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Abstract.  A method is proposed for enhancing the time-domain 
contrast of femtosecond laser pulses under nonlinear pulse com-
pression by means of spectrum broadening due to the self-phase 
modulation with a following reflection from chirped mirrors. The 
contrast increases because the radiation of the pedestal is blocked 
by a square screen arranged in a focal plane of a unit-magnification 
telescope, and the main pulse ‘bypasses’ the screen, because a wedge 
in front of the telescope declines the pulse to a large angle due to a 
cubic nonlinearity.

Keywords: time-domain contrast, ultrahigh-power laser, cubic non-
linearity.

1. Introduction

Many experiments on studying matter properties in extreme 
conditions require both a large peak power of a laser pulse, 
and a high time-domain contrast. In recent years, the method 
of nonlinear compression is actively developed for increasing 
the power, in which a plane-parallel plate introducing a phase 
modulation and chirped mirrors introducing a negative dis-
persion are employed. The method is called thin film com-
pression (TFC) [1], compression after compressor approach 
(CafCA) [2], or post-compression [3]. Multiple shortening of 
femtosecond laser pulses actually with no energy losses was 
demonstrated for pulse energies of several [4, 5] or even doz-
ens of joules [6, 7] (see review [8]).

Under the time-domain contrast is meant the ratio of the 
pulse maximum intensity to the intensity at pulse wings. In 
many experiments, a high value of the far time contrast 
(1 – 1000 ps from the peak of the main pulse) is rather impor-
tant because if this value is low, the target breaks prior to 
arrival of the main pulse. A far contrast is determined by a 
value of the pulse pedestal, which usually arises from an 
amplified spontaneous emission in laser amplifiers comprised 
in a CPA laser (chirped pulse amplification) [9] or due to 
amplified parametric emission in OPCPA lasers (optical para-
metrical chirped pulse amplification) [10]. The contrast can be 
increased by using plasma mirrors [11], second-harmonic gen-
eration [12], and nonlinear optical methods based (as in the 
present work) on cubic nonlinearity with the employment of 

cross-polarised wave polarisation [13], spectrum broadening 
under self-phase modulation [14, 15], and nonlinear 
Mach – Zehnder interferometer [16]. In the most of applica-
tions, the contrast in the focal plane of an optical system (on 
a target) is important rather than in the near field of radia-
tion.

In the present work, a method for increasing the time-
domain contrast on a target is proposed based on the employ-
ment of an optical wedge in a laser beam. The idea is that, 
according to laws of linear optics, a wave vector of pedestal 
radiation is declined by a wedge, whereas the wave vector of 
the main pulse is declined to a different angle because the 
wedge refraction index n depends on intensity I: n = n0 + n2I, 
where n2 is the nonlinear refractive index. Hence, the beams 
of the main pulse and of pedestal are separated in the focal 
plane by a certain distance. If the distance is sufficiently large, 
the contrast will substantially increase. By using the Snell law 
sin a = nsin b one can easily show that a wedge with an angle 
d <<  1 declines the radiation wave vector by the angle
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where a and b are the incident and refraction angles on the 
first plane of the wedge. From (1), for the change in angle Qw 
due to the nonlinear addition to the refraction index Dn = 
n2I0, we find
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i.e. the angle between the wave vectors of the pedestal and the 
main pulse at the instant of maximal pulse intensity (I0 is the 
intensity inside the wedge at the pulse maximum). The most 
interesting is not the absolute value of QB, but its value nor-
malised to the diffraction angle Qdif. For estimate, we may 
consider a beam (typical for high-power lasers) of diameter 
2w with a super-Gaussian intensity profile exp(– r2m/w2m ). At 
m = 3 – 5, such a beam has the divergence about 1.5 times 
greater than a Gaussian beam: Qdif » 1.5/(kw), where k is the 
wave vector. Now, from (2) we obtain

/ /B 3B dif 0Q Q = ,	 (3)

where B0 = kLmaxn2I0 is the maximal value of the B-integral 
(nonlinear phase); Lmax = L0 /cosb is the maximal light path 
length in the wedge; L0 is the wedge thickness for the ray near 
the wedge base (for simplicity, the thickness of the wedge edge 
is taken zero). Thus, at a fixed B0, the ratio  QB /Qdif  depends 
on neither the incident angle a (for example, a Brewster angle 
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can be used) nor the wedge vertex angle d and linear refrac-
tion index n0. Due to the effect of beam self-filtration while it 
propagates in a free space [8, 17], the radiation pulses with the 
intensity of 1012 TW cm–2 and more may escape a small-scale 
self-focusing at very large B values up to 20 – 25 [18]. Thus, 
the condition QB >>  Qdif can be fulfilled in practice.

Nevertheless, ‘direct’ employment of a wedge is actually 
impossible because of the chromatic aberrations leading to an 
angular chirp. Estimates show that the angle Qchrom = (dQw /dw) 
´ Dw (where w is the frequency and Dw is the FWHM width of 
the emission spectrum) for pulses of duration 30 fs and shorter 
is comparable to or even greater than the angle QB. Chromatic 
aberrations can be substantially suppressed by using an ach-
romatic doublet comprised of oppositely oriented wedges WI 
and WII (Fig. 1a) fabricated from different materials with dif-
ferent angles dI and dII and with equal (by the absolute values) 
chromatic aberrations: Qchrom  I = Qchrom  II. Taking into 
account the opposite orientations of the wedges, this condi-
tion provides a zero angular chirp within an accuracy of the 
next infinitesimal order (d2Qw /dw2). For the achromatic dou-
blet of wedges WI and WII, the total angle QB will be equal to 
the difference of the corresponding angles for each wedge: QB = 
QB I – QB II (the difference rather than the sum, because the 
wedge vertices are oppositely oriented). The angle for each 

wedge is determined by formula (2); in the general case, all 
values in the right side of (2), namely, d, a, b , n2, and I0, differ 
for these wedges (intensities I0 differ because of the different 
incident angles). The only condition imposed on these param-
eters is the equality of chromatic aberrations   Qchrom  I = 
Qchrom  II. In view of these condition, for QB = QB I – QB II we 
obtain, instead of (3), the formula
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and K is the group velocity dispersion. Here, similarly to the 
above consideration, B0 is the maximal value of the B-integral, 
that is, its value for the beam at the base of wedge WI. By 
choosing the parameters of wedges WI and WII such that 
NDG <<  1 [that is, expression (3) actually does not change], 
we obtain the wedge without chromatic aberrations, which, 
however, separates the main pulse from the pedestal with the 
efficiency actually similar to that of a conventional wedge. If 
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Figure 1.  (Colour online) Schematic with one (a) and two (c) achromatic wedges and beam positions at the focal point after the first (b) and second 
(d) achromatic wedges:									       
(WI, WII) wedges forming the achromatic wedge; (SM) spherical mirrors of a telescope; (CM) chirped mirror; (S) rectangular screen, which blocks 
a low-intensity radiation; (PM) mirror or parabola, focusing the radiation to a target; (T) target.
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both the wedges are arranged at equal angles  aI = aII, then 
G » 1. However, if wedge WI is placed at normal incidence, 
that is, aI = 0 and wedge WII is placed at the Brewster angle, 
then we obtain G = 1/n0  II < 1; at a greater angle aII, G will be 
even less. If wedge materials are the same, then N may become 
less than unity if crystals with different orientations are used, 
including cubic crystals. For example, for BaF2 we have N = 
0.55 for orientations [001] and [110]. Thus, even in the case of 
the same material (D = 1) it is possible to obtain NG <<  1: for 
BaF2 at aII = 75° we have NG = 0.19. The efficiency may be 
greater if wedges WI and WII are fabricated from different 
materials. For wedge WI, a KDP crystal (an ordinary wave) is 
suitable, which possesses a low dispersion and high nonlinear-
ity. Wedge WII may be fabricated, for example, from CaCO3 
(ordinary wave). One more example is a pair of glasses K8 
and TPh12. We have ND = 0.12 and 0.13 for KDP-CaCO3 at 
a wavelength of 910 nm and K8-TPf12 at a wavelength of 800 
nm, respectively. Hence, an achromatic wedge increases the 
contrast in a focal plane if

B0  /3 >>  Qnoise  /Qdif,	 (5)

where Qnoise is the divergence of pedestal radiation. Figure 1b 
presents beam dispositions in the focal plane for B0  » 15, that 
is, QB » 5Qdif. In Fig. 1b, the z axis passes through the centre 
of coordinates. Radiation propagates along this axis accord-
ing to laws of linear optics (that is, QB = 0); hence, the pedes-
tal centre is always at the centre of coordinates. Condition (5) 
can be easily fulfilled if  Qnoise » Qdif, which is possible for 
OPCPA lasers in the critical plane of parametrical interaction 
[19] (the pedestal is shown as an oval), and for OPCPA and 
CPA lasers with a spatial filter (the pedestal is shown as a 
small circle). However, the most of CPA-lasers have the ped-
estal divergence substantially greater than Qdif (the pedestal is 
shown as a large circle) and condition (5) cannot be fulfilled. 
One more drawback of the method for increasing a contrast 
shown in Fig. 1a is inevitable inhomogeneity of the B-integral 
in the beam transverse cross section (along the y coordinate), 
which is a fee for the contrast increase, because the phase 
inhomogeneity along the y axis allows a high-power radiation 
to deviate from the pedestal. Thus, the employment of a 
wedge (even achromatic one) substantially worsens the com-
pression efficiency as compared to a plane-parallel plate.

These two drawbacks can be eliminated by adding, 
according to Fig. 1c, a unit-magnification telescope and the 
second achromatic edge identical to the first one, and by plac-
ing a screen in the telescope focal plane (shown in Fig. 1b as a 
dashed rectangular) for occluding a low-intensity radiation 
propagating according to linear optics laws. The second ach-
romatic wedge will ‘cancel out’ the deviation introduced by 
the first wedge and will ‘return’ the main pulse in the target 
plane to the place where the pedestal would be focused if there 
was not the screen (Fig. 1d). Importantly, in this case the 
divergence of pedestal radiation Qnoise may be arbitrary large, 
because the place of main pulse focusing on the target will be 
shadowed by the screen (regardless of the value Qnoise). In 
addition, the total B-integral accumulated in both the achro-
matic wedges will be uniform along both x and y coordinates 
of the beam because two wedge pairs totally act as two plane-
parallel plates. It is an important advantage as compared to 
the much simpler variant shown in Fig. 1a because the pulse 
compression by chirped mirrors will be as efficient as under 
self-phase modulation in a plane-parallel plate.

The compression will be imperfect, because the leading 
and trailing edges of the main pulse are blocked by the screen 
due their moderate intensity. Nevertheless, the main part of 
the pulse with a wide spectrum and linear chirp will ‘bypass’ 
the screen, which will provide a multiple compression at a 
large B0. Note that achromatic wedges can be placed inside 
the telescope: one wedge in the converging beam and the 
other in the diverging. In this case, wedges WI and WII may be 
arranged at a certain distance from each other, which will 
make the radiation intensities in the wedges different and the 
choice of materials for wedges will be simpler.

Thus, the arrangement of an achromatic wedge in front of 
the focusing parabola makes it possible to increase the con-
trast of a laser pulse in the focus under the condition that at 
least along one coordinate the divergence of pedestal radia-
tion is close to a diffraction limit, which is characteristic of 
OPCPA lasers (Figs 1a and 1b). If two achromatic wedges are 
used, between which a unit-magnification telescope is placed 
with a rectangular screen in the focal plane and chirped mir-
rors (Figs 1c and 1d), then the contrast substantially increases 
at arbitrary divergence of the pedestal radiation, and the peak 
power increases due to the nonlinear compression. Accurate 
values of the increase in the contrast and pulse power and 
wedge optimal materials and parameters can be found from 
thorough numerical simulations. Results of such simulations 
will be presented in a separate publication.
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