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ABSTRACT

Hollow waveguides (WG) made of plastic, silica, and metals have been developed for mid-IR spectrum
transmission and are already being used, mainly in medical applications, in laser surgery and treatments.
Characterization of these fibers is one of the important steps that enables further understanding of newly
developed methods of preparation or applications. Scattering and beam profile measurements are discussed
which have provided new data that may be used for future improvement or applications of these types of
waveguides. Data on the roughness of the tube walls of WGs were obtained from backscattering measure-
ments before and after deposition of the guiding layers. This is important for developing WGs for the shorter
wavelengths in the mid-IR range (e.g., Er:YAG lasers, A =2.94 nm). Measurements under various bending
radii have made it possible to calculate the contribution of scattering as well as absorption and changes in
modes of propagation. Beam profile measurements have supplied data on the contribution of coupling to the
mode of propagation, and the dependence of delivered energy to a target at a distance on the coupled value
of energy. The conditions under which a whisper gallery mode of propagation appears as a function of the
radius of bending and the angle of incidence to the normal of the inner wall, were found. © 1997 Society of
Photo-Optical Instrumentation Engineers. [S1083-3668(97)01102-7]
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1 INTRODUCTION

In the past few years the applications of infrared
laser radiation in medicine have increased drasti-
cally and new applications in surgery and treat-
ments using new types of solid-state lasers (e.g.,
Er:'YAG, wavelength A =2.94 um) were developed.
An important limitation of the use of the lasers and
other sources of infrared radiation in the wave-
length interval of 2.5<\ <12 um arose, since in this
region of \ a reliable delivery system similar to that
of the core-clad optical fiber or a waveguide suit-
able for these wavelengths had not been developed.
Intensive investigation was carried out and within
3 to 5 years, the characteristics of waveguides for
this region of infrared radiation were improved.
This has provided a real possibility of developing a
delivery system that can be used in biomedical and
other applications.

The basic developments in this direction were: (1)
The discovery of a new technology for depositing
guiding layers (Ag/Agl)," which enabled the use
of any tube with suitable properties (e.g., high flex-
ibility, nontoxic) to make waveguides for medical
applications. (2) The reduction of attenuation losses
to less than 1 dB/m.*® At present waveguides
made of tubes of plastic, quartz glass, sapphire, and
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metals are already in various stages of being
developed.” ! The plastic waveguides were the
first used in surgery and treatment'>"> of human
patients, which has encouraged further investiga-
tion of their development and application in medi-
cine.

One of the important problems that appeared
during a study of the possibility of extending the
low loss attenuation (A<0.5 dB/m) of all types of
waveguides (plastic, glass, and metal) to wave-
lengths shorter than that of CO, (e.g., Er:YAG for
hard tissue surgery or visible He:Ne pilot lasers
needed in medical applications), was the limitation
caused by scattering. Information about the sources
of scattering, such as wall roughness and granula-
tions of the deposited Ag/Agl guiding lasers, is not
easy to obtain since it is difficult to measure the
scattered radiation inside the tube without damag-
ing the tube. The scattered radiation is caused by
the multiple reflections on the internal wall of the
tube and changes in the distribution of propagated
modes along the waveguide.

Earlier papers reported our preliminary studies
of this scattering and a possible connection with
attenuation.'®? In this paper we present the results
of studies of the scattering and beam profile of
propagated modes of radiation as a function of type
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Fig. 1 The experimental setup for scattering measurements.

of tube (plastic, glass, and metal), internal diameter
(id), length, radius of bending, coupled power or
energy, and the conditions for formation of a whis-
pering mode. It will be shown that the experimental
results of this study have practical application for
mode selection, reduction of scattering losses, and
measurements of location of the defects produced
in the preparation of the waveguides.

2 EXPERIMENTAL

Samples of Teflon and silica were prepared using
the method developed in our laboratory and pub-
lished earlier.'” The scattering experiments were
made using three methods: (1) total integrated scat-
tering (TIS), (2) backscattering reflection (BR), and
(3) a nondestructive method (ND). The TIS method
was described in Ref. 19 and was used to measure
the integral scattering in pieces of waveguide tubes
before and after deposition of the guiding metal
and dielectric layers. The BR method (Figure 1) was
used to measure samples of Teflon or silica glass
longitudinally cut into two parts. This allowed us to
measure the backscattered reflection from the inner
surface of the tube before and after degosition of
the Ag and Agl layers. The ND method'® was used
to measure the location of defects on the inner sur-
face of tube before and after deposition of the Ag
and Agl layers without cutting the waveguide lon-
gitudinally. The light sources for the scattering ex-
periments were a monochromator that has deliv-
ered wavelengths of 400<A=<800nm and He:Ne
(A=633nm), Ar (A=488nm), and CO, (A
=10.6 um) lasers. A Spiricon beam profiler (LBA-
110) system was used for low-power delivery
(~5watts) and the Perspex cubes method!® was
used for high-power delivery of the radiation from
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Fig. 2 Normalized reflection intensities of silver on fused silica
glass and plastic pieces of tube.

the waveguides. The Perspex cubes method used
high-transparency 2X2X2cm® cubes of poly-
methyl methacrylate. Pulses of 2.5 J/s during 0.2 s
of laser radiation were applied to the cubes. This
changed the viscosity of the material enough that
with the pulses applied and rapid cooling, a crater
was formed that reproduced the shape of the ap-
plied beam. An image of the beam shape was ob-
tained by using a microscope and CCD camera.

3 RESULTS AND DISCUSSION

Theoretical calculation of the scattering produced
by defects and granulation of a solid surface in the
cylindrical waveguide is not simple because of the
very large number and closely located centers of
scattering and cylindrical geometry. We took into
account that in our cylindrical waveguide, radiation
is propagated by multiple reflections from the
metal/dielectric layers deposited on the inner part
of tube wall. The roughness rms parameter of scat-
tering (o) for every reflection on the surface is given
by Bennett*:

)

(470 cos 0)
x 7

R(6)=R, exp[ -

where R( 6) is the value of reflection as a function of
the angle of incidence (6) to the normal of the wall,
\ is the working wavelength, and R is the value of
reflection for o/ \=0.

For a constant value of 6, the value of R is a func-
tion of N and the roughness parameter (o). This al-
lows us to obtain the value of ¢ by taking a constant
angle of incidence (e.g., #=0) and measuring R as a
function of wavelength (\). Figure 1 shows the
setup for this type of measurement of rms (o) of
scattering. Figure 2 shows the dependence of the
reflection R/R, as a function of N\ for Teflon and
quartz glass pieces of WG tubes cut longitudinally.
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Fig. 3 Normalized reflection intensities of two Ag/Agl layers on
fused silica glass pieces of tube.

The scattering in the tubes was measured using the
method given in Ref. 18 and total integrated
scattering.'? It can be seen that the quartz glass has
a much smaller o (5 nm) than the Teflon waveguide
(35 nm). This is mainly because a very smooth sur-
face of the inner wall of the quartz tube is much
easier to fabricate than that of a Teflon tube. Infor-
mation on the optimum process of chemical depo-
sition of the Agl dielectric layer was obtained by
measuring the roughness with this method.

Figure 3 is shows the variation of R/ R, as a func-
tion of N and the values of o for two Agl layers
deposited from a solution containing 1 and 2% I,. A
comparison of the two graphs in Figure 3 showed
that the Agl layer obtained from the solution with
the lower concentration of I, has a smaller rough-
ness (0=>55nm) than that deposited at the larger
concentration of I, (=90 nm). The relative reflec-
tion R/ Ry is larger for the film deposited at a low
concentration of I, than for a deposit at a high con-
centration of I, but only for values of 420<\
<800 nm. This is due to the negligible scattering for
wavelengths longer than A>800 nm and the negli-
gible reflection (high transmission) in UV (A
<400 nm).

A very important result was obtained by compar-
ing the scattering for Agl films of different thick-
nesses. Figure 4 shows R/ R as a function of wave-
length for two Agl/Ag films 0.1 and 0.7 um thick
on a plastic WG. Here two concurrent factors affect
the R/ R, ratio: the optical interference due to the
thickness of the Agl layer and the scattering. For
wavelengths 450 nm=<\=<650 nm, the influence of
interference is important. As may be seen, the film
that is 0.7 um thick has an R/ R ratio larger than
the film that is 0.1 um. In the region of 650 nm<\
<750 nm, the value of the R/R, ratio becomes
smaller for a 0.7 um thickness than for the 0.1 um
film. With a further increase in wavelength, the
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Fig. 4 Normalized reflection intensities of Ag/Agl layers on a
fused silica glass tube for =90 nm.

value of R/ R is again reversed and becomes larger
for 0.7 um than for a 0.1 um film. This corresponds
to the typical periodic change in intensity of re-
flected light due to interference. These types of
measurements provided important information
about the optimum thickness and maximum rough-
ness for a guide that has to deliver a given laser
wavelength, or an interval of transmitted A for ra-
diometry, arrays of lasers, or A-tuned lasers.
Another important parameter that has to be stud-
ied is the dependence of attenuation under bent tra-
jectories in the WG. Bending increases the losses
caused by increases in cos ¢ and o because there is
an increased probability of larger angles of inci-
dence of rays with scattering centers. Measure-
ments of transmission as a function of wavelength
for 400=A<800nm were made for straight and
bent WGs.'® The normalized transmission as a func-

1.0 —
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0.8
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Normalized Transmission
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Fig. 5 Normalized transmission intensities of straight (i.d.
=1.0 mm, length=1.0 m) and bent (radius of bending R=10 cm
and o=25 nm) plastic waveguides.
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Fig. 6 Normalized transmission intensities of straight and bent (ra-
dius of bending R=10 cm and o=20 nm) glass waveguides.

tion of wavelength for a straight and bent (at a
bending radius of R=10 cm) plastic waveguide is
shown in Figure 5. As can be seen, at shorter wave-
lengths (A<700 nm) the bending strongly reduces
transmission and for longer wavelengths (A
>700 nm), the straight and bent WGs have practi-
cally the same transmission. Since scattering is a
strong function of 1/\ [Eq. (1)], it can be assumed
that the increase of scattering is dominant in this
case for A<700 nm. The corresponding increase in
rms in comparison with that of the straight WG was
calculated as Ag=25nm.

A similar measurement was made for a silica tube
WG where the roughness of the inner wall o is
much smaller than that of the plastic. In this case a
A-dependent transmission after bending is seen
only between 500<\ <700 nm since in the interval

600

400

200

400<A <500 there is maximum of interference (Fig-
ure 6). Calculation of increased scattering as a con-
tribution to reduction of transmission has given
Ac=20nm. This shows that the silica WGs have
smaller losses, not only as straight tubes, but also
under bending.

Another important factor that has to be studied is
the mode of propagation through the WGs. This is
because the ratio between the cross section of the
bore of the WG is much larger than that of the
coupled IR wavelength of the transmitted energy.
This makes the type of propagation multimodal,
which may have consequences for the attenuation
and bending losses that are important in practical
applications in medicine or other fields. In medicine
a beam is needed at the output from the WG that
has a shape similar to that delivered by the laser
(which is usually a Gaussian shape). To obtain data
on mode propagation, beam profile measurements
at energies E=5m] were made employing 2X2
X2 cm?® Perspex cubes. The radiation beam at the
output from the WG was directed onto one of the
faces of the cube. The radiation melted the Perspex
and rapid cooling allowed us to obtain the image of
the profile of the incident beam (energy as a func-
tion of x, y, and z).

Figure 7 shows, for calibration purposes, a beam
profile of a CO, laser obtained by a Spiricon beam
profiler and by the Perspex cube method. The two
images are practically the same. The first measure-
ments were made on straight WGs made of plastic
and silica to obtain data on the contribution of wall
roughness to the mode of propagation. Figures 8(a),
8(b), and 8(c) show the maximum depth of the cra-
ter made by energy delivered to a plastic WG of
i.d.=1.0 mm and silica WGs of i.d.=0.5 and 0.7 mm,
respectively. As can be seen in Figure 8, the type of

b.

Fig. 7 Comparison between shape of beam measured with (a) Spiricon (60 on the scale equals to 12 mm) and (b) Perspex cube method

(distance between bars, 0.5 mm).
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Fig. 8 The crater shape (beam profile) produced by CO, laser
radiation delivered through a straight waveguide (length=75 cm)
of: (a) plastic (i.d.=1.0 mm), (b) fused silica (i.d.=0.5 mm), and
(c) fused silica (i.d.=0.7 mm). Distance between bars, 0.5 mm.

material and the size of the inside diameter have an
important influence on the shape of the beam pro-
file. The WGs with less wall roughness (silica) and
smaller i.d.s (0.5 mm) give the best shape.

QY

a b C

Fig. 9 Influence of eccentric coupling on the shape of a beam
delivered by a fused silica waveguide (i.d.=0.7 mm, length
=65 cm). (a) Coupling was made to the left side of the bore, (b)
coupling was made to the center of the bore, and (c) coupling was
made fo the right side of the bore. Scanning was made along the
inside diameter of the waveguide using 0.1-mm steps.

We have observed that the shape of the propaga-
tion mode is sensitive to the coupling. Only if we
couple the center of the laser beam exactly to the
center of the bore of a hollow WG can we obtain a
symmetric image. As can be seen from Figures 9(a),
9(b), and 9(c), shape of the beam remains practically
the same (Gaussian) as that delivered by the laser,
but nonsymmetric deviations appear for the small (
i.d.=0.5) silica WGs because of the difficulties of
exact coupling. A clear illustration of the influence
of coupling is demonstrated in Figures 9(a), 9(b),
and 9(c), which show the profile of a beam from a
silica WG of i.d.=0.7 mm. In Figure 9(a), the WG
was coupled to the laser beam near to the left end
from the center of the wall. The part of the beam
nearer to the wall shows no modes, unlike the fur-
ther end, where the modes can be seen clearly. In
Figure 9(b), the coupling to the WG was made near
the center. In this case a near-symmetric shape ap-
pears. In Figure 9(c) the coupling was made near
the right end from the center. Again, the part of the
beam nearer to the wall has no modes, unlike the
part further from the wall, where the modes ap-
pear. This shows that the losses due to scattering
and/or absorption by interaction with the wall of
the waveguide reduce the higher modes, maintain-
ing only the lower modes, which have the larger
energy.

The measurements of beam profile have enabled
us also to obtain information on the losses by
propagation in free space after the output from the
waveguide. Figure 10 shows the dependence of the
depth of the main crater in the Perspex (1) as a func-
tion of the distance (D) from the tip of the WG to
the Perspex cube. With increasing D, the depth [
decreases. The larger coupled energy (4 J) delivered
to the WG gives larger energy at the output but
decreases more rapidly than the smaller energy (2 ])
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Fig. 10 Maximum crater depth (intensity of radiation) (/) produced by a CO, laser versus distance (D) between the tip of the waveguide and

the Perspex cube.

with increasing D, tending to be equal for
>24 mm. The optimum distance at which the
beam has to be delivered for practical applications
to avoid heating the WG is (<1 mm); to obtain
enough sensitivity to changes in the energy of the
delivered beam, it is ~1.5 mm.

We also measured the beam profile of the WGs
after bending at different radii of curvature R. The
results of these measurements are seen in Figure 11.
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Fig. 11 Maximum crater depth (intensity of radiation) (/) pro-
duced in the Perspex cube versus the radius of curvature (R) of a
fused silica waveguide (i.d.=0.5 mm).
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An important result was observed for bending at a
value R=32 cm.

Usually if the radius of curvature is increased
(less curvature), the depth I has to increase since
the delivered energy in the Perspex cube is larger.
This is readily seen for R<<32 cm. For bending at
R=32cm, the length | reaches a maximum (2.2
mm) and with a further increase to R>32, it de-
creases; for R=40 cm, the value [=1.1 mm (half of
that of the maximum [=2.2 mm). This suggests,
that with a curvature radius of 32 cm, the given
conditions of coupling between the laser and the
WG, and the cross-section diameter of the WG
bore, a total or partial whisper gallery mode of
propagation,” was obtained in which the energy is
concentrated near one part of the inner wall and the
losses are decreased.

We calculated the critical conditions for a whis-
per gallery mode of propagation. Figure 12 shows
the incidence of a ray with the inner wall under an
angle 6. The radius of curvature is R and the bore
radius of the waveguide is d. The condition for
whisper gallery propagation is 0<<x<2d, where x
=AC (Figure 13), R>2d and =80 deg.?>*

The relation between x, (R+d) and 6 is given by:

(R+d)(1—sin 8)=x. 2)

The conditions for a whisper gallery mode of
propagation were calculated using Eq. (2) for d
=0.5 mm and various R and sin 6. The results are
shown in Figure 13. The experimental values ob-
tained for WGs by measuring the maximum deliv-



SCATTERING AND BEAM PROFILE MEASUREMENTS OF PLASTIC, SILICA, AND METAL RADIATION WAVEGUIDES

Fig. 12 Geometrical representation of parameters and incidence
of a ray to obtain a whisper gallery mode of propagation.

ered energy at a given R and d using the beam
profile method of Perspex cubes may confirm our
hypothesis of a whisper gallery and Eq. (2). How-
ever, more measurements have to be made and
other possible explanations of the appearance of the
maximum investigated—for instance, interference
between the lower and higher modes.”

4 CONCLUSIONS

Scattering measurements on plates and tubes of
plastic and silica covered with a silver (Ag) layer
and a silver iodine (Agl) overlayer were performed
and data about the rms roughness of the tube walls
and guiding Ag/Agl layers were obtained.

* The results obtained from scattering measure-
ments were used to develop and improve
waveguides in the mid-IR region of the spec-
trum.

* Measurements of scattering under bending
have enabled us to calculate the increase of
losses due to increase of scattering (Ao) and to
separate it from other factors, such as absorp-
tion in guiding films or angle of incidence
with the wall.

* Beam profile measurements for straight WGs
using the simple method of Perspex cubes
have provided data on the contribution of the
type of tube (plastic or silica) and of the inside
diameter to the modes of propagation. These
data are very important for preparation of
WGs and for medical applications.

* Beam profile measurements have shown that
the coupling of laser radiation with a WG has
to be made in the center of the bore of a hol-
low waveguide. Deviations of center coupling
give nonsymmetrical shapes of the beam de-
livered from the WG.

6 [degrees]

60 A e e LA o e —— —— T T
0 20 40 60 80 100 120 140 160
R [cm]

Fig. 13 The angle of incidence for whisper gallery mode propa-
gation () versus radius of curvature (R) of the waveguide

(i.d.=0.5 mm). The value x=AC (see Fig. 12).

* Information was obtained on the decrease of
delivered energy from the tip of the WG to a
target as a function of distance D and coupled
energy from the laser. We show that the opti-
mal distance for minimum divergence is 1.5
mm.

* The conditions under which a whisper gallery
mode propagation appears (radius of bending
for constant coupling focal length) were deter-
mined using the Perspex cube beam profile
method.

Our experiments show that scattering and beam
profile measurements are methods that enable one
to obtain important information on the quality of
deposited guiding layers and to predict the condi-
tions of maximum power delivery by a whisper
gallery mode of propagation.
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