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Abstract The spectrum of the laser light scattered by nanoparticles in a
cavitation bubble, which was induced by laser ablation of a titanium target
in water, was measured using a triple-grating spectrograph. The scattered
laser light observed at 100 µs after laser ablation had no wavelength-shifted
component, suggesting that nanoparticles at this delay time were metallic.
The wavelength-shifted component was observed in the spectrum at a delay
time of 200 µs, suggesting the formation of oxidized nanoparticles. However,
we observed no peaks in the spectrum of the scattered laser light in the present
in-situ laser-light scattering experiment. On the other hand, we observed clear
peaks in the Raman spectrum of synthesized nanoparticles. The experimental
results suggest slow crystallization of nanoparticles in liquid in liquid-phase
laser ablation.

Keywords in-situ Raman scattering · liquid-phase laser ablation · synthesis
of nanoparticles · titanium dioxide

1 Introduction

Liquid-phase laser ablation attracts much attention as a new method for syn-
thesizing functional nanoparticles [1–4]. This method has a technical advantage
that the change of the target and the collection of nanoparticles are easier in
comparison with other methods using vacuum equipment. In addition, liquid-
phase laser ablation has particular feature from the physical point of view.
The plasma produced by irradiating an intense laser pulse onto a solid target
in liquid has a high pressure and a high temperature [5,6]. The high-pressure,
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high-temperature plasma induces the formation of a cavitation bubble. The
cavitation bubble has the dynamics of the expansion and the shrinkage, and
the shrinkage of the cavitation bubble is followed by the collapse [7–9]. It is
known that another high-pressure, high-temperature state is realized by the
collapse of the cavitation bubble [10]. The high-pressure, high-temperature re-
action fields work helpfully in the synthesis of nanoparticles at high-pressure
and metastable phases [11].

A problem of liquid-phase laser ablation is the insufficient understanding on
fundamental processes of the nanoparticle formation. The first event in liquid-
phase laser ablation is the ejection of atoms and molecules from the target into
the liquid. The ejection of atoms and molecules is followed by the formation
of a cavitation bubble. Hence it is sure that the particles ejected from the
target are located outside of the cavitation bubble in the very initial phase.
Since the cavitation bubble expands with time, the boundary of the cavitation
bubble reaches the region with ejected particles at a later delay time. Here a
fundamental question arise about the growth place of nanoparticles: in liquid
or in the cavitation bubble.

We have given an answer to this question by carrying out simultaneous
imaging of shadowgraph and laser-light scattering [12]. The experimental re-
sult clearly shows the growth of nanoparticles inside the cavitation bubble. The
growth of nanoparticles inside the cavitation bubble has been confirmed by
Ibrahimkutty and coworkers by small-angle x-ray scattering [13,14]. Another
important knowledge obtained by our previous experiment is that nanopar-
ticles are stored inside the cavitation bubble until its collapse. Nanoparticles
are located in the high-pressure, high-temperature reaction field at the col-
lapse of the cavitation bubble. We have demonstrated the control of the size
and the structure of nanoparticles by controlling the dynamics of the cavita-
tion bubble [15–17]. It is widely understood now that the cavitation bubble
plays an important role in the synthesis of nanoparticles by liquid-phase laser
ablation [18–20].

In this work, we measured the spectrum of the laser light scattered by
nanoparticles inside the cavitation bubble. The scattered laser light has no
wavelength-shifted component if nanoparticles are metallic, while we may ob-
serve the scattered laser light with the wavelength shift if nanoparticles are
Raman active. In addition, the spectrum of the scattered laser light has peaks if
nanoparticles have crystalline structures. The laser-light scattering experiment
reported in the previous work gave us the information on the temporal evo-
lution of the number of nanoparticles, while the present work is an attempt
to understand the qualitative change of nanoparticles inside the cavitation
bubble.

2 Experiment

The experimental apparatus is schematically shown in Fig. 1. We prepared a
rectangular vessel with a volume of 360 cm3 for this experiment. The vessel
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had five optical windows with a thickness of 1 mm on its four sides and the
top. A titanium target was inserted into the vessel from the bottom. The
target was rotated in the vessel using a motor to disperse the ablation point.
The vessel was filled with distilled water, and the water surface attached to
the top window. We used two Nd:YAG lasers at the second harmonics (532
nm) in this experiment. One was used for ablating the Ti target. The laser
beam for ablation was introduced into the vessel via the top window. A lens
was used for focusing the laser beam onto the target surface. The energy of
the laser beam for ablation was 100 mJ/pulse, corresponding to the fluence
of approximately 2.5 J/cm2 on the target surface. The other YAG laser was
used for the scattering experiment. The laser beam for scattering was injected
into the vessel via the side window. It was focused using a lens with a focal
length of 250 mm onto the position above the ablation point. The energy of
the laser beam for scattering was 10 mJ/pulse. The distance between the laser
beam and the target surface was roughly 3 mm. The laser beam transmitted
through the vessel was blocked using a beam dump. Both the two YAG lasers
were operated at repetition frequencies of 10 Hz, and the delay time between
the oscillations was controlled using a pulse generator.

The scattered laser light was collimated using a lens with a focal length of
250 mm and a diameter of 100 mm. The collimated light was focused onto the
entrance slit of a triple grating spectrograph using a lens with a focal length of
200 mm. The image beam of the scattered laser light was tilted using two alu-
minum mirrors, and the path of the laser beam for scattering was projected
onto the entrance slit of the triple grating spectrograph. The triple grating
spectrograph, which was developed for a laser Thomson scattering experi-
ment [21], was equipped with three diffractive gratings (1800 grooves/mm),
six lenses, a spatial filter (called “Rayleigh block”), an intermediate slit, and
a charge coupled device camera with a gated image intensifier (ICCD cam-
era). The focal lengths of the lenses in the spectrograph were 200 mm. The
Rayleigh block was an important component which worked for eliminating the
scattered laser light at the laser wavelength very efficiently [22,23]. In this op-
tical configuration, the x-axis in the image recorded using the ICCD camera
corresponded to the wavelength, while the y-axis corresponded to the posi-
tion along the path of the laser beam for scattering. The gate opening of the
ICCD camera was synchronized with the laser pulse for scattering. We accu-
mulated the signals for 200 laser shots to compensate the poor shot-to-shot
reproducibility.

We used a cw laser at 532 nm, which is not illustrated in Fig. 1, as the
back light of shadowgraph imaging. The third laser was placed on the opposite
side of the triple grating spectrograph (the backside of Fig. 1). The laser beam
irradiated a scatterer sheet, and the ablation space was illuminated by the
dispersive laser light from the beam scatterer. When the entrance and inter-
mediate slits in the triple grating spectrograph were wide enough (typically 10
mm), the triple grating spectrograph did not work as a spectrometer and it
transmitted the shadowgraph image of the ablation space to the ICCD cam-
era. In this way, we recorded the shadowgraph image of the cavitation bubble
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Fig. 1 Experimental apparatus.

with keeping the optical alignment for the laser light scattering experiment.
The YAG laser for scattering was switched off in the shadowgraph imaging,
while the cw laser was switched off in the scattering experiment.

The experimental apparatus shown in Fig. 1 had difficulty in the fine fo-
cusing of the incident laser beam for scattering and the collimation of the
scattered laser light. This is because the incident laser beam and the image
beam of the scattered laser light passed through two gas/liquid boundaries.
One boundary was the interface between air (the outside of the vessel) and
water (the inside of the vessel). Here we ignored the influence of the optical
window by considering its thickness (1 mm). The other boundary was the
interface between water and the cavitation bubble. According to optical ray
tracing, the focal points of the laser and image beams are located above the
ablation point when the distance between the focusing (or collimating) lens
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and the edge of the vessel is adjusted such that

L = f − d− 2R

n
, (1)

where n is the refractive index of water, f is the focal length of the focusing
(or collimating) lens, and d is the distance between the edge of the vessel and
the ablation point. The bubble was assumed to be hemispherical one with
radius R, and the refractive index inside the cavitation bubble is assumed to
be unity. Since the bubble size changed temporally, the positions of the lenses
were adjusted according to the delay time between the oscillations of the two
YAG lasers.

3 Results

First of all, we measured the spectrum of the scattered laser light when the
YAG laser for ablation and the backlight laser were switched off. No cavitation
bubbles were formed in this case. When the Rayleigh block was removed and
the widths of the entrance and intermediate slits were sufficiently wide, we
observed the fine image of the scattered laser light by adjusting the position of
the collimating lens. When the Rayleigh block was inserted and the slit widths
were adjusted at 50 µm, the picture shown in Fig. 2(a) was recorded on the
ICCD camera. The region corresponding to the Rayleigh block was masked
in Fig. 2(a). The horizontal axis of Fig. 2(a) shows the shift from the laser
wavelength, while the vertical axis shows the position along the path of the
laser beam. The strong scattered laser light, which was caused by Rayleigh
scattering, was observed at the laser wavelength, but it was blocked efficiently
with the help of the Rayleigh block. The weak scattered laser light was ob-
served around the laser wavelength as shown in Fig. 2(a). Figure 2(b) shows
the spectrum of the scattered laser light, which was obtained by integrat-
ing the picture shown in Fig. 2(a) along the vertical direction, together with
the Raman spectrum of liquid water [24,25]. The close agreement shown in
Fig. 2(b) indicates that the apparatus shown in Fig. 1 works for the in-situ
measurement of the Raman spectrum in the ablation space.

Figure 3 shows the shadowgraph images (left) and the spectra of the scat-
tered laser light (right), which were observed at three delay times after laser
ablation. The vertical shadows in the shadowgraph images are caused by the
Rayleigh block. A relatively large cavitation bubble was induced in this exper-
iment to inject the laser beam for scattering into the cavitation bubble easily.
The images shown in Fig. 3(a) were observed at a delay time of t = 100 µs,
which corresponded to the expansion phase of the cavitation bubble. As shown
in Fig. 3(a), we observed the Raman scattering of water from the outside region
of the cavitation bubble. The observation of the Raman scattering of water
in the both sides of the cavitation bubble indicates that the laser beam for
scattering passed through the cavitation bubble. It is noted that the scattered
laser light was also observed from the region corresponding to the inside of
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Fig. 2 (a) Image captured using the ICCD camera in the absence of the YAG laser for
ablation. The horizontal axis shows the shift from the laser wavelength, and the vertical
axis corresponds to the position along the path of the laser beam. (b) Spectrum of the
scattered laser light, which was obtained by integrating the image shown in (a) along the
vertical direction.
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Fig. 3 Shadowgraph images (left figures) and spatially resolved spectra of scattered laser
light (right figures) observed at delay times of (a) 100 µs, (b) 200 µs, and (c) 800 µs.
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the cavitation bubble. However, the scattered laser light from the inside of the
cavitation bubble had no wavelength-shifted component. The scattered laser
light with no wavelength shift was eliminated by the Rayleigh brock and it
was not seen in the spectrum shown in Fig. 3(a).

On the other hand, at a delay time of 200 µs, which roughly corresponded
to the maximum size of the cavitation bubble, we observed the spectrum shown
in Fig. 3(b). As shown in the figure, the scattered laser light observed from
the inside of the cavitation bubble had the wavelength-shifted component.
The wavelength-shifted component had a broader spectral distribution than
the Raman scattering of water. The spectrum showing the Raman scattering
of water was observed at 2 ≲ r ≲ 3 mm in Fig. 3(b), even though this region
corresponded to the inside of the cavitation bubble. This inconsistency was
probably caused by the imperfect focusing (collimation) of incident laser beam
and the scattered laser light. A similar spectrum to Fig. 3(b) was observed at
a delay time of 800 µs as shown in Fig. 3(c). The bubble observed at this delay
time was a rebounded one after the collapse. The spectrum of the scattered
laser light observed from the inside of the cavitation bubble at 800 µs also had
a broader spectral distribution than the Raman scattering of water.

Figure 4 shows a typical spectrum of the scattered laser light, which was ob-
tained by integrating the image shown in Fig. 3(b) along the vertical direction
within the range indicated by the arrow. The locations of the Raman peaks of
TiO2 corresponding to the rutile, anatase, and brookite crystal structures are
indicated in Fig. 4 by the vertical dotted lines. In addition, the arrows with
labeled numbers indicate the locations of the peaks shown in Fig. 5, which
is the Raman spectrum of nanoparticles collected after the scattering exper-
iment. As shown in Fig. 4, the spectrum of the scattered laser light had no
remarkable peaks. The spectrum was roughly independent of the delay time,
and the image shown in Fig. 3(c) resulted in a similar spectrum to that shown
in Fig. 4.

We observed the synthesis of nanoparticles in water after the scattering
experiment. We enriched the colloidal solution of nanoparticles using a cen-
trifugal separator, and sampled the enriched solution from the bottom part.
We dripped the droplets with nanoparticles onto a glass substrate, and ex-
amined its Raman spectrum using a commercial Raman spectrometer. The
Raman spectrum thus obtained is shown in Fig. 5. The locations of the Ra-
man peaks corresponding to rutile, anatase, and brookite TiO2 are indicated
by the vertical dotted lines. As shown in Fig. 5, nanoparticles collected after
the scattering experiment had a different Raman spectrum from Fig. 4. The
three peaks which are labeled with 1-3 are included in the observed wavelength
range in the in-situ experiment, and are indicated by arrows in Fig. 4.

4 Discussion

As shown in Figs. 3 and 4, we observed spectra which were different from the
Raman scattering of water from the region corresponding to the cavitation
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Fig. 4 Typical spectrum of scattered laser light, which was obtained by integrating the
image shown in Fig. 3(b) along the vertical direction in the range indicated by the arrow.

bubble. At a delay time of 100 µs after laser ablation, as shown in Fig. 3(a),
the wavelength of the scattered laser light was concentrated at the laser wave-
length, and we observed the negligible wavelength-shifted component in the
scattered laser light. This result indicates that nanoparticle stored inside the
cavitation bubble is not Raman-active at this delay time. A possibility is that
nanoparticles are metallic at the short delay time. On the other hand, as shown
in Figs. 3(b) and Fig. 4, the scattered laser light from the cavitation bubble
had the wavelength-shifted component at a delay time of 200 µs. This suggests
the qualitative change of nanoparticles from metallic to oxidized ones with the
delay time after ablation. The reason for the broadened scattered laser light
from the limited radial region of 3 ≲ r ≲ 6 mm is unknown. Further experi-
ments with finer focusing into the inside of the cavitation bubble are necessary
to know the spatial distribution of the density of oxidized nanoparticles. At
a longer delay time of 800 µs, as shown in Fig. 3(c), the wavelength-shifted



10 Masato Takeuchi, Koichi Sasaki

0

1

2

3

4

5

0 200 400 600 800 1000

In
te

ns
ity

  (
ar

b.
 u

ni
t)

Wavenumber  (cm-1)

Anatase
Rutile

Brookite

1 2 3

4
5

6

Fig. 5 Raman spectrum of nanoparticles which were collected after the scattering experi-
ment.

component was also observed from the outside of the cavitation bubble. This
is because a part of nanoparticles in the cavitation bubble are ejected into
water in the expansion phase and at the collapses [4,12]. Therefore, water
around the rebounded cavitation bubble contains ejected nanoparticles which
are detected as the wavelength-shifted component in this experiment.

The objective of the present work was to understand the temporal evo-
lution of nanoparticles from the qualitative point of view. The objective was
partly achieved as shown in Figs. 3(a) and 3(b), which suggest the change of
nanoparticles from metallic to oxidized ones. However, we did not detect the
structural change of nanoparticles in this in-situ experiment. No clear peaks
are observed in the spectrum shown in Fig. 4, suggesting that nanoparticles
inside the cavitation bubble at 200 µs after ablation have amorphous struc-
tures. The weak humps around +170 and −150 cm−1, which are close to the
Raman peaks of rutile, anatase, and brookite crystals, would be a symptom
of the formation of crystalline structures, but no other humps and peaks were
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observed at the wavelengths corresponding to the Raman peaks of crystalline
TiO2. Another possibility for the weak hump around +170 cm−1 is the Raman
scattering caused by water droplets inside the cavitation bubble. However, this
is unlikely, since water droplets cannot survive inside the cavitation bubble be-
cause of the pressure which is lower than the atmospheric pressure [10,26]. In
contrast to the spectrum shown in Fig. 4, nanoparticles collected after the
scattering experiment had clear Raman peaks, as shown in Fig. 5. The present
experimental results suggest that the structural change from amorphous to
crystalline needs a long time in the synthesis of nanoparticles by liquid-phase
laser ablation.

Finally, we briefly discuss the crystal structure of titanium-oxide nanopar-
ticles synthesized in this experiment. The peak labeled with “1” in Fig. 5
is very close to the Raman peak of brookite TiO2. The peak labeled with
“2” coincides well with brookite TiO2, while the peak labeled with “3” has
no agreement with the known Raman peaks of crystalline TiO2. The peak
labeled with “4” coincides with anatase TiO2, but brookite TiO2 is located
within the FWHM of peak “4”. The small peak labeled with “5” coincides
with brookite TiO2, and the peak labeled with “6” coincides with brookite
and rutile TiO2. Accordingly, the synthesis of brookite TiO2 is suggested by
the Raman spectrum shown in Fig. 5. However, since we cannot find peaks
around 247 and 316 cm−1, which are the locations of the Raman peaks of
brookite TiO2, further investigations are necessary to determine the crystal
structure of nanoparticles synthesized by the present experiment.

5 Conclusions

We carried out in-situ laser-light scattering spectroscopy to understand the
qualitative evolution of nanoparticles in liquid-phase laser ablation. The spec-
trum of the laser light scattered by nanoparticles in a cavitation bubble was
measured using a triple-grating spectrograph at various delay times after
laser ablation. The spectrum observed at 100 µs after laser ablation had
no wavelength-shifted component, while the scattered laser light with the
wavelength-shifted component was observed at a delay time of 200 µs. This
suggests the change from metallic nanoparticles to oxidized ones with the de-
lay time after ablation. We observed no peaks in the spectrum of the scattered
laser light in this in-situ experiment, while clear peaks were observed in the
Raman spectrum of synthesized nanoparticles. The present experimental re-
sults suggest that the crystallization of nanoparticles occurs slowly in liquid.
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