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a  b  s  t  r  a  c  t

A  two-dimension  model  is  presented  to  analyze  the  spatial  dependence  of  pulse  contrast  in the focal
plane.  The  parameters  of  the  SHENGUANG  (SG)  II  laser  system  are  demonstrated  as  examples.  Comparing
with  the  degradation  in  the  beam  centroid,  the  pulse  contrast  degrades  more  seriously  in the  transverse.
This spatial  degradation  of  pulse  contrast  can  be improved,  such  as  by  controlling  the  spatial  spectrum
clipping.
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. Introduction

The chirped pulse amplification (CPA) technique [1,2] is com-
only used to build up high power laser systems for kinds of

xperiments and applications, such as laser-driven plasma accel-
rators [3,4] and inertial confinement fusion [3,5]. The peak laser
ntensity up to 1022 W/cm2 is now achievable and is expected to
oost to 1024 W/cm2 in the near future [6].  However, the pulse con-
rast is typically about 107–108. That is, prepulses with intensity

ore than 1014 W/cm2 may  be generated before the main pulse,
hile the 1010 W/cm2 prepulse is strong enough to produce pre-
lasma and modify the target conditions.

The pulse contrast is usually calculated (as well as measured
n experiments) just after the compressor [7–10], implying that
he spectrum is transversely (spatially) uniform. However, a pulsed
aser beam out of the compressor has to be focused on the target in
he experiments of laser–matter interactions. Correspondingly, the
pectrum distribution in the focal plane is nonuniform and depends

n the spatial distribution. To our knowledge, there is no analysis
n this kind of spatial dependence of pulse contrast.
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In this article, we present a model to analyze the pulse contrast
in the focal plane. Making use of the parameters of the SG II laser
system, the pulse contrast is demonstrated to degrade with the
position away from the beam centroid in the focal plane.

2. Model

The pulse contrast is associated with the temporal distribution
of the normalized laser intensity. It is well-known that focusing a
laser beam by an off-axis parabolic (OAP) mirror can be expressed
in terms of the Fraunhofer-diffraction. The input function of the
OAP mirror should be determined by the whole CPA system and
the subsequent propagation in free space, while the influence from
the latter is negligible. Then the spectrum function in the focal plane
(�, �) simply reads

Af (ω, �, �) = F−1[A0(ω, x, y)] (1)

where F−1 denotes the inverse Fourier transform, fx = �/�f and
fy = �/�f are the spatial frequencies, � is the laser wavelength, f is
the focal length of the OAP mirror, and A0(ω, x, y) is the spectrum
function out of the compressor. The laser intensity in the focal plane

is then given by

I(t, �, �) =
∣∣∣∣ 1

2�

∫ ω2

ω1

Af (ω, �, �) exp[−iωt]dω

∣∣∣∣
2

, (2)
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Fig. 1. The sketch of a grating compressor. In the cases of different spectral clipping,
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diffraction limit. Comparing with the ideal case, the pulse contrast
he  spatial spectrum distribution in the compressor output plane is shown with the
nsets (a)–(c).

here ω1 = 2�c/�1, ω2 = 2�c/�2, �1 and �2 are the maximum and
he minimum values of � determined by the laser system, and c is
he speed of light in vacuum.

In general, the expression of A0(ω, x, y) can be further written as

0(ω, x, y) = At(ω)As(x, y), (3)

here

t(ω) = E(ω)
√

εg(ω) exp[i�(ω)] (4)

s related to the temporal spectrum distribution, E(ω) is the spec-
rum amplitude, εg(ω) is the total diffraction efficiency of the
ratings, �(ω) is the total residual phase of the laser system, and
s(x, y) describes the spatial distribution. Eq. (2) reduces to be

(t, �, �) =
∣∣∣∣ 1

2�

∫ ω2

ω1

Af (ω) exp[−iωt]dω

∣∣∣∣
2

,

.e., the model used in the previous analysis of pulse contrast
3,11,12], in the absence of beam focusing.

In the presence of beam focusing [i.e., Eq. (2)], the pulse con-
rast in the focal plane is spatially dependent, as indicated in Eqs.
1) and (3).  This spatial dependence should be determined by the
hole laser system, such as the spectral clipping, residual phase,

nd diffraction efficiency of the gratings. However, for the sake of
implicity, only the effect of spectral clipping from the compressor
s analyzed as examples in the following.

A grating compressor is typically as that plotted in Fig. 1. The
rating 1 and Grating 2 are the first and the second gratings,
hile “Mirror” denotes the reflection mirror. The insets (a)–(c) in

ig. 1 plot the situations of spectrum clipping for a certain wave-
ength through the compressor. The widths of the first and the
econd gratings are Wa and Wb, respectively. The clipping function
s given by D(�) = L cos ˇ(�0)[tan ˇ(�) − tan ˇ(�0)], where ˇ(�) is
he wavelength-dependent diffraction angle and satisfies the grat-
ng equation sin 	 + sin ˇ(�) = �N,  	 is the incident angle on the
rst grating, �0 is the central wavelength, N is the grating line den-
ity, L = c�0CR cos2 ˇ(�0)/(�0N)2, and CR is the chirped ratio of the
ompressor. The spatial profile of the (compressor) input beam is
ssumed to be top-hat with radius a, i.e., Ai(x, y) = circ(
/a), where

 =
√

x2 + y2 and circ(x) denotes the circle function.
Usually, the width of the first grating is assumed to be larger

nough to reflect all of the spectrum components. That is, the spatial

unction As(x, y) mainly relays on the width of the second grating.
or example, when |D(�)| ≤ (Wb − Wa)/2, all of the spectrum com-
onents can be exported from the compressor, as shown with the
(2012) 1704– 1706 1705

inset (a) in Fig. 1. The spatial distribution function is then given by
As(ω, x, y) = circ(
/a), i.e., one has

Af (ω, �, �) = Ata2J1(2��)
�

,  (5)

where � = a
√

f 2
x + f 2

y and J1(x) denotes the Bessel function of the
first kind.

The clipping function is also wavelength-dependent. When the
value of the clipping function satisfies the relation (Wb − Wa)/2 <
|D(�)| < (Wb + Wa)/2, i.e., there is partial spectrum clipping [as
shown with the inset (b) in Fig. 1], the spatial distribution function
should be written as

As(ω, x, y) =
{

1, for 
 ≤ a and a1 ≤ x ≤ a2

0, otherwise
(6)

where a1 and a2 are the displacements associated with the spec-
trum clipping: if D(�) < 0, one has a1 = −[Wb/2 + D(�)] cos 	 and
a2 = a; otherwise, one has a1 = −a and a2 = [Wb/2 − D(�)] cos 	 .
Substituting Eqs. (6) and (4) into Eq. (1),  yields

Af (ω, �, �) = At

∫ a1

a2

exp[−i2�fxx]
sin(2�fy�)

�fy
dx, (7)

where � =
√

a2 − x2. Moreover, for some spectral components, the
value of Wb is so small that |D(�)| > (Wb + Wa)/2. Then there is full
spectrum clipping, i.e.,

Af (ω, �, �) = 0, (8)

as shown with the inset (c) in Fig. 1. For a given compressor, the
expression of Af(ω, �, �) is then determined by the value of D(�), i.e.,
Eqs. (5), (7) and (8).

3.  Numerical results

To demonstrate the spatial dependence of pulse contrast in the
focal plane, we take the parameters used in the SG II laser system
[5] as examples. The chirped ratio is CR = 3.2 ns/6.5 nm, making use
of multi-layer dielectric gratings with N = 1740 mm−1. The widths
of the gratings are Wa = 940 mm and Wb = 1220 mm.  The incidence
angle is 	 = 70◦. The spot size of the input laser beam is a = 160 mm.
The central wavelength is �0 = 1053 nm,  while the minimum and
the maximum values are �1 = 1043.5 nm and �2 = 1062.5 nm. The
focal length of OAP mirror is f = 800 mm.  For simplicity, we  neglect
the influence of the residual phase and the diffraction efficiency is
assumed to be uniform, i.e., �(ω) = 0 and εg(ω) = 1. Moreover, the
pulse out of the compressor is assumed to be expressed with the
fundamental Gaussian function. Eq. (4) then can be written as

At(ω) = exp

[
−2(ω − ω0)2

8 ln 2

]
, (9)

where ω0 = 2�c/�0 and  = 0.5 ps is the pulse width (FWHM, full
width at half maximum).

Without considering the spatial dependence, i.e., assuming uni-
form spatial distribution in the focal plane, the (theoretical) pulse
contrast shows an ideal case, as the black curve plotted in Fig. 2(a).
In the presence of beam focusing [i.e., Eqs. (2), (5) and (7)–(9)],
the pulse contrast shows strongly spatial dependence in the focal
plane, as the color curves plotted in Fig. 2(a). Here Ir is the laser
intensity at the radius r =

√
�2 + �2 in the focal plane, Ir0 = Ir(t = 0)

is the corresponding maximum value, and DL = 1.22�0f/a is the
degrades almost three orders of magnitude within few picoseconds
before the main pulse even in the beam centroid, as the blue curve
shown in Fig. 2(a). This degradation is enhanced with the increase
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Fig. 2. (a) The temporal distribution of the laser intensity (normalized by Ir0) in the
cases of considering the spatial degradation (Y) or not (N). (b) The distribution of
the  laser intensity (normalized by I00, the value in the beam centroid) in the focal
plane. (For interpretation of the references to color in the text, the reader is referred
to  the web version of the article.)
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[
aperture chirped pulse amplification laser system, Appl. Opt. 36 (33) (1997)
ifferent widths of the second grating. Other parameters are the same as those used
n  Fig. 1. (For interpretation of the references to color in the text, the reader is referred
o  the web version of the article.)

f the radius in the focal plane. For example, the degradation of
ulse contrast up to six orders of magnitude occurs when r = 0.9DL,
s the red curve shown in Fig. 2(a). What should be mentioned is
hat the realistic beam spot size is often several times of DL in the
ocal plane. Therefore, in the case of beam focusing, the pulse con-
rast may  depend seriously on the spatial distribution in the focal
lane, as indicated in Eqs. (1) and (2).

However, a laser beam, e.g., with Gaussian transverse distribu-
ion, in general is most intense in the beam centroid. That is, for the
ffective pulse contrast at a given radius r in the focal plane, one

eeds to consider both the effects of transverse intensity decrease
nd spatial pulse contrast degradation. The laser intensities plot-
ed in Fig. 2(b) are normalized by the value I00 = I(r = 0, t = 0), i.e.,
he maximum intensity in the beam centroid. It is seen that the

[

(2012) 1704– 1706

(normalized) laser intensities Ir/I00 present almost the same except
their maximum values. Therefore, the laser transverse distribution
in the pulse front is top-hat-like in the focal plane, due to the spatial
degradation of pulse contrast.

According to Eqs. (1) and (7),  the pulse contrast tends to be more
strongly dependent on the spatial expression of Af (ω,  �, �) in the
presence of spectrum clipping, which arises from the finite size of
the second grating. In Fig. 3, we vary the value of Wb, while other
parameters are the same as those used in Fig. 2. In the beam cen-
troid, i.e., Fig. 3 with r = 0, the pulse contrast further degrades when
Wb decreases from 1.22 m to 1.1 m.  On the contrary, the spatial
degradation can be improved with larger value of Wb, such as the
green curve in Fig. 3 shows. When the value of Wb is large enough,
e.g., Wb = 1.5 m (the black curve plotted in Fig. 3), the distribution
of the laser intensity tends to be similar to the ideal case without
considering beam focusing (without shown). Then the degradation
of pulse contrast in the beam centroid is negligible.

4. Conclusion

In summary a two-dimension model is presented to analyze
the pulse contrast in the focal plane. The pulse contrast degrades
even in the beam centroid due to beam focusing. This degradation
enhances with the increase of the radius in the focal plane. Increas-
ing the width of the second grating in the compressor is helpful to
improve the spatial degradation of pulse contrast, especially in the
beam centroid.
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