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INTRODUCTION 

A petawatt-class laser system has been developed 

and laser intensity has recently reached a level as high as 

10
22

 W/cm
2 

 owning to the great progress in chirped 

pulse amplification (CPA) technique. Such ultrahigh 

intense laser pulses provide powerful tools for 

laser-matter interaction experiments in the relativistic 

regime. In these plasma-creating experiments, laser 

pulses with high temporal contrast are required to 

prevent the unwanted intense prepulses which generate 

preplasma before the main pulse arrives at the target. For 

laser intensity as high as 10
21

 W/cm
2
, it is of vital 

importance to increase the pulse contrast better than 10
9
 

to prevent the generation of preplasma. However, the 

temporal contrast of a typical CPA system can only reach 

10
6
 of the magnitude. To improve the temporal contrast 

of this extremely intense femtosecond pulse, optical 

parametric chirped pulse amplification (OPCPA) and 

double CPA systems were widely used. Furthermore, 

several pulsecleaning techniques have been developed to 

improve the temporal contrast. These methods include 

the use of saturable absorbers, a nonlinear Sagnac 

interferometer, plasma mirrors, polarization rotation, and 

cross-polarized wave (XPW) generation. However, in the 

case of the first three methods, the temporal contrast 

improvement is limited to only 1-3 orders of magnitude. 

Plasma mirrors can only be used under the condition of 

low repetition rates due to the plasma lifetime. Recently, 

polarization rotation and XPW, based on the third-order 

nonlinear process, were demonstrated as powerful 

methods to improve the temporal contrast of intense laser 

pulses. By using XPW in BaF2 crystals, the temporal 

contrast has been improved by about four orders of 

magnitude. In these two methods, the contrast 

enhancement has been limited by the extinction ratio of 

the polarization discrimination device which is at best 

4-5 orders. In this letter, we demonstrated the application 

of a self-diffraction (SD) process to improve the 

temporal, spectral, and spatial qualities of femtosecond 

laser pulses.  

PRINCIPLE 

SD process was studied and used to measure the 

pulse duration about a decade ago. For the SD process, 

two incident pulses have the same wavelengths, thus it 

can be called degenerate cascaded four-wave mixing 

process. From the phase-matching condition, the 

generated SD signals have almost the same center 

wavelength with the incident pulse. As the first-order SD 

(referred to henceforth as SD1) process is a third-order 

nonlinear process, the intensity of the first-order SD 

signal has a cubic dependence on the intensity of the 

incident pulse. The third-order nonlinear response 

inducing SD1 in transparent materials is purely 

electronic and hence instantaneous in the non-resonant 

condition. In a non-resonant electronic Kerr medium, the 

SD process is an instantaneous process with femtosecond 

time scale because of inertia-free interaction. The weak 

amplified spontaneous emission (ASE) with long life 

time and satellite pulses will experience SD processes 

separated from the main pulse in time. Moreover, by 

using SD process, the SD signals are spatially separated 

from the two input beams. Therefore there is no limit of 

improvement of temporal contrast due to the extinction 

ratio of the polarizer pair like XPW generation method. 

If the angular dispersion is not taken into consideration 

and the diffusive light from the Kerr medium is 

negligibly small in comparison with the noise in the SD 

pulse, the temporal contrast of the SD1 signal can be 

estimated as the cube of the temporal contrast of incident 

pulses even in the picosecond range. Furthermore, the 

higher order SD signals have a much higher temporal 

contrast improvement from the relations. The 

time-domain expression also indicates that the pulse 

duration of the SD1 signal will be shortened in the SD 

process. In the frequency domain, the third-order 

dielectric polarization induced at a certain frequency sd1 

is obtained by the sum over all possible permutations of 

fundamental frequencies weighted according to the 

third-order susceptibility. The spectral intensity of the 

SD1 signal is an integral of the spectral intensity of two 

incident laser pulses. It means that the intensity of the 

SD1 signal at every wavelength component is an 

averaged contribution over the whole spectral region of 

the incident pulses. Therefore, the spectrum of the SD1 

signal is smoothed automatically. This SD process can be 

run in a wide spectral range with a broadband incident 

spectrum when the incident crossing angle is small and 

the thickness of the medium is thin enough based on the 

description in SD frequency-resolved optical gating 

(FROG) measurement. 

 

 



EXPERIMENTAL RESULTS 

The experiment was performed with a commercial 

Ti:sapphire CPA laser system. The laser system produced 

a pulse with the pulse duration of 35-fs, a center 

wavelength of 800 nm. After four 1-mm-thick fused 

silica beamsplitters, pulse with about 110 μJ pulse energy 

was used in the experiment. Then, after a variable 

neutral-density (VND) filter, the laser pulse was split 

into two beams. The two beams were focused by a 

spherical mirror with a 300-mm focal length into a fused 

silica glass plate located about 20 mm after the focal 

point. The external crossing angle between the two 

incident laser beams was about 1.5°. Then, the phase 

matching condition can be easily satisfied. When the two 

beams were temporally synchronized and spatially 

overlapped in the glass plate, SD signals were appeared 

on the both sides besides the input beams. The energy 

conversion efficiency from the input laser beams to the 

two SD1 signals was about 12%. The efficiency on one 

of the two sides can be increased by replacing the 50/50 

beamsplitter with a 67/33 beamsplitter to make the 

incident pulse energy ratio is 2:1. The ratios of the pulse 

energies between SD1 and SD2 signals can also be 

changed by tuning the incident crossing angle. 

The spectra of the SD1 signal and the input laser 

pulse are shown in Fig. 1a. The spectrum of the SD1 

signal is clearly smoother and broader than the input 

laser spectrum. The pulse durations of the input pulse 

and the SD signal were measured by a SHG-FROG 

technique using the same setup as the temporal contrast 

measurement except for the 50/50 beamsplitter being 

replaced with a silver-coated D-shaped mirror to avoid 

the dispersion of the beamsplitter. All the data were 

retrieved by using the commercial software with retrieve 

errors smaller than 0.006. Figure 1a shows the retrieved 

incident-laser spectrum and retrieved SD1 spectrum with 

a thin magenta-dash-dot curve and a thin blue-dash-dot 

curve, respectively. The retrieved spectra fit well with the 

measured ones. Figure 1b shows that the pulse duration 

of the SD1 signal at zero delay time was shortened from 

75 to 54 fs in comparison with the input pulse. The 

retrieved temporal and spectral phases in Figs. 1a and 1b 

show that the phase of the SD1 signal was also found to 

be smoothed with some positive chirp. Comparing with 

the spectrum of the SD1 signal at zero delay time, the 

peak wavelength of the SD1 signal was shifted for about 

± 10 nm at ± 33 fs delay time ( + means beam_1 is ahead 

of beam_-1) owning to the cross phase modulation 

(XPM) and small frequency chirps of incident pulses, as 

shown in Fig. 1c. At the same delay time, the 

spectral-shifts of the two SD1 signals on both sides have 

opposite signs. The retrieved spectral phase also shows 

that the reduction or enhancement of the chirp rates 

depends on the sign of the delay time for the same SD1 

signal, as shown in Fig. 1c. Suitable delay and chirp of 

the incident pulse will induce self-compression of the 

SD1 signal to a nearly transform-limited pulse. Figure 1b 

shows the temporal profile and temporal phase of the 

SD1 signal when the delay time is + 33 fs. The pulse 

duration was shortened to 39 fs, which is close to its 

transform-limited pulse duration 33 fs. These spectral 

broadening and pulse shortening also appeared in another 

third-order nonlinear process, XPW generatio, and they 

can be explained in almost the same way. 

The spatial profile and beam quality of the SD1 

signal were also improved in this SD process in 

comparison with the input laser beam owning to spatial 

filtering effect induced by self-focusing in the medium. 

This was observed in the same way in the CFWM 

experiments and pulse compression experiments in bulk 

media. The M
2
 of the input laser beam and the SD1 

signal were fitted by the beam diameters that measured 

using a CCD camera at more than ten positions. The two 

dimensional beam profiles of the SD1 signal is improved 

from an asymmetric incident beam to a nearly-symmetric 

Gaussian beam, as illustrated in the inset pattern in Fig. 

1d. The M2 of the SD1 beam was also improved from 

1.6 of the input laser beam to 1.3, as shown in Fig. 1d. 

 

 
Fig. 1. (a) Measured spectra (thick curve) and retrieved 

spectral phase (thin curve) of the incident pulse (solid 

curve) and the SD1 signal (dot curve); (b) Retrieved 

temporal profile (thick curve) and temporal phase (thin 

curve) of the incident pulse (solid curve), the SD1 

signals at zero (dash-dot curve); (c) Measured spectra 

(thick curve) and retrieved spectral phase (thin curve) of 

the SD1 signals at zero (red-solid curve); (d) M
2
 and 

two-dimensional beam profiles of the incident beam. 

We demonstrated the application of a 

self-diffraction (SD) process in a bulk Kerr medium to 

improve the temporal, spectral, and spatial qualities of 

femtosecond laser pulses. A proof-of-principle 

experiment succeeded in improving the temporal contrast 

of a femtosecond pulse by four orders of magnitude even 

in the picosecond region using a 0.5-mm-thick fused 

silica glass plate by this technique. The energy 

conversion efficiency from the incident pulses to the two 

first-order SD signals is about 12%. By the SD process, a 

laser pulse with smoother spectral shape, higher beam 

quality, and shorter pulse duration than those of the input 

pulse was generated. This technique is expected to be 

used to design background-free petawatt laser system in 

the future. 


