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Abstract: When ultrashort pulses propagate through a disordered medium, scattering occurs
and the intensity of the ballistic component decreases drastically. This limits the applicability of
time-resolved nonlinear optical spectroscopy and microscopy. The wavefront shaping technique
makes it possible to focus light through the scattering medium; however, complete time-reversal
of the ultrashort pulses (as short as 10 fs) is still a very challenging problem. This is due to the
in-depth characterization and precise control needed for such pulses in the time domain in order
to compress down the Fourier-transform limit. In this work, we develop new spatiotemporal
wavefront shaping techniques to focus ultrashort pulses at the target position through a thin
scattering medium. Compared to other studies, one significant advantage of this method is that
most of the characterization of the spectrally-resolved transmission matrix and temporal profile
of the ultrashort pulses can be done using single-beam geometry. An interferometer with external
reference is necessary to measure the difference of the phase profile between the focused and
reference pulses. Furthermore, the number of controllable phase components in the spectral
domain is not limited by the spectral correlations of the speckle patterns because we used a pulse
shaper in the time domain to optimize the temporal properties of the ultrashort focused pulse.
Our new method provides increased flexibility and precise control for manipulating extremely
ultrashort pulses through thin scattering media in order to achieve time-reversal focusing at the
target position.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrashort pulses, as short as tens of femtoseconds, have become routinely available owing to
the rapid development of solid-state laser and pulse characterization technologies [1–5]. When
using such ultrashort pulses for experiments, dispersion of the optics in the measurement systems
must always be characterized and compensated [1–5]. So far, ultrashort pulses are mainly
applied in studies of optically homogeneous systems wherein scattering is not so large as to
disturb ultrashort pulse propagation. Generally, when coherent light propagates in a scattering
medium, the scattered light forms a destructive interference pattern known as “speckle”. This
limits the applicability of time-resolved nonlinear optical spectroscopy and microscopy [6–8].
Time-reversal focusing of nearly transform-limited pulse through the scattering media is a very
challenging subject because detailed characterization and precise control of both amplitude
and phase of the scattered pulse in time domain is very difficult to do in this situation, but
quite important to compress and optimize such a pulse. It should be noted that intensity-only
measurement of the nonlinear optical signal is not enough to quantify the temporal properties of
the ultrashort pulse [5,9]. Recent advances of wavefront shaping techniques have made it possible
to focus monochromatic light through scattering media [10–13]. Such techniques have also been
applied in broadband light studies, particularly, ultrashort laser pulses [14–20]. Seminal work by
Katz et al. demonstrated that one can optimize both spatial and temporal distortions of ultrashort
pulses through scattering media by only shaping the light in the spatial domain [14]. It was
demonstrated that the combination of wavefront shaping in the spatial region with the time-gated
reference pulse can be used to optimize the pulse width at the focus spot [15–18]. Gigan et al.
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developed the multispectral transmission matrix (TM) method to control scattered light both
spatially and temporally [19,20].

During the propagation of an ultrashort pulse through multiple scattering media, spread of the
photon distribution takes place at the exit of the media. This leads to broadening of the ultrashort
laser pulses. Owing to the spatiotemporal coupling of the speckle pattern, one can optimize
the pulse width of the output field through the scattering medium using wavefront shaping in
the spatial domain. The number of independent phase components in the spectral domain are
determined by spectral correlations of the speckle patterns [19,21]. When we consider the
contribution of group velocity dispersion in a thin scattering medium, as well as transmission-type
optics, wavefront shaping in the spatial domain is insufficient to optimize the temporal property of
an ultrashort pulse with a width on the order of 10 fs. This is because the number of independent
phase components becomes smaller in a thin scattering medium and the phase of such a pulse
depends strongly on the wavelength in a broader spectral region. Furthermore, a few scattering
events in thin media are sufficient to significantly distort the temporal profile of the ultrashort
pulse, as shown below.

In this work, we develop spatiotemporal wavefront shaping and pulse shaping techniques to
control the amplitude and phase of extremely ultrashort pulses through a thin scattering medium.
To achieve the best performance for ultrashort pulses, it is important to control spectral phase
distortions caused by transmission of the dispersive media. A major advantage of our proposed
method is that one can characterize spectrally-resolved TM and temporal profile of ultrashort
pulses through scattering media using single-beam geometry in most part of the measurements.
For spectral interferometry, we have to use the interferometer with the external reference, but the
measurement can be done within a short period of time compared with other ones [22]. As a
result, we have high flexibility and reliability in terms of characterization as well as fine control
of ultrashort pulses through the scattering medium. We use a paraffin film (Parafilm) as the
model system of the thin scattering medium. In the optically thinner media, the scattering mean
free path is shorter than the thickness of the sample, but the transport mean free path is longer
than the thickness. This means that most of the incident light is scattered, and it propagates in
the forward direction, which is the case in biological tissues. Therefore, it is very important to
develop the method of the spatiotemporal control of ultrashort pulses in such a situation. By
using both wavefront shaping and pulse shaper simultaneously, we can control the spatial and
temporal properties of ultrashort pulses through a scattering medium to focus it at the target
position in a time-reversed manner.

2. Results

2.1. Spectrally resolved TM measurement of ultrashort pulses

Experimental setup for the spatiotemporal wavefront and pulse shaping technique is shown in
Fig. 1(a) and the detail is described in Supplement 1. Figures 1(b) and 1(c) display the spectral
and temporal characteristics of the input pulse used for spatiotemporal pulse shaping. The
center of the ultrashort pulse spectrum is located at 610 nm, and the bandwidth is about 50 nm.
We performed phase measurement and optimization of the ultrashort pulses using the MIIPS
(Multiphoton Intrapulse Interference Phase Scan) method [23,24]. In MIIPS measurements, we
applied a reference phase function to the phase shaper to cancel the unknow phase profile of the
ultrashort pulse. We measured the spectrum of the second-harmonic generation (SHG). When the
phase profile of SHG spectrum is expressed by a Taylor expansion and neglect the higher-order
terms, SHG spectrum takes a maximum value when the sum of the second-order derivatives of
the unknown and reference phase profiles is equal to zero. By iterating the MIIPS measurements,
we can obtain the phase profile of the unknown ultrashort pulse in a single-beam geometry
[23,24]. The temporal width of the ultrashort pulse was 14 fs. A part of the pulse was used as
an external reference pulse only for the spectral interferometry measurement. The optimized

https://doi.org/10.6084/m9.figshare.19076309
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ultrashort pulse propagates through a paraffin film. To characterize the scattering process of the
paraffin film, we used a spectrally resolved TM, T(λ). In contrast to the previous work, we used
the broadband pulse as an input light and the spectrum of the output through the pinhole (diameter
of 25 µm) is measured by a spectrometer [19]. This means that the transmitted pulse and the
copropagating reference pulse are speckled light fields and the temporal width is stretched by the
scattering process and by the dispersion of the transmission-type optics. The external reference
pulse was blocked for this measurement, which is different from multispectral or time-gated TM
measurements using an external reference light that is closed to transform-limited pulses [15–18].
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Fig. 1. (a) Schematic diagram of the experimental setup. The ultrashort pulses are split into
two after the pulse shaper in the time domain. One pulse is used for wavefront and pulse
shaping, and the other is used as an external reference. The SLM display consists of phase
modulation and internal reference parts. (b) Spectrum (blue) and phase profile (green) of the
ultrashort input pulse after optimization using the MIIPS method. (c) Temporal (red) and
phase (purple) profiles of the ultrashort input pulse after optimization of the MIIPS method.

The results of the spectrally resolved TM are shown in Fig. 2. Figure 2(a) shows a phase
map of the TM with respect to the wavelength and Hadamard base sets, whereas the Fig. 2(b)
shows slices of the TM at three different Hadamard bases. As discussed in the Supplement 1, the
spectrally resolved TM is given by the product of the phase modulated field and static reference
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Fig. 2. (a) Phase map of the spectrally resolved TM with respect to the Hadamard base. (b)
Phase profile of the spectrally resolved TM at Hadamard basis Nos. 250 (blue), 500 (green),
and 750 (red).
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field:
Tmeas

i (λ) = ti (λ)Aref (λ) = |ti (λ)| ei(ϕTM
i (λ)−ϕref (λ))Aref (λ) (1)

where i stands for the i-th segment of the SLM, ti(λ) is the i-th element of the TM, and Aref (λ)
is the amplitude of the copropagating reference field. In Eq. (1), φi

TM(λk) and φref (λk) are the
phases of the i-the elements of the TM and static reference fields, respectively. Therefore, the
phase profile of the spectrally resolved TM using internal reference speckle fields corresponds
to the difference between the phase modulation and the reference parts which is not equal
to the phase modulation part itself. To measure this phase difference, we used the four-step
phase-shifting method. This means that we change the phase of the reference part of SLM for 0,
π/2, π and 3π/2 to remove the phase-independent terms in Eq. (1) [11].

2.2. Focusing ultrashort pulses at the target position using the spectrally integrated
TM

To maximize the transmitted intensity through the pinhole, we calculate the phase conjugation of
the spectrally resolved TM and take a summation over a certain wavelength range as follows:

S†i =
λk=λf∑︂
λk=λi

Tmeas
i (λk)

†

=

λk=λf∑︂
λk=λi

|ti(λk)|e−i(ϕTM
i (λk)−ϕ

ref (λk))Aref (λk) (2)

Here, we refer to the matrix in Eq. (2) as the spectrally integrated TM rather than the
“broadband” TM. In previous studies of wavefront shaping using broadband TM, a total intensity
in the entire wavelength region was measured without resolving each spectral component using a
monochromator [25]. In the spectrally integrated TM, summation is made at the wavelength
range from λi to λf . In the current setup, we can only modulate the phase, not the amplitude, in
SLM. By applying the phase distribution ofΦi

+ to the SLM, we can focus the input pulse at a
specific target position (see Supplement 1).

Φi = arg(S†i ) =
λk=λf∑︂
λk=λi

{φTM
i (λk) − φ

ref (λk)} (3)

Figure 3 displays the results of an unoptimized speckle pattern and optimized spatially focused
spot using phase-conjugated TMs as well as spectra transmitted through the pinhole. In the case
of the unoptimized speckle pattern, the size of the speckle depends on the position. At the center
of the image, the speckle size is small. Moving from the center to the edge, the speckle size
becomes larger. When the scattered pulse is focused by a lens, the overlap of different spectral
components depends on the distance from the optical axis at the focal plane, i.e., the overlap
becomes smaller from the center to the edge that leads to blurring of the speckle patterns [26].
Details of the contrast change of the speckle patterns are shown in Fig. S4. For the optimized
spatially focused spot, the summation of the phase components of TM includes all wavelength
regions. The size of the focused spot is determined by the diameter of the pinhole. Measurements
and results of speckle correlations with respect to the wavelength are discussed in the Supplement
1 [21]. The spectral width of the correlation is about 4 nm (See Fig. S2). It should be noted that
we follow the definition of the spectral correlation width as described in Ref. 20. By analyzing
the size of the speckles, we found that the full width at half maximum of the spot size is 17 µm,
which is larger than that of the speckles (7–8 µm; see the Supplement 1) [10]. This leads to a
smaller enhancement factor of the peak intensity versus the background.

Figure 4 displays the spectra of the transmitted pulses through the pinhole before and after
taking the phase conjugation of the TM and displaying it to the SLM. As shown in Fig. 4, the
spectral shape of the output pulse and enhancement factor depends on the predefined wavelength

https://doi.org/10.6084/m9.figshare.19076309
https://doi.org/10.6084/m9.figshare.19076309
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(a) (b)

Fig. 3. (a) Unoptimized speckle pattern of the ultrashort pulse after passing through the
paraffin film. Maximum intensity is scaled to 255. Scale bar is 100 µm. (b) Optimized
spatially focused spot using the phase conjugation of the spectrally integrated TM for the
entire wavelength region. Scale bar is 100 µm. Maximum intensity is scaled to 255.

region due to the spectral correlation of the scattered fields. Very interestingly, the observed
spectra using the spectrally integrated TM at the limited wavelength range shows an enhancement,
even outside the wavelength region where the spectral correlation of the speckle pattern is low.
In the case of thick scattering media, the spectral width of the focused pulse is correlated to
the spectral correlation width of the speckle pattern [19,20]. This is in sharp contrast with our
results. Rather, the spectrally integrated TM at the limited wavelength range resembles the
results obtained by “broadband” TM in a thin scattering medium where the spectral range of the
refocusing capability is broader than the spectral correlation of the speckle patterns [27]. Below,
we explain the origin of the enhancement of spectrally-integrated TM in a broader wavelength
region compared to the spectral correlation of the speckle patterns.

 

(a) (b)

Fig. 4. (a) Spectra of ultrashort pulses transmitted through the pinhole. The black line is
the unoptimized spectrum. The purple line corresponds to the optimized spectrum using the
phase conjugation of the spectrally integrated TM for the entire wavelength region. Spectral
intensity is normalized by the optimized spectrum. (b) Spectra of ultrashort pulses using
the phase conjugation of the spectrally integrated TM at 550–570 nm (blue), 590–610 nm
(green), and 630–650 nm (red) regions.

To understand the properties of the TM, we calculated the spectral cross correlation of the TM,
as shown in Fig. 5. The correlation width of the spectrally resolved TM is around 8 nm, which is
twice as broad as that of the speckle patterns. In contrast to multiple scattering media where the
sample thickness is longer than the transport mean free path, in the current situation, the spectral
range of intensity enhancement is expected to be larger than the spectral width of the speckle
correlations because of the large spectral correlation of the TM. As we expect, the spectrally
integrated TM has very broad correlation with the TM at each wavelength because of the in-phase
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nature of each spectral component, as shown in Fig. 5(b). Figure 5(c) displays the results of
the cross correlation of the spectrally integrated TM in the predefined region. The spectral
correlation is similar to the band shape of focused pulses using the spectrally integrated TM in
the predefined region. Even though the scattering process and dispersion effect of transparent
materials distort the temporal profiles of the ultrashort pulses, the broadened pulse is still on
the order of 100 fs. Therefore, interference takes place in the limited time range because the
coherence of the pulse exists on a very short time scale [27]. In the common path geometry, both
the pulse widths of the phase modulation and the internal reference parts are similar. When the
internal reference light preserves the ultrashort-pulse nature to some extent even under the strong
scattering condition, it acts as an intrinsic time-gated pulse to detect the third and fourth terms
of Eq. (1). That is why the cross-correlation of the spectrally-resolved TM has broader width
compared to the spectral correlation of the speckle pattern.

 

(a) (b) (c)

Fig. 5. (a) Cross-correlation function of spectrally resolved TMs. Correlation was calculated
between spectrally-resolved TM at 600 nm and at each different wavelength. (b) Cross-
correlation function between spectrally-resolved TM at each different wavelength and
spectrally-integrated TM for the entire wavelength range. (c) Cross-correlation function
between spectrally-resolved TM at each different wavelength and the spectrally-integrated
TM at a predefined region. Blue, green, and red lines correspond to 550–570, 590–610, and
630–650 nm, respectively.

2.3. Characterization and optimization of the temporal profile of an ultrashort pulse
focused at the target position

In contrast to multispectral TM measurements with an external reference pulse, the current
reference pulse is not a transform-limited pulse, which means that the phase is not constant
with respect to wavelength. Therefore, we have to measure the wavelength dependence of the
phase of the transmitted pulses through the paraffin film to characterize their temporal profiles.
To do this, we use spectral interferometry with an external reference pulse whose properties
have already been characterized by MIIPS measurements [23,24]. Measurement of very weak
ultrashort laser pulses were demonstrated by combining spectral interferometry and FROG. This
is called TADPOLE (temporal analysis by dispersing a pair of light E-fields) [28]. From the
spectral interferometry measurement, we can obtain information on the relative phase between
unknown and reference pulses within a short period of time.

Figure 6 displays spectra and phase profile results of the transmitted pulses before and after
optimization of wavefront shaping in the spatial domain. The wavelength dependence of the
phase has a nearly parabolic structure with small bumps that corresponds to the contribution
of group velocity dispersion from the glass substrate and liquid crystal layer in the SLM and
paraffin films, which leads to broadening and significant distortion of the output pulses in the
time domain. When we calculate the phase profile of the output pulse in the time domain passing
through the thin scattering media, we added the residual phase profile of the input pulse measured
by MIIPS. Furthermore, the phase profile of the output field has small wiggles and bumps that
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induce complex temporal profiles in the output pulses. We can consider that the group velocity
dispersion and a few scattering events inside the thin film are the main factors for determining the
temporal width of the output field because the thickness of the medium (paraffin film) is longer
than the scattering mean free path but shorter than the transport mean free path. Similar to the
results before wavefront shaping, the wavelength dependence of the phase has a parabolic shape,
which leads to the broadening and significant distortion of the output pulses in time domain. This
means that TM measurement with the internal reference pulse does not allow us to optimize the
temporal width of the ultrashort pulses.

 

(a) (b)

(c) (d)

Fig. 6. (a) Spectrum (blue) and phase profile (green) of an ultrashort pulse before
optimization. Phase profile is measured by spectral interferometry. (b) Temporal (red) and
phase (purple) profiles of the unoptimized ultrashort pulse. (c) Optimized spectrum (blue)
and phase profile (green) of an ultrashort pulse using the phase-conjugated TM for the entire
wavelength region. (d) Temporal (red) and phase (purple) profiles of the optimized ultrashort
pulse.

Once we know the phase profile of the output field with respect to the external reference pulse,
we can compensate it by flipping the sign and encoding it in the pulse shaper, as shown in the
Supplement 1. It should be noted that it is not necessary to know the phase profile of the internal
reference for pulse compression. To check the accuracy on the applied phase profile, we use
MIIPS to retrieve the inverted phase and compare it with the phase difference between the output
and external reference fields [24]. In the phase retrieval of the MIIPS technique, one has to
assume that the phase profile is a continuous function with respect to the frequency. In our case,
multiple pulses were observed due to scattering inside the medium. This means that phase profile
has a sharp change with respect to the frequency and it is not easy to obtain fast convergence of
phase retrieval. Therefore, we first fit the phase profile to a polynomial function and applied it to
the pulse shaper, as shown in the Supplement 1. We set the order of a polynomial function to 20.
Keep in mind that the order number does not have any physical meaning. We simply express the
experimentally obtained phase profile by smooth and continuous function with small deviations.
Figure 7 displays the results of the retrieval of the applied phase.

https://doi.org/10.6084/m9.figshare.19076309
https://doi.org/10.6084/m9.figshare.19076309
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(a) (b)

(c)

Fig. 7. (a) Phase profile of the ultrashort pulse using the phase-conjugated TM at the entire
wavelength region (blue line, same as that in Fig. 6). The green line corresponds to the
inverted pulse retrieved using the MIIPS measurement. (b) Spectrum of the ultrashort pulse
using the phase-conjugated TM at the entire wavelength region (blue line). A smoothed
function of the inverted phase profile is applied to the pulse shaper. The red line is the phase
profile difference between the two data shown in (a). (c) Temporal (red) and phase (purple)
profiles of the ultrashort pulse using the phase-conjugated TM. A delay time of 7 fs was
added to shift the peak position to zero.

If the phase retrieval is accurate, one expects the inverted phase obtained by spectral interfer-
ometry to be equal to that applied to the pulse shaper. As shown in Fig. 7(b), the calculated phase
profile has a rather linear slope. This leads to the uncertainty of the time delay, i.e., a delay time
of 7 fs. As discussed in the Supplement 1, the linear term of the phase component corresponds
to the time delay of the ultrashort pulse, which does not affect the second harmonic generation
spectra in MIIPS measurements. Furthermore, we have some uncertainty in the value of delay
time, T, in spectral interferometry. Therefore, we simply shifted the peak position of the pulse
to time zero. By applying the inverted phase profile, we measured the spectrum and calculated
the temporal profile of the focused output field from the results of MIIPS measurement phase
retrieval. The pulse width of the focused spot is around 14 fs, which is similar to the external
reference field. In this case, we added a delay time of 7 fs to shift the peak position to zero.
Because of the residual small and sharp change in the phase profile, we observed small bumps
in the temporal profile of the focused pulse. The intensity of the satellite structure depends on
the phase structure of the focused output pulse. However, this intensity becomes much smaller
than that without applying the inverted phase profile because we can compensate most of the
contribution of the group velocity dispersion of the transmission optics as well as the scattering
process from the paraffin film.

3. Discussion

In previous studies using a multispectral TM in thick scattering medium, temporal broadening
of ultrashort pulses is characterized by the residing time of the pulse, δt, inside the scattering
media [19,25]. By Fourier transforming to the frequency domain, we can define the spectral
correlation width of the pulse, δω, which is given by the inverse of δt. Since δt is longer than
the temporal width of the ultrashort pulses due to multiple scatterings inside the medium, δω
becomes narrower than the bandwidth of the pulses. The scattering process depends on the

https://doi.org/10.6084/m9.figshare.19076309


Research Article Vol. 30, No. 4 / 14 Feb 2022 / Optics Express 5494

wavelength of light such that different spectral components of the incident light produce different
speckle patterns. This is why one can use the spectral dependence of the speckle pattern to
optimize the temporal characteristics of the ultrashort pulses using wavefront shaping only in the
spatial domain [19,20].

The number of independent degrees of freedom in the spectral components is given by N =
∆ω/δω, where ∆ω corresponds to the spectral width of the ultrashort pulse [19,25]. In this case,
one assumes implicitly that the temporal profile of the pulse is bandwidth-limited, i.e., Fourier
transform-limited, and that the spectral phase is flat within the spectral correlation width. This
means that the phase profile is a discrete quantity. One can control the spectral phase of ultrashort
pulses propagating through the scattering media wherein the number of controllable spectral
phases is equal to N. This assumption works well under the situation that multiple scatterings
take place inside the thick scattering medium and the transport mean free path is longer than
the medium thickness. In the other words, the properties of the scattering medium itself limits
the number of independent phase components in the frequency domain. When N is small, this
approximation does not express the quasi-continuous phase variation of the ultrashort pulses well.
In the paraffin film, N is about twelve in the current setup from the measurement of the spectral
correlation of the speckle patterns, as described in the Supplement 1. More importantly, in the
current situation, the correlation width of the spectrally resolved TM determines the number of
spectral phase components, rather than the spectral correlation of the speckle patterns. Therefore,
it is difficult to compensate the phase profile of the current broad spectrum only based on the
multispectral TM in the spatial region because the scattering properties in the thin medium are
very different from those in a thick medium. In the thin scattering media, the number of the
independent phase components in the spectral domain becomes smaller compared to the thick
scattering media as described before.

One may think that we can do exactly the same thing with time-gated detection of the TM,
using transform-limited pulses as an external reference field [15–18]. However, to fully control
the temporal profile of ultrashort pulses, a set of time-gated TM measurements are necessary at
different time delays [15–18]. In this case, the number of time-gated TMs at different time delays
limit the resolution of the temporal control of focused ultrashort pulses transmitted through
a scattering medium. On the other hand, once we quantify the spectrally resolved TM of the
scattering medium using the current method, we can manipulate the amplitude and phase profile
of the output field by independently changing amplitude and phase modulations of the pulse
shaper in the time domain. For example, by using the spectrally integrated TM at the wavelength
range from 590 to 610 nm, we can focus ultrashort pulses at the target position. By quantifying
the phase profile of this focus pulse, we can compress the pulse width to 16 fs, as shown in the
Supplement 1.

There are still a couple of issues that need to be improved for future application of our method.
In the current setup, we can focus ultrashort pulses at a specific target spot, which is determined
by the position of the pinhole. For thin scattering media, we expect to have a large angular
memory effect. We consider that this will help scan the focus spot within a certain spatial range
by applying a linear phase ramp in the SLM. To focus ultrashort pulses at an arbitrary position
or multiple spots, TM measurements using a hyperspectral imaging technique are necessary to
characterize both the spatial and spectrally resolved TM, as demonstrated by Boniface et al. [20].
The other drawback of the current method is that the reference field also propagates the scattering
medium, which results in an inhomogeneous distribution of the amplitude of the reference field.
Very recently, Hofer and Brasselet proposed a method to compensate inhomogeneous distribution
of the internal reference field from a thin scattering medium using the angular memory effect
[29]. By using this method, one can achieve a uniform sensitivity of the TM in terms of the target
positions.

https://doi.org/10.6084/m9.figshare.19076309
https://doi.org/10.6084/m9.figshare.19076309
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Finally, we briefly comment on the spatiotemporal control of a tunable continuous-wave light
propagating in disordered media such as multimode fiber with the external reference light [30–32].
We can perform similar approach by using pulse shaper in time domain as a tunable narrowband
filter in frequency domain. Different from a swept laser source, the intensity of narrowband
pulse becomes lower and more averaging of the signal is necessary when one wants to obtain the
same quality of the data. Even though the measurement time of the spectrally-resolved TM is
going to be long, we will be able to characterize the TM in multiple positions simultaneously by
a camera without using the spectrometer. Paudel et al. demonstrated to focus the broadband
superluminescent diode light through the scattering media by optimizing the spectrally integrated
intensity with the nonlinearity parameter. They found that sub-linear value of the nonlinearity
parameter leads to the increase of the spectral bandwidth. We can apply it to control the spectral
bandwidth of the ultrashort pulses focused at the target position [33]. McCabe et al. demonstrated
that the temporal profile of the output speckle passing through a thick scattering medium can
be recompressed using a pulse shaper in the time domain. In that method, one cannot expect
the enhancement of the linear intensity at the target position because one can change only the
temporal profile of the ultrashort pulse, not the time-integrated intensity [34,35]. Recently,
Buchau et al. demonstrated the correction of the wavefront distortion and enhancement of the
fluorescence signals in a two-photon microscope with spatial and temporal pulse shapers [36].
However, the sample was a dye solution with a cover glass so that only small correction of the
wavefront is necessary to optimize the signals. They used the SLM simply as an adaptive optics
which is totally different from the wavefront shaping in the current study.

One may think the application of the current method to thick scattering media. By using
spectrally integrated TM or broadband TM methods, we can focus ultrashort pulses to the
target position. Owing to the copropagating geometry of the TM measurement with the internal
reference pulse, the temporal profile of the pulse becomes longer and has multiple peaks because
of interference of the pulses with different time delays [25]. By using the pulse shaper in the
time domain, we can compensate the complex phase profile to compress the temporal width
of the pulse. One of the major differences between thin and thick scattering media is that we
expect to observe a complex interference pattern in the spectrum in the frequency domain when
an ultrashort pulse passes through thick scattering media [25]. This means that the compressed
ultrashort pulse has many satellite peaks in the time domain when we only apply phase modulation
to the pulse shaper [34]. When we use both amplitude and phase modulation in the pulse shaper,
we can manipulate the amplitude profile to obtain a smoother spectral shape. This will help
decrease the intensity of the satellite peaks. This is different from the situation when one only
uses the multispectral TM method to focus ultrashort pulses at the target position and to optimize
the temporal profile of such pulses [19].

In summary, we have demonstrated that spectrally resolved TM with an internal speckled
reference and the spectral interferometry with the external reference can be applied to focus
ultrashort pulses at the target position through a thin scattering medium. Even if the phase
profile of the internal reference field is unknown, we can characterize the phase profile of the
focused field using spectral interferometry with the external reference pulse. We have found
that a positive chirp in transmission-type optics and a small number of scattering events in thin
films lead to significant distortion of the temporal profile of ultrashort pulses. By combining the
spectrally integrated TM measurement with a pulse shaper in the time domain, we can optimize
the temporal width of the output field by flipping the sign of the obtained phase profile and
focus the ultrashort pulses at the target position in a time-reversed manner. This will open the
possibility to use ultrashort 10-fs pulses in a variety of spectroscopic methods, even in strongly
scattering conditions. In particular, any signals based on nonlinear optical process are sensitive
to the pulse width such that optimization of the amplitude and phase profile of the ultrashort
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pulses drastically changes the quality of the signals and image contrast on a very fast time scale
in nonlinear optical spectroscopy and microscopy [6–8].
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