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Fig.10 Simulation of attosecond pulse generation with synthesized optical fields""*’

2 BEE5RE

X0 T R (9 R Bl g 2 I A BB G Y AT 5, R 2 S A R S AF AN T B R — T o A R
63 1 A i 55 37 0y Bk R DU 2 2 BF 5 U ) — A B B FL AR o S BIPRE Z24 AN T v I A 2 Tl 38
K 5 OF O TS AR, AT E A TR I BOL K Ot 5 8B 05 LS T — Le R
It B IV T AHDE S B 5 S Y B AR BRI P R K o RIS K B, B AT R EOE K ot 5 R Y
BF 5 B AR i Ak T JR RSB B B ATE AT R B e e A ] o AT AR R B A DG IR B R W Y KR, A AL P fE
(v Jk b B L v P 249 2 ) 1) /A S S M oo S AN W 0 B T DL 20 J S0k e e Y A R A 2 A6k IE
SO K w6 B BOARAE A ARG AR H B R 1 K R

0151109-8



RS NN AL U O1H QU R 7L 520 EACRS )

S % ik

(1]

[2]

[3]

[7]

[8]
[9]

[10]

[13]

[14]

[15]

[18]

[19]

[20]

[21]

[24]

[25]

[26]

MOULTON P F. Spectroscopic and laser characteristics of Ti: Al,O,[J]. Journal of the Optical Society of America B,
1986, 3(1):125-133.
ALBERS P, STARK E, HUBER G. Continuous—wave laser operation and quantum efficiency of titanium—doped sapphire
[J]. Journal of the Optical Society of America B, 1986, 3(1):134-139.
ELL R, MORGNER U, KARTNER F X, et al. Generation of 5-fs pulses and octave-spanning spectra directly from a Ti:
sapphire laser[ J]. Optics Letters, 2001, 26(6):373-375.
BRABEC T, KRAUSZ F. Intense few—cycle laser fields: Frontiers of nonlinear optics[J]. Reviews of Modern Physics,
2000, 72(2) :545.
KUCHIEV M Y. Atomic antennal J]. Soviet Journal of Experimental and Theoretical Physics Letters, 1987, 45:404.
CORKUM P B. Plasma perspective on strong field multiphoton ionization [ J]. Physical Review Letters, 1993, 71(13) :
1994.
SCHAFER K J, YANG B, DIMAURO L F, et al. Above threshold ionization beyond the high harmonic cutoff[J].
Physical Review Letters, 1993, 70(11):1599.
KRAUSZ F, IVANOV M. Attosecond physics[J]. Reviews of Modern Physics, 2009, 81(1):163.
CHIPPERFIELD L E, ROBINSON J S, TISCH J W, et al. Ideal waveform to generate the maximum possible electron
recollision energy for any given oscillation period[ J]. Physical Review Letters, 2009, 102(6) :063003.
JIN C, WANG G, WEI H, et al. Waveforms for optimal sub—keV high—order harmonics with synthesized two—or three—
colour laser fields[ J]. Nature Communications, 2014, 5(1):1-6.
HAESSLER S, BALCIUNAS T, FAN G, et al. Optimization of quantum trajectories driven by strong—field waveforms
[J]. Physical Review X, 2014, 4(2):021028.
YANG Y, MAINZ R E, ROSSI G M, et al. Strong-field coherent control of isolated attosecond pulse generation[J].
Nature Communications, 2021, 12, 6641.
MANGLES S P, MURPHY C D, NAJIMUDIN Z, et al. Monoenergetic beams of relativistic electrons from intense laser—
plasma interactions[ J]. Nature, 2004, 431(7008) :535-538.
GEDDES C G, TOTH C, TILBORG JVAN, et al. High—quality electron beams from a laser wakefield accelerator using
plasma—channel guiding[J]. Nature, 2004, 431(7008) :538-541.
FAURE J, GLINEC Y, PUKHOV A, et al. A laser - plasma accelerator producing monoenergetic electron beams[J].
Nature, 2004, 431(7008) :541-544.
KLING M F, SIEDSCHLAG C, VERHOEF A J, et al. Control of electron localization in molecular dissociation [ J].
Science, 2006, 312(5771) :246-248.
REMACLE F, NEST M, LEVINE R D. Laser steered ultrafast quantum dynamics of electrons in LiH [J]. Physical
Review Letters, 2007, 99(18):183902.
KRUGER M, SCHENK M, HOMMELHOFF P. Attosecond control of electrons emitted from a nanoscale metal tip[J].
Nature, 2011, 475(7354) :78-81.
HERINK G, SOLLI DR, GULDE M, et al. Field-driven photoemission from nanostructures quenches the quiver motion
[J]. Nature, 2012, 483(7388):190-193.
PIGLOSIEWICZ B, SCHMIDT S, PARK D J, et al. Carrier—envelope phase effects on the strong—field photoemission
of electrons from metallic nanostructures[ J]. Nature Photonics, 2014, 8(1):37-42.
MANZONI C, MUCKE O D, CIRMI G, et al. Coherent pulse synthesis: towards sub-cycle optical waveforms[J]. Laser
&. Photonics Reviews, 2015, 9(2):129-171.
KOKE S, GREBING C, FREI H, et al. Direct frequency comb synthesis with arbitrary offset and shot—noise-limited
phase noise[ J]. Nature Photonics, 2010, 4(7):462-465.
BALTUSKA A, FUJI T, KOBAYASHI T. Controlling the carrier—envelope phase of ultrashort light pulses with optical
parametric amplifiers[ J]. Physical Review Letters, 2002, 18;88(13):133901.
KANE D J, TREBINO R. Characterization of arbitrary femtosecond pulses using frequency-resolved optical gating[J].
IEEE Journal of Quantum Electronics, 1993, 29(2) :571-579.
TREBINO R, DELONG K W, FITTINGHOFF D N, et al. Measuring ultrashort laser pulses in the time—frequency
domain using frequency-resolved optical gating[ J]. Review of Scientific Instruments. 1997, 68(9):3277-3295.
IACONIS C, WALMSLEY I A. Spectral phase interferometry for direct electric-field reconstruction of ultrashort optical
pulses[J]. Optics Letters, 1998, 23(10):792-794.
WU Q, ZHANG X C. Free-space electro-optic sampling of terahertz beams[J]. Applied Physics Letters, 1995, 67(24) :
3523-3525.
KEIBER S, SEDERBERG S, SCHWARZ A, et al. Electro-optic sampling of near-infrared waveforms [J]. Nature
Photonics, 2016, 10(3):159-162.

0151109-9



¥ % il

[31]
[32]

[33]
[34]

[36]

[37]

[38]

MAIRESSE Y, QUERE F. Frequency-resolved optical gating for complete reconstruction of attosecond bursts [J].
Physical Review A, 2005, 71(1):011401.

HASSAN M T, WIRTH A, GRGURAS 1, et al. Invited article: attosecond photonics: synthesis and control of light
transients| J|. Review of Scientific Instruments, 2012, 83(11):111301.

KIM K T, ZHANG C, SHINER A D, et al. Petahertz optical oscilloscope[ J]. Nature Photonics, 2013, 7(12) :958-962.
WYATT A'S, WITTING T, SCHIAVI A, et al. Attosecond sampling of arbitrary optical waveforms[J]. Optica, 2016,
3(3):303-310.

WIRTH A, HASSAN M T, GRGURAS I, et al. Synthesized light transients[J]. Science, 2011, 334(6053) :195-200.
DUBIETIS A, BUTKUS R, PISKARSKAS A P. Trends in chirped pulse optical parametric amplification [J]. IEEE
Journal of Selected Topics in Quantum Electronics, 2006, 12(2):163-172.

WITTE S, EIKEMA K S. Ultrafast optical parametric chirped—pulse amplification[J]. IEEE Journal of Selected Topics in
Quantum Electronics, 2011, 18(1):296-307.

LIANG H, KROGEN P, WANG Z, et al. High-energy mid-infrared sub—cycle pulse synthesis from a parametric
amplifier[ J]. Nature Communications, 2017, 8(1):1-9.

XUE B, TAMARU Y, FUY, et al. Fully stabilized multi-TW optical waveform synthesizer: Toward gigawatt isolated
attosecond pulses[J]. Science Advances, 2020, 6(16) : eaay2802.

XUE B, TAMARU Y, FU Y, et al. Fully stabilized multi-TW optical waveform synthesizer: Toward gigawatt isolated
attosecond pulses[ J]. Science Advances, 2020 Apr 1;6(16) :eaay2802.

MANZONI C, HUANG S W, CIRMI G, et al. Coherent synthesis of ultra-broadband optical parametric amplifiers[J].
Optics Letters. 2012, 37(11) :1880-1882.

ROSSI G M, MAINZ R E, YANG Y, et al. Sub—cycle millijoule-level parametric waveform synthesizer for attosecond
science[ J]. Nature Photonics, 2020, 14(10):629-635.

Sub-cycle Laser Field Shaping (Invited)

YANG Yudong', WEI Zhiyi'*
(1 Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China)
(2 Institute of Physics, Chinese Academy of Science, Beijing 100190, China)

Abstract: Ultrashort laser pulses are powerful and important tools for scientific researches in many areas in
that they allow studying ultrafast dynamics in materials with extreme time resolution. Different experiments
across different research fields ask for laser pulses with very different characteristics. Ultrafast laser pulse
shaping, where the amplitude, phase or polarization of laser pulses are modulated to fulfill various
requirements of different experiments, is widely used. On the other hand, the pure quest of the technology
development and the desires for studying even faster dynamics in materials jointly motivate the
development of ultrafast laser technology. The record of the shortest pulse duration was continuously
renewed. Eventually, ultrafast lasers step into the few cycle regime thanks to the introduction of Ti:
Sapphire lasers. When the pulse duration approaches the oscillation period of the laser carrier wave, the
differences between few cycle pulses and longer pulses emerge. One of the most notable differences is that
even for two few cycle pulses with identical envelopes, the electric fields underneath can be utterly
different. Hence, full control over few cycle pulses requires direct control over the electric field, which
implies the technological leap from laser pulse shaping to sub—cycle laser field shaping. Sub—cycle laser field
shaping technology not only enables full control over laser pulses, but also makes possible direct
manipulation of strong—field physics process via tailored optical waveforms, which fundamentally enhances
the toolbox for controlling light and matter interaction. Preliminary laser field shaping can be achieved via
the Carrier Envelope Phase (CEP) of laser pulses, which is sufficient to significantly affect the electric field
and alter the outcomes of light and matter interactions. Therefore, CEP stabilization is crucial for laser field
shaping. Currently, CEP locking methods can be categorized into active stabilization and passive
stabilization. Active CEP stabilization requires feedback loops which lock the CEP mostly by tuning the
inter—cavity group velocity dispersion. In contrast, the passive CEP stabilization exploits the phase relation
between different beams in nonlinear optics process, where the idler beam of OPA/DFG is naturally CEP
stabilized if the signal beam and the pump beam shares identical CEP fluctuation. Additionally, controlling
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the spectral phase precisely further enhances the shaping capability that the electric field can be shaped to
deviate notably from sinusoidal oscillation. Complete characterization of such few—cycle/single—cycle pulses
is indispensable for utilizing them in experiments. Typical ultrashort pulse characterization methods
measure the pulse envelopes but the exact shape of the electric fields. New methods which measure the
electric field have to be developed. The field-sensitive methods are usually based on high harmonic
generation, either by exploiting the process itself or by employing the XUV radiation from HHG. Laser
field shaping targets extending the capability of direct electric field control in radio frequency to optical
frequency. Customizing optical waveforms builds on the generation of extremely broadband spectrum and
precise control of the spectral phase. Since laser pulses with broad bandwidth correspond to pulses which
are temporally compressible to very short duration, sub—cycle laser field shaping and sub—cycle laser pulse
generation share common technological ground. However, generating spectrum experimentally with
bandwidth supporting sub—cycle laser pulses with a single light source is, if not impossible, extremely
difficult. On the other hand, coherent combination, or synthesis, of several few—cycle pulses of different
colors is the enabling technology for extremely broadband spectrum and intense sub-cycle laser pulses.
Different approaches have been proposed along the development of optical waveform synthesis. The optical
waveform synthesizer based on noble gas filled hollow—core fibers is one of the most successful attempts,
which leads to fruitful results. However, the HCF approach has its own limits which are, e.g. the pulse
energy and the bandwidth. To overcome such limits, OP (CP) As are introduced for the waveform
synthesis. After conceptual demonstration with small OPAs, the signal beam, the idler beam and even the
pump beam of more powerful OP (CP) As are employed for coherent synthesis, which takes advantage of
the fact that the beams are inherently synchronized. The full potential of a parametric waveform synthesizer
is however yet to explore. Hence, a waveform synthesizer consists of several different OP (CP) As was
built, which outputs millijoule level sub—cycle pulses and the waveform can be varied by tuning the
synthesis parameters. With the intense sub—cycle pulses, isolated attosecond pulses are directly generated
without the assistance of additional gating methods. Moreover, tunable isolated attosecond pulses are
conveniently delivered via varying the synthesis parameters. In the meantime, simulations are performed to
illustrate the shaping of the generated attosecond pulses by tailored waveforms.

Key words: Ultrafast optics; Laser field manipulation; Sub-cycle laser pulses; Optical waveform
synthesis; High harmonic generation
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