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In situ temporal measurement of ultrashort laser
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In laser–matter interaction experiments, it is of paramount importance to characterize the laser pulse on target (in situ)
and at full power. This allows pulse optimization and meaningful comparison with theory, and it can shed fundamental
new light on pulse distortions occurring in or on the target. Here we introduce and demonstrate a new technique based
on dispersion-scan using the concurrent third harmonic emission from the target that permits the full (amplitude and
phase), in situ, in-parallel characterization of ultrashort laser pulses in a gas or solid target over a very wide intensity
range encompassing the 1013–1015 Wcm−2 regime of high harmonic generation and other important strong-field
phenomena, with possible extension to relativistic intensities presently inaccessible to other diagnostics.
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1. INTRODUCTION

Great progress has been made over the last 20 years in the develop-
ment of techniques such as FROG [1], SPIDER [2], MIIPS [3],
and more recently, dispersion-scan (d-scan) [4], to fully charac-
terize femtosecond laser pulses, that is, to measure the amplitude
and phase of the optical field. This capability has been vital for the
development of few-cycle lasers [5–7] whose pulses contain just a
small number of optical cycles or even a single cycle [8]. Knowledge
of the pulse phase allows for the dispersion to be precisely con-
trolled to achieve the shortest pulses possible—often very close to
the transform limit. A full characterization is also critical to prop-
erly optimize and interpret experiments where ultrashort pulses
are used to trigger and probe dynamics in quantum systems. Such
experiments include high harmonic generation (HHG), e.g., for
attosecond pulse generation [9,10] and for accessing the electronic
structure of solids [11], and laser-plasma particle acceleration
[12–14].

However, existing pulse characterization techniques have lim-
itations. They usually require complex setups, especially for the
measurement of few-cycle pulses that are extremely sensitive to
small amounts of dispersion that they accumulate as they propa-
gate through optics and even air. For example, a 4 fs pulse with
a spectrum centered at a wavelength of 800 nm is broadened to
≈25 fs by passing through 1 mm of fused silica or 1.6 m of air.

Hence, great care must be taken to ensure that the pulse measure-
ment is representative of the pulse at the desired location. For many
experiments, including those that involve HHG and laser-plasma
generation in gases, this location is within a gas target inside a
vacuum chamber into which the laser pulse is focused to very high
intensity. This poses two challenges. The first is that this is often
many meters from the measurement device. The usual practice is
to try and ensure equal material dispersion in the beam paths to
the measurement device and to the gas target, or to account for
any differences numerically. This is subject to error that can be
significant for very short pulses. The second challenge is that the
standard benchtop diagnostics are unable to measure pulses at
the high intensities used in the experiment due to saturation and
damage effects. Hence, a much lower intensity pulse reflection
is sent to the diagnostic. Such a measurement therefore does not
account for a nonlinear phase accumulated by the higher intensity
pulse travelling to the experiment, and within the experiment itself.

The ability to fully characterize ultrashort laser pulses in situ
(i.e., within the target) at high intensity enables pulse optimization
and the quantification of time-dependent dynamics within the
same experiment. This is very important for testing and validating
new models, and for coherent control of strong-field processes,
but it has proven very difficult to achieve. A complete on-target
pulse characterization can be performed with attosecond streaking
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[15,16] or attosecond transient absorption [17]. However, these
methods must be carried out at lower intensity in a second, usually
lower density target, not the gas target used for HHG. They are also
complex due to the requirement of attosecond pulse generation
and electron- or XUV-spectroscopy.

The ARIES technique [18] and the petahertz optical oscillo-
scope [19] are all-optical schemes capable of measuring a weak
time-dependent optical field in a HHG gas target by measur-
ing its perturbing effect on a much stronger field. They require
a second ultrafast laser pulse that can be precisely delayed with
the pulse to be measured, and the measurement information
is mapped onto the high harmonics, and hence a series of spe-
cific XUV spectroscopic measurements is needed for the pulse
retrieval. The TIPTOE technique [20] has a simple electrical
current readout, but it is similar in that a weak pulse is measured
through its perturbing effect, in this case on tunnel ionization
in a gas target driven by a stronger field. Although they require
elaborate setups, the aforementioned techniques are able to retrieve
the full time-dependent optical field, and thus they resolve the
pulse carrier envelope phase (CEP), which is not usually accessible
with standard benchtop diagnostics, such as SPIDER, FROG, or
d-scan.

An in situ technique based on SPIDER that retrieves the field
up to an uncertainty in the CEP has been used to measure weak
(150 nJ) 5 fs pulses in a gas ionized by a long pump pulse [21],
but the required low intensities seem to preclude accessing the
strong-field regime. STARFISH [22] is an all-fiber interfero-
metric technique that directly measures the spatiotemporal and
spatio-spectral structure of few-cycle pulses at any given plane
along the propagation direction (including at a focus) [23], but
it requires scanning a fiber tip in two dimensions within that
plane. Spatially resolved Fourier transform spectrometry [24] and
TERMITES [25] are interferometric methods that measure the
full spatiotemporal structure of a collimated pulsed beam, from
which the Fourier-limited space-time couplings can be calculated.
INSIGHT [26] is a related technique designed to work in the
vicinity of a beam focus, but it measures a strongly attenuated
replica of a high-intensity beam. All these spatiotemporal methods
also require an independent (and ex situ) temporal measurement of
the pulse obtained from a self-referenced technique such as FROG,
SPIDER, or d-scan.

HHG d-scan [27] uses the sensitivity of the HHG XUV sig-
nal itself to extract the second- and third-order phases of the
intense laser pulse in a d-scan type measurement. However, this
is inadequate for performing an accurate measurement of a few-
cycle pulse or an ultrashort pulse with a more complex phase.
This method also requires measurements of the high harmonic
radiation, hindering its use as a parallel online diagnostic. More
closely related to the present study is the recently published work
by Leshchenko et al. [28] that describes an in situ pulse diagnos-
tic applicable to laser–solid interactions at the lower edge of the
relativistic intensity range. It is based on a dispersion-scan type
measurement using the relativistic surface second harmonic (SH).
To achieve the over-dense plasma at the target surface necessary
for the SH mechanism (“oscillating mirror” [29]), a prepulse
at ≈1015 Wcm−2 was used with an adjustable delay relative to
the pulse to be measured, to optimize the pre-plasma gradient
to which the performance of relativistic SH is very sensitive.
By successively inserting different pieces of dispersive material
into the beam, d-scan measurements could be performed using

the SH radiation. On-target pulse retrievals of 6 fs pulses (cen-
tral wavelength 900 nm) were achieved for a pulse intensity of
≈1.7× 1018 Wcm−2, corresponding to a normalized vector
potential a0 ≈1. Supporting measurements and particle-in-cell
simulations revealed that the scaling of the relativistic SH signal
on laser intensity begins to saturate for a0 ' 1, hindering accurate
pulse retrievals above this intensity.

In the present work, we demonstrate a new all-optical, in situ
measurement method based on a third harmonic (TH) d-scan
[30–32] that does not require an additional pulse. It is applicable
to both gaseous and solid target interactions since it is based on a
third-order nonlinear optical process and thus is not subject to the
inversion symmetry constraints of SHG. Another advantage of a
TH-based diagnostic compared to SHG is an increased spectral
separation from the fundamental spectrum, which is advanta-
geous from a signal-to-noise perspective (it is common for the
spectrum of a few-cycle pulse to overlap with its SH spectrum).
The TH generation (THG) has been observed over a very wide
intensity range, from 4× 109 Wcm−2 from nanostructured
metasurfaces [33] of interest for strong-field interactions due to
their field-enhancement properties [34], to relativistic intensities
of 1018

− 1021 Wcm−2 [35,36]. In this paper, we focus on the
1013
− 1015 Wcm−2 intensity range [37,38], where THG inevi-

tably accompanies a variety of important strong-field processes,
such as multiphoton- and tunnel-ionization and HHG. Previous
works in this intensity range [39–41] have shown that the gen-
erated TH has a simple cubic (perturbative) scaling with laser
intensity, eliminating the need for supporting intensity-scaling
measurements. This cubic scaling appears to hold for a broad
range of wavelengths from the deep ultraviolet [40] to the mid-
infrared [41]. Collectively, these features of the TH make it ideally
suited as a general-purpose in situ dynamical probe to accompany
strong-field experiments.

We shall subsequently refer to this new technique as THIS:
d-scan (third harmonic in-situ d-scan). Like almost all other pulse
diagnostics, it cannot retrieve the CEP, although in situations
where the intense pulses have extremely broad bandwidths [42],
the resulting overlap between TH and fundamental spectra should
enable measuring the CEP stability [43] or retrieving the full
optical field and absolute CEP in situ [44]. For HHG driven by
few-cycle pulses in gas-jets, the CEP can be sufficiently resolved
from a parallel HHG measurement [45], which this technique
allows.

In our present HHG experiments, THIS:d-scan was imple-
mented by sampling the TH of the laser that is always generated in
the gas target at the same time as high harmonics are generated. By
directing the TH out of the chamber and recording its spectrum
as a function of dispersion introduced onto the laser beam by the
existing pulse compressor in the laser system, a d-scan measure-
ment can be made. In cases such as for our experiment, where the
target thickness is small compared to the confocal parameter of the
focused laser beam, the generation volumes for the TH and high
harmonics will overlap, ensuring the laser pulse is measured in the
HHG interaction region. We show that this new method is capable
of accurately characterizing intense pulses of 4 fs in duration under
conditions optimized for HHG.

2. EXPERIMENTAL DETAILS

The experimental setup is shown in Fig. 1. Laser pulses of 25 fs
duration and 2 mJ energy from a Ti:sapphire laser amplifier
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Fig. 1. Schematic of our experimental implementation of THIS:d-scan. 4 fs pulses centered at 800 nm from a hollow-fiber plus chirped-mirror com-
pressor system were (entering at lower left of figure) passed through a motorized wedge pair for dispersion control and then into a vacuum beamline via a
thin fused-silica window. The pulses were focused to around 1014 Wcm−2 into a gas tube target to generate high harmonics (HHs) and also the third har-
monic (TH). Focusing was achieved with a spherical mirror (not shown in the figure for clarity) inside the chamber used at a low angle of incidence. The
HHs propagated to an XUV spectrometer, where their spatially dependent spectra were recorded with a microchannel plate detector. An aluminum-coated
pickoff mirror on a motorized translation stage was used to intercept the beam after the gas target to steer the TH out of the chamber where its spectrum was
measured using a compact fiber-coupled spectrometer. The HHs are blocked by the exit vacuum window. The TH was separated from the 800 nm funda-
mental beam using a prism pair (for clarity, only one prism is shown). The TH spectrum was recorded as a function of wedge insertion to obtain the d-scan
trace, which provides an in situ characterization of the 4 fs pulse in the gas target. The inset in the top left of the figure shows an alternate geometry where a
holed (stationary) mirror is used to sample the TH for an online measurement, taking advantage of the lower divergence of the HHs.

(Femtolasers Femtopower) operating at a wavelength of 800 nm
and a pulse repetition rate of 1 kHz were passed through a Ne-filled
hollow core fiber [46,47] (1 m in length, 250 µm inner diameter,
differentially pumped with 3 bar of Ne supplied to the fiber out-
put and vacuum maintained at the fiber input). This caused the
spectrum of the pulses to be broadened by a factor of ≈6. These
positively chirped pulses were then sent through a chirped mirror
compressor (550–1000 nm) to be temporally compressed. Near
transform-limited pulses <4 fs in duration were generated by
fine-tuning the dispersion using a pair of BaK5 glass wedges. Pulse
energies up to 1 mJ were achieved.

For this experiment, these pulses with energies reduced to
<0.3 mJ were sent through a 0.5-mm-thick fused-silica window
into a vacuum beamline [46], where they were focused by a 50 cm
focal length silver-coated mirror into a gas target to generate high-
order harmonics. The beam waist radius was ≈100 µm. The gas
target is of a standard design [46]. It consists of a thin-walled metal
tube pressurized with gas (Ne or Ar in this work). Two small laser-
drilled holes in the tube walls permitted the focused laser beam to
pass through the gas contained within the tube, while limiting gas
leakage into the chamber. The gas interaction length was estimated
to be around 1 mm.

The high harmonics were spectrally dispersed and detected
by an XUV spectrometer with an imaging microchannel plate
detector, read out by a charged coupled-device camera. An
aluminum-coated mirror inside the vacuum chamber could be
moved into the beam after the gas target to send the laser beam
and low-order harmonics out of the chamber through a calcium
fluoride window. The TH was filtered from this beam using a pair
of Brewster angle fused silica prisms (both prisms having an apex
angle of 69◦) in a retro-reflection geometry (to cancel spatial chirp)
and analyzed with a compact fiber-coupled spectrometer (Ocean

Optics HR4000). An obvious extension of this proof-of-concept
setup, as shown in the inset in Fig. 1, is to use a pick-off mirror for
the TH with a hole in it to reflect a portion of the TH, while allow-
ing the lower-divergence high harmonics to pass through. This
allows the laser pulse to be measured at the same time as HHG,
hence providing an online, on-target measurement. A flip-mirror
positioned before the entrance window of the vacuum chamber
enabled the compressed laser pulse to be alternately sent to a home-
built spatially encoded SPIDER variant (SEA-F-SPIDER) [48]
to provide an independent pulse characterization and to obtain a
reference pulse (i.e., before it passes through the vacuum chamber
window and is focused into the gas target).

The THIS:d-scan measurement was first performed by record-
ing the TH spectrum in Ar (and later in Ne) as a function of
dispersion by scanning the glass wedges used for compression
optimization around their optimal compression position. A full
dispersion scan with small dispersion steps, such as this, allows
for higher-quality d-scan retrievals [49] compared to a discrete
dispersion scan from inserting pieces of dispersive material [28].
We scanned the dispersion in 128 steps of 2 fs2 at 800 nm (512
steps of 0.5 fs2 in Ne), corresponding to a total insertion of one of
the wedges of≈4.5 mm. The wedge was moved using a motorized
translation stage, and the spectrometer signal was averaged over
two laser pulses (five laser pulses in Ne) at each dispersion point.
The acquisition was synchronized with the repetition rate of the
laser pulses via a trigger signal from the amplifier. An entire scan
took approximately 10 s (100 s for Ne).

3. RESULTS AND DISCUSSION

The d-scan traces recorded in an Ar gas target at a pressure of
100 mbar are shown in Fig. 2(b). The laser pulse energy was
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Fig. 2. Data obtained with Ar as the HHG nonlinear medium.
(a) HHG spectrum, (b) measured TH d-scan trace, (c) retrieved d-scan
trace, (d) reconstructed spectrum and spectral phase with comparison to
the SEA-F-SPIDER measurement, (e) reconstructed pulse profile and
temporal phase with comparison to the SEA-F-SPIDER measurement.

0.13 mJ, and the on-target peak intensity was estimated to be
2× 1014 Wcm−2. This is in agreement with the peak intensity cal-
culated from the ≈55 eV cutoff in the Ar HHG spectrum shown
in Fig. 2(a) using the Ip + 3.2Up rule [50,51] for the cutoff energy,
where Ip is the ionization potential of the gas atoms, and Up is the
ponderomotive potential of the focused laser beam. The Ar HHG
spectrum was recorded under identical conditions to the d-scan
measurement by simply moving the TH pick off mirror out of the
beam path.

For the d-scan retrieval, we assumed a simple cubic dependence
of the TH field on the laser field, as expected for a gas-jet (thin
target) under low-ionization conditions [37,39,41]. If we consider
a pulse in the frequency domain, Ẽ (ω)= |Ẽ (ω)|e iϕ(ω), where φ is
the spectral phase, the measured d-scan trace, Smeas, can be written
as the product of a spectral response function, R(ω), accounting
for a non-instantaneous nonlinearity and spectral filtering in the
measurement and an ideal trace, Sideal [4]:

Smeas = R(ω) Sideal ≡ R(ω)

∣∣∣∣∫ +∞
−∞

ENLe−iωt dt

∣∣∣∣2, (1)

where ENL is the dispersion-dependent nonlinear signal. For
THIS:d-scan, ENL will be given by the cube of the time-domain
field on target, E (t, ζ ), normalized by an amplitude factor,
A(t, ζ )= |E (t, ζ )|n−3, to account for a power dependence, n, of
the TH signal on the laser intensity other than the third, i.e.,

ENL = A E 3(t, ζ )∝ A
(∫

+∞

−∞

Ẽ (�)e−iβ(�)ζ e i�t d�

)3

, (2)

with β(�) the frequency-dependent phase per unit displacement
introduced by the compressor and ζ the compressor position.
In the present experiments, we assume n ≈3, and hence, we set
A(t, ζ )= 1.

An advanced full d-scan retrieval [52] variant was implemented,
which retrieves both the full electric field of the pulse, Ẽ (ω), and
the unknown response function, R(ω), without input of the laser
spectrum from another measurement nor intensity calibration
of the measured TH signal. The spectrum and spectral phase are
therefore retrieved from the d-scan trace alone, in a fully in situ
manner. The traces were interpolated onto a 128× 512 matrix
(insertion × wavelength), and the phase was parameterized using
all 512 wavelength points as free variables. The retrievals took a few
seconds on a standard laptop computer.

The retrieved d-scan trace is in good agreement with the mea-
sured trace (d-scan retrieval error [4] of 0.4%). Figure 2(d) shows
the retrieved laser pulse spectrum and spectral phase. The pulse
profile and temporal phase are shown in Fig. 2(e). Also shown in
these figures is the pulse reconstruction from the SEA-F-SPIDER
diagnostic, which measured the pulse before the vacuum chamber.
The agreement is excellent, considering that the measurements
were performed using two very different techniques, based on
different-order nonlinearities, and in very different nonlinear
media (in situ THG in a gas-jet for THIS:d-scan versus ex situ
SFG in a nonlinear crystal for SEA-F-SPIDER). All peaks in the
spectrum are closely matched, and the widths of the temporal
profile are the same (4.0± 0.1 fs for d-scan and 3.90± 0.06 fs
for SPIDER) within the experimental uncertainty. Even the small
pre- and post-pulses on the temporal profile (all below 4% of the
main peak) are matching in both reconstructions. The spectral
phase measured by THIS:d-scan is significantly smoother than
that measured by SEA-F-SPIDER, but it shows the same general
behavior.

A single THIS:d-scan measurement contains all possible pulse
shapes achievable with the compressor over the measurement
scan range [4], which presents an important practical and tech-
nical advantage. Measurements of HHG (or other strong-field
processes) performed for any position of the compressor can be
perfectly matched up with the corresponding shape and phase of
the driving laser pulse directly on target and without the need for
additional measurements. In the present experiments, this allowed
us to confirm that the maximum HHG yield occurs for the wedge
insertion that indeed gives the shortest and more intense pulse
on target—defined as the “zero” glass insertion in Figs. 2(b) and
2(c)—but this capability is also particularly relevant for coher-
ent control of HHG and other strong-field processes employing
shaped (e.g., chirped [53,54]) laser pulses.

We note that the low retrieval error and the excellent agreement
between THIS:d-scan and SEA-F-SPIDER measurements provide
further evidence for a perturbative cubic dependence of the TH
on the laser field, even in a situation where laser intensities are
clearly in the non-perturbative regime and can excite strong-field
processes such as HHG.

We then changed from Ar to Ne in the gas target and repeated
the measurement. The Ne pressure was≈300 mbar, and the laser
pulse energy increased to 0.26 mJ, resulting in an estimated on-
target peak intensity of 4× 1014 Wcm−2, again consistent with
the≈100 eV cutoff energy in the Ne HHG spectrum, as shown in
Fig. 3(a).

Figures 3(b) and 3(c) show the measured and retrieved d-scan
traces using THG in Ne. The retrieval (512× 512 matrix; d-scan
error of 0.5%) is not as a good as in Ar. This is due to a significantly
lower TH signal in Ne compared to Ar (χ3(Ne)≈χ3(Ar)/13
[55]), which reduced the signal-to-noise ratio (SNR) of the
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Fig. 3. Data obtained with Ne as the HHG nonlinear medium.
(a) HHG spectrum, (b) measured TH d-scan trace, (c) retrieved d-scan
trace, (d) reconstructed spectrum and spectral phase with comparison to
the SEA-F-SPIDER measurement, (e) reconstructed pulse profile and
temporal phase with comparison to the SEA-F-SPIDER measurement.

measurement. The comparison between the THIS:d-scan and
SEA-F-SPIDER pulse reconstructions is shown in Figs. 3(e) and
3(f ). Despite the poorer d-scan retrieval, the laser spectrum is
reasonably well reconstructed, with the largest difference between
the SEA-F-SPIDER spectrum at the blue end. While it is most
likely that this is a SNR issue, it is possible that the difference is
a consequence of some slight spectral reshaping of the pulse in
the gas target [56] (see later for further discussion). As with Ar,
the THIS:d-scan phase appears to be a smoothed version of the
SEA-F-SPIDER’s. The pulse profiles are still extremely similar and
have the same width (4.0± 0.1 fs for d-scan and 3.90± 0.06 fs for
SPIDER) within the experimental uncertainty, with similar small
satellite pulses in both measurements. The observed smoothing in
the spectral phase is likely due to the stronger intensity dependence
of third-order processes compared to second-order ones, which
makes weak pulses that are temporally well-separated from the
main peak (i.e, those due to rapid phase oscillations) harder to
detect. This results in d-scan traces that appear less structured than
their second-order counterparts for the same dynamic range in
signal intensity [32], but still enable accurate pulse measurements
down to a single cycle [32,57].

4. PERSPECTIVES

Most HHG experiments are carried out under conditions of
low ionization and low-target density [58–60]. This is because
high levels of ionization lead to a reduction in the efficiency
due to ground-state depletion and degraded phase-matching
owing to the high dispersion of free electrons. The latter effect
is compounded by increasing gas density. Typically for HHG,
η p L <≈5 mbar.mm, where η is the fraction of atoms ionized,
p is the gas target pressure, and L is its length. For example,
in this work, L ≈1 mm, p < 300 mbar, I0 ≈2× 1014, and
4× 1014 Wcm−2 for Ar and Ne, respectively. For these intensities,

η, which we calculated using laser-tunneling ionization rates
[61], is <1% for both gases, and hence η p L < 3 mbar.mm.
Under these conditions, distortion of the laser pulse due to
propagation through the gas target is negligible. This can be
appreciated by considering the group-delay dispersion (GDD)
of the partially ionized gas target, which at λ≈800 nm is given
by GDDtarget ≈−η(p/mbar)(L/mm)× 0.02 fs2. This formula
is based on the dispersion of the free electrons, which is more
than an order of magnitude greater than neutral gas dispersion
for η'1%. For our parameters, GDDtarget <−0.06 fs2, which
is the equivalent to ≈1.5 µm of fused silica and causes negligible
pulse broadening to a 4 fs pulse. This explains the close agreement
between the THIS:d-scan pulse measurement and the ex situ
SEA-F-SPIDER measurement.

However, there is growing interest [62–64] in HHG beyond
the conventional weak-plasma limit. Recently, an order-of-
magnitude increase in harmonic flux in the water-window
(285–540 eV range) was demonstrated by pushing the experi-
mental parameters beyond this limit [62]. This was achieved by
using a very high pressure gas target, with p ≈10 bar, and employ-
ing a higher-than-usual laser intensity (>2× 1015 Wcm−2 in
Ne), which although clamped to a somewhat lower level lead to
an ionization fraction approaching 10%. For these parameter
values, η p L ≈103 mbar.mm, almost three orders of magnitude
higher than the value attained in the present work. Simulations in
[62] revealed a strong reshaping of the laser pulse as it propagated
through the gas target and showed that this reshaping was key to the
increased harmonic efficiency and extended cutoff. Although we
could not access this regime in the present work due to limitations
of our gas target density, we expect that for such situations, where
η p L� 10 mbar.mm, THIS:d-scan can provide evidence that
pulse reshaping is taking place, since effects such as dispersive pulse
broadening should result in stretched traces along the dispersion
axis and longer retrieved pulses compared to the low-dispersion
regime, as demonstrated for the third-order d-scan using thick
crystals [57]. Exact quantification of the reshaping in this regime
will require adapting the algorithm to include pulse propagation
within the target [57]. The ability to make such a measurement is
important to validate simulations and to enable the optimization
of experimental conditions in this strong-plasma regime, e.g., to
maximize the harmonic flux at very high photon energy.

The THIS:d-scan technique can be extended to experiments
involving longer pulses, such as those produced directly by chirped
pulse amplification (CPA) systems. In these cases, the compressor
within the laser system itself (or any suitable pulse compressor)
can be varied to provide the required scan for the on-target mea-
surement [65,66], without the need for additional elements or
pulse compressors. Knowledge of the nominal dispersion of the
compressor is not necessary in principle, since the d-scan algorithm
can also retrieve it, as demonstrated for SH d-scan with <30 fs
pulses [66].

In the particular case of ultra-high intensity CPA lasers in the
multi-TW to PW range, the TH emission accompanying strong-
plasma processes in solid targets can exhibit a well-behaved and
approximately linear dependence on the incident laser intensity
over a very broad intensity range, from 1016 Wcm−2 to at least
1021 Wcm−2 [35]. Imaging at the TH generated and reflected by
the solid target provides a nearly noise-free window on the inter-
action, allowing accurate in situ measurement of the spatial energy
distribution in the focal spot at full laser power, as demonstrated
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Fig. 4. Illustration of THIS:d-scan measurement in the relativistic
regime (linear scaling of the TH signal with laser intensity, as expected
for pulse peak intensities from 1018 to 1021 Wcm−2). (a) Simulated TH
d-scan trace, (b) retrieved d-scan trace, (c) reconstructed spectrum and
spectral phase with comparison to the reference pulse, (e) reconstructed
pulse profile and temporal phase with comparison to the reference pulse.

for a PW-level, 500 fs laser [35], and very recently for a multi-
TW, <35 fs laser [36]. The characteristics of this TH emission
appear highly favorable for the in situ temporal measurement of
the ultra-intense driving laser pulses with THIS:d-scan, provided
the appropriate scaling of the TH signal with laser intensity is built
into the retrieval.

To illustrate the potential applicability of THIS:d-scan in
this regime, we simulated a measurement and full retrieval of a
few-cycle pulse with a peak intensity anywhere between 1018 to
1021 Wcm−2, using n = 1 (linear scaling) in the amplitude factor
of Eq. (2), which gives |ENL| ∝ |E (t, ζ )|, hence reproducing the
TH behavior observed at relativistic intensities. For the simula-
tions, we used a 200× 1000 matrix (insertion× wavelength) and
assumed BK7 glass wedges. The results are summarized in Fig. 4.
We see that the linear scaling of the TH results in extended traces
along the dispersion axis [Fig. 4(a)] compared to the simple cubic
TH case [Figs. 2(a) and 3(a)], since in this regime, the total TH
energy is independent of the laser pulse chirp over the whole scan
range of the wedges (±4 mm around the maximum compression
point). Nevertheless, the d-scan trace still encodes amplitude and
phase information and can be fully retrieved [Fig. 4(b)]. The d-scan
error was 0.1% (limited by numerical noise), and the pulse was
retrieved without any ambiguities, as shown in Figs. 4(c) and 4(d).

In these extreme conditions, the target roughness can induce
scattering of the TH emission [35], adding an incoherent com-
ponent to the measured d-scan trace, but this type of process can
be modelled and incorporated in the d-scan retrieval to accurately
extract the laser pulse alone [67]. In gas targets, THIS:d-scan
should enable the in situ measurement of relativistic driving laser
pulses, including the few-cycle pulses used for laser wakefield
electron acceleration at kHz repetition rates [13]. The emer-
gence of a new generation of ultra-high power laser facilities
around the world, with unprecedentedly high repetition rates
and pulse stability parameters comparable to those of tabletop
systems [68], enables the practical implementation of measure-
ments and techniques that rely on a set of identical pulses, such as
THIS:d-scan.

5. CONCLUSIONS

We have proposed and demonstrated a new technique, THIS:
d-scan, based on a TH d-scan for the in situ, full characterization
of ultrashort laser pulses. We demonstrated the technique by
characterizing few-cycle pulses at their full power during HHG
and validated our measurements using an independent pulse
diagnostic. The technique could equally well be applied to other
intense laser–matter interaction experiments requiring ultrashort
laser pulses. The setup for THIS:d-scan can be easily added to
an existing beamline at relatively low cost and provides a pulse
characterization at the location of the sample, thus eliminating
the need for the error-prone process of attempting to equalize
optical path lengths, which is necessary with ex situ measurements.
Furthermore, it provides an accurate measurement of the pulse
directly on target, including any linear or nonlinear phase acquired
within the beamline and possibly the target itself. For HHG in
the conventional weak-plasma regime, we have shown that THIS:
d-scan gives excellent agreement with an ex situ measurement made
by a SEA-F-SPIDER diagnostic. The retrieved pulse durations
are the same within the experimental uncertainty, and matching
small features in the spectrum and pulse profile are seen in both
measurements. The fact that the TH emission, unlike the SH
emission, occurs in gases, solids, and plasmas over a broad range of
target densities, pulse durations and laser intensities extending well
into the relativistic regime, makes THIS:d-scan a very promising
technique for the in situ temporal characterization of ultrashort
laser pulses during strong-field laser–matter interaction at the
extreme conditions presently attainable with ultra-high power
lasers.
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