Sub-100 W picosecond output from a phaseconjugate Nd:YVO4 bounce amplifier
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Abstract: We demonstrated >80 W picosecond output at a pulse repetition
frequency of 100 MHz from a dual Nd:YVO4 amplifier laser system
consisting of a phase-conjugate Nd:YVO4 bounce amplifier combined with
a second diode-side-pumped Nd:YVO4 bounce amplifier. The output
exhibited high quality spatial form with M2 < 1.8 and a pulse duration
(FWHM) of 9.2 ps. A peak power of >7.4 MW with an average power of
78.5 W was also achieved at a pulse repetition frequency of 1.0 MHz.
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1. Introduction
High-power picosecond lasers have been intensively investigated because they have the
potential to be used in various applications, including nonlinear frequency-conversion
processes, nonlinear microscopy, and microfabrication [1,2]. Most such lasers have been
based on a regenerative amplifier scheme and consequently their pulse repetition frequencies
have been limited to about 100 kHz [3,4].
Side-pumped bounce amplifiers based on a neodymium-doped vanadate slab such as
Nd:YVO4 [5,6], Nd:GdVO4 [7], and Nd:GdxY1-xVO4 [8] exhibit extremely high single-pass
gains (>1,000). They are useful for generating high-average-power outputs with high
efficiencies in the picosecond regime without using a regenerative amplifier geometry. They
are also capable of producing high-repetition rate (megahertz) pulses at a high cost efficiency.
A phase-conjugate master-oscillator power amplifier (PC-MOPA) system formed by
bounce amplifiers and a phase-conjugate mirror can produce high output powers from such
systems without degrading the beam quality by utilizing a self-aligned multipass geometry [9].
In recent years, we have demonstrated a high average output power (~26 W) with high beam
quality (M2 < 1.5) and an extraction efficiency of 35% from a PC-MOPA system based on a
side-pumped Nd:YVO4 bounce amplifier and a photorefractive phase-conjugate mirror formed
from rhodium-doped barium titanate (Rh:BaTiO3) [10,11]. Our system has the potential to be
utilized in the above-mentioned applications.
In this present paper, we describe power scaling of a picosecond PC-MOPA system by
cascading the phase-conjugate output to a second Nd:YVO4 power amplifier. We also
investigate the thermal effects in the second amplifier at various external incident angles with
a view to minimizing degradation of the beam quality of the output from the second power
amplifier. Using this system, 80.5 W picosecond output with a beam propagation factor of M2
< 1.8 was demonstrated at a pulse repetition frequency (PRF) of 100 MHz. Generation of
high-intensity megahertz pulses with peak powers of 7.4 MW and an average power of 78.5
W was also demonstrated by using a pulse picker formed from a rubidium titanyl phosphate
(RTP) Pockels cell.
2. Experiments
2.1 PC-MOPA system
Figure 1 shows the experimental setup for the PC-MOPA system. The system is almost
identical with those used in previous studies by us [11]. The master laser used for the system
was a 200 mW continuous-wave (CW) mode-locked Nd:YVO4 laser with a pulse duration of
6.3 ps and a PRF of 100 MHz. A 1 at.% Nd:YVO4 slab (dimensions: 20 mm × 5 mm × 2 mm)
was used for the amplifier and it was transversely pumped by a CW 808-nm diode array stack.
The pump diode output was line-focused by a cylindrical lens (CLD) (f = 25 mm) on the
pump face of the amplifiers.
The output pulses from the master laser were selected to have a PRF of 1.0 MHz by an
external electro-optical modulator (EOM) synchronized with the pulses from the master laser.
The master laser beam was focused to an elliptical spot by two cylindrical lenses, HCL1 (f =
500 mm) and VCL (f = 100 mm), and it was then injected into the amplifier. This arrangement
assured good spatial overlap between the master laser beam and the ellipsoidal gain volume in
the amplifier. The powers of the master laser beam injected into the amplifier were
respectively fixed to 12 and 2 mW at PRFs of 100 and 1.0 MHz to ensure that no depoling of
the Rh:BaTiO3 crystal occurred [12].
The amplified master laser beam was retroreflected by 4f imaging optics formed by two
mirrors and a spherical lens L (f = 100 mm) causing it to re-enter the amplifier. The external
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incident angles of the master laser beam and the amplified beam relative to the pump surface
were 16° and 19°, respectively.
The amplified beam emerging from the amplifier was collimated by the two cylindrical
lenses, VCL1 (f = 100 mm) and HCL2 (f = 200 mm), and it was then directed toward a
Rh:BaTiO3 crystal [13,14] by relay optics formed by two cylindrical lenses, HCL3 (f = 200
mm) and HCL4 (f = 75 mm). The polarization of the amplified beam was rotated using a halfwave plate HWP2 so that it lay in the extraordinary plane of the Rh:BaTiO3 crystal in order to
achieve effective phase conjugation. The phase conjugate of the amplified beam was
automatically fed-back to the amplifier. To prevent feedback to the master laser, an optical
isolator was formed by a polarizing beam splitter (PBS), a Faraday rotator (FR), and a halfwave plate (HWP). In this manner, the phase conjugate beam, after passing twice through the
amplifier, was ejected as output by the PBS.
The photorefractive crystal used was a 1000-ppm Rh-ion-doped BaTiO3 crystal with
dimensions of 8 mm × 7 mm × 8 mm; it was 0°-cut to the normal to the c-axis. The crystal
surfaces were AR-coated for 1 µm to reduce surface reflection loss. The temperature of the
crystal mount was maintained at ~20 °C. A ring phase-conjugate mirror was formed by the
BaTiO3 crystal and an external loop that contained a 4f imaging lens (f = 150 mm). The
external loop angle was 15° and the loop was 600 mm long. Using this system, phase
conjugation built up within a couple of minutes and it had a typical reflectivity of ~50%.

CW–ML Nd:YVO4 laser
(200 mW,100 MHz)
Trigger in
Sync out

RTP EOM
pulse selector
(~1 MHz)
HWP1

HWP3

Output

Rh:BaTiO3

HCL4

HCL3
HCL2

1 at.%Nd:YVO4
L

CLD1

Isolator
HWP2
HCL1

VCL1

CW diode pumping (100 W)
Fig. 1. Schematic diagram of the experimental setup of the PC-MOPA system.

Figure 2 shows the average output power in the PC-MOPA system as a function of the
pump power. When the PRF was fixed to 100 MHz and the EOM was switched off, a
maximum output power of 27.9 W was achieved at a pump power of 95 W. When the EOM
was turned on, the laser started to operate at a PRF of 1 MHz. The actual input power to the
amplifier was only ~2 mW. The amplifier in the PC-MOPA system was saturated even with
such a weak input, and the output power reached 25.6 W at the maximum pump power.
The output from the system exhibited a near Gaussian spatial profile, and its
corresponding beam-propagation factor, M2, was <1.5, while the M2 of the incident amplified
beam on the phase-conjugate mirror was ~3.1. These results indicate that the system
compensates for thermal distortions inside the amplifier.
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Fig. 2. Red circles are experimental output powers as a function of the pump power at PRF of
100 MHz. Blue circles are output powers at PRF of 1MHz.

2.2 Cascading PC-MOPA output to second power amplifier
We combined a second power amplifier based on a side-diode-pumped 1 at.% Nd:YVO4 slab
with the PC-MOPA system [15]. Figure 3 shows a schematic diagram of this system. The
pump power in the PC-MOPA system was fixed at 95 W. The slab used for the second
amplifier was identical to that used for the PC-MOPA system. The second amplifier was also
pumped by a fast-axis collimated CW diode array stack. To reduce the thermal lens in the
second amplifier, the pump diode output was loosely focused by a cylindrical lens with a long
focal length (CLD2, f = 50 mm) onto the pump face.
The output from the PC-MOPA was focused by a cylindrical lens, VCL2 (f = 200 mm), to
be an elliptical spot with dimensions of 0.5 mm × 1.5 mm, and it was cascaded to the second
amplifier. The power injected into the second amplifier was sufficiently high (~21 W) to
saturate it, resulting in highly efficient power extraction from the second amplifier. To prevent
severe distortion of the amplified wavefront [12], we made the incident angle of the output
from the PC-MOPA relatively large relative to the pump surface of the second amplifier
(~23°).

PC-MOPA system
Master laser

Power amplifier
VCL2
(f=200mm)

Output

Nd:YVO4

θ
PC-MOPA
output

CLD2
CW pump diode

Fig. 3. Schematic diagram of the experimental setup of the second power amplifier.

Figure 4 shows the measured output power from the second amplifier as a function of
pump power. The PRF, first, was fixed to be 100 MHz. A maximum output power of 80.5 W
was obtained at a pump power of ~135 W, and the corresponding gain of the second amplifier
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Output power (W)

was estimated to be ~2.9. An extraction efficiency of >40% was measured in the second
amplifier. Figure 5(a) shows an intensity autocorrelation trace of the output. The output from
the second amplifier had a pulse width of 9.2 ps for a Gaussian-shaped pulse, while the output
from the PC-MOPA exhibited a pulse duration (FWHM) of 7.6 ps. This slight pulse
broadening is induced by saturation effects due to the finite gain band (~1 nm) of the
amplifier. The temporal evolution of the output is shown in Fig. 5(b). The standard deviation
of the peak power fluctuations in the output was estimated to be ~1%.
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Fig. 4. Red circles indicate the experimentally measured average output power as a function of
the pump power at a PRF of 100 MHz. Blue open and filled circles also show the average
powers with and without prepulses at a PRF of 1MHz.
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Fig. 5. (a) Blue and red curves are the intensity autocorrelation traces of the PC-MOPA output
and amplified output from the second amplifier, respectively. (b) The temporal evolution of the
output at the PRF of 100 MHz.

We also measured the temporal behaviors of average power of the output from the system
during a long observation time. The pump power was fixed to 135 W. As shown in Fig. 6, the
system exhibited excellent temporal stability, and the standard deviations of the fluctuations in
average power of the output over 35 minutes was estimated to be < 1%. The output from the
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second amplifier had a near Gaussian spatial profile in the far-field (Fig. 7), and its horizontal
beam-propagation factor, M2, was <1.8.
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Fig. 6. Temporal evolution of average power of the output from the second amplifier at the
maximum pump power. (a) Experimental average power measured at intervals of 0.5 second..
(b) Measured average power over 35 minutes at 15 second intervals.

Fig. 7. The spatial profile of the output beam from the second amplifier.

When the EOM was turned on to give a PRF of 1 MHz, the output power was measured to
be 78.5 W. The temporal evolution of the amplified pulses at a PRF of 1 MHz is shown in Fig.
8(a). The standard deviation of the peak power fluctuations in the output was estimated to be
<2%. As previously related [11], the output from the system contained undesirable amplified
prepulses along with the main output pulses. Figure 8(b) also shows that the ratio of the peak
powers of the undesired prepulse to the main pulse was measured to be ~0.0015 (~1:660).
Accordingly, the output power without the prepulses was estimated to be 68.2 W. The
corresponding peak power of the main pulses was estimated to be 7.4 MW by using the
average power, the pulse width, and the pulse contrast ratio (Fig. 4). This value is ~83 times
higher than that at a PRF of 100 MHz. The beam quality of the output was almost same as that
at a PRF of 100 MHz.
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Fig. 8. (a) Temporal profile of the amplified pulses at a PRF of 1 MHz. (b) An enlargement of
the temporal evolution of the main and undesired pulses. The contrast ratio of the undesired
prepulse to the main pulse was estimated to be ~1:660.

3. Discussion
Line focus pumping in a side-pumped bounce amplifier produces an astigmatic thermal lens in
the slab. In particular, the phase distribution in the horizontal direction in the amplifier is an
exponential curve that includes higher-order terms related to effective aberrations, while the
phase distribution in the vertical direction is a parabolic curve involving a lens effect that can
be easily compensated for using a cylindrical lens. Thus, the amplified output is frequently
distorted in the horizontal direction through the amplifier.
To estimate the phase aberration in the horizontal direction in the second amplifier, we
numerically simulated the phase distribution in the second amplifier by using a conventional
heat diffusion equation [16,17]. We assumed that the thermal load in the amplifier was mainly
induced by the energy quantum defect between the pump and laser photons, and the heat in
the pump region (18 × 0.3 mm2) on the slab was removed by conduction cooling on the top
and bottom faces (20 × 5 mm2) of the slab. Figure 9 shows the numerically simulated model.
The spatial distribution of the phase shift that the injected beam with a beam size of ~1.5
mm experienced in the second amplifier at various external incident angles θ is also shown in
Fig. 9. It was found by integrating the phase shift, defined as the product of the temperature
rise and the thermo-optic coefficient dn/dT (3.0 × 10−6/K) [18], along the optical axis x’.
Figure 10(a) shows the simulated phase distribution φ(y) at an external incident angle of
23ο. The red curve in Fig. 10(a), found by fitting the spatial distribution φ(y) with a parabolic
function, represents the thermal lens term. We estimated the higher-order terms related to
effective aberrations by subtracting the thermal lens term from the simulated phase
distribution φ(y) (Fig. 10(b)).
As the external incident angle to the second amplifier increases, the effective aberrations
decrease significantly. Above an external angle of 23°, the phase difference between the
maxima and minima values is less than 0.3 rad (λ/10), so that the amplified output does not
affect phase aberration. There is a good consistency between the simulations and experiments.
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Fig. 9. Numerically simulated model of the phase shift of the bounce amplifier. ∆T is the
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Fig. 10. (a) The black curve indicating the phase distribution passing through the amplifier and
the red curve is the parabolic fit for a beam size of 1.5 mm. (b) Numerically calculated phase
aberrations for four different external angles.

4 Conclusions

We investigated power scaling in a phase-conjugate Nd:YVO4 bounce amplifier by using a
cascaded diode-side-pumped Nd:YVO4 bounce amplifier geometry. Average output powers of
80.5 and 78.5 W were achieved at PRFs of 100 and 1 MHz, respectively. The corresponding
peak power at a PRF of 1 MHz was 7.4 MW. The overall power extraction efficiency of the
whole system was >35%. The standard deviation of the peak power fluctuations in the output
was measured to be <2%. And the temporal stability of the output during a long observation
time of 35 minutes also had the fluctuations of 0.5%. To the best of our knowledge, these
values are the highest obtained using a bounce amplifier in combination with a phaseconjugate mirror in the picosecond regime. The output exhibited a pulse duration (FWHM) of
9.2 ps and a M2 of <1.8. Further power scaling up to >100 W should be possible by optimizing
the pump diodes (for example, by using 880-nm pump diodes to reducing the heat loading in
the amplifier).
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