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In this work, a double-pass end-pumped Yb:YAG amplifier system was investigated experimentally and
numerically. The amplifier was seeded by a fibre-CPA based seed laser FemtoLux 30 (Ekspla). The pre-
sented laser system produced 129 W average power and 129 yJ energy pulses at 1 MHz pulse repetition
rate, with optical-to-optical efficiency of 32% at room temperature (T = 20°C). The resulting beam quality
was M? ~ 2.1 and the measured depolarization losses were to 17.9%. After the compression, 441 fs pulse
duration was achieved. During the work, comprehensive amplifier modelling was performed using the code
written in Matlab. The modelling results matched well the experimental data, providing the tool to predict
the performance of laser systems based on ytterbium-doped isotropic crystalline, ceramic and glass laser

materials prior to designing and manufacturing.
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1. Introduction

Sub-ps high-peak-power (TW/cm?) and high-rep-
etition-rate (MHz) Yb-doped-laser-materials-based
laser systems are used in various fields of science
and industry: various materials processing, ultrafast
spectroscopy, nonlinear imaging, etc. []. How-
ever, the generation of such pulses is a challenge -
the direct amplification of high-peak-power sub-ps
pulses is limited by nonlinear effects such as self-
phase modulation, self-focusing, Raman scattering,
etc. These non-desirable and limiting effects are ef-
ficiently mitigated with the chirped pulse amplifica-
tion (CPA) technique [H]. Pulse stretching and com-
pression are usually realized with diffraction grating
setups with the matched chromatic dispersion pro-
files [E, H]. However, when pulses are chirped to few
hundreds of picoseconds or longer duration, such
CPA systems become impractical due to the size of
required gratings. Fibre-optic seeders and an all-
in fibre stretcher help in size reduction [ﬁ, E]. Still,
the pulse energy and therefore the peak power of
pulses produced by fibre lasers are limited by a rela-

tively small mode area of single-mode fibres. Higher
peak power pulses can be obtained using a cascade
of additional free-space solid-state amplifiers.

Ytterbium (Yb)-doped laser «crystals (e.g.
Yb:YAG, Yb:KYW and Yb:KGW) feature a low
quantum defect, a broad amplification bandwidth
and a low excited state absorption, making them
a straightforward choice for building solid-state
amplifiers []. Several new crystalline materials
such as CALGO, LuAG and sesquioxides doped by
Yb** ions have appeared recently []. They fea-
ture a broad amplification spectrum and good ther-
mal and laser properties, but still most of them are in
the experimental stage. Recently, a lot of efforts have
been made to make Yb**-doped ceramics as efficient
as laser crystals, especially made of sesquioxides
manifesting excellent lasing properties [@].

One of the most efficient Yb-doped materials for
application as a laser amplifier is a Yb:YAG crystal
featuring high absorption and amplification cross-
sections and a high thermal conductivity [B]. How-
ever, reaching a high optical-to-optical efficiency
at room temperature requires a high peak-power
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pumping due to the quasi three-level nature of Yb**
ions. This inevitably leads to severe wavefront distor-
tions of an amplified beam []. Additionally, what is
typical of isotropic laser materials, significant power
losses via depolarization occur if a laser system con-
tains polarization-sensitive elements (e.g. Brewster
plates, Faraday rotators and polarizers) [[1§].

The key benefit of any numerical modelling is
the ability to predict the system performance pri-
or to the experimental investigation. In this paper,
we present the necessary theoretical background
and the used principles of numerical modelling
suitable for end-pumped three-level gain medium
amplifiers with the detailed investigations of an
Yb:YAG-based amplifier. Furthermore, the end-
pumped double-pass Yb:YAG amplifier was ex-
perimentally investigated, and the results were
compared to the modelling predictions.

2. Numerical model of an end-pumped Yb:YAG
amplifier

An end-pumped Yb:YAG crystal in a power ampli-
fier layout introduces wavefront and polarization
distortions in an initially nearly ideal Gaussian
beam profile. In this chapter, we present the nu-
merical methods of modelling an Yb:YAG end-
pumped amplifier.

In our model, a crystal rod was divided into a fi-
nite number of slices along the signal beam propa-
gation direction. Each slice was then discretized
into a finite number of elements in a two-dimen-
sional grid. The number of elements in this grid was
based on the beam size to ensure a fine sampling
of the beam shape. The length of each slice dz was
based on the Rayleigh length z, of the propagating
signal beam, ensuring that dz < z,, and addition-
ally satisfying the small signal gain condition [@]
The additional tuning of discretization parameters
was completed for the balance of calculation speed
and solution convergence.

Signal and pump beams in the continuous-wave
(CW) regime were launched along a discretized crys-
tal rod (end-pumping case). The modelling of signal
beam propagation and amplification in the crystal
rod was based on the iterative procedure, iterating
through slices consecutively in forward and back-
ward directions to complete the double-pass ampli-
fier configuration, whereas the pump beam propa-
gated in the forward direction only (Fig. EI).

Yb:YAG rod
Pump
Signal Amplified signal //
N; N Ip; IS; T

Fig. 1. Schematic of the signal and pump radiation
propagation in the double-pass amplifier configura-
tion. The crystal rod was divided into slices and each
slice was discretized into a finite number of elements.
At each element of the slices, population densities N,
and N, resulting signal and pump intensities I and I,
and temperature values T were calculated.

The population density of upper energy mani-
fold N, was calculated independently at each ele-
ment of the slice. A quasi-three level medium
kinetics model which accounts for pumping, las-
ing and fluorescence loss was used, determining
the steady-state solution []

Ga[p ol
4+ —as
N hv,  hy, )
> 1 (o,+0)l, (o,+0)l
—+ +
T hv, hv,

where ¢, and ¢, correspond to effective absorp-
tion and emission cross-sections, I and IP are sig-
nal and pump optical intensities, hv_and hv_ in-
dicate signal and pump photon energies, and 7 is
the upper-state lifetime. The gain I' = N,o, - N o,
and relative power change (signal amplification
and pump absorption) P, = P, x exp(I'dz) at
each element are then calculated with given sig-
nal and pump optical intensities. Spectroscopic
cross-sections are dependent on the temperature,
o (T), ,(T), which is also taken into account in
this model (data taken from Koerner et al. [@]).
The temperature distribution due to pump ab-
sorption (quantum defect) was calculated at each
slice based on the semi-analytical solution [@]

T(r):—I;ZE;:; dr'+ T, (2)

where h is the heat flux density (W/m?), k is
the thermal conductivity coefficient (W/mK),
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r is the radial coordinate, T, is the temperature at
the crystal/coolant interface (cooling temperature),
and T(r) is the resulting temperature distribution.
This equation takes into account the pump beam
shape, which helps to better predict the overall per-
formance of the Yb:YAG amplifier.

The calculation of pump beam shape and
propagation within the crystal rod was based on
the ABCD matrix method [@]. Prior to the it-
erative procedure, the pump beam shape at each
discretized slice was pre-calculated. The relative
power was accordingly updated during the itera-
tions of model, whereas propagation characteris-
tics were left unchanged.

The signal beam was expressed as a complex
electric field amplitude and its propagation in
the crystal rod was based on the Fourier-trans-
form method []. To account for the lensing ef-
fect, which arises within the Yb:YAG rod due to
thermal effects, the multiplication of propagated
electric field by the corresponding phase factor
exp(-ip) was completed after each slice. In our
model, the heat-induced thermal lens via thermo-
optic coefficient, and the stress-induced lens via
photo-elastic effect were included [@, @], with
the given expressions, respectively:

27 dn
exp| -i——ATdz |, 3
Xp( T dr J (3a)
V2T
exp —172n00{TCr,9 ATdz |. (3b)

Here A is the seed wavelength, dn/dT is the ther-
mo-optic coefficient, AT is the temperature dif-
ference between the crystal centre and crystal
edge, dz is the propagation distance, # is the un-
perturbed refractive index, «, is the thermal ex-
pansion coeflicient, and C , is the photoelastic
constant (for radial and tangential direction, re-
spectively). In our model, the plane-stress approx-
imation is used (end-pumping case) — values of
photoelastic constants are then C, = +0.0032 and
C, = +0.011. More information can be found in
the work of Chenais et al. [@].

The initial electric field was split into two or-
thogonal principal electric fields E_and E, to ac-
count for polarization sensitive lensing due to
stress-induced birefringence. Each component
was propagated individually. Using the Jones ma-

trix formalism, polarization components were
coupled via an off-diagonal element of the stress-
index matrix at each slice [@, @]. The electric
field E_ and E values were then recalculated at
each slice during the iterative procedure, based
on the birefringence induced at each element of
the slice:

2rdn,
_ A dr 2
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Here E , E and E are input electric fields in
the horizontal and vertical plane, 0 is the angle
between the reference polarization axis and local

dnr,H

birefringence axis, and = 2n,a,C, ,is the coet-

ficient of the stress-induced refractive index change
in radial (r) and tangential (6) directions.

The modelling algorithm of signal beam propa-
gation through gain media was based on the itera-
tive procedure, where the algorithm convergence
parameter was crystal rod temperature. The first
initial modelling parameters were set — the ini-
tial temperature of crystal T(x, y, z), the pre-cal-
culated pump beam intensity profile I(x, y, z) at
each slice of the crystal, gain media parameters
(thermal conductivity k, upper-state lifetime 7,
crystal doping concentration, unperturbed re-
fractive index of gain media, crystal geometry,
initial spectroscopic absorption and emission
cross-sections), and initial signal and pump beam
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parameters (power and beam size, polarization
state for seed beam). The iterative procedure start-
ed with the first pass through gain media. Initial
parameters were used to calculate the population
densities N, and N,, the gain coefficients T and T,
and the amplified (or absorbed) power P at the in-
itial slice within each element separately. The am-
plified signal beam was then propagated through
the slice with the resulting lensing effects. With
the updated power values and beam parameters of
signal and pump, the procedure was repeated for
the next consecutive slice. Such iterative proce-
dure was repeated until the last slice was reached.
Then the resulting temperature map T(x, y, z) of
crystal rod was retrieved. The algorithm repeated
the first-pass iterative procedure until the differ-
ence between newly and previously retrieved tem-
perature values within each slice and element was
below the convergence value.

The second-pass modelling was started by re-
trieving the calculated signal and pump intensity
values I(x, y, z) across the crystal rod slices and
elements. Then the signal beam was relay-imaged
from and back to the crystal to compensate for

the lensing effect that resulted in the first pass
through the gain medium. The iterative proce-
dure with the slices, where the population den-
sity, gain and fractional power change at each
element was calculated, was then started until
the last slice was reached. The retrieved signal
and pump intensity values from the first pass
were used as additional input parameters to ac-
commodate for the population density change
due to the first-pass propagation. The output
power of signal after the second pass was then
compared with the previously retrieved value - if
the difference was above the convergence value,
the algorithm was repeated starting with the first
pass, but with the signal and pump intensity val-
ues from the second pass used as additional in-
put parameters with the updated spectroscopic
coeflicients due to a newly retrieved temperature
distribution map. When the convergence was
reached, the algorithm stopped, and the solution
of beam output was determined.

Table 1 summarizes the basic parameters used
for the modelling, with the experimental para-
meters included.

Table 1. Modelling parameters and material properties of 1% at. Yb:YAG at 300 K (room temperature).

Symbol Value | Unit | Ref.

Signal wavelength A 1030 nm

Signal power P, 37 W

Signal beam diameter @ 1/¢* level ws 0.83 mm

Pump wavelength Ay 940 nm

Pump power P, 280 W

Pump beam diameter @ FWHM w, 0.78 mm
Absorption cross-section at A, Oas(As) 0.126 10 m? [24]
Emission cross-section at A Oems(As) 2.123 10" m? [24]
Absorption cross-section at A, Ous(Ap) 0.703 10 m? [24]
Emission cross-section at A, Oems(Ap) 0.165 102 m? [24]

Unperturbed refractive index N 1.82

Stress-induced birefringence term (radial) C. 0.0032 [25]
Stress-induced birefringence term (tangential) C’ -0.011 [25]
Thermo-optic coefficient on/6T 8.4 10 K! [30]
Thermal expansion coefficient or 6.15+0.01-T 1076 K-t [30]
Thermal conductivity k 8.89-0.022-T W m'K! [31]
Excited state lifetime T 0.95 ms [24]
Density of Yb** ions N, 1.3745 10 m™® [27]

Rod length L 30 mm

Rod width and height 4 mm
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3. Results and discussion

The experimental setup of double-pass Yb:YAG
end-pumped amplifier is seeded by the prototype
version of a FemtoLux 30 laser from Ekspla, featur-
ing output power of 37 W at 1 MHz pulse repeti-
tion rate, pulses chirped to ~220 ps duration and
bandwidth of AA = 3.3 nm (at FWHM), centred at
1030@nm. The full laser system layout is shown in
Fig. .

INPUT
P1 HWP P2
D 4x4x30mm’@1.0% F1
PULSE
COMPR.  gspp SP1 Ep
F3
OUTPUT
F4
RM DPSS amplifier

Fig. 2. Layout of the end-pumped Yb:YAG double-
pass amplifier. It was seeded by a CPA-based custom-
ized laser FemtoLux 30 from Ekspla. LD is a CW laser
diode (130 W, NA = 0.22, D = 200 um; set of 3 di-
odes used, coupled via fibre combiner), HWP is a half
wave-plate, F1 is a focusing lens system to Yb:YAG
crystal, P1 and P2 are polarizers, SP1 and SP2 are sig-
nal and pump beam separating mirrors, F3 and F4 are
a pair of focusing lenses for thermal lensing compen-
sation, RM is a flat mirror for beam back reflection,
FP is pump beam focusing optics, D is the beam block
of unabsorbed pump radiation after the single pass,
and PULSE COMPR. denotes a 4-pass diffraction
grating pulse compressor.

The output Gaussian shaped beam from
the seed laser was collimated to 2 mm diameter
(at 1/e* level). The beam quality was characterized
using the standard Z-scan technique by focusing
the beam using a positive lens of the well-defined
focal length and tracing the beam radius change
along the propagation direction. The best fit to
the Z-scan yielded M*~1 indicating the diffraction
limited beam quality, as shown in Fig. H

To estimate the seed pulse quality prior to am-
plification in a two-pass diode-pumped solid state
(DPSS) Yb:YAG amplifier, seed pulses were com-
pressed in a 4-pass diffraction grating compressor,

Beam radius (mm)

Propagation (mm)

Fig. 3. Beam radius measurement along the propaga-
tion direction at the output of seed source via Z-scan
technique (red (online) dots and black squares). Beam
quality parameter M* ~ 1 was estimated from the fit
(red (online) and black curves). Images of the beam
profile at a few positions are shown as insets (beam
size was normalized for clarity).

with 1739 mm™ groove density diftraction grating.
Compressed pulses were characterized by the sec-
ond harmonic generation frequency-resolved op-
tical gating (SHG-FROG) autocorrelation method.
The pulse duration retrieved by the FROG algo-
rithm (Swamp Optics) using a 1024 x 1024 grid was
318 fs (Fig. ). The bandwidth-limited pulse dura-
tion derived from the measured output spectrum
was calculated to be 315 fs, indicating a good com-
pressed pulse quality. The residual spectral phase
retrieved from FROG was ~1.6 rad in the spectral
range from 1021.5 to 1033.8 nm encompassing
98% of total pulse energy. The temporal Strehl ratio
of the compressed pulse, defined as the ratio of ac-
tual peak power of the pulse to the one of the band-
width-limited pulse, was 83%, indicating a high
seed pulse quality.

Chirped seed pulses were then directed to
the DPSS Yb:YAG double-pass amplifier stage.
The Yb:YAG crystal (Yb** concentration 1.0%, rod
length 30 mm) was mounted into a water-chilled
copper block, with high thermal conductivity sili-
cone as the thermal interface between gain me-
dium and heatsink. The temperature of circulating
water was set to T = 20°C. The input and output
beams of the double-pass amplifier were decoupled
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AL FWHM = 3.3 nm
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( . = 318 f5)

FROG
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Fig. 4. Envelope of the compressed pulses at the out-
put of seed laser, retrieved from the SHG-FROG
measurement (red online) compared to the band-
width-limited pulse shape calculated from the mea-
sured spectrum. Inset: the measured amplified signal
spectrum and retrieved spectral phase. FROG traces
retrieval error 0.15%. The estimated Strehl ratio for
pulse duration 83%.

via polarization using a half-wave plate (HWP),
a Faraday rotator, and a pair of polarizers (P1 and
P2), as shown in Fig. . The Yb:YAG crystal rod was
end-pumped by continuous wave laser diode pump
radiation. Three identical pumping diodes (out-
put power 130 W each, nLight) each coupled with
a 105 ym core diameter and 0.22 numerical aper-
ture (NA) fibre were combined with a high-power
fibre combiner (ITF Technologies), featuring 200 ym
core diameter and 0.22 numerical aperture output.
The maximum measured pump power was 280 W at
940 nm central wavelength and 3.5 nm bandwidth
(FWHM). Each diode block was placed on the wa-
ter cooled heatsink, with temperatures adjusted to
the centre output wavelength at 940 nm (diodes
were not wavelength-stabilized). Seed and pump
beams were focused by F1 and FP lenses to, respec-
tively, 0.83 and 0.78 mm diameter spots overlapped
in the amplifier crystal. The unabsorbed pump
power was separated from the seed beam by a SP2
wavelength separator and dumped. The seed beam
was reflected to the pair of lenses with the 70 mmm
(F3) and 200 mm (F4) focal lengths. Lens F3 was
placed at focal distance from the crystal, whereas
lens F4 was placed at 155 mm distance from lens
F3 to compensate the thermal lens of end-pumped
Yb:YAG crystal, and to collimate the amplified

seed beam after lens F4. The back reflector RM was
placed at the focal distance of lens F4 to the image
seed beam back to the amplifier crystal. The seed
beam was outcoupled from the amplifier by polar-
izer P1 (Fig. ). The two-pass amplification, pump
absorption and depolarization level were measured
and compared to the modelling data. The results
are displayed in Figs E and E

The maximum output power of 129 W (161 W
in modelling) at 1 MHz pulse repetition rate was
achieved for the 37 W seed power. For 280 W
pump power it corresponded to 32% amplifier ef-
ficiency (43% in modelling). At a low seed power,
the 16.7 dB gain was achieved (17.1 dB in mod-
elling). These results are in a reasonable agree-
ment with the modelling data, as shown in Fig. E
The mismatch between the experimental and mod-
elling data could be explained by optical losses on
the used optical components, which was not con-
sidered during the modelling.

In Fig. E (bottom), the graph dependence of
depolarization change at different input signal
power levels is plotted. At the small-signal gain
regime the depolarization level was 4.2% (model
gave 11.9%), and at 37 W of input signal power
the depolarization level reached 17.9% (model gave
21.4%). It is interesting that the depolarization level
depends on the input power to the amplifier. Such
dependence could be explained as follows. As can

Gain (dB)
Output power (W)

P, (W)

Fig. 5. Results of the 2-pass end-pumped Yb:YAG ex-
perimental amplification, with incident pump power
of 280 W. Modelling results are displayed in red (on-
line). The average output power (hollow square marks,
the right axis) and the total amplifier gain (full square
marks, the left axis) versus the input signal power.
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Fig. 6. Results of the 2-pass end-pumped Yb:YAG ex-
perimental amplification, with incident pump power
of 280 W. Modelling results are displayed in red (on-
line). The absorbed pump power and induced depo-
larization # dependence on the input seed power.

be seen in Fig. E (top graph), the absorbed pump
power is also dependent on the input seed power,
and that correlates well with the induced depo-
larization level — when the absorbed pump power
increases, the induced depolarization level also in-
creases. At a high input seed power, a considerable
Yb** upper-state manifold depletion occurs, lead-
ing to the increase of pump power absorption due
to the three-level nature of Yb** ions. The increased
absorption results in the increased heat genera-
tion and depolarization level. The second factor is
caused by beam profile modification. At a high in-
put seed power level, a considerable amplification
saturation leads to different effective gain across
the beam profile - the wings of input Gaussian
beam are amplified relatively better than the cen-
tral lobe, resulting in beam intensity redistribution
[]. Additionally, the beam intensity redistribu-
tion is also influenced by thermal aberrations of
the end-pumped gain medium. The beam pro-
file deviation from the Gaussian one, when more
power is redistributed into the wings of Gaussian
beam, leads to the increased depolarization level,
as the phase retardancy created by the end-pumped
gain medium increases parabolically from the cen-
tre of beam.

To illustrate this effect, the amplified seed beam
intensity distribution was modelled at the output of
end-pumped Yb:YAG crystal when the input seed

power was P = 0.001 W (corresponding to a low
amplification saturation case) and P, = 37 W (cor-
responding to a high amplification saturation case).
Additionally, the phase retardance § created by
the end-pumped gain medium was extracted from
the model. The results of modelling are displayed
in Fig. [Table 1|

The modelling confirms our proposition - in
the case of high input seed power when a consid-
erable amplification saturation is present, the in-
creased pump absorption leads to a higher retard-
ance § created by the end-pumped gain medium.
Additionally, due to amplification and thermal
effects, more power is distributed to the wings of
beam, where larger retardance occurs. This leads to
a larger depolarization level as compared to a low
amplification saturation regime, where beam dis-
tortions are considerably lower.

Though the experimental depolarization de-
pendence behaviour is similar to the modelled one,
there is a considerable mismatch between the ex-
perimental and modelling data. We can guess that
this difference may be linked to the difference in real
and modelled pump absorption and due to the sat-
uration of amplification which caused the beam in-
tensity distribution change. Such mismatch, espe-
cially at a low input signal power, could be caused

Input beam P =37W P, =0.001 W
Pump beam
edge

=
=

> =
j;: ~—
é’ «
Bt

=t

=

Transverse position (mm)

Fig. 7. 2-pass modelling results of the amplified beam
intensity distribution (left vertical axis) in the case
of low amplification saturation (PS = 0.001 W, low-
er (blue online)) and high amplification saturation
(P, = 37 W, upper (red online)). A black curve cor-
responds to the input beam intensity distribution.
The phase retardance § in 1-pass (right vertical axis)
is plotted with dashed lines.



8 L. Veselis et al. / Lith. J. Phys. 61, 222-232 (2021)

by the experimental configuration. We have used
the half-wave phase retardation plate and the 45°
angle of incidence thin film polarizers for signal at-
tenuation. As seed was produced after two reflec-
tions, some uncontrolled mix of polarizations was
possibly present in the seed. The phase retardation
plate introduced depolarization in the seed which
possibly partially compensated the amplifier depo-
larization, causing the observed difference between
the experimental and modelled figures. At a high
input seed power level, the depolarization level dif-
ference between the experimental and modelling
data becomes lower, suggesting that the laser crys-
tal depolarization starts to dominate.

At the next step, the beam characterization of
the amplified output beam was completed using
the standard Z-scan technique focusing the beam
by a positive lens of the well-defined focal length
and tracing the beam radius change along the prop-
agation direction with a CMOS camera. A lens with
a focal length of F = 200 mm was placed at 1 m from
the amplifier output. The measurement results with
the modelling predictions are shown in Fig. E

The beam quality parameter degradation in
double-pass configuration was severe, resulting in
M? =1.9-2.2, mainly due to the gain saturation and
thermal aberrations arising in the end-pumped
Yb:YAG crystal. Additionally, the amplified beam
astigmatism was the result of polarization-depend-
ent local stress-induced refractive index variation
[@]. The modelling results of amplified beam
cross-sections matched well with the experimental
measurements, demonstrating model validity.

The amplified pulses were compressed in
the 4-pass diffraction grating pulse compressor
after the amplification in the double-pass Yb:YAG
amplifier. The temporally compressed pulses were
characterized using the same SHG-FROG method.
The measured pulse duration was 441 fs (Fig. E).
The transform-limited pulse duration derived from
the output spectrum was 415 fs. A residual spec-
tral phase retrieved from FROG was ~2.3 rad in
the spectral range from 1024.3 to 1033.8 nm en-
compassing 98% of the total pulse energy. The tem-
poral Strehl ratio of the compressed pulse, defined
as the ratio of actual peak power of the pulse to

g

g

w

2

3

<

S

g

I

L

/M n=17.9%

Propagation distance (mm)

Experiment
Model
Z (mm) 150 210 215 220 230 240 300

Fig. 8. (Coloured online) Z-scan of the amplified beam. The beam quality parameter
was M?=1.78 (M? = 2.42 model) and M? =2.21 (M? = 2.15 model) for the horizontal
and vertical projections of cross section, respectively. Dashed lines are calculated
from the modelling. The experimental and modelled images of the beam cross sec-
tion profiles at several positions along the propagation axis are shown in the table
below illustrating severally the amplitude and the phase of amplified beam affected

by induced birefringence.
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AL e = 2-3 nm

el
=
)
2
S
ol

(T rog = 441 f5)

(r, =415fs)

Time (ps)

Fig. 9. Envelope of the compressed pulses at the output
of two-pass amplifier, retrieved from the SHG FROG
measurement compared to the bandwidth-limited
pulse shape calculated from the measured spectrum.
Inset: the measured amplified signal spectrum (left)
and retrieved spectral phase (right). The FROG traces
retrieval error was 0.15%. The estimated temporal
Strehl ratio of pulse was 81%.

the one of the bandwidth-limited pulse, was 81%,
indicating a high amplified pulse quality. The pulse
quality minimally degraded compared to the initial
seed pulse temporal Strehl ratio of 83%, whereas
the pulse bandwidth narrowed from 3.3 nm (at
FWHM) to 2.3 nm (at FWHM) due to the gain nar-
rowing effect. Measured diffraction and reflection
losses in the pulse compressor was ~10%, result-
ing in the total output power of ~116 W, whereas
the beam quality did not degrade further and re-
mained at M? = 1.9-2.2.

In principle, if one solves the problems of de-
polarization, beam quality M* degradation, and
polarization-dependent astigmatism in the end-
pumped Yb:YAG amplifier, it would be superior to
another geometries, such as a thin disk and crystal

fibre [, @].

4. Conclusions

In this work, comprehensive end-pumped Yb-
doped amplifier modelling was performed, using
the code written in Matlab. The modelling results
matched well the experimental data, providing
the tool to build and predict the performance of

Yb** ions-based laser systems prior to the experi-
mental phase. The modelling results were verified
in a double-pass end-pumped Yb:YAG amplifier
system experimentally. The amplifier was seeded
by a fibre-CPA based seed laser FemtoLux 30 (Ek-
spla). The presented laser system produced 129 W
average power and 129 yJ energy pulses at 1 MHz
pulse repetition rate, with the optical-to-optical ef-
ficiency of 32% at room temperature (T = 20°C).
The pulse duration after compression was 441 fs.
The resulting beam quality was M? ~ 2.1, which
degraded mainly due to the gain saturation and
thermal aberrations arising in the end-pumped
Yb:YAG crystal. The measured depolarization
losses were 17.9%. The compensation of the prob-
lems of depolarization, beam quality M* degrada-
tion, and polarization-dependent astigmatism is
necessary to make the high average power and ef-
ficient end-pumped Yb:YAG amplifier suitable for
scientific and industrial applications, that would
be comparable or even superior to another geom-
etries, such as a thin disk and crystal fibre [@, ].
These tasks are under development.
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IS GALO KAUPINAMO Yb:IAG DVIGUBO LEKIO LAZERINIO STIPRINTUVO
SKAITMENINIO MODELIO EKSPERIMENTINIS PAGRINDIMAS VEIKIANT
129 W VIDUTINE GALIA

L. Veselis 2, R. Burokas ®, A. Michailovas *°

* Fiziniy ir technologijos moksly centras, Vilnius, Lietuva
® UAB ,,Ekspla’; Vilnius, Lietuva

Santrauka

Yb:IAG yra viena i§ efektyviausiy lazerinio stiprinimo
terpiy su Yb** jony priemai§omis, kuri pasizymi santyki-
nai dideliu $iluminiu laidumu. Vis délto norint pasiekti
didelj optinio stiprinimo efektyvuma kambario tempe-
ratiiroje, stiprinimo terpé neisvengiamai turi bati kaupi-
nama didelio intensyvumo kaupinimo spinduliuote, kuri
sukelia nepageidaujamus reiskinius, pavyzdziui, stiprina-
mo pluosto kokybés degradacijg ar stiprinamos spindu-
liuotés galios nuostolius dél depoliarizacijos reiskinio.

Darbe aprasytas ir eksperimentiskai pagristas skait-
meninis modelis, kuris leidzia jvertinti dvigubo lékio
i§ galo kaupinamo Yb:IAG lazerinio stiprintuvo pa-
grindinius parametrus: i§¢jimo galig, depoliarizacinius
nuostolius ir stiprinamos spinduliuotés pluosto kokybés
degradacijg. Stiprintuvo aktyvioji terpé, auinama pa-
laikant T = 20 °C temperatiirg, buvo kaupinama 280 W
nuolatinés veikos spinduliuote (940 nm), kuri leido
pasiekti 129 W sumine i$éjimo galia (1 030 nm) esant
1 MHz impulsy pasikartojimo dazniui, atitinkancia

32 % optinj stiprinimo efektyvuma. Parodyta, kad tokio-
je sistemoje depoliarizaciniai nuostoliai yra reik§mingi,
jie sieké 17,9 %; pluosto kokybé pastebimai suprastéja
dél stiprinimo soties ir terminiy aberacijy - pluosto ko-
kybés parametras sieké M*> ~ 2,1, o pats pluostas tapo
ryskiai astigmatinis. Sie rezultatai sutapo su modeliavi-
mo rezultatais.

Eksperimentiskai parodyta, kad sustiprinti impulsai
yra kokybiskai spudas bégant laikui - impulsai buvo
suspausti difrakcinés gardelés impulsy spaustuve iki
beveik spektriskai ribotos impulsy trukmés, 441 fs. To-
kie lazerinés sistemos parametrai galéty bati patrauklas
daugeliui sri¢iy, pavyzdziui, apdirbant medziagas fem-
tosekundiniais lazerio impulsais, jeigu bus i§sprestos dvi
pagrindinés problemos - galios nuostoliai dél depolia-
rizacijos ir pluosto kokybés prastéjimas dél $iluminiy
rei$kiniy. Pristatytas modelis tinka Siam uzdaviniui,
0 pats sistemos tobulinimas numatytas tolimesniuose
darbuose.
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