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Relatively little experimental and theoretical data exist on
the retinal hazards of ultrashort laser pulses operating in the
visible and near infrared spectral regions. Because of potential
nonlinear effects that can occur from hi9h-peak irradiance, ul-
trashort laser pulses propagate from the cornea to the retina, we
have developed four projects within our Ultrashort Pulse Effects
program. First, we discuss preliminary EDSO threshold values for
nanosecond (ns), picosecond (ps), and femtosecond (fs) single
pulses for in-vivo ocular exposures in Dutch Belted Rabbits using
pulses in the visible spectral region. Then we examine two ex-
periments that study nonlinear absorption using water tubes
and measure the nonlinear refractive index of ocular tissue us-
ing the Z-Scan technique. Finally, we determine laser-induced
breakdown thresholds in ultrahigh purity water. These studies
give reasonable estimates of the damage thresholds and insight
into the biophysics of how ultrashort pulses interact with ocular
media.

age in ocular media. Thus, no basis exists for the reli-
able prediction of damage thresholds when such mech-
anisms are operative. Without a defined safety standard
and precedents to answer medical and legal questions
with regard to potential personnel exposures to ul-
trashort laser pulses, many types of users (such as mil-
itary commanders, researchers, and medical practitio-
ners) may be constrained from using ultrashort laser
pulse systems.

We have developed a series of experiments to explore
the propagation of ultrashort pulses through the ocular
media and their interaction with the retina leading, po-
tentially, to retinal damage. Our propagation experi-
ments study the nonlinear phenomena that are most
likely to occur. When the magnitude of these effects has
been determined, we can decide if the nonlinear optical
phenomena are important in the study of retinal damage
thresholds.

C URRENT LASER TECHNOLOGY has reached a
point where ultrashort, sub-nanosecond, pulsed la-

ser systems that operate in the visible and near infrared
spectral regioQs are commercially produced and finding
their way into the industrial, medical, and military field
settings. At present, there exist no laser safety stan-
dards for the maximum permissible exposure (MPE)
from such systems either at the national [ANSI Z-136.1
(2)] or Air Force [AFOSH 161-10 (1)] level, owing to
insufficient experimental and theoretical threshold data.
Extrapolation of MPE levels from longer pulse widths is
inappropriate since the enormous peak powers, on the
order of gigawatts, associated with ultrashort laser
pulses are believed to induce new mechanisms for dam-

Biological Damage Thresholds

In this article we review our overall in-house program
directed toward understanding retinal damage from sub-
nanosecond pulses conducted during the past year and
a half. Our ultimate goal is to determine the laser pulse
energy incident at the cornea required to give a minimal
visible lesion (MVL) or hemorrhagic lesion (HL) at the
retina. However, owing to a lack of experimental d~ta
for retinal damage below 1 ns, new MVL data is cruCIal
in order to gain a clear understanding of how to tailor
our experiments. Our choice of subjects in this prel~-
inary study is Dutch Belted Rabbits. Future studies will
use Rhesus monkeys that more closely model human
retina.

The few data points that do exist tend to confuse the
issues surrounding retinal damage induced by sub-
nanosecond laser pulses. For example, the observatio.ns
of Birngruber, Puliafito, Gawande, Lin, SchoenleI?,
and Fujimoto (3) that supra-threshold exposures In

From the Armstrong Laboratory , Occupational and Environmental
Health Directorate, Optical Radiation Division, Brooks AF:B, TX.

Address reprint requests to: w. P. Roach, Ph.D., who is AFOSR
Technical Manager for the project, Armstrong Laboratory , Optical
Radiation Div., 8111 18th St, Brooks AFB, TX 78235-5215.

AlOO Aviation, Space, and Environmental Medicine. May 1994



'. {JLTMSHORT LASER PULSE EFFECTS-ROACH :

Chinchilla Gray Rabbits up to 100 times threshold using
80-fs pulses at 625 om yield.o~y l~sions of no ~~a~er
severity than threshold, are mdlcatlve of a self-hmltlng
process mediated by transmission of ultrahigh irradi-
ance pulses through the eye. Further, such observations
are also representative of nonlinear effects like two-
photon absorption, self-focusing, or laser-induced
breakdown (LIB). Thus, we have aimed our research
program to investigate these phenomena in ocular tis-
sue.

Preliminary studies were undertaken to measure the
laser pulse energy required to give an MVL in Dutch
Belted Rabbits using pulse durations from 5 ns to less
than 100 fs in the visible region of the electromagnetic
spectrum (19). The 50% probability for MVL (EDso)
thresholds were determined in these subjects using pro-
bit analysis (8), and we report for the fIrst time indepen-
dent verification of the Birngruber et al. data (3). Table
I and Fig. 1 summarize the results of the preliminary
threshold studies. We note that the 90-fs, 580-nm expo-
sure in our study compared extremely well to that of
Bimgruber et al. We observe a comparable retinal dam-
age threshold and concur ~ith their observation that
exposures in excess of 100 times threshold do not result
in hemorrhagic lesions.

Both comparable observations remain perplexing in
that visible wavelength Q-switched and mode-locked la-
ser pulses usually result in hemorrhagic lesions with
exposure doses ranging from 2 to 10 times the corre-
sponding retinal damage threshold (4). We postulate
that ocular focusing of the incoming laser pulse results
in the LIB threshold being achieved at or slightly in
front of the retinal focal plane. A rough order-of-
magnitude estimate for breakdown can be made. Sacchi
(15) reports a breakdown threshold in calf vitreous of
about 108 V/cm. This corresponds to an irradiance of
about 109 W/cm2 using the relation I = EocE2/2. We
consider an input beam, of 1 JJJ ,100 fs in duration, and
a 0.385 cm2 area (7-mm diameter pu~il). This pupil size
yields approximately 3 x 107 W/cm .The eye focuses
the beam so that a gain of about 105 results. Thus, the
focal irradiance is about 1012 W/cm2, exceeding break-
down threshold by a sufficient margin to make plasma
formation highly likely. Indeed, the location of the
event may be well in front of the retina. Therefore, the
resultant "shielding" and energy dispersal due to LIB
formation at the breakdown site in the vitreous attenu-
ates the forward propagation of laser pulse energy so
that rupture of choroidal blood vessels is avoided.

TABLE I. MVL THRESHOLD VALUES DETERMINED
OPHTHALMOSCOPICALLY FOR DUTCH BELTED RABBITS

AT THE 95% CONFIDENCE LIMIT USING
PROBIT ANALYSIS.
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Llr understanding into the
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~u...o ~ ~~, ~v ...v..~.. v.. (4 '-(4 "ampling oscilloscope. The
ratio of intensities can be expressed as a function of
path length and attenuation modeled using Beer's Law.

We now develop some theoretical relationships that
we can use to analyze the results of the water tube
experiments in order to detennine the nonlinear absorp-
tion coefficient. Beginning with Maxwell's equations for
plane electromagnetic waves, the linear absorption
coefficient can be written as a = 2(a)k/c = 47rk/A =
-' (l/I)dI/dz, indicating the dependence on wavelength

~

Laser

Wavelength

MVL Thresholds

(I h, IJJ)
Variance (1J.f)

(95% Level)

4
50
5

500
90

532nm
532nm
58Onm
580nm
580nm

4.97
4.90
2.57
0.95
1.01

(3.49-6.55)

(3.20-7.00)

(2.26-2.86)

(0.83-1.06)

(0.77-1.23)

*The ultrahigh purity was obtained from VLSI. The conductivity
was 18.0 M!l/cm and the water had parts per billion concentration in
O2' Nz, and CO2.
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METHODS AND RESULTS

Nonlinear Optical Properties of Ocular Media from S us
to 100 fs

The aim of our work in nonlinear optical properties,
carried out in parallel with our in-vivo studies, has been
the determination of such properties in ocular and re-
lated media. This effort involves the development of
new experiments that characterize the onset of nonlin-
ear phenomena as a response to high intensity fields
(gigawatt or greater peak powers per pulse) generated
by ultrashort laser pulses. We examine three phenom-
ena: nonlinear absorption, self-focusing, and laser-
induced breakdown. If the nonlinear absorption is sig-
nificant as the laser pulse propagates from the cornea to
the retina, then the retinal irradiance would be reduced
below the value we would estimate based on linear
propagation theory .Self-focusing, resulting from a pos-
itive nonlinear index of refraction, can cause the laser
beam.to collapse to a filament and greatly increase the
irradiance. The study of LIB is important because it
potentially mediates retinal damage. We report theoret-
ical and experimental modeling of nonlinear absorption
for ultrahigh purity water as a baseline mod~t.for laser
propagation in ocular media, measurement of the non-
linear refractive index, n2, for highly dispersive liquids
as well as ocular tissue, and threshold measurements for
LIB in ultrahigh purity water* .All experiments re-
ported here have been conducted in the spectral region
from 400 to 1,064 nm, using both continuous wave (CW)
and pulsed laser sources operating in the ns, ps, and fs
time domains.
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Fig. 4. Ratio of output irradiances are compared with linear

and nonlinear absorption cases using a = 2E -4 cm-1 and p = SE -

10 cm/W.
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Here, (1 and 13 are the linear and nonlinear absorption of
the media, respectively. Solving Eq. 3 for the irradi-
ance, I, we obtain:

I = loe-..Z/[1 -(f3lo!IX)(e-..Z -1)] Eq. 4

Now that we have an expression for the irradiance as a
function of both the linear and nonlinear absorption
termS, we return to our experimental design. Using Eq.
4 and taking the ratio of the intensities after the laser
beam transits the water tubes twice, yields:

[ f3Io J1 --(e-2az1 -1)
!2 = e-2a('2-Zt) IX Eq 5
II [ 1 -~ (e-~ -1) J .

Using the idea of an "effective absorption" in Beer's
Law, Eq. 1, we write I = 10 exp( -(1effZ) or (1eff =

-(l/z)ln(I/Io). By analogy with Eq. 2, we obtain an ap-
proximate expression for (1eff in terms of the experimen- the water tube experiments have been used in the linear
tally measurable ratio: regiort, giving excellent agreement with published linear

absorption data. The high peak power pulse experi-
a.ff 2 [ -"::-- J In ( !1) ments ~ill be performed next to assess the two-photon

2(Z2 Zv 12 absorptIon.

Nonlinear Optical Property Characterization in
Ocular Media: Z-Scan

Sub-nanosecond laser pulses possess peak powers
that are well known to affect beam propagation in highly
transparent materials (17). Self-action phenomena such
as self-focusing or self-defocusing may, therefore, play
a significant role in the damage induced at the retina
(3,19). To assess the effects of nonlinear propagation in
ocular media and on retinal damage, a sensitive yet
accurate method of determining the nonlinear refrac-
tive index, n2' for ocular tissue was required. The tech-
nique of choice was Z-Scan (16), originally developed
for the measurement of the optical nonlinearities ob-
served in materials such as semiconductors and trans-
parent optical crystals. In a logical extension of its use
we have modified the technique to include the measure-
ment of low n2 aqueous and related biological media like
cornea, leris, aqueous humor, and vitreous humor. Fig.
5 shows the Z-Scan optical configuration, where an in-
cident pulsed laser beam passes through a thin focusing
lens, through a 2.52 mm quartz cell containing our sam-
ples (sample length of 1.0 mm), and is collected at De-
tector 2 after passing through a preset aperture.

With self-action effects, such as self-focusing or self-
defocusing, the radial changes in refractive index tend
to collimate or decollimate the laser beam and increase
or decrease the transmittance through the aperture as

.
= a + In

2(Z2 -zJ
Eq.6

Plots of Eq. 5 and 6 for representative values of a and /3
are given in Fig. 3 and 4, where a is given in the liter-
ature (13) and /3 had been chosen arbitrarily. These
equations allow us to make some predictions as to when
the onset of nonlinear absorption will occur as a func-
tion of input irradiance using our experimental design.
For example, in Fig~ 4, we expect deviation from lin-
earity to be achieved when the input irradiance is at or
exceeds approximately 104 W/cm .Recent studies have
indicated an upper bound on the value for /3 of about
10-11 cm/W. This value moves the point at which the
linear and nonlinear curves deviate to a higher value of
input irradiance. Thus, higher peak power pulses would
be required to observe nonlinear absorption. To date,
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Fig. 3. The onset of the nonlinearity occurs between 1 E4 and
IES Wlcm2 using a = 2E -4 cm-1 and II = SE -10 cm/W.
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Fig. 5. Z-scan optical schematic.
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the sample is translated through the focal plane of the TABLE II. NONLINEAR REFRACTIVE INDEX VALUES
lens in the :t.z direction, respectively. The change in MEASURED USING 60 PS AT 532 NM.

refractive index which gives rise to self-action effects is
due to the nonlinear tenn, n2' from the equation n = no
+ n2I, where no is the linear refractive index and I is the
beam irradiance for a Gaussian spatial distribution. Ow-
ing to self-action effects in the sample, the nonnalized
transmittance spectrum recorded as a function of :t.z is
characterized by either a minimum-maximum (self-
focusing) or maximum-minimum (self-defocusing) sig-
nature seen in Fig. 6. This characterization corresponds
to positive and negative refractive nonlinearities.

We have measured the n2 for human vitreous humor ,
rabbit vitreous humor, ultrahigh purity water, and phys-
iological saline using 60 ps pulses at 532 nm. Our results
are shown in Table II. The values in Table II represent
the mean and SEM for multiple scans of each sample
and represent pulse-to-pulse and day-to-day fluctua-
tions in the laser characteristics. Nonlinear refractive
index values for water have been previously measured
by Smith, Lui, and Bloembergen (18), who found n2 to
be (1.7 :t. 0.9) x 10-13 electrostatic units (esu), well
within experimental agreement of our value for water
obtained using the Z-Scan technique [the error bar given
in reference (18) is reported as an experimental uncer-
tainty]. Fig. 7 shows typical Z-Scan spectra for human
vitreous and rabbit vitreous. The data used in the plots
are the result of 30 or more measurements at each z
location in order to obtain statistically valid results for
the sign and magnitude of the nonlinear index of refrac-
tion. We measured the well-known nonlinear index of
refraction of carbon disulfide with our apparatus in or-
der to baseline the experiment and obtained excellent
agreement with published data (16). We conclude that
given sufficient irradiance levels, self-focusing can oc-
cur which may either limit the density of energy that
arrives at the retina or increase the likelihood of LIB.
The location of the LIB event may occur well in front of
the retina:"limiting retinal damage. This is consistent
with the lack of hemorrhagic lesions observed in our
study and that of Bimgruber. However, no direct ob-
servation of LIB has been made during a retinal expo-
sure.

Material n2 (esu)

(1.4 :t 0.4) x 10-13
(2.7 :t 0.6) x 10-13
(1.3 :t 0.6) x 10-13
(1.8:t 1.3) x 10-13

Optical Breakdown Localization and Analysis

Laser pulses operating in the ps and fs time domains
are well known to permit threshold intensities for laser-
induced breakdown (5,9) with significantly lower pulse
energies than those permissible with ns pulse durations.

Among the physical processes which are believed to
occur after LIB are plasma formation, acoustic and
shockwave generation, and cavitation (6,7, 11). In typi-
cal ophthalmic surgical applications, an N d: y AG
pulsed laser operating at 1064 nm with 7 to 10 ns pulses
is capable of delivering 15 mJ pe.r pulse, resulting in a
desired LIB which is highly destructive to frail biolog-
ical tissue.

Ultrashort, collinear propagating laser pulses incident
upon the cornea and focused through the eye onto the
retina offer a high degree of probability that LIB will
occur, mediating the damage at the retina. We present
preliminary studies on LIB in ultrahigh purity water as
the media model for the eye. We discuss the effects
laser pulse characteristics, media impurities, and LIB
"shielding" may have on mediating retinal damage, and
present the measured 50% threshold for LIB in ultra-
high purity water .

Spatial and temporal profiles, as well as energetics of
each laser pulse, contribute to the overall characteris-
tics of LIB in ocular media. Fig. 8 shows the optical
schematic used in our study where IO-ns, 1064-nm sin-
gle pulse events are focused into ultrahigh purity water
using a 17-mm focal length lens. Spatial profiles of
plasma formations are captured and digitized with a
charge-coupled device (CCD) camera and beam-
profiling software. The position (relative to the lens),
intensity, and area of each single pulse initiated LIB
event are recorded for varying laser pulse characteris-
tics. We find that the most intense portion of the LIB
event does not occur consistently at the focal point of
the lens, but varies with the inherent energy fluctuations
of the output from the laser as well as local impurity
concentration within the target sample. Further, as
pulse energy increases above breakdown threshold,
LIB formations become larger both in area and elonga-
tion along the back-scattering direction of pulse propa-
gation.

One of the fundamental properties of LIB is its target
mediated threshold. Several factors that must be con-
sidered in determining the 50% probability of LIB are
liquid type, impurity concentration, temperature, cone
angle of the focusing lens used, spot size achieved from
the lens, pulse duration, and energy of the pulse. The
breakdown threshold for ultrahigh purity water is given
as a comparison with work by others in Table III
(7,15,20) .Differences between experiments must be
considered. Our irradiance threshold is an order ofmag-
nitude higher than those reported by Zysset, Fujimoto,
and Deutsch (20), where deionized water was used that
contained a higher concentration of impurities when
compared with the ultrahigh purity water used in our
work. We conclude, therefore, that if liquid type, focus-
ing lens characteristics, temperature, and pulse charac-

Normalized
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Fig. 6. Typical spectra from Z-scan experiments.
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