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Abstract: The single-shot spatiotemporal characterization of an ultrahigh intensity laser pulse
was performed using a multispectral wavefront sensor. For the measurement of the spatio-spectral
electric field, a femtosecond laser pulse was spectrally modulated and separated by a Fabry-Perot
etalon coupled with a grating pair, and its spatio-spectral electric field was measured with a
wavefront sensor. The spatiotemporal electric field was reconstructed from the measured spatio-
spectral electric field of a multi-PW laser pulse. We found that the spatiotemporal distortion
could reduce the focused laser intensity by 15%, compared to the case of a diffraction-limited
and transform-limited laser pulse.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrashort high-power lasers, based on the chirped pulse amplification (CPA) technique, have
been developed [1,2] and applied for exploring laser-matter interactions under extreme physical
conditions. In laser-matter interactions, laser intensity is one of the critical parameters to
determine the interaction regime. With ultrahigh intensity lasers we can investigate laser-driven
charged particle acceleration [3–5] and strong field quantum electrodynamics [6]. In order to
obtain the highest achievable intensity from a high-power laser, a near diffraction-limited focusing
is desired with a laser pulse width close to the transform-limited duration [7,8]. Since the quality
of a laser relies on its temporal and spatial properties, the position-dependent temporal variation,
called as spatiotemporal coupling (STC) [9], should be characterized to determine the quality of
a laser and to achieve its best performance.

Due to the importance of STC, such as pulse front tilt and radial group delay, intensive
investigations on STC have been performed in various fields [10,11]. In CPA lasers, the study on
STC began with particular problems originating from such optical elements as a grating [12–14]
and a beam expander [15–17]. A misaligned grating, in a pulse stretcher or a compressor, can
induce a pulse front tilt to the laser pulse. In addition, a surface distortion in a grating pulse
compressor can produce complex spatiotemporal distortion [18–21]. If the chromatic aberration
of a beam expander, installed to increase the beam size, is not properly eliminated, a radial group
delay can be generated. The STC can increase the spot size and also the pulse duration at the
focus, which significantly reduces the achievable laser intensity [19–24]. Consequently, the
precise measurement and the control of STC are critical for achieving the best performance of an
ultrahigh-power laser [25,26].

A complete spatiotemporal electric field, E(x, y, t), of an ultrahigh-power laser is difficult
to measure due to the limitation in detection dimension (≤2-D). This limitation restricts the
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extension of temporal measurement techniques to the 2-D spatiotemporal measurement, E(x, t)
[27] or E(r, t) [28], including only one spatial axis. For the complete spatiotemporal detection,
E(x, y, t), of a laser pulse using a 2-D device, special techniques have been developed [29–36]. In
order to expand the dimension of measurement to 3-D, a spatial scan [29,30] or delay scan [31] is
adopted. By scanning the delay line, the cross correlation function, S(x, y,ω), is obtained, which
can be converted to spectrally resolved 3-D data, E(x, y,ω) [31]. Since this technique requires
more than thousand laser shots, iteration techniques were developed to reduce the number of
required shots [32,33].

Unlike the scanning method, a frequency-resolved wavefront sensing method [34] can reduce
the required shot number by employing a snap-shot multispectral imaging technique that links the
spatial registration with wavelength [35,36]. The first demonstration of single-shot measurement
used a coarse diffractive optical element and a variable bandpass filter [35]. Another single-shot
wavefront sensing technique uses a mosaic bandpass filter, where three bandpass filters with
different colors were periodically placed in front of a wavefront sensor, such as a RGB camera [36].
By selecting the same color pixels, the spatio-spectral components could be reconstructed. Such
a single-shot technique is essential for diagnosing high-power lasers operating at low-repetition
rate.

In this paper, we present a simple, complete 3-D spatiotemporal measurement technique that
utilizes a Fabry-Perot etalon, two gratings, and a wavefront sensor. Using the developed sensor,
we demonstrated the characterization of an ultrahigh-power laser pulse generated by tightly
focusing a multi-PW laser with an f /1.1 off-axis parabolic mirror. From the measured 3-D electric
field, we calculated the STC, estimated the peak intensity at focus, and compared with that of a
diffraction-limited and transform-limited pulse, evaluating the quality of an ultrahigh-power laser
in a single-shot.

2. Single-shot multispectral wavefront sensing technique

The spatiotemporal electric field of a laser pulse can be obtained through the Fourier transform
of a spatio-spectral electric field. In this measurement technique, a set of spatio-spectral data
at several frequencies is measured and the continuous spatio-spectral intensity, I(x, y,ω), and
phase, ϕ(x, y,ω), can be obtained from the interpolation and extrapolation. Then, a continuous
spatio-spectral electric field is obtained as,

E(x, y,ω) =
√︁

I(x, y,ω) exp[iϕ(x, y,ω) + iφ(ω)], (1)

where φ(ω) is the spectral phase. After the construction of a continuous 3-D spatio-spectral data,
a Fourier transform is applied along the frequency axis to obtain the 3-D spatiotemporal electric
field of a laser pulse,

E(x, y, t) =
1

2π

∫ ∞

−∞

E(x, y,ω) exp[−iωt] dω. (2)

From the spatio-spectral electric field, the spatiotemporal electric field of a high-power femtosec-
ond laser pulse can be obtained in Eq. (2).

For the single-shot characterization of the spatiotemporal electric field, E(x, y, t), of a multi-
PW laser pulse, the spatio-spectral electric field, E(x, y,ω), was measured at a set of selected
wavelengths. In order to obtain the spatio-spectral electric field, a spectrum of the laser pulse was
selected by an etalon, and then the laser pulse was spectrally dispersed using a pair of transmission
gratings. Consequently, with the combination of the etalon and the pair of gratings, as shown in
Fig. 1, the spatio-spectral electric field can be obtained at a set of transmitted wavelengths in a
single-shot.
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Fig. 1. Schematics of the multispectral wavefront sensor and spectrally separated spot
image. δ1, δ2, δ3, and δ4: transmitted wavelengths from the etalon.

3. Experimental setup

With the multispectral wavefront sensing device, the spatiotemporal electric field of the multi-PW
laser at Center for Relativistic Laser Science was measured and the spatiotemporal electric field
generated by focusing a multi-PW laser pulse with an off-axis parabolic mirror was estimated.
For reconstructing of a full 3-D electric field, the central part of a laser beam is picked off and
the spectral phase, shown in Fig. 2(a), was measured by spectral phase interferometry for direct
electric-field reconstruction device (APE, FC-SPIDER). The schematic diagram of the beam
path from the deformable mirror, installed after the pulse compressor, to the measurement device
is shown in Fig. 2(b). The laser beam on the deformable mirror DM (AKA optics, 320 mm, 127
electrodes) was relay-imaged to the position of the achromatic telescope T with M=1/3 with
the f /1.1 off-axis parabolic mirror OAP (Aperture Optical Science, focal length: 300 mm), the
apochromatic objective lens L1 (magnification: 50, focal length: 4 mm), and two achromatic
doublets (L2 and L3 with focal length 300 and 500 mm, respectively). Because of the 1/3x
Galilean telescope placed at the position T, the virtual image was relayed by the two achromatic
doublets (L4 and L5 with focal length 1000 and 750 mm, respectively), arranged as a Kepler
telescope of magnification of 0.75. As a result, the intensity and phase at the position DM1
could be relay-imaged onto the wavefront sensor with the magnification of 1/180. After the final
relaying lens, a piezo-type etalon (Light Machinery, free spectral range 10 THz) is placed to
modulate the laser spectrum to a set of discrete spectral components. The transmitted spectra can
be easily tuned by changing the piezo-voltage applied to the etalon. The spectrally modulated
laser beam was then separated by the transmission grating pair (Thorlabs, GTI25-03A). The input
angle of the grating pair was set to the Littrow angle at the center wavelength (7.0° at 808 nm)
because the aberration induced by the grating pair is reduced when the diffraction angle was
close to the input angle [37]. The Littrow angle is not a constant for a broadband laser, and hence
chromatic aberration occurs at the sideband. To reduce the chromatic aberration, low groove
density (300 grooves/mm) is selected. The transmitted 0th-order beam of the first grating was
monitored with a spectrometer to obtain the transmitted spectrum of the etalon. The modulated
and separated laser beam was measured by the Shack-Hartmann type wavefront sensor (AKA
Optics), as shown in Fig. 1. The number of microlenses was 147× 147 with an array pitch of the
wavefront sensor of 103.6 µm, the aperture dimension of 15.2× 15.2 mm2, and the measurement
accuracy of 3.5 nm. During the measurement, an active feedback loop between the deformable
mirror and the wavefront sensor was disabled.
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Fig. 2. (a) Spectrum and spectral phase of a multi-PW laser pulse. (b) Schematics of the
measurement setup for characterizing the spatiotemporal electric field of a multi-PW laser
pulse. DM: deformable mirror, OAP: off-axis parabolic mirror, T: telescope, L: lens, G:
grating, E: etalon, and WFS: wavefront sensor.

4. Results and discussion

4.1. Spatiotemporal characteristics of the multi-PW laser

For the measurement of the spatiotemporal properties of multi-PW laser pulses, the spatio-spectral
data was obtained using the developed multispectral wavefront sensor. Four spatio-spectral
components of a multi-PW laser pulse were spectrally separated by the grating pair and the etalon.
From the spectrally separated spot image of the four spatio-spectral components at 830, 808,
788, and 771 nm recorded on the wavefront sensor, as shown in the Fig. 3(a), the spatio-spectral
intensity and phase at each wavelength were obtained. The intensity was obtained by applying a
low-pass filter to the spot image, and the phase was obtained from the displacement of the spot
positions with respect to the reference positions [38]. The obtained and spatio-spectral intensity
and phase profiles, shown in Fig. 3(b) and (c), at different wavelengths show fairly similar shapes.
This indicates that strong spatiotemporal coupling did not occur in the multi-PW laser pulse.

Fig. 3. (a) Spectrally separated spot image. Wavelength-resolved spatio-spectral intensity
profiles (b) and phases (c) at the wavelengths of 830, 808, 788, and 771 nm.
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For the detailed analysis, the spatiotemporal electric field, E(x, y, t), of a multi-PW laser pulse
was reconstructed by applying Eq. (2) to the spatio-spectral data, E(x, y,ω). The 20% and 50%
isosurfaces of the peak intensity of the reconstructed spatiotemporal intensity, I(x, y, t), is shown
for each case in Fig. 4(a-i). Figure 4(a-ii), (a-iii), and (a-iv) shows isosurfaces with the different
spectral component set to examine the validity of the measurement. This is discussed in detail in
Sec. 4.2. From the reconstructed data, the retrieved position-dependent temporal characteristics
of the laser pulse showed that the pulse width variation in space is small. The average value
and the standard deviation of the pulse width in the pupil area of the laser beam were 22.1 fs
and 0.4 fs, respectively. The pulse front tilt was estimated to be dt0/dx = 0.032 fs/mm and
dt0/dy = 0.067 fs/mm. This pulse front tilt can be compensated for by eliminating the angular
dispersion through the fine-tuning of the pulse compressor [27,39]. The detailed procedure of
eliminating this kind of pulse front tilt in our multi-PW laser was presented in our earlier work
[7]. The estimation of radial group delay was found to be negligible, because an achromatic lens
and reflective type mirrors were employed in the beam expanders of the multi-PW laser. The
reconstruction of the near-field spatiotemporal electric field, thus, showed that the performance
of the multi-PW laser was not affected significantly by the spatiotemporal coupling.

Fig. 4. 3-D representation of the spatiotemporal intensity of PW laser pulses at (a) the
near-field and (b) the focus, with the images projected along the x-, y-, and t-axes. (i)-(iv)
show the spatiotemporal intensity for the four different spectral component sets: (i) 771,
788, 808, and 830 nm, (ii) 768, 787, 808, and 832 nm, (iii) 767, 786, 808, and 833 nm, and
(iv) 775, 795, 817, and 843 nm. The x- and y-axes in (a) and (b) are normalized to the pupil
diameter and the diffraction-limited spot diameter, respectively. The t-axis is normalized to
the duration of 50 fs. The spatiotemporal intensity is plotted as isosurfaces set at 20% and
50% of the peak intensity, respectively.

From the spatiotemporal electric field, E(x, y, t), of a multi-PW laser pulse at the near-field,
the spatiotemporal electric field at the focal plane can be reconstructed using the unidirectional
pulse propagation equation [40]. In the reconstruction, the average defocus was omitted since the
average defocus can be easily eliminated by controlling the deformable mirror. The reconstructed
spatiotemporal intensity in Fig. 4(b-i) shows that the laser pulse is well bunched in the space and
time domain. The most critical parameter of a laser pulse is the peak intensity achievable at the
focus. For the estimation of the effect of the spatiotemporal coupling to the pulse duration and
the peak intensity at the focus, the four focal spot parameters, the full effective pulse duration
Teff,full [41], the spatiotemporal effective pulse duration Teff,STC, and full spatiotemporal Strehl
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ratio SRfull, and spatiotemporal Strehl ratio SRSTC [42], are defined as follows:

Teff,full =

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
I(x, y, t)dxdy

max
[︂∫ ∞

−∞

∫ ∞

−∞
I(x, y, t)dxdy

]︂ dt, (3)

Teff,STC =

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
ISTC(x, y, t)dxdy

max
[︂∫ ∞

−∞

∫ ∞

−∞
I(x, y, t)dxdy

]︂ dt, (4)

SRfull =
max[I(x, y, t)]

max[IDL,TL(x, y, t)]
, (5)

and
SRSTC =

max[ISTC(x, y, t)]
max[IDL,TL(x, y, t)]

, (6)

where IDL,TL denotes the intensity of a diffraction-limited and transform-limited pulse, and ISTC
is the intensity of the laser pulse with zero frequency-averaged spatio-spectral phase, ϕ(x, y,ω),
and spectral phase, φ(ω). After compensating for the average spatio-spectral phase and the
spectral phase with a deformable mirror and an acousto-optic programmable dispersive filter,
the residual spatiotemporal coupling leads to the degradation of the focal spot parameters. For
comparison, the case of a diffraction-limited and transform–limited ideal pulse is also calculated.
From the reconstructed spatiotemporal electric field at the focus, we obtained Teff,full and Teff,STC
to be 32.3 fs and 26.6 fs, respectively, which are 38% and 14% larger compared to the effective
pulse duration, 23.4 fs, of the ideal pulse. The SRfull of the multi-PW laser pulse is 0.52, i.e. the
peak intensity of the laser pulse at the focus is lower by 48% than that of the ideal pulse. The
spatiotemporal Strehl ratio, SRSTC, representing the effect of the spatiotemporal coupling to the
intensity at the focus was 0.85, indicating that the spatiotemporal coupling reduced the peak
intensity by 15%, as compared to the ideal case.

4.2. Validity analysis

In the validity analysis, two types of potential errors were considered. As the measurement with a
finite number of spectral components can lead to erroneous interpretation, the measurement with
four spectral components should be validated. This kind of measurement is strongly influenced by
the quality of a laser pulse. For example, if the spectral component of a laser pulse includes only
linear variation, such as linear angular dispersion and linear radial group delay, three components
are enough to inspect their existence [36]. On the other hand, a complex spatiotemporal coupling
can induce complex spatio-spectral aberrations [18–21], which requires more than three spectral
components with smaller sampling interval.

First, consider the case that the spectral phase is smooth, but varies rapidly, shown in Fig. 5(a).
This type of error is bounded by the second-order derivatives and the measurement spacing [30]:

|ψ(x, y,ω) − ϕ(x, y,ω)| ≤
(ωi − ωi+1)

2

8
max |ψ ′′(x, y,ω)|, (7)

where ωi<ω<ωi+1, Ψ is the actual spatio-spectral phase, and ϕ is the interpolated spatio-spectral
phase. As the actual spatio-spectral phase of the laser pulse was not known, its second derivative
was approximated with the Lagrangian polynomial constructed from the measured data [43]:

ψ ′′(x, y,ω) ≈ L′′(x, y,ω). (8)

The RMS value of the estimated error bound over the pupil area was 72 mrad (1/87 wave), so
the effect of the error was almost negligible in the reconstruction of the spatiotemporal electric
field of a laser pulse.
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Fig. 5. (a) The first case with a rapidly varying spectral phase, shown in the red line.
The black circles show the measurement of a spectral phase at four wavelengths. The
blue line shows the linear interpolation of the measured data. (b) The second case with a
sharply peaked spectral phase, shown in the red line. The blue and the green curves are the
linear interpolations of two different measurements shown as the blue circles and the green
rectangles.

The second type of error, shown in Fig. 5(b), cannot be dealt with Eqs. (7) and (8). In order to
examine this type of error, the data from the four sets of measurements with tuned transmitted
spectra, listed in Table 1, were analyzed. The wavelength selection of the transmitted spectra
was made by adjusting the mirror spacing of the etalon. If there exists the second type of
error, the difference in the reconstructed result may appear when reconstructing with different
spectral components. The 20% and 50% isosurfaces of the peak intensity of the reconstructed
spatiotemporal intensity for the four cases are shown in Fig. 4. In the near field, the average pulse
width over the pupil area ranged from 22.0 to 22.1 fs and its standard deviations varied from 0.4
to 0.6 fs. At the focus, the SRSTC of the four cases ranged from 0.85 to 0.90 with the average value
of 0.88. The reconstructed spatiotemporal electric field, thus, showed no significant difference.
Consequently, the reconstruction result did not show any sign of the second type error.

Table 1. Wavelength table of four measurements

δ1 [nm] δ2 [nm] δ3 [nm] δ4 [nm]

(i) 830 808 788 771

(ii) 832 808 787 768

(iii) 833 808 786 767

(iv) 843 817 795 775

5. Conclusion

We developed a single-shot 3-D spatiotemporal measurement device to obtain the spatiotemporal
electric field of an ultrahigh intensity laser pulse produced by tightly focusing a multi-PW laser
with an f /1.1 optics. For the measurement of the spatiotemporal electric field, a femtosecond laser
pulse was spectrally separated by an etalon coupled with a grating pair, and its spatio-spectral
electric field was measured with a wavefront sensor. From the reconstructed spatiotemporal
electric field, the spatiotemporal Strehl ratio, SRSTC, was 0.85, indicating that the intensity
degradation of the multi-PW laser pulse due to the spatiotemporal coupling was not severe. The
error analysis performed to ensure the validity of our measurement showed that the estimated
measurement error was negligible. Consequently, the developed spatiotemporal measurement
device can be widely applied to the spatiotemporal characterization of ultrahigh intensity lasers.
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Quantum Beam Facility (UQBF) operation program (140011) through Advanced Photonics Research Institute).
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