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In recent years, multi-PW laser installations have
achieved unprecedented peak powers opening new
Ultra
broadband and extreme temporal contrast pulses re-

horizons to laser-matter interaction studies.

quirements make the optical parametric chirped pulse
amplification (OPCPA) in the few-ps regime, the key
technology in these systems. To guarantee however a
high fidelity output, the OPCPA requires excellent syn-
chronization between the pump and the signal pulses.
Here, we propose a new highly versatile architecture
for the generation of optically synchronized pump-
signal pairs based on the Kerr shutter effect. We ob-
tained >550 yJ pump pulses of 12 ps duration at 532 nm
optically synchronized with a typical ultrashort CPA
source at 800 nm. As a proof of principle demonstra-
tion, our system has been also used for the amplifi-
cation of ~20 yJ ultra-broadband pulses based on an
OPCPA setup.

Since the first demonstration almost three decades ago [1],
OPCPA has become a key technology of many scientific fields
spanning from the attosecond science [2] to strong-field physics
[3]. Nowadays, thanks to the unique properties of OPCPAs
in the few ps regime, scientists are able to generate ultrashort,
high contrast, extreme intense laser pulses that will allow the
study of extreme relativistic phenomena. Several PW-class laser
installations incorporating the OPCPA technology are under
construction throughout the globe [4] reaching today impressive
performances on the 10 PW level [5].

However, despite its success, OPCPA remains a demanding
technique mainly due to the challenging task of synchronizing
its pump and signal pulses. In order to secure high spectral
stability and temporal contrast of the final amplified signal, a
sub-100 fs synchronization is needed. Different techniques have

been tested throughout the years using electronic and optical
approaches not free of complications regarding the long term
reliability [6, 7]. Today, the most widely used methods are 1) the
generation of both signal and pump pulses from an extremely
large bandwidth Ti:Sa oscillator [8-10] and 2) the use of ps Yb-
based oscillators where after different types of amplification,
part of their output produces the pump while the rest produces
the seed through white light generation [11, 12]. The main draw-
backs of both methods originate from their specificity regarding
both the targeted performances and the involved equipment. In
this Letter we propose a new, highly versatile approach for the
generation of optically synchronized pump-signal pairs, com-
patible with high fidelity, high contrast ps OPCPA sources.
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Fig. 1. Overview of the experimental scheme for the genera-
tion of the synchronised pump pulses. It consist of four blocks:
the CPA line that generates the control beam, the 1 ym ns oscil-
lator and the kerr shutter, a Nd:YVO, based amplifier and the
frequency doubling crystal. SHG: second harmonic generation.
DPSSL: diode-pumped solid-state laser.

The key element of this new architecture, is a novel technique
for optically gating ultra-short laser signals based on the optical
Kerr effect, combined with high gain diode pumped amplifica-
tion modules. The Kerr shutter is a well-established technique
used for ultrafast non-linear (NL) gating in the domain of fiber
based telecommunications [13] and high-speed imaging [14].
Here exploited under a different context it could provide a ro-
bust solution for the generation of ps pulses for the injection
of high gain 1 ym amplifiers practically perfectly synchronized
with any chirped pulse amplification (CPA) system.

Using a fraction of an intense 800 nm beam, called hereafter
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the control beam, we can drive a NL gate based on the Kerr shut-
ter operation principle so that the polarization state of another
ns beam at 1 ym is instantaneously modified over a small tempo-
ral fraction of the initial pulse. Choosing accordingly the pulse
duration of the control pulses and the energy of the 1 ns oscilla-
tor, can lead to the generation of the required pump pulses that
perfectly satisfy the synchronization needs of ultrafast OPCPA
beam lines. A complete schematic of the setup is provided in
Fig. 1. Our system can be divided into four main blocks: 1) A
homemade CPA line that provides high intensity pulses used
to drive the optical NL gate, 2) The NL gate itself, 3) the 1 ym
amplification stage and 4) the frequency doubling stage of the
amplified pulses.

Control :
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Signal : |
1064 nm, |45° P1 :
840 ps, 140 | \ ‘ LN
W, 1 kHz . [ - l —
f —

TLMB SF14 TLMB

d=0.7cm JVL

Fig. 2. Experimental set up of the Kerr shutter. High Energy
Ti:Sapphire Femtosecond Mirrors (TLMB): highly reflective
mirrors for 800 nm at 45°, partially transparent at 1064 nm. M1:
silver mirrors, P1: polarizer.

The first block is a typical Ti:Sa based CPA system. After
stretching the oscillator pulses (~30 fs at 800nm) to ~150 ps
using an Offner stretcher, they are amplified in a multipass Ti:Sa
amplifier up to 1.2 mJ at 10 Hz. A diffraction grating compres-
sor then partially compresses the pulses down to a duration
estimated around 15 ps and a fraction of 200 yJ of their energy
serves as the control beam.

The second block consists of the NL gate itself, namely the
Kerr shutter. A schematic representation of its principle is de-
picted in Fig. 2. Here, the control and the signal beam, generated
by two independent oscillators, are focused onto a highly NL
medium. This will produce the ps-gated signal at 1 ym that will
be further amplified (3" block). The ns signal beam is provided
by a diode-pumped solid-state Nd:YAG actively Q-switched
microchip laser (STANDA-Q1) that generates 1 ym ns pulses
centered at 1064 nm with an excellent beam quality (M? ~1.15)
and energy of 140 uJ at 1kHz. The polarization of the control
and signal pulses have to be linear and at an angle of 45° to
each other. The operation of the Kerr shutter can be then briefly
described as follows: the control beam induces a time varying
birefringence on the NL medium causing the rotation of the
signal’s polarization state. The use of an output polarizer, allows
the selection of the ps-gated signal that has approximately the
same duration as the control signal and it is optically synchro-
nized with it due to the quasi-instantaneous character of the NL
interaction.

Reliable operation of the Kerr-shutter requires both temporal
and spatial overlap of the two independent sources. Regarding
the temporal aspect, the initial jitter between the two beams is
assured by standard electronics to be better than 100 ps rms, al-
lowing the operation of the gate over the 1 ym pulse plateau and
therefore assuring low intensity variations of <2% rms. Concern-
ing the spatial aspect, the sizes of the control and signal beams
(550 pum and 190 m diameter at 1/e? respectively) have been ad-

equately chosen so that the following conditions are met: 1) The
control pulses have sufficient intensity (operation point intensity
~ 7.9GW /cm?) to induce the required instantaneous dephasing
of the signal pulses and 2) the overlap between the two beams
is realized over the central part of the control beam to assure
a spatially homogeneous dephasing over the full signal beam.
Different media could be used for the NL gate. In this experi-
ment we use a 7 mm thick uncoated SF14-type glass plate with
a relatively high NL refractive index (ny ~ 10~ 9m2/w), high
transparency in the NIR spectral range and low multi-photon
absorption.

According to the Kerr shutter theory [15], the ps gated pulses
are proportional to sin? (ApnL/2) with Agnp = 27tL/2npIc(t)As
the induced phase shift, L the length of the NL medium, I. the
control beam’s intensity and As= 1064nm. As shown in [16],
the optical gating follows well the theoretical descriptions for
moderate control intensities and NL dephasing below ~ /2.
Ideally, a 100% shutter efficiency can be obtained when a ¢n7, =
7t phase shift is achieved. However, even if possible through
careful optimization of the operation point and the NL gate
material, this operation regime requires intensity levels of the
control pulses (~16.5GW /cm?) close to the threshold of other
unwanted effects such as self-focusing or even damage of the
NL medium, observed already in our setup. The 1 ym beam
line in our configuration is suffering of high losses due to our
non-optimised optics (two isolators, TLMB mirrors, lenses, the
uncoated NL medium) resulting in only ~25% throughput and
~35 yJ effective energy for the gating. We estimate the ps-gated
signal at 180 nJ which when taking into account the ratio of the
1 ym signal’s initial and final pulse duration, corresponds to a
maximum instantaneous gating efficiency of ~52%. This is in
good agreement with the theoretically expected gating efficiency
(47%) for the applied control and signal intensities resulting in a
0.487 phase shift.

Fig. 3. Beam profile of the ps gated signal at the output of the
Kerr switch in the (a) near and (b) far field.

Even if the contrast requirement for the OPCPA pump pulse
is generally not strict, a high-contrast gated signal is still re-
quired so that the amplified energy is effectively concentrated in
the main ps signal itself assuring also a high efficiency second
harmonic generation (SHG). In the current configuration, when
the Kerr shutter is closed there is still a remaining leak of the
ns injection signal due to imperfections of the optical elements
used, principally related to the limited extinction ratio of the po-
larizers. This results in a weak ns pedestal that could potentially
be amplified and lead to a reduction of the gated signal’s energy
after amplification. Using a series of calibrated density filters
and a CCD camera placed at the exit of the Kerr shutter, we could
estimate the output energy ratio with the control beam blocked
or not. Taking into account the pulse duration ratio for the gated
and initial 1 ym pulses, we were able to estimate the intensity
extinction ratio at ~ 10~* which falls into the limitations of the
commercially available high quality optical components used in
our setup. According to our simulations this extinction ratio can
be well tolerated by our amplifiers representing <10% energy
loss from the main ps pulses. Regarding the spatial quality of



the ps-gated signal, it is very close to a Gaussian beam with a
M? ~1.2 as shown in Fig. 3.

The energy stability of the ps-gated signal is a crucial aspect
of the amplifier’s operation later on and it most importantly
depends on the intensity stability of the control and signal beams
themselves. While the signal beam is very stable (< 2% rms), the
control suffers from an instability that can reach up to > 5.5%
rms. This originates principally in the Ti:Sa amplifier pump
source ( >3% rms), air turbulence in the mostly uncovered beam
path of the CPA system and thermal drifts of the non-regulated
laboratory where the system is installed. The combination of
these factors results in an energy stability of ~7% rms for the
ps-gated signal which is in agreement with what is theoretically
expected for a 52% gating efficiency. It is worth noting that these
instabilities could be greatly attenuated if the optimal operation
point of the gate, close to 100%, was reached thanks to the slowly
varying sin’(A¢yr) function around its maximum. However,
since our amplifier works in a strong saturation regime, this
instability does not critically affect the performance of the overall
system, and this optimization work is left for a future study.
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Fig. 4. Amplified ps-gated signal at the output of the
Nd:YVO, amplifier (a) versus the injected ps-gated signal -as
the injection energy increases the amplifier reaches saturation-
(b) versus the pump power showing the improvement of the
output’s intensity stability.

The third block consists of a single stage double-pass am-
plifier pumped at 808 nm with an Nd:YVOy crystal serving as
the gain medium. The experimental setup is very similar to the
one described in great detail in [17]. The amplifier is designed
to deliver a total gain around 8000 (39 dB) with a maximum
B-integral value estimated at ~2.5 rad when pumping with max-
imum power. The experimental results are in agreement with
the theoretical estimations where we achieve a gain of 37 dB
that corresponds to >0.8 mJ. Regarding unwanted effects such
as parasitic lasing, we first evaluated the non-injected operation
of the amplifier resulting in a <60 uJ output. To estimate the con-
tribution of the ns leaking pedestal of the NL gate, we measured
the amplifier output in the absence of the control beam which
corresponds to ~100 yJ. However, in the nominal operation of
the amplifier this energy is expected to be partially suppressed
by the presence of the ps-gated signal by a factor of ~2x and
therefore presenting a small fraction of the total output energy
(<7%).

In Fig. 4 (a) we plot the output energy as a function of the
energy of the injected ps-gated signal which shows that the
amplifier operates in the saturation regime. The high quality
(~1.1 x diffraction limit) beam profile (right side inset of Fig.4 (a))
at the amplifier’s output allows us to safely assume that the B-
integral’s value remains low since no beam distortion due to
the Kerr lens effect is observed. The pointing stability at full

10 16000
(a) = 2w NL-gate ON
14000 | 24 NL-gate OFF

120001 (p)

10000

8000
6000

Intensity [arb.u.]
Intensity [arb.u.]

4000
2000

0
0 10 20 100 150 200 250 300 350 400
Delay [ps] Pixels

-20 -10

Fig. 5. (a) Autocorrelation trace of the ps-gated signal after
the amplifier. Black curve: raw data, red curve: Gaussian fit.
(b) Green curve: spatial profile of 532 nm beam, black curve:
blocking the control beam leads to non-measurable signal in-
dicating that the full SHG energy is contained in the ps pulses.
Inset: beam profile of 532 nm beam on CCD camera.

power has been measured slightly lower than the one of the
input energy at around 11 yrad rms over 5 hours.

An interesting point is how the relatively low intensity stabil-
ity of the ps-gated signal affects the operation of the amplifier.
This is shown in Fig. 4 (b) where we plot the evolution of the
output energy as a function of the pump power. As the pump
power increases, one can see the intensity stability of the ampli-
fied ps-gated signal improving significantly. Around Ppymp= 43
W the signal stability is ~ 7% rms which is very similar to the
non-amplified one, directly after the Kerr shutter.As the pump
power increases, the signal stability improves up by a factor of 3,
reaching a rms stability of <1.5% when pumped with maximum
power. Fig. 5 (a) shows the measured autocorrelation trace and
Gaussian fit of the amplified pulses at full power. The fit has a
FWHM of 17 ps which indicates a pulse length of 12 ps assuming
a Gaussian temporal profile.

The last step is the frequency doubling where we use a 4
mm thick type-I Lithium Triborate (LBO) crystal and focus the
amplified gated beam on a 400 ym spot (diameter at 1/¢2 ). For
an input of 0.8 mJ at 1064 nm we obtain >550 yJ at 532 nm cor-
responding to a conversion efficiency of ~ 70%. This relatively
high conversion efficiency is an additional proof of both the tem-
poral and spatial quality of the ps-gated and amplified pulses at
1 ym. The 2w beam itself has an excellent spatial profile (inset
Fig. 5 (b)) and an equally good intensity stability of <2% rms.
Furthermore, we were able to show that the measured 2w signal
is generated almost solely from the ps-gated signal. Fig. 5 (b)
shows in green the measured 532 nm signal and when the con-
trol beam is blocked -the Kerr shutter is closed- we record almost
no 2w being generated as shown by the black curve.

For the demonstration of the compatibility of our source for
ultrafast OPCPA pumping we performed a proof of principle
experiment in the Apollon laser facility Front End [10]. Blocks
2 & 3 of Fig. 1 were mounted on a small breadboard (600x900
mm) and the setup has been temporally installed in the vicinity
of the actual pump system of the Apollon OPCPA source. This
choice has been made to allow: 1) the demonstration of an ultra-
broadband OPCPA assured by the Apollon seed signal and 2)
the proof of the integration capacity of the setup in an already
running system without major modifications. The details of
the Apollon front end architecture are described elsewhere [10]
but its current OPCPA signal beam line essentially consists in a
Ti:Sa multipass amplifier that generates 1.5 mJ, 25 fs pulses with
energy stability of <2% rms. After a cross-polarized wave (XPW)
configuration, a bulk stretcher, an acousto-optic programmable
dispersive filter (Dazzler) and a spatial filter the input signal
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Fig. 6. Red: average OPCPA spectrum, Grey: sequence of 500
normalised OPCPA spectra, Blue: input signal. Inset: Spatial
profiles on CCD camera of (a) the pump-532 nm beam on fo-
cus (b) the resulting OPCPA beam.

of the OPCPA has a maximum energy of 1 yJ, a Gaussian like
spectrum of ~45 nm FWHM bandwidth centered at 790 nm
and intensity stability of 3.5% rms. For the control beam of our
Kerr shutter we insert a 10% reflective beam splitter before the
compressor of the Ti:Sa multipass amplifier resulting in 200 pJ,
~15 ps pulses on our NL gate. As the control signal in Apollon
has identical characteristics with the initial setup, we were able
to obtain the same operation point for the gated and amplified
pulses at 1064 nm as described already. The 1064 nm pulses
have been then directed in a ~3 m delay line to balance the
signal-pump optical path difference. SHG was then performed
in a LBO crystal with identical characteristics as in the initial
setup. Due to the limited time in the Apollon facility and the
space constrains of the front end setup we have chosen to ad-
just the energy level rather than the beam diameters to optimize
the OPCPA operation in terms of saturation level and spectral
characteristics. We used therefore only about 220 yJ at 532 nm,
with a diameter of ~400 um (Fig. 6 (a)) and a corresponding in-
tensity of ~ 12GW /cm?. The Apollon OPCPA stage is based on
a 4 mm thick type-I BBO crystal in a non-collinear configuration
and the input signal has been attenuated to ~20 n] withand a 1
mm spot diameter on the crystal.

After optimization of the phase matching conditions we ob-
tained >20 uJ of OPCPA signal with a smooth Gaussian like beam
profile (Fig. 6 (b)). This energy corresponds to ~10% conversion
efficiency that is typical and well compared to the nominal one
for the Apollon front end. In Fig. 6 we provide the obtained
averaged spectrum (red line curve) extending over >160 nm
along with the input one (blue line curve). The saturation of the
OPCPA becomes evident by the strong amplification of the "red"
side spectrum of the input beam. In the same figure we show
also the accumulated normalized spectra over 1 minute corre-
sponding to ~3.4% rms energy stability (value extracted from
raw spectra), principally limited by the instabilities of the seed.
The evaluation of the spectral stability of the OPCPA output
allows also an indirect estimation of the jitter stability between
the OPCPA pump and the signal. For a temporal stretching
factor of <0.1 ps/nm and a spectral barycenter stability <1 nm
(PtV) we can safely estimate the relative synchronization jitter
in the sub-100 fs range. The OPCPA operation has been tested
over a total time of one week and about 4 hours/day showing
excellent reproducibility, both in terms of energy and spectrum
with practically no need of realignment or optimization.

In conclusion, we have presented a novel configuration for
the generation of optically synchronized pump-signal OPCPA

pairs, originating from two independent oscillators. We demon-
strated the successful operation of a Kerr shutter for the gener-
ation of energetic ps pulses from a 1 ns source that allowed a
stable and efficient amplification in a high gain Nd:YVO, diode
pumped amplifier. Frequency doubling of these pulses provided
>550 pJ at 532 nm and were later used as the pump beam in a
proof of principle experiment with the ps OPCPA system of the
Apollon facility front end. Given its simplicity and adaptability,
our method could be easily added in already existing systems
in a cost effective and non-invasive manner and could also be
transferred to any couple of signal-pump wavelengths.
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