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Abstract 

Femtosecond time-resolved pump-probe optical Kerr gating (OKG) measurements, 

have many advantages, such as high time resolution (~100 fs), high signal-to-noise 

ratio, and without the need for phase matching. Therefore, they have been widely used 

in various areas, such as measurements of third-order nonlinear optical properties, 

ultrafast fluorescence spectroscopy, ballistic imaging, etc. Femtosecond time-resolved 

optical polarigraphy technique (FTOP), based on OKG, can be used to directly 

observe the instantaneous intensity distributions of ultra-short pulses propagating in 

transparent mediums with two-dimensional spatial distribution. However, the 

traditional pump-probe technique is not suitable for monitoring irreversible process 

owning to sample depletion, product accumulation or pulse fluctuation. Therefore, it 

is necessary to develop single-shot pump-probe techniques, which can also be used 

for single-shot imaging of ultrashort pulses propagation. 

 

In this thesis, two ultrafast time-resolved single-shot imaging techniques of 

femtosecond pulse propagating in transparent media have been investigated, one 
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based on supercontinuum probing, and the other by introducing an echelon into the 

probe path. The influence of response time of optical Kerr media on imaging has been 

investigated. Based on nonlinear ellipse rotation, we proposed an OKG measurement 

using an elliptically polarized probe beam, in which OKG signal is independent on the 

pump polarization. In addition, the pump power dependence of the spatial gating 

properties of femtosecond OKG was investigated. The main creative and innovative 

research results are listed as follows 

 

1. We investigated the ultrafast time-resolved single-shot imaging of femtosecond 

pulse propagation using a supercontinuum and FTOP in transparent liquids. The 

supercontinuum probe senses the instantaneous birefringence induced by the laser 

pulse, and a FTOP image with different color distributions could be obtained. By 

comparing the wavelength distributions and the saturation variation of the images, the 

recorded FTOP images in two samples with different response time were analyzed. In 

the fast response sample, N-methyl-2-pyrrolidone (NMP), the spectral widths and the 

saturation values of the FTOP image at fixed positions were narrower and higher than 

those in CS2. Due to the slow response of CS2, the probe light sensed a long-lived 

birefringence and the FTOP image contained more wavelength components at every 

position along the pump pulse propagation direction. 

 

2. We have demonstrated high-frame-rate observations of a single femtosecond laser 

pulse propagating intransparent medium using the FTOP technique and an echelon. 

The echelon produced a spatially encoded time delay for the probe pulse to capture 

directly four successive images of an intense propagating pulse with picosecond time 



Femtosecond Time-Resolved Single-Shot Optical Kerr Effect Measurements 

    3   

 

interval and femtosecond time resolution. Using this method, we observed the 

propagation process of a single femtosecond laser pulse in fused silica with 280 fs 

time resolution and 1.05 THz frame rate. The influence of pulse-energy fluctuation on 

the spatial and temporal distribution of the single laser pulse was visualized using the 

single-shot measurements. 

 

3. The pump power dependence of the spatial gating properties of femtosecond OKG 

was investigated using coaxial two-color optical Kerr measurements in CS2. As the 

pump power increased, the spatial pattern of the optical Kerr signals changed from a 

Gaussian spot to a ring form, and then a spot surrounded by a concentric ring, 

successively. By comparing the experimental data with the calculation results and 

measuring the pump power dependence of the OKG signal intensity, we demonstrated 

that the spatial variation of OKG transmittance could be attributed to the non-uniform 

spatially distributed phase change of the probe beam, due to the transient 

birefringence effect induced by pump beam with transverse mode of a Gaussian 

distribution. 

 

4. Based on light-induced polarization ellipse rotation effect, we proposed an ultrafast 

OKG in which an elliptically polarized probe beam was used by introducing a pair of 

crossed quarter-wave plates before and after the Kerr medium in a conventional OKG 

arrangement. When the probe beam passed through the Kerr medium, a rotation of the 

polarization ellipse of the probe beam would occur due to the transient birefringence 

induced by the pump beam, and parts of the probe beam would pass through the OKG. 

Theoretical calculations and experimental results indicated that the OKG signal 
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intensity would reach an optimum value and be pump-polarization independent when 

the probe beam were circularly polarized. 

 

KEY WORDS: Femtosecond laser, Optical Kerr gate, Single-shot measurements 

TYPE OF DISSERTATION: Application Fundamentals
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Chapter 1 

Introduction 

Chapter 1 Introduction 

 

1.1  Motivation 

About ultrafast time-resolved measurements, for different time resolution, there are 

different methods. Multiple physical processes, especially micro-phenomenon, occur 

at picosecond to femtosecond scale, such as chemical bond breaking and combining, 

intramolecular energy transfer, carrier dynamics, etc. To study such ultrafast processes, 

picosecond to femtosecond time resolution is needed. Electronic detectors, however, 

the resolution of which is about millisecond to nanosecond, can not achieve this goal. 

The advent of ultrafast laser makes it possible to use light sources instead of 

electronic detectors to measure the ultrafast processes. And compared with the 

electronic detector, the optical measurements with ultrafast laser pulse are more 

effective, with lower noise, and the time resolution is determined by the laser pulse 

duration. During the femtosecond range, the most useful method is pump-probe 

spectroscopy.  

The OKG measurement, one of pump-probe spectroscopy, has been developed 

about half a century since it was first proposed in 1969 [1]. For the last few decades, 
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femtosecond OKG technique has been developed as one of the most effective methods 

for ultrafast phenomenon detection. This technique could provide an ultrafast 

measurement of high time resolution (~100 fs), high signal-to-noise ratio, and without 

the need for phase matching. Hence, it has has been widely used in various ultrafast 

measurements, such as measurement of the third-order nonlinear response of all kinds 

of materials [2-4], ultrafast fluorescence spectroscopy [6-8], ballistic optical imaging 

[9-12], simultaneous three-dimensional (3-D) imaging [13-15], etc.  

Femtosecond laser pulse [16-18] as the light source has two features: ultrashort 

laser pulse duration and ultrahigh peak power. First its pulse duration is about 

femtosecond, so is can realise femtosecond time resolution; second its peak power can 

reach terawatt, so it is suitable for exciting sample. With this two features, 

femtosecond laser pulses are widely used in transient spectroscopy [19-21], 

micro-imaging [22,23], terahertz imaging and spectroscopy [24-27], micromachining 

[28,29], etc. The advent of femtosecond laser necessitates the research of the 

propagation characteristic of ultrashort and intense laser pulses, which involves 

various self-modulating nonlinear effects [30,31]. And the propagation mode of laser 

filamentation has aroused a great interest due to its numerous potential applications, 

such as white light contiuum light detection and ranging techniques [32-34], 

atmospheric application [35-37], lightning proctection [38-40], generation of terahertz 

radiation [41], etc. In the past few years, various methods have been developed to 

research the propagation behaviors of intense laser pulses in transparent media, like 

holography, shadow-imaging, three-dimensional imaging etc [42-46]. FTOP, one of 

OKG measurements, is a direct method for observing the pulse propagation of a 

focused femtosecond laser [47-49]. However, the traditional FTOP method can hardly 
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obtain the whole map of a single pulse’s propagation instantaneously, as amount of 

snapshot images are needed to be stacked to display the whole image. Because these 

images are taken using a serial of independent pulses, it cannot fulfill the single-shot 

measurements of the spatial propagation distribution of an intense light pulse, while 

single-shot technique is especially important for the research of irreversible effect of 

the intense pulse with the propagation medium. Therefore, it is necessary to develop 

single-shot pump-probe techniques, which can also be used for single-shot imaging of 

ultrashort pulses propagation. 

1.2  Objectives 

The purpose of this thesis is to investigate the single-shot imaging of a femtosecond 

laser pulse propagation in transparent media by OKG measurements, and develop the 

OKG measurements. The research topics in this thesis are: 

 Development of an ultrafast time-resolved single-shot imaging of 

femtosecond pulse propagation in transparent liquids using a 

supercontinuum and FTOP: Combining the technique of FTOP with a 

suppercontiuum, a single-shot imaging of a femtosecong pulse propagation in 

transparent media is realized. The influence of response time in different 

propagation media is studied. 

 Demonstration of high-frame-rate observations of a single femtosecond 

laser pulse propagating in transparent medium using an echelon and 

FTOP: The echelon is produced with a spatially encoded time delay for the 

probe pulse to capture directly four successive images of an intense 

propagating pulse with picosecond time interval and femtosecond time 
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resolution. Using this method, the propagation process of a single 

femtosecond laser pulse in fused silica is observed. The influence of 

pulse-energy fluctuation on the spatial and temporal distribution of the single 

laser pulse is analyzed. 

 Investigation of the pump power dependence of the spatial gating 

properties of femtosecond OKG: The spatial pattern of the OKG signals 

changed as the pump power increased is observed. Theoritical calculation 

results is obtained, and compared with the experimental data. The reason of 

spatial variation of OKG transmittance with the increase of the pump power is 

demonstrated. 

 Development of an ultrafast OKG based on light-induced polarization 

ellipse rotation effect: Introducing a pair of crossed quarter-wave plates 

before and after the Kerr medium in a conventional OKG arrangement, an 

OKG using elliptically polarized probe beam is proposed and realized. The 

OKG signal intensity would reach an optimum value and be 

pump-polarization independent when the probe beam were circularly 

polarized is demonstrated by both theoretical calculations and experimental 

results.  

1.3  Thesis Outline 

Following the motivation and objectives presented in Chapter 1 , Chapter 2 reviews 

the literature on single-shot pump-probe spectroscopy, and introduces the principle of 

OKG. Chapter 3 presents the ultrafast time-resolved single-shot imaging of 

femtosecond pulse propagation in transparent liquids using a supercontinuum and 
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FTOP. Chapter 4 demonstrates the high-frame-rate observations of a single 

femtosecond laser pulse propagating in transparent medium using an echelon and 

FTOP. In chapter 5 the pump power dependence of the spatial gating properties of 

femtosecond OKG is investigated. In chapter 6, the ultrafast OKG based on 

light-induced polarization ellipse rotation effect is illuminated. In Chapter 7, a 

summary of the research contributions of this thesis and suggestions for future 

research is provided. 
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Chapter 2 

An Introduction to Single-Shot Pump-Probe 

Spectroscopy and OKG Measurements 

Chapter 2 An Introduction to Single-Shot Pump-Probe Spectroscopy and OKG 

Measurements 

 

2.1  Single-Shot Pump-Probe Spectroscopy 

2.1.1 Pump-Probe Spectroscopy 

In the pump-probe spectroscopy (Figure 2-1), the output femtosecond laser pulse is 

split into a intense pump and a weak probe beams. The intense pump beam is used to 

excite the sample, and the probe beam is used to probe, which is collected by a 

detector after passing through the sample. The delay line is used to adjust the optical 

path difference between the pump and probe beams, that is, to adjust the delay time 

between the pump and probe beams. The pump beam would induce some changes in 

the sample. Hence, the probe beam passing through the sample would sense the 

changes, and then its intensity may be enhanced or attenuated, or its polarization state 

may be changed, or be diffracted, etc. By adjusting the delay line to record the 

information of probe beam at different fixed delay time, the dynamics processes of the 
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exciting sample can be obtained.  

There are various kinds of pump-probe spectroscopy based on different transient 

physical effects, including absorption [50-52], flurescence [53,54], four-wave-mixing 

[55,56], polarization rotation [57,58], etc. Here, the pump-probe spectroscopy we 

focus on is OKG based on optical Kerr effect (polarization rotation), which will be 

introduced in detail in section 2.2. 

 

Figure 2-1: Schematic of pump-probe spectroscopy. The output femtosecond laser pulse is split 

into a intense pump and a weak probe beams. The intense pump beam is used to excite the sample, 

and the probe beam is used to probe, which is collected by a detector after passing through the 

sample. The delay line is used to adjust the optical path difference between the pump and probe. 

In the traditional pump-probe spectroscopy, the transient information of the 

probe beam at a fixed delay time is obtained by adjusting the delay line at a fixed 

place. Here the output femtosecond laser pulses have to be supposed to be identical 

and induce identical physical processes in the sample, cause the transient information 

of different delay time is actually induced by different femtosecond laser pulse. 

However, to some of irreversible light-induced proccesses (such as organic crystalline 

reaction dynamics, light-induced breakdown), sample depletion, product 

accumulation and pulse fluctuation have greatly restricted the range of environments 
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amenable to study. To overcome this difficulty, single-shot pump-probe spectorscopy, 

monitoring the reaction in a single laser shot, is imperative. 

 

Figure 2-2: (a) Experimental setup of single-shot pump-probe spectorscopy using a cylindrical 

lens to focus the pump and probe beams into the sample with different delay time and frequency at 

different focus place, here the probe is normal incidence and the pump is oblique incidence; (b) an 

experimental single-shot trace [59] 

Femtosecond time-resolved single-shot pump-probe spectroscopy can realize 

real-time measurements of ultrafast photochemical reaction, avoiding the influence of 

environment variation, sample depletion, product accumulation and pulse fluctuation 

on the traditional pump-probe measurements. A simple single-shot pump-probe 

measurement is using a cylindrical lens to focus the pump and probe beams into the 

sample (nonlinear-optical medium) with different delay time and frequency at 

different focus place, see Figure 2-2(a), here the probe is normal incidence and the 

pump is oblique incidence [59]. In the sample, in a direction parallel to the axis of the 

cylindrical lens, the probe is with the same delay time for normal incidence, while the 

pump beam is with different delay time for oblique incidence. Thus, it can realize 

time-resolved single-shot imaging. In the sample, in a direction both perpendicular to 
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the axis direction of the cylindrical lens and probe beam propagation direction, the 

different wavelength components of the laser pulse with different refractive index will 

be focused at different place. Thus it can realize frequency-resolved imaging. Figure 

2-2(b) shows an experimental single-shot trace with time and frequency resolution. 

Using this single-shot measurement, a fair amount of work has done, such as studying 

the femtosecond pulse properties [60-65], terahertz pulse propagating in the air [66] , 

fluorescence measurements [67], spectral measurement [68,69], etc. However, this is 

a measurement with small dynamic range, and high homogeneity of laser pulse and 

sample, high contact ratio of the pump and probe beams are required. Therefore, this 

single-shot pump-probe measurement can not apply to the ultrafast dynamics with 

large dynamic range or complex reaction. Besides, there are some other femtosecond 

time-resolved single-shot meaurements based on X-ray diffraction [70-72], 

tomography [73-75], elctro-optic sampling [76-78], or other techniques. 

2.1.2 Supercontiuum Probing 

White-light supercontiuum, or supercontiuum, with spectral width from infrared to 

ultraviolet, is generated when ultrashort laser pulses propogating in transparent 

medium. It is a combined result of multiple nonlinear optical effects induced by the 

ultrashort laser pulses including self-phase modulation, self-focusing, self-steeping, 

multi-photon absorption, plasma scattering, stimulated raman scattering, etc.  

Supercontiuum was first observed in 532-nm picosecond laser pulses 

propagating in crystals and glasses in 1970, the linewidth was broadened to 400～700 

nm with white light [79,80]. In 1999, S L Chin et al. demonstrated that a 

supercontiuum is indeed an ultrafast white light laser by femtosecond laser pulses in 

water, CH4 and CCl4 [81]. Figure 2-3 is a supercontiuum spectrum generated in air by 
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800-nm, 70-fs laser pulses [82].   

 

Figure 2-3: A supercontiuum spectrum generated in air by 800-nm, 70-fs laser pulses[82] 

White-light supercontiuum can be generated in various kinds of materials, such 

as gas, liquild, block glasses, crystals, optical fibers and so on [83-89]. Supercontiuum 

generation by femtosecond laser pulses has some advantages, like high brightness, 

high directionality, and different spectral components with definite phase relationship; 

hence, it is indeed an ultrafast laser source. Compared with other ultrafast laser, white 

light supercontiuum is of wide bandwidth, high coherent, and easy to extract multiple 

wavelength components. Therefore, it has been used in atmospheric remote sensing 

[90-92], optical coherence tomography [93,94], ultra-short pulse compression [95,96], 

three-dimensional imaging [97], broadband optical fiber communication [98], and 

other significat areas. 

Single-shot pump-probe spectroscopy based on supercontiuum, is a time- and 

frequency-resolved technique using a supercontiuum with chirp characteristic induced 

by ultrashort laser pulses in transparent medium as the probe beam. Because of chirp 

characteristic, the supercontiuum components of different wavelength is of different 
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delay time, thus they could sense the transient information in the sample at different 

delay time in a single shot. Therefore, it does apply to the measurements of ultrafast 

dynamic processes [99-104], like solvent effects on the excited-state processes of 

protochlorophyllide [105,106], ultrafast electron transfer dynamics [107,108], exciton 

dynamics and so on [109]. 

 

Figure 2-4: Three-dimensional shape measurement of objects using a supercontiuum [110]  

Figure 2-4 shows a schematic of three-dimensional shape measurement of 

objects using a supercontiuum and OKG [93,110]. Because of chirp characteristic, the 

probe beam, supercontiuum, is of different frenquency at different time in the sample. 

After pass through the object, a piece of glass sheet composed of four flat steps, the 

supercontiuum pulse was seperated into four supercontiuum pulses with different 

delay time. Thus, the gating pulse, pump pulse, would interact with the different 

pulses at different frequency. That the OKG image would present different color for 

different glass thickness. With known chirp charateristic of the supercontiuum and 

given refractive index of the glass, the thickness or shape of the object can be 

obtained. 
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2.1.3 Using Echelon Mirrors 

An echelon is an optic with plenty of stair steps (see Figure 2-5), which can subdivide 

the transverse profile of a probe beam into multiple distinct pulses, each with a 

different delay time and reach the sample at a different time. Thus they can sense the 

transient information induced by the pump beam at different delay time to implement 

single-shot measurement. 

 

Figure 2-5: A draft of an echelon which is an optic with plenty of stair steps, which can subdivide 

the transverse profile of a probe beam into multiple distinct pulses, each with a different delay 

time and reach the sample at a different time. 

In 2000, K A Nelson et al. of MIT first developed a femtosecond time-resolved 

single-shot pump-probe technique by introducing doual-echelon into the probe light 

path [111,112]. In Figure 2-6, it is the schematic of experimental setup. The crossed 

echelons subdivide a probe pulse into a pulse train with 25-fs time increments and 

covering a total temporal range of 10 ps. In 2006, they applied this technique to 

monitor in a single laser shot organic crystalline reaction dynamics despite the 

formation of permanent photoproducts that cannot be conveniently removed [113]. 

Then, this technique is widely used in diversified ultrafast single-shot real-time 
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measurements [114-117]. 

 

Figure 2-6: Schematic of dual-echelon single-shot femtosecond spectroscopy [113] 

2.2  OKG Measurements 

There are various kinds of pump-probe spectroscopy based on different transient 

physical effects, including absorption, flurescence, four-wave-mixing, polarization 

rotation and so on. Here, the pump-probe spectroscopy we focus on is the OKG 

measurements based on optical Kerr effect (polarization rotation). 

2.2.1 The principle of OKG measurements 

As the name implies, OKG is based on optical Kerr effect. It is that intense laser beam 

induced change in the refractive index of a material. Figure 2-7 is a schematic of 

OKG setup. The OKG is made up of a Kerr medium and two crossed polarizers 

placed before and after the Kerr medium. Without the pump beam, the probe beam 

can not pass through the analyzer. OKG is off. And when the pump and probe beams 

pass through the medium at the same time and overlapped with each other, the pump 

beam will induce a birefringence of the Kerr medium , and the polarization of the 

probe beam will change from a linealy polarized light to an elliptically polarized light. 

Thus part of the probe beam can pass through the crossed analyzer and can be 
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detected. At this time, the OKG is open. 

 

Figure 2-7: A schematic of OKG setup. The OKG is made up of a Kerr medium and two crossed 

polarizers placed before and after the Kerr medium. Without the pump beam, the probe beam can 

not pass through the analyzer. OKG is off. And when the pump and probe beams pass through the 

medium at the same time and overlapped with each other, the pump beam will induce a 

birefringence of the Kerr medium , and the polarization of the probe beam will change from a 

linealy polarized light to an elliptically polarized light. Thus part of the probe beam can pass 

through the crossed analyzer and can be detected. At this time, the OKG is open. 

In the upper left corner of Figure 2-7, it is a vectogram of optical Kerr effect. 

Here the electric field vectors of the pump and pump beams are both lie in the 

xy-plane. The direction of of electric field vector of the pump beam, the direction of 

polarization of the pump beam, is in y-direction. The probe beam is polarized in the 

direction with a polarizing angle   with the pump beam. After passing through the 

Kerr medium, the electric field of the probe beam can be described as 

 sin cos( )

cos cos( )

x probe

y probe

E E t

E E t

 

  


   

  (2-1) 

Here,   indicates the phase shift caused by the light-induced birefringence effect, 
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which is proportional to the pump intensity pumpI , can be written as [118] 
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Here, 2n  is the optical Kerr nonlinear refractive index, effL
 
is the effective medium 

length,
 probe  is the probe-beam wavelength.  

Then, the probe beam transmitted through the analyzer, and the field components 

along the direction of the polarizing axis of the analyzer are 
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Thus the electric field of the probe beam transmitted through the analyzer is 

 2 2 2
sin(2 )sin( / 2)sin( / 2)P x P y P probeE E E E t         

  (2-4) 

And the intensity of the probe beam transimitted through the analyzer, the intensity of 

OKG signal, which is 
2 2

*
OKG P PI E E  , can be given by 

 
2 2sin (2 )sin

2OKG probeI I
    

    (2-5) 

Here, probeI  is the intensity of the linearly polarized probe beam before passing 

through the Kerr medium. From Eq. (2-2) and Eq. (2-5), we can see the OKG signal 

intensity is dependent on the intensity of the pump and probe beams, and the 

polarization angle between the pump and probe beams. The polarization angle is 

usually set at 45° to get an optimum OKG signal. And the pump beam intensity is not 

the higher the better, however, when the phase shift is small, sin
2 2

     
 

, the 

OKG can be  
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2
2

2OKS pumpI I
   

    (2-6) 

That is, when the nonlinear phase shift is small (low pump intensity), the intensity of 

OKG signal is proportional to the square of the intensity of the pump beam [119-121].  

Figure 2-8 shows the Kerr efficiency of quartz and SFL-6 dependence of the gate 

intensity [122]. We can see the Kerr efficiency increases with increasing gate intensity 

(pump intensity).  

 

Figure 2-8: Kerr efficiency of quartz and SFL-6 dependence of the gate intensity [122] 

2.2.2 FTOP Technique 

The OKG technique has been developed about half a century since it was first 

proposed in 1969. For the last few decades, femtosecond OKG technique has been 

developed as one of the most effective methods for ultrafast phenomenon detection. 

This technique could provide an ultrafast measurement of high time resolution (~100 
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fs), high signal-to-noise ratio, and without the need for phase matching. Hence, it has 

has been widely used in various ultrafast measurements, such as measurement of the 

third-order nonlinear response of all kinds of materials, ultrafast fluorescence 

spectroscopy ballistic optical imaging, simultaneous three-dimensional (3-D) imaging, 

etc. 

FTOP based on OKG, can be used to directly observe the instantaneous intensity 

distributions of ultra-short pulses propagating in transparent mediums with 

two-dimensional spatial distribution. Figure 2-9 shows the schematic of FTOP. 

Compared with a general OKG, its specialty is the direction of propagation of the 

pump and probe beams are perpendicular with each other. Thus the probe beam could 

sense two-dimensional profile of the propagating pump pulse. The single-headed 

arrows indicate the propagation directions of the pump and probe pulses. The 

double-headed arrows indicate the polarization direction of the pulses which are both 

linearly polarized. According to the optical Kerr effect, when the intense femtosecond 

laser pulse popagating in the medium, it would induce anisotropic change of refractive 

index in the medium in proportion to its intensity distribution. The probe beam would 

sense the birefringence and its polarization state would changed. Thus part of the 

probe beam would pass throught the analyzer and can be detected. The detected probe 

beam intensity can reflect the instantaneous intensity distribution of the intense 

femtosecond laser pulse. 

As shown in Figure 2-9, the polarization directions of the pump and probe beams 

change in yz-plane and xy-plane, respectively.   is the angle between the 

polarizaiton direction of the probe beam and y-axis. When the pump beam polarized 

in y-direction, the polarization angle between the pump and probe beams is   
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decribed in Eq. (2-5). Thus, an optimum OKG signal would be obtained when   

equals 45°as shown in Figure 2-9.  

 

Figure 2-9: The schematic of FTOP. The single-headed arrows indicate the propagation directions 

of the pump and probe pulses. The double-headed arrows indicate the polarization direction of the 

pulses which are both linearly polarized. According to the optical Kerr effect, when the intense 

femtosecond laser pulse popagating in the medium, it would induce anisotropic change of 

refractive index in the medium in proportion to its intensity distribution [47]. 

If the polarization direction of the pump beam is not in the y-direction, it is 

necessary to suppose   is the angle between the polarization direction of the pump 

beam and y-axis. Thus the nonlinear refractive index changes in x- and y-direction 

induced by the electric field components of the pump beam in y- and z-direction are 
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Thus, the refractive index changes in x- and y-direction are xn  and yn , which can 
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be written as x yx zxn n n     , y yy zyn n n     . And the correspongding phase 

shift between x- and y-direction is 

 

2(3) (3)62
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n n L E
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  (2-9) 

From Eq. (2-9) we can see when   equals 0 , the pump beam polarized in 

y-direction, the phase shift will reach an optimum value, and the FTOP signal 

intensity can be decribed as the general OKG signal intensity 

 
2 2sin (2 )sin

2FTOP probeI I
    

    (2-10) 

Notice that here   is the angle between the polarization direction of the probe beam 

and y-direction, is determined by Eq. (2-9) which is tied to the angle  .  

2.3  Summary 

The pump-probe spectroscopy is one of the most effective way to study ultrafast 

dynamic proccesses. However, the traditional pump-probe spectroscopy can not 

fullfill single-shot measurement which is not suitable for irreversible ultrafast 

dynamics. Single-shot pump-probe spectroscopy based on supercontiuum, is a time- 

and frequency-resolved technique using a supercontiuum with chirp characteristic 

induced by ultrashort laser pulses in transparent medium as the probe beam. Because 

of chirp characteristic, the supercontiuum components of different wavelength is of 

different delay time, thus they could sense the transient information in the sample at 

different delay time in a single shot. Therefore, it does apply to the measurements of 

ultrafast dynamic processes. An echelon is an optic with plenty of stair steps which 

can subdivide the transverse profile of the probe beam into multiple distinct pulses, 

each with a different delay time and reach the sample at a different time. Thus they 
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can sense the transient information induced by the pump beam at different delay time 

to implement single-shot measurement. 

The OKG measurement, one of pump-probe spectroscopy, based on optical Kerr 

effect, has been developed as one of the most effective methods for ultrafast 

phenomenon detection. FTOP based on OKG, can be used to directly observe the 

instantaneous intensity distributions of ultra-short pulses propagating in transparent 

mediums. However, the traditional FTOP method can hardly obtain the whole map of 

a single pulse’s propagation instantaneously. Therefore, it is necessary to develop 

single-shot pump-probe techniques, which can also be used for single-shot imaging of 

ultrashort pulses propagation. 
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Chapter 3 Ultrafast Single-Shot Imaging of Femtosecond Pulse Propagation in 

Transparent Liquids Using FTOP and a Supercontinuum 

3.1  Introduction 

The advent of femtosecond laser necessitates the research of the propagation 

characteristic of ultrashort and intense laser pulses, which involves various 

self-modulating nonlinear effects. And the propagation mode of laser filamentation 

has aroused a great interest due to its numerous potential applications, such as 

atmospheric analysis, power supply for high speed electric vehicles, and generation of 

terahertz radiation. In the past few years, various methods have been developed to 

research the propagation behaviors of intense laser pulses in transparent media, like 

holography, shadow-imaging, three-dimensional imaging, etc. FTOP, one of OKG 

measurements, is a direct method for observing the pulse propagation of a focused 

femtosecond laser. This method based on optical Kerr effect uses the instantaneous 

birefringence induced by the strong electrical field of the pulse in transparent 
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materials. Through consecutive femtosecond snapshot images of intense femtosecond 

laser pulses propagating in the medium, ultrafast temporal changes in the 

two-dimensional spatial distribution of the optical pulse intensity can be observed. 

However, the traditional FTOP method can hardly obtain the whole map of a single 

pulse’s propagation instantaneously, as amount of snapshot images are needed to be 

stacked to display the whole image. Because these images are taken using a serial of 

independent pulses, it cannot fulfill the single-shot measurements of the spatial 

propagation distribution of an intense light pulse, while single-shot technique is 

especially important for the research of irreversible effect of the intense pulse with the 

propagation medium. In 2002, Fujimoto et al. demonstrated a successive four-frame 

instantaneous observation of an intense femtosecond optical pulse propagating in air 

[123]. However, a quadruple-pulse generator installed in the optical path is needed in 

the experiments. This will largely increase the difficulty and complexity of the 

experiments. Therefore, it is necessary to develop single-shot pump-probe techniques, 

which can also be used for single-shot imaging of ultrashort pulses propagation. 

In this paper, we have performed the single-shot imaging of femtosecond laser 

pulses propagating in N-methyl-2-pyrrolidone (NMP) and CS2, respectively, using 

FTOP and a supercontinuum. Because of the chirp character of the supercontinuum, 

the wavelength distributions of the FTOP images can agree well with the pulse 

propagation time. The spectral widths at fixed position of CS2 are broader than in 

NMP due to its slow time response. Through image analysis using 

Hue-Saturation-Value (HSV) model, it is found that the saturation in CS2 is lower than 

in NMP on account of mixing of more colour component at every corresponding 

position. 
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3.2  Experimental methods 

In our experiments, we selected two transparent liquids of NMP and CS2 as the Kerr 

media. Firstly, the nonlinear responses of the two samples were measured using 

time-resolved optical Kerr gate (OKG) method. It was performed using 65 fs, 800 nm 

pulses from a regeneratively amplified Ti: sapphire laser system (Libra-USP-HE, 

Coherent Inc.) operating at 1 kHz repetition rate with horizontally linear polarization. 

The measurement setup used was similar to that reported elsewhere [124]. Figure 3-1 

shows the time-resolved OKG signals of the samples. The red circles and the black 

squares in Figure 3-1 refer to the OKG signals of NMP and CS2, respectively. The red 

solid curve indicates the Gaussian fit of OKG signals of NMP, the full-width at 

half-maximum (FWHM) of which is about 120 fs. As the OKG singals for NMP show 

no obvious slow decay process, the origin of the nonlinear response of NMP could be  

 

Figure 3-1: Time-resolved measurements of OKG signals for NMP and CS2. The red circles and 

the black squares are the experimental data of NMP and CS2, respectively. The red solid curve 

indicates the Gaussian fit of NMP. The black curve of CS2 is fitted by a bi-exponential decay 

function with time constants 160 fs and 1.6 ps.  

mainly attributed to electronic process, the characteristic time of which is much faster 
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than 120 fs. The black curve in Figure 3-1 indicates the decay process of the nonlinear 

response of CS2, which is fitted using a bi-exponential decay function with time 

constants 160 fs and 1.6 ps. The fitted result agrees well with those reported in the 

previous research, indicating that the slow decay process of nonlinear response in CS2 

should be mainly attributed to molecular orientation relaxation [125]. 

Then, we performed the single-shot imaging of femtosecond laser pulses 

propagating in NMP and CS2 using FTOP and a supercontinuum. The general scheme 

of the experiment is shown in Figure 3-2. The laser beam was split into a pump and a 

probe beam by a beam splitter. After passing through a delay line, the polarization of 

the pump beam was changed to vertical using a half-wave plate. The pump beam was 

focused into a 10-mm long fused silica cuvette filled with sample (NMP or CS2) by a 

100 mm lens. The nonlinear focus of the pump beam was located at about 1 mm 

inside the input window of the cuvette. The probe beam was focused into a 10 mm 

cell filled with distilled water to generate a supercontinuum by a 100 mm lens. 

Through nonlinear interactions including self-phase modulation, self-steepening, 

stimulated Raman scattering, and four-wave mixing, the broad supercontinuum was 

produced extending down to 450 nm [128] . To temporally broaden the 

supercontinuum pulse, a 20-mm thick fused silica was introduced into the optical path 

of the probe beam. The supercontinuum, after passing a short-wave-pass filter to 

remove the 800 nm light and the infrared part, was collimated and introduced into the 

sample cell perpendicularly to the direction of the pump path. The light spot of the 

supercontinuum covered the area of the focal point of the pump beam. In front of the 

sample, a polarizer (P1) was set to 45° with respect to the horizontal plane of the 

optical stage and allowed parts of the supercontinuum to pass. When the pulse passed 



Chapter 3 Ultrafast Single‐Shot Imaging of Femtosecond Pulse Propagation in Transparent Liquids 
Using FTOP and a Supercontinuum 

38 

 

through the interaction region, only the components perpendicular to the polarizer 

could be extracted by the analyzer (P2) placed behind the sample. To record the FTOP 

image, a high-spatial-resolution CCD camera was located on the imaging plane of the 

filaments.  

 

Figure 3-2: Experimental setup for FTOP, where a supercontinuum generated in water was used as 

the probe light. BS: beam splitter, M: mirror, ND: neutral density filter, A: aperture, L: lens, FS: 

fused silica, F: short-wave pass filter, P: polarizer, and HWP: half-wave plate.  

3.3  Results and discussion 

The recorded FTOP images of the pump pulse propagation in NMP and CS2 are 

shown in Figure 3-3(a) and (b), respectively. To increase the signal-to-noise ratio, the 

pump powers were fixed at 44.5 mW in NMP and 11.5 mW in CS2, and the exposure 

times during the measurements in the samples were set to be 1/6 s in NMP and 1/75 s 

in CS2. The laser pulse traveled from left to right. Due to the chirp character of the 

supercontinuum, different wavelength components overlapped with the pump pulse at 

different propagating time in samples. The colours of recorded images change from 

red to blue, while different colour corresponds to different time of the pulse 

propagating in the medium. Because of the balance between Kerr self-focusing and 
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plasma defocusing induced by the nonlinear ionization, a filament was produced in a 

sample. The recorded filaments last about 3 mm long in samples. 

 

Figure 3-3: Imaged filaments induced by a femtosecond laser pulse in (a) NMP and (b) CS2, the 

CCD exposure times are 1/6 s and 1/75 s, respectively. Distance means the propagation distance of 

the pump pulse in the irradiated range of the supercontinuum. Chirp character of the 

supercontinuum (red circles) and wavelength distributions of the recorded images (black squares) 

in (c) NMP and (d) CS2.   

Then, we analyzed the relation between the chirp character of supercontinuum 

and the spatial spectra distribution of FTOP images. The chirp character of the 

supercontinuum was measured using a general OKG measurement. The red circles in 

Figure 3-3(c) and (d) indicate the temporal distributions for different wavelength 

components of the supercontinuum. The spatial spectra distributions of the FTOP 

images were obtained by finely moving the fiber optic spectrometer along the pulse 

propagation direction behind the analyzer (P2). The fiber diameter is about 100 μm. 

For comparison, we converted the propagation distance of the 800-nm pulse to the 



Chapter 3 Ultrafast Single‐Shot Imaging of Femtosecond Pulse Propagation in Transparent Liquids 
Using FTOP and a Supercontinuum 

40 

 

propagation time in the samples. Here, the linear refractive indexes of 1.62 for CS2 

and 1.47 for NMP at 800 nm were used. In Figure 3-3(c) and (d), the black squares 

indicate the spatial spectra distributions of the FTOP images, which accord well with 

the chirp character of the supercontinuum measured beforehand. Therefore, by 

selecting a wavelength at a certain distance from the recorded image, one can finely 

determine the propagation time of a pulse in an indeterminate medium, as well as the 

spatial intensity distribution at the corresponding time by referencing the chirp 

character of the supercontinuum. 

Furthermore, we compared the difference of the FTOP images recorded in NMP 

and CS2, which showed fast and slow responses, respectively. Figure 3-3(a) and (b) 

we can see that, the colour of the recorded FTOP image in NMP, is purer than that in 

CS2. To explain this phenomenon, we measured the spectra of the FTOP images at 

different positions by moving the fiber optic spectrometer behind the analyzer (P2) 

along the pulse propagation direction. In Figure 3-4, the red line and the black line 

indicate the spectral lines of NMP and CS2, respectively, where the central 

wavelengths were fixed at 450 nm, 500 nm, 550 nm and 600 nm. Because CS2 has a 

much longer response time than NMP, a residual birefringence would be experienced 

by the following arrived spectral components of the probe supercontinuum. Hence the 

recorded spectra in the detecting region should be wider in CS2 than those in NMP. In 

our experiments, however, the spectra of the FTOP signal were coupled into the 

spectroscopy using a fiber with a 100 μm diameter. In the collecting region of 100 μm, 

the propagation time of the pump pulse was estimated to be about 500 fs in the 

samples, which was much longer than the response time of NMP and comparable to 

the FWHM of the OKG signals of CS2. Hence, the spectra difference was not as 
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remarkable as the difference of the response time of the two samples. 

 

Figure 3-4: The spectra of the FTOP images along the pulse propagation direction detected by 

fiber optic spectrometer behind the analyzer (P2). 

For further understanding, we used HSV colour model to analyze the recorded 

images as shown in Figure 3-5. HSV stands for hue, saturation, and value. Hue scales 

the perceived colors: red, yellow, green, and blue, or to a combination of two of them. 

Saturation is a ratio of chroma to the maximum chroma of a colour, which indicates 

the chromatic purity. Value, also often called brightness, is defined as the location of a 

visual perception along a continuum from black to white. In Figure 3-5, the red line 

and black line show the saturation curves of the FTOP images in NMP and CS2, 

respectively. The horizontal axis indicates the propagation distance of the laser pulse, 

which is consistent with that in Figure 3-3. The corresponding hue curves of the 

images are presented in the inset of Figure 3-5, which showed almost the same 

variation tendency. The saturation of the FTOP image in NMP is higher than that in 

CS2, indicating that the colour purity of the FTOP image in NMP is much higher. Due 

to the slow response of CS2, a residual birefringence would be left when the pump 

pulse passed through a fixed position in the sample. Thus, more wavelength 

components of the probe light would be effected and pass through the analyzer, 
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resulting the chromatic impurity of the FTOP image. In addition, the colours of the 

FTOP images change rapidly from the propagation distance 0.5 to 1.2 mm, as 

indicated by the hue curves shown in the inset of Figure 3-5. Therefore, different 

wavelength components were mixed more easily in the FTOP image of CS2 due to its 

slow response, and a vast gap in the vicinity of 0.8 mm between the saturation curves 

was observed.  

 

Figure 3-5: The saturation of the FTOP images along the pulse propagation direction. The inset 

shows the corresponding hue of the images. 

3.4  Summary 

In this chapter, we have investigated the ultrafast time-resolved single-shot imaging of 

femtosecond filaments using supercontinuum and FTOP method in NMP and CS2. 

The wavelength distributions of the FTOP images corresponded with the pulse 

propagation time because of the chirp character of the supercontinuum. In the slow 

time response sample CS2, the spectral widths at fixed position were broader than 

those in the fast time response sample NMP. It was because in the slow response 

sample, the probe light experienced the residual birefringence of pump light. Thus, the 

FTOP image contained more wavelength components at every position along the 
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pump pulse propagation direction in the slow time response sample, and the FTOP 

image in the fast time response sample was with higher saturation values. 
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Chapter 4 High-Frame-Rate Observation of Single Femtosecond Laser Pulse 

Propagation in Fused Silica Using FTOP and an Echelon 

4.1  Introduction 

Since the intense laser pulses develop complex structures during their propagation 

arising from self-modulation due to nonlinear effects, the propagation profile is quite 

different from shot to shot, even if the laser light source fluctuates slightly. As the 

traditional FTOP method is conventionally conducted with a pump pulse and a 

variably delayed probe pulse, with many repetitions of the pump-probe sequence, it’s 

difficult to observe the instantaneous intensity distributions of a single laser pulse at 

several successive temporal points.  

To fulfill the single-shot detection of the intense laser pulse propagation, M. 

Fujimoto et al installed a quadruple-pulse generator in the optical path and realized a 

successive four-frame instantaneous observation of an intense pulse propagating in air 

[123]. However, the quadruple-pulse generator which combines four different probe 
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beams with different optical paths will largely increase the complexity of the 

experiments. Some other single-shot imaging technique, such as tomography [131,132] 

and x-ray diffraction [133,134] methods have been proposed to visualize ultrafast 

phenomena. For example, N. H. Matlis et al observed the structure and position 

information for laser-induced plasma filaments using a single-shot ultrafast 

tomographic imaging by spectral multiplexing [131].  

In this paper, we demonstrate a simple multi-frame observation method of 

femtosecond laser pulse propagating in transparent medium based on FTOP and an 

echelon. A stair-step echelon was introduced into the probe light and divided it into 

multi-pulse both in time and space, allowing a multi-frame detection of the intense 

laser pulse propagating in materials. Using this method, we realized a four-frame 

observation of a single femtosecond laser pulse propagating in fused silica. As the 

material had an ultrafast nonlinear response, the temporal resolution of the imaging in 

fused silica was mainly limited by the pulse duration, and the frame rate of the 

imaging could be higher than 1 THz. The influence of pulse-energy fluctuation on the 

spatial and temporal distribution of the single laser pulse was visualized using the 

single-shot measurements. 

4.2  Experimental methods 

Figure 4-1 illustrates the experimental setup. The experiments were performed using 

65 fs, 800 nm pulses from a regeneratively amplified Ti: sapphire laser system 

(Libra-USP-HE, Coherent Inc.) operating at 1 kHz repetition rate. The laser beam was 

split into a pump and a probe beam by a beam splitter. After passing through a delay 

line, the polarization of the pump beam was changed to vertical using a half-wave 
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plate. The pump beam was focused into a 10-mm long Kerr medium of fused silica 

glass by a lens of 100-mm focal length. The nonlinear focus of the pump beam was 

located at about 1 mm inside the input surface of the samples. To avoid the 

background scattering of the pump light, the probe beam was frequency doubled to 

400 nm by a 1-mm thick β-barium borate (BBO) crystal. Then it was collimated by a 

confocal lens and passed through a stair-step echelon, see Figure 4-2 for details, 

which separated the probe light in space and time. The modulated probe light was 

then introduced into the Kerr medium perpendicularly to the direction of the pump 

path, with the light spot covering the area of the focal point of the pump beam. In 

front of fused silica, a polarizer (P1) was set to 45 degree with respect to the 

horizontal plane of the optical stage and allowed parts of the probe light to pass. 

When the pulse passed through the interaction region, only the components 

perpendicular to the polarizer could be extracted by the analyzer (P2) placed behind 

the sample. To record the FTOP image, a high-spatial-resolution charge coupled 

device (CCD) camera was located on the imaging plane of the pump light path. 

 

Figure 4-1: Experimental setup of multi-frame FTOP imaging technique using an echelon. BS: 

beam splitter, ND: neutral density filter, M: mirror, L: lens, FS: fused silica; P: polarizer, HWP: 

half-wave plate. 
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The echelon size with stair steps is confined by the experimental conditions, see 

Figure 4-2. Suppose  every step of the echelon is with width of L and height of H, 

the refractive index of the echelon for the probe beam is n1, and the refractive index 

of the Kerr medium for the pump beam is n2. Thus the delay time between adjacent 

step is 

 1( 1) /t n L c     (4-1) 

This delay time corresponds to the propagation distance of the pump beam in the Kerr 

medium, which is the height of the step, 

 2/H t c n     (4-2) 

Thus, the relationship between the step width and height of the echelon is 

 1 2( 1) /H n L n    (4-3) 

 

Figure 4-2: Schematic of FTOP using an echelon, in the upper right corner is a side view of setps 

of an echelon. 

In our experiments, the echelon with 4 steps is mechanically fabricated on a 

microscope cover glass. The step width is about 0.54 mm, producing a time delay of 

about 0.96 ps for 400 nm probe pulse (n=1.53). As each step produces one frame of 

the FTOP image, the introduced delay time by each step must agree with the 

propagation time of the 800 nm pump pulse in fused silica (n=1.45). Hence, the height 
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of the step is designed to be about 0.20 mm (≈0.96 ps ×(c/1.45), c=3.0×108 m/s).  

4.3  Results and Discussions 

Figure 4-3 shows the recorded four-frame instantaneous FTOP image of 15 μJ pump 

pulse propagating in fused silica. The pulse propagated from the left to right. The 

exposure time of the CCD camera was set at 100 ms and 100 pulses were used to 

produce the image. The spatial resolution of the image is estimated to be 4.3 μm. The 

image has four profiles, each corresponding to one frame of the temporal intensity 

distributions of the laser pulse propagating in fused silica at different time. The 

interval between the peaks of adjacent profiles was 0.96 ps in time, correspondingly 

0.2 mm in space, which was decided by the step width of the echelon. As each stair of 

the echelon had different thickness and transmittance, and the probe pulse intensity 

distribution was not strictly uniform, each frame of the FTOP image was normalized 

by comparing with the intensity distribution of the incident probe pulse after passing 

through the echelon. From the figure we can see that, the lateral size of the pump light  

 

Figure 4-3: Four-frame observation of pulse propagation in fused silica using 100 pulses of 15 μJ. 

The pulse propagated from left to right. 

spot changed slightly inside the sample even after the lens focus locating at 1 mm 

inside the sample. Because of the balance between Kerr self-focusing and plasma 

defocusing effect induced by the nonlinear ionization, a filament was produced inside 
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fused silica.  

In the FTOP measurements, the probe pulse collides with the pump pulse while 

running through each other in the medium. If the radius of the pump beam and the 

nonlinear response of the material are finite, the temporal resolution of the imaging is 

determined only by the convolution of the probe pulse and the square of the integral 

of the intensity of the pump pulse [135]. For further analysis, we acquired the 

exposure intensity distribution along the propagating axis of the FTOP profiles given 

in Figure 4-3. The squares in Figure 4-4 show the acquired intensity distributions as a 

function of the propagating time of pump pulse. The red solid curves indicate 

Gaussian fits of the image intensity for each frame with the full-width at 

half-maximum (FWHM) of 276 fs. This value is absolutely larger than the FWHM of 

the convolution of the probe pulse and the square of the pump light intensity. In our 

experiments, the origin of the nonlinear response of the material is mainly attributed 

to electronic process, the characteristic time of which is much faster than the pulse 

duration. Hence, the influence of the nonlinear response of the material on the 

temporal resolution of the imaging could be neglected. The measured pump beam 

diameter is estimated to be about 40 µm. By considering the linear refractive index of 

the material, the interacting time of the pump and probe pulses is elongated by about 

190 fs. Hence, the temporal resolution of the imaging is limited by the pulse duration 

and the lateral size of the pump beam in the sample. This also indicates that the 

echelon step size is limited by these factors.   

The frame interval was estimated to be about 0.96 ps, corresponding to a frame 

rate of about 1.05 THz. It is much higher than 0.25 THz frame rate in CS2 which we 

have obtained in previous work [136]. It should be noted that, the intensity of the 
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image after the second frame became lower as shown by Figure 4 2 and Figure 4 3. 

This was caused by the pump pulse energy reduction: because of the self-focusing 

effect of the pump beam during the filamentation process in fused silica, the pump 

beam intensity increases and might reach a certain value while propagating at a 

certain place, and then the pump pulse energy might reduce sharply by multiphoton 

absorption, or be refracted by ionization-induced refraction [31]. 

 

Figure 4-4: Exposure intensity distribution of the four-frame FTOP image as a function of the 

propagation time of the pump pulse. The solid lines show the Gaussian fit curves. 

Then, we observed the propagation dynamics of a single laser pulse in fused 

silica in Figure 4-5(a). The CCD exposure time was set to 1 ms enabling single shot 

recording. The pump pulse energy was increased to 45 µJ to enhance the 

signal-to-noise ratio of the imaging. Similarly to Figure 4-4, the interval between the 

two adjacent profiles of the image was fixed at 0.2 mm. Propagation profiles under 

the same experimental conditions but for different laser shots are shown in Figure 

4-5(b)-(d). These profiles are different from each other, which might be resulted from 

the pulse-energy fluctuation. For example, the intensity of Figure 4-5(a) is much 

higher than the other three. Meanwhile, the spatial and temporal positions of the most 
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intense part of each pulse propagating in the fused silica are also different from shot to 

shot due to the pulse energy distribution fluctuation at incidence. 

 

Figure 4-5: Single-shot four-frame observation of single 45 μJ pulse propagation in fused silica. 

The pulse propagated from left to right. (a)-(d) correspond to different laser shots under the same 

conditions. 

Furthermore, we analyzed the intensity distributions of the single-shot images of 

the first frames shown in Figure 4-5(a)-(d). Figure 4-6A shows the intensity 

distributions of the images along the pulse propagation direction. From the figure we 

can see that, the peak intensity of the pulse fluctuates from shot to shot. Compared 

with the maximum peak in (a), the peak intensity of (b) is about 21% lower. The 

influence of the instability of the CCD exposure intensity could be ruled out, as the 

pulse-to-pulse energy stability of the pump pulse energy was measured to be 0.45% 

rms. Since the intense pump pulse might develop complex structures during their 

propagation arising from self-modulation due to nonlinear effects, the propagation 

profile is quite different from shot to shot, even if the laser light source fluctuates 

slightly. Figure 4-6B shows transverse intensity distributions of the corresponding 



Chapter 4 High-Frame-Rate Observation of Single Femtosecond Laser Pulse Propagation in Fused 
Silica Using FTOP and an Echelon 

52 

 

single pulse. It can be clearly seen that, transverse modes of the four pulses differ a lot 

from each other. Two peaks are observed in pulse (a) and (b), indicating that two 

filaments were formed when the pulse propagated in fused silica.  

 

Figure 4-6: Intensity distributions of the first frames of the single-shot images shown in Figure 

4-5(a)-(d). (A) Along the pulse propagation direction, and (B) along the transverse direction. 

4.4  Summary  

In this chapter, we have performed a successive four-frame instantaneous observation 

of single femtosecond laser pulse propagation in fused silica using an echelon 

combined with FTOP. Because of the ultrafast response of fused silica, the temporal 

resolution of the imaging is limited mainly by the probe pulse duration. The interval 

between adjacent frames is about 0.96 ps, corresponding to a frame rate of about 1.05 

THz which is much higher than 0.25 THz obtained in our previous works in CS2. 

From the single-shot images, we can directly observe the shot-to-shot variations of the 

pump pulse propagation profiles caused by the pulse-energy fluctuation. 



Femtosecond Time-Resolved Single-Shot Optical Kerr Effect Measurements 

53 

 

 

 

Chapter 5 

Pump Power Dependence of the Spatial Gating 

Properties of Femtosecond OKG Measurements 

Chapter 5 Pump Power Dependence of the Spatial Gating Properties of Femtosecond 

OKG Measurements 

5.1  Introduction 

For the last few decades, femtosecond OKG technique has been developed as a key 

tool to measure the nonlinear response of all kinds of materials. This technique could 

provide an ultrafast measurement of broad wavelength range, ultrafast switching time, 

and high precision. Hence, it has been widely used in ultrafast imaging and 

microscopy areas, such as ballistic optical imaging, simultaneous three-dimensional 

(3-D) imaging, etc. 

In the OKG measurements, an intense linearly polarized pump beam passing 

through the nonlinear material will cause the refractive index change of the sample. 

When the probe pulse overlaps with the pump beam temporally, a phase shift occurs 

between the probe field components polarized parallel and perpendicular to the 

polarization plane of the pump pulse. The OKG signal intensity is given by Eq. (2-5). 

In the previous reports, the OKG signals were considered quadratic dependence on 

pump power for the small phase shift and uniform in space[119]. In the OKG 
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measurements, however, when a pump beam with a nonuniform intensity distribution, 

such as a Gaussian mode was used, it might induce spatially nonuniform distribution 

of the phase change of the probe beam. If the pump is of high intensity, the 

transmittance of the OKG setup might vary sinusoidally as a function of pump power, 

and the OKG signals would present different spatial profiles depending on the pump 

intensity distribution. Hence, it’s important to research on the spatial gating property 

of the OKG setup, especially when it is used in ultrafast imaging and microscopy 

areas. 

In this paper, we investigated the evolution of spatial profiles of the femtosecond 

OKG signals as a function of pump power in CS2. With the increase of pump power, 

the spatial pattern of the OKG signals changed from a Gaussian spot to a ring form, 

and then a spot surrounded by a concentric ring, successively. Furthermore, the OKG 

signal intensity at fixed position showed different pump power dependence with the 

spatially integrated OKG signal intensity. A series of numerical analysis was 

performed to explain the experimental results. Both the experimental and numerical 

results indicated that the spatial variation of OKG transmittance was attributed to the 

non-uniform spatially distributed refractive index change induced by pump beam with 

transverse mode of a Gaussian distribution. 

5.2  Experimental methods 

Figure 5-1 illustrates the experimental setup. The experiment was performed using 65 

fs, 800 nm pulses from a regeneratively amplified Ti: sapphire laser system 

(Libra-USP-HE, Coherent Inc.) operating at 1 kHz repetition rate. The laser beam 

with a Gaussian intensity profile (TEM00 mode) was split into two. The first one 

passing through a time-delay device was used as the pump beam. The other one which 
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was frequency doubled to 400 nm by a β-barium borate (BBO) crystal was used as the 

probe beam. The two beams were combined together by an unpolarized dichroic 

mirror (DM, with high reflective coating at 800 nm on one side and antireflective 

coating at 400 nm on the other side). Both of them were focused by a plano–convex 

lens (L3) with a focal length of 20 cm. A 2 mm thick quartz cell filled with CS2 was 

placed 5 mm behind the focal point of the 800 nm pump beam. The pump beam radius 

in the sample was determined to be 190 μm at 1/e2, and the probe beam radius was 

enlarged about 5 times by the collimating lens (L2) behind BBO crystal, so that the 

probe intensity could be considered uniformly distributed compared with the pump. 

To avoid the white-light continuum generation, the pump energy was kept below 12 

mW (about 0.01 J/cm2) [128]. A polarizer in a cross-Nicol configuration was placed 

behind the Kerr medium. To optimize the OKG signal intensity, the temporal overlap 

was maximized at zero time-delay, and the polarization plane of the pump pulse was 

rotated by 45° with respect to that of the probe pulse using a half-wave plate. The 

probe fluence distribution after the polarizer was recorded by a CCD camera with a 4f 

system. To block the 800 nm pump light, a bandpass filter centered at 400 nm was 

used in front of the CCD camera. 

 

Figure 5-1: Scheme of the experimental setup. BS: beam splitter; DM: dichroic mirror; HWP: 

half-wave plate; P: polarizer; F: bandpass filter. 
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5.3  Results and discussion 

In our work, 31 image data of the OKG signal profiles were collected with the pump 

power varying from 1.85 mW to 11.86 mW, and the corresponding pump fluence 

varying from 1.63 mJ/cm2 to 10.46 mJ/cm2. Figure 5-2(a)-(e) shows five typical 

recorded probe patterns of these OKG signals when the pump fluence was adjusted to 

1.63 mJ/cm2, 3.39 mJ/cm2, 4.53 mJ/cm2, 8.53 mJ/cm2, and 10.46 mJ/cm2, respectively. 

The color scales in all the pictures were adjusted to the same range. When the pump 

fluence was relatively low (see Figure 5-2(a)-(c)), the total intensity of the OKG 

signal grew with the increase of the pump fluence, and the pattern of each signal was 

a spot with Gaussian distribution. As the pump fluence increases higher, however, the 

OKG signal pattern changed to a ring form and then a spot surrounded by a concentric 

ring, as shown by Figure 5-2(d) and (e), respectively. 

 

Figure 5-2: OKG signal profile when the pump fluence was fixed at (a) 1.63 mJ/cm2, (b) 3.39 

mJ/cm2, (c) 4.53 mJ/cm2, (d) 8.53 mJ/cm2, and (e) 10.46 mJ/cm2, respectively. 

In our experiments, the pump beam with a Gaussian intensity distribution 

(TEM00 mode) can be expressed by 

 

2 2
0-2 /( ) r r

pump pumpI r F e
  (5-1) 
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Here, pumpF  is the pump fluence, and 0r  is the radius of the Gaussian beam, which 

has been determined to be 190 μm. As the polarization angle between pump and probe 

beams,  , is set at 45°, the spatial intensity of probe light with an uniform 

distribution passing through the polarizer behind the Kerr medium can be written as: 

 

2 2
0-2 /2 2( )= sin ( ( ) / 2)= sin ( )r r

OKG pumpI r A r A BF e
  (5-2) 

Here, the term in the bracket denotes the phase shift ( ) / 2r  caused by 

birefringence effect. A  and B  are constants. The OKG signal intensity, ( )OKGI r , 

reaches the peak value of A  when the phase shift ( ) / 2 /2 ( 1,3,5 )r n n    ， , and 

reduces to the valley value of zero when ( ) / 2  ( 0,1,2, )r n n     . Since the laser 

transverse mode is of a Gaussian distribution, the phase shift of the probe, which is 

proportional to the pump intensity, decreases along the radial direction. Consequently, 

the transmittance of the OKG setup might present a spatially modulated intensity 

distribution when the pump fluence is increased.  

To present the evolution of the OKG profiles more clearly, we acquired the 

one-dimensional exposure data along the horizontal radial direction from the collected 

images. The results corresponding to Figure 5-2 are shown by the discrete solid points 

in Figure 5-3(a)-(d). When the pump fluence was adjusted to 1.63 mJ/cm2 and 3.39 

mJ/cm2, the maximum value of phase shift ( =0) / 2r  was smaller than π/2, and the 

OKG signals intensities were of Gaussian distribution as shown by Figure 5-3(a). 

With increasing pump fluence, the phase shift might be close to π/2 around =0r , and 

the OKG signals showed a top-flat profile as shown by Figure 5-3(b). In Figure 5-3(c), 

when the pump fluence was increased to 8.53 mJ/cm2, the phase shift ( ) / 2r  

increased to about π around =0r , and decreased to π/2 at 120r m  . Hence, the 

transmittance of the OKG setup presented a peak-valley-peak profile, and the OKG 
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signal pattern showed a ring form as shown by Figure 5-2(d). As the pump fluence 

increased to 10.46 mJ/cm2, the probe pulse experiences phase shift ( ) / 2r  as large 

as π/2 at 120r m   and π at 60r m  , while reached to larger than π at around 

=0r . Therefore, the OKG pattern presented a central spot surrounded by a concentric 

ring, and the one-dimensional OKG signal distribution presented a multi-peak profile, 

as shown by Figure 5-2(e) and Figure 5-3(d), respectively.  

 

Figure 5-3: One-dimensional OKG signal intensity distributions when the pump fluence was fixed 

at (a) 1.63 mJ/cm2, (b) 3.39 mJ/cm2, (c) 4.53 mJ/cm2, (d) 8.53 mJ/cm2, and (e) 10.46 mJ/cm2, 

respectively. The discrete solid points are experimental results. The red solid lines indicate the 

calculated curves. 

Using Eq. (5-2), we fitted the one-dimensional OKG signal intensity 

distributions at different pump fluence, and the parameters A, and B in Eq. (5-2) were 

calculated to be 75.00 and 0.394 cm2/mJ, respectively. The red solid lines in Figure 

5-3 indicate the caculated curves using Eq. (5-2) and the parameters obtained above. 

They accorded well with the experimental results as shown by the solid points, 

indicating that the spatial variation of the OKG transmittance was attributed to the 

transient non-uniform birefringence induced by pump beam with a Gaussian 
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distribution.  

The squares in Figure 5-4(b) show the pump fluence dependence of OKG signal 

intensity at the fixed position of 0r  . The red solid line in the figure indicates the 

calculated results using Eq. (5-2), which can be simplified to a sinusoidal function of 

the pump fluence when the value of r is fixed. The squares in Figure 5-4(a) indicate 

the spatially integrated intensity of the OKG signal profiles as a function of the pump 

fluence. By integrating Eq. (5-2), the spatially integrated OKG signal intensity can be 

expressed by: 

 
2 2

02 /2

0
( ) sin 2r r

OKS pumpI r ds A BF e rdr
        (5-3) 

 

Figure 5-4: Pump fluence dependence of (a) spatially integrated exposure intensity of OKG 

signals and (b) OKG signals at =0r ,. The squares are experimental results. The red solid line 

indicates the calculated curves. 

The red solid line with circles in Figure 5-4(a) shows the calculated results using 
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Eq. (5-3). Both the experimental results shown in Figure 5-4(a) and (b) accorded well 

with the calculated results. The integrated OKG signal intensity, however, showed 

different pump fluence dependence with OKG signal intensity at the fixed position. It 

increased sharply at low pump fluence, and then slowly when the pump fluence 

increased to be larger than 6 mJ/cm2. This difference could be attributed to the spatial 

variation of the OKG profiles due to the nonuniform spatially distributed phase 

change induced by the pump beam.  

In addition, we measured the dependence of the OKG signal intensity on the 

polarization angle between the pump and probe beams to better understand the origin 

of the OKG signals. The squares and triangles in Figure 5-5 show the polarization 

dependence of the integral OKG signals, when the pump fluence fixed at 3.22 mJ/cm2 

and 10.30 mJ/cm2, respectively. In the experiments, we found the spatial patterns of 

the OKG signals remained the same at any polarization angle under the fixed pump 

fluence. So the phase shift of the probe is independent on the polarization angle. The 

solid line in Figure 5-5 shows the theoretical curve of the polarization dependence of 

the OKG signals using Eq. (5-1). The polarization dependence of the OKG signals 

showed a period of / 2 , with the maximum and minimum values occurring at 

/ 2 / 4n   and / 2 ( 0,  1,  2 )n n   , respectively. Hence, the OKG signals could be 

attributed to light-induced birefringence effect.  

Finally, the spectra of the OKG signals at different pump fluence were measured, 

which showed the same structure with that of the incident probe light. Because the 

response time of CS2 is more than 1 ps which is much slower than the probe pulse 

duration, the different wavelength components of the probe light experienced the 

uniform refractive index changes induced by the pump pulse. Hence, the spectral 

structure of the probe light passing through the OKG showed no obvious change. 
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Figure 5-5: Polarization dependence of OKG signals, when the pump fluence was adjusted to 3.22 

mJ/cm2 and 10.30 mJ/cm2, respectively. The squares and triangles are experimental results. The 

red solid line indicates the theoretical curve. The experimental results and the theoretical curve 

were both normal 

5.4  Summary  

In this chapter, we investigated the pump power dependence of the spatial gating properties of 

femtosecond optical Kerr effect measurements. When a pump beam with transverse mode of a 

Gaussian distribution was used in the femtosecond OKG measurements, it will cause a 

non-uniform spatially distributed refractive index change, and the spatial variation of OKG 

transmittance. With increasing pump power, the OKG signal intensity distribution changed from a 

Gaussian spot to a ring form, and then a spot surrounded by a concentric ring, successively. 

Furthermore, the OKG signal intensity at fixed position showed different pump power dependence 

with the spatially integrated OKG signal intensity, due to the non-uniform distributed refractive 

index change induced by the pump beam with a Gaussian mode. 
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Chapter 6 An Ultrafast OKG Measurement Based on Light-induced Polarization 

Ellipse Rotation 

6.1  Introduction 

In a traditional OKG, a powerful linearly polarized pump beam induces a transient 

birefringence in a Kerr medium, which results in a phase shift    between the 

probe beam components polarized parallel and perpendicular to the polarization plane 

of the pump beam. After the linearly polarized probe beam passing through the Kerr 

medium, therefore, its polarization state changes and part of it can transmit through a 

crossed analyzer as OKG signal. The OKG signal intensity can be expressed by (2-5). 

We can see the OKG signal intensity is a function of the polarization angle   which 

is usually set at 45° to get an optimum OKG signal. It means the OKG is gated by not 

only the pump beam intensity but also its polarization direction. When the pump beam 

is polarized parallel or perpendicular to the probe beam, the OKG is in a constant 

closed state. In addition, to avoid the optical Kerr effect induced by the probe beam, 

the probe beam intensity is usually set at very low level. Nevertheless, it is known that 

a circularly polarized light acting on an isotropic medium cannot induce any 
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anisotropy, and hence any induced birefringence [137].  

Here, we proposed an OKG based on light-induced polarization ellipse rotation 

using an elliptically polarized probe beam, which can overcome the influence of the 

pump beam polarization direction and the probe beam intensity on the OKG signal 

intensity. Two crossed quarter-wave plates were introduced before and after the Kerr 

medium in a conventional OKG. Theoretical formula of this OKG was obtained, and it 

was verified by the experimental results. It was found that when the probe beam was a 

circularly polarized light, the OKG signal intensity would reach an optimum value 

and be independent of the pump beam polarization direction. And as a circularly 

polarized light, the birefringence induced by the probe beam which would influence 

the OKG signal intensity can be eliminated. 

6.2  Experimental methods 

The experimental setup is shown in Figure 6-1(a). The experiments were performed 

using 65-fs, 800-nm pulses from a regeneratively amplified Ti: sapphire laser system 

(Libra-USP-HE, Coherent Inc.) operating at 1 kHz repetition rate. The laser beam was 

split into pump and probe beams. Two λ/2 plates H1 and H2 were used to change the 

polarization angles of the linearly polarized input probe and pump beams after the 

polarizers P1 and P3, respectively. After passing through a delay line, the pump beam 

was focused into a 1-mm cell filled with CS2 by a 20-cm lens (L3) where the pump 

beam induced a transient birefringence. The analyzer P2 was oriented for extinction of 

the probe beam in the absence of the pump beam, as a general Kerr gate. Here, we 

introduced a pair of crossed achromatic zero-order λ/4 plates before and after the Kerr 

medium in the probe beam path. The linearly polarized probe beam passed through 

the first λ/4 plate (Q1) to be an elliptically polarized light. Without the pump beam, 
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the second λ/4 plate (Q2) could exactly offset the phase shift caused by Q1, thus after 

Q2 the probe beam would return to its initial linearly polarization after H1 and be 

blocked by the analyzer P2. The OKG is “off”. With the pump beam, the optical Kerr 

effect (OKE) made the Kerr medium a transient birefringent crystal. Thus, when the 

elliptically polarized probe beam passed through the Kerr medium, polarization 

ellipse rotation would occur. Therefore Q2 could not offset the extra phase shift 

caused by OKE, enabling part of the probe beam passing through P2 to be detected by 

a photomultiplier tube (PMT). The OKG is “on”. 

 

Figure 6-1: (a) Experimental arrangement for an OKG using an elliptically polarized probe beam. 

P: polarizer; H: λ/2 plate; Q: λ/4 plate; L: lens; PMT: photomultiplier tube. (b) The geometry of 

the fields and the axes of the wave plates. x and y axes are fast and slow axes of Q1, respectively. 

Eprobe is the probe field after H1 at angle α with respect to the fast axis of Q1. Epump is the 

pump field after H2 at angle β with respect to the fast axis of Q1.  

6.3  Theoretical calculations 

Figure 6-1(b) shows the geometry of the pump and probe fields and the axes of the 

wave plates. x and y axes indicate the fast and slow axes of Q1, respectively. Eprobe is 

the probe field after H1 at angle α with respect to the fast axis of Q1. Epump is the 

pump field after H2 at angle β with respect to the fast axis of Q1. Along the directions 
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parallel and perpendicular to the pump field, different refractive index changes n �  

and n  ( n n  � ) are induced in the Kerr medium, respectively. The Kerr 

medium works as a transient birefringent crystal. This will give rise to a phase shift 

 , between the two polarization components parallel and perpendicular to the pump 

field, of a probe beam when it passes through the Kerr medium at this point. And this 

pump beam inducing birefringence can be considered equivalent to a wave plate, of 

which the slow axis is at β angle to the x-axis and the phase shift between the fast and 

slow axes is  . Therefore, the problem can be considered as a beam passing 

through a series of optical elements. Using Jones calculus, the probe field passing 

through H1 can be expressed as  

 1 0

cos

sinP E



 
  

 
E

  (6-1) 

Here, 0E  is the amplitude of the probe field after H1. The Jones matrix of each 

optical element can be expressed as follows, 
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Here, 
1 2 2
,  ,  ,  and 

Q Q P G
J J J J

 
correspond to the Jones matrixes of Q1, Q2, P2, and Kerr 

medium, respectively. Thus the output light field is, 

 0

sin sin(2 ) sin(2 )cos(2 )
sin( 2)

cos sin(2 ) sin(2 )cos(2 )

i
E

i

   


   
  

    
t P2 Q2 G Q1 P1E = J J J J E

  (6-3) 

And the output light intensity is 

 
2 2 2 2
0 sin ( / 2)[1 cos (2 )cos (2 )]outI E      *

t tE E   (6-4) 

Therefore, the theoretical formula of the OKG signal intensity based on light-induced 

nonlinear polarization ellipse rotation is, 
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2 2 2

- sin ( / 2)[1 cos (2 )cos (2 )]OKG e probeI I         (6-5) 

 

Figure 6-2: Theoretical calculation result of the OKG signal intensity based on light-induced 

polarization ellipse rotation using Eq. (6-5) .  

Using Eq. (6-5), we get the theoretical simulation results of the OKG signal 

intensity dependence on α and β, as shown in Figure 6-2. The results are normalized. 

We can see, when =0  (or =
2

 ), the probe light polarized along the fast (or slow) 

axis of Q1, thus after passing through Q1 the probe light is still a linearly polarized 

light. In this case,   (or -
2

  ) indicates the polarization angle between the probe 

and pump beams in Eq. (2-5). Thus, Eq. (6-5) can be simplified to Eq. (2-5) as a 

general OKG. When =
4

 , thus after passing through Q1 the probe beam changes to 

a circularly polarized light. At this time, the OKG signal intensity is independent of β, 

and reaches to the optimum value 2sin ( / 2)probeI  . It means when the probe light is a 

circularly polarized light, the OKG is only gated by the pump beam intensity. The 

OKG signal intensity is independent of the pump beam polarization direction, and 
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constant at the optimum value of a general OKG. Meanwhile, as a circularly polarized 

light, the birefringence induced by the probe beam can be eliminated.  

6.4  Experimental results and discussion 

First, time-resolved OKG signals were measured in CS2. In Figure 6-3, the red open 

circles refer to the OKG signals using elliptically polarized probe light; the black solid 

squares as a reference refer to the general OKG signals using linearly polarized probe 

light. Both of the OKG signal intensity was normalized. The red circles agree well 

with the black squares. It indicates that the optical Kerr measurements we proposed 

based on light-induced polarization ellipse rotation using elliptically polarized probe 

light can do the ultrafast measurements as a general OKG. 

 

Figure 6-3: Time-resolved measurements of OKG signals in CS2. The red open circles refer to the 

OKG signals using elliptically polarized probe light; the black solid squares as a reference refer to 

the general OKG signals using linearly polarized probe light. 

In our experiments, we kept the pump fluence at about 4 mJ/cm2 which would 

induce an average phase shift about/3 in 1-mm CS2. The probe beam was too weak 

to induce nonlinear effect. In Figure 6-4, scatter plots are experimental results; solid 
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lines are fitted curves using Eq. (6-5). Divided by the optimum OKG signal intensity, 

all the experimental data were normalized.  

First, we studied the pump polarization direction dependence of OKG signal 

intensity under different polarization states of the probe beam (see Figure 6-4(a)). The 

angle α was fixed at 0°, 22.5°, and 45°, corresponding to linearly, elliptically, and 

circularly polarized probe beams, respectively. The different β values correspond to 

different pump polarizations directions. When α=0°, i. e. linearly polarized probe 

beam, the polarization dependence of the OKG signal intensity was just as that in a 

general OKG measurement [16], only when the polarization angle between the probe 

and pump is 45°, the OKG signal intensity can reach an optimum value. When 

α=22.5°, i. e. elliptically polarized probe beam, the pump polarization direction 

dependence of the OKG signal intensity curve was similar to that α=0° but changed 

between 0.5 and 1. This result agrees with Eq. (6-5). In particular, when α=45°, i. e. 

circularly polarized probe beam, the OKG signal intensity stabilizes around the 

optimum value at any pump polarization angle. It verifies there will be no pump 

polarization direction restriction on the OKG signal intensity when the probe beam is 

circularly polarized.  

In addition, to validate Eq. (6-5), the probe polarization state dependence of 

OKG signal intensity under different pump polarization directions (see Figure 6-4(b)) 

was investigated. The angle β was fixed at 0°, 22.5°, and 45°, corresponding to three 

different pump polarizations directions. In Figure 6-4 (b), the experimental results are 

consistent with the theoretical curves, which confirm Eq. (6-5). 
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Figure 6-4: (a) Pump polarization direction dependence of OKG signal intensity under different 

polarization states of the probe beam. (b) Probe beam polarization state dependence of OKG 

signal intensity under different pump polarization directions. Scatter plots are experimental 

results; solid lines are fitted curves using Eq. (6-5). 

6.5  Summary 

In this chapter, we developed an OKG based on pump light induced probe 

polarization ellipse rotation. By introducing a pair of crossed quarter-wave plates in a 

general OKG, different polarization state of the probe beam, such as linearly, 

elliptically, and circularly polarized lights, can be obtained before focused into the 

Kerr medium. The theoretical formula of the OKG signal intensity was obtained by 

Jones calculus, and it was validated by the experimental results. It was found that the 

OKG signal intensity would reach an optimum value independent of the pump 

polarization direction when the probe beam was a circularly polarized light.  
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Chapter 7 Conclusions 

 

The main focus of this thesis is on the development of single-shot optical Kerr effect 

measurements for imaging of the ultrafast laser pulses propagation in the transparent 

media, and the investigation of femtosecond time-resolved OKG measurements. The 

major contributions of this research are summarized below. And future work is also 

listed in this chapter. 

7.1  Contributions 

The major contributions of this thesis are outlined as follows: 

 The ultrafast time-resolved single-shot imaging of femtosecond pulse propagation 

using a supercontinuum and FTOP in transparent liquids has been investigated 

[138,139]. The supercontinuum probe senses the instantaneous birefringence 

induced by the laser pulse, and a FTOP image with different color distributions 

could be obtained. By comparing the wavelength distributions and the saturation 

variation of the images, the recorded FTOP images in two samples with different 

response time were analyzed. In the fast response sample, 

N-methyl-2-pyrrolidone (NMP), the spectral widths and the saturation values of 

the FTOP image at fixed positions were narrower and higher than those in CS2. 
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Due to the slow response of CS2, the probe light sensed a long-lived birefringence 

and the FTOP image contained more wavelength components at every position 

along the pump pulse propagation direction. 

 High-frame-rate observations of a single femtosecond laser pulse propagating 

intransparent medium using the FTOP and an echelon has been demonstrated 

[124,140]. The echelon produced a spatially encoded time delay for the probe 

pulse to capture directly four successive images of an intense propagating pulse 

with picosecond time interval and femtosecond time resolution. Using this 

method, we observed the propagation process of a single femtosecond laser pulse 

in fused silica with 280 fs time resolution and 1.05 THz frame rate. The influence 

of pulse-energy fluctuation on the spatial and temporal distribution of the single 

laser pulse was visualized using the single-shot measurements. 

 The pump power dependence of the spatial gating properties of femtosecond 

OKG has been investigated using coaxial two-color optical Kerr measurements in 

CS2 [141]. As the pump power increased, the spatial pattern of the optical Kerr 

signals changed from a Gaussian spot to a ring form, and then a spot surrounded 

by a concentric ring, successively. By comparing the experimental data with the 

calculation results and measuring the pump power dependence of the OKG signal 

intensity, we demonstrated that the spatial variation of OKG transmittance could 

be attributed to the non-uniform spatially distributed phase change of the probe 

beam, due to the transient birefringence effect induced by pump beam with 

transverse mode of a Gaussian distribution. 

 Based on light-induced polarization ellipse rotation effect, an ultrafast OKG in 

which an elliptically polarized probe beam was used by introducing a pair of 

crossed quarter-wave plates before and after the Kerr medium in a conventional 
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OKG arrangement has been proposed. When the probe beam passed through the 

Kerr medium, a rotation of the polarization ellipse of the probe beam would occur 

due to the transient birefringence induced by the pump beam, and parts of the 

probe beam would pass through the OKG. Theoretical calculations and 

experimental results indicated that the OKG signal intensity would reach an 

optimum value and be pump-polarization independent when the probe beam were 

circularly polarized. 

7.2  Future Work 

There are two research topics in this area that can be possibly explored in the future: 

 Combination of the techniques of supercontiuum probing with an echelon in 

single-shot pump-probe imaging: In the pump-probe spectroscopy, using a 

supercontiuum as the probe beam, and at the same time, introducing an echelon 

into the probe light path, thus a probe pulse can be subdivided into multiple 

distinct supercontiuum pulses with different time delay. Therefore, this technique 

can realize time- and wavelength-resolved pump-probe spectroscopy with high 

time resolution and large dynamic range which can be applied to measure the 

photochemical irreversible ultrafast dynamics. 

 Investigation of the application of femtosecond time-resolved OKG 

measurements based on light-induced polarization ellipse rotation. 
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