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Abstract

Due to the existence of spatial walk-off and/or group-velocity mismatch effects, pump-to-signal phase transfer becomes
inevitable during parametric amplification. We experimentally demonstrate that in hybrid seeded optical parametric
amplifiers (OPAs) that include two OPA stages seeded by the signal and idler waves, respectively, the phase of the
output signal can be restored to its initial value, although there are spatial and temporal phase fluctuations on the pump
source. This method significantly relaxes the requirement for high pump beam quality, which is always very stringent
in parametric amplification systems. With the introduction of this scheme into birefringent phase-matching OPAs or
chirped-pulse OPAs, it should be promising to achieve intense femtosecond laser pulses that are close to the diffraction

limit in space and ultra-high contrast in time, simultaneously.
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1. Introduction

Optical parametric amplification (OPA) has demonstrated
unique flexibility in producing femtosecond laser pulses
tunable from 0.2 to 20 pml!!. To increase the availability
of ultra-short pulses with higher peak power, the scheme of
chirped-pulse amplification (CPA) was introduced®. The
integration of OPA and CPA into optical parametric chirped-
pulse amplification (OPCPA) has rapidly pushed the peak
power of amplified ultra-short laser pulses up to the petawatt
level®].  The development has benefited from some im-
portant advantages of OPCPA with respect to conventional
CPA systems based on laser gain media: (i) the parametric
gain within a single pass through a nonlinear crystal can
be as high as many tens of decibels, minimizing the B-
integral and allowing simple and compact setups!*); (ii) para-
metric amplification supports much wider gain bandwidth
(>100 nm), enabling the production of pulse durations in
the few-cycle regime; (iii) there are few thermal loading
effects during parametric amplification due to the weak
parasitic absorption, ensuring good beam quality of the
amplified signal. However, parametric amplification has a
disadvantage that should not be ignored — its requirement
for pump beam quality is much more stringent than that
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for conventional CPAP!. During parametric amplification,
any temporal modulations and random noise on the pump
beam would be imparted to the signal and idler pulses due
to the intensity-independent parametric gain. The contrast
degradation of the amplified signal due to pump noise trans-
fer has been theoretically and experimentally verified(> ¢,
However, the fact of pump-to-signal phase transfer, which
could degrade the beam quality and temporal contrast of the
amplified output severely, has been less appreciated.

During the parametric amplification process without an
initial idler beam, the phases of the pump (at frequency ),
signal () and idler (w;) waves obey!”]

¢s = ¢5(0), (D

¢i =7/2+¢p — b5, 2)
under the conditions of phase matching and no spatial walk-
off or group-velocity mismatch (GVM) effects. At this point,
the phase of the amplified signal, ¢;, is independent of the
pump phase, ¢,, while the phase of the newly generated
idler wave, ¢;, accommodates the phase difference between
the pump and signal. This phase relation has been widely
adopted as a nonlinear approach to control the carrier-
envelope phase of ultra-fast light pulses!®]. However, when
there is spatial walk-off and/or a temporal GVM effect,
the phase relations are no longer valid, and both the signal
and idler waves will partake of the pump phase in a very
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Figure 1. Schematic of optimized OPA designs: (a) walk-off-compensating
configuration; (b) hybrid seeding configuration (the two-stage OPAs are
seeded by signal and idler waves, respectively).

sophisticated manner. That is, the phase distortion will
transfer from the pump laser to the amplified signal.

For parametric amplification based on quasi-phase match-
ing (QPM) using a type-0 (e, — e; + ¢;) scheme, there is
no spatial walk-off between interacting waves and, hence,
no spatial phase transfer. A QPM parametric amplifier could
thus use a multi-mode laser as the pump sourcel® !9, For
parametric amplifiers adopting birefringent nonlinear crystal
in which phase matching relies on the presence of both
ordinary and extraordinary waves, spatial walk-off always
exists and so does spatial phase transfer. This problem could
be counteracted by using pairs of crystals arranged in a walk-
off-compensated orientation!'!!, as shown in Figure 1(a),
where the walk-off direction is reversed in the second crystal
of each pair. However, there is no analogous method in
the temporal domain that can eliminate the influence of
GVM. Once the wavelengths of the interacting waves and the
nonlinear crystal are chosen, the GVM relations (including
its sign and value) are determined as well. Thus, reversal
of the sign of GVM in a second OPA stage is much more
difficult than reversal of the walk-off direction.

In this paper, we explore an approach toward controlling
the pump-to-signal phase transfer in both the spatial and tem-
poral domains. This scheme, as illustrated by Figure 1(b),
is also known as hybrid seeded OPAs. It includes two OPA
stages which are seeded by the signal and idler waves respec-
tively. Hybrid seeding was previously adopted to eliminate
the background of initial CW injection!!?! or the undesired
preceding and trailing oscillator pulses in the injection!!3.
Here, we experimentally demonstrate that hybrid seeding
can make it possible to restore the phase of the output signal
to its initial value, regardless of the existence of GVM and
walk-off effects in each OPA stage and the presence of both
spatial and temporal phase distortion on the pump laser. Both
the spatial beam quality and the temporal contrast of the
amplified signal can thus be significantly improved as the
pump phase transfer is blocked. Due to the tolerance of both
spatial and temporal pump phase aberrations that normally
accompany high energy pump lasers, the proposed method
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Figure 2. Calculated signal phase distortion and restoration in a two-stage
OPA system. (a) The dotted line plots the initial phase modulation on the
pump pulse. The solid line is the phase of the amplified signal from the first
stage OPA. (b) The phase of the amplified signal from the second OPA stage
which is seeded by the amplified signal from the first stage (conventional
multistage OPA configuration). (c) The phase of the amplified signal from a
hybrid seeded OPA with the condition LGVM(ifp) = LGVM(S*[)) =L =
L,. (d) The phase of the amplified signal (solid line) from a hybrid seeded
OPA with the condition LGVM(i—p) = I'SLGVM(S—[)) =3L1 =2L;. The
dotted line in (d) is the phase of the pump pulse after amplification. The

nonlinear length LNL[14], as an identification of the pump intensity, was
fixed in the calculations to be Ly, = 0.3L for each stage.

may provide a feasible route for the construction of high
quality intense laser sources based on OPCPA.

2. Numerical simulations

To start with, we simulate the behavior of pump-to-signal
phase transfer in a two-stage OPA using the standard
coupled-wave equations!'*).  Identical sinusoidal phase
modulation, plotted as the dotted line in Figure 2(a), was
introduced into the Gaussian pump pulse. The initial
signal pulse having a uniform phase was also assumed to
be Gaussian in shape with a duration of ;. Due to the
pulse slippage caused by GVM, the pump phase modulation
pattern was imprinted onto the amplified signal, as plotted by
the solid line in Figure 2(a). When this distorted signal was
injected into a second OPA stage, the phase fluctuation was
further enhanced, as indicated by Figure 2(b). It is important
to point out that the temporal phase transfer is governed only
by the GVM between the pump and the idler (i.e., GVM;—p).
Only when GVM,;—,, # 0 will the pump phase transfer to the
signal. However, the idler wave always inherits the pump
phase pattern.

If we seeded the second OPA stage with the pump-
phase-imposed idler output from the first stage, complete
restoration of the uniform signal phase could be achieved,
as shown in Figure 2(c). The restoration conditions used in
the calculations included GVM;—, = GVM,—, (the GVM
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between pump and idler equals the GVM between pump
and signal), L1 = L, (the two crystals have equal lengths)
and the pump pulse overlapped with the idler well at the
entrance of the second OPA stage. In a more general case, the
establishment condition of phase restoration can extend to
L1 xGVM;—, = Ly xGVM;—,, as illustrated by Figure 2(d).
Even if this condition cannot be exactly satisfied in real sys-
tems, the signal phase can still be partially restored and the
restoration degree relies on the amount of GVM;_; (GVM
between the signal and idler). That is, satisfactory control of
pump-to-signal phase transfer necessitates a relatively small
GVM;_;. An analogous result was also found in the spatial
domain. In type-I phase matching (e, — o5 + 0;) OPAs,
both the signal and the idler are ordinary waves. Hence,
there would not be spatial walk-off between the signal and
the idler. Complete restoration of the spatial phase of the
signal beam is thus easy to achieve.

3. Experimental setup and results

To experimentally demonstrate the capability of controlling
phase transfer by hybrid seeding, a two-stage femtosecond
OPA system was employed, as shown in Figure 1(b). Two
10 mm-thick uncoated MgO:LiNbO3 crystals were used
in type-I phase matching. A commercial femtosecond
Ti:sapphire laser oscillator-regenerative amplifier (Spectra-
Physics, Spitfire) producing 500 pJ, 70 fs laser pulses
at 800 nm with a repetition rate of 1 kHz was adopted
as the pump source. A 0.5 W 1064 nm diode-pumped
CW Nd:YVOq4 laser operating in TEMyp mode served as
the seed source. The pump beam was divided into two
by a beam splitter with a reflectance of ~40%. These
two beams were then telescoped and collimated to obtain
equal intensities of ~90 GW cm™2 for pumping of the two
OPA stages. The beam profile of the collimated pump is
shown in Figure 3(a). In order to optimize the OPA gain
and conversion efficiency, a negative chirp was deliberately
introduced to the pump pulse to obtain a duration of ~150 fs
for dispersion compensation!'>!. This pulse duration as well
as the 70 fs mentioned before was measured using a home-
made self-correlator. The OPA was tuned to operate at a
signal wavelength of ~1040 nm, where the signal and idler
have approximately the same value of group velocity. Thus,
control of the phase transfer in both the temporal and spatial
domains is possible by using this hybrid seeding scheme.

In the spatial domain, the beam divergence caused by the
Kerr effect was regarded as the spatial phase distortion of
the pump laser in our experiment. Due to the presence
of a significant accumulated Kerr nonlinear phase shift
(Agn ~ 6m) in each OPA crystal, strong whole-beam
self-focusing occurred across the pump beam, as conveyed
by Figure 3(b). A small-size self-focusing effect was not
observed, which is reasonable as the beam profile was very
smooth. Since pump-to-signal phase transfer would occur
only within the walk-off plane, the signal beam from the first
OPA stage was found to be highly astigmatic, as shown in
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Figure 3. Beam patterns of the pump beam measured ~400 mm after
the crystal (used for Kerr-effect-induced spatial phase distortion): (a) in
the linear propagation regime; (b) at high intensity (90 GW cm™2). Beam
patterns of the amplified signal from the first OPA stage measured at the
focus: (c) in the walk-off plane; (d) in the no-walk-off plane. Amplified
signal from the second OPA stage measured at the focus in the no-walk-
off plane: when the overlap between the pump and idler beams was not
optimized (e) and when it was optimized (f).
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Figure 4. Measured beam profiles of the amplified signal from the hybrid
seeded OPA. The dotted line plots the beam profile in the no-walk-off plane.
The solid line is the beam profile in the walk-off plane after the spatial
overlap between the pump and idler beams was optimized. The dashed line
shows the beam profile in the walk-off plane when the pump—idler overlap
was not optimized.

Figures 3(c) and (d). This astigmatism would become more
severe if the signal were amplified further in a second OPA
stage. By seeding the second stage with the idler from the
first stage instead of the signal, although the output signal
beam is also astigmatic in general (Figure 3(e)), a quite
satisfactory compensation of the astigmatism (Figure 3(f))
can be obtained by adjusting the seeding idler beam to make
it coincide with the pump beam in space at the entrance
of the second OPA stage. As plotted in Figure 4, the
astigmatism induced by pump phase transfer in the walk-
off plane (solid line) was compensated close to the level
of that in the anastigmatic no-walk-off dimension (dotted
line). This indicates that the output signal beam of the hybrid
seeded OPA could be very close to its diffraction limit. It
should be pointed out that hybrid seeding would not reduce
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Figure 5. (a) Measured pump pulse spectra before (dashed line) and
after (solid line) the crystal (where self-phase modulation occurred). (b)
Measured signal pulse spectra when the time delay between the idler and
the pump was ~150 fs (dashed line) and O (solid line), respectively.

the conversion efficiency. The obtained signal pulse energy
of ~20 pJ was similar to that obtained by seeding both
stages with the signal wave. The pump-to-signal conversion
efficiency was ~5%. These experimental results clearly
verify the capability of the hybrid seeded OPA scheme in
signal phase restoration in the spatial domain.

To introduce some temporal phase distortion into the
pump, the self-phase modulation effect when a high intensity
pump laser passes through a nonlinear crystal was used.
Figure 5(a) shows the pump spectrum before and after the
crystal. Spectral broadening was observed, which indicated
the occurrence of the desired self-phase modulation. During
parametric amplification, the pump phase modulation was
imparted to the signal pulse and led to signal spectrum
broadening, as indicated by the dashed line in Figure 5(b).
By seeding the second OPA stage with the idler pulse
from the first stage and synchronizing the idler with the
pump pulse carefully, a phase-restored signal pulse could be
obtained, as indicated by the relatively narrower spectrum
(solid line) in Figure 5(b).

4. Conclusion

We have demonstrated that by using a hybrid seeded OPA
scheme, the phase distortion induced by pump phase transfer
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during parametric amplification can be well controlled in
both the spatial and the temporal domain. To achieve higher
output power, the two-stage configuration employed in our
work could be further extended to several pairs of crystals,
where the second crystal of each pair is seeded with the idler
wave from the first crystal. In this way, the phase transfer in
the second crystal could exactly cancel the phase transfer in
the first crystal. That is, the pump-to-signal phase transfer
can no longer accumulate with increase of the nonlinear
interaction length. Moreover, the hybrid seeded OPA has
almost the same conversion efficiency relative to classical
multistage OPAs of the same overall length. Up to now,
OPCPA systems have always resorted to various nonlinear
approaches for pulse contrast enhancement, which have very
low energy efficiency ~10%. By using the proposed method
in OPCPA systems, the output temporal contrast can be
enhanced while not sacrificing the amplified signal energy
at all. We believe that this work provides new insight into
the optimized design of further femtosecond OPA or OPCPA
systems.
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