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Abstract

We have conducted time-resolved studies of optical breakdown produced by the irradiation of water
using 6 ns Nd:YAG laser pulses of 1064 nm and 532 nm wavelength focused at a numerical aperture of
NA = 0.9. We determined pulse energy threshold values for plasma formation to be 1.89 J and 18.3 uJ for
532 and 1064 nm irradiation, respectively. These energy thresholds correspond to irradiance thresholds
of 0.77 x 10° W/mm? for 532 nm irradiation and 1.87 x 10° W/mm? for 1064 nm irradiation. For pulse
energies 1x, 2x, 5x, and 10x above threshold, we determined the length of the laser-induced plasma, the
propagation speed and peak pressures of the emitted shock wave, and the mechanical energy dissipated
by subsequent cavitation bubble formation, growth, and collapse. This analysis demonstrates that both
the breakdown threshold as well as the conversion efficiency of the incident laser energy into mechanical
energy is smaller for irradiation at 532 nm than for 1064 nm. These results are consistent with laser
parameters employed for a variety of nanosecond pulsed microirradiation procedures using 1064 nm and
532 nm radiation focused by microscope objectives with large numerical apertures (NA 2> 0.8). These
results suggest that laser-induced breakdown is the primary mechanism that drives a variety of cellular
micromanipulation techniques which employ nanosecond visible and near-infrared laser pulses.

1 Introduction

Laser-induced plasma formation, also known as optical breakdown, is a nonlinear absorption process
that occurs when a laser pulse of sufficiently high power is focused into a small volume of a medium.
The focused radiation generates a hot plasma (quasifree electrons in the conduction band with density
> 101 /mmd) in the focal volume of the medium through multiphoton and/or cascade ionization via
inverse bremsstrahlung absorption. The rapid increase in plasma temperature leads to its explosive ex-
pansion resulting in the radiation of a shock wave and in cavitation bubble formation at the emission
center.

The formation of plasmas in biological media using nanosecond laser pulses has been the subject of de-
tailed study as it is utilized in such clinical procedures as intraocular microsurgery and laser lithotripsy [5,
10]. In the case of intraocular surgery, pulse energies of 0.1-10 mJ are employed with small laser spot di-
ameters and result in irradiances that typically exceed 108 W/mm? [10]. In such applications, tissue mod-
ification occurs on a spatial scale on the order of 100 xm [12]. Upon examination of the laser parameters
used for a variety of pulsed laser microirradiation applications, irradiances on the order of 10° W/mm?
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Laser Oscilloscope
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View
Figure 1. Experimental setup used for time-resolved examination of the dynamics involved in laser-induced break-

down of water. M: mirror, DC: dichroic beam splitter, D: pyroelectric energy detector, T: hydrophone transducer, A:
6 mm aperture.

are routinely employed but result in modification on the micrometer spatial scale or less [1, 2, 7]. The prin-
cipal difference being that in applications of cell microirradiation, the laser beam is focused to a diffraction
limited spot through a cone angle in the range of 70-135While focusing angles for the clinical applications
mentioned above rarely exceed 30°

Thus, to examine the possible role of laser-induced breakdown as a mechanism that drives pulsed
laser microirradiation procedures, we have conducted several time-resolved experiments to characterize
the dynamics of the optical breakdown process including the resulting shock wave propagation and cav-
itation bubble formation using nanosecond pulsed laser irradiation in water focused at high numerical
aperture. We used distilled water as our sample for convenience as it has been shown that optical break-
down in water is very similar to that in ocular and other biological media [4]. If optical breakdown is
indeed found to be the principal mechanism driving pulsed laser microirradiation processes, the infor-
mation learned from these studies can be used to improve and optimize laser parameters chosen for a
particular application.

2 Materials and Methods

The basic experimental setup used for these investigations is shown in Figure 1. The 1064 nm or
532 nm output of a 6 ns Nd:YAG laser was aligned collinearly with a HeNe aiming laser beam. This com-
bined beam was expanded using a -40 mm negative lens and recollimated using a 200 mm focal length
achromat lens. This expanded beam was reflected off a short pass dichroic beamsplitter thereby directing
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the laser beam through a 6-mm diameter aperture to overfill the back aperture of a 63x, 0.9 numeri-
cal aperture water immersion microscope objective (Leica). The microscope objective was introduced
through a hole machined into the wall of a water filled cuvette to allow irradiation of the water sample
without optical aberrations which have been shown to significantly affect the optical breakdown pro-
cess [13]. To image the plasma and subsequent hydrodynamic events we employed two 35mm cameras
using either Kodak TMAX 100 or Agfapan APX 25 photographic film. To provide a ‘back view’ of the
process, one of these cameras was placed behind the dichroic and fitted with a 105 mm lens. This allowed
us to visualize the plasma using the inherent magnification of the microscope objective and resulted in a
composite magnification of approximately 30x. The second camera was outfitted with a 7x lens (Leitz
Photar) to provide a ‘side view’ of the plasma formation and associated hydrodynamic phenomena. The
energy of each laser pulse was monitored by a pyroelectric detector and calibrated to the true energy
delivered to the sample.

2.1 Determination of threshold energy for plasma formation

A total of 20 individual laser pulses of fixed energy were delivered to the water-filled cuvette in a dark
room. The number of pulses which resulted in plasma formation, as determined by the appearance of a
visible flash, was noted. This procedure was repeated for several (15-20) pulse energies to allow for a
determination of the variation in the probability of plasma formation with pulse energy. The probability
of plasma formation vs. pulse energy was plotted and fitted to a Gaussian error function. The pulse
energy at which the probability of plasma formation is 50% was determined and denoted as the energy
threshold E, for plasma formation/optical breakdown [14].

2.2 Determination of plasma size

The size of the laser-induced plasmas was determined by examining photographs of the radiant emis-
sion at pulse energies 1x, 2x, 5x, and 10x the threshold energy from both back and side views. For these
photographs, no external illumination was employed and the camera shutter was manually opened prior
to the laser pulse emission and closed promptly thereafter. When photographed from the side view, the
plasma image on the film negative was roughly elliptical in shape and examined using a biological dis-
section microscope (Olympus BH-2) in which we measured both its length (major axis) and the diameter
(minor axis). The size of the plasma on the film negative was converted to its true size by accounting for
the magnification produced by the camera-lens assembly. This magnification was determined by pho-
tographing a US Air Force resolution test slide placed in the focal plane of the objective and comparing
the size of the markings on the film negative with their true size.

2.3 Determination of shock wave dynamics

The dynamics of the shock wave propagation was photographed from side view only. To measure the
propagation of the shock wave, we photographed the position of the shock wave front at several discrete
times after the laser pulse. To do this we transilluminated the volume surrounding the focus using a 6-ns
‘probe’ pulse of 532 nm radiation supplied from the Nd:YAG laser at a specific time delay relative to the
‘pump’ pulse that produces the laser-induced plasma. Several specific time delays between the pump
and probe pulses were set using an optical delay line as shown in Fig. 1. By opening the camera shutter
manually prior to the laser pulse emission and closing it promptly thereafter, the position of the shock
wave was recorded photographically at delay times ranging from 0-32 ns relative to the pump laser pulse.

2.4 Determination of cavitation bubble dynamics

The dynamics of the cavitation bubble formed by the expanding plasma was photographed from the
side view at specific times during its evolution. Because the dynamics of the bubble growth and collapse
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occurs on a timescale of the order of tens of microseconds, the use of an optical delay line becomes im-
practical. Instead, we employed an ultrashort duration (<20 ns) flashlamp triggered by a timed electronic
delay to provide the transillumination of the optical field. In addition, a PVDF needle hydrophone (Ce-
ram) with a rise time of 12 ns and 1 mm? active area was placed at a distance of 10 mm directly above the
focal volume to measure the acoustic emission produced by the shock wave and subsequent cavitation
dynamics.

3 Results and Discussion

In these experiments, the pump laser pulse was focused into a small volume within the water sam-
ple using a 63x, water immersion microscope objective with NA = 0.9. Because the pump laser beam
completely filled the back aperture of the objective and possessed a uniform spatial intensity profile we
assume diffraction limited conditions to determine that the focused laser spot diameter, d = 1.22A/NA,
was 0.72 um for 532 nm and 1.44um for 1064 nm irradiation. Similarly, the Rayleigh range, zz = wd?/4),
was determined to be 0.77 um for 532 nm and 1.54 ym for 1064 nm irradiation. Defining the focal volume
of the laser beam in the water as consisting of a cylinder with diameter equal to the focused laser spot
diameter and with length equal to twice the Rayleigh range, the focal volume was 0.63 um?® for 532 nm,
and 5.02 pmd for 1064 nm irradiation.

3.1 Energy thresholds for plasma formation

Our determination of the probability of plasma formation at various pulse energies resulted in en-
ergy threshold values Ey, of 1.89}:and 18.3}:for 532 nm and 1064 nm irradiation, respectively. For the
focused laser spot diameters determined above, these threshold energies correspond to threshold irradi-
ances ly, of 0.77 20° W/mm? and 1.87 310° W/mm? for 532 nm and 1064 nm irradiation, respectively.

These energy and irradiance thresholds are remarkably similar to the energies and irradiances em-
ployed in optoinjection, a pulsed laser microirradiation technique in which an exogenous molecule is
delivered to a single cell via the pulsed microirradiation of the plasma cell membrane [7]. When using
an oil immersion objective with a numerical aperture of NA =£.3, optoinjection is routinely performed
at pulse energies of 0.5kand 12 ifor 532 and 1064 nm irradiation, respectively. These energy values
correspond to irradiances of 0.51 x20° W/mm? and 3.1 %0° W/mm? for 532 and 1064 nm irradiation,
respectively.

3.2 Photographic examination of plasma size

Optical breakdown in water was induced using pump pulse energies E, of 1x2x5xand 10x
threshold. The shape of the plasmas generated by 532 nm irradiation was ellipsoidal, appearing elliptical
in the side-view photographs and circular in the back-view photographs. The ellipsoidal shape mimics
that of the focal volume. This visual pattern held for pulse energies corresponding to 1x2x5xand
10xthreshold. The plasmas generated using 1064 nm irradiation also appeared ellipsoidal for energies
near threshold, but exhibited a ‘bow-tie’ shape in the side-view at pulse energies corresponding to 5x
and 10xthreshold.

The plasma length I, diameter d, and equivalent spherical radius r for the various pulse energies and
irradiation wavelengths are listed in Table 1. The equivalent spherical radius is defined as the radius of
the sphere that possesses a volume equivalent to that of the ellipsoidal plasma. The volume of the plasma
generated using the 532 nm laser light, at threshold, was 10.3m°. Thus at 532 nm, the plasma volume is
larger than the focal volume of the laser beam by a factor of 16.3.

This enlargement of the plasma relative to the focal volume is mainly a result of the luminescence
emitted by the plasma during the plasma expansion. The plasma generated at threshold using 1064 nm
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Wavelength | Normalized Pulse Energy | Plasma Length | Plasma Diameter | Equivalent Radius
Anm] B = (Ep/Ew) I [pm] d [pm] r [pm]
1064 1 14.0 8.9 5.2
1064 2 25.0 155 9.1
1064 5 37.9 21.0 12.8
1064 10 47.3 275 16.5
532 1 3.6 2.3 1.35
532 2 3.8 2.9 1.6
532 5 8.4 5.1 3.0
532 10 12.6 7.6 4.5

Table 1: Listing of plasma dimensions and their variation with pulse energy.

irradiation occupies a volume of 589 xm?, which is larger than the focal volume of the laser beam by a
factor of 117. The even larger difference between the size of the focal and plasma volumes produced by
1064 nm breakdown is mainly due to the high irradiance required to generate the quasifree electrons in
the conduction band through multiphoton ionization compared to the irradiance required to complete
the cascade ionization process during the laser pulse duration. When the plasma begins to form during
the times corresponding to the leading edge of the incident laser pulse, the electron-hole recombination
results in the emission of radiation at UV wavelengths. This UV radiation then contributes to the forma-
tion of additional quasifree electrons in the vicinity of the plasma that act as seed electrons for cascade
ionization. Optical breakdown occurs in all regions of the water sample where the irradiance is large
enough to complete the ionization cascade up to a critical electron density. The high irradiance thresh-
old for the generation of quasifree electrons through multiphoton ionization accounts for both the higher
pulse energy threshold and larger plasma size at 1064 nm compared to 532 nm.

3.3 Shock wave propagation and cavitation dynamics

Time-resolved photography allows for the determination of the shock wave propagation speed and
peak pressure. The radii of the shock waves were measured at various times (up to 32 ns) after the
generation of the plasma. The expression

I’s(t) =a +at+a In(t) (1)

was used to fit the experimental values of the shock wave radii rs(t) [8]. The parameters a; and a, were
chosen to best fit the experimental data. The parameter a; was chosen to be equal to the speed of sound
in water, namely ¢qg = 1483 m/s. Figure 2a shows the measured radii describing the temporal evolution
of the shock wave produced by 1064 nm irradiation at 5x threshold as well as the fitted curve to the
experimental data. Differentiation with respect to time of such fitted curves yields the temporal variation
of the shock wave propagation speed. Figure 2b displays these curves for 1064 nm irradiation at pulse
energies 2%, 5x, and 10x threshold. In these plots the delay time represents the interval between the
arrival of the pump pulse and the illumination probe pulse at the breakdown site. In all cases, the speed
decreases monotonically to the sonic speed in water. For any specific time delay, the shock wave speed
monotonically decreases with the normalized pump pulse energy 3. The initial speed exceeds the sonic
speed by a factor of 3.7 for the 10x threshold condition. However, the speeds reported by Fig. 2b must
be interpreted with care because at early times the shock wave has not yet detached from the plasma rim
and thus the speed represents that of the plasma expansion and not the shock wave.

Using the equation of state for water, we can relate the shock wave propagation speed us to its peak
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Figure 2: (a) Experimental data for the shock wave radius as a function of time for 1064 nm irradiation at 5x
threshold. The curve is the best fit to eq. (1). (b) Derived shock wave velocities as a function of time after Nd:YAG
1064 nm irradiation for pulse energies 2x, 5x and 10x threshold.

pressure ps [11]
ps = Apous [100—0)/8 _ 1] @

where po = 998 kg/m?® is the mass density of the unperturbed water, A = 5190 m/s, and B = 25306
m/s. The empirical constants A and B are determined from Rankine-Hugoniot data [9]. In Figure 3 we
present the shock wave peak pressure versus propagation distance from the emission center at 1064 nm
irradiation for pulse energies of 2x, 5x, and 10x threshold. In this figure we attempted to accurately
represent the shock wave pressure by discarding the pressures at distances smaller than the plasma size
as reported in Table 1. This effectively excludes the velocity data taken prior to the detachment of the
shock wave from the plasma rim.

In Table 2 we list the results of the shock wave pressure measured with the hydrophone at a distance of
rs = 10 mm from the focal volume. The energy of a spherical shock wave Eg of radius rs may be expressed
as [15]

2
£s= " [ g2 )
PoCo

Assuming the profile of the shock wave is that of an exponential pulse with a full width at half maximum
temporal width Ats equal to that given by the hydrophone measurements, the energy of the shock wave
becomes [15]

Es = 6.124 x 10 °p?r2Atg (4)

where the shock wave energy Es is in Jyshock wave peak pressure ps is in MPa, the shock wave radius r
is inmn, and Atg is in ns. The results of the measurement of the shock wave pressure, shock wave energy
Es, as well as the ratio of the shock wave energy to the laser pump pulse energyE{SEpait rs 20mm

from the emission center are listed in Table 2. It is important to note that the shock wave energy calcu-
lated at rs £0 mm from the focal volume represents only about 10-15% of the total shock wave energy
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Figure 3: Shock wave pressure vs. propagation distance generated by 1064 nm irradiation for pulse energies 2x,
5x, and 10x threshold.

because most of this energy is dissipated during its propagation in the near field [11, 15]. Nevertheless,
the ratio (ES/Ep) is a measure of the efficiency of conversion of laser light energy into mechanical energy
in the water sample and is also indicative of the energy density in the plasma generated in the sample.
The results reported in Table 2 demonstrate that when considering equivalent normalized pulse energies
(3, the conversion of laser light energy into shock wave energy is smaller for 532 nm than for 1064 nm
irradiation.

The hydrophone measurements provided values for the cavitation bubble oscillation period Ty,
which is related to the maximum cavitation bubble radius Ryax via the Rayleigh formula [3]. The en-
ergy of the spherical cavitation bubble may be expressed as [3, 11]

4 2 % 0.915\ 2
Eg = 37Po (T) R ax- (5)

The values of the cavitation bubble energy Eg, and of the ratio of the cavitation bubble energy to the
incident laser pulse energy (EB/Ep), are listed in Table 2. Notice that the conversion efficiency of laser
pulse energy into the bubble energy is higher for 1064 nm than for 532 nm and is similar to the result
obtained for the shock wave energy.

4 Conclusion

We have examined the dynamics of optical breakdown by performing time-resolved measurements
of laser-induced optical breakdown in water using Nd:YAG laser pulses (6 ns, A=1064 nm and 532 nm)
focused using a microscope objective with a numerical aperture of 0.9. We obtain the result that the
threshold energy and the conversion of laser pulse energy into mechanical energy is lower for optical
breakdown achieved using 532 nm radiation compared to 1064 nm radiation. The pulse energy and irra-
diance threshold values are similar to those for pulsed laser microsurgery within cells using microscope
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A 15 Ep Ats Ps Es (ES/Ep) Tosc | Rmax Es (EB/Ep)
[nm] [1d] [ns] [MPa] [1d] [%] [ps] | [um] | [wd] [%]

1064 | 1 18.0+£0.1 | 42.0£0.5 | 0.158+0.028 | 0.64 3.6 27.7| 151.3| 145 9.1

1064 | 2 36.4+0.2 | 47.5+1.0 | 0.283+0.008 | 2.33 6.4 45.3 | 2476| 6.35 17.3

1064 | 5 90.9£0.3 | 53.0£0.5 | 0.475+0.009 | 7.32 8.1 65.9| 360.1| 19.57 215

1064 | 10 | 182.2+0.9 | 59.04£0.5| 0.65940.005 | 15.69 8.6 86.6 | 473.3| 44.41 244

532 | 1 | 1.89£0.10 | 26.0+0.5 | 0.038+0.008 | 0.023 1.2 83 | 454 | 0.039 2.1

532 | 2 | 3.78+0.13 | 31.0+0.5| 0.091+0.005 | 0.157 4.2 13.8| 75.4 | 0.180 4.2

532 | 5 | 9.19£0.30 | 36.0+0.5 | 0.202+0.008 | 0.90 9.8 269| 147.0| 1.33 14.3

532 | 10 | 19.15+0.60 | 43.0+0.5 | 0.310£0.001 | 2.53 13.2 37.5| 205.0| 3.60 19.3

Table 2: List of shock wave and cavitation bubble dynamics parameters generated with pump pulse energies of
1x2x5and 10xthreshold in water for 532nm and 1064 nm irradiation. The parameters listed are the width

of the pressure transient as measured by the hydrophone Ats, the pump pulse energy E,, the shock wave pressure
at 10 mm from the optical breakdown site ps, the shock wave energy at 10 mm from the optical breakdown site E;,
the cavitation bubble oscillation period Ty, the maximum cavitation bubble radius Rnax and the cavitation bubble
energy Eg.

objectives with high numerical aperture. The reduced conversion efficiency of laser pulse energy to shock
wave and cavitation bubble energy at pulse energies close to the optical breakdown threshold indicate that
the use of 532 nm radiation may offer a means to produce more subtle or precise cellular manipulations
that 1064 nm irradiation. This analysis is consistent with the experience in cell microsurgery in which it
is much easier to control and produce fine lesions using 532 nm irradiation rather than 1064 nm irradia-
tion [6]. These results strongly suggest that laser-induced breakdown is the primary working mechanism
of a variety of pulsed laser microirradiation techniques including cell microsurgery, optoinjection and
optoporation.
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