Ray tracing of optically modified fiber tips.
laser scalpels
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Rudolf M. Verdaasdonk and Cornelius Borst

The spatial irradiance distribution of tapered fibers and tapered rods used as scalpels in laser surgery has been
calculated by ray tracing. The results were compared to measurements in air and in water. The beam
profiles of laser scalpels were conicallyshaped at discrete angles related to the number of reflections within
the scalpel. Light started to leak radially out of the scalpel before it reached the tip slightly suppressing the
increase in fluence rate toward the tip. For effective tissue cutting, the scalpel tip may be shortened to
optimize the irradiance increase in combination with radial energy leakage to obtain controlled hemostatic
coagulation.
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II.

Introduction

1

Various laser sources are being used in surgery.
Although highly absorbed wavelengths like CO2 laser
light (10.6 Aim)cut biological tissue most efficiently,
wavelengths that are less absorbed by tissue can still be
used for cutting when the beam is focused to a small
spot of high irradiance.2 High fluence rates of laser
light may be obtained by focusing the beam by a lens or
by guiding the beam through the tapered end of a
fiber 3 or a tapered rod-

6

(Fig. 1). As the cross-section-

al area of the rod decreases, the fluence rate increases
until the beam begins to refract out of the taper with a
large divergence angle. In contact with tissue, the
point of the tapered end can be used to cut.4 Because
of the large divergence angle of the exit beam, the
irradiance decreases rapidly distal from the tip minimizing injury to adjacent tissue.5
The optical behavior of the laser scalpels depends on
the geometry of the scalpel, the beam diameter and
beam divergence, the refractive index of the probe, and
the refractive index of the medium. By means of ray
tracing,7 the optical behavior of laser scalpels was analyzed in relation to their geometry to determine the
irradiance distribution and fluence rate within and at
the tip of the scalpel. For commercially available laser
scalpels, computed beam profiles were compared with
photographed profiles in water.

The authors are with the University Hospital Utrecht, HeartLung Institute, Postbus 85500,NL-3508 GA, Utrecht, The Netherlands.
Received 26 June 1990.
0003-6935/91/162172-06$05.00/0.
© 1991 Optical Society of America.
2172

APPLIEDOPTICS / Vol. 30, No. 16 / 1 June 1991

Methods

The geometry of the tapered laser scalpels was defined by the taper angle a [Fig. 1(A)]. The scalpels
were assumed to be made of sapphire having a refractive index of 1.75. The taper angle was varied from 1

to 45°. Ray tracing was performed as described in the
preceding paper.7 In brief, from points equally divided along a line on the front surface of a fiber, rays were

emitted equally divided over a 10° 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 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, either the total reflectance angle or the refraction angle was calculated according to Fresnels laws of
reflection and refractions depending on the angle of
incidence and the refractive index of the environment
(Fig. 2). In case of refraction, the intensity loss due to
reflection at the transition was neglected because for
angles of incidence up to 30°, it is below 10%in air and
below 3% in water (Fig. 2).

Depending on its starting angle and its position relative to the optical axis, a ray will reflect several times
up and down the scalpel before its angle with respect to
the scalpel surface exceeds the angle of total reflection.
Then the ray refracts (leaks) out of the scalpel [Fig.
1(A)]. The irradiance distribution and the total energy were calculated at twenty equally spaced cross sections along twice the length of the leaking part of the
scalpel. The irradiance distributions were combined
to an isoirradiance level map7 within the scalpel point.
This map also displays the irradiance distribution at
the tip when the point has been shortened to a particu-

Table1. Dimensions
of TaperedProbeSapphireLaserScalpelsFittedon
a 0.6-mmFiber

probe type

MTRP 1.5
MTRP 3.0
MTRP 5.0
flat scalpel

A.

C

angle
point

radius
point

entrance
diameter

[mm]
1.5
3.0
5.0
29

degrees
53
27
16
3.8

[mm]
0.1
0.1
0.1
0.275

[mm]
1.0
1.0
1.0
2.5

Measurements

The scalpels (Surgical Laser Technologies, Malvern,
PA) which were analyzed are listed in Table I. The
beam profiles of the probes were photographed as described previously.
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t

length
probe

111. Results

D ow

The commercially available scalpels, their beam
profiles in water, and their calculated profiles are
shown in Fig. 3. The beam profile of the small taper
angle scalpel with a flat point is shown in Fig. 4.
The calculated radius of the scalpel at the level
where the first rays refracted out of the scalpel in
relation to the taper angle is shown in Fig. 5(A). This
radius was normalized with respect to the radius of
either the fiber or the entrance of the scalpel rod. The
leak radius changed in large discrete steps. In air, the
rays reflected further down into the scalpel tip than in
water. At the leak radius, the increase in irradiance
relative to the level at the entrance plane of the scalpel
was calculated. For taper angles as small as 30, the
calculated normalized increase was 85 in air and 55 in
water [Fig. 5(B)]. Assuming the scalpel end to be
hemispherical rather than flat [Fig. 1(B)], the maximum irradiance increase was 10-30% smaller due to

24

Fig. 1. (A) Ray reflected up and down inside a tapered rod with
angle a until the angle of incidence relative to the surface exceeds the
critical angle and the ray is refracted out of the scalpel. (B) Point of
the tapered rod may be shortened to the level where the first ray
refracts. It may end in either a flat or a spherical point with radius
R,.

(C), (D) Decreasing the taper angle from 25 to 240 resulted in

one additional internal reflection of a ray that was originallyrefracted out of the scalpel. Note the shift in the location of the reflection
with respect to the original point of refraction (arrows) when the
angle was decreased.

Note also the large change in divergence.

lar level. The scalpel may end either in a flat tip with a
diameter 2Rp or in a hemispherical tip with a radius Rp
[Fig. 1(B)]. The increase in irradiance at the tip of
shortened scalpels was calculated in air and in water
normalized to the irradiance at the tip of a bare fiber If.
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Fig. 3. Beam profiles of sapphire laser scalpels (Surgical Laser
Technologies, Malvern, PA) in water. From left to right panel:

scalpel, calculated beam, photographed beam. Upper panel:
MTRP 1.5, taper angle 530. Middle panel: MTRP 3.0, taper angle
270. Lower panel: MTRP 5.0, taper angle 160.

For taper angles of 5, 10, 15, 20, and 300, the isoirra-

diance maps are presented in Fig. 6. Figure 7 displays
the concurrent power reduction (A) and irradiance
increase (B) toward the scalpel tip. The distance to
the tip was again normalized to the leaking length of
the scalpel.
IV.

Discussion

A.

Beam Profiles

It was difficult to visualize the total beam profile
from a tapered tip due to the high irradiance at the tip
outshining the diverging beam. The beam was partly
scattered due to irregularities or a coating on the tip.
These irregularities cannot be prevented since a very
thin tapered tip will be damaged easily. The best
2174
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I

Fig. 4. (A) Flat ended scalpel with a taper angle of 3.80. (B) Beam
in water showing conically shaped beams at discrete angles. (C)

Calculated beam profile in water.
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Fig. 5. (A) Radius of the tapered rod at the position where rays
start to refract out of the scalpel [see Fig. 1 (A)] in relation to the
taper angle in air (dotted curve) and water (solid curve). The radius
was normalized with respect to the radius at the entrance of the rod.
In air the rays reflect further downinto the scalpel tip compared to a
water environment. The steps in the curves are related to the
number of reflections inside the scalpel before a ray refracts out of
the scalpel. (B) Increase in irradiance relative to the bare fiber tip at
the position where rays start to refract out of the scalpel for flatly
tipped tapered fibers in relation to the taper angle in air and water.
(C) Increase in irradiance for hemispherical tipped tapered fibers
was -10-30% smaller than in (B) due to internal reflection losses.

results were obtained in water due to index matching
(Fig. 3). The beam shape was conical. This shape was
most pronounced at larger taper angles. As far as can
be distinguished, the calculated and photographed
profiles were similar. The modified scalpel with a flat
point showed several conically shaped beams at discrete angles in accordance with the profile calculated
by ray tracing [Figs. 4(B) and (C)]. These angles were
related to the number of reflections a ray makes inside
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Fig. 6. Isoirradiance maps composed from twenty power distributions at equally spaced levels along the scalpel tip for 5, 10, 15, 20,

and 30° taper angles. Ordinate: length scalpel normalized with
respect to the leaking length (start leaking to taper end, 0-1). Abscissa: diameter scalpel in normalized to the entrance diameter of
the scalpel. Next to the maps, the actual shapes of the scalpels are
shown indicating the leaking length (solid) and the part presented in
the isoirradiance map.
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The isoirradiance maps (Fig. 6) show that the position and the dimensions of the area of highest irradiance depend on the taper angle. For large taper angles, the irradiance did not increase dramatically once
the scalpel started leaking [Fig. 7(B)]. For small taper
angles, in contrast, the highest irradiance was concentrated in the very tip. Due to limited spatial resolution of the raytracing, the isoirradiance maps are not
totally symmetrical and the peak irradiance could not
be represented accurately.
The irradiance at the scalpel point may be controlled
by shortening the tip of the scalpels to the level of the
desired irradiance increase. If the point is cut flat, the
point has sharp edges like a bare fiber. Calculation of
the irradiance increase for flat ended [Fig. 5(B)] and
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The highest irradiance increase was obtained with
the smallest angle of the point. A small taper angle,
however, may result in a brittle and sharp point, but a
taper angle of 3.8° is still feasible (Fig. 4).
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Fig. 7. (A) Reduction of the total power in percentage of the original power at the entrance of the scalpel in relation to the normalized
leaking length (0-1) of the scalpel for 5, 10, 15, 20, and 300 taper
angles (highest to lowest curve, respectively). (B) Corresponding

increase in irradiance relative to the irradiance at the entrance of the
scalpel for 5, 10, 15, 20, and 300 taper angles (highest to lowest curve,
respectively).

the scalpel before it refracted out of the scalpel. The
angle of each cone depended on the starting position of

a ray relative to the optical axis and on its starting
angle.
B.

Leaking Level of Scalpel

Dependent on the taper angle, the radius of the
scalpel where rays started to leak out changed in discrete steps [Fig. 5(A)]. The steps are related to the
number of reflections a ray makes inside the scalpel.
A small decrease in taper angle resulted in one additional internal reflection of a ray [Figs. 1(C) and (D)].

Considering the percentage of the light that is reflected near the critical angle (Fig. 2), the step will not be as
abrupt as shown in Fig. 5(A). The assumption, however, that reflections below the critical angle can be ne-

glected is fair up to an angle .50 smaller than the
critical angle where the percentage reflection will always be below 10% (Fig. 2).

Once rays started

to

refract out of the scalpel, the total power decreased
toward the tip. For smaller taper angles, more light
will be reflected further toward the tip [Fig. 7(A)].
The crossing of some curves in Fig. 7(A) is due to

normalization. Combined with the decrease of the
cross-sectional surface area of the tip, the average irradiance increased more than a hundredfold relative to
the irradiance at the entrance of the scalpel [Fig.7(B)].
The increase in irradiance is slightly diminished by the
decrease in total power inside the scalpel and by the
actual dimensions of the point of the tip which cannot
become infinitely small.
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C.

Probe Design

The laser may be used as an alternative for the
surgical knife when it is preferred for its higher precision and its hemostatic effects.6 For some applications, for example, in eye surgery,10 it may be the only
tool available. One other advantage is the capability
of combining cutting with coagulating. Using a wavelength with a high tissue penetration depth like
Nd:YAG,1 1 1 2 small blood vessels in highly perfused
organs will be coagulated during cutting. In this way
surgical procedures like liver resections13 may be performed with minimal loss of blood.
For this purpose the scalpel may be shortened to a
level with a high irradiance to cut effectively in combination with a sufficient leaking length for adequate
hemostasis. Surgical Laser Technologies has designed scalpels with a coating to increase radial coagulation.
V.

Conclusion

Beam profiles of laser scalpels are conically shaped.
The discrete angles of the beams are related to the
number of reflections inside the scalpel. The increase
in irradiance inside the scalpels toward the tip is slightly suppressed by refraction of light out of the scalpel
before the light reaches the tip and by the mechanical
strength of a tip with a small taper angle. The scalpel
tip may be shortened to obtain the optimum irradiance
distribution with a sufficient irradiance increase for
effective tissue cutting together with radial energy
leaking to obtain controlled coagulation and hemostasis of the cut tissue.
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