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Tracking and controlling electron dynamics in the interior of atoms, molecules as well as in solids is at
the forefront of modern ultrafast science [1–5]. Time-resolved studies of these dynamics require attosec-
ond temporal resolution that is provided by an ensemble of techniques consolidated under the term
“attosecond metrology” [6,7]. This work reports the development and commissioning of what we refer
to as next-generation attosecond beamline technology: the AS-1 attosecond beamline at the Max-Planck
unnel ionization
igh-harmonic-generation
ltrashort laser
ransient absorption

Institute of Quantum Optics. It consists of a phase-stabilized few-cycle laser system, for the generation
of XUV radiation, and modules tailored for the spectral filtering and isolation of attosecond pulses as
well as for their temporal characterization. The setup produces the shortest attosecond pulses demon-
strated to date and combines them with advanced spectroscopic instrumentation (electron-, ion- and
XUV-spectrometers). These pulses serve as temporally confined trigger events (attosecond streaking
and tunneling spectroscopy) or probe pulses (attosecond absorption and photoelectron spectroscopy)

nosco
enabling attosecond chro

. Introduction

Experiments with attosecond resolution, particularly those uti-
izing the generation of high harmonic radiation, are necessarily
ery sensitive to the overall waveform of the driving laser field. The
easurement, the precise and reproducible control of the carrier

nvelope phase, or more generally the waveform of the laser pulses
ombined with high temporal stability is the key aspect of the laser
ources employed in the experiments. With decreasing pulse dura-
ions, experimental results become significantly more sensitive to
ariations of the carrier envelope phase. Besides the reproducibility
f the characteristics of the laser pulses, the mechanical stability of
he experimental system has to be a main focus of attention to per-
orm attosecond pump–probe experiments in an interferometric
etup. Investigations with a temporal resolution of 100 as require
echanical stability better than a few-nanometers over several

ours.
. Generation and measurement of few-cycle laser pulses

To generate the few-cycle NIR pulses required by experi-
ents providing contemporary attosecond resolution we employ a
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commercially available chirped-pulse-amplification system (Fem-
topower Compact Pro, Femtolasers Produktions GmbH) [8,9] that
we adapted according to the needs of attosecond experiments.
The amplifier system (Fig. 1) is seeded by an ultra broadband
Ti:sapphire oscillator, emitting pulses of about 6 fs with an output
power of 300 mW at 78 MHz [10]. Before seeding the amplifier (seed
pulse energy ∼1 nJ) the oscillator pulses are dispersively stretched
to 15 ps in bulk material. After the fourth pass of the amplification,
a Pockels cell is installed in the beam path, reducing the repetition
rate to 3 kHz. A total of 9 passes through a Ti:Sa crystal pumped
with ∼20 W/3 kHz at 532 nm result in a pulse energy of 1.2 mJ.
Subsequent recompression takes place in a hybrid prism/positive
dispersive mirror-compressor. The prism compressor is modified to
overcompensate the positive chirp the amplified pulses carry; the
pulses therefore maintain their negative chirp throughout the final
prism and are not subject to self-phase modulation (SPM) which
would narrow and modulate the spectrum and thus hinder the final
temporal compression of the pulses. The full compression takes
place by reflection off positive-dispersion chirped mirrors where
SPM does not occur, thereby, sub-25 fs pulses (full-width at half
maximum – FWHM) extending over a spectral width of 65 nm and
energy of 900 �J [11] are achieved.
The amplified pulses are focused (f = 1.8 m) into a 1 m long
hollow-core fiber (FiberTech GmbH) with an inner diameter of
250 �m, that is filled with neon at a pressure of ∼2 bar. Non-
linear propagation of these pulses in the hollow-core waveguide
results in (see Fig. 1) the broadening of their spectrum, primar-
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http://www.sciencedirect.com/science/journal/03682048
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ig. 1. Schematic laser setup. The left panel shows the Ti:Sa oscillator/9-pass amp
as filled hollow core fiber and chirped mirrors for the dispersion management. On
ber is shown (panel a) and the corresponding second order autocorrelation mea
ulse duration is below 4 fs and the pulses carry energy of about 400 �J at the repe

ly due to self-phase-modulation but also because of processes
ike self-steepening and ionization-induced blue shift [12,13]. The
roadened pulses are recompressed to a duration of <4-fs following
reflections off low-loss chirped mirrors optimized for the wave-

ength range of 500–1000 nm [14]. The transmission through the
ber is above 50%. The additional losses the chirped mirrors intro-
uce result in a total transmission of ∼45% and pulse energies of
00 �J after recompression. For the long-term stability for attosec-
nd experiments, a commercial beam stabilization system [15] is
sed to track the beam pointing with two position sensitive detec-
ors (PSD in Fig. 1), and compensates for beam displacements at the
xit of the laser with two piezo-actuated mirrors.

. Controlling the carrier envelope phase (CEP)

For laser pulses that last only a few oscillations of the light field,
he actual evolution of the electric field inside the pulse envelope,
ather than just the cycle-averaged intensity, becomes relevant to
he experiment. Such ultrashort pulses are usually described in
erms of the offset between the maximum of the intensity enve-
ope and the peak of the electric field waveform that oscillates at
he central carrier frequency. This temporal offset divided by the
eriod of the carrier wave, is dubbed carrier envelope phase (CEP).
or broadband laser pulses, the propagation in a dispersive medium
roduces a difference in phase and group velocity resulting in a
lippage of the carrier wave under the envelope. Two consecutive
ulses may suffer a phase shift such that a certain waveform has
recurrence period of 2�/�ϕ, corresponding to a offset frequency

offset of the oscillator’s frequency comb [16,17].
In the case of the ultra broadband output of femtosecond oscil-

ators, the so-called f-to-zero technique can be employed to track
he CEP [18]. This scheme relies on focusing the broadband pulses

f the oscillator into a periodically poled nonlinear medium (here
eriodically poled lithium niobate – PPLN) to generate the differ-
nce frequency of its extreme spectral components. Besides that,
he bandwidth of the pulses is slightly increased via self-phase

odulation. The optical f-to-zero beat signal carrying the CEP infor-
ystem with the subsequent pulse-broadening and compression stages including a
ight a typical spectrum achieved after spectral broadening the Ti:Sa output in the
after recompression of the pulses in a chirped mirror compressor. The calculated
rate of 3 kHz.

mation is band-pass filtered by a suitable infrared low pass filter
and detected on a photodiode. Locking electronics (Menlo Systems)
are used to detect the beat frequency and to generate an error signal
proportional to the deviation of foffset from the desired value. The
error signal is used in a closed loop as feedback signal to drive an
acousto-optic modulator that is installed into the beam path of the
pump laser (Verdi Coherent). Modulating the pump laser intensity
influences the intra cavity nonlinear phase shift providing a feed-
back loop for the stabilization of foffset. Fig. 1 shows the location of
the crystal (PP-MgO:LN) and the IR sensitive photodiode inside the
laser system.

In the presented setup, the intra-cavity dispersion is adjusted
such that every fourth pulse has, in principle, the same CE phase
and therefore an identical waveform. The stabilization is used to
compensate for phase drifts that occur due to instabilities intro-
duced by thermal changes or drifts in the pump laser parameters.
Details on the stability performance of these systems can be found
in [8]. The amplification process of the pulses to mJ level comes
along with additional sources of noise. The amplification in 9 passes
through a Ti:Sa crystal includes extensive propagation through air
(∼15 m) and numerous optical components. Earlier schemes used
for the stabilization of the CEP phase of the amplified pulses have
been based on an f-to-2f interferometer that was seeded by a small
fraction of energy (<1%) of the compressed pulses at the exit of the
amplifier [19]. The relatively narrow output spectrum of the laser
amplifier does not allow for a direct f-to-2f measurement but needs
the spectrum to be broadened in a filament by means of white light
generation. This filament is usually realized in a sapphire crystal
and is very sensitive to fluctuations in the intensity; this depen-
dency translates intensity fluctuations into artificial phase noise in
the detection.

Here, we present an upgrade of the scheme for the detection and

compensation of the carrier-envelope phase of few-cycle pulses.
The detection module is installed at the exit of a chirped mirror
compressor after the hollow core fiber. The octave-spanning band-
width of the spectrum negates the need for additional spectral
broadening, and furthermore, the phase noise accumulated inside
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Fig. 2. Compact f-to-2f setup. Around 4% of the amplified and broadened light after the fiber and the chirped mirror compressor are focused by a parabolic mirror into a BBO
crystal. The second harmonic light is filtered by a short-pass filter and its polarization is turned to be parallel to the blue part of the fundamental spectrum. A Glan–Thompson
polarizer is used to balance the relative intensity and the interference pattern carrying the CE-phase information is observed by a fiber spectrometer. The observed spectral
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odulation is shown in the inset (grey spectrum). Proper filtering (red spectrum) an
he corresponding FFT phase of this frequency peak depends on the carrier-envelo
nto the beam (Fig. 1) the electronics keep the peak position constant and thus stab
gure legend, the reader is referred to the web version of this article.)

he hollow-fiber is measured and compensated as well. Experimen-
ally, the carrier envelope phase ϕCE is observed as an interference
attern in the spectral region where the fundamental and the fre-
uency doubled light overlap; its implementation is shown in Fig. 2.
he period and phase of this interference pattern is retrieved by
ourier analysis of this part of the spectrum and by its evolu-
ion, a feedback signal is processed (coded in a LabView program).
s implied in Fig. 1, the feedback signal is converted into a dis-
lacement of one of the prisms inside the prism compressor [20].
isplacing the prism perpendicular to the beam using a piezo trans-

ation stage leaves the beam direction almost unchanged, but at
he same time it adjusts the amount of material dispersion the
ulses accumulate. A standard proportional controller algorithm
akes care of adjusting the prism position such that the CE phase
hanges are counteracted. The achieved phase stability is typically
etter than 100 mrad RMS which has been confirmed by single shot
easurements [21].

. Temporal and spatial pulse characterisation
For a continuous monitoring of the pulse characteristics, around
% of the pulse energy is split off behind the chirped mirror
ompressor and is sent to a second harmonic interferometric auto-
orrelator. Fig. 1 shows a representative autocorrelation trace that
pon evaluation yields a pulse duration of 3.9 fs [22].
equent fast-Fourier transformation (FFT) yield a peak at the modulation frequency.
ase. By affecting the insertion depth of one of the prisms of the prism compressor
e CE-phase of the laser pulses. (For interpretation of the references to color in this

Whereas the interferometric second-order autocorrelation
comprises a fast diagnostic apparatus and allows fine tuning of the
dispersion of the pulses on a daily basis, more elaborate access into
the properties of the pulses can be gained via frequency resolved
pulse characterization techniques.

To this end, an all-reflective transient grating frequency-
resolved optical gating (FROG) device has been incorporated into
the setup that is based on the formation of a transient density
grating when two time delayed replicas of the pulse impinge on
a thin nonlinear medium [23]. The nonlinear medium is a 50 �m
thick UV grade fused silica substrate, and introduces limited dis-
persion to the pulses. The device is therefore extremely broadband
and virtually dispersion-free in the spectral range of the laser
pulses. Fig. 3 shows a spectrogram recorded with the transient
grating apparatus as well as its reconstruction based on commer-
cial software (Femtosoft Technologies) [24]. The FROG error for a
512 × 512 grid was 0.0075, indicating the excellent quality of the
reconstruction.

The evaluated pulse length amounts to ∼4.2 fs, and the
retrieval ascertained a positive chirp of 30 fs2 at 800 nm of
the pulses whereas the FL of the spectrum was 3.8 fs. Shorter
waveforms that can be composed by these spectra have been

sampled via the streaking technique [25]. The information
acquired about the spectral phase facilitates the design of par-
ticularly adapted chirped mirrors in future upgrades of the
beamline.
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Fig. 3. Time domain picture resulting from a frequency-resolved cross correlation
(FROG) measurement of the amplified and compressed laser pulses. The analysis of
the trace resulting from the all reflective transient-grating FROG (see text) yields a
half-width duration of 4.2 fs. The insets show the measured (a) and the retrieved
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b) FROG trace. Across the pulse the spectral phase is adequately flat, indicating
he compression of the pulses to a duration close to the Fourier limit (3.7 fs) that is
chievable by controlling the dispersion by a pair of thin glass wedges.

In experiments that require high intensities an excellent beam
uality is essential. The beam quality of the compressed laser pulses
as characterized by means of the M2 parameter. Using a CCD-

amera in combination with a microscope objective, the focal spot
ize can be accurately determined and the beam diameter as a func-
ion of the distance to the focus is obtained using the knife-edge

ethod. The measurement resulted in a very small beam propaga-
ion factor of M2 = 1.8 ± 0.1 with a Bessel-like beam profile caused
y the hollow core fiber acting as spatial filter that considerably

mproves the beam characteristic. These beam parameters come
long with a virtually stationary propagation direction since the
ber exit is fixed in space and facilitate a smooth focussing ideal

or the generation of high-order harmonics.

. Pump–probe apparatus

Since a duration of 100 as corresponds to only 30 nm of spatial
isplacement, special attention has to be turned to the implemen-
ation of vibration damping and isolation of the most sensitive units
rom external mechanical noise sources.

To provide the required stability of the system, the optical
readboards inside the vacuum chambers are mounted on sepa-
ate pedestals that are directly clamped on the optical table that
arries the experiment. These posts are connected to the bottom
f the chamber and the walls only by edge welded bellows. The
ransmission of unavoidable vibrations of the chamber walls, due
o the mounted turbo pumps, to optical components located on the
readboards is therefore suppressed. Furthermore, transmission of
echanical vibrations emerging from the roughing pumps to the

ystem is dumped via long hydroformed flexible bellows that are
nstalled into bins filled with silica sand.

. High-order-harmonic source

The generation of the high harmonic radiation takes place by
ocusing the few cycle driver pulses onto a thin nickel tube (2 mm
nner diameter) filled with neon and kept at a constant backing
ressure. The physics of harmonic generation at the atomic and
acroscopic levels has been extensively studied [26,27]. The laser

rills two holes across the tube, allowing it to enter and exit the
ube while ensuring that the hole size is the smallest that transmits

he main laser mode. By choosing the tube diameter, the interac-
ion length can be tuned in order maximize the XUV photon flux.
or the sub-4 fs driver pulses with 300 �J pulse energy, a propaga-
ion length of 2–3 mm at a pressure of ∼250 mbar was identified
o maximize the flux of the XUV in the spectral range (70–130 eV).
and Related Phenomena 184 (2011) 68–77 71

The efficiency of conversion of the fundamental into XUV photons
can theoretically reach the level of 10−7 to 10−8 [28].

To have a useful amount of photons in the experimental tar-
get reabsorption has to be minimized. A significant amount of
generated photons is reabsorbed if the partial pressure of the gener-
ation gas exceeds 10−3 mbar [29]. Two hybrid turbo pumps (Alcatel
ATH31+) remove the expanding gas jet close to the interaction
volume maintaining a pressure below 10−2 mbar in the HHG cham-
ber during operation. For the laser parameters presented here,
focus intensities around 1–8 × 1014 W/cm2 at a focus diameter of
∼150 �m (achieved by focusing with spherical mirrors of focal
length between 50 and 70 cm) yield the maximum photon flux
in an isolated pulse in the energy range between 70 and 130 eV.
For high harmonic emission in this energy range neon exhibits the
optimum combination between ionization potential and absorp-
tion cross section [28]. The XUV generation can be described with
a three-step process: electron liberation through tunnel ionization,
acceleration of the electron in the laser electric field and subsequent
recombination of electron and ion. This three-step model [26,30]
relies on tunnel ionization as a first step and therefore predomi-
nantly occurs in the most intense on-axis part of the laser focus
[31]. Due to the short wavelength of the generated light, together
with its high degree of coherence, the XUV radiation is emitted with
a small divergence angle as compared to the driving laser pulse. This
allows for the spatial separation of the two beams.

After 10 cm propagation in the vacuum chamber that hosts the
generation target, the XUV beam and the co-propagating residual IR
pulses enter the first differential pumping stage. The reabsorption
up to this point is estimated to be below 2% and negligible at any
other location of the experimental setup since the pressure of the
residual gas drops to less than 10−3 mbar.

Between the two differential pumping stages (see figure) an ion-
ization based detector for the XUV (“HH-Meter”) is implemented.
Its design is inspired by the ionization chambers that are broadly
used in synchrotron facilities [32]. A conductive wire along the tube
with a small applied voltage collects the charged fragments that are
liberated by ionization of the residual gas and an amplifier suitable
for nA currents provide the desired measure of the XUV flux. The
signal of the HH-Meter is proportional to the number of electrons
and ions created by absorption of XUV photons across the entire
emitted spectrum down to energies equal or higher to the ioniza-
tion potential of neon. Therefore the stability of this signal is only
partially related to that of the intensity of the attosecond pulse
which is extracted from the cut-off of the emerging spectra. How-
ever, as an independent measure of the source stability and flux it is
a useful tool that allows one to monitor the XUV signal and identify
ideal and stable conditions for performing sensitive experiments.
Typically the XUV flux stability recorded with the HH detector is
better than 2.5% (standard deviation/mean value).

In the second differential pumping stage, the pressure is fur-
ther reduced to ∼5 × 10−7 mbar and a motorized aperture allows
for controlling the intensity of the few-cycle pulse that enters the
experimental chamber between 0 and ∼50 �J.

7. Experimental chamber

At the entrance of the experimental chamber (see Fig. 4), the two
collinear beams pass a variable filter setup that permits separation
of the beams into the central XUV part and the annular IR part.
A laser grade pellicle (15 �m thickness) is prepared to carry in its

center a ∅3.5 mm free-standing metallic foil to block the remain-
ing NIR light on the beam axis. At the same time, this foil acts as
a high-pass filter for the high-harmonic radiation and is chosen
to have transmittance characteristics matching the spectral band-
width required for the experiments. The XUV transmission of thin
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Fig. 4. Experimental setup: few-cycle phase-stabilized NIR laser pulses are focused into a noble gas target (Ne) to produce high order harmonic spectra from which attosecond
XUV pulses can be isolated. The remaining NIR pulse and the XUV light propagate through differential pumping stages to prevent the gas used in the generation process from
entering the experimental chamber. The “HH-Meter” tracks the ionization of the background gas and therefore provides a direct measure of the XUV flux. The NIR intensity is
adjusted by an aperture. A thin metal foil mounted at the center of a laser grade pellicle acts as high pass filter to extract the continuum part of the generated XUV spectrum.
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he fundamental is transmitted through the pellicle in form of an annular beam aro
inset) consisting of a XUV multilayer mirror in the inner part and a silver-coated pe
verlapped in the Fourier plane while their delay can be adjusted over a range of ±1
ump–probe experiment can be performed on a variety of gaseous samples and bes
ass spectra (ionization studies) and the transmitted photon spectrum can be reco
etal foils typically used in attosecond experiments is given in
ig. 5 [33]. After that filtering, the two beams impinge on a two-
omponent delay mirror assembly shown in the inset of Fig. 4.
he inner mirror is coated by a multilayer structure designed for

ig. 5. Filter transmittance vs. photon energy (left panel) [33]. The black and the grey cu
calibration of both the electron- as well as the photon spectrometer. The colored curv

pecified in the legend of the graph) that are used in the experiment for wavelength selec
pper image shows the beam profile of the HHG beam on the XUV sensitive camera. The
fter transmission of the incident XUV light through a 1.5 �m zirconium foil. To demon
ulticycle pulses that generate modulated high-harmonic spectra with the highest possi
his filter. The two concentric beams are then focused by a double mirror assembly
ed mirror of the same focal length. XUV and NIR pulses are spatially and temporally
by translating the inner mirror along the beam axis using a closed loop piezo stage.
he time-of-flight spectra of the emitted photoelectrons (streaking measurements),
transient absorption spectroscopy).
high reflectivity in the XUV range. The outer part of the mirror
assembly is coated with silver to reflect the laser pulses virtually
dispersion-free. Both concave mirrors have a radius of curvature
(ROC) of −250 mm. The inner mirror [34] is mounted on a closed

rve depict transmittance edges of aluminum and silicon-nitride that are suited for
es show the transmission properties for different metals (material and thickness
tion of the radiation. High-harmonic beam profile (right panel) and spectrum. The
lower panel shows the HHG spectrum as observed in the experimental chamber

strate the spectrometer resolution, the laser bandwidth was restricted to achieve
ble fringe contrast.
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Fig. 6. XUV spectra emanating from the interaction of few-cycle phase stabilized
laser pulses with Ne atoms after being transmitted through 1.5 �m of a free standing
Zr foil. The spectra are integrated over ∼300 shots of the laser. Red/blue curve: spec-
tra of the XUV pulses emitted by few-cycle driver pulses with a CE phase different
by �/2. The high degree of modulation in the spectrum associated to the wave-
form labeled as �/2 constitutes the spectral manifestation of a substantial fraction
of intensity contained in a satellite pulse in the time domain. To isolate attosecond
pulses from the generated spectrum, multilayer mirrors with band-pass characteris-
tics are used. The combined reflectance/transmittance characteristics of a multilayer
mirror and the palladium foil are indicated by the black line. The grey dashed curve
M. Schultze et al. / Journal of Electron Spectr

oop controlled piezo stage that allows translation of the mirror
long the propagation axis with a resolution better than 2 nm set-
ing the ultimate limit for the smallest possible delay step to the
quivalent of 14 as. The double mirror assembly is motorized to
ove perpendicularly along the incoming beam, and features two

ndependently adjustable angles to precisely position the focus
f the two beams in the acceptance volume of the detection
evice.

For the experiments, it is crucial to perfectly overlap the two
ulses reflected off the inner and the outer mirror not only along the
eam, i.e. in time but also to accurately superpose them in space. To
his end, an imagining system is installed that is based on a concave
ens (f = 15 cm, M ∼ 20) and a CCD camera that is placed outside the
xperimental chamber. Due to its shorter wavelength, the focus
f the XUV pulse is safely smaller than the laser focus (∼25 �m
WHM).

The double mirror stack focuses the two beams under a nar-
ow angle (<5◦) such that the focus is located a bit to the side
f the incoming beams, the astigmatism and the waveform dis-
ortion that result from this aberration are small enough not
o bias the experiments. The focal region is located within the
cceptance volume of an electron time-of-flight and/or a reflec-
ron mass spectrometer detecting ionic charge states. Given the
ow absorption cross sections in this energy range and the lim-
ted number of photons, the gas pressure in the focal volume
hould be as high as possible without deteriorating the vacuum
onditions over an extended region. To this end, a carbon-coated
nd grounded glass nozzle (to minimize charging effects) with
n inner diameter of ∼30 �m effuses a gas as a cone perpendic-
lar to the laser beams. This approach limits the interaction of
he attosecond and laser pulses to within a fraction of the focal
olume and minimizes averaging effects that could emerge due
o a longitudinal phase delay (Gouy phase shift) or non-uniform
ntensity distributions. Another class of experiments relies on
he XUV spectrum transmitted through an ensemble of atoms.
or these attosecond transient absorption experiments, a quasi-
tatic gas cell which is similar to the high-harmonic generation
arget discussed earlier can be installed into the focus. All the
n-vacuum motorization is done using vacuum suited translation
tages [35].

. Spatial and spectral characterization of the XUV source

To optimize the XUV source, the direct observation of the direc-
ion and spectral distribution of the beam is essential. For these
urposes, an imaging spectrometer based on a grazing-incidence
at field grating [36,37] and a back-illuminated CCD camera are

ocated at the exit of the experimental chamber. After the double-
irror assembly is moved out of the beam path, the XUV light

an be monitored (Fig. 4). The XUV camera observes either the
irect beam, or, after inserting the grating, the spectral extent of
he generated XUV light (Fig. 5). The imaging spectrometer has an
verall efficiency (grating ∼85%, CCD-chip ∼40%) of 34%. Its mini-
al acquisition time to achieve a statistically significant spectrum

s limited by the shortest exposure time of the camera, which is
50 ms. The spectrometer therefore constitutes one of the fastest
E-phase monitoring devices by requiring the accumulation of
pproximately 150 pulses to provide information about changes
n the CE-phase. The spectrometer’s resolution is estimated to be
round 0.5 eV, therefore the typical spacing of twice the funda-

ental photon energy (3.2 eV for 750 nm photons) in the harmonic

pectra can be clearly resolved as shown in Fig. 5. In order to avoid
aturating the CCD chip, the laser light is rejected and the XUV
ight attenuated by a 1.5 �m zirconium foil at the entrance of the
pectrometer.
shows the calculated spectral phase response of the multilayer mirror. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

9. Spectral filtering of the XUV light

To make use of the extreme temporal resolution that attosec-
ond pulses offer, an experiment needs to be capable of spectrally
selecting and focusing the generated radiation. Given the low con-
version efficiency, the focusing should not drastically compromise
the energy contained in the attosecond pulse and the temporal
characteristics should be preserved. Furthermore, for isolating sin-
gle attosecond pulses it is furthermore necessary that the XUV
optics filter out the modulated part of the spectrum that give rise
to a train of attosecond pulses [38].

Elaborate XUV multilayer optics can meet these ambitious
demands. These mirrors consist of a series of layers of alternating
materials (in the energy range discussed here e.g. molyb-
denum/silicon or molybdenum/lanthanum) coated on a finely
polished concave substrate. By adjusting the relative layer thick-
nesses, the sequence of materials and the number of layers, the
central energy, the spectral response as well as the reflectance of
the mirrors can be adjusted to meet the requirements of attosecond
experiments. In addition, a proper adjustment of the mirror’s spec-
tral dispersion properties of the mirror allows to achieve pulses
with durations close to the Fourier limit of the reflected spec-
tra or to set arbitrary spectral phase values (“chirp”) according to
the needs of a certain experiment [39]. The combined transmit-
tance/reflectance characteristics of the metallic filter and the mirror
facilitate the selection of a spectral band in which, with carefully
chosen parameters of the generating laser field, the emission cor-
responds to only one single half cycle of the laser pulse and thus
forms an isolated pulse.

The sensitivity of this method is displayed in Fig. 6 showing
XUV spectra recorded for different settings of the CE phase of the
driver laser pulses matched to the reflectance band of a multi-
layer mirror supporting 160 as pulses. Recent advances in the laser

source development towards pulse durations containing less than
two cycles of the laser field [11] allow for the generation of ever
broader unmodulated XUV spectra. The combination of state-of-
the-art short-pulse lasers with ultra-broadband multilayer mirrors
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ed to the realization of the first sources that routinely generate
UV pulses of less than 100 as duration [25].

0. XUV pulse intensity

Core-hole excitations, followed by dynamics evolving on an
ttosecond timescale generally possess low absorption cross sec-
ions in the XUV. For example, in the case of direct photoionization
f helium 1s electrons at a 90 eV photon energy, the partial cross
ection amounts to only 5 × 10−1 Mb, while for the first shake-up
atellite (n = 2) it is only 4 × 10−2 Mb [40].

Experimentally, these low cross sections translate into low
ount rates in the cross correlation experiments described later in
he manuscript. Modifications in the generation scheme of the high
armonic light therefore have to be reviewed in consideration of
he generated flux within the useful energy band. The number of
hotons that form the attosecond pulse, however, is not directly
easurable and hence is often obtained through rough estima-

ions. The XUV-sensitive camera used to observe photon spectra
hown in Fig. 4 can record images of the direct XUV beam. After
roper background subtraction and considering the known quan-
um efficiency of the camera and the integration time, an absolute
umber of photons after the filters in front of the camera can be
xtracted. The spectral shape of the attosecond pulse is accessible
sing the electron spectrometer, since neither the ionization cross
ection of neon nor the detection efficiency for the electrons vary
ubstantially throughout the bandwidth of interest.

Attosecond streaking together with a FROG analysis of the spec-
rogram (an example is shown in Fig. 7) can certify the absence of
atellite pulses implying that all the energy is contained within a
ingle attosecond pulse [25,41]. The knowledge of the filter trans-
ittance (Fig. 5) and the mirror reflectance (Fig. 6), which can

e independently measured at synchrotron sources, allow for the
dentification of the integral of the photon spectrum after the mir-
or. The number of photons generated fades dramatically towards
igher energies. Due to the fast intensity drop of the harmonic
adiation in the cut-off part of the spectrum, only a vigorous sup-
ression of the low-energetic photons allows for the generation of
ttosecond pulses truly isolated in time. Choosing the right filter
aterial corresponding to a given mirror reflectivity is therefore
crucial point in the reproducible generation of isolated attosec-
nd pulses. The typical XUV flux attainable in isolated pulses
mounts to ∼5 × 108 photons per second. A single pulse there-
ore contains 105 photons corresponding to pulse energies of a few
J [41].

Attosecond time-resolved experiments can be carried out based
n three different detection schemes that can be incorporated in
he presented apparatus. An electron time-of-flight spectrometer
as used for the timing studies of photoionization, while for time

esolved experiments on tunnel ionization, the ions were detected
y a reflectron type time-of-flight ion spectrometer. Quantum level
opulation dynamics of valence shell electrons are tracked by
eans of NIR pump–XUV probe absorption spectroscopy.

1. Attosecond streaking metrology and spectroscopy

In the case of electron time of flight spectrometry, the kinetic
nergy of the electrons under scrutiny is determined by measur-
ng their arrival time on a detector placed in a known distance
rom the interaction volume. Since the range of kinetic energies

f interest is set by the photon energy, causing the excitation to be
owered by the ionization potential of the atom, the most energetic
hotons detected have a kinetic energy of about 100 eV. The reso-

ution of ∼1% of the electron kinetic energy is satisfactory for the
xperiments carried out, even though it sets a limit to the observ-
and Related Phenomena 184 (2011) 68–77

able structures in the recorded spectra, which might give additional
insight to the processes involved.

In the TOF spectrometer [42], the electrons pass a magnetic
shielded drift tube, after which they undergo acceleration. This post
acceleration ensures a uniform response of the microchannel plates
(MCP), irrespective of the electrons kinetic energy. At the entrance
of the flight tube, an electrostatic lens increases the acceptance
angle of electrons within a certain range of kinetic energies. The
signal measured at the MCP is digitized using a multiscaler card
[43] with a minimal time discrimination of 250 ps. The red line
in panel c of Fig. 7 shows a typical electron time-of-flight spec-
trum recorded when neon is ionized with radiation reflected by
the multilayer mirror described in Fig. 6. The electron TOF scheme
typically yields one count per laser pulse within the experimental
bandwidth, using neon as a target gas. This rate is almost indepen-
dent of the bandwidth response of the multilayer mirror because
the mirror’s reflectance is inversely related to its bandwidth. The
spectrogram shown in Fig. 7 comprises 100 individual spectra and
is taken within 30 min, at a delay step size of 100 as. The two spec-
tral contributions can be identified as electrons released from the
2p and 2s subshells of the neutral neon atom. If the attosecond XUV
pulse releases electrons in the presence of the laser electric field,
the final kinetic energy of the electron is modified.

The net momentum change imparted to the electrons by the
laser field depends on the time delay between the two pulses. A
set of electron TOF spectra are recorded over a range of delays
between them. The resulting spectrogram is shown in Fig. 7 and it
is immediately evident that this so called “streaking spectroscopy”
[2,6,7,44] samples the temporal evolution of the laser electric field
(more precisely its associated vector potential). A more involved
analysis along the lines of frequency-resolved optical gating (FROG)
[45–47] additionally allows for reconstructing the temporal struc-
ture of the attosecond pulse, including its temporal and spectral
phase. Streaking experiments enable the temporal characterization
of the attosecond burst in the high harmonic process when per-
formed on electrons liberated from only one specific atomic state
[48,49]. The growing ability to shape the XUV emission according to
the needs of the experiment extends the technique to a wider spec-
tral range and thus to the study of multiple photoemission lines. For
a spectrogram as shown in Fig. 7, it is found that the emission of
electrons from the 2s shell of neon precedes the liberation of those
from the 2p shell [50] by about 20 as. These results highlight the
unprecedented temporal resolution offered by attosecond streak-
ing spectroscopy, and how (in combination with the powerful FROG
technique) it gives access to subtle timing features in the photoe-
mission occurring in gases and solids [3] that hitherto remained
experimentally inaccessible.

12. Attosecond ionization spectroscopy

In combination with a mass spectrometer, the presented
pump–probe system constitutes a sampling system capable of
tracing the relaxation dynamics of core excited ions with attosec-
ond resolution [51,52]. The ion population transfer following the
attosecond XUV excitation is tracked with a reflectron type TOF ion
spectrometer [53]. Its working principle is based on time-of-flight
mass spectrometry where ions are accelerated in an electric field
to the same kinetic energy with the velocity of the ion depending
on the mass-to-charge ratio. After the ionization event, the ratio
between different charge states can be determined as shown in

Fig. 8. We have chosen a reflectron spectrometer because the ion
mirror setup grants two important facilities. On the one hand it is
possible to set its dispersion characteristics for the drifting ions,
to compensate for an energy spread of the generated ion packet
due to e.g. delayed ion formation and space charge effects and thus
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Fig. 7. Measured (a) streaking spectrogram for the ionization of neon from the 2p and the 2s shell after absorption of a 200 as XUV pulse. The streaking spectrogram is
processed with a frequency-resolved optical gating (FROG) code to identify the temporal structure of the XUV pulse. The similarity of the measured (red) and the retrieved
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nterpretation of the references to color in this figure legend, the reader is referred

mprove the attainable resolution. On the other hand, the ion mirror
an act as an energy filter that permits the detection of ions exclu-
ively created in a confined volume inside the laser focus providing
ccess to truly intensity resolved ionization yields [54].

The photon energy of the XUV pulses used for that experiment
as centered at 93 eV and exhibited a bandwidth of 9 eV, corre-

ponding to pulses of ∼250 as in duration. The data are accumulated
sing an amplifier in combination with a multiscaler card. The over-
ll resolution of the spectrometer and the detection electronics
llows a �m/m ratio of better than 10−3.

An illustrative application of attosecond ionization spectroscopy
s to explore the inner-shell relaxation times of xenon atoms as
resented in Fig. 8. For the 91 eV XUV photons applied in this exper-

ment, the cross-section for single ionization of xenon is much
maller than for double and even triple ionization accompanied
y secondary processes such as Auger decay or autoionization.
he resulting temporal evolution of the number of atoms in the
e4+ state reveals the characteristic time structure of two subse-
uent Auger decays [51]. In this experiment, one attosecond pulse
eleased about 5 ions distributed over the different charge states.
3. Attosecond transient absorption spectroscopy

As depicted in Fig. 4, a second XUV spectrometer enables the
bservation of the spectral content of attosecond pulses after their
ropagation through an ensemble of atoms within a confined inter-
the relative timing of the two emissions and the phase of the emission itself. (For
web version of this article.)

action volume. By retracting a movable mirror which was directing
the beam into the imaging system and onto the CCD, both beams
impinge on a concave (ROC = −340 mm) multilayer broadband XUV
optic whose reflectivity was optimized for an angle of incidence
of 67◦. This concave optic creates a line focus in the plane of the
entrance slit of the spectrometer. A suitable thin metal filter (here
zirconium of 150 nm thickness) in front of the entrance slit blocks
the fundamental NIR radiation. Spectral dispersion of the XUV
light takes place in a commercially available Rowland-circle based
spectrometer (MCPherson, Model 248/310, no exit slit), utilizing
a concave grating with 2400 grooves per millimeter. Its detection
is realized by means of a microchannel plate in combination with
a phosphor screen and fiber-coupled CCD camera. This detection
scheme inherits a heavily reduced sensitivity to the fundamen-
tal NIR light than compared to XUV sensitive CCD cameras, which
is a prerequisite for obtaining a high signal-to-noise ratio of the
XUV spectra. In this class of experiments, the NIR pulse serves as
the pump and the attosecond XUV pulse acts as the probe pulse
which can read out characteristic information of the target atoms,
which in turn translates to resonant and non-resonant absorption
features in its spectrum, as shown in Fig. 9 (upper panel). Here, a

sub-4 fs NIR pulse strong-field ionizes at 5.5 × 1014 W/cm2 neutral
krypton (Kr) atoms in the experimental interaction volume com-
prising a gas pressure of ∼80 mbar. The remaining neutral atoms
and strong-field-created ions are then probed via a delayed ∼150 as
XUV pulse centered at ∼80 eV, as indicated in the inset of Fig. 9
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Fig. 8. Upper panel: mass-spectrum recorded in xenon after attosecond XUV excita-
tion with photon energy around 100 eV. Three charge states of xenon are displayed,
the relative intensity shows a distinguished correspondence with the interaction
cross sections known from synchrotron studies. The inset shows a close up of the
generated Xe+ ions. Seven isotopes can be discriminated; there are two more (mass
124 and 126, respectively) with natural abundances below 0.1%. The resolution of
the spectrometer is specified as �m/m = 10−3. In the presence of a strong laser pulse,
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Fig. 9. Exemplary XUV attosecond transient absorption spectra of an attosecond
probe pulse centered at ∼80 eV and propagated through a krypton (Kr) gas tar-
get (upper panel). Blue (orange) curve shows the recorded XUV spectrum before
(after) ionization of the gas target by a sub-4 fs NIR pump pulse at 5.5 × 1014 W/cm2.
System-specific absorption signatures in the XUV spectrum arise from the absorp-
tion properties of the probed ensemble of neutral and strong-field generated
charged states of Kr as displayed in the lower panel. Besides absorption lines of
Kr+ and Kr2+ also a region of negative absorbance between 89 eV and 98 eV arises
from the NIR-reduced number density of neutral Kr absorbers. Identified absorp-
tion lines of Kr+ are further specified in terms of transitions in the inset of the lower
panel where the superscript −1 denotes one missing electron in the corresponding
term. The total angular momentum of the ion is given by the subscript. As shown
part of the Xe3+ population can be transferred to Xe4+. The temporal evolution of
his population reveals the characteristic time structure of two Auger processes.

upper panel). The exposure time of each of the recorded spec-
ra amounted to 30 s. In order to achieve the reported visibility
f characteristic absorption features in the spectrum of the XUV
ulse upon its propagation through the gas target, a quasi static
as target, similar to the one used for high-order harmonic gener-
tion, had been used instead of a diffusive gas nozzle which is used
or attosecond streaking experiments. Due to the inner diameter
f the quasi-static gas cell, confinement of the interaction volume
etween NIR pump and attosecond probe pulses amounts to 1 mm
long the beam axis. Fig. 9 (lower panel) displays the extracted
bsorbance of the XUV pulse based on the two XUV spectra shown
n the graph above. Several resonant absorption lines are clearly
iscernible from non-resonant absorption areas, whereas we can

dentify the distinct absorption lines as core-to-valence shell tran-
itions triggered by the XUV pulse in Kr+ and Kr2+. The spectral
esolution of ∼350 meV at 80 eV was limited by the almost fully
pened entrance slit of the spectrometer.

Extending this experiment to other atomic or molecular [1,4,5]
ystems by customizing, within certain limitations, the central
nergy of the attosecond pulse to the spectral needs of the system
f interest, the characteristic information of quantum level pop-
lations and, if applicable, subsequent coherent dynamics within
he irradiated system can be extracted by tracing the character-
stic absorption features on an attosecond time scale. Since the
etermination of quantum level populations after the strong-field
nteraction are also accessible by conventional time integrated
pectroscopy or transient absorption studies utilizing trains of
ttosecond pulses [55], this attosecond transient absorption spec-
roscopic approach is able to address sub-cycle ionization dynamics
above, the broad XUV spectrum of the attosecond probe pulse allows for simulta-
neous tracking of absorption features of different charge states as a function of NIR
pump–XUV probe delay. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

as well as to time-resolve coherent superpositions in the valence
shell of atoms. Thus, it can completely and quantitatively retrieve
strong-field created electronic coherences as reported in [56].

14. Conclusion and outlook

We have presented a complete experimental setup for attosec-
ond metrology and spectroscopy based on a laser system that
provides intense quasi-monocycle laser pulses and a beamline

geared for experiments that require attosecond resolution. The
beamline combines the merits of attosecond sources with conven-
tional spectroscopic approaches that can enable complete insight
into electronic processes in atoms, molecules and solids.
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