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Biomedical Implications of Military Laser Exposure

INTRODUCTION

Previous chapters in this volume present basic
information related to the biomedical implications of
military lasers. Traditional laser applications involve
possible exposures to laser light with pulse durations
ranging from as long as several seconds of continuous
exposure to as short as several billionths of a second.
Novel applications are emerging for lasers with much
shorter pulse durations within the “ultrashort re-
gime,” pulses with duration in the range of trillionths
to quadrillionths of a second. (This chapter refers to
quadrillion in the American English context, that is, the
number 1 divided by 1 followed by 15 zeros.)

The traditional terminology of ultrashort lasers uses
scientific notation to describe the pulse duration in
seconds. One such term is femtosecond (also abbrevi-
ated as “fs”), which is equal to one-quadrillionth
(1/1,000,000,000,000,000) of a second, expressed in sci-
entific notation as 1 x 10" s. In Britain and in Germany,
quadrillion refers to the number 1 followed by 24 zeros.
In the British vernacular, the number 1 followed by 15
zeros is referred to as one septillion. Another relevant
term is picosecond (also abbreviated as “ps”), which
is one-trillionth (1/1,000,000,000,000) of a second, ex-
pressed in scientific notation as 1 x 10™* s. Ultrashort
pulses generally have durations between 10 fs and
500 ps. In this regime, novel phenomena occur that
produce never-before-possible results. Several basic
properties of ultrashort laser pulse systems set them
apart from longer pulse systems. This chapter consid-

ers the most relevant differences related to laser—tissue
interaction —which includes spectral content of the
pulse, peak power, and the special techniques—that
are required to produce and measure ultrashort pulses.

The field of ultrashort-pulse laser technology is now
an established field, and femtosecond lasers offer
revolutionary solutions to many of today’s toughest
problems. Associated novel nonlinear optical phe-
nomena support multiphoton biomedical imaging and
treatment'™ and precise alteration of cells.** Femtosec-
ond lasers have also been used to alter the refractive
index of glass at a depth to inscribe light pipes.”® Some
spectroscopic techniques may benefit from the applica-
tion of ultrashort laser pulse technology, the unique
attributes of which include their ability to generate
coherent white light.’

Military applications are not yet in use, but the
introduction of military ultrashort laser systems is
inevitable. The current military arsenal includes laser
systems that are continuous wave (CW) or pulsed,
some of which could be adapted to the use of femtosec-
ond laser technology. Because the spatial extent of an
ultrashort laser is several microns, application of this
technology could be used to support high-precision
laser ranging and LIDAR (LIght Detection And Rang-
ing). Ultrashort lasers have already been applied in
science and medicine, and will eventually be used by
the military. Therefore, it is essential that ultrashort
laser-tissue interaction effects be understood.

WHAT MAKES ULTRASHORT LASER PULSES DIFFERENT?

Spectral Content of Laser Pulse

Sunlight dispersed through a prism (or dispersed
in the form of a rainbow) provides an example of how
a beam of light can be made up of a broad spectrum
of light. In fact, sunlight includes components of
much of the ultraviolet, visible, and infrared ranges
of the electromagnetic spectrum. Some portions of
the spectrum are absorbed by the Earth’s atmosphere,
but most of the visible and near-infrared components
reach the Earth’s surface. The sun’s spectral output
is very large. The extent of its output is expressed in
terms of the bandwidth of the spectral emission and
its spread in wavelength (AL). The sun’s spectral
bandwidth is hundreds of nanometers (1 nm = 0.001
pum =107 m).

In contrast to the sun, traditional laser output s typi-
cally characterized by a very well-defined wavelength
bandwidth less than 1/10 of 1 nm. Put through a prism,
an ordinary laser beam (eg, HeNe [helium-neon] or
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laser diode) would produce no discernable wavelength
spread. Although some lasers can simultaneously pro-
duce output at several distinct wavelengths, each laser
line itself has a very narrow bandwidth. An exception
to this is the ultrashort laser.

A fundamental law of quantum physics known as
the “uncertainty principle” asserts that as pulse dura-
tion is decreased, bandwidth must increase. This is
not an easily measurable effect until pulse durations
decrease well below 50 ps. For laser pulses below 50
fs, this property dramatically affects every aspect of
pulse propagation, even through air. To capture the
relative values of the bandwidth for ultrashort pulses,
one must evaluate the following relationship between
minimum pulse duration and minimum wavelength
bandwidth:
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AT = Pulse width,
AA i = bandwidth,

¢ =speed of light, and
A = center wavelength.

Table 12-1 lists a range of minimum bandwidths
required for femtosecond pulses as a function of pulse
width and wavelength.

As can be seen in Table 12-1, wavelength band-
widths for pulses in the shorter femtosecond regime
are significant, much different than traditional laser
output. There are several consequences of this spectral
content. First, generation of femtosecond pulses can-
not be done using traditional lasing materials such as
Nd:YAG (neodymium-doped yttrium aluminum gar-
net), which supports output wavelength on the order of
nanometers and thus cannot be used to generate pulses
shorter than a few picoseconds. Second, the broad
bandwidth of the ultrashort laser affects propagation.
Every optical material has a refractive index, which is
dependent on wavelength. For example, water has a
refractive index'” of 1.337 at 500 nm and 1.328 at 1,000
nm. This means that the longer wavelength portion of
a femtosecond pulse travels through water at a higher
speed than the shorter wavelength portion. Because of
this, the pulse lengthens as it travels through water. The
term for this effect is group velocity dispersion (GVD).
The extent of GVD for a given distance will depend
directly on the refractive index and how it changes with
wavelength. Therefore, even the simple propagation of
femtosecond pulses can be a complex phenomenon.

Peak Power

For a given pulse energy, peak power is directly
related to pulse duration. For example, a 10 ns pulse
with a pulse energy of 100 m] has a peak power of
10 MW. If this same pulse energy is applied as a 1 ps
pulse, its peak power is 100 GW (1 GW =1 x 10° W)
or one-tenth of a terawatt (1 TW =1 x 10'> W). At peak
powers of even a few gigawatts, significant nonlinear
optical processes can occur in either propagation or
interaction. For example, if a 1 m] pulse is focused
with a pulse duration of 10 ns into a square block of
glass, alaser-induced breakdown (LIB) occurs and the
material is permanently damaged. If the same pulse is
delivered at a pulse duration of 50 fs, it can produce a
broad spectrum of light known as a supercontinuum."

Generation With Chirped Pulse Amplification

Materials have been created to support lasing action
across a broad bandwidth range. The most common
material used today is a sapphire crystal doped with
a small percentage of titanium, known as Ti:Sapph
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TABLE 12-1

MINIMUM BANDWIDTHIN NANOMETERS
OF ULTRASHORT LASER PULSE REQUIRED
TO GENERATE A PULSE OF THE GIVEN
DURATION

Pulse Center Wavelength

Duration (fs)

450 nm 800 nm 1,060 nm 1,300 nm

10,000 (10 ps) 0.03  0.009 0.17 0.25
1,000 (1 ps) 03 0.9 17 25
100 3.0 9.4 17 25
50 60 19 33 50
20 15 47 83 124
10 30 94 165 249

(titanium-sapphire). Figure 12-1 illustrates typical opti-
cal schematics for a femtosecond oscillator (top) and a
femtosecond amplifier (bottom). The distinction between
these two types of systems is important to consider for
applications and the possibility of tissue effects.

fs Ti:Sapph Laser (oscillator)
| - Pulse lllllll»
Compressor

CW Pump Laser

fs Oscillator Laser
| |

-

CW Pump Laser

| Pulse Stretcher Pulse
Compressor

4E\ IZI

Low Rep Rate
Pulsed Pump Laser

Figure 12-1. The typical setup for a femtosecond laser oscil-
lator (top) and femtosecond amplifier (bottom).

CW: continuous wave; fs: femtosecond; Rep: repetition;
Ti:Sapph: titanium-sapphire

241



Biomedical Implications of Military Laser Exposure

There are several differences between the femtosecond
oscillator and the femtosecond amplifier. The femto-
second oscillator generates laser pulses at an extremely
high-pulse repetition frequency, typically near 100 MHz.
The average power is typically several hundred milli-
watts. This combines to produce approximately 10 nJ of
energy per pulse. With such a large repetition frequency,
exposed tissue reacts with the same damage mechanism
to pure CW exposures. Although this thermal damage
occurs at the same exposure level for CW and femto-
second oscillator laser exposures, some differences in
pathological and cellular responses have been reported.'

The femtosecond amplifier illustrated in the bottom
half of Figure 12-1 uses the output pulse train from a
femtosecond oscillator. These pulses are first stretched,
which means that the pulse duration is significantly
lengthened. This is done because, as pulses are am-
plified, short femtosecond pulses would exceed the
damage irradiance threshold for the mirrors and optics
of the system. Stretched pulses allow the amplifier
peak irradiances to remain below damage thresholds
for internal optics. The amount of stretching neces-
sary depends on input pulse characteristics, but any
input pulse is typically stretched from one to several
hundred picoseconds. A pulse selector is used to inject
very few of the hundreds of millions of femtosecond
pulses into the amplifier section of the laser system.
A very high-energy pulsed pump laser intersects the
Ti:Sapph crystal simultaneously with the injected
femtosecond pulse. This pulsed pump laser runs at

the same rate as the injected pulses, typically at 10
to 1,000 Hz. As noted in Figure 12-1, the pump light
(typically green for Ti:Sapph amplifiers) is injected
into the system through one of the near-infrared laser
amplifier “pump-through” mirrors. The resulting
low-repetition rate pulses circulate in the amplifier
cavity for several round trips until the pulse energy
has been increased through successive passes through
the Ti:Sapph crystal. When pulse energy is sufficiently
high, the pulse is ejected from the amplifier section into
the compressor. In the compressor, the pulse lengthen-
ing that was achieved by stretching is reversed. The
pulse is compressed to a significantly shorter pulse.
The eventual shortest pulse duration is limited by the
input pulse bandwidth due to the bandwidth-limiting
process discussed earlier in this chapter. Pulse energy
is limited by the amount of available pump energy,
and by the size and saturation of the Ti:Sapph crystal
because of thermal loading from optical pumping.
As shown, femtosecond oscillators produce low-
energy pulses at very high repetition frequencies, and
femtosecond laser amplifiers produce high-energy
pulses with extreme peak powers at relatively low-
pulse repetition frequencies. The eventual output of
the femtosecond amplifier is typically several mil-
lijoules of energy in approximately 100 fs pulses. This
produces several gigawatts of peak power, making
possible many nonlinear optical mechanisms. As will
be discussed later, these same nonlinear mechanisms
may occur in many laser—tissue interaction scenarios.

MEASUREMENT OF ULTRASHORT LASER PULSES

Because ultrashort lasers have special properties,
special care must be taken to characterize femtosecond
laser pulses that have

* extremely short pulse duration,
* large peak irradiances, and
* large bandwidths.

Some techniques of measurement apply equally
well to femtosecond, nanosecond, and microsecond
laser pulses. However, it is often the case that special
techniques must be used to characterize femtosecond
pulse duration.

Traditional Measurement Techniques
Pulse energy and wavelength measurements of

femtosecond pulses can be taken in much the same
way as longer wavelength pulses. The same energy
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detectors that are used to measure typical Q-switched
nanosecond pulse energy can also be used to measure
femtosecond laser energy. Usually, this requires no
change in setup or detector, although higher detector
sensitivity may be required to adjust for the fact that
typical femtosecond laser pulses have less energy than
do their Q-switched counterparts. Laser wavelength
can be measured easily thanks to the development of
integrating spectrometer units (eg, those that fit on a
PC [personal computer] board). A fiberoptic can be
used to collect light and deliver it to the time-integrat-
ing spectrometer. The wavelength bandwidth will be
greater for femtosecond laser pulses and, therefore,
the resolution requirements are somewhat relaxed for
measurement of laser bandwidth. The measurement of
femtosecond pulse width is usually much more chal-
lenging, however. These challenges (the photodiode
and oscilloscope and streak camera) are outlined in
the next section.



Laser Pulses  Focusing Lens m
— L) s ro—B
Photodiode  Oscilloscope

Figure 12-2. Typical setup for measuring pulse duration
using an oscilloscope and photodiode.

Photodiode and Oscilloscope

The most commonly used method for measuring
pulse duration is with a photosensitive element (eg, a
photodiode) and an oscilloscope to detect its response.
This method is illustrated in Figure 12-2. However,
because the typical high-speed photodiode has a limit-
ing rise time of 1 ns, this technique is not sufficient to
precisely characterize a femtosecond laser pulse. The
most carefully crafted photodiode with an extremely
small detector surface coupled to a fiber achieves a 10
ps response time at best. Therefore, novel techniques
have been devised to measure femtosecond laser pulse
duration.

Streak Camera

A second method used for measuring laser pulses
is a streak camera. A streak camera works in a manner
similar to how a television tube electron gun diverts its
beam. The streak camera first converts optical pulses
into a package of electrons with similar duration and
then sweeps the electrons with a pair of plates that
diverts their position on a phosphorous screen. Unfor-
tunately, this technique is also limited by minimum
measurable pulse duration. The shortest pulse duration
measurable by the streak camera is several hundred
femtoseconds. The streak camera also requires a large
capital investment on the order of several hundred
thousand dollars.

Interferometric Measurements: Autocorrelation

Due to the limitations of traditional measurement
techniques, more novel means have been devised to
measure the pulse duration of femtosecond lasers.
These techniques usually involve splitting a pulse
and optically interfering the pulse on itself. The first
such technique is the second harmonic autocorrelator
(illustrated in Figure 12-3) that requires multiple
pulses. A femtosecond laser pulse is split into two
equivalent beams. These beams are then intersected
in a frequency-doubling crystal. One of the beam

Ultrashort Lasers and Their Bioeffects

Translatable
Stage

Figure 12-3. Measurement of femtosecond laser pulse using
second harmonic autocorrelation.
fs: femtosecond

paths has a variable length that is swept from a
longer path through an equivalent path to a shorter
path. This produces increasing second harmonic
generation radiation as a function of the multipli-
cative pulse energies. The result is a unique pattern
in second harmonic intensity as a function of beam
path difference.

The result of this measurement has been uniquely
correlated with pulse duration. The output is a plot
of second harmonic intensity versus the relative posi-
tions of the pulses (ie, time between peaks arriving at
center of the crystal). This measurement correlates real-
spatial coordinates with time, allowing for resolutions
equivalent to several femtoseconds if the accuracy of
the stage is on the order of several micrometers. This
autocorrelation technique has been adapted for both
low-repetition and high-repetition rate systems (eg,
mode-locked lasers).

A number of other techniques have also been devel-
oped for pulse width measurement, primarily for la-
sers shorter than 50 fs. Examples include the following;:

* frequency-resolved optical gating (FROG),

* spectral-phase interferometry for direct elec-
tric field reconstruction (SPIDER),

* temporal analysis by dispersing a pair of light
E-fields (TADPOLE), and

* grating-eliminated no-nonsense observation
of ultrafast incident laser light E-fields (GRE-
NOUILLE).

These advanced measurement techniques are used
to determine the relative phase of the laser pulse in
addition to its pulse duration. The phase of an ultra-
short pulse is the relationship between the differing
spectral content in spatial position and extent. Phase
is relevant for pulse durations shorter than 100 fs and
for propagation of pulses in biologically significant
distances.
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ULTRASHORT LASER EFFECTS ON THE RETINA

Nanosecond to Femtosecond Minimum Visible
Lesion Thresholds

The first scientific reports on injury to the retina
from subnanosecond laser pulses were published'* in
1974 and 1975, using 25 to 35 ps pulses, and reported a
threshold of 13+ 3 pJ at 1,064 nm. Experiments during
this period used rhesus monkey eyes in vivo as the
model of choice to determine retinal injury thresholds.
The injuries observed in these studies were recognized
as different from retinal thermal injuries previously
noted by researchers who employed longer duration
exposures'®using the same model. It was speculated
that the unusual retinal injuries may be due to nonlin-
ear effects. Researchers theorized that melanin gran-
ules were responsible for retinal light absorption in a
way that differed from simple thermal denaturation of
retinal tissue. Immediate subretinal hemorrhages were
reported at 150 pJ, and comparison to previous work
showed a dramatic departure of threshold values us-
ing Nd:YAG Q-switched sources as seen in Table 12-2.

These experimental findings reinforced the hypoth-
esis that the effects of subnanosecond pulses occurred
by a mechanism other than thermal denaturation. His-
tological evaluation led many of the earlier investiga-
tors to speculate that retinal damage originated from
photomechanical shock waves originating in melanin
granules. They found that a change in radiant exposure
was not linearly dependent on exposure beam diam-
eter, as would be the case in a thermal damage model.
Therefore, a new nonthermal mechanism for damage
was found to be necessary for ultrashort laser exposures.

In 1978, Taboada and Gibbons ' applied probit
analysis'® and reported an ED,, (estimated dose for 50%
probability of laser-induced damage) at 95% confidence

TABLE 12-2

PRELIMINARY INDICATION OF DEPARTURE
FROM THERMAL DAMAGE MECHANISMS
WHEN SUBNANOSECOND LASER PULSES ARE
USED TO DETERMINE RETINAL THRESHOLDS

Pulse Retinal Wavelength

Duration  Threshold (u])  (nm) Reference
30 ns 280 1,064 15

15 ns 68 +12 1,064 13

10 ns 164 1,064 16

30 ps 8.7+4.8 1,064 17

30 ps 18.2+8.3 532 17

Data sources: see References
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level as 2.2 pJ (fiducial limits: 1.9 and 2.5 pJ) at 24-h
postexposure for 5.9 ps using a wavelength of 1,060 nm.
Based on this work, the minimum visible lesion (MVL)
criterion was defined as the smallest ophthalmoscopic-
observable grayish opacification differing from the
retinal background viewed by an observer at 1- and 24-h
postlaser exposure. The investigators provided both 1-
and 24-h ED, s for 1,064 nm 5.9 ps pulses (3.5and 2.2 1],
respectively). At the time, these pulses were the shortest
investigated in vivo, and the authors discussed possible
nonlinear effects, such as the four-photon process, di-
electric breakdown, and increases in short-wavelength
radiation (superbroadening).

In 1982, Bruckner and Taboada" reported on the ef-
fects of laser pulses of 6 ps in duration operating at 530
nm and delivered to the retina in vivo. The 24-hour ED;,
was again determined by probit analysis and found to
be 0.24 uJ (0.17-0.35 ) corresponding to a retinal irradi-
ance of 4.4 x 10*] cm™, with a correction of 0.88 for ocular
transmission and a spot size at the retina reported as 78
pum. When compared with earlier work by Goldman et
al®, who determined a threshold of 18.2 uJ with a retinal
spot size of 25 pum, an irradiance of 6.5 ] cm™ for 30 ps
is easily calculated. The results immediately suggest
nonlinear effects scaling with pulse power (Bruckner
and Taboada® measured 0.73 GW cm?, and Goldman
et al measured 220 GW cm™?). Bruckner and Taboada®
argued that the integrated irradiance of 4.4 x 10° ] cm™
at 6 ps could only create a small temperature rise, calcu-
lated as an increase of 4.0° C above ambient. Because this
thermal rise would decay rapidly within microseconds,
it would not be sufficient to cause phase change such as
that typically associated with thermal retinal damage
induced by longer duration laser exposures. This work
sparked more than a decade of controversy concerning
the validity of the data by Bruckner and Taboada.

The first femtosecond pulse retinal damage was
reported in 1987 by Birngruber et al,) who worked
with the Chinchilla grey rabbit model. The ED,;s mea-
sured ophthalmoscopically and angiographically were
reported as 4.45 pJ and 0.75 pJ, respectively. Visible
lesions were created using a 632 nm laser with 80 fs
single pulses delivered directly to the retina and a con-
trolling external optic to achieve an 80-um diameter spot
consistently on the retina. Albino rabbits were also used
to compare and consider the role of melanin. Interest-
ingly, the albino rabbit retinas were not injured by the
80 fs pulses. In the Chinchilla grey rabbits, the type of
damage observed at threshold energies appeared no
different, even at pulse energies 100 times that of the
ED,,. In fact, researchers were unable to produce a sub-
retinal hemorrhage at any energy. This provided clear



experimental evidence that the injuries caused by 80 fs
pulses were due to nonlinear rather than thermal effects.
Investigators also noted that melanin was central to
the mechanism of retinal damage even at femtosecond
laser exposures. Nonlinear mechanisms appeared to be
areasonable explanation as to why the extent of retinal
damage was limited at energies well above threshold.

In 1995, Cain et al” reported the first comprehensive
subnanosecond retinal damage study using rhesus
monkeys (Table 12-3). They were able to compare their
data to previous work and found that Bruckner and
Taboada’s data fit within the experimental error of their
own. This brought an end to the long controversy. But
with the new data came new questions concerning the
departure from a thermal damage model, the absence
of a trend in the data as a function of wavelength,* and
issues surrounding the role of nonlinear phenomena,
such as thermal acoustic transients, LIB, self-focusing,
and continuum generation.

Damage Mechanisms

As questions persisted concerning the basis of
retinal damage from subnanosecond laser pulses,
simultaneous work in the 1980s and 1990s found sci-
entists exploring the impact of nonlinear laser-induced
phenomena on the human eye.** In particular, it was
interesting that such nonlinear phenomena might be
put to use as ophthalmological treatments for eye
diseases.”™ Of particular interest were the nonlinear
phenomena of

* self-focusing,

* stimulated Brillouin scattering (SBS),
* supercontinuum generation, and

* laser-induced breakdown.

These phenomena had been well characterized experi-
mentally and theoretically for homogeneous nonbio-
logical materials. Their potential influence on the human
retina would yet have to be considered in terms of laser
beam spot size, wavelength, and pulse duration. These
are the characteristics essential to determining the resul-
tant peak power (critical power) at which phenomena
of interest become viable as a pulse of laser light makes
its way from the cornea to the retina.®

Self-Focusing

Self-focusing is an induced lensing effect that results
from wavefront distortion inflicted on the beam by
itself. Consider a laser beam with a Gaussian profile
propagating into a medium with a refractive index,
n, given by
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TABLE 12-3

MINIMUM VISIBLE LESION THRESHOLD AT
THE 95% CONFIDENCE LEVEL SHOWN IN
PARENTHESES)

ED,; (u)) Wavelength
Pulse Duration @24 Hours (nm) Reference

4ns 0.9 (0.60-1.35) 532 22
80 ps 4.2 (3.0-5.8) 1,064 23
60 ps 0.43 (0.32-0.54) 532 22
20 ps 4.6 (3.8-5.5) 1,064 23
6 ps 0.24 (0.17-0.35) 530 20

3 ps 0.58 (0.31-0.83) 580 22
1ps 2.0 (1.4-2.5) 1,060 23
600 fs 0.26 (0.21-0.31) 580 22
150 fs 1.0 (0.8-1.2) 1,060 23
100 fs 0.16 (0.11-0.23) 530 23
90 fs 0.43 (0.27-0.60) 580 22
44 fs 0.17 (0.13-0.22) 810 24

Data sources: see References

n=ny+An(|E*l) ~ n,+n,| E*|,
where

n, = the linear refractive index of the medium,
n,=the nonlinear refractive index of the medium,
E = the electric field of the laser pulse, and
|E?| = directly proportional to the power of the
laser pulse.

If An(1E?l) is positive and the beam has achieved a
critical power sufficient to overcome 7, then the central
part of the beam (having a higher intensity) will experi-
ence a larger refractive index than the beam edge. The
central part of the beam will undergo a distortion similar
to that imposed on the beam by a positive lens. Thus, it
will appear to focus by itself. Self-focusing leads to an in-
crease in irradiance, which can in turn contribute to other
nonlinear optical effects. Two self-focusing effects have
been described in detail”* as having potential impact
on subnanosecond retinal damage. Weak self-focusing
has a threshold of occurrence below 10 ps. Critical beam
collapse has a threshold below 100 fs when compared to
MVL data. Note that the critical power for beam collapse
in water has been reported as near 500 kW peak power.*

Stimulated Brillouin Scattering
SBS is laser light scattering from refractive index

variations associated with sound waves generated in a
medium by alaser pulse. The most common mechanism
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for the creation of such sound waves is electrostriction,
where there is a tendency of the medium to become
compressed in an area of high intensity. In general,
when the thresholds for SBS are compared to MVL data
from the visible spectrum, the conclusion is that SBS
would not be a factor in the resultant retinal damage
for visible wavelengths. Further, if one considered near-
infrared pulses around 1,064 nm with a pulse duration
of 1 ns and a damage threshold of 1 mJ cm?, a critical
power of 385 kW could be achieved within the threshold
for SBS. However, this would lead to an increase in the
retinal damage threshold because a percentage of the
laser light would be backscattered away from the retina.

Supercontinuum Generation

Supercontinuum generation occurs when a pulse
of laser light reaches a critical power within a me-
dium and the nonlinear refractive index changes
during propagation, thus leading to the production
of a wide spectral bandwidth. When required critical
peak power is compared to MVL data below 1 ns, the
conclusion is that supercontinuum generation is not
a contributing factor to subnanosecond MVLs in the
visible spectral region. In general, when compared
to actual retinal threshold data, the regime in which
supercontinuum generation is calculated to change the
characteristics of the forward propagating beam is near
1 fs. With the multiphoton excitation increases in the
2014 release of the ANSI (American National Standards
Institute) Z136.1% standard (Safe Use of Lasers) for the
1.2 to 1.4 pm range, the possibility of supercontinuum
generation needs to be evaluated where incident peak
powers at the cornea approach the critical power for
self-focusing after propagation with absorption into
the eye. Further research is warranted.

Laser-Induced Breakdown

LIB offers the most plausible explanation for ob-
served anomalies in the trends away from thermal-
induced lesions above the 1 ns exposure time domain.
LIB is a catastrophic dielectric breakdown due to ex-
tremely large electric fields associated with high peak
powers when laser pulses are focused into a medium
(solid, liquid, or gas). This effect can be coupled with
self-focusing. Dielectric breakdown through optical
absorption of laser radiation is the partial or complete
ionization of the medium. This ionization results in a
gas of charged particles called plasma, which absorbs
optical radiation much more strongly than ordinary
matter. Associated with the plasma is rapid heating
by the laser pulse, expansion of the plasma, an audible
acoustic signature, and a visible emission.
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LIB may occur from either of two distinct mecha-
nisms: (1) indirect ionization (avalanche ionization)
of the medium and (2) direct ionization (multiphoton
absorption) of the medium. By using indirect ioniza-
tion, one or more “free” electrons must be in the focal
volume of the pulse to initiate the process whereby
free or “seed” electrons can absorb light through col-
lisions with atoms or molecules. Avalanche ionization
occurs when an energy greater than the ionization
potential is reached by a free electron, which in turn
transfers energy through collision with another atom
or molecule to produce a second free electron, and
the process continues geometrically until breakdown
is achieved. With direct ionization, each electron is
independently ionized, thus requiring no free electrons
or collision processes to drive it. Multiphoton ioniza-
tion is a process that becomes significant only at high
irradiances and wavelengths in the near-infrared or
shorter regime.

To consider LIB in terms of MVL production in the
eye, the mechanisms described previously require an
understanding of focused beam wavelength, pulse
duration, and spot size that lead to the critical power
needed for the event to occur. Kennedy® identifies
three laser pulse exposure time domains of concern:

1. along pulse regime (>100 ns) dominated by
avalanche ionization;

2. a short pulse regime (100 ns-200 fs), where
both types of ionization can be significant;
and

3. an ultrashort pulse regime (<200 fs) domi-
nated by multiphoton ionization.

In the 100 ns to 200 fs time domain, the laser pulse
may be so short that avalanche ionization cannot oc-
cur unless a multiphoton ionization process “jump
starts” the avalanche process. Note that below the
thresholds necessary for the previously described
processes, a fourth process can occur that is initiated
by any one of the three processes. Specifically, very hot
gas bubbles can form in the focal region of the laser
pulse. This process does not quite reach a full-blown
LIB as described by the formation of a visible event or
acoustic signature.*"*

Table 12-4 summarizes our laboratory’s predicted
nonlinear threshold phenomena as it compares to
experimental ED, thresholds at 24 hours postretinal
exposure. Here, the two LIB processes (avalanche and
multiphoton ionization) are not comparable with the
much lower ED,, thresholds down to 90 fs. However,
the self-focusing threshold does become comparable
between 600 fs and 90 fs, respectively. In fact, there is
an increase in the avalanche threshold from 600 fs to
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TABLE 12-4
THRESHOLD ENERGIES FOR SEVERAL NONLINEAR PHENOMENA COMPARED TO THE RETINAL
DAMAGE THRESHOLD
Retinal Image  Self-Focusing  Avalanche Multiphoton
Pulse Duration ED, at24 Hours (uJ) Diameter (um) Threshold (uJ) Threshold (uJ) Threshold (u])
4 ns: 532 nm 0.9 30 2,400 181.0 9,536
60 ps: 532 nm 0.43 39 36 33.6 580
6 ps: 530 nm 0.24 39 3.6 13.6 99
3 ps: 580 nm 0.58 30 2.1 15.4 156
600 fs: 580 nm 0.26 30 0.43 13.3 83
90 fs: 580 nm 0.43 30 0.06 32.7 20

90 fs, respectively, whereas the multiphoton threshold

process continues to diminish.

Studies are currently underway to determine the
response of the retina to exposure to laser pulses

shorter than 100 fs. Current laser safety standards do
not provide maximum permissible exposure levels for
these shortest pulses. Cain et al* showed that retinal
threshold damage for exposures <90 fs is the result of
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Figure 12-4. Damage mechanisms are listed as labels on this plot of single-pulse laser exposure threshold versus duration
(data points). The lines are the current maximum permissible exposure levels from the ANSI Z136-2014 standard.

MPE: maximum permissible exposure; MVL: minimal visible lesion
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LIB in the retina. Another study by Cain et al** reported
the retinal damage threshold for a 40 fs laser exposure,
which is the shortest-duration laser pulse to create a
retinal lesion ever recorded. Also, the damage ener-
gies for retinal lesions described in that report were
made with the smallest single-pulse energy (0.17 pJ)
of any study ever published. The authors found that,
depending on how the pulse was preconditioned,
retinal damage threshold could be reduced from
0.25 pJ per pulse to 0.17 uJ per pulse, respectively.
Beam preconditioning was achieved by adjusting the
phase of the pulse, which is the relative position in
time of the longer wavelength portion to the shorter
wavelength portion. This effect was shown to be more
pronounced as pulse duration decreased below 20 to
50 fs for wavelengths of 450 to 800 nm, respectively
(see Table 12-1). The effects on propagation for these
shortest pulse durations are defined by GVD (Figure
12-4). It is believed that the modeling done by Cain et
al* can be extended to determine the expected retinal

damage thresholds for all retinal hazard wavelengths
for pulse durations below 100 fs. If so, this will allow
future safety standards to establish maximum permis-
sible exposure levels for sub-100 fs laser exposures.
Figure 12-4 summarizes our discussion on retinal
damage mechanisms.

Thermal and photochemical damage are delineated
in Figure 12-4 for pulses longer than approximately
20 ps. These are long-term exposures whereby heat
can produce protein denaturation or photochemical
damage can occur for long-term, blue-to-green expo-
sures. For pulse durations between 100 fs and 20 us,
respectively, Lin et al* have shown that microcavita-
tion around melanosomes of the retina can induce cell
injury. This is delineated in Figure 12-4 as melanin
microcavitation. For pulse durations on the order of 1
ps, Rockwell et al* have shown that self-focusing can
occur, thus reducing the retinal spot size and thereby
reducing the corneal irradiance required for minimal
damage.

ULTRASHORT LASER EFFECTS ON THE SKIN

There have been three studies documenting dam-
age to the skin from femtosecond exposures.** These
studies result in different conclusions, possibly because
their parameters are slightly different. Watanabe et al*
used an amplified 65 fs laser pulse at 630 nm to study
the damage threshold for producing immediate whit-
ening (and ultrastructural changes in melanosomes)
utilizing the black guinea pig skin model. Using a 50
um spot size, they found that, at 0.31 ] cm, there was
melanosome disruption. No other damage was seen
up to 0.58 J cm™. At 0.92 ] cm™, the investigators noted
increased electron density of the cytoplasm in electron
microscopy of the area. They further observed that
when gross and ultrastructural damage thresholds of
melanin were plotted versus pulse width, there was
a near-constant fluence damage threshold for 65 fs to
10 ns, and an increase in threshold for 40 ns to 0.4 ms
exposure durations.

Frederickson et al* employed 800 nm, 120 fs laser
exposures using 1 mm spot size exposures to measure
the ablation threshold for skin. They used shaved,
Sprague-Dawley female rats as their skin model. The
threshold energy for tissue ablation was 2 m]J, which
translates to 2.5 TW c¢m™ peak power or a radiant
exposure of 0.26 ] cm™. Very little tissue was removed

with these threshold exposures because it took 100
pulses to ablate the epidermis.* Using 9 m] per pulse,
10 pulses would remove the epidermis.

Kumru et al” used 810 nm, 44 fs laser exposures
with sufficient propagation distance to allow the beam
to collapse to a filament (or set of filaments) before
impinging the skin of Yucatan mini-pigs. Using this
setup, they determined that a pulse energy of 8.2 mJ
produced a minimally visible ED,; lesion 1 hour after
exposure. This damage threshold corresponds to the
energy required to produce a femtosecond filament,
implying that this phenomenon was required for these
low-pulse energies to produce skin damage.

Examination of these three studies highlights the
importance of relative biophysical thresholds in deter-
mining the damage from lasers. The ablation threshold
for femtosecond laser exposure is near the threshold
for melanosome disruption; but, if the peak power
in the beam is sufficient for a filament to be created,
a lower threshold for skin damage may be possible.
Both of these phenomena will lead to skin damage,
but the threshold for damage will depend on which
phenomenon leads to a lower threshold for any given
combination of pulse width, wavelength, propagation
distance, and spot size.

ULTRAFAST, ULTRAINTENSE LASERS

It is necessary to consider the effects produced by
ionizing radiation as a byproduct and therefore a safety
challenge for femtosecond lasers operating at ultra-
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intense power densities. Technological advances have
led to the development of lasers with extreme powers
and intensities, where the current record set by the



HERCULES laser in 2008 achieved a focal intensity of
2 x 10” W cm™.* This was achieved at the University
of Michigan in 2008 through the use of adaptive optics
that provided an ideal focusing of the laser pulse, thus
achieving a peak power of 300 TW. Several facilities in
the world can now provide laser pulses of 1 PW (where
TW is the terawatt unit or 10'> W and PW is petawatt
unit or 10 W).

Intensities on the order of 10> W cm™ correspond
to field strengths that are capable of perturbing
electrons at the highest energy levels strong enough
to cause a nonlinear response. At intensities of the
order of 10" W cm?, laser fields start to compete
with intraatomic fields, causing rapid ionization and
complex dynamics of electrons. As available laser
intensity has reached a level of the order of 10'* W
cm?, laser fields begin to surpass the intraatomic
fields that bind electrons, thus providing the mecha-
nism for rapid ionization of various targets and for
studies considering nonlinear processes. Between
10" and 10* W cm?, competing matter interaction

Ultrashort Lasers and Their Bioeffects

mechanisms are operative that account for the in-
duced relativistic motion of electrons, relativistic
self-induced transparency, and the ability to over-
come the ponderomotive force that is responsible
for excitation of Langmuir waves by a laser pulse
propagating in undersense media.**

It is important to consider the interaction of ul-
trashort, ultraintense laser light with matter where
ionizing radiation may be produced in terms of the
potential hazard and how in the process this hazard
can be mitigated. In one such reported study, Qiu
et al”' note that a very limited number of studies
have considered the issue of laser-induced ionizing
radiation protection. In their work, they focused on
the physics and characteristics of laser-induced X-ray
hazards. Their concern centered on the possible X-ray
dose rate associated with 4 TW and a peak intensity of
2.4 x 10" W cm™. Their conclusion called for a graded
approach to mitigate the laser-induced X-ray hazard
with a combination of engineered and administrative
controls being proposed.

SUMMARY

Femtosecond lasers are finding application in a
host of novel applications. Here, we have described
the novel damage that is seen with femtosecond laser
exposure to the retina and skin. Femtosecond laser
pulses create tissue damage with the reduction of pho-
toacoustic effects, resulting in more precise damage
zones.””” With damage mechanisms found to occur,
treatment and injury response are possible. Multipho-

ton absorption in microscopy and DNA dissection
techniques have made possible several new fields of
study related to the use of femtosecond laser pulses
with no photomechanical effect. Although battlefield
applications may be years away, ultrashort lasers will
inevitably be militarized, and their eventual utility
will likely be determined by their initial application
in nonmilitary settings.
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