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Development of a terawatt sub-10-fslaser system and itsapplication in
high-order harmonic generation
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1) Introduction

By focusing a high-power femtosecond laser puis®a rare gas medium, high-order harmonic (Hefg§ in
the extreme ultraviolet (XUV) and soft X-ray spa@ttrange can be generated. The whole setup is airapd
can be applied in various cutting-edge experimemtsiding soft X-ray nonlinear optics and attoset@¢h0™® s)
science. Application of attosecond pulses yieldgthigh-order harmonic generation (HHG) has pavedwhy to
observation and control of different ultrafast ghgshemical phenomena such as the electron dynamitse
atoms to open up the frontiers of science.

HHG can be explained by a semi-classical thtep-sodel. A bound electron is tunneling ionizedalstrong
laser field and travels in a trajectory and recarabiwith the parent ion to emit XUV or soft X-raystwo-color
laser field synthesized from the fundamental fizdd its relatively weak second harmonic (SH) fiedah control
the electron trajectory, which results in contrailithe HH spectra. This method is considered amd gandidate
in intense isolated attosecond pulse (IAP) geramatspecially, a detuned SH field can bring up tfieguency
components in the HH spectra and relax the comditas IAP generation. Moreover, a two-color lageldfcan be
even applied in in-situ control of HHG processeg.ddanging the delay between the two fields, it basome
possible to measure and control the birth of attosé pulses.

Previous research results show that for intéABegeneration, a sub-10-fs laser pulse as theaneshtal field
with pulse energy of over 10 mJ is necessary. $onfdther an intense AP that can be applied ifih Xeray
nonlinear optics has been generated, nor genersicmique of the necessary fundamental field Heén
established. A good candidate for this purposkeshirped pulse amplification (CPA) system of djughire laser
which is widely applied in many scientific commues. Yet, it has been difficult to amplify sub-19{ulses
directly in a terawatt CPA laser system owing te fact that spectral width is restricted by gaimroaing of the
laser medium and narrow bandwidth of high-damagestiold (HDT) mirrors.

With the goal of intense IAP generation, thise@rch first aims to get over these obstacles andlap a
terawatt sub-10-fs Ti:sapphire CPA laser systenenTive will apply it in HHG experiments by a two-oplaser
field synthesized from the fundamental and its detuSH field for in-situ control of HHG process&ge will
also numerically analyze the experimental results @timize the wavelength of a detuned SH fieldrédaxing
the conditions of IAP generation, through anothenarical simulation.



2) Development of aterawatt sub-10-fslaser system

There are three obstacles in developing a tataligapphire CPA laser system in the sub-10-me. The
first one is gain narrowing, which is compensated ibserting a partial mirror called a gain narrogyin
compensator (GNC) in a regenerative amplifier. TBINC reflects the spectral components near 80Chatnhiave
a very high gain and lets the other spectral coraptsnget amplified (Fig. 1-(a)). The second obsté&lspectral
narrowing due to narrow bandwidth of HDT mirrorg dvoid it in the regenerative amplifier and to pemsate
for group delay dispersion (GDD) oscillation, arpai HDT chirped mirrors are used. They hold a isightly
broad bandwidth for amplification of sub-10-fs mdsand have a low dispersion (Fig. 1-(b)). Alsobrid
broadband HDT laser mirrors are used in a multsg@splifier. The third obstacle is high-order dispen, to
compensate which we applied a liquid-crystal spétjat modulator (LC-SLM) holding 640 channels.

The developed laser system (Fig. 1-(c)) considt@a commercial 7-fs Ti:sapphire laser oscillatbhe
oscillator is followed by andffner type pulse stretcher. The stretcher is foldvby the LC-SLM. The 200-ps
output pulse is injected into the regenerative #mplpumped by an 11.5-mJ Q-switched green laser kHz
repetition rate. We could successfully compensattehfe spectral and gain narrowing by using the Hibifped
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Fig. 1. (a)Calculated transmittance of the GNC (solid curve) parad to gain profile of Ti:sapphire crystal (dakleceirve)
(b) Spectral characteristics of the HDT chirpedratipair. The upper curves show the calculated ¢iftece and the bottc
curves show the measured GDD of these mirrors. didie show the total GDD measured in a pair. (c)eBdltic of th
developed terawatt sub-10-fs Ti:sapphire CPA lagstem.
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Fig. 2 (a) Spectrum behind the compressor (hatched argh)the initial phase (dashed curve). The solidecshows th
spectral phase with control by the LC-SLM. (b) Reulimit temporal profile (dashed curve) and the restarcted tempor
profile (solid curve). The dotted curve shows thage in the temporal domain.

mirrors and the GNC. The obtained pulse energy lzentdwidth were 27 and 230 nm, respectively. The
amplified pulse is sent to a pulse slicer to isoldte two amplifiers and to reduce the repetitiate to 10 Hz.
After 5-pass amplification in a bowtie multi-pasmifier consisting of hybrid HDT laser mirrors arming
pumped by the SH of a Q-switched YAG laser withspuenergy of 180 mJ, an amplified 33-mJ pulse was
obtained.

The amplified pulse is sent to a pulse comprreske spectrum behind which is shown in Fig. 2Kg)the
hatched area with a bandwidth of 210 nm. The Folir@t pulse duration is 9.7 fs. Without using th€-SLM,
the measured spectral phase (dashed curve in &) dy the SPIDER technique, has a high modulative
produced the opposite of this phase by the LC-Shill @plied it to the laser pulse and successfalyexved an
almost flat spectral phase (solid curve in Figap-(The reconstructed temporal profile (solid euiv Fig. 2-(b))
calculated by the spectrum and the flat spectrabplinas an FWHM of 9.9 fs. The pulse energy aftarpcession
was 11 mJ and therefore yields a peak power ofTW1 As a result, we have achieved direct amplifaratof

9.9 fs pulses in a terawatt Ti:sapphire CPA lagstesn, for the first time.

3) In-situ control of HHG processes

As an application, we generated HH fields bwa-tolor laser field synthesized from the fundaraéfield
and a detuned SH field of this laser system. Bytroling the electron trajectory, which happensaub-fs time
scale, we performed a high-resolution experimenteteeal the effects of delay change on the HH speict
observe a previously unknown characteristic of hi#ds. To do this, we have used a 15-mJ fundamédietdl
with a pulse duration of ~15 fs yielded by a breddification in the GNC to realize a higher pulsegy. The
detuned SH field has been generated by a Type-l BB&tal to result in a stretched ~40-fs pulse atatral
wavelength of 417 nm detuned from the exact SHl f@D0 nm). This shift of wavelength plays an intpot role
in the observed phenomenon. The SH field and tis&duwel fundamental field were sent into a two-color
interferometer to synthesize the two-color laseldfi

Using a broadband dichroic mirror, the two-cdiser field is reflected into a focusing chambamngisting of
an Al-coated off-axis parabolic mirror (f=500 mnmdaa 12-mm gas cell. The HH spectra are measureghby
XUV imaging spectrograph. The pulse energy of tedamental field was 8.5 mJ and that of the SHi fiehs
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Fig. 3: (a) Spectrogram showing the effects of yela the HH spectrd; indicates the optical period of the fundamentlbt
(b) Peak frequency of the 22nd harmonic field asfaime delay, showing a modulation amplitude ofi~\V.

125 1J. The two fields have the same beam spot at thesf¢~100um) to get a high yield. The target gas was
argon (Ar) with a backing pressure of ~20 torr. @ynging the delay in 20 nm steps, HH spectra ¥erye100
laser shots were measured, which show intensityutatidn of not only the even-order harmonic fiellg also
the odd-order harmonic fields (Fig. 3-(a)). Morepwee also find modulation of the frequency (photmergy) of
the even-order harmonic fields with an amplitudeaip0.4 eV for the 22nd harmonic field as showkim 3-(b).
Further investigations showed that this phenomecould be controlled by the intensity and chirp bét
fundamental field to result in a larger amplitugeabfundamental field with a higher intensity ansinaall amount
of minus chirp (GDID}75 f<). As a result, we have been able to observe pedbftequency modulation of HH
fields, for the first time to add another degreéreédom to the control parameters of HHG processes

As a further step towards understanding thisnpheenon, we numerically solved the time-dependent
Schriidinger equation (TDSE) on an Ar atom within thegséractive-electron approximation, which has been
already developed in a previous study. One of trampeters we could not widely consider during tkgeeiment
was the wavelength of the detuned SH field. Hemeeinvestigated the effects of the detuned SH veangth as
well as those of the intensity and chirp of thedamental field on the frequency modulation of Helds. The
numerical analysis revealed that an exact SH {0 nm) is not able to bring up frequency modaolatf HH
fields, even though the fundamental field is chifpéd the intensity is increased. While the sanmelitions with
the 417-nm detuned SH field results in frequencylmtation of HH fields with an amplitude getting der by
increasing the intensity and chirp of the fundarakfield.

4) Simulation of | AP generation with a two-color laser field

By numerically solving the TDSE, we also caltethHH spectra from a neon atom obtained by a tworc
laser field synthesized from a 10~15-fs fundamefigltl (3.2x10* W/cnf) and a 40-fs detuned SH field
(7.2x10* W/cnf). By variation of the wavelength of the detuned 8éld when the delay is optimized,
continuous HH spectra can be obtained when the leagth is shorter than 400 nmMpg<400 nm) as shown in
Fig. 4-(a). The HH spectra in the cut-off regioe aelected with a broadband super-Gaussian filtéricverse
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Fig. 4: (a) Calculated HH spectra obtained by a ¢toior laser field synthesized from a 10-fs fundatakfield and a 4Gs
detuned SH field in the range of 350 nm~474 nmT{® attosecond pulses calculated after filteriregdut-off region.

Fourier transformed to calculate the attosecondggsushown in Fig. 4-(b). Likewise, IAPs are obtdineth
Aps#<400 nm, while low-intensity attosecond pulse tragns obtained otherwise. Investigating the samectf
with only increasing the pulse duration of the famgbntal field &), numerical analysis has revealed that an IAP
can be obtained easier provided tlatl2 fs andlps1<380 nm, while with a 15-fs fundamental field arPl&an
not be obtained. We also investigated the effetctanier-envelope phase on the obtained IAP withttvo-color
laser field and compared the results to those btbby a 5-fs fundamental field alone with the sgreak field

amplitude.

5) Conclusion

By establishing the spectral narrowing, gairreamng and high-order dispersion compensation teghas in
the sub-10-fs regime, we have successfully develapk.1-TW 9.9-fs Ti:sapphire CPA laser systemfifst time.
As an application, HH fields have been generated two-color laser field synthesized from the fuméatal and
the detuned SH field of this laser system with alifired GNC to verify the effects of delay on the tbectra for
in-situ control of HHG processes. As a result, gdidal frequency modulation of HH fields has beéserved,
for the first time. We have also investigated tFeas of several other laser parameters on thisypmenon and
have shown that it can be controlled by the intgrend chirp of the fundamental field. Numericabbysis by
solving the TDSE highly approves of the experimemésults and shows that this phenomenon can e als
controlled by the wavelength of the detuned SHifiéh another simulation, we have optimized the et@ngth of
the detuned SH field to relax the conditions of igdheration and have shown that an IAP can bevelaeasier
obtained by a 10~12-fs fundamental field superpdsed detuned SH field shorter than 380 nm. Allilidse
results are promising in intense IAP generationgighe developed laser system.



