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A Self-Diffraction Temporal Filter for Contrast Enhancement in Femtosecond
Ultra-High Intensity Laser
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We demonstrated a nonlinear temporal filter based on the self-diffraction (SD) process. Temporal contrast
enhancement, angular dispersion and spectrum broadening properties of the SD process are investigated in
experiment and simulation. Driven by spectral phase well compensated laser pulses with bandwidth of 28 nm,
the filter produced clean pulses with a temporal contrast higher than 1010 and excellent spatial profile, the
spectrum of which was smoothed and broadened to 64 nm. After implementing this filter into a home-made
30 TW Ti:sapphire amplifier, temporal contrast of the amplified pulses was enhanced to 1010 within the time
scale of −400 ps.
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The invention of chirped-pulse amplification
(CPA) technology[1] has led to a dramatic increase of
laser intensity since the 1980s. Along with titaniumdoped sapphire (Ti:sapphire), ultra-short laser pulses
with peak powers of multi-petawatt[2−5] and intensities up to 1022 –1024 W/cm2 (Refs. [6–9]) have been
generated and planned in small-scale laboratories,
which have become powerful experimental facilities for
investigation of laser matter interaction in the relativistic regimes. Due to the fact that solid targets
will be ionized by any undesired pulse with intensity higher than 1011 W/cm2 ahead of the main pulse,
which would greatly affect laser-plasma interaction,[10]
temporal contrast is one of the most important parameters for such high intensity laser pulses.
As for the temporal contrast, amplified spontaneous emission (ASE)[11] and pre-pulses[12] are two
major challenges. To mitigate the negative impact of ASE, several techniques have been developed to suppress it, such as double CPA (DCPA),[13]
saturable absorbers,[14] optical parametric amplification (OPA),[15] and cross-polarized wave generation
(XPW).[16] The XPW filter has been widely used because of its compact setup as well as spectral broadening effect, but the performance of temporal contrast enhancement is limited by the extinction ratio of the polarizer that separates the XPW signal
from input pulses. However, the ability of the selfdiffraction (SD) process to generate clean femtosecond laser pulses with high temporal contrast has been

reported recently,[17,18] though SD was mostly studied in pulse duration measurement.[19,20] SD is also a
third-order nonlinear effect like XPW, but produces
clean pulses in a different direction from the incident
pulses. The absence of polarizing components implies
that SD has the potential to reduce ASE by large orders of magnitude and it could be a promising technique for generation of ultra-high intensity laser pulses
with high temporal contrast.
In this work, temporal cleaning and spectral
broadening properties of the SD process are discussed,
simulated and experimentally investigated, with the
angular dispersion also mentioned. A nonlinear temporal filter based on the SD process was demonstrated.
Driven by our home-built Ti:sapphire CPA laser, this
filter produced clean pulses with a good beam profile,
energy of 35 µJ and spectrum bandwidth exceeding
60 nm (full width at half maximum, FWHM). The picosecond temporal contrast was enhanced more than
four orders of magnitude to 1010 . To testify its practicability, the temporal filter was further applied into a
DCPA system, which generated 0.9 J pulses with pulse
duration as short as 29.7 fs, and temporal contrast of
1010 .
When two pulses D+1 and D−1 overlap each other
temporally and spatially in a thin plate of nonlinear
material, an interference pattern occurs. If the intensity of input pulses is high enough, the constructive
interference will induce a change in refractive index of
the material by the Kerr effect, while the destructive
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𝑘SD±𝑚 = (𝑚 + 1)𝑘D±1 − 𝑚𝑘D∓1 ,

(1)

where 𝑘 is the wave vector, and 𝑚 is the order number of the SD process. When the crossing angle 𝛼
is small enough, the magnitude of 𝑘SD+1 is approximately equal to that of 𝑘D+1 and 𝑘D−1 , which means
that the SD process is a nearly degenerate four-wave
mixing process. Thus, the temporal and spatial walkoff are negligible in a fused silica plate thinner than
1 mm, with input pulse duration at several tens of femtoseconds and crossing angle smaller than 2∘ .

the central wavelength of the Fourier transform limited input pulse is 800 nm with FWHM of 28 nm and
the cross angle of 𝑘D+1 and 𝑘D−1 is 0.5∘ . Figure 2(a)
is the relation between output angle and wavelength
of the SD+1 signal, which indicates that the angular
dispersion is mostly linear. In Fig. 2(b), the blue area
is the angle-integrated spectrum of the SD+1 signal.
The black dashed line represents the spectrum of the
input pulse, the FWHM of which is 28 nm. The red
solid curve is a Gaussian distribution with FWHM of
49 nm, which is drawn as a comparison to show the
slightly asymmetry and blue shift of the SD+1 spectrum. The spectrum is broadened by a factor about
1.73 in the SD process.
2

Angle (mrad)

interference will not. The thin plate with periodically
spaced different refractive indices acts like a transmission grating and diffracts the input pulses. Because
it is a Kerr effect related phenomenon, it is also a
third order nonlinear optical effect. The phase matching condition is illustrated in Fig. 1, which could be
expressed as
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Fig. 1. The phase matching of SD process.

The intensity of first-order SD signal can be ex2
presses as 𝐼SD+1 ∝ 𝐼D
(𝑡)𝐼D−1 (𝑡 − 𝜏 ). To prevent
+1
filamentation, the total energy of D+1 and D−1 is usually limited. The above equation implies that the intensity of the SD+1 signal is proportional to the cubic
input pulse intensity. This means that the pre-pulse
and ASE with lower intensity will be suppressed due
to a much lower conversion, and the temporal contrast
of the SD+1 signal is the cube of contrast of input
pulse in theory. Moreover, the SD signal is diffracted
into a different direction from the input pulse. Therefore, the SD process has great potential for temporal
contrast enhancement which is not limited by the extinction ratio of polarization components.
It has been reported that there is angular dispersion in the SD+1 signal,[21] originating from phase
matching in the non-collinear geometry. More importantly, the spectrum of the SD+1 signal will be
broader than that of the input pulse. To give an example, for a femtosecond laser pulse with spectrum
width (FWHM) of tens of nanometers as the input
pulse, with 𝑘D+1 or 𝑘D−1 at different wavelengths,
the wavelength and direction of 𝑘SD+1 are different,
which results in angular dispersion. Assuming that
𝑘D+1 is the wave vector of the shortest wavelength
component, and 𝑘D−1 is the longest wavelength component, it is easy to see that the 𝑘SD+1 represents a
wavelength shorter than the shortest wavelength of
the input pulse, thusly the spectrum is broadened.
Simulations were conducted from Eq. (1) with parameters close to the experimental condition, in which
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Fig. 2. Spectral properties of SD signal calculated from
the phase matching condition. The spectrum width of input pulse is 28 nm and the cross angle of 𝑘D+1 and 𝑘D−1 is
0.5∘ . (a) Angular dispersion of the SD+1 pulse. (b) Spectrum of the SD+1 pules. Blue area: the angle-integrated
spectrum from (a). Red solid curve: output spectrum
with Gaussian distribution of 49 nm FWHM. Black dashed
curve: input spectrum with Gaussian distribution of 28 nm
FWHM

The detailed structure of the SD temporal filter
is illustrated in Fig. 3. In the experiment, the 1.5 mJ
driving pulse with pulse duration of 35 fs came from
the CPA system mentioned in our previous work,[22]
and was split by a beam splitter BS. D+1 and D−1
were the reflected and transmitted beams, respectively, which both passed through an attenuator (A1
and A2) to adjust the energy. To prevent filamentation and to maximize the output of SD+1 , the energies of D+1 and D−1 on the glass plate were adjusted to 300 µJ and 200 µJ, respectively. After being focused by two lenses with 1 − 𝑚 focal length,
D+1 and D−1 coincided with each other on a 0.4mm-thick fused silica plate with the incidence angle
at the Brewster angle. By placing the fused silica
plate 50 mm after the focal point, the beam diameters on the fused silica were both around 800 µm at
1/𝑒2 . The peak power density at the glass plate was
estimated to be 2.8 × 1012 W/cm2 . The crossing angle
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the SD+1 pulse was 64 nm, while it was 28 nm for the
input pulse. The broadening factor had a strong dependence on the residual spectral phase of the input
pulse, and was larger in experiment than that in calculation because there was also a self-phase modulation (SPM) effect while propagating through the glass
plate, which could further broaden the spectrum. The
broader spectrum was good for obtaining shorter pulse
duration after amplification. The pulse duration of
SD+1 was measured by a self-referenced spectral interferometer (Wizzler, Fastlite Inc.) after compression
by a pair of chirp mirrors providing −80 fs2 of group
delay dispersion (GDD) in total, which was 20.4 fs, as
illustrated in Fig. 4(b).

Nomalized intensity

between D+1 and D−1 was about 0.5∘ . When the incident pulses were temporally synchronized by finely
tuning a motor-controlled stage with 100 nm/step, the
interference pattern of the incident beams appeared,
as well as SD signals on both sides of D+1 and D−1 . As
shown in Fig. 3, D+1 and D−1 are the residual incident
pulses, SD+1 and SD−1 are the first order SD signals.
The SD2 signal and higher order SD signal could also
be seen. The SD+1 pulse was delivered through an
aperture before being collimated by a spherical concave mirror with radius of curvature of 950 mm, while
the other pulses were blocked. Under this condition,
the energy of the SD+1 pulse reached 35 µJ, which
could be used as a high temporal contrast seed. The
energy conversion efficiency from the incident pulses
to the SD+1 signal is 7%, and the power stability of
the SD+1 signal is about 2.5% RMS in three hours.
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Fig. 5. (a) The temporal contrast of SD+1 signal. (b)
The spatial quality of SD+1 signal.
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Fig. 3. Detailed structure of the SD pulse cleaner. The
inset is the photo of generated SD signals and residual incident pulses. BS: beam splitter. A1, A2: attenuator. L1,
L2: lens. FS: fused silica.
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Fig. 4. (a) The spectrum of SD+1 signal was smoother
and broader than that of incident pulses. Shaded area:
the spectrum of incident pulses. Red line: the spectrum
of the SD+1 signal. Black dashed line: the spectral phase
of the SD+1 signal after a pair of chirp mirrors which provides −80 fs2 of GDD. (b) The pulse duration of the SD+1
signal after a pair of chirp mirrors which provides −80 fs2
of GDD.

As shown in Fig. 4(a), the spectral bandwidth of

It has been reported that the SD process can suppress the pre-pulse and improve the temporal contrast
of the input pulse in nanosecond range.[23] The temporal contrast within picosecond scale of the SD+1 pulse
was measured utilizing a third-order cross correlator
(Sequoia 800, Amplitude Technologies). In Fig. 5(a),
the red dashed line shows the temporal contrast of
the input pulse, which was about 106 . The black
line represents the contrast of the SD+1 pulse, which
was about 1010 . The temporal contrast was improved
by more than four orders of magnitude and the prepulses were also suppressed by several orders of magnitude. By significantly reducing the ASE level, some
pre-pulses that had been buried by ASE could also be
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Fig. 6. Schematic diagram of the whole DCPA system.
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To testify the practicability of the SD filter, the
SD+1 pulse without compression was injected into another home-built CPA system as a high temporal contrast and broadband seed. The schematic diagram is
illustrated in Fig. 6. For amplification, one major issue
of the SD+1 pulse was the angular dispersion. As calculated above, angular dispersion of the SD+1 pulse
is mostly linear, and the compensation of which by
a single prism has been reported.[21] However, Martinez stretcher could also induce angular dispersion
if misaligned.[24] Hence, slightly and properly adjusting the distance between the concave mirror and the
flat mirror in the stretcher of the second CPA stage
would compensate for the angular dispersion of the
SD+1 pulse. As was reported, there is only a small
amount of residual high order angular dispersion after
the linear part has been compensated for.[21] During
further amplification stages, the influence of wavefront
aberration caused by large aperture amplification and
transmissive elements will have greater influence on
focusing characteristics than the residual high order
angular dispersion, which should be compensated for
by deformable mirrors.
The stretched pulse was firstly introduced into
a 6-pass amplifier, which was pumped by a 350 mJ
Nd:YAG laser at 10 Hz. The output energy was about
50 mJ. In the second 6-pass amplifier, the energy was
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boosted to 510 mJ using pump laser with energy of
1.5 J at 1 Hz. In the 4-pass amplifier, the pump energy
was 2 J with the output energy of 1.2 J and standard
deviation of 16 mJ (1.3%) for 8000 consecutive shots.
After the Faraday isolator, the beam was enlarged to
40 mm diameter and finally sent into the vacuum compressor. The measured spectral intensity and phase of
the compressed pulse was illustrated in Fig. 7(a), with
pulse duration of 29.7 fs as shown in Fig. 7(b). The
output energy was 0.9 J, leading to a peak power of
30 TW.
In Fig. 7(c), the contrast at the output of the laser
system is presented, which was around 1010 within
the time scale of −400 ps. It could be noticed that
the pre-pulse at −114 ps was the artifact from the relatively strong post pulse at 114 ps behind the main
pulse, which originated from the double reflection at
the two faces of the Glan polarizer in the amplifier.
Normalized intensity

detected. However, the contrast should have been still
1–2 orders of magnitude better, because the energy of
the SD+1 pulse was not enough to realize a higher dynamic range, and the ASE level in Fig. 5(a) was the
detection limit.
Apart from the good temporal parameters, the
spatial quality was also improved. Because the higher
order transverse mode exhibits worse focusing ability, the high spatial frequency components would have
a larger beam diameter on the fused silica and contribute less during the SD process, which improves
the spatial quality. The 𝑀 2 factor of SD+1 signal was
measured as shown in Fig. 5(b), in which the blue line
represents 𝑀 2 for the horizontal axis, and the red line
for the vertical one. Because of the angular dispersion, the 𝑀 2 in horizontal direction was not as good
as that in the vertical direction. The far-field beam
profile is shown in the inset of Fig. 5(b).
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Fig. 7. (a) The spectrum of the compressed pulse. Black
dashed line: residual spectral phase of compressed pulse.
(b) Pulse duration of the compressed pulse. (c) Temporal
contrast of the amplified pulse.

In summary, the phase matching and spectraltemporal properties, including temporal contrast enhancement, angular dispersion and spectrum broadening, have been discussed and simulated. A nonlinear
temporal filter based on the SD process was developed,
which enhanced the temporal contrast of input pulses
by more than four orders of magnitude to 1010 . More-
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over, the filter broadened the spectrum and improved
the spatial quality of input pulses. After implementing the filter into a DCPA laser system, 30 fs pulses
with contrast of 1010 were generated at the peak power
level of 30 TW.
The results show that SD process is a competitive
alternative among several methods for high temporal contrast seed generation. It could not only provide good contrast enhancement performance due to
the abandonment of polarizing components, but also
broaden the spectrum to obtain a shorter pulse duration after amplification. The angular dispersion issue
from phase matching could be mitigated by the second
stretcher in DCPA architecture. This filter could be
an ideal pulse cleaning module in high contrast DCPA
laser facilities for the study of high field physics such
as plasma high harmonics generation and laser plasma
acceleration.
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