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ABSTRACT

Irradiance values employed in multiphoton microscopy are only one order of magnitude below the irradiance threshold
for femtosecond optical breakdown in aqueous media (≈ 1.0 × 1013 W cm-2). At the breakdown threshold, a plasma with
a free electron density of about 1021 cm-3 is generated, and the energy density in the breakdown region is sufficiently
high to cause the formation of a bubble at the laser focus. We found previously that plasmas with a free electron density
<1021 cm-3 are formed also in a fairly large irradiance range below the breakdown threshold. The present study
investigates the chemical, thermal, and thermomechanical effects produced by these low-density plasmas, and their
consequences for multiphoton microscopy. We use a rate equation model considering multiphoton ionization and
avalanche ionization to numerically simulate the plasma formation. The value of the plasma energy density created by
each laser pulse is then used to calculate the temperature distribution in the focal region. The results of the temperature
calculations yield, finally, the starting point for calculations of the thermoelastic stresses that are generated during the
formation of the low-density plasmas.
We found that with femtosecond pulses a large 'tuning range' exists for the creation of spatially extremely confined
chemical, thermal and mechanical effects via free electron generation through nonlinear absorption. Photochemical
effects dominate at the lower end of this irradiance range, whereas at the upper end they are mixed with thermal effects
and modified by thermoelastic stresses. Above the breakdown threshold, the spatial confinement is partly destroyed by
cavitation bubble formation, and the laser-induced effects become more disruptive. Our simulations revealed that the
highly localized ablation of subcellular structures recently demonstrated by other researchers are probably mediated by
free-electron-induced chemical bond breaking and not related to heating or thermoelastic stresses. At the irradiance
values employed in multiphoton microscopy (≈1/20 of the breakdown threshold), the model predicts, for λ = 800 nm, an
electron density of about 1011 cm-3, sufficient to produce free electrons in the focal volume. Multiphoton microscopy
may, hence, be accompanied by chemical effects arising from these electrons. We conclude that low density plasmas
below the optical breakdown threshold can be a versatile tool for the manipulation of transparent biological media and
other transparent materials but may also be a potential hazard in multiphoton microscopy and higher harmonic imaging.

Key words: Optical breakdown, multiphoton ionization, avalanche ionization, femtosecond pulses, photochemical
effects, photothermal effects, thermoelastic stress, bubble formation, cellular laser surgery, multiphoton microscopy.

1. INTRODUCTION

Irradiance values employed in multiphoton microscopy are only a little more than one order of magnitude below the
irradiance threshold for femtosecond optical breakdown in aqueous media (≈ 1.0 × 1013 W cm-2). At the breakdown
threshold, a plasma with a free electron density of about 1021 cm-3 is generated, and the energy density in the breakdown
region is sufficiently high to cause the formation of a bubble at the laser focus.1-3  We found previously that plasmas
with a free electron density <1021 cm-3 are formed also in a fairly large irradiance range below the breakdown
threshold.4  That raises the question of how multiphoton microscopy and higher harmonic imaging may be influenced
by these "low density plasmas" and whether they can lead to cell injury.
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Low density plasmas with sufficiently high free-electron densities offer, on the other hand, possibilities for highly
localized material processing and modification of biological media.5-10  The topic of the present investigation is,
therefore, to acquire a deeper understanding of the full potential and possible hazards of femtosecond-laser produced
low-density plasmas below the optical breakdown threshold.

From an experimental point of view, the threshold for femtosecond optical breakdown is defined by the
observation of bubble formation at the laser focus. From a theoretical point of view, the breakdown threshold for
ultrashort pulses is usually identified with the generation of a free-electron density ρ exceeding 1021 cm-3.1,11,12  It is the
aim of the present study to investigate the chemical, thermal, and thermomechanical effects arising from plasmas with a
free electron density ρ <1021 cm-3. We use a rate equation model considering multiphoton ionization and avalanche
ionization to numerically simulate the temporal evolution of the free electron density during the laser pulse for a given
irradiance, and to calculate the irradiance dependence of the free-electron density and volumetric energy density
reached at the end of the laser pulse. The value of the energy density created by each laser pulse is then used to
calculate the temperature distribution in the focal region after application of a single laser pulse and of series of pulses.
The results of the temperature calculations yield, finally, the starting point for calculations of the thermoelastic stresses
that are generated during plasma formation.

The numerical calculations are used to determine threshold values of the free-electron density and of the corre-
sponding irradiance values above which chemical changes in the focal region, a temperature rise of 100°C, and bubble
formation are expected to occur. Based on these thresholds, we discuss free-electron-mediated chemical cell damage
during irradiation of whole cells with femtosecond pulses and compare the threshold values with irradiance values used
for multiphoton microscopy. Finally, we discuss the ablative mechanism underlying intranuclear chromosome
dissection recently demonstrated by König et al..8  A comparison between their experimental parameters and our
numerical results suggests that the chromosomal ablation is mediated by free-electron-induced chemical decomposition
(bond breaking) and not related to heating or thermoelastic stresses.

2. PLASMA FORMATION

The process of plasma formation through laser-induced breakdown in transparent biological media is schematically
depicted in figure 1. It essentially consists of the formation of quasi-free electrons by an interplay of multiphoton
ionization and avalanche ionization.
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e 1: Interplay of multiphoton and avalanche ionization in the process of plasma formation.
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It has been shown experimentally that the optical breakdown threshold in water is very similar to that in ocular
and other biological media.13  For convenience, we shall therefore focus attention on plasma formation in pure water.
Whereas the optical breakdown in gases leads to the generation of free electrons and ions, it must be noted that in
condensed matter electrons are either bound to a particular molecule or they are "quasi-free" if they have sufficient
kinetic energy to be able to move without being captured by local potential energy barriers. Transitions between bound
and quasi-free states are the equivalent of ionization of molecules in gases. To describe the breakdown process in water,
Sacchi14 has proposed that it should be treated as an amorphous semiconductor and the excitation energy ∆E regarded
as the energy required for a transition from the molecular 1b1 orbital into an excitation band (6.5 eV).15  We follow this
approach. For simplicity, we use the terms "free electrons" and "ionization" as abbreviations for "quasi-free electrons"
and "excitation into the conduction band".

The photon energies at the wavelengths of 1064 nm, 800 nm, 532 nm and 355 nm investigated in this study are
1.17 eV, 1.56 eV, 2.34 eV, and 3.51 eV, respectively. This means that the energy of six, five, three, and two photons,
respectively, is required to overcome the band gap of 6.5 eV and produce an electron-hole pair. In pure water, this
energy can only be provided when several photons interact simultaneously (within a time interval ∆t = 2π / ωL) with a
bound electron. The multiphoton ionization rate is proportional to I k, where I is the laser light irradiance and k the
number of photons required for ionization.

Once a free electron exists in the medium, it can absorb photons in a non-resonant process called 'inverse Brems-
strahlung' in the course of collisions with heavy charged particles (ions or atomic nuclei).16 A third particle (ion/atom) is
necessary for energy and momentum to be conserved during absorption, as they cannot be conserved if only an electron
and a photon interact. The electron gains kinetic energy during the absorption of the photon. After a sequence of k
inverse Bremsstrahlung absorption events, the kinetic energy exceeds the band gap energy ∆E. From now on, the
electron can produce another free electron through impact ionization. Two free electrons with low kinetic energies are
now available which can again gain energy through inverse Bremsstrahlung absorption. The recurring sequence of
inverse bremsstrahlung absorption events and impact ionization leads to an avalanche growth in the number of free
electrons if the irradiance is high enough to overcome the losses of free electrons through diffusion out of the focal
volume and through recombination. The energy gain through inverse Bremsstrahlung must, moreover, be more rapid
than the energy loss through collisions with heavy particles (a fraction of the kinetic electron energy proportional to the
ratio of the electron and ion masses is transferred to the ion during each collision). The whole process is called
'avalanche ionization', or 'cascade ionization'. At very high irradiance where the losses play only a minor role, the
cascade ionization rate for a given number of free electrons is proportional to the irradiance.17

While multiphoton ionization is "instantaneous," there are time constraints on cascade ionization because several
consecutive inverse Bremsstrahlung absorption events are necessary for a free electron to pick up the kinetic energy
required for impact ionization. With an ionization energy of 6.5 eV and a photon energy of, for example, 1.56 eV
(corresponding to λ = 800 nm), an electron must undergo at least 5 inverse Bremsstrahlung absorption events before
impact ionization can occur. As mentioned above, inverse Bremsstrahlung absorption can only occur during collisions
of the electrons with heavy particles. In condensed matter, the time τ  between collisions is roughly 1 fs.18 One doubling
sequence of the number of free electrons thus requires at least 5 fs, even at extremely high irradiance such that almost
every collision involves inverse Bremsstrahlung absorption.

The number of free electrons produced during one laser pulse strongly depends on irradiance. In the present study,
we are interested in the formation of low-density plasmas below the optical breakdown threshold. It is evident that a
precise deliniation of the corresponding irradiance range requires a clear definition of the breakdown threshold. When
nano- and picosecond pulses are employed, optical breakdown is accompanied by the formation of a luminous plasma
and followed by shock wave emission and cavitation.19,2  At these pulse durations, the plasma luminescence usually
serves as experimental breakdown criterion.19,5  With shorter laser pulses, there is no plasma luminescence in the visible
region of the spectrum, and breakdown is experimentally detected by observing the formation of a cavitation bubble in
the liquid.11,20 In theoretical investigations, on the other hand, the breakdown threshold is defined by the irradiance (or
energy) required to produce a certain critical free electron density ρcr at the laser focus. We showed previously that a
good match between experimental threshold values at NA = 0.25 and theoretical predictions for optical breakdown in
water is achieved assuming that the critical electron density is ρcr = 1020 cm-3 for ns-pulses, and ρcr = 1021 cm-3 for ps-
and fs-pulses.11 A detailed explanation of the pulse duration dependence of ρcr is given in Ref. [11].
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3. NUMERICAL SIMULATIONS OF PLASMA FORMATION, TEMPERATURE EVOLUTION,

AND STRESS DISTRIBUTION

3.1 Plasma formation

We first calculated the time evolution of the electron density ρ  under the influence of the laser light.  The time
evolution of the electron plasma can, in a simplified way, be described by a rate equation of the form11

                                    2
reccascmp ρηρρηηρ −−+= g

dt

d
. (1)

The first two terms represent the production of free electrons through multiphoton and cascade ionization, and the last
two term describe the losses through diffusion of electrons out of the focal volume and recombination. The cascade
ionization rate ηcasc and the diffusion loss rate g are proportional to the number of already produced free electrons, while
the recombination rate ηrec is proportional to ρ 2, as it involves an interaction between two charged particles (an
electron-hole pair). A detailed description of the individual terms of Eq. (1), is given in previous publications by
Kennedy,23  and Noack and Vogel.11

The temporal evolution of the electron density, )(tρ , was calculated for laser pulses with a Gaussian time
variation,11 focused into pure water at a numerical aperture of NA = 1.3.  At least one free "seed" electron must have
been produced by multiphoton ionization before cascade ionization can start (see Fig 1).  Therefore, the term for
cascade ionization is considered only after the free electron density owing to multiphoton ionization has increased to the
point where a statistical average of 0.5 electrons exist within the focal volume.  Optical breakdown should then follow
with 50% probability (a certain breakdown probability has to be used as threshold criterion because optical breakdown
is a statistical process. We use 50% probability in agreement with most other theoretical and experimental studies).

The focal volume was assumed to be cylindrical with a diameter equal to the focal diameter d of a Gaussian beam
and a length l = π d 

2
 / 2 λ (twice the Rayleigh length).  In order to account for the time τion = τ k  required for an electron

to acquire the band gap energy ∆E through inverse Bremsstrahlung absorption and produce another free electron, the
contribution of cascade ionization was evaluated using the electron density at time t - τion.  For our calculations, we used
a value of 1=τ fs for the time between electron - heavy particle collisions.18  To determine the irradiance threshold Irate

required to produce breakdown for a given wavelength and pulse duration, Eq. (1) was iteratively solved for different
irradiance values until the maximum electron density during the laser pulse ρmax equaled the critical density ρcr for
optical breakdown.  We used ρcr = 1020 cm-3 in the calculations referring to a pulse duration of 6 ns, and ρcr = 1021 cm-3

for all pulse durations in the femtosecond range.11

To assess the dependence of the maximum electron density on irradiance, ρmax was plotted as a function of I/Irate.
These calculations yield the irradiance range in which low-density plasmas are produced.

Self-focusing effects can be neglected in the simulations of low-density plasma formation at a numerical aperture
of NA = 1.3, even for pulse durations as short as 100 fs.  The reason is that self-focusing requires a critical power to be
exceeded, regardless which focusing angle is used. In contrast, optical breakdown requires an irradiance threshold to be
surpassed. The power that is necessary to provide this irradiance becomes ever smaller with increasing numerical
aperture and, thus, smaller spot size. Beyond a certain numerical aperture, the breakdown power is smaller than the
critical power for self-focusing. Schaffer et al.9 found that self-focusing has no influence on the breakdown threshold in
water and glass for NA ≥ 0.9. It may play a role for events above the breakdown threshold, but those events are beyond
the scope of this study.

3.2 Temperature distribution

The deposition of laser energy into the medium is mediated by the generation and subsequent acceleration of free
electrons. The energy carried by the free electrons is then transferred to the heavy particles in the interaction volume
through collisions and nonradiative recombination processes resulting in a heating of the atomic, molecular and ionic
plasma constituents. To assess the time needed to establish an equilibrium temperature, we need to look at the
characteristic time for electron cooling (the transfer of kinetic electron energy during collisions) and at the time scale
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for recombination. The time constant for electron cooling is in the order of only a few picoseconds.24  The recombi-
nation time can be considerably longer than this at low or moderate electron densities because the frequency of
recombination events is proportional to ρ 2 (Eq. (1)). For ρ = 1020 cm-3, it takes about 40 ps until the free electron
density decreases by one order of magnitude from its peak value.11  We can conclude that for low-density plasmas it
will take between a few picoseconds and tens of picoseconds until an equlibrium "thermodynamic" temperature is
established.

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 considerably
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 ρ max of
the free electrons produced during the pulse multiplied by the mean energy gain of each electron. The energy gain is
given by the sum of the band gap energy and the average kinetic energy of the free electrons. It is assumed in our
simulations of plasma formation that every electron whose kinetic energy exceeds the band gap energy ∆E shortly
produces another free electron through collisional ionization.1,11,23  We can thus conclude that the kinetic energies in the
ensemble of free electrons are between 0 and ∆E and that the mean kinetic energy is ∆E/2. This yields the following
simple relation for the plasma energy density ε at the end of the laser pulse:

E∆= max)2/3( ρε (2)

The corresponding temperature rise in the interaction volume after a single laser pulse is then ∆T = ε / Cp, where Cp is
the heat capacity of the medium. For water, Cp =4187 J K-1 kg 

-1.

The evolution of the temperature distribution within and around the interaction volume during application of a
series of 100-fs pulses (λ = 800 nm) emitted at a repetition rate of 80 MHz was calculated by means of an analytic
solution of the differential equations for heat diffusion. The solution is described in detail in a previous publication by
Hüttmann et al..25  The temporal shape of the laser pulses was assumed to be rectangular, and the distribution of the
energy density within the plasma was assumed to be isotropic within a sphere having a volume equal to the volume of
the laser focus. The actual shape of the focal volume at NA = 1.3 is ellipsoidal, with a diameter of 0.94 λ and a length of
1.38 λ. When pulses of 800 nm wavelength are focused into water, this corresponds to a diameter of 0.56 µm and a
length of 0.83 µm, respectively. The radius of a sphere with equivalent volume is 0.37 µm.

3.3 Stress distribution

The temperature rise in the focal volume occurs during thermalization of the energy carried by the free electrons, i. e.
within a time interval of a few picoseconds to tens of picoseconds (see section 3.2). This time interval is much shorter
than the acoustic transit time from the center of the focus to its periphery which for 0.56 µm focus diameter
(λ = 800 nm, NA = 1.3) is 190 ps. Therefore, no acoustic relaxation is possible during the thermalization time, and the
thermoelastic stresses caused by the temperature rise stay confined in the focal volume, leading to a maximum pressure
rise. The initial thermoelastic pressure at point r is given by

p0 (r) = Γ ε (r), (3)

where ε is the volumetric energy density and Γ is the Grüneisen parameter. Paltauf and Schmidt-Kloiber26 showed that
it is a fundamental property of a photoacoustic wave emitted from a source of finite size that it must contain both
compressive as well as tensile stress. It is thus possible that the rapid energy deposition results in tensile-stress-induced
fracture at a temperature rise of only a few degrees Celsius, where no thermal damage can be expected.27

Upon plasma formation in water, the tensile part of the thermoelastic stress wave will cause the formation of a
cavitation bubble when the tensile strength of the liquid is exceeded. Bubble formation is, on the other hand, the
experimental criterion for optical breakdown induced by ultrashort laser pulses. Therefore, it is of great interest to
correlate the values of irradiance, free-electron density, volumetric energy density, temperature rise and thermoelastic
stress leading to bubble formation. When ultrashort pulses are employed for cellular surgery, it might even be possible
that biomolecules are already fragmented by tensile stress amplitudes below the level required for bubble formation.



Proc. SPIE Vol. 4620, Multiphoton Microscopy in the Biomedical Sciences II, 2002 6

A determination of the threshold for bubble formation induced by thermoelastic stress will thus also provide a reference
point for the parameter range in which thermomechanical cell damage can be expected.

To determine the evolution of the thermoelastic stress distribution in the vicinity of the laser focus, we solved the
thermoelastic wave equation as described in Ref. [26]. It has to be noted that the relation (3) between deposited energy
density and pressure is only linear for small temperature changes because the Grüneisen parameter depends on the
temperature and thus on the energy density. The temperature dependence of Γ was taken into account using the data of
Ref. [27]. Because amplitude and form of the tensile stress transient depend on the geometrical shape of the heated
volume,26  we could not assume a spherical shape as in the temperature calculations of section 3.2. The calculations
were performed for an ellipsoid with a short axis of 0.56 µm and a long axis of 0.83 µm (corresponding to 800 nm
radiation focused into water at NA = 1.3), assuming an isotropic distribution of energy density within this volume. We
calculated the time evolution of the stress amplitude at the center of the focus, and the stress distribution along the long
axis of the ellipsoid for different times after the release of the laser pulse.

4. RESULTS AND DISCUSSION

4.1 Plasma formation

The top row of figure 2 presents the evolution of the free-electron density ρ during the laser pulse at the optical
breakdown threshold for 6ns, 1064 nm pulses, and for 100 fs, 532 nm pulses. To facilitate a comparison between the
different pulse durations, the time t is normalized with the respective laser pulse duration τL. The contribution of
multiphoton ionization to the total free-electron density is plotted as a dashed line. The bottom row of figure 2 shows
how the maximum free electron density achieved during the laser pulse depends on irradiance.

It is obvious that the dynamics of plasma formation is extremely different for nanosecond and femtosecond pulses.
With IR nanosecond pulses, no free electrons at all are formed for irradiance values below the breakdown threshold
because the irradiance is too low to provide seed electrons by means of multiphoton ionization (Fig 2c). Once the
irradiance is high enough to provide a seed electron, the ionization cascade can start. It proceeds very rapidly owing to
the high irradiance (Fig. 2a). The electron density shoots up by 9 orders of magnitude within a small fraction of the laser
pulse duration and even overshoots the critical electron density of ρcr = 1020 cm-3. The breakdown threshold is, hence,
extremely sharp - either is a highly ionized plasma produced, or no plasma at all. It is important to note that this
"sharpness" does not exclude the possibility of statistic variations of the threshold irradiance. The pulse-to-pulse
variations are due to the probabilistic nature of the generation of seed electrons.

With femtosecond pulses, a much higher irradiance is necessary for optical breakdown to be completed during the
laser pulse duration than with nanosecond pulses. This favors the generation of free electrons through multiphoton
ionization because of its stronger irradiance dependence ∝ I 

k as opposed to ∝ I for the cascade ionization rate (see
section 2). While with nanosecond pulses the total number of free electron generated through avalanche ionization is
109 times larger than the number generated through multiphoton ionization (Fig. 2a), it is only 15 times larger with
100-fs pulses at 532 nm (Fig. 2b). As a consequence of the increasing importance of multiphoton ionization with shorter
pulse durations, there is never a lack of seed electrons for avalanche ionization. Femtosecond-laser-induced plasma
formation is, hence, a much more deterministic process than nanosecond optical breakdown. An avalanche is initiated at
irradiance values considerably lower than the breakdown threshold. The free-electron density reached at the end of the
avalanche depends on irradiance (Fig. 2d). Therefore, one can generated a desired free-electron density by selecting an
appropriate irradiance value.

Low-density plasmas thus offer the possibility to deliberately produce chemical changes, heating, and
thermomechanical effects within fairly small variations of the irradiance. These effects are very well localized because
of the nonlinearity of the plasma formation process which allows to produce a plasma in a volume that is even smaller
than the diffraction limited focus. The desired chemical or physical effect can be most precisely selected if the the slope
of the ρmax (I/Irate) curve is small because that offers a large "tuning range" of the irradiance for each effect. Figure 3
shows that the tuning range increases for shorter laser wavelengths (because of the decreasing order of the multiphoton
processes).
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The lower end of the irradiance range for the generation of low-density plasmas reaches the range employed for
multiphoton microscopy and higher harmonic imaging. To investigate potential hazards arising from these imaging
modalities we shall below focus our attention on IR wavelengths which are commonly used for imaging.

Figure 2: Top row: Evolution of the free-electron density during the laser pulse at the optical breakdown threshold for 6 ns, 1064 nm
pulses and for 100 fs, 532 nm pulses. The time t is normalized with respect to the laser pulse duration τL. The contribution of
multiphoton ionization to the total free-electron density is plotted as a dotted line. Bottom row: Maximum free electron density ρmax

achieved during the laser pulse as a function of irradiance, for the same laser parameters. The irradiance I is normalized with respect
to the threshold irradiance Irate. The threshold Irate and the corresponding value of ρmax are marked by dotted lines.

Figure 3: Maximum free electron density as a function of irradiance, ρmax (I/Irate), for 100 fs pulses at 1064 nm, and 355 nm
wavelength. The curve for 532 nm is presented in Fig. 2d. The threshold irradiance Irate and the corresponding value of ρmax are
marked by dotted lines.

4.2 Chemical effects induced by low-energy electrons

Plasma-mediated chemical effects in biological media can be classified into two groups: 1. Changes of the water
molecules creating reactive oxygen species (ROS) which then affect organic molecules, 2. Direct changes of the organic
molecules.

6 ns, 1064 nm

ρ τ(t/ )L

ρmax th(I/I )

100 fs, 532 nm

a) b)

c) d)

1064 nm 355 nm
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1. Nikogosyan et al.28 describe the formation of OH* and H2O2 through various pathways following ionization and
dissociation of water molecules. Both oxygen species are highly reactive and known to cause cell damage.29

Heisterkamp et al.30 confirmed the dissociation of water molecules during femtosecond laser-induced plasma formation
by chemical analysis of the gas content of the bubbles produced at energies above the optical breakdown threshold.

2. Electrons with energies below 15 eV can initiate fragmentation of small molecules by attachment of the incident
electron; this leads to the formation of a resonance, namely a transient molecular anion state31,32 (see Fig. 4). For a
molecule XY this process corresponds to e

-
 + XY → XY*

-
, where the XY*

-
 has a repulsive potential along the X-Y

bond coordinate. The transient molecular anion state can decay by electron autodetachment (leaving a vibrationally
excited molecule) or by dissociation along one, or several specific bonds such as XY*

-
 → X • + Y 

-
 (Fig. 4). Boudaiffa

et al.31 describe resonant formation of DNA strand breaking induced by low-energy electrons (3-20 eV). They found
that the single-strand breaks (SSB) and double-strand breaks (DSB) peak yields per incident electron are roughly one or
two orders of magnitude larger than those for 10-25 eV photons. Furthermore, the ratio of DSBs to SSBs is about 1:4
for 7-20 eV electrons whereas for 10-25 eV photons it is only about 1:30.

Figure 4: Dynamics of vibrational excitation (VE) and dissociative electron attachment (DA) in electron-molecule scattering through
resonances (figure adapted from Hotop32). Resonances (compound anionic states of the electron-molecule system with lifetimes
ranging typically from 10-15 to 10-11 s) often dominate the dynamics of electron-molecule collisions over the energy range 0-20 eV.
A resonance is formed when the incoming electron is captured into a low-lying unoccupied molecular orbital. This attachment is
allowed via an electronic transition to the state YX*

-
 only at "resonant" energies for which there is sufficient overlap between the

nuclear wave functions of the initial ground state neutral and final anion states. The YX*
-
 state has typically antibonding character,

i.e. the nuclei start to move to larger distances. When the electron leaves the anion after a time comparable to the average lifetime of
the resonance state, the nuclei find themselves at a distance substantially larger than the equilibrium distance of the neutral molecule,
i. e. in a vibrationally excited state. If the lifetime is sufficiently long to allow further propagation of the nuclei to larger distances,
dissocia-tion coupled with electron attachment to one of the molecule fragments occurs (formation of X• + Y

-
 or Y• + X

-
).

To assess the irradiance threshold for chemical changes induced by low-density plasmas, we calculated the free-electron
density as a function of irradiance for 800 nm wavelength and 170 fs pulse duration (Fig. 5). At NA = 1.3 and 800 nm
wavelength, one free electron per focal volume corresponds to a density of ρ = 4.7×1012 cm-3. Our calculations yield the
result that this value is reached at an irradiance of I = 0.55×1012 W cm-2 which is 0.11 times the breakdown threshold
(defined as ρcr = 1021 cm-3).  Tirlapur et al.29 experimentally observed membrane dysfunction and DNA strand breaks
leading to apoptosis-like cell death after scanning irradiation of PtK2 cells with 800-nm, 90-fs pulses at 80 MHz
repetition rate and 7 mW average power (total dwell time 600 µs per cell, i.e. 4.8 × 104 pulses). The average power of
7 mW corresponds to an irradiance of I = 0.5×1012 W/cm-2 which is 0.06 times the breakdown threshold, i. e. even
lower than the irradiance required to produce one free electron per pulse in the focal region.

The observed damage pattern of membrane dysfunction and DNA strand breaks matches the effects which are
expected to be produced by the reactive oxygen species and free electrons created during plasma formation. The
damage resembles the type of injury otherwise associated with single photon aborption of UV radiation.29  However, in
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Tirlapur et al.'s experiments it arose through nonlinear absorption of NIR irradiation and the formation of a low-density
plasma.

Multiphoton imaging is done with mean powers of a few milliwatts (for example, 4-8 mW with
170-fs pulses in Ref. [33]) which is fairly close to the threshold for cell damage after irradiation of whole cells reported
by Tirlapur et al.29 (7 mW with 90-fs pulses). Therefore, it cannot yet be excluded that multiphoton and higher
harmonic imaging may be accompanied by chemical cell injury. It should be noted, however, that the irradiance
threshold for cell injury will probably be considerably higher when locally confined irradiation is used to achieve
knockout of individual cell organelles or intracellular dissection. Here, structures at a distance from the laser focus are
efficiently protected by the strong nonlinearity of the plasma formation process.

4.3 Temperatu
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Figure 5: Maximum free electron density as a
function of irradiance for 170 fs pulses at
800 nm wavelength. The threshold irradiance
Irate and the corresponding value of ρmax are
marked by a dotted line; the irradiance for which
one free electron per pulse is produced in the
focal volume is indicated by a dashed line.
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Figure 6 reveals that the total temperature increase after an irradiation time of a few microseconds is about
40 times larger than the temperature increase caused by a single pulse. This implies that fairly high peak temperatures
can be produced by applying series of femtosecond pulses with energies well below the breakdown threshold.

Starting from room temperature, 100°C are reached when each individual pulse produces a temperature rise of
2°C. This temperature rise requires a free-electron density of ρ = 7.3×1018 cm-3, which amounts to 0.73% of the critical

density of ρcr = 1021 cm-3 serving as threshold criterion for optical breakdown. The corresponding irradiance for
800-nm, 170-fs pulses is I = 3.3×1012 W/cm-2 which is 0.66 times the irradiance value required for optical breakdown.
At 355 nm, a temperature of 100°C can be reached with an irradiance of only 0.12 times the breakdown threshold. The
irradiance range in which thermal effects below the optical breakdown threshold are produced is, hence, considerably
broader for shorter wavelengths.

The calculated temperature distribution in the vicinity of the laser focus for different times after the start of a fs-
pulse series focused at NA = 1.3 is plotted in figure 7. It is remarkable that the temperature distribution remains fairly
narrow even after a few microseconds when a dynamic equilibrium between energy deposition and heat diffusion has
been established. The rapid decrease of the temperature with increasing distance from the laser focus is related to the
spherical shape of the focal volume which allows for heat diffusion in all directions.

Figure 7: Temperature distribution in the vicinity of the laser focus produced by series of 800-nm, 100-fs pulses emitted at 80 MHz
repetition rate that are focused into water. The volumetric energy density deposited per pulse is 1 J cm-3.

The results of our temperature calculations suggest, at first sight, that an irradiance range below the optical
breakdown threshold exists where purely thermal effects in biological media can be produced. However, one needs to
consider that more than 106 free electrons per pulse are generated in the focal volume at the irradiance which creates
a temperature difference of 2°C per pulse and a peak temperature of 100°C after a pulse series of several microseconds.
Any thermal denaturation of biomolecules will thus always be mixed with free-electron-induced chemical effects, and
the latter will probably dominate. In section 4.4 we shall see that the heat effects are also mixed with the generation of
strong thermoelastic stresses.

4.4. Evolution of the stress distribution, and bubble formation

The thermalization time of the energy carried by the free electrons (a few picoseconds to tens of picoseconds, see
section 3.2) is much shorter than the acoustic relaxation time for the focal volume (190 ps when laser pulses of 800 nm
wavelength are focused into water at NA = 1.3, see section 3.3). The energy deposition occurs, hence, under stress
confinement conditions. The degree of stress confinement tp* is given by the ratio of thermalization time over acoustic
relaxation time. For femtosecond pulses, it is ≤ 0.1.
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Stress confinement results in the generation of strong thermoelastic stress waves. Figure 8 shows the spatial stress
distribution for various points in time after the release of the laser pulse, and figure 9 presents the temporal evolution of
the stress amplitude in the center of the focal volume.

Figure 8: Stress distribution in the vicinity of the laser focus produced by a single femtosecond pulse focused into water, for various
points in time after the release of the laser pulse. The calculations were performed for an ellipsoid with a short axis of 0.56 µm and a
long axis of 0.83 µm (corresponding to 800 nm radiation focused into water at NA = 1.3), assuming an isotropic distribution of
energy density within this volume. The thermalisation time of the energy carried by the free electrons was assumed to be 20 ps. The
corresponding value of the degree tp* of stress confinement (thermalization time divided by acoustic relaxation time) is tp* = 0.105.
The pressure amplitudes are normalized to the peak compressive stress created in the focal volume. The dashed lines represent the
extension of the ellipsoidal focal volume along the optical axis (beam waist at z = 0). The absolute values of the pressure amplitude
are related to the plasma energy density according to Eq. (3).

Figure 9: Temporal evolution of the stress amplitude in the cent
focused into water. Calculations were performed for thermalization
tp* = 0.053, respectively. The "thermalization pulses" were assumed
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The peak tensile stress amplitude depends on three factors: 1. the shape of the heated volume (the tensile stress can
be up to 20 times higher than the compressive stress when the shape is spherical and tp* ≤ 0.05 

26), 2. the degree of
stress confinement, and 3. the temperature distribution within the heated volume. A temperature distribution with sharp
edges results in a short tensile stress wave with very high amplitudes. The assumption of a homogeneous temperature
distribution with sharp edges made in our calculations will thus yield unrealistically high values of the tensile stress
wave if not compensated for. A compensation is provided by our assumption of a Gaussian temporal shape for the
"thermalization pulse". In reality, this pulse is exponential with an ultrashort rise time equal to the laser pulse duration
and a longer decay governed by the energy transfer through collisions and recombination. The assumption of a
Gaussian thermalization pulse leads to a smoothening of the predicted shape of the tensile stress wave and to a lowering
of its amplitude and thus to a similar outcome as a realistic temperature distribution with smooth borders.

The tensile stress results in the formation of a cavitation bubble if it exceeds the tensile strength of water. Because
the focal volume is very small (≈0.2 µm3) and the region subjested to tensile stress is even smaller (Fig.8), no nuclei
will be present which could facilitate bubble formation. Therefore, we have to consider the tensile strength of pure
water. It is about -275 bar for a stress wave duration of 1 µs,34  and we estimate that it will be about -300 bar for stress
wave durations in the picosecond range. Generation of a tensile stress of -300 bar requires a temperature rise of 11°C
when the thermalisation time is 10 ps, and of 16.5°C when it is 20 ps.

A temperature increase of 11°C is produced by a a free-electron density of ρ = 0.4×1020 cm-3. This is less than the
optical breakdown criterion of ρcr = 1021 cm-3 assumed in most theoretical studies. The irradiance value corresponding
to bubble formation is I = 0.81×Ith for a wavelength of 800 nm, and I = 0.27×Ith for 355 nm, whereby Ith refers to the
threshold criterion ρcr = 1021 cm-3. This discrepancy needs to be kept in mind when comparing the results of
experimental studies, where bubble formation serves s breakdown criterion, with those of numerical simulations.

We can conclude that with laser pulse durations in the femtosecond and lower picosecond range very high com-
pressive and tensile stress amplitudes are created already by a moderate temperature increase at the laser focus. The
stress produced by a temperature rise of about 10-15°C results in the formation of a cavitation bubble in pure water. The
situation is very different for longer pulse durations where the stress confinement condition is not fulfilled. For pulses
considerably longer than the thermalization time of the free-electron energy, large amounts of energy are transferred
from the free electrons to the heavy particles during the laser pulse.11 This leads to a high value of the plasma energy
density and a temperature of several thousand degrees Kelvin,1,35 which, in turn, drives the emission of a shock wave.1,2

4.5 Mechanism of intracellular ablation and dissection

König and coworkers have recently reported intranuclear and extracellular chromosome dissection using high
repetition-rate trains of NIR femtosecond laser pulses focused at high numerical aperture.8,33  A complete dissection of
extracellular chromosomes could be performed with an FWHM cut size of 1/3 of the diffraction limitated focal spot
size. The present study, to our knowledge, allows for the first time to identify the working mechanism of the
intracellular and extracellular ablation.

For this purpose, the results of the previous sections are summarized in figure 10. The different low-density
plasma effects and breakdown phenomena are listed together with the corresponding values of free-electron density and
irradiance. Within this framework we have also plotted the physical parameters used for intranuclear chromosome
dissection (our model simulates the plasma formation in the bulk of aqueous media, and cannot, without further
considerations, be applied to chromosome dissection in air). The laser parameters employed by König et al.8 were:
170-fs pulse duration, 800 nm wavelength, 80 MHz repetition rate, 30 mW average power, 0.5 ms dwell time at the
chromosome, NA = 1.3.  This corresponds to an irradiance of 0.9×1012 Wcm-2  (I = 0.17 × Ith ) which leads to a free-
electron density of ρ = 2×1014 cm-3. This free-electron density gives rise to a thermoelastic tensile stress of ≈10-3 bar
after each pulse, and to a temperature increase of ≈10-3°C after a pulse series of 1 µs duration.

The stress and the temperature rise induced by the low-density plasmas are by far too small to cause any cutting
effect or other types of cell injury. Therefore, it is very likely that the intracellular ablation produced by trains of
femtosecond pulses relies on cumulative chemical effects. Breaking of chemical bonds by low-energy electrons, as
described in section 4.2, may lead to a disintegration of the structural integrity of biomolecules and finally to a
dissection of subcellular structures.
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l view of low-density plasma effects and breakdown phenomena induced by femtosecond laser pulses. The
 depicted together with the corresponding values of free-electron density and irradiance. The irradiance values are
ute terms (W/cm2), and normalized to the otpical breakdown threshold Ith defined by a critical electron density of
data refer to plasma formation in water with 170-fs pulses at 800 nm wavelength.

4. CONCLUSIONS

he effects induced by femtosecond laser-generated low-density plasmas at irradiance values below the
n threshold. The investigations were based on numerical simulations of plasma formation yielding the
n of the free electron density during the laser pulse and the volumetric energy density at the end of the
f the energy density created by each laser pulse was then used to calculate the temporal evolution of

istribution and of the thermoelastic stress distribution in the focal region.

y of all results depends on the validity of the model used for the simulation of plasma formation.  In a
 laser-induced breakdown in water at nanosecond to femtosecond time scales11, we found very good
n the breakdown thresholds determined experimentally at a numerical aperture of NA ≈ 0.25 and the
y numerical simulations for the same NA. Therefore, we are optimistic that the results obtained in the
plasma formation at NA = 1.3 constitute a reasonable basis for the subsequent calculations of tempe-
istributions, and for the discussion of recent experimental results obtained by other researchers.

d laser pulses create spatially extremely confined chemical, thermal and mechanical effects via free-
n through nonlinear absorption. Photochemical effects dominate at the lower end of this irradiance

 the upper end they are mixed with thermal effects and modified by thermoelastic stresses. Above the
old, the spatial confinement is partly destroyed by cavitation bubble formation, and the laser-induced
ore disruptive. Our simulations revealed that the highly localized ablation of intracellular structures
chromosome dissection recently demonstrated by other researchers are probably mediated by free-
chemical bond breaking and not related to heating or thermoelastic stresses.

concern is that low-density plasmas could be a potential hazard in multiphoton microscopy and higher
. Multiphoton imaging is done with mean powers of a few milliwatts (for example, 4-8 mW with

Ref. [33]) which is fairly close to the threshold for cell damage during irradiation of whole cells
ur et al.29 (7 mW with 90-fs pulses).
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The irradiance threshold for cell injury will probably be considerably higher when locally confined irradiation is
used to achieve knockout of individual cell organelles or intracellular dissection. Here, structures at a distance from the
laser focus are efficiently protected by the strong nonlinearity of the plasma formation process. Low density plasmas
below the optical breakdown threshold are, therefore, a versatile tool for the manipulation of transparent biological
media. Effect sizes below the diffraction limit can be reached because of the nonlinear nature of plasma formation.
Short wavelengths seem to be best suited for the manipulation of cellular events because they enable a particularly fine
tuning between chemical, thermal and mechanical effects due to the relatively weak dependence of the free-electron
density on irradiance. Short wavelengths in the visible or UVA portion of the optical spectrum, provide, furthermore, a
much better spatial resolution than infrared wavelengths.
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