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Abstract: Simultaneous spatial and temporal focusing pulses are created 

using parametric pulse shaping and characterized with scanning SEA 

TADPOLE. Multiple foci are created with optically-controlled longitudal 

and transverse spatial positions. The characterized foci are in agreement 

with the predictions of a Fourier optics model. The measurements reveal 

significant pulse front tilt resulting from the simultaneous spatial and 

temporal focusing optics. 
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1. Introduction 

Acquiring a high resolution image in the shortest amount of time is desirable for many 

applications including whole cell analysis, materials characterization, optical sectioning, and 

tomography. In addition to increasing the raster scan rate and signal to noise level, this can be 

accomplished by multiplexing multiple foci [1–7]. The latter represents a challenging task 

and is an active area of current research. For example, multiple transverse foci can be 

generated using a microarray lens [1] or by generating multiple beam positions on an output 

coupler in a Ti:Sapphire oscillator cavity [7]. Two longitudinal foci have been generated 

using a Michelson interferometer with one arm containing a deformable mirror to modify the 

beam divergence [2]. After recombination and passage through a microscope objective, two 

different focal lengths are produced. We report here a new method to produce multiple 

longitudinal and transverse foci with tunable separation by combining laser pulse shaping 

with spatial temporal focusing. 

Spatio-temporal pulse shaping was first demonstrated with real space and wavevector 

shaping in a BBO crystal [8]. An input pulse was modulated using a two-dimensional liquid 

crystal array to produce an electric field with a spatially variable spectral phase [8, 9]. Spatio-

temporal focusing of a femtosecond laser pulses was then developed in two groups to provide 

scanningless depth-resolved images of biological and material samples by imaging two-

photon laser induced fluorescence with a CCD camera [4, 10]. Spatio-temporal focusing or 

simultaneous spatial and temporal focusing (SSTF) occurs when the bandwidth of a spatially 

chirped beam is combined through the process of focusing to create a transform-limited pulse 

at the focal position as shown in Fig. 1. The optics required to create spatio-temporal focusing 

consist of a diffraction grating, a collimating lens, and a focusing lens, see Fig. 2. The 

combination of a diffraction grating and collimating lens serves to 
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Fig. 1. Relation between position in the spatial focus and pulse duration. The three colors 

represent different spectral components of a spatially and temporally chirped beam. 

spatially separate the frequency components (in a spectrometer configuration). This 

necessarily increases the pulse duration for any given spatial area of the beam. The spatially 

and temporally chirped pulse is then focused by an objective lens, and as the pulse propagates 

to the focus the spatial and temporal chirp is subtracted at a rate proportional to the curvature 

of the objective lens. The temporal focus forms at the spatial focus (assuming a transform-

limited input pulse) when the spatially separated frequency components are recombined at the 

focus of the objective lens. This increases the bandwidth of the pulse, resulting in temporal 

compression. 

With SSTF, two photon excitation is highly dependent on the longitudinal position in the 

focusing beam, essentially occurring at the focal plane. This is due to the temporal 

compression occurring as the pulse approaches the spatial focus, with subsequent stretching 

after the focus. This effect was confirmed by measuring the cross-correlation through the 

SSTF focus [11, 12]. A 4-f pulse shaper was then used to longitudinally translate the spatial 

position of the temporal focus [13]. Longitudinal spatial control of a dark temporal focus was 

demonstrated by adding together second order spectral phase with a π step (centered on the 

fundamental two-photon absorption frequency). Simultaneous spatial and temporal focusing 

pulses have also been used to spatially discriminate weak and strong field quantum processes 

[14]. In such experiments it was shown that as the intensity of the pulse is increased, effects 

such as power broadening and Stark shifting break the spatial symmetry of the two-photon 

laser induced fluorescence in atomic cesium and rubidium. These experiments demonstrate 

that SSTF is much more versatile and can be used for other applications besides imaging. 

The excitation of multiple imaging regions has been reported, using wavefront beam 

shaping of a femtosecond laser pulse with a liquid crystal spatial light modulator followed by 

a spatio-temporal focusing [5, 15]. Spatially shaping the input beam creates an intensity 

pattern that is imaged at the focal plane of an objective lens. By positioning a sample of 

interest in this region, multiple sections of excitation for multiphoton imaging can be 

produced. Combining spatial shaping and temporal focusing generates depth-resolved images 

of samples of interest. 

In this work, we report that pulse shaping with carefully programmed waveforms in the 

temporal domain can be directly mapped to spatial position within the focus of an imaging 

system. Second order spectral phases can move the position of single foci in the SSTF 

imaging setup. Moreover, we report that this concept can be scaled up to a train of pulses with 

varying amounts of second order phase and relative delays predetermined by the user. We 

show that each pulse in the pulse train can have differing amounts of second order phase 

which permits the user to specify where that pulse is to compress within the focus of the 

objective lens. These conditions generate multiple longitudinal foci in the focus of the 

objective lens. We demonstrate that the linear phase, determining the pulses temporal delay, 
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Fig. 2. Experimental multifoci setup with elements described as follows: G1 1200 grooves/mm 

diffraction grating, CL Cylindrical Lens (f=15cm), SL1 Spherical Lens (f=5cm), SL2 Spherical 

Lens (f=10cm), TS X/Z scanning translation stage. Single mode optical fibers (core diameter = 

5.6µm) are used in SEA TADPOLE and a linear translation stage is adjusted the proper 

temporal overlap between reference and shaped pulses. 

also separates the pulses laterally in the focus of the objective lens. Therefore the amount of 

linear phase of a pulse is directly mapped to transverse position of the focusing pulses of the 

objective lens. We confirm theoretically that linear phase ramps applied by the pulse shaper 

translate the focal spot laterally in the focus of the objective lens. The driving pulses are 

designed using a parametric pulse-shaping algorithm combined with the standard 1 

dimensional 256-element pixilated liquid crystal modulator. The evolution of the spatio-

temporal intensities along the focusing beam path are characterized using scanning SEA 

TADPOLE measurements [16–18]. This characterization reveals several new features 

including pulse front tilt and the ability to control both longitudinal and lateral focal spot 

position. This feature opens the possibility for multiplexed multiphoton microscopy studies 

and scanning a sample in two dimensions without any moving parts. 

2. Experimental setup 

The optical system for generating and characterizing multiple temporal foci is illustrated in 

Fig. 2. The laser source was an 86MHz Ti:Sapphire femtosecond oscillator producing pulses 

with approximately 20nm FWHM of bandwidth centered at 800nm and ~5nJ energy per 

pulse. The laser beam is first collimated by a telescope to ~2mm 1/e spot size. Next, a small 

portion of the beam is split off as a reference beam for the SEA TADPOLE detection, 

whereas the main part is directed to the pulse shaper. The shaper is an all reflective folded 

design (symbolically depicted in Fig. 2 as standard transmissive 4-f setup) including 1200 

l/mm gold coated grating followed by 200 mm focusing element and CRI (Cambridge 

Research Instruments) SLM-2 X 128 modulator in the Fourier plane. The modulator is a 128 

pixel device with phase and amplitude shaping capability, 97µm pixel size, and 3µm 

interpixel gap. Given the ~2mm spot size on the grating the single frequency component focal 

spot size at the Fourier plane is on the order of ~100µm which is the size of a single pixel. 

Theory [19] predicts that pixilation effects and side pulses should be diminished for our 

optical setup. Replica pulses are present in our experiments, as they are difficult to completely 

remove, and have an intensity of <10% of the main temporal features maximum intensity. 
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The SSTF apparatus consists of a 1200 l/mm grating followed by a 15cm focal length 

cylindrical lens and 5cm focal length spherical lens. In the present experiment the pulse 

shaping and spatio-temporal focusing are separated for two reasons. The shaper is well-

calibrated for obtaining the required high quality pulse shapes. Separation of shaping stage 

from spatio-temporal focusing also allows for manipulation of the frequency spread in the 

SSTF Fourier plane by changing either the cylindrical lens or SSTF grating. 

Parametric pulse shaping is used to calculate a user-specified pulse shape in the spectral 

domain, for application to the spatial light modulator [20–24]. SEA TADPOLE is employed 

to characterize the parametric pulse shapes. The SEA TADPOLE system was operated in 

scanning mode with the input fiber tip placed on a computer-controlled stage scanning in a 

direction transverse to the laser pulse propagation direction. For each longitudinal position of 

the scanning fiber tip, zero delay was reset with the reference pulse. The temporal field was 

recorded at each transverse position and compiled to generate a plot of temporal delay versus 

transverse position. This procedure was performed for each longitudinal position in the 

objective lens focal volume. 

3. Data and Analysis 

The lateral and longitudinal electric field characterization of the spatially and temporally 

focusing pulse is displayed in Fig. 3 for the case of flat phase and amplitude on the pulse 

shaper. The visualization of the following SSTF experiments is presented in series of five 

panels for longitudinal positions (z coordinate) of −1mm −0.5mm, 0mm, 0.5mm, and 1mm 

with respect to the focus. The negative values correspond to longitudinal positions that occur 

before the focus. Each panel is a 2-dimensional representation of the temporal evolution of 

the electric field as a function of transverse position across the beam (x coordinate). At the 

longitudal position 1 mm before the optical focus, panel a, the pulse duration is approximately 

1 ps and has considerable pulse front tilt. The pulse front tilt is illustrated by the fact that the 

left side (x = −0.2mm) of the pulse arrives at the −1mm plane approximately 5ps before the 

right side (x = 0.2mm). A pulse front with no tilt would be represented by a vertical intensity 

distribution at time zero with the thickness of the line representing the pulse duration. At 

−0.5mm before the temporal focus, panel b, the pulse duration is 500fs with no apparent 

change in pulse front tilt. At the approximate temporal focus, panel c, the pulse duration 

converges to 100fs and the pulse front tilt remains. Beyond the temporal focus, the pulse 

duration increases again as seen in panels d and e. 

Pulse front tilt is defined as the difference in the arrival time to a spatial plane orthogonal 

to the propagation direction. In the apparatus employed here, the angular dispersion 

introduced by the diffraction grating together with the finite incident beam diameter results in 

differing path lengths in the transverse direction. The telescope in the SSTF optics later 

magnifies the pulse front tilt. The magnitude of the pulse front tilt is a function of the 

incidence angle and the spot size on the grating, grating density and the telescope parameters 

[25–27]. The spatio-temporal measurements in Fig. 3 provide a clear indication that there is a 

linear relationship between the pulse arrival as a function of transverse position in the beam. 

The measurements in Fig. 3 reveal that the temporal width decreases as the pulse 

propagates to the temporal focus and then increases thereafter. This process is a consequence 

of the spatially dependent spectral overlap of each dispersed frequency component depicted in 

Fig. 1, and the spectral phase evolution along the beam propagation axis. The later is due to 

coupling of the spectral phase with the wavefront at the Fourier plane of the SSTF setup. The 

objective lens modifies the pulse wavefront, creating a parabolic curvature, which 
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Fig. 3. Measurement of S.S.T.F. without pulse shaping. a) z=f-1mm b) z=f-0.5mm c) z=f d) 

z=f+0.5mm e) z=f+1mm, where f is a focal length. 

subsequently yields an overall quadratic spectral phase and lengthens the pulse duration. 

During the propagation to the focal plane, the wavefront curvature approaches zero, 

resultingin maximal compression of the pulse. After the temporal focus the process is 

reversed, the second order phase changes sign and the duration of the pulse increases again 

(inset in Fig. 1). 

Using the parametric shaping algorithm, two pulses can be produced with a well-defined 

temporal delay. Two temporally separated pulses traversing through the SSTF optics and 

focusing though the objective lens would result in two pulses that temporally compress and 

stretch equally through all spatial coordinates. With parametric shaping the pulses 
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Fig. 4. Spectral and temporal profile designed and applied by the shaping algorithm. Two pulse 

separated by 1400fs with flat phases. 

 

Fig. 5. Measured evolution of the temporal intensity of the two pulse structure from Fig. 4. 

shaping. a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal 

length. 
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can be temporally and spatially decoupled at the temporal focus. Scanning SEA TADPOLE 

measurements can be used to reveal the spatio-temporal electric field evolution of the SSTF 

pulse. The calculated spectral and temporal phase and amplitude mask for the multiple foci 

pulse is shown in Fig. 4. Figure 4a shows the characteristic π step spectral phase pattern 

resultingfrom the superposition of two phase ramps. The spectral intensity profile is the 

interference pattern of two pulses. The temporal intensity profile shown in Fig. 4 b consists of 

two sub-pulses with an interpulse delay of 1.4 ps, with flat temporal phase for both pulses. 

The SEA TADPOLE measurements of the evolution of the spatio-temporal electric field for 

this pulse shape in the vicinity of the focus are shown in Fig. 5. Figure 5a clearly shows that 

there are two pulse fronts as expected from the predicted parametric pulse shapes displayed in 

Fig. 4. The 1.4 ps delay between the two pulses is also manifested in the separation of the 

pulses along the x-axis transverse to the propagation direction. The physical separation of the 

pulse fronts is a result of the linear spectral phase term applied to each sub pulse. The linear 

spectral phase, defining the temporal delay between the two pulses adds to the parabolic 

phase from the spherical lens. The result is a shift in the focus of the delayed pulse along the 

x-axis for each plot in Fig. 5. This would be equivalent to translating the lens in the x 

direction in Fig. 1. One conclusion from this experiment is that spectral phase manipulation 

will allow for both depth and lateral scanning of the sample with no moving parts. In addition, 

when using the pulse shaper, pulse structures can be generated with individual and 

independent phase characteristics for each sub pulse resulting in the ability to manipulate 

each sub pulse’s spatio-temporal position independently. Figure 5 demonstrates the ability to 

focus two pulses to the same longitudinal position. 

The effects of the spectral phase and amplitude masks on the spatio-temporal electric field 

propagating to the temporal focus can be understood using Fourier optics [28]. We build on 

the mathematical description of the SSTF pulse propagation as set forth previously [10–12] 

The laser field at the Fourier plane of the objective lens can be represented by: 

 ( )( )
2 2

2

0 0 2 2

( )
( , ) exp exp exp ,

x
A x A i

s

ω α ω
ω δ ω β ω

   ∆ − ∆
∆ = − − − ∆ + ∆   

Ω   
  (1) 

where A0 is a normalization constant, ∆ω=ω0-ω is the relative frequency, Ω (2ln2)
1/2

 is the 

FWHM of the bandwidth of the pulse, s(2ln2)
1/2

 is a transverse beam FWHM for a given 

frequency ∆ω, α∆ω describes the shift from the optical axis of the lens of the frequency 

component ∆ω, δ describes the linear phase and β describes the second order phase. The 

linear phase term has not been considered in previous Fourier description of the SSTF field. 

Propagation of the pulse and Fourier transforming the result to the temporal domain leads to a 

description of the intensity of the field in the form of I(x,z,(t-δ)) as a function of spatial 

coordinates x, z, and time. It is important to note that the linear phase term δ is only coupled 

to time and there are no mixed terms of linear phase with transverse position, thus the linear 

phase influence is limited to shifting the pulse in time. 

The function for I(x,z,(t-δ)) correctly describes spatio-temporal position for the 

longitudinal focus via dispersion control through the quadratic phase parameter β [12]. 

However, this expression implies that the transverse spatial coordinate cannot be changed 

because δ is not coupled to the x (transverse) dimension. To illustrate the longitudinal and 

transverse position of maximum spatial intensity distribution we consider the case of two-

photon excitation (TPE). The TPE probability is given by: 

 
2

( , ) ( ( , , ( )))TPE x I x t dtδ
+∞

−∞

= −∫z z  (2) 

Due to coupling of the linear phase term only with temporal coordinate, the TPE spatial 

distribution will not change as a function of delta. This implies that the assumptions used in 
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previous treatments [10–12] for SSTF used in Eq. (1) are insufficient to model transverse 

motion 

 

Fig. 6. Simulation of spatio-spectral distribution (top row) and spatio-temporal pulse structure 

(bottom row) at the wave front modulation on beam corresponding to (a and b) no phase ramp, 

(c and d) phase ramp corresponding to delay 1.5ps (c and d), and −1.5ps (e and f). 

of the focus with linear phase ramp, as seen in Fig. 6. The coupling between δ and x can be 

modeled mathematically using wavefront modulation (φ(x)=δx x +βx x
2
) in the Fourier plane 

of the SSTF setup instead of spectral phase modulation (φ(ω)=δω ∆ω +βx ∆ω
2
). In fact, pulse 

shaping is achieved by control of the spatial phase which, due to the separation of spectral 

components in the Fourier plane, translates into spectral phase control [29]. Our model 

assumes that the Fourier plane of the pulse shaping system is imaged in the Fourier plane of 

the SSTF setup by the intervening optics (cylindrical lens, grating pair, and cylindrical lens). 

Thus, the wavefront modulation in the Fourier plane of the shaper is translated into the 

Fourier plane of the SSTF setup. Application of Fourier optics [10,28,29] to the SSTF setup 

with a wavefront modulation leads to the calculated spatio-spectral and spatio-temporal 

distributions shown in Fig. 6. The spatio-spectral and spatio-temporal profiles were calculated 

for phase ramps corresponding to an unshaped pulse advanced by 1.5 ps and delayed by 1.5 

ps. The spectral and temporal distributions for an unshaped pulse are centered at x=0 

coordinate whereas application of the phase ramp shifts the center of the beam down 

(negative x coordinate) for a positive 1.5ps phase ramp and up (positive x coordinate) for a 

negative 1.5ps phase ramp. Replacing the spectral phase term with a spatial phase term in the 

Fourier plane of the SSTF results in correct prediction of the shifting of the beam in 

transverse direction, as observed in Fig. 5. This is in addition to shifting the spatio-temporal 

focus by tuning the second order phase β parameter (not shown). The SSTF optical 

arrangement, in combination with parametric laser pulse shaping, should be useful for 

discrimination of features transverse to the beam path. Interestingly, this effect is observed for 

a double pulse structure when an opposite sign phase ramp are superimposed to create the 

desired temporal profile. Thus, the simulation results qualitatively agree with all aspects of 

the experimental data including the pulse front tilt. 

In addition to the transverse shift, both pulses shown in Fig. 5 a-e experience the influence 

of compression up to the temporal focus in a manner similar to the single pulse experiment 

presented in Fig. 3. Both pulses have a temporal duration of approximately 300 fs at a 

position 1 mm before the focus, they both compress to a duration of 100 fs at the focus 
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Fig. 7. Theoretical a) spectral phase and intensity and b) temporal phase (+/− 7000fs2) and 

temporal intensity shape. 

 

Fig. 8. Measured evolution of the temporal intensity of the two pulse structure from Fig. 6. 

shaping. a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal 

length. 
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and then disperse to a duration of 1 ps, 1 mm after the focus. The small ghost pulse observed 

at time zero in Fig. 5 a-e could result from incomplete modulation of the phase and 

transmission in the pulse shaper and transmission through interpixel gaps. In panels a and e of 

Fig. 5, the center ghost pulse interferes with the two main pulse fronts, resulting in 

interference along the pulse fronts. 

Figure 5 also shows some asymmetry in the temporal pulse compression and stretching. 

The asymmetry is due to slight mis-alignment between the position of the temporal focus and 

the position of the measurements. The temporal focus was determined by locating the most 

intense portion of the focus with CCD camera in the SEA TADPOLE while scanning the z 

translation stage. This method determines the position of the spatial focus and since the pulse 

that enters the SSTF setup contains some GVD, the spatial and temporal foci do not precisely 

overlap, causing the asymmetry in the temporal compression and stretching of the pulse 

around z=0. 

Recent experiments have shown [6] that achieving a high degree of depth resolution in 

microscopy experiments enhances the investigation of biological samples. Multiple foci have 

been shown to improve such imaging capabilities [1,30]. We next demonstrate that multiple 

longitudinal foci can be generated in the SSTF apparatus by combining parametric pulse 

shaping with SSTF through independent manipulation of the second order phase in each pulse 

comprising the pulse train. To demonstrate dual longitudinal temporal foci in a single laser 

beam, we designed two pulses with second order spectral phases of equal magnitude but 

opposite sign. Each pulse, with a different second order phase profile, compresses at a 

different spatial coordinate, and thus two spatio-temporal foci are produced at different 

longitudinal positions. The theoretical pulse shape designed for dual foci is illustrated in Fig. 

7. This particular pulse shape was chosen to create the same temporal separation as in Fig. 5 

(1.4ps), with the addition of quadratic phases with opposite signs. The resulting evolution of 

the spatio-temporal profile was measured using SEA TADPOLE is shown in Fig. 8. The 

measurement demonstrates that the different phases applied to each sub-pulse results in 

temporal compression at specific longitudinal positions during propagation through the focus. 

In Fig. 8a, the pulse to the left (centered at x = −0.1 mm at 0 fs) is compressed and 

subsequently stretches in the remaining panels. The pulse to the right (centered at x = 0.0mm 

at 0fs) compresses to the shortest duration in panel c and then stretches. The longitudinal 

distance between the pulses can then be controlled by changing the second order phase. 

We next consider the formation of three foci from one beam. Such a pulse might be useful 

for spatio-temporal sensing. To accomplish this, we construct three sub-pulses having 

negative, zero, and positive second order quadratic temporal phase, respectively. The 

parametrically designed pulse is illustrated in Fig. 9. The calculated spectral amplitude and 

phase to produce the necessary temporal features is shown in Fig. 9a. The temporal domain 

picture reveals that there are three pulses, as illustrated in Fig. 9b. The delay sequence is 

−700fs, 0fs, and 700fs. The pulses at −700 and 700fs are specified in the parametric program 

with positive and negative second order phases. The spatio-temporal characterization of the 

triple foci experiment using SEA TADPOLE is shown in Fig. 10. 

Figure 10a reveals that the duration of pulse 1 is compressed to approximately 100fs while 

the second and third pulses have much longer duration. Furthermore, the temporal focus for 

pulse 1 occurs at the shortest longitudinal position in the geometric focus. In Fig. 10b, pulse 2 

has the shortest duration, while pulse 1 is temporally stretching and pulse 3 is in the process 

of temporal compression, but is not fully compressed. Panel d in Fig. 10 shows that pulse 3 is 

temporally compressed while pulses 1 and 2 are temporally expanding. The last panel shows 

that all pulses have moved passed their respective spatial temporal foci, all pulse fronts have 

increased FWHM from their shortest value from preceding panels. In addition to the three 

pulses focusing at different spatial positions along the axis of propagation (z axis of 
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Fig. 9. a) Theoretical spectral phase, intensity and b) temporal phase and intensities. The pulses 

at (+/−) 700fs have an applied second order chirp of (+/− 7000fs2) and the pulse at 0fs has no 

applied chirp. 

 

Fig. 10. Measured evolution of the temporal intensity of the two pulse structure from Fig. 9. 

shaping. a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal 

length. 
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Fig. 2), the linear phase applied to delay the pulses in time also separates the pulse fronts 

along the transverse, x axis. Once again, the longitudinal distance between the pulses can be 

increased or decreased by manipulating the second order phase. 

Interference effects are observed in Figs. 10a, d, and e wherever the pulse fronts 

temporally overlap. The user-defined temporal phases of the individual sub pulses lead to 

defined spatio-temporal interference patterns, with regions of constructive and destructive 

interference. 

The extent to which to spatio-temporal control can shift the longitudal or transverse 

position of a foci depends on the ability to produce steep phase functions. The difference 

between two neighboring pixels should not exceed value at which phase wrapping occurs (in 

our case 4π) due to pixelization. Therefore, there is a maximum lateral and consequently a 

longitudinal separation that can be achieved with this setup, as quadratic phase profiles will 

be limited by the same reasons. 

Another limitation of this technique is the focal spot resolution. Traditional confocal 

microscopy has the advantage of spatial resolution in the lateral direction of the focusing 

beam, as the tighter foci produce spot sizes typically around 20-100nm. With SSTF 

longitudinal resolution will be orders of magnitude larger because lateral resolution is lost in 

the wide field technique due to the spatially and spectrally dispersed. However, SSTF benefits 

in the longitudinal dimension as the temporal compression leads to a thin circular slice 

through the sample in this dimension. 

A spatio-temporal pulse shape which generates 2-3 SSTF foci will permit imaging at 

different focal planes along the longitudinal focal coordinate. In addition images from 

laterally displaced focal planes can be obtained with the use of linear phase ramps. The image 

would be acquired without the use of moving parts, which may enhance the resolution offered 

by SSTF by reducing the mechanical noise. Multiple foci will also simultaneously produce 

images from different longitudinal and lateral focal planes. 

Our technique offers two dimensional scanning capabilities by combining a one 

dimensional liquid crystal array standard pulse shaping with and SSTF optics. The scanning 

domain could be easily extended to three dimensions using a two dimensional liquid crystal 

modulator in our pulse shaper. This setup would be comparable to the three dimensional 

scanning offered by a series of acousto-optic deflectors [6] with the additional benefit of 

spatio-temporal focusing for multiphoton microscopy. 

4. Conclusion 

These experiments, based on the of the initial studies by Durst et al. [10–12], demonstrate that 

complex spectral phase and amplitude profiles yields control over the number of foci and the 

respective transverse and longitudinal positions. The spatio-temporal focusing of a 

femtosecond pulse has been completely characterized using scanning spectral interferometry. 

Multiple foci were produced in the transverse and longitudinal directions with respect to the 

propagation of a single laser beam. The absolute positions of the foci can be controlled using 

parametric pulse shaping. Multiple temporal foci produced through parametric pulse shaping 

provide longitudinal and transverse scanning capabilities without the need for mechanical 

motion. 
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