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Abstract

The linear angular dispersion of a self-diffraction (SD) pulse, from a femtosecond laser pulse cleaning device, is
compensated for by the use of a single prism. More than 500 wJ first-order SD pulse has a contrast of 1012, which
is about five orders of magnitude improvement from the input fundamental pulse. The wings of the distribution away
from the main pulse in 1 ps are cleaned with a contrast improvement of about 107, which verifies the pulse cleaning

ability of the SD process.
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1. Introduction

Peta watt (PW) level laser systems, with focused laser peak
intensity of about 1022 W/cm? or even higher, have been
reported repeatedly!! . These extremely high intensity
conditions have aroused new interest in exploring laser—
matter interactions, such as particle acceleration, bright
X-ray source generation, and inertial confinement fusion
Temporal contrast is one of the crucial parameters of PW
laser pulses. Prepulses with laser peak intensity higher than
10'% W/cm?[% 101 in advance of the main pulse should be
avoided as they can pre-ionize the target and generate a low
density preplasma before the main pulse reaches the target.

To build high temporal contrast laser systems, optical
parametric chirped-pulse amplification (OPCPA)!'! 121 and
double chirped-pulse amplification (double CPA)[3 13:14]
combined with pulse cleaning techniques have been pro-
posed in the past decades. These pulse cleaning tech-
niques include saturable absorbers!!>l, optical parametric
amplification!® 161 polarization rotation!!> 17!, and cross-
polarized wave (XPW) generation!'8291, Pulse cleaning by
using a self-diffraction (SD) process in a bulk Kerr medium
was proposed recently!?!> 221,

In theory, the temporal contrast of the first-order SD signal
is the cube of the temporal contrast of the incident pulse as
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Cspr1 &~ C?n, because the generated cleaned SD signals are
spatially separated from the incident beams without use of
any polarization discrimination devices. What is more, this
technique can also achieve a high energy SD signal output
using a cylinder mirror focusing on the incident beams,
even with low energy-conversion efficiency!?!!. These two
advantages make the SD process a good choice for providing
seed pulses for PW laser systems. However, the angular dis-
persion of the SD signals may affect the pulse compression
of the amplified pulse in the compressor.

In this study, we report the highest pulse energy and
highest temporal contrast enhancement pulses generation
based on the SD effect with two cylindrical convex lenses
so far. More than 500 wJ first-order SD signal with a
temporal contrast of 10!2 is generated with about five orders
of magnitude improvement. The wings around the main
pulse in £1 ps are cleaned with a contrast improvement of
about 107, which verifies the pulse cleaning ability of SD
process. The cause of angular dispersion generation of the
SD signals is also explored, and the linear angular dispersion
is compensated with a single prism.

2. Principle and experimental setup

The SD process is a degenerated cascaded four-wave mixing
(DCFWM) processt?!=23]. It acts as a temporal gating to
improve the temporal contrast of a laser pulse. As an
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Figure 1. Experimental setup for self-diffraction signal generation and
temporal contrast measurement. BS: beam splitter; M1-M6: reflective
mirrors; CL1, CL2: plane-convex cylindrical lenses, f = 500 mm; P1:
0.15 mm thick fused silica plate; A: aperture; CM1: cylindrical reflective
mirror, f = 500 mm; Cl: spherical concave reflective mirror, f =
—500 mm; C2: spherical convex reflective mirror, f = 200 mm; VND:
2 mm thick variable neutral-density filter; P2: 1 mm thick fused silica
plate; correlator: third-order cross-correlator (Amplitude Technologies Inc.,
Sequia 800).

instantaneous third-order nonlinear optical effect, the SD
process happened in hundreds of femtosecond time scale
which requires a relatively high laser intensity at the same
time. Weak satellite pulses and amplified spontaneous emis-
sion (ASE) noise can be filtered out by this process?!l. In
the time domain, the intensity of the first-order SD signal
has the relationship to the intensities of the two input beams
as Ispy] & Ierl(t)I_l(t — 1), where 7 is the time delay
between the two input pulses?*!. According to the equation,
the temporal contrast of the SD,; signal is the cube of
that of the incident pulse Csp41 = Cfn. Furthermore, the
generated signals and incident beams are separated spatially,
which means no polarizer with a limited extinction ratio is
needed, which is a main limitation for the XPW process.
These properties indicate a potential high temporal contrast
enhancement by using the SD process.

Figure 1 shows the experimental setup. Pulses from a
laser system are separated into two beams B and B_ by a
50/50 beam splitter. Both B and B_ are separately focused
into a Kerr medium P1 by two plane-convex cylindrical
lenses CL1 and CL2. There is a delay line in the path
of B_. Pl is a 0.15 mm thick fused silica plate which is
located about 60 mm behind the focus of the two lenses
with a near Brewster angle to the two incident beams. The
external crossing angle 6 between the two incident beams
is about 1.6°, where the phase-matching condition can be
easily satisfied!?!!. SD signals are formed beside the two
incident beams in the condition that the two beams are
temporally and spatially overlapped. An aperture A filters
out the first-order SD signal SD 1, then SD_ is collimated
by a cylindrical reflective mirror CM1. The collimated SD
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Figure 2. The temporal contrast of the input pulse and the generated first-
order SD signal. The inset is an enlarged part of the curves from —3 ps to
3 ps.

beam is reduced in beam size to about 3 mm diameter by a
spherical concave reflective mirror and a spherical convex
reflective mirror, and is then taken to a commercial third-
order cross-correlator (Amplitude Technologies Inc., Sequia
800) for temporal contrast measurement. A variable neutral-
density (VND) filter is used to adjust the input energy into
the correlator. P2 is inserted to create replicas of the main
pulse of SD 1.

3. Results and discussion

3.1. High energy and high temporal contrast SD pulse
generation

To generate SD signals with high energy and temporal
contrast, experiments were performed with a commercial
Ti:sapphire CPA laser system (Legend Elite Cryo PA, Co-
herent Inc.). The laser system produces 1 kHz/50 fs/800 nm/
10 mJ pulses with a diameter of about 15 mm. The pulse
energies of the two incident beams before the Kerr medium
P1 are both about 4.9 mJ. The beam size on the Kerr medium
is about 15 mm x 1.2 mm. About five diffracted orders
of SD signals are generated beside each side of the two
incident beams. The first-order SD signals SD 41 and SD_
are about 780 pJ and 630 wJ, respectively. The energy-
conversion efficiency from the two incident beams to SD
is about 7.8%.

To characterize the temporal contrast of SD 1, the diame-
ter of signal SD| beam is reduced to about 3 mm by Cl1
(spherical concave reflective mirror, f = —500) and C2
(spherical convex reflective mirror, f = 200 mm) first. Then,
a 2 mm thick VND filter is used to adjust the input energy to
the correlator to about 200 mW. A 1 mm thick fused silica
plate is inserted in the path of SD_ to introduce reference
post-pulses.
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Figure 3. Scheme of angular dispersion generation.

The measured temporal contrast curves of the input pulse
and S D are shown in Figure 2. For the input pulse, before
the main pulse, there are five replicas a/b/c/d/e with contrast
varying from 10% to 10*, and they are time symmetrical
with replicas a’/b’/c’/d’/e’ after the main pulse, respectively.
These replicas may come from reflection between front
and rear surfaces of optical elements in the laser path. An
amplified ASE-noise with contrast change from 107 to 10*
also exists around the main pulse. The 1 mm thick fused
silica plate P2 introduces replicas A’ and C’ after the main
pulse of SD; with normalized intensity about 10~* and
1078, respectively, which are about one order lower than the
values introduced by the front and rear sides reflection of a
fused silica plate. It may be caused by the tilt of P2, that
the replicas and the main pulse are not collinear entirely.
Replicas A and B are time symmetrical with replicas A’
and B’. From the inset in Figure 2, we can see that the SD
process lasting just hundreds of femtosecond gated out all
the replicas before the main pulse of the input pulse. Wings
around the main pulse in 1 ps are cleaned with a contrast
improvement of about 107, which verifies the pulse cleaning
ability of SD process.

3.2. Analyzation of angular dispersion generation

The generation of the angular dispersion of D is caused
by the different phase-matching condition of wavelength
components of the two incident beams shown in Figure 3.
For SD.i, its phase-matching condition is ksp+1 =
2ky1 — k_1. In the k_ direction, k;_; denotes the wave
vector of the longest wavelength component and kg_
the wave vector of the shortest wavelength component.
Similarly, in the ki; direction, k7] denotes the wave
vector of the longest wavelength component and kg
the wave vector of the shortest wavelength component.
Then the generated longest wavelength Ay; and shortest
wavelength Ays in SD4; can be expressed as Ay; =
1/sqrt(Ag? + 44,2 — 425" - 47" - cos6) and Ays =
1/sqrt(/lz2 + 4/152 — 4/l§1 . /lzl - cos 0), respectively. Ap
is the original longest and Ag the shortest wavelength of
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the incident pulses. The phase-matching conditions for the
longest and shortest wavelength SD signals are k(spyr+1 =
2kL+1 — ks_1 and k(SD)S-H = 2k5+1 — kL—l, respectively.
Then the dispersion angle o of SD is the angle between
k(spyrL+1 and k(spys+1. It is related to the cross angle of the
two incident beams, the shortest and the longest wavelength
components of the two beams, and can be expressed as
o =a—b,a = arcsin{2ks sin6/sqrt[k; | + (2ks+1)? —
4ksi1kp—1cos6]}, b = arcsin{2ky 1 sin 9/sqrt[k§71 +
(2kp41)* — 4ks_1kp 11 cos O]}

There is a little difference between the center wavelength
of SD; and that of the incident pulses, and can be calcu-
lated according to the law of cosines: Ay = Ao /sqrt(5 —
4 cos 0), where Ay is the new generated center wavelength of
SDy; and Ap the original center wavelength of the incident
pulses. For 1p = 803 nm, #§ = 1.6°. The new generated
center wavelength of SDy; Ay ~ 802.37 nm. It can be
concluded that for a small crossing angle of the two incident
beams, the generated first-order SD signals almost keep the
same center wavelength of the incident pulses, and the SD
process can be looked on as a frequency-conserving process.

3.3. Angular dispersion compensation

For an incident beam with a spectrum as shown in Fig-
ure 4(a), its full width at half maximum (FWHM) spectrum
width w is about 28 nm with center wavelength at 803 nm.
The generated dispersion angle « &~ 3.90 mrad according
to the equation of «. Then the angular dispersion can be
roughly calculated as A, = «/w =~ 0.14 mrad/nm. The
divergence angle caused by the lenses CL1 and CL2 with
500 mm focal length is about g ~ arcsin(6/500) ~ 12 mrad.
After about 2000 mm, the beam width of the SD_ is about
[ = 2000 mm x sin(«¢ + B) ~ 32 mm.

In the experiment, after propagation of about 2000 mm in
air, the width of beam SD . is about 30 mm. We measured
the spectra of SD at 30 different positions PO to P29 in
the horizontal direction, with every two positions separated
by about 1 mm. Figure 4(b) shows the spectra measured
at position PO/P4/P9/P14/P19/P24/P29 points. The curve of
center wavelength measured at each position is presented
in the insert figure in Figure 4(b). The center wavelength
is shifted by about 20 nm. The angular dispersion mea-
sured can be roughly denoted as A,, = [arcsin(30/2000) —
Bl rad/20 nm =~ 0.15 mrad/nm. A,, = A, the measured
result of the angular dispersion of generated SD signal
matches very well with the theoretically calculated result.

The scheme of angular dispersion compensation is shown
in Figure 5. A fused silica prism with apex angle « = /3
rad is used to compensate the angular dispersion in our
experiment. In beam SD 1, longer wavelength is located far
away from the two incident beams and shorter wavelength
located closer to the two incident beams. A cylindrical re-
flective mirror with focal length of 200 mm located 400 mm
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Figure 4. (a) The spectra of the incident pulse and the first-order SD signal SD_ 1; (b) the SD_ | spectra at 30 different positions, the inset shows the center

wavelengths measured at each position.
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Figure 5. Scheme of angular dispersion compensation.

behind the Kerr medium P1 is used to symmetrically focus
SDyg.

For a prism with refractive index n and apex angle «,
we can obtain the angular dispersion of the prism(® as
d, /dn = (cos @) ! [sin(@}) + cos(¥,) tan(@))]. According
to the measurement, the angular dispersion of the generated
SD is about 0.15 mrad/nm with center wavelength shifting
from 795 nm to 815 nm. We just consider the two edge
center wavelengths Ays = 795 nm and Ay; = 815 nm
here. We can calculate their refractive index according to
Cauchy’s dispersion formula in the prism as nygs = 1.4534
and nyr = 1.4531, respectively.

The relation between ¥; and @, can be calculated with
Snell’s law sin | = nsin |, sin¥, = nsin@, and ¥, +0), =
a = /3 rad. If the cross angle between the two output
beams is about 8 = 0.15 mrad/nm x 20 nm = 3 mrad, the
angle 1 = 0.432 rad is the right output angle of the SD_
beam. The input angle of the SD; beam can be calculated
as about ¥, = 1.481 rad.

The angular dispersion compensated SD,; propagates
about 1500 mm, and is expanded to about 20 mm in the
horizontal direction. The spectra of SD, at five different
positions with 5 mm apart are shown in Figure 6(c).

As can be seen in Figure 6(c), the spectra of compensated
SDy; at five different positions show a good coincidence.
While, residual angular dispersion still exists, and it is clear
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that the compensation for the shorter wavelengths appears
better than that for the longer wavelengths, we think this
is the residual high-order angular dispersion as the center
wavelengths vary nonlinearly relative to the five positions of
equal interval.

4. Conclusion

In conclusion, temporal contrast enhancement by the SD
process in a bulk Kerr medium possesses a few advantages
compared to many other pulse cleaning techniques. The
SD signals are spatially separated from the incident beams
without the use of any polarization discrimination devices.
It can also achieve a high energy SD signal output with a
cylindrical mirror focusing on the incident beams even with
low energy-conversion efficiency. The temporal contrast of
the D signal is the cube of the temporal contrast of the
incident pulse, Csp4+1 ~ Ci3n in theory, which indicates a
great potential of temporal contrast enhancement by the SD
process.

In this study, a temporal contrast enhancement equipment
based on SD effect with two cylindrical convex lenses is
built. As high as 780 wJ first-order SD signal at 800 nm
with contrast of 10! is generated with about five orders
of magnitude improvement. Wings around the main pulse
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Figure 6. (a) Scheme of prism dispersion; (b) the relationship between the
incident angle ; and the dispersion angle of pulses with Ay g = 795 nm
and A7 = 815 nm; (c) spectra of compensated SD signal.

in £1 ps are cleaned with a contrast improvement of about
107, which verifies the pulse cleaning ability of SD process.
The cause of angular dispersion generation of the SD signals
is also explored, and the angular dispersion is compensated
with a single prism. It is expected to extend the SD process
as an effective pulse cleaning method for high power laser at
1053 nm with a narrow spectral bandwidth and hundreds of
femtosecond pulse duration.
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