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Abstract

To investigate ultrafast phenomena, a novel, ultrafast imaging technique was developed.
Sequentially timed all-optical mapping photography (STAMP) performs single-shot
image acquisition without the need for repetitive measurements and without sacrificing
high-temporal resolution and image quality. The principle of this imaging method is
based on the all-optical approach, and therefore it overcomes the temporal resolution in
conventional high-speed cameras. Also, STAMP’s single-shot movie-shooting capability
allows us to obtain sequential images of non-repetitive ultrafast dynamic phenomena.
Here, we present the motion pictures of early stage dynamics during femtosecond laser
ablation captured by two types of STAMP setup. Breakdown was induced by intense
femtosecond laser pulse and monitored with a frame interval of 15.3 ps and a total of six
frames. The movie clearly shows the plasma generation and expansion on glass surface.
Also, filamentation was generated inside a glass and observed with a frame interval of
230 fs and total of 25 frames. These phenomena have previously only been observed by
pump-probe imaging. STAMP is a powerful tool to understand precise processes of com-
plex dynamics in ultrashort laser ablation.

Keywords: laser ablation, ultrafast imaging, STAMP, laser breakdown, filamentation

1. Introduction

The dynamics of laser ablation is important for laser machining [1] and laser surgery [2]. In par-
ticular, research on a femtosecond laser ablation has been performed to utilize its advantages:
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high-energy efficiency, low thermal effects, precise structuring due to the multiphoton absorp-
tion process, etc. Recent studies investigate more complex mechanism in laser ablation induced
by multiple burst pulses [3], optical vortex [4], and so on. For understanding these dynamics, a
method for direct observation of ultrafast phenomena has been required.

In this chapter, we introduce an ultrafast photographic technique, called “sequentially timed
all-optical mapping photography (STAMP)” [5] for sub-nanosecond single-shot imaging and
then present motion pictures of ultrafast dynamic events in ultrashort laser ablation.

2. High-speed imaging techniques for monitoring fast process of
ultrashort laser ablation

High-speed imaging is powerful tool for discovering and studying dynamic phenomena
[6, 7]. Many techniques and instruments have been developed to satisfy a great demand for
observation of fast events. We need to choose an appropriate method according to the phe-
nomena what we observe. Figure 1 shows the timescale of physical events in ultrashort laser
ablation of transparent materials [8]. The dynamics of femtosecond laser ablation is character-
ized differently on various time scales. First, laser ablation occurs by the material’s absorption
of photons at t =1 to ~100 fs. At t = ~100 fs to ~10 ps, the energy of the electrons is transferred
to the lattice via carrier-phonon scattering. At t = ~10 ps to ~10 ns, a shockwave and plume
are formed at and propagate from the focal volume. Also, on the same time scale, the thermal
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Figure 1. Timescale of physical events in ultrashort laser ablation and high-speed imaging technologies. The upper part
of this figure is illustrated based on [8].
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energy diffuses from the focal volume. In the bottom half of Figure 1, the characteristic of
imaging technologies is summarized. Here, we review pump-probe technique and conven-
tional high-speed cameras and introduce STAMP.

2.1. Conventional techniques for capturing ablation dynamics

Time-resolved imaging based on the pump-probe technique is a popular method for studying
ultrafast dynamic events in laser ablation. Its principle is the construction of a time-resolved
motion picture from repetitive measurements with different time delays between the trigger
pulse (pump) and measurement pulse (probe). Although the pump-probe imaging allows
us to capture ultrafast phenomena with the high-temporal resolution without the need for a
fast detector, it requires that the event under observation to be relatively simple and easily
reproducible. It falls short in studying non-repetitive or difficult-to-reproduce events such as
those found in laser ablation of biological materials and carbon fiber reinforced plastic and
multi-pulse laser ablation [3].

In many fields of basic science or applied technology, the versatile video camera based on
charged-coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS) tech-
nology has been widely used for study of dynamic phenomena. For achieving high temporal
resolution in imaging, specialized instruments (for example, the in-situ storage image sensor
[9], rotating mirror camera [10], and multi-channel framing camera [11]) have been devel-
oped. The time response of these instruments is ~1 ns, limited due to technical limitations
in mechanical and electrical components of the camera such as mechanical scanning, data
readout, and shutters.

A streak camera [12] is also used for monitoring ultrafast events with a sub-nanosecond resolu-
tion. The streak camera which operates by electronically sweeping the spatial profile of the tar-
get onto an image sensor can run faster than the 2D high-speed cameras. Although the streak
camera can provide a femtosecond temporal resolution, its operation is limited to 1D imaging.

2.2. Sequentially timed all-optical mapping photography for sub-nanosecond
single-shot imaging

STAMP was developed in order to overcome the limitations in conventional high-speed imag-
ing technologies and to observe non-repetitive ultrafast phenomena. It performs continuous,
single-shot, burst image acquisition without the need for repetitive measurements, yet with
equally high-temporal resolution and image quality.

In ultrafast events, the information we need is compressed in the time domain. When we
acquire a movie in the time domain, we have to use a device or material that has a very fast
response speed to resolve and take the compressed information. All of these direct approaches
must face to limitations in the response speed of the device or material. In order to avoid these
limitations, STAMP performs “mapping” of the target’s time-varying spatial profile onto a
burst stream of photographs with spatiotemporal dispersion (Figure 2). The camera’s all-
optical operation eliminates the speed bottleneck that exists in conventional burst cameras
and hence enables ultrafast, multi-dimensional motion picture photography.
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Figure 2. Principle of STAMP. (a) The target is illuminated by light with wavelength of A, A,, and A, at time t,, t,, and t,.

1/ 2
(b) The light modulated by the target is spectrally separated and detected on different positions s, s,, and s,. (c) Based on
both the correspondence relation between time t and wavelength A and the correspondence between wavelength A and

space s, the images are reconstructed as a movie.

Basic configuration of STAMP is schematically shown in Figure 3. It consists of an ultra-
short pulse source, a temporal mapping device, a spatial mapping device, an image sensor,
and a computer. The key components for realizing STAMP are a temporal mapping device
and a spatial mapping device. The operation of STAMP is as follows. First, an ultrashort
laser pulse generated by the laser source is temporally and spectrally shaped into a series
of discrete daughter pulses by the temporal mapping device. Here, the daughter pulses cor-
respond to different spectral bands of the original pulse. The daughter pulses are incident
onto the target as successive “flashes” for stroboscopic image acquisition (which can be con-
ducted in either the reflection or transmission mode, depending on the reflectivity profile of
the target). The image-encoded daughter pulses are “passively” and “optically” separated
by the spatial mapping device and incident onto different areas of the image sensor. Even
though the events are very fast, we can use highly sensitive image sensors that permit micro-
scopic imaging with low-intensity illumination. The data recorded on the image sensor are
digitally processed on the computer to reconstruct motion pictures with the frame interval
and exposure time calibrated from the settings of the pulse stretcher and pulse shaper in the
temporal mapping device. It can be tuned, depending on the time scale of the dynamical
event of interest [13]. The total number of frames can also be changed, depending on the
bandwidth of the original laser pulse and the settings of the temporal and spatial mapping
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Figure 3. Basic configuration of STAMP.

devices. The speed barriers of mechanical and electrical operation can be eliminated com-
pletely, since only light emitted from the pulse source travels to the image sensor through
the passive optical system.

As described above, the main feature of STAMP is its capability of sub-nanosecond multi-
dimensional image acquisition with high image quality and without repetitive measurements.
Additionally, in the STAMP operation, various imaging techniques such as interferometry,
polarization imaging, and shadowgraph imaging can be employed for visualizing phenom-
ena. On the other hand, there are some limitations in STAMP. We have to consider the poten-
tial negative effects of samples on STAMP’s operation. STAMP has difficulty in being applied
to photograph luminous objects. Also, we assume that the sample does not have any strong
dependence on wavelength in STAMP’s spectral range. In order to capture target phenomena,
we need to understand these features and design its optical setup properly.

3. Real-time observation of early stage plasma evolution during
femtosecond laser ablation

Here, we present movies of early stage plasma evolution during femtosecond laser ablation
captured by STAMP. We focused on the picosecond timescale, where the physical dynamics
in laser ablation of a transparent material transits from carrier excitation and thermalization
to structural events (see Figure 1).

3.1. Experimental setup of ultrashort laser ablation and STAMP with spectral shaper

As shown in Figure 4, the surface of a glass plate was ablated by a focused femtosecond laser
pulse and its resultant dynamics was observed with STAMP in transmission mode with a time
resolution of a picosecond order. The ablation conditions and the detailed setup of imaging
system are described below.
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Femtosecond laser pulse
Pulse duration: 70 fs
Laser energy: 100 pJ

Lens
f=19

Shadowgraph
imaging

Glass

Figure 4. Experimental setup for performing and visualizing a breakdown on a glass surface in femtosecond laser
ablation.

For an ultrafast laser source, we used Ti:Sapphire laser with a chirped pulse amplifier (CPA)
system. The center wavelength, pulse duration, and repetition rate were 810 nm, 70 fs, and
1 kHz, respectively. The repetition rate was decreased with optical chopper as the rate of
36 Hz, and then a single pulse was generated by a mechanical shutter. This pulse was split
into an excitation pulse of laser ablation and a STAMP pulse for capturing sequential images.
The time difference between these two pulses was adjusted with an optical delay line. The
excitation pulse with the energy of 100 pJ was focused by a lens (f = 19 mm) on the side sur-
face of the ultrathin glass (t = 50 um) placed in air. The power density of the laser pulse was
approximately 3 x 10" W/cm? at the focal point.

We developed a STAMP system that enables ultrafast motion picture photography with six
frames. The developed system was composed of a femtosecond laser source which is also
used for ablating materials, temporal mapping device consisting of a pulse stretcher and pulse
shaper, spatial mapping device which performs spectral imaging, cooled CCD camera, and
computer (Figure 5). In the pulse stretcher, the picosecond chirped pulse was produced from
a femtosecond pulse through a grating pair for monitoring dynamic events in picosecond
regime. The pulse shaper, based on the 4f optical configuration [14], was used as an amplitude
modulator to tailor the intensity of each daughter pulse. For visualizing laser ablation dynam-
ics, shadowgraph technique was employed. The STAMP’s daughter pulses coming from the
temporal mapping device illuminated the ablation area. The phenomena were imaged with
an objective (10x, NA = 0.25). Here, the effects of chromatic aberration and wavelength depen-
dence can be negligible because the difference of wavelength in each daughter pulse is around
3 nm. And then, the daughter pulses are separated by a spectral shaper [15]. The spectral
shaper we developed is one of the snapshot multispectral imaging methods which perform
image separation with passive optical elements [16]. In the spectral shaper, a periscope array
is placed at the Fourier plane in the 4f configuration of the spectral shaper (Figure 6). The
daughter pulses are diffracted by the first diffraction optics and then are focused onto the
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Figure 5. The schematic of STAMP utilizing the spectral shaper. CL: cylindrical lens, DG: diffraction grating, L: lens,
M: mirror, PA: periscope array, PBS: polarizing beam splitter, SLM: spatial light modulator, A/2: half wave plate.

periscope array. Each different spectral component reflects back, but comes out at a different
height. Then, the daughter pulses are recombined at the second diffraction grating, but exit at
different heights, keeping the spatial profile in each spectral component intact. Here, we used
the periscope array having six periscopes. These daughter pulses were detected on the differ-
ent position of the high-sensitive image sensor (2048 x 2048 pixels). Finally, detected images
were arranged in order corresponding to the arrival time at the target.

The time difference of arrival (corresponding to the frame interval) and pulse duration (cor-
responding to the exposure time) of each daughter pulse was measured by the technique of
cross correlation based on sum frequency generation. The optical setup is shown in Figure 7.

Periscope array Diffraction

grating

)

Cylindrical
mirror

L\g/

Figure 6. Configuration of the spectral shaper.
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Here, each daughter pulse was produced by the pulse shaper and characterized one by one.
Figure 8 shows the temporal profile. The averaged frame interval and exposure time in this
STAMP setup were 15.3 and 13.8 ps, respectively.

Figure 9 shows the microscopic images of a micrometer. The field of view and pixel resolution
were 148 x 122 uym? and 680 x 560 pixels, respectively.

3.2. Plasma generation and expansion around glass surface

Figure 10 shows STAMP’s motion picture of the generation and expansion of plume. Frames
1-3 indicate the generation of a flat plume, whereas frames 4-6 indicate its propagation in the
upper direction. In frames 2-6, the process of carrier-phonon scattering is indicated by the

Temporal
Laser source STAMP  mapping device L BBO
pulse
DM
Reference < - 1
pulse
Delay line 1L
Y
PD

Figure 7. Schematic of the optical setup for characterizing the STAMP pulses. DM: dichroic mirror, L: lens, PD: photodiode.
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Figure 8. Temporal profile of STAMP pulses. An average frame interval and an exposure time are 15.3 and 13.8 ps,
respectively [5].
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Figure 9. Image of test target. The images were captured and processed with the resolution of 680 x 560 pixels. The scale
bar shows 50 um [5].

dark region (white arrow in Figure 10) that corresponds to the high density of electrons in
the plasma state caused by the material’s absorption of light. This observation agrees well
with previous reports [17].

The detailed analysis shows a slight asymmetry in the plume’s wavefront profile (Figure 11).
This is due to the fact that the ablation pulse’s angle of incidence was not exactly perpendicu-
lar to the air-glass interface. The error bars in Figure 11 are due to the ambiguity in image
contrast. From the movie, the propagation speed of the plume’s wavefront is found to be
~100 km/s (90°), which agrees with previously reported values [18, 19].

Figures 12 and 13 are the motion pictures of the dynamic events in femtosecond laser abla-
tion. Although the experiment parameters such as laser intensity, beam profile, and material
were not changed, the difference in evolution of a plasma plume was observed. A fluctuation

Plasma plume expansion (frame interval: 15.3 ps, exposure time: 13.8 ps)

0 ps 15.5 ps 31.0 ps 46.5 ps 61.5 ps 76.5 ps

Plume

Figure 10. Motion picture of plasma generation and expansion in femtosecond laser ablation [5].
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Figure 11. Analysis of evolution of the plume wavefront [5].
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(b)

EEEEEEER
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Figure 12. Motion picture of laser ablation (a) and its binarized image (b).

of the laser pulse and non-uniformity of the surface roughness of the glass often decrease the
reproducible of laser ablation. STAMP is an effective tool to study a series of transitions in
such difficult-to-reproduce phenomena.

We also observed shockwave emission caused as a subsequent event of plasma generation.

The shock front is clearly visualized in each frame. The shock speed is quite slow comparing
to the frame interval of this experimental setup and hence the difference between each image

is not large (Figure 14).

(@)
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Figure 13. Motion picture (a) and binarized image (b) of laser ablation induced under the same conditions as those in
the experiment of Figure 12.
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Shockwave emission (frame interval: 15.3 ps, exposure time: 13.8 ps)
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N
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Figure 14. Motion picture of shockwave emission after breakdown.

4. Real-time monitoring of plasma filament generated by femtosecond
laser inside a glass

In STAMP, the temporal resolution can be increased to the femtosecond timescale by tuning
the pulse stretcher. For observing a detailed process in filamentation induced by intense fem-
tosecond laser, the number of frame was also increased. Here, we present movies of plasma
filament generated inside a glass acquired by an improved STAMP system, called SF-STAMP
(STAMP utilizing spectral filtering) [20-22].

4.1. Experimental setup of filamentation and STAMP with spectral filtering

Figure 15 shows the schematic of experimental setup. A single pulse was produced from the
Ti: Sapphire laser system as the same way described in Section 3.1. The center wavelength,
pulse duration, and energy of excitation pulse were 800 nm, 50 fs, and 30 pJ, respectively. The
femtosecond pulse was split into a STAMP pulse and an excitation pulse, and the excitation
pulse was focused inside the glass with a lens (f =8 mm).

For capturing the filamentation with 25 frames and higher temporal resolution, we improved
our STAMP system by utilizing spectral broadening with an Ar-gas filled hollow core fiber
and spectral filtering with a combination of a diffractive optical element (DOE) and band-pass
filter (BPF). As shown in Figure 16, the STAMP pulse was focused into the Ar-gas filled hollow

Glass

, Shadowgraph
Femtosecond laser pulse / imaging

Pulse duration: 50 fs /

Laser energy: 30 uJ ?

Figure 15. Experimental setup for monitoring filamentation generated by femtosecond laser.
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Figure 16. Temporal mapping device with an Ar-gas filled hollow core fiber for spectral broadening and with glass rods
for recording with high temporal resolution.

core fiber (the length and core diameter are 400 mm and 126 um, respectively) to produce a
broadband pulse in the process of self-phase modulation. We used spectral components from
785 to 825 nm (bandwidth of 40 nm) in the broadband pulse which had nearly the uniform
intensity in this spectral range. For monitoring the filamentation with higher temporal resolu-
tion, the pulse was stretched with glass rods. With the dispersion parameter and length of the
glass roads, the time window and frame interval are calculated to be 5.6 ps and 230 fs, respec-
tively. STAMP utilizing spectral filtering (SF-STAMP) has another type of the spatial map-
ping device which is based on the scheme of “spatially and temporally resolved intensity and
phase evaluation device: full information from a single hologram (STRIPED FISH)” [23, 24].
The optical setup of the spatial mapping device in SE-STAMP was composed of a DOE, a BPF
(a center wavelength of 830 nm and a bandwidth of 2.2 nm), and two lenses (f, = f, = 50 mm)
arranged in the 4f configuration as shown in Figure 17. Since the bandwidth of the STAMP
pulse was sufficiently broadened, the number of frames in this STAMP setup was determined
to be 25 frames by the diffraction property of the DOE which produces 25 array beams from
a single beam. While the target profile was transferred on an image sensor by the two lenses,
the image-encoded chirped pulse was split into 25 pulses by the DOE place at the Fourier
plane. And then these diffracted pulses were resolved by the tilted BPF depending on their

Image
sensor
A A N
Object plane Fourier plane Image plane

Figure 17. Spectral filtering. BPF: band-pass filter, DOE: diffractive optical element.
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incident angles without losing the image information. As a result, the time-varying target pro-
tiles were mapped on the different position of the image sensor. Although the much energy of
an illumination pulse is needed at the target in SE-STAMP comparing to STAMP utilizing the
spectral shaper, the spatial mapping device of SE-STAMP becomes compact and easy to use.

The dynamic phenomena were visualized with shadowgraph technique. Figure 18 shows the
image(s) of a resolution test chart detected by the SF-STAMP with a cooled CCD camera (4872
x 3248 pixels). The image of the left end is frame 1 of a motion picture, and the image of the
right end is frame 25 projected by the spectral component which arrived at the target 5.6 ps
after the arrival of the first spectral component. These frames were clipped as movie frames
with the pixel resolution of 740 x480 pixels.

4.2. Femto-to-picosecond dynamics of plasma filaments inside a glass

Figure 19 is the 25-frame movie showing the change of the refractive index inside the glass
induced by the focusing of femtosecond laser. In frame 5, a dielectric breakdown appears at
the center of the image. In frames 7-9, the change of intensity gradually increases. From frame
11, this dark region grows to the shape of a filament. In frame 25, the dark spot that corre-
sponds to the high electron density in plasma state and also filamentation around the spot are
clearly observed. This phenomenon occurring in the femtosecond-to-picosecond timescale
has previously only been observed by pump-probe imaging in which a sample is replaced in
every measurement. This demonstration highlights the utility of STAMP’s single-shot movie-
shooting capability.

Figure 18. Image of a resolution chart.
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Figure 19. Motion picture of plasma filaments [20].

5. Conclusion

In this chapter, we introduced the motion picture camera called STAMP and presented motion
pictures of femtosecond laser ablation. STAMP performs single-shot image acquisition with-
out the need for repetitive measurements and without sacrificing high temporal resolution
and image quality. The principle of this imaging method is based on the all-optical mapping
of time-varying spatial profiles of target. We introduced two examples of the STAMP configu-
rations: STAMP utilizing the spectral shaper and utilizing the spectral filtering and spectral
broadening. The recording parameter such as the time window, the temporal resolution, and
the number of frames can be tuned by changing the configuration of STAMP components,
especially a temporal mapping device and a spatial mapping device.

By using STAMP, we obtained sequential images of sub-nanosecond dynamic events under
the process of femtosecond laser ablation. Laser breakdown induced by intense femtosecond
laser pulse was monitored with a frame interval of 15.3 ps and a total of six frames. The movie
clearly shows the plasma generation and expansion on glass surface. Plasma filamentation
generated inside a glass was also visualized with a frame interval of 230 fs and total of 25
frames. As demonstrated in this chapter, STAMP is a useful tool to understand precise pro-
cesses of complex dynamics in ultrashort laser ablation.
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