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ABSTRACT
Recently, hollow wave guides (HWG) have become available enabling CO2 beam delivery for
treatments in less accessible parts of the human body. In this study, an JR fiber delivery system

was designed which can easily be attached to and removed from an existing medical laser
(Coherent Ultra-Pulse 5000C) without interference with its normal functionality. The system
accepts SMA terminated HWG with an inner diameter as small as 320 pm. Measurements were
performed with 320-1000 im diameter HWG (Rutgers University, USA). The coupling losses
were around 10 %. Transmission losses were up to 2.5 dB/m and depended on the bending radius
of the fiber. The fibers tolerated pulse energies up to 400 mJ with peak powers of 800 W and an
average power of 10 W. The beam quality was preserved during transmission. Despite the losses,
the output energy easily exceeded the threshold for tissue ablation. The IR fiber delivery system
was successfully used in a clinical setting. The flexible 320 m fiber was introduced through the
1 mm working channel of a 2.3 mm fiber-endoscope with a 90 degree bendable tip. Tissue was
effectively ablated with pulses up to 300 nil out of the fiber. To prevent damage due to pollution
of the coating inside the HWG, it will be necessary to close the distal end of the fiber by an JR
transmitting material. The JR fiber delivery system has shown to be practical in clinical use

without interference with the normal functionality of the CO2 laser. The system enables
endoscopic application of CW and pulsed CO2 laser light.
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1. INTRODUCTION
The CO2 laser, which emits far-infrared light, is very popular in surgery for several reasons. The

laser wavelength is highly absorbed in tissue(water) and high output powers can easily be
achieved due to the high efficiency the-laser. Typical applications are cutting and removal of
tissue with high accuracy and minimal damage to surrounding tissue . There is, however, an
important restriction in the delivery of the laser beam. Until recently, the only way to direct the
beam towards the tissue was with the use of mirrors, e.g., an articulated arm in combination with
focusing optics. The great advancements in endoscopic laser surgery are not yet applicable using
C02-light because of the lack of useful, non-toxic fibers. However, recently a new generation of
JR fibers has become available 2 opening the way towards the construction of a device enabling
the use of CO2 light in endoscopic surgery.

The aim of this study was the design and realization of an JR fiber delivery system that to be
fitted to existing medical laser systems as an easy and practical add-on without modification or
limitation to the laser.
#
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2. INFRARED FIBERS
2.1 Solid core IR fibers
Fibers capable for transmission o! IR radiation are either made of IR glasses or IR crystalline
material. Fused silica (Si02) fibers are suitable for the near JR fbr example the Diode and
Nd:YAG laser. If these fibers have a low OH- concentration, they are useful up to 2.5 m
wavelength (e.g. Holmium laser). In the mid IR, special fluoride glasses for example ZrF2
transmit up to 7 m. Two types of chalcogenide fibers are currently available. Sulfide-based
fibers are optically transparent from 1 to 6 pm, and telluride-hased (GeaAsbSecTed)

fibers in the 3 to 11 .tm region. These chalcogenide glasses have nowadays good mechanical
strength, flexibility and glass stability, however, due to their toxicity not an obvious choice for
application in the medical field 2, The fiber end requires an excellent surface quality to minimize
incoupling losses and to avoid laser induced damage. Due to the relatively high refractive index,
anti-reflection coating on the fiber ends is required to reduce the high Fresnel reflection losses.
Fibers made from silver-halide materials are flexible, highly transparent, non-toxic and capable
of handling high powers in the middle and far infrared. The effect of mechanical aging of these
polycrystalline fibers, however, limits their performance.

2.2 Hollow Wave Guides
Besides the solid fibers made of' IR transparent material, hollow fibers can be employed which
transport the light by means of reflection. These fibers or hollow wave guides (HWG) can
transmit the wavelengths through of the whole JR region. The wave-guides arc constructed of
thin hollow tubes either of plastic, silica or sapphire. The inside of' tube is coating with a
reflective metal layer and preferably an additional dielectric layer on top to increase the
reflectivity and the preservation of the beam quality . The wave-guides made of plastic tubing
have high losses, lack coherence and have no power handling capabilities. The hollow wave
guides made of either silica or sapphire tubing are coated with a combined metal and dielectric
coating optimized f'or a particular laser wavelength in the JR e.g. Erbium or CO7. They have a
relatively low loss and transmit the laser light with minimal disruption of the beam quality.
Theoretically, the attenuation (a) of' the hollow fibers depends on the bending radius andthe bore
diameter of' the fiber:
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3. DESIGN OF THE IR FIBER DELIVERY SYSTEM
The conditions for the design of the JR fiber delivery system were:

(a) accessory to existing medical CO2 laser systems
(b) easy and practical add-on
(c) no modification of laser itself
(d) no limitation for the regular use of the laser
(e) fiber to be replaced easily
(I) no adjustments necessary replacing fibers
(g) connection to various diameter fibers

The fiber delivery system developed is described in detail below with argumentation for its
concept. In principal, the design consists of a medical laser with an articulated arm, a fixation for
the coupler on the laser, the coupler itself and the fiber terminated with a connector (fig.2 right
and fig.3).

3.1 Laser system
The fiber delivery system was designed for the Ultrapulse 5000C (Coherent, Palo Alto, Ca, USA,

fig.2 left) at its maximum settings. The laser system has an average power up to 100 watt. In
pulse mode its peak power is 600-800 W. The energy per pulse can be set between 1 and 500 mJ
by varying the pulse duration between 10 to 1000 ts.
With a few modifications, the coupling system can also be installed on almost any of the other
medical CO2 systems on the market today.

3.2 Articulated arm
All medical CO2 lasers use an articulated arm to deliver the laser beam to the treatment area. An
articulated arm is a set of tubes connected with revolving joints; mirrors inside these joints direct
the beam through the tube. The articulated arm usually consists of six to eight mirrors to provide
the steering of the laser beam to the desired position. In the ideal situation when the mirrors are
properly aligned, the beam will exit the arm at the same position and direction independent of the
position of the arm. This condition is mandatory for the use of the coupling device with fibers.
Unfortunately, the alignment of the beam through articulated arm position is usually not accurate
enough for the coupling into the fibers. As will be explained later, the spot of the focussed beam
has to be positioned with an accuracy higher then 50 pm at the entrance of the fiber. Therefore,
the arm is always placed in a reproducible position. The optics for launching the beam into the
fiber is calibrated for that position.
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Figure 2: The Coherent UltraPulse 5000 laser (k/i) and an artist impression ofthe JR fiber
coupler attached to the laser both (right)

The docking site of the arm, as used during transport and storage, proved to be a suitable
reproducible position of the arm. Only the last joint of the arm is still maneuverable and has a

revolving outer screw thread to which normally the hand-pieces with focussing optics are
coupled. When the coupler is fixated onto the laser body and the last joint of the arm is attached
to the coupler, a reproducible positioning is provided.

/
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Figure 3: JR fiber coupler in
mounting arm with fIxaiwn
screws and 5MA terminated
HWG.

3.3 Fixation of coupler to the laser
One of the initial conditions was not to make any modification to the laser body. So a collar of
aluminum strips was constructed that could he clamped around the laser body. This way, there
was no need to drill holes into the laser structure itself. One side of the aluminum strips facilitates
holes in which the mounting arm of the coupler can he fixated (fig.2 right).

3.4 Mounting arm
The mounting arm provides the connection between the collar on the laser body and the coupler

at the right position in front of the last joint of the articulated arm. With two screws, the
mounting arm is fixed on the collar (fig.3). The articulated arm and coupler are placed in the
same position every time the coupler is mounted.

3.5 Coupler
The coupler consists of a lbcussing lens with x-y-z adjustments for accurately positioning of the
spot of the fcussed laser beam at the center of the front end of the hollow wave guide.

The position of the fiber in the x-y direction is most critical and must be adjustable hut also
steady at the same. The i-position of the fiber (along the direction of the beam) is less critical due
to the relatively long waist of the focussed beam. The ZnSe lens used has a focal length of 119
mm. In conjunction with the characteristics of the beam of the Ultrapulse laser (6 mm diameter
and
I mrad divergence and Q (quality factor) 1.1, a spot size of 250 .tm could be achieved.
This was verified with measurements. Instead of moving the fiber entrance into the focus, the
coupler is designed to align the lOcus point with the fiber by moving the lens in x-y direction. In
the Z-direction the fiber entrance itself is adjusted. The positioning of the fiber should then be
reproducible after initial alignment. The introduced astigmatism due to errors in x-y direction,
when the center of the lens is placed off-axis, was not accounted for.

For unifOrmity, the fiber port is designed to accept SMA-terminated fibers (fig.4). This enables

the use of various diameters (> 300 Lm) and types of' fibers that are suitable fOr the CO2
wavelength which are terminated with the universal SMA-connector.

Figure 4: close-up of SMA
port on coupler with SMA
terminated HWG attached.

-
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3.6 The SMA fiber connector
In contrast to most SMA terminated fibers, the SMA connector itself can easily he dislodged
from the hollow wave guide (fig.3,4). In case of' fiber malfunction or need for sterilization, the
fiber can he separated from the connector. The connector design based on the SMA dimension
protocol prevents direct exposure of' the rim of the hollow wave guide to the fiber.

3.7 Hollow wave guides
The hollow wave guides, used in this study, were manufactured at Rutgers University (NJ, USA,
J. Harrington 4) The fibers are constructed from silica tubing with a combined metallic and
dielectric coating and protective polyamide outer coating. The fibers are produced with 320, 530,
700, 1000 im bore sizes. Depending on bore size a theoretical attenuation of 1.5 to 0.5 dB/m can
he achieved.

In contrast to solid fibers, the entrance does not have to be polished since the core is air. The
silica tube can easily he cut to a flat edge by making a 360 de'ee scratch on the outside using a
sharp hard metal blade. Whenever the rim or coating at the entrance of' the fiber is damaged, this
cutting procedure can be repeated by removing several millimeters of' silica tubing and replacing
the SMA connector as described before.

3.8 Attachmenl of coupler
Figure 5 illustrates how easily the coupler is attached to the laser body and ready f'or application.
The coupler is attached to the articulated arm and the mounting arm is attached to the metal collar
on the laser body by means of two knots. Within a few minutes the laser can be adaptedfor fiber
delivered CO2 light.

r

Figure 5: Series ofphotos showing the attachment a/the coupler to thelaser
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4. EXPERIMENTAL VALIDATION OF THE FIBER DELIVERY SYSTEM
Besides the design and construction, the feasibility of the IR fiber delivery system for clinical
applications had to be proven. Therefore the transmission efficiency was measured in relation to
pulse energy, fiber diameter and bending radius. Also the incoupling losses and damage threshold
of the various diameter fibers were determined.

4.1 Fiber transmission
The coupling of the focussed beam into the fiber was optimized using the adjustments for x-y-z
directions. The power transmission through the fiber was measured for different lengths of the
fiber relative to the energy leaving the SMA port without the fiber attached. Samples of the 320
im and 700 tm fiber were tested at pulse energies from 40 to 300 mJ.
The 700 .tm fiber showed a transmission of over 90 % for a length of 0.5 m. For the 320im fiber
the attenuation was 40% per meter with losses at the coupling interface of 20 % (fig. 6). The

relatively high coupling losses are ascribed to the small core size of the 320 .tm fiber in
comparison to spot size of the laser (250.tm).
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predicted, the bending radius should effect the transmission. For a 1 000 m fiber with a

length of 1 m, the transmission in relation to the bending radius was determined and is presented

in figure 7. Due to the stiffness of the 1000 xm fiber, the smaller radii are not relevant.
Consequently, the transmission is hardly influenced by the bending of the fiber. There is no
significant difference observed between a 90 and 180 ° curvature. However, the smaller diameter
fibers can be bend to much smaller radii and should show the hr attenuation predicted by theory.
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Figure 7:
transmission efficiency in
relation to bending radius
of a 1000 pm HWG

5. FEASIBILITY CLINICAL APPLICATION
The delivery of CO2 light through fibers makes it possible to reach areas in human body that can
not he treated using the conventional way of beam delivery. Normally, the beam is coupled to a
microscope and sent along the path of view of the microscope. The fiber enables energy delivery
to places positioned outside the direct view using flexible endoscopes with working channels.
This was demonstrated in an in-vitro setup with the 320 pm and 1000 p.m fiber diameters. The
320 p.m fiber was introduced through the 1 mm working channel of a 2.3 mm outer diameter
flexible endoscope of which the tip was bendable 90 deees with a 10 mm radius as shown in

figure 8 (left). Although the transmitted energy dropped to about 50 %, the pulses were still
effective in ablating tissue. The right panel of figure 8 shows the irradiation of the spine inside

the thorax of a chicken using a larger model endoscope with a 1000 pm fiber. With a
transmission efficiency of over 80%, the 50() mJ pulses effectively ablated bone associated with
spectacular light hares.

Figure 8: Lefi: 320 um HWG protruding from a 2.3 mm flexible endoscope.
Right: light flares from the ablation of hone with a 1000 um HWG.

6. DISCUSSION
In this study, we have presented the design and realization of a IR fiber coupler that can been
used on an existing medical CO2 laser (Coherent Ultrapulse 5000C). The laser can be adapted for
normal use to fiber delivery within 5 minutes. The coupling system has proven to able to delivery
over 50 % of the original output through a 320 p.m hollow wave guide in combination with a
flexible endoscope with a 90 deee flexed tip. Although the system was to be thoroughly tested
in a clinical environment, the initial results are very promising.

This coupling system was just the first working model. It can be expected that the design can
even be more successful after implementation of some adjustments. Further, the concept of the
coupling system can also easily be adapted tbr other medical CO2 systems on the market.
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6.1 Fiber alignment
The reproducibility after exchanging fibers with diameters above 500 tm did give any problems.

However, for the 320 xm fiber, the positioning is more demanding. Firstly, only a minimal
misalignment of beam in the articulated arm results in a displacement of the spot at the fiber
entrance and result in high coupling loss. Therefore it be necessary to ensure that the articulated
arm is not positioned under stress in its docking position. Secondly, the manufacturing of the
custom SMA plug is very critical to ensure the concentric position of opening for the hollow
wave guide. The SMA plug should be made with the highest accuracy e.g. on computerized
mechanical machining equipment.

6.2 Hollow Wave Guide
The HWG are essentially silica glass tubes with or without a thin protective outer coating for
mechanical support. Therefor, they seem even more fragile then solid core fibers. Like in case
with the ordinary silica fibers, a thicker polymer coating would contribute to a sturdier fiber but
at the same time increase the outer diameter and stiffness.
The inner coating, responsible for the reflection and transport of the laser light, has to endure the
high powers transmitted through the fiber for long exposure times. Since the coating is very thin,

a minimum of absorption will result in the destruction and ablation of the coating itself.
Especially, the coating at the entrance and exit of the HWG is vulnerable to pollution and
scratching. However, damage was also observed halfway the fiber during damage testing at high
powers. The coating was somehow ineffective and the glass coating started to glow and melt
during an exposure of 30 W (average power). It was not clear if the fiber had been polluted or
that the failure was due to the fabrication process. The producer of the fiber is still improving on
the fabrication process of the fiber as to uniformity of the coating and fiber length '.
6.3

Damage threshold

As mentioned in the previous paragraph, fiber damage was observed at 30 W average power for a

320 m fiber. For the 1000 .tm fiber, an average power up to 80 W was sustained for tens of
seconds. Since only a few fiber samples were available for this study, The damage testing was
only limited and not pushed to the edge to secure for usability of the fibers. Further damage
testing should be performed to get more information on the limitations of the fibers when more
samples become available.
This also applies to the mechanical testing. Experiments should be performed measuring the
transmission at smallest bending radius possible before breaking.

6.4 Hollow fiber tip shielding
Due to the open end of the fiber, the wave guide is unprotected for pollution. In most clinical
settings, environment will be moist with presence of blood or irritation fluids like water or saline.
Due to the capillary working of the thin silica tube, liquid will be sucked into the lumen of the
fiber when in contact with tissue. Potentially, the liquid will be vaporized during any subsequent

laser pulse pushing the liquid out the tube any. However, the coating will be polluted and
damaged. The open end also excludes the introduction of the fiber in a totally liquid environment
like the bladder. There are two options overcome this problem:

A) Gas flush
The design of the coupler can be adapted to provide a gas flush through the lumen of the HWG.
With a minimum of overpressure e.g. air can be flushed through the fiber, preventing liquid to
enter at the tip end. This flush should be regulated depending the location inside the human and
preferable not be used in a total liquid environment.
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B) Solid window
The tip of the hollow wave guide can be protected with a window to prevent contamination of the
fiber during clinical procedures. The protective window should be made of material transparent
for the CO2 wavelength. Obviously, the substances used for solid IR fibers will be suitable ZnSe
but have the drawbacks (low melting point, toxic) of these materials at the same time. Diamond
would be potentially the better option. Again there would be some drawbacks: expensive, high
reflection due to high refractive index.

An advantage of a closed tip solution would be the potential to optically guide and shape the
exiting beam. Like the modified tips used with silica fibers, the beam could be focussed,
dispersed or reflected at a right angle .
6.5 Clinical implications

As mentioned in the introduction, there is a need in endoscopic surgery for laser treatment with
the characteristics of the CO2 laser light: shallow and precise ablation combined with sufficient
coagulation capability. The erbium laser would also be a option. However, Erbium fiber delivery
is also still under development and the average power is relatively low. Table 1 gives a overview
of potential treatments or sites for various areas of surgery. Experience with these fibers in a
laboratory setting and animal experiments will be mandatory, before starting procedures in
humans.

Another issue of importance is the potential of sterilization of the fibers. It has to be verified
which method of sterilization does not effect the coating and is still potent to sterilize the lumen
of the fiber. Subsequently, in view of cost effectiveness, it has to be tested if the fibers indeed are
not contaminated during use so they might be reusable.

Table 1: areas ofpotential applications ofthe IRfiber delivery system

Area of surgery
ENT

Application

1

middle ear surgery
larynx
sinus

Gastro-entrology
Neuro Surgery

stomach ulcers

Thoracic Surgery

Trans Myocard Revascularization

Abdominal Surgery

lung adhesions
duct defects

Orthopedic Surgery
Urology

arthroscopic procedures
urethral strictures

ventriculostomies

7. CONCLUSION
The JR fiber delivery system developed is easy and practical to use on medical CO2 lasers
without interfering with the standard surgical applications. The system makes the delivery and
application of CO2 laser energy inside the human body possible through miniature flexible
endoscopes.
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Figure 9: JR fIber delivery system installed on the Coherent Ultrapulse 5000C laser
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