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Abstract—We investigated the transmission, scattering, and
reflection of plasmas produced in water by Nd:YAG laser pulses
of 6-ns and 30-ps duration. The transmission measurements
comprise a large energy range at wavelengths of 1064 and 532
nm and various focusing angles between 1.7� and 22�. This
parameter range covers the parameters used for intraocular
microsurgery, but also allows one to assess the influence of self-
focusing on plasma shielding, which is only relevant at small
focusing angles. We found that most of the laser light is either
absorbed or transmitted; scattering and reflection amount to only
a few percent of the incident laser energy. The transmission is
considerably higher for picosecond pulses than for nanosecond
pulses, regardless of the focusing angle. The plasma transmission
increases with decreasing focusing angle. Self-focusing, which
occurs at focusing angles below 2�, leads to a further increase
of transmission. The experimental results were compared with
the predictions of the moving breakdown distributed shielding
model. Only partial agreement could be achieved, because the
model assumes a spatially and temporally constant absorption
coefficient within the plasma which is not realistic. The model can,
however, be used to determine the average absorption coefficient.
Fits of calculated transmision curves to the experimental data
at � = 22� yielded 900 cm�1 � � � 1800 cm�1 for the
nanosecond plasmas and 360 cm�1

� � �570 cm�1 for the
picosecond plasmas. The efficacy of plasma-mediated intraocular
laser surgery is higher with 6-ns pulses than with 30-ps pulses,
because with the nanosecond pulses nearly 50% of the laser pulse
energy is absorbed already at threshold, whereas it is only 8%
with the picosecond pulses. The small fractional energy deposition
with picosecond pulses together with a low energy threshold for
breakdown can, however, be useful for the generation of very
fine tissue effects. Structures beyond the laser focus are two to six
times more effectively shielded from laser radiation by plasmas
generated with nanosecond pulses than by picosecond plasmas.
The transmitted energy at equal normalized energy� = E=Eth

is, nevertheless, always by more than a factor of eight less for
picosecond pulses because of their lower energy threshold for
plasma formation.

I. INTRODUCTION

L ASER-INDUCED plasma formation in water or aque-
ous fluids is used in various medical laser applications

[1], [2] as laser lithotripsy [2], laser angioplasty [3], and
intraocular microsurgery [4]–[6]. In Part I of our study [7],
we investigated how the optical breakdown threshold and the
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size of plasmas created at superthreshold energies depend
on the laser parameters. In this paper, attention is focused
on the question of how much energy is deposited into the
plasma, and how much is transmitted through the plasma
region, scattered, or reflected. The amount of light absorbed
by the plasma influences the efficacy of the surgical procedure,
and the plasma transmission is relevant for potential side
effects on sensitive tissue structures behind the laser focus,
e.g., the retina. The light absorption and scattering by the
plasma protects the region beyond the focus and has therefore
been named “plasma shielding.” Owing to its importance
for intraocular microsurgery and laser safety, several studies
on plasma shielding have been performed already [8]–[14],
mostly, however, in a very limited range of laser parameters
(with the exception of [14]).

We investigate the total and time-resolved transmission of
the plasma, the angular distribution of the light scattered in
forward direction, and the amount of light reflected by the
plasma into the aperture of the focusing lens. The plasma
transmission is investigated over a large energy range for 30-
ps and 6-ns pulses at wavelengths of 1064 and 532 nm, and
various focusing angles between 1.7and 22 . This parameter
range covers the parameters used for intraocular microsurgery,
but also allows one to asses the influence of self-focusing
on plasma shielding, which is only relevant at small focusing
angles.

A direct investigation of plasma absorption would require
measurements with a water-filled integrating sphere. At a
wavelength of 1064 nm where the absorption coefficient of
water is 0.13 cm , such measurements are, however, difficult
to perform, because no equilibrium light distribution can be
achieved within the sphere. We therefore deduce the absorption

from the measurement of transmissionscattering and
reflection .

The experimental data on the time evolution and the energy
dependence of plasma transmission are compared with predic-
tions of Docchio’s “moving breakdown distributed shielding
model” [12], [15], [16]. The dependence of plasma transmis-
sion on laser pulse duration, energy, and focusing angle is an-
alyzed with the help of Kenndedy’s model for the calculation
of breakdown thresholds [17] and by looking at the changes of
energy density within the plasma which can be deduced from
measurements of the plasma length presented in [7].
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(a)

(b)

(c)

Fig. 1. Setup for the measurement of plasma transmission, scattering,
and reflection. (a) Total time-integrated transmission (detector 2= energy
meter) and time-resolved transmission (detector 2= photodiode). (b) Angular
dependence of plasma transmission and scattering. (c) Back reflection into
the focusing optics.

II. M ETHODS

A. The Optical System for Plasma Generation

The plasmas were generated by focusing Nd:YAG laser
pulses with durations of 6 ns and 30 ps and wavelengths of
1064 and 532 nm into a cuvette containing distilled water
(Fig. 1). The delivery system of the laser pulses allowed
for the realization of various focusing angles and was de-
signed to minimize spherical aberrations. For that purpose,
an ophthalmic contact lens (Rodenstock RYM) was built
into the cuvette wall. A detailed description of the optical
system for plasma generation and of the methods used for
the measurement of the focusing angle, the spot size, and the
optical breakdown thresholds can be found in part I of the
study [7].

B. Measurement of Total and Time-Resolved
Plasma Transmission

The total and time-resolved plasma transmission were mea-
sured with the setup depicted in Fig. 1(a). The transmitted
light was focused on the detector behind the cuvette using a
biconvex lens with large numerical aperture (N.A.0.55).
For each focusing angle of the incident light, only light
transmitted within that angle was collected; scattered light
was rejected by an iris diaphragm. To obtain the energy
incident into the laser focus, the energy detector 1 (Laser
Precision Rj 7100) was calibrated against a second instrument

directly in front of the glass cuvette, and the measured energy
values were corrected for the absorption occurring in the
water between contact lens and laser focus. The transmitted
energy was measured with energy detector 2 (Digi
Rad R-752/P-444). To account for light losses by reflections
at optical surfaces and for the water absorption, detector 2
was calibrated against detector 1 assuming that far below
the optical breakdown threshold 100% of the incident light
would be transmitted through the laser focus. For the 6-ns
pulses, 20 shots were recorded at each energy setting (pulse-to-
pulse fluctuations 2%), and the transmission was calculated
from the average of the measured energies. For the 30-ps
pulses, we followed a different strategy, because the pulse-to-
pulse energy fluctuations were much larger (10%). A large
number of data at different energy levels were
recorded and binned by a computer program intointervals
having a width of maximal 3% of the center value. Each
interval contained at least 10 pairs which were
then used for calculating the transmission. Special attention
was paid to the region of the optical breakdown threshold

. Here, plasma formation was monitored with each shot,
and transmission values with and without plasma formation
were processed separately.

The time-resolved transmission was measured by means of
a fast photodiode (Motorola MRD 500) with a rise time of 1.2
ns. Plasma radiation was blocked out by a filter (Schott LG
840) in front of the diode. The diode signal was recorded
by a digital oscilloscope (Tektronix TDS 540) with a rise
time of 0.7 ns and averaged over 1000 laser shots for each
energy setting. The laser was run at only 2 Hz to largely
avoid interaction between the laser pulses and residual gas
bubbles from previous pulses remaining in the focal region of
the laser beam.

C. Measurement of the Angular Dependence of
Plasma Transmission and Scattering

Fig. 1(b) shows the experimental arrangement used for
measuring the angular dependence of plasma transmission and
scattering. The photodiode was moved around the plasma in
steps of 2 for 10 and in steps of 5 for 10 . The
measurement range was limited by the size of the cuvette to
maximally 45 . The angular resolution was 0.2determined
by the diameter of the sensitive area of the diode (1 mm) and
the distance between the diode and plasma (300 mm). The
angle under which the light originated from the plasma was
calculated from the angle in the goniometric setup using
Snell’s law. The diode signal was averaged over 1000 laser
shots at each measurement angle, transferred to a PC, and
integrated. Measurements were performed at
0.5 and 15, i.e., at energies below and 15 times above
the optical breakdown threshold.

The time integrated diode signal is proportional to the
energy per steradianat each angle . The radiant energy
transmitted into the solid angle element
is thus given by

(1)
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and the total transmitted and scattered energy is given by

(2)

When plasma formation occurs, the amount of the transmit-
ted energy is reduced due to absorption, and the angular energy
distribution is broadened due to scattering. To assess the
amount of forward scattering by the plasma at a certain value
of the normalized energy one has to compare the angular
energy distribution at this value to the distribution it would
have without plasma formation. The shape of the latter can
be assessed through a measurement of the energy distribution
below the breakdown threshold, for example at 0.5. Both
curves are normalized with respect to each other using the
value of the total transmission within the focusing angle

which is determined in a separate measurement as described
above. The normalized and curves must fulfil the
condition

(3)

where the subscripts and denote the cases with and
without plasma formation.

D. Measurement of Plasma Reflection

The setup in Fig. 1(c) was used to measure the amount of
light reflected by the plasma back into the cone angle of the
focused laser beam. First, an aluminum mirror was placed in
the laser focus and a measurement was performed at an energy
where no plasma formation on the mirror occurred. In this
way the calibration factor between the two energy detectors
was determined for a case when about 80% of the laser light
is reflected. The mirror was then removed and the plasma
reflection measured for 6-ns pulses at normalized energies 3.5

5.5, and for 30-ps pulses at 1.5 4.3. For each
measurement, the data were averaged over 100 pulses.

E. Calculation of Transmission with the “Moving
Breakdown Distributed Shielding Model”

We showed in Part I of our study [7] that the plasma growth
at superthreshold energies can be described by the “moving
breakdown model” of plasma formation. This model, which
was introduced by Ambartsumyanet al. [18] and Raizer [19],
and later refined by Docchioet al. [15], describes the plasma
length as a function of time during a laser pulse, and the
final plasma length as a function of the dimensionless
laser pulse energy . Docchio extended
this theory to the “moving breakdown distributed shielding
model” in order to describe the time evolution of plasma
transmission during the laser pulse [12], [16]. This first-order
model assumes, for the sake of simplicity, a spatially and
temporally constant absorption coefficient within the plasma.
The transmitted laser power at timeis then determined only
by the incident laser power and the plasma length :

(4)

For a Gaussian pulse centered around is

(5)

whereby is related to the laser pulse duration (FWHM)
by . The plasma length is given by [12],
[15]

for
for
for

(6)

where denotes the Rayleigh range and is the
focal spot radius. The plasma growth starts at the time

which depends on . It continues until,
at , the maximal plasma length is reached. Afterwards,
the plasma length is assumed to remain constant.

The total transmission can be obtained by calculating
[12]

(7)

where and are described by (4) and (5). A fit of
(7) to measured data yields the absorption coefficient
of the plasma. This method of determiningconsiders the
time evolution of the plasma length during the laser pulse and
is therefore more accurate than a calculation
based on Beer’s law and the final plasma length . The
latter method is easy to apply, because can be readily
obtained from plasma photographs, but it yields absorption
coefficients which are too low.

III. RESULTS AND DISCUSSION

A. Time-Resolved Plasma Transmission

Fig. 2 shows the time-resolved transmission of plasmas
produced with 6-ns pulses focused at an angle of 22for
various values of . For picosecond pulses, we could not
measure . All curves are normalized such that the peak
amplitudes of the incoming laser pulses are equal. Breakdown
always starts before the maximum intensity of the laser pulse
is reached. With increasing plasma formation starts earlier,
and the area below the transmitted pulse decreases, indicating
a decrease of total transmission.

B. Angular Dependence of Plasma Transmission and Scattering

Fig. 3(a) presents the angular distribution of the
energy per steradian behind the laser focus with and without
plasma formation for 6-ns pulses at 1064 nm. The
curves were fitted through the data points measured at
discrete angles . Fig. 3(b) shows the corresponding energy
distributions which were calculated using the fitted

curves. Both distributions are given in arbitrary units,
but are normalized with respect to each other according to (3).
The area below the upper curve in Fig. 3(b)
corresponds to the energy incident into the focus, whereas the
area below the lower curve corresponds to the energy
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Fig. 2. Time-resolved transmission through the focal region at energies
below threshold(� = 0:3) and above threshold(� > 1): All curves are
averaged over 1000 laser pulses. Pulse duration 6 ns, focusing angle 22�.

(a)

(b)

Fig. 3. Angular dependence of time-integrated plasma transmission and
scattering. (a) Energy per steradian� plotted as a function of the angle

between detector and optical axis. (b) Angular energy distributiondE(
);
with dE = 2��(
) sin 
 d
.

which is transmitted and scattered in the presence of the laser
plasma. The area represents energy of laser radiation which
is scattered out of the beam in forward direction. The fraction
of this radiation as compared to the incident laser energy is

(8)

It has to be noted that (8) gives only a lower estimate of
the scattering by the laser plasma, because light scattered at
angles larger than 30is not included. At these large angles, the
irradiance was so small that no diode signal could be detected.
Furthermore, some scattering may occur within the beam in
directions which lie outside the points of the focusing
angle 11 but are not covered by area.

Using (8), we obtain 0.5% for 6-ns pulses, and
7.6% for 30-ps pulses (measurement data not shown). At first
sight, it seems surprising that scattering is so much stronger
with picosecond pulses than with nanosecond pulses. One
has to consider, however, that the transmission is also much
higher: at 15 it is 28.4% for the 30-ps pulses and
only 4.6% for the 6-ns pulses. The ratio of transmission and
scattering is thus similar for both pulse durations. We find that
four to nine times more light is transmitted within the cone
angle of the laser beam than scattered in forward direction
outside the cone angle.

Our findings agree with the results obtained by Meyerand
and Haught [20] for plasma formation in argon gas. No
experimental data have been reported for liquids so far.

C. Plasma Reflection

At a focusing angle of 22 and 6-ns pulse duration, the
reflection back into the focusing angle was found to be
0.8 0.02%, and at 30-ps pulse duration it was 1.7
0.9%. No energy dependence was observed within the range
investigated. Both back reflection and forward scattering are
small compared to the light absorption within the plasma. The
absorption is thus approximately given by . This
differs from plasma formation at solid surfaces, especially at
metal surfaces, where reflection plays a large role [21]–[23].
In liquids, however, the breakdown front moves toward the
incoming laser beam while the light intensity of the pulse
rises. The resulting plasma expansion continuously creates
a new absorber with a low electron density and a small
plasma frequency which is required for the incident light to
be absorbed [22].

D. Total Plasma Transmission as a Function of Energy for
Different Pulse Durations, Wavelengths, and Focusing Angles

1) Dependence on Pulse Duration:Figs. 4 and 5 show the
energy transmitted through the plasma and the plasma
transmission as a function of laser pulse energy for 6-ns
and 30-ps pulses at a wavelength of 1064 nm and 22focusing
angle. Each figure presents the total energy range ofand
an enlarged view of the threshold region. The data
above threshold were fitted by curves and
the same fits were then transferred into the graphs for .
The small hump at the beginning of the curve of
Fig. 4(a) is caused by the shoulder in the leading edge of the
laser pulse (see Fig. 2). It is therefore of no general importance
and was ignored for the fitting procedure. The straight lines in
Figs. 4(b) and 5(b) represent 100% transmission.

The threshold behavior at both pulse durations is strikingly
different: with 6-ns pulses, the transmission immediately drops
to about 50% when plasma formation occurs, whereas with 30-
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Fig. 4. (a)–(b) Transmitted energy as a function of incident energy for 6-ns pulses at a wavelength of 1064 nm and 22� focusing angle. (c)–(d) Transmission
as a function of incident energy. The shaded areas in (b) and (d) indicate the threshold region between 10% and 90% breakdown probability.Eth (50%
breakdown probability) lies in the center of the shaded area.

Fig. 5. (a)–(b) Transmitted energy as a function of incident energy for 30-ps pulses at a wavelength of 1064 nm and 22� focusing angle. (c)–(d) Transmission
as a function of incident energy. The shaded areas in (b) and (d) indicate the threshold region between 10% and 90% breakdown probability.Eth (50%
breakdown probability) lies in the center of the shaded area.

ps pulses, still more than 90% of the laser light is transmitted.
Transmission is also for values well above threshold higher
for the shorter pulse duration: at 50, the transmission is
2.8 0.2% for 6-ns pulses ( 6.1 mJ), and 17.5 0.4%

for 30-ps-pulses ( 106 J) and even at 300
636 J the transmission for the picosecond pulses is still
9.5%. Nevertheless, the transmitted energy does not differ
much when equal values of the incident energy are compared:
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At 500 J for example, is 68 J for 6-ns pulses
and 52 J for 30-ps pulses, and at 800 J is the
same (70 J) for both pulse durations.

The different threshold behavior observed for the 6-ns
and 30-ps pulses can be explained by the findings obtained
in part I of our study [7] where Kennedy’s model for the
calculation of breakdown thresholds [17] was applied to inter-
pret the measured threshold values. The model discriminates
between a threshold for the generation of seed electrons
by multiphoton ionization and a threshold for reaching
a critical electron density 10 cm by avalanche
ionization. We found for both pulse durations and 1064
nm that . In this case, the measured threshold is
determined by and the electron density at the end of
the laser pulse increases with increasing ratio . The
average value was determined to be 45 for 6-ns pulses,
but only 6 for 30-ps pulses [7]. As a consequence, a higher
electron density will be reached with the nanosecond pulses.
When is large, the threshold irradiance can decrease
during the laser pulse from to a value closer to
because UV radiation emitted by the already existing plasma
provides initial electrons for ionization cascades occurring in
the vicinity of the plasma, and the breakdown process becomes
independent of the creation of initial electrons by multiphoton
ionization. The reduction of the threshold during the laser
pulse results in a larger plasma length as would have been
achieved at a constant threshold value. This effect is, again,
more pronounced for the nanosecond pulses due to the larger

value [7]. Both the higher electron density and the
larger plasma length contribute to the higher absorption of
the nanosecond plasmas.

2) Dependence on Wavelength:Figs. 6 and 7 present the
transmission data for 532 nm. At the shorter wavelength,
the transmission of the 6-ns pulses is slightly reduced in
the threshold region even when no visible plasma is formed
[Fig. 6(a)]. Otherwise, the transmission is generally a little
higher at 532 nm than at 1064 nm, especially well above
threshold: For 20, the transmission is 7.4% at 532
nm as compared to 4.1% at 1064 nm for the nanosecond
pulses, and 35% as compared to 25% for the picosecond
pulses. Both observations can be explained considering that
multiphoton absorption plays a much stronger role at the
shorter wavelength. Calculations using Kennedy’s model re-
vealed that at 532 nm, and therefore multiphoton
absorption not only provides seed electrons for the avalanche
but yields a considerable contribution to the generation of free
electrons throughout the whole process of plasma formation
[7]. Since near threshold enough electrons are always produced
by multiphoton ionization to allow avalanche ionization to
occur at least to some degree, it is possible that slightly
below threshold an energy density smaller thanis reached
which reduces the light transmission but does not lead to a
perceivable plasma radiation. The final electron density is,
on the other hand, generally not as high when (at
532 nm) as at 1064 nm, when and the avalanche
“overshoots” the critical density . This explains why the
plasma transmission above threshold is higher at the shorter
wavelength.

Fig. 6. Transmission as a function of incident energy for 6-ns pulses at a
wavelength of 532 nm and 22� focusing angle. The insert shows the threshold
region. The shaded areas mark the range between 10% and 90% breakdown
probability.

Fig. 7. Transmission as a function of incident energy for 30-ps pulses at a
wavelength of 532 nm and 22� focusing angle.

3) Dependence on Focusing Angle:Figs. 8 and 9 show the
dependence of transmission on the focusing angle. To facilitate
a comparison between the different angles, the transmision is
plotted as a function of the normalized pulse energy. For
small angles where only small values could be investigated,
the curves fitted to the measurement data are extrapolated
to higher values in order to elucidate the trends. We find
that the transmission increases with decreasing focusing angle,
regardless of pulse duration. This increase is most pronounced
far above threshold: at 100, the transmission of the
picosecond pulses is, for example, 2.2 times higher for an
angle of 4 than for 22 .

Fig. 10 demonstrates that the transmission is even further
increased at focusing angles below 2where plasma formation
goes along with self-focusing [7]. The measurements for 6-
ns pulses [Fig. 10(a)] must be interpreted with some care,
because they were disturbed by residual bubbles in the focal
volume which did not completely disappear even with a time
separation of 30 s between consecutive shots. The actual
transmission is therefore higher than indicated. Continuum
generation was observed for 30-ps pulses at energies above
500 J but did not significantly alter transmission.
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Fig. 8. Plasma transmission at various focusing angles, plotted as a function
of the normalized laser pulse energy�. Pulse duration 6 ns, wavelength
1064 nm.

Fig. 9. Plasma transmission at various focusing angles, plotted as a function
of the normalized laser pulse energy�. Pulse duration 30 ps, wavelength
1064 nm.

For picosecond pulses, the increase of transmission in the
self-focusing regime can be explained by a change in the
beam profile during filament formation. Self-focusing of a
picosecond pulse in a Kerr liquid is a transient phenomenon,
because the pulsewidth is in the order of the relaxation time
of the Kerr effect [24], [25]. Therefore, the leading part of
the pulse sees little induced change in the refractive index and
diffracts almost linearly as it propagates in the medium. Only
after some time, the induced is large enough to cause beam
collapse. Near threshold, where plasma formation requires
beam collapse, a large part of the laser pulse will thus be
transmitted through the focal region before plasma formation,
and the total transmission will be high. The above explanation
does not apply for nanosecond pulses where the quasi-steady-
state theory of self-focusing holds [24], [25]. Nevertheless, the
formation of an extended region of lower intensity around the
high-intensity peak of the filament has been observed also for
nanosecond pulses [24, Fig. 2], and near threshold the energy
in this low-intensity region may be transmitted without leading
to plasma formation. Both explanations do not hold for very
large values where plasma formation should occur also in
the periphery of the beam profile. This case is, however, not
covered by our study, since was always smaller than 7 at
those focusing angles where self-focusing occurred.

(a)

(b)

Fig. 10. Plasma transmission in the self-focusing regime, at a wavelength
of 1064 nm. (a) 6-ns pulse duration, 1.8� focusing angle. (b) 30-ps pulse
duration, 1.7� focusing angle.

E. Parameter Dependence of Transmission
Well Above Threshold

In this section, we shall qualitatively discuss some aspects
of the parameter dependence of plasma transmission well
above threshold which have not yet been covered in the
previous section. Since we focus attention on
the plasma absorption neglecting scattering and reflection. In
the range of pulse durations investigated, absorption mainly
occurs by inverse bremsstrahlung. From the requirement of
energy and momentum conservation, an electron can absorb
a photon by the inverse bremsstrahlung mechanism only if it
is colliding with an atom, or in the field of an ion. Hence,
the probability for a photon to be absorbed depends not only
on the plasma length and the densityof free electrons, but
also on the collision frequencybetween electrons and heavy
particles [17], [26]. This creates a pronounced dependence of
the absorption coefficient on the energy density within the
plasma, since both and depend on . We shall therefore
consider energy density and the plasma length at the end
of the laser pulse to interpret the parameter dependence of
plasma transmission.

1) Dependence on Focusing Angle:Our experimental find-
ings show that the transmission increases with decreasing
. This is quite surprising at first sight, because a decreas-

ing focusing angle goes along with a strong (approximately
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quadratic) increase of the plasma length, whenis kept
constant [7]. The experimental results can only be understood
if the increased plasma length is compensated for by a decrease
of the absorption coefficient within the plasma. This is indeed
the case, because the energy density of the plasma decreases
with decreasing focusing angle: at a certain energy, the plasma
can grow into the cone of the laser beam until it reaches
the cross section for which . This cross section is
the same regardless of the focusing angle, but the distance
between laser focus and the cross section is larger for smaller
angles. Therefore, the volume of the cone is larger and the
energy density less for smaller angles. This results in a smaller
absorption coefficient compensating the larger plasma length.

2) Dependence on Pulse Energy:At large values, the
coupling coefficient of laser energy into the
plasma is approximately constant, because the transmission

changes only very slowly (Figs. 8 and 9). For picosec-
ond pulses, the plasma length varies approximately
proportional to [7], and the plasma volume is,
hence, proportional to (provided that the shape of
the plasma remains the same, which is the case well above
threshold). These trends yield the dependence

for (9)

We obtain the remarkable result that the average energy
density in the plasma decreases with increasing. That
leads to a decrease of the absorption coefficient which partly
compensates for the increase in plasma length. This effect may
explain why the plasma transmission remains at a fairly high
level even for large values (Fig. 9).

For nanosecond pulses focused at 22the plasma length is
approximately proportional to [7]. Following the
same line of reasoning as above, we find that
and, therefore, also when is varied. This
leads to a pronounced decrease of transmission with increasing

because of the increasing plasma length. For nanosecond
pulses focused at 8 however, we found

[7], similar to the energy dependence observed with
picosecond pulses. Correspondingly, the transmission remains
at a relatively high level when increases, although near
threshold it has dropped even below the values measured for

22 (Fig. 8).

F. Comparison with the Moving Breakdown
Distributed Shielding Model

Fig. 11 presents curves for 6-ns and 30-ps pulses
based on the moving breakdown distributed shielding model
which were calculated using (7). The curves were fitted to the
measurement values in the threshold region by adjusting the
absorption coefficient . A diffraction-limited spot size was
used for the calculations to represent the focusing angle of 22.
The model yields an unrealistic value of 100% transmission
for 1, because the predicted plasma length

is zero at this value. Reasonable transmission
values can be expected only for 2, where the model
predicts a plasma length . The fits shown in Fig.
11 were done, therefore, for arange 2 5. We obtained

(a)

(b)

Fig. 11. TransmissionT (�) calculated using the moving breakdown dis-
tributed shielding model. The calculated curves were fitted to the experimental
data for� values 2<� <5. (a) 6-ns pulse duration,� = 1064 nm,� =
22�; !0 = 1.74�m. (b) 30-ps pulse duration,� = 1064 nm,� = 22�; !0 =
1.74�m. The absorption coefficients for the fits were� = 1800 cm�1 for
the nanosecond pulse, and� = 570 cm�1 for the picosecond pulse.

1800 cm for the 6-ns pulses at 1064 nm and 22
focusing angle, and 570 cm for the 30-ps pulses at
the same parameters. Since the fits are reasonably good only
for small values, curves were fitted also for a range
20 50. In this case, we obtained 900 cm for
the nanosecond pulses, and 360 cm for the picosecond
pulses.

The absorption coefficient obtained for picosecond pulses is
probably quite realistic, because the plasma length predicted by
the model agrees well with the measured data [7]. The actual
absorption coefficient for nanosecond pulses is, however, most
likely not as large as calculated by the model. For equal

values, the model predicts the same plasma length for
nanosecond and picosecond pulses, because it assumes a
time-invariant breakdown threshold [15]. In fact, nanosecond
plasmas are longer than picosecond plasmas at equal
probably due to a decrease of the threshold during the laser
pulse. They can thus produce the measured transmission with
a smaller absorption coefficient than calculated.

When the curves are fitted to the experimental data in
the threshold region as done in Fig. 11, the calculated trans-
mission values far above threshold are considerably smaller
than the measured values. This is partly due to the fact that
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the model assumes a homogeneous absorption everywhere
within the cone angle and no light (i.e., no transmission)
outside the cone angle of the laser beam. In reality, however,
a certain percentage of the transmitted light passes the focus
in the periphery of the laser beam where no plasma is formed
(see Fig. 3). This percentage becomes probably larger with
increasing and therefore the discrepancy between calculated
and measured values increases. Another factor contributing
to the discrepancy is the decrease of the average absorption
coefficient with increasing due to the decreasing energy
density in the plasma which has been discussed in the previous
section. Both factors contribute also to the lowervalues
obtained with fits of curves to the data for 20 50.

Fig. 12 shows curves for the transmitted laser light
which were calculated using the plasma absorption coefficients
for the threshold region obtained from the fits in Fig. 11. The
transmitted pulse shapes are calculated for various values of.
The curves are normalized by the maximum amplitude of the
incoming pulse. Since the absorption coefficient of the plasma
is higher for nanosecond pulses than for picosecond pulses,
the transmission decreases sharply during the nanosecond
pulse and more slowly during the picosecond pulse. The
calculated pulse shapes for nanosecond pulses agree generally
fairly well with the measured shapes of Fig. 2. They show,
however, a more rapid drop of transmission when plasma
formation starts than the experimental curves, because the
model assumes the breakdown to occur instantaneously after
the irradiance threshold is surpassed. Actually, the ionization
avalanche takes some time (i.e.,increases with time), and
therefore the measured curves are smoother. The second half
of the calculated curve is simply an attenuated replica of
the incident laser pulse, due to the model assumption of a
time-invariant absorption coefficient. The measured pulse form
indicates, however, that the absorption increases even after the
peak power of the laser pulse has been reached. For some time
after is reached, the energy deposited into the plasma
may still raise the electron density at the side of the incoming
laser beam faster than it can be reduced by recombination
processes. That raises the local absorption coefficient and may
thus lead to an increased rate of total absorption (even if the
absorption coefficient near the laser focus decreases already
due to recombination processes and the beginning plasma
expansion [12], [16]). This interpretation is confirmed by the
fact that nanosecond plasmas are brightest at the side proximal
to the laser [7, Figs. 5 and 6].

The accuracy of the moving breakdown distributed shielding
model suffers from the assumptions of a spatially and tempo-
rally constant absorption coefficient of the plasma, a time-
invariant breakdown threshold, and a plasma length 0
for 1. The model is, nevertheless, useful for a determina-
tion of averagevalues of the absorption coefficient by simply
measuring .

G. Comparison to Other Authors

Besides pulse duration, wavelength, and self-focusing, the
transmission also depends on the degree of optical aberra-
tions in the delivery system: aberrations tend to considerably

(a)

(b)

Fig. 12. Transmitted pulse shapesPT (t) for various� values, calculated by
means of the moving breakdown distributed shielding model. (a) 6-ns pulse
duration,� = 1064 nm,� = 22�; !0 = 1.74�m; � = 1800 cm�1. (b) 30-ps
pulse duration,� = 1064 nm,� = 22�; !0 = 1.74�m; � = 570 cm�1.

increase transmission [2]. The multiparameter dependence
makes a comparison of the results of different studies very
cumbersome and sometimes impossible, because many rele-
vant parameters are often not given by the authors. The most
profound investigations of plasma shielding with single pulses
of different duration have been performed by Docchio and
Sacchi [10], and Hammeret al. [14]. Our observation that the
transmission increases with decreasing pulse duration agrees
with the findings of the second group, but disagrees with the
results of Docchio and Sacchi who reported that shielding is
more effective for 30-ps pulses than for 7-ns pulses. We have
no conclusive explanation for this discrepancy. It should be
mentioned, however, that Docchio and Sacchi’s experiments
were restricted to energy values near threshold, and that neither
focusing angle nor spot size are given by the authors. For a
discussion of the results of other authors [8], [9], [11], [13],
the reader is referred to [14].

A determination of the absorption coefficient of the plasma
was previously only attempted by Docchio [12]. He obtained
an absorption coefficient of 70 cm when he fitted
curves to measurement data obtained with 12-ns pulses at
1064 nm and 16cone angle in an energy range of 4 [12].
The large difference to our result (900–1800 cmfor
22 is probably due to three reasons: first, Docchio did not
separately record the transmission for pulses with and without
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plasma formation, but averaged over all measurements. This
results in values for plasma transmission near threshold which
are too high. Secondly, the measured spot size 13 m
was 2.7 times as large as the diffraction-limited spot size,
whereas in our experiments (for a slightly larger angle) it
was 2.2 times as large. Docchio’s measurements were thus
more strongly influenced by aberrations which also tend to
increase transmission [2]. Third, and very important: Docchio
used the measured spot size for his calculations whereas we
used the diffraction-limited spot size. Use of the measured
spot size is adequate at threshold where the plasma length
is not much larger than the Rayleigh range. However, it
becomes more and more inadequate for increasingbecause
it represents a focusing angle which, in Docchio’s case, is
2.7 times smaller than the actual angle. Since the plasma
length increases strongly with decreasing focusing angle, the
absorption coefficients calculated for 1 are thus too small.

IV. SUMMARY AND CONCLUSION

We investigated the transmission scattering and re-
flection of plasmas produced in water by Nd:YAG laser
pulses of 6-ns and 30-ps duration. We found that scattering
and reflection amount to only a few percent of the incident
laser energy. As a consequence, the plasma absorption can
be approximated by . The plasma reflection is
low, because the breakdown front moves toward the incoming
laser beam during the laser pulse [7], [15]. The increase of the
irradiance thus leads to a creation of new plasma in front of the
earlier produced plasma. This new plasma has a small electron
density providing favorable conditions for light absorption, and
its shielding limits the electron density which can be reached
in the bulk of plasma.

The transmission is considerably higher for picosecond
pulses than for nanosecond pulses, regardless of focusing
angle. With 6-ns pulses, the transmission at threshold drops
to 50% for all focusing angles investigated 5.4 , 8 ,
22 and decreases to 3% at normalized energies larger than

50 (for 22 ). With 30-ps pulses, the transmission
at threshold is still 91% for focusing angles of 8.5and
22 and 98% for a focusing angle of 4. At 50, it
decreases to only 17.5% for 22 34% for 8.5
and 42% for 4 . The difference in plasma transmission
for nanosecond and picosecond pulses can be explained by
the difference of the threshold values for the creation of
seed electrons by multiphoton ionization and for the
completion of the ionization cascade during the laser pulse

which were obtained using Kennedy’s model for the
calculation of breakdown thresholds [7], [17]. Since is
larger for nanosecond pulses, the cascade ionization proceeds
faster relative to the laser pulse duration. At the same time, the
radiant energy threshold for breakdown is considerably higher
for nanosecond pulses than for picosecond pulses. Both factors
result in a higher electron density and, correspondingly, a
larger absorption coefficient for nanosecond pulses. The larger
ratio is also most likely the reason why nanosecond
plasmas are longer than picosecond plasmas at equalwhich
further reduces the plasma transmission.

The plasma transmission increases with decreasing focusing
angle, most likely due to a decrease of the energy density
within the plasma at lower focusing angles. Self-focusing,
which occurs at very small focusing angles below 2leads to a
further increase of transmission. This phenomenon is probably
caused by changes in the beam profile leading to wings
with subthreshold irradiance surrounding the high-irradiance
filament where plasma is formed [24].

The experimental results were compared with the predic-
tions of the moving breakdown distributed shielding model.
Only partial agreement could be achieved, because the model
assumes a spatially and temporally constant absorption coeffi-
cient within the plasma which is not realistic. The model can,
however, be used to determine the average absorption coeffi-
cient. Fits of calculated transmision curves to the experimental
data at 22 yielded 900 cm 1800 cm for the
nanosecond plasmas and 360 cm 570 cm for
the picosecond plasmas. This corresponds to a sharp decrease
of transmission during the nanosecond pulse and a smoother
decrease during the picosecond pulse. The actual difference of
the absorption coefficients is not as large as calculated by the
model, because it assumes that nanosecond plasmas have the
same length as picosecond plasmas at equalwhereas in fact
nanosecond plasmas are longer. They can thus produce the
measured transmission with a smaller absorption coefficient
than calculated.

A. Clinical Consequences

The efficacy of plasma-mediated intraocular laser surgery
is higher with 6-ns pulses than with 30-ps pulses, because
with the nanosecond pulses nearly 50% of the laser pulse
energy is absorbed already at threshold. With the picosecond
pulses, an absorption of 50% is achieved only at 6, and
at threshold the absorption is less than 8%. The small energy
deposition together with a low energy threshold for breakdown
can be useful for the generation of very fine tissue effects
down to a cellular level [27], [28], but as well it can impair
effective surgery at energies near the breakdown threshold.
An example is vitreoretinal surgery in the periphery of the
fundus. Here, where the focus is deteriorated by aberrations
because of the oblique passage of the light through cornea
and lens, the breakdown threshold is strongly elevated [2],
and no tissue effects could be achieved with pulse energies
of up to 400 J [29]. Since higher pulse energies bear a high
risk of retinal damage by the light transmitted through the
focus, it is questionable whether vitreoretinal picosecond laser
surgery close to the retina can be successful in more than a
few selected cases.

Plasma shielding of structures beyond the laser focus is
two to six times more effective for nanosecond pulses than
for picosecond pulses. The transmitted energy at equalis,
nevertheless, always by more than a factor of eight less for
picosecond pulses because of their lower energy threshold for
plasma formation. Self-focusing is not relevant for intraocular
microsurgery at the pulse durations investigated, because it
only occurs at very small focusing angles. At shorter pulse
durations, however, it will occur at larger angles and may
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play a deleterious role for retinal structures, because besides
narrowing the laser beam it increases the transmission through
the focal region.
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