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Abstract 

Femtosecond laser technology has attracted significant attention from the viewpoints of fundamental and application; 

especially femtosecond laser processing materials present the unique mechanism of laser-material interaction. Under the 

extreme nonequilibrium conditions imposed by femtosecond laser irradiation, many fundamental questions concerning the 

physical origin of the material removal process remain unanswered. In this review, cutting-edge ultrafast dynamic observation 

techniques for investigating the fundamental questions, including time- resolved pump-probe shadowgraphy, ultrafast 

continuous optical imaging, and four-dimensional ultrafast scanning electron microscopy, are comprehensively surveyed. Each 

technique is described in depth, beginning with its basic principle, followed by a description of its representative applications 

in laser-material interaction and its strengths and limitations. The consideration of temporal and spatial resolutions and 

panoramic measurement at different scales are two major challenges. Hence, the prospects for technical advancement in this 

field are discussed finally. 
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1. Introduction 

 

Ultrafast lasers can change the states and properties of 

materials through interactions with them, and they can be 

used to control the processing of materials from the micro- 

meter scale down to the nanometer scale or across scales [1]. 

Femtosecond lasers tend to impose extreme conditions in 

their interactions with target materials because of the ultra- 

short pulses (approximately 10−15 s) and ultrahigh power 

 

 

 

 

 

1 

intensity (>1014 W cm−2) involved, and they can be focused 
onto nanometer spatial dimensions (approximately 10−9 m). 
Because of the extreme characteristics, femtosecond lasers 

can be used to process almost any material with high quality 

and high precision as well as to process complex three- 

dimensional structures, which has emerged as a new frontier 

in the development of laser manufacturing technology. Due to 

its nonlinear (e.g. multiphoton) absorption, a femtosecond 
laser can overcome the limitations of traditional processing 
methods; and the accuracy of femtosecond laser fabrication 
currently stands at 1/50 of the diffraction limit [2]. The 
nonequilibrium (e.g. interelectron nonequilibrium and elec- 
tron-to-lattice nonequilibrium) absorption and nonthermal 
phase transitions (e.g. Coulomb explosion and electrostatic 
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Figure 1. Schematic of the time-resolved pump-probe shadowgraphy 
setup. Reproduced from [30]. CC BY 4.0. 

 
 

stripping) of femtosecond lasers can minimize heat-affected 
zones, cracks, and recast layers, thus improving the proces- 
sing quality considerably [3, 4]. Moreover, no mask, vacuum, 

or corrosive gas is required in femtosecond laser fabrication. 

The process generates small quantities of waste compared to 

traditional methods and does not cause pollution. The char- 

acteristics of femtosecond lasers have led to the development 

of new manufacturing concepts, mechanisms, methods, and 

techniques that support a large number of manufacturing 

applications in fields such as information technology, bio- 

technology, pharmaceuticals, aerospace, and environmental 

industries [5–11]. 
The   mechanism   of   femtosecond   laser   fabrication, 

including the phase change and material removal, are essen- 

tially determined by laser-electron interactions [12]. During 

femtosecond laser fabrication, photons are mainly absorbed 

by electrons, and the subsequent energy transfer from elec- 

trons to ions is of the picosecond order. Consequently, lattice 

motion is negligible within the femtosecond pulse duration, 

whereas femtosecond photon-electron interactions dominate 

the entire fabrication process [12]. Therefore, the regulation 

of laser-electron interactions or localized transient electron 

dynamics is critical to the development of femtosecond laser 

manufacturing, which makes measurement and control at the 

electron level challenging during fabrication processes. To 

understand and control the ultrafast dynamic processes, many 

observation techniques have been developed. 

The pump-probe technique is widely used to capture the 

aforementioned ultrafast dynamics through repeated mea- 

surements and to study the dynamic processes of various 
materials in femtosecond laser manufacturing (section 2). In 
addition to capturing ultrafast phenomena that are either 

nonrepeatable or difficult to reproduce, many ultrafast con- 

tinuous optical imaging techniques have been developed in 

recent years that can acquire a sequence of temporally and 

spatially   resolved   data   from   a   single   ultrafast   event 
(section 3). To extract weak signals and improve spatial 
resolution, four-dimensional scanning ultrafast electron 
microscopy (4D S-UEM) systems have been employed to 
observe the local instantaneous electron dynamics under 

excitation with ultrafast laser pulses. The systems have also 

been used to reveal the mechanism of the diffusion, migra- 

tion, or depletion behaviors of surface carriers as well as the 

influence of the mechanism on the formation and modification 
of materials and the energy transfer process (section 4). In the 
following three sections of this review, we comprehensively 
survey the aforementioned cutting-edge measurement tech- 
niques. Some techniques were omitted in view of the lim- 

itation on article length. For example, ultrafast detectors, such 

as ultrafast framing cameras or steak cameras [13], are not 

discussed. The in-depth description of each technique in this 

paper begins with its basic principle, followed by a descrip- 

tion of its representative applications in femtosecond laser 

manufacturing as well as its strengths and limitations. In the 

concluding section of this review, a summary and an outlook 

are provided. 

 

 

2. Time-resolved pump-probe shadowgraphy 
techniques 

 

Unlike traditional long-pulse laser fabrication, femtosecond 

laser fabrication essentially changes the mechanism of laser- 

material interaction. Currently, many fundamental questions 

concerning the origin of the material removal process under 

the extreme nonequilibrium conditions imposed by femtose- 

cond laser irradiation remain unanswered. This affects the 

quality, accuracy, efficiency, and controllability of femtose- 

cond laser fabrication and limits the extension of femtosecond 

laser micro- and nanofabrication techniques and applications. 

To acquire laser-induced plasma dynamics, several diag- 
nostic techniques have been developed [14–17], among which 
the time-resolved pump-probe shadowgraphy technique with 

micrometer spatial resolution and femtosecond temporal reso- 

lution has been widely employed. In a pump-probe method, a 

pump pulse excites a material, and a second pulse probes the 

pumped material. By acquiring time-delayed frames, one can 

reconstruct an ultrafast movie of the time-evolution reaction of 

the material. In particular, shadowgraphy images of transient 

plasma structures and material ejection provide more infor- 

mation than the probe beam deflection technique that can only 

acquire light intensity refracted by a density disturbance, and 

offer insights into thermal and nonthermal laser ablation 
mechanisms [18–22]. Further analysis of the time-dependent 
plasma expansion and the subsequent shockwave process 

according to the point explosion theory can help estimate the 

energy conversion, as demonstrated in previous studies for 

silicon ablation [23, 24]. In addition, shadowgraphy images 

provide insights into the plasma dynamics generated under 

different ablation conditions, such as different thicknesses of 

thermally grown oxide films [25, 26], air pressures [27], and 

excitation of air plasma at high laser intensities [28, 29]. In this 
review, we focus on the (I) observation of electron density 
dynamics over shaped pulses and (II) evolution of laser- 
induced plasma and shockwave expansion controlled by fem- 

tosecond laser pulse trains. 

 
 Experimental setup 

Figure 1 displays a schematic of the time-resolved pump-probe 

shadowgraphy experimental setup [30]. The pulse from a 

https://creativecommons.org/licenses/by/4.0/
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Figure 2. (a) Two-dimensional transmission mapping and electron density evolution at the centers of filaments induced by double pulses with ts 
= 200 fs. The energy of both pulses was 4 μJ. T denotes the transmissivity. (b) Diagram of the filament split caused by the highly reflective surface 
induced by the first pulse. (c) Instantaneous reflectivity of the surface at a delay of t = 200 fs from simulation. Reproduced from [38]. 
© 2019 The Japan Society of Applied Physics. All rights reserved. 

 

commercial Ti:sapphire femtosecond laser was divided into two 
beams (pump and probe) with a beam splitter. The pump beam 
was focused normally onto the surface of sample material. The 
probe beam oriented perpendicular to the pump beam was fre- 
quency doubled by using a beta barium borate (BBO) crystal 
and then was used to illuminate the ablated material. The 

transmitted shadowgraph of the plasma and the resulting 
shockwave were captured by a charge-coupled device (CCD).A 
400 nm bandpass filter was placed before the CCD to suppress 
background illumination. An optical delay line was used to 

control the probe delays. To study the dynamics of two-pulse 

ablation, a sequence of shadowgraphs during ablation was 

recorded, with the first and the second pulses at different probe 

delays. 

 
 Observation of the electron density dynamics over shaped pulses 

The femtosecond time-resolved pump-probe shadowgraphy 

technique is effective for detecting the extremely fast process 

of electron density dynamics evolution under laser pulse 

irradiation. Various aspects of the filaments induced by laser 

pulses have been investigated, such as the peak intensity 

[31–33], filament length [34, 35], and deposition energy 
[36, 37]. However, most studies have focused on the electron 

dynamics induced by normal Gaussian single pulses. The 
research on the evolution of electron dynamics induced by 
shaped pulses (e.g. double pulses and multiple pulses) 
remains scarce [12]. Electron dynamics depends strongly on 
the spatial and temporal energy distribution of pulses. 

Electron density dynamics over the duration of shaped 

pulses can be observed by varying the separation time of pulses. 

As displayed in figure 2, upon the arrival of the second pulse, 

filament split was observed. This split was attributed to the 

emergence of a transient high-reflective surface induced by the 

first pulse [38]. The simulation results indicated that the reflec- 

tivity at the center of the pulse exceeded 0.8, which caused the 

second pulse to be reflected strongly. However, in the pericentral 

area of the pulse, the reflectivity decreased rapidly. This enabled 

the second pulse to enter the sample and induce two shallow 

filaments. The experimental results indicated that the energy 

deposition efficiency can be optimized by shaping the laser 

pulses temporally, which benefits the fabrication process. After 

the experiments, atomic force microscopy was used to char- 

acterize the ablation morphology. 

The laser-induced plasma evolution through multipulse 

ablation and the effect of a prepulse-induced crater on the 

subsequent laser field were studied using the time-resolved 

pump-probe shadowgraphy technique [39]. Filament splitting 
was observed in the early stages of plasma evolution (before 

∼300 fs) (figure 3). This phenomenon was attributed to the 
competition between laser divergent propagation induced by a 

prepulse-induced crater and the nonlinear self-focusing effect. 

This was further validated through simulation results. Fila- 

ment splitting occurred in the early stages of plasma evolution 

because the subsequent laser field was reshaped by the pre- 

pulse-induced crater. 

Furthermore, the evolution of laser-induced plasma in fused 

silica has been studied with increasing numbers of pulses. 

Figure 4 displays the time-resolved transmission of femtose- 
cond-laser-induced plasma with 10–300 pulses at 900 fs. As the 
pulse number was increased, a hole formed gradually with two 
side branches. The depth of the hole increased, and the side 

branches were formed gradually. When the pulse number was 

higher than 200, the peak electron density was saturated. This 

behavior can be attributed to the invariability of the side bran- 

ches. Therefore, the focused laser formed laser-induced plasma 

with the same field, which ensured that the peak electron density 

approached a saturation point and did not change. The exper- 

imental results revealed that energy distribution of subsequent 

pulses could be influenced by a prepulse-induced structure. This 

is essential for understanding the mechanism of laser-material 

interaction, especially in ultrafast multiple-pulse laser ablation. 
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Figure 3. (a) Time-resolved transmission of femtosecond-laser-induced plasma caused by the first pulse (N = 1) and second pulse (N = 2) in fused 
silica with a fluence of 8.84 J cm−2 at 200 fs; (b) finite-difference time-domain simulation of the laser field considering the Kerr effect in 
fused silica with the first and second pulses; and (c) AFM morphology of the crater caused by the first pulse, where ‘E’ and ‘C’ denote the edge 
and the center area of the crater, respectively. Reproduced with permission from [39]. © 2019 Optical Society of America. 

 

Figure 4. (a) Time-resolved transmission of femtosecond-laser-induced plasma in fused silica with 10–300 pulses and (b) peak electron 
density evolution at 900 fs with a fluence of 17.68 J cm−2. Reproduced with permission from [39]. © 2019 Optical Society of America. 

 

 

Figure 5. Time-resolved transmissivities of the femtosecond-laser-induced region in fused silica with (a) 800 nm and (b) 400 nm probe pulses 
at delay times of 100–800 fs. The pump pulses of both (a) and (b) propagate from left to right. The color map is selected to enhance 
transmissivity changes and plasma evolution after laser pulse irradiation. The scale bar is 20 μm. The black lines with arrows denote the 
propagation direction of the pump pulses. (c) Evolution of the electron relaxation time with the electron density. The black squares denote the 
measured pairs of ne and te. The red solid line represents the theoretical results obtained using the electron–ion scattering equation. 

(d) Schematic of the method for determining the dielectric function. Reprinted from [45], with the permission of AIP Publishing. 

 

The electron relaxation time (τe), which is an important 
parameter for understanding plasma properties, should be a 
variable according to theoretical calculations [40–42]. How- 
ever, in many experimental treatments, τe has simply been 

considered a constant [43, 44]. The calculation or measure- 

ment of τe remains challenging. Hence, the spatiotemporal 

evolution of femtosecond-laser-induced electron plasma in 

fused silica was studied using the dual-frequency pump-probe 
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Figure 6. Time-resolved shadowgraphs of material ejection at 
indicated time delays. Reproduced with permission from [46], 
Copyright (2007) by the American Physical Society. 

 
technique [45]. As displayed in figure 5, laser-induced fila- 

ments can propagate in fused silica for approximately 1 ps, 

which results in strong absorption of both the 800 and 400 nm 

probe pulses. By using the Drude model, a series of trans- 

missivities were calculated using many pairs of ne and te over 

a reasonably large scale and with high precision. The calcu- 

lated transmissivities and the experimental results revealed 

the optimized electron density and the electron relaxation time 

of plasma in different parts of the filament at different delay 

times. 

 
 Laser-induced plasma and shockwave expansion 

The fundamental mechanisms of ultrafast laser ablation have 

been explained by various theories, such as Coulomb explo- 

sion, phase explosion, and the effect of a thermoelastic wave. 

Ultrafast laser ablation is a composite physical process that 

depends on the laser parameters and the properties of the 

target. Regarding metal targets, the dynamic process of 

ultrafast laser ablation of aluminum with an energy fluence 

considerably higher than the ablation threshold was investi- 

gated in [46]. As displayed in figure 6, a stripe pattern 

preceding phase explosion can be observed in the 

shadowgraph with a time delay of 1 ns. For longer time 

delays, the contrast of the stripe pattern decreases gradually. 

Intermittent material ejections can be observed within the 
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ejected plume after 2.5 ns and longer time delays. Such 
ejections have not been observed for semiconductor or di- 
electric materials (e.g. silicon and glass samples). 

The generation of femtosecond-laser-induced surface 

structures upon the irradiation of multiple pulses is 

strongly correlated with the pulse number, which in turn 

considerably affects successive laser-material interactions. 

The dynamics of plasma and shockwave expansion during 

the ablation of fused silica with two femtosecond laser 

pulses was studied with time-resolved shadowgraph 

imaging [29]. The exper- imental results revealed that 

during irradiation of the second pulse on the crater induced 

by the first pulse, the expansion of the plasma and 

shockwave were enhanced in the longitudinal 
direction (figure 7). This enhancement was attributed to the 
crater with concave lens-like morphology, which can 
con- 

siderably reflect and refocus the latter part of the laser pulse 
to induce strong air breakdown (figure 8). 

A similar enhancement phenomenon was detected in the 

two-pulse ablation of silicon. To further verify the 

fundamental mechanism, time-resolved shadowgraphy of 

silicon ablation was recorded at the femtosecond timescale 

to directly visualize the excitation of air plasma induced by 

the reflected laser during the irradiation of the second pulse 

[30]. Moreover, the inter- action between air plasma and 

silicon plasma was studied at the 
picosecond–nanosecond timescale. The study of the 
interaction indicated that the air plasma channel can affect 
the expansion 

dimension of the plasma and shockwave in the longitudinal 
direction; however, the interaction did not affect the 
morph- ology and expansion distance (figure 9). 

In addition to the studies on femtosecond two-pulse 

ablation, recent studies have proposed that the morphology 
of the laser-induced crater roughens as the pulse number 
(N) increases [47–50]. This phenomenon leads to a loss of 
laser- refocusing ability, and it can considerably alter the 
nature of 

expansion of the plasma and shockwave. To study the 

effect of structure evolution on the dynamics of the plasma 

and shockwave, time-resolved shadowgraphs were 

recorded dur- ing ablation with multiple pulses. Figure 10 

displays the typical shadowgraphs of the plasma and 

shockwave during ablation with the third, fourth, and fifth 

pulses. Two funda- mental mechanisms of plasma and 

shockwave expansion were revealed: the excitation of air 

plasma and laser-material coupling. The two mechanisms 

were strongly dependent on the laser-induced surface 

structure. When the pulse number was small, a smooth 

crater was generated by prior pulses, which could reflect 

and refocus the next pulse, thus inducing an increased laser 

intensity above the sample surface. Con- sequently, air 

plasma was excited and it dominated the ani- sotropic 

expansion of the silicon plasma and shockwave. When the 

number of pulses was large, the smooth crater roughened 

due to it being covered with microstructures and 

nanostructures. Consequently, the crater was unable to 

refo- cus the incident pulse. In this scenario, the air plasma 

van- ished and laser-material coupling was the core 

mechanism of the expansion of the silicon plasma and 

shockwave with strong isotropic characteristics. The findings 

are of funda- mental importance for obtaining deep insights 

into the nature of ultrafast laser-material interaction. 
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Figure 7. Shadowgraphs of the plasma and shockwave generated by femtosecond laser irradiation on fused silica with laser fluences of 10.8, 
19.2, and 40.1 J cm−2. (a)–(c) Images recorded after the first pulse (N = 1) and (d)–(f) images recorded after the second pulse (N = 2). P 
indicates the protuberance on the top of the plasma and the shockwave front. The probe delay was 16 ns. Reproduced with permission from 
[29]. © 2017 China Laser Press. 

 

Figure 8. Calculation of the refocused laser intensity. (a) Time-dependence of the surface reflectivity and incident and reflected laser 
intensities at the beam center (x = 0) during irradiation of the first pulse. (b) Spatial distributions of the incident and reflected laser intensities 
at time zero, at which the peak intensity arrived during the irradiation of the first pulse. (c) Refocused laser intensity distribution at the 
refocused focal plane at time zero during the irradiation of the second pulse. (d) Cross-section of the refocused laser intensity distribution at 
time zero. The incident laser fluence was 13.75 J cm−2. Reproduced with permission from [29]. © 2017 China Laser Press. 

3. Ultrafast continuous optical imaging techniques 

 

Pump-probe methods have been imperative for the study of 

ultrafast dynamics. However, they are inapplicable to many 

ultrafast phenomena that are either nonrepeatable or difficult 

to reproduce, such as chaotic laser dynamics [51], optical 

rogue waves [52, 53], light scattering in living tissues [54], 

and irreversible crystalline chemical reactions [55]. Although 
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Figure 9. Time-resolved plasma shockwave expansion at probe delays on the nanosecond timescale. (a)–(d) Images recorded for the first pulse. 
(e)–(h) Images recorded for the second pulse. The dashed line represents the silicon-air interface. (i) Measurements of longitudinal and radial 
expansion of the silicon shockwave as a function of time for the first two pulses in the ablation of silicon. (j) Calculated longitudinal velocities of 
the silicon shockwave as a function of time for the first two pulses in the ablation of silicon. (k) Double logarithmic fitting of longitudinal and 
radial expansion for the first two pulses in the ablation. The laser fluence was 7.27 J cm−2. Reproduced from [30]. CC BY 4.0. 

 

other ultrafast phenomena are reproducible, they have sig- 

nificant shot-to-shot variations and low occurrence rates. 

Examples include dense plasma generation with ultrafast laser 

systems [56, 57] and laser-driven implosion in inertial con- 

finement fusion [58]. Under these circumstances, the ultrafast 

continuous optical imaging techniques become necessary to 

overcome the limitations of pump-probe methods. In general, 

the techniques employ an ultrafast pulse train to record a 

transient event. Each subpulse in the pulse train is assigned a 

unique optical marker, such as different spatial positions, 
angles, wavelengths, states of polarization (SOPs), or spatial 
frequencies, which is used to separate the subpulses to 
recover the transient information. In the following subsec- 
tions, we review four popular ultrafast continuous optical 

imaging techniques based on different mechanisms. 

 

 Ultrafast continuous imaging based on spatial division 

The most direct method of continuous ultrafast imaging 
involves separating the imaging beams in space, which is an 
extension of Muybridge’s imaging setup for capturing a horse 
in motion [59]. In this method, an echelon is used to construct 

a probe pulse train, with each subpulse occupying a different 
spatial and temporal position (figure 11(a)). Synchronized 
with a high-speed process passing through the field of view 

(FOV), each subpulse records the transient information of the 
process at a different time. The probe subpulses are projected 
onto different spatial areas of an image sensor, which then 
records the information in a continuous manner (figure 11(b)). 
This technique is suitable for the observation of single fem- 

tosecond laser pulse propagation. Because the intense laser 

pulses develop complex structures during their propagation 

due to self-modulation caused by nonlinear effects [60], the 

propagation profile is remarkably different from shot to shot 

even if the laser light source fluctuates marginally [61]. 

By using the aforementioned method, high-frame-rate 

observation of single femtosecond laser pulse propagation in 

fused silica was realized, which facilitated the determination 

of the influence of pulse energy fluctuation on the spatial and 

temporal distributions of the single laser pulse [62]. Pump- 

induced changes in the relative reflectivity as small as 0.2% 
−0.5% were observed in semimetals, which revealed both 
electronic and coherent phonon dynamics [63]. 

Figure 12(a) illustrates the schematic of the multiframe 
femtosecond time-resolved optical polarography (M-FTOP) 
system based on echelon spatial division for imaging the 

propagation of ultrashort pulses in an optical nonlinear 

medium [62]. A 65 fs, 800 nm laser pulse was split into a 

pump pulse and probe pulse with a beam splitter. The pump 

pulse was focused at approximately 1 mm inside a Kerr 

https://creativecommons.org/licenses/by/4.0/
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Figure 10 Shadowgraphs of the plasma shockwave at probe delays of 500 fs, 800 ps, and 16 ns during ablation with multiple pulses. (a1)– 
(a3) Shadowgraphs for the third pulse. (b1)–(b3) Shadowgraphs for the fourth pulse. (c1)–(c3) Shadowgraphs for the fifth pulse. The laser 
fluence was 7.27 J cm−2. The dashed line represents the silicon-air interface. Reproduced from [30]. CC BY 4.0. 

 

 
medium of fused silica glass (10 mm in length). The fre- 
quency-doubled probe pulse was incident on a four-step 
echelon with a step width of 0.54 mm that produced a 0.96 ps 

time delay for the probe pulse. The step height of 0.2 mm was 
consistent with the propagation of the pump pulse. The 
polarization axes of the two polarizers (P1, P2) placed before 
and after the sample were mutually perpendicular to allow the 
passage of parts of the probe beam. The polarography images 

were recorded with a high-spatial-resolution CCD cam- 

era [64]. 
Figure 12(b) displays the sequence images in which the 

spatial resolution of the pump pulse (45 μJ) propagation 
dynamics in fused silica was approximately 4.3 μm. The frame 
interval was approximately 0.96 ps (corresponding to a frame 
rate of approximately 1.05 THz). First, the lateral size of the 
pump pulse spot changed marginally, which indicated filament 

generation because of the balance between the Kerr self- 

focusing and plasma defocusing effects induced by nonlinear 

ionization [65]. Specifically, the formation of double filaments 

during the propagation of the pump pulse was indicated by the 

profile images of the two peaks [61]. Second, the pulse profiles 

varied from shot to shot due to fluctuations in the pulse energy 

distribution, which highlights the necessity of continuous 

ultrafast imaging. Because intense pump pulse propagation can 

 
lead to the generation of complex structures due to nonlinear 

effects [61], the propagation profile differs markedly from pulse 

to pulse even if the laser pulse fluctuates only marginally, which 

is almost impossible to observe with the pump-probe technique. 

The temporal resolution of the imaging system can be 

improved by increasing the echelon step width; however, it 

remains limited by the probe pulse duration, which depends 

on the advancement of attosecond laser science [66, 67]. 

However, M-FTOP has a few insurmountable shortcomings. 

First, the discrete probe pulses are generated by the step 

echelon. Hence, the frame number determined by the step 

number is limited by the power of a  single pulse. More 

importantly, the spatially discrete probe pulses can only 

image ultrafast dynamics with nonoverlapping trajectory. 

However, observation of the localized electron dynamics in 

the same area is of considerable importance for researching 

the mechanism of laser fabrication. 

 
 Ultrafast continuous imaging based on temporal 

wavelength division 

Recently, a new type of ultrafast continuous imaging method 

based on temporal wavelength division was proposed to 

https://creativecommons.org/licenses/by/4.0/
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overcome the shortcomings of the spatial division 

system 
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Figure 11. (a) Generation of time-delayed probe pulses through an 
echelon. Probe beams passing through thick echelon steps were 
retarded relative to those passing through thin steps. (b) Schematic 
illustration of ultrafast imaging based on spatial division. Figure 12. (a) Schematic of the M-FTOP imaging system based on 

space division. (b) Continuous observation of different laser shot 
dynamics under the same conditions. Reproduced with permission 

[68]. This method employs different wavelengths of indivi- 

dual pulses to form imaging pulse trains, which are appro- 

priate for observing electronic dynamic control processing 

(figure 13). The spatial mapping system on the detection side 
employs dispersive optical elements to spectrally separate 
probe pulses and project them onto an image sensor. 

On the basis of time-stretch imaging [69–71], a repre- 
sentative technique of temporal wavelength division called 

sequentially timed all-optical mapping photography has been 

developed [72]. A 70 fs and 810 nm pulse was first passed 

through a temporal mapping device comprised of a pulse 

stretcher and pulse shaper. Different lengths and dispersing 

materials were used as pulse stretchers to control the chirp of 

the pulse spectrum. Then, a pulse train containing six wave- 

length-encoded subpulses was generated with the pulse shaper 

to probe dynamic scenes. The reflected or transmitted signal 

subpulses were passed through a spatial mapping unit, which 

employed a diffraction grating and an array of periscope mirrors 

to separate the signal subpulses in space (upper-right inset in 
figure 14). Finally, the spatially separated subpulses were 
recorded at different areas for each frame on an imaging sensor. 

The STAMP system has been applied to visualize early- 

stage femtosecond-laser-induced plasma dynamics with a 

frame interval of 15.3 ps (corresponding to 65.4 Gfps) and 

from [62]. © 2014 Optical Society of America. 

 
 

Figure 13. Schematic illustration of the ultrafast imaging method based 
on temporal wavelength division. 

 

exposure time of 13.8 ps (figures 14(a) and (b)). In an 
experiment with this system, an ablating laser pulse with a 

pulse energy of 100 μJ and pulse duration of 70 fs was 

focused on the surface of a glass plate. The plasma plume 

generated by the femtosecond laser expanded rapidly along 

the radial direction, and the speed of the plume front was 

calculated to be approximately 105 m s−1. 
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Figure 14. STAMP. (a) Schematic of plasma dynamics observation. (b) Continuous imaging of plasma dynamics with STAMP. 
(c) Schematic of phonon dynamics observation. (d) Continuous imaging of phonon dynamics with STAMP. Inset: A spatial mapping unit 
employing a diffraction grating and an array of periscope mirrors to separate pulse trains in space. Reprinted by permission from Macmillan 
Publishers Ltd: Nature Photonics [72], Copyright 2014. 

 

Moreover, STAMP has been used to observe phonon 
dynamics at the femtosecond time scale (figures 14(c) and (d)). 
An excitation pulse (pulse energy: 40 μJ) was line-focused onto 
a ferroelectric crystal (LiNbO3) wafer at room temperature to 
produce a coherent phonon-polariton pulse through impulsive 

stimulated Raman scattering. The phonon pulse formation was 
captured with a frame interval of 812 fs (corresponding to 1.23 
Tfps) and exposure time of 1020 fs. Frames from a STAMP 
movie of the phonon dynamics are displayed in figure 14(d). 
The frames illustrate the entire dynamic process, including the 

generation of laser-pulse-excited lattice vibrations in the crystal 

and the propagation of a phonon-polariton wave packet. In 
addition, figure 14(d) depicts the propagation of a wave packet 
with a frame interval of 229 fs (corresponding to 4.37 Tfps). 
The speed of the phonon-polariton wave packet was calculated 
from the acquired images to be 4.6 × 107 m s−1 (one-sixth of the 
speed of light). However, the total number of frames in a 
single shot of this system was limited to six due to the simple 

embodiment of the spatial mapping system. 

Subsequently, several similar techniques have been 
developed to reduce the complexity and improve the perfor- 
mance of the STAMP system [73–76]. For example, the 
polarization state can be used as an optical marker combined 
with the wavelength marker to improve the spatial mapping 
system [73, 76]. A spectrally filtered (SF)-STAMP system was 
developed with a different spatial mapping method [74, 75]. A 
schematic of the SF-STAMP system [74] is illustrated in 
figure 15(a). This system expanded the probe laser bandwidth 

from 20 to approximately 40 nm and eliminated the requirement 

for the pulse shaper used in the temporal mapping device. 

Instead, the system was equipped with a frequency-chirped 

pulse to capture ultrafast events. The spatial mapping device 
was replaced with a diffractive optical element (DOE) and a 
tilted bandpass filter [77, 78]. The DOE can generate 25 spa- 

tially resolved replicas of the signal pulse, which are incident on 

the bandpass filter at different angles. Hence, different trans- 

missive wavelengths can be selected according to the incident 

angles to form the imaging sequence [77]. The sequence depth 

can be determined according to the number of replicas produced 

by the DOE. The temporal resolution of imaging can be con- 

trolled through spectral dispersion; however, the resolution is 

limited by the transmissive wavelength range. An observation 
timescale from subpicoseconds (approximately 10−13 s) to 
subnanoseconds (approximately 10−10 s) can be achieved [75]. 

The SF-STAMP system was applied to capture the 

dynamics of the crystalline-to-amorphous phase transition of 

the Ge2Sb2Te5 alloy induced by a frequency-doubled pump 
pulse. The gradual changes in the images of 25 frames 

(figure 15(b)) with an average frame interval of 133 fs 

(corresponding to 7.52 Tfps) indicated  the following: the 
amorphized area had decreased reflectance, and the phase 

change domain did not spread spatially to the surrounding 

crystalline area. These findings experimentally verified the 

theoretical phase transition model that attributed the initiation 

of nonthermal amorphization to the displacement of germa- 

nium (Ge) atoms from octahedral to tetrahedral sites [74, 79]. 
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Figure 15. (a) Schematic setup of the spectrally filtered (SF)-STAMP system and (b) sequence images of the crystalline-to-amorphous phase 
transition of the Ge2Sb2Te5 alloy captured by the 25-frame SF-STAMP at 7.52 Tfps. Reproduced from [74]. © IOP Publishing Ltd. CC BY 
3.0. 

 

Continuous imaging of light propagation at a frame rate 

of 3.85 Tfps for 60 frames was achieved by combining 

temporal wavelength division with the compressed sensing 

algorithm. This technique is called compressed ultrafast 
spectral-temporal (CUST) photography [80]. In this ima- 
ging system, an 800 nm, 50 fs laser pulse   (bandwidth: 
18 nm) is stretched with a grating pair. By tuning the inci- 
dent angle of the grating pair, the temporal resolution of the 

system can be tuned continuously from 0.1 to 5 ps. On the 
scene plane, the stretched pulse is transmitted through an 
ultrafast object and then projected onto a digital micro- 
mirror device (DMD). The DMD spatially encodes the 
signal   pulse   with   pseudorandom   binary   patterns.   The 

encoded pulse is further dispersed using a set of optics and 

received onto a CCD sensor. Multiple temporally or spec- 

trally resolved images can be reconstructed from the 

resulting compressed two-dimensional image by using the 

compressed sensing algorithm. 
The frame number (60 frames) and imaging speed (7.52 

Tfps) of the CUST photography system and the SF-STAMP 
technique, respectively, are among the highest in the ultrafast 

optical imaging domain. Although the light throughput of the 

original STAMP system is high, the system is limited by a 

low sequence depth. By contrast, the CUST photography 

system and the SF-STAMP technique have increased 

sequence depth at the cost of a considerable decrease in light 

throughput. In addition, these techniques are applicable only 

to ultrafast processes insensitive to the wavelength. 

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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Figure 16. (a) Schematic of the ADMC system. The incoming probe pulse is projected onto a two-by-two mirror array that splits the probe 
into four sub-beams with different temporal delays. Another set of two-by-two mirror arrays is used to route the sub-beams to individual 
cameras. (b) Four frames of femtosecond-laser-induced plasma creation and ablation on the surface of a metal wire. (c) Four frames of a 
femtosecond-laser-induced ionization front propagating in air. Reproduced with permission from [81]. © 2018 Optical Society of America. 

 

 Ultrafast continuous imaging based on angle division 

In the angle-division method, a transient event is probed from 

different angles to avoid the spectral problems of STAMP or 

CUST. For example, an angle-division-based multiple-camera 

(ADMC) system was developed with two sets of two-by-two 
mirror arrays with different angles for spatial and temporal 

division and routing of multiple probe pulses [81]. This sin- 
gle-shot scheme (figure 16(a)) was successfully applied to 
capture femtosecond ionization fronts propagating at the 

speed of light in air as well as laser-induced ablation of solid 
targets (figure 16(b)). The ADMC system was developed to 
provide individually adjustable frame intervals ranging from 
30 fs to hundreds of picoseconds. 

As depicted in figure 16(a), an 800 nm, 30 fs pulse is split 
into a pump pulse and probe pulse. The frequency-doubled 
probe pulse for imaging is spatially split into four beams with 

a two-by-two square-mirror array. Each mirror is angled 

marginally inward so that all beams cross the target located at 

a designed position from the mirror array. Moreover, each 

mirror is set on its own translation stage so that the temporal 

delay of each beam can be adjusted individually. After pas- 

sing the target plane, the four probe beams are reflected 

independently by another two-by-two square-mirror array, 

which is angled outward, and directed toward individual 

cameras through a single imaging lens. 

The dynamics of laser-induced plasma creation and 

expansion are captured at the timescales of hundreds of 

femtoseconds to picoseconds. Figure 16(b) displays four 
successive   frames   of   femtosecond-laser-induced   plasma 

creation and ablation on the surface of a metal wire. The 

frames were captured at 0, 60, 120, and 180 ps. At approxi- 

mately 4 ps before the arrival of the pump pulse (t = 0), a 
plasma plume with a hemispherical shock boundary was 
formed on the surface (Camera 1). The formation of this 

plume was attributed to a pump pulse that arrived 10 ns before 

the main pump pulse. The arrival of this pump pulse is evi- 

dent from the absence of an air ionization trail in the image 

captured by Camera 1; but the presence of an air ionization 

trail is seen in the images captured by Cameras 2, 3, and 4. In 

addition, the size of the plasma plume and the shock 
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Figure 17. Formation of the discharge path generated by irradiating aluminum foil with a laser having a pump laser energy of 108 mJ. 
(a) Four holograms obtained at −120, −86, −52, and −18 ps; (b) reconstructed light intensity images; (c) reconstructed electron areal density 
images; and (d) layout of the OCFI system. Reproduced with permission from [82]. © 2017 Optical Society of America. 

 

boundary did not change after 180 ps, which indicated that the 

plasma expanded over a considerably longer time scale, such 

as nanoseconds. At t = 60 ps, the main pump pulse interacted 

with the target surface and formed a smaller plasma. Similar 

to the larger plasma, the smaller plasma did not change 

considerably over a few hundreds of picoseconds. This dou- 

ble plasma formation is a rare event and does not always 

occur in repeated experiments, which indicates the usefulness 

of continuous imaging diagnostics when capturing unusual 

ultrafast events. In addition, sequences of a femtosecond- 

laser-induced ionization front propagating in air were cap- 

tured with a temporal resolution of 250 fs (figure 16(c)). 
Another method of angle division involves extracting 

information at different times from interferometric images cap- 
tured at different angles. Here, we introduce two representative 
works. One is the all-optical coaxial frame imaging (OCFI) 
method based on parallel coherence shutters, in which a train of 

laser pulses coaxially illuminates the target and generates holo- 

grams in different areas in the spatial domain [82]. With the 

OCFI method, nonmultiplexing serial images having high tem- 

poral and spatial resolution with identical spatial, temporal, and 

chromatic benchmarks can be captured in a single shot 
(figure 17). As displayed in figures 17(d), (a) 527 nm, 10 ps 
pulse is split into a probe pulse and reference pulse. The probe 

pulse is split into a train of four coaxial daughter pulses with a 

temporal interval of 34 ps with three beam splitters and two 

etalons. The pulse energy of each daughter probe pulse at the 
target is approximately 0.1–1 μJ. After passing through the 
target, the pulse train is split into four identical pulse trains, 

whereas the reference pulse is split into four pulses with different 

time delays. The time delay of a specific reference pulse is set to 

be the same as that of a specific daughter probe pulse so that 

each probe pulse train only interferes with a specific reference 

pulse and generates a unique hologram. Then, the four spatially 

separated holograms are projected onto four nonoverlapping 

areas in a CCD. Each hologram is separated spatially and 

temporally from the others by using a coherence shutter without 

the assistance of any mechanical or optoelectronic device. 

A 1064 nm, 150 ps, and 100 mJ pump pulse was focused on 
a 70 μm thick aluminum foil. Pump-laser-induced ‘superfast jets’ 
were ejected from the ablation side (figures 17(a)–(c)), which 
may be considered a discharge path. The apparent velocity of the 
‘jet’ front exceeded 9000 km s−1. The ‘jet’ tail mainly consisted 
of dense plasma that blocked the probe laser and appeared as a 
shadow in the holograms. The light intensity images 
(figure 17(b)) and the electron density maps (figure 17(c)) related 
to the light phase were reconstructed from the holograms 
(figure 17(a)). The maximum electron areal density and max- 
imum electron volume density of the ‘jet’ head were approxi- 
mately 2 × 1017 cm−2 and 1 × 1020 cm−3, respectively. 

Figure 18(a) illustrates another angle-division system 
called single-shot frequency-domain tomography (SFDT) for 
reconstructing ultrafast spatiotemporal dynamics [83]. In this 

technique, an 800 nm, 30 fs pump pulse creates an evolving 

luminal-velocity refractive index structure in a fused silica 

glass due to its nonlinear refractive index and the pump- 

generated plasma. A three-layer structure consisting of a BBO 

crystal sandwiched between two HZF4 glass plates was 

employed to generate 15 frequency-doubled probe pulses 
from a pair of spatiotemporally cross-incident pulses (800 nm, 
30 fs, 30 μJ). Among the 15 probe pulses, five probe pulses 
with different projection angles were selected and overlapped 

both spatially and temporally at the target for continuous 
imaging of a transient, which was measured using spectral 
imaging interferometry [84–86]. The reference pulse recorded 
the phase reference and the probe pulses that interfered inside 

the spectrometer and projected a grid-like frequency-domain 

intensity pattern or hologram onto a CCD camera [87]. The 

evolution images were reconstructed by windowing and 

inverse-Fourier-transforming the hologram area associated 

with each probe pulse and applying the tomographic image 

reconstruction algorithm [83, 88]. 
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Figure 18. (a) Schematic of the SFDT system based on angle division. (b) Imaging of the nonlinear index profile at four different pump energies 
and five different propagation times. Reprinted by permission from Macmillan Publishers Ltd: Nature Communcations [83], Copyright 2014. 

 
 

Figure 19. Schematic of the THPM experimental setup for imaging 
laser-induced damage. The black arrows indicate the pulses’ SOPs. 
Lower-right inset: generation of four reference pulses having 
different spatial frequencies. Reproduced with permission from [90]. 
© 2017 Optical Society of America. 

 

Figure 18(b) displays frames from SFDT movies of the 
evolving index profile induced by the propagation of an 

ultrafast laser pulse in a fused silica glass with different pulse 

energies. The temporal resolution of the reconstructed movie 

was approximately 2.5 ps. The reconstructed movie revealed 

a series of nonlinear dynamics, especially at high pulse 

energies, such as self-focusing of the pulse within 7.4 ps and 

the formation of a spatial lobe due to laser filamentation at 
9.8 ps. In addition, the index ‘hole’ displayed in the final 
image at 12.2 ps indicates that the plasma generated induced a 

negative index change that locally offset the laser-induced 

positive nonlinear refractive index change. 

The interferometry imaging method can record complex 

amplitudes and capture dynamic events along the propagation 

directions of probe pulses. However, the limited number of 

illumination angles results in artifacts that strongly affect the 

reconstructed images [89]. Consequently, the spatial resolution of 

this method is suitable for imaging simple structured objects only. 

 
 Ultrafast continuous imaging based on spatial frequency 

division 

The last method in the ultrafast continuous imaging domain is 

spatial frequency division, which adds different spatial carrier 

 

 

 

 

 

 

 

 

Figure 20. Time-resolved amplitude and phase contrast images of 
ultrafast-laser-induced damage in a (a) linear polarizer and (b) mica 
lamina sample. Reproduced with permission from [90]. © 2017 
Optical Society of America. 

 
frequencies to different probe pulses. Through image recon- 

struction, spatially superimposed temporal information can be 

separated in the spatial frequency domain to realize ultrafast 

continuous imaging. Two representative techniques are dis- 

cussed in the following text. 

Figure 19 displays the time-resolved holographic polar- 
ization microscopy (THPM) system based on spatial frequency 
division for monitoring laser-induced ultrafast phenomena in 
polarization-sensitive materials [90]. A 1064 nm, 30 ps imaging 

probe pulse was frequency doubled, tuned to circular polar- 

ization, and then split into two pulses with a time delay. Each 
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Figure 21. (a) System schematic of the FRAME imaging based on spatial frequency division. (b) Sequence of reconstructed frames of a 
propagating femtosecond laser pulse in CS2 liquid. Reproduced from [95]. CC BY 4.0. 

 
 

probe pulse was further split into signal pulses and reference 

pulses with different SOPs. Hence, two signal pulses and two 

reference pulses were generated and further passed through 

different spatial filters to load different spatial carrier fre- 

quencies. Then, the interference holograms of the signal pulses 

and reference pulses with different spatial frequencies were 

recorded with a CCD camera. Finally, the amplitude and phase 

information of two orthogonal polarization components of two 

sequential vector wavefronts with ultrashort time intervals were 

retrieved by performing image reconstruction [91]. 

THPM was applied to the real-time imaging of laser- 
induced damage (figure 20). A thin film linear polarizer was 
observed with a pump energy fluence of 1.1 × 102 J cm−2 (figure 
20(a)). The amplitude and phase distributions of two 
orthogonal polarization states of the object waves associated 

with two different time delays of 0.2 and 1.8 ns were obtained 

simultaneously at an imaging speed of 625 Gfps. The dis- 

tributions indicated that the relative index change between the 

two orthogonal polarization states was nearly identical in the 

process of laser irradiation. In addition, a mica lamina plate was 

tested with a pump intensity of >40 J cm−2 (figure 20(b)). The 
initial amplitude and phase change captured by the system at 

0.1 and 1.7 ns verified the generation and propagation of shock 

waves and revealed nonuniform changes in the transmission 

and refractive indices in the process of laser irradiation because 

of the sample’s anisotropy. 

The time-resolved polarization imaging technique is 

imperative for investigating the ultrafast phenomena in 

polarization-sensitive materials because focused femtosecond 

laser irradiation in isotropic materials, such as fused silica 

[92, 93], induces artificial birefringence modification. The 

THPM system with an improved temporal resolution can be 

applied to study other ultrafast events, such as free-electron 

generation and lattice heating [94]. 

Another technique based on spatial frequency division is 

frequency recognition algorithm for multiple exposures 

(FRAME) imaging [95]. Instead of forming the interference 

fringes, FRAME encodes various carrier frequencies to probe 

subpulses through intensity modulation achieved with a 

Ronchi grating. By using this system, a 125 fs probe pulse 

was split into four subpulses. The intensity profile of each 

subpulse with a specified time delay was modulated using 

Ronchi gratings with an identical period but unique orienta- 

tions (figure 21(a)). Thus, the dynamic temporal information 

of the scene could be captured with a CCD camera in a single 

shot and separated in the spatial frequency domain without 

any crosstalk. Finally, the image sequence could be recovered 

through image reconstruction according to the THPM tech- 

nique. By using the FRAME imaging system, the propagation 

of a femtosecond laser pulse through carbon disulfide (CS2) 
liquid was captured with a temporal resolution of 200 fs 
(corresponding to an imaging speed of 5 Tfps) (figure 21(b)). 

https://creativecommons.org/licenses/by/4.0/
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Figure 22. (a) Optical arrangement for the spectroscopic and laser 
sheet experiments conducted using FRAME. (b) Temporally 
resolved 3D imaging using FRAME combined with laser sheet 
illumination. The recorded 3D sequence displays a dye droplet 
falling through a cuvette with water. Reproduced from [95]. 
CC BY 4.0. 

 

 
Because each FRAME image is extracted using a unique 

spatial code, the method does not rely on a specific optical 

wavelength or laser bandwidth. Therefore, it can be used for 

spectroscopic measurements or 3D imaging combined with 

laser sheet illumination (figure 22). 
A key feature of the spatial frequency division method is 

the use of spatial frequency rather than dispersion to generate 

and separate probe pulses. Not only can wavelength-sensitive 

measurements be avoided but pulse spectral information can 

also be retained for further spectroscopic analysis. The spatial 

carrier frequency can be attached to the probe pulses through 

either interference or intensity modulation, as demonstrated 

using the THPM and the FRAME techniques, respectively. 

The THPM technique can retrieve the amplitude and phase 

information of ultrafast dynamics. The FRAME technique can 

be easily transplanted into existing imaging systems to 

achieve high-dimensional imaging of ultrafast events. How- 

ever, the poor sequence depth achieved with the frequency 

division method can only be increased by sacrificing either 

the FOV or spatial resolution. 

The nine representative techniques based on the afore- 

mentioned four main methods are summarized in table 1 in 

https://creativecommons.org/licenses/by/4.0/
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terms of their system laser source, temporal resolution, 

frame number, specifications, and applications to help 

researchers select the most suitable technique for their 

specific studies. 

 
 

4. Second generation four-dimensional ultrafast 

electron microscopy 

 

During femtosecond laser fabrication, photons are mainly 

absorbed by electrons, and the subsequent energy transfer 

from electrons to ions occurs over a time scale of picose- 

conds. Hence, femtosecond photon-electron interactions 

dominate the whole fabrication process, which poses a 

chal- lenge in terms of measurement and control at the 

electron level during fabrication processes. Pump-probe 

and ultrafast continuous imaging techniques are viable 

solutions crucial for understanding phenomena such as 

electron relaxation, carrier dynamics, and charge transfer. 

Hence, the challenge lies in combining the atomic spatial 

resolution of the electron microscope with the ultrafast 

temporal resolution of time- resolved spectroscopy to 

devise a unique analytical tool that can provide dynamic 

information about molecular events with extremely fine 

detail simultaneously in both space and time. The ability to 

access carrier dynamics selectively on material surfaces 

with high temporal and spatial control in a photo- induced 

reaction is a particularly challenging task that can only be 

achieved by applying four-dimensional ultrafast 
electron microscopy (4D UEM) with time-resolved images 
that have nanometer spatial and femtosecond temporal 
reso- 

lutions. Although there is a problem of contamination of 

vacuum system by the laser ablated materials, the 4D UEM 

can well realize the observation of various phenomena 

before laser ablation. In addition, if the 4D system works in 

a single pulse mode, the amount of ablated materials is 

small and controllable. Recently, as a new direction in 4D 

electron microscopy, second generation ultrafast electron 

microscopy 
(S-UEM), with 650 fs and 5 nm temporal and spatial reso- 
lutions, was developed for the visualization of materials 
dynamics [96–100]. 

 
 Experimental setup of S-UEM 

A description of the 4D S-UEM experimental design is 

given in this section to help comprehend the manner in 

which the measurements are realized [96]. The 4D S-UEM 

experimental system integrate a femtosecond Clark-MXR 

fiber laser with a modified FEI Quanta 650 scanning 

electron microscope 
(figure 23). The 1030 nm, 270 fs laser pulse is divided by a 
beam splitter and directed toward two independent 
harmonic generators (HGs) to produce the second and third 
harmonic signals, respectively. The output of the first HG 
(343 or 515 nm) is directed with precision through a 
pyrometric quartz window and is focused tightly on a 
cooled Schottky field-emitter tip (zirconium-oxide-coated 

tungsten) to gen- erate the pulse, whereas the 515 nm output 
is directed onto the 

sample as a pump pulse to photoexcite the specimen under 

study. The relative timing between the two pulses is adjusted 

with precision through a computer-controlled optical delay 
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Table 1. Comparative summary of representative continuous ultrafast optical imaging techniques. 
 

Typical technique Laser pulse Temporal resolution Frame number Image acquisition Applications 

M-FTOP [62] 65 fs, 800 nm 0.96 ps 4 Direct Laser pulse characterization 

STAMP [72] 70 fs, 810 nm 229 fs 6 Direct Laser plasma; phonon dynamics 

SF-STAMP [74] 70 fs, 810 nm 133 fs 25 Direct Laser induced phase transition 

CUST [80] 50 fs, 800 nm 260 fs 60 Reconstruction Laser propagation 

ADMC [81] 30 fs, 800 nm 250 fs 4 Direct Laser plasma 

OCFI [82] 10 ps, 527 nm 34 ps 4 Reconstruction Laser plasma and electron density 

SS-FDT [83] 30 fs, 800 nm 2.5 ps 5 Reconstruction High nonlinear optical physics 

THPM [90] 30 ps, 1064 nm 1.6 ns 2 Reconstruction Laser-induced damage 

FRAME [95] 125 fs, 800 nm 200 fs 4 Reconstruction Laser pulse characterization 

 

 

Figure 23. Schematic of the S-UEM experimental setup. Reprinted with permission from [96]. Copyright (2016) American Chemical Society. 

 
 

 

Figure 24. Mechanisms of the dynamics observed with the S-UEM, 
where the valence band electrons are promoted to the conduction 
band upon optical excitation. The dashed ellipse indicates the 
location of the laser on the specimen. Several time-resolved images 
at selected times are displayed to indicate contrast development. 
High contrast is recorded because of the energy gain, and dark 
contrast is recorded because of the energy loss at the center of the 
excited region. Reprinted with permission from [97]. Copyright 

(2017) American Chemical Society. 
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line. A positively biased Everhart-Thornley detector is used 
to collect the secondary electrons (SEs) emitted from the 
spe- cimen. Through the imaging of gold nanoparticles 
using 

pulsed-generated photoelectrons, the spatial resolution of 

the S-UEM was determined to be approximately 5 nm. The 
temporal resolution of 650 ± 100 fs was obtained by the 

kinetics plotted for the intensity change of the SEs from a 

cadmium selenide (CdSe) single crystal. 

 

 Mechanisms of the dynamics observed with the 4D 

S-UEM 

One can determine the regime of dynamic probing 

depending on the time delay between the clocking photon 

pulse initiating the sample dynamics and the photoelectron 

probing pulse generated through photoexcitation by using a 

field emission gun [97]. Experimentally, a computer-

controlled delay line covering 
the time range from −0.6 to 6.0 ns is used to define the 
time axis of the acquired SE images. The differences of 
the SE 

images can be extracted by subtracting the referenced image 
at negative timeframe. Contrast-enhanced images can be 
obtained from the pump pulse irradiated and nonirradiated 
regions. Either ‘bright’ or ‘dark’ contrast can be observed, 
depending on the collected number of SEs with respect to 
the reference image 
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Figure 25. SEM images and steady-state measurements of the two samples. (a) SEM image of the surface of the as-grown NW films (cross- 
sectional image in the inset). (b) Absorption spectrum with the inset showing the Tauc plot. (c) SEM images of the ODT-passivated NWs 
(cross-sectional image in the inset). (d) Absorption spectrum with the Tauc plot in the inset. Time-resolved SE images of an InGaN NW array 
(e) before and (f) after surface passivation with ODT at the indicated time delays. [98] John Wiley & Sons. © 2016 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

 
 

Figure 26. (a) Time-resolved SE images of a single crystal (left) and powder film (right) of CdSe at the indicated time delays. The SEM 
images, which exhibit the distinguishable morphologies of the crystal and the film, are displayed in the insets of the two topmost images. 

(b) Dynamics of the temporal evolution of the SE intensity for both samples. Reprinted with permission from [99]. Copyright (2015) 
American Chemical Society. 

 

(figure 24). There are two probing regimes. A commonly used 

probing regime is called photon-electron dynamical probing, in 

which a clocking optical pulse arrives before the probing 

electron pulse. Another probing regime is called electron- 

photon dynamical probing, which means that the electron pulse 

arrives before the clocking pulse. The two probing regimes 

considerably influence the nature of the image contrast that can 

be obtained through such time-resolved measurements. 
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Figure 27. CdSe dynamics under different experimental conditions. (a) Time-resolved difference images of a CdSe (0001) single crystal in 
selected timeframes obtained with keV pulsed primary electrons. (b) Time-resolved difference images of 100 nm and 1 μm thick CdSe films 
obtained with 30 keV pulsed primary electrons. Reprinted with permission from [100]. Copyright (2017) American Chemical Society. 

 

Figure 28. SE difference images at the indicated time delays for (a) n-type Si and (b) p-type Si. (c) SE difference images at the indicated time 
delays for a Si p–n junction. Reproduced with permission from [101]. 
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Figure 29. Environmental S-UEM (schematic) and three experimental frames at −0.3, 5.0, and 31.0 ps. The figure displays the two pulses 
involved, primary electron probe, and clocking optical pulse that initiates the change. [102] John Wiley & Sons. Copyright © 2013 WILEY- 
VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
 

 Illustrative examples 
 

 Charge carrier dynamics on the surface of indium gallium 

nitride nanowires (NWs). An S-UEM was employed to 
image the charge carrier dynamics and carrier 
diffusion on the surface of indium gallium nitride 
(InGaN) NWs [98]. The kinetics of the SE intensity 
evolution and time-resolved SE images indicated that 
carrier recombination decreased considerably from 
40% to 15% on octadecylthiol (ODT) 

treatment within the observed time window (figure 25), which 
provided direct evidence of the removal of surface states and 

hence nonradiative carrier recombination pathways in real 

space and time. 

 

 Effect of the morphology on the surface charge carrier 

dynamics. An S-UEM was used to determine the 

effect of surface morphology on surface charge 

carrier dynamics [99]. In contrast to a single crystal 

of CdSe, rapid recovery of the 
SE signal was observed in a CdSe powder film (figure 26). 
This difference can be ascribed to the fact that the surface 

defects in the powder film can serve as fast carrier-quenching 

centers that considerably reduce the number of excited 

carriers, which results in bright contrast. This proves that 

surface morphology is crucial for determining the charge 

carrier dynamics of photoactive materials. 

Furthermore, the fundamental effect of the absorber layer 

thickness on the charge carrier dynamics was studied [100]. 

Time-resolved images indicate that the dynamics of charge 

carriers were highly sensitive to the thickness of absorber 

layer,   as   demonstrated   using   CdSe   films   of   different 

thicknesses as a model system (figure 27). This finding 
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provided the foundation for the application of an S-UEM to 

a wide range of devices used in materials research, and 

affected the optimization of photoactive materials in these 

devices. 

 
 

 Charge carrier transport at the p–n junction. An S-
UEM was used to study charge carrier generation, 
transport, and recombination at a silicon p–n 
junction with a well-defined nanoscale interface 
[101]. Contrary to the 

expected range of the trusted drift-diffusion model, the 

separation of carriers in the p−n junction extended 

considerably beyond the depletion layer. Moreover, the 

carrier density localized across the junction over a time 

range of up to tens of nanoseconds depending on the 

laser 

fluence (figure 28). The observations revealed a ballistic-

type motion and formed the basis of a model that accounts 

for the spatiotemporal density localization across the 

junction. 

 
 

 Mapping surface solvation in space and time. The 

ultrafast observation of solvation dynamics was 

realized by an S-UEM in the environmental mode at 

‘wet’ material surfaces beyond the diffraction limit 

of visible light [102]. As prototypes for mapping 

surface solvation in space and time, CdSe surfaces 

with atomically distinct surface structures and 

coated with polar and nonpolar molecules were studied 
(figure 29). The distinct dynamic behaviors originated 
from the differences in interactions and structures between 
ambient 

adsorbate molecules and the surfaces involved. An S-UEM 

in the environmental mode can potentially be used to 

explore 



Dogo Rangsang Research Journal                                                        UGC Care Group I Journal 

ISSN : 2347-7180                                                           Vol-09 Issue-03 September-December 2019  

Page | 741                                                                                            Copyright @ 2019 Authors  

reactivity and interfacial phenomena with the temporal and 

spatial scales of structural dynamics. 

 

5. Summary and outlook 

 

In summary, the developments in ultrafast chemistry and 

ultrafast physics have made it possible to observe and control 

electron dynamics in manufacturing, which is expected to 

considerably promote the development of basic manufacturing 

research. In the observation of the local instantaneous electron 

dynamic spatiotemporal evolution process in ultrafast laser 

manufacturing, the consideration of temporal and spatial reso- 

lutions and panoramic measurement at different scales are two 

major challenges. To address the challenges, we have reviewed 

the principles and applications of major ultrafast optical ima- 

ging methods, such as the pump-probe method, STAMP, 

CUST, THPM, FRAME, and 4D S-UEM. We have analyzed 

how these methods circumvent the limitations of traditional 

image sensors to achieve increased frame rates and shutter 

speeds. Although the methods trade off one or more parameters 

of specificity for an increased image-acquisition speed, they are 

complementary to each other. In the near future, a multiscale 

observation system with high spatial-temporal resolution and 

dynamic continuous observation capability could be established 

by combining pump detection, new ultrafast continuous ima- 

ging technology, and improved 4D S-UEM technology. Such a 

system could be used to determine the evolution of the structure 
and properties from electron ionization (femtosecond-picose- 
cond scale) and material phase transition (picosecond–nano- 
second scale) in a manufacturing activity in which the 
observations of multiscale processes have high spatial-temporal 

resolution, which would bring about a paradigm shift in fem- 

tosecond laser manufacturing. 
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