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The advent of chirped-pulse amplification (CPA) has greatly advanced the field of ultrafast and ultra-intense laser
technology. CPA has become an indispensable platform for multidisciplinary research, such as physics, chemistry, life
sciences, and precision metrology. The femtosecond laser facility at the Synergic Extreme Condition User Facility (SECUF)
is a comprehensive experimental platform with an advanced femtosecond laser source for ultrafast scientific research. It
will provide an ultrafast scientific research system having a few-cycle pulse duration, wide spectral range, high energy, and

high repetition rate for multipurpose applications.

Keywords: femtosecond, carrier envelope phase (CEP), chirped-pulse amplification (CPA), ultrafast spec-

troscopy, optical parametric amplifier (OPA)
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1. Introduction

The development of the ultrafast laser has been one of the
most important directions of laser science in recent years. It
has become an indispensable platform and tool in numerous
fields, such as physics, chemistry, life sciences, information,
precision metrology, national defense, and manufacturing. It
has also developed many new disciplines, such as high-energy
density physics, laser particle acceleration, and optical atomic
In 1999, Prof. A. Zewail won the Nobel prize for
studying the kinetics of chemical reactions with a femtosec-
ond laser.!! In 2005, Prof. T. W. Hinsch and Prof. J. L. Hall

shared the Nobel prize for the study of a femtosecond-laser

clocks.

frequency comb.[?! With the further development of the ultra-
fast laser, advanced amplification technology has been able to
generate a peak power on the order of petawatts, %! and a fo-
cused intensity greater than 10> W/cm? has been achieved in
a conventional laboratory. Using the extra-cavity compression
technique, scientists have achieved shorter than 3 fs pulses in
the visible spectrum, which correspond to just one optical pe-
riod. According to the interaction between the femtosecond
laser and inert gas, scientists obtained a single pulse shorter
than 100 as'”! and an x-ray laser source.[®! By using an ultra-
short and ultra-intense femtosecond laser with a peak power
approaching the petawatts range, scientists can produce ex-
treme conditions similar to those of celestial bodies or nu-
clear explosions in the laboratory environment,! thus obtain-
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ing the state of materials under the extreme conditions of a
high energy density, temperature density, etc. Such a laser
can also produce secondary particle sources, such as high-
energy electron beams and ion beams with ultrafast character-
istics and high brightness. Coherent radiation, such as x-rays,
extreme-ultraviolet (XUV) lasers, super-continuum!!%!!! and

terahertz radiation, >4

can also be obtained using ultrafast
lasers. Thus, this technology not only brings new vitality to the
development of many basic sciences, interdisciplinary fron-
tiers, and strategic high-tech disciplines but also introduces
new disciplines and high-tech applications, including atomic
and molecular physics, chemical reaction dynamics, life sci-
ence, precision manufacturing, and modern national defense.
The femtosecond laser subsystem at the SECUF is a compre-
hensive experimental platform based on a femtosecond laser
source for ultrafast scientific research. It is a multi-purpose
ultrafast scientific research device with a wide spectral range,
high energy, and high repetition rate. Considering the latest
advances in ultrafast phenomena and the latest femtosecond
laser technology, the femtosecond ultrafast experimental sub-
system will offer the following functions.

(i) Multi-angle observation function The ultrafast spec-
troscopic experimental device based on the femtosecond laser
can observe weak bond interactions, synergistic effects, co-
herent energy transfer processes, and dynamic behavior in
the complex molecular systems of bulk-phase water, molec-
ular crystals, and two mixtures (solution). Through theoreti-
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cal simulation, scientists can obtain physical and chemical im-
ages.

(ii) Multidimensional light field regulation function
Using ultrafast pulse laser shaping technology, the ultrafast
spectral experimental device allows the study of quantum co-
herence regulation on the femtosecond scale, helps to deepen
our understanding of quantum coherent energy transmission
in the complex phase of the condensed phase, and provides an
important basis for further study of the quantum regulation of
the condensed phase.

(iii) High peak power function The system provides a
periodic laser pulse with a peak power in the near-terawatt
range. After focusing, it can interact with matter on a sub-
10 fs timescale. It can perform unprecedented extreme ul-
trafast nonlinear optical studies involving high solid-surface
high-harmonic and attosecond pulses, ultrafast plasma kinet-
ics, etc.

(iv) Ultrafast fluorescence measurement Femtosecond
time-resolved transient fluorescence optical parametric ampli-
fication (OPA) spectrometers use ultrashort pulsed lasers to re-
veal the kinetics of molecular fluorescence transitions from the
excited state to the ground state and are widely used in many

research fields, such as luminescent materials, photoelectric
conversion, bio-optical physics, and photochemical processes.

The femtosecond laser subsystem at the SECUF will in-
tegrate the most advanced femtosecond laser technology and
ultrafast research methods. Upon its completion, it will satisfy
the requirements of ultrafast detection of various systems and
objects by users at home and abroad. This femtosecond laser
subsystem can be used either for the study of ultrafast dynam-
ics for important scientific issues or for the exploration of new
directions.

2. Description of system

The femtosecond laser subsystem at the SECUF consists
of a high-average power femtosecond laser source, a phase-
locked few-cycle laser source, a mid-infrared OPA source,
a liquid-phase femtosecond spectroscopy experimental unit,
a gas-phase femtosecond spectroscopy experimental unit, an
ultra-nonlinear optical ultrafast experimental unit, and a fem-
tosecond time-resolved transient fluorescence optical paramet-
ric amplified spectroscopic experimental unit. The conceptual
design of the overall system is shown in Fig. 1.
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Fig. 1. (color online) Ultrafast femtosecond laser experimental subsystem structure.

The advanced femtosecond laser source is based on the
chirped-pulse amplification (CPA) technique.!'>! A sub-10 fs
femtosecond Ti:sapphire oscillator!'®! is used for the seed
source. The parameters of this laser source are obtained
via CPA, spectral broadening, pulse recompression, optical
parameter wavelength tuning, carrier-envelope phase (CEP)
locking, and other technologies. The basic technical route is
to use an ultra-broadband femtosecond oscillator as the seed
for CPA to obtain a laser pulse with a single-pulse energy of
20 mJ, a pulse duration of < 40 fs, and a repetition rate of

1 kHz. The high-power femtosecond laser pulse output is in-

jected into a waveguide fiber filled with helium gas to achieve
spectral broadening and chirped-mirror compression to obtain
a single-pulse energy greater than 5 mJ and a pulse duration
of 7 fs. On this basis, the CEP of the oscillator and the ampli-
fier is phase locked separately with a fast and a slow feedback
control loop. In addition, a high-average power femtosecond
laser is injected into an OPA to obtain a mid-infrared femtosec-
ond laser with a wavelength-tuning range of 1.1-2.6 pm and
a single-pulse energy of approximately 1 mJ@1.3 um. Then,

the laser is injected into each experimental unit.
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3. Experimental setup and design considera-
tions

The femtosecond laser at the SECUF consists of an
advanced femtosecond laser light source, a liquid-phase
femtosecond spectroscopy experimental unit, a gas-phase
femtosecond spectroscopy experimental unit, an extreme-
nonlinear optical ultrafast experimental unit, and a femtosec-
ond time-resolved transient fluorescence OPA spectroscopy
experimental unit. Details regarding each unit are presented
in this section.

3.1. Advanced femtosecond laser source

i) High-average power femtosecond laser source

The high-average power femtosecond laser source in-
cludes a sub-10 fs oscillator, a stretcher, a regenerative am-
plifier, a multi-pass amplifier, a compressor, a synchronized
controller, and several sets of pump lasers. The oscillator gen-
erates high-quality seed laser pulses with a pulse duration of
approximately 10 fs. Then, these pulses are stretched to 200 ps

by a Martinez stretcher and injected into the regenerative laser
cavity for pre-amplification.!!”! The pumping source is a com-
mercial all-solid-state Q-switched green laser with an aver-
age power of 20 W and a repetition rate of 1 kHz. The en-
ergy of the laser pulse from the regenerative amplifier is larger
than 4 mJ. Then, the laser pulse is injected into the second-
stage multi-pass amplifier. The multi-pass amplification pump
source comprises four commercial all-solid-state Q-switched
green lasers with an average power of 25 W and a repetition
rate of 1 kHz. The pump laser and the amplified laser have
optimized delay, coupled matching, compensation for thermal
effects in the amplification process, and other means. Even-
tually, energy of 30 mJ is obtained with good beam quality.
Finally, to achieve compression, the amplified laser pulse is
input into a compressor that is opposite to the stretcher. By
optimizing the dispersion compensation, a pulse duration of
approximately 40 fs and energy of over 20 mJ are obtained,
corresponding to an average power of over 20 W. The design
of the laser source is shown in Fig. 2.

i 5B r 1
H Eﬁkﬂ? é B* | Stretcher and pre-amplifier
2

~3mJ/1kHz

Compressor
~20mJ/30fs/1kHz

Fig. 2. (color online) Design of the high-average power femtosecond light source.

ii) Few-cycle femtosecond laser pulses and CEP-locked
components

Traditionally, the differentially pumped hollow fiber is ef-
fective for generating few-cycle laser pulses. Compared with
the statically gas fill scheme, it has the advantages of a high
transmission rate and a wide spectral-broadening range. First,
the laser is focused into a waveguide fiber filled with a certain
gas for broadening the spectrum. The spectrum is broader than
an octave, and then a high-dispersion chirped-mirror combina-
tion compressor is used to accurately compensate the disper-

sion. The stretched laser pulse is compressed to few-cycle to
achieve a laser-pulse output with energy greater than 5 mJ and
a pulse duration shorter than 7 fs. For few-cycle laser pulses,
the locking of the CEP is achieved by locking the femtosecond
Ti:sapphire oscillator and the amplifier separately. In the os-
cillator part, the difference frequency generation (DFG) tech-
nique is used to produce 1.5-pum infrared light of the broad-
band femtosecond laser via a periodically poled lithium nio-
bate crystal.['820] The spectrum produced by the two parts
contains the carrier-envelope offset phase signal of the out-

074204-3



Chin. Phys. B Vol. 27, No. 7 (2018) 074204

put pulse obtained via the beat frequency method. The phase-
locked loop is fed into the acousto-optic modulator, which can
control the pump laser power to realize the CEP locking of the
oscillator, yielding a “fast phase-locked loop.” The CEP lock-
ing of the amplifier uses the f-2f spectral interference tech-
nique. The interference spectrum of the f—2f spectral interfer-
ence system is obtained by using the spectrum broadening of
the foregoing waveguides. The phase-drift information in the
amplifier is obtained by analyzing the interference spectrum,
and the feedback control is obtained by changing the insertion
of the prism in the compressor, eventually causing the phase
locking of the amplified pulse, which is called a “slow phase-
locked loop.” After the phase of the oscillator and the ampli-
fier is locked, the CEP-locked high-energy laser pulse can be
obtained.

iii) High-energy mid-infrared laser source

A multi-stage OPA is pumped by a 20-W high-average
power femtosecond laser. First, the super-continuum is gen-
erated by injecting pump energy of approximately 1 mlJ into
a crystal. The wavelength range is obtained as 400-600 nm
by controlling the power density of the crystal, and then the
pump energy is injected into a multi-stage OPA pumped by
15-mJ femtosecond laser pulses. The bandwidth and gain in
each stage of the OPA are controlled independently. The sta-
bility of the spectrum and energy is maintained when the para-
metric fluorescence is suppressed. A tunable wavelength of
1.1-2.6 pum is obtained. By using a prism pair and a chirped
mirror to compensate for the dispersion, a femtosecond and
widely tuned mid-infrared laser can be obtained. By optimiz-
ing the crystal angle and the pumping parameters, the maxi-
mum power of the optical parametric laser is achieved at the
wavelength of 1.3 um, with a maximum pulse energy of larger
than 1 mJ and a pulse duration of approximately 100 fs.

3.2. Liquid-phase femtosecond spectroscopy experimental

unit

The liquid-phase femtosecond spectroscopy experimental
unit®! is a femtosecond spectroscopic user experimental plat-
form that combines linear infrared and Raman spectroscopy
with femtosecond pump-detection technology, including the
combination of infrared spectroscopy, Raman spectroscopy,
and absorption spectroscopy. This system includes an OPA
unit, a pump-detection unit, a Raman spectrometer, an infrared
spectrometer, a temperature-control system, and a vacuum
pump unit. Thus, the platform allows the measurement of the
time behavior of complex molecular dynamics and is particu-
larly suitable for the study of condensed-phase multi-particle
systems in which weak bond interaction plays an important
role. The ultrafast spectroscopic and kinetic experimental
platform employs OPA lasers as a pump source and super-
continuum white light as a probe source. This platform can

be used for the study of various types of micro/nanostructures
(liquid or thin film) or complex molecular complex systems.
Combined with ultrafast pulse laser shaping (amplitude and
phase modulation), CPA, compression, and other technical
means, it can also be used to research quantum coherence in
the time domain. The overall design of the experimental unit

is shown in Fig. 3.
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Fig. 3. (color online) Diagram of the liquid femtosecond spectroscopy
experimental unit.

3.3. Gas femtosecond spectroscopy experiment unit

This experimental unit combines pump-detection tech-
nology with electronic!'*! ion-momentum (energy) resolution
measurement to achieve non-adiabatic dynamics of the gas-
molecule excited state, quantum control, and other aspects
of the study. The femtosecond lasers are divided into pump
and probe lasers and focused on the molecular beam in the
electron and ion velocity imaging device. Simultaneously,
time-resolution and momentum-resolution measurements of

the molecular fragments are performed.

The experimental unit is composed of a wavelength-
tunable laser source, a pump-detection delay device, and an
electron and ion velocity imager. Electron and ion velocity
imagers are mainly composed of two parts: a beam source
chamber and an ionization chamber. In the beam source cham-
ber, a 1-kHz pulse valve produces the molecular beam through
supersonic diffusion. The molecular beam enters the ioniza-
tion chamber through a high-speed nozzle. In the ionization
chamber, the molecular beam intersects the two femtosecond
laser pulses perpendicularly. One of the laser beams excites
the molecule to the electronic excited state (as a pump), and
the other laser excites the excited state. The molecules or re-
action products are ionized (as probes). The ionized electrons
or ions are focused by the ion lens velocity onto the micro-
channel plate detector to generate a two-dimensional electron
or ion map and recorded by a charge-coupled device camera.

The overall design of the experimental unit is shown in Fig. 4.
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Fig. 4. (color online) Diagram of the gas-phase femtosecond spec-
troscopy experimental unit.

3.4. Extremely nonlinear optical ultrafast experimental
unit

This experimental unit is designed as an extreme-
nonlinear optical ultrafast research platform based on the CEP-
locked high-energy few-cycle laser (5 mJ/7 fs/1 kHz, CEP-
locked). The high-energy CEP-locked few-cycle laser inter-
acts with a solid surface to generate high-order harmonics. Be-
cause this harmonic generation is limited to an ultrashort time,
the extreme-nonlinear process can be measured by adjusting
the CEP of the driving pulse.

The experimental platform includes a CEP-locked few-
cycle laser source, interacting target chambers, XUV spec-
trometers, vacuum chambers, target components, and ultra-
high vacuum pump units. The CEP-locked few-cycle laser
is focused onto a solid target by a small-F-number off-axis
parabolic concave mirror. The solid target is mounted on a
four-dimensional platform and turned one position at a time
to ensure that each occurrence is a new interaction point. The
high-order harmonics are detected via XUV spectrometry. The
design of the whole system is shown in Fig. 5.

Main pulse

7fs. Sm), CEP control

Probe pulse
T

Fig. 5. (color online) Diagram of the extreme-nonlinear optical ultrafast
experimental unit.

3.5. Femtosecond time-resolved transient fluorescence
OPA spectrometer experimental unit

The femtosecond time-resolved fluorescence OPA
experiment!>>?* system is a transient fluorescence mea-

surement technology based on the non-collinear OPA

principle.[>>2°1 Tt not only can measure the entire broad-
band spectrum at the same time but also has a gain of nearly
10% with respect to the fluorescence signal. It can be used
to achieve femtosecond time-resolved measurement of weak
broadband fluorescence signals. The measurement sensitivity
is 30 fluorescent photons for a 100-fs timescale.

The experimental unit mainly includes femtosecond laser
sources, non-collinear OPAs, fluorescence OPA devices,
pump-detection devices, and data-measurement systems. Us-
ing the high-average power femtosecond laser as a light
source, the pump laser is divided into two beams by a beam
splitter. One of the beams is frequency-doubled to generate a
pump light with a center wavelength of 400 nm for the fluo-
rescence parametric amplification system. The other beam is
used as a collinear or non-collinear OPA pump source. The
wavelength is tunable, which can be exploited to excite sam-
ples to produce fluorescence. The fluorescence is amplified in
a barium-borate crystal via a non-collinear OPA process, and
data acquisition of the fluorescence-amplification signal is per-
formed using a related instrument. The entire system design is
shown in Fig. 6.
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Fig. 6. (color online) Diagram of the femtosecond time-resolved tran-
sient fluorescence optical parameter amplification spectrometer experimen-
tal unit.

4. Conclusion and perspectives

A comprehensive physical dynamics research system
based on the femtosecond laser technique for physical tran-
sients in physics, chemistry, materials, biology, medicine, and
other disciplines will eventually be established. Considering
the most important issues in the field of ultrafast science, sev-
eral important research directions are selected, such as the
pulse types, wavelengths, and acquisition methods for the final
signals, to satisfy the requirements of multidisciplinary fron-
tier development for the research of physical structural dynam-
ics. Fully considering the requirements of scientists, the fem-
tosecond laser subsystem at the SECUF will be developed as
a system of scientific advancement and a perfect user-service
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system to attract experts and scholars in various fields to per-

form experiments, eventually becoming a world-class ultrafast

scientific research center.

References

(1]
[2]
[3]
(4]
[3]
[6]
(71
[8]
(9]

[10]

Potter E, Herek J, Pedersen S, Liu Q and Zewail A 1992 Nature 355 66
Udem T, Holzwarth R and Hinsch T W 2002 Nature 416 233

Wang Z, Liu C, Shen Z, Zhang Q, Teng H and Wei Z 2011 Opt. Lett.
363194

Sung J H, Lee HW, Yoo J Y, YoonJ W, Lee C W and Yang J] M 2017
Opt. Lett. 42 2058

GanZ, Yu L, Li S, Wang C, Liang X and Liu Y 2017 Opt. Express 25
5169

Sung J H, Lee S K, Yu T J, Jeong T M and Lee J 2010 Opt. Lett. 35
3021

Zhao K, Zhang Q, Chini M, Wu Y, Wang X and Chang Z 2012 Opt.
Lett. 37 3891

Gordon C L, Yin G, Lemoff B, Bell P M and Barty C 1995 Opt. Lett.
20 1056

Clark E, Krushelnick K, Zepf M, Beg F, Tatarakis M and Machacek A
2000 Phys. Rev. Lett. 85 1654

Wirth A, Hassan M T, Gagnon J, Moulet A and Luu T T 2011 Science
334 195

[11]

[12]
[13]

[14]
[15]
[16]
(17]
[18]
[19]
[20]

[21]
[22]

(23]
[24]
[25]

[26]

074204-6

Hassan M T, Luu T T, Moulet A, Raskazovskaya O, Zhokhov P and
Garg M 2016 Nature 530 66

Sarukura N, Ohtake H, Izumida S and Liu Z 1998 J. Appl. Phys. 84 654
Liu Y, Houard A, Prade B, Akturk S, Mysyrowicz A and Tikhonchuk
V 2007 Phys. Rev. Lett. 99 135002

Kim K Y, Taylor A, Glownia J and Rodriguez G 2008 Nat. Photon. 2
605

Strickl D and Mourou G 1985 Opt. Commun. 55 447

Spence D E, Kean P N and Sibbett W 1991 Opt. Lett. 16 42

Martinez O 1987 IEEE J. Quantum Electron. 23 59

Fuji T, Apolonski A and Krausz F 2004 Opt. Lett. 29 632

Fuji T, Rauschenberger J, Apolonski A, Yakovlev V S, Tempea G and
Udem T 2005 Opt. Lett. 30 332

Fuji T, Rauschenberger J, Gohle C, Apolonski A, Udem T and
Yakovlev V S 2005 New J. Phys. 7 116

Woutersen A, Emmerichs U and Bakker H 1997 Science 278 658
Hofkens J, Latterini L, G De Belder, Gensch T, Maus M and Vosch T
1999 Chem. Phys. Lett. 304 1

Fita P, Stepanenko Y and Radzewicz C 2005 Appl. Phys. Lett. 86
021909

Nurhuda M, Suda A, Midorikawa K, Hatayama M and Nagasaka K
2003 J. Opt. Soc. Am. B 20 2002

Cirmi G, Brida D, Manzoni C, Marangoni M, S De Silvestri and
Cerullo G 2007 Opt. Lett. 32 2396

Wilhelm T, Piel J and Riedle E 1997 Opt. Lett. 22 1494


https://doi.org/10.1038/355066a0
http://dx.doi.org/10.1038/416233a
https://doi.org/10.1364/OL.36.003194
https://doi.org/10.1364/OL.36.003194
https://doi.org/10.1364/OL.42.002058
https://doi.org/10.1364/OL.42.002058
https://doi.org/10.1364/OE.25.005169
https://doi.org/10.1364/OE.25.005169
https://doi.org/10.1364/OL.35.003021
https://doi.org/10.1364/OL.35.003021
https://doi.org/10.1364/OL.37.003891
https://doi.org/10.1364/OL.37.003891
https://doi.org/10.1364/OL.20.001056
https://doi.org/10.1364/OL.20.001056
https://doi.org/10.1103/PhysRevLett.85.1654
http://dx.doi.org/10.1126/science.1210268
http://dx.doi.org/10.1126/science.1210268
http://dx.doi.org/10.1038/nature16528
http://dx.doi.org/10.1063/1.368068
https://doi.org/10.1103/PhysRevLett.99.135002
http://dx.doi.org/10.1038/nphoton.2008.153
http://dx.doi.org/10.1038/nphoton.2008.153
http://dx.doi.org/10.1016/0030-4018(85)90151-8
http://dx.doi.org/10.1364/OL.16.000042
http://dx.doi.org/10.1109/JQE.1987.1073201
http://dx.doi.org/10.1364/OL.29.000632
http://dx.doi.org/10.1364/OL.30.000332
http://dx.doi.org/10.1088/1367-2630/7/1/116
http://dx.doi.org/10.1126/science.278.5338.658
http://dx.doi.org/10.1016/S0009-2614(99)00287-0
https://doi.org/10.1063/1.1850591
https://doi.org/10.1063/1.1850591
https://doi.org/10.1364/JOSAB.20.002002
https://doi.org/10.1364/OL.32.002396
https://doi.org/10.1364/OL.22.001494

	1. Introduction
	2. Description of system
	3. Experimental setup and design considerations
	3.1. Advanced femtosecond laser source
	3.2. Liquid-phase femtosecond spectroscopy experimental unit
	3.3. Gas femtosecond spectroscopy experiment unit
	3.4. Extremely nonlinear optical ultrafast experimental unit
	3.5. Femtosecond time-resolved transient fluorescence OPA spectrometer experimental unit

	4. Conclusion and perspectives
	References

