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Coherent addition of gratings for chirped-pulse-amplified

lasers based on near-field and far-field measurements
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The development of phased-array grating compressor is a crucial issue for high-energy, ultra-short pulse
petawatt-class lasers. Almost all systems have adopted a tiled-grating approach to meet the size require-
ments for the compression gratings. We present a computer-control test system utilizing near-field interfer-
ence and far-field focusing capable of monitoring and fast correcting tiled errors of the grating compressor.
In this system, the tilt/tip errors between the two gratings are determined by the Fourier transform (FT)
of the individual interference fringe, and the piston errors are determined by the ratio of the two primary
peaks formed in the far-field pattern as a function of the piston difference. Monochromatic grating phasing
is achieved experimentally and pulse compression is demonstrated with a tiled grating system.
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The application of chirped pulse amplification (CPA)
technique[1] to broadband, high-energy petawatt-class
lasers implies the design of an efficient and large di-
mensional pulse compressor. Multilayer dielectric (MLD)
gratings used in the pulse compressor are very promising
in compressing high-energy pulses to the sub-picosecond
regime. Due to the high diffraction efficiency, high dam-
age threshold, good wavefront quality and large dimen-
sion, MLD gratings seem to be well-adapted[2,3]. How-
ever, these gratings are limited in size and cannot be
used adequately for multi-kJ, short-pulse laser systems.
To reach the petawatt regime with a compact pulse com-
pressor, a grating phasing can be considered. The grating
phasing consists of a coherent addition of multiple grat-
ings that act as a large, monolithic grating[4].

The tiled compressors use spatially synchronous phase
detection (SSPD) method to correct errors between the
gratings. In this method, a closed-loop run, requiring cor-
rection of initial tip/tilt and piston errors, is completed
in approximate 5 min[5,6]. The settling time depends on
the severity of the initial misalignments. Given that grat-
ings are dispersive devices, tiled gratings exhibit three
additional degrees of differential errors: in-plane rotation
(IPR), groove spacing, and lateral piston[7]. By control-
ling tip, tilt, and piston among the tiles, the gratings can
thus be properly phased.

In this letter, we present a design proposal, which ad-
justs the tiled-grating surfaces to a phased wavefront gen-
erated by an interferometer and a far-field charge-coupled
device (CCD) camera. Using this approach, segmented
gratings have been aligned using near-field interferom-
eters by sensing the tip, tilt, and the ratio of the two
primary peaks formed in the far-field pattern by sensing
piston.

The spatial interference intensity of two three-
dimensional (3D) plane waves is described as

I(x, y, z) = I1 + I2 + 2E1E2 cos δ(x, y, z), (1)

where

δ(x, y, z) = (k2x−k1x)x+(k2y−k1y)y+(k2z−k1z)z, (2)

k1, k2 are the wave vectors of the two plane waves, re-
spectively, I1, I2 are the light intensities of two plane
waves, and E1, E2 are the electric field intensities. And
the interference fringes are 3D uniformly-spaced paral-
lel planes group. The tilt angle and closeness of parallel
fringes are given as

∆y

∆x
=

k2x − k1x

k2y − k1y

, df =
∆x∆y

√

(∆x)2 + (∆y)2
, (3)

where ∆x and ∆y are the spacing intervals of adja-
cent bright fringes along the x and y axes, respectively.
∆y/∆x and d f indicate the tilt angle and closeness of
parallel fringes respectively, which correspond to the
sidebands position by the Fourier transform (FT) of the
interference fringe[8]. The tilt and tip errors between the
two apertures are determined by the position difference
of the sidebands. The details of the far-field pattern
formed by the subaperture are sensitive to the physical
step between the two segments; the analysis presented
below shows the process of measuring piston error[9].

Fig. 1. Geometry of the limiting aperture.
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Fig. 2. Theoretical diffraction patterns (λ=0.6328 µm) for a
split circular subaperture of radius a=4 cm and d=5 mm with
a physical step δ between the two halves given by kδ=0, π/10,
π/5, 3π/10, 2π/5, and π/2.

We let ρ, with circular coordinates (ρ, θ) (in units of
length) be the position vector in the subaperture plane,
and let ω with circular coordinates (ω, ψ) be the po-
sition vector in the image plane. We consider a circu-
lar subaperture of radius a symmetrically straddling two
segments divided by a gap (Fig. 1); the right (η ≥ d/2)
and left (η ≤ −d/2) segments have piston errors of δ/2
and –δ/2, respectively. In addition, δ is the physical step
height, and the corresponding wave-front step height is
2δ. The light is taken to be monochromatic with wave-
length λ.

In the absence of other aberrations, the complex am-
plitude in the image plane f(ω; kδ) is simply the FT of
the (complex) subaperture function f(ρ; kδ)[10]:

f(ρ, kδ) =

{

exp(−ikδ) η ≥ d/2, ρ ≤ a
exp(ikδ) η ≤ −d/2, ρ ≤ a
0 ρ > a

, (4)

f(ω; kδ) =
1

πa2

∫ ∫

P

1

exp(ikδ) exp(ikρ · ω)ρdρdθ

+
1

πa2

∫ ∫

P

2

exp(−ikδ) exp(ikρ · ω)ρdρdθ, (5)

where k=2π/λ and the normalization is chosen, such
that the on-axis, in-phase intensity is unity (see below).
The aperture cross effects are incorporated into the data
analysis.

Fig. 3. PR calibration curve of Fig. 2.

Fig. 4. Optical schematic of monitoring laser path with the
phased grating compressor and tiled grating entity (seen the
below)

The algorithm used to extract phase information from
a single intersegment piston step was applied. Based
on the diffraction theory, the algorithm exploited the
diffraction pattern produced by a small intersegment
subaperture and monochromatic light from the detect
source. The resulting simulated diffraction patterns of
projection on the x axis for various piston steps are
shown in Fig. 2.

The approach to extract the phase was based on ex-
tracting a single characteristic value from each simulated
image related to piston step and then calculating a cal-
ibration curve from it. The characteristic value, which
was applied here, was the ratio between the two main
peaks in the diffraction pattern (Fig. 2). This technique
is commonly referred to as the peak ratio technique, with

Fig. 5. FT-based algorithm used to analyze fringe patterns
with tiling errors. (a) Image captured by CCD (left) and the
FT result of the fringes in the left-half frame (right), (b)–
(e) typical fringe patterns and corresponding FT results by
adjusting the stepping motors.
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Fig. 6. Far-field patterns captured by CCD camera. (a) Sym-
metrically splitting focal spot for kδ = (1/2 + n)π, (b) ideal
focal spot for kδ = π, (c) and (d) are corresponding light in-
tensity distribution of Figs. 6(a) and (b) at vertical center
along horizontal, respectively.

Fig. 7. (a) Far-field pattern of the main laser and (b) the
autocorrelation trace of the compressed pulse.

strong anti-noise and fast calculation advantages[11].
Defining the peak ratio (PR) as PR = Max (left
peak)/Max (right peak), we obtain the calibration curve
(Fig. 3). In Fig. 3, the first-order exponential decay
polynomial curve is fitted by PR from the simulation,
and the maximum fitted error is less than 5 nm. For the
given subaperture image in Fig. 1, the PR was calcu-
lated and processed with the fitted formula to obtain the
required piston step or phase step.

Gratings position and grooves orientation have to be
accurately controlled to provide a phased-array grating
compressor. Therefore, we have developed a mechanical
system to phase two medium-scale diffraction gratings
(G2 in Fig. 4). Several motion devices allow up to five
degrees of freedom between the two 420×210 (mm) MLD
diffraction gratings manufactured by Jobin-Yvon.

The experimental bed used to demonstrate monochro-
matic grating phasing was configured in the vacuum com-
pressor chamber, in which an He-Ne monitoring laser op-
erated at 632.8 nm. The beam size of the monitoring
laser expanded to Φ 100 mm was centered on the grat-
ings gap through splitter M2 and window W2 (Fig. 4).
A 20 cm-diam on-gauge plate (M4) was then used to
reflect reference light, and a 5 cm-diam beam splitter
mirror (M5) was inserted to simultaneously monitor the
far-field (f=0.578 m) and near-field patterns. The main
laser was injected from window W1 before being relayed
to a pulse compressor consisting of G1, G2, and M2 be-
fore reaching the focusing parabola in the target cham-
ber. Afterwards, the light leakage from M3 was used to
measure the pulse duration.

Figure 5 presents the process of adjusting tilt/tip er-
rors using the fringe matching technique with near-field

interference fringes. The left half-side interference fringes
in Fig. 5(a) are taken as reference mark, while the right
half-side interference fringes are adjusted to match this
using the stepping motors. The tilted angle and close-
ness of parallel fringes correspond to the deviation of
either sidebands along the horizontal and normal direc-
tions. The central position of the sidebands was then
determined by the centroid method, whose minimum res-
olution approached 0.5 µm (CCD pixel: 4.7 × 4.7 (µm),
improving by almost 10×); thus, the tilt/tip errors were
confined within 1 µrad.

Once the tilt and tip are corrected in real time,
the remaining piston errors could be removed using
the PR technique. According to the calibration curve
in Fig. 3, the corresponding piston movement was
then applied on the grating subaperture, after which
the monochromatic grating phasing was realized and
maintained easily by closed-loop control. As can
be seen, the piston accuracy is nearly 60 nm lim-
ited by stepping motors (the Piezoelectric transition
(PZT) driver further improves the tiled precision ef-
fectively). Figure 6(a) shows a piston phase error of
λ/2, which can be calculated by PR (≈1, Fig. 6(c)),
and the good alignment is reached by adjusting corre-
sponding movement in Fig. 6(b), in which the peak ratio
is 4.36 (the piston error is 62 nm).

Figure 7 shows the far-field pattern of the main laser
operating at 1.053 µm, which has been transferred to the
pulse compressor and an autocorrelation trace of a com-
pressed pulse obtained with a tiled grating. As can be
seen, the main laser size and energy transferred to the
pulse compressor are 28.5 × 28.5 (cm) in area and 144 J
through main amplifiers; the focal spot full-width at half-
maximum (FWHM) size in Fig. 7(a) is 23 µm (1.3×
diffraction limit) and the pulse duration is 710 fs in
Fig. 7(b). The spectral width of the CPA output is about
4 nm after main amplifiers, while the chirping ratio is
4 nm/ns, so the compressibility is more than 1.4×103.

In conclusion, we have demonstrated a tiling grating
phase adjustment based on near-field and far-field moni-
toring in a compressor configuration, confirming the fea-
sibility of grating tiling. The alignment errors within
a tiled compressor have been compensated by adjusting
tilt/tip-piston, and the decoupling of tilt/tip-piston has
effectively shortened the adjusting time compared with
the SSPD method. A chirped pulse amplification sys-
tem with a phased-array grating compressor has been
performed to compress several hundred Joule pulses, af-
ter which the pulse width is measured to be less than 1
ps. Nevertheless, some grating setting accuracy improve-
ments are necessary to yield better tiled performance.
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