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Abstract: We present a comprehensive simulative and experimental investigation of how
period-chirped pulse compression gratings affect the compressed pulses. A specifically developed
ray-tracing tool was used for the simulative investigations. It is shown that the chirp creates a
characteristic spatio-spectral error pattern, which leads to a degradation of the beam quality and
an increase of the pulse duration. The experimental investigations, for which both a narrow-
bandwidth continuous-wave and a pulsed laser beam were guided through a Treacy-compressor
comprised of period-chirped gratings, confirm the simulation results and present methods on
how to identify the chirp’s characteristic error pattern in practice.
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1. Introduction

Almost 40 years after the invention of chirped-pulse amplification (CPA) by Gérard Mourou and
Donna Strickland [1] pulse compressors and stretchers are commonly used in laser amplifier
systems [2–5]. Today, their application enables the generation of pulses with peak powers up
to the order of petawatts [6] and might pave the way to reach the exawatt level [7]. Although
various pulse compressor architectures are known [8–11], especially grating-based compressors
are popular as they are suitable to provide high group delay dispersion (GDD) and since they can
withstand high pulse energies. Used in the classic Treacy configuration [12], only two gratings
and two mirrors are required. When aiming at the compression of broadband pulses close to the
Fourier limit with high beam quality, the alignment and the precise fabrication of the components
become crucial [13,14]. For this reason, both misalignment [15,16] and surface deformations
of the gratings, originating from their fabrication [17,18], thermal load [19–21], or mechanical
stress [22,23] were the subjects of intense research. Besides the implementation of complex
simulations [24], even techniques for the pre-compensation of the gratings’s wavefront errors
have been reported [25]. Typical spatio-temporal aberrations arising from such errors are the tilt
of the pulse front, spatial chirp, angular chirp, and an increased pulse duration [17,18,26–29].
These undesirable detrimental effects indicate the necessity of precisely manufactured gratings
with high optical quality.

Techniques that are commonly used for the fabrication of linear gratings are nanoimprint
lithography [30], electron-beam lithography [31], scanning beam interference lithography
(SBIL) [32,33], or classical laser interference lithography (LIL) [34–36]. Due to its simple
implementation, its inexpensive use [37,38], and the possibility to enable the one-shot exposure of
large gratings [35] LIL is a popular technique for the fabrication of linear gratings. In contrast to
the other above listed techniques LIL is however accompanied by the detrimental effect of period
chirp [39,40]. It is a consequence of the finite curvature of the wavefronts of the interfering laser
beams used for the exposure of the photoresist to create the grating lines. For the commonly used
lithographic setups, the period chirp has two aspects [41–43]. The first is a spatial dependence
of the period on the substrate, which increases approximately quadratically from the center of

#505875 https://doi.org/10.1364/OE.505875
Journal © 2023 Received 19 Sep 2023; revised 2 Nov 2023; accepted 4 Nov 2023; published 15 Nov 2023

https://orcid.org/0000-0002-1322-4535
https://orcid.org/0000-0002-9646-8761
https://orcid.org/0000-0002-9326-0877
https://orcid.org/0000-0002-8466-073X
https://orcid.org/0000-0002-1064-9298
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.505875&amp;domain=pdf&amp;date_stamp=2023-11-15


Research Article Vol. 31, No. 24 / 20 Nov 2023 / Optics Express 40688

the interference pattern toward the edges. Related to this first effect, the second is a spatially
dependent inclination of the grating lines [43,44] that also increases from the center of the
interference pattern towards the edges. Details on this can be found in [43,44] and are visualized
later in the text in Fig. 2. The magnitude of the chirp is highly dependent on the implementation
of the lithographic setup. When a proper collimation is applied to the interfering beams [34] the
period chirp can be minor [43]. To reduce the costs and avoid possible phase distortions from the
collimating optics, the use of divergent beams is however also quite common. For such setups,
the magnitude of the chirp of the gratings scales quadratically with a decreasing distance between
the point sources and the substrate. Typical distances used by grating suppliers (including the
supplier of the gratings shown in this work) range within a few meters, but also one meter [42] or
even less [45–47] can be found in the literature, thus leading to a very strong chirp. Although
the chirp is a known problem, its impact on the performance of optical systems has barely been
investigated yet.

Especially when employing gratings manufactured by LIL in pulse compressors, we expect
the influence on the pulses to be critical since these systems are known to be exceptionally
sensitive and since these systems employ large gratings. However, despite the extensive use
of both grating-based pulse compressors and gratings fabricated by LIL, the influence that the
period chirp has on the performance of pulse compressors has not been addressed so far.

With the present contribution, we, therefore, report on the impact that the period chirp of
pulse compression gratings has on the compressed laser pulses. In the first part, the setup and
the gratings are discussed in detail. In the second part (section 3), ray-tracing simulations are
reported on, that were performed to quantitatively investigate the influence of the period chirp on
the pulses that are compressed in a classical Treacy configuration [12]. The third part (section 4)
is devoted to experiments using the compressor presented in the first part. The first experiment
was performed to determine the detrimental effects that the period chirps of the gratings have on
the compressed beam (section 4.1). In a second and third experiment both a pulsed laser beam
and a continuous-wave (cw) beam were guided through the pulse compressor (sections 4.2 and
4.3) to validate the simulation and to illustrate experimental methods that are suitable to identify
the pulse aberrations caused by the period chirp in a hands-on manner.

2. Setup

The compressor considered in the present report is schematically shown in Fig. 1. It consists of
two gratings and a retroreflector (RR) set up in the classical Treacy configuration [12]. Both
gratings had a size of 75 mm× 50 mm, a nominal grating period of Λ0 = 610 nm and experienced
two passes of the beam, whose initial diameter was dB = 5 mm, as shown in Fig. 1(a). The
dispersion length of the compressor was l0 = 341 mm, introducing a group delay dispersion of
GDD= –20 ps2 for the central wavelength of λg = 1030 nm. The distance between the center of
the second grating (G2) and the RR was 250 mm. As depicted in Fig. 1(b), the angle of incidence
(AOI) on the first grating (G1) was θinc = 51.4° while the angle of diffraction (AOD) of the – 1st

diffraction order was θ−1(λg)= –65.1° at the central wavelength.
The two used gratings had identical specifications and were fabricated by AMO GmbH using

LIL for the exposure of the photoresist [48]. The period of these gratings was measured using
the diffractometric setup that we presented in [49]. It is based on a modified long-trace profiler
and enables a measurement accuracy of 15 pm for these gratings. Figure 2(a) shows the spatially
resolved measurement of the grating period of one of the two gratings. The other one was found
to have identical properties.

The chirp, i.e. the parabolic increase of the period with increasing distance from the center
of the substrate is clearly visible, indicated by both the color scale and the vertical axis. The
data shows that the chirp measured along the y-direction (parallel to the grating lines, | |) is much
smaller than the chirp observed along the x-direction (perpendicular to the grating lines, ⊥). This
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Fig. 1. (a): Setup of the considered compressor. The coloring of the beam indicates the
longer (red) and shorter (blue) wavelengths with respect to the central wavelength (green).
(b): Angle of incidence θinc, angle of diffraction θ−1, and nominal grating period Λ0 of the
first grating.

(a) (b)

(c) (d)

(e) (f)

Measured period Fit to measured period 

Retrieved period for s = -10 mm Retrieved for s = -10 mm

Retrieved period for s = 0 mm Retrieved for s = 0 mm

Fig. 2. (a): Measured spatial distribution of the period Λ(x,y) of the gratings from [49].
(b): Measured and fitted grating period at the center of the substrate perpendicular to the
grating lines Λ(x, 0 mm) (blue) and parallel to the grating lines Λ(x = 0 mm,y) (red). (c):
CalculatedΛ(x,y) for parameters retrieved from the measurements. (d): Calculated dx/dy(x,y)
for parameters retrieved from the measurements. The inclination of the grating lines (black)
is strongly exaggerated for visibility. (e): Calculated Λ(x,y) of a grating assuming an ideally
centered chirp. (f): Calculated dx/dy(x,y) of a grating assuming an ideally centered chirp.
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is emphasized by the corresponding results evaluated along the x-axis in the center of the substrate
at y= 0 mm (blue squares) and in the y-direction at x= 0 mm (red dots) shown in Fig. 2(b). The
minimum of the grating period (vertex of the parabola) is displaced off the substrate’s center by
approximately +10 mm in the x-direction and by – 0.5 mm in the y-direction. This displacement
is attributed to a mispositioning of the substrate with respect to the center of the interference
pattern that was used for the exposure. While the chirp, i.e the parabolic increase of the period,
is an intrinsic consequence of the lithographic approach LIL [44] and commonly observed for
LIL gratings, the displacement of the parabolic distribution is an error, specific to the supplier’s
implementation of LIL. The small displacement of the distribution of the grating period in the
y-direction is negligible and therefore not further considered in the following. The blue and red
curves shown in Fig. 2(b) are parabolic fits to the measured data. Using the coefficients of these
fits the spatial function of the period is determined to

Λ(x, y) = 0.222 ·
pm

mm2 · (x + s)2 + 0.077 ·
pm

mm2 · y2 + 610nm. (1)

The parameter s= –10 mm accounts for the displacement of the vertex of the paraboloid from
the center of the substrate for the present grating sample. Figure 2(c) shows the spatial function
of the period calculated from Eq. (1).

The spatial function of the inclination of the grating lines dx/dy(x,y) cannot be measured by
means of our setup. The distribution dx/dy(x,y) can however be calculated when the position of
the point sources which were used to generate the interference pattern in the lithographic setup is
known with respect to the position of the substrate [44]. Knowing the exposure wavelength of
λexp = 266 nm given by the supplier, the arrangement that was used to manufacture our gratings
was retrieved from the measured spatial distribution Λ(x,y) as given in Eq. (1) by means of
the model described in [44]. It was found that the two point sources were separated by 2·xs
with xs = 433 mm in x-direction and that they were positioned at a perpendicular distance of
zs = 1938 mm from the substrate’s surface [44]. Using this information, the spatial distribution
of the inclination of the grating lines dx/dy(x,y) can be calculated with Eq. (34) from [44].
Taking into account the observed displacement by the amount of s in the x-direction between the
interference pattern and our substrates within the lithographic processing, the spatial distribution
of the inclination of the grating lines on our samples is found to be

dx
dy

(x, y) =
(x + s)2 · y ·

√︂
z2
S + y2 + x2

S + (x + s)2√︂
((x + s)2z2

S + (x + s)2y2 + (x2
S + y2 + z2

S)
2
)(x2

S + y2 + z2
S)

(2)

Figure 2(d) shows the spatial distribution of the inclination of the grating lines dx/dy(x,y)
calculated with Eq. (1) for s= –10 mm. The black lines illustrate the inclination of the grating
lines, but are strongly exaggerated for visibility.

Due to the eccentric chirp of our gratings, their orientation (upright or upside-down) when
mounted in the compressor is of high importance because it determines the position of the vertex
of the spatial functions of the period and the inclination of the grating lines with respect to the
laser beam. The upright and upside-down orientation of the gratings were investigated both in
the simulation and in the experiments as reported below. Since the eccentric chirp of our gratings
was not planned, but is a consequence of an error in the manufacturing, the results that can be
expected when the chirp is assumed to be centered on the gratings but with the same magnitude
as described above were also investigated with the simulation. Hence, the spatial function of
the period Λ(x,y) and the inclination of the grating lines dx/dy(x,y) of this assumed grating were
calculated from Eq. (1) and Eq. (2) with s= 0 mm. The resulting spatial functions of the period
and the inclination of the grating lines are shown in Fig. 2(e) and (f).
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3. Analysis based on simulations

To allow for a precise and comprehensive simulation of the propagation of pulses through a
grating compressor comprising chirped gratings (taking into account both the spatially dependent
period and the inclination of the grating lines) we developed a ray tracer specifically for this
task. For its implementation, the beam is modelled by 11 ray bundles, each consisting of 25
rays. While all rays within one bundle have the same wavelength, different bundles (and the
included rays respectively) have different wavelengths evenly spaced by 2 nm, from λb = 1020 nm
to λr = 1040 nm. All bundles are exactly superposed in space thus representing the spectral
composition of the propagating pulses. The 25 rays of each bundle are used to model the diameter
and divergence of each of the beam’s different spectral components. Each ray is described as a
line in space defined with an origin, direction, wavelength, intensity, and phase. In Fig. 3 the
intersection between one bundle and a plane is depicted, showing the arrangement of the 25
rays within the bundle. All rays originate at the same point (point source model). The central
ray is located on the optical axis of the beam, 16 outer rays represent the beam’s circumference
defined by 1/e2 (this measure will also be used in the experiments in section 4) and 8 inner rays
are added to increase the resolution of the beam in the simulation. The developed ray tracer takes
into account the spatial distributions of the period Λ(x,y) and the inclination of the grating lines
dx/dy(x,y) for the gratings, as well as a misalignment and surface deformations for all optical
components.

Origin

Central ray

Beam diameter

Bundle

Single ray
Outer rays

Inner rays

Fig. 3. In the simulation each spectral component of the laser beam is represented by a
bundle of 25 rays.

Figure 4 shows the raytracing simulation of the beam propagation through a compressor
comprised of perfectly aligned and ideally manufactured optical components (i.e. no chirp:
Λ(x,y)= 610 nm and dx/dy(x,y)= 0). The diameter and the divergence of the incident beam were
defined to be dB = 5 mm and ϑ= 0.17 mrad (assuming a beam with a beam propagation factor
of M2 = 1.3) at the position of the first grating G1. The spectral components of the incident
beam are dispersed by the diffraction that occurs at the first interaction with the grating G1 and
subsequently reach the surface of the grating G2, where the spatial separation of the 11 bundles
representing the spectral components of the pulses (color coded) can be seen.

After being collimated by grating G2, reflected by the retroreflector RR, and after passing
the setup for a second time, all spectral components collinearly overlap again when leaving the
compressor. The properties of the beam exiting the compressor, i.e. the position, angle, and
beam diameter of its 11 spectral components, are analyzed using the two planes labeled P1 and
P2 in Fig. 4(a). Plane P1 is located in front of the lens L (at a distance of 210 mm from G1)
and plane P2 is located in the lenses’ focal plane behind the lens L. Hence plane P1 serves to
identify any lateral shifts of the different spectral components while P2 is used to detect tilting
of the different spectral components. The focal length of the lens is f= 100 mm. The analysis
of the beam in these two planes enables a direct and intuitive comparison to the experimental
results presented in section 4. Figure 4(b) shows the intersections of the 11 bundles representing
the spectral components of the beam with the plane P1. Only the central ray and the outer 16
rays (see Fig. 3) representing the beam circumference (at 1/e2) of each spectral component are
shown and connected to a ring for the sake of clarity. The slightly different widths (x-direction)
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Fig. 4. Raytracing simulation of the beam propagation in a pulse compressor with ideal
alignment and unchirped gratings. The properties of the compressor and the beam are
the same as those already specified in Fig. 1. (a): Three-dimensional view of the beam
propagating in the compressor. The exiting (compressed) beam is analyzed in the two planes
P1 and P2. P1 is located in front and P2 behind (in the focal plane of) the lens L (f = 100
mm). (b): Central rays (optical axes) and circumferences (16 rays) of the cross sections of
the 11 bundles representing the spectral components of the pulses at the location of plane P1.
(c): Central rays (optical axes) of the 11 bundles representing the spectral components of the
pulses at the location of plane P2. Due to the perfect overlap of the spectral components,
only a single dot is seen in the figure.

of the beams of the different spectral components are a consequence of the divergence of the
incident beam (ϑ= 0.17 mrad) as shown by Heathcote et al. [50]. Figure 4(c) shows the position
of the central rays of the 11 spectral components at the plane P2. The additional axes on the top
and right side of the figure indicate the tilts of different spectral components in the vertical and
horizontal direction when intersecting the lens L. The results show that when the compressor is
perfectly aligned and comprised of unchirped gratings, as expected, all spectral components of
the beam are coaxially superimposed after compression (with no lateral displacement as analyzed
in P1 and no tilt as analyzed in P2).

The simulation of the beam propagation through a misaligned compressor but still with
unchirped gratings is shown in Fig. 5, where the second grating G2 is rotated by 0.2° around the
vertical axis.

As seen from Fig. 5(b) and (c) the spectral components are subject to different shifts and
tilts after exiting the compressor. These two effects are more commonly known by the terms
spatial chirp and angular chirp, respectively [13,51]. We will however avoid these terms to avoid
confusion with the period chirp treated in the present paper.

For the following discussion, it is important to note that the shifts and tilts of the spectral
components observed in Fig. 5, which are induced by the considered misalignment of G2, increase
strictly monotonously with increasing wavelength. The same monotonous dependence of the
shifts and tilts of the different spectral components on their wavelength was also observed for the
misalignment (around all axes) of the other grating G1, and of the mirrors of the retroreflector
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Fig. 5. Raytracing simulation of the beam propagation in a pulse compressor comprised
of unchirped gratings but in which grating G2 is misaligned by 0.2°. The other properties
of the compressor and the beam are the same as those already specified in Fig. 1. (a):
Three-dimensional view of the beam propagating in the compressor. (b): Central rays
(optical axes) and circumferences (16 rays) of the 11 bundles representing the spectral
components of the pulses at the location of plane P1. (c): Central rays (optical axes) of the
11 bundles representing the spectral components of the pulses at the location of plane P2.

RR. This is consistent with the results presented in other publications [13,15,28]. In addition to
misalignment, also spherical deformations of the surfaces of the different optics were investigated,
which also consistently resulted in shifts and tilts of the different spectral components with a
monotonous dependence on their wavelength.

Figure 6 shows the simulation of the beam propagation through an ideally aligned compressor
where both gratings exhibit the same chirp as our sample but without a lateral displacement
of the distributions with respect to the center of the element. The spatial distribution of the
grating period Λ(x,y) and of the inclination of the grating lines dx/dy(x,y) are therefore given by
the Eqs. (1) and (2), respectively, but with s= 0 mm. The results of the simulation depicted in
Fig. 6(b) show that at the exit of the compressor, the beams of the red-shifted spectral components
are horizontally stretched while the beams of the blue-shifted spectral components are spatially
narrowed in the horizontal direction. This is not a consequence of the beam’s collimation but
arises from the period chirp. The central rays of the different spectral components are distributed
along a c-shaped curve, where the blue-shifted spectral components are located on the top right
(x > 0 mm y> 0 mm), the central spectral component is located on the left with no vertical
displacement (x= 0 mm y= 0 mm), and the red-shifted spectral components are located on
the lower right (x > 0 mm y< 0 mm). The same distribution of the central rays of the spectral
components along a c-shaped curve can also be observed in the plane P2, depicted in Fig. 6(c),
indicating the tilts of the spectral components.

It is seen from Fig. 6(b) and (c) that the spectral components are shifted and tilted in the vertical
axis with a monotonous dependence on their wavelength (i.e. blue-shifted spectral components
are located above the central spectral component and red-shifted spectral components are located
below the central component), while in the horizontal axis, both red- and blue-shifted spectral
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Fig. 6. Raytracing simulation of the beam propagation in a perfectly aligned pulse
compressor, comprising gratings with a centered chirp, see Fig. 2. The other properties
of the compressor and the beam are the same as those already specified in Fig. 1. (a):
Three-dimensional view of the beam propagating in the compressor. (b): Central rays
(optical axes) and circumferences (16 rays) of the 11 bundles representing the spectral
components of the pulses at the location of plane P1. (c): Central rays (optical axes) of the
11 bundles representing the spectral components of the pulses at the location of plane P2.

components are shifted and tilted towards the same side, i.e. to the right. Furthermore, it is
noticeable that the central spectral component exits the compressor without being shifted or
tilted. Thereby the observed effects on the spectral components in the horizontal direction are a
consequence of the spatially dependent period, while the effects on the spectral components in
the vertical direction are a consequence of the spatially dependent inclination of the grating lines.
It introduces an additional tilt of the diffracted beams out of the xy-plane and thus breaks the
vertical symmetry of the setup.

This spatio-spectral error pattern observed in Fig. 6 is unique for the period chirp. We also
simulated other, more commonly observed effects in compressors, such as the misalignment of
the different optical components and their spherical deformation. However, even when they were
combined in different permutations, they could not reproduce a similar pattern.

The simulation shown in Fig. 6 assumed that the spatial distribution of the chirp was centred on
the grating elements. The results obtained by also considering the acentric position of the chirp
as given by the Eqs. (1) and (2) with s= –10 mm (upright orientation of the sample) and s= 10
mm (upside-down orientation of the sample) are shown in Fig. 7 and compared to the previously
discussed performance of the compressor with s= 0 mm (see Fig. 6(b) and (c)). According
to Fig. 7(a), the spectral components in the plane P1 are distributed along a similar c-shaped
curve in all three cases. The red-shifted spectral components however experience stronger shifts
when both gratings are orientated upright, while the blue-shifted spectral components experience
stronger shifts when both gratings are orientated upside-down. The same characteristic pattern
can also be observed with regard to the tilt as seen from the distribution of the central rays in
the plane P2, depicted in Fig. 7(b). Additional simulations showed that the permutation of the
arrangement of the two gratings (i.e. one upright and the other upside-down) leads to a similar
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distribution of the shift and tilts of the spectral components. This can be seen exemplarily from
the last curve in Fig. 7(b) where the first grating was arranged in upright and the second grating
was arranged in upside-down orientation. The same behavior could be observed for the shifts,
but the corresponding curve is not inserted in the figure (Fig. 7(a)) for the sake of clarity.

Wavelength in nm

1020 1022 1024 1026 1028 1030 1032 1034 1036 1038 1040

(a)

(b)

(c)

Fig. 7. Simulated influence of the lateral displacement s of the chirp (with respect to
the center of the gratings) on the beam exiting the compressor. (a): Shifts of the spectral
components at the plane P1 visualized by the position of their central rays. (b): Tilts of the
spectral components represented by the location of their central rays at the plane P2. (c):
Simulated group delay dispersion (GDD) for an ideal compressor with unchirped gratings
and compressors comprising gratings with the chirp as measured on our sample with different
lateral displacements s.

Both the observed shifts and tilts of the spectral components result in a non-collinear
superposition of the spectral components of the compressed pulses and are therefore expected to
reduce the beam quality of the beam exiting the compressor. The simulations showed that the
period chirp of the gratings also affects the dispersion of the compressor, which is important
for the temporal properties of the compressed pulses [2,52]. This is exemplarily shown for the
group delay dispersion (GDD) of the compressor in Fig. 7(c). For comparison, the GDD of the
compressor with un-chirped gratings is added (dotted line). The comparison of the results shows
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that the influence of the chirp on the GDD is stronger on the red-shifted side of the spectrum.
Assuming that the GDD of the compressor with un-chirped gratings (dotted line) leads to an ideal
fourier-transform-limited duration of the compressed pulses, an increase of the pulse duration
and a change in the temporal pulse shape can be expected for the pulses which are compressed by
compressors equipped with chirped gratings. The quantitative changes in pulse duration, as well
as in beam quality however ultimately depend on the shape of the pulse’s spectral intensity.

4. Experimental investigation

Three different experiments were conducted with the compressor that is schematically shown
in Fig. 1, using the period-chirped gratings in upright orientation (s= –10 mm), as shown in
Fig. 2(c) and (d). In the first experiment, the beam of a pulsed laser was guided through the
compressor to demonstrate the detrimental influence of the period chirp on the beam quality
and the duration of the compressed pulses. For the second experiment, the same pulsed laser
was used to qualitatively investigate the tilt of the individual spectral components exiting the
compressor. In the third experiment, a wavelength-tunable continuous-wave (cw) laser was used
to quantitatively measure the shifts of the individual spectral components exiting the compressor
over a broad spectral range.

For all three experiments, a collimated beam was used and the compressor was set up as shown
in Fig. 1 to match the simulation as closely as possible. The alignment of the compressor was
carried out according to the procedure presented by Miesak et al. [53].

4.1. Effects of the period chirp on the compressed pulses

In order to measure the influence of the period chirp on the beam quality and the duration of
the compressed pulses, the setup depicted in Fig. 8(a) was used. Temporally stretched pulses
with a duration of τ = 90 ps and a repetition rate of 1 MHz were injected into the compressor.
Although the maximum available average power of the laser was 1 kW [54], only low power (1
W) was used for the experiments to exclude any thermal effects [19,20]. The spectrum of the
injected pulses is shown in Fig. 8(b). The beam propagation factors of both the injected and the
compressed beam were measured using the beam analysis device Ophir-Spiricon M2-200.

(a) Pulsed
Laser

G1

G2

RR

Beam 
Analysis

(d)(c)

(b)

Fig. 8. (a): Sketch of the setup for the investigation of the effects of the period chirp on
the beam propagation factor of the compressed beam and the duration of the compressed
pulses. (b): Spectral intensity distribution of the incident laser pulses before injection into
the compressor. (c): Intensity distribution of the beam in the focal plane of the beam analysis
device before passing the compressor (d): Intensity distribution of the beam in the focal
plane of the beam analysis device after passing the compressor.



Research Article Vol. 31, No. 24 / 20 Nov 2023 / Optics Express 40697

Figure 8(c) and (d) show the obtained intensity distributions of the beam in the focal plane
of the lens of the beam analysis device before (c) and after (d) passing the pulse compressor.
The injected beam shows a rather round and homogenous intensity distribution and beam
propagation factors of M2

x = 1.4 and M2
y = 1.3 in the horizontal and vertical axis, respectively,

were measured. As seen from Fig. 8(d), the intensity distribution of the compressed beam shows
a tail on the right-hand side causing a degradation of the beam propagation factors to M2

x = 2.76
and M2

y = 1.6. Both the stronger degradation of the beam quality in the x-direction and the
elongation of the beam’s intensity distribution toward the lower right side are consistent with the
results from the simulation, see Fig. 7(b). In order to measure the pulse duration of the beam, a
partially reflective mirror was used to generate a low-power replica of the beam at full aperture.
By means of an autocorrelator from APE GmbH (based on second harmonic generation), a pulse
duration was measured to be τ = 900 fs (sech2). With respect to a pulse duration of τ = 570 fs
(sech2) expected from an ideal compression, the pulses hence show a strong temporal elongation.
This increase in the duration is expected from the results of the simulation, see Fig. 7(c).

4.2. Measuring the chirp-induced tilt with a pulsed laser

That the period chirp of the gratings is the reason for the observed degradation of the beam
quality is seen by investigating the tilt of the individual spectral components in the compressor’s
exiting beam. For this purpose, the experimental setup was modified as shown in Fig. 9(a). At
reduced incident power (100 mW), the beam exiting the compressor was again analyzed by the
Ophir-Spiricon M2-200. While recording the beam’s intensity distribution in the focal plane of
the analyzing device, a knife edge was moved slowly into the beam path between grating G2 and
the retroreflector RR, as shown in Fig. 9(a). Due to the spatial separation of the pulse’s spectral
components between G2 and the RR, they are cut off by the knife edge and thus disappear in
the intensity distribution at the focus of the beam. The wavelengths of the spectral components
seen at different positions in the focal plane was identified by exploiting that according to the
simulations there is an approximately linear relation between the location of the knife edge and
the wavelengths that are cut off. Knowing the spectrum of the pulses as depicted in Fig. 8(b) it
was therefore possible to approximately (with an accuracy of ±1 nm) assign the wavelengths of
the spectral components seen at different locations in the images recorded in the focal plane of
the analyzing device. This correlation is illustrated in Fig. 9(b), where six exemplary recordings
of the beam’s intensity distribution are shown for different positions of the knife edge. The
denoted wavelength range corresponds to the spectral range that is not cut off by the knife edge.
The full recording of the beam’s intensity distribution with the camera can be found as a video in
the supplementary material of this publication (see Visualization 1). The exposure time of the
camera was set to obtain an oversaturated image to detect even low-intensity spectral components
far from the center of gravity of the beam’s intensity profile, which showed strong distortions.
Figure 9(c) shows the final results of this analysis, disclosing the location of the different spectral
components within the beam’s focal plane.

The results from Fig. 9(c) show that the red-shifted spectral components are stretched and
located at the lower right side of the intensity profile. Slightly blue-shifted spectral components
are located at the left side while the strongly blue-shifted spectral components are shrunk and
located at the upper right side of the intensity profile. This observation of the location of the
beam’s spectral components in the beam’s focal plane corresponds to the method presented in
our simulation using the lens L and plane P2 (see Fig. 6), hence indicating tilts of the spectral
components within the beam. The experimental results can therefore directly be compared to
the simulation’s results depicted Fig. 7(b) where the locations of the spectral components in
the beam’s focal plane for the upright orientation of the chirped gratings are depicted. The
comparison reveals a high agreement between the simulation and the experiments. Any minor
deviations between the simulative prediction and the experimental observations (i.e. the shape of

https://doi.org/10.6084/m9.figshare.24156201
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Fig. 9. Sketch showing a method to identify the chirp as the cause for the observed
degradation of the beam quality. A knife edge is introduced between G2 and the RR to cut
off spectral components while the beam’s intensity profile is observed at the focus of the
beam analyzer. (a): Simplified sketch of the optical setup. (b): Beam profiles and their
spectral composition (with an accuracy of ±1 nm) of the exiting beam in the focal plane
for different positions of the knife edge. (c): Location of the different spectral components
within the beam’s focal plane.

the spots or the magnitude of the shifts of the different spectral components) are attributed to
slight mismatches between the alignment of the compressor and the beam (as specified in Fig. 1)
and the alignment that could be achieved in the experimental setup in practice.

For further investigation, the gratings were also implemented in upside-down orientation
(see Visualization 2) and in the configuration where the vertex of the period chirp is centered
(see Visualization 3), by parallel shifting of the gratings. These experiments also showed high
agreement with the simulation. Although they will not be further discussed in the present paper,
the recorded videos, showing the cutoff of the spectral components according to the method
presented in Fig. 9, are added to the supplementary material available online.

4.3. Measuring the chirp-induced lateral shift with a tunable continuous-wave laser

In order to determine the location of the pulses’ spectral components within the beam in a more
quantitative manner and over a broader spectral range, a wavelength-tunable continuous-wave
laser was used. The experimental setup is shown in Fig. 10(a). The incident beam had a close
to diffraction-limited quality and a spectrally narrow emission bandwidth of ∆λ= 0.165 nm
(FWHM) centered at a tunable wavelength. The beam was injected into the compressor through a
pinhole of a white screen on which the position of the beam exiting the compressor was observed
by a camera, as shown in Fig. 10(a). This observation corresponds to the analysis of the beam at
plane P1 in the raytracing simulations (see Fig. 6), hence indicating lateral shifts of the beam.
The approach of observing the screen with the camera instead of the direct illumination of a
CCD-chip was chosen because no camera with a sufficiently large detector was available. The
wavelength of the injected beam was tuned in steps of 2 nm from 1020 nm to 1040 nm.

https://doi.org/10.6084/m9.figshare.24156204
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Fig. 10. (a): Simplified sketch of the setup used to directly measure the lateral displacement
of the spectral components in the compressed beam. The beam of the wavelength-tunable
laser is propagated through the compressor and the exiting beam is observed on the screen
with a camera. (b): Three exemplary images of the beam on the screen, recorded with the
camera. The pictures are mirror-inverted around the y-axis to match the perspective used
in the discussion of the simulations. (c): Extracted outlines of the beam on the screen for
different wavelengths of the laser.

The significant shifts of the beam on the screen observed when tuning the laser’s wavelength
are shown for three different wavelengths in Fig. 10(b). The pictures were mirror-inverted around
the vertical axis, since the camera in the experimental setup observed the screen from the opposite
side with respect to the analysis of the screen in the simulation. The recorded outlines of the
cross sections of all beams (tuned from λ= 1020 nm to λ= 1040 nm) on the screen are displayed
in Fig. 10(c). The results show that the beam with a wavelength of λ= 1030 nm was centered
at x= 0 mm, while both an increase and decrease of the wavelength led to a lateral shift to
the right (positive x-direction), which is consistent with the simulations. Also as predicted by
the simulation, beams with longer wavelengths were horizontally stretched while the beams
with shorter wavelengths were shrunk in the horizontal direction, which is not a consequence
of the beam’s collimation but originates from the period chirp of the gratings. The spread
of the spectral components in the vertical direction is only minor. This is consistent with the
simulations (see Fig. 7), where a much smaller spread in the vertical direction was observed
within plane P1 (see Fig. 7(a), indicating shifts) than in plane P2 (see Fig. 7(b), indicating tilts).
Any remaining differences between the observed and the simulated spatial distribution of the
spectral components are addressed to tolerances in the alignment of the gratings.

5. Discussion

The period chirp of the pulse compression gratings proved to have a detrimental effect on the beam
quality and the compressibility of the compressed pulses of the investigated Treacy compressor.
While this compressor was dedicated to the compression of pulses with comparatively narrow
spectral bandwidth (∆λ ≈ 8 nm for the experiments and ∆λ= 20 nm for the simulation) and long
pulse duration (τ ≈ 500 fs), much stronger detrimental effects are expected for the high-intensity
laser systems, where spectral bandwidths of over hundred nanometers and pulse durations below
a few tens of femtoseconds [55–57] are targeted. Additionally, such systems require a high
contrast of the spatial and temporal intensity, where even small fractions of the peak intensity
can have a detrimental influence on the targeted application [58,59]. Further simulations by us
showed, that for a given system, the detrimental effects of the period chirp (defined by beam
quality, angular chirp, spatial chirp, and compressibility) scale with the diameter of the incident
beam, the size of the gratings, the spectral bandwidth of the pulses and the magnitude of the
chirp (defined by the coefficient of the second-order term of the chirp, χ).
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To avoid this, two strategies can be pursued. The first is to focus on the production of
the gratings. When using LIL, a better collimation of the beams used for the interference
is required [34] to reduce the magnitude of the chirp. Our simulations showed, that for the
Treacy-Compressor investigated in this work, a period chirp of the gratings, two orders of
magnitude smaller (χx = 0.22·10−5 nm/mm2 instead of χx = 0.22·10−3 nm/mm2) would have been
required to maintain the beam quality and achieve the full compression of the incident pulses.
Besides working on the collimation of the beams, another approach can be pursued to reduce or
even eliminate the period chirp of LIL. As originally proposed by Walsh and Smith [60] and
recently investigated by us [61,62], the substrate of the grating can be bent during the exposure
with uncollimated beams to eliminate the period chirp. Besides LIL, also other techniques can be
used for the lithographic step in the grating production. Scanning beam interference lithography
(SBIL) might be a suitable alternative. Although it is more expensive, it enables the fabrication
of very large gratings (up to 1 m) [63] and the precise control of the grating period [32,33]. As
shown in [49], gratings fabricated by SBIL (purchased from PGL in this case) did not show any
period chirp and also proved to maintain the beam quality of the pulses when employed in a
compressor within our experiments and the experiments presented in [4,64].

The second strategy to limit the detrimental effects of the period chirp in compressors is to focus
on the implementation of the compressor itself. To give some simple guidelines on the beneficial
implementation of compressors, some additional simulations were carried out, since the results
of the investigated Treacy compressor are not generally applicable to all compressor types. From
these simulations, it can be stated, that (independent of the type of the compressor) the chirp is the
most critical at those grating passes where the beam is large and spectrally separated. As shown
in Fig. 11(a) for an in-plane four-grating compressor these are the second and the third grating
passes of the beam. Due to their separation, the spectral components experience different grating
periods and hence different diffraction angles. The longer the propagation distance between the
second and the third grating pass, the stronger the degradation of the beam quality. For this
reason, the effects of the chirp can be reduced for a Treacy compressor when the retro-reflector is
positioned closer to the second grating (which contains both the 2nd and the 3rd grating pass of the
beam). For in-plane four-grating compressors, as they are used in high-intensity laser systems, it
is therefore recommended to implement them as shown in Fig. 11(b). Here the distances between
the 2nd and the 3rd grating pass will lead to much less detrimental effects by the period chirp,
compared to the much more common implementation shown in Fig. 11(a).

1st Pass

2nd Pass 3rd Pass

4th Pass1st Pass

2nd Pass 3rd Pass

4th Pass

Beam

Beam

Grating Beam

Grating

(a) (b) (c) (d)

Inclination of the grating lines

Fig. 11. Implementation of an in-plane four-grating compressor with a large (a) and a short
(b) distance between the 2nd and the 3rd grating pass of the beam. Spots of the beam on one
of the gratings for a Treacy-type compressor (c) and a four-grating compressor (d), indicating
how the beam experiences the spatially dependent inclination of the grating lines.

Besides these similarities, there is a difference between Treacy compressors and four-grating
compressors concerning the effect of the period chirp on the beam. While the beam is diffracted
at two different positions on each of the two gratings within a Treacy compressor (see Fig. 1(a)
and Fig. 11(c)), for four-grating compressors the beam is diffracted in the center on each of the
four gratings (see Fig. 11(d)). As a consequence, the inclination of the grating lines will not lead
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to a vertical separation of the spectral components at the output of the four-grating compressor,
as it was the case for a Treacy compressor. The observed distribution of the spectral components
along a c-shaped curve (see Fig. 6) will thus transform into a line where both red and blue-shifted
spectral components are shifted and tilted to the right side.

Besides a change in the overall implementation of the compressors, also a change in the
alignment of a given compressor could be pursued. During our experiments we also observed
that a reduction of the chirp’s detrimental effect can be achieved by a deliberate misalignment of
the gratings. By changing the alignment and the separation of the gratings, also slightly shorter
pulse durations (τ = 700 fs (sech2) at best) and better beam propagation factors (M2

x = 1.9 at
best) could be achieved. However, these obtained results are not in compliance with the results of
the ideally aligned compressor from the simulation but represent a superposition of the adverse
effects of the period chirp as well as a deliberate misalignment and will be the topic of further
research.

6. Conclusion and outlook

In summary, we reported on investigations of the effects that the period chirp of pulse compression
gratings has on the properties of the compressed beam of a Treacy-type compressor. Using a ray
tracing simulation and different experimental setups it was shown that the period chirp introduces
significant shifts and tilts of the spectral components within the beam (commonly known by
the terms spatial chirp and angular chirp), which mainly result in a degradation of the beam
quality and an increase in pulse duration. It was found that a characteristic spatio-spectral error
pattern in the beam’s intensity profile is created where the different spectral components are
distributed along a c-shaped curve, both in the beam’s far field and in the beam’s focus. This
enables the differentiation of the effects induced by the period-chirped gratings from the effects
of other errors (e.g. misalignment). The three experimental approaches validated our simulative
findings and hands-on methods were introduced to facilitate the unambiguous identification of
the presence of a period chirp. We believe that this may provide a simple and fast method to
identify potential issues with grating compressors in practice.

It is worth noting that the effects of the period chirp described in the present paper can also be
found in the CPA system presented in [65]. The depicted profile of the compressed beam also
shows a tail in the beam’s intensity distribution and as confirmed to us by the authors, the system
used a grating compressor that employed gratings fabricated by LIL.

In the future, we will pursue a theoretical and more general investigation of the effects of
period chirp. This will allow us to provide a deeper understanding of the observed distribution of
the different spectral components along the c-shape curve, the spectrally dependent ellipticity of
the beam and the influence of the chirp on the compressor’s dispersion. Also, we will investigate
the option to compensate for the effects of the period chirp by deliberate misalignment of the
gratings. Finally, we aim to present a simple but quantitative prediction of the detrimental effects
that can be expected from specific chirped gratings for a given compressor in order to serve a
much broader community of laser designers.
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