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Abstract. During optical breakdown, the energy delivered to
the sample is either transmitted, reflected, scattered, or ab-
sorbed. Pathways for the division of the absorbed energy are
the evaporation of the focal volume, the plasma radiation, and
the mechanical effects such as shock wave emission and cav-
itation. The partition of laser energy between these channels
during breakdown in water was investigated for four selected
laser parameters typical for intraocular microsurgery (6-ns
pulses of 1 and10 mJfocused at an angle of22◦, and30-ps
pulses of50µJ and 1 mJ focused at14◦, all at 1064 nm).
Scattering and reflection were found to be small compared to
transmission and absorption during optical breakdown. The
ratio of the shock wave energy and cavitation bubble energy
was approximately constant (between 1.5:1 and 2:1). These
results allowed us to perform a more comprehensive study
of the influence of pulse duration (100 fs–76 ns) and focus-
ing angle (4◦–32◦) on the energy partition by measuring only
the plasma transmission and the cavitation bubble energy. The
bubble energy was used as an indicator for the total amount
of mechanical energy. We found that the absorption at the
breakdown site first decreases strongly with decreasing pulse
duration, but increases again forτ < 3 ps. The conversion of
the absorbed energy into mechanical energy is≈ 90% with
nspulses at large focusing angles. It decreases both with de-
creasing focusing angle and pulse duration (to< 15% for
fs pulses). The disruptive character of plasma-mediated laser
effects is therefore strongly reduced when ultrashort laser
pulses are used.

PACS: 62.50.+p; 79.20.Ds; 87.00

Nonlinear absorption through laser-induced breakdown [1, 2]
can occur at material surfaces as well as inside media which
are transparent at low light intensities. As a tool for surface
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ablation, optical breakdown competes with material ablation
based on linear absorption [3–5]. Optical breakdowninside
of linearly transparent media, on the other hand, offers a pos-
sibility of localized energy deposition which can be achieved
by no other optical means. This unique feature enables non-
invasive surgery inside the eye [1, 6], and it has been sug-
gested to apply it for the design of 3-dimensional storage
elements [7].

The advent of compact and reliable ultrashort pulse lasers
has made it possible to achieve very fine laser effects, because
the energy threshold for optical breakdown decreases with
a reduction of pulse duration [8, 9]. Besides on the breakdown
threshold, the laser effects also depend on the partition of the
incident energy in various pathways. Only the absorbed en-
ergy is effective for material processing; light transmission
through the plasma as well as scattering and reflection by the
plasma reduce the efficacy of the plasma-mediated process.
Absorbed energy going into evaporation contributes to the tis-
sue cutting or material ablation, whereas the energy going
into the mechanical pathways of shock wave generation and
cavitation contributes to the disruptive character of the break-
down process [10, 11]. The latter may be advantageous in
some cases (for example in posterior capsulotomy [12] and
lithotripsy [1]), but it is often a source of unwanted side ef-
fects. Knowledge of the energy partition during optical break-
down is thus a prerequisite for an optimal parameter choice
for each particular application.

In this paper we establish, for the first time, a complete
energy balance of optical breakdown in water. Detailed re-
sults are presented for selected laser parameters typical for
intraocular microsurgery, and the dependence of energy par-
tition on the focusing angleθ and on laser pulse duration
τL is analyzed for a large parameter range (4◦ < θ < 32◦,
100 fs< τL < 76 ns).

We used distilled water as a model substance for the trans-
parent media of the eye. This simplification guaranteed re-
producibility of the experimental results and is justified by
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the fact that the thresholds for optical breakdown in distilled
water are very similar to the breakdown thresholds in ocu-
lar media [13, 14]. Similarities are also found between the
mechanical properties of water and those of aqueous humor
and the vitreous substance, whereas they are different for the
lens and cornea. The different mechanical properties of lens
and cornea result mainly in changes of the bubble dynam-
ics; the shock wave emission is much less affected, because
the acoustic impedances are similar for water and tissue. The
differences in bubble dynamics are probably not very pro-
nounced during the initial phase of the bubble expansion
when the plastic flow stress of the tissue is exceeded, but be-
come stronger during later times when the elastic properties
of the tissue lead to a limitation of the maximum bubble size.
It is, however, during the initial phase after breakdown when
the energy partition into the different mechanical and non-
mechanical pathways occurs. The similarity of this phase for
water and tissue suggests that the results of our investiga-
tions on water should also be applicable for various types of
transparent tissues.

1 Methods

1.1 Optical system for plasma generation

Optical breakdown was produced by focusing laser pulses
with various durations between76 nsand 100 fs into a cu-
vette containing distilled water (Fig. 1). The optical delivery
system allowed for the realization of different focusing an-
gles and was designed to minimize spherical aberrations. For
that purpose, an ophthalmic contact lens was built into the
cuvette wall. A detailed description of the optical system for
plasma generation and of the methods used for the meas-
urement of the focusing angle, the spot size, and the optical
breakdown threshold has been given previously [8, 11, 15].
The laser parameters used together with the respective spot
sizes and breakdown thresholds are summarized in Table 1.

1.2 Plasma transmission, scattering and reflection

The plasma transmissionT was measured with the setup
depicted in Fig. 1a [16]. For each focusing angleθ of the

Pulse duration Wavelength Focusing angle Measured spot Ith Fth
nm ◦C diameter/µm ×1011 W cm−2 J cm−2

76 ns 750 19 20 0.23 1750

6 ns 1064 32 5.5 0.66 398
6 ns 1064 22 7.6 0.47 284
6 ns 1064 8 11.5 0.79 472
6 ns 1064 5.4 14.6 1.1 648

30 ps 1064 28 4.6 4.6 13.8
30 ps 1064 22 4.7 4.5 13.6
30 ps 1064 14 5.8 3.0 9.0
30 ps 1064 8.5 9.6 4.5 13.6
30 ps 1064 4 19.5 3.7 11.1

60 ps 532 13 5.6 2.8 16.8
3 ps 580 16 5.0 8.5 2.6

300 fs 580 16 5.0 47.6 1.4
100 fs 580 16 4.4 111.0 1.1

Table 1. Laser parameters investigated in the
present study, and corresponding spot sizes and
breakdown thresholds. A complete energy bal-
ance was established for6-ns pulses at22◦
(1 and 10 mJ pulse energy) and30-ps pulses
at 14◦ (50µJ and 1 mJ pulse energy). The de-
pendence of energy partition on focusing angle
was investigated for6-ns and30-ps pulses. The
dependence on pulse duration was investigated
for 76-ns pulses,6-ns pulses at22◦, 60 ps, 3 ps,
300 fs, and100 fs

a photodiode

(b)

(c) detector 1
mirror

detector 2

(a) detector 2

iris

detector 1

Fig. 1a–c.Setup for the measurement of plasma transmission (a), forward
scattering (b), and back reflection into the focusing optics (c)

incident light, only light transmitted within that angle was
collected; light scattered out of the cone angle of the laser
beam was rejected by an iris diaphragm. To account for light
losses by reflections at optical surfaces and water absorption,
detector 2 was calibrated against detector 1 assuming that at
pulse energies far below breakdown threshold100% of the
incident energy is transmitted through the laser focus.

The amount of light scattered out of the cone angle of
the laser beam was determined through goniometric measure-
ments performed in steps of2◦ for α ≤ 10◦ and in steps of5◦
for 10◦ ≤ α≤ 45◦ [16] (Fig. 1b). To assess the amount of for-
ward scatteringSby the plasma, we compared the angular en-
ergy distribution at a given superthreshold energyβ = E/Eth
to the distribution it has below threshold. The measurement
technique was described in detail in a previous paper [16].
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The amount of light reflected by the plasma back into the
cone angle of the focused laser beam was measured using the
setup in Fig. 1c [16]. First, an aluminum mirror was placed
into the focus and a measurement was performed at an en-
ergy where no plasma formation on the mirror occurred. In
this way the calibration factor between the two detectors was
determined for a case with a known reflection of80%. The
mirror was then removed and the plasma reflectionR meas-
ured at higher pulse energies.

Direct investigation of the energy absorbed in the break-
down volume would require measurements with a water-filled
integrating sphere. At a wavelength of1064 nmwhere the
absorption coefficient of water is0.13 cm−1, such measure-
ments are, however, difficult, because no equilibrium light
distribution can be achieved within the sphere. We therefore
deduce the absorptionA from the measurements of transmis-
sion, scattering, and reflection:A= (1−T−S− R).

1.3 Evaporation energy

To assess the evaporation energy, we assume that the wa-
ter within the plasma volume is completely evaporated, but
neglect any enlargement of the evaporated liquid volume by
heat conduction. The influence of heat conduction can be
neglected in a first approximation, because the laser pulse du-
ration is extremely short (≤ 6 ns), and the content of the cav-
itation bubble produced by the expansion of the hot plasma
cools down to room temperature within a fewµs [17]. The
penetration depthδ of heat diffusion is given by [18]:

δ= (4κτR)
1/2 , (1)

whereτR is the thermal relaxation time andκ = 0.15 mm2/s
is the thermal diffusivity of water at37◦ [19]. For a thermal
relaxation time of a fewµs, δ is in the order of1–2µm which
is small compared to the plasma size observed at the laser pa-
rameters investigated. The plasma volumeVp was determined
from photographs of the plasma luminescence [8].

We use the isobaric evaporation enthalpy and specific heat
to account for the amount of energy consumed for the vapor-
ization ofVp. Immediately after the laser pulse, pressure and
temperature in the breakdown volume are very high and the
liquid is in a supercritical state. At this point in time, me-
chanical energy and evaporation energy are not yet separable.
After a small fraction of the cavitation bubble lifetime, how-
ever, the pressure has decayed to values close to the hydro-
static pressure, the mechanical energy leading to cavitation
bubble formation and shock wave emission has been imparted
to the liquid surrounding the breakdown volume, and the
heated material within the breakdown volume has changed
into the vapor state. The energy required for the heated mate-
rial to be transformed into vapor of100◦C is given by

EV = ρ0Vp [c(T2−T1)+ r ] , (2)

with ρ0 = 998 kg m−3, c= 4.18 kJ(kg K)−1, T2 = 100◦C,
T1= 20◦C, andr = 2256 kJ kg−1.

1.4 Cavitation bubble energy

The energy of a spherical cavitation bubble is

EB = 4π

3
(p0− pv)R

3
max, (3)

where Rmax is the radius at the time of maximum bubble
expansion,p0 is the hydrostatic pressure, andpv the va-
por pressure inside the bubble (pv = 2330 Paat 20◦C and
p0= 0.1 MPa[19]). The bubble size is related to its oscilla-
tion periodTB by the Rayleigh equation [20]

Rmax= TB

2×0.915
√

ρ0
p0−pv

. (4)

The oscillation period was determined through a hydrophone
measurement of the acoustic transients emitted upon optical
breakdown and bubble collapse [21]. It was confirmed in pre-
liminary measurements [22] that (4), which was derived for
spherical bubbles, gives good results also for elongated bub-
bles arising afterfs breakdown (the error was less than3% for
bubbles with a ratio of 5:1 between long and short axis). In
that case,Rmax corresponds to the radius of a sphere having
the same volume as the elongated bubble.

1.5 Acoustic energy

The shock wave energy is given by [23]

ES= 4πr 2
m

ρ0c0

∫
p2dt , (5)

whererm denotes the distance from the emission center at
which the pressurep is measured. Use of (5) for a deter-
mination of the total acoustic energy requires knowledge of
the shock wave profilep(t) in the immediate vicinity of the
laser plasma, because further away a large part of the shock
wave energy is already dissipated [11, 24]. The shock wave
profile close to the plasma is difficult to measure and was
therefore obtained through numerical calculations based on
the Gilmore model of cavitation bubble evolution [11]. The
calculations were performed for a distancerm/R0 = 6 from
the emission center (R0 is the plasma radius). Here the shock
wave has already acquired the typical form with a steep shock
front and an exponential tail, andrm is large enough com-
pared to the shock wave width to be approximated by a single
value as done in (5). Experimental parameters entering the
calculations were the photographically determined plasma
volume, the maximum radius of the cavitation bubble, and
the laser pulse duration. The shock wave energy obtained this
way with the help of (5) is denotedEGilmore

S .
In an alternative approach we evaluated the energy dissi-

pation EDiss at the shock front as a function of propagation
distance and obtained the shock wave energy by integration
over the dissipated energy [24]. The Rankine–Hugoniot equa-
tion relates the increase of internal energy per unit mass at
a shock front to the change of pressure (p0→ ps) and density
(ρ0→ ρs) at the shock front [25]:

∆ε(r)= 1

2

(
1

ρ0
− 1

ρs(r)

)
(ps(r)+ p0)

≈ 1

2

(
1

ρ0
− 1

ρs(r)

)
ps(r) . (6)
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The pressureps and densityρs behind the shock front can
be determined through a measurement of the shock front vel-
ocity us. The pressure is related tous by [11]

ps= c1ρ0us
(
10(us−c0)/c2−1

)+ p0 , (7)

wherec0 denotes the sound velocity in water,c1= 5190 m/s,
andc2= 25 306 m/s. The density is, through conservation of
mass [25],

usρ0= (us−up)ρs (8)

and momentum [25]

ps− p0= usupρ0 , (9)

also linked withus by [24]

ρs= ρ0

1− ps
u2

sρ0

. (10)

The total change of internal energy during propagation of
a spherical shock front fromr0 to r1 is obtained by integration
of (6)

EDiss=
r1∫

r0

4πr 2ρs(r)∆ε(r)dr . (11)

If measurement data forus are available up to a distance
which is at least10–20 timeslarger than the plasma radius,
(11) can be used for a lower estimate of the shock wave en-
ergy, because a major part of the shock wave energy is already
dissipated close to the laser plasma [11]. We measured the
shock wave velocityus up to a distance of300µm from the
plasma by taking series of photographs with an increasing
time interval between the optical breakdown and the exposure
of the photograph [11]. For larger distances the difference
(us−c0) becomes very small, which results in a large meas-
urement uncertainty forps andρs and thus also forEDiss.

To achieve a more complete account of the acoustic en-
ergy, we additionally determined the energyES/10 mm remain-
ing at10 mmdistance from the source. For that purpose, the
shock wave profile was measured using a PVDF needle hy-
drophone (Ceram) with a rise time of12 ns [11]. ES/10 mm
was calculated from the pressure profile by means of (5). The
total amount of acoustic energy was then estimated by adding
EDiss and ES/10 mm. The resulting value is still a lower esti-
mate of the acoustic energy, because the dissipation in the
range0.3 mm< r < 10 mmis not considered.

1.6 Energy of plasma radiation

Barnes and Rieckhoff [26] and Stolarski et al. [27] found
that the spectral energy density of the plasma radiation in the
wavelength range300 nm< λ < 900 nm closely resembles
the spectral distribution of a blackbody radiator. The radiant
energy emitted by the blackbody depends on its temperature
T, the surface areaA and the durationτR of the radiation [28]:

ER= σAτRT4 (12)

with the Stefan–Boltzmann constantσ = 5.670×10−8 W m−2

K−4. The temperatureT of the blackbody can be determined
from the maximum of the spectral distributionρ(ν) using
Wien’s displacement law

T = 1.70×10−9νmax. (13)

Equation(12) yields an upper estimate of the energyER
of the plasma radiation for a given temperature, because it
assumes a perfect blackbody radiator. More refined models
considering the emissivityε(ν) of the plasma(0≤ ε ≤ 1) as
a function of pressure and temperature of the plasma con-
stituents and of the plasma size have been developed by Weyl
and Tucker [29], and by Roberts et al. [30]. However, the
simpler approach of (12) suffices already to show that the
plasma radiation plays only a minor role in the energy bal-
ance of optical breakdown (see below). Data for the plasma
temperature determined using (13) were taken from the lit-
erature [27], the plasma surface area was determined from
plasma photographs, and the duration of the plasma radia-
tion was determined with a fast photodiode (Opto-Electronics
AD 110,380 psrise time) and oscilloscope (Tektronix 7934,
700 psrise time). In the case of the ps pulses, where the dura-
tion of the plasma radiation was in the order of the response
time of the photodiode/oscilloscope system, the measured
signal was deconvoluted with the impulse response of the de-
tection system.

2 Results and discussion

2.1 Complete energy balance for selected parameters

Figure 2 shows the complete energy balance for6-ns pulses
with 1 mJand10 mJenergy, and for30-pspulses with50µJ
and1 mJpulse energy. The lower energy values at each pulse
duration are approximately six times above the breakdown
threshold, quite typical for the parameter choice in intraocu-
lar photodisruption [1, 6]. The common energy value of1 mJ
allows a direct comparison of the energy balance at both pulse
durations.

Near threshold, considerably more light is transmitted
through the plasma than reflected or scattered. Well above
threshold the relative importance of transmission decreases.
For all laser parameters, considerably less light is reflected or
scattered by the plasma than absorbed. The absorption is thus
approximately given byA≈ (1−T ). This result differs from
the energy partition during plasma formation at solid surfaces
where the reflection plays a much larger role, because plasma
is formed only within a thin layer in which the electron dens-
ity tends to exceed the plasma frequency [31] (this is the
precondition for a large plasma reflectivity). When plasma is
formed in water, however, the breakdown front moves during
the rising part of the laser pulse from the beam waist toward
the incoming laser beam, because the intensity threshold for
breakdown is surpassed ever more upstream [8]. The light ab-
sorption by the plasma produced proximal to the laser limits
the electron density further downstream, and the plasma fre-
quency remains therefore smaller than the frequency of the
laser light. The laser–plasma coupling is thus not impaired,
and little light is reflected.

The energy of the plasma radiationER was calculated
with the help of (12) and (13). We used the data reported by
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Fig. 2. Energy balance for selected laser pa-
rameters.λ= 1064 nm, θ = 22◦ for ns pulses
and 14◦ for ps pulses.R, S, T, and A de-
note plasma reflection, scattering, transmis-
sion, and absorption. The absorbed energy
is divided into shock wave energyES, bub-
ble energyEB, evaporation energyEV, and
the energy of the plasma radiationER. For
the shock wave energy two valuesEGilmore

S
and (EDiss+ ES/10 mm) obtained by different
methods (see Sect. 1.5) are given for each
laser parameter. The difference of the com-
plete energy balance to100% is denoted by
“?”. It was calculated using the average of
the two energy values quoted for the shock
wave energy. All percentages refer to the light
energy incident into the laser focus

Stolarski et al. [27] for blackbody temperatures of plasmas
produced withNd:YAG laser pulses at1064 nmwavelength
(9860 Kat5 nspulse duration and4 mJpulse energy;6230 K
at 80 ps pulse duration and1 mJ pulse energy). The dura-
tion of the plasma radiation was measured by us to be10 ns
after a5-mJ, 6-nspulse, and0.5 nsafter a2-mJ, 30-pspulse.
Streak photographic measurements by other authors yielded
similar results of0.24 ns [32] and 0.5 ns [33] for the dura-
tion of the plasma radiation. The results of the calculations of
ER (Fig. 2) demonstrate that the energy loss through plasma
radiation is negligible for all laser parameters investigated.
This finding agrees qualitatively with the result of previous
theoretical investigations of the plasma radiation during laser
lithotripsy [29] which showed that the energy carried away by
plasma radiation stays below0.1% of the incident laser light
energy during a1-µs laser pulse, when the plasma tempera-
ture is8000 K.

The more relevant pathways for the partition of the ab-
sorbed laser energy are evaporation, shock wave generation,
and cavitation. Whereas the measurement of the cavitation
bubble energyEB is fairly straightforward, it is much more
difficult to determine the shock wave energyES. The re-
sults of the two methods applied to determine the shock wave
energy are therefore presented in more detail in Fig. 3 and
Table 2.

Figure 3 shows the accumulated energy lossEDiss as
a function of propagation distance for two laser parameters.

The loss rate is highest close to the plasma and has con-
siderably decreased at the end of the measurement range.
A major part of the shock wave energy is, hence, dissipated
already within the first200–300µm from the source. The dis-
sipation amounts to85%–89% of the total acoustic energy
(EDiss+ ES/10 mm) (Table 2). The shock wave energy is there-
fore strongly underestimated if it is determined only through
far-field measurements as done in earlier studies [34, 35].

The value(EDiss+ ES/10 mm) is a lower estimate of the
total amount of acoustic energy, because the dissipation in
the range0.3 mm< r < 10 mm is not considered. The error
is, however, small because most of the dissipation occurs al-
ready in the regionr < 0.3 mmclose to the plasma. The error
is, furthermore, probably compensated or even overcompen-
sated by the fact that our calculations ofEDiss do not consider
that a part of the acoustic energy deposited as internal energy
behind the shock front flows back into the shock wave at its
trailing edge [23].

The values forEGilmore
S obtained from calculated pres-

sure profiles by means of (5) are by28%–55% smaller than
(EDiss+ ES/10 mm). A reason for this discrepancy is probably
that part of the shock wave energy is already dissipated un-
til the shock wave reaches the locationrm/R0 = 6 where the
pressure profile andEGilmore

S were calculated.
In spite of the differences in absolute values, both

methods applied for determining the shock wave energy yield
the result that the acoustic energy constitutes the largest in-
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Table 2. Shock wave parameters and shock wave energies obtained by different methods. The values given for the laser pulse energy refer to the energy
incident into the cuvette and the energy absorbed at the laser focus (in brackets)

30 ps 6 ns
50µJ (25µJ) 1 mJ(0.64 mJ) 1 mJ(0.77 mJ) 10 mJ(8.2 mJ)

Near-field data
Pressureps at plasma rim/MPa 1300 1700 2400 7150
Dissipated energyEDiss/µJ 8.4 250 450 5200

Shock wave parameters atr = 10 mm
Pressureps /MPa 0.24 1.06 0.99 2.62
Durationτs /ns 43 70 77 148
EnergyES/10 mm /µJ 1.5 48 46.2 622

Measured shock wave energy
EDiss+ ES/10 mm /µJ 9.9 298 496 5822
Conversion of absorbed energy into shock wave energy(EDiss+ ES/10 mm) /% 39.6 46.6 64.4 71.0

Calculated shock wave energy atrm/R0 = 6 (from [13])
EGilmore

S /µJ 4.44 214 309 4190
Conversion of absorbed energy into shock wave energyEGilmore

S /% 17.8 33.4 40.1 51.1

dividual amount in the energy balance of optical breakdown.
The ratio of shock wave energy to cavitation bubble energy
was≈ 1.5:1 forpspulses and≈ 2:1 fornspulses (Fig. 2). For
calculation of these ratios we used the average of the shock
wave energies obtained by both methods.

For all laser parameters investigated, a much larger part
of the incident light energy was transformed into mechanical
energy(ES+ EB) than into evaporation energy (Fig. 2). This
feature is particularly pronounced with the6-nspulses where
the mechanical energy is on average 12 times larger than the
evaporation energy; with the30-pspulses it is about 2 times
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Fig. 3. Accumulated energy lossEDiss at the shock front vs. propagation
distancer for two laser parameters

as large. The high conversion efficiency of light energy into
mechanical energy is the cause for the disruptive character of
plasma-mediated laser surgery [10, 14].

The difference of the complete energy balance to100%
was on average−6.8%, and at maximum−14.8% (with
50-µJ, 30-ps pulses). Considering the measurement uncer-
tainties of the individual parts of the energy balance, which
is particularly large for the shock wave energy, this result is
very satisfactory. One possible explanation for the deficit is
that the light lost by scattering in sideward direction was not
taken into account. Furthermore, the amount of thermally dis-
sipated energy may have been underestimated. We considered
only the energy required to transform the liquid in the break-
down volume into vapor of100◦C, neglecting losses by heat
conduction. Losses by heat conduction are most important
for the50-µJ, 30-pspulse, where the largest deficit to100%
was observed, because the penetration depth of heat diffusion
(1–2µm, see Sect. 1.3) is here not very much smaller than
the photographically determined plasma radius (8.5µm). For
the other laser parameters, the radius of a sphere of equiva-
lent size to the plasma volume ranges between18µm for the
1-mJ, 6-nspulse,26µm for the1-mJ, 30-pspulse, and37µm
for the10-mJ, 6-nspulse. In these cases, heat conduction by
1–2µm hardly enlarges the evaporated liquid volume.

2.2 Parameter dependence of energy deposition

The parameter dependence of the energy deposition at the
optical breakdown site can be derived from the parameter
dependence of plasma transmission, because the complete en-
ergy balance for selected parameters showed that the plasma
absorption is approximately given byA≈ (1−T ). Figure 4
presents transmission dataT(E/Eth) for different focusing
angles, and Fig. 5 shows the transmission as a function of
laser pulse duration.

2.2.1 Dependence on focusing angle.Figure 4 demonstrates
that the plasma transmission increases with decreasing fo-
cusing angle. This finding is quite surprising at first sight,
because a decreasing focusing angle goes along with an ap-
proximately quadratic increase of the plasma length when the
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Fig. 5. Plasma transmission as a function of laser pulse duration forβ = 6
andβ = 60. The measured data points are connected with lines to facilitate
orientation

dimensionless pulse energyβ = E/Eth is kept constant [8].
The increase of transmission can only be understood, if the
increased plasma length is compensated for by a decrease of
the absorption coefficient in the plasma. This is indeed the
case, because the energy density of the plasma decreases with
smaller focusing angle: at a certain energy, the plasma can
grow into the cone of the laser beam until it reaches the cross
section for whichI = Ith. This cross section is the same re-
gardless of the focusing angle, but the distance between laser
focus and the cross section is larger for smaller angles. There-
fore, the volume of the cone is larger and the energy density
less for smaller angles. This results in a smaller rate for in-
verse bremsstrahlung absorption events, because this rate de-
pends on the free-electron concentration and on the collision
frequency between electrons and heavy particles which both
decrease with decreasing plasma energy density [16, 36].

2.2.2 Dependence on pulse duration.Figure 5 shows that the
transmission strongly depends on the laser pulse durationτ. It
is small in thensrange, but considerably larger forpspulses,
with a maximum around3 ps. In the fs range, the transmis-
sion decreases again. Two factors contribute to the observed
T(τ) dependence. (i)nsplasmas are, at equalβ and equal fo-
cusing angle, considerably longer thanpsandfs plasmas [8,

22]. Therefore, they absorb more light at equal absorption
coefficient. (ii) The time evolution of the free-electron con-
centration during the laser pulse changes with pulse dura-
tion [22, 37, 38]: Withns pulses the electron concentration
reaches high values already early in the pulse which leads to
a large value of the average absorption coefficient. Withps
pulses the maximum is achieved much later during the pulse.
That leads to a decrease of the average absorption coefficient.
With fs pulses a high electron density is again reached ear-
lier due to the increasing role of multiphoton ionization. This
explains the increase of absorption (decrease of transmission)
for fs pulses.

The experimentally observed pulse-duration dependence
of energy deposition might be influenced by the fact that
the data for6-ns and76-ns pulse duration were collected at
wavelengths of1064 nmand 750 nm, respectively, whereas
the data for shorter pulse durations were collected at532 nm
and 580 nm (see Table 1). Previous transmission measure-
ments [16] performed at1064 nmand532 nmwith 6-nsand
30-ps pulses showed that the transmission is slightly higher
for the shorter wavelength. It was, however, also found that
the influence of pulse duration is much stronger than that of
wavelength. We can therefore conclude that the trends ob-
served in Fig. 5 would be very similar if all measurements
were performed at the same wavelength.

2.3 Parameter dependence of conversion of light energy into
mechanical energy

In Sect. 2.1 the division of mechanical energy into shock
wave energy and cavitation bubble energy was found to be
largely independent of the laser parameters: The ratioES/EB
was always between 1.5:1 and 2:1 for laser parameters rang-
ing from50µJpulse energy at30 psduration to10 mJat6 ns.
The easily measurable bubble energy can therefore be used
as a ‘marker’ for the total mechanical energy to elucidate the
parameter dependence of the conversion of light energy into
mechanical energy.

2.3.1 Dependence on focusing angle.Figure 6 shows that the
conversion efficiency of light energy into cavitation bubble
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Fig. 6. Conversion efficiency of incident light energy into cavitation bub-
ble energy as a function of focusing angleθ, for energies well above the
breakdown threshold(β > 10)
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energy increases with increasing focusing angle. The conver-
sion efficiency depends on the focusing angle, because the
energy density in the plasma volume increases with larger fo-
cusing angles, as explained already in Sect. 2.2. With a larger
energy density, a smaller percentage of the laser energy is re-
quired for the evaporation of the liquid in the plasma volume,
and a larger fraction is available for the generation of mechan-
ical effects.

2.3.2 Dependence on pulse duration.The conversion ef-
ficiency into bubble energy was always smaller for30-ps
pulses than for6-ns pulses, regardless of the focusing angle
(Fig. 6). Figure 7 shows that the conversion efficiency de-
creases even more when the pulse duration is reduced into
the fs range. This trend is caused by the decrease of the
radiant energy thresholdFth with decreasing pulse duration
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Fig. 7. Conversion efficiency of absorbed light energy into cavitation bub-
ble energy as a function of the normalized laser pulse energyβ= E/Eth for
various laser pulse durations

Fig. 8. Optical breakdown region after a100-fs
pulse with 35µJ energy (β = 200), pho-
tographed at different times after breakdown
using laser flash photography with exposure
times of5 ps (top) and 200 ns(middle and bot-
tom) [15, 22]. The pictures taken 1 and2µs
after breakdown are slightly defocused to visu-
alize zones of elevated temperature outside the
cavitation bubble (shadow method [40]). The
laser light was incident from the right, the bar
represents a length of100µm

(Table 1). The decrease ofFth, in turn, leads to a decrease of
the average energy density in the breakdown region. Experi-
mentally we found the energy density to be30–40 kJ/cm3 for
nspulses [11] and less than1 kJ/cm3 for 100-fs pulses [15].
These values were obtained by comparing the absorbed laser
energy with the volume of the breakdown region determined
from photographs.

The pulse-duration dependence of energy density can be
explained by looking at the dynamics of energy deposition
during breakdown [22, 28, 37]. The absorbed optical energy
first produces free electrons, and in a second step the elec-
tron energy is transferred by collisions and recombination to
the molecules (or dissociated atoms) in the breakdown re-
gion. The energy transfer time is in the order of a fewps[39].
With ns pulses, the pulse duration is much longer than the
energy transfer time, and therefore a temperature equilib-
rium between free electrons and heavy particles is achieved
during the pulse. Because the equilibrium temperature ap-
proximately equals the temperature of the free electrons, it
corresponds to a large energy density in the breakdown vol-
ume. Withfs pulses, however, very little energy has at the end
of the laser pulse been transferred to the heavy particles. An
equilibrium temperature develops only after the laser pulse. It
will be considerably lower than in the case ofnspulses, be-
cause the specific heat of the electrons is much smaller than
that of the molecules and atoms [39]. Due to the low equi-
librium temperature, the energy density in thefs plasmas is
much smaller than in thensplasmas.

An additional factor explaining the small conversion of
light energy into bubble energy withfs pulses is heating of the
liquid upstream of the actual breakdown zone where a bubble
is produced [22, 37]. This phenomenon was observed by laser
flash photography in conjunction with a Schlieren technique
(Fig. 8). The energy used for heating of the liquid adjacent to
the bubble is, of course, lost for the bubble generation and ex-
pansion itself. Similar observations have not been made forns
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or pspulses [22, 37]. The free electron densityρe produced by
ns andps pulses increases very sharply when the peak irra-
diance is raised from values below the breakdown threshold
to values above threshold [38]. The strongρe(I) dependence
corresponds to a sharp border of the breakdown region, which
is defined by an iso-intensity surface withI = Ith. With fs
pulses, a considerable electron density is reached already at
irradiance values slightly below the breakdown threshold, due
to the large role of multiphoton absorption, and theρe(I) de-
pendence is weaker [38]. Therefore, the border of the zone
into which the laser energy is deposited is less well defined
than with longer pulses.

2.3.3 Dependence on pulse energy.At pulse durations of3 ps
or shorter, the conversion efficiency of absorbed light energy
into bubble energy reaches a maximum at small values of the
normalized pulse energyβ, and decreases again at energies
well above threshold (Fig. 7). The decrease of conversion ef-
ficiency at largeβ values reflects a decrease of the energy
density in the breakdown volume which can be understood
as follows: Forpsandfs pulses, the plasma length varies ap-
proximately proportional to(β−1)1/2 [8, 22], and the plasma
volume is, hence, proportional to(β−1)3/2. The energy dens-
ity in the plasma can therefore be written as

W= AEin

V
∝ AβEth

(β−1)3/2
≈ AEth√

β
forβ� 1 . (14)

At large β values, the coupling coefficientA≈ (1−T ) of
laser energy into the plasma is approximately constant, be-
cause the transmission changes only very slowly (Fig. 4).
It can be concluded from (14) that under these circum-
stances the average energy density decreases with increas-
ing β. For ns pulses, the plasma length is at large focus-
ing angles approximately proportional to(β−1)1/3 [8], and
therefore the energy density is, according to (14), indepen-
dent ofβ.

For fs pulses, another factor might also contribute to the
energy dependence of the conversion efficiency into bubble
energy: We observed that the relative size of the zone in
front of the breakdown region where the liquid is heated but
no bubble is formed (see Fig. 8) increases with increasing
β [22, 37]. Therefore, a smaller fraction of absorbed energy is
available for bubble formation at largeβ values.

2.4 Practical consequences

The high conversion efficiency of light energy into mechani-
cal energy is the cause for the disruptive character of plasma-
mediated laser surgery and of micromachining inside trans-
parent materials. If nevertheless laser effects with little me-
chanical side effects are desired, laser parameters must be
selected for which the ratio of mechanical energyEmech to
evaporation energyEV is as small as possible. Figure 6 in-
dicates that(Emech/EV) decreases at small focusing angles,
because less light energy is converted into mechanical energy.
This is, however, of no real advantage for achieving precise
and fine laser effects, because a smaller focusing angle leads
to a higher energy threshold for breakdown and a larger vol-
ume of the breakdown region. A better strategy for reducing
the disruptive character of breakdown is the use of ultra-
short laser pulses. It was already demonstrated in Sect. 2.1

that (Emech/EV) decreases from≈ 12:1 for 6-ns pulses to
≈ 2:1 for 30-ps pulses. It can be deduced from the data in
Figs. 4 and 7 that for shorter pulse durations(Emech/EV) de-
creases even further. We assume that the shock wave energy
is about twice the bubble energy (as observed for longer pulse
durations). The evaporation energy is calculated assuming
EV = Eabs− Emech, and Eabs= Ein(1−T ). This approach
differs from the determination ofEV described in Sect. 1.3,
because forfs pulses the border of the breakdown region is
not clearly defined at the side of the incoming laser beam (see
Fig. 8), and therefore the size of the breakdown volume is un-
certain. We obtain a ratio(Emech/EV)≈ 1:2 for100-fs pulses
at β = 6. Besides the reduction of the energy threshold with
decreasing pulse duration, it is the change of energy partition
Emech/EV from 12:1 for ns pulses to 1:2 forfs pulses that
makes it possible to diminish disruptive side effects by use of
ultrashort laser pulses. Possible applications are, for example,
in the field of refractive corneal surgery. Femtosecond pulses
have been used to cut a lenticule into the corneal stroma
which was then mechanically removed through a small in-
cision to correct myopia with minimal damage to the outer
corneal layers [41].

3 Conclusions

The conversion efficiency of light energy into mechanical en-
ergy during optical breakdown is larger than with any other
laser–material interaction [42–44] – it reaches up to90% at
6 nspulse duration (Fig. 2). The effective conversion of light
energy into mechanical energy is the cause of the disrup-
tive character of plasma-mediated laser–material interaction
in a liquid environment.

At large focusing angles, short and highly absorbing plas-
mas are achieved, which allow a well localized energy deposi-
tion at a low breakdown threshold. Large focusing angles are,
however, also associated with a high conversion efficiency
into mechanical energy and therefore with a large potential
for mechanically induced side effects. The mechanical effects
can be dramatically diminished by shortening the laser pulse
duration. A reduction of the pulse duration from6 nsto 100 fs
is accompanied by a decrease of(Emech/EV) from 12:1 to
1:2. At the same time, the efficiency of energy deposition de-
creases from> 90% to≈ 50% (atβ = 6), but this decrease
imposes no severe practical limitations on the applicability of
fs pulses.
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