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Abstract

Diode-pumped femtosecond chirped pulse regenerative amplifiers based on Yb*-materials are
of practical importance for wide range of scientific, industrial and biomedical applications. The aim of this
work was to study the amplification of broadband chirped femtosecond pulses in regenerative amplifier based
on Yb’":CaYAIO, crystal.

Such systems use femtosecond mode-locked lasers as seed pulse sources and amplify nJ-seed pulses
to sub-mJ energy range. Most chirped pulse regenerative amplifier systems described in the literature use
seed lasers with typical pulse spectral width at the level of 10—15 nm full width at half maximum (FWHM)
that limit the seed pulse duration of about 90 fs and amplified pulse duration at the level of 200 fs due
to strong influence of gain narrowing effect on the amplified pulse parameters. Yb*-doped crystals with wide
and smooth gain bandwidth as an active medium of chirped femtosecond pulse regenerative amplification
systems allow to reduce negative contribution of gain narrowing effect and lead to shortening of amplified
pulses. In this research we study the chirped pulse regenerative amplification of broad-band femtosecond
pulses (60 nm spectral width FWHM) in the Yb’*:CaYAIO,-based chirped pulse regenerative amplifier.
Substantial reduction of the amplified pulse duration down to 120 fs (19.4 nm spectral width FWHM) with
average power of 3 W at 200 kHz pulse repetition frequency was demonstrated without any gain narrowing
compensation technique.

The results of experimental investigation of broad-band seeded Yb**:CaYAIO,-based chirped pulse
regenerative amplifier are reported for the first time to our knowledge. 120 fs-pulses (19.4 nm FWHM)
with average output power of 3 W were demonstrated without any gain narrowing compensation technique.
Despite the significant reduction of amplified pulse duration the task of improvement group velocity dispersion
balance (including high orders of group velocity dispersion) remains relevant.
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PereHepaTuBHbIN yCUJIUTEIb YUPIUPOBAHHBIX
(peMTOCEKYHTHBIX UMITYJIHCOB HA OCHOBE KPUCTAJLJIA
Yb:CALYO a5 cieKTpOCKONUHU BO30YKICHUS-
30HIUPOBAHUSA C BBICOKMM BPEMEHHBIM pa3pelieHuemM

Pynenxor A.C.!, Kucear B.2.!, SciokeBuu A.C.!, OBanecbsan K.JI.%,
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PerenepartrBHbIC YCHINTENN YUPIUPOBAHHBIX (PEMTOCEKYH/IHBIX MMITYJILCOB HA OCHOBE MaTepHajioB C HOHA-
mu Yb*" ¢ quofHON Hakavykoil HAIUTH IIMPOKOE NPHUMEHEHHE B PA3NIMYHBIX OTPACISIX HAyKH, MPOM3BOACTBA
1 MeauuHbL. Lenbio nanHol paboThI SBISUIOCH HCCIIEIOBAHNE PEKIMA PETCHEPATUBHOTO YCHIICHUSI IMPOKO-
TOJIOCHBIX YMPITMPOBAHHAIX (PeMTOCEKYHIHBIX MMITYJILCOB B YCHIIMTENIE Ha OCHOBE KpucTasuia Yb*:CaYAIO,.

Hcnonb3ys B kKadyecTBE 3aJal0ILEr0 TeHEpaTopa Ja3ep ¢ MaCCUBHOW CUHXPOHU3ALMEN MO/, JaHHBIE CUCTE-
MBI YCHJTMBAIOT UMITYJIbChI HAHOYKOYJIEBOTO THara3oHa SHEPruid 10 CyO-MIIIMIKOYIEBOTO YPOBHS Onaroaapst
METOAMKE YCUIICHHSI YUPIHUPOBAHHBIX UMITYJILCOB. BOJBITMHCTBO OMUCAHHBIX B JIUTEPATYPE CUCTEM YCUIICHHS
UCTIONB3YIOT 33/Ial0IlKe TeHepaTophl, odecreynBaromme GeMTOCeKyHAHbIE UMITYIILCHI CO CIIEKTPAIBLHOH T10-
JTyWMpUHOH B Auamnazone 10—15 HM, 4To orpaHMYMBaeT MUHUMAIIBHYIO [UIMTEIBHOCTD 331al0NINX UMITYTECOB
Ha ypoBHe 90 ¢c. B nporecce pereHepaTMBHOTO YCHJICHUSI AJMTENBHOCTh YCHICHHBIX UMITYJIbCOB YBEITHUH-
Baetcs 210 3HaueHui okoso 200 ¢c, U4To CBA3aHO C CHUIILHBIM HETaTHBHBIM BIUSHUEM d(PQEKTa CyKESHUsI CTIeK-
Tpa UMITYJIbCA TI0J] BO3ACHCTBHUEM IOJIOCH! YCUIICHUSI aKTUBHOM cpeabl yeuiuTens. [IpuMeHenne KpucTaiios,
MUMEIONIMX LIMPOKUE U TIAJKUE TOJOCHl YCUIICHUS! B KAUECTBE aKTHUBHBIX CPEJl CUCTEM YCHJICHHS YHPIIUPO-
BaHHBIX ()EMTOCEKYH/JHBIX UMITYJIECOB IIUPOKOTO CIIEKTPAJIBHOTO JHAaa3oHa, 03BOJISIET CHU3UTh HEraTUBHBIN
BKJIa1 2 deKTa Cy’KeHHS CTIEKTPa UMITYJIbCa M MPUBOIUT K COKPAIIECHUIO JTTUTEIBHOCTH YCUIICHHBIX UMITYJIBCOB.

B pabote BriepBble MpencTaBiIeHbl Pe3yAbTaThl UCCICIOBAHUS PEKUMa PEreHEPATUBHOIO YCHIICHHS IIIHPO-
KOTOJIOCHBIX YMPHUPOBAHHBIX (PEMTOCEKYH/IHBIX MMITYJILCOB B yCHIIMTENE HAa OcHOBE Kpuctamia Yb*':CaYAIO,.
[Momy4enbl UMIYIbCHI AMHTENLHOCTRIO 120 e (crexrpanpHas nomymmpuHa 19,4 HM) co cpemHeil BBIXOTHON
MOIIHOCTBIO CHUCTEMBI ycuiieHus 3 BT 0e3 mpuMeHeHus] MeTOIUK KoMITeHcau 3 QeKTa CyKeHHs! CIIeKTpa yCH-
JIMBAEMOTO UMITYJIbCA.

KaoueBble cjioBa: YUPIUPOBAHHBIE HMITYJIBCHl LIMPOKOTO CIEKTPAJIbHOTO [MAra3oHa, YCHIMTENb
YUPIHUPOBAHHBIX HMMITYJIBCOB, PEreHEpaTHBHBIH YCHIIMNTENb, PACHIMPEHHE CIEKTpa HMMITyJbca, (et
CY’KEHHS CIIEKTpa UMITyJIbCa.
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Introduction

Diode-pumped femtosecond laser sources with
pulse repetition frequencies (PRF) of hundreds of ki-
lohertz and pulse energies of tens microjoules are
of practical importance for high temporal and spectral
resolution measurements, precision micromachining,
optical memory and biomedicine [1]. Extremely
high average output powers up to the kilowatt level
could be obtained by means of direct amplification
of high repetition-rate oscillators. 1.1 kW of
average power at 20 MHz repetition rate with
615 fs pulses were obtained using the Innoslab
Yb:YAG concept [2]. 830 W trains of 640 fs pulses
at 78 MHz were demonstrated by employing large-
mode area Yb-doped fiber amplifiers [3]. Pulses at
lower repetition frequencies, up to a few megahertz,
with substantially higher energy and peak power are
preferred for many applications. These pulse trains
can be generated conveniently with solid-state diode-
pumped regenerative amplifiers (RAs). Up to now,
the highest average power RA systems are presented
by thin-disk concept RAs. For example, up to 160 W
average output power at 800 kHz PRF with 750 fs
pulse duration were achieved in [4]. Up to 100 W
average power at 400 kHz PRF with 800 fs pulse
duration were reached in [5] employing Yb:YAG
thin-disk active element. Despite thin-disk based
regenerative amplifier systems demonstrate high
average power, it should be noted that pulse duration
of such systems is not less than 700 fs. 295 fs pulses
were demonstrated for thin disk RA system that
applied nonlinear pulse amplification regime but
with substantially reduced output power (36 W) [6].
Another approach to implementation of RA systems
is based on bulk regenerative amplifiers. The highest
output power reported so far for bulk RAs is 42 W
at 500 kHz pulse repetition frequency obtained in RA
based on the active medium with high thermooptical
properties — Yb:Lu,O, [7]. Relatively long amplified
pulses of about 780 fs pulse duration obtained due
to narrow gain bandwidth of Yb:Lu,O,. Substantially
reduced pulse duration of 217 fs with relatively high
output power of 28 W demonstrated at 500 kHz
in RA based on crystal with wide gain bandwidth —
Yb:CALGO [8]. But the usage of active medium
with wide gain bandwidth is not a sufficient condition
for obtaining short amplified pulse duration due
to the strong gain narrowing effect [9] that reduce
amplified pulse spectral width and increase minimal
transform-limited pulse duration. Several methods
for overcoming the negative contribution of gain

narrowing effect have been proposed [10, 11].
The output power ofabout 21 W at 200 kHz PRF with
200 fs pulse duration is obtained with Yb:KGW dual
crystal system [10]. Femtosecond laser pulses with
duration as short as 97 fs with output power of 1.2 W
at 50 kHz PRF were obtained with the Yb:CALGO
RA system which demonstrates the possibility
of sub-100 fs pulses amplification [11].

Despite the availability of femtosecond lasers
providing wide spectral width pulses [12-14]
based on Yb seed lasers a large number of RA
systems described in the literature have narrower
pulse spectral width not over than 15 nm. And this
also limits the amplified pulse spectral width and
compressed pulse duration.

The aim of this work was to study the amplification
of broadband chirped femtosecond pulses in
regenerative amplifier based on Yb**:CaYAIO, crystal.

Crystal growth

Single crystals of Yb’":CaYAIO, (tetragonal
structure, space group D', I4/mmm) doped with
Yb* (1.4 at. % and 3.5 at. %) were grown from
stoichiometric melts by Czochralski method [15].
Yb* ions occupy Y**sites of the lattice with 9-fold
coordination. Crystallization was carried out
under an enclosed argon atmosphere using iridium
crucibles (50 x 50 x 30 mm®) and seed crystals
oriented along [110]. The pulling and rotation rates
were 1.5-2.5 mm/h and 15-25 rev/min respectively.
Transparent crystals 15mm in diameter and
20-30 mm long were obtained for the present studies.

Spectroscopy

Polarized absorption spectra of Yb**(1.4 at. %):
CaYAIO, (correspondent ytterbium volume concen-
tration is 1.82-10% cm™) at room temperature
were measured by a Varian CARY 5000 spect-
rophotometer. The absorption cross-section spectra
for different polarizations are shown in Figure 1.

Strong absorption is found for n-polarized light.
A peak absorption cross-section at 979 nm was
measured to be about 4-1072° cm?, with comparatively
wide bandwidth of about 9.5nm (FWHM).
For o-polarization maximal absorption cross section
near 979 nm was 1.5-10%° cm?. Radiative lifetime
was estimated by using crystalline powder immersed
in glycerine suspension in order to eliminate radiation
trapping effect caused by significant overlap
of the absorption and emission bands [16, 17].
Measured lifetime for different weight content
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of Yb*(1.4at. %):CaYAIO, and Yb*"(3.5at. %):
CaYAIOQ, crystalline powder in glycerine suspension
are shown in Figure 2. Measured kinetics of lumines-
cence decay for Yb':CaYAIO, with 1.4at. %
and 3.5 at. % concentrations are shown in Figure 3.

6-
54 — - - Absorption
NE 4] TE — Stimulated emission
(&]
s 3
o 2
x 1]
c 0
.0
O 2,0
[0}
D 1,54
3
3 1,0
—
O 0,51
0,0F

900 920 940 960 980 1000 1020 1040 1060 1080
Wavelength, nm
Figure 1 — Absorption and stimulated emission cross-
section spectra of the Yb*:CaYAIO,
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Weight content of powder, %
Figure 2 — Measured lifetime for different weight content of

Yb*":CaYAIO, crystalline powder in glycerine suspension

Experimental setup

The radiative lifetime of the °F_, manifold of Yb*'-
ions in CaYAIO, was estimated to be (430 + 15) ps.
The stimulated emission cross sections (Figure 1)
were calculated by use of integral reciprocity

method [18].
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£ 35at% \
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Figure 3 — Kinetics of luminescence decay *F,, manifold
of Yb*"-ions in CaYAIO,

The Yb*:CaYAIO, crystal exhibits broad
stimulated emission cross-section spectra in
the range 990-1080 nm for both polarizations.
The stimulated emission cross-section for c-pola-
rization demonstrates higher value of about
~0.7-102° cm? at 1030-1040 nm in comparison
with = 0.5-102° cm? for m-polarization. Obtained
spectroscopic properties of the Yb’":CaYAIO,
crystal demonstrate good agreement with described
in literature data [19].

The conceptual scheme of the system layout is shown in Figure 4.

Single mode fiber

Polarizer Lens

N1 |
| N [

Seed Yb:KYW 2
100fs, 10nJ
1038nm

HR2

Yb:CaYAIO4

M1

Lens

Compressor

HR

Amp.
output

PC HR1

TFP

Figure 4 — Experimental setup of broad-band seeded Yb**:CaYAIO, chirped pulse RA
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As a seed source laser diode-pumped Yb:KYW
oscillator was used which provided 100 fs pulse
train with 70 MHz PRF and 10nJ 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 um telecom fibre
was used for pulse spectral broadening and temporal
stretching (tpulsc ~7.5ps). After passing through
a 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,O, Pockels cell for pulse
injection and ejection. Pulse repetition frequency
(PRF) was chosen to be 200 kHz to prevent damage
of the optical elements. «Off-axes» pump layout
was used for longitudinal pumping of the active
element [20-22]. Main advantage of such a pump
scheme is that all the cavity mirrors have highly
reflecting coating at (900—1100) nm. Maximum pump
power was 25 W. 2mm-long a-cut Yb*'(3.5 at. %):
CaYAIO, crystal was used as a gain medium.
The last unit of the amplifier system is compressor
based on transmission diffraction grating with
1000 grooves per millimetre.

Continuous wave laser experiment

At the beginning we have tested the gain crystal
under CW lasing. Laser cavity had the same geometry
as a RA cavity without Pockels cell. One of the HR
flat mirrors was replaced by the output coupler (OC)
with different transmittances. Dependencies of the
laser output power on the absorbed pump power
for - and o-polarized output and different OCs are
shown in Figure 5. Absorbed pump power was real
time measured during the laser action.

The maximum CW output power of 7.4 W at
absorbed pump power of 14.9 W with slope efficiency
as high as 59.3% was obtained with 10% OC

Quantum
{defect ~0,3%

[ BN
.2

)
?

Tunability range ~ 100 nm
@ Toc=1.5%

Intensity, arb. unit.
o
+

o
e

0,01

transmittance and 6-polarized output. The outputpowers
of 6.6 W and 5.6 W and slope efficiencies of 50.5 %
and 65.4 % were demonstrated with 5 % and 20 % OC
transmittances, respectively. For n-polarization output
powers of 6.3 W, 6.5 W, 4.4 W with slope efficiencies
of 49.1 %, 58.2 %, 60.9 % were obtained with 5 %,
10 % and 20 % OC transmittances.

TU

Toc=10%
n1=58.2%
2=1018nm

6

Toc=5%
n=49.1%
2=1034nm

Qutput power, W

Toc=20%
1=60.9%
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=)
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1 ma 2=1038nm
A
0% T T T T T T 1
2 4 6 8 10 12 14 16

Absorbed pump power, W
Figure 5 — Dependencies of output power of Yb**:CALYO
CW laser on absorbed pump power for different OC
transmittances and polarizations

The tunability curves of the Yb*'(3.5 at. %):
CaYAIO, crystal were measured with 1.5 % OC trans-
mission during CW experiments. Central wavelength
of the Yb*":CaYAIO, laser was tuned in the range of
about 100 nm from 982 to 1082 nm for m-polarisation
and from 984 to 1086 nm for c-polarisation (Figure 6).

The results of CW laser experiments show
high prospects of Yb*:CaYAIO, crystal as an
active medium of laser systems operating in a wide
spectral range with high average output power.

7T (982-1082nm)

G(984-1086nm)

980 1000 1020

1040 1060 1080

Wavelength, nm

Figure 6 — Tunability curves of the CW Yb*:CALYO laser
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Before the chirped pulse RA experiment seed
pulses spectral broadening in fiber was investigated.
High peak power of femtosecond pulses provides
efficient spectral broadening of seed pulses due
to the influence of nonlinear effects such as Raman
scattering and self-phase modulation. Seed pulse
spectral shape after the fiber in dependence of the
incident pulse energy (£, = 0.15-7nJ) are shown
in Figure 7. Intracavity seed pulse spectrum and
autocorrelation trace for maximum incident pulse
energy are shown in Figure 8.

Intensity, arb. unit.

0,0

1020 1040 1060 1080

Wavelength, nm

980 1000

Figure 7 — Pulse spectra at the output of the fiber for
different incident energy

1,0
0,8
.“é’
]
o 0,64
®
2
‘» 0,4
S Seed spectrum:
= (in the RA cavity)
0,2+ Ar=60nm
2,=1032nm
0,0

1005 1020 1035 1050 1085
Wavelength, nm

a

| ©=1.54*7.5ps

Intensity, arb. unit.

Time, ps

b

Figure 8 — Intracavity pulse spectrum (a) and auto-
correlation trace of RA seed pulses ()

Seed pulses have spectral width of about
60 nm FWHM and about 7.5 ps duration while
the incident pulse spectral width was about 12.5 nm.
Fiber coupling efficiency was about 65 %. Seed
pulse energy at the output of the fiber was about
4.5n].

Chirped pulse regenerative amplification
experiment

During the RA experiment we measured
the output pulse train parameters (spectral width
and output power) for m- and o-polarized light
in the gain medium at 200 kHz PRF (Figure 9).

45-
IS 45
€ 404 TC
2 35 {a=
= )
L 309 13 3
c * o
o 25 \ §_
B — 12 8
T 201 8
B g—k—k
® 151 Pl 1
Q.
w YV -
10 T T T T T 0
20 40 60 80 100 120
Cavity round trips, arb.unit.
45+
IS 15
€ 40-
Z 35 {a=
()
E 304 U] wsedten 33
~ — b
- ACtrace: — AQ=19.4nm Q
T 25- =
2 12 &
5 2 3
B ° {1
@ 154 ~
(% - -0
10-

T T T T 0
20 40 60 80 100 120
Cavity round trips, arb.unit.

Figure 9 — Dependencies of spectral width and average
output power on the cavity roundtrips of Yb*":CALYO
chirped pulse RA

The maximum uncompressed average output
power of 5.3 W (2.9 W) was obtained for o- (m-)
polarized light after 110 round trips (RT) of the pulse
through the amplifier cavity, while the pulse spectral
width (FWHM) decreased to 12.4 nm and 16.9 nm
for o- and m-polarization states, respectively,
that demonstrated strong gain narrowing effect.
The amplified pulse spectrum evolution versus RT
number through the amplifier for n- and oc-pola-
rizations are shown in Figure 10.
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Figure 10 — Evolution of the output pulse spectrum of
Yb*:CALYO chirped pulse RA

The data presented in the Figure 9 indicate that
o-polarization is more suitable for amplification
of broad-band ultrashort pulses. Wide amplified
spectrum of 19.4nm (FWHM) was demonstrated
after 55 RT with output power of about 4 W (almost
80 % of maximum value) (Figure 11). Corresponding
autocorrelation (AC) trace of compressed pulses with
average output power of 3 W is also shown in Figu-
re 11. Measured pulse duration was about 120 fs assu-
ming Lorentzian pulse shape (the best fit with AC trace).

1.0 (0} Seed:
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. 0,84 2,=1032nm
'c
3
L2 0,64
®©
2
‘@ 0,44
c
g . L
= .
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1005 1020 1035 1050 1065
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0,0— T T T 1
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b

Figure 11 — Seed and amplified pulse spectra (a) and
autocorrelation trace of compressed c-polarized output
pulse after 55 round trips (b)

The output beam had good quality with an M?-
factor of about 1.15. Measured output beam caustic
and profile for Yb*":CALYO, o-polarized broad-band
seeded chirped pulse RA are shown in Figure 12.

b
Figure 12 — Output beam caustic (a) and profile (b)

The profile of the beam remains Gaussian up to
the highest output powers.

Mathematical modelling

To estimate the amplified pulse spectra limited
mostly by gain crystal characteristics and gain
narrowing effect mathematical simulation was made
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with constant level of intracavity losses (=5 %)
for wide spectral range covering active crystal gain
bandwidth. Simulation was based on the split-step
Fourier method [23]. Gain curve was calculated
by means of the absorption (ABS) and stimulated
emission (SE) cross-section spectra under a certain
population of the upper laser manifold of Yb** ions
which corresponds to our experimental conditions.
Simulation results are well agreed with experimental
results. Amplified pulse spectrum evolution during
the amplification in the Yb*":CALYO based chirped
pulse RA is shown in Figure 13.

1.0 Intensity, arb. unit.

_ — \
o0 o o0 110
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Figure 13 — Evolution of the output pulse spectrum
of Yb*":CALYO chirped pulse RA

Simulated and measured pulse spectra after 110
round trips and dependency of pulse spectral width
on the number of cavity round trips for Yb*:CALYO,
n-polarized chirped pulse RA are shown in Figure 14.
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Figure 14 — Simulated and measured pulse spectra (a) and
dependency of pulse spectral width on cavity roundtrip (b)
for Yb*:CALYO, = chirped pulse RA

Simulated and measured pulse spectra after 55
round trips and dependency of pulse spectral width
on cavity round trips for Yb*:CALYO, c-polarized
chirped pulse RA are shown in Figure 15.
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Figure 15 — Simulated and measured pulse spectra (a) and
dependency of pulse spectral width on cavity roundtrip (b)
for Yb*:CALYO, o chirped pulse RA

It is evident that simulation results are
satisfactory agreed with experimental data, especially
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for o-polarisation. Thus, the usage of wide-band
femtosecond seed pulses for Yb*":CALYO chirped
pulse RA makes it possible to shorten the duration
of amplified pulses despite the negative contribution
of gain narrowing effect.

Conclusion

The results of experimental investigation
of broad-band seeded Yb’":CaYAIO,-based chir-
ped pulse regenerative amplifier are reported for
the first time to our knowledge. 120 fs-pulses
(19.4 nm FWHM) with average output power of 3 W
were demonstrated without any gain narrowing
compensation technique. Despite the significant
reduction of amplified pulse duration the task
of improvement group velocity dispersion balance
(including high orders of group velocity dispersion)
remains relevant.
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