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ABSTRACT

Ray-tracing was used to calculated the beam profiles and spatial intensity distributions of modified fiber tips
used in laser angioplasty. The position of the highest irradiance and the increase in power density relative to
the power density at the tip of a bare fiber were calculated for probes made of silica or sapphire, in air and
water. The computations were compared to paraxial theory and measurements on ball-shaped fibers and
hemispherical probes. The calculated beam profiles and the irradiance distributions of the probes were in
agreement with the measurements. The position of the highest irradiance and the power density increase
depended on the ratio between the radius of the sphere R and the fiber Rf and on the refractive index. Internal
reflections limited the power dQnsity increase for smaller ratios RJRf. In water, the description of beam
propagation from silica probes using paraxial optics theory was not in agreement with the ray-tracing results.
Ray-tracing is useful to analyse the optical characteristics and to optimize the design of optically modified fiber
tips when paraxial optics theory cannot be applied.

1. INTRODUCTION

Spherically shaped laser probes are used in laser angioplasty to desobstruct occluded arteries 1,2 The blunt
shaped fibers enable atraumatic tracking inside the arterial lumen as well as contact with tissue. Based upon
their optical characteristics in air, the probes were assumed to have a better and safer performance due to an
increase in fluence rate in front of the probe combined with a rapid decrease in fluence rate distal from the
probe2. However, the optical behavior of probes is different in physiological media which have refractive indices
more similar to water than to air. The focusing properties of these probes that can be appreciated in air, are
less pronounced or even absent in a water environment .To analyse the optical properties ofoptically modified
fiber tips, we developed a ray-tracing program to calculate the beam profile and irradiance distribution of
spherically shaped fiber tips. Previous publications were limited to the application in air to the use of paraxial

theory
6 or to the description of beamprofiles . In this study, the position of the highest irradiance and the

increase in irradiance relative to the irradiance at the tip of a bare fiber were calculated for probes made of
silica or sapphire, in air and water. The computations were compared to paraxial theory as well as to
measurements on ball-shaped fibers and hemispherical probes used in laser angioplasty. This report is part of
a more detailed study published elsewhere8.

2. METHODS

2.1 Ray-tracing
A ray-tracing program was developed in Quickbasic (Microsoft). From 50 points equally divided along a line

on the front surface of a fiber, 17 rays were emitted over a 10 degree divergence angle of a fiber. The use of a
weight factor describing the relative magnitude of the rays emitted at a certain angle with respect to the normal
of the fiber end (Fig.1), resulted in an irradiance distribution which was uniform in the near field and gaussian
in the far field of the fiber .At every transition which an individual ray encountered, the refraction angle was
calculated according to Fresnels laws of reflection and refraction 10depending on the angle of incidence and
the refractive index of the environment. The intensity loss due to reflection at the transition was neglected
because it is below 10 % in air and below 3 % in water up to 5 degrees near the critical angle. If the angleof
incidence exceeded the critical angle for total reflection, the tracing of a ray was stopped and the relative
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magnitude of the ray was added to a figure keeping track of the power of totally reflected rays. After passing
the front surface of a probe, the tracing was stopped at a plane perpendicular to the optical axis, distal from the
probe. The sum of the relative magnitude of each of the rays was calculated in each of 200 intervals along this
plane. To decrease numerical scatter data points were filtered.

\ F/)
Figure 1: In the ray-tracingproram at each step rays Figure 2: The geometiy ofthe sphericalfiber tzps is deter-
are emitted equally distributed over an angle of 10 mined by the radius R ofthe sphere and radius Rf of the
degrees. A relative irradiancefactor is ascribed to a ray fiber. ni is the refractive index of the medium and 2 for
depending on the starting angle with the optical axis. theprobe. F is thefocalpoint consideringparaxial optics.

2.2 Input of probe geometry
The program requires data on the geometry of the probes (Fig.2), the refractive indices of the media and

the distance between the surfaces. The probes were assumed to consist of either fused silica (refractive index
n = 1.45) or sapphire (n = 1.75)with a radius of the sphere of 1 to 4.5 times the radius of the fiber. The tracing
was performed with the probe in air (n = 1.00) and in water (n = 1.33).

2.3 Output of ray-tracing
2.3.1 Beam profile

The output of the ray-tracing program provided a graph of the beam profile through the probe and distal
from the tip showing the waist of the beam and the divergence.

2.3.1 Irradiance distribution
The relative irradiance distribution was calculated in 20 planes perpendicular to the optical axis at equally

spaced intervals starting at the tip of the probe. The planes were combined to iso-irradiance graphs showing
the position of highest irradiance and the diameter of the waist of the beam (e2 of maximum level). The
iso-irradiance levels shown were 10 % apart relative to the maximum irradiance. All dimensions oflength were
normalized to the radius of the fiber Rf and the irradiance was normalized to the irradiance at the starting
surface at the bare fiber tip.

2.3.3 Reflection losses
The percentage of light energy lost due to internal total reflections was calculated from the ratio between

the sum of totally reflected rays and the power at the fiber tip.

2.4 Paraxial theory
The position of the focal point for ball shaped fibers and hemisperical probes (Fig.2) was calculated using

paraxial theory : F = R nl/(n2-nl) where F is the distance of the distal focal point from the surface of the
probe with refractive index n2 in the medium with refractive index ni and R is the radius of the probe sphere
(Fig.2).
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2.5 Measurements
2.5.1 Probes

Measurements were performed on bare fibers, ball-
shaped fibers, silica hemispherical contact probes and sap-
phire hemispherical contact probes. Some probes are
shown in Figures 3 and 4.

2.5.2 Photographs of beam profiles
Argon beam profiles of the probes were visualized by

means of smoke in air and by ink dissolved in water and
photographed in close-up as described earlier .

2.5.3 Transmission
The total power ofthe forward transmitted light through the probes was measured with a power meter (Laser

Instrumentations, model 5104, UK) relative to the power from the bare fiber in air and water. The results were
compared to the transmission of these probes calculated by the ray-tracing program.

2.5.4 Irradiance distribution
The irradiance distribution of the probes was measured in air by means of a scanning device. A 50 4um

diameter fiber was positioned coaxially to the beam. Perpendicular to the optical axis the fiber was translated
continuously (5 mm/mm) through the beam path of a probe by a motorized micropositioner. The Argon light
irradiance at the distalend ofthe 5Om fiberwas measured by a photodiode (BPW34) and recordedby computer
after A/D conversion. The resulting spatial resolution was comparable with the resolution of the filtered data
points from the ray-tracing. The measurements were performed in a series ofplanes corresponding to the planes
used in the ray-tracing program calculations. The results were combined to iso-irradiance graphs which showed
the position of highest irradiance and the diameter of the waist.

3. RESULTS

3.1 Beam profiles
In the composition of Figure 4 the calculated and photographed beam profiles of modified fiber tips are

presented. In air, the focusing ofthe beam was distinct, whereas, in agreement with the ray-tracing, it was almost
absent in water.

3.2 Irradiance distribution
Examples of the measured and the calculated irradiance distributions of a ball-shaped fiber and a silica

hemispherical probe are presented in iso-irradiance graphs in Figure 4. The measured and calculated distribu-
tions corresponded well for ball-shaped fibers but there was a discrepancy for the silica hemispherical probe.

3.3 Position of highest power density
The position of the highest irradiance in front of spherical probes of silica and ofsapphire in air and in water

are presented in Figure 5 together with the position of the focal point calculated with paraxial theory. The data
were obtained from from iso-irradiance graphs (Fig.5). In water, ray-tracing showed that the silica probes lost
their focusing properties for sphere/fiber radius ratios > 2. In contrast, the calculations using paraxial theory
showed converging of the beam. For the examined probes, the position of highest irradiance is listed in Table
1 as the distance Z from the front surface of the probe normalized to the radius of the fiber Rf.
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Figure 3: Home-made ball-shaped fiber tips
of 0.95, 1.05,1.4 and 1.7mm diameter on a
0.6 mm fiber.
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SILICA BALL SILICA HEMISPHERE
2.2 mm

SAPPHIRE HEMISPHERE
2.2 mm
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Figure 4: Composition of caku-
lated and measured beam
profiles and irradiance distribu-
tions in air and water. From left
to right: 0.95 mm ball shaped
fiber, 2.2 mm silica hemispheri-
cal probe MTR 1.5, Surgical
Laser Technologies, 2.2 mmsap-
phire hemispherical probe,
CooperLaserSonics. From top to
bottom: calculated beam in
water, observed beam in water,
cakulated beam in air, observed
beam in air, measured irradiance
distribution in air, calculated fr-
radiance distribution in afr. The
bars denote 1 mm.
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3.4 Power density increase.

The increase of the power density relative to the magnitude at the tip ofa bare fiber tip is presented in Figure
6 in relation to the sphere/fiber radius ratio. In case of sapphire probes, losses due to internal reflections limited
the maximum increase for the smaller ratios RJRf. In water, the maximum increase was above 20.

3.5 Transmission
The calculated and measured transmission through the probes is presented in Table 1. Internal reflections

limited the transmission especially in air for sapphire probes with a low ratio RJRf. The measured and calculated
transmission ofthe ball shaped fibers matched perfectly. In case ofthe silica hemispherical probe, the measured
transmission was lower than the calculated transmission.

Figure 5: Position ofthe highest irradiance in rela-
tion to the sphere/fiber radius ratio for silica (top)
and sapphire (bottom) spherical tips in air and
water (dottedlines) in comparison to theposition of
the focal point calculated with paraxial theoiy
(broken lines). The distance from the tz at the
ordinate is normalized to the radius of the fiberRf.

(50

.
a

1 2 3 4 5

ratio radius sphere/fiber
Figure 6: Powerdensity increase normalized to the
magnitude at the bare fiber tip taking internal re-
fiections into accountfor silica (top) and sapphire
(bottom) probes.
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Tablel: Calculated and measured characteristics of probes in relation to Rf.
sphere fiber ratio trans. air trans.water Z/Rr air
R Rf RJRf calc meas caic meas caic meas

probe type [mm] [mm] % % % %
1. ball O.95a 0.475 0.30 1.6 88 88 100 100 2.4 2.5
2. ball 1.05 0.525 0.30 1.75 93 93 100 100 2.8 2.7
3. ball 1.40 0.700 0.30 2.3 100 100 100 100 4.0 3.7
4. ball 1.70 0.850 0.30 2.8 100 100 100 100 5.2 4.5
5. SLT MTR 1•5b 1.20 0.40 3.0 100 80 100 95 5.6 1.2
6. Cooper 1.10 0.41 2.4 96 90 100 97 2.4 2.3

meas: measured, calc: calculated, trans: transmission, Rs: radius sphere, Rf: radius fiber, Z: distance maximum ir-
radiance from probe surface. a silica, b Surgical Laser Technologies, 2.2 mm diameter, assumed to be silica,
C Cooper LaserSonic, 2.2 mm diameter, sapphire. The probes are shown in Figures 3 and 4.
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4. DISCUSSION

4.1 Irradiance distribution of bare fibers
The irradiance distribution at the tip of the bare fiber determined the starting conditions of the rays in the

ray-tracing program. In contrast to previous studies 45,6,7 on ray-tracing of modified fiber tips, the irradiance
was assumed to have an uniform spatial and a weighted angular distribution resulting in an uniform distribution
in the near field and a gaussian distribution in the far field. The assumed irradiance distributions were verified
by the measurement of the actual irradiance distribution of a bare fiber.

4.2 Irradiance distribution of spherical probes
Beam profiles only show the outline of the beam. To obtain data on the position of the waist and the highest

irradiance, the irradiance distribution was determined. The calculated and measured iso-irradiance maps of the
ball shaped fibers match well confirming the accuracy of the ray-tracing program (Fig.4). The discrepancy for
the 2.2 mm silica hemispherical probe (Fig.4) is likely to be due to the presence of a scattering coating on the
surface of the SLT probes. The scattering coating diffused the predicted focusing of the beam in air. In water,
the scattering was less pronounced due to index matching and the calculated and photographed beam profiles
matched better.

4.3 Ray-tracing versus paraxial theory
The particular spatial and angular distribution of rays emitted by a fiber only allow limited use of paraxial

optics to calculate the beam shape and irradiance distribution as will be illustrated below. To apply paraxial
theory, the beam emitted by a fiber was considered to be a series of parallel beams at a small angle with the
optical axis.

4.3.1 Position ofhighest irradiance
For silica probes in water there was alarge discrep-

ancy between the position of the focal point accord-
ing to paraxial theory and the position of the highest
irradiance constructed by ray-tracing (Fig.5). The
reason for the discrepancy is illustrated in Figure 7.
According to paraxial theory, a parallel beam is fo-
cused to a discrete focal point Fa in air (Fig.7A). A
series of parallel beams from a fiber are focused just
next to the optical axis due to a small angle with the
optical axis. The multiple focal points form a waist
which is also the position ofthe highest irradiance Im
(Fig.7B). In water, the position of the focal point of
one parallel beam F is more distal (Fig.7C). The
series of parallel beams at small angles with the opti-
cal axis are still focused distally. However, their focal
points are that far from the optical axis that the
resultant multiple focal point has a larger diameter
than the beam diameter at the surface of the probe.
The position of the highest irradiance does no longer
coincide with the position of the multiple focal point
(Fig.7D).
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Figure 7: illustration of the discrepancy between
paraxial theory and ray-tracing in predicting the
behavior ofbeamspropagatingfrom fibers.
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4,4 Power density increase
The average power density is an indication for the actual irradiance increase due to the focusing if there is

any in water or tissue. Only when the probes are made ofsapphire the power density increase (5-15 times, Fig.6)
might be of interest for the application.

4.5 Probe transmission
In contrast to the ball-shaped fibers, the calculated transmission of the silica probe from SLT did not agree

with the measurements. The discrepancy is attributed to a coating on the probe surface. For the sapphire
hemispherical probe the calculated and measured transmission corresponded better.

4.6 Implications for laser angioplasty
In laser angioplasty, it proved that the shape of spherically modified fiber tips was mainly inspired by the

need to have a smooth, atraumatic fiber end which would favor tracking the arteries and reduce the risk of
mechanical perforation during percutaneous laser angioplasty 1,2Foroptimal application of optically modified
fiber tips the following issues may be considered

4.6.1 Silica versus sapphire
Due to the higher refractive index of sapphire relative to silica, focusing of sapphire probes was more

pronounced than of silica probes (Fig.4). The beam profiles of the hemispherical probes manifactured by
Surgical Laser Technologies clearly demonstrated that the probes are made of silica rather than of sapphire
(this issue has been uncertain in the past).

4.6.2 Diameterprobe in relation tofiber diameter
Most modified fiber tips are used to ablate tissue to facilitate probe penetration. Consequently, the ratio

between fiber and probe diameter RdRi is critical. For large ratios, the diameter of the beam at the surface of
a probe will be smaller than the probe itself resulting in an ablation crater with a diameter smaller than the
probe diameter. The probe will not penetrate the tissue unless thermal and mechanical remodeling of the tissue
will allow advancement of the probe. However, the probe will not be able to remodel thermally as long as the
tips itself is not heated by direct absorption. Probes with high RIRf ratios only start to penetrate when their
surface is heated due to absorption oflight by carbonized tissue particles adhered to the probe .On the other
hand, small ratios favored internal reflections inside the sphere resulting in power loss.

4.6.3 Physiological media
In most cases the focusing effect observed in air almost vanished in water although this was not expected

from paraxial theory. This behavior is also present in blood while the beam is scattered by blood particles.

4.6.4 Probes used in contact
For most applications the modified fiber tips are used in contact with tissue. The refractive index of tissue

varies between 1.33 and 1.5 depending on the water content 12•Theoptical behavior of the probes in contact
with tissue will be comparable to their behavior in water. However, taking the scattering properties of most
tissues for the visible and near infrared wavelengths into account, it is expected that the beam properties will
be lost after penetration of only a few tenths of millimeters 13

4.6.5 Shielded probes
It is possible to profit from an enhanced power density and/or large divergence angle if an optical shield is

used which allows an air or vacuum interface between the fiber and tissue. The power density distribution and
spot size at the surface of the shield will depend on the shape of the fiber tip and the distance between fiber
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tip and shield. This modification has been implemented in conjunction with ball shaped fibers14 and tapered
fibers 15

S. CONCLUSIONS

In physiological media the focusing of the beam of (hemi)spherical laser probes is minimal in contrast to
predictions from paraxial theory.

Ray-tracing is useful to describe the optical behavior of (hemi)spherical fiber tips when paraxial theory can
not be applied. Ray-tracing may help to improve probe designs.
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