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A high efficiency compact Yb:KGW regenerative amplifier using an all-fiber laser seed source was comprehensively
studied. With thermal lensing effect compensated by the cavity design, the compressed pulses with energy of 1 mJ at 1 kHz
and 0.4 mJ at 10 kHz in sub-400-fs pulse duration using chirped fiber Bragg grating (CFBG) stretcher were demonstrated.
A modified Frantz–Nodvik equation was developed to emulate the dynamic behavior of the regenerative amplifier. The
simulation results were in good agreement with the experiment. Numerical simulations and experimental results show that
the scheme can be scalable to higher energy of multi-mJ, sub-300 fs pulses.

Keywords: regenerative amplifier, ultrafast laser, hybrid laser amplifier
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1. Introduction

Laser diode pumped Yb-doped femtosecond lasers with
high energy and high power have been received significant at-
tention in many advanced applications, such as laser material
micro-processing,[1] generation of terahertz radiation,[2] and
attosecond science.[3] Among the ultrafast lasers based on Yb
doped gain materials,[4] the femtosecond fiber laser has unique
advantages, such as high output power with excellent beam
quality, reliability, compactness, and maintenance-free oper-
ation. However, the output pulse energy from a single fiber
amplifier is limited by the nonlinearity, and the typical maxi-
mum output pulse energy is only about 0.1 mJ.[5,6] Currently,
there are many reports of high energy output from fiber laser
system based on coherent beam combination of many fiber
amplifiers,[7,8] the pulse energy is now scalable to 23 mJ at
25 kHz based on the spatiotemporal coherent combination of
pulse replicas from 12 parallel large-pitch fiber amplifiers.[9]

However, in such a system the requirement of sophisticated
technology and lager footprint presents a major hurdle for the
compact design.

On the contrary, the femtosecond laser based on bulk gain
material is intrinsically suited for high energy amplification,
the pulse energy of 54 J has already been demonstrated.[10]

Therefore, a hybrid Yb-doped amplifier with solid-state am-
plifier and fiber frontend raises the intriguing possibility of

combining these advantages. In practice, chirped fiber Bragg
grating (CFBG) is usually used as a pulse stretcher in the
fiber frontend due to its compactness, simplicity of alignment,
and robustness. With this hybrid scheme, compact and ro-
bust ultrashort pulses have been obtained in Yb:YAG crystal
rod power amplifier[11,12] and thin-disk regenerative amplifier
(RA) with all-fiber frontend.[13] However, limited by the gain
bandwidth, the output pulse duration is around 1 ps.

Achieving shorter pulse often requires a broad gain band-
width. Among the various Yb-doped bulk gain material,
Yb:KGW/KYW is regarded as an ideal gain medium due to
the broad gain bandwidth exceeding 18 nm (full-width at half-
maximum, FWHM), which corresponds to the Fourier trans-
form limited (FTL) pulse duration of less than 100 fs. For
example, a chirped-pulse RA based on Yb:KYW crystal with
output energy of 6.3 mJ and pulse duration of 650 fs was
developed.[14] And a pulse energy up to 27 mJ at 100 Hz was
realized with a pulse duration of 560 fs.[15] Based on the dual-
crystal configuration, much shorter pulses of 190 fs[16] and
182 fs pulse durations were achieved at high repetition rate.[17]

Recently, the output pulses with energy of 1.2 mJ and pulse du-
ration of 228 fs were demonstrated using dual Yb:KGW crys-
tal configuration in RA at a repetition rate of 1 kHz.[18] Most
of the reported research results so far were based on the bulk
oscillator and classical Martinez/Öffner stretcher concepts, the
short pulse was obtained at the expense of complexity. Al-
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though a hybrid Yb:KGW regenerative amplifier was demon-
strated, the pulse energy was only 21 µJ at a 60 kHz repetition
rate.[19]

In this paper, we theoretically and experimentally investi-
gate the hybrid femtosecond RA based on Yb:KGW. The com-
pact configuration has been achieved with a CFBG stretcher.
Counteracting the thermal lensing effect with cavity design,
1 mJ pulses with a pulse duration of 393 fs at 1 kHz repeti-
tion rate are obtained. The maximum output power is 4 W at
10 kHz repetition rate. A modified Frantz–Nodvik equation
is also developed to analyze the evolutionary dynamics of the
amplified pulse and spectra. The theoretical simulation results
agree well with the experimental results and show the possibil-
ity of scaling up to a higher energy pulse with a pulse duration
of less than 300 fs at a higher repetition rate.

2. System design
The experimental setup of the RA is shown in Fig. 1. The

all-fiber seed source consists of a home-made all-normal dis-
persion (ANDi) management femtosecond fiber oscillator, a

CFBG stretcher, and a single-mode fiber pre-amplifier. The
specially designed CFBG introduces group-delay dispersion
(GDD) of 20.24 ps2, and third-order dispersion (TOD) of
0.146 ps3 with center wavelength of 1030 nm and operation
bandwidth > 20 nm. The pulses from the fiber oscillator are
stretched to 600 ps duration using the CFBG stretcher. Sub-
sequently, a single-mode fiber pre-amplifier is adopted to in-
crease the power up to 140 mW. The all-fiber front end of the
system employs polarization-maintaining components. The
scheme of RA is a linear cavity consisting of two concave mir-
rors and two flat end mirrors. The thin-film plate (TFP), half
wave plate (HWP), and Faraday rotator (FR) are employed to
avoid destructive back reflection and separate the amplified
pulses from the seeder. A DKDP Pockels cell (PC) with a
clear aperture of 8 mm and length of 24 mm is used for pulse
injection and ejection. The gain medium in RA is a 5 mm long
Yb:KGW (3 at.%) crystal, which is Ng-cut to provide E//Nm
and E//Np polarized laser emission. The amplified pulses are
finally compressed by a pair of 1600 lines/mm transmission
gratings arranged in Littrow configuration.

fiber mode locked

oscillator

stretcher and pre amplifier

regenerative amplifier
compressor

CFBG

SM LD

WDM

YDF

PDOC

PCTFP QWP M1

M2

M3
M4

M5

TG

TG

HR

HR

TFP

LD

TFP

HWP FR

Yb:KGW

Fig. 1. Schematic of the hybrid amplification system. PDOC: polarization-dependent optical circulator, YDF: Yb-doped fiber, SM-LD: single
mode laser diode, WDM: wavelength division multiplex, HWP: half-wave plate, FR: Faraday rotator, QWP: quarter-wave plate, TFP: thin film
polarizer, TG: transmission grating, PC: Pockels cell.

2.1. Thermal lensing compensation

The quality of the beam is impaired by the thermal lens.
The thermal lens dioptric power can be expressed as[20]

Dth =
ηhPabsχ

2πω2
p KC

, (1)

where χ is a polarization-averaged thermo-optic coefficient,
KC the thermal conductivity in W·m−1·K−1, Pabs is the ab-
sorbed pump power, ηh is the fractional thermal load, and
ωp is the beam radius. In practice, the thermal lens with
less than 200 mm focal length is induced in Yb:KGW in the

case of water-cooling when pumped by more than 30 W pump
power.[21] Cavity stability against thermal lens is crucial to the
successful operation of the amplifier, as for standard single-
crystal RA, placement of the laser crystal slightly off the beam
waist in the cavity will resist the deleterious effects of the ther-
mal lensing effect.[22] Taking into consideration of the ther-
mal lensing effect, the resonator mode with a thermal lens of
200 mm is calculated using ABCD matrix formalism, as pre-
sented in Fig. 2. The beam diameter along with the Yb:KGW
is 0.28 mm.

To better characterize dynamical stability, the beam waist
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size in the laser crystal with different thermal focal length is
compared. The results of different locations are demonstrated
in Fig. 3(a). The positive sign for distance indicates movement
towards concave mirror M4. The more sensitive the cavity is
to the thermal lens, the faster the output power will be satu-
rated. This phenomenon was observed during the experiment.
With 11 mm offset, as shown in Fig. 3, the cavity is stable
upon varying thermal lens, the beam radius variation is below
10% with increasing thermal focal lens, thus the thermal lens
effect is mitigated to some degree.
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Fig. 2. Calculated beam waist caustic.
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Fig. 3. (a) Laser beam radius variation with changed thermal focal
length at different displacements. ω and ω0 are the beam radii at the
gain medium with and without thermal lens. (b) Cavity stability (de-
fined as (A+D)/2) versus thermal lens.

In order to reduce the heat load, quasi-continuous wave
(QCW) pump mode can be employed at a repetition rate of
1 kHz. Approximately 0.4 ms (40% duty cycle) pumping time
is chosen, which corresponds to 1.1 times of the Yb:KGW up-
per state lifetime. This greatly alleviates the thermal effect in

the crystal. Moreover, to achieve good heat transfer from the
crystal, the crystal rod is wrapped with an indium foil, and sol-
dered with copper heat sink by heating in a vacuum furnace.
The soldering process effectively increases the thermal con-
ductivity at the interface and ensures the efficient cooling of
the crystal.

2.2. Simulation model

Due to the low net gain of the Yb:KGW crystal, the pulse
typically circulates several tens of roundtrips in the regenera-
tive cavity. Therefore, a comprehensive understanding of the
dynamics for RAs can provide insight into bifurcation control
and gain narrowing compensation.[23] Numerical simulation is
carried out based on a modified Frantz–Nodvik equation.[24,25]

The incoming pulse fluence is partitioned in time slices ∆t, and
the gain medium of length L is split into smaller propagation
slices ∆z. The inversion fraction, defined as β = ne/Ntotal, with
ne representing the number of excited ions and Ntotal the total
number of ions in the considered gain volume, is updated in
each slice with iteration. Calculating the spectral gain and flu-
ence, the model can provide faster approaches with accurate
reproducibility of energy and spectra. With a pump power of
45 W and seed energy of 1 nJ with spectral bandwidth cov-
ering from 1020 nm to 1050 nm, the simulation results show
that the pulse energy is amplified to 2 mJ when the seed laser
is circulated in the regenerative cavity for 35 rounds at 1 kHz
repetition rate. Figure 4(a) shows the energy building process
and the single-pass gain. The gain has reached saturation after
35 roundtrips and the output energy will drop as the number of
amplifications continues to increase. The evolution of output
spectrum along the amplification process is also depicted in
Fig. 4(b), the pulse spectral bandwidth gradually reduces due
to gain narrowing.
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(b) during amplification.
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3. Results and discussion
The home-made all-fiber oscillator, which is typical

mode-locked by nonlinear polarization evolution (NPE), pro-
duces 4.7 ps pulse at 1030 nm with 40.3 MHz repetition rate
and 50 mW average power. The seed pulses have 20 nm spec-
tral bandwidth, which corresponds to FTL pulse duration of
85 fs.

The seed pulses stretched by CFBG are amplified to 3 nJ
with a single-mode fiber amplifier. The pulses are then in-
jected into the regenerative cavity. By optimizing orientation
of the PC and delay between the seed and pump, the ampli-
fied pulse with a maximum energy of 1.5 mJ is extracted from
the regenerative cavity at a 1 kHz repetition rate. The opti-
mized timing corresponds to 35 round trips in the regenerative
cavity. Considering the loss in the optical path, the injected
pulse energy was 1 nJ, thus the overall amplification of RA is
1.5×106, and the amplification per pass is 1.225.
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Fig. 5. (a) Measured (red) and simulated (black) spectra of the ampli-
fier. (b) AC traces of pulses from the regenerative amplifier (blue) and
sech2-fit (red).

During amplification, the polarization of pulses is set to
parallel to the Nm axis, and the shorter wavelength in pulses
gains more due to the gain maxima centered at 1025 nm. The
evolution of the spectrum is evaluated. Figure 5(a) presents
the measured and simulated output spectra from the regener-
ative amplifier. The simulated results are generally in good
agreement with the experiment, but there are intensity dif-
ferences in some spectral ranges due to the lack of accurate
absorption and emission cross-sections and the fact that the
wavelength-dependent losses in the cavity have not been accu-
rately measured. Such spectral bandwidth can support a 280 fs

FTL pulse. With the optimization of the dispersion compensa-
tion, as shown in Fig. 5(b), the shortest pulse with a duration of
393 fs is obtained, while the pulse energy from the compressor
is 1 mJ, corresponding to a 67% compression efficiency. The
discrepancy between the compressed pulse and the FTL pulse
is attributable to the residual high order dispersion.

Table 1. Pulse energy and average power of the RA with different rep-
etition rates.

Repetition Uncompressed pulse Uncompressed average
rate (kHz) energy (mJ) power (W)

1 1.5 1.5
3 1.22 3.66
5 1.1 5.5

8 (period doubling) 0.8 3.2
10 0.56 5.6
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Fig. 6. Simulated bifurcation diagram for different roundtrip at a repe-
tition rate of 8 kHz.

The amplifier can also operate at higher repetition rates
(> 3 kHz) with continuous wave (CW)-pumping. Table 1 de-
picts the pulse energy and average power at different repetition
rates. As the repetition rate is increased, the amplified pulse
energy is decreased to ∼ 500 µJ at 10 kHz repetition rate even
though there is more roundtrip. This is due to the fact that
the available gain is lower while the repetition rates exceed
the frequency corresponding to the spontaneous emission life-
time of the Yb:KGW. Remarkably, when the PC is driven at
an 8 kHz repetition rate, the bifurcation phenomena are ob-
served. A period-doubling bifurcation appears, which results
in amplified pulses with a repetition rate of 4 kHz. The sim-
ulation results give insight into the phenomenon, as shown in
Fig. 6. Twenty operation cycles have been conducted, in which
one operation cycle includes a pumping process and an ampli-
fication process. The pulse energies of subsequent pulses have
been calculated and plotted as a function of the number of the
roundtrip, which corresponds to the transmission gate time of
PC in the cavity. For a short gate time, the RA is able to re-
cover the gain and the system is stable. However, with the gate
time increasing, the energy of the amplified pulse increases
while the gain decreases, the gain cannot recover for the next
cycle, the system becomes unstable. In the simulation, as the
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roundtrip exceeds 30, period-doubling appears. Although re-
ducing the number of roundtrips in the cavity can avoid bi-
furcation, the efficiency of amplification is sacrificed, there is
a trade-off between output energy and extraction efficiency.
Achieving optimal performance often requires carefully cho-
sen pump power, repetition rate, and gate time of PC.

The compact cavity we developed enables a TEM00 out-
put at all output power levels, despite the thermal lens change
at different repetition rates. The measured M2 value of the
output beam at 1 kHz is 1.24 and 1.32 in the X and Y axis,
respectively, as depicted in Fig. 7. Due to the good compen-
sation of the thermal lensing, the cavity works stably and the
output beam profile varies little with different repetition rates.
The output power is measured to be 1.07 W at 1 kHz repeti-
tion rate, and the power stability is 0.4% (RMS) in 2 hours.
The stability remains the same with increasing repetition rate.
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Fig. 7. The M2 value of output beam from the compact RA system.

For comparison, the RA working along the Np axis is also
investigated. As shown in Fig. 8, the amplified pulse has a
spectral bandwidth of 5 nm centered at around 1040 nm, but
it is at the edge of the spectral distribution of the seed pulse,
the phase is nonlinear, the high quality compressed pulse is
difficult to obtain.
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Fig. 8. Spectra of seed (black) and amplified pulses for Nm axis (blue)
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Based on the above experimental results, in order to ob-
tain a shorter pulse with high energy at high repetition rate be-
tween 1–10 kHz, it is necessary to control the gain narrowing

and thermal lensing effect simultaneously. Cryogenic cool-
ing is a good solution to counteract the thermal lensing effect
and improve the system performance. At cryogenic tempera-
tures, re-absorption can be suppressed to some extent. Also,
the thermo-mechanical properties become more favorable at
lower temperatures. Moreover, spectral shaping techniques
such as Etalon,[26] Lyot filter,[14] and the AOPDF[27] can be
introduced in the RA cavity. Alternatively, dual-crystal con-
figuration exploits the combination of different emission spec-
tra to increase the effective gain bandwidth. To make full
use of the gain bandwidth, it is preferable to utilize a broad-
band seed. For this purpose, parabolic amplification can be
employed as a fiber pre-amplifier, as described in Ref. [28].
With this method, pulses with 60 nm bandwidth at 10 dB that
supports the generation of sub-60 fs pulse were obtained. We
simulate the dynamic of amplification at 10 kHz by introduc-
ing spectral profiling, the amplified pulses can possess spectral
bandwidth of 10 nm at 10 dB with pulse energy up to 5 mJ,
which supports a sub-300 fs pulse. We believe, using the im-
proved solution described above, high fidelity pulses can be
achieved with pulse energy of more than 5 mJ and pulse dura-
tion of less than 300 fs at repetition rate of 1–10 kHz.

4. Conclusion
We demonstrated an efficient and high energy hybrid

Yb:KGW regenerative amplifier with fiber laser frontend at
a repetition rate of 1–10 kHz. Taking advantage of thermal
lens compensation, the laser system can produce 1 mJ pulse
energy at 1 kHz, and 0.4 mJ pulse energy at 10 kHz in less
than 400 fs. Moreover, a modified Frantz–Nodvik equation
was applied for chromatic simulations in the regenerative am-
plifier. Further improvements are proposed and discussed, up
to 5 mJ of pulse energy in less than 300 fs at repetition rate up
to 10 kHz could be scalable with elaborate design. Such com-
pact high energy ultrashort lasers will be attractive for various
applications.
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