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The beam profiles and spatial irradiance distributions of modified fiber tips mainly used in laser angioplasty

have been calculated by ray tracing assuming a uniform spatial combined with a weighted angular irradiance

distribution. The computations were compared to paraxial theory and to measurements in air and in water.
For ball-shaped fibers and hemispherical probes, made of either silica or sapphire, the position of the
maximum irradiance in front of the probe in water did not coincide with the calculated paraxial focal point.
The maximum irradiance increase was limited by internal backward reflections and by beam divergence. It is

expected that beam focusing is minimal when optically modified fiber tips are in contact with tissue. Ray

tracing is useful for optimizing the design of optically modified fiber tips when paraxial theory cannot be

applied. Key words: Fiber tips, ray tracing, laser surgery, laser angioplasty.

1. Introduction

Optical fibers have found widespread use in laser
devices applied in medicine. Laser beams can be
transported to almost every location in the human
body. At the tip of a sharp edged bare fiber, the beam
is emitted with a divergence of 10°. To obtain high-
er power densities and higher precision, the naked
fiber tip may be modified by melting the tip into a ball
shape' or by etching the tip into a taper.2 Besides
melting, a lens may be positioned in front of the fiber
tip.

One major application for modified fiber tips is laser
angioplasty to deobstruct occluded arteries.3-5 The
blunt-shaped fibers enable atraumatic tracking inside
the arterial lumen as well as in contact with tissue.
Based on their optical characteristics in air, the probes
were assumed to have a better and safer performance
due to an increase in the fluence rate in front of the
probe combined with a rapid decrease in fluence rate
distal from the probe. However, the optical behavior
of probes is likely to be different in a blood or a tissue
environment than in air. Blood and tissue have re-
fractive indices that are more similar to water than to
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air. The focusing properties of these probes in air may
be less pronounced or even absent in a water environ-
ment. 5

The optical behavior of modified fiber tips depends
on the fiber diameter, the irradiance distribution of the
beam out of the fiber, the geometry of the fiber tip or
probe in front of the fiber, the refractive index of the
probe, and the refractive index of the medium. It is
not clear whether standard paraxial optical theory (see
Appendix B) can be used to calculate the position of
the highest irradiance in front of the probe. The irra-
diance distribution of the beam from a fiber has prop-
erties that are not consistent with some of the prereq-
uisites of paraxial optics. The beam diverges, and the
irradiance has both a spatial and an angular distribu-
tion.6

To analyze the optical properties of optically modi-
fied fiber tips, we developed a ray tracing program to
calculate the beam profile and the irradiance distribu-
tion of various modified fiber tips. Previous publica-
tions were limited to the application in air, 1 7to the use
of paraxial theory,8 or to assumptions of the irradiance
distribution such as Gaussian, 1 uniform, 8 or uniform
angular7 distribution. In this paper, the irradiance
distribution of the beam emitted from a multimode
fiber was assumed to have a uniform spatial as well as a
Gaussian angular irradiance distributions The posi-
tion of the highest irradiance with respect to the front
of the tip 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 of the irradiance distribution of
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ball-shaped fibers and hemispherical probes used
mainly in laser angioplasty.

II. Methods

A. Ray Tracing Program

A ray tracing program was developed in QUICK-
BASIC (MICROSOFT) for calculation of the beam profile
and the irradiance distribution of modified fiber tips.

1. Start Conditions
The program traces rays starting at the front surface

of a fiber in fifty equally spaced steps along a line
perpendicular to the optical axis, assuming cylindrical
symmetry. This simulates a uniform spatial irradi-
ance (W/m2) distribution. At each step, seventeen
rays are emitted equally distributed over a total angle
of 10°, which is assumed to be the total divergence
angle of a bare fiber in air [Fig. 1(A)]. A Gaussian
distribution of intensity (W/sr), assumed for the mul-
timode fibers used in laser surgery, is simulated by
prescribing a relative magnitude to the ray which de-
pends on the starting angle of the ray [Fig. 1(A), Ap-
pendix A]. The calculated irradiance distribution of a
beam from a bare fiber [Fig. 1(B)] resulted in a distri-
bution that is almost uniform in the near field (the
distance Z distal from the fiber tip is in the same order
of magnitude as the radius Rf of the fiber: Z Rf) and
Gaussian in the far field (the distance to the fiber is
much larger than the diameter of the fiber: Z >> Rf).

2. Input Parameters
The program requires data on the geometry of the

probes (Fig. 2), the refractive indices of the media, and
the distance between the surfaces.

3. Ray Tracing
Starting at the front surface of the fiber, the refrac-

tion angle is calculated according to the laws of refrac-
tion9 at every surface that an individual ray encoun-
ters. The decrease in magnitude of refracted rays due
to reflection at a surface is neglected since for most
transitions and for angles of incidence below a range of
50 near the critical angle, the reflectance is below 10%
(Table II). The contribution of rays within this range
is estimated to be below 5%. If the angle of incidence
exceeds the critical angle for total reflection, the trac-
ing of a ray is stopped and the relative magnitude of the
ray is added to a figure keeping track of the power of
totally reflected rays. The internal reflection of the
probe is calculated through dividing this figure by the
total power at the front surface of the fiber.

After passing the front surface of a probe, the tracing
is stopped at a plane perpendicular to the optical axis,
distal from the probe. The sum of the relative magni-
tude of each ray is calculated in each of 200 intervals
along this plane. To decrease numerical scatter, the
magnitude of each data point is filtered using a Black-
man low pass filter (four data points per cycle). When
scaling from normalized to actual dimensions using a
discretization distance dX [Fig. 1(A)] between 6 and 15

A

100
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K
I

B Rf 8*Rf 16*Rf z

Fig. 1. (A) In the ray tracing program the rays start at fifty equally
spaced steps dX positioned along the fiber surface. At each step
seventeen rays are emitted equally distributed over an angle of 100.
A relative irradiance factor is ascribed to a ray depending on the
starting angle with the optical axis to obtain a Gaussian irradiance
distribution in the far field. (B) Calculated beam shape from the
bare fiber with the irradiance distributions at Rf, 8*Rf, and 16*Rf.

The bars denote the radius of the fiber Rf.

2Rs

F2 Rft .......... I/ X F1
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Fig. 2. Top: the geometry of the spherical fiber tips is determined
by the radius Rs of the sphere and radius Rf of the fiber. The fiber
tip was assumed to end at Rs + Rs (Rs is the radius of the sphere
minus the part that is embedded in the fiber) proximal to the front
surface of the sphere with refractive index n2 (environment n).
Considering paraxial optics a proximal and distal focal point F and
F2 can be situated. Bottom: the geometry of hemispherical fiber
tips can be converted to the geometry of spherical fiber tips by
translating the fiber tip to a distance of Rs + Rs proximal to the

hemispherical surface and taking Rr as the actual fiber radius,
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Fig. 3. Top: example of beam profile produced with ray tracing

program. Bottom: corresponding isoirradiance graph calculated
using twenty equally spaced irradiance planes in front of the probe.

,um, this results in a spatial resolution between 24 and
60 Am (for comparison with measurements described
below). From the sum of all data points divided by the
power at the fiber tip, the transmission is calculated.

4. Beam Profile
The output of the ray tracing program provides a

graph of the beam profile through the probe and distal
from the tip showing the waist of the beam and the
divergence (Fig. 3, upper panel).

5. Irradiance Distribution
The relative irradiance distribution is calculated in

twenty planes perpendicular to the optical axis at
equally spaced intervals starting at the tip of the
probe. The interval varies from 0.3Rf to Rf depending
on the difference in refractive index between the probe
and medium. The planes are combined to isoirra-
diance graphs showing the position of highest irradi-
ance and the diameter of the waist of the beam (e 2 of
maximum level). The isoirradiance levels shown are
10% apart relative to the maximum irradiance (Fig. 3,
lower panel). All dimensions of length are normalized
to the radius of the fiber Rf, and the intensities are
normalized to the irradiance If at the starting surface
of the bare fiber.

6. Resolution of Ray Tracing
There appeared to be numerical scatter in the calcu-

lated points. For one example, intermediate data
points were calculated. These were in full agreement
with the curves fitted through the original data points
(correlation coefficient > 0.95). As a result, a higher
numerical resolution was not considered necessary for
the present computations.

7. 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.

Fig. 4. (A) From left to right: 600 -Am bare fiber, homemade ball-

shaped fibers 0.95, 1.05, 1.4, and 1.7 mm in diameter and a 1.5-mm

ball-shaped fiber (Advanced Cardiovascular Systems). (B) Hemi-
spherical contact probes: 3.0,2.2, and 1.8mm in diameter (Surgical

Laser Technologies).

B. Modified Fiber Geometry

The probe parameters shown in Fig. 2 (top) were
varied for the analysis. 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-
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). The geometry of hemispherical probes
placed in front of the fiber was converted to the geome-
try of spherically shaped probes according to Fig. 2
(bottom). Refraction and reflection at the flat rear
surface of the hemisphere were neglected.

C. Paraxial Theory

The position of the focal point for ball-shaped fibers
and hemispherical probes (Fig. 2) was calculated using
paraxial theory8 9:

F1 = R.nl/(n 2 -n),

F2 = R.n2/(n2 -n),

(1)

(2)

where Fi is the distance of the distal focal point from
the surface of the probe in the medium with the refrac-
tive index nj, F2 is the distance of the proximal focal
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Table 1. Calculated and Measured Characteristics of Probes In Relation to RI

probe type

Ball shaped fibers'
1. ball 0.95
2. ball 1.05
3. ball 1.40
4. ball 1.70
5. ball 1.5 ACS

Hemispherical Co
6. SMTR1.5a
7. MTR 1.5a
8. MTRL 3.0a
9. Cooper 2 .2 b
10.Pilkingtonl.5b

ball fiber
Rs Rr (Rr)
[mm] [mm]

0.475
0.525
0.700
0.850
0.750

0.300
0.300
0.300
0.300
0.160

ntact Probes
1.00 0.40
1.20 0.40
1.60 0.48
1.10 0.41
0.75 0.75

ratio
RdFRr

trans. air
calc meas

trans.water
calc meas
%o g

Z(Rr air max.intincr
calc meas calc meas

1.6 88 88 100 100 2.4 2.5 4.8 8
1.75 93 93 100 100 2.8 2.7 4.8 4.5
2.3 100 100 100 100 4.0 3.7 4.6 7
2.8 100 100 100 100 5.2 4.5 3.6 6
4.7 100 100 100 100 8.8 7.5 2.1 2.4

2.5 100 74 100 80 4.4
3.0 100 80 100 95 5.6
3.3 100 79 100 93 6.4
2.4 96 90 100 97 2.4
1.0 43 53 62 81 1

1.2
0
2.3c
1Y2

3.2 1.3
3.0 1.0

meas: measured, calc: calculated, trans: transmission,
max.int.incr: maximum irradiance increase, Rs: radius sphere, Rr. radius fiber,
Re: corrected radius fiber, Z: distance maximum irradiance from probe surface
a assumed to be silica (n = 1.45), b assumed to be sapphire (n = 1.75), c measured from
photographed beam profile

point from the surface of the probe in the fiber with
refractive index n2, and R, is the radius of the probe
sphere. These equations show that the position of the
focal point is linearly related to the radius of the
sphere. It depends also on the medium and the probe
materials.

D. Measurements

The following probes which were either homemade
or commercially available were examined:

(a) bare fiber: fused silica, 0.6 mm in diameter;
(b) ball-shaped fibers (homemade): 0.95-, 1.05-,

1.40-, and 1.70-mm diam fused silica balls on a 0.6-mm
fiber;

(c) ball-shaped fiber (Advanced Cardiovascular
Systems, Santa Clara, CA): 1.5-mm diam fused silica
ball on a 0.32-mm fiber;

(d) hemispherical contact probes (Surgical Laser
Technologies, Malvern, PA): 1.8-mm (SMTR 1.5),
2.2-mm (MTR 1.5), and 3.0 (MTRL 3.0)-mm diam
probes on a 0.6-mm fiber;

(e) hemispherical contact probe (Cooper LaserSon-
ics, Santa Clara, CA): 2.2-mm diam probe of fused
silica on a 0.6-mm fiber;

(f) hemispherical contact probes (Pilkington, Liv-
ing Technologies, U.K.): 1.5-mm diam probe of sap-
phire on a 0.6-mm fiber.

The modified fiber tips are shown in Fig. 4. The
dimensions of their geometry are listed in Table I.

1. 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. 5
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Fig. 5. Calculated (solid line) and measured (broken line) irradi-
ance distributions of a 0.6-mm bare fiber: Top: Uniform distribu-
tion at distance Z = Rf in front of the fiber tip (near field). Middle:
top hat distribution at Z = 8*Rf distal from the tip. Bottom:
Gaussian distribution at Z = 16*R distal from the tip (far field).
The horizontal axis is in millimeters; the vertical axis shows the

irradiance in arbitrary units.
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Fig. 6. Beam profiles of ball-shaped fiber tips
photographed in air and water and their corre-
sponding profiles calculated by ray tracing. From
left to right: probe shape, calculated beam in air,
observed beam in air, calculated beam in water,
observed beam in water. From top to bottom:
600-,um fiber, 0.95-mm ball tip, 1.5-mm ACS ball.
In air the spherical probes have focusing properties
which are almost absent in water. The bars denote

1 mm.

2. Transmission
The total irradiance of the forward transmitted light

through the probes was measured with a power meter
(Laser Instrumentations, model 5104, U.K.) relative to
the irradiance of the bare fiber in air and water. In air
the probes were positioned close to the sensor to detect
all light in front. In water, the generally slightly di--
verging beams shone through the transparent bottom
of a cup into the power meter underneath. The results
were compared to the transmission of these probes
calculated by the ray tracing program. For hemi-
spherical probes the Fresnel reflection at the entrance
surface of the probe, which was neglected in the ray
tracing, was corrected for in the transmission data.

3. Irradiance Distribution
The irradiance distribution of the probes was mea-

sured in air by means of a scanning device. A 50-tm
diam fiber was positioned coaxially to the beam. Per-
pendicular to the optical axis the fiber was translated
continuously (5 mm/min) through the beam path of a
probe by a motorized micropositioner. The argon
light irradiance at the distal end of the 50-,gm fiber was
measured by a photodiode (BPW34) and recorded by
computer after A-D conversion (20 Hz).

The combination of the translation velocity of the

micropositioner and the A-D sampling frequency re-
sulted in a measurement of each 5 Asm. However, the
measured irradiance should be regarded as the convo-
lution of ten data points due to the 50-!zm diameter of
the measuring fiber. The resulting spatial resolution
is comparable with the resolution of the filtered data
points from the ray tracing.

The irradiance distribution was measured in a series
of planes corresponding to the planes used in the ray
tracing program calculations. The measurement re-
sults were also combined to isoirradiance graphs which
show the position of highest irradiance and the diame-
ter of the waist.

Ill. Results

A. Beam Profiles

The calculated and measured irradiance distribu-
tions in front of the bare fiber tip presented in Fig. 5
show good agreement. Figures 6 and 7 show calculat-
ed and photographed beam profiles of modified fiber
tips. In air, the focusing of the beam was distinct,
whereas in agreement with the ray tracing it was al-
most absent in water with the exception of the long 1.5-
mm sapphire tip (Fig. 7, lower panel).
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AIR

Fig. 7. Beam profiles of hemispherical probes.
For legend, see Fig. 6. From top to bottom: 2.2-
mm silica Surgical Laser Technologies, 2.2-mm
sapphire LaserSonics, 1.5-mm sapphire Pilking-
ton. The focusing properties of the hemispherical
sapphire probes in air are still present in water.

The bars denote 1 mm.

B. Forward Transmission

The calculated and measured transmission through
the silica and sapphire spherical probes in relation to
the ratio of sphere to fiber radius R/Rf is presented in
Fig. 8. Due to internal reflections, the calculated
transmission dropped in air to 43% for sapphire and to
55% for silica when the ratio R/Rf was reduced to 1.
The measured and calculated transmission of the ball-
shaped fibers matched perfectly (Fig. 8, Table I). In
case of the hemispherical contact probes the measured
transmission was always lower than the calculated
transmission.

C. Irradiance Distribution

Examples of the measured and the calculated irradi-
ance distributions of a bare fiber and various probes
are presented in isoirradiance graphs in Fig. 9. The
measured and calculated distributions corresponded
well, except for those of the 2.2-mm silica probe.

1. Position of Highest Power Density
Figure 10 summarizes the positions of highest irradi-

ance in front of spherical probes of silica and of sap-
phire in air and in water together with the position of
the focal point calculated with paraxial theory (Table
II; Fj). The points represent the position of the high-
est irradiance determined from isoirradiance graphs as
in Fig. 9. In all probe/medium combinations the posi-
tion of highest irradiance (broken line) was closer to

100
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4
.J

90
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40 
1.00 1.50 2.00 2.50 3.00 3.50

ratio radius sphere/fiber
Fig. 8. Calculated percentage transmission through silica (solid
lines) and sapphire (broken lines) spherical probes in relation to the
sphere/fiber radius ratio in air and in water. Measurements are
indicated with dots. [0,0 = water; A,A = air; *,A = ball-shaped
fibers; O,A = hemispherical probes.] The figures are presented
compared to the transmission of a bare fiber. Note that at small

ratios the transmission drops due to internal reflections.

the probe than the focal point calculated with the
paraxial theory (solid line, Table II; F). In water, the
silica probes began to loose their focusing properties
for sphere/fiber radius ratios of >2. For the examined
probes, the position of highest irradiance is listed in
Table I as the normalized distance Z/Rf from the
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Fig. 9. Isoirradiance graphs of various tips in air. The upper section of each panel shows the measured irradiance distribution. The lower
section shows the calculated irradiance distribution. Upper left panel: 600-gm bare fiber; upper right panel: 1.0-mm ball-shaped fiber;
lower left panel: 1.5-mm ball-shaped fiber ACS; lower right panel: 2.2-mm hemispherical contact probe. Abscissa: distance along the
optical axis starting at the surface of the probe (millimeters). Ordinate: distance from the optical axis (millimeters). Note the different

scaling of the abscissa.
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Fig. 10. Position of the highest irradiance in relation to the sphere/
fiber radius ratio determined from isoirradiance graphs for silica
(top) and sapphire (bottom) spherical tips in air and water (broken
lines) compared with the position of the focal point calculated with
paraxial theory (solid lines). The distance from the tip along the

optical axis Z was normalized to the radius of the fiber Rf.

probe. The measured and calculated positions corre-
spond well, except for the SLT probes (Table I, lines 7
and 8).

2. Maximum Irradiance Increase
The calculated maximum irradiance Imax compared

with the irradiance If at the tip of a bare fiber tip is
shown in Fig. 11(A) in relation to the sphere/fiber
radius ratio. Since the ray tracing was performed in
one plane, the result is only valid for a 2-D interpreta-
tion. The cross-sectional area of the waist (e 2 level)
was used to calculate the increase of the average power
density [Fig. 11(B)]. The energy losses due to internal
reflections (Fig. 8) were taken into account limiting the
maximum increase for the smaller ratios R8 /Rf. The
maximum increase in average power density was above
20. For the examined probes, the maximum irradi-
ance increase is listed in Table I. The correspondence
between measured and calculated values was variable.

A. Bare Fiber

The divergence angle of a laser beam from a fiber
depends on the numerical aperture and the incoupling
angle of the beam into the fiber. This angle may vary
from <1 to up to 250.6 For the ray tracing, we assumed
the divergence angle to be 100 in air, which is valid for
most of the multimode fibers. The influence of varia-
tions of a few degrees in the divergence angle is expect-
ed to be small because the weight factor used reduces
the contribution of rays emitted at large angles [Fig.
1(A), Appendix A].

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 stud-
ies1'7 810 on the ray tracing of modified fiber tips, the
irradiance was assumed to have a uniform spatial and a
weighted angular distribution resulting in a uniform
distribution in the near field and a Gaussian distribu-
tion in the far field, as illustrated in Fig. 1(B). The
assumed irradiance distributions were verified by the
measurement of the actual irradiance distribution of a
bare fiber. Figure 5 illustrates that the assumed irra-
diance distribution was appropriate for the fibers used
in this study. This irradiance distribution will be
valid for multimode fibers (100-1000 ,gm in diameter)
as used for most medical laser applications. The isoir-
radiance graphs of the calculated and measured irradi-
ance distributions (Fig. 9, 0.6-mm bare fiber) were in
fair agreement. At the fiber rim, however, the irradi-
ance step was smoothed due to the 50-Mm diameter of
the measuring fiber.

B. Probe Material and Shape

For medical laser applications, the major advantage
of the spherical probes is the gain in fluence rate due to
focusing. In laser angioplasty, where the spherical
probes are used frequently, 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 an-
gioplasty.3-5 In combination with a cw Nd:YAG laser,

Table 11. Characteristics of Spherical Fiber Tips Calculated with Fresnel Reflection Theory and Paraxial
Optical Theory9

probe/medium

silica(n= 1.45)/air(n = 1)
sillca(n = 1.45)/water(n= 133) :
sapphire(n = 1.75)/air(n = 1)
sapphire(n = 1.75)/water(n = 1.33):

reflection focal point
F1

3.4% 2.22*R
0.2 % 11.1*Rs
7.4% 133*Rs
1.9 % 3.16*Rs

Dependent on the refractive indices the figures for perpendicular reflection, the posi-
tions of the focal points F1 and F2 (Eqs. (1) and (2)) and the condition of a parallel beam
profile (Eq. (3)) are given in relation to the radius of fiber Rf and the radius of sphere R,.
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12.1*Rs
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Fig. 11. (A) Maximum increase in irradiance normalized to the irradiance at the bare fiber tip calculated for 2-D cross sections at the level of
the highest power density. The broken lines indicate the results if there were no losses due to internal reflections. The solid curves show that

there is an optimum ratio of sphere/fiber radius for a maximum irradiance increase. (B) Maximum power density increase normalized to the

power density at the bare fiber tip for a 3-D situation using the cross-sectional area of the calculated waist of the beam (e- 2 level) and taking in-

ternal reflections into account. Small waist diameters resulted in increased scatter of the data points due to the limited spatial resolution of
the ray tracing program.

the hemispherical contact probes have been used suc-
cessfully for the angioplasty of occluded femoropoplit-
eal arteries."",12

The optical behavior of a probe is influenced by
three factors:

(a) Due to the higher refractive index of sapphire
relative to silica, the focusing of sapphire probes was
more pronounced than of silica probes (Figs. 6 and 7).
The beam profiles of the hemispherical probes manu-
factured by Surgical Laser Technologies indicated
that they were made of silica rather than of sapphire
(Fig. 7, compare the upper and middle panels). Also
Ranan spectroscopy performed on the SLT probes
showed the material to be silica (G.H.M. Gijsbers,
Amsterdam; private communication). In the
past,5'8 "13 the SLT contact probes were assumed to be
made of sapphire because "Contact Laser ProbesTm and
Laser ScalpelsTm are synthetic sapphire tips" [Surgical
Laser Technologies advertisement (1987)]. SLT re-
cently confirmed that the Contact Laser Probes are
made of silica, whereas the Laser Scalpels are made of
synthetic sapphire (N. Daikuzono, SLT Japan; private
communication, 18 Jan. 1990).

(b) Comparing the beam profiles in air and water,
the influence of the environment is evident (Figs. 6 and
7). In most cases the focusing effect observed in air
almost vanished in water although this was not expect-
ed from paraxial theory (Fig. 10).

(c) Smaller ratios between the radius of the sphere
and fiber R8/Rf resulted in short focal lengths, small
waists, and large divergent beams. However, small
ratios favored internal reflections inside the sphere

(Fig. 8) resulting in power loss through backward di-
rected secondary beams (Fig. 7, 1.5-mm sapphire tip).
In this paper the secondary beams were considered to
be internal losses, and they were not traced. The
secondary beams have been discussed in detail by
Ward7 and Russo et al.10

C. Probe Transmission

For ball-shaped fibers, the calculated and measured
transmission matched well (Table I, Fig. 8). The cal-
culated transmission figures for the hemispherical
probes from SLT did not agree with the measure-
ments. The discrepancy is attributed to their coating
(Fig. 12). Assuming that scattering was minimal in
water due to index matching, the absorption of the
probes was 5-20%. The additional losses due to scat-
tering in air was -10%. For the LaserSonics sapphire
probe the calculated and measured transmission corre-
sponded better. In the case of the 1.5-mm sapphire
from Pilkington, however, the measured transmission
was 10-19% higher than the calculated transmission.
Due to the 10-mm distance between the fiber and the
front surface of the probe, part of the beam that would
normally reflect backward internally may have been
reflected at the side toward the optical axis, as in a
tapered tip. The light refracted out of the probe may
have contributed to the total transmission.

D. Irradiance Distributions

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 de-
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Fig. 12. The 2.2-mm hemispherical probes. Left: coated silica
probe (Surgical Laser Technologies). Right: gleaming polished

sapphire probe (LaserSonics).

termined. The calculated and measured irradiance
maps of the bare fiber and ball-shaped fibers match
well confirming the accuracy of the ray tracing pro-
gram (Fig. 9). The discrepancy for the 2.2-mm silica
hemispherical probe (Fig. 9) is likely to be due to the
presence of a scattering coating on the surface of the
SLT probes as illustrated in Fig. 12. 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 photo-
graphed beam profiles matched better (Fig. 7).

E. Paraxial Theory

The particular spatial and angular distributions of.
rays emitted by a fiber only allow limited use of parax-
ial optics to calculate the beam shape and irradiance
distribution, as will be illustrated. To apply paraxial
theory, there are two ways to represent the beam emit-
ted by a fiber.

(a) Fiber end as object: The fiber end may be re-
garded as an object from which an image is constructed
bythe spherically shaped tip [Fig. 1(A)]. Since Eq. (2)
shows F2 to be always larger than the object distance
(between R, and 2R8, Table II), the image will be virtu-
al. This is not in agreement with the presence of a
waist in the propagating beam in an air environment as
observed and calculated with ray tracing. Thus this
representation is not valid.

(b) Bundle of parallel beams: The beam emitted
by a fiber is considered a series of parallel beams at a
small angle with the optical axis. This representation
is used in this discussion.

F. Position of Highest Irradiance

The position of highest irradiance was determined
from isoirradiance graphs and was usually located in
the waist of the laser beam. This position was closer to
the probe surface than the position of the focal point
calculated from paraxial theory (Fig. 10). For silica
probes in water there was a large discrepancy between

the position of the focal point according to paraxial
theory and the position of the highest irradiance con-
structed by ray tracing (Fig. 10, Table I).

The explanation for this discrepancy is illustrated in
Fig. 13. Figure 13(A) shows how a parallel beam is
focused to a discrete focal point Fa in air. Considering
a beam from a fiber to be a series of parallel beams at a
small angle with the optical axis, the beams are focused
just next to the optical axis forming a waist F consist-
ing of multiple focal points [Fig. 13(B)]. Due to the
off-axis configuration the position of the waist and
highest irradiance Imax may be closer to the probe
surface than the focal point itself (Fig. 10). Using
paraxial theory in water, the position of the focal point
Fw is more distal [Fig. 13(C)]. For the beam from the
fiber, the individual parallel beams are still focused
distally, but their focal points are so far from the
optical axis that the resultant multiple focal point has
a larger diameter than the beam diameter at the sur-
face of the probe [Fig. 13(D)]. The waist F', is no
longer the smallest diameter of the beam. The highest
irradiance will be found somewhere between the sur-
face of the probe and the waist where the ray density is
highest. Examples of this situation are shown in Figs.
6 and 7. The calculated positions of highest irradiance
were in agreement with the measurements except for
the hemispherical probes of SLT in air due to the
scattering coating on the surface of the probe (Table I,
Fig. 12). If a waist is present in the beam profile [Fig.
13(B)], the position of highest irradiance may be ap-
proximated with paraxial optics. If the beam profile
diverges, the position of highest irradiance can only be
calculated by ray tracing. Paraxial optics can be used
to calculate for which ratio R8 /Rf a focusing beam
profile will transit into a diverging beam profile. This
transition occurs when the diameter of the beam at the
probe surface and the diameter of the waist are equal.

This condition is represented in Eq. (3), which has
been derived in Appendix B:

R,/Rf = [T(N - 1) + sqrt[T2 - N(N - 2)]]/[N(N - 2)], (3)

with N = n2 /(n 2 - n,) and T = [tan(.5a)]-1, where Rs/
Rf is the ratio between the probe sphere and fiber
diameter, n1 is the refractive index of the medium, n2 is
the refractive index of the probe material, and a is the
divergence angle of the beam emitted by the fiber. For
the probes considered in this paper these ratios are
presented in Table II.

G. Maximum Irradiance and Fluence Rate Increase

The maximum irradiance increase with respect to
the bare fiber end is expected when the diameter of the
waist is smallest, i.e., when R/Rf = 1 [Fig. 11(A),
dashed curves]. However, due to enhanced internal
reflections at smaller ratios R/Rf, energy is lost (Fig.
8). The measured irradiance increase (Table I) was up
to a factor of 2 higher than predicted. We attribute
this discrepancy to the conical acceptance angle of the
50-um measuring fiber, which will measure a divergent
angular distribution of rays from the probe depending
on its distance to the probe and the diameter of the
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Fig. 13. Discrepancy between paraxial theory and
ray tracing in predicting the behavior of beams
propagating from fibers. In air, both the paraxial
beam (A) and the fiber beam (B) are focused at Fa.
In water, on the other hand, the paraxial beam is
still focused at F, (C), but the fiber beam diverges
(D). Consequently, the position of the highest lo-
cal irradiance Imax does not coincide with the focal

point F -

beam. The measurements would probably have corre-
sponded better if this angular acceptance angle had
been reduced by means of an angular diaphragm so
that the measurement had also been limited to a 2-D
plane. The average power density is an indication for
the actual power increase due to the focusing if there is
any in water or tissue (see discussion below). Only
when the probes are made of sapphire the power densi-
ty increase [5-15 times, Fig. 11(B)] might be of interest
for the application. Small waist diameters resulted in
increased scatter of the data points due to the limited
spatial resolution of the ray tracing program.

H. 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.14 It may be expected that the optical
behavior of the probes in contact with tissue will be
comparable with their behavior in water. To what
extent the beam is focused in tissue depends on the
optical characteristics of the tissue in relation to the
wavelength of the laser light. 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.15 Only the irradi-
ance distribution at the surface of the probe is of major
importance, and the peak irradiance will be equal to or
lower than the bare fiber tip. The power density at the
tip of the probe can be increased considerably when a
tapered shape is used, but these shapes are considered
to be too sharp to be used for angioplasty. The design
of sapphire laser scalpels is being discussed else-
where16 using the methods of this paper.

1. Shielded Probes

It is possible to profit from an enhanced power den-
sity 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 depend on the
shape of the fiber tip and the distance between fiber tip
and shield. This modification has been implemented
in conjunction with multifiber catheters,17"8 ball-
shaped fibers,19 and tapered fibers.20

J. Diameter Beam at the Surface of the Probe

Most modified fiber tips are used to ablate tissue to
facilitate probe penetration. Consequently, the ratio
between the fiber and probe diameter R/Rf is critical.
For large ratios, the diameter of the beam at the sur-
face 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 pene-
trate the tissue unless thermal and mechanical remod-
eling of the tissue will allow advancement of the probe.

However, the probe will not be able to remodel ther-
mally as long as the tips itself is not heated by direct
absorption. Probes with high R/Rf ratios only start to
penetrate when dirty from carbonized tissue parti-
cles.21 Surgical Laser Technologies has coated their
hemispherical probes (Fig. 12) to accelerate the initia-
tion of tissue ablation. The absorption by this coating
varied from 5 to 20% (Table I, lines 6, 7, and 8).

V. Conclusions

The irradiance distribution of a bare fiber was uni-
form in the near field and Gaussian in the far field.
Using this irradiance distribution as a starting condi-
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tion, the calculated beam profiles and the irradiance
distributions of spherical and hemispherical fiber tips
were in agreement with the measurements except for
probes with a scattering coating in air. The position of
the highest irradiance and the maximum increase in
irradiance compared to the bare fiber tip depended on
the ratio between the radius of the sphere and the fiber
R/Rf and on the difference in the refractive index of
probe and environment. The description of beam
propagation from a fiber using paraxial optics theory is
limited to predict border conditions. The increase in
irradiance was limited by enhanced internal reflec-
tions for smaller ratios Rl/Rf. In contact with tissue,
the focusing properties of most probes will be lost due
to refractive index matching and scattering. Placing
an optical shield in front of the modified fiber tip may
be used either to focus a beam or to obtain a large
divergence in a tissue environment. Ray tracing is
useful to optimize the design of (hemi)spherical fiber
tips when paraxial theory cannot be applied.
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supported by The Netherlands Heart Foundation
(grants 34.001 and 87.073) and the Interuniversity
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Appendix A: Gaussian Irradiance Distribution

Fiber optic delivery of laser light is associated with
Gaussian beam optics.9 The irradiance profile E(r) of
a laser beam is

E(r) = E 0 - exp(-2r 2
/w

2
),

where E0 = irradiance on optical axis, r = 0 (W/m 2),
r = distance from optical axis (m), and
w = radius of laser beam (i).

To approximate a Gaussian distribution in the far
field (distance to fiber Z >> fiber diameter Rf), a weight
factor (WF) was introduced for the irradiance of each
ray in the ray tracing program, depending on the start-
ing angle of the ray. The factor is related to the
formula of the Gaussian irradiance distribution:

WF(fl) = exp(-2/3 2/A 2),

where a = angle relative to optical axis (0-5°),
A = half of the total divergence angle a of the

fiber, and
WF = weight factor.

The weight factor in relation to the angle is schemat-
ically depicted in Fig. 1.

Appendix B: Paraxial Optical Theory

Paraxial optics will predict the position of the high-
est irradiance correctly as long as the beam converges
to a waist.9

Df R' Rs

focal distance F2

Fig. 14. Condition for a parallel beam profile. Rays starting at the
rim of the fiber with radius Rf at the largest divergence angle (0.5a)
refract at the probe surface parallel to the optical axis. The distance
between the fictional focal pointF2 and the front surface of the probe
is equal to twice the radius of the sphere R, minus the part of the
sphere that is embodied in the fiber end (R, + R,) plus the distance

Df the focal point lays in the fiber.

Using paraxial optics, the ratio RS/Rf (R8, radius of
the sphere; Rf, radius of the fiber) can be calculated
when a converging beam profile changes into a diverg-
ing beam profile. This transition occurs when the
diameter of the beam at the probe surface equals the
diameter of the waist. The rays which start at the edge
of the fiber surface at the largest divergence angle (half
of the full divergence angle a) and which refract at the
probe surface parallel to the optical axis will outline
the beam profile, as illustrated in Fig. 14. Assuming
these rays to originate from the fictional focal point F2 ,
a relation can be derived between the ratio RS/Rf, the
refractive indices, and the divergence angle (Fig. 14):

F2 = R + R +Df (Bla)

where R, which is the radius of the sphere R, minus the
part of the sphere that is embodied in the fiber end, is
equal to (R' - R 2)0 5 . Df, which is the distance of the
focal point in the fiber, is equal to Rf/tan(0.5a) so that

(Blb)F2 = R, + (R 2- R2)0 5 + Rf/tan(0.5a),

using Eq. (2): F2 = Rsn2/(n 2 -nj),

R, + (R2 - R 2)0.
5 + Rf/tan(0.5a) = Rsn2/(n 2 - ni).

From Eq. Blc a relation for the ratio between probe
sphere and fiber diameter Rs/Rf can be derived:

Rs/Rf = [T(N - 1) + sqrt[T2- N(N - 2)]]/[N(N - 2)], (3)

with N = n2/(n 2 -n),
T = [tan(0.5a)]-L,

where nj is the refractive index of the medium, n2 is the
refractive index of the probe material, and a is the
divergence angle of the beam emitted by the fiber. For
the probes considered in this paper these ratios are
presented in Table II.
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