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We utilized a set of fused silica thin plates to broaden the spectrum of 1 kHz, 30 fs Ti:sapphire amplified laser pulses
to an octave. Following the compression by chirped mirror pairs, the generated few-cycle pulses were focused onto an
argon filled gas cell. We detected high order harmonics corresponding to a train of 209 as pulses, characterized by the
reconstruction of attosecond beating by interference of two-photon transition (RABITT) technique. Compared with the
conventional attosecond pulse trains, the broad harmonics in such pulse trains cover more energy range, so it is more
efficient in studying some typical cases, such as resonances, with frequency resolved RABITT. As the solid thin plates can
support high power supercontinuum generation, it is feasible to tailor the spectrum to have different central wavelength and
spectral width, which will make the RABITT source work in different applications.

Keywords: supercontinuum generation, high order harmonic generation, reconstruction of attosecond beating
by interference of two-photon transition (RABITT), attosecond pulse trains
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1. Introduction

Today, pump—probe scheme using ultrafast laser pulses
acts as a crucial method in studying microscopic dynamics.
After femtosecond-pump/femtosecond-probe experiments re-
vealed the real-time evolution of chemical reactions,!"? lots
of dynamics that take place within picoseconds were stud-
ied. In 2001, attosecond pulse trains (APT)B! as well as iso-
lated attosecond pulses (IAP)!*! were corroborated, and the
pump-probe experiment soon made its debut in attosecond
physics,’! showing that movements of electrons can be cap-
tured. APT as well as IAP shed light on electron dynamics
in different materials, %] through analyzing the electron wave
packet!®! which was angular resolved,®! or the transient ab-
sorption spectrum. [!7]

Since IAP covers a continuous spectrum and is definite
in time, it enables us to reveal dynamics lasting from sub-
femtosecond to tens of femtoseconds. A popular method to
record the ultrafast movement in a target is cross-correlation
of an TAP and a femtosecond infrared (IR) pulse, which may

be explained by the strong field approximation (SFA).!!!!

DOI: 10.1088/1674-1056/ab6315

However, the strong femtosecond streaking field in such
cross-correlation experiments may deform the signals to be
measured,!'?! and the background noise may also smear the
finest structures. On the contrary, the reconstruction of at-
tosecond beating by interference of two-photon transition
(RABITT) technique by means of measuring the group de-
lay of the electron wave packet operates under much lower
IR intensity, and the phases of the sidebands are easier to be
recognized and extracted.!!?!

Phases obtained in a standard RABITT experiment repre-
sent an average over the energy components in each sideband.
Recently, spectrally resolved RABITT (rainbow RABITT) has
been developed to access phases at each photoelectron energy
in the sidebands,!!'*!>! which is better in studying atomic or
molecular resonance. Because practical issues often lead to
broadening of the electronic transition line width (see supple-
mentary materials of Ref. [14]), using rainbow RABITT to
study resonance needs to cover a much broader energy range
than the resonance line width itself. However, the discrete high
order harmonics have limited spectral widths, which some-
times cannot cover the entire energy range of the transitions
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under study. To overcome this drawback, tunable IR pulses
were employed to generate tunable APT to scan over consecu-
tive spectral ranges or at least the range interested to study res-
onance transitions.!!'>1°! However, the tunability is often lim-
ited for most laser apparatus. Broad single order harmonics
have a better opportunity to reach the energy level to be stud-
ied, but it may cause a spectral overlap between the harmon-
ics and sidebands, and broadband femtosecond driving pulses
will also deteriorate the electron spectrum resolution of the
sidebands.[5! To this end, we search for a RABITT source
that can cover the energy level to be studied, with appropriate
energy and bandwidth. Few-cycle femtosecond pulses instead
of narrow band long pulses could be a versatile source to drive
high-order harmonic generation (HHG). On the one hand, such
broadband pulses may produce broad harmonics to study a
broad energy range. On the other hand, the broad spectrum
of the driving pulses allows using optical filters to tailor and
control its spectrum and pulse width then to control the energy
and bandwidth of the HHG. To produce high-power, few-cycle
pulses, the hollow core fiber (HCF) is a proven choice.[!’-19]
Here an alternative with a set of solid thin plates (STPs) shows
higher efficiency, less sensitivity for beam pointing, and higher
coherence.

2. Experimental setup

Figure 1 is a sketch of supercontinuum generation using a
set of fused silica thin plates. 1 kHz, 0.8 mJ, 30 fs pulses cen-
tered at 790 nm from a Ti:sapphire chirped pulse amplifica-
tion (CPA) laser system are loosely focused onto 7 x 100-pum-
thick fused silica plates with a focusing lens (f = 2000 mm).
We choose fused silica because it has large bandwidth, high
transmission, high purity, and good uniformity. The spectrum
is stretched to span an octave due to self-phase modulation
(SPM) and self-steepening, and it can be compressed to 5.4 fs
with 0.58 mJ output energy of the central part of the Bessel
beam after chirped mirror pairs and fused silica wedges.[?’!
For HCF differentially filled with neon with the same input
pulse energy, the output energy is about 0.4 mJ with sub 5 fs
pulse width.

Fig. 1. Supercontinuum generation using STPs.

We use the propagation equation to simulate the spec-
tral broadening after 7 thin fused silica plates.?!! The simu-
lated spectrum after the thin plates is shown in Fig. 2. Except

the sudden decrease around 650 nm, our measured spectrum
agrees with the simulation.
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Fig. 2. Spectra before/after the fused silica thin plates. Red solid line
is the CPA laser spectrum, magenta solid line is the measured spectrum
after the thin plates, and green dotted line is the simulated spectrum
after the thin plates.

Coherence of the driving field strongly affects the coher-
ence length and efficiency of HHG.?? The driving field also
serves as the probe pulse in RABITT or streaking experiments,
so it is meaningful to use a high coherence driving field. The
coherence of the driving field determines the best fringe con-
trast in the spectral interference measurement of the carrier en-
velop phase (CEP), as well as in the root mean square (RMS)
of the CEP after phase locking,[”3! which is an important pa-
rameter of the few cycle laser field. As a nonlinear optical
material, solid is more stable, when not ionized, than the no-
ble gas in HCF. The thin structure is beneficial for releasing
heat, which improves the stability of the output pulses, and
consequently, the coherence of the output pulses. To eval-
uate the coherence of the output pulse, we apply an f-2f
interferometer?¥ for CEP locking after STPs and HCF under
the same input pulse condition. We find that the spectral inter-
ference modulation after STPs is indeed deeper than that after
HCEF. The measured RMS of CEP is 346 mrad after STPs and
540 mrad after HCF under 3 ms integration time, compared
with 34 mrad and 107 mrad simulation results, respectively.
The best CEP locking result we have got experimentally af-
ter STPs is 227 mrad RMS under 3 ms integration time for
20 min.!?! These results are consistent with each other, indi-
cating that the pulses after STPs are more coherent than those
after HCF.

We focus this pulse by a low group delay dispersion
(GDD) silver concave mirror with focal length of 400 mm,
to an Ar filled gas cell. The beam line is illustrated in Fig. 3.
High order harmonics are generated in the gas cell at the cen-
ter of the IR beam, then they co-propagate with the IR pulse
with a smaller radius and divergence.?®) A 200 nm-thick Al
filter blocks the residual IR and lets part of the high order har-
monics transmit while compensating the attochirp. The high
order harmonic spectrum is detected by an extreme-ultraviolet
(XUV) charge-coupled device (CCD) at the end of the beam
line. The Al filter can be switched to a smaller one mounted
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at the center of a 7.5 pum thick tensioned annular Kapton pelli-
cle. When this filter is in the beam path of the co-propagating
pulses, the Al filter blocks the residual IR at the center, and
the annular pellicle blocks the high order harmonics. By using
this filter, the XUV and IR beams are separated spatially. The
separated round XUV pulse and annular IR pulse are focused
by the inner and outer parts of a Mo—Si multilayer mirror set,
respectively. This mirror set contains an inner round part and
an outer annular part, which is cut from a Mo—Si multilayer

XUV spectrometer

coated concave mirror with a focal length of 125 mm. The in-
ner part is mounted on a piezo transducer (PZT) in close loop
mode to adjust the delay between the XUV and IR pulses. A
motorized iris is applied before the filter to adjust the IR pulse
intensity. An Ar gas jet is mounted near the focal spot of the
Mo-Si mirror. An electron time-of-flight (TOF) spectrometer
records the photo-electron kinetic energy when the Ar atoms
are ionized by the high-order harmonics with the existence of
the IR pulses.!!”]

Fig. 3. Attosecond streaking/RABITT beam line. TM: toroidal mirror (insert into the beam path to inspect high order harmonics on the XUV

spectrometer). TOF: time of flight.

When we block the IR pulses, a photoelectron energy
spectrum is produced via Ar ionization by the XUV pulses
only. As illustrated in Fig. 4, the blue line is the XUV photon
spectrum shifted from the measured photoelectron spectrum,
and the pink one is the XUV spectrum simulated by SFA. The
reflectivity of the Mo—Si multilayer mirror has minima around
26.7 eV and 36.1 eV. A single harmonic in the measured re-
sult covers more than 2.8 eV (full width at half maximum
(FWHM), ~1.6 eV). While the odd harmonics are separated
by 3.1 eV, this is not ideal for RABITT experiments, since the
sidebands will mingle with the harmonics.
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Fig. 4. High order harmonic spectrum derived from photoelectron spec-
trum of Ar ionization and the corresponding simulation result. The high
order harmonics are generated by few-cycle IR pulses from STPs. The
inset shows the spectrum of the IR pulse produced by spectral broaden-

ing in STPs.

To obtain a good RABITT trace, we reduce the input
pulse energy for the fused silica thin plates to 0.53 mJ to get
a less broad spectrum. Based on the autocorrelation signal of
the photoelectrons from above-threshold ionization initiated
by the IR pulses, the pulse width is estimated to be about 10 fs.
The RABITT signal recorded is depicted in Fig. 5. This graph
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Fig. 5. (a) RABITT trace obtained with respect to time delay between
IR pulses and attosecond pulse trains (the time zero is not absolute).
The vertical coordinate stands for high order harmonic photon energy.
(b) Reconstructed attosecond pulse trains.
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Fig. 6. Measured high order harmonic spectrum with weak sidebands
(blue) compared with the simulated result (red). Inset: supercontinuum
spectrum which drives the HHG.
consists of 33 electron spectra at different delays of the pump
and probe pulses with a step of 0.05 um, and each spectrum

is acquired in 200 s. This indicates that our high harmonic
source is stable within 110 min. Each harmonic covers 0.9 eV,
which is broad enough to cover a large energy range, such as
a Fano resonance, but not mixed with the sidebands. The re-
constructed attosecond pulse trains are shown in Fig. 5. The
FWHM of each pulse is 209 as.

We also compare the experimental HHG spectrum with
the simulated one driven by 8 fs, 790 nm central wavelength
pulses, as shown in Fig. 6. Good agreement is observed.

3. Simulation and prospect

As the STPs support high output energy, it is possible
to use band pass filters to remove part of the IR spectrum
and make the few-cycle IR pulses versatile for different ap-
plications. Figure 7 shows the simulated high order harmonic
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Fig. 7. Calculated high order harmonic spectra (a) driven by filtered IR spectra (b). Ay: central wavelength of the filtered pulse, A®g: band
width of the filtered pulse, E: pulse energy after the band pass filter, At: transform limited FWHM of the filtered pulse, dy: diameter of the

beam waist for HHG simulation.
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spectra using filtered driving IR spectra. We list the central
wavelength and bandwidth of the HHG driving pulse after
the spectral filters using the high input power mode of the
STPs setup, as shown in Fig. 7(b), then we simulate the cor-

[27.28] a5 shown in

responding high order harmonic spectra,
Fig. 7(a). By changing the spectral filter, one can make the
Ti:sapphire CPA pulse quasi tunable to cover more wavelength
range. For example, 3s3p®np argon Fano resonance energy
levels are 26.606 eV (n = 4), 27.993 eV (n = 5), 28.506 eV
(n = 6), and 28.757 eV (n = 7),*” by using different filters
after STPs, all of them can be studied. For another exam-
ple, when studying ionization delays from close bonding en-
ergy level in molecules with RABITT method, the sidebands
of neighboring high order harmonics of electrons with differ-
ent bonding energy may be very close to each other.[3%! Al-
though narrow band high order harmonics will make it easier
to find out the specific sideband, the energy sampling distance
is the same as that of the odd high order harmonics. With the
filters applied after STPs, the energy sampling distance can
be significantly shortened while the sidebands can be distin-
guished. The dispersion introduced by the filters may be com-
pensated by chirped mirror pairs. We also list the diameters
of the driving beam waist to calculate the HHG. The single
harmonic covers typically 200 meV to maintain the IR width
under 135 meV for high resolution application, one can change
the band pass filter to select broader spectrum of IR pulse for
broader harmonic width.

In certain applications of attosecond optics, a higher rep-
etition rate is favorable. For this purpose, the high repetition
rate Yb: KGW chirped-pulse amplifier is a good choice, ]
and STPs also works well with Yb:KGW CPA.[32:33]

4. Conclusion

We use STPs to broaden the spectrum of 0.8 mJ, 1 kHz
Ti:sapphire CPA pulses to an octave. After dispersion com-
pensation, 5.4 fs output pulse with 0.58 mJ energy of the cen-
tral part of the Bessel beam is measured using TG-FROG. ¥
The output pulse shows better efficiency and coherence than
that compressed by HCF. Then the pulses are used for HHG
in Ar. The generated high order harmonics are focused on a
second Ar gas jet, and photoelectron is recorded using TOF.
The harmonics are separated by 3.1 eV, and the full width of
a single harmonic is more than 2.8 eV which is too broad for
RABITT. When we decrease the input pulse onto the STPs to
0.53 mJ, SPM is less significant, thus the output spectrum is
narrower. We apply this pulse to HHG and perform the RA-

BITT experiment. The attosecond pulse trains are stable and

the FWHM of each pulse is around 209 as. Besides broad-
band RABITT, we also simulate the high order harmonics us-
ing 5.4 fs, 0.58 mJ pulses after different band pass filters. By
changing the filters, high order harmonics cover a consecu-
tive energy range, indicating one can make the Ti:sapphire
CPA pulses quasi tunable for different applications based on
RABITT scheme. As a general supercontinuum generation
method with high efficiency and high coherence for pump
pulses with different wavelengths, we suggest to use STPs in
combination with different pump lasers for RABITT sources
and applications.
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