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Femtosecond laser nanosurgery relies on low-density plasma formation followed by chemical ef-
fects of the free electrons (bond breaking), thermal effects, and compressive and tensile thermoelas-
tic stress waves that produce transient cavities. We developed models for numerical simulation of
these effects and calculated their irradiance thresholds. By comparison of the threshold values to
experimentally determined thresholds for various cellular and tissue effects we elucidated the work-
ing and damage mechanisms of nanosurgery at kHz and MHz laser repetition rates. By time-
resolved detection of the scattering of a cw laser beam we measured the bubble oscillation time and
size near the plasma formation threshold for various fs laser wavelengths and numerical apertures of
the focusing objective. For NA = 0.9, the smallest bubbles had an oscillation time of 15 ns, corre-
sponding to a radius of 81 nm, in excellent agreement with our theoretical predictions. The bubble
dynamics is of interest in the context of transient cell membrane permeabilisation for transfer of
genes or other substances into live cells.
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1. Introduction

Nonlinear absorption of short and ultrashort laser pulses
focused through microscope objectives of high numerical
aperture (NA) can be used to achieve very fine and highly
localized laser effects inside of biological media that are
transparent at low irradiance as well as in the bulk of
photonic materials [1]. Very large numerical apertures are
required both to minimize the diffraction limited focus di-
ameter and to avoid self-focusing and filamentation.

To make use of the full potential of femtosecond pulses
for highly localized material processing and modification
of biological media, it is essential to understand the under-
lying mechanisms. We have therefore investigated the evo-
lution of plasma formation and the chemical, thermal, and
thermomechanical effects arising from femtosecond optical
breakdown in aqueous media. Details about numerical and
experimental methods applied in this study can be found in
Ref. [1].

2. Plasma formation

While nanosecond breakdown is very abrupt (Figs. 1a, b),
we found that in femtosecond laser optical breakdown free
electrons are produced in a fairly large irradiance range
below the optical breakdown threshold, with a determinis-
tic relationship between free electron density and irradiance
(Figs. 1c, d). This provides a large 'tuning range' for the
creation of spatially confined chemical, thermal and me-
chanical effects via free electron generation that can be
used for cell surgery. The prediction of low-density plas-
mas at irradiances below the threshold for bubble formation
(Fig. 1d) was experimentally confirmed by Mao et. al. [2].

For larger irradiances, plasmas in bulk media grow beyond
the region of the beam waist, which keeps the plasma en-
ergy density small. By contrast, at surfaces the energy
deposition becomes confined to a thin, dense layer once the
free electron density reaches the critical density [3, 4], and
the regime of low-density plasma generation has little prac-
tical importance.
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Fig. 1 Evolution of the free-electron density during the
laser pulse at the optical breakdown threshold for 6 ns,
1064 nm pulses (a) and for 100-fs, 800-nm pulses (c). The
time t is normalized with respect to the laser pulse dura-
tion 7. The contribution of multiphoton ionization to the
total free-electron density is plotted as a dotted line.
The maximum free electron density pmax achieved during
the laser pulse as a function of irradiance is, for the same
laser parameters, shown in (b) and (d). The irradiance I is
normalized with respect to the threshold I,4e. = 10% cm™
that is commonly assumed in numerical calculations of the
breakdown. The threshold I and the corresponding
value of pn.x are marked by dotted lines. Reprinted with
permission from Ref. [1].

3. Irradiance and free electron distribution within the
focal volume

The temperature and stress distribution in the focal region
depend on the distribution of quasi-free electrons produced
during femtosecond optical breakdown. Therefore, we
must explore the shape of the irradiance and free-electron
density distributions within the focal volume before we can
investigate the resulting temperature and stress effects. For
a plane wave focused by a microscope objective, the focal
region has an ellipsoidal shape. The short axis d of the
ellipsoid is identified with the diameter of the central
maximum of the Airy pattern in the focal plane

d=122 1/ NA. @)

The symbol A refers to the vacuum wavelength of light,
and NA = ng sina is the numerical aperture of the objective.
The ratio I/d of the long and short axes is

I/d =(3-2cosa—cos2a)"? /(1—cos @) 2)

for optical setups with very large solid angles [1,5]). Here
o is the half angle of the light cone such as used in the
definition of the numerical aperture. For NA 1.3, which

in water corresponds to an angle of o = 77.8°, we find
I/d = 2.4 and, for L =800 nm, d = 750 nm and | = 1800 nm.
For our calculations, we approximate the ellipsoidal region
of high irradiance in the focus center by a Gaussian distri-
bution, and the boundaries of the ellipsoid are identified
with the 1/e? values of this distribution.

When long pulses (us to ms) are used for cell surgery
and energy deposition is based on linear absorption, the
possible spatial resolution is related to the temperature dis-
tribution in the focal region that is directly related to the
irradiance distribution. By contrast, for femtosecond laser
pulses, the spatial resolution is defined by the free electron
distribution, which, for 800 nm wavelength, is proportional
to the 5" power of the irradiance distribution [1]. Due to
the nonlinear absorption process underlying optical break-
down, the free-electron distribution is much narrower than
the irradiance distribution. For A =800 nm, the diameter
of the free -electron distribution at the 1/e%- values amounts
to 336 nm, the length to 806 nm. Femtosecond-laser nano-
processing can thus achieve a 2-3 fold better precision than
cell surgery using cw irradiation, and enables manipulation
at arbitrary locations.

4. Chemical effects of low-density plasmas

The lower end of the irradiance range useful for cell
surgery is defined by the regime where the free electron
density is still too low to cause any thermal or thermo-
mechanical effects but sufficiently high to cause chemical
changes arising from the action of the free electrons. One
very important chemical effect is molecular bond breaking
that can result from resonant interactions between electrons
of 3 -20 eV kinetic energy and biomolecules (Fig. 2) [6].

The irradiance threshold for chemical changes can be
assessed using the plot of free-electron density versus ir-
radiance presented in Fig. 1d. At NA= 1.3 and A = 800
nm, one free electron per focal volume corresponds to a
density of p=2.1x10" cm™. This value is reached at an
irradiance of | = 0.26x10" W cm which is 0.04 times the
irradiance threshold for breakdown defined as p
=pe = 10 cm’®,

When long oscillator pulse series of ~ 80 MHz repeti-
tion rate consisting of 10* to 10° pulses are employed, their
accumulative chemical effects can lead to cell damage and,
for larger irradiances, to dissection [1]. According to our
calculations, the irradiance required for intranuclear chro-
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Fig. 2 Dynamics of vibrational excitation and dissocia-

tive electron attachment in resonant electron-molecule
scattering. Reprinted with permission from Ref. [7].



mosome dissection [8] amounts to 1/6 of the irradiance
required to produce p. = 10%* cm™, and about 1000 free
electrons per pulse are produced with the parameters used
for chromosome dissection [1].

5. Thermal effects

The deposition of laser energy into the medium is me-
diated by the generation of free electrons. When the energy
carried by the free electrons is subsequently transferred to
the heavy particles in the interaction volume through colli-
sions and nonradiative recombination, this results in a heat-
ing of the atomic, molecular and ionic plasma constituents.

The temperature rise can be determined by calculating
the volumetric energy density gained by the plasma during
the laser pulse. This calculation is particularly easy for
femtosecond pulses because the pulse duration is consid-
erably shorter than the electron cooling and recombination
times. Therefore, hardly any energy is transferred during
the laser pulse, and the energy density deposited into the
interaction volume is simply given by the total number
density p max Of the free electrons produced during the pulse
multiplied by the mean energy gain of each electron. The
mean energy gain of an electron is, in turn, given by the
sum of ionization potential and average Kinetic energy. To
calculate the temperature rise from the plasma energy den-
sity, we assumed that the thermal constants of tissue are
equal to those of water. The evolution of the temperature
distribution was then calculated by solving the differential
equation for heat diffusion [1].

The results are presented in figure 3. They demonstrate
that for repetition rates in the MHz range accumulative
thermal effects are observed. For 80 MHz, the peak tem-
perature after many pulses is up to 6.8 times higher than
after a single pulse for NA = 1.3, and up to 45 times higher
for NA = 0.6 (Figs. 3a, b). However, when the repetition
rate is reduced to 1 MHz or smaller, heat accumulation
disappears even for NA = 0.6 (Fig. 3c) because the narrow
free electron distribution, which is the source of the heat
deposition, leads to a very rapid heat diffusion.

When laser surgery is performed with 80 MHz pulse
series focused at NA = 1.3, the boiling temperature of
100°C will, due to the 6.8-fold temperature accumulation,
be reached when each individual pulse produces a tempera-
ture rise of 11.8°C (starting from 20°C room temperature).
For 800-nm, 100-fs pulses this temperature rise requires a
free-electron density of p.=2.1x10"° cm?® which is
reached at an irradiance of 0.51 times the value required for
optical breakdown (pg = 10%* cm’).

For NA = 1.3, the heat distribution exhibits a half-width
in the submicrometer-range, as shown in Fig. 3d. Thermal
effects are thus confined to a very small volume, even for
long pulse series for which the thermal distribution resem-
bles that of cw irradiation. However, it needs to be kept in
mind that no purely thermal effects can be produced with
femtosecond pulses, because due to the nonlinear absorp-
tion of the laser light heat generation is always mediated by
the production of free electrons. For example, each pulse
of a series leading to a final temperature of 100°C (at NA =
1.3) produces ~ 2 Mill. free electrons. The thermal effects
are, therefore, always accompanied and probably domi-
nated by free-electron-mediated chemical effects.
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Fig. 3 Temperature evolution at the center of the laser
focus produced by a series of 800-nm, 100-fs pulses fo-
cused into water (a-c), and the corresponding temperature
distribution (d). a) 80 MHz repetition rate, NA =1.3;
b) 80 MHz repetition rate, NA = 0.6; c) 1 MHz repetition
rate, NA = 0.6, d) 80 MHz repetition rate, NA=1.3.
The volumetric energy density deposited per pulse was
always assumed to be 1Jcm™ at the focus center. The
dashed lines in a) — ¢) represent the temperature decay
after a single pulse. For comparison, the temperature evo-
lution during cw irradiation with the same average power
as for pulsed irradiation is also shown. Reprinted from [1].
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For even larger irradiances, thermo-mechanical effects
(bubble formation) come into play. When bubbles are
formed during cell surgery with oscillator pulse series
(= 80 MHz), they arise from accumulative chemical bond
breaking and photothermolysis. They are long lasting, can
grow to a fairly large size, and their appearance defines the
upper limit of the useful parameter range for cell surgery
with oscillator pulse series.

6. Thermoelastic stress evolution

In the single pulse regime < 1 MHz, where no tempera-
ture accumulation occurs, bubbles are produced by thermo-
elastically induced tensile stress. In femtosecond optical
breakdown, laser pulse duration and thermalization time of
the energy of the free electrons are much shorter than the
acoustic transit time from the center of the focus to its pe-
riphery. Therefore, no acoustic relaxation is possible dur-
ing the thermalization time, and the thermo-elastic stresses
caused by the temperature rise stay confined in the focal
volume, leading to a maximum pressure rise [9, 10]. Con-
servation of momentum requires that the stress wave emit-
ted from the focal volume must contain both compressive
and tensile components such that the integral of the stress
over time vanishes. In water or biological cells, the tensile
stress wave will cause the formation of a cavitation bubble
when the rupture strength of the liquid is exceeded. For
cell surgery in the single pulse regime, the threshold for
bubble formation defines the onset of disruptive mecha-
nisms contributing to dissection.

To determine the evolution of the thermo-elastic stress dis-

tribution in the vicinity of the laser focus, we solved the
three-dimensional thermo-elastic wave equation arising
from the temperature distribution at the end of a single
femtosecond laser pulse [1]. The result is presented in
figure 4.

7. Bubble formation

Because the region subjected to large tensile stress ampli-
tudes is very small, the presence of inhomogeneous nuclei
that could facilitate bubble formation is unlikely, and we
have to consider the tensile strength of pure water to esti-
mate the bubble formation threshold. We use the crossing
of the “kinetic spinodal” as defined by Kiselev [11] as
threshold criterion for bubble formation. In the thermody-
namic theory of phase transitions, the locus of states of
infinite compressibility (sp/6V)r =0, the spinodal, is
considered as a boundary of fluid metastable (superheated)
states. Physically, however, the metastable state becomes
short-lived due to statistical fluctuations well before the
spinodal is reached. The “kinetic spinodal” is the locus in
the phase diagram where the lifetime of metastable states
becomes shorter than a relaxation time to local equilibrium.
For 20°C start temperature, the kinetic spinodal of water is
reached at AT = 131.5°C, and p =- 71.5 MPa.

For superthreshold pulse energies, the size of the bubble
nucleus was identified with the extent of the region in
which the negative pressure exceeds the kinetic spinodal
limit. The bubble dynamics was then calculated by means
of the Gilmore model, taking the tensile stress around the
bubble and the vapor pressure inside the bubble into ac-
count as driving forces for the bubble expansion. In these
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Fig. 4 Stress distribution produced by a single 800-nm,
100-fs pulse focused into water (NA = 1.3). The evolution
of the distribution is shown (a) in radial direction, and
(b) in axial direction for various times after the release of
the laser pulse. The pressure amplitudes are normalized to
the peak compressive stress created in the focal volume.
Reprinted with permission from Ref. [1].

calculations, we considered the temperature-dependence of
the surface tension at the bubble wall. An example for the
bubble dynamics after a temperature rise from room tem-
perature to 200°C is given in Fig. 5, and the dependence
between maximum bubble size and end temperature is pre-
sented in Fig. 6. Our experimental results on stress ampli-
tudes at the bubble formation threshold agree very well
with the calculated values, as described in Ref [1].
t= 21 ns, Rmax =236 nm
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Fig. 5 Calculated radius time curve of the cavitation bubble
produced by a single 800-nm, 100-fs laser pulse focused at
NA = 1.3 that leads to a peak temperature of Ty, = 200 °C
at the focus center. Isothermal conditions for the bubble
content with respect to the surrounding liquid were assumed.
Reprinted from [1]
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Fig. 6 Maximum bubble radius Ry as a function of the
peak temperature in the center of the focal volume, together
with the radius of the nucleus, Rq. Cases 1 and 2 stand for
isothermal and adiabatic conditions for the bubble content
with respect to the surrounding liquid. The calculation were
pefformed for 800-nm, 100-fs pulses. Reprinted from [1]

The most prominent feature of the transient bubbles pro-
duced close to the threshold of femtosecond optical break-
down is their small size and short lifetime. The bubble
radius in water right at threshold is as small as 50 nm, and
it amounts to about 200 nm for a peak of 200°C tempera-
ture in the focus center. The bubbles will be even smaller in
a visco-elastic medium such as the cytoplasm. This makes
a dissection mechanism associated with bubble formation
compatible with intracellular nanosurgery, in contrast to
nanosecond optical breakdown where the minimum bubble
radius in water observed for NA = 0.9 and A = 532 nm was
Rmax = 45 pum [12]. The small bubble size corresponds to a
small energy of only 53 femtoJoule of the expanded bubble
for the case presented in Fig. 5. The smallness of the bub-
ble energy is largely due to the minute energy content of
the stress transient creating the bubble. For the case of
Fig. 5, the energetic conversion efficiency from heat into
the thermo-elastic wave is only 0.46%, and the conversion
efficiency from thermo-elastic energy into bubble energy is
6.8%.

The stress-confinement of the energy deposition in femto-
second laser induced material processing results in large
compressive and tensile stress amplitudes already after a
moderate temperature rise. Therefore, a temperature rise as
little as 131.5 °C is sufficient for bubble generation in a
liquid without any pre-existing nuclei. The low volumetric
energy density required for thermoelastically induced cav-
ity formation, which is only about 1/5 of the vaporization
enthalpy, is a reason for the lack of thermal side effects in
femtosecond laser dissection and the small conversion rate
of laser energy into mechanical energy. Nevertheless, for
sufficiently large pulse energies, bubble expansion and
shock wave pressure can cause effects far beyond the focal
volume that lead to cell death. This is especially important
for applications such as optotransfection (transient cell
membrane permeabilisation for transfer of genes or other
substances into live cells). To avoid unwanted side effects,
irradiances should be used that are only slightly above the
bubble formation threshold.

8. Experimental determination of breakdown
threshold and bubble size

Figure 7 shows a schematic drawing of the experimental
setup for our experimental investigations of femtosecond
optical breakdown in water at large NA. The laser pulses
are generated by an Yb:glass laser system 1C-1045-30-fs
Reg Amp/SHG/THG (High Q Laser Production). This laser
system delivers amplified pulses with 315 fs duration, a
center wavelength of A = 1040 nm, and up to 30 pJ pulse
energy at 1 kHz repetition rate. With a combination of two
fast shutters (Uniblitz electronics), single pulses can be
selected out of the 1 kHz repetition rate signal. The oscilla-
tor leakage is suppressed by means of an external pockels
cell (Linos LM0202P).

The precise energy adjustment of the pump beam re-
quired for a determination of the optical breakdown thresh-
old is achieved by combinations of A/2 plates and thin film
polarizers, the transmission of which depends on the po-
larization angle of the incident light. The energy of the la-
ser pulses is measured by diverting a part of the pump
beam onto an energy meter (Ophir PD10-pJ).

The calculations in the previous section showed that for
optical breakdown at large NA the bubble size expected
near threshold is well below the optical resolution limit
(Fig. 6). Therefore, a direct photographical observation is
impossible. Instead, we used a time-resolved detection of
the scattering of a probe laser beam to determine the bubble
size via a measurement of its oscillation time. To validate
the scattering technique, its results for energies well above
the bubble formation threshold were compared with photo-
graphically determined bubble sizes.

The core of the setup is a water-filled cuvette with three
water immersion microscope objectives built into the cu-
vette walls that can be confocally adjusted. The cw probe
laser beam (658 nm, 25 mW) is aligned collinear with the
fs-pump beam and delivered through the focusing objec-
tive. The transmitted light is collected by a second micro-
scope objective built into the opposite cell wall. Larger
bubbles could be photographed through a third microscope
objective (20x) oriented perpendicular to the optical axis of
the pump and probe beams.
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Fig. 7 Setup for the determination of the breakdown threshold
and the energy-dependent maximum cavitation bubble size.
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Axial adjustment for precise focusing and confocal
alignment of the three objectives is achieved by piezo-
driven micropositioners. When the 40x objective was used
to focus the fs-pulses, we could achieve a confocal ar-
rangement with the 20x imaging objective at correct work-
ing distance for all objectives. This was not possible with
the 63x objective. For illumination of the focal region, we
used a Nanolite flash lamp with 18 ns pulse duration. To be
able to image very small bubbles near the optical resolution
limit, the image formed by the 20x objective and tube lens
was further magnified using a Nikkor objective
(63mm/1:2,8) that is corrected for 8x magnification. This
way, we achieved a total magnification factor of 162.

The scattering signal is detected by an AC-coupled high
speed photoreceiver (FEMTO, HCA-S) with a signal
bandwidth from 25 kHz to 200 MHz and an additional
monitor output of the DC signal that is important for the
basic alignment of the entire setup. When the bubble size is
much smaller than the focus of the probe laser beam, the
scattering signal is much smaller than the total amount of
the light transmitted through the focal volume. AC cou-
pling is very useful to remove this bias. The duration of the
scattering signal equals the oscillation time of the bubble in
the focal volume.

The bubble formation threshold energy was 22.6 nJ for
the 40x, NA = 0.8 objective, corresponding to a radiant
exposure of 1.15 J/cm? averaged over the focal spot.

The maximum bubble radius Ry was calculated from the
bubble oscillation time T, using the Rayleigh equation

Rmax = (rosc /183)[(poc - pvo)/po]llz’ (3)

where p,, is the hydrostatic pressure, p, the vapor pressure

inside the bubble, and p, the mass density of the liquid [13].

Figure 8 shows the results of the probe beam scattering
technique, together with the photographically determined
values of the bubble size.

For large bubbles, the agreement between the results ob-
tained with both measurement techniques is very good.
Close to threshold, the maximum cavitation bubble radius
is well below the optical resolution limit and very close to
the values predicted by our model calculations (see Fig. 6).
However, it must be noted that for bubble sizes close to the
optical resolution limit, the Rayleigh equation yields radius
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Fig. 8 Bubble radius determined by photography and probe
beam scattering. 40x objective, NA = 0.8, A = 1064 nm.

values that are considerably smaller than the photographic
values. This discrepancy can be explained by the fact that
the Rayleigh formula was derived without consideration of
surface tension, which exerts a pressure p = 2¢/R in addi-
tion to the hydrostatic pressure. The pressure by surface
tension can be neglected for large bubbles but becomes
important for bubble radii of a few um or below. In water
at room temperature, the surface tension against air is
0.073 N/m, and the corresponding pressure acting on bub-
bles of for example 100 nm radius is 1.46 MPa. Since this
value is much larger than the hydrostatic pressure of
0.1 MPa, surface tension will considerably alter the rela-
tionship between bubble oscillation time and maximum
radius. It will shorten the oscillation time for a given radius
and, vice versa, the actual radius for a measured oscillation
time will be larger than the radius predicted by Eq. (3).

9. Implications for laser effects on cells and tissues

An overall view of physical effects induced by femtosec-
ond laser pulses in comparison to experimental data on cell
surgery is given in figure 9. It allows to assess the working
mechanisms in the different regimes of nanosurgery. Dis-
section at 80 MHz repetition rate is performed in the low-
density plasma regime at pulse energies well below the
optical breakdown threshold. It is mediated by free-
electron-induced chemical decomposition (bond breaking)
in conjunction with multiphoton-induced chemistry, and
not related to heating or thermo-elastic stresses. When the
energy is raised, long-lasting bubbles are produced by ac-
cumulative heating and tissue dissociation into volatile
fragments that are usually unwanted. By contrast, dissec-
tion with 1 kHz repetition rate is performed using about 10-
fold larger pulse energies and relies on thermo-elastically-
induced formation of minute transient cavities with life
times < 100 ns.
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Fig. 9 Overall view of physical breakdown phenomena
induced by femtosecond laser pulses, together with ex-
perimental damage, transfection and dissection thresholds
on cells, scaled by free-electron density and irradiance.
The irradiance values are normalized to the optical break-
down threshold Iy, defined by py = 10** cm®. All data
refer to plasma formation in water with femtosecond
pulses of about 100 fs duration and 800 nm wavelength.
Reprinted from [1].



Both modes of fs-laser nanoprocessing can achieve a 2-3
fold better precision than cell surgery using cw irradiation
(see section 3) and enable manipulation at arbitrary loca-
tions [1].

Besides for nanoprocessing of biological materials, femto-
second laser induced plasmas can also be used to modify
other transparent materials and enable the generation of
photonic elements in bulk glass and fused silica. The proc-
ess of plasma generation and void formation in the bulk of
dielectrica like fused silica and glass resembles the process
in water, and the methods developed in our study can also
be applied to solid dielectrica. However, differences in the
band gap energy and material properties will lead to some-
what larger threshold values for chemical and thermo-
mechanically induced changes in solids compared to aque-
ous media.
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