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Abstract

The intense few-cycle laser pulses play an important role in the investigations of
laser-plasma interaction. However, one of the biggest challenges in their generation
is the reduction of temporal intensity contrast by introducing undesired pre-pulses
and a long pedestal. Two techniques were investigated in this work to improve the
contrast. First, the crossed-polarized wave (XPW) generation was optimized to get
clean pulse. The conditions for XPW were optimized including crystal thickness and
maximal background pressure in the vacuum cell. Second, the method of elliptical
polarization rotation (EPR) in a gas-filled hollow-core fiber (HCF) was implemented
to produce both broadened and cleaned pulse, since its setup is much simpler. For
the tested EPR-based nonlinear filter, the spectral smoothening and broadening
were obtained. The contrast of cleaned pulse was characterized providing 2 order of
magnitude contrast enhancement, while it had a high average power of 80 mW. The
EPR-based nonlinear filter is a promising simplified technique in the development
of intense few-cycle lasers.
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1 Introduction

Over the past 50 years, the development of lasers resulted in shorter and shorter pulse
duration and correspondingly increasing peak power [1]. Chirped-pulse amplification
(CPA) technique has been a significant breakthrough in this development, for which
the Nobel Prize in Physics 2018 was awarded. Till now, the sub-5 femtosecond (fs)
pulses with 16 terawatt (TW) peak power has been achieved [2], which are so-called
intense few-cycle pulses. The laser pulse that has a duration of a few optical cycles
is called few-cycle pulse, whose pulse duration is shorter than about 10 fs at 800 nm
[3]. The intense electric field of the laser pulse can oscillate the free electrons almost at
the speed of light, in the relativistic optics regime. This relativistic limit for electrons
corresponds to the intensity about 1018 W/cm2 at 1 µm [4]. The application of the
intense few-cycle pulses is a widespread field of research, one of which is the laser-plasma
interaction. Ultra-relativistic laser-plasma interaction needs a sufficiently high contrast
on the nanosecond (ns) to picosecond (ps) scale, which is at least 8-12 orders of magnitude
(OOM) [3]. Otherwise, it is likely to produce an extended pre-plasma, which is formed
by the undesired radiation before the main pulse. This pre-plasma can deteriorate the
laser-plasma interaction between the main pulse and the target [2].

The ratio of the instantaneous intensity to the overall peak intensity at a given time
instant is defined as the contrast ratio [2, 3]. A poor contrast can come from the amplified
spontaneous emission (ASE) and the coherent pedestal and satellite pulses, correspond-
ing to incoherent contrast and coherent contrast respectively [5]. Typically, the plasma
forms with a variable threshold from 1010 W/cm2 for ns pulses to 1013 W/cm2 for fs
pulses in dielectric material [3]. So 8-12 OOM below the peak intensity is demanded
for pre-plasma sensitive experiments with a peak intensity range of 1018 W/cm2 to 1022

W/cm2. Therefore, the contrast enhancement techniques are crucial to obtain the re-
quired contrast in these sensitive experiments.

There are some methods to improve the contrast significantly by 3 to 4 OOM with an
input energy on the order of 1 mJ. Some examples are non-linear Sagnac interferometer,
saturable absorber, elliptical polarization rotation (EPR) and crossed-polarized wave
(XPW) generation [3]. The non-linear Sagnac interferometer improves the contrast by 4
OOM but the quality of the output pulse is worse [3]. While the contrast enhancement for
the saturable absorber is only 2 OOM [3]. In the present project, we mainly investigate
the XPW filter working in our laser system and test a new EPR in the gas-filled hollow-
core fiber (HCF) technique, both based on intensity-dependent nonlinear effects.

In the investigations of both the XPW and EPR techniques, gas-filled HCF plays an
important role in the generation of few-cycle pulses by spectral broadening. The HCF
has a hollow cylindrical structure made of fused silica. When the HCF is filled with
the noble gas, the nonlinear effect of self-phase modulation (SPM) broadens the pulse
spectrum [6]. The spectrum of HCF output is broader, smoother and more blue-shifted,
compared with the input. In this way, a super-continuum of visible and near-infrared
(NIR) frequency component is generated [7].

In this report, we investigate the dependence of XPW generation on the vacuum
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cell background pressure and XPW crystal thickness, to optimize the present contrast-
enhancement setup in the front end of light wave synthesizer-20 (LWS-20) laser system.
After this, we test a new alternative technique that combines the EPR and a HCF
filled with neon as nonlinear medium to achieve simultaneous broadening and contrast
improvement. Once it performs as good as XPW generation, the present laser system
can be simplified by implementing EPR.

2 Theory

2.1 Crossed-polarized wave (XPW) generation

XPW generation is a degenerate four-wave-mixing process, one kind of χ(3) process,
which belongs to the nonlinear-optical processes. This third order nonlinear effect drives
the conversion of a linearly polarized wave into a crossed linearly polarized wave, the
so-called crossed-polarized wave (XPW), with the polarization perpendicular to that of
the fundamental wave. The fundamental wave and XPW have the same frequency and
propagate along the same z axis, which is the propagation direction of the fundamen-
tal wave [8, 9]. This nonlinear effect occurs in χ(3)-anisotropic crystals, such as barium
fluorite (BaF2). The main contribution of XPW generation comes from the real part
of the third-order nonlinearity tensor, Re[χ(3)] [8]. Because of the degenerate frequency
and same propagating direction property, the XPW generation process is characterized
by automatically perfect (ideal) phase and group-velocity matching between the funda-
mental wave and XPW. This characteristic not only leads to a good XPW-generation
efficiency, but also smoothens the pulse shape and minimizes the phase distortions [9].

The XPW efficiency is proportional to the product of the third-order susceptibility
(χ(3)
xxxx) and anisotropy of the χ(3) tensor (σ), where the expression of anisotropy is

σ = [χ
(3)
xxxx − 2χ

(3)
xyyx − χ(3)

xxyy]/χ
(3)
xxxx. However, SPM mainly depends on the χ(3)

xxxx. In
the experiment, BaF2, with moderate χ(3)

xxxx but high σ, has an advantage of high XPW-
generation efficiency without notable SPM. Besides, the transmission range of BaF2 is
from the ultraviolet to the infrared, which allows the XPW generation to be applied to
fs scale [9].

Based on the XPW generation in a single-crystal, the nonlinear filter works with
a fs pulse to suppress the low intensity background and pulses surrounding the high
intensity main pulse. The polarization of peak pulse is rotated while the polarization
of background with low intensity is unaffected [2]. As XPW generation is a third order
nonlinear process, the intensity of XPW has a cubic dependence on the intensity profile
of fundamental wave in space and time. Considering the XPW filter, a BaF2 crystal
is sandwiched between a crossed polarizer-analyzer pair, the output contrast ratio is
expressed as [10]

Cout = C3
in

1 + KR
C2

inηeff

1 + KR
ηeff

where Cin/out is the input/output pulse contrast ratio, ηeff is the internal energy effi-
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ciency, K = ηeff/ηpeak is the integration constant for the temporal and spatial shapes
in the non-depleted regime to connect internal and peak efficiency (ηpeak) and R is the
extinction ratio of the polarizer-analyzer pair. The typical values are Cin = 10−2−10−8,
K ≈ 0.2, R = 10−2 − 10−5 and ηeff = 0.1 − 0.2 [3]. After some approximation and
simplification, the expression is given by [3]

Cout = C3
in + CinKR/ηeff .

This equation indicates that the keys of better enhancement are higher quality polarizer
pairs with lower extinction ratio, higher peak efficiency and better input contrast ratio.
As for the integration constant, it is determined by the spatial and temporal profiles.

To improve the contrast by getting higher efficiency, one of the options is choosing
thicker crystals. However, using thicker nonlinear crystals can make excessive SPM
which causes the departure from perfect phase matching and also competes with XPW
generation process [10]. The efficiency also dependents on the vacuum cell background
pressure due to unwanted additional nonlinear effects in air, which tend to compete with
XPW generation and generate some distortion in spectrum [11]. Therefore, considering
both contrast enhancement and pulse profile, it is necessary to investigate the dependence
of XPW signal on the vacuum cell background pressure and thickness of XPW crystal.

2.2 Elliptical polarization rotation (EPR)

When a high-intensity laser pulse with elliptical polarization propagates through an
isotropic medium, it induces an intensity-dependent refractive index. Due to this nonlin-
ear interaction, the polarization ellipse of the transmitted pulse is rotated by an angle of
θ, but it keeps the same ellipticity as that of the incident pulse [12]. This phenomenon
is called elliptical polarization rotation (EPR), illustrated in Figure 1.

y 

x 

y 

x 
𝜽 

Figure 1 – EPR schematic. The left one is the incident elliptically polarized pulse and
the right one is the transmitted pulse rotated by an angle of θ.

The rotation angle θ is given by [12, 13]

θ =
1

2
∆n

ω

c
z

where ω is the frequency of the laser pulse, c is the speed of light in vacuum, z is the path
length along the laser beam, and ∆n is the refractive index difference of the left-circular
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and right-circular components of the pulse, which is given by

∆n =
B

2n0
(|E−|2 − |E+|2) (1)

where B is the nonlinear susceptibility of the medium, n0 is the usual linear refractive
index of the medium, E− and E+ are the electric field magnitudes of left-hand and right-
hand circular components of the laser pulse. As mentioned before, linear polarization is
maintained upon propagation through a nonlinear medium, which can be demonstrated
by the Eq.1. Any linearly polarized light can be decomposed into a combination of left-
hand and right-hand circular components, which have equal amplitudes, i.e. |E−| = |E+|.
As a result, the refractive index difference ∆n disappears and the light can not be rotated.
Eq.1 shows that ∆n depends on B. However, for the circularly polarized laser, the change
in refractive index does not depend on the nonlinear susceptibility of the medium, B, so
the polarization of the circularly polarized light is also maintained upon the propagation
through a nonlinear medium.

Based on the intensity-dependent rotation, the contrast of ultra-short and ultra-
intense laser pulse can be improved. This nonlinear filtering device, shown in Figure
2, consists of two crossed polarizers, two lenses, gas-filled HCF and two crossed quarter
wave plates. After the parallel polarizer (LP1), the linearly polarized incident pulse
passes through the first quarter wave plate (QWP1) to produce elliptically polarized
pulse. When the angle between the fast axis of QWP1 and the polarization direction
of incident pulse is α, the second quarter wave plate (QWP2) must be rotated at the
angle of α ± 90° to compensate the polarization ellipse by QWP1. After being focused
by the first lens, the pulse is coupled into the HCF and propagates in the nonlinear
medium, where the SPM and EPR occur at the same time. Because of the intensity-
dependent nature of EPR, the polarization of the high-intensity part of the focused pulse,
mostly near the peak of pulse profile, is rotated, but the polarization of the low-intensity
parts of the pulse, i.e. pedestal and undesired pulses, are unchanged. In this way, the
polarization direction of low-intensity part of the pulse is retained, but the polarization
of the high-intensity part of the pulse is different from the initial polarization. Finally,
after the second lens, the collimated pulse impinges on the analyzer (LP2), which allows
the high-intensity pulse to pass and rejects the other components [14].

LP2 LP1 QWP1 QWP2 Focusing    
lens 

Collimating 
lens 

Horizontal Vertical 

HCF 

Figure 2 – Schematic diagram of the EPR-based nonlinear filter. LP1 and LP2 are
polarizer and analyzer, and QWP1 and QWP2 are quarter wave plates. The details are
in the text.

This alternative technique aims at achieving simultaneous broadening and contrast
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improvement. The contrast enhancement is limited by the intensity of initial pulse, on
which the intensity of the cleaned pulses has a cubic dependence [13], and the extinction
ratio of analyzer-polarizer pair. To get the maximum fraction of EPR output power,
the optimal angle of QWP1 is α = 22.5° [15] in theory. The investigations about the
extinction ratio of the EPR filter is necessary for estimation of the contrast enhancement.

3 Experiments and Results

3.1 Crossed-polarized wave (XPW)

Vertical 

Polarizer Focusing 
mirror 

Collimating 
mirror 

Analyzer 

Horizontal 

BaF2 

Ti: Sapphire 
oscillator 

Ti: Sapphire 
CPA 

XPW 
HCF 

2.2nJ 

5.5fs 

0.8mJ 

20fs 

0.35mJ 

6fs 

C
M 

Figure 3 – Setup of a single-crystal (BaF2) XPW filter. CM is chirp-mirror compressor
and CPA is chirped-pulse amplification.

The setup is shown in Figure 3. A 20 fs, 0.8 mJ pulse at 1kHz repetition rate from
a Ti:Sapphire amplifier, has a central wavelength of 800 nm. This pulse is sent to the
Ne-filled HCF with a pressure of 3 bar to broaden the spectrum. The generated 6 fs, 0.35
mJ pulse reflected by chirp mirrors to compensate the dispersion. This compressed 6 fs,
0.14 mJ pulse is cleaned by the XPW filter. First, the polarizer cleans the horizontal
input polarization and the focusing mirror (f = 1 m) concentrates the laser in front of
the crystal. Then the focused laser has enough intensity to generate XPW in the BaF2

crystal, which is in a vacuum chamber. Finally, the collimated laser is sent through
the analyzer, which is crossed with the polarizer, to remove the horizontally polarized
laser component and allow the generated vertically polarized pulse to go through. The
generated XPW is cleaned by the nonlinear filter.

In the experiment, to investigate the dependence on the vacuum cell background
pressure, the XPW spectra are measured in a large range from 5E-3 mbar, via 2.2E-2
mbar, 1.5E-1 mbar, 10 mbar, 20 mbar, 50 mbar, 100 mbar, 500 mbar to 1000 mbar. To
investigate the XPW signal for different thickness crystals, the spectra and powers of the
XPW signal are measured for three crystals with thickness 1 mm, 1.5 mm and 2.5 mm
respectively. In terms of these results, the maximal background pressure in vacuum cell
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and optimal thickness of crystal will be implemented in the present laser system.

3.1.1 XPW spectrum at different pressures

Figure 4 – Measured overall output spectra (not only XPW signal) at different vacuum
cell background pressures. The output spectra, which are measured after XPW crystal
chamber, in some typical pressures of 5E-3 mbar, 10 mbar, 20 mbar, 50 mbar, 500 mbar
and 1000 mbar are plotted for the full range spectrum. Inset spectra in a local range from
600 nm to 700 nm to see the changes.

Figure 4 shows that the XPW spectra from high pressure to low pressure have a de-
creasing amount of modulation. The currently used pressure is 5E-3 mbar, which gives
a spectrum without modulation except around the 800nm. The modulation near the
central wavelength comes from the SPM. Compared the above spectra, the spectrum at
10 mbar is very similar to that at 5E-3 mbar, while at 20 mbar extra modulation appears,
so it can be the maximum pressure to operate XPW. Therefore, it is practical to use the
vacuum cell at background pressures up to 10 mbar, which requires a smaller prepump.
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Figure 5 – Measured input and output spectrum at the lowest pressure for XPW setup.
The input and XPW output spectra are measured before XPW crystal chamber and after
analyzer, respectively. The yellow and purple line are the input and XPW output spectrum
at 5E-3 mbar. The orange and blue line are the overall output spectra (perpendicular and
parallel polarization) at 5E-3 mbar and 10 mbar.

The input and XPW output spectrum at 5E-3 mbar, i.e. the lowest pressure are
shown in Figure 5, where XPW works well. The two spectra, at pressures of 5E-3 mbar
and 10 mbar, are almost the same without modulation except the central wavelength
range. Therefore, the background pressure of vacuum cell can be set higher than 5E-3
mbar up to the value of 10 mbar.

8



Department of Physics
Umeå University Contrast improvement of few-cycle pulses

3.1.2 XPW spectrum for different crystal thicknesses

Figure 6 – Measured input and XPW output spectra for different crystal thicknesses with
normalization. The XPW input spectra are same for all three crystals.

As shown in Figure 6, all three crystals have spectral broadening from 580 nm to 1000
nm, which is relevant for LWS-20. For the input spectra with a Fourier limit of 6.47 fs,
the XPW output spectra for the crystals of 1 mm, 1.5 mm and 2.5 mm have the Fourier
limit (FL) of 5.23 fs, 5.14 - 5.16 fs and 5.02 - 5.05 fs respectively. With the thickness
increasing, the FL should increase for XPW generation. But as SPM plays a role here,
the FL decreases by 2% in the measurement. The XPW powers of the crystals of 1 mm,
1.5 mm and 2.5 mm are 8 mW, 11 mW and 15 mW respectively. The thicker XPW
crystal produces more modulation in the spectrum but has higher power. For the 2.5
mm crystal, the spectrum has obvious modulation. For the 1 mm crystal, the power of
the laser pulse is low. Therefore, the 1.5 mm crystal is the most optimal one for our
laser system, generating both broad spectrum with less modulation and moderate-high
power.
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Figure 7 – Measured XPW spectra for 1.5 mm crystals in different positions. As before,
the input spectrum is measured before XPW crystal chamber. The output spectrum is
measured after XPW but before analyzer. The XPW output spectrum is measured after
analyzer.

Compared with all XPW relevant spectra in different positions in Figure 7, the XPW
output spectrum is both broad and smooth, which means it works well. Therefore, the
1.5 mm crystal is the best one to be implemented in the LWS-20 system.
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3.2 Elliptical polarization rotation (EPR)
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Figure 8 – Setup of the EPR-based nonlinear filter. CPA is chirped-pulse amplification,
LP1 and LP2 are polarizer and analyzer, QWP1 and QWP2 are quarter wave plates,
GS is grism stretcher, AOM is acousto-optic phase and amplitude modulator, OPCPA
is optical parametric chirped-pulse amplifier and THG AC is third harmonic generation
auto-correlator.

The EPR implementation in LWS-20 is shown in Figure 8. A 20 fs, 0.8 mJ pulse at 1 kHz
repetition rate from Ti:Sapphire amplifier, has a central wavelength of 800 nm. A cube
beam splitter (LP1) with 97% transmission is used to clean laser polarization such that it
allows only the horizontal component. An elliptically polarized light is generated by the
first quarter wave plate (QWP1) with 97 % transmission. The angle, α, between the fast
axis of QWP1 and the polarization direction of incident pulse, is adjusted to determine
the optimal one for our system. Then the light is coupled into a 100 cm-long gas-filled
HCF, with a 250 µm core diameter, by the focusing mirror with a 1000 mm focal length.
The HCF is in the chamber, with two Brewster windows, pressurized to 3.0 bar with
neon gas, which is the isotropic nonlinear medium. At the output of HCF the laser pulse
is recollimated by the collimating mirror with a 1000 mm focal length and sent through
QWP2 with 97 % transmission, which supports the 580-1200 nm wavelength range. Last,
the pulse goes through a crossed thin plane polarizer (LP2) with 78% transmission to
reject the uncleaned pulse. When the HCF is filled with nonlinear medium, only the
EPR part of laser with a vertical polarization is passed through analyzer in the crossed
position of QWP2 and LP2.

In the experiment, first the extinction ratio of the polarizer-analyzer combination with
vacuum HCF is measured. Then the crossed position of QWP2 and LP2 is determined,
where a 2D adjustment for LP2 and QWP2 is used rather than just setting QWP2 to
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the theoretical angle of α + 90°. The extinction ratio of EPR setup in vacuum HCF is
measured next. After the optimization of the extinction ratio, the HCF is filled with
nonlinear medium (neon). Based on the spectrum and power of the filtered pulse, the
α angle is optimized. Finally, by seeding the LWS-20 the contrast improvement at the
optimal angle is measured at the end of the system using a third harmonic generation
auto-correlator (THG AC).

3.2.1 Extinction ratio measurements of EPR setup in a vacuum HCF

Angle α /° 0 10 20
Extinction ratio 1.7× 103 3.8× 102 1.7× 102

Table 1 – Extinction ratios of EPR setup at different α. The measured extinction ratios
of EPR at 0°, 10° and 20° without nonlinear medium in HCF are listed in the table.

The polarizer and analyzer combination in the EPR setup gives an extinction ratio of
1.6 × 103, which remains the same if the QWPs are inserted in the setup at α = 0°.
It indicates that the QWP combination does not influence the extinction ratio at 0°.
But the QWP combination does not compensate the polarization perfectly leading to
a decreasing extinction ratio with increasing α (see Table 1). The EPR setup without
HCF can maintain the constant extinction ratio,which means the QWP combination can
compensate well the polarization without the HCF and other optics. The possible factors
contributing to the decreasing extinction ratio are the thickness of the focusing lens, the
Brewster window and the dichroic mirrors.

3.2.2 The measurements of EPR spectrum and power in the gas-filled HCF

α/° 5 10 15 20 25
PEPR/mW 11 40.6 68.3 74.6 60.4

Table 2 – Powers of EPR pulse, PEPR, at different α. The measured powers of EPR pulse
at 0°, 10° and 20° with the 3.0 bar neon in HCF are listed in the table.

As shown in the Table 2, a bigger angle α below 20° produces a higher power of EPR pulse.
If α is bigger than the theoretically optimal angle of 22.5°, the EPR power decreases. Due
to the limitation from beam pointing and position stabilizer, the maximum α is 25°. In
this measurement, the pressure of neon gas and the HCF input power are maintained to
investigate the relationship between α and PEPR. In this way, an α of 20° is the optimal
angle in the above measurement, since there is offset.
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Figure 9 – Input spectrum and EPR spectra at different angles of α. Input spectrum is
measured before LP1. When the HCF is filled with 3.0 bar neon, the EPR spectra are
measured.

As shown in the Figure 9, the narrow input spectrum is appreciably broadened by
EPR and SPM in gas-filled HCF. A smaller α produces a narrower and more modulated
spectrum, when the gas pressure and the HCF input power are constant. Based on
the EPR spectra, the experimentally optimal angle about 20° is consistent with the
theoretical value of 22.5°.

α/° 5 10 15 20 25
PNEPR/mW 211 166 126 116 136

Table 3 – Powers of no EPR pulse, PNEPR, at different α. The measured powers of no
EPR pulse (parallel polarization component) at 0°, 10° and 20° with the 3.0 bar nonlinear
medium of neon in HCF are listed in the table.

As shown in the table 3, a bigger angle α below 20° produces a lower power in the
parallel polarization component (no EPR). If α is bigger than the theoretically optimal
angle of 22.5°, the power of non-EPR component increases. Same as before, the pressure
of neon gas and the input power are maintained. In this way, the α value of 20° is also
the optimal one in the above measurement.
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Figure 10 – Input spectrum and no EPR spectra at different angles of α. When the HCF
is filled with 3.0 bar neon, the no EPR spectra (parallel polarization component spectra)
are measured.

As shown in the Figure 10, the narrow input spectrum is also broadened. A smaller
α angle produces a broader but more modulated spectrum, for a given gas pressure and
constant HCF input. Based on the spectral measurements in Figure 9 and Figure 10,
the experimentally optimal angle about 20° is consistent with the theoretically optimal
angle of 22.5°.

α/° 5 10 15 20 25
ηEPR/% 5.0 20 35 39 31

Table 4 – Internal efficiencies of EPR pulse, ηEPR, at different α.

As shown in Table 4, a bigger α angle has a higher EPR internal efficiency (spatially
and temporally integration), which is defined as

ηEPR =
PEPR

PEPR + PNEPR
.

If α is bigger than the theoretically optimal angle of 22.5°, the internal efficiency of EPR
pulse decreases. Similarly as before, the pressure of neon gas and the input power are
maintained.

After the optimization of HCF, the EPR output power can reach up to 80 mW, which
is higher than the XPW power of 11 mW. The no EPR power is 122 mW in this case.
The EPR internal efficiency of EPR at the optimal angle is 40%, which is also higher
than the theoretical maximum value of single-XPW crystal scheme about 15% [16].

The EPR overall efficiency, HEPR, is defined as

HEPR =
PEPR

PIEPR
,
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where PIEPR is the input EPR power measured after HCF, 350 mW. This gives an EPR
overall efficiency of 23%, which is also higher than that of XPW in the present laser
system approximately of 6% [2]. Therefore, α of 20° is the optimal angle in the above
measurement.

Figure 11 – Relevant normalization spectra for the optimal α of 20°. The HCF out-
put spectrum and the XPW spectrum are also measured to compare them to the EPR
spectrum.

The EPR spectrum is as broad as the output HCF spectrum (see Figure 11) but much
more smoother. Compared to the XPW spectrum spanning over 550-950 nm, the EPR
spectrum is narrower, which can be optimized by changing the gas material, pressure in
HCF and input power. Considering all above measurements of spectrum and power, the
optimal α angle is 20°.
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3.2.3 The measurement of EPR contrast improvement at optimal angle

Figure 12 – LWS-20 laser contrast using 20° and 0° EPR as seed. The detection limit of
THG AC is approximately 1010.

The EPR signal is used as seed in LWS-20 and the pulses are amplified. As shown in
Figure 12, the THG AC of the temporal intensity with 20° and 0° EPR are measured.
Here the zero delay describes the peak of the pulse. A long range pedestal from -8 ps
to 8 ps originates from Dazzler, where EPR doesn’t play a significant role. These EPR
signals show a contrast improvement of at least 2 OOM, which corresponds well to the
EPR extinction ratio at optimal angle of 1.9× 102. Therefore, the EPR based nonlinear
filter works for laser pulse cleaning.

4 Conclusions and outlook

Two techniques were investigated in LWS-20 for contrast improvement, XPW and EPR.
In the XPW cell, the background pressure of vacuum cell can be increased up to 10
mbar from 5E-3 mbar, maintaining similar spectrum. The optimal thickness of XPW
crystal is 1.5 mm, which generates both broadened and smoothened spectrum with an
acceptable pulse power. An optimization of XPW technique in LWS-20 is presented,
which maintains the contrast enhancement of 3-4 OOM and optimizes seed spectrum
and power.

In the EPR test experiment with a neon gas-filled HCF, there are multiple promising
results at optimal EPR input polarization. The cleaned laser pulse has smoothened
spectrum but also keeps the same spectral broadening. The EPR output power reaches
up to 80 mW, which is much higher than XPW power of 11 mW. The overall efficiency of
23% is also higher than that of XPW in the present laser system about 6%. The contrast
is enhanced by 2 OOM.
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A further improvement of these EPR measurement results are still feasible. The
EPR spectrum can be optimized by the proper alignment of HCF. The 2 OOM contrast
improvement is lower than that of XPW, but a higher value can be reached by increasing
the extinction ratio of the EPR setup. It can be optimized by increasing the extinction
ratio of polarizer-analyzer pair, reducing the influence from other optical components and
trying smaller EPR input ellipticity (α angle). The efficiency of the EPR is relatively
high, which might be enhanced by changing the different gases, gas pressure and input
power. This simplified EPR technique in HCF should be investigated in detail to achieve
both broadened and cleaned spectrum and smoothened pulse shape.
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