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In the highest-power chirped-pulse amplification lasers, the pulse must be stretched in time, amplified, compressed

in a grating compressor and subsequently focused by off-axis parabola to obtain a high peak power. In the optical

terminal, the temporal and spatial effects of mismatched multigrating tiled compressor on the far-field pulse are critical

factors to be analysed. In this paper, a k-space raytracing model is proposed for the temporal and spatial analyses of

possible errors in a four-grating single-pass tiled compressor. The results show that the last grating affects mainly the

partial focal spot, while the middle two gratings affect the temporal waveform, and the partial focal spot needs much

higher error control than that in the temporal domain in a picosecond pulse compression.
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1. Introduction

The development of ultra-short lasers based on
chirped-pulse amplification (CPA) makes it possible
to realize ultrahigh intensity laser systems with fo-
cused intensities up to about 1024 W/cm2 in extreme
light infrastructure (ELI). To amplify a short high-
power laser pulse, it must be stretched firstly because
otherwise it may cause damage to the optics required
for amplifying it. After being stretched through time,
the pulse must be recompressed and focused by an
off-axis parabola to the target.[1−3] To do this, an op-
tical terminal should be designed to satisfy the tar-
geting requirement and forecast the targeting results.
A multigrating compressor is required, which will al-
low for a stretched pulse to be propagated through it.
When going through the compressor, the pulse is sep-
arated by wavelength before being focused together.
Since the diffraction gratings required by the pulse
compressors need to be quite large, the array gratings
are placed in series to form each complete diffraction
grating.

Qiao et al.[4] have analysed the single tiled toler-
ance on partial distribution in OMEGA EP (extended
performance) compressor consisted of four tiled grat-
ings. Harimoto[5] has analysed the far-field pattern

for a single 2×2 tiled grating. For FIREX (fast ig-
nition realization experiment), a diamond-type tiled
compressor is applied, and the PETAL (petawatt
aquitaine laser) compressor scheme is based on coher-
ent addition of beams instead of coherent addition of
gratings.[6,7] In these complicated multigrating tiled
compressors, a general model should be built to anal-
yse the temporal and spatial properties of the tar-
geting pulse after it passing through the compressor
and the off-axis parabolic mirror. A similar active
phase adjustment has also been applied to the two-
dimensional phase array grating.[8] In this paper, we
use a k-space raytracing model to analyse the tem-
poral and spatial properties of the targeting pulse,
and study the effects of misalignments on the focusing
in a 4-grating single-pass tiled compressor for chirped
pulse laser.

2. Temporal and spatial algo-

rithm

If the irradiance profiles of arbitrary light prop-
agating along the z direction in free space are repre-
sented by the matrix A(x, y), any well-behaved func-
tion may be written as a summation of spatial fre-
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quency components as

A(x, y) =
∫ ∞

−∞

∫ ∞

−∞
A(ξ, η)

× exp(2π(xξ + yη))dξdη, (1)

where A(ξ, η) is a two-dimensional (2D)-Fourier trans-
form (FT) of A(x, y). A plane wave in k-notation is
propagated by

A(k, z) = A(k, 0) · exp(kz). (2)

The variation of the phase factors exp(kz) depends
on the propagation distance z and the k-vector, so the
phase aberration related to deviation can be expressed
by[9]

∆Φ(x, y, z) = ∆k · [x, y, z]T

= ∆kxx + ∆kyy + ∆kzz, (3)

where ∆k = (∆kx, ∆ky, ∆kz). According to Fraun-
hofer diffraction, the far-field diffraction pattern for
wave propagating in the homogeneous media along k-
vector is

A(X,Y, ∆Φ) ∝ FT{exp(∆Φ)A(x, y, 0)}. (4)

The corresponding calculation for pulse compres-
sion with the grating compressor can be also carried
out by means of the 2D-FT. We assume the unity am-
plitude incident laser pulse on the compressor to be

E(t) = exp[−(1 − b)t2/T 2 − ω0t], (5)

where b is quadratic phase chirp and T is the input
pulse duration. Reference [10] gives the output of the
grating compressor in the frequency domain as

E(ω) =
(

π

1 − b

)1/2

T exp
{
− (ω − ω0)2T 2

4(1 − b)

}
× exp[∆Φ(ω)], (6)

where ∆Φ(ω) corresponds to the phase shift for an ar-
bitrary wavelength λ up to the phase front at λ0. By
the inverse 2D-FT of Eq. (5), the compressed pulse in
time domain is obtained.

3. k-space raytracing

In order to apply the propagation formalism intro-
duced in Eq. (3), the direction of propagation z has
to be defined for each ray segment and wavelength,
respectively. Appropriate coordinate systems must be
chosen for each segment. Multiple rays have to be

traced simultaneously, namely a reference and several
tilted rays.
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Fig. 1. Illustration of the standard and error grating sys-

tem.

In Fig. 1, the reference grating coordinate system
X0Y0Z0 is assumed to be perfectly aligned with re-
spect to the first grating, and the deviation grating
coordinate system X1Y1Z1 is aligned with respect to
the deviation grating.[9,11] Assuming the incident wave
vector is kin = (ki x, ki y, kiz), according to the grating
equation,

(kin − kout) × N =
[
mλ

d
G, 0, 0

]T

. (7)

Here, d is the grating space, λ is the incident laser
wavelength, and kout is the exciting wave vector,
which can be written as

kout

=

mλ

d
− ki x, ki y,

√
1 −

(
mλ

d
− ki x

)2

− k2
i y

T

, (8)

where m is the grating diffraction order and T repre-
sents the transpose of a matrix. The rotations around
the x-axis, y-axis and z-axis are respectively described
as αx, αy, αz, and that of the corresponding trans-
posed matrixes are Rx, Ry, Rz.

Rx =


1 0 0

0 cos αx − sinαx

0 sin αx cos αx

 ,

Ry =


cos αy 0 sin αy

0 1 0

− sinαy 0 cos αy

 ,

Rz =


cos αz − sinαz 0

sinαz cos αz 0

0 0 1

 . (9)

In consideration of the tilted angle, the exciting
wave vector is given by Rx,y,z and kin. Applying grat-
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ing Eq. (4), the exiting wave vector should be trans-
formed to X0Y0Z0 by left multiplication transpose of
matrix Rx,y,z as

k′
out = kin + R−1

x,y,z × mλ

d
G. (10)

For the off-axis parabola, the paraboloid of revo-
lution equation is

x2 + y2 = 4fz, (11)

where f is the focal length. Assuming the crossing
point between the incident beam and the paraboloid
of revolution is (x0, y0, z0), the normal vector at the
crossing point is knormal = (x0/f , y0/f , −1), so the
exiting wave vector k′′

out corresponding to the incident
wave vector k′

in is calculate by k′′
out = k′

in + knormal.

4. Numerical simulation

We take a 4-grating single-pass tiled compressor
as a calculation example, which is shown in Fig. 2
for picosecond (ps) compression used in fast ignition
research.[12] In this multi-grating tiled compressor, the
global coordinate system (GCS) is different from the
local coordinate system (LCS) linked to the grating
surface. The related typical parameters about the op-
tical terminal are as follows: the Groove intensity is
1740 mm−1, the incident angle is 71◦, the center dis-
tances are 2.4 and 5.8 m, the grating gap is 5 mm, the
tiled grating size is 910 mm×300 mm, the the focal
length f of the parabolic mirror is 800 mm, the off-axis
angle is 45◦, and the beam size is 285 mm×285 mm.

z

y

x

z′

y′
x′

GCS

LCS

G2 1

G2 2 

G1 1

G1 2 G4 2

G4 1

G3 2

G3 1

Fig. 2. Section plane of the 4-grating single-pass tiled compressor and off-axis parabolic mirror.

The incident chirped pulse in the spatial domain
is

A(x, y, 0) = exp
{
−

[(
x

R

)2n

+
(

y

R

)2n]}
× exp(−φ0(x, y)), (12)

where Φ0(x, y) is the initial wavefront phase, R is the
waist of super-Gauss laser beam and n is the super-
Gauss order. The related typical parameters about
the incident beam are chosen as R = 100 mm and
n = 10.

4.1.Results in spatial domain

The phase difference calculated by z and k-vector
related to the far-field irradiance is computed for four
degrees of freedom (the αx, αy, αz are described in
the LCS and ∆z is described in the GCS) and inci-
dent static wavefront aberration Φ0. The phase map
∆Φ(x, y) numerically defined by N×N matrix is com-
posed of an N × N/2 zero matrix (diffracted by the
subgrating G1-1) concatenated with an N × N ma-
trix (diffracted by the subgrating G1-2). The far-field
diffraction patterns of grating G1-1 rotation of respec-
tively αx, αy, αz = 1, 2, 3 µrad and ∆z = 66.3 nm,

132.5 nm, 265 nm are shown in Fig. 3. Figure 4 shows
the evolution of Strehl ratio for various amounts of
angle errors in the case of a perfectly flat incoming
wavefront.

    

    

    

Fig. 3. (colour online) Representation of far-field inten-

sity distribution with differential angles (the image size is

32 µm×32 µm). The upper panels, αx, αy , αz = 1 µrad,

∆z = 66.3 nm; the middle panels, αx, αy , αz = 2 µrad,

∆z = 132.5 nm; the lower panels, αx, αy , αz = 3 µrad,

∆z = 265 nm.
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Fig. 4. (colour online) Strehl ratio sensitivity analysis to

αx, αy , αz (a) and ∆z (b) misalignment.

The αx, αy, αz rotation of grating G1-1 and ∆z

phase default tolerances to have a peak intensity re-
duction less than 10% correspond to αx = 0.87 µrad,
αy = 1.05 µrad, αz = 1.7 µrad, and ∆z = 120 nm re-
spectively. According to the calculation process, the
αx, αy, αz rotation of G2-1, G3-1 and G4-1 to have
a peak intensity reduction less than 10% are listed in
Table 1. In Eq. (11), the initial phase Φ0(x, y) is fit-
ted with rectangle Zernike polynomial to analyse the
distorted wavefront effect. The wavefront distortion
tolerances to have a peak intensity reduction < 10%
correspond to wavefront PV (peak to valley) < 0.7
and RMS(root-mean-square) < 0.09. In the partial
domain, the last tiled grating requires the highest pre-
cision.

Table 1. The tolerances to a peak intensity reduction

of 10% (unit: µrad).

G1-1 G1-2 G1-3 G1-4

αx 0.87 0.87 0.87 0.64

αy 1.05 0.94 1.05 0.94

αz 1.7 1.55 1.7 1.55

4.2.Results in temporal domain

The spectral phase with respect to the angular
frequency is usually developed into a Taylor series in
order to parametrize phase dispersion[13−15]

φ′(ω) = φ′
0 + φ′

1(ω − ω0)

+φ′
2(ω − ω0)2 +

∑
n

φ′
n. (13)

The first term of Eq. (12) takes into account of the
absolute phase of the electromagnetic field, which is
generally not measurable. The second term describes
a spatial pulse shift. The temporal pulse profile is not
changed by the Φ′

1 term, while the Φ′
2, . . . , Φ

′
n terms

induce a temporal distortion of the pulse. A raytrac-
ing is carried out for the aligned grating compressor
model. The dispersion curve is shown in Fig. 5 and
the fitting polynomial is

φ′(ω) = 5.87996 × 109−6.26052 × 10−6(ω − ω0)

+ 1.69411 × 10−21(ω − ω0)2. (14)
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Fig. 5. Aligned grating compressor dispersion curve based

on the example given in Fig. 2.

According to Ref. [16], the ideal compression con-
dition is bT 2/(1 + b2) = 4Φ′

2, where Φ′
2 is the disper-

sion coefficient. Assuming the quadratic phase shift
is −466, when the input chirped pulse has a temporal
duration of T = 1.8 ns, the compression pulse dura-
tion is 6.35 ps (the half-height full width in Eq. (4)).
In the high-energy PW laser system for fast ignition,
the typical temporal duration is 10 ps.[17,18] When the
high-order dispersion is completely compensated, the
temporal expression of chirped pulse after compres-
sion is

E(t) ∝ exp((φ0 − ω0t)) exp(−(t − φ1)2/T 2
0 ). (15)

When the high-order dispersion is not compen-
sated, the inverse Fourier transform of Eq. (5) is used
to analyse the high-order dispersion effect. The real
curves in Fig. 6 show the result considering high-order
dispersion, and the signal-to-noise ratio is 1010.48.
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Fig. 6. (colour online) Effect of dispersion on the com-

pressed pulse (logarithmic coordinates are used).

Under the condition of G2-2 rotation αx =
1 mrad, the raytracing is carried out and the fitting
polynomial is

φ′′(ω) = 5.87739 × 109−6.25773E × 10−6(ω − ω0)

+ 1.69335 × 10−21(ω − ω0)2. (16)

The dashed curve in Fig. 6 presents the compres-
sion result after the misaligned compressor. In this
figure, a tilt αx = 1 mrad induces a pulse desynchro-
nization of 6 ps, the signal-to-noise ratio is less than
109.78, and the pulse duration is broaden to 80 fs; a
tilt αy = 100 µrad induces a pulse desynchronization
of 0.2 ps with less effect on the pulse duration and
signal-noise ratio; a tilt αz = 1 mrad induces a pulse
desynchronization of 0.3 ps which can hardly affect
the pulse duration and signal-to-noise ratio. In the
symmetrical compressor layout, the tilt αx rotation of
G3-2 has the same result as that of G2-2 on the pulse
group delay, and the tilt αy rotation of G4-2 has the

same result as that of G2-2 on the pulse group de-
lay. The rotations of G1-1 and G1-4 have little effect
on the temporal waveform up to the milliradian level
misalignment. Therefore, in the symmetrical grating
tiled compressor system, the rotation angles around
the grating rules of G2 and G3 are the main parame-
ters to decide the output pulse temporal waveform.

5. Experiments

To verity the calculation results, a testbed con-
sisting of a single-pass two-grating tiled compressor
is set up, which is shown in Fig. 7. The pulse laser
with the center wavelength λ0 = 1053 nm is injected
from optical window W1, then goes through the grat-
ing compressor consisted of G1 and G2. The mirror
M3 is a beam splitter, one beam is directed to the
target and the other one is collimated and focused
by the telescope system consisted of convexes L2 and
L3. The G2 is a medium aperture tiled grating, and
the grating is driven by high-precision stepping mo-
tor, achieving 60 nm/step after subdivision. Here, the
circular input beam diameter is 100 mm (not a rectan-
gle beam), and the other parameters are the same as
those given in Section 4. Combining with the calcula-
tion model, we only consider the two front gratings in
Fig. 2. Under the condition of having the same angle
and piston misalignment, the far-field CCD captured
and the simulated results are both shown in Fig. 8,
proving a good agreement. We think the differences
between them are mainly caused by wavefront distor-
tion, actuator precision and beam vibration.

to target

M5

L2

L3

CCD

L1

M3

G1

G2

W1

1053 nm (main laser)

Fig. 7. (colour online) Optical schematic of grating compressor and tiled grating entity.

014210-5



Chin. Phys. B Vol. 21, No. 1 (2012) 014210

(a) 

 

(b)

  

(c)

Fig. 8. The CCD captured images and simulated results: (a) αy = 6 µrad, (b) αz = 6 µrad, (c) piston=250 nm.

6. Conclusion

In conclusion, a raytracing model based on the
k-vector is built to analyse the partial and temporal
properties of the multi-grating tiled compressor. In
the four-grating tiled compressor, the last grating has
the highest angle precision requirement of 0.64 µrad,
0.94 µrad and 1.55 µrad for good partial focal spot.
However, in the temporal domain, the middle two
gratings are the key parameters affecting the pulse
desynchronization, pulse broaden and signal-to-noise
ratio. Finally, the simulation results in the partial
domain have been proven by the simplified testbed.
With the development of high-power PW laser sys-
tem, more and more compressors layout have been
proposed, such as a diamond structure and a self-
compensation structure.[3,15] The method proposed in
this paper easily deals with these cases.
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