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Abstract Slight non-parallelism of the gratings in the compressor of a chirped-pulse amplification laser system produces angular chirp which results in a significant reduction of the focused intensity due to elongation of the pulse
duration and enlargement of the focal spot. The effect of
three-dimensional relative misalignment angles between
two gratings on the far-field pattern of the pulses propagating through them is investigated by ray tracing. The far-field
pattern provides two-dimensional information of the uncompensated angular dispersion directly. A simple and intuitive
alignment procedure to achieve parallelism of the compression gratings by far-field monitoring is demonstrated experimentally, while the alignment precision is found to be the
same as the methods proposed previously.

1 Introduction
Recent continuous developments of ultra-short intense laser
systems using the technology of chirped-pulse amplification
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ities delivering pulses with peak power of PW [2] and focused intensity of 1022 W/cm2 [3]. Ultra-short seed pulses
are stretched temporally by going through a dispersive optical element such as a fiber [4] or grating [5, 6] based
stretcher. After amplification, the pulses are recompressed
to the original pulse duration by an opposite dispersive device such as grating pair [7]. It is crucial to align the grating
pair in the compressor precisely to prevent spatial and temporal distortions. Slight non-parallelism of the grating pair
introduces angular chirp which results in a pulse-front tilt in
the near field [8, 9]. When the laser pulse with angular chirp
is focused, the intensity in the focal plane will be significantly reduced due to elongation of the pulse duration and
enlargement of the focal spot [10].
In order to measure the angular chirp and accurately align
the parallelism of the compression gratings in CPA laser systems, several diagnostic devices have been developed, including interferometric field autocorrelation [10], tilt pulsefront single-shot autocorrelation [11], imaging spectrography [12], spectrally resolved interference [13], and singleshot second-harmonic-generation frequency-resolved optical gating (SHG FROG) measurements [14]. Interferometric field autocorrelation does not work in real time because
it requires multi-shot operation. Tilt pulse-front single-shot
autocorrelation can monitor the pulse-front tilt and duration simultaneously, but it needs high-intensity pulses for
second-harmonic generation. Moreover, all of these methods make the setup complex and can only detect the angular chirp in one dimension. The usual compressor alignment
procedure [15] is straightforward but not accurate enough.
Two individual alignment lasers with different wavelengths
are used to align the compression gratings precisely in a
Nd:glass laser system [16]. However, it is difficult to obtain alignment lasers with wavelengths covering the whole
spectral width of the pulses generated in a Ti:sapphire laser
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Fig. 1 (a) Sketch of a four-grating compressor (top view). The laser
pulses are injected into the compressor from the left and exit it on the
right. Lens 1, CCD 1, retro-reflecting mirror, lens 2, and CCD 2 are
used in the experiment to monitor the far-field pattern of a beam after

a double pass of gratings 1 and 2 and a single pass of the four-grating
compressor, respectively. (b) Definition of the rotation angles α, β, and
γ around the x-, y-, and z-axes of the grating relative to its perfectly
aligned orientation

system. The wavelength differences between the alignment
lasers and the high-power laser as well as the overlapping
mismatch between the alignment lasers will introduce additional alignment errors.
In this paper, we present a very simple method to assure the parallelism of the compression gratings. The laser
beam is angularly dispersed by the first grating and collimated by the second grating. A mask downstream of the
second grating is used to select several narrow-band spectral
components from the beam, and the output beam is focused
onto a CCD (charge-coupled-device) camera. The compression gratings are accurately aligned by monitoring the twodimensional beam profile in the focal plane.

gates the focal spot horizontally in the diffraction plane as
shown in Fig. 2a. The rotation of the grating around the
z-axis (γ = 1 mrad) elongates the focal spot vertically in
the plane perpendicular to the diffraction plane as shown in
Fig. 2b. The effect of rotation of the grating grooves around
the y-axis is similar. When the grating surface has deviations around the x-axis and the y-axis simultaneously (α = 1
mrad, γ = 1 mrad), a tilted and elongated focal spot will be
observed as shown in Fig. 2c. When the rotation of the grating grooves around the y-axis is added further (α = 1 mrad,
β = 1 mrad, γ = 1 mrad), the different spectral components
will no longer be in a line but curved as presented in Fig. 2d.
It is worth mentioning that this phenomenon can be used as
a criterion of whether there are alignment errors due to both
grating surface rotation around the z-axis and groove rotation around the y-axis, which cannot be determined easily
by other techniques using only one-dimensional diagnostics
[10–14] or two wavelengths [16].

2 ZEMAX ray tracing
We performed ray tracing using the commercial optical design software ZEMAX to study the influence of a misaligned
grating pair on the far-field pattern of a beam propagating
through it. Figure 1a shows a sketch of a single-pass fourgrating compressor which is equivalent to a double-pass
grating pair compressor with a retro-reflecting mirror. We
define the rotation angles α, β, and γ around the x-, y-, and
z-axes of a grating relative to its perfectly aligned orientation
as indicated in Fig. 1b. The dimensions of gratings 1 and 4
are 230 mm × 180 mm × 30 mm, and those of gratings 2 and
3 are 460 mm × 210 mm × 50 mm. The groove densities of
the four gratings are equal and amount to 1480 lines/mm. A
laser beam of 100-mm diameter hits the first grating under
the incidence angle of 20.5◦ and then propagates through the
compressor. Seven wavelengths in the range from 770 nm to
830 nm with an interval of 10 nm are used in the ray tracing.
The output beam is focused by a 1000-mm focal length lens.
The spatial profiles of the laser beam in the focal plane are
investigated.
The focal spots when grating 4 deviates slightly from its
perfectly aligned orientation are shown in Fig. 2. The rotation of the grating around the x-axis (α = 1 mrad) elon-

3 Experimental results and discussion
We discuss how to achieve the parallelism of the compression gratings step by step. The gratings are installed
in the geometrical position and pre-aligned using the usual
method [15]. The pulses delivered by the oscillator are expanded to about 100-mm beam diameter and then injected
into the compressor at the designed incidence angle of 20.5◦
onto the first grating. After propagation through the compressor, the pulses are focused onto a CCD camera to view
the far-field pattern.
First of all, it is needed to distinguish the focal spot distortion induced by angular chirp introduced by grating misalignment from other sources such as aberrations caused by
poor-quality optics. The focal spot of the laser beam when
the oscillator is in continuous-wave operation is compared
to that when the oscillator is in mode-locked operation. As
shown in Fig. 3a, the focal spot of the mode-locked pulses is
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Fig. 2 Patterns of the output
beam in the focal plane when
grating 4 has a small-angle
deviation from its perfectly
aligned orientation: (a) α = 1
mrad, (b) γ = 1 mrad, (c) α = 1
mrad and γ = 1 mrad, (d) α = 1
mrad, β = 1 mrad, and γ = 1
mrad. The image dimension is
500 µm × 500 µm. The spots
corresponding to different
wavelengths as indicated in (a)
are due to spectral
decomposition in the focal plane

dramatically elongated and tilted while the continuous wave
is almost perfectly focused. Because all the other parameters
are exactly the same in the two cases except for the spectral
width, the exclusive cause of the degradation of the focal
spot is the angular chirp introduced by the diffractive optical elements in the system—the gratings.
The parallelism of the first grating pair is aligned by
adjusting grating 2 while grating 1 is fixed. As shown in
Fig. 1a, a diaphragm with an aperture diameter of about
10 mm is installed in the beam path to get a small-sized
beam. After the beam is diffracted by grating 1 and collimated by grating 2, a mask with holes is used to select several narrow-band spectral components from the beam. All of
these spectral components are picked up from the same oscillator beam, so they are inherently collinear before entering the compressor and cover the whole spectral width of the
high-power amplified pulses. This is similar to the method
used in [16], but much more convenient and easy for alignment. A retro-reflecting mirror reflects the laser beam back
into the incoming beam path to double pass the grating pair.
The retro-reflected beam leaking through turning mirror 1 is
focused by lens 1 onto CCD camera 1.

The decomposition of the different spectral components
into different directions can be observed in the focal plane.
The spots of individual spectral components will be curved
as illustrated in Fig. 2d when there are three-dimensional
alignment errors between gratings 1 and 2. First, the groove
orientation can be adjusted by rotation of grating 2 around
the y-axis until the spots are in a line as shown in Fig. 3b.
Second, the surface vertical orientation can be adjusted by
rotating grating 2 around the z-axis until the spots are in
a horizontal line as shown in Fig. 3c. Third, the surface
horizontal orientation can be adjusted by rotating grating 2
around the x-axis until all spectral components merge into
one spot as shown in Fig. 3d. The parallelism of the second grating pair is aligned following the same procedure by
monitoring the far field of the output beam from grating 4
using lens 2 and CCD camera 2. The delicate adjustment
of the two grating pairs is finished by verifying that the farfield pattern of the mode-locked pulses leaving the compressor is the same as that of the continuous wave as presented
in Fig. 3e. Finally, only the distance between the gratings
needs to be adjusted when the amplified pulses are injected
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Fig. 3 Example of compression grating parallelism alignment procedure by far-field monitoring: (a) focal spot obtained after the gratings
have been pre-aligned by the usual method. The focal spot is dramatically elongated and tilted. (b) Adjust the groove rotation around the
y-axis until the focal spots formed by different spectral components

are in a line instead of a curve. (c) Adjust the surface rotation around
the z-axis until the focal spots are in a horizontal line. (d) The far-field
pattern of a beam after a double pass of gratings 1 and 2 which are well
aligned and (e) the far-field pattern of a beam after a single pass of a
well-aligned four-grating compressor

into the compressor to obtain minimal pulse duration after
compression.
Now, we analyze the alignment error of our proposed
method. Grating 2 is assumed to have a misalignment in the
dispersion plane due to a slight angle α around the x-axis.
The laser beam will have uncompensated angular dispersion
after propagation through the non-parallel grating pair. The
angular difference between wavelengths λ1 and λ2 is given
by δϕ = α(cos θ1 − cos θ2 )/ cos θi , where θ1 and θ2 are the
diffraction angles corresponding to wavelengths λ1 and λ2 ,
respectively [10]. The double pass of the beam through the
grating pair will double the angular difference. When the
output beam is focused, the angular chirp will result in a
decomposition of different spectral components in the focal plane as shown in Fig. 3c. The displacement between
the focal spots is given by δy = f 2δϕ, where f = 500 mm
is the focal length of the lens. The displacement should be
less than half of the focal spot diameter of D = 20 µm
as shown in Fig. 3d. So, we obtain f 2δϕ < 1/2D, which
results in α < D cos θi /(4f (cos θ1 − cos θ2 )). The spectrum of the laser beam from our oscillator ranges from
750 nm to 850 nm, so we estimate the alignment error to
be α < 40 µrad. Using the formulas given in [10], the alignment errors in the other two orientations are estimated to be
β < 67 µrad and γ < 44 µrad, respectively.
As analyzed above, the maximum alignment error limit
of our suggested procedure is reached when the focal spot
of the mode-locked pulses elongates to half of that of the
continuous wave. For the inverted field autocorrelation mea-

surement, the angular chirp is measured by the variation of
the interference contrast [10]. The maximum alignment error limit is reached when the group delay across the beam
introduced by the residual angular chirp is less than the
coherence time, which is equal to the Fourier-transformlimited pulse duration. There is the same situation for the
FROG measurement where the angular chirp is measured by
the displacement of the FROG trace center [14]. Again, the
maximum alignment error limit is reached when the group
delay across the beam is equal to half of the pulse duration.
Angular chirp leads to the focal spot and pulse duration being enlarged by the same factor [10]. So, theoretically, all of
these proposed methods have the same maximum alignment
error inherently limited by the spectral width or Fouriertransform-limited pulse duration.
Finally, if we take into account the fact that the spectral
width of the pulses for alignment delivered by the oscillator is much larger than that of the amplified pulses due to
gain narrowing during amplification (the spectral width of
the pulses from the oscillator is larger than 100 nm, while
that of the amplified pulses is less than 50 nm in our case),
we think that the alignment precision is good enough and
the influence of the residual angular chirp on the focused
intensity is negligible.

4 Conclusion
The influence of the relative misalignment angles between
the gratings on the far-field pattern of the output beam was
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investigated by ray tracing. Slight non-parallelism of the
grating pair introduces angular chirp which results in significant distortions of the focal spot. It is demonstrated that the
compression gratings can be accurately aligned by real-time
monitoring of the far-field pattern of the output beam. The
alignment error is limited by the fact that the focal spot is not
significantly distorted by the uncompensated angular dispersion introduced by the non-parallel grating pair. The maximum alignment error of our proposed procedure is found to
be the same as the methods proposed previously. In order
to obtain enough alignment precision, the solution is to use
alignment laser sources with spectral width larger than that
of the amplified pulses to be compressed.
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