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Abstract. The results of theoretical and experimental studies aimed at studying the possibility of
reducing the second harmonic (SH) pulse duration during its generation under conditions of phase
matching violation are presented in this paper. Generation is studied in a nonlinear KDP crystal pumped
by transform-limited radiation pulse with a duration of 50 fs at a central wavelength of 950 nm. The
efficiency of SH generation and the broadening of its spectrum as a function of the pump pulse energy and
phase-matching angle detuning in different regions of the beam cross section are studied. The behavior
dynamics of SH spectrum with a change in the phase-matching angle is shown, the optimal detuning
angle corresponding to the maximum broadening of SH spectrum is determined. A nonlinear phase shift
over SH beam cross section is noted, the sign of which depends on the sign of phase mismatch. The
possibility of reducing femtosecond pulse duration by 1.5-1.7 times is shown.
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Introduction

Nowadays, to obtain high-power radiation pulses in visible spectrum range, high-power in-
frared (0.8—-1 microns) laser systems are commonly used, the radiation pulses of which are con-
verted into the second harmonic (SH) in nonlinear crystals. In Tomsk (IHCE SB RAS) together
with the Moscow group (LPI RAS) an alternative way for obtaining such pulses in visible region
based on THL-100 hybrid laser system is developed. This path is associated with the initial
production of a femtosecond SH pulse in the visible region with low energies (1-5 mJ) and subse-
quent energy increase in gas amplifier based on XeF(C-A) molecules to the Joule level. THL-100
laser system operating on this principle is currently one of the most powerful systems in the
visible spectrum range [1,2]. The general interest in high-power radiation pulses in visible spec-
trum range is associated with higher energy of its quantum, which makes it possible to increase
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the interaction efficiency of laser beam with various materials and media. High-power pulses
also help to develop new applications, which include the creation of X-ray laser in the water
transparency window and generation of high-power terahertz radiation.

One of the ways to increase the power of THL-100 laser system is to reduce the pulse duration
of output radiation while maintaining the radiation energy. In order to do this, it is required to
increase the spectral width of SH radiation pulse in Ti:sapphire laser complex and amplify it in
active medium on XeF(C-A) molecules, which have a wide amplification contour corresponding
to transform-limited pulse duration of 10 fs [3]. Since the femtosecond complex operates at the
amplification contour edge (950 nm) to match the SH wavelength with Ti:sapphire gas amplifier,
it does not allow forming an SH pulse shorter than 50 fs (spectrum width 5-6 nm). To reduce
transform-limited pulse duration of SH radiation, it is required to increase the width of its
spectral contour by some artificial method. At present, two methods of spectrum broadening
are known to reduce transform-limited pulse duration: due to high pump intensity of nonlinear
crystal [4] and due to the conversion of chirped pump pulse in nonlinear crystal [5, 6].

It is known that during SH generation and other nonlinear optical transformations in media
with quadratic nonlinearity, a nonlinear phase shift occurs when detuning from phase match-
ing [7]. This shift is due to the cascade action of quadratic nonlinearity [8]. Such nonlinear
process can lead to self-phase modulation, spectrum broadening, and shortening of SH pulse
duration.

In this paper, the results of theoretical and experimental investigations aimed at studying
the possibility of shortening the SH radiation pulse duration when pumping a nonlinear KDP
crystal by femtosecond transform-limited pulses under conditions of phase-matching violation.

1. The equipment and methods

A femtosecond Ti:sapphire laser complex operating at the edge of amplification contour (cen-
tral wavelength of 950 nm) was used in experiments. This complex is part of THL-100 multit-
erawatt laser system and consists of master oscillator, stretcher, regenerative and two multipass
amplifiers, and compressor on diffraction gratings. The output pulse at fundamental harmonic
has 50 fs duration, Gaussian profile with diameter of 12-14 mm in intensity decay by a factor of
€2, and energy up to 10 mJ. To obtain SH, a transform-limited pulse of fundamental harmonic
was directed to nonlinear KDP crystal 2 mm thick with phase-matching of the first type. In the
experiments, phase-matching angle was changed by tilting the crystal forward or backward in
the direction of pump beam propagation. The spectrum was recorded in different regions of the
SH beam cross section using diaphragm with diameter of 1 mm. The laser radiation energy was
recorded with Gentec maestro energy meter. The emission spectra were recorded with spectrom-
eters ASP150C (Avesta project) and Ocean Optics HR4000 (200-1100 nm, spectral resolution
0.7 nm).

Numerical simulation of the dependence of SH parameters in case of direction deviation
of pump radiation propagation at the fundamental frequency from phase-matching angle was
performed using the technique described in [§].

2. Results and discussion

In studying the broadening of SH beam spectrum in different regions of cross section, the
spectrum as a function of phase-matching angle change and pump radiation intensity was mea-
sured. At the maximum efficiency of radiation conversion into the second harmonic (pump
energy 10 mJ), the spectral width was about 6 nm (Fig. 1a). In this case SH beam had the
following parameters: Gaussian profile, diameter of 12 mm with respect to the intensity decay
by factor of €2, energy of 2.2 mJ (conversion efficiency 22 %), and pulse duration (FWHM) of
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40.5 fs (Fig. 1b). The SH emission spectrum in different sections of cross section in vertical and
horizontal planes remained virtually unchanged (Fig. 1a).
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Fig. 1. Spectrum over the beam cross section at different distances (0, 2, and 4 mm) from the
optical axis (a) and autocorrelation function (b) of SH when pumping of nonlinear crystal under
phase-matching conditions

When the crystal was tilted against the direction of pump beam propagation in the vertical
plane, the SH spectrum was observed to broaden toward shorter wavelengths, and at tilt angle of
~ 0.3°, the spectrum width increased almost by a factor of 2 (Fig. 2a). In this case, the decrease
of conversion efficiency by a factor of 3.6 was observed (SH energy of 0.6 mJ). At the maximum
width of the spectrum, amplitude modulation of the SH radiation intensity was observed. The
SH pulse duration (FWHM) was reduced to 26 fs (Fig. 2b).
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Fig. 2. Spectral contour (a) and autocorrelation function (b) of SH radiation pulse when the
phase-matching conditions are violated (crystal tilt by 0.3°)

Theoretically, the dependence of generation efficiency and pulses duration of SH radiation
was calculated when the phase-matching conditions were violated (Fig. 3). Under the phase
matching conditions, the maximum conversion efficiency (~ 60%) was observed at pump pulse
duration of 50 fs and pump energy of 10 mJ. The minimum pulse duration of SH radiation was
about 26 fs and one was achieved at deviation angles of direction propagation of pump radiation
from the matching direction by ~ 0.3°, both on the beam axis (blue curve) and for the entire
beam (red curve). In this case, the conversion efficiency decreased by almost 10 times.
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Fig. 3. Dependences of the SH generation efficiency (black curve) and the duration of a transform
limited (TL) pulse (red and blue curves) upon deviation from the phase-matching angle

It is well known that during the generation of second harmonic, when detuned from phase
matching, the nonlinear phase shift occurs [7], the sign of which depends on the phase mismatch
sign. This shift is due to the cascade action of quadratic nonlinearity and one can be described
by effective third-order nonlinearity [8]. Accordingly, such nonlinear process can be cause of
self-phase modulation, which leads to broadening of second-harmonic pulse spectrum and under
certain conditions to reduction in its duration. Also, the nonlinear phase shift can lead to reverse
pumping of converted radiation into pump radiation and, thereby, limit the conversion efficiency.
It should be noted that since the nonlinear phase shift is also determined by pump radiation
intensity, the spectrum broadening and pulse duration decrease of converted radiation over the
beam cross section will be inhomogeneous [9].

The formula for calculating of nonlinear cascade phase is presented in [§], it is correct for
conversion efficiency up to 30 %:

- _ WAkdsz - szn(QL)}
AT gheAn3Q? 2QL 7’

(1)

where Q = \/202E2 + Ak?/4, L is the crystal length, o = 2wd.sf/An, Ak is the wave detuning,
def ¢ is the effective quadratic nonlinearity coefficient, A is the central wavelength, £ is the electric
field.

It follows from the presented formula that compared with Kerr cubic nonlinearity the effective
coeflicient of cascade quadratic nonlinearity has a sharp dependence on wavelength in accordance
with dependence of wave detuning. Therefore, the broadening of second harmonic spectrum is
asymmetric when detuned in different directions from the phase matching angle. Moreover, as
the conversion efficiency (¢ E ~ Ak) increases intensity dependence appears i.e. the nonlinearity
ceases to be cubic and at o £ > Ak, the magnitude of nonlinearity tends to zero with increasing
intensity. Those, under phase matching when the wave detuning value Ak is close to zero the
broadening of second harmonic spectrum does not occur, which is what we see in the experiment.

Fig. 4 shows the spectral curves of second-harmonic radiation at different crystal tilt angles.
When SH is generated with maximum efficiency under phase-matching conditions, the spectral
profile is uniform over the beam cross section (Fig. 4a). In this case, the duration of spectrally
limited SH pulse is 44.4 fs at high conversion efficiency. All this agrees well with the experimental
data (40.5 fs). Fig. 4 (b, ¢) shows the shift and modulation of spectrum when the crystal is tilted
in different directions by the same amount (0.3°). It can be seen that the broadening of spectral
contour is asymmetric. At the angle § = 41.7° (Fig. 4, b), the radiation spectrum on axis and
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total spectrum broaden to the long and short wavelength regions respectively. When tilted to the
other side (Fig. 4c) from the optimum by the same value (0.3°), the broadening of entire beam
and central part occurs mainly in the short-wavelength region. In this case, the spectrum shape
differs significantly over the cross section of second harmonic beam and depends on intensity of
fundamental radiation at the considered point (Fig. 4d). The farther from beam center the greater
spectrum broadening is observed. The conversion efficiency drops to 5-6 % with broadening. The
duration of SH radiation pulse at spectrum maximum broadening decreased from 44.4 to 26 fs
which is also in good agreement with the experimental results.
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Fig. 4. Spectral profiles of second-harmonic radiation at different crystal tilt angles (a, b, ¢) and
at different distances from the optical axis (d). For (a, b, c¢) the black line is the spectrum for
0.5Xpump, the red line is for the entire beam, and the blue line is on the beam axis

Conclusion

Thus, the experimental and theoretical studies have shown the possibility of radiation spectral
contour broadening and reducing pulse duration of the second harmonic at central wavelength of
475 nm in nonlinear KDP crystal 2 mm thick due to the violation of phase matching. Sufficiently
good agreement is obtained between experimental and theoretical results in terms of deviation
from matching angle, pulse duration, and spectrum width. The pulse duration of SH radiation
decreased by factor of 1.7 in calculations and by factor of 1.5 in the experiment. The optimal
conditions for reducing the spectrally limited pulse duration of SH were fulfilled by changing the
incidence angle of pump beam on nonlinear crystal from the phase-matching angle by ~ 0.3°. Tt
is shown that due to the nonlinearity of spectrum broadening due to phase shift the decrease in
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pulse duration of converted radiation over the beam cross section is inhomogeneous. It can be
noted that there is a difference between the theoretical and experimental results in terms of SH
generation efficiency.

This work is supported in parts Fundamental Research Programs of Siberian Branch of Rus-

sian Academy of Sciences (projects 0243-2021-0005 and FWRM-2021-0014).

References

1

2]

3]

4]

[5]

(6]

7]

18]

191

S.V.Alekseev, A.I. Aristov, N.G.Ivanov, et. all., Multiterawatt femtosecond laser system in
the visible with photochemically driven XeF(C-A) boosting amplifier, Laser and Particle
Beams, 31(2013), no. 1, 17-21. DOIL: 10.1017,/S0263034612000870

S.V.Alekseev, N.G.Ivanov, V.F.Losev, et. all., Attainment of a 40 TW peak output power
with a visible-range hybrid femtosecond laser system, Quantum FElectronics, 49(2019),
no. 10, 901-904 (in Russian). DOI: 10.1070/QEL17050

L.D.Mikheev, Photochemical lasers on electronic molecular transitions, Quantum FElectron-
ics, 32(2002), no. 12, 1122-1132 (in Russian). DOI:10.1070/QE2002v032n12ABEH002355

S.Yu.Mironov, V.N.Ginzburg, V.V.Lozhkarev, et.all., Highly efficient second-harmonic gen-
eration of intense femtosecond pulses with a significant effect of cubic nonlinearity, Quantum
FElectronics, 41(2011), no. 11, 963-967 (in Russian).

DOI: 10.1070/QE2011v041n11ABEH014694

N.V.Didenko, A.V.Konyashchenko, L.L.Losev, et.all., Femtosecond pulse compression based
on second harmonic generation from a frequency chirped pulse, Optics Communications,
282(2009), no. 5, 997-999. DOI: 10.1016/j.optcom.2008.11.010

S.V.Alekseev, N.G.Ivanov, V.F.Losev, Spectral contour broadening upon the generation
of the second harmonic, Bulletin of the Russian Academy of Sciences: Physics, 84(2020),
no. 7, 751-754. DOI: 10.3103/S1062873820070047

G.I.Stegeman, D.J.Hagan, L. Torner, x(2) cascading phenomena and their applications to all-
optical signal processing, mode-locking, pulse compression and solitons, Optical and Quan-
tum electronics, 28(1996), no. 12, 1691-1740.

S.A.Frolov, V.I.Trunov, S.N.Bagayev, Generation of few-cycle pulses in media with alter-
nating sign of effective cubic nonlinearity, Quantum FElectronics, 50(2020), no. 4, 343-349
(in Russian). DOI:10.1070/QEL17311

A.Umbrasas, et all., Generation of femtosecond pulses through second-harmonic compres-
sion of the output of a Nd: YAG laser, Optics letters, 20(1995), no. 21, 2228-2230.

- 708 —



Sergey V. Alekseev, Valery F.Losev... Shortening of the Femtosecond Pulse Duration. ..

Cokparmenue JINTEJIbHOCTI (PEMTOCEKYH/THOTO NMITYJIbCA
IpU I'eHepaluu BTOPOii TapMOHUKMI

Cepreii B. Anekceesn

Bagnepunii ®@. Jlocen
WNucruryT cuiibroTrouHOi 3sekrpornkn CO PAH
Tomck, Poccuiickast @eneparmst

Baagumup U. TpyHoB

Cranucias A. ®posos
WucturyT nazepuoit pusuku CO PAH
Hosocubupck, Poccuiickass @enepartus

Awunorarusi. B pabore npuBoAsATCS Pe3yIbTaThl TEOPETUUECKUX U FKCIEPUMEHTAIBLHBIX MCCJIEIOBAHNUIA,
HaIIPABJEHHBIX HA W3y4YeHHEe BO3MOYKHOCTHU COKPAINEHUs IJIUTETHLHOCTH WMILYJIbCa BTOPON TapMOHUKU
(BT') npwm eé remepanum B ycjaoBusx HapylieHusa $Ha30BOrO CHHXPOHU3MA. ['eHeparusi UCCIIeyeTcs B
venuneitHoMm kpucrasie KJIII npu ero Hakadke CreKTpajbHO OrPAHUYEHHBIM HMITYJIbCOM U3JIyYIEHUsT C
nuresibHOCTRIO 50 e Ha meHTpaabHON guHe BoaHBI 950 HM. Wccnenyercs 3¢dhdeKTUBHOCTL TeHepa-
mmu BI' n ymupenne e€ crekTpa B 3aBHCHMOCTHA OT SHEPIUU WMITYJIbCA HAKAYKH M PACCTPOUKH yIjIa
CHUHXPOHU3MA B PA3JIUIHBIX 00JIACTAX cedeHus mmydka. llokasbiBaeTcst JuHaMuKa MoBejienus criekrpa Bl
PV M3MEHEHUN yTJia CHHXPOHU3MA, OMPEIessieTCsl ONTUMATbHAS BEJINYNHA, YTJ1a, PACCTPOUKM, COOTBET-
CTBYIOIAasl MAaKCUMAJIbHOMY yiupenunio crekrpa Bl oTmedaercs HemHeHHbIN cABUT (DA3BI IO CEIECHUIO
nydka BI', 3HaK KoTOpOro 3aBucuT oT 3HaKa (pa3zoBOro paccoryiacoBaHus, U IOKA3bIBAETCS BO3MOXKHOCTH
COKPAIIEHUsT JJINTETLHOCTH (PEMTOCEKYHIHOTO uMITysibca B 1.5—1.7 pa3za.

KuaroueBrble ciioBa: remeparyss BTOPOil TapMOHUKH, (PEMTOCEKYH/IHBIH HMITYJIbC, YTOJ CHHXPOHHU3MA,
MIMPUHA CHEeKTPa, JJIUTEJIbHOCTh UMILYJIbCA.
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