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Abstract

Ultrafast imaging is essential in physics and chemistry to investigate the femtosecond dynamics of nonuniform
samples or of phenomena with strong spatial variations. It relies on observing the phenomena induced by an
ultrashort laser pump pulse using an ultrashort probe pulse at a later time. Recent years have seen the emergence of
very successful ultrafast imaging techniques of single non-reproducible events with extremely high frame rate, based
on wavelength or spatial frequency encoding. However, further progress in ultrafast imaging towards high spatial
resolution is hampered by the lack of characterization of weak probe beams. For pump—probe experiments realized
within solids or liquids, because of the difference in group velocities between pump and probe, the determination of
the absolute pump-probe delay depends on the sample position. In addition, pulse-front tilt is a widespread issue,
unacceptable for ultrafast imaging, but which is conventionally very difficult to evaluate for the low-intensity probe
pulses. Here we show that a pump-induced micro-grating generated from the electronic Kerr effect provides a
detailed in-situ characterization of a weak probe pulse. It allows solving the two issues of absolute pump-probe delay
determination and pulse-front tilt detection. Our approach is valid whatever the transparent medium with non-
negligible Kerr index, whatever the probe pulse polarization and wavelength. Because it is nondestructive and fast to
perform, this in-situ probe diagnostic can be repeated to calibrate experimental conditions, particularly in the case
where complex wavelength, spatial frequency or polarization encoding is used. We anticipate that this technique will
enable previously inaccessible spatiotemporal imaging in a number of fields of ultrafast science at the micro- and
nanoscale.

Introduction

The fundamental understanding of laser matter inter-
action in several fields of ultrafast physics and chemistry
requires imaging with both high spatial resolution (typ.
sub-1 um), and high temporal resolution (typ. sub-100 fs).
This is the case for instance for laser wakefield accelera-
tion', amplification in laser-excited dielectrics®, ultrafast
ionization and plasma formation®, THz radiation*”, high
harmonic generation®, new material synthesis via laser-
induced microexplosion’ or laser nanoscale processing®’.
The initial concepts of ultrafast imaging based on
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repetitive pump—probe measurements'®™'> have been
recently complemented by a large number of different
schemes allowing the imaging of non-reproducible events.
This is performed via a sophisticated probe sequence or
compressed photography'®~>*, where the temporal infor-
mation is encoded in the probe wavelength and/or in the
spatial spectrum.

However, further progress in ultrafast imaging at high
resolution is still impeded by two problems. First, a key
information is the absolute delay between pump and
probe. This is crucial to link the excitation dynamics to
the actual pump pulse intensity®”. Although synchroniz-
ing pump and probe pulses at a sample surface seems
reasonably easy, the case of the synchronization of pump
and probes in the bulk of a sample remains unaddressed.
The problem is particularly acute when bulky microscope
objectives impose pump and probe beams to pass through
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the same optic, in a nearly collinear geometry. In this case,
a sample longitudinal shift by only 100 micrometers, such
as the one needed to image through a 150 pm microscope
glass slide, shifts the relative delay between colinear
800 nm pump and 400 nm probe pulses by 40 fs because
of the difference between their group velocities in the
dielectric material. In other words, the absolute delay is
intrinsically bound to the exact position of the focus
inside the bulk of the solid or liquid medium under study,
and to the dispersive linear and nonlinear properties of
the medium. The pump—probe absolute delay must be
determined using a pump—probe interaction on a scale of
a few tens of micrometers to obtain a temporal accuracy
in pump-probe measurement below the 10fs scale.
Unfortunately, conventional pulse synchronization tech-
niques are inoperable in this context. Sum frequency
generation and other nonlinear frequency mixing
schemes require high intensities in the probe pulse. Fre-
quency mixing can be operated only in specific crystals
and with only a limited number of probe wavelengths.
Polarization gating®®>° usually requires several 100’s um
to several mm of pump—probe overlap distance for phase
accumulation®?!,  Transient-Grating cross-correlation
frequency resolved optical gating (TG-XFROG) technique
was successfully used to measure low energy probe pulses
from a supercontinuum® or even in the UV**, However,
the conventional configuration is non-phase matched and
the phase matching is only reached when the interacting
waves have a sufficiently wide angular spectrum, i.e., when
they are focused, which is incompatible with the ultrafast
imaging techniques mentioned above'®™*®. Optical Kerr
Effect cross-correlation was used in a spectral inter-
ferometry setup>* which is again incompatible with ima-
ging. Generating a high density plasma with the pump and
imaging it in shadowgraphy-like measurements is also
often used to synchronize pump and probes, but the
technique is destructive and the peak density reached
by the plasma does not necessarily correspond to the
pump pulse peak at the sub-100 fs scale. The intensity-
dependent focal shifts due to the Kerr effect make this
type of measurement even more difficult to exploit,
especially in the parallel pump—probe configuration.

A second particularly difficult issue in ultrafast imaging
with high spatial resolution is the removal of pulse front
tilt due to the angular dispersion of the probe pulse. This
problem arises because of the necessary dispersion com-
pensation of the temporal dispersion induced by micro-
scope objectives®®. (As an example, a x50 microscope
objective induces a dispersion in excess of ~12,000 fs* at
400 nm, which stretches a 70fs pulse to nearly 500 fs.)
Most of the compensation schemes rely on spatially
spreading the pulse spectrum such that unavoidable small
misalignment creates angular dispersion®. This can be
usually neglected for very low numerical aperture. In
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contrast, in the case of high resolution imaging, the
magnification of the setup also multiplies the coefficient
of angular dispersion®’.

As we will see below, after a x50 microscope objective,
the pulse front tilt can easily exceed 70° (equivalent to a
delay of 90 fs in 10 pm field-of-view) for a misalignment of
only 10 mrad in a prism compressor. Pulse front tilt can
be measured using frequency conversion autocorrelation
in various spatial schemes®*™*' or using spatio-spectral
interferometry*>**> which are both unpractical for low-
intensity pulses at arbitrary central wavelengths with
<100 pm beam diameter. Pulse front tilt is commonly
regarded as very difficult to evaluate, particularly for low-
intensity broadband pulses such as those used in the
recent ultrafast photography techniques based on wave-
length encoding.

Here we demonstrate a highly sensitive in-situ diag-
nostic for weak probe pulses which solves these two issues
in the bulk of dielectrics and is applicable to a large
number of ultrafast imaging scenarios. The concept is
shown in Fig. 1a and will be detailed in the next section.
The pump pulse, shaped by a Spatial Light Modulator,
creates a micrometric transient grating via the optical
Kerr effect oriented in the Bragg condition for the probe
beam. Transient gratings were used in the past for various
applications, such as measuring spatial coherence™,
coherence time*>*®, or spectroscopy47’48. In contrast, the
transient grating used here is of micrometric size and
maximizes the signal using the Bragg orientation. The
micrometric size of the transient grating (typ. 10-30 pum,
with a period of typ. 1.3 um) generates a pump—probe
interaction that is highly localized which also allows for
preserving a uniform diffraction efficiency over the
broadband spectra of ultrashort probes. The diffracted
signal provides a localized characterization of the absolute
pump-—probe delay. In addition, we have designed a way
to straightforwardly visualize the angular dispersion using
temporal stretching of the probe, so as to efficiently
remove pulse front tilt.

Our diagnostic is valid whatever the probe wavelength
and polarization and uses intensities that are sufficiently
low to avoid optical breakdown or damage. We have used
probe pulse energy down to pJ level in the multishot
integration regime. Therefore, this diagnostic can be
repeated as many times as required, for instance at each
sample replacement, to enable highly reproducible
pump—probe imaging experiments. Here, the imaging is
performed with 0.8 numerical aperture at 400 nm wave-
length, corresponding to an Abbe resolution of 240 nm
and temporal precision of 6fs. After performing the
diagnostic, the phase mask applied on the Spatial Light
Modulator can be easily switched to generate the desired
pump beam, such that this diagnostic can be adapted to a
very large number of pump to probe orientations.
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Fig. 1 Concept and setup. a Concept of the transient grating induced by the shaped infrared pump pulse in a transparent dielectric. The probe
signal diffracted by the transient grating is collected in the far-field. b The Kerr-induced transient grating has a period A and is tilted with respect to
the probe axis by an angle a. The length of the transient grating is a few tens of microns while the sample can be much thicker. ¢ Experimental setup
design. d Magnified view of the setup in the dashed box of (c) to show the interacting beams and the imaging configuration. In the interaction
region, the beams are in plane-wave configuration. They are, therefore, focused in the back focal plane of the microscope objective. The relay lens
images the back focal plane on the camera with a magnification factor of 1. The focal length of the microscope objectives is 3.6 mm.

The paper is organized as follows. We first derive the
diffracted signal and present the optical setup. We then
demonstrate that it can be used whatever the polarization
configuration. We experimentally demonstrate that we
can retrieve the absolute pump-probe delay when the
sample is longitudinally displaced and that the delay
variation actually follows the difference of the group
velocities between pump and probe. Last, we solve the
second issue of pulse front tilt removal using a visuali-
zation tool based on pulse temporal stretching and
observation of the diffracted signal in the far-field.

Results
Cross-correlation signal and setup

We form a two-wave interference field inside a dielec-
tric sample (fused silica, sapphire, or glass) from a single
pump beam, using a single Spatial Light Modulator, which
automatically ensures the synchronization between the
two pump waves. The instantaneous electronic Kerr effect

transforms the interference intensity pattern into a grat-
ing with a period A (see Fig. 1b). We rotate the transient
grating by an angle a to match the Bragg incidence con-
dition for a probe pulse which is a collimated beam pro-
pagating along the optical axis. The rotation is simply
performed by adding the same tilt angle & on the two
interfering pump beams using the SLM. Typically, here
the crossing half-angle of the pump is 6=12" and the
rotation angle is &« =6°. The ratio between these two
angles is simply the ratio between the probe and pump
wavelengths (see “Methods” section). The interference
pattern extends typically over a propagation distance of
40 um (see Suppl. Material Fig. S1) and can be easily
reduced to below 10 pm in length. Using the SLM, this
was performed by reducing the diameter of the interfering
pump beamlets. We note that we have experimentally
tested a wide set of configurations with 6 ranging from
5 to 25° and obtained quantitatively the same synchroni-
zation results.
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In the “Methods” section, we derive the diffraction
efficiency, based on the coupled wave theory for thick
gratings. The diffracted signal is a cross-correlation
between the squared pump intensity and the probe
intensity. The intensity in the first diffraction order, for a
pump-probe delay 7, reads:

) 5 (L2 [ Bt =002 (1)

cosa

with #, the Kerr index related to the relative polarizations
states of pump and probe pulses.

This signal will be key to characterize the probe. The
high-intensity pump pulse can be independently char-
acterized with another technique such as self-referencing
spectral interferometry49’50, or SHG- or self-diffraction-
FROG techniques®'. We note that the interaction is based
on three plane waves, in contrast with conventional TG-
XFROG where the phase matching is reached by crossing
focused beams®?. Preserving a probe beam as close as
possible to a plane wave is important for further use in
pump-probe imaging. The rotation of the interference
field of the pump can be adapted to match the Bragg angle
for any probe incidence, for instance to meet the
requirements of ultrafast imaging with structured illumi-
nation®'. In addition, this Bragg angle can be adjusted to
any incident probe wavelength when encoding is based on
the probe central wavelength in a very wide spectrum'®.
We note that the micrometric size of the Bragg grating is
a benefit in terms of spectral reflectivity: in our experi-
mental conditions, the diffraction efficiency peak width
exceeds 50 nm FWHM, i.e., much larger than the band-
width of a 10 fs pulse centered at 395 nm (see “Methods”).

Our experimental setup is described in Fig. 1c and
detailed in the “Methods” section. We use a Ti:Sapphire
chirped pulse amplifier (CPA) laser source which delivers
~50fs pulses at 790 nm central wavelength and all mea-
surements are performed by integrating the signal over
50 shots at 1 kHz repetition rate.

We split the beam in a pump and a probe, which is
frequency doubled with a -barium-borate (BBO) crystal
generating 60fs pulses full-width at half maximum
(FWHM). The pump pulse is then spectrally filtered to
reduce its bandwidth to 12nm FWHM, avoiding chro-
matic dispersion in the beam shaping stage (the filter was
chosen to avoid generating sub-pulses, see “Methods”).
We spatially shape the pump beam using a spatial light
modulator (SLM) in near-normal incidence. The illumi-
nated SLM is imaged by a lens and microscope objective
in a 2f-2f telescope configuration with a de-magnification
factor of 208. The image of the SLM is positioned at the
front focal plane of the microscope objective, within the
sample. The pump pulse duration has been characterized
to be ~115fs at sample site, after the first microscope
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objective. This element is, in contrast, highly dispersive
for the probe beam at 395 nm central wavelength (on the
order of ~12000 fs?). We, therefore, compensate the linear
dispersion on the 395 nm probe with a folded two-prisms
compressor ®. The probe beam is also de-magnified by a
factor of 278 so that the probe beam has a waist of 12 um
(Rayleigh range of 1.1 mm) in the sample. The polariza-
tion state of the pump and probe pulses are independently
controlled by the rotation of half-waveplates.

Our samples are here fused silica and sapphire, whose
Kerr index is 7,~3 x 10 '®cm® W ™! at a wavelength of
800 nm°>**, Their electronic Kerr index is instantaneous
(see “Methods”). After interaction in the sample, we col-
lect the pulses with a second x50 (N.A. 0.8) microscope
objective (MO). A relay lens images the Fourier plane of
the second microscope objective onto a camera. The
camera consequently records the far-field of the diffracted
beams. In the k-space, the different orders of diffraction
are separated. Figure S1 in Supplementary Material shows
the characterization of the generated pump interference
field and of the unperturbed probe beam.

A Kerr-based transient grating valid for all combinations of
pump-probe polarizations

Here, we validate that the measured diffracted signal
effectively follows Eq. (1) and demonstrate that the mea-
surement is valid for all combinations of input pump and
probe polarizations. We remark that for sake of clarity, we
report first on the validation of our technique and second,
we report on the optimization of the probe pulse. In
practice, we first removed the pulse front tilt due to the
prism compressor. Then, we optimized the duration of
the probe pulse, before recording the data used for the
validation shown in Fig. 2. Here, the probe pulse duration
is 60fs. In all figures below, the pump—probe delay is
positive when the probe arrives after the pump pulse at
the position of the transient grating in the sample.

Figure 2a shows in the inset the recorded cross-
correlation signal measured on the camera as a function
of the relative pump-probe delay, for different pump
pulse energies, indicated on top of each curve. Here,
pump and probe pulses have the same horizontal polar-
ization state. We observe that all curves have identical
profiles, peaked at the same position for energies above
0.2y (more comments are provided in section 3 of
the Suppl. Mat). The main Fig. 2a shows the evolution of
the peak signal as a function of the pump pulse energy. It
fits very well with a quadratic curve of the input pump
energy as expected from Eq. (1). The measurements have
been performed in glass (Schott D263 microscope glass
slide) and the results were also reproduced with identical
conclusions in sapphire. Therefore, at this input power
level (10 to 10'* W ¢cm™2), no contribution from higher
order nonlinearities or electron plasma formation is
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observable. The peak intensity remains low because the
interfering pump beams are in a collimated configuration
(waist of ~10 pm, see Fig. S1).

In Fig. 2b, we show the evolution of the cross-
correlation signal for the four different linear polariza-
tion configurations: both pump and probe can be either
horizontally or vertically polarized. The grating period is
oriented vertically, as shown in Fig. 1a.

The effective Kerr index n, depends on the relative
direction between pump and probe polarizations>**°.
Indeed, for an isotropic medium like glass, 75, =3n,;
where 7, is the Kerr index when pump and probe
polarizations are parallel, and 75, corresponds to the case
where these polarizations are orthogonal to each other.
Therefore, the signal efficiencies between parallel polar-
izations and orthogonal polarizations follow the ratio
(;’22—/1)2 = 32, In our measurements, the signal ratio is in a
range 6—10 when varying the grating period A. This ratio
is highly sensitive to the background subtraction. Despite
the relatively large error bar, the experimental ratio is in
very good agreement with the expected one.

These results overall confirm that the transient grating
signal is effectively generated by Kerr effect. We obtain
the pump-—probe synchronization using the barycenter of
the curve. The cross-correlation curve also straightfor-
wardly allows the measurement of the compression of the
probe pulse while tuning the prism compressor. This is
shown in Suppl. Fig. S4. It provides a direct evidence of
the optimal compression for the probe at the sample site.
In our case, the cross-correlation curve allows us to
retrieve the probe pulse duration of~60fs FWHM
knowing the pump pulse duration of 100 fs with 2300 fs*
of second order dispersion (see Suppl. Mat.). We note that

this in-situ diagnostic is also particularly useful when the
sample itself is highly dispersive.

Finally, it is important to note that the technique is
adaptable to characterize both polarizations. This is very
useful to detect spectral phase differences in the optical
path of the pump and probe beams. In Fig. 2b, in all four
polarization cases, the signal is effectively peaked at the
same delay whatever the combination of input pulses
polarizations. However, in preliminary experiments, a
non-optimal dichroic filter used to recombine pump and
probe had a different spectral reflectivity for vertical and
horizontal pump polarizations, as shown in Supplemen-
tary Fig. S3. For the horizontal pump polarization, it was
inducing a spectral phase distortion. Our technique has
identified this bias: a temporal shift as high as 100 fs and
profile distortion was apparent from the cross-correlation
curve. This highlights the effectiveness of the diagnostic
even for the pump pulse.

Spatial confinement of the synchronization

Since pump and probe pulses usually have different
group velocities in the sample, the synchronization cri-
terion, i.e., the absolute zero pump—probe delay, has to
be defined for a precise location of the focus in the
sample. In contrast with other synchronization or pulse
measurement techniques, here, the interaction region
between pump and probe is highly localized, down to
some tens of micrometers. We successfully determined
the pump-probe synchronization even for a transient
grating length below 10 micrometers, obviously com-
promising on higher integration time to maintain an
acceptable signal-to-noise ratio. The length of the tran-
sient grating can be adjusted using the SLM.



Xie et al. Light: Science & Applications (2021)10:126

Page 6 of 13

Delay (fs)

accuracy of the delay line.

i 0 um
i 10 \\\

Diffracted signal (norm.)
o
o (S B ¢
2 |
o
= (
>

Delay (fs)

| |

w n

o o

ol

0
-200 -150 -100 =50 0 50 100

Fig. 3 Pump-probe delay change by sample translation. a Evolution of the TG signal as a function of sample position in sapphire (from 0 to
200 um). b Barycenter of TG signal as a function of sample displacement; experimental data are in excellent agreement with the model of Eg. (2). The
parameters are provided in the “Methods” section. The error bar is due to the determination accuracy of the barycenter, linked to the positioning

b 20 T T

Experiment
--- Model

150 200 0 100 200
Sample displacement (um)

When we shift the position of the transient grating
within the sample, we observe that the cross-correlation
curve is shifted in delay. Experimentally, a first cross-
correlation curve (Fig. 3a (top curve)) is acquired for a
transient grating position starting at 50 um from the
entrance surface of a 400 um thick sapphire sample, with
refractive index n7°° = 1.75. (The impact of the aniso-
tropy of C-cut sapphire is negligible on beam shaping and
on our measurements). When the sample is then shifted
upstream by a distance d =50 pm, the fringe pattern is
shifted downstream by d(n?o — 1) =37 pum because of
refraction. When we repeat the cross-correlation mea-
surement for different positions of the transient grating,
we observe the cross-correlation shift in delay by 13 fs
every 50 pm shift. This corresponds to the difference in
group velocities between 790 and 395 nm wavelength.
Analytically, the delay induced by the group velocity dif-
ference between red and blue pulses is (see “Methods”):

le790
At = (] — ) —E— (2)

where 73 =1.796 and 7 =1.750 are the group
indices of sapphire at the central wavelengths of 395
and 790 nm®®. We plot this curve in Fig. 3b as a dashed
line and see that it perfectly fits with the experimental
data of the position of the barycenter of the cross-
correlation curves reported from Fig. 3a. Similarly,
we obtained an excellent agreement in Fused silica

(see Suppl. Fig. S5), where the temporal delay is 22.6 fs
every 100 pm longitudinal shift. In microscope glass, the
same shift induces a delay as high as 37 fs. We, therefore,
demonstrate here that the strong localization of our
measurement allows for retrieving the effect of the
difference in group velocities on the pump-probe
synchronization.

Diagnostic for the pulse front tilt of the probe beam

A prism compressor is aberration-free only when the
two prisms are perfectly parallel. But it is experimentally
unavoidable that the parallelism deviates by several
milliradians. This deviation has however a dramatic
impact on the probe pulse since it generates pulse front
tilt, which is highly detrimental for the imaging of
ultrafast phenomena. We will see here that the transient
grating offers a straightforward visualization of the pulse
front tilt. It can then be effectively canceled with the
correct adjustment of the parallelism between the com-
pressor prisms.

To evaluate how critical the problem is, we have eval-
uated the impact of a deviation angle from perfect par-
allelism between the two prisms in the prism compressor
using zEMAX '™ software (see “Methods” section). After
the prism compressor, for a deviation angle of 10 mrad of
the second prism and compensation of the pointing angle
with the folding mirror, the angular dispersion is
0.045 mrad nm ™" with a negligible spatial chirp. However,
the telescope used afterwards to decrease the probe beam
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waist to 12 um, increases the angular dispersion by the
inverse of the magnification®’, ie, a factor of 278.
Quantitatively, at the focus of the microscope objective,
the angular dispersion becomes 12 mrad nm ™. Overall, a
positioning error of only 10 mrad generates a significant
pulse front tilt as high as 78 degrees which would dra-
matically blur the dynamics of ultrafast phenomena
imaged. (This corresponds to a temporal delay exceeding
150 fs between the two sides of a 10 um wide field of
view). In the following, we will see how the transient
grating can be used to detect and remove this strong
pulse front tilt.

To detect angular dispersion and remove pulse front
tilt, we develop a technique based on the fact that angular
dispersion acts as a spectrometer. It spreads the spectral
content of the probe pulse on the horizontal y axis, which
corresponds to the direction of the angular mismatch in
our prism compressor. Since the camera is placed in the
Fourier space, each direction k, is mapped onto a single
column of pixels. When the probe pulse is temporally
chirped, the transient grating samples the probe pulse
spectrum in time. This is sketched as a concept in Fig. 4a:
the different wavelengths are sampled by the transient
grating at different moments (because of temporal chirp)
and are diffracted into different directions (because of
angular dispersion). Figure 4b shows a set of experimental
images of the first diffracted order at different
pump—probe delays when the probe pulse is slightly away
from the optimal temporal compression. We observe the
lateral shift of the diffracted spot along y direction with
the pump—probe delay, similarly as in the concept Fig. 4a.
In Fig. 5, we show the diffracted intensity as a function of
k, (converted in wavelength by angular dispersion) and
pump-probe delay for different values of angular dis-
persion (adjusted with prism angle) and temporal dis-
persion ¢, (adjusted with prism insertion). A single trace

is obtained by summing for each delay the diffracted
signal shown in 4b along x-direction. Because of the
angular dispersion acting as a spectrometer, these maps
are similar to TG-XFROG signal maps, except this time in
a phase-matched configuration because of the Bragg
orientation.

When the spectral phase of the probe pulse is purely of
second order, we have analytically demonstrated, in the
Suppl. Material, that the signal in (k,, f) space appears as
an ellipse. We have derived the slope of its major axis in
the limit of high chirp and small angular deviation. The
slope of the major axis of the ellipse expresses as (see
Suppl. materials):

dt ¢,
&~ p ®

where ¢, is the second order dispersion and p the pulse
front tilt>’.

The top row of Fig. 5 shows the signal traces for a dis-
persion ¢, ~ 8.5 x 10> fs* at the sample site. The influence of
the angular dispersion, and the corresponding pulse front tilt
p, is highly apparent on the orientation of the major axis of
the ellipse, which has been traced in dashed black line as a
guide to the eye. The angular dispersion can be decreased to
0 with a sensitivity on the angular position of the prism as
high as 0.5 mrad, corresponding to an angular dispersion of
0.7 mradnm ™', The general symmetry observed between
positive and negative values of angular dispersion is due to
the mapping of the different wavelengths in increasing or
decreasing order. We also note that a slight asymmetry in
the value of angular dispersion between positive and nega-
tive values of prism angle is due to the spectral dispersion
imposed by the first prism.

Therefore, our procedure to accurately visualize the
angular dispersion is as follows. Since angular dispersion
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Experiment Simulation
Prism angle -6.5 mrad -3.3 mrad 0 mrad 3.3 mrad 6.5 mrad
(angular dispersion) — (9.4 mrad/nm) (4.7 mrad/nm) (0 mrad/nm) (4.6 mrad/nm) (9.1 mrad/nm)

Temporal chirp -500

8.5 x 10° fs? 0

500
—-500

5.8 x 10° fs?

o

Delay (fs)

QS S O
S

Fig. 5 Cross-correlation of pulses with angular and temporal dispersion. In the table, each trace shows the diffraction efficiency in arbitrary units
as a function of delay (vertical axis) and spatial direction k, (horizontal axis, k, = [—1.03; 1.03] um ™). The left table shows experimental results for 15
different combinations of temporal chirp ¢, and angular dispersion. The angular dispersion has been numerically characterized from the prism angle
mismatch. The value of second order phase ¢, has been characterized from the prism insertions in the prism compressor (first row 3 mm, second
row 2 mm, and last row 0 mm. The latter is the position for optimal pulse compression). For each trace, the horizontal axis scale has been converted
to wavelength using the angular dispersion coefficient. When the angular dispersion is removed (central column), all wavelengths have the same
direction k,. In this case, the lateral width of the spot is simply determined by the Gaussian beam size. To show the consistency of the results, the
rightmost column show three cases (A, B, C) where analytical formula for the diffraction efficiency of the transient grating has been integrated using
the parameters extracted from the zemax simulations of the misaligned prism compressor (see “Methods”).

500
-500

o

0 fs

500

QL S O ) »H 8} ) o QO
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is proportional to the pulse front tilt p, we increase in a
first step the temporal dispersion to make the inclination
of the ellipse more apparent. We can then accurately
remove the pulse front tilt. Finally, the prism insertion is
adjusted to minimize the second order dispersion as
shown for the signal framed in green (¢, =0, p =0).

In more detail, our numerical simulations show that
the misalignment from perfect parallelism of the prisms
not only affects the angular dispersion, but also intro-
duces slight second and third-order phases in the probe
pulse. However, the variation of ¢, over the range of
prism misalignments (a line in Fig. 5) is typically of
+1000 fs2, reasonably smaller than the values of second
order dispersion that we introduced using the prism
insertion. The third-order phase is typically 10° fs*> and is
apparent as a parabolic-shaped intensity pattern in the
(¢, k) traces.

We have numerically simulated the experimental cases
A, B, C of Fig. 5. The analytical expression of the dif-
fracted signal for a temporally chirped probe with higher-
order phase is provided in “Methods”. We used for the
probe’s parameters the second and third-order phases
and the angular dispersion determined by the zemax
modeling of the misaligned compressor. The results of
our simulations are shown as the rightmost column in
Fig. 5. We find an excellent agreement between simula-
tions and experiments.

The transient grating allows for detecting pulse front tilt
in the direction perpendicular to the grating periodicity.
We note that when we rotated the transient grating by

907, i.e., along y direction, no variation in the arrival time
was observable. This demonstrates that no element in our
setup generates angular dispersion in the x direction, as
one could expect (see Fig 4). Therefore, the transient
grating diagnostic is particularly helpful to accurately
remove pulse front tilt even for faint changes in the
deviation angle of the prism compressor.

Discussion

We have developed an extremely localized in-situ
diagnostic that allows a characterization and synchroni-
zation of a weak probe pulse with a higher intensity pump:
the synchronization between pump and probe can be
defined in a spatial domain of less than 10 pm long-
itudinally inside the sample; we find the optimal point of
probe pulse compression and we show the pulse front tilt
can be removed. This diagnostic is highly flexible to very
different pump—probe crossing geometries: because of the
reconfigurability of the SLM, the pump can be directed to
match any probe incidence angle—within the limits of the
numerical apertures—to characterize the probe pulse.
Then, the pump beam can be modified to another
crossing geometry to perform imaging experiments.
Therefore, this approach is extremely valuable for pro-
viding well-characterized ultrashort probe pulses for
pump—probe imaging of ultrashort events under high
magnification using single or multiple ultrashort probes
over a wide spectrum and with different directions
whatever the polarization. This approach can therefore be
integrated into experimental setups for the study of
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reproducible as well as non-reproducible phenomena,
where each of the probe pulses can be individually neatly
characterized"'”**=*!, Since it is a relatively fast mea-
surement (less than 2 min at high resolution), it can be
operated routinely to optimize compressors and to char-
acterize the point of “zero-delay” (synchronization)
between pump and probe pulses with an accuracy better
than ~6 fs (see Fig. 3). The determination of the absolute
value of the zero-delay point requires using a transient
grating with minimal length (typ. 10 pm) so as to best
define the location of the synchronization. For the other
diagnostics (pulse compression, pulse front tilt), increas-
ing the extent of the transient grating is beneficial to
increase the signal to noise ratio.

Our technique is valid for a wide range of pulse dura-
tions, as long as the pump can be independently char-
acterized. We have routinely characterized probe pulses
with durations up to ~300fs, for instance when the dis-
persion compensator is not present or misaligned. The
micrometric size of the transient grating also allows for a
very wide spectral bandwidth allowing very short probe
pulses to be characterized. A possible limitation could
occur for extremely short pump pulses (typ. below 30 fs),
if the spectral extent cannot be neglected in the shaping
by the SLM. In this case, spatio-temporal distortions
could occur on the pump beam and dedicated strategies
are anyway necessary. The blurring of the transient grat-
ing fringes is not a limitation in practice since this would
require octave-spanning pulses.

The use of an SLM is highly beneficial since the con-
venient switch between arbitrary phase profiles makes it
possible to combine our diagnostic with pump-probe
techniques where structured beams are involved. These
structured beams indeed have a number of applications,
such as high aspect ratio micro-nano structuring®® ¢?,
laser welding®® among many others, and opens up new
perspectives for studying laser-dielectric interaction in
the ultrafast regime>®*®>. The efficiency of SLMs is
conventionally higher than 50% depending on the spatial
frequency of the grating used. The maximal pulse energy
can reach several m]J level and several 100’s W average
power®®.

Our technique also remains valid even in presence of
spherical aberration®” since the interacting waves are
collimated beams. Our technique could be usefully
extended to detect potential pump—probe delay variations
between probe angles as an example. This technique is,
therefore, widely applicable to most of the ultrafast ima-
ging and pump-probe experimental setups.

Our results have therefore a wide range of applicability,
and we anticipate they will be particularly useful to
characterize transient phenomena at micron-scale and
laser-matter interaction within condensed matter.
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Methods
SLM Phase mask

The phase mask applied to our SLM is split in two equal
parts: the top half generates a plane-wave-like beam
propagating at an angle a — 6 and the lower half of the
SLM mask symmetrically generates a beam propagating in
direction a + 6 toward the optical axis. The two beamlets
cross at an angle of 26. We perform spatial filtering in the
Fourier plane of the first lens (f= 750 mm) after the SLM
to select only the first diffraction order due to the SLM
mask. The fringe period of the interfering two pump
waves is A = 2’1"’;‘1’;‘]"9. (For ease of reading, all angles are
expressed in the dielectric medium of refractive index n,
but wavelengths are expressed in vacuum)

Bragg angle

The rotation angle a applied to match the Bragg inci-
dence condition for the probe pulse, is determined by
Aprobe = 2nA sina, such that: sin(a) = sin(0) /Aﬁ In this
expression, we have neglected the variation of refractive
index with wavelength as this modifies the angle by only a
few percents.

Diffraction efficiency

The diffraction efficiency of the probe pulse on the
pump-induced grating can be derived using coupled-
wave theory describing thick gratings, since the grating is
much longer than its period A (see Suppl. Materials Fig.
S1). We use in the following the work by Kogelnik which
provides analytically the effect of detuning®®. We note
that identical results could be obtained using Four-Wave
Mixing (FWM) theory. The samples investigated here
(fused silica and sapphire) possess a large bandgap. This
ensures that resonant 3-photon absorption is negligible
and therefore that the nonlinear Kerr response is
instantaneous®”. We note that for TiO, and smaller
bandgap dielectrics, the ~6fs retardance observed in
reference® is close to negligible in comparison with the
pulse durations used here.

The coupled wave theory allows for deriving the signal
diffracted in the first order of diffraction. The assump-
tions are that the incident beam and diffracted one are
monochromatic plane waves, incident on an infinitely
wide grating of thickness d. Those conditions are rea-
sonably fulfilled in our experiments. In this framework,
the diffraction efficiency, i.e., the ratio between the dif-
fracted intensity in the first order at the exit of the grating
|A1(d)]* and the incident beam intensity |A4,|* can be
expressed as®®:

sin? /€ + ¢*
1+ (%) “

¢

7, ¢) =
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where
PR 5
A1 — 2sin’a)’
2rnsin’a
§ (6)

- A%(1 — 2sin’a)

A is the probe central wavelength. § expresses the
detuning, ie., expresses how the diffraction efficiency
reduces when the probe wavelength differs from the
central wavelength at which the Bragg incidence is met.
The wavelength detuning is written SA. A similar
relationship can also be expressed for the illumination
angle detuning®®,

Therefore, in our experimental conditions, where d ~
30um, dn~10"* and 1 =04 pum, a=6° the diffraction
efficiency is on the order of 10, which varies over a 30 fs
probe pulse spectrum by less than 1%. The diffraction
efficiency peak width exceeds 50 nm FWHM, ie., much
larger than the bandwidth of a 10fs pulse centered at
395 nm.

Since the wavelength detuning is negligible over the
probe pulse spectrum, the diffraction efficiency becomes:

o) -

Al cos a

Av(d)* .<

n= 57— = sin
|Ai]

Then we can express the time-integrated diffracted

intensity, with r being the delay of the probe with regard
to the pump pulse:

ﬂﬂ:/ﬁﬁmwﬁ (8)
. dl’lz] um (t)

_ 2 pump _

= / sin’ (Tl 7/1 cosa >Iprobe (t T)dt (9)

175) 2 2 _
x (Mow) / P (O prone(t — 7)dt (10)

provided that ddn < Acosa which is fulfilled in our
experimental conditions. Hence, the diffracted signal is
proportional to the correlation function between I;ump
and Ipopes as in TG-XFROG?*7°.

Setup

The Ti:Sapphire chirped pulse amplifier (CPA) laser
source (Coherent Legend) delivers ~50 fs pulses at 790 nm
central wavelength and repetition rate 1 kHz. We split the
beam in a pump and a probe, the latter is frequency dou-
bled with a 50 um thick  barium borate (BBO) crystal. The
pump pulse is then spectrally filtered to reduce its band-
width to 12 nm FWHM, avoiding chromatic dispersion in
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the beam shaping stage. The spectral transmission curve of
the filter is nearly Gaussian so as to ensure the absence of
pre-/post pulses. We spatially shape the pump beam using
a spatial light modulator (SLM) in near-normal incidence.
The input beam is expanded to quasi-uniformly illuminate
the full active area of the SLM. We de-magnify the
resulting shaped beam by a factor 208 using a 2f-2f
arrangement using a first lens of focal length f; =750 mm
and a second of focal length f, =3.6 mm (Microscope
Objective Olympus MPLFLN x50 with Numerical Aper-
ture (NA) 0.8). Spatial filtering of the first order of dif-
fraction is performed in the Fourier plane of the first lens”*
(not shown in the figure).

We pre-compensate the linear dispersion of the 395 nm
probe with a folded prism compressor®®. The probe beam
is then de-magnified by a x1/278 2f-2f arrangement (lens
f3=1000 mm and the same x50 microscope objective) so
that the probe beam in the sample has a waist of 12 um
(Rayleigh range of 1.1 mm) at the focus of the microscope
objective.

Pump and probe energies and polarization states are
controlled by half-waveplates and polarized beam split-
ters. Polarizations are controlled using independent half-
waveplates placed on each beam path. The relative
pump-—probe delay is controlled with a motorized delay
line in the probe beam, with a resolution of 3.3 fs. Figure
S1 in the Supplementary Materials shows the pump and
probe beam experimental characterizations.

After interaction in the sample, we collect the pulses
with a second x50 (N.A. 0.8) microscope objective (MO),
as shown in Fig. 1d. When recording the diffracted signal
from the transient grating, we filter out the residual pump
signal. A relay lens images the back focal plane of the
second MO on a CCD camera, which consequently
records the far-field of the diffracted beams, which spa-
tially separates the different orders of diffraction. We
select out the +1 order by summing the signal over a
region of ~100 x 100 pixels on the CCD. The measure-
ment is performed in multishot regime, with a 14 bits
camera in free-run mode, with illumination time chosen
in the range 10 to 50 ms so as to use the whole dynamical
range of the camera over which the response is linear.

Pulse duration characterization

Before starting our experiments, we characterized the
790nm pump pulse by self-referencing spectral inter-
ferometry (Wizzler™) before the first microscope
objective to measure and fully characterize in amplitude
and phase the shortest pulse achievable. The pulse was
compressed before the focusing microscope objective.
Taking into account the dispersion of the microscope
objective of 2300 fs* at 790 nm central wavelength (sepa-
rately characterized), the pump pulse duration is 100 fs at
the sample site. The probe pulse duration was measured
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Table 1 Parameters used in the experiments shown in
the figures above: material, pump energy E,ymp and
half-crossing angle of the pump beams 6.

Fig. 2 Fig. 5 Fig. 3
Material Schott D263 Sapphire Sapphire
Epurmp (W) 005-05 0.1 0.1
6 () 144 12 12

In all cases, to match the Bragg incidence angle, a is half of 6 because the probe
central wavelength is half of the pump one.

before the prism compressor using an autocorrelator
(APE pulseCheck™).

Shift in delay of the cross-correlation curve

When the sample is shifted upstream by d, the crossing
point of the two pump beams is shifted downstream by a
distance A = |d|(n}*® —1), at first order in the small
angle. Then, Eq. (2) can be retrieved by considering the
difference in optical paths between pump and probe from
the initial case, again at first order in the small angles of
the waves with the optical axis.

Prism deviation measurement

The relative angle of rotation of the second prism in the
prism compressor has been monitored by measuring the
deviation angle of the reflection of a laser pointer onto
one facet of the prism. The precision of this measurement
was 0.3 mrad.

Parameters for the experiments shown in the figures

Table 1 provides the main parameters of the experi-
ments. All angles are given in material and correspond to
a single grating pitch A =1.1 um. Difference on angle
values are related to respective material indices.

Numerical simulations of the misaligned prism compressor

The prism compressor and the 2f-2f optical arrange-
ment were numerically simulated using zemax software.
This software enables a complete ray tracing over com-
plex imaging systems and computes the optical path
length. Hence it is then possible to model the dispersion
effects up to the third order, including pulse front tilt and
higher order dispersion. We note that the precise design
of the Olympus MPLFLN x50 microscope objective that
we used experimentally is not available within this soft-
ware. We replaced it by a x60 microscope objective in our
simulations. Since the dispersions are not precisely iden-
tical, we have adapted the dimensions of the folded prism
compressor in the numerical simulations to precisely
compensate the second order phase of the microscope
objective and the lens. The parameters of the folded prism
compressor were the following: the prisms are SF10
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prisms with an apex angle of 60° degrees and a distance of
158 mm between the prisms. However, we note that the
results obtained using this simulation are in excellent
agreement with the experiments. The values of the higher
order phases found using zemAx and used to simulate
the traces are respectively: (A) ¢,=1.1x 10*fs? and
¢h3=—18x10fs>, (B) p = 1.1 x 10* fs* and ¢p5 = —1.6 x
10° fs%, (C) ¢ =3.1 x 10> fs? and ¢p3 = —1.7 x 10° fs>.

Simulations of the diffracted signal in Fig. 5
The simulations of the diffracted signal in Fig. 5 are based
on numerical integration of the following expression:

S(ky ) = [1A" (ky, £)[Pde
~ ff|IP‘-lmp'Aprobe(y, t) |2€ikyydtdy

A+l . . .
where A is the spatial Fourier transform of the diffracted

amplitude, and Ap,obe is the amplitude of the probe pulse.
Aprobe (7, ©) = Ege~ 70" /4e=7" /Wy give oi(3hae™ +ids0™ ) | fo]
lowing the model by Akturk et al.”’.

The input pump pulse is modeled by a Gaussian pulse
with 100fs Full Width at Half-Maximum (FWHM).
The probe is a 60fs pulse with a small bump in the
amplitude spectrum peaking at 390 nm so as to reproduce

the experimental spectrum.
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