
Ma et al. Light: Science & Applications          (2022) 11:269 Official journal of the CIOMP 2047-7538
https://doi.org/10.1038/s41377-022-00967-6 www.nature.com/lsa

ART ICLE Open Ac ce s s

Demonstration of 85% pump depletion and 10−6
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Liejia Qian 1,4✉

Abstract
Full pump depletion corresponds to the upper limit of the generated signal photons relative to the pump pulse; this
allows the highest peak power to be produced in a unit area of ultraintense laser amplifiers. In practical systems based
on optical parametric chirped-pulse amplification, however, the typical pump depletion is only ~35%. Here, we report
quasi-parametric chirped-pulse amplification (QPCPA) with a specially designed 8-cm-thick Sm:YCOB crystal that
highly dissipates the idler and hence improves pump depletion. We demonstrate 56% QPCPA energy efficiency for an
810-nm signal converted from a 532-nm pump, or equivalently 85% pump depletion. As another advantage, such a
record high depletion greatly suppresses the parametric superfluorescence noise in QPCPA to only ~1.5 × 10−6 relative
to the amplified signal energy. These results pave the way to beyond the ten-petawatt peak power of the currently
most intense lasers.

Introduction
Optical parametric chirped-pulse amplification

(OPCPA) has been regarded as the cornerstone of third-
generation ultraintense lasers with both ultrahigh peak
power and average power1. Owing to their broader gain
spectrum and adjustable wavelength, OPCPA lasers have
generated intense few-cycle pulses from the near-infrared
to mid-infrared regions2–9; OPCPA laser facilities with
peak powers as high as petawatts have also been built in
several countries10–12. These OPCPA-based ultraintense
lasers have promoted advancements in the frontiers of
ultrafast science and strong-field physics13,14.

Pump depletion is crucial to the overall performance of
an OPCPA laser. On the one hand, strong pump depletion
means a high conversion efficiency from pump to signal,
and allows a high peak power to be produced in a unit
area of ultraintense laser amplifiers. In particular, high
efficiency is necessary for a petawatt-class OPCPA laser
because high pump energy will be limited by optical
damage with a given aperture and becomes unreasonably
costly. On the other hand, strong pump depletion can
suppress the spontaneous parametric superfluoresecence
(PSF) in OPCPA, which will improve both the amplified
signal pulse stability and energy contrast ratio between
the signal and PSF noise15–19. Suppression of PSF noise is
the precondition to clean the laser-plasma interaction;
otherwise, the experimental target will be modified before
the arrival of the main pulse once the PSF noise exceeds
the ionization threshold.
Unfortunately, achieving strong pump depletion is dif-

ficult for OPCPA due to the inherent effect of back
conversion20,21. Owing to the unmatched photon num-
bers among the pump, signal, and idler, back conversion
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of OPCPA, i.e., photon annihilation of the signal and idler,
will always occur. When the pump is nonuniform in both
space and time, back conversion will occur out of order in
spatiotemporal coordinates and is detrimental to OPCPA
efficiency. This makes simultaneous achievement of full
pump depletion for all spatiotemporal coordinates
impossible, thereby limiting the overall pump depletion.
For green-laser-pumped OPCPAs at 800 nm, the pump
depletion is typically only ~35%22–26, as listed in Table 1.
Uniform pumping is a straightforward approach to
enhance pump depletion, which requires shaping both the
pulse and beam into a flattop profile27,28. However, tem-
poral shaping is intricate for nanosecond pulses and
currently not possible for picosecond pulses.
Impeding back conversion is a fundamental approach

to full pump depletion. In 2015, we proposed the
concept of quasi-parametric chirped-pulse amplification
(QPCPA), a variant of OPCPA, which can impede back
conversion by dissipating the byproduct idler through
absorption29. Seventy percent pump depletion with a
15-GW peak power was demonstrated in a proof-of-
principle experiment with a 3-cm-thick Sm:YCOB crystal
oriented in the principal plane. In this work on QPCPA,
we demonstrate a pump depletion up to 85% and a peak
power up to 0.36 TW with a specially designed 8-cm-
thick Sm:YCOB crystal oriented outside the principal
plane that has a maximized nonlinear coefficient. Fur-
thermore, we study the PSF characteristic of QPCPA for
the first time and observe the significant suppression of
PSF noise by strong pump depletion. The measured PSF
noise within the signal beam and spectrum is only
~1.5 × 10‒6 relative to the amplified signal energy, sug-
gesting a temporally high intensity contrast of ~109 by
taking into consideration the signal pulse compression.
The QPCPA scheme with strong pump depletion and
suppressed PSF noise may adapt current petawatt lasers
to higher peak power and will be attractive for a wide

range of applications that concern full photon conversion
in an ultrafast nonlinear process.

Results
Numerical simulations are first used to evaluate the

ability of QPCPA to achieve strong pump depletion (see
Methods for details). A 8-cm-thick Sm:YCOB serves as
the QPCPA crystal with idler absorption around 1550 nm.
The 532-nm pump and 810-nm signal seed are assumed
as Gaussian pulses and beams with peak intensities of
3 GW cm‒2 and 3MW cm‒2, respectively, and their pulse
durations and beam widths are same to the experimental
parameters (Fig. 1a, b). The evolution of three pump-slice
intensities (marked by green squares in Fig. 1a) and
photon numbers of three interacting waves are traced
along the crystal. For comparison, the OPCPA with a
1.5-cm-thick β-BBO crystal is also studied under the same
input conditions.
In OPCPA, all three pump slices with different inten-

sities can be fully depleted and then back converted, and
they periodically oscillate between their peaks and zero;
however, their oscillations are not in order, so they cannot
simultaneously reach full depletion at the same crystal
length (Fig. 1c). Consequently, the total pump photon
number obtained by integrating over all intensities no
longer oscillates regularly (Fig. 1e). The pump depletion
maximizes to 42% at the crystal length L= 0.75 cm, and
then gradually decreases to ~20%. The maximum pump
depletion of 42% and signal efficiency of 27% are both
similar to those of previous experiments listed in Table 1.
At the highest pump-depletion, back conversion still
occurs around the central peak of the pulse (blue curves
in Fig. 1a, b).
QPCPA displays an amplification behavior quite dif-

ferent from OPCPA. Dissipated by idler absorption, the
back-conversion effect can be effectively impeded. All the
pump slices with different intensities eventually approach
full depletion over a long crystal length (Fig. 1d). This
allows continuous depletion of total pump photons along
the crystal, which can reach 96% at L= 8 cm (Fig. 1f). The
pump pulse after QPCPA also reflects nearly complete
depletion (red curve in Fig. 1a). With the continuous
depletion of the pump, the signal energy efficiency con-
tinues to increase up to 63%. As a result, the output signal
has nearly the same pulse as the input pump (red curve in
Fig. 1b). Figure 1 illustrates the great potential of QPCPA
to achieve full pump depletion.
A longer crystal helps enhance pump depletion, as

shown in Fig. 1. In the QPCPA experiments with a long
crystal, a Sm:YCOB bulk with a size of Φ8.6 cm × 14.3 cm
is grown by Czochralski method (see Methods for details),
in which the doped rare-earth ions Sm3+ can introduce
broadband absorption of the idler (black curve in Fig. 5a).
The as-grown bulk is then cut into a cuboid crystal with a

Table 1 Typical pump depletions of reported OPCPA
systems

Scheme λp λs ηp ηs Crystal Reference

OPCPA 532 805 33% 22% BBO 22

532 850 32% 20% BBO 23

515 775 36% 24% BBO 24

515 900 28% 16% LBO 25

527 790 37% 25% LBO 10

527 800 15% 9.6% YCOB 26

QPCPA 532 810 85% 56% Sm:YCOB This work

λp pump wavelength in nm, λs signal wavelength in nm, ηp, pump depletion, ηs
signal efficiency
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size of 3.5 × 3.5 × 8.0 cm3 along the orientation
(θ= 114.1°, φ= 39.8°). Such an orientation is chosen
based on two considerations. On the one hand, the
orientation outside the principal plane helps in making a
QPCPA crystal as long as possible from the as-grown
bulk. The Czochralski growth method of Sm:YCOB favors
a longer crystal bulk along the Y axis. The phase-matching
orientation outside the XZ plane enables the beam pro-
pagation direction close to the Y axis, so a longer crystal
can be achieved. On the other hand, this orientation
supports both magic phase-matching ~810 nm and the
maximum effective nonlinear coefficient (Fig. 2b). The
calculated nonlinear coefficient is as high as 1.39 pmV‒1,
nearly two times that in the previously used XZ principal

plane (Table 2). A larger nonlinear coefficient can boost
pump depletion with a limited crystal length.
A single-stage QPCPA system is designed based on the

8-cm-thick Sm:YCOB crystal, which is antireflection
coated for both the pump and signal. The experimental
setup is schematically plotted in Fig. 2a. The 532-nm
pump pulse of 125-mJ energy and 440-ps duration (full
width at half maximum, FWHM) is the second harmonic
of a 10 Hz Nd:YAG laser (Spit Light, Innolas). The
transmission loss of the 80-mm-thick Sm:YCOB crystal is
measured to be ~6.5%, so only ~117mJ pump energy is
available for QPCPA. To match the magic phase-
matching wavelength of 810 nm and accommodate the
crystal absorption spectrum ~1550 nm (black curve in
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Fig. 5a), the signal pulse from a Ti:sapphire regenerative
amplifier (Legend Elite, Coherent) is filtered into a spec-
tral range from 800 to 820 nm (shaded area in Fig. 3b) by
an Öffner stretcher and then stretched to cover the pump
pulse (black curve in Fig. 3b). After spectral filtering and
pulse stretching, the available seed energy for QPCPA is
~0.38 mJ. The pump and signal pulses, synchronized by
an electronic phase-locking loop (SynchroLock AP,
Coherent), undergo noncollinear interactions with the
Sm:YCOB crystal at an external angle of 3.9°. A walk-off-
compensated noncollinear configuration is used to mini-
mize the spatial walk-off between the pump and signal.
The pump beam with a 3.5 mm diameter has an intensity

of ~3 GW cm‒2, while the signal beam is telescoped into a
6 mm diameter for full overlap with the pump beam.
The QPCPA saturation is boosted by the seed intensity.

With increasing seed intensity, the amplified signal keeps
growing without energy back conversion (red curve in
Fig. 3a), a characteristic quite similar to that of a con-
ventional laser amplifier such as Ti:sapphire. Notably, the
signal efficiency is steeply increasing with the seed on a
log-linear scale (Fig. 3a), while it actually manifests the
standard saturation characteristic. At the highest seed
intensity available in our experiment, the largest output
signal energy is ~65mJ, corresponding to an energy
conversion efficiency of ~56% and a photon efficiency
(equivalent to pump depletion) of ~85%. At the largest
signal output energy, the residual pump energy after
QPCPA is ~17.5 mJ, which is the direct indicator of 85%
pump depletion. Such a pump depletion level exceeds
those of all reported OPCPA systems22–26 to the best of
our knowledge and even Ti:sapphire laser amplifiers30.
The signal spectrum (equivalent to the chirped-pulse
temporal profile under a mapping coefficient of 40 ps nm‒

1) becomes stronger and broader with increasing pump
depletion (red curves in Fig. 3b). Under the highest pump
depletion, both the pulse profile (Fig. 3b) and beam profile
(inset in Fig. 3a) of the amplified signal look very similar
to those of the pump, which is a result of reaching deep
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Table 2 Crystal specifications of Sm:YCOB and YCOB
under magic phase matching and a 532-nm pump

Crystal λmagic (θ, φ) deff ρnc ρwo

Sm:YCOB 810 (114.1°, 39.8°) 1.39 2.70° 0.96°

816 (15.9°, 180°) 0.67 2.86° 0.95°

YCOB 815 (113.8°, 35.2°) 1.43 3.40° 2.00°

823 (27.1°, 180°) 0.95 3.56° 1.90°

λmagic signal wavelength for magic phase-matching (nm); (θ, φ), phase-matching
orientations relative to the Z and X crystal axes. deff, nonlinear coefficient (pmV‒1);
ρnc, noncollinear angle between the pump and signal; ρwo, walk-off angle
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saturation. The signal energy fluctuation under the
highest pump depletion is measured to be 1.9% (root
mean square, RMS) over 5000 pulse shots (Fig. 3d), which
is attributed to the pump fluctuation of 1.3% in RMS.
Notably, no thermal effect is observed in the current
QPCPA device with crystal absorption. The signal energy
instantaneously reaches its steady value once the pump is
turned on. The amplified signal pulses can be compressed
into an ~120 fs pulse duration by a single-grating com-
pressor31 (Fig. 3c). The femtosecond signal has a pulse
energy of ~45mJ after compression, suggesting a peak
power of 0.36 TW.
An OPCPA experiment is carried out for the compar-

ison with QPCPA (Fig. 4). A 1.5-cm-thick β-BBO crystal
is adopted in OPCPA and other experimental parameters
remain the same. In contrast to QPCPA, the OPCPA
efficiency initially increases with the seed and then
degrades after the maximum value (black curve in Fig. 4a),
which is the signature of the back-conversion effect. The
highest OPCPA efficiency of 21.5% is much lower than
the QPCPA efficiency of 56%. The evolution of the
amplified signal spectrum in OPCPA is also different from

that in QPCPA. The OPCPA spectrum gets broad in the
beginning, then becomes flat, and finally shows a central
dip caused by the back conversion effect (Fig. 4b). Clearly,
there is a trade-off between the conversion efficiency and
spectral bandwidth in OPCPA. By contrast, the spectral
bandwidth in QPCPA always increases with efficiency.
The PSF characteristic of QPCPA is studied experi-

mentally. The high small-signal gain contributed by both
the strong pump and long crystal facilitates observation
and study of PSF noise in our experiment. Owing to the
noncollinear phase-matching configuration, the pump
pulses excite observable PSF with a clear ring structure
when the signal seed is blocked, as illustrated in Fig. 2c.
The angular diameter of the brightest PSF ring is
~136mrad. The full PSF spectrum (red curve in Fig. 5a)
exhibits a significant dependence on the idler absorption
spectrum (black curve in Fig. 5a). The majority of PSF
energy lies in the wavelength range between 700 and
800 nm, where the corresponding idler absorption is neg-
ligible. This part of the PSF spectrum dominates the bright
ring. In addition, there are some distinguishable structures
inside (long wavelength) and outside (short wavelength)
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the bright PSF ring (Fig. 2c), which are very weak due to
the strong idler absorption.
Once the signal is seeded, the PSF noise is significantly

suppressed (Fig. 2d). Although the signal occupies only a
small portion of the cone (Channel 1), high pump
depletion induced by efficient signal amplification can
suppress the whole PSF ring. This provides a convenient
method to measure the PSF content within the amplified
signal beam. We can monitor the PSF energy at Channel
3 (Fig. 2c) on the PSF ring that is away from the signal
channel (Channel 1 in Fig. 2c). Similarly, another
channel (Channel 2 in Fig. 2c) is used to probe the
small-signal gain by seeding ultraweak light. The probe
light, split from the signal seed, is gradually attenuated
with neutral density filters until the amplified probe
light can just be distinguished from the PSF background.
This can avoid the effect of probe-induced pump
depletion on the measurement of the small-signal gain.

All three channels are on the same ring of 810-nm
wavelength and are restricted to the same size of 4 mm
(the beam size of the amplified signal) with three aper-
tures. The amplified signal from Channel 1 is measured
by an energy meter, while the amplified probe light from
Channel 2 and PSF from Channel 3 are measured by two
identical photodiodes (DET10A/M, Thorlabs). The
amplified probe light from Channel 2 is high enough to
be recorded by an energy meter when there is no signal
seed, which is used to relate the photodiode voltage to
the absolute energy. A bandpass filter (FBH810-10,
Thorlabs) is used in Channel 3 to filter out the PSF noise
outside the signal bandwidth (black curve with circles in
Fig. 5b); for comparison, we also monitor the PSF noise
at ~780 nm with another filter (FBH780-10, Thorlabs),
as shown by the black curve with squares in Fig. 5b. The
filter transmittance is considered in the data processing.
Such an arrangement allows us to monitor the evolution
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of the small-signal gain and PSF energy in parallel to
signal amplification.
Figure 5b summarizes the results. Without a signal seed,

the measured PSF energy within the signal bandwidth is
only 10 μJ, which is 7 times lower than that at ~780 nm.
With increasing signal seed, both PSF noise components
at 780 nm and 810 nm are significantly suppressed. At the
highest seed intensity, the PSF energy within the signal
bandwidth is ~0.1 μJ, with a ratio of 1.5 × 10‒6 relative to
the amplified signal energy of 65 mJ. Compared to the
case of no seed, the largest seed can suppress the PSF
noise by more than two orders of magnitude. This can be
understood from the measured probe gain (blue curve
with circles in Fig. 5b). The probe gain decreases from
4 × 107 to 105 with increasing seed intensity, a result of
pump depletion induced by efficient signal amplification.
The final 105 probe gain is below the ~106 gain threshold
for significant PSF generation32, so the PSF noise becomes
insignificant at the highest pump depletion. The PSF
energy in OPCPA (red curve in Fig. 4a) is also measured.
The PSF energy within the area and bandwidth same to
the signal is ~2.5 μJ when there is no seed. With the
increase of seed intensity, the PSF energy can be reduced.
Under the maximum efficiency at the seed intensity of
130 kW cm−2, the PSF energy in OPCPA is ~0.25 μJ,
which is 10‒5 relative to the amplified signal energy of
25 mJ. Based on the comparison of Figs. 4a and 5b, we
conclude that the QPCPA can suppress the PSF noise
more effectively owing to its stronger pump depletion.

Discussion
Finally, we briefly analyze the peak-power scalability of

QPCPA pumped by a large-energy Nd:glass laser. Under a
pump intensity of 3 GW cm‒2 and a pulse duration of 3 ns,
typically, a 9 J pump energy, below the damage threshold,
is allowed in a unit area of a Sm:YCOB crystal (1 × 1 cm2).
Since Sm:YCOB crystals can potentially reach a large-size
of 12 × 12 cm233, a maximum energy of ~1300 J can be
used as a pump, which can be converted into an ~728 J
signal energy under a conversion efficiency of 56%. The
signal energy of ~500 J can be expected after compression
under a transmission efficiency of 70%. In this work, a
compressed pulse duration of ~100 fs is achieved for a
spectral range from 800 to 820 nm. According to Fig. 5a,
the available QPCPA spectral range with strong idler
absorption exceeds 200 nm (800‒1000 nm), so the com-
pressed pulse duration could be as short as ~10 fs. Such
an ultrashort pulse duration is reasonably expected based
on the ultrabroadband magic phase-matching (the PSF
spectrum in Fig. 5a suggests a sufficiently large gain
bandwidth based on the current phase-matching config-
uration) and the robustness of QPCPA against phase
mismatch34,35. Therefore, the QPCPA scheme based on
large-size Sm:YCOB crystals can support a peak power as

high as 50 PW by using a pump energy comparable to that
of current petawatt laser facilities.
Besides high efficiency and broad bandwidth, the

QPCPA device is insensitive to phase mismatch29,34, so
it can withstand severe thermal dephasing caused by the
idler absorption and can allow the signal output with a
high average power like OPCPA devices35. Actually, no
thermal effect is observed in our experimental with a
pump power of 1.25W. As shown in Fig. 3d, the
amplified signal energy does not decay with the accu-
mulation of laser shots. The thermal effect might also be
negligible in future petawatt lasers with QPCPA,
because the high-energy Nd:glass pump lasers have a
low repetition rate around one pulse per minute and the
deposited absorption power is less than the QPCPA
acceptance of ~100W 35.
In conclusion, we have demonstrated a record high

pump depletion of 85% and a pump-to-signal efficiency of
56% in a TW-class QPCPA. The PSF noise of QPCPA has
been studied experimentally for the first time, and the PSF
energy relative to the amplified signal can be as low as
1.5 × 10‒6. The demonstrated QPCPA pump depletion is
~2.5 times that of OPCPA, so QPCPA may be a qualified
candidate for pushing ultraintense lasers beyond the
current 10-PW limit.

Materials and methods
Numerical simulation
In the numerical simulation, a three-dimensional

(x, y, t) code solves the nonlinear coupled-wave equa-
tions including the terms of dispersion, diffraction, and
idler absorption35. Under the conditions of noncollinear
phase-matching and large beam widths used in the
experiment, both the temporal and spatial walk-offs among
the three interacting waves are negligible, and are thus not
taken into account in the simulation. The QPCPA crystal is
a 8-cm-thick Sm:YCOB that has an idler absorption of
~1.5 cm−1 (black curve in Fig. 5a), while the OPCPA
crystal is a 1.5-cm-thick β-BBO without absorption. The
QPCPA and OPCPA simulations adopt the same input
conditions from the experiment (see Experiment details).

Fabrication of Sm:YCOB
Sm2O3, Y2O3, CaCO3, and H3BO3 powders (4 N purity)

are used as starting materials. To guarantee batch accu-
racy, CaCO3 and Re2O3 (Sm2O3 and Y2O3) powders are
baked at 250 °C and 1200 °C for 10 hours to remove
absorbed water, respectively. Polycrystalline materials are
prepared by mixing powders in stoichiometric propor-
tions at 1200 °C for 20 hours. A YCOB crystal bar with
<010> direction is used as seed, and a Sm0.3Y0.7COB
single crystal is grown using a radio frequency (RF)-
heating Czochralski furnace with an iridium crucible. A
mixture of N2 and 1 vol% O2 gas is used for the growth
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atmosphere. The crystal is pulled at a rate of 0.6-1 mm h‒1

with a rotation of 18-22 rpm. After growth, the as-grown
crystal is cooled to room temperature within 72 hours to
minimize the excess stress exerted on the crystal.
The as-grown crystal is processed according to the

phase-matching design. The magic phase matching with a
gain bandwidth mainly limited by third-order dispersion
is calculated with a 532-nm pump and the Sellmeier
equation given in ref. 34. The nonlinear coefficient deff is
also considered in the calculation process to find a magic
phase-matching solution with the largest deff. For this
purpose, we extend the calculation from the principal
plane to all spatial orientations. The calculation is very
complex because there are four degrees of magnitude to
be determined, i.e., θ, φ, ρnc, and λs (see Table 2 for their
definitions). An approximate method is used to simplify
the calculation. First, the (θ, φ) orientation with the lar-
gest deff is calculated at a fixed λs in a collinear config-
uration following the procedure in ref. 36. Second, a
noncollinear angle ρnc is introduced and adjusted along
the above (θ, φ) orientation to evaluate if the first-order
and second-order dispersion terms in the Taylor expan-
sion of the phase mismatch can simultaneously vanish37.
If not, the first procedure is repeated by choosing a new
λs. The calculation results are listed in Table 2, where the
results for the YCOB crystal are also presented for com-
parison. The orientation (θ= 114.1°, φ= 39.8°) is chosen
for cutting the Sm:YCOB crystal because it has a large
nonlinear coefficient, a moderate noncollinear angle, and
a small walk-off angle, more importantly, can allow fab-
rication of a crystal as long as possible from the as-
grown bulk.

Experiment details
The pump laser source consists of a 1 kHz Nd:YVO4

regenerative amplifier (Pico-Regen, HighQ) and a 10 Hz
Nd:YAG boost amplifier (Spit Light, Innolas). The
1064 nm laser is image relayed onto a 5-mm-thick β-BBO
crystal for frequency doubling. The diffraction-caused
aberrations in the 1064-nm beam are filtered out by a far-
field pinhole located in a vacuum tube. The generated
532-nm light is shaped into a beam size of 3.5 mm in
diameter by a lens assembly before pumping the QPCPA.
The temporal profile of the 532-nm pump pulse (black
curve in Fig. 3b) is measured by a home-built time-
scanning cross-correlator, in which the 35-fs pulse from a
Ti:sapphire regenerative amplifier (Legend Elite, Coher-
ent) is used to induce sum-frequency generation with the
pump pulse in a 1-mm-thick β-BBO crystal.
The Ti:sapphire regenerative amplifier also serves as the

seeder of the QPCPA. Its output is shaped in spectrum
and stretched in time by an Öffner stretcher. Only the
spectral portion from 800 to 820 nm (shadow in Fig. 3b)
serves as the QPCPA seed for accommodating the idler

absorption spectrum (Fig. 5a), which is achieved by pla-
cing an aperture in the middle of the pulse stretcher. The
stretcher includes a Au-coated diffraction grating with a
line density of 1480mm‒1, a Au-coated concave mirror
with a focal length of 1 m and a Au-coated convex mirror
with a focal length of 0.5 m, where the distance between
the grating and the convex mirror is ~23 cm. The incident
angle and diffraction angle on the grating are 22° and
55.5°, respectively. These arrangements enable a disper-
sion coefficient of ~40 ps nm‒1. A small portion of the
stretched signal (~20 μJ) is split from the main beam to be
used as probe light for measuring the small-signal gain of
the QPCPA, and the remaining majority of the signal is
used to seed the QPCPA. The signal seed and probe light
are fed into the Sm:YCOB crystal with the same noncol-
linear angle relative to the pump beam, and they lie on the
two ends of one diameter of the PSF rings (Fig. 2d). Some
neutral density filters are used to control the intensities of
the signal seed and probe light. The time delay introduced
by these added optical thicknesses is dynamically compen-
sated by the translation stages (TS-1 and TS-2 in Fig. 2a).
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