Shielding properties of laser-induced breakdown
in water for pulse durations from 5 ns to 125 fs
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The shielding effectiveness of laser-induced breakdown from focused, visible laser pulses from 5 ns to 125
fs is determined from measurements of transmission of energy through the focal volume. The shielding
efficiency decreases as a function of pulse duration from 5 ns to 300 fs and increases from 300 fs to 125
fs. The results are compared with past studies at similar pulse durations. The results of the mea-
surements support laser-induced breakdown models and may lead to an optimization of laser-induced

breakdown in ophthalmic surgery by reduction of collateral effects. © 1997 Optical Society of America
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1. Introduction

Laser-induced breakdown (LIB) has been used since
1980 in ophthalmic surgery to rupture tissue in the
posterior capsule subsequent to cataract surgery'-+
and in the iris to relieve intraocular pressure as a
treatment for glaucoma.’>7 In addition, new medi-
cal treatments are under investigation that use LIB
in various ophthalmic applications® and other areas
of the body.?-12 There are also nonmedical applica-
tions of LIB such as hazardous waste identification
by spectroscopy (time-resolved laser-induced break-
down spectroscopy3) and optical limiting.14

LIB is initiated by either avalanche ionization (for
long pulse durations) or multiphoton ionization (for
short pulse durations) of molecules such that plasma
forms. One of the characteristics of LIB that allows
it to be used beneficially is its ability to shield a
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significant portion of the input energy, thereby lim-
iting the amount of energy that can cause unwanted
damage beyond the focus (especially at the retina).
The term “shielding” used throughout this paper is
equivalent to the total pulse energy minus the trans-
mitted energy (or transmittance). The amount of
light shielded by the plasma depends on input en-
ergy, laser-pulse duration, wavelength, spot size at
focus, and cone angle. The energy shielded is lost by
one of three mechanisms: absorption, reflection, or
scatter. The energy absorbed by the plasma gener-
ates very high temperatures (>5000 K) within the
plasmal5 and results in shock waves and cavitation
bubbles.’® Many studies have sought to quantify
the amount of energy that is coupled by the plasma
into the shock waves and cavitation bubbles.17-19
The energy may also be scattered backward (such as
in stimulated Brillouin scattering2?) or reflected by
the optically dense plasma. In addition, other non-
linear effects may take place as the pulse duration
decreases, such as self-focusing?! and continuum gen-
eration.22 For this paper we are concerned only with
the amount of energy transmitted through the
plasma as a function of the input energy and pulse
duration.

For potential laser surgical uses that employ fem-
tosecond LIB, it is still not clear exactly which mech-
anism causes tissue rupture. For example, very
high temperatures within the plasma may cause a
thermal response that essentially vaporizes the tis-
sue, or high peak pressures caused by the shock
waves may cause damage in the focal region where
the pressures are highest. Alternatively, the dam-
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age may be caused by movement of material that
occurs on longer time scales with cavitation bubble
expansion and oscillation (collapse and re-
expansion). Cavitation has been found to be the
main cause of tissue rupture for nanosecond and pi-
cosecond pulses.1819 In addition, the role that sev-
eral nonlinear mechanisms (like those listed above)
play in tissue damage needs to be fully characterized.
Further research is necessary to explain the exact
damage mechanisms caused by LIB.

Whatever is the mechanism for damage, one goal of
the current research into LIB is to localize tissue
damage at the beam focus and thereby reduce collat-
eral damage (caused either by shock waves or cavi-
tation bubbles) away from the breakdown site. To
that end, many researchers have proposed using
shorter laser-pulse durations by which collateral
damage is greatly reduced.16:18:23-27 Preliminary ev-
idence suggested that the shielding effectiveness also
increases as the pulse duration decreases?4; however,
results to the contrary have also been reported.28 If
the shielding effectiveness of LIB decreases for
shorter pulse durations, a deleterious increase in en-
ergy throughput beyond the focal plane to critical
structures (such as the retina) may accompany the
reduction in collateral mechanical damage. The
ability of shielding to protect posterior tissue has
been reported in the literature for nanosecond and
picosecond pulse durations.24.2528-36  We present a
measurement of the shielding properties of LIB for
pulse durations that range from 5 ns to 125 fs. The
results lend insight to physical interpretations of ul-
trashort pulse LIB in water and similar liquids.

2. Materials and Methods

The setup used for measurement of laser-light trans-
mission through the focal volume is shown in Fig. 1.
The ultrashort-pulse laser system has been described
previously.2® We used 5-ns and 60-ps pulses at 532
nm, and 3-ps, 300-fs, and 125-fs pulses at 580 nm.
The pulses were monitored temporally either by au-
tocorrelation (Inrad Autocorrelator) or with a fast

[“El ns, ps 532 nm

w2 Po

Optical setup used to measure shielding of laser-induced breakdown.
See Ref. 29 for a full description of the ultrashort-laser-pulse system.

embedded lens (L1)

Aperture filled with water

Pol, polarization cube; ED, energy detector; BS, beam

photodiode (risetime <1 ns) and oscilloscope, and the
energy output was controlled by a half-wave plate
and a polarization cube. A 5-mm-diameter aperture
in front of the beam splitter limited the effects of
spherical aberrations by the focusing lens and pro-
vided a constant beam diameter and cone angle for
two different laser-output-beam diameters (11 mm at
532 nm and 6 mm at 580 nm at the 1/e? point).
There was some danger in aperturing the beam in
that the Gaussian profile may become a truncated
Gaussian or top-hat profile for small apertures. Al-
though aperturing the beam did not significantly af-
fect our setup with respect to shielding, it did account
for a small difference in the measured spot size. The
spot size (diameter) was measured in water at the
beam waist with the knife-edge technique3” and was
found to be 10.8 * 1.0 um for 580 nm and 7.2 + 1.0
pm for 532 nm. With the 5-mm-aperture and 17-
mm-focal-length lens, the input focusing (full) angle
was 16.7°. After the aperture, the beam was split
and the input energy (E;,) was measured on the front
energy detector (Molectron JD2000 Joulemeter Ra-
tiometer and various pyroelectric heads) and cor-
rected for the beam-splitter ratio. The remainder
was sent to a cuvette that held triply deionized, high-
purity water. The cuvette was built to hold a lens
(L1, 17-mm focal length in water, 1.784 linear refrac-
tive index at 580 nm) custom designed to focus light
from air to water with minimal aberrations. The
reduction in aberrations was achieved in large part
by the high-refractive-index glass of the lens. The
transmitted light was then collected with a lens (L2,
70-mm focal length in air, 1.5 linear refractive index
for 580 nm) and the output energy (E,,,) measured
with the energy detector behind the cuvette (ED2).
The distance from the plasma to the back lens was
approximately 50 mm and the working diameter of
the lens was 43 mm. Therefore the output collimat-
ing (full) angle was 46.5°. This cone angle was suf-
ficient to collect all light transmitted through the
focal region, including the light scattered in the for-
ward direction. Shielding was measured by compar-
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ing the collimated light prior to breakdown with the
collimated light after breakdown corrected for
Fresnel reflections and water absorption.

The energy threshold for LIB (E,,..) was mea-
sured by statistical analysis of 200 single-shot pulses.
For each shot, breakdown was determined by observ-
ing cavitation events in the focal region when illumi-
nated by the probe pulse perpendicular to the pump
pulse at a fixed time (1 ps) after breakdown. The
probe pulse was monitored with a CCD digital cam-
era (Cohu, Inc.). When breakdown occurred, a cav-
itation bubble was clearly visible on the monitor
connected to the camera. The cavitation bubble has
been used previously as an end point for break-
down.?® Probit analysis was used to generate a
probability curve for breakdown. Probit analysis is
a statistical analysis used to quantify dose percent-
ages (estimated doses, or ED) where results are bi-
nary (i.e., yes, there is breakdown, or no, there is no
breakdown). The threshold is defined in this report
as the estimated energy dose giving a 50% probability
(or EDg) of breakdown.

5632 APPLIED OPTICS / Vol. 36, No. 22 / 1 August 1997

Energy Out [J]
>
\
\
\
\
\
\\

(d) 300 fs

107 10° 10° 10* 10%

Energy Out [J]
\

- ] _ (9125fs

10° 107 10° 10° 10°

Fig. 2. Energy output plotted as a function of energy
input for (a) 5 ns, (b) 60 ps, (c) 3 ps, (d) 300 fs, and (e) 125
fs. The vertical lines are the 50% (center, solid), 10%
(left, short dashed), and 90% (right, short dashed) prob-
ability for breakdown (taken from the probit curve).
The long-dashed line is the 100% transmission value.

3. Results

Figure 2 is a plot of the output energy (E,,) as a
function of input energy (E,,) for each pulse duration.
Each point in Fig. 2 represents an average of 25 mea-
surements at a particular input energy. The stan-
dard deviation for the 25 measurements of output
energy and input energy is shown as horizontal and
vertical error bars, respectively. The vertical lines
are the 50% probability threshold (solid line) and the
10% and 90% probability thresholds (short dashed
lines, 10% to the left and 90% to the right). The long
dashed line shows the point where input energy and
output energy are equal (i.e., 100% transmission).
The shielding data as measured by energy trans-
mission for each pulse duration is shown in Fig. 3.
The percent transmission (E,./E,,), corrected for
Fresnel reflections that are due to index mismatches
in the setup, is plotted as a function of the ratio of the
input energy to the energy threshold for breakdown
(B = E;,/Eyes)- The normalized pulse energy B is
used to compare data for different pulse durations.
The error in transmission (square root of the sum of
the squares of the standard deviation of the 25 mea-
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surements of input and output energy for each data
point) and the error in B (standard deviation of the
input energy) are shown as horizontal and vertical
error bars, respectively. The line through each data
set represents an empirical fit (least-squares method)
of the data to a double exponential curve described by

Transmission = a + b[exp(—cB)] + d[exp(—eB)]. (1)

The coefficient a in the above equation represents the
transmission percent to which the curves level off,
i.e., the minimum transmission (maximum shield-
ing), coefficients ¢ and e represent the slope of the
curve, and coefficients & and d describe the relative
importance of the two parts of the exponential decay.
The sum of coefficients a, b, and d should thus be 1 for
B = 0. All coefficients are dimensionless and are
empirically determined parameters of the fit. R?
was greater than 0.99 for each fit.

The physical significance of the double exponential
is not known at this time, but we speculate that it is
derived from the interplay of two circumstances. One
exponential with a steep slope describes the transition
from plasma near threshold (very small plasma length

[S)

(d) 300 fs
1.0
2
~ 08
g
£ o
2
E
Z 04
it
=] STt Bl
02 i
0.0 : +
0 20 40 60 80 100 120
Beta (E;, / Eyres)
12
(e) 125 fs
1.0
o
Y 08
g
£ os
E
2 04
g
£
=
0.2
0.0 N
[ 20 40 60 80 100 120 140
Beta (Byy / Eyre)

Fig. 3. Transmission percentage (E,./E;,) as a function of
(Ein/E thres) shown for (a) 5 ns, (b) 60 ps, (c) 3 ps, (d) 300 fs, and
(e) 125 fs. The curve through the data points is a fit accord-
ing to Eq. (1). Some of the data points that were used to fit
the curve have been removed for clarity (the entire data sets
are shown in Fig. 2).

and nonabsorbing) to plasma for large § (long plasma
length and highly absorbing). The second exponen-
tial with a final flat slope describes the fact that the
plasma is not 100% absorbing for large (3.

Table 1 lists the threshold and transmission values
for each pulse duration. Both the energy threshold
at three different points on the probability curve and
the irradiance threshold calculated from the 50% en-
ergy threshold are shown. The transmission value
at B = 100 (from the above fit) is listed to show the
shielding trend as a function of pulse duration.

The error bars in Figs. 2 and 3 indicate pulse-to-
pulse energy fluctuations of the laser during mea-
surement and were particularly large for 5 ns but
generally remained below 10%. The shape of the
transmission curves remained the same for all pulse
durations, even for the noisy 5-ns data. There was a
slight hump in the 60-ps data near B = 30 [Fig. 3(b)].
However, the error bars also increased significantly
at that point. As expected, Fig. 2 indicates that for
all pulse durations, the data separates from 100%
transmission near threshold. The shape of the
curve greater than threshold is generally linear, al-
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Table 1. Some Parameters of Laser-Induced Breakdown and Shielding Found for Pulse Durations from 5 ns to 125 fs
Threshold*
Ener; J
gy [p]] Irradiance [W/cm?]
Pulse Duration (Wavelength) 10% 50% 90% (with 50% threshold) Transmission?
5 ns (532 nm) 41.4 67.2 109 3.30 x 10%° 0.074
60 ps (532 nm) 5.1 10.0 19.5 4.07 x 101 0.149
3 ps (580 nm) 1.0 1.1 1.3 4.15 x 1011 0.238
300 fs (580 nm) 0.8 1.0 1.3 3.60 X 1012 0.259
125 fs (580 nm) 0.29 0.35 0.42 3.06 X 102 0.194

“The energy threshold was found from probit analysis and the irradiance threshold was calculated from measurement of energy
threshold, spot size diameter (measured at energies well below the threshold), and pulse duration.

bTransmission value is from the fit described by Eq. (1) at § =100.

though there are some inflection points in the 125-fs
and 60-ps data.

Figure 4 replots the fits for all pulse durations from
Fig. 3 to allow for a comparison between pulse dura-
tions and to extrapolate to energies higher than the
range measured. The inset of Fig. 4 shows the
transmission curves for § = 5. For both large and
small values of B, the transmission increases (shield-
ing decreases) for pulse durations from 5 ns to 300 fs
and decreases (shielding increases) for pulse dura-
tions from 300 fs to 125 fs. Because of our definition
of breakdown (50% probability), the transmission is
less than 100% for  <1. 100% transmission occurs
only when the probability for breakdown is 0%.

Figure 4 clearly shows that the shielding is most
effective for 5-ns pulses relative to the other pulse
durations measured in this study. At this pulse du-
ration, the transmission curve has both the steepest
slope and the lowest final value. The shielding effi-
ciency as measured by the minimum transmission
decreases from 5 ns to 300 fs. As the pulse duration
is further decreased from 300 fs to 125 fs, the shield-
ing efficiency increases. Thus there is a turning
point at 300 fs in our experiment where the shielding
efficiency reverses relative to pulse duration.
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Fig. 4. Replot of the fits from Fig. 3. The inset shows the trans-
mission for g < 5.
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4. Discussion

An explanation of the shielding trends that we have
observed as a function of pulse duration needs to
include three points. First, differences between the
observations made in this paper and those made in
past papers must be explained. Since early investi-
gations by Docchio and co-workers243! indicated that
shielding is more efficient for picosecond pulses than
nanosecond pulses, this may be the most important
consideration in this paper. Second, the decrease in
shielding efficiency from nanosecond to picosecond
pulse durations must be explained physically.
Third, the reversal in the shielding efficiency in the
femtosecond regime must be explained physically.
The following subsections address each of these con-
siderations in order.

A. Comparison with Past Studies

When LIB was first used for intraocular surgery, lit-
tle was known about the dynamics of the breakdown
process in liquids. In the past fifteen years, many
studies have been reported in the literature regard-
ing LIB in ocular and aqueous media, led most nota-
bly by Franco Docchio and Alfred Vogel. There have
been several papers on shielding of plasmas produced
by means of @-switched (nanosecond) and mode-
locked (picosecond) Nd:YAG pulses.2425.28-36  With
the exception of two preliminary conference proceed-
ings articles from our laboratory,2938 to our knowl-
edge no paper has reported on shielding by
femtosecond pulses. Although the focusing charac-
teristics and other experimental parameters differ in
each of the past papers, an attempt will be made to
compare the trends found in the past studies with
those found in this study.

Table 2 lists the conditions and results of several
past studies of shielding.24.25.28,29,31.32.36 The data
listed in Table 2 are taken directly from each paper
with the exception of the spot sizes for the setup used
by Boppart et al.,2® which were measured after the
paper was published and the spot sizes for the setup
used by Docchio and co-workers,2431 which were con-
verted from 1/e values to 1/e? values (for comparison
with other studies). As can be seen, there is consid-
erable information missing from several of the pa-



Table 2. Comparison of the Experimental Parameters and Transmission Percent (E,,,/E;,) for Various Studies near Breakdown Threshold

Focal Characteristics

Spot Diameter

Full Focusing

Pulse Duration

% Transmission

Study (wm) Angle (Wavelength) Media B (E,u/Ei)
Boppart?? ~25 NA“ 10 ns (1064 nm) High-purity water 1 46 + 4
NA* 5 ps (580 nm) 1 27 +5
100 fs (580 nm) 1 64 = 11
Chekalin?? 140 NA* 10 ns (1064 mm) Distilled water 6 71
30 ps (1064 nm) 6 7
Docchio3! NA*b 3.5° 7 ns (1064 nm) Saline 2 45
Docchio?4 NA+b 3.5° 7 ns (1064 nm) Saline 1 57
2 33
220 ps (1064 nm) 1 50
2 20
30 ps (1064 nm) 1 41
2 15
Mainster32 50 11° 22 ns (1064 nm) Water 3.3 15
Saline 1 32
30 ps (1064 nm)? Water 16.2 17
Saline 1 44
Nahen36é 7.6 22° 6 ns (1064 nm) Distilled water 2 28
115 8° 2 21
4.7 22° 30 ps (1064 nm) 2 63
9.6 8.5° 2 68
19.5 4° 2 76
Steinert28 NA** NA“ 15 ns (1064 nm) Saline 6 15
15 ns (532 nm) 6 17
25 ps (1064 nm)® 28 24
Present study 7.2 16.7° 5 ns (532 nm) High-purity water 1 81+ 16
2 54 + 16
60 ps (532 nm) 1 92 £ 7
2 73+4
10.8 3 ps (580 nm) 1 87+3
2 79+3
300 fs (580 nm) 1 89 +4
2 82+4
125 fs (580 nm) 1 83 + 10
2 70+ 8

“NA, not available.

®The spot diameter was probably 70.7 um.

¢A 50-mm aspheric condenser lens was used to focus the laser pulses.

9Seven to nine pulses in a 25-ns pulse train were used.
€10 pulses in a 5-ns pulse train were used.

pers, especially the beam diameter at the focus and
the cone angle, making comparison difficult. Many
authors quote diffraction-limited spot sizes, which
may not be physically reasonable because of aberra-
tions, especially for short focal lengths and large cone
angles. However, we will proceed to make some
general comments regarding the differences in exper-
imental conditions and then attempt to explain any
important differences seen in shielding as the pulse
duration is decreased.

The most obvious experimental difference between
this study and past studies is the measured spot size
at the focus. The spot size (diameter) for all of the
past studies with the exception of Nahen3¢ was equal
to or greater than 25 pm. Another difference is the

definition of threshold used by each author. Docchio
and co-workers2431 used 100% probability of break-
down for the threshold. All other authors who pre-
cisely measured the threshold used 50% probability
of breakdown. In addition, all past studies with the
exception of Nahen’s used an external lens to focus
the beam into a cell or cuvette. This setup, which
contains several interfaces with index mismatches,
has been shown to introduce serious spherical aber-
rations,3® although the aberrations are greater for
more sharply focused beams than for beams with
small cone angles and large spot diameters. There
are similar interfaces in the eye, but they do not have
very large index mismatches. With a large spot size
and aberrations in the setup, multiple breakdown
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sites are probable. Multiple breakdown sites lead to
a decrease in the shielding because of the increased
transmission between individual energy-absorption
(breakdown) sites. Clinically, a large spot size is not
an accurate model of the focusing characteristics
used in intraocular surgery. The focused spot size
(diameter) at or behind the posterior capsule during
laser capsulotomy surgery for standard contact
lenses was found to be less than 10 um (Ref. 40).

Another difference is that most of the past studies
concentrated on energies near or slightly above
threshold. Although these energies may be those
most often used by ophthalmologists in surgery, it is
harder to distinguish clear trends in transmission
between different pulse durations close to threshold.
For example, for the present study at threshold (B =
1), there is little difference between the transmission
percentages, and the true trends do not become ap-
parent until higher energies are reached.

There are also differences in the experimental con-
ditions that probably do not play an important role in
the shielding trends. For all past studies with the
exception of Boppart et al.2° and Steinert et al.,28 the
wavelength of the laser was 1064 nm (Docchio and
Sacchi reported the breakdown thresholds at 532 nm
but did not report the shielding at this wavelength24).
We used visible (532 and 580 nm) pulses to allow
comparison of nanosecond to femtosecond pulse du-
rations, and measurements by Nahen36 at 1064 nm
support the trend reported in this paper at visible
wavelengths. Steinert also found little difference in
shielding at 15 ns between 1064-nm and 532-nm la-
ser pulses. In addition, the media used in the vari-
ous studies were slightly different. The choice of
media has been shown to cause a difference in the
breakdown threshold for nanosecond pulses since av-
alanche ionization is impurity dependent.#142 Vari-
ations caused by impurities in both the shielding
percentage with respect to energy normalized by
threshold (B) and the shielding trends with respect to
pulse duration are probably not significant.

There are some general trends in each paper that
will now be highlighted, beginning with a restate-
ment of the trends found in this paper. As can be
seen from Table 2, which lists the transmission for 8
= 1 and B = 2, the shielding decreases (transmission
increases) from 5 ns to 300 fs and increases (trans-
mission decreases) from 300 fs to 125 fs. The de-
crease in shielding from nanosecond to picosecond
was also seen by three authors, Mainster et al.,29
Nahen,36 and Steinert et al.,28 although Mainster and
Steinert both used a train of picosecond pulses, in-
stead of single picosecond pulses used in this paper.
Mainster had extraordinarily low transmission val-
ues at threshold, which may be attributed to the cone
angle at which he collected the transmitted light or
perhaps to other experimental factors unknown to us.

Boppart et al.,2° Chekelin and Mishakov,2?> and
Docchio et al.31 all report trends that differ from those
found in this paper. In fact, Boppart also reported
the exact opposite trend from picosecond to femtosec-
ond pulse durations, namely, a decrease in shielding
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(increase in transmission), whereas we have found an
increase in shielding from 300 fs to 125 fs.

The difference in shielding trends as reported by
Boppart et al.2® and those found in this paper are due
to a number of different factors. Boppart did see an
increase in transmission of the 100-fs data in com-
parison with the 10-ns data. Also, the percent
transmission values he found for 100-fs and 10-ns
pulses at B = 1 are within the error bars of those
found for 125-fs and 5-ns pulses at § = 2 in this paper.
Thus the difference for nanosecond and femtosecond
shielding was probably due to either an error in
threshold measurement or an inaccurate accounting
of energy. For picosecond pulses there is a much
larger difference in shielding. It is not known why
this difference occurred.

Chekelin and Mishakov?5 found very high shield-
ing for picosecond pulses. However, they also re-
ported a different threshold for shock wave
generation and optical breakdown in water. Since
absorption and shock wave generation occur because
of optical breakdown, a shock wave threshold below a
breakdown threshold does not agree with current ev-
idence of LIB and cavitation dynamics. In addition,
they listed a breakdown threshold of 3.6 = 0.15 mJ
but also presented data at 50 mdJ for which no break-
down occurred. We believe there may have been a
difference in the method by which they measured the
threshold compared with our method. Therefore a
critical comparison between our data and those of
Chekelin and Mishakov is not possible.

The final comparison to be made is with the author
most commonly cited regarding shielding. Docchio
and co-workers have done a great deal of laudable
work on laser-induced breakdown. However, there
are many pieces of information missing from their
papers and discrepancies that make comparison dif-
ficult. For example, in their first paper on shield-
ing,3! Docchio et al. list the transmission at 7 ns at
threshold as 45%. But in the study comparing dif-
ferent pulse durations,2¢ Docchio and Sacchi list the
transmission at 7 ns at threshold as 57%. In addi-
tion, the abstract to their second paper on shielding24
lists thresholds and transmission values that are in-
consistent with those listed in the body of the paper.
Also, this paper does not mention a spot size or a
focal length for the lens used to focus the laser beam
into the cuvette. Moreover, Docchio and Sacchi
looked at only a few data points above twice the
breakdown threshold. Had their data been ex-
tended to large values of B, further information
might have been obtained from these papers. As-
suming these to be minor errors, the difference in
the trends of Docchio and co-workers should be ex-
plained with the same reasoning used above for
those of Boppart et al., namely, a discrepancy in
energy threshold measurement and an inaccurate
accounting of energy throughput led to an apparent
increase in shielding percentage for picosecond
pulses with respect to nanosecond pulses.



B. Decreased Shielding Efficiency from Nanosecond to
Picosecond: Electron Density

In the papers reviewed in the preceding subsection
there is some discussion but little explanation of the
trends reported for shielding. In this and the follow-
ing subsection we present physical hypotheses on the
shielding efficiency trends found from the experimen-
tal measurements reported in this paper. This sub-
section puts forth an explanation for the decreased
shielding efficiency as pulse duration decreases from
5nsto 300 fs. In the next subsection we explain the
increased shielding efficiency as pulse duration de-
creases from 300 to 125 fs.

The decreased shielding efficiency as pulse dura-
tion is decreased from 5 ns to 300 fs can be linked to
a decrease in plasma electron density. Plasma
spectroscopy has shown evidence that the electron
density after breakdown decreases as the pulse du-
ration decreases. For example, it has been found
that the plasma temperature decreases as the pulse
duration decreases from nanosecond pulses to pico-
second pulses.’® Furthermore, for pulses less than
10 ps, there is an absence of visible plasma light
altogether.3943 Since the fractional ionization
(ions/molecules) decreases as the plasma tempera-
ture decreases,?2 the free-electron density will de-
crease as well.

The mechanism for plasma shielding is inverse
bremsstrahlung absorption of photons during colli-
sions between electrons and heavy particles (mole-
cules or ions). Lower electron densities will thus
lead to a lower absorption rate per volume and less
efficient shielding unless compensated by some other
factor. One factor that could compensate for the de-
creased electron density is a larger plasma volume
(which is determined mostly by the plasma length,
especially for the long, thin, femtosecond plasmas).
Vogel found that for equal B, the plasma length of
nanosecond pulses is considerably longer than the
plasma length of picosecond pulses for equal B (Fig. 4
of Ref. 11). Therefore the measured decrease in
shielding can be attributed to lower electron densities
within the plasma.

In gas plasmas, inverse bremsstrahlung absorp-
tion becomes less efficient with a large decrease in the
electron—ion collision frequency, and resonance ab-
sorption begins to affect light absorption in the plas-
ma.** Resonance absorption is a condition in which
obliquely incident electromagnetic waves are linearly
converted into plasma waves in the presence of local
plasma-density inhomogeneities. Experimentation
and numerical simulation have found that the peak
resonance absorption is approximately 0.5, with re-
flection and transmission each 0.25 (Refs. 44 and 45).
The value for transmission corresponds approxi-
mately to the values for large B and pulse durations
shorter than 3 ps found in this paper. Further the-
oretical work for plasmas in liquids is necessary to
verify the effect of resonance absorption in the cur-
rent configuration.
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Fig. 5. Sequence of irradiance profiles (thick solid curves) of the
pulse is plotted as a function of time on the lower and left axes
and the spatial profile (thin dashed curve) is plotted on the upper
and right axes for, a, 125 fs and, b, 3 ps. The irradiance profiles
are from Eq. (2) and the spatial profile is from Eq. (3). Time on
the lower axes corresponds to the distance over which light
travels on the upper axes. The vertical lines denote the Ray-
leigh range, and the horizontal line denotes the breakdown
threshold. The arrows indicate the direction of pulse propaga-
tion.

C. Increased Shielding Efficiency from Picosecond to
Femtosecond: Moving-Breakdown Model and Nonlinear
Effects

We offer two explanations for the increase in shield-
ing efficiency from 3-ps and 300-fs pulses to 125-fs
pulses, the moving-breakdown model46-47 and nonlin-
ear effects. The moving-breakdown model is merely
a description of the pulse in time as it travels through
space. It assumes only one condition for breakdown,
that the irradiance measured as a function of time
and space is greater than the breakdown-irradiance
threshold. The model indicates a reversal in the di-
rection the breakdown progresses with respect to
pulse duration as the pulse travels through the focal
region. Nonlinear effects that occur only at very
short pulse durations (<1 ps) can have an effect on
the amount of light that is absorbed in the plasma,
and hence the efficiency of shielding. Self-focusing
and continuum generation will be briefly discussed as
possible explanations for the increased shielding seen
at 125 fs.

Figure 5 illustrates the concepts of the moving-
breakdown model. A sequence of irradiance pro-
files, I(z, t), is plotted as a function of time, ¢, and
distance from focus, z, of a Gaussian pulse of duration
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125 fs [Fig. 5(a)] and 3 ps [Fig. 5(b)], according to

E
I(z,t) = —5 —— {exp[—2(tA/27)*]}, (2)
T (2)T

where E is energy (in joules), o(z) is the radius of the
spot (in centimeters), 7 is the pulse duration (in sec-
onds), and A is defined to be 2(2 In 2)2. Each tem-
poral profile is separated by 50 pm (corresponding to
222 fsin water). The energy chosen for the curves in
Fig. 5 was twice the measured threshold (3 = 2), and
the diffraction-limited spot (radius) at the beam focus
was assumed to be 5.4 um. The left and lower axes
correspond to the irradiance profile as a function of
time. The thin dashed curve in Fig. 5 is the spatial
profile (beam radius) as a function of distance from
the focus according to

_ 21\ 1/2
e
TWo Ny

where )\, is the wavelength (in centimeters), n, is the
index of refraction (unitless), o, is the radius at the
waist (in centimeters), and z, is the location of the
beam waist (in centimeters). Diffraction-limited fo-
cusing is assumed for this discussion. The right and
upper axes correspond to the spatial profile. The
distance on the upper axis corresponds to the time
over which light travels on the lower axis. The ver-
tical lines indicate the Rayleigh range, and the hori-
zontal line indicates the irradiance threshold for
breakdown. Note the difference in temporal dimen-
sions between 125 fs and 3 ps. Also note that when
the 3-ps pulse reaches breakdown it does so at ap-
proximately the same time within the entire Rayleigh
range but the 125-fs pulse can reach breakdown in
the Rayleigh range well before the pulse has reached
the minimum focus.

The moving breakdown model assumes that break-
down occurs independently at every point along the
axis as long as the irradiance (in watts per square
centimeter) at that point exceeds the threshold irradi-
ance. For 3-ps pulses [Fig. 5(b)] and longer, the irra-
diance at the minimum beam diameter will reach
threshold essentially before any other point along the
axis because of the temporal extent of the profile.
Thus breakdown is predicted to begin at the beam
waist and to move back toward the laser during the
pulse (in the opposite direction of pulse propagation).
For femtosecond pulses, however, this is not the case
[Fig. 5(a)]. The irradiance may exceed breakdown
threshold prior to reaching the beam waist owing to
the narrow temporal profile of femtosecond pulses
(light travels only 28 pm in 125 fs in water, a distance
smaller than the Rayleigh range). For femtosecond
pulses, breakdown is predicted to begin before the
beam waist and to move forward to the focal plane
during the pulse (in the direction of pulse propagation).

At approximately 1.4 ps (for a spot diameter of 10.8
pm), our calculation using the moving-breakdown
model predicts a reversal in the direction the break-
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down progresses as the pulse propagates through the
focal volume. Thus, for long pulse durations (5 ns),
the spatial dependence of the irradiance dominates,
and the maximum irradiance is always at the beam
waist. However, for short pulse durations (125 fs),
the temporal dependence of the irradiance domi-
nates, and the irradiance may not be largest at the
beam waist at a given time. Breakdown and shield-
ing may occur before the pulse reaches a minimum
diameter.

In the region where the temporal profile dominates
(<1.4 ps), shielding efficiency was found to be greater
for shorter pulse durations than longer pulse dura-
tions. It may be possible that, owing to the larger
temporal extent of the pulse, a larger portion of the
pulse energy is transmitted for 3-ps pulses than for
125-fs pulses. Thus greater efficiency may be
achieved for the 125-fs pulse because the shielding
occurs as the pulse propagates forward and the
breakdown region propagates with the pulse, produc-
ing increased absorption. However, the curves in
Fig. 5 are drawn without consideration of how they
will be altered by the plasma formation itself. A
measurement of the temporal profile of the pulse as it
passes through the focal region and is absorbed by
the plasma would give further insight into this hy-
pothesis. At the present time, such a measurement
is technically not feasible.

Other factors that may explain the increased
shielding for 125 fs are nonlinear effects, including
self-focusing and continuum generation. Self-
focusing occurs in aqueous solutions because of the
effect of its nonlinear index of refraction. This effect
is proportional to the square of the electric-field in-
tensity. Thus self-focusing is readily seen for very
short pulse durations. The critical power for self-
focusing (P,,) is related to the linear and the nonlin-
ear refractive indices (n, and n,) and the wavelength
(\o) according to*8

0.159\,”
pP,=—. (4)
Noly

The critical power for self-focusing in water at 580 nm
calculated from Eq. (4) is 1 MW (Ref. 48). Consid-
ering the values of the laser power at which breakdown
occurs (0.37 MW, 3.3 MW, and 3.5 MW for 3 ps, 300 fs,
and 125 fs, respectively), it is clear that between 3 ps
and 300 fs the threshold where self-focusing signifi-
cantly affects pulse propagation is crossed.

Continuum generation or self-phase modulation
also occurs because of the effect of the nonlinear index
of refraction of materials. Because of the change in
refractive index of the material a time-dependent
phase advance or retardation occurs, which in turn
causes spectral broadening. For femtosecond
pulses, the spectral broadening can encompass the
entire visible range. For 125-fs pulses, up to approx-
imately 10% of the input energy is converted into
broadband light for large values of B. It is not
known at this time exactly how self-focusing and con-
tinuum generation affect the shielding.



These observations of shielding efficiency suggest
that laser-induced breakdown induced by ultrashort
pulses (<1 ps) is different from breakdown from
pulses of longer duration. Other differences have
been shown to exist. For example, the first-order
breakdown model developed by Kennedy and co-
workers142 predicts a change in dominant break-
down mechanism from avalanche ionization to
multiphoton ionization below 1 ps. Also, as men-
tioned above, it has been reported that there is an
absence of the typical luminescence or spark for pulse
durations of 3 ps and below.3943 Time-resolved and
streak imaging have shown the shape of the plasma
at nanosecond pulse durations to be quite different
than those for femtosecond pulse durations. In ad-
dition, nonlinear dispersion becomes significant in
this regime. Not all of these factors may contribute
directly to increased shielding in the femtosecond re-
gime; however, they all may play key roles in the
sequence of physical phenomena associated with LIB
for pulses less than 1 ps.

D. Implications for Ophthalmic Surgery

The shielding trends measured in this paper have
important implications if ultrashort (femtosecond
and picosecond) pulses are to be used in ophthalmic
surgery to reduce the collateral damage now associ-
ated with nanosecond pulses. It is especially critical
that the light that reaches the retina remains below
the threshold for damage. The radiant exposure
damage threshold for 90-fs, 580-nm pulses in rhesus
monkeys was measured to be approximately 1 wJ/
cm? (Ref. 49). Therefore femtosecond pulses focused
at breakdown threshold energies at structures in the
anterior portion of the eye are less dangerous in
terms of radiant exposure than nanosecond pulses
with similar focusing characteristics. However,
nonlinear effects can seriously alter the pulse profile
and focusing characteristics as the pulses become
shorter; 125-fs pulses provide greater shielding than
3-ps pulses, but the critical power for self-focusing
occurs at a lower energy. When the threshold for
self-focusing is surpassed, beam reduction and fila-
mentation can occur. This in turn can lead to higher
energy densities beyond the focus. In addition, con-
tinuum generation can create an additional hazard at
the retina that is due to different wavelengths, pos-
sibly even ultraviolet wavelengths, which are nor-
mally blocked from the retina by the cornea and the
lens. The shielding effectiveness at a particular
pulse duration is then just one factor among many to
be considered when choosing the best pulse duration
for safety, optimization of cutting, and a reduction of
collateral damage.

5. Conclusion

We have observed that the shielding efficiency de-
creases from 5 ns to 300 fs. A hypothesis for this
trend has been described: A lower electron density
for picosecond pulses leads to a lower probability of
absorption of a photon by an electron and hence less
efficient shielding. Moreover, we have observed that

the shielding efficiency increases from 300 fs to 125 fs.
Two hypotheses have been offered to explain this
trend: the moving-breakdown model and nonlinear
effects. The moving-breakdown model predicts a re-
versal in the direction in which the plasma moves, and
this reversal may lead to increased shielding because
the entire pulse is exposed to the breakdown for 125-fs
pulses, whereas for longer pulses a significant amount
of energy may pass the focal volume before it is
shielded. Self-focusing and continuum generation
change the spatial and temporal profiles of the pulse as
it propagates through the focal volume. These non-
linear effects probably have an influence on the
amount of energy absorbed in the plasma.
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