multilayer coatings. Top layer engineer-
ing and more generally optimization of aperiodic structures are two very promising
ways to obtain spectral responses suited to pico and femtosecond sources. Regarding
attosecond sources, one challenge will be to develop multilayers adapted to higher
energy ranges, up to the water window.
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Chapter 9
Gratings for Ultrashort Coherent Pulses
in the Extreme Ultraviolet

Taro Sekikawa

Abstract We discuss the recent new applications of gratings for ultrashort light
pulses in the extreme ultraviolet (XUV) and soft X-ray range. A special emphasis
is placed on the applications to high harmonics that are generated by the nonlinear
interaction between the ultrashort laser pulses and atoms or molecules. We present
the development and characterization of optical systems that use gratings to select
single harmonic with the preserved pulse duration.

9.1 Introduction

Gratings that disperse optical waves ranging from the far-infrared to soft X-ray have
been widely used in various types of spectroscopy for wavelength selection [1]. In
addition, with the development of laser technologies, gratings found extensive use
in laser systems and optical devices for pulse manipulation, such as pulse stretch,
pulse compression, and pulse shaping [2]. The working principles and operation of
gratings are well established and, accordingly, the manufacturing technology has
been well developed to satisfy sub-angstrom precision and to improve the efficiency
of diffraction.

The development of synchrotron light sources stimulated the interest in the
extreme ultraviolet (XUV) and soft X-ray spectroscopy. Synchrotron radiation has
the continuous spectrum and various types of gratings are used to select and to focus
the XUV and soft X-ray waves on the target; thus, gratings have become one of the
key optical elements in these types of spectroscopy. A detailed description of gratings
that are specialized for XUV and soft X-ray light waves is given in the book edited
by Samson and Ederer [3].
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This article focuses on another application of gratings in the XUV and soft X-ray
regimes, namely on their application to high harmonics of ultrashort laser pulses. The
generation of high harmonics by intense ultrashort laser pulses was first reported in
1987 [4, 5]. The intensities of higher-order harmonics of ultrashort laser pulses were
found to be much higher than those that are predicted by a perturbative approach,
up to the cut-off energy that was determined by the peak intensity of the laser pulse.
The mechanism of the nonperturbative intensity distribution is now well understood,
and can be explained using the so-called three-step model [6]. High harmonics can
cover the XUV and soft X-ray regions, and recently were even shown to extend to the
hard X-ray region [7]. Because the process of high harmonic generation retains the
coherence of the driving laser, the generated high harmonics also constitute coherent
light. In particular, the high harmonics are characterized by a temporal coherence,
and hence the corresponding temporal pulse durations are in the femtosecond and
attosecond regimes [8–10]. This provides us with the unique opportunity to investi-
gate the ultrafast phenomena in the XUV and soft X-ray regions, because the pulse
durations of synchrotron radiation are on the order of picoseconds and thus are not
short enough to be used in femtosecond spectroscopy. In addition, recent develop-
ments in laser technology make it possible to deliver harmonic photons that are
comparable to those obtained from synchrotron light sources [11]. Therefore, high
harmonics pulses are promising ultrashort XUV and soft X-ray light sources comple-
mentary to synchrotron light sources. Of course, state-of-the-art X-ray free electron
lasers (XFEL) deliver XUV and soft X-ray pulses that are more intense than those
obtained with high harmonics [12]. However, the compactness of a system for the
generation of high harmonics and the high temporal resolution breaking into the
attosecond regime should make high harmonics somewhat advantageous over the
XFEL.

Gratings can also play an important role in the application of high harmonics to
ultrafast spectroscopy. Since the driving laser pulses and all harmonics copropagate,
it is necessary to separate a single harmonic from the others. The first application of
high harmonics to the time-resolved photoelectron spectroscopy was demonstrated
by using a grating to select a single harmonic order [13]. However, the diffraction on a
grating introduces the pulse-front tilt and broadens the pulse duration. To compensate
for the pulse-front tilt and to keep the pulse duration as close to its original value as
possible, a time-delay compensated monochromator (TDCM) employing diffraction
gratings was proposed and developed for the isolation of a single harmonic from the
others [14, 15].

The advantages of a TDCM over a multilayer mirror, which is another method
for selecting a single harmonic without the temporal stretch of the pulse duration,
are as follows: (i) The wavelength can be tuned simply by rotating the gratings; (ii)
The spectral purity is better, because the other harmonics are completely eliminated
by a spatial slit; (iii) In general, a thin metal filter that is used to stop a strong funda-
mental light can be removed from the system, because the fundamental light is also
spatially separated after diffraction. Consequently, following the removal of a filter,
the throughput can be improved approximately by one order of magnitude, making
the total throughput of a TDCM comparable to that obtained by using multilayer
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mirrors. Thus, a TDCM will provide unique opportunities that allow gaining insight
into phenomena inaccessible by the synchrotron light sources. In this article, we
describe the recent progress on a TDCM, along with some background on gratings
that is necessary to understand a TDCM.

9.2 Grating for the Extreme Ultraviolet and Soft X-ray

9.2.1 Absorption and Reflectance

XUV and soft X-ray lights have large absorption coefficients for almost all materials,
including air. There are no windows and lenses for focusing, and very thin metal foils
are used as band pass filters. Therefore, optical systems are basically constructed from
reflective components. However, for a small incidence angle φ, the reflectance in the
XUV and soft X-ray range is small, and it is especially true for the wavelengths
that are shorter than 30nm. Thus, to increase the reflectance, it is necessary to make
the incidence angle φ larger than about 70◦. For example, the reflectance R of the
s-polarized light is expressed as:

R =
∣∣∣∣∣
cosφ −

√
n2 − sin2 φ

cosφ +
√

n2 − sin2 φ

∣∣∣∣∣
2

, (9.1)

where n is a complex refractive index. Gold and platinum are often used as a coat-
ing on optical components. Figure9.1 shows the reflectance of gold, calculated
using 9.1, with reference to a handbook edited by Palik [16]. Although for all
grazing-incidence angles the spectrum of reflectance is almost constant for
wavelengths longer than 10nm, the maximal reflectance is still less than 0.9, even

Fig. 9.1 Reflectance spectra
of gold in the extreme
ultraviolet and soft X-ray
range, at incidence angles of
0◦, 65◦, 75◦, and 85◦
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for the incidence angle of 85◦. This indicates that multiple reflections lead to a large
intensity loss. Therefore, an optical system has to be constructed with the mini-
mal number of optical components. To increase the reflectance and to extend to the
shorterwavelengths, s-polarization is preferred to p-polarization because of its higher
reflectance.

9.2.2 Grating

9.2.2.1 The Grating Equation

The diffraction gratings that are used for the XUV and soft X-ray are classified
into two categories: plane and concave gratings. As was described in Sect. 9.2.1, the
reflectance loss of optical coatings in the XUV and soft X-ray lights is almost one
order of magnitude larger than that in the visible light. Thus, in order to reduce the
number of the optical components, the concave gratings are often used for diffraction
as well as for the focusing of light.

Figure9.2 shows the relationship between the angles of incidence (α) and diffrac-
tion (β) on a grating, which can be expressed as:

d (sin α + sin β) = mλ, m = 0,±1,±2, . . . (9.2)

where d, λ, and m denote the groove spacing, the wavelength, and the integer dif-
fraction order, respectively. When the light is reflected, β0 = −α, and thus, m = 0.
For positive (m = 1) and negative (m = −1) orders, β1 > −α and β−1 < −α,
respectively. The same relationships describe the diffraction on a concave grating.

Fig. 9.2 Diffraction by a plane grating. The sign convention for the angles α and β is shown by
the + and − signs on either side of the grating normal. θB is the blaze angle
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A measure of the separation between the different wavelengths of the diffracted
light is called the angular dispersion, and is expressed as:

dβ

dλ
= m

d cosβ
(9.3)

As the groove spacing decreases, the angular dispersion increases, i.e., the angular
separation between the wavelengths increases for a given diffraction order m.

The efficiency of a grating to the first order diffraction increases with the addition
of a simple smooth triangular groove profile (shown in Fig. 9.2), under the “blaze
condition” of 2d sin θB = λ, where θB is the blaze angle. The highest efficiency is
obtained when the condition α − β = 0 is also satisfied. This condition is known
as the “Littrow blaze condition.” The triangular groove profile is generated by the
mechanical ruling or by the ion etching. A different profile, a sinusoidal groove, can
be obtained using interferometric (holographic) techniques. Sinusoidal gratings have
somewhat different efficiencies. Thus, the groove profile has to be checked before it
is used.

9.2.2.2 Rowland Mount of a Concave Grating

When a concave grating that has a curvature R is illuminated from an off-axis point
A (see Fig. 9.3), the diffracted beam has two foci: tangential (B) and sagittal (C) foci.
Here, O is located at the center of the grating, and the spherical center of the grating
is in the AOB plane. The grooves on the grating are ruled along the direction that is
vertical to the AOB plane. Then, the tangential focus B, where a diffracted beam is
focused in the tangential direction, is determined from the following equation:

Fig. 9.3 Rowland mount of a concave grating
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cos2 α

r
+ cos2 β

r ′ = cosα + cosβ

R
, (9.4)

where r = OA, r ′ = OB. One solution of 9.4 is:

r = R cosα, r ′ = R cosβ. (9.5)

These relationships show that both the light source A and the tangential focus B
are located on the same circle that has a diameter R; such a circle is called the
Rowland circle. The spectrum of the light source is horizontally focused on the
circumference of the Rowland circle. Thus, the spectrum of the light source can be
measured by placing a detector on the Rowland circle. Different harmonic orders
can also be separated by placing a slit. However, because of the large astigmatism of
the diffracted beam, the refocusing of the separated beam on target does not appear
to be promising.

9.2.2.3 Toroidal Grating

The sagittal focus of a concave grating is given by

1

r
+ 1

r ′ = cosα + cosβ

R
. (9.6)

As shown in Fig. 9.3, in this case, the sagittal focus is different from the tangential
focus. One solution for 9.6 is

r = R/cosα, r ′ = R/cosβ. (9.7)

In this solution, A and C are not located on the Rowland circle. However, when the
curvature of the grating in the vertical direction has a different value R′ = R cos2 α,
the light emitting point, the tangential and sagittal foci can be located on the same
Rowland circle for the 0th order reflected light. The aberration of the diffracted light
can be corrected by varying the density of the grooves and, then, the diffracted light
can also be focused at a particular point on the Rowland circle. Toroidal gratings for
monochromators and flat-field spectrographs are commercially available. Therefore,
it is easier to handle the diffracted beam by a toroidal, rather than a concave, grating.

9.2.2.4 Conical Mount of a Plane Grating

As described in Sect. 9.2.1, the reflectance loss of the XUV and soft X-ray light
by a metal coating is not negligible even at the grazing incidence. As a result, the
total diffraction efficiency of a traditional diffraction grating is on the order of 0.1.
Higher efficiency gratings are desired for the application to high harmonics as well
as for the spectroscopy. Thus, the improvement in the efficiency has been extensively
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investigated. The diffraction efficiency of a ruled grating was found to be enhanced
by one order of magnitude and could approach the reflectivity of a plane mirror when
the beam was incident on the blazed grating nearly parallel to the grooves [17–19].
This condition is called the conical mount or the off-plane mount. One reason for
the lower diffraction efficiency in the traditional mount is the imperfect shape of
the illuminated triangular profile of the grooves, which results in the absorption and
scattering of the incident light. Conversely, in the conical mount, the total groove
width is illuminated and the diffraction is insensitive to the triangular profile. Hence,
the diffraction efficiency of the conical mount is higher than that of the traditional
mount.

However, because the parallel beam should be illuminated on a plane grating, the
construction of the optical system that separates the harmonic orders requires at least
three optical elements: the plane grating, the collimating mirror, and the focusing
mirror. This might make the construction of the optical system more complicated
than the use of a concave or toroidal mirror.

Figure9.4 shows the geometry of the conical diffraction. The direction of the
incident beam is described by two parameters: the altitude γ , which is the angle
between the incident beam and the direction of a groove on the grating, and the
azimuth α, which is defined as zero if it lies in the plane that is perpendicular to the
surface of the grating and parallel to the grooves. The diffracted beams are on the
cone that has a half angle of γ . The 0th order and the diffracted light beams emerge
at the azimuth angles of −α and β, respectively. These angles are related by the
following equation:

d sin γ (sin α + sin β) = mλ. m = 0,±1,±2, . . . (9.8)

The diffraction efficiency is maximized when

α + β = 2θB, (9.9)

Fig. 9.4 The geometry of the conical mount
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where θB is the blaze angle of the grating. Under this condition, the shadow that
is generated by the triangular profile of the groove is minimized when α = θB.
Consequently, the optimal performance will be achieved under the condition of

α = β = θB. (9.10)

9.3 Time-Preserving Monochromator Using a Single Grating

One of the first application of high harmonics to time-resolved spectroscopy was
demonstrated in the pioneering work by Haight et al. [13]. They used a concave
or a toroidal grating both to select a single order harmonic pulse and to focus high
harmonic pulses on the target samples. As has already been described in the Introduc-
tion, the diffraction on a grating prolongs the pulse duration owing to the pulse-front
tilt. In the case of the first order diffraction, the difference in the optical path lengths
of two diffracted beams from the adjacent grooves on a grating is one wavelength λ.
The total difference in the optical path length across the beam amounts to Nλ, where
N is the total number of the illuminated grooves. Thus, although the wave front of
the beam is still preserved after the diffraction, the pulse front across the beam’s
cross-section is tilted, and the effective pulse duration is stretched by Nλ/c for the
first order diffraction, where c is the velocity of light. For example, let us consider
the pulse stretch when a 500 lines/mm grating is illuminated by 40-nm light over a
surface of 10mm. The number of illuminated groove lines is 5000, leading to a pulse
stretch of 670 fs, which is significantly longer compared with the pulse durations of
20–100 fs delivered by a commercial standard laser system.

To reduce the pulse-front tilt, one approach is to use a grating that has a lower
groove density. If the pulse front tilt is smaller than the original pulse duration,
the pulse duration of the selected harmonic is still comparable to the original pulse
duration. Based on this idea, a time-preserving monochromator that uses a single
grating in the conical mount was recently proposed [20], and the pulse duration was
characterized experimentally [21]. The condition for preserving the pulse duration
Δτ after the diffraction from N grooves is given by

mλL/ (d cosα) ∼= mλL/d ≤ cΔτ, (9.11)

where L is the beam diameter of the light source after collimation and the azimuth
angle is assumed to be small. When the center wavelength, the groove density, and
the beam diameter are 35nm, 60 line/mm, and 1.8mm, respectively, the pulse-front
tilt becomes 13 fs. In [21], the measured pulse duration was 24 fs, somewhat longer
than the pulse-front tilt. This confirms that a temporal response of a single-grating
monochromator specially designed for ultrashort pulses is as short as few tens of
femtoseconds. At the output of the monochromator, the photon flux was 1.6 × 1010

photons/s, with a pulse repetition rate of 1kHz. Such photon flux is higher than those
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obtained using the time-delay compensated monochromators, which are described
in the next section.

9.4 Time-Delay Compensated Monochromator

9.4.1 Compensation of Time Delay Introduced by Diffraction

Although the time-preserving monochromator is useful in the separation of a single
harmonic order, it is very sensitive to the cross section of the beam on a grating. For
example, if the beam diameter becomes 5mm, the front tilt of the pulse immediately
becomes larger than 50 fs, and the time-preserving monochromator is no longer
useful. Thus, it is still very important to consider the compensation of the pulse-front
tilt.

The idea of using aTDCMfor high harmonic pulseswas first proposed byVilloresi
[15]. Two schemes for normal and grazing incidence regimes were discussed. In this
article, we will elaborate on the grazing incidence scheme, because, as described in
Sect. 9.2.2.2, the Rowland mount for the normal incidence induces large astigmatism
for the vertical direction, and because the beam profile at the exit of a TDCM should
be largely distorted. Conversely, in the grazing incidence scheme, the astigmatism
can be reduced by using the toroidal gratings.

Figure9.5 shows the schematic presentation of the grazing incidence scheme of
a TDCM. A pair of toroidal gratings is aligned symmetrically with respect to the
slit. The basic idea of the time-delay compensation is as follows: The first toroidal
grating separates the harmonic orders spatially and focuses the selected harmonic
pulses on the slit. However, the pulse duration becomes longer because of the pulse-
front tilt. The separated harmonic pulses propagate to the second grating. The second
grating corrects the pulse-front tilt induced by the first grating, when the number of
the irradiated grooves on the second grating is the same as that of the first grating.

Based on the fundamental idea of a TDCM, the construction of the system requires
that two critical conditions will be satisfied: (i) The number of the irradiated grooves
on the two gratings should be the same, in order to compensate for the pulse-front

Fig. 9.5 Schematic of a
time-delay compensated
monochromator (TDCM).
The dotted lines indicate the
pulse front inside the beam.
The distance between the red
lines corresponds to the
broadening of the pulse
duration after diffraction
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tilt. (ii) Since the output diffraction angle α (λ) of the beam from a TDCM depends
on the wavelength λ, the compensated bandwidth is limited by the following: Let us
assume that both the incident angle to the first grating and the output angle from the
second grating are α0 for the center wavelength λ0. Then, the output angle α (λ) is
expressed as:

α (λ) = sin−1 (sin (α0) + 2 (λ − λ0) /d) (9.12)

where d is the groove spacing. Insofar as λ − λ0 is much smaller than d, α(λ) can
be approximated as α0. For example, when 10-fs pulses at λ0 = 40nm are diffracted
by a TDCM with gratings of 550 line/mm, 2(λ − λ0)/d is 1.3 × 10−4 at λ giving
half maximum of the spectrum. This value is negligible for a grazing incident angle
of around 80◦. In general, because the lower order harmonics are characterized by a
more severe angular dispersion, a deviation of 2(λ − λ0)/d might not be ignored. In
other words, the grating with lower dispersion is preferable for the compensation of
the pulse-front tilt.

9.4.2 Experimental Demonstration of a Time-Delay
Compensated Monochromator

9.4.2.1 Design of a Time-Delay Compensated Monochromator

The first TDCMwas demonstrated by Nugent-Glandorf et al. and was applied to the
studies of time-resolved photoelectron spectroscopy of bromine molecules [14–22].
Nugent-Glandorf et al. constructed the system using the combination of a spherical
grating and a toroidal grating. However, the use of a spherical grating in the graz-
ing incident angle introduces high degree of astigmatism. Therefore, a significant
distortion of the output beam profile becomes inevitable, and the throughput at the
central slit becomes lower. The maximum photon number on the target was 3 × 109

photons/s, obtained for the pulse duration of 182 fs at a repetition rate of 1 kHz.
Poletto et al. have constructed a TDCM employing the conical mount of plane

gratings, as shown in Fig. 9.6 [23]. Toroidal mirrors were used for the collimation
and focusing of the beam. Although the relatively complicated optical configuration
appears to be difficult to construct, the throughput of TDCMwas 18%,whichmade it
quite efficientwhen comparedwith theTDCMthat employs a pair of toroidal gratings
(which will be described below). The energy and the duration of the pulse were
1.3× 109 photons/s and 8 fs, respectively, obtained at a repetition rate of 1kHz [24].

Ito et al. were motivated to construct and evaluate the original design proposed
by Villoresi, because the simplicity of the original design still offers more practical
advantages [25]. They employed a pair of toroidal gratings (HORIBA Jobin Yvon,
54000910) whose radii of curvature were 1 and 104.09mm in the horizontal and
vertical directions, respectively. Accordingly, the deviation angle was 142◦. The
groove density was 550 lines/mm, and the grooves had a variable pitch. The distances
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Fig. 9.6 Time-delay compensated monochromator employing the conical mount of diffraction
gratings [23]

from the center of the grating to the entrance and the exit foci were 319.9 and
319.5mm, respectively. The spectral dispersion was 2.07 and 2.22nm/mm at 48.75
and82.5nm, respectively. The toroidal gratingsweremounted on the rotational stages
and were installed such that the emitting point of high harmonics coincided with the
source point of the first toroidal grating. The slit that selected one harmonic order was
placed at the image point of the first grating. The second grating, which compensated
for the pulse-front tilt, was placed symmetrically with respect to the slit. A harmonic
order was chosen by rotating the stage accessible from the outside of the vacuum
chamber. The harmonic separator was very compact: the total optical path length
from the emitting point of high harmonics to the focusing point was 1.28m. The
maximum photon flux was 4.2 × 109 photons/s at the 21st harmonic, at a repetition
rate of 1kHz. Based on the diffraction efficiency of the gratings, the throughput was
estimated to be 2.6%.

9.4.2.2 Characterization of a Time-Delay Compensated Monochromator

In this subsection, we describe two features of the output pulses from the TDCM that
employs toroidal gratings: (1) the size of the focus spots and (2) the pulse duration
for selected high harmonics [25]. The experimental setup is shown in Fig. 9.7. High
harmonics were generated by focusing Ti:sapphire (TiS) laser pulses into a pulsed
argon gas jet with a mirror whose focal length was 50cm. The TiS laser system deliv-
ered 800-µJ, 30-fs pulses at a repetition rate of 1kHz. The laser pulse was separated
in two pulses using a beam splitter: 600-µJ pulses were used for the generation of
high harmonics, and the remaining pulses were for the probe that was used in the
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Fig. 9.7 Experimental setup for the spatial and temporal characterization of the time-delay com-
pensated monochromator [25]

temporal characterization. For the generation of high harmonics, the spot size of the
laser beam was 68µm and the peak intensity was 5.5 × 1014 W/cm2. The selected
harmonic order was monitored using a photoelectron spectrometer. To visualize the
XUV photons, we employed a Ce:YAG crystal to convert them to visible photons
whose wavelength was around 500nm. The luminescence from the Ce:YAG crystal
inserted at the focal point was imaged using a CCD camera. The temporal durations
of the selected harmonic pulses were measured by observing the temporal evolution
of the sideband peaks in the photoelectron spectra of Ne; these peaks were caused
by the two-photon free-to-free transition under the simultaneous irradiation of both
XUV and fundamental photons. The peak intensity of a probe pulse was 1.3 × 1011

W/cm2, which is weak enough not to cause the ponderomotive shift in the photo-
electron spectra. After passing through a time-of-flight tube, the photoelectrons were
detected by a multichannel plate (MCP) and then counted.

Figure9.8 shows the beam profiles of the 17th high harmonic.When both gratings
were set to the 0th order reflection, the output beam, shown in Fig. 9.8a, had a nearly
circular profile with a diameter of 58 ± 3 µm. When the first grating was set to
the 1st order diffraction, the beam profile of the 17th harmonic, shown in Fig. 9.8b,
became oval-shaped because of the diffraction. As shown in Fig. 9.8c, an almost full
compensation for the spectral dispersion of the harmonic was achieved by directing
the second grating at the 1st order. The beam diameter at the focus was 58 ± 3 µm,
which assured a good focusing ability of the TDCM. At the same time, the circular
profile of the beam suggests that the divergence of the output beam, predicted by
9.12, might be negligible and that the pulse-front tilt was almost cancelled out by the
second grating. This is the first spatial characterization of a TDCM.

The temporal profiles were characterized as follows: When only the first grat-
ing was set to the first order, the cross-correlation measurement of high harmonic
pulses with the fundamental laser pulses through the two-photon free-to-free tran-
sition yielded of 230 ± 10 fs for the pulse duration of the 23rd harmonic pulses
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Fig. 9.8 Beam profiles of the 17th harmonic at the exit of the time-delay compensated monochro-
mator. a A pair of gratings was set to the 0th order. b The first grating was set to the 1st order.
c Both gratings were set to the 1st order [25]

Fig. 9.9 Temporal cross-correlation functions of the 23rd harmonic pulses with the fundamental
laser pulses: a with only the first grating set to the 1st order, b with both gratings set to the 1st
order, and c with both gratings set to the 0th order. The corresponding pulse durations after the
deconvolution are 230 ± 10, 59 ± 2, and 25 ± 5 fs. The solid lines are the results of a fit to a
Gaussian function [25]

Table 9.1 Pulse durations of selected high harmonics

Harmonic order Photon energy (eV) Pulse duration (fs)

17 26.5 96 ± 3

19 29.6 80 ± 3

21 32.8 47 ± 2

23 35.9 59 ± 2

(Fig. 9.9a). The compensation produced by the pulse-front tilt was confirmed by set-
ting the second grating to the 1st order. Figure9.9b shows the cross-correlation and
the pulse duration obtained after the compensation was 59 ± 2 fs. Pulse-front-tilt
compensation can clearly be seen. For the high harmonic pulses, from the 17th to the
23rd harmonics, we measured the pulse durations and tabulated them in Table9.1.
The shortest pulse duration measured in this case was 47 ± 2 fs when the 21st
harmonic was selected. Because the photon number for the 23rd harmonic pulses was
3.0 × 106 photons/pulse, the peak intensity at the focus was 11MW/cm2.

To examine the extent of the recompression by the TDCM, we measured the
original pulse duration of the 23rd harmonic, by setting both gratings to the 0th
order reflection and then observing the intensity of the photoelectron peak through
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one-photon absorption of the 23rd harmonic photons with delay time. The main,
rather than the sideband, photoelectron peak was noted here by one-photon transi-
tion, because the contribution of the sideband peakwas indistinguishable from that of
the neighboring peaks (21st or 25th). Themain peakwas reduced to produce the side-
bands under the simultaneous irradiation by the laser pulses. The cross-correlation
trace is shown in Fig. 9.9c. The pulse duration was 25 ± 5 fs, which is less than half
of the recompressed pulse. Therefore, as shown in Fig. 9.9b, the pulse-front tilt was
still present after the TDCM.

The broadening of the pulse, from 25 to 59 fs, corresponds to a 10-µm difference
in the optical path length within the beam. One possible origin of this effect can be
attributed to small displacements of the gratings and the slit from an ideal position,
because a 10-µm difference in the optical path is equivalent to the change of 286
grooves in the irradiation area on the grating. Because the angle of incidence is
around 71◦, only a 170-µm (286-groove) change in the spot size will result in the
broadening of a pulse to 59 fs. This can easily be caused by the misalignment of the
angle of incidence or by the misalignment of the focal length.

9.4.2.3 Temporal Optimization of a Time-Delay Compensated
Monochromator

The pulse duration was found not to be compressed completely. Thus, in this subsec-
tion, we pursued the pulse compression in the TDCM that employed toroidal gratings
[11]. As discussed in the previous subsection, the incomplete compression may arise
from the unequally illuminated areas on two gratings. In our system, both the focus
and the emitting point of the high harmonics were fixed. Thus, when the incident
angle to the second grating deviated from the planned angle, the diffraction angle
of the second grating became different from that of the first grating. This resulted
in different illuminated areas on the gratings. Here, the incident angle to the second
grating can be adjusted by simultaneously displacing the slit’s position in the Fourier
plane of the gratings and by rotating the first grating.

First, the pulse stretch of the 21st harmonic in the TDCM systemwas estimated by
a numerical simulation, using the given parameters of the toroidal grating. Figure9.10
shows the calculated pulse stretch that arises from unequal irradiation areas on
the gratings, as a function of the slit’s position. The irradiated areas of both grat-
ings become equal at the origin, and the pulse stretch becomes about 100 fs with
5-mm displacement of the slit. Therefore, the pulse duration could be compressed
by shifting the slit position by several millimeters. A similar pulse stretch, resulting
from the misalignment of the gratings in the TDCM, was also numerically predicted
in a TDCM that employed the conical mount [26]. The pulse stretch estimated in [26]
was about five times smaller than that obtained in the present case. This is because
the groove density of the assumed grating was about five times lower than that of the
toroidal grating used in this TDCM.

The displacement of the slit by several millimeters was found to prolong the
durations of the separated harmonic pulses. In other words, pulse compression could
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Fig. 9.10 Pulse stretch as a function of the slit’s position, determining the incident angle to the
second grating [11]

Fig. 9.11 Cross-correlation between the 21st harmonic and fundamental pulses at slit positions of:
a 0mm, and b 3mm. The solid lines are the results of fits to Gaussian functions [11]

be achieved by moving the slit’s position along the Fourier plane of the gratings. We
measured the pulse duration of the 21st harmonic as a function of the slit’s position
for pulse compression. Figure9.11a, b shows the cross-correlation between the 21st
harmonic and the fundamental pulses at slit positions of 0 and 3mm, respectively.
Here, the origin of the slit’s position was defined as the slit position at the start of the
experiment. The temporal width of the cross correlationwas smaller for higher values
of slit’s position. For a selected harmonic pulse, the pulse duration was obtained by
the deconvolution of a high harmonic pulse from the cross-correlation, by assuming
the harmonic and fundamental pulses to be described by the Gaussian functions.
Figure9.12 shows that the pulse duration was compressed down to 11 ± 3 fs when
the slit was located at 3mm relative to its initial position. Further shifts increased
the pulse duration. The solid line in Fig. 9.12 is the calculated pulse stretch, shifted
by 11 fs and by 3mm in the vertical and horizontal directions, respectively. The
experimentally measured pulse duration was explained very well without reference
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Fig. 9.12 Pulse duration of
the 21st harmonic pulse as a
function of slit’s position.
The solid line is the
numerically calculated pulse
stretch, shifted by the
measured shortest pulse
duration [11]

to free parameters. Therefore, the deviation of the incident angle to the second grating
from the optimal value is the most important parameter in the construction of the
TDCM. To reduce the pulse broadening to within ±10% of the optimum, the slit
position should be determined to an accuracy of 0.1mm.

For the 21st harmonic, the shortest compressed pulse duration was 11 ± 3 fs. As
a consistency check, we calculated the pulse profile of the 21st harmonic from the
single atom response, assuming the strong-field approximation [27]. When the pulse
duration of the driving laser was 30 fs, the pulse duration of the output harmonic
pulse was 15 fs; this calculated result was almost consistent with the experimental
results.

Very recently, the application of this TDCM to time-resolved photoelectron spec-
troscopy of gas-phase 1,3-butadiene molecules was reported in [28], where the ultra-
fast relaxation from the doubly excited state 21Ag and the corresponding recovery
of the ground state 11Ag were observed simultaneously. This result demonstrates
that the developed TDCM light source delivers enough photons for time-resolved
spectroscopy. The TDCM is one of the key optical devices for XUV light sources.

9.4.3 Future Applications

It has been proposed that the TDCM that employs the conical mount of gratings can
be used as a pulse compressor of theXUV and soft X-ray pulses [29, 30]. Because the
conical mount assures high throughput of a TDCM, the idea of an “XUV attosecond
compressor” (XAC) appears to be attractive, and suggests a new application of a
TDCM.

The pulse stretcher used in a femtosecond laser amplifier system consists of a
grating pair and a telescope, and yields both positive and negative phase dispersions
of optical pulses when the grating distance is varied. The design of the TDCM that
employs the conical mount is similar to the pulse stretcher in that the TDCM also
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Fig. 9.13 Schematic of a XUV attosecond compressor. P1, P2, P3, and P4 are parabolic mirrors
and G1 and G2 are plane gratings. Group-delay dispersion (GDD) changes with the arm length S3

has a pair of gratings, which provides a chromatic optical path length. The idea of a
XUV pulse compressor based on a TDCM was proposed in [29]. Figure9.13 shows
the schematic of the XUV pulse compressor. S and S′′ in Fig. 9.13 are the light source
and the focus of the output, respectively. P1, P2, P3, and P4 are parabolic mirrors
for collimation or for focusing, and G1 and G2 are plane gratings. For the TDCM
operation, the optical path length S2 between G1 and P2 should be identical to the
optical path length S3 between G2 and P3. However, the parallel displacement of
G2 provides the optical pulses with the group delay dispersion (GDD), for which the
sign changes with the direction of the displacement: For S3 < S2, GDD becomes
positive and vice versa. The numerical calculation, performed for a range of energies
from 50 to 100eV, using the gratings with a groove density of 200 lines/mm, predicts
a GDD on the order of 103 as−2, which is comparable to GDD given by an intrinsic
chirp that comes from the generation mechanism of the attosecond pulse generation
[31]. Although the phase compensation using a thin metal filter has already been
demonstrated [32], the advantages of a XAC are the tunability of the GDD, the
center wavelength, and the total throughput of the photon flux. A XUV attosecond
compressor is a promising optical system for attosecond time-resolved spectroscopy.

9.5 Conclusions

A time-delay compensated monochromator (TDCM), which selects a single har-
monic with the pulse duration preserved, was described, along with the fundamentals
of the optical gratings, for the XUV and soft X-ray light. A beam line combining a
high harmonic light source and aTDCMdelivers to the target ultrashortXUVphotons



192 T. Sekikawa

on the order of 109–1010 photons/s at a repetition rate of 1kHz, which is comparable
to the radiation coming from a small synchrotron facility. Recent developments in
laser technology enable generating the femtosecond laser pulses at higher repetition
rate, thus increasing the XUV photon flux. In addition, because of its widely tunable
photon energy, a device consisting of a high harmonic beam linewith a TDCMwould
become useful for XUV spectroscopy in the near future.
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