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Abstract. Ablation at wavelengths near A=6.45 um results in tissue
ablation with minimal collateral damage (<40 um) yet yields a high
ablation rate that is useful for human surgery. However, delivery of
this wavelength has been limited to that in air and thus to applications
in which the target tissue can be readily exposed. The goal of this
study is to investigate the potential of a pulsed infrared laser at A
=6.45 um for noncontact ablation in a liquid environment. To this
end we investigated fiber delivery in combination with the use of
infrared transparent liquids. Transmission characteristics and damage
thresholds for two types of fiber materials (silver halide and arsenic
sulfide), for high-power pulsed laser radiation were determined using
the Mark 11l free electron laser. Both fibers had comparable bulk losses
(0.54 dB/m and 0.62 dB/m, respectively) while the arsenic sulfide
fibers showed more coupling losses (37 versus 27%). Damage thresh-
olds were higher in arsenic sulfide fibers than in silver halide fibers

(1.12 GW/cm? versus 0.54 GW/cm?), but both fibers were sufficient
to deliver radiant exposures well above the ablation threshold in tis-
sue. Seven different perfluorocarbon liquids (PFCLs), known for their
transparency at A=2.94 um, were investigated and their optical
transmission was determined using Fourier transform infrared and di-
rect Beer’s law measurements. All of the PFCLs tested had similar
values for an absorption coefficient u, at a given wavelength (u,
=0.05mm~" at \=2.94 um and w,~3 mm~' at A\=6.45 um).
Pump-probe imaging showed the ablation sequence (A=6.45 wm) at
the fiber tip in a water environment, which revealed a fast expanding
and collapsing bubble. In contrast, the volatile PF-5060 showed no
fast bubble expansion and collapse, but rather formation of nontran-
sient gas bubbles. Perfluorodecalin did not show any bubble forma-
tion at the radiant exposures used. It was shown that using the X\
=6.45 um wavelength delivered via fiber optics in combination with
perfluorodecalin allows a noncontact laser surgical procedure.
Deeper structures, however, are effectively shielded because the radi-
ant exposure of the beam will fall below the ablation threshold owing
to the absorption by perfluorodecalin. This may optimize the efficacy

and safety of laser-based vitreoretinal surgery. © 2003 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1606460]
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1 Introduction in using many laser sources in these absorption bands, how-

Lasers have tremendous potential as high-precision surgical€Ve. is the lack of adequate optical fibers. Regular silica fi-
devices because they can be focused to a small spot and?ers. including low-OH fibers, transmit from 350 to 2500 nm.
wavelengths can be selected that are either strongly or selecPractically speaking, this has limited the surgical applications
tively absorbed in the target tissue. While numerous ablation of many of these lasers, in particular when ablation in a liquid
modes and interaction mechanisms exist, tissue ablation inenvironment is required, as is the case of vitreoretinal surgery.
eloquent structures of the body, such as the brain or eye, re- Perhaps the laser most utilized for these applications has
guires precise ablation of the target tissue while minimizing been the erbium:yttrium aluminum garnér:YAG) laser,
collateral damage to adjacent tissue structures. Of the existingwhich can be delivered via specialty fiber optics made of ma-
conventional laser sources, particularly those in the UV terials such as sapphire or zirconium fluorfde Neverthe-
(<300 nm and in the IR(>2.7 um) have been shown to
exhibit very strong absorption in soft tisstié. limiting factor 1083-3668/2003/$15.00 © 2003 SPIE
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less, while the collateral thermal damage induced by the less removal of different types of vitreoretinal membranes, as
Er:YAG laser is small, it is not negligible. An important rea- well as retinotomy and retinectordy.Various researchers
son for this is that the pulse duration of the free-running have investigated the use of the Er:YAG laser in retinal and

Er:YAG laser is typically on the order of 25Qs FWHM, vitreous surgery and concluded that it is an effective tool for
allowing significant thermal diffusion since this pulse duration the complete transection of vitreous membranes as well as the
is significantly longer than the thermal diffusion tinfep- creation of retinectomies in detached retinas. Nevertheless,

proximately 1.6 us) given an optical penetration depth of although the Er:YAG laser has been shown to produce precise
~1um at the 2.94 um wavelength. Alternatively, the tissue transection and ablatié?there are two main prob-
Q-switched Er:YAG laser typically has a pulse duration of 40 lems in using infrared-laser radiation in an aqueous environ-
to 100 ns FWHM and hence is thermally confined. However, ment such as the vitreous.
this shorter pulse duration has been shown to result in more  First, the aqueous environment by virtue of its strong ab-
explosive ablation and can lead to increased mechanical dam-sorption coefficient for laser radiation greatly impedes the
age owing to explosive bubble expansion and collapse, in amount of laser radiation that actually reaches the target tissue
particular when it is applied in close vicinity to solid bound- unless the delivery fiber is in direct contact with this target
aries where cavitation can result in damaging jet formation. In tissue. This in turn increases the risk of mechanically damag-
a related scenario, collateral damage may be caused by mising the delicate structures in the retina and retinal nerve layer.
match of acoustical impedance boundaries, resulting in strongSecond, the formation of fast expanding and subsequently
pressure transients. This may also be true for the free-runningcollapsing water vapor bubbles at a submerged fiber tip may
Er:YAG laser, which has }es spikes during its pulse. Conse- cause mechanical damage both directly or indirectly owing to
quently, the search for alternative lasers and laser parametershe generation of strong pressure transiéhts.
has been a continuing quest. In order to deliver midinfrared light to vitreoretinal tissues,
Recent research using a free electron ld@ganderbilt Uni- a delivery system through a liquid environment needs to be
versity Mark Il FEL), a tunable infrared source, has provided devised. In addition to a delivery fiber able to transmit the
strong evidence that ablation at wavelengths néar  wavelength range of interest, the laser radiation needs to be
=6.45um results in tissue ablation with minimal collateral delivered to the target retinal layer. Given the absorption co-
damagg <40 um) yet yields a high ablation rate that is use- efficient of vitreous in the 6 to 7em range(u,~ 80 mni 1)
ful for human surgery. In biological soft tissue, this wave- and the macropulse duration of the FEL of onlyS (com-
length of light is coupled into the vibrational modes of water pared with the Er:YAG laser’s 250s, which allows delivery
molecules(symmetric and asymmetric strejéfas well as the through a laser-induced vapor channéhis means that either
vibrational mode of the amide-II bond. It has been postulated the fiber needs to be in contact with the tissue or the infrared-
that this direct absorption by the essential bond in the back- absorbing vitreous needs to be replaced with a liquid that does
bone of most structural proteins has the potential to reduce thenot absorb the infrared laser radiation. When using the
tissue integrity, thus allowing efficient ablation of ocular and Er:YAG laser for this application, Wesendahl efateplaced
neural tissue with minimal collateral damagfeln addition, the vitreous with perfluorodecalin, a member of the perfluo-
the FEL pulse consists of a &s macropulse, which is made rocarbon family, which is routinely used as a temporary vit-
up of a micropulse train of 1-ps pulses at 3 GHz. The relative reous substitute to prevent retinal detachments during vitreo-
contributions of the FEL pulse structure and specific wave- retinal procedure§ Perfluorocarbon liquids (PFCLS
length to the ablation process continue to be the subject of [ CF;(CF,),CF;] have many characteristics that make them

investigatior® ™! beneficial for vitreoretinal applications, including the follow-
Based on various preclinical stud®¥1°two clinical ing: high specific gravity, low viscosity, and immiscibility in
protocols are currently under way that utilize the Mark 1ll water. In addition, perfluorocarbons conveniently have the

FEL in neurosurgicalbrain tumor resectionand ophthalmo- added characteristic of relative transparency in the infrared
logic (optic nerve fenestratiorapplications. While these stud- part of the spectrum with au,=0.05mm?* at A\
ies are still ongoing, preliminary results suggest that the FEL =2.94 um.?* Perfluorocarbon liquids were first evaluated for
at 6.45um is able to ablate biological soft tissim vivo in medical use as oxygen carriers in 198@hey were first used
humans with minimal and sometimes undetectable collateral as vitreous substitutes and employed clinically for vitreoreti-
damage. To date, the delivery of midinfrared laser radiation nal surgery in 1987%%! The introduction of PFCLs has en-
(for the purpose of this study defined as light in the wave- hanced the success rate of many vitreoretinal surgical proce-
length range from 6 to &um) has been limited to that in air ~ dures. Their high specific gravity allows the hydrokinetic
and thus to applications in which the target tissue can be stabilization of the retina on the posterior pole of the eye
readily exposed. It should be noted that the fiber optic mate- during surgery. By this means, the retina is flattened and the
rials that are used for transmission of the Er:YAG wavelength subretinal fluid can be displaced without a posterior
(sapphire and zirconium fluoriflelo not transmit in the 6 to  retinotomy?
7-um range. In this study we explore the possibility of using Currently, the Vanderbilt free electron laser is one of the
the FEL at the midinfrared part of the spectryénto 7 um) few lasers in the world that has the capability of delivering the
delivered via optical fibers to ablate eloquent target structures A = 6.45-um wavelength with sufficient pulse energy and av-
in a liquid environment. While there are numerous examples erage power to be useful for medical applications. However,
of applications that would benefit from this approach, we fo- in the next few years, alternative technologies based on solid-
cus on one of the most obvious ones: vitreoretinal procedures.state development€OPQOsg as well as other lasers will be-
The use of laser light with adequate cutting capabilities in come available and have output characteristics that will make
vitreoretinal surgery would allow safe and extended traction- them amenable to medical applications on a broader scale. At
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that time, delivery devices will be necessary to adapt this transmission was determined as a function of wavelength, in-

technology to clinical investigations. put energy, and fiber length. Three samples of each fiber type
The goal of this study is to investigate the potential of the were used to determine the average transmission for each fi-

6.45-.um-wavelength pulsed infrared laser for ablation in a ber material. By using two different lengths of fiber samples,

liquid environment. To this end we have explored transmis- losses due to coupling and Fresnel reflections were decoupled

sion and threshold damage characteristics of two different IR- from bulk losses in the fiber material. In all fibers the damage

transmitting fiber optic materials and have explored the use of threshold was defined as the input energy level at which the

perfluorocarbon liquids as midinfrared transparent liquid vit- transmission of the fiber started to drop, i.e., failure.

reous substitutes. The ablation characteristics of a water-rich

tissue phantom through several perfluorocarbon liquids were 2 - Optical Property Determination of

documented. Perfluorocarbon Liquids

. Seven different perfluorocarbon liquid3M, St. Paul, Minne-
2 Materials and Methods sota; F2 Chemicals Ltd., Lea Town, Preston, UK; Oakwood
2.1 Fiber Delivery of 6.45-um Laser Pulses Products Inc., West Columbia, South Carojiraf varying

Silver halide fiberd AgCly Bro 6: School of Physics and As- composition, chain length, and branching were tested for their

tronomy, Tel Aviv University and arsenic sulfide fiberda- absolute absorption properties in the infrared from 2 to 10

val Research Laboratory, Washington, D.@ere tested for pm. The infrared spectra were obtained using a Bruker IFS
o 7 ' . 66-V Fourier transform infraredFTIR) spectrometer in the
transmission characteristics at the wavelengths of interest

. : ) transmission mode through a 5@ sample chamber. The
EZAE;?:I 6Br1 a)n ?/ver6é4§&)m)h ;h?jiazl(:'; rr ahna(lj“dvser;lbce(;fe infrared spectra of the PFCLs were compared with that of
only .E_Xr)]e gaﬁiples used wlgre typically 20 cm in length, but saline. Saline was used as a control to simulate the makeup of

fibers with 2-m lenaths were available and w I Br vitreous humor. The absolute transmission measurements
. engtt GClo.Bro.s- from the FTIR were used to calculate the absorption coeffi-
The arsenic sulfide fiberpart of the chalcogenide glass fam- . .
. ; R cient of the PFCLs. The FTIR data were then compared with
ily of materialg were 800um in diameter core and were core - , - .
. . . - : data obtained by a Beer’s law experiment using the FEL to
with cladding. These fibers were typically 100 cm in length - .
. 4 ... determine whether the unique pulse structure of the FEL and
and were tested to determine their damage thresholds with S o . .
. L the high intensities of the laser caused any differences in the
respect to the high peak power of the FEL, which is on the . . .
order of ~ GWi/cn?. This high peak irradiance is due to the absorption properties of the materials tested. The relevant ma-
unique pulse structure of the FEL. It is the picosecond micro- terial properties of the seven PFCLS testtarithe extent they

pulse that leads to the high peak irradiance that is inherent?.;%llénfwn or provided by the manufactujease shown in
with the FEL used. .
The Vanderbilt University FEL was used as a test laser for To verify the FTIR data at selected wavelengths and to

transmission and damage threshold experiments. The Iaserlnvestlgate the effect of intensity and pulse profile on the ab-

light was sent through a double Brewster plate polarizer sorption rate, a Beer's law experiment was performed by cou-
(Igl’—VI Inc Saxonburg Pennsylvaniawhich al?owedpcon- pling the light at the three wavelengths of interéx94, 6.1,
. v 9 y | . : and 6.45um) into a silver halide fiber. The fiber was then
tinuous variation of the laser power. This polarizer was S . .

. . . placed inside a homemade sample chamber in which the bot-
mounted on a motorized rotation stage in the vacuum beam

line of the FEL and controlled by a vacuum feedthrough con- [0 consisted o€af, so that the mid-IR light could be trans-
y a vact oug mitted through the bottom of the chamber and measured by a
troller (New Focus, San Jose, Califorhpidn all experiments

.~ . detector immediately below the chamber. The chamber was
the laser was tweaked to ensure a pulse-to-pulse variation in. . .
. filled with each PFCL and the fiber was translated away from
energy of less than 10%, measured over 500 pulses. After it - . .
. - the CaFk, window in 200um increments by a Newport trans-
left the vacuum beam transport system vi®8aF, window, - . o . .
. X X lation stageNewport, Irvine, California until a distance of 4
the light was then focused onto the face of a fiber with a . S
Ce mm was obtained or no measurable transmission could be
2-in.-diameter, 200-mm focal lengt@aF, lens. The beam

: . e ) detected. The transmission through the bottom of the sample
profile was determined to be a Gaussian into the fiber and a hamb d hi . h
top hat with varying hot spots out of the fiber by guiding the chamber was measured at each Increment using the power

- : . 2 meter. An average of 50 pulses with a repetition rate of 15 Hz

beam onto a Spiricon beam profiler. The fiber was positioned ded. A il i h L
just beyond the focal point of the lens in order to avoid fo- was recorded. An exponential it to the transmission versus
Just beyon . . L distance curve yielded the absorption coefficient of the liquid.
cusing inside the fiber. The coupling was maximized for trans-

mitted power. The experiment was repeated for multiple fiber In tzese expenmr:entshthe 'g.‘ag'”g setlgee Seﬁ' %)bSW,asd |
samplesn=>3) at\ —2.94,6.1, and 6.45:m. By rotating the used to ensure that the radiant exposure at the fiber's dista

olarizer. the inout eﬁerl ) \;vas S|(;W| iﬁcreased from the end was low enough to avoid bubble formation or cavitation
poia ' put gy y effects that could influence the transmission measurements.
minimum the polarizer would allov{~ 0.5 mJ/pulsg up to

the point of fiber failure. The input power as well as the trans- ] o

mitted power was determined by using a Molectron EPM 2.3 Target Ablation Through Perfluorocarbon Liquid

2000 laser energy metélMolectron Detector Inc., Portland, A standard pump-probe imaging technique was used to image
Oregon. Energy input to the fiber was measured just after the the ablation process at the distal end of the fiBeFhis
coupling lens using a Molectron J-50 detector. The energy method was used to document the ablation dynamics both in
transmitted through the fiber was measured by placing the the PFCL alone as well as the ablation of a tissue phantom
detector within 1 cm from the distal end of the fiber. The through the PFCL. Based on the fiber testing experiments, we

Journal of Biomedical Optics * October 2003 + Vol. 8 No. 4 585



Mackanos et al.

Table 1 Relevant physical properties (to the extent that they were provided by the manufacturers) of the seven perfluorocarbon liquids used in
comparison with water. Note that PF-5060, PF-5070, and PF-5080 are identifiers assigned by the manufacturer (3M) representing (mostly) six-,
seven-, and eight-carbon PFCLs.

Perfluoro-1,3- Perfluoro- Perfluoro-
Perfluoro- dimethyl- methyl- perhydro-
PF-5060°  PF-5070°  PF-5080°  decalin®  cyclohexane® decalin® fluorene® Water
Boiling point °C 50-60 75-90 90-107 142 102 155 194 100
Vapor pressure (mmHg) 232 79 45.7 6.6 36 2.175 <1 16.112
Density (g/cm?) 1.7 1.7 1.7 1.917 1.828 1.972 1.984 1
Viscosity (mm?/s) 0.4 0.7 0.8 2.66 1.06 3.25 4.84 100
Refractive index N/Ad N/A N/A 1.313 1.2895 1.3195 1.3289 1.34
Molecular weight N/A N/A N/A 462 400 512 574 18
Heat of vaporization (kl/kg) N/A N/A N/A 78.7 82.9 75.5 71 2260
e 3M.

b F2 Chemicals Ltd.
¢ Oakwood Products, Inc.

9 Data not available from company.

used a silver halide fiber for the ablation experiments. The 3 Results

source for the imaging illumination was a nitrogen dye laser thg regylts of the fiber experiments are summarized in Table
(Laser Photonics LN 1000 with a rhodamine dye module 5 At )\ —6.45um, the silver halide fibers, including all the

operating at 644 nniLaser Photonics LN 102The timing coupling and Fresnel losses, were able to transmit 60% of the
between the FEL pulsépump and the nitrogen dye pulse jncigent light for a fiber length of approximately 20 cm. The
(probe was set using a digital delay-pulse generg8ienford 5 qenic sulfide fibers are known to have a fairly significant

Research Systems Inc., model DGh3Bhe output of the ni-  g556f in transmission above=6.2 um so they were tested
trogen dye probe laser was coupled into a gbd-multimode 5 5 \yavelength of 6.1um. The bulk losses of both fiber

fiber with a length of~1000 m. This fiber length signifi- materials were approximately the sani6.54 dB/m or
cantly reduces the coherence of the probe light and hence

improves the image quality by eliminating speckle. A standard

black-and-white CCD_ camera was used with a_ frame rate of table 2 Physical parameters for the silver halide and arsenic sulfide

30 Hz to record the images onto an S-VHS videotape. The fibers at A=6.45 wm and 6.1 um, respectively. While the bulk losses

images were then digitized using an ATl Rage-Pro Mobility of both materials are comparable, the silver halide fibers have less

video card for processing and analysis. coupling loss because of their smaller refractive index. The damage
The ablation of the liquid was performed using perfluoro- threshold of the arsenic sulfide fibers is about two times that of the

. - . - : . il lide fibers.
decalin(which has a high boiling point PF-5060(which has silver halide fibers
a low boiling poin}, and water at a 6.4m wavelength with

the FEL. For these experiments the silver halide fiber was Silver Halide  Arsenic Sulfide
placed in a horizontal position in order to avoid trapping gas

bubbles underneath the fiber tip. The fiber was inserted Tesfing wavelength, A (xm) 6.45 6.1
through a watertight port that was puilt into a glass cuvette. ;¢ ive index 21 25
The tissue phantom used was gelatin that was 90% water by

weight. The ablation of the tissue phantom was done using Fiber diameter (.m) 700 800

perfluorodecalin at wavelengths of 2.94 and 64®. The

setup for the tissue phantom ablation was the same as for theCOUpIing loss (%) ~266 ~367
liquid ablation except that the fiber orientation was vertical gyl loss (dB/m) 0.54 0.62
and the tissue phantom was placed in the bottom of the cu-

vette. Bulk loss (%/m) 1.7 13

_ In order to quantlfy_the effect of varying the (_jlstance of the Damage threshold at 30 Hz 78 15.9
fiber from the target in perfluorodecalin, the tissue phantom (em?)

ablation experiment was repeated\at 6.45um by varying

the distance of the fiber from the target surface and the num-Damage threshold 0.54x10° 1.12x107
ber of pulses delivered. The ablation depth was then deter-'”‘m“"’z1ce for micropulse

mined for each data point for quantification. (w/em?)
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Fig. 1 FTIR spectra for five of the seven different perfluorocarbon lig-
uids tested. It can be seen that all five of these spectra are nearly
identical throughout the 2 to 7-um wavelength of interest and deviate
only slightly beyond 7 um. The remaining two PFCLs (PF-5060 and
perfluoro-1,3-dimethylcyclohexane) had similar curves (not shown
here). Note that there is no measurable absorption of light (in the
500-um cuvette used in the FTIR) in the 2 to 3.5-um range.

11.7%/m and 0.62 dB/m or 13%/m, respectiyelyhe dam-
age threshold of the silver halide fibers was significantly
lower than that of the arsenic sulfide fibéa8 J/cn? versus
15.9 J/cm), where these numbers represent the threshold ra-
diant exposuréat the center of the Gaussjgmer macropulse
with the laser running at 30 Hz. Derived from this are the
peak irradiance damage threshold valgeslculated per mi-
cropulse of 1 ps These values aré.54 GW/cnd and
1.12 GW/cn? for the silver halide and arsenic sulfide fibers,
respectively. Practically speaking, in the 20-cm-long fiber
samples of silver halide, we were reliably transmitting up to 7
mJ (output energyper macropulsé5 ws) at 30 Hz through a
700-um diameter fiber for an extended period of time
(>10 min). This represents a radiant exposureld2 J/cm
at the distal fiber surface, which was sufficient to conduct the
ablation experiments(Hy,=0.41 J/crd for water at A
=6.45um and H=0.0326J/crh for water at A
=2.94,m).33* |n addition, although they were not quanti-
tatively analyzed in this study, the silver halide fibers are
more flexible, softer, and bendable than the rather stiff and
brittle arsenic sulfide fibers. Moreover, when they were dam-
aged at the surface, the silver halide fibers could fairly easily
be re-cut without the need for polishing while the arsenic
sulfide fibers are difficult to cut and need to be polished. This,
together with the equivalent loss characteristics, led us to
choose the silver halide fibers for the rest of the experiments.
FTIR analysis on the seven PFCLs showed no significant
differences in the absorption curves for all the PFCLs tested
in the range from 2 to um. Beyond 7um, some differences
were observed, but this was outside of the region of interest
for this study. Figure 1 shows the absorption curves for five of
the seven PFCLs: perfluorodecalin, perfluoroperhydrofluo-
rene, and perfluoromethyldecalin, as well as 3M’s proprietary
PFCLs coded PF-507@nostly a seven-carbon backboraad
PF-5080(mostly an eight-carbon backboné'he remaining
two PFCLs, PF-5060 and perfluoro-1,3-dimethylcyclohexane,
are not shown in the figure but had absorption curves that
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Fig. 2 A comparison of the FTIR spectra for perfluorodecalin and sa-
line. From these spectra it is clear that the absorption coefficient of
saline (vitreous) is at least 2 orders of magnitude higher at the midin-
frared wavelengths of interest (\=6.45 um) and approximately 4 or-
ders of magnitude higher at A=2.94 um than the absorption coeffi-
cient of perfluorodecalin. This is of great significance because it
indicates that a vast improvement in light transmission can be ob-
tained by replacing the vitreous with a substitute such as perfluoro-
decalin.

were indistinguishable from the ones plotted here. It can be
seen that the absorption coefficient fowavelengths
<3.8umis negligible(and is not accurately measurable with
the 500um-thick sample chamber of the FTIR For
wavelengths5 um, the absorption coefficient increases and
at 6.45um it equals approximatel mm! for all PFCLs
tested. Figure 2 shows that saline has an absorption coefficient
at least 2 orders of magnitude higher than perfluorodecalin at
the wavelengths of intere¢h =2.94,6.1, and 6.45um), in-
dicating the potential advantage of the perfluorodecalin as a
vitreous substitute for infrared laser delivery. Figure 3 shows
the absolute absorption coefficients of the seven PFCLs at the
three wavelengths of interest as obtained from the Beer’s law
experiment. These values confirmed the values obtained from
the FTIR experiments, indicating that the absorption coeffi-

~ 45
£ 4 M2.94 um
E — 06.1 um
T 3.5 1 — _ 0O6.45um
5 39
(3}
£ 2.5 1
2
8 27
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Fig. 3 A plot of the absorption coefficients for all seven PFCLs at the
three target wavelengths obtained from the Beer’s law experiments.
The absolute values of the absorption coefficients correlate very
closely (within 5%) with the results obtained from the FTIR experi-
ment. All seven PFCLs have similar absorption coefficients for each
wavelength, varying from 0.05 to 0.1 mm~' at A\=2.94 um and
~3mm~' at A\=6.45 um.
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Fig. 4 The chronicle of ablation of water at A\=6.45 um using the
fast-flash pump-probe imaging setup. A 700-um-diameter silver ha-
lide fiber was used to deliver a macropulse energy of 5 mJ (radiant
exposure 1.3=])/cm?) with a duration of 5 us at a repetition rate of 5
Hz. Images were taken starting at the beginning of the FEL pulse
through 130 us after the start of the pulse. The vapor cavity continues
to expand for 70 us and subsequently collapses at approximately 110
us, followed by a rebound bubble that ejects away from the solid face
of the fiber (130 us).
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Fig. 5 The chronicle of ablation for PF-5060 at A=6.45 um. A 700-
pm-diameter silver halide fiber was used to deliver a macropulse en-
ergy of 5 m) (radiant exposure 1.3=)/cm?) with a duration of 5 us at
a repetition rate of 5 Hz. Images were taken starting at the beginning
of the FEL pulse through 50 ms after the start of the pulse. In this series
of images, lines of heating (Schlieren effect) as well as small bubble
formation can be seen from the start of the pulse until 800 us after the
start. The bubbles remain long after the pulse, in contrast to those seen
in water. These bubbles, unlike the transient vapor cavities seen in

water, do not collapse and are still seen 50 ms after the pulse as they
begin to float away from the fiber tip and up to the surface.

cients of the PFCLs are independent of the pulse structure or
intensity of the FEL. This figure shows that the absorption
coefficient rises from0.084 mm?! at A=2.94um to

Figures 7 and 8 show the ablation dynamics of the gelatin
tissue phantom in a perfluorodecalin environment for
3.36 mm! at \=6.45um, but is not significantly different ~ =2.94and\ =6.45um, respectively. In both figures the im-
among the seven different PFCLs. age was captured at 1Qs after the onset of the laser pulse

The pump-probe imaging was first performed in saline to with the four panels representing the dynamics with the fiber
compare it with pump-probe imaging that had been done with positioned at various distancg$.0, 0.5, 0.3, and 0.0 mm
non-FEL lasers to determine whether the process of bubblefrom the target tissue phantom. In Fig. @ith X
formation with the FEL was comparable to that of other lasers =2.94um) with the fiber at a distance of 1 mm from the
such as the holmium:YAGHO0:YAG) laser. In fact, with a  target tissue, a clear ablation plume originating at the surface
wa=3mm * the absorption coefficient for the FEL at of the tissue phantom can be sdit top panel. This shows
=6.45umin PFCL is equivalent to the absorption coefficient that atA =2.94 um, ablation can easily be accomplished with
of the Ho:YAG laser(A=2.1um) in water. Figure 4 shows the fiber tip as much as 1 mm away from the tissue surface.
the results of this experiment. It can be seen in this figure that Once the fiber is brought to within 0.3 mm of the tissue, a
the vapor bubble grows until 70s after the onset of the laser
pulse and then starts to collapse. Note that the laser pulse
itself is only 5us in duration. At 13Qus after the start of the
pulse, the bubble has collapsed, and the rebound bubble is
ejected from the tip of the fiber.

Figure 5 shows the results of the laser delivery in PF-5060, o0
which is the PFC with the lowest boiling point available to us
(see Table L There are several differences from the irradia-
tion of saline that stand out. As early a4 after the onset of -
the laser pulse, thermal stress lin&hlieren effegtcan be 50 us
seen in the liquid immediately in front of the fiber. This effect
is more pronounced at as. At 15 us, bubble formation be-
gins and continues until 10@s. At 300 s, multiple bubbles
can be seen at the fiber tip. At 8@, the bubbles start float- S 10 s
in_g away from the fiber tip to the surface. T_hese bubbles can Fig. 6 The chronicle of ablation for perfluorodecalin at X\
still be seen up to 50 ms after the pL{Ise, which shows that the _¢ 45 pm. A 700-um-diameter silver halide fiber was used to deliver
bubbles do not collapse as they do in water. a macropulse energy of 5 m) (radiant exposure 1.3=J/cm?) with a

In contrast to both water and PF-5060, perfluorodecalin duration of 5 us at a repetition rate of 5 Hz. Images were taken start-
showed a very different pattern of ablation. Throughout the ing at the beginning of the FEL pulse through 50 ms after the start of
time course of the pulse as well as long after, only lines of the pulse. This s.eries of imz%ges shovys increased heat deposition, in-
heating (Schlieren effedtcould be seen at the fiber tip. No dicated by the lines of heating (Schlieren effect) from the start of the

. o L pulse until 5 us after the pulse. No bubble formation is observed at
bubble formation or cavitation of the perfluorodecalin itself any time during or after the laser pulse. After the laser pulse, the heat

was seeriFig. 6) at the radiant exposures used in this €Xperi-  that was generated during the pulse dissipates before the next pulse
ment. arrives.

0.5 mm

oo o

500 us

588 Journal of Biomedical Optics ¢ October 2003 « Vol. 8 No. 4



e
S:amm
elay = 100 us

Fig. 7 The ablation of phantom tissue (gelatin with 90% w/w water)
through perfluorodecalin at A\=2.94 um. A 700-um-diameter silver
halide fiber was used to deliver a macropulse energy of 1.0 mJ (radi-
ant exposure 0.26=J/cm?) with a duration of 5 us at a repetition rate
of 5 Hz. All images were taken at 100 us after the beginning of the
pulse. The distance between the fiber tip and the tissue was changed
from 1.0 mm (left top panel) down to 0.0 mm (right bottom panel). At
a distance of 1.0 mm, an ablation plume can clearly be seen originat-
ing from the surface of the target with material being ejected from the
target tissue. When the fiber is within 0.3 mm of the tissue, a large

Delivery of midinfrared (6 to 7-um) laser radiation . . .
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Fig. 8 Ablation of phantom tissue (gelatin with 90% w/w water)
through perfluorodecalin at A=6.45 um. A 700-um-diameter silver
halide fiber was used to deliver a macropulse energy of 5.5 mJ (radi-
ant exposure 1.43=]/cm?) with a duration of 5 us at a repetition rate
of 5 Hz. All images were taken at 100 us after the beginning of the
pulse. The distance between the fiber tip and the tissue was changed
from 1.0 mm (left top panel) down to 0.0 mm (right bottom panel). At
d=1.0 mm, heat deposition in the PFCL is seen (Schlieren lines);
however, no ablation of either the target tissue or the perfluorodecalin
is observed. In contrast, at d=0.5 mm (right top panel), an ablation

vapor cavity is formed between the fiber and the tissue since the fiber

plume originating from the target tissue is visible, with ejection of
acts as a piston that prevents free escape of heated material.

material. When the fiber is brought within 0.3 mm of the tissue, a
large vapor cavity originating from the target tissue is created, which is

. . . consistent with that seen at A=2.94 um.
large vapor cavity is seen between the fiber and the tissue

surface.

Figure 8, in contrastwith A =6.45um), shows that with
the fiber positioned at a distance of 1 mm from the tissue
surface, no ablation is seen. Under these conditions, no abla
tion of the target tissue was observed at any time after the
laser pulsgnot shown. Similar to the irradiation of just the
perfluorodecalin(Fig. 6), the Schlieren lines, indicative of
heating of the liquid in front of the fiber, are clearly seen.
With the fiber at a distance of 0.5 mm from the target tissue,
the first signs of an ablation plume originating from the target
surface and ejected material can be seen. As the fiber to target
distance is reduced even more, the same large vapor cavity
was seen that was observed for 2.94 um. Figure 9 shows
the comparison of craters produced in the target tissue phan-
tom by A=2.94 and A=6.45um for multiple pulses. This
figure shows that ablation of the target tissue by delivering the
laser radiation via the silver halide fiber and through a layer of
0.5 mm of perfluorodecalin is possible at both wavelengths,
but the ablation efficiency is much greatemat 2.94 um.

The results of the ablation depth experiment are shown in
Fig. 10. The largest ablation depth of 58 was obtained
after 500 pulses with the fiber in conta@=0.0 mm) with Fig. 9 The effect of multiple pulse delivery and crater drilling in target
the tissue phantom surface. With a fiber to target distance ofggsue ?T;gh |0~5 :T;\m 2f4%eff|uor0deca|ini Top row “esftStO rJight)(;ﬂi

— H H , an pulses =0. M©m, macropulse energy=5.5> mj, ra lant
0] an sition dept of T s sl WA S0 e L3 G T 3 700 s S
- - . alide fiber. A small plume of ejected material is seen in the first frame
with a fiber to target distance of 1.0 mm. There was no de- ,ier one pulse. After more pulses are delivered, the amount of mate-
tectable crater visible for any fewer than 500 pulses at this rial removed increases slightly and reaches a plateau as the effective
distance.

that require a liquid environment, we investigated a combina-
tion of optical fibers capable of transmitting these wave-
lengths as well as an infrared transparent family of perfluoro-
carbon liquids.

15 pulses 30 pulses 45 pulses

distance between the fiber and bottom of the crater increases. A non-
transient bubble forms at the fiber tip. Bottom row (left to right): 15,
4 Discussion 30, and 45 pulses ()\2=2.94} mm, macropulse energy= 1~.O mJ, radlant

o exposure=0.26 J/cm~) delivered through a 700-um-diameter silver
In order to extend and explore the use of pulsed midinfrared halide fiber. Large amounts of ejected material can be seen, with a

(6 to 7 um) laser ablation of biological tissue to applications growing crater being formed for each additional pulse.
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700 cal applications, this means that both fibers can deliver a rea-
600 4 sonable fraction of the incident light to the target tissue
£ (roughly 80%, not considering coupling loss€Bhe most sig-
3 500 1 nificant loss in both materials occurs as a result of the signifi-
£ 400 | cant Fresnel losses that are due to the relatively high refrac-
2 tive indices of these material®.1 and 2.5, respectivelyAn
g 300 1 Z=0-3m$ obvious solution would be to equip the fibers with antireflec-
T 200 0.5 mm tive (AR) coatings. At present, AR coatings, to the extent that
2 they are available for the wavelengths of interest, are unable
100 z=0.7 mm _ to handle the peak irradiance from the pulsed laser source at
0 z=1mm "x. the midinfrared(6 to 7 um) wavelengths used. In a pilot
' ' experiment, an AR coating on the arsenic sulfide fiber had a
0 200 400 .
Number of Pulses damage thresholld . of  approximately0.1 J/crﬁ or
0.007 GW/cm, which is about 2 orders of magnitude less
Fig. 10 The ablation depth in gelatin as a function of the number of than the fiber itselfnot shown.
pulses delivered through perfluorodecalin  was measured (N Damage thresholds for the arsenic sulfide fibers were
=6.45 um,  macropulse energy=>5.5mJ, radiant exposure shown to be a factor of 2 higher than those measured for the
=1.43 )/cm?) for different fiber to target distances. Gelatin with 90% silver halide fiberg15.9 J/cm versus7.8 J/Cfﬁ). In both fi-

(w/w) water was used as the target tissue phantom. The ablation crater

depth was measured for different distances (z) between the silver ber matgrlals, failure opcurred at the I,nPUt end of the flber
halide fiber and the gelatin. #, z=0.0 mm (n=4); W, z=0.3 mm surface in all but one instance. Only in one of the arsenic
(n=3); A, z=0.5mm (n=3); X, z=0.7mm (n=1); and *, z sulfide fibers did we observe a fracture inside the bulk fiber
=1.0mm (n=1). The number of pulses delivered at each of these material, which was attributed to a material defect. It was
distances was varied between 5 and 500. The crater depth was mea- found that coupling geometrplacing the fiber beyond the
sured in real time on a high-magnification, close-up video image from focal plane of the coupling lehsand clean fiber endéany

a black-and-white CCD camera. dust particles greatly decreased the damage threshate

essential in optimizing the damage threshold. It is worth not-
ing that the silver halide fibers were tested at the desired

We investigated the use of two different fiber optic mate- wavelength ofA =6.45um while the arsenic sulfide fibers
rials capable of transmitting laser radiation in the wavelength were tested ax =6.1 um. The primary reason for this is that
range around 6.4mm. The requirements for these delivery the transmission of the arsenic sulfide fibers is known to drop
systems are twofoldl) they must transmit the wavelength of ~ off significantly beyond\ =6.1 um.** Arsenic selenide, an-
interest and2) they must tolerate the peak irradiance from the other member of the chalcogenide glass family, has been
FEL pulse. Thus far, the delivery systems used for this wave- shown to transmit well up t& =9 um with bulk losses that
length include a modified articulated arm, a free beam deliv- are similar(0.73 dB/m) and hence would be appropriate to
ery system with beam steering via two orthogonal galvano- use at\ =6.45um.** However, in the current state of devel-
metric mirrors, and hollow waveguidés”33-3All of these opment, these fibers are inferior to the arsenic sulfide fibers
systems have advantages and disadvantages in terms of transvith regard to the damage threshold, which is approximately
mission characteristics, damage thresholds, flexibility, and half that of the arsenic sulfide fibef%.
ease of use. However, they are all unable to deliver the laser Besides transmission and damage threshold characteristics,
radiation in a liquid environment. Only one of these methods, other factors to consider are fiber flexibility, brittleness, ease
the hollow waveguide, can potentially be packaged to be usedof handling, and toxicity. Based on these considerations, we
in a liquid environment and has the potential to be used in elected to use the silver halide fibers for the ablation testing.
tight spaces that are difficult to acce$®., in minimally in- In particular, the ease of handling, lack of brittleness, and
vasive procedurgs® However, the hollow waveguides suffer ~ softness of the silver halide materiéthe consistency re-
from significant losses that vary in an unpredictable fashion sembles that of soldering wirecompared with the arsenic
when they are beft®” and require nitrogen purging. Hence, sulfide fibers make the silver halide fibers the material of
there is a need for fiber optic materials capable of delivering choice. However, it should be noted that this is not a funda-
the laser radiation in this wavelength range. mental limitation of the chalcogenide fibers, but rather one

The materials tested in this study were silver halide, devel- that can be resolved by adequate cabling and pack4ging.
oped at Tel Aviv Universit§ and arsenic sulfide, developed at The perfluorocarbon liquids were hypothesized to be infra-
the U.S. Naval Research Laborat8ty*® It was shown that  red transparent liquids that allow transmission from the deliv-
both fiber materials have similar bulk loss@54 dB/m for ery fiber to the target tissue. It has been reported thai for
silver halide and 0.62 dB/m for arsenic sulfidslagli et al*° =2.94 um this is indeed the case and the absorption coeffi-
reported losses of 0.2 dB/m for unclad silver halide fibers cient has been reported to be on the orderOdi5 mm !
with similar diameters ah =10.6um and noticed that the  (Refs. 24 and 46 In our experiments this finding was con-
bulk losses depended on the wavelength used in combinationfirmed by both FTIR spectroscopy as well as the direct Beer’s
with the Cl/Br ratio. Sanghera et &% reported losses of  law experiment with the FEL. In contrast, we found that at the
0.76 dB/m for the arsenic sulfide fibers. Hence our measuredmidinfrared wavelengths of interegh =6.1um and 6.45
values for FEL transmission are in fair agreement with values um), the absorption coefficient is not negligible but rather is
reported in the literature. Practically speaking and assumingon the order of2.07 mm® and 3.36 mni %, respectively.
that a fiber length of approximate m isdesirable for medi- However, these values are still about 2 orders of magnitude
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less than those of salin@nd hence vitreous humofor the gas must be determined. When perfluorodecalin is used as a
same wavelengths. delivery medium, laser-induced lines of heatii®¢hlieren ef-
The seven different PFCLs did not show a significant dif- fect) are observed.

ference in their optical properties at the wavelengths of inter-  We believe that nonuniform heatin(hot spot$ in the

est. In addition, both the FTIR and Beer’s law—FEL experi- mode of the beam exiting the fiber may have caused the
ments resulted in similar values for the absorption coefficient streaky pattern immediately in front of the delivery fiber. The
for a given material, indicating that there are no significant induced temperature gradients result in gradients in the refrac-
effects of the dynamigi.e., intensity-dependenoptical prop- tive index, which shows up as dark and light streaks in the
erties. With the optical properties being roughly equal, other shadow-mode pump-probe imaging. This phenomenon is con-
parameters need to be considered when selecting a PFCL ofistent with what has been observed in Ho:YAG laser ablation
choice. Since one of the goals of using a nonabsorbing or of water in which the absorption coefficient is equivalent
minimally absorbing liquid is to avoid bubble formation and (u,=3 mm 1) to that in PFCL at\=6.45um (Ref. 27.

the associated potential of bubble collapse, acoustic tran-Despite the fact that the input beam profile from the FEL is a
sients, and mechanical damage, an obvious consideration is tdGaussian, transverse-electromagnetitEM,; mode, the

select a PFCL with a high boiling poiiitee Table I There- beam profile out of the silver halide fiber, measured with a
fore, based on this consideration, perfluorodecalin, a ten Spiricon Pyrocam | beam profiler, was a top hat with signifi-
carbon-backbone molecule with a boiling pointlgf2°Cwas cant hot spotgnot shown, which caused the uneven heating

selected for the ablation experiments. Moreover, the perfluo- of the PFCL. This may lead to thermal lensing, which is char-
rodecalin was shown to have the lowest absorption coefficient acterized by self-defocusing that is due to the temperature
(Fig. 3), and is the most commonly used of the PFCLs in gradients, interference caused by spherical aberration of the
medical applications. In contrast, we also used the lowest thermal lens, and asymmetric distribution caused by thermal
boiling point PFCL, PF-506(8M), with a boiling point of 50 convection in a fluid medium. However, the extreme thermal
to 60°C (see Table 1L lensing-induced self-defocusing that was observed by Frenz
The pump-probe imaging revealed several events. Firstet al’® was not observed in our experiments. This is most
when\ =6.45umis delivered via the delivery fiber in saline, likely because the pulse energgnd hence the total thermal
the events of bubble formation and collapse are as expectedoad used in our experiments was40 times less.
and in close agreement with what has been seen before in, for Our imaging experiments showed no evidence of genera-
example, the fiber delivery of a Q-switched Er:YAG pulse in tion of a pressure transient. Based on the fact that the laser
water?® The penetration depth of light at=6.45um is ap- pulse does not fulfill the requirements of stress confinement,
proximately 12um in water(u,=80 mm ') (Refs. 8 and ® no thermoelastic pressure wave is expected. Given the asym-
and the pulsg7,=5 us) is relatively short compared with  metry of the bubble formation, bubble collapse is unlikely to
the bubble lifetime. Moreover the bubble dynamics closely cause significant collapse pressures. While we did not attempt
follow the Rayleigh relationship for spherical water vapor to measure pressure transients associated with ablation of tar-
cavities, which predicts that the lifetime of the bubble in mil- get tissue under PFC, Frenz etf'@leported pressure tran-
liseconds(in this case~0.11 ms)equals the bubble size in  sients of<0.7 barfor similar experiments with the holmium
millimeters divided by 10(in this case~0.105 mm) (Ref. and erbium lasers.
47). In contrast, the delivery of identicabame wavelength, We have shown that ablation of a tissue phantom target
and irradiancglaser pulses in the PFCL showed a very dif- through PFCL using\=6.45um is feasible. However, in
ferent behavior. In the low boiling-point PF-5060, the origi- contrast to the use of PFCL to transmit radiation Mt
nation of a long-lived bubble was observed that did not col- =2.94um, the delivery fiber needs to be in fairly close prox-
lapse and eventually rose to the surface. In a separateimity to the target tissue because the optical penetration depth
experiment(not shown we observed that this bubble, when is only on the order of 0.33 mm. Practically speaking, for the
trapped underneath the fiber, would remain for at least 1 h, proposed application of this laser delivery approach in vitreo-
indicating that this is not simply a gaseous phase of the PFCL retinal procedures, the distal end of the delivery fiber needs to
but rather a unique gas that originated as a result of the laserbe close to(<0.5 mm) but not in contact with the target
irradiation. We speculate that the content of the gas bubble istissue. An added advantage over using PFCLs in combination
either oxygen forced to dissociate from the PFhese lig- with the Er:YAG laser alh =2.94um is that the process is
uids are known to reversibly bind oxygen and are being in- self-limiting; as a crater is ablated in the target tissue, the
vestigated as potential blood substitutes for this repson distance between the fiber and target tisqumw the bottom
short-chain carbon gases that are generated by thermal or di-of the craterincreases. Using the=6.45-um wavelength in
rect photo-dissociative effects. In perfluorodecalin no bubble combination with perfluorodecalin, where the optical absorp-
formation (transient or residualwas observed at the radiant tion is not insignificant but is much smaller than that of vit-
exposures usegll.3 J/cn?). However, at higher radiant expo-  reous humor, allows a noncontact laser surgical procedure, yet
sures, nontransient gaseous bubbles were observed at higheemote (both lateral and axial structures are effectively
laser pulse repetition rates in particu{ant shown. If indeed shielded because the radiant exposure of the beam reaching
the bubble content is a breakdown product of the perfluoro- the target will fall below the ablation threshofds shown in
carbon material, there may be a legitimate concern about po-Fig. 10. This may optimize the efficacy and safety of laser-
tential toxicity effects. Tortelli and Toneffi reported that ther-  based vitreoretinal surgery.
mal decomposition of branched-chained perfluoroalkenes This study has shown the feasibility of an approach to
could indeed yield toxic compounds. Clearly, prior to engag- delivering laser radiation in the midinfrared at radiant expo-
ing in clinical trial experiments, the contents of the produced sures above the threshold for tissue ablation by fiber optics
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and in a liquid environment. This method shows much prom- References

ise for retinal surgical applications and has significant impli-
cations for other applications that may benefit from the use of
these wavelengths in laser surgery.

5 Conclusions 3.

The data presented here show the feasibility of fiber delivery
of high-power pulsed midinfrared laser radiation &t

=6.45m using silver halide and arsenic sulfide fibers at 4

clinically useful radiant exposures in a liquid environment.
The bulk losses of the two fibers are comparable while the 5
coupling losses in these high refractive index materials repre-
sent the most significant loss of light. Silver halide fibers were
found to be easier to handle and more flexible, which made
them the fiber of choice for our experiments.

All of the perfluorocarbon liquids tested had similar ab- 7.

sorption characteristics for the wavelengths of interest. In
contrast to the absorption coefficient of the PFCLsMat
=2.94um, which is effectively negligible, ah =6.45um

the absorption coefficient of the PFCLs+s3 mm™ . Pump-
probe imaging showed the ablation sequefke 6.45um)

at the fiber tip in a water environment, which revealed a fast
expanding and collapsing bubble. In contrast, the volatile PF-
5060 showed no fast bubble expansion and collapse but rather
formation of nontransient gas bubbles. Perfluorodecalin did

not show any bubble formation at the radiant exposures used.1%

It was shown that using the=6.45-um wavelength de-
livered via fiber optics in combination with perfluorodecalin

allows a noncontact laser surgical procedure. Depending onll.

the radiant exposure from the fiber, ablation through several
hundred micrometers of PFCL is possible, in contrast to the 1,
limited penetration through vivo vitreous humor. Perfluoro-
decalin offers a great improvement in enabling noncontact
ablation of target structures, while allowing deeper structures

to be shielded because the radiant exposure of the beamy;
reaching the target will fall below the ablation threshold. This
may optimize the efficacy and safety of laser-based vitreoreti-
nal surgery.

This study has shown the feasibility of an approach to 14

delivering laser radiation in the midinfrared at radiant expo-
sures above the threshold for tissue ablation by fiber optics

and in a liquid environment. This method shows promise for 15.

retinal surgical applications and has significant implications

for other applications that may benefit from the use of these 16.

wavelengths in laser surgery.
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