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Recent advances in the development of attosecond soft x-ray
sources toward photon wavelengths below 10 nm are also
driving the development of suited broadband multilayer
optics for steering and shaping attosecond pulses. We dem-
onstrate that current attosecond experiments in the sub-
200-eV range benefit from these improved optics. We
present our achievements in utilizing ion-beam-deposited
chromium/scandium (Cr/Sc) multilayer mirrors, optimized
by tailored material dependent deposition and interface
polishing, for the generation of single attosecond pulses
from a high-harmonic cut-off spectrum at a central energy
of 145 eV. Isolated attosecond pulses have been measured
by soft x-ray-pump/NIR-probe electron streaking experi-
ments and characterized using frequency-resolved optical
gating for complete reconstruction of attosecond bursts
(FROG/CRAB). The results demonstrate that Cr/Sc multi-
layer mirrors can be used as efficient attosecond optics
for reflecting 600-attosecond pulses at a photon energy of
145 eV, which is a prerequisite for present and future atto-
second experiments in this energy range. © 2015 Optical

Society of America
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The development and optimization of highly reflective near-
normal incidence multilayer mirror optics for the water win-
dow spectral range [1] defined by the K-shell absorption edges
of carbon and oxygen (284 and 543 eV, respectively) has been a
topic of intensive research over the recent past [2,3]. The

driving force is the prospect of high-resolution soft x-ray
microscopy [4,5], soft x-ray astronomy [6,7], new optics for
soft x-ray free-electron lasers [8], or time-resolved attosecond
soft x-ray spectroscopy [9,10]. These multilayer mirrors pro-
vide a unique approach for beam steering, spatial and spectral
shaping, as well as spectral phase control with reasonably low
reflective losses. The most appropriate multilayer material com-
bination in the water window spectral range, above the carbon
K-edge and below the scandium L3-edge, is chromium (Cr)
and scandium (Sc) [2,11].
In this Letter, we show that optimizing this material system

is not only a key to future attosecond experiments in the water
window [12], but also facilitates a promising choice for realizing
new attosecond experiments at around 130–160 eV, the energy
range where attosecond sources with sufficient photon flux
are nowadays already available [13], but multilayer optics are
very limited.
The dominating generation process for single isolated atto-

second pulses is high harmonic generation (HHG) in gases [14]
driven by intense phase-stabilized few-cycle laser pulses [15].
Multilayer mirrors allow for spectral filtering of the broadband
high harmonic spectrum in the extreme ultraviolet (XUV)/soft
x-ray range with a very high precision upon reflection [16,17].
Central energy and bandwidth of the reflected spectrum can be
designed in a flexible manner by the proper choice of layer
materials and the multilayer stack design [18]. Figure 1 shows
a simulation comparison of certain established multilayer
material systems reflecting (attosecond) HHG pulses with a
central energy of 145 eV and a full width at half-maximum
(FWHM) bandwidth of 3 eV at an angle of normal incidence
of 5 degrees; parameters were chosen as a trade-off between
spectral and temporal resolution in high-resolution attosecond
experiments.
Please note that throughout this manuscript, reflectivity sim-

ulations and reflectivity fits have been performed using a
Matlab multilayer Fresnel code, which uses tabulated values
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of the atomic scattering factors from Henke and Gullikson
[19]. The simulations show only a weak suppression of un-
wanted low-energy out-of-band radiation in the range of
≈120 eV with lanthanum (La)-based multilayer mirrors (La/
Mo, La∕B4C); the inevitable and commonly used metal filter
for blocking the near-infrared (NIR) laser radiation [typically a
200-nm-thick palladium (Pd) filter] cannot be used to elimi-
nate the out-of-band radiation due to its transmission proper-
ties. As a result, chirped plateau harmonics are not sufficiently
suppressed by such multilayer reflectors, which is a prerequisite
for filtering isolated single-attosecond pulses from the cut-off
area of the high harmonic spectrum. This suppression of low-
energy out-of-band radiation is essential for attosecond
spectroscopy experiments, e.g., delay measurements [20] or di-
rect observation of electron propagation [21]. Well-established
molybdenum/silicon (Mo/Si) mirrors, which are widely used in
attosecond experiments at photon energies below the silicon
L3-edge at ≈100 eV, suffer from very low reflectivity above
100 eV. Other molybdenum-based multilayer systems like mo-
lybdenum/boron carbide (Mo∕B4C), molybdenum/yttrium
(Mo/Y), molybdenum/beryllium (Mo/Be), or molybdenum/
strontium (Mo/Sr), which on the one hand can provide a
higher degree of out-of-band radiation suppression
(Mo∕B4C) accompanied with a higher reflectivity (Mo/Y,
Mo/Be, Mo/Sr) [22–25] but on the other hand suffer from
strong spectral modulations around the main reflectivity
Bragg peak by Kiessig fringes and therefore introduce addi-
tional group delay dispersion (GDD), which broadens the pulse
in the time domain. Furthermore, Mo/Sr is not stable and
shows long-term degradation, and beryllium is strongly toxic,
thus limiting experimental adoption. A reflection comparison
in the time domain of multilayer mirrors composed of Cr/Sc
and a high reflective system, here as example Pd∕B4C [26], is
shown in the small inset of Fig. 1, which already takes the trans-
mission and the spectral phase of a 200-nm-thick Pd filter into
account. Whereas the pulse reflection of the Cr/Sc mirror is
close to its Fourier limit and exhibits a Gaussian pulse shape,
the Pd∕B4C system shows unwanted temporal pulse broaden-
ing due to GDD as well as temporal modulations resulting
from the multilayer reflectivity fringes. The Cr/Sc multilayer
mirror system, however, combines all the advantages required

for applications with HHG attosecond pulses: sufficient
throughput due to the optimized reflectivity [27], suppression
of out-of-band radiation components (in case of the lantha-
num-based systems a thicker filter can increase the suppression
in the 120 eV range but reduces the overall throughput as well),
and a nearly (Fourier-limited) Gaussian pulse profile, both in
the spectral and temporal domain. The corresponding mirror
parameters (period thickness d, ratio γ, interface roughness σ,
period number N, and capping) applied in the simulations of
Fig. 1, for a bandwidth of 3 eV (FWHM) centered at 145 eV,
are depicted in Table 1.
The experimental realization of the Cr/Sc attosecond

multilayer mirror was performed by a dual-ion-beam-sput-
tering technique [12] together with tailored interface polishing
[27] for a higher mirror reflectivity.
For a later characterization by attosecond streaking, the mir-

ror was additionally analyzed by two independent measurement
techniques, hard x-ray reflectometry and XUV/soft x-ray
reflectometry. The hard x-ray reflectometry (XRR) measure-
ment, using a molybdenum K α source with a wavelength of
λ ≈ 0.071 nm, was performed on a flat witness sample, grown
on a silicon (100) wafer with a native SiO2 layer. A comparison
of the measured and simulated XRR data of the Cr/Sc attosec-
ond mirror is shown in Fig. 2.
The fitting procedure of the XRR measurement, including

the native Cr2O3 top layer, reveals only a 0.2% shift of the
aimed period thickness and a Nevot–Croce [28] interface
roughness of σ � 0.198 nm since even the 9th Bragg order
is well resolved. The 5th Bragg order is not completely sup-
pressed and points to a period thickness ratio of γ � 0.405.
Even though every 10th period (chromium layer) was polished
with krypton (Kr) ions [27], the multilayer still shows a pro-
nounced periodicity as indicated by very sharp Bragg peaks.
The strong periodicity is the prerequisite for a flat spectral phase
upon reflection without additionally introduced GDD.

Fig. 1. Simulation comparison of certain multilayer material sys-
tems for the reflection of a FWHM bandwidth of 3 eV centered at
145 eV. The small inset shows a comparison of the Cr/Sc and
Pd∕B4C system in the time domain including the transmission
through a 200-nm-thick palladium (Pd) filter. The black line shows
the Fourier limit (FL) of the Cr/Sc mirror reflection.

Table 1. Mirror Parameters

System d [nm] γ σ [nm] N Capping

Cr/Sc 4.371 0.4 0.5 65 1.4 nm nat. ox.
La∕B4C 4.402 0.5 0.8 50 —
La/Mo 4.423 0.5 0.4 56 3 nm B4C
Pd∕B4C 4.402 0.6 0.84 44 —
Mo/Si 4.376 0.5 0.5 60 1.5 nm nat. ox.

Fig. 2. Hard x-ray reflectometry measurement (green dots) and the
fit (solid blue) for the Cr/Sc attosecond mirror.
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We have additionally analyzed the Cr/Sc mirror reflectivity
at near-normal incidence by XUV/soft x-ray reflectometry,
which was performed on a second witness sample. The mea-
sured reflectivity profile, together with its simulation and target
curve, is shown in Fig. 3.

The Cr/Sc attosecond mirror design exhibits a maximum re-
flectivity of 8.36% centered at 145.4 eV and reflects over the
intended bandwidth of ≈3 eV, as depicted by the solid brown
line in Fig. 3. We find a perfect match of the simulation (solid
blue) and the measurement, with only a 0.27% shift of the
measured peak wavelength from the target wavelength (dotted
gray). The XUV/soft x-ray measurement was carried out at the
Physikalisch-Technische Bundesanstalt (PTB) beamline at
BESSY II in Berlin.

As a final application of this Cr/Sc multilayer mirror to atto-
second pulses at 145 eV, an attosecond-electron-streaking ex-
periment was performed to characterize the mirrors temporal
attosecond pulse response. High harmonics (HH) have been
generated in a neon (Ne) gas jet (200 mbar, <4 fs, 1.5 mJ,
f � 40 cm), resulting in an HH spectrum with a cut-off
energy ranging up to 150 eV, and are then focused by means
of a Cr/Sc multilayer-coated double mirror in a second Ne gas
jet for photo-ionization.
To characterize the attosecond pulses upon reflection from

the Cr/Sc multilayer mirror, we used the well-established XUV/
soft x-ray pump/NIR probe-streaking technique [29]. Here,
both the attosecond soft x-ray pulse and the NIR laser pulse
are focused by a double mirror into neon gas. The soft x-
ray pulse photo-ionizes Ne atoms, which frees photoelectrons
from the 2p shell, which are then momentum-streaked by the
co-propagating temporally synchronized and phase stabilized
NIR laser’s electric field. The inner part of the double mirror
can be moved with respect to the outer part, to introduce a
temporal delay between the soft x-ray pulse, which is reflected
at the mirror core, and the laser pulse, which is reflected at the
outer ring. Changing the delay between the laser and the soft
x-ray attosecond pulse yields a typical streaking spectrogram
[Fig. 4(a)].
FROG/CRAB [30] analysis allows for a complete

reconstruction of both the intensity and the phase of the soft
x-ray attosecond pulse, as well as the vector potential of the
streaking laser field from a recorded spectrogram [Fig. 4(a)].
Figure 4(b) shows the result of the appropriate FROG/
CRAB retrieval as described in [31,32].
Figures 4(c) and 4(d) display the retrieved intensity (solid

blue line) and phase (dotted red line) of the soft x-ray pulse,
once in the spectral (c) and once in the temporal (d) domain.

Fig. 3. XUV/soft x-ray reflectometry measurement (solid brown),
the corresponding fit (solid blue), and the target design (dotted gray)
together with the simulated phase (dashed red).

Fig. 4. Cr/Sc multilayer mirror for attosecond pulses. (a)–(d) Results of an attosecond streaking experiment for pulse characterization in neon.
(a) Shows the measured electron streaking trace and (b) the retrieved trace performed by FROG/CRAB analyses. (c) The retrieved soft x-ray pulse
(solid blue) and the phase (dotted red) in the spectral domain. (d) Soft x-ray pulse and phase in the temporal domain.
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Shifted by the binding energy of the Ne-2p electrons (21.6 eV),
the soft x-ray pulse shows a central energy of 145.6 eV, which is
in good agreement to the target and the previously described
results. With the retrieved spectral bandwidth and phase being
the most prominent sources of uncertainty, the temporal error
can be estimated to be about 20 as. From the retrieved ampli-
tude and phase, we find an attosecond pulse duration of about
580 as in the temporal domain, which is in excellent agreement
with the previous estimations (based solely on the mirror reflec-
tivity plus the assumption of a flat mirror phase). A perfect
Gaussian Fourier-limited pulse with 2.9 eV bandwidth has a
duration of 629 as.

In summary, we have developed and applied an optimized
Cr/Sc multilayer mirror for reflecting single isolated attosecond
pulses at a photon energy of 145 eV with a pulse duration of
580, which is to the best of our knowledge 27 eV higher than
the recent energy limit in tabletop attosecond pump studies
[21]. This experimental achievement now paves the way for
attosecond experiments above 130 eV, the soft x-ray photon
energy range that was not addressed until very recently. The
true benefit of this achievement is in its scaling toward the
preparation of attosecond pulses at even higher photon energies
ranging into the water window spectral range, which will give
access to even deeper bound electronic core states and open up
new possibilities for attosecond experiments on biomolecules in
the foreseen future.
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