Chapter 4

Frequency Tunable Attosecond Apparatus
Hiroki Mashiko, M. Justine Bell, Annelise R. Beck, Daniel M. Neumark,
and Stephen R. Leone

Abstract The development of attosecond technology is one of the most significant recent achievements in the field of ultrafast optics; it opens up new frontiers
in atomic and molecular spectroscopy and dynamics. A unique attosecond pumpprobe apparatus using a compact Mach-Zehnder interferometer is developed. The
interferometer system is compact (∼290 cm2 ) and completely located outside of
the vacuum chamber. The location reduces the mechanical vibration from vacuum
components such as turbopumps and roughing pumps. The stability of the interferometer is ∼50 as RMS over 24 hours, stabilized with an active feedback loop.
The pump and probe fields can be easily altered to incorporate multiple colors. In
the interferometer, double optical gating optics are arranged to generate isolated
attosecond pulses with a supercontinuum spectrum. The frequencies of the attosecond pulses can be selected to be in the extreme ultraviolet (XUV) region (25–55 eV,
140 as) or the vacuum ultraviolet (VUV) region (15–24 eV, ∼400 as) by metal filters. Furthermore, the near infrared probe field (1.65 eV) can be upconverted to the
ultraviolet (3.1 eV). The frequency tunability in the XUV and VUV is critical for
selecting excited states of target atoms and molecules.
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4.1 Introduction
The generation of attosecond pulses has had a profound impact on the study of dynamics of electrons in atoms [1–5], molecules [6] and solids [7]. Such pulses are
produced by high-order harmonic generation (HHG) with intense field femtosecond
laser pulses. Attosecond pulses offer high temporal [8] and spatial coherence [9].
Experimental schemes for measuring atomic and molecular dynamics by coupling
an attosecond pulse and an optical laser pulse have been devised utilizing the detection of photons, ions, or photoelectrons [1–8]. Experimental systems in previous work each have individual advantages and disadvantages, but each system requires stabilization with attosecond time resolution and has various optical limitations in the extreme ultraviolet (XUV: 30–250 eV) and vacuum ultraviolet (VUV:
6–30 eV) regions [10]. In this review, we introduce several attosecond pump-probe
systems from previous work and discuss their characteristics. Then, we discuss a
system using a compact and robust Mach-Zehnder (MZ) type interferometer which
can produce frequency tunable isolated attosecond pulses (IAP) and optical probe
pulses of several colors. The tunability of the attosecond and optical pulses is important to initiate and probe specific chemical dynamics. Thus, the manipulation
of the spectral distribution of the attosecond pulse is a key parameter. This system
can generate IAP, using double optical gating (DOG) [11] and metal filters, in either the XUV (25–70 eV) or VUV (15–24 eV) frequency ranges. In addition, the
IAP are temporally characterized with both 750 nm (1.6 eV) and 400 nm (3.1 eV)
probe fields. The increased flexibility will pave the way for future chemical applications.

4.2 Attosecond Apparatus
4.2.1 Collinear Setup
In the past, a number of configurations have been developed to produce IAP or
attosecond pulse trains with pump-probe capabilities, as shown in Fig. 4.1. In this
figure, the dashed line indicates the boundary of the vacuum system. The systems
have individual characteristics and are designed for specific applications based on
photoelectron, photoion, and transient absorption methods. To date, the shortest IAP
produced, with a duration of 80 as (bandwidth 55–110 eV), was generated using a
collinear system as shown in Fig. 4.1(a) [8]. The advantage of this design is pumpprobe stability, because the delay between the XUV beam and near-infrared (NIR)
beam is produced by only one optic: a combined XUV multilayer coated mirror
and Ag coated mirror [8, 12–14]. Furthermore, the delay can be stabilized with an
active feedback loop (stability of 46 as over 33 hours) in order to counteract any
slow drifts [15]. In addition, the multilayer mirror can be designed to select specific
attosecond frequencies. The disadvantage of this system is that the probe pulse at the
target is the residual NIR light from the HHG upconversion pulse, which collinearly
propagates with the IAP. Thus, it is difficult to install extra optics to control this
field.
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Fig. 4.1 Various
configurations to produce
attosecond pulses with
merging XUV/VUV and NIR
fields. FS: Fused silica plate,
HHG: high harmonic
generation, PZT:
piezo-electronic transducer

4.2.2 Large MZ Interferometer Setup
With a MZ interferometer setup, it is easier to control the optical characteristics
of the pump and probe pulses. Figure 4.1(b) shows an interferometer located after the high harmonics are generated [16]. The NIR field can be controlled with
various optics such as a neutral density filter or a focusing mirror. However, the
system is more complex and harder to operate compared to the collinear setup in
Fig. 4.1(a). Also, the interferometer has a long propagation distance of several meters. Thus, an active stabilization loop was installed, which achieves 50 as stability
over 1 hour with 2.5 ms (400 Hz) integration time (limited by the piezoelectric transducer response time). Although the stability is excellent, the feedback loop cannot
compensate for the mechanical vibrations of 1 kHz frequency from vacuum turbopumps.
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Fig. 4.1 (Continued)

Figure 4.1(c) shows another type of MZ interferometer setup. One arm of the
interferometer is located outside the vacuum chamber [17–19]. Thus, it is easy to
access this arm to install optics. But, due to the extremely sensitive attosecond experiment, air fluctuations cannot be ignored. Thus, an active feedback loop was
installed in the interferometer, which shows a stability of ∼8 as RMS (measured at
20 Hz) [19].
Another key technology is focusing optics for the XUV/VUV beam. In Fig. 4.1(d),
the system is equipped with a Au coated toroidal mirror instead of a multilayer
coated mirror [20–29]. The toroidal mirror allows broadband reflection and high
reflectivity at grazing incidence [30], but it is difficult to machine and polish the
mirror to the required surface figure and roughness. In this geometry, it is more
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difficult to focus the XUV beam than in the normal incidence case [31–34]. In addition, since many groups combine the XUV beam and the probe beam after HHG,
the toroidal mirror configuration requires a longer propagation distance [20–29]. In
order to improve the stability, some groups have built a robust interferometer inside
the vacuum chamber [20, 28]. In another configuration, one arm is located outside
of the chamber with an active feedback loop as shown in Fig. 4.1(e) [29]. Due to the
large propagation distance, stabilization of the interferometer is critical and difficult
to achieve.

4.2.3 Compact MZ Interferometer Setup
In order to solve the stabilization and complex manipulation issues, a compact MZ
type interferometer was developed as shown in Fig. 4.1(f) [35]. The HHG driving
laser (outer beam) is combined with the probe laser (inner beam) before the HHG
cell. The interferometer is located completely outside of the vacuum chamber. After
the HHG cell, the HHG driving beam is blocked by an iris and the probe NIR beam
and harmonics collinearly propagate to the target. This arrangement is very stable
owing to its compact size and the fact that it can be placed a significant distance
from mechanical and turbo pumps. Another advantage is that it is easy to access
both arms and to control the fields since the interferometer is outside the vacuum
chamber. However, the system has three disadvantages. First, the two NIR pulses
are overlapped in time and interfere at the HHG cell. Thus, even if the NIR probe
pulse is much weaker than the HHG driving pulse, the generated harmonic spectrum
is dramatically changed due to the highly nonlinear process of HHG. This effect is
similar to the one encountered in two-color gating [36–43]. Second, since the harmonics and NIR probe beams are spatially overlapped and collinearly propagating,
a metal filter cannot be installed. Then, the low order harmonic components (3rd,
5th, 7th, etc.) cannot be blocked. The gate width for the lower order harmonics is
wider in time than the width for higher orders, so it is difficult to create the IAP
with these low order harmonics, even if polarization gating [44] or DOG [11, 45] is
used. Third, the HHG driving laser creates a dense plasma in the HHG cell [46, 47].
Thus, the NIR pulses are temporally stretched and spatially defocused due to the
large material dispersion of the plasma [10].
In order to address these difficulties, we have developed a new compact MZ interferometer system as shown in Fig. 4.1(g) [48]. An inner beam (the HHG arm)
passes through a fused silica plate (1 mm thick). In another arm, the outer beam (the
probe arm) is reflected by an annular hole mirror. The stability of the interferometer with a 30 Hz active feedback loop (limited by CCD camera exposure time) is
∼50 as RMS over 24 hours. The fused silica produces a large group delay (∼5 ps)
to the HHG driving pulse relative to the probe pulse. Thus, the two pulses do not
temporally overlap in the HHG cell, nor do they interfere in the HHG process. Also,
the fused silica plate in the interferometer produces a group delay dispersion in the
pulse from the HHG arm relative to the pulse from the probe arm. As a result, the
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probe arm pulse is temporally stretched at the HHG cell; the HHG pulse is compressed while the dispersion in the probe pulse is overcompensated. Therefore, the
probe arm pulse has a lower peak intensity (<1 × 1013 W/cm2 ) so it cannot generate high harmonics. In addition, the NIR probe pulse passes through the HHG cell
∼5 ps earlier than the HHG driving pulse in the HHG cell. Thus, the probe pulse
isn’t temporarily stretched by a dense plasma created by the HHG driving pulse.
The generated harmonic beam passes through a metal filter mounted in the center
portion of an annular filter that blocks the co-propagating HHG driver beam and low
order harmonic beams (3rd, 5th, 7th, etc.). The probe beam passes through the outer
portion of the annular filter, a 1 mm thick fused silica plate. In order to reduce energy
loss from diffraction, the filter is constructed so that it is the optical image of the last
annular hole mirror in the interferometer. The thickness of the fused silica plate is
chosen to match the plate in the HHG arm. Then, the probe pulse is compressed
and the XUV and probe pulses are temporally overlapped in the target. A spherical
mirror with the center part coated with Mo/Si and the outer ring coated with Ag
focuses the beams to the target. As mentioned above, due to the MZ interferometer,
the probe field can also be upconverted from 750 nm to 400 nm with an achromatic
half-wave plate and a β-BaB2 O4 (BBO) crystal. Further details of the 400 nm probe
pulse generation and experimental conditions are described in Ref. [48]. Thus, with
this simple system, it is possible to easily manipulate the power, polarization, and
frequency of both pulses independently.

4.3 Frequency Tunable IAP with DOG
As mentioned above, the shortest IAP (80 as) were generated with linearly polarized
3.5 fs driving laser pulses [8]. This generation scheme extends the harmonic cutoff
region up to 3.5 keV using 3 mJ, 12 fs pulses [49]. However, IAPs can only be
produced near the cutoff region of the harmonics, which in practice is greater than
70 eV [50]. Double optical gating (DOG) [11, 51, 52] and polarization gating [20,
44] with elliptically polarized fields allow the generation of IAP in either the plateau
region or the cutoff region of the harmonic spectrum because the HHG driving field
is effectively gated to one half-cycle (1.3 fs). In particular, DOG has been used to
generate an IAP with a 25–620 eV supercontinuum spectrum, which would support
a 16 as pulse duration assuming flat phase [52].
In order to generate IAP in our system, a carrier-envelope (CE) phase stabilized
Ti:Sapphire oscillator/chirped pulse amplifier followed by a hollow-core fiber compressor produces 7 fs, 1 mJ pulses centered at 750 nm wavelength with a 1 kHz
repetition rate. In this laser system, the CE phase stability is ∼150 mrad RMS using a 30 Hz feedback loop. Figure 4.2(a) shows DOG optics. Two quartz plates
(250 µm and 480 µm thickness) are inserted in the HHG arm in Fig. 4.1(g), and the
BBO crystal (150 µm thickness) is located before the HHG cell inside the vacuum
chamber. The BBO crystal can also be used to produce the second harmonic of the
probe field. Figure 4.2(b) shows the typical harmonic spectrum (upper figure) with
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Fig. 4.2 DOG setup (a) and
typical high-harmonic
spectrum with linearly
polarized pulse and DOG
(upper figure) and CE phase
dependence with DOG (lower
figure) using (b) an Al filter
for the XUV region and (c) a
Sn filter for the VUV region.
QP1: Quartz plate (250 µm),
QP2: Quartz plate (480 µm),
and BBO: β-BaB2 O4
(150 µm)

a linearly polarized pulse and with DOG: the lower figure shows the CE phase dependence of the harmonic spectrum with DOG. Both panels were obtained using an
Al filter. Analogous results using a Sn filter are shown in Fig. 4.2(c). Demonstrated
here, the spectral bandwidth can be filtered by Al and Sn filters.
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4.4 Temporal Characterization of IAP in XUV and VUV Regions
In order to characterize the pulses, the attosecond streak camera technique is used
[53]. This technique is basically a cross-correlation of the XUV/VUV field and the
probe field. Photoelectrons created by the IAP are given a momentum shift by the
probe field. The photoelectron kinetic energy distribution is analyzed using a linear
photoelectron time-of-flight spectrometer and measured as a function of delay time
between the XUV/VUV and probe pulses [48]. The measured streak trace contains
information about the temporal structure and the phase of the photoelectron wave
packet. Figure 4.3(a) shows a measured streak trace with a 750 nm streak field using
an Al filter and Ne as the target gas in the photoelectron spectrometer. The temporal
profile and phase are reconstructed by the Principal Component Generalized Projections Algorithm method [54]. The temporal profile indicates a 140 as pulse as shown
in Fig. 4.3(b). The satellite pulses are suppressed with less than a 1% contribution
at 750 nm half (±1.25 fs) and full (±2.5 fs) cycles, indicating a well isolated pulse
compared to Ref. [8] in which satellite pulses are measured with an 8 % contribution. In addition, the measured and the reconstructed harmonic spectra agree well as
shown in Fig. 4.3(c).
Figure 4.4(a) shows the measured streak trace with a 750 nm field using a Sn
filter and Ar as the target. The reconstructed temporal profile and phase indicate a
395 as pulse as shown in Fig. 4.4(b). Again, the pre- and post-pulses are suppressed
to less than a 1 % contribution at the 750 nm half and full cycle regions. In addition, the measured and the reconstructed harmonic spectra agree well as shown in
Fig. 4.4(c). These results indicate the flexibility of selecting the XUV or VUV frequency range. Of course, in future experiments, if other HHG gases (He, Ne, Kr, Xe,
etc.), different filters (Zr, Si, Ti, Pb, etc.) [30], and/or various multilayer coated mirror (SiC/Mg, Sc/Si, Al/C, etc.) are used [55], IAPs with different central frequencies
can be generated.
Finally, a streak trace is obtained with a 400 nm streak field using an Al filter
and Ne as the target as shown in Fig. 4.5(a). The reconstructed temporal profile and
phase indicate a 118 as pulse as shown in Fig. 4.5(b). The measured and the reconstructed spectra agree well as shown in Fig. 4.5(c). This result is important for
chemical applications of attosecond pulses. For example, a plasmon resonance in a
gold or silver nanoparticle can be excited with a pulse at 400 nm [56]. A streaking
measurement can investigate the plasmon dephasing time by observing the enhancement of the photoelectron momentum shift due to the field of the plasmon resonance
[5]. Frequency control of the excitation pulse allows nanoparticles of varying structures and plasmon resonance frequencies to be studied. The compact MZ interferometer design allows the probe field to be modified independently of the driving
HHG field. In future work, the compact interferometer located outside of the vacuum chamber will easily allow the probe field to be modified using, for example, an
optical parametric amplifier [57], an adaptive spatial light modulator [58], or THz
oscillator [59].
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Fig. 4.3 Streak traces and
XUV pulse characterization.
(a) Measured streak trace
with Al filter using 750 nm
field. (b) The reconstructed
pulse (solid line) and phase
(dotted line). (c) The
reconstructed spectrum (solid
line) and phase (dotted line)
and the measured spectrum
(dashed line) without the
streak field

4.5 Conclusions
The new setup with compact MZ interferometer realized robust, flexibility, and easy
operation. An important step for future attosecond dynamics studies is made by generating IAP with variable center frequencies. XUV and VUV pulses with 140 as duration (26–55 eV) and 395 as duration (16–25 eV), respectively, are characterized.
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Fig. 4.4 Streak traces and
VUV pulse characterization.
(a) Measured streak trace
with Sn filter using 750 nm
field. (b) The reconstructed
pulse (solid line) and phase
(dotted line). (c) The
reconstructed spectrum (solid
line) and phase (dotted line)
and the measured spectrum
(dashed line) without the
streak field

Tunable IAP will allow a greater variety of dynamics in atoms and molecules to
be studied. In addition, the characterization of IAP (118 as duration, 26–67 eV)
with a streaking measurement using a 400 nm streak field is demonstrated. Many
atomic and molecular dynamics processes depend on which states are excited by
the light pulses. Frequency control of pump and probe pulses will thus allow the
temporal structures and the relative phases of a broader range of ultrafast electronic
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Fig. 4.5 Streak traces and
XUV pulse characterization.
(a) Measured streak trace
with Al filter using 400 nm
field. (b) The reconstructed
pulse (solid line) and phase
(dotted line). (c) The
reconstructed spectrum (solid
line) and phase (dotted line)
and the measured spectrum
(dashed line) without the
streak field

and molecular dynamics to be determined. This system and result increased flexibility will allow attosecond experimental techniques to be more widely applied to
chemical systems.
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