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Abstract: We present direct observation of filamentary plasma grating induced by
interference between two noncollinear infrared femtosecond pulses in water by doping with
gold nanoparticles. The gold nanoparticles act as scattering media in water and visualize the
fine structure of local optical fields of plasma grating. By measuring the variation of local
conductivity as laser undergoes filamentation in water, the generated electron density in water
is qualitatively studied. Significant enhancement of local electron density is observed at the
intersecting region as two laser beams form plasma grating, indicating the breakthrough of
clamped intensity of a conventional filament in water.
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1. Introduction

Femtosecond laser filamentation has attracted intense interest in the last decade in
multifarious areas, such as high harmonic generation [1,2], laser induced breakdown
spectroscopy [3], electron localization and recapture in atomic or molecular states [4], and
spatial modulation of refractive index [5]. Resulting from dynamic competition between
optical Kerr effect and defocusing by plasma generated via multiphoton/tunnel ionization in
transparent media, filamentation occurs spontaneously during the propagation of an intense
femtosecond laser pulse, provided the initial peak power exceeds a threshold value P, (a few
GW in gases). For a single filament, laser intensity inside the filament is clamped to a typical
value of ~5x10™ W /cm? for an extended length in gaseous media [6]. In recent years,
plasma grating induced by nonlinear interaction between two noncollinearly overlapped
filaments has been demonstrated to generate ultra-high-intensity laser fields that exceed the
clamped intensity of a typical single filament, which enables phase-matched enhancement of
third harmonic generation and dramatic increase of plasma fluorescence in the interaction
region [5,7,8]. So far, filamentary plasma gratings and their applications have been mainly
carried out in gaseous media [5,7-11]. While in liquid media, plasma gratings are of both
fundamental and application significance as periodic optical fields in liquids will spatially
modulate the refractive index of liquids and thus form waveguides of grating structures,
which allow remote control of laser propagation, and the periodic ultra-high-intensity laser
fields allow periodic optical trapping of micro-particles in liquids. To access plasma grating
studying in liquids, the primary barrier is to visualize it, as the fluorescence of plasma channel
in pure liquid media is very weak. For direct visualization of filaments in liquids, additional
techniques are required. For example, Rhodamine B dyes were used to generate two-photon
fluorescence to monitor multiple filaments in methanol [12]. On the other hand, liquids have
high optical nonlinearities and low filamentation thresholds, which give rise to conspicuous
phenomena such as conical emission, white-light continuum generation [13], multiple
filaments competition [14], and laser filamentation induced bubbles [15-17]. It remains
unexplored whether these phenomena will cause unfavorable influence on the formation of
filamentary plasma gratings in liquids.

Recently, noble metal nanoparticles with unique optical properties typified by localized
surface plasmons resonance (LSPR) have attracted extensive attention in multitudinous areas.
The resonant interaction between laser and metal nanoparticles leads to physical effects
including photothermal effects, local optical field enhancement and excitation of hot-
electrons [18-20]. And it has been demonstrated that in water these nanoparticles acted as
scattering spots, which preferentially scattered light near their LSPR wavelengths in the
generated white-light continuum [21]. Thanks to the prominent scattering effect of noble
metal nanoparticles, it’s applicable to use them as scattering media to visualize the fine
structures of optical fields in water.

In this letter, by doping gold nanoparticles into water, we directly observed filamentary
plasma gratings that were created by interference between two noncollinear infrared
filaments. The gold nanoparticles acted as scattering spots in water and visualized the fine
structures of local optical fields of the preformed plasma grating. To verify the existence of
laser filamentation induced plasma generation along the periodic interference fringes, we
utilized a pair of platinum electrodes to measure the variation of local conductivity in the
solution. Significant enhancement of local electron density was observed at the intersecting
region as two laser beams formed plasma grating in water. The results indicated the
interference of optical fields resulted in ultrahigh local laser fields that breakthrough the
clamped intensity of a conventional filament, which was similar to plasma grating in gases
media. Our work extended the adaptation of plasma grating to liquid medium, and the
analysis method, provided an alternative way for studying filamentation in liquids.
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2. Visualizing plasma grating in water

The experiments were carried out using a Ti:sapphire chirped pulse amplification laser system
(100 fs, 10 Hz, 800 nm), which provided pulses of maximum energy up to 10 mJ with a full
width of half maximum (FWHM) diameter of 6 mm. After passing through a tunable
attenuator (fused silica) of 2 mm thickness for energy adjusting, the laser beam was split into
two equal beams by using a 1:1 beam splitter for 800 nm. A time delay line was applied to
one of the split beams to adjust pulse synchronization in the overlapped region. The two
beams were transferred in parallel to a focal lens (f =150mm ). Then the two beams were
focused to produce two noncollinear filaments, and they overlapped each other with a
crossing angle of ~2.5° at the focus of the lens. A fused silica cuvette with a length of 50 mm
was placed after the lens. The fore wall and rear wall of the cuvette were both 2 mm thick.
The crossing point of two filaments was located at 30 mm behind the fore wall of the cuvette
when the cuvette was filled with water (or water doped with gold nanoparticles). A
microscope (10x micro objective) with a CCD was installed on a translation stage, which
was moved to the top of the crossing point in order to observe the intersecting plasma
channels. The exposure time of the CCD was set as 100 milliseconds, corresponding to the
time interval between two sequent laser shots, and it held the same settings for all the pictures
taken.

10 mm

100 um 10 mm

Fig. 1. Conical emissions and plasma grating in water doped with gold nanoparticles. (a) Top
view of the two noncollinear filaments in water doped with gold nanoparticles. Their crossing
region is marked by the dotted ellipse. The region between two vertical dotted lines
corresponds to the measuring range in Fig. 4(b). (b) Light spot of conical emissions of the two
beams projected on a white paper screen placed 0.32 m after the rear wall of the cuvette. (c)
Close view of the ellipse region in (a), which was taken by the CCD attached to the
microscope.

The gold nanoparticles used in our experiments were prepared using a fiber nanosecond
laser ablating gold ingots in deionized water. They were evenly and stably suspended in
water, and were formed without any chemical impurity, which appeared as aqueous colloidal
gold [22]. The original concentration of the as-produced gold nanoparticles solution was
estimated to be 10" /cm® (the mass percent was about 40 ppm). The sizes of the
nanoparticles varied in a wide range from several nanometers to seventy nanometers with the
maximum abundance at about 35 nm, which corresponded to a LSPR wavelength of about
530 nm in water [20]. Firstly, we filled the cuvette with 25 ml deionized water (conductivity
0.1 us/cm), then by adding a certain amount of the as-produced gold nanoparticles solution

to the deionized water in the cuvette, we were able to obtain dilute gold nanoparticles
solutions with desired concentrations.

The top view image of the propagation path of the two filaments in gold nanoparticles
solution is shown in Fig. 1(a), in which 400 pl of the as-produced gold nanoparticles solution
was doped into the pure water and the total energy of two beams was set as 1 mJ. It could be
seen that after focusing by the lens, the two beams invoked white-light continuum generation
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by interacting with the gold nanoparticle solution at the entrance of the cuvette. As they
propagated forwards, laser intensity clamped within the filaments core and a fraction of the
energy was converted to conical emissions [21,23], and the conical emissions were then
scattered out by the suspending gold nanoparticles. Due to low concentration of gold
nanoparticles used here (less than 1 ppm in the dilute solution), it is feasible to neglect their
influence on optical nonlinearity of the solution. Here the pulse peak power was 10 GW,
corresponding to ~6000 critical power for self-focusing in water [14]. With this high pulse
energy both the two input beams would generate multiple filaments within their plasma
channels. Figure 1(b) gives the light spot of the two beams after passing through the solution,
which was a typical image of conical emission when the peak power of input laser was well
above the self-focusing threshold. Each child filament within the beams generated conical
emission independently [14]. As they propagated forwards, these conical emissions
overlapped each other. Finally, the white light was well-distributed over the whole light spot,
and no separated colorful concentric rings emerged, which was the typical case for single
filament in water [6,24].

With the pulse energy of two beams set as 0.3 mJ and the microscope placed right above
the intersecting region to record the plasma channels, light scattering from the plasma grating
was clearly observed with typical structures as shown in Fig. 1(c). The optical fields of two
beams took on periodic fringes at their intersecting region. The interval between two neighbor
bright fringes was measured to be ~14um and the length of plasma grating was estimated to

be over 2 mm. According to the interference principle of plasma grating’s formation [5,8], the
spatial period of the interference fringes in the crossing plane is determined by
A=1,/2sin(a /2), where 4, is the wavelength of laser forming the plasma grating, n is the

refractive index of the transmission medium and « denotes the crossing angle of two beams.
Here with A, =0.8 um representing the wavelength of the fundamental-wave laser, n =1.33

for the refractive index of water and « = 2.5°, the calculated spatial period is A =13.7 um,

agreeing well with the observed result. It implies that in water the plasma grating represents
the spatial interference fringes of the fundamental-wave laser of 800 nm. Though apparent
broadening of spectrum emerged as self-phase modulation (SPM) within the filaments cores,
and the maximal scattering cross section of gold nanoparticles was at their LSPR wavelength
of about 530 nm, the fundamental wave took up most energy of the pulse [25]. It explained
why obvious white-light continuum and conical emissions emerged, but the structures of
filamentary plasma grating were still observable.

We should note that the scattering spots along the bright fringes were caused by direct
scattering from gold nanoparticles, rather than photothermal microbubbles created around
gold nanoparticles. The thermodynamic processes of femtosecond laser induced bubbles
generation around gold nanoparticles typically started at hundreds of picoseconds after the
laser pulse and lasted within a timescale of submillisecond [26-28]. During laser pulse
illumination in our experiment, almost no bubbles were generated. This was verified by
directly observing scattering image of nanoparticles illuminated with a single-shot pulse. We
also observed macroscopically long lived bubbles (with the typical lifetime of a few seconds)
in water. They were sporadically distributed and drifted across the plasma grating in a certain
direction, which were similar to the observation of laser filamentation induced convection in
pure water as reported in [29]. These long-lived bubbles affected the fringe contrast of plasma
grating in gold nanoparticles solution to some extent.

3. Measuring electron density of plasma grating in water

In order to verify the existence of laser filamentation induced plasma and the spatially
modulated plasma generation along the interference fringes in water, a straightforward
method was used to measure the spatiotemporally averaged electron density, in the same way
used in gaseous media [30-32]. We measured the variation of local conductivity as laser



Research Article Vol. 25, No. 19 | 18 Sep 2017 | OPTICS EXPRESS 22308 I

Optics EXPRESS SN N\

pulses underwent filamentation in water. As schematically illustrated in Fig. 2(a), a pair of
platinum cylindrical electrodes (0.5 mm in diameter, purity over 99.99%) was fabricated to
“L” shape in the plasma grating plane and placed at the intersecting region with the two
beams propagating through the electrodes gap. The interval between the two transverse rods
of the electrodes was about 1.5 mm, and the length of each transverse rod was 2 mm. The
electrodes were connected to a DC voltage source. The emergence of laser generated plasma
between two electrodes led to an observable change of the local conductivity, and thus
resulted in a transient current flow in the circuit in the presence of the external DC electric
field [30]. This transient current was measured as a voltage change across a resistance (R =
100 kQ) using a probe connected to an oscilloscope triggered by the laser pulse signal. Here
noble metal of platinum was used in order to avoid electrochemical corrosion. Though part of
the electrodes were irradiated by the generated conical emissions inevitably, due to the low
energy of conical emissions and the high work function of platinum (over 5 eV [33]), the
photoelectric effect of the electrodes could be neglected. The coupling mode of the
oscilloscope was chosen as AC coupling so that the DC component of the current was filtered
out and the signal intensities were within the measuring range of the oscilloscope. Under
these conditions, the measured voltage change AU over the resistance was proportional to the

total plasma quantity in the gap and could be expressed as AU =1, R «<n, >r§ I,'R,

where Ir is the transient current, <ne> is the spatially averaged electron density, r, is the
radius of plasma channel, and |, is the effective plasma length within the transverse rods of
the electrodes [30]. Here the temporal evolution of laser generated plasma is neglected.
Previous studies on femtosecond laser generated plasma evolution in water suggest that
plasma density in water reaches its maximum in about 100 fs after pulse excitation [34,35],
which is much faster than the response time of our measuring circuit. Even so, the signal on
the oscilloscope was actually proportional to the temporal convolution of the plasma density
and the impulse response of the measuring circuit [30], and the maximum amplitude change
of the oscilloscope signal could be regarded to be linearly related to the local temporal peak
electron density, which could be proved by rigorously mathematical reasoning as
implemented in [32]. For a single beam to generate multiple filaments and two beams of
equivalent total pulse energy to generate plasma grating in the gap of two electrodes, the radii
of plasma channels were almost the same, and I, was 2 mm for both cases. Thus the
maximum voltage change on the oscilloscope proportionally reflected the local electron
density.

(a) &

Signal intensity (V)

DC /|-
Oscilloscope
R [
Water
—_— —
= e

_—_-__ﬁ

Platinum Electrodes 0 200 400 00 800
Time (u5)

Fig. 2. (a) Experimental apparatus for measuring the spatiotemporally averaged electron
density of plasma grating in water doped with gold nanoparticles. (b) The oscilloscope signals
at the intersecting region for plasma grating with the total pulse energy of two beams being 1
mJ in gold nanoparticles solution (red) and pure water (cyan), and for a single beam to
generate filaments in gold nanoparticles solution with pulse energy being 1 mJ (blue) and 0.5
mJ (black).
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4. Results and discussion

With the external DC voltage of 20 V and the pulse energy of two beams set as 1 mJ to
generate plasma grating, the voltage change over the resistance was measured in both pure
water and water doped with 100 ul of the as-produced gold nanoparticles solution, as shown
in Fig. 2(b). The sudden increase of the signal around 60 ps represented the voltage change
over the resistance as the generation of plasma. Here we defined the exact value of the
maximum voltage change as the difference of the voltages at 40 and 100 ps of the
oscilloscope signals, which reasonably represented the voltages before and after plasma
generation. The maximum voltage change was observed to increase slightly as gold
nanoparticles were added, indicating the contribution of gold nanoparticles to the electron
density, which was negligible as compared to the contribution from water. As we blocked one
beam and let the other beam (0.5 mJ) undergo filamentation in gold nanoparticles solution,
the maximum voltage change decreased dramatically from 0.063 V to 0.019 V. As we
increased the pulse energy of the single beam to 1 mJ, the maximum voltage change became
0.039 V, which was nearly twice of that observed in the 0.5 mJ case, indicating a doubled
total electron quantity in the gap. The ionization mechanism of water by femtosecond laser is
mainly multiphoton ionization [35], during which K =5 photons of 800 nm laser are needed
to ionize a water molecule, meaning that the electron density should be proportional to the
fifth power of laser intensity [34,36]. Here we attribute the approximate linear relation
between the maximum voltage change and pulse energy to the expansion of plasma volume
and intensity clamping in water. Note that the peak power of laser is far beyond the critical
power for self-focusing in water, there is no doubt multiple filaments exist [14]. The number
of child filaments within the plasma channels increase linearly with pulse energy, and each
child filament is intensity-clamped within its core [14]. Here we should also note that the
diameter of plasma channel increased as the pulse energy increased, which could be
intuitively observed from the scattering images on the CCD. The diameter of the scattering
channel (full width) changed from ~115 um to ~150 pm as pulse energy increased from 0.5
mJ to 1.0 mJ, implying the volume expansion of plasma and child filaments generation in an
expansive cylinder space as pulse energy increased. The clamped intensity determines the
upper limit of electron density of each child filament. Thus the number of child filaments
determines the total electron quantity of the whole channel. It should be noted that we didn’t
observe the structure of multiple filaments directly in our experiments. Unlike using a slit
aperture and launching laser beams into water without focusing to observe multiple filaments
in a plane [37,38], the focusing apparatus in our experiments limit the multitudinous child
filaments to propagate within a cylindrical channel of ~120 pm diameter. Thus the images of
child filaments overlapped each other as projected to the CCD and finally become
indistinguishable. The molecular density of liquid water is about 3.3x10% /cm?®, and laser

filamentation generated electron density with loose focusing in water is a few 10" /cm?®
[34,36], which implies that water molecules are far from being completely ionized and the
linear relation is reasonable. As we will see below, the maximum voltage change of plasma
grating is also linear with the pulse energy of two beams, and the cause is similar. Meanwhile,
the maximum voltage change of the plasma grating was observed to be about 1.6 times of that
of a single beam with equivalent pulse energy (1 mJ), indicating a 1.6-fold average electron
density in the plasma grating case. Accounting for the dark intervals of plasma grating, it is
thus reasonable to conclude that electron densities in the bright fringes are even higher, and
the periodically modulated electron density distribution holds. This is similar to the
enhancement of electron density induced by plasma grating in air [5], where the interference
of light fields results in local laser intensities that exceed the clamped intensity of a typical
filament and allows higher electron density to be generated. And it is different from using
high numerical aperture focusing to generate filaments without intensity clamping as reported
in [39] and [40].
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Fig. 3. Fringe contrast of plasma grating with different input laser energy in water doped with
100 pl of the as-produced gold nanoparticles solution. From left to right, the input laser energy
of two beams is 0.1, 0.3, 0.5, 0.7 and 0.9 mJ, respectively.

With the increasing of pulse energy of two beams from 0.1 mJ to 0.9 mJ, we measured the
fringe contrast of the plasma grating in the gold nanoparticles solution (25 ml deionized water
doped with 100 ul of the as-produced gold nanoparticles solution). The results are shown in
Fig. 3. To diminish stochastic errors as plotting the fringe contrast, the gray values of column
pixels were accumulated as the fringe brightness. And in the abscissa the scale relation was
~ 0.65um / pixel , where the interval between two adjacent bright fringes was ~14um. In

Fig. 4(a) we plotted the brightness of the most glaring fringe of the filamentary plasma
grating and the maximum voltage change over the resistance with the increase of the total
pulse energy of two beams. When the input laser energy was low (e.g. 0.1 mJ), the scattering
intensities of the interference fringes were weak and the contrast was good. As the pulse
energy increased, the fringe brightness and the background of the dark intervals increased
[see Fig. 4(a) and Fig. 3], the fringes contrast was thus deteriorated. As pulse energy
increased, more energy was converted to white-light continuum and conical emissions, and
these conical emissions were also scattered by gold nanoparticles in the dark intervals. We
should note that this is different from the phenomenon of “superfilamentation” as reported in
references [41] and [42], where the interaction between a large number of laser filaments
bring together with weak external focusing, and form a filamentary structure reminiscent of
standard filaments, because the pulse energies in our experiments are too low to reach the
requirement for “superfilamentation”. In addition, laser filamentation induced local water
convection and directional motions of long lived bubbles [29] across the plasma channels led
to the variation of the local refractive index, which as a consequence, exacerbated stability of
the preformed plasma grating in water at high input pulse energies.
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Fig. 4. (a) The brightness of the most glaring fringe in the plasma grating (blue triangles) and
the maximum voltage change over the resistance (red dots) versus the input pulse energy of
two beams. The scattering brightness takes the specific value of the peak in corresponding
fringe contrast image in Fig. (3). (b) The maximum voltage changes over the resistance at
different positions of the filament channels that are generated by single laser beam of 1 mJ (red
triangles) and 0.5 mJ (black dots) in solution. The red arrow represents the laser propagation
direction and the vertical dash line refers the crossing point in the case of plasma grating.
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By using the same apparatus, we measured the spatially averaged electron density of
filaments generated by a single laser beam of 0.5 and 1.0 mJ at different positions of the
filaments, as shown in Fig. 4(b). The red arrow represents the laser propagation direction and
the zero point marked by vertical dash line refers the crossing point in the case of plasma
grating. The measuring range corresponds to the region between two vertical dash lines in
Fig. 1(a). One can see that the electron density could maintain relatively uniform for an
extended length over 10 mm. This is in agreement with the observation that the scattering
channel of the laser beam could maintain a full width of ~120 um for tens of millimeters in
the solution, as we moved the microscope along the laser propagation direction. The uniform
scattering channel was far beyond the Rayleigh length of the focusing lens, implying the
general character of laser filamentation that optical self-focusing and plasma defocusing were
dynamically balanced as laser propagated in medium [6]. The decline of the maximum
voltage change after 2 mm is due to laser energy dissipation during propagation, and it can
also be intuitively observed in Fig. 1(a), that after the crossing point the scattering intensity of
the channel gradually declined, indicating the gradually declined electron density. Thus, the
method of using a pair of electrodes for local conductivity measuring is indeed a feasible and
effective scheme for studying laser filamentation in water, and this method can also be
applied to other liquids media.

5. Conclusion

In conclusion, we directly observed filamentary plasma gratings created by interference
between two noncollinear infrared filaments in water by doping with gold nanoparticle. The
gold nanoparticles acted as scattering spots in water and visualized the fine structure of local
optical fields of plasma grating. By measuring the variation of local conductivity in gold
nanoparticles solution, laser filamentation induced plasma generation was directly verified
and electron density was demonstrated to be spatially modulated along the interference
fringes. We demonstrated that local electron density was significantly enhanced at the
intersecting region as two laser beams form plasma grating. Our work provides an
experimentally feasible way for observing dynamics of laser filamentation induced plasma
generation in liquids media.
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