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Abstract

Compact diode-pumped chirped pulse regenerative amplifier systems with pulse repetition rate
of hundreds kilohertz based on Yb**-doped crystals are of practical importance for wide range of applications
such as materials processing, medicine, scientific research, etc. The aim of this work was to study
the Yb3+:LuAIO3 crystal based dual wavelength chirped pulse regenerative amplifier.

Perovskite-like aluminate crystals have unique spectroscopic properties that allowed to use amplifier
active element gain spectrum as an amplitude filter for amplified pulse spectrum and even obtained dual
wavelength amplification without any additional components.

In our work a simple way to obtain dual-wavelength operation of chirped pulse regenerative amplifier
by using the active medium gain spectrum as an amplitude filter for the formation of the amplified pulses
spectrum demonstrated for the first time to our knowledge. Maximum output power of 5.4 W of chirped
pulses (3.8 W after compression) and optical-to-optical efficiency of 22.5 % have been obtained for
Yb:LuAP E//b-polarization at 200 kHz repetition rate. Compressed amplified pulse duration was about 708 fs
while separate spectral components durations were 643 fs and 536 fs at 1018.3 nm and 1041.1 nm central
wavelengths, respectively. Performed investigations show high potential of Yb*":LuAP crystals as active
elements of compact diode pumped chirped pulse regenerative amplifiers

Keywords: chirped pulse regenerative amplifier, ytterbium ions, diode pumping, lutetium aluminate crystals,
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VK 621.373.826

PereHepaTuBHbBIN yCHJIUTEb YAPIUPOBAHHBIX HMITYJIbCOB
HA KpUCTAJLIe Yb"”L:LuAlO3 C YCWICHUEM OTAeJIbHbIX
CNEKTPAJbHBIX KOMIIOHEHT JIJISl IPUMEHEeHM I

B TeparepuoBoi 00JIaCTH CIIEKTPAa

AJekcanap PyIleHKOBl, Bukrop Knce.ﬂbl, AHaTtoauii HcheBnql, Kapun OBaHeCLHHZ,
Awor Ierpocsn’, Hukooaii Kynemos'

1 . . . .
Llenmp onmuyeckux mamepuanos u mexnoio2uil, beropycckutl HaYUOHAIbHBIL MEXHUYECKUL YHUBEpCUmen,
np-m Hesasucumocmu, 65, Munck 220013, Benapyco

2 . .
Hncmumym ¢huzuueckux uccredosanuti Hayuonanohoii akademuu nayx Apmenuu,
0203, Awmapax-2, Apmenus

Hocmynuna 30.01.2020
IHpunama k neuamu 06.03.2020

KomrmakTHbIe pereHepaTuBHbIE YCHIINTENN YUPIMPOBAHHBIX UMIYIIBCOB C TUOAHON HaKadykou, odecrre-
YUBAOIINE YaCTOTY TIOBTOPEHHS YCHIIEHHBIX UMITYJICOB B COTHU KHJIOTEPII, TOCTPOCHHBIE Ha MaTepHaliax,
JNErHpOBAHHBIX HOHAMH Yb®', IIPeICTABISMIOT MPAKTHYECKHIT HHTEPEC IS IIHPOKOTO PSia HAyYHBIX, TIPO-
MBIIUIEHHBIX ¥ OMOMEIUIIMHCKUX TpuMeHeHnd. Llenbio maHHoi paboThl SBISIOCH MCCIIETOBAaHUE peTeHe-
PATHBHOTO yCHIHTENS Ha KpucTamie Yb’ ":LuAlO; ¢ ycusieHHeM OT/JebHBIX CHEKTPATbHBIX KOMIIOHEHT HM-
MTyJIHCOB 33JIAIOIIETO JIa3epa.

KpucTanisr anfoMHHATOB CO CTPYKTYPOH MEPOBCKUTA 00IAJAI0T YHUKAIBHBIMH CIIEKTPOCKOTTNYECKUMHU
CBOMCTBaMH, YTO ITO3BOJISIET NCTIOIB30BATH CIIEKTP YCHIICHHSI aKTUBHOM CPE/Ibl pereHepaTUBHOTO YCHUITATEIS
B KaueCTBE aMIUIUTYIHOTO (PUIIBTpa U YCHIIMBATH OT/IEIbHBIE YUYACTKHU CTIEKTPa UMITYTHCOB 33/1afOIIIETO Ja3e-
pa 0e3 Kakux-TM00 JOTIOTHUTEIHHBIX ONTHYECKNX KOMITOHEHTOB.

B nannoi pabore BHEepBBIC MCCIEAOBAH MPOCTON TOAXOJ, TIO3BOJISIOMINNA HCIIONH30BATh CIEKTP YCH-
JICHWs] aKTUBHOM CPEIbl PETEHEPATHBHOTO YCHIIMTENS KaK aMIUTHTYIHBIN GUIBTP U1 (OPMHUPOBAHUS CIIEK-
Tpa YCHUJIIEHHOTO UMITYJIbCa B BHJIE CIIEKTPA COCTOSIIETO U3 OTAEIBHBIX MMOJI0C. MakCUMallbHAs CPEIHSS BBI-
X0/mHas MOIIHOCTH 5,4 BT (3,8 BT mocne kommpeccopa) ¢ ontudeckoit apPpekTHBHOCTHIO 22,5 % momydeHa
IS TIOJTISIPU3AIIAN M3ITYYICHHsI TTapajuiebHoi ocH b kpuctamia Yb:LuAP mpu gacToTe ciiemoBaHus UMITYThb-
coB 200 kI't1. JImTensHOCTE CKATBIX UMITYIIBCOB cocTaBmiia 708 (¢ mpu ydeTe BIUSHIS BCEX CITIEKTPATBLHBIX
KOMIIOHEHT, 1 643 ¢dc 1 536 (pc oTHeNnbHO IJIs CIIEKTPATBLHBIX KOMITIOHEHT C MEHTPATLHBIMY JUTHHAMHA BOJTH
1018,3 am u 1041,1 am. IIpoBen€uHbie MCCIETOBAHUS MMOKA3BIBAIOT BHICOKWH MOTCHIIMAN HCTIOIL30BAHUS
KpHcTasia Yb*":LuAP B kauecTBe aKTHBHOTO SJIEMEHTA KOMIIAKTHBIX pereHepaTuBHbIX YCHIIUTEIIEH YUpIIH-
POBaHHBIX UMITYJIbCOB C TMOJHON HAKAYKOM.

KimoueBble ciioBa: peFeHepaTI/IBHI:IfI YCUIUTECIb YUPIHUPOBAHHBIX UMITYJIBCOB, MOHBL I/ITTep6I/I$I, JUOJHas1
HaKaykKa, KpuCTaJll JIIOTCIUECBOT'O aJllOMHUHATa, 3(1)(I)CKT CYIKCHUS CIICKTPa YCUJICHHA.
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Introduction

Compact  diode-pumped  chirped  pulse
regenerative amplifier (CPRA) systems with pulse
repetition rate of hundreds kilohertz based on Yb*'-
doped crystals are of practical importance for wide
range of applications such as materials processing,
medicine, scientific research, etc.

One of the rapidly developing areas of research
is the generation of THz radiation. Radiation of
this spectral range is used in imaging and airport
security inspection, cosmology and radio astronomy,
atmospheric remote sensing, material measurements,
medical sensing, etc.

Due to sub-picosecond pulse durations, pJ-level
pulse energies and hence tens of MW pulse peak
power levels CPRA systems can be successfully
used for THz radiation generation by means of
optical rectification [1-3] or difference frequency
generation (DFG) techniques [4, 5]. In the case of
DFG technique it is necessary to use laser source
that emits at least two spectral components. For this
purpose can be used Q-switched lasers [6, 7] which
provide compact THz sources, optical parametric
oscillators [8, 9] with complex cavities, two color
semiconductor lasers [10] providing cost effective
THz sources with relatively low power levels, etc.
It is evident that application of ultrafast chirped
pulse regenerative amplifier systems allowed power
scaling of the generated THz radiation.

Unique spectroscopic properties of Perovskite-
like aluminate crystals are well studied in our
previous works, such as spectroscopy and high power
CW [11], actively Q-switched [12] lasers, broad-band
femtosecond chirped pulse regenerative amplifier
with amplified pulse spectral broadening [13].

In this paper we study chirped pulse regenerative
amplification of broad-band pulses in Yb3+:LuAlO3
(Yb:LuAP) crystal based system in presence of strong
gain narrowing effect which led to dual wavelength
shaping of the amplified pulse spectrum for the first
time to the best of our knowledge.

Crystal growth

LuAP is a biaxial crystal of the “distorted
perovskite” type (space group D2h]6-anm). Unlike
the stable aluminates based on large-size rare-earths
(RAIO;, R = Gd-Er), the end-member orthorhombic
aluminates of smaller-size rare-earths (RAIO;,
R=Tm, Yb, Lu) are considered as metastable
compounds, i. e., they have no stability regions in

the subsolidus and cannot be sintered employing
traditional solid state reaction techniques. In the
flux growth, TmAIO; and YbAIO; phases have
been observed together with the corresponding
garnet phases, while LuAlO; could not be obtained;
instead of this, Lu;AlO,, and Lu,O, phases have
been recognized. The first reported LuAlO; single
crystals were grown from the melt by Czochralski
method. Phase equilibria studies in the Lu,O;-
Al,O; system [14, 15] have shown that the range
of stability of the perovskite phase is quite narrow
and its nucleation may occur only on cooling from
the molten state, from temperatures well above the
liquidus temperature. Based on solidification behavior
of the LuAP melts, the schemes were developed
for single crystal growth, the details of which can
be found in[16]. LuAP:Yb single crystals for the
present studies were grown by the vertical Bridgman
method (or vertical directional crystallization) [16,
17] under Ar/H, atmosphere (5 vol% of H,) using
molybdenum containers 14 mm in diameter. Hugh
purity Lu,0O;, Yb,0; and crystalline Al,O; were used
as starting components; the selected concentrations
of Yb were 2, 5 and 10 at.%. Due to a very small size
mismatch between Yb*" (ry;;; = 0.985 A) and Lu**
(ty; = 0.977 A) ions [18] (around 0.8 % with respect
to Lu®"), the distribution coefficient of Yb** ions in
LuAlO; is close to unit and practically all Yb ions
amount added to the melts is being incorporated into
the lattice.

Spectroscopy
Polarized absorption spectra of
Yb*(2 at.%):LuAP  (corresponding  ytterbium

concentration was 4.02x10*cm ™) at room
temperature were registered by a Varian CARY-
5000 spectrophotometer. Absorption cross-section
spectra for three light polarizations parallel to the a,
b and c crystallographic axes are shown in Figure 1.

Strong absorption is found for E//c light
polarization with the peak absorption cross-section
at 978.5 nm of about 6.6x10°2° cm” and spectral
bandwidth FWHM of 4 nm.

It is well known that radiation trapping strongly
affects the measured lifetime of Yb-doped materials
because of significant overlap of the absorption
and emission bands [16, 19]. The comparatively
high index of refraction of LuAP (n,=1.923) also
increases the probability of reabsorption even in
optically thin samples because of the total internal
reflection. Thus the special methods discussed in the
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literature [16, 19] should be used to determine the
luminescence lifetime accurately. In our experiments
we used a fine powder of Yb:LuAP crystal immersed
in glycerin. The diameter of the powder particles was
measured to be approximately 30-40 um, several
times lower than absorption length of the most
heavily doped Yb*'(10 at.%):LuAP crystal (75 pm at
978.5 nm). The Yb ions contents in the samples were
2,5 and 10 at.%. The samples were excited by 20 ns
pulses at 978.5 nm and luminescence kinetics was
registered with the use of a 0.3-m monochromator,
fast Ge-photodiode with a rise time of < 20 ns and
a 500 MHz digital storage oscilloscope. All the
samples exhibited single exponential decays (see
Figure 2a). Starting from certain powder content,
the lifetime remained constant despite further
dilution (Figure 2b), thus indicating that reabsorption
effects became negligible. Emission lifetime for 10,
5, and 2 at.% Yb-doped crystals was measured to be
310+ 10 ps, 380+ 10 us and 475+ 10 ps, respec-
tively (see Figure 2¢). Taking into account that
similar concentration quenching was observed for
Yb:YAP starting from about 4 at.% of Yb doping
concentration [20], we believe that the measured
value of (475 +5) us corresponds to the radiative
lifetime of Yb*"-ions in LuAP.
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Figure 1 — Polarized absorption and stimulated emission
cross-section spectra of Yb3+:LuA103 crystal (the spectra
were obtained for Yb**(2 at.%):LuAlO,)
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Figure 2 — Kinetics of luminescence decay (a), measured
lifetime for different weight content of Yb(2 at.%):LuAP
crystalline powder in glycerin suspension (b) and mea-
sured Yb excited state lifetime for LuAP with different
concentrations (c)

The stimulated-emission cross sections were
calculated by use of the modified reciprocity method
in which it is not necessary to know the Stark level
structure of the Yb*" manifolds (*Fs, and °F,) [21]:

3-exp(—hc; (kTL))

o()=— 4
8nn ‘cmd-c%jl 6" s (M exp(—he/(kTh))dAh

o%ps®.(1)

10
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where 1,,, is the radiation lifetime of an active
center; c is the light velocity; / and & are Planck and
Boltzmann constants, respectively; 7 is the crystal
temperature; n is the refractive index of a crystal;
a and B denote the polarization state; and o, is the
ground-state absorption cross section.

The stimulated-emission cross section spectra
calculated with this method are presented in
Figure 1.

The most intensive stimulated emission (SE)
cross-section band at 999.6 nm has peak value of
about 3.74-10 % cm? for E//c-polarization.

Continuous wave laser experiment

For laser operation the most interesting
polarization states in the crystal are E//c and E//b (a
and b are crystallographic axes) due to high stimula-
ted-emission cross sections values. In comparison
with Yb-doped Y AP, the crystal of Yb:LuAP exhibits
slightly higher stimulated-emission cross section,
aclose radiative lifetime and a comparable stimulated
emission bandwidth [22].

For a CW laser experiments a set up with
X-folded cavity design was used (see Figure 3). It
consisted of two curved mirrors M1 and M2 and two
plane mirrors: OC and HR.

Cavity mode Pug?g_) beam

/ M2~1.1 M
Active element

Pump focusing optics

Figure 3 — Experimental setup of continuous wave diode-
pumped Yb:LuAP laser: HR-highly reflective mirror; M1,
M2-concave mirrors; OC-output coupler; LD-laser diode

The calculated TEM,,, mode diameter in the
crystal was about 180 um. As a pump source, a
multiple single emitter InGaAs fiber-coupled laser
diode (Q105 um, NA=0.15) with a maximum
output power of about 25 W was used. An “off-
axis” pump layout was used for longitudinal
pumping of the active element (see Figure 3). This
pump arrangement was successfully tested in our
previous work [11-13] and the main advantage of
such a pump scheme is that all the cavity mirrors
have highly reflecting coating at 900—1100 nm. The

pump light was formed by a set of lenses into the
spot with a diameter of about 180 pm (1/%?).

A 2 mm long Yb(2 at.%):LuAlO; crystal was
used as a gain medium. The crystal was a-cut to
provide E//b and E//c polarized laser output. It was
a slab with dimensions 2(a)x5(b)x1.5(c) mm®; both
5x2 mm” lateral faces were maintained at 15 °C
by means of copper plates (indium foil was used
to improve thermal contact) and thermo-electrical
cooling elements with water-cooled heat sink, while
1.5x5 mm* working faces were antireflection coated
for pump and laser radiation.

The dependencies of the laser output power
on the absorbed pump power for E//b— and E//c—
polarized outputs and different OCs are shown
in Figure 4. Absorbed pump power was real-time
measured during the laser action.

104

E//b

Toc=10%, 1=76.4% ~—,_
»=1041.2nm

Toc=5%, n=73.5%
2=1041.3nm
Toc=20%, n=84.5%

2=1016.5nm
10“_.’ T T T T T T T

Output power, W

Toc=10%, n=77.9%

2=1019.5nm \

Toc=5%, n=62.5%

2=1029nm
Toc=20%, n=73.6%
2=999.4nm

6 8 10 12
Absorbed pump power, W

oM

=

m®x
o max
2 4

14 16

Figure 4 - CW laser performance of Yb:LuAP
crystal for different polarizations and output coupler
transmittances

The maximum CW output power of 9.6 W at
absorbed pump power of 15.2 W with slope efficiency
of 73.5 % was demonstrated for E//b polarization
with 5% OC transmittance. With output coupler
transmission of 10 % and 20 % the laser output power
slightly decreased to 8.6 W and 6.6 W, respectively,
while the corresponding slope efficiencies increased
to 76.4 % and 84.5 %. Similar output powers were
demonstrated for E//c laser output. With 10 % output
coupler transmittance 9.1 W of output power was

11
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obtained at 14.5 W of absorbed pump power with
77.9 % slope efficiency. Output powers of 8.3 W and
7.2 W with slope efficiencies of 62.5 % and 73.6 %
were obtained for 5 % and 20 % OCs, respectively.

Dual wavelength chirped pulse regenerative
amplifier experiment

Experimental setup of chirped pulse
regenerative amplifier is shown in Figure 5. As a
seed source laser diode-pumped Yb:KYW oscillator
was used which provided 100 fs pulse train with
70 MHz PRF and 25 nJ single pulse energy. The
seed pulse spectrum was about 12.5 nm wide
(FWHM) and centered at 1038 nm. A 10 m-long
single mode ¥9/125 pm telecom fibre was used for
pulse spectral broadening and temporal stretching

(puise = 7.5 ps).  After passing through double-
BaB,0O, Pockels cell based pulse picker and Faraday
isolator, the seed pulse was injected into the RA.
The isolator was employed to protect the seeder
from high-intensity back reflections and, at the same
time, for separating the amplified output pulse from
the seed oscillator. The RA setup chosen for this
experiment is quite common, employing a 40 mm-
long double-BaB,0, Pockels cell for pulse injection
and ejection. Pulse repetition frequency (PRF) was
chosen to be 200 kHz to prevent damage of the
optical elements. For chirped pulse regenerative
amplifier experiments was used the same active
element as for CW experiments. The last unit
of the amplifier system is compressor based on
transmission diffraction grating with 1000 grooves
per millimetre.

Single mode fiber

Seed Yb:KYW M2 Lens @ Lens HR Compressor

100fs, 25nJ

1038nm Polari HR Amp.
cnanzer Polarizer } output

Yb:LUAIO,

o gt FR‘

HR

PC

TFP

Figure 5 — Experimental setup of chirped pulse regenerative amplifier: AE — active element; M — concave
mirror; HR — highly reflecting mirror; Polarizer — in this case is used polarizing cube; TFP — thin film polarizer;

PC — Pockels cell

As one can see from the stimulated emission
cross-section spectrum (Figure 1) for E//b
polarization separate peaks around 1020 and
1040 nm are observed. Using broad-band seed
source and taking into account strong gain
narrowing effect we can estimate spectral shaping
of the amplified pulses in such manner that the
output pulse spectrum will consist of separate parts
corresponding to SE cross-section spectrum of the
amplifier gain medium. In the following experiment
we studied of this idea. Seed and amplified pulse
spectra obtained during the experiment are shown
in Figure 6.
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The maximum uncompressed average output
power of 5.4 W was obtained for E//b- polarized
light after 112 roundtrips (RT) of the pulse through
the amplifier cavity, while the pulse spectral width
(FWHM) was 2.9 nm at 1018.3 nm (short wavelength
part) and 5.2nm at 1041.1 nm (long wavelength
part). When the incident pump power was 24 W, the
optical-to-optical efficiency was as high as 22.5 %.

Then we adjust compressor unit in the following
order: adjust compressor for best compression of
short wavelength part of the amplified pulse spectrum
separately, made sure that the long-wavelength part
of the spectrum is also satisfactorily compressed
separately and then adjust relative offset of the
pulses relative to each other by moving the rear
mirror of the compressor. Measured autocorrelation
traces of short and long wavelength parts separately
are shown in Figure 7.
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Figure 7 — Measured autocorrelation traces of short (a)
and long (b) wavelength parts

After the adjusting of the compressor unit we
measured autocorrelation trace of both spectral parts
(Figure 8).
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Figure 8 — Measured autocorrelation traces of both
spectral parts

During the experiments compressed pulse
durations of 643 fs for short wavelength part and
536 fs for long wavelength part were achieved.
Pulse duration of about 708 fs was obtained from
autocorrelation trace of both spectral components
demonstrating good overlap between components.

After simple calculations, one can expect that
as a result of the difference frequency generation
process, a radiation of about 6.5 THz spectral region
can be obtained.

Conclusion

In conclusion, a simple way to obtain dual-
wavelength operation of chirped pulse regenerative
amplifier by using the active medium gain spectrum
as an amplitude filter for the formation of the
amplified pulses spectrum demonstrated for the first
time to our knowledge. Maximum output power of
5.4 W of chirped pulses (3.8 W after compression)
and optical-to-optical efficiency of 22.5 % have been
obtained for Yb:LuAP E//b-polarization at 200 kHz
repetition rate. Compressed amplified pulse duration
was about 708 fs while separate spectral components
durations were 643 fs and 536 fs at 1018.3 nm and
1041.1 nm central wavelengths, respectively.

Performed investigations show high potential of
Yb*":LuAP crystals as active elements of compact
diode pumped chirped pulse regenerative amplifiers.
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