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Abstract: High average power high-intensity laser systems can suffer from a heat-induced
deformation of the final compressor gratings, which introduces wavefront aberrations and
spatio-temporal couplings to the pulse. Here, we use a simple numerical description, that was
first introduced by Li et al. (Appl. Phys. Express, 10, 102702, 2017 and Optics Express, 26,
8453, 2018), to calculate the resulting degradation of the peak intensity and the 3-dimensional
deformation of the laser pulse as a function of average power, and verify the results using
experimental data. For a typical 100 TW-class laser we find that non-negligible pulse distortions
can occur at an average power as low as 2.7 Watts. An open source implementation of our
numerical description is available for researchers to estimate the effects of spatio-temporal
couplings for their specific laser configuration.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High peak power TW-class lasers have become an indispensable tool in a large range of
applications, such as particle acceleration, high-energy physics, or warm dense matter studies
[1,2]. These lasers are typically based on a chirped-pulse amplification (CPA) architecture and
often use the large bandwidth supported by Ti:Sapphire crystals to achieve the few-femtosecond
pulse lengths required for highest intensities.

Irregularities in the dispersive sections of the laser can introduce spatio-temporal couplings
(STC), such as spatial chirp, pulse front tilt or pulse front curvature [3]. When under control,
STCs become a very powerful tool to finely adjust some experimental parameters. For example,
spatial chirp has been used for simultaneous spatial and temporal focusing, which has applications
in multiphoton microscopy [4]. Pulse front tilt allows to steer electron bunches generated by
laser-plasma wakefield acceleration [5]. Pulse front curvature used in combination with temporal
chirp leads to a "flying focus", which couples the position and evolution of the laser peak intensity
[6,7].

However, when they are not controlled, spatio-temporal couplings can be detrimental to
experiments, as they decrease the available peak intensity in focus. Furthermore, both the pulse
duration and the spatial extent of the pulse are asymmetrically increased, causing a very complex
propagation of the pulse through the focal plane [8]. Those asymmetries of the pulse shape
are, in particular, very difficult to model in particle-in-cell simulations supporting laser-plasma
acceleration, causing significant discrepancies between simulations and experimental results.

A main source of STCs is the laser pulse compressor as it uses angular dispersion to change the
group delay dispersion of the whole beam. A misalignment of the compressor will result in STCs
for the output beam [9]. A surface deformation of the compressor optics in general will result in
higher order STCs, which are especially difficult to correct [10-12]. The final compressor gratings
in particular are a common source of STCs, since they typically feature a gold coating to support
sufficient bandwidth for ultrashort pulses. While gold-coated optics do support large bandwidths,
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they have the disadvantage that a small percentage of the incident laser power is absorbed by the
coating and thus the substrate. As the compressor is set up in a vacuum environment the heat
cannot be removed efficiently. Depending on the substrate’s coefficient of thermal expansion
(CTE), the local heating introduced by the laser causes a deformation of the substrate. For high
average power lasers, this effect can result in a drastic degradation of the pulse quality. Previous
work reported this issue [13—15], but focused on the spectrum-averaged wavefront degradation.
The measurement of the heat-induced degradation of the spectrally integrated wavefront, as it
was done by Leroux [14] and Clady [15], underestimates the deterioration of focal intensity and
has to be extended to include spatio-spectral effects for a complete illustration of the problem.

Here, we use the model introduced by Li ef al. [11,12] to study the spatio-temporal couplings
resulting from thermally induced deformation of the final compressor gratings in a TW-class CPA
laser, and to understand the effects of these couplings on the available peak intensity. We provide
a numerical implementation of this formalism as open source code, and benchmark the code with
experimental data previously reported [14]. The code is easy to use and will allow researchers to
estimate the effects of heat-induced grating deformation for their specific laser system.

This paper is structured as follows. First, we describe the formalism introduced by Li et al.
[11,12] that allows us to calculate the 3D laser pulse shape from deformations of the optics.
Then, we use the parameters of our laser system to showcase the change of the main beam
properties and the STCs in the focal plane as a function of average power in the compressor. We
validate our description using measured pulse properties. Finally, we draw conclusions on the
optimum average power of the laser beam to reach the maximum peak intensity in focus. While
the calculations reported here are specific to our laser system, it is straightforward to adapt them
to other laboratories and facilities operating at similar laser average powers.

2. Methods

Gold-coated compressor gratings typically used in Ti:Sapphire lasers absorb a few-percent
fraction of the incident laser power, causing a localized thermal expansion and thus deformation
of the grating substrates. Depending on the substrate material, this effect can cause significant
spatio-temporal couplings in the pulse. In order to estimate this impact, we first simulate the
deformation profile of the gratings surface. Then, we use this profile to calculate a frequency
dependent wavefront that is added to the the input laser electric field, as it was described in Li et
al. [11,12]. Finally, using Fourier transformations, we estimate the 3D spatio-temporal profile of
the pulse in the focal plane.

2.1. Grating deformation

By simulating the grating deformation from the absorbed heat, we aim to reproduce the measured
results of our previous experiment reported in [14]. Therefore, we use the same laser system
parameters (see Table 1) which are typical for modern 100 TW-class systems. The maximum
energy sent into the compressor is 6 J, at a repetition rate of 5 Hz, which leads to a maximum
average power of 30 W. The near field intensity profile is a 6™ order super-Gaussian profile with a
70 mm full width at half-maximum (FWHM). In order to focus on the aberrations introduced by
thermal effects, static wavefront errors of the beam or the diffraction gratings are not considered.
The holographic gratings consist of a gold-coated Pyrex substrate with a groove density of
1480 lines/mm, and are operated at an incidence angle of 51.4°. The two gratings are used in a
double pass configuration, and therefore a fraction of the laser beam is absorbed twice at each
grating. Additionally, the grating diffraction efficiency was measured to be 92 % and this value is
used to decrease the laser energy after each pass. A Gaussian spectrum with a FWHM bandwidth
of 32 nm was used for the simulations.

Using these parameters, we simulate the deformation profile of the grating substrate with the
COMSOL Multiphysics thermal expansion module for different laser average powers ranging
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Table 1. Parameters of the ANGUS laser system that were used as an input for the simulations
presented in this work. These parameters are typical for a Ti:Sapphire 100-TW class laser system.

Pulse energy before compressor 6J
Pulse repetition rate 5Hz
Fourier limited pulse duration (FWHM) 29fs
Near field intensity profile 6™ order super-Gaussian
Beam diameter (FWHM) 70mm
Angle of incidence on compressor gratings 51.4°
Groove density of compressor gratings 1480 lines/mm
Grating diffraction efficiency 92%
Coating absorption 3.6%

from O W (no deformation) to 30 W (maximum deformation), with radiative cooling of the laser
substrates. To be able to compare the results to measurements, we use the same 30 minutes of
laser exposure as in our previous experiment [14], where we found that most of the deformation
occurs before this time scale.

In those measurements, we observed that the average divergence of the beam 6,y at the
exit of the compressor depends on the average power incident on the gratings Pj, such that
Oavg [urad] = 2.9 x P;j,[W]. Therefore, we scale the simulated absorption of the gold coating
such that the output beam divergence matches the measurement. We obtain an absorption of
3.6 %, which is in good agreement with the 3.75 % calculated from the complex refractive index
for an 800 nm wavelength and a flat vacuum-gold interface at an angle of incidence of 51.4°
[16,17].

Figure 1 shows the deformation profile simulated for the second grating at the maximum
average power (30 W). We call the deformation profiles of the two gratings dgi(xgr,y) and
dg2(xgr, y), with the horizontal coordinate x, in the plane of the grating surface and y, the vertical
coordinate.
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Fig. 1. The compressor layout with the notation used in the text (left), and the deformation
profile of the second grating normal to the surface d¢; simulated with COMSOL. Simulations
show the deformation after 30 minutes of laser operation at 30 W average power. The full
width at half maximum of the second and third passes of the compressor are indicated in
white dashed line. The shaded areas show the projected deformation profile.

Following [12], we introduce the projected deformation profiles fg(x, y, w) and fg (x, y, w)
that are imprinted onto the laser wavefront as the pulse is diffracted on the grating surface. Here,
x denotes the horizontal coordinate in the reference frame of the wavefront. These profiles
represent the transversely resolved difference in path length that is caused by the bulging of the
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grating surface. To calculate them, we project the deformation profiles of the gratings to the plane
of the laser wavefront. The projection consists of a scaling of a) the horizontal axis x = x, cos @
of the grating according to the angle of incidence, and b) the amplitude of the deformation, to
account for the fact that the deformation profiles dg; and dg, are normal to the grating surface
and not along the direction of propagation:

fo1,c2(x,y, w) = dg1, G2(xgr cosa,y) (D

1
—_— + —_—
cosa  cos fB(w)

Here, « is the angle of incidence on the gratings and B(w) is the frequency dependent angle of
diffraction, as is illustrated in Fig. 1. The wavefront aberration after each pass f; can then be
expressed as:
filx, y) = fei1(x, y = o, w),
fx, v, w) = fer(x + x(w), y = yo, w),
f(x, y, w) = fer(x + 0x(w), —y = Yo, w),
f4(x7 y) :fGl(xs -y —=Yo, Cl)),
with yg the vertical offset from the center of the grating, and §x(w) the frequency-dependant

horizontal shift of a frequency w on the second grating with respect to the central frequency wy.
This shift can be written as:

)

0x(w) = (tan B(wp) — tan B(w)) cosa L, 3)

with g the diffraction angle, a the angle of incidence, and L the distance between the two gratings
along the normal. We note that for the last two passes, the vertical axis is flipped, as our setup
features a roof mirror.

2.2. Spectro-spatial phase

For a compressor with a negligible change of beam properties during the propagation between
the gratings, we can then write the total, frequency-resolved wavefront deformation ¢¢omp. added
to the beam by the deformed compressor gratings as

beomp. (X, y, w) = k(w) [fi(x, y, @) + fo(x, y, w) + f3(x, y, w) + fa(x, y, )] “4)

with the wave vector amplitude k(w).

For an arbitrary input pulse En, ir(X, y, @) = A(x, y, w)e! ?00:@)_with an envelope A(x, y, w)
and an initial phase ¢g(x, y, w), we can now calculate the effect of the compressor by adding the
phase term to the initial pulse:

ENE out(%, Y, @) = EE, in(x, y, ) ¢’ $eomp(e3:0), Q)

To calculate the beam properties of the pulse in the focus, we neglect a longitudinal shift of
the focal plane and a detuning of the group delay dispersion (GDD) of the compressor that are
caused by the deformation of the gratings. To do this, we first remove the frequency-averaged
spherical curvature of the wavefront, which simply corresponds to the divergence of the beam,
and thus a longitudinal shift of the focal plane. The curvature is determined through a parabolic
fit to the frequency-averaged phase of the electric field. This resulting divergence is reported in
Fig. 3(a), where we compare it to the measured laser divergence. The GDD is determined from
the quadratic component of the spectral phase on the beam axis and is removed from the pulse to
mimic a compressor that is tuned for optimal compression. Then, by performing a 2D Fourier
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transform for each frequency, we obtain the focal spot in the space-frequency domain
Epp(£,1, ) = FT | Exp ou(x,y, )] . (6)

In the focus 7 and ¢ denote the vertical and horizontal coordinates. Finally, an inverse Fourier
transform at each spatial position gives the 3D spatio-temporal focal spot

EFF(g’ 7, t) =iFT [EFF(g’ n, (A))] s (7)

from which we can derive the relevant information such as peak intensity, pulse duration, waist,
but also pulse front tilt, or spatial chirp for instance.

Apart from the COMSOL simulation, this whole calculation is implemented in Python language
and available as open source [18].

3. Results

For the following calculations we use the ANGUs laser parameters, as reported above. At the
maximum average power, the deformation of the grating surface over the area of the laser leads
to 0.9 A peak-to-peak of wavefront deformation (compare Fig. 1) and consequently to a severe
degradation of the focus quality. The near field profile is focused by an optic with a focal length
of 2 meters, which corresponds to the setup of the laser-plasma accelerator Lux [19]. We
therefore compare the pulses in the focal plane of this setup for an average power of 0 W (no
deformation), and 30 W (maximum deformation). Please refer to Visualization 1 for an animation
of the 3-dimensional laser pulse shape in focus as a function of average power.

Figure 2 shows the integrated profiles of these two extreme cases. There is a strong pulse front
tilt in the horizontal plane, which amounts to 0.83 fs/um. The spatial profile is distorted by 1/3 of

Vertical n vs. Horizontal £ Horizontal € vs. Time Vertical n vs. Time

(a) (b) () 1
a c
c 1 oo F F100
Qo
g 5
= = r0.8
31 () 1 o . o 03
(6] <
© © —
2 2
1 o b [ T '—100 '06 %
o
3
1 L 1 1 L 1 L 1 L _‘2,
d e @
| @ @ | 100 04
= _ =
S | 3
. ] o o Moo
& | — — % '
a
. L Eo F—100
; ; - : : : . . . 0.0
-100 O 100 -100 O 100 -100 O 100
axis [um] time [fs] time [fs]

Fig. 2. Integrated horizontal-vertical (a, d), horizontal-temporal (b, €), and vertical-temporal
(c, ) profiles, with no deformation (a—c), and with a 30 W average power deformation (d—f).
One can see a strong wavefront deformation in the vertical plane, and a strong pulse front tilt
and spatial chirp in the horizontal plane. The shaded areas show the respective projections,
and the dashed lines show the projections of the Fourier limited focal spot. The initial beam
size wy,y is 25.5 um in both planes and the pulse duration is 29.5 s
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astigmatism at 0°, 1/24 of coma at 90°, and 1/19 of trefoil at 90°(all values are rms amplitude).
Furthermore, the focal spot is broadened in the horizontal axis by spatial chirp, which amounts
to approximately 0.52 mm/(rad-fs~") for the maximum average power. We do not observe any
significant higher order STC, such as pulse front curvature.

Following the notation of [20], we write the pulse front tilt p such that E(x, t) = Ex(x)E(t — p-x),
and the spatial chirp ¢ such that E(x, w) = Ex(x — {-w)E,(w).

Figure 3 shows the evolution of the main laser spatio-temporal properties, namely the divergence
of the beam in the near field (which we remove before simulating the focal spot as explained
above), the time integrated waist, the space integrated pulse duration, the horizontal spatial chirp,
the horizontal pulse front tilt, and the peak intensity normalized to the non-deformed focal spot
peak intensity. We observe that the divergence of the beam matches well with the divergence
reported in [14] and are therefore confident, that our code provides a reasonable estimate of the
in-focus STCs, even though we could not measure them directly with our experimental layout.
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Fig. 3. Evolution of the main laser beam parameters as a function of the laser average power
ranging from 0 W to 30 W. Divergence at the exit of the compressor (a) and waist in focus
(b) are shown in the horizontal and vertical axes. The waist is integrated over time, and the
pulse duration in focus (c) is integrated over the spatial dimensions. The spatial chirp (d) and
pulse front tilt (¢) correspond to STCs in the horizontal axis. The simulated peak intensity
(f, solid) is compared to the measured Strehl ratio [14] (dotted). The step-like variation of
the horizontal divergence in (a) is attributed to numerical errors of the simulation.

The spatial chirp scales linearly with the average power, following ¢ [um/(rad-fs™')] = 16.7 x
P [W]. The pulse front tilt stays almost constant above an average power of 11 W. Above this
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value, the focal spot grows at similar rates in time, as well as in the horizontal plane, due to
spatial chirp. As a consequence, the two effects are balancing out the growth of the pulse front
tilt. Finally, we observe that the spatio-temporal couplings decrease the available peak intensity
even further compared to our previous measurements [14], which were limited to the Strehl ration
as a time integrated property, and thus did not consider the change in pulse length.

Using these simulations, we calculate that the maximum peak intensity is reached for an
average power of 7.1 W (see Fig. 4). At this power, the laser energy contained in the pulse
balances with the deformation of the gratings. The peak intensity is still 42 % lower compared to
a pulse generated by a non-distorted compressor, and the focal spot features a pulse front tilt
of 0.52 fs/um. For comparison, the projected beam profiles at this optimal average power are
shown in Fig. 5. Below an average power of 2.7 W, the pulse front tilt stays negligible and the
peak intensity is decreased by only 6.7 % due to the spatial chirp.
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Fig. 4. Simulated peak intensity in focus for different repetition rates. We observe that the
peak intensity reaches its maximum for an average power of 7.1 W. At this power, the peak
intensity is 42 % lower than the ideal peak intensity with no grating deformation, and there
is a pulse front tilt of 0.52 fs/um.
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Fig. 5. Integrated horizontal-vertical (a), horizontal-temporal (b), and vertical-temporal (c)
profiles, with a 7.1 W average power deformation. The shaded areas show the respective
projections, and the dashed lines show the projections of the Fourier limited focal spot.

4. Conclusion

We report on the spatio-temporal couplings resulting from a thermally induced deformation
of gold-coated Pyrex-based compressor gratings in a Ti:Sapphire 100 TW-class laser. The
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deformation was simulated using an FEM software to model the heat-induced deformation of the
compressor gratings and combined with a custom code to determine the frequency-dependent
wavefront of the beam at the output of the compressor. After computing the 3D spatio-temporal
beam profile in focus that is visible in Visualization 1, we could derive the evolution of the main
beam properties as function of the laser average power. We observe that the main STCs present in
the focused beam are spatial chirp and pulse front tilt, i.e., first order couplings. This observation
may change in the presence of an intensity modulation of the beam profile, that can lead to a
non-uniform deformation in the grating substrate if the thermal gradients are not evened out by
thermal diffusion.

We found that there is an optimal average power, at which a maximal peak intensity is reached
due to a balancing of the degradation of the spatio-spectral phase of the pulse with an increase in
pulse energy. The precise value of this optimal power is highly dependent on the compressor
setup. A layout with a larger ratio between beamsize and spatial displacement on the second
grating would be less sensitive to the introduction of aberrations of the spatio-spectral phase
and would therefore lead to an increased optimal power. In typical laser systems, the relevant
parameters such as the grating separation, groove density and beamsize are however difficult to
change and a mitigation of the deformation is the preferred choice.

For our specific laser, we calculate that the maximum peak intensity is achieved for an average
power of 7.1 W, where the increase of the pulse energy balances the deformation of the gratings
and thus the distortion of the focal spot. However, experiments such as laser plasma acceleration,
which are very sensitive to pulse front tilt and spatial chirp, have to be operated at even lower
average powers. This is a significant result, as our specifications and operation parameters can be
considered as representative for a number of similar TW-class lasers and will gain importance
as a next generation of high average power ultrafast lasers is being developed. The numerical
implemetation in Code 1 [18] provides a simple tool for researchers to model and predict STCs
for a specific laser setup.

Already at an average power of a few Watt, the heating of the grating substrates through
absorption in the gold coating exceeds the radiative cooling. Without active cooling [13], the
compressor will not reach a thermal equilibrium, thus preventing reliable long-term operation of
the laser.

To mitigate the detrimental effects of STCs in high average power lasers at least on a short time
scale, compressors should be built from low-CTE substrates such as fused silica, or ultra-low
expansion glass. For our system, we find significant improvements for a compressor based on
fused silica grating substrates, and expect even better performance in the future using ultra-low
expansion glass. A laser driving applications sensitive to focal quality should also include
techniques to pre-compensate and actively control the beam quality. While distortions of the
spectrally integrated wavefront can be compensated with a deformable mirror, more sophisticated
techniques have to be implemented to pre-compensate spatio-temporal couplings [21].
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