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ABSTRACT 
 
Microsecond pulsed laser systems, like the Thulium, Holmium and Erbium laser are being used for a broad range of 
medical applications in a liquid environment.  
Usually, the tissue ablation mechanism of these lasers is based on the instant formation of water vapor. When used with 
fiber delivery systems, the refraction of the beam coming out of the fiber will change the moment the liquid boundary 
turns to vapor. This dynamic change can be used in a controlled way but can also have adverse effects if not 
appreciated. 
In this study, the effect of the vapor phase change was investigated for various fiber shapes regarding optical and 
mechanical properties using high speed imaging and ray-trace simulation. 
Fiber tips of various shapes (bare, angled, tapered, ball shaped) were imaged with high-resolution using 1 µs light 
flashes in a video sequence of delay times from 1 to 2000 µs during exposure with pulsed 2.1 µm Holmium and pulsed 
2.9 µm Erbium laser pulses. The tip was position in water or near a tissue surface. 
The dynamics of the explosive vapor bubble changed due to angle of refraction at the silica/vapor interface depending of 
the shape of the fiber tip. Ball shaped fibers form focused and highly divergent beams, angled fibers become side firing 
and tapered tips more concentrated. The observations are supported by ray-trace simulation. Clinically this mechanism 
can be used e.g. to create tiny side firing fibers in root channels of teeth. However, a damaged fiber tip may become 
unexpectedly side-firing resulting in adverse effects e.g. during lithotripsy. Ball-shaped fibers may be more resistant for 
damage due to impact with tissue. 
Using microsecond pulsed laser systems, the change in optical action of the fiber tip in liquid can influence the 
effectiveness and safety of the procedure. 
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1. INTRODUCTION 
For most medical laser applications, the laser light is delivered through optical fibers. The tip of the fiber is usually 
nicely cleaved and polished emitting the forward directed laser beam with a low divergence. For various applications 
the tip has been modified (figures 1 and 2). 
• ball shaped: mechanical atraumatic with focussing of beam (in air) in front of tip. This shape is being used for 

angioplasty and endoscopic procedures (1) 
• tapered:  light is funnelled to the narrow end of the tip and diverges in all directions. This shape is being used as a 

laser knife for bloodless cutting through tissue. (2) 
• Angled or side firing: light is emitted from the side of the fiber tip reflecting at a angled surface. This shape is being 

used for endoscopic procedures especially in urology for BPH (prostate) treatment. (3) 
The direction and focus of the beam will depend on the shape of the tip and optical properties of the environment. The 
behaviour of ball-shaped, tapered and side-firing fibers have been intensely discussed in earlier publications by the 
author. It is shown that there can be a large difference in beam properties of a fiber tip in either an air or a water 
environment.  
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These modified fiber tip were predominantly used in combination with continuous wave lasers. However, pulsed laser 
systems have become more popular for various applications e.g the Holmium laser for lithotripsy. Pulsed lasers are 
known to induce explosive bubbles due to an instant phase change from water to vapour as illustrated in figure 3 (4). 
This awareness raise the alertness of the authors what would happen when these modified fiber tips are used with lasers 
that induce a phase change. Only pulsed lasers with specific characteristics would be of interest: 
• High absorption in physiological media: water, blood, proteins 
• Pulse length in time scale of fluid dynamics: flash lamp pumped in µs region 
• Fiber delivered: silica, fluoride or sapphire  
The laser meeting these characteristics are the flash lamp pumped 2.1 µm Holmium, ~2.0 µm Thulium and ~2.9 µm 
Erbium laser systems. The pulsed CO2 laser could also be considered if fiber delivery systems would be available  
Various clinical procedures are being performed with these lasers of interest: 
• Urology: Lithotripsy, BPH 
• Orthopedic surgery: cartilage treatment 
• Dentistry: hard and soft tissue 
So the implications on the behaviour of the fiber tips due to the phase changes are real. Either surgeons are using shaped 
fibers expecting the beam behaviour representative for water and are not aware that due to the phase change the 
behaviour in air is reality. Or due to damage to the tip, the behaviour is completely changing and becomes dangerous for 
the treatment. We had indirection this was happening during lithotripsy procedures in urology were pieves of the fiber 
tip chopped off during the treatment due to the large forces at stone impact. 
We studied the effect of the vapour phase change for various fiber tip shapes regarding optical and mechanical 
properties using high speed imaging and ray-tracing in view of effectiveness and safety in clinical procedures 
 
 

2.  

Figure 1:  modification of the 
bare fiber tip (left column) to 
ball shape (middle column) or 
taper (right column) and the 
beam profile in air (second 
row) and water (third row).  
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3. 

Figure 2:  modification to an 
angled tip (left column) 
resulting in a side firing beam 
in air. A glass dome covering 
the tip enables the use of the 
side-firing tip in water  

Figure 3: Illustration of the phase change induced by a Holmium laser pulse. This 
sequence shows the dynamics of an expanding and imploding vapor bubble taking place 
within 1 ms. 
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METHODS 
To appreciate the phase changes and the influence on the beam profile, an high speed imaging setup was used that has 
been applied for various studies before (4). A schematic of the setup is presented in figure 4  

 
Figure 4: schematic of high speed imaging setup in combination with a color schlieren imaging techniques.  
 
A trigger signal from the laser is used to control a flashlight of ~1 µs after a preset delay. At each pulse the delay time is 
increased. Images are captured of the laser light interaction around the fiber tip in water and/or a transparent tissue 
model. The images are combined to a video sequence from 1 to 2000 µs during exposure. The high speed setup is 
combined with a color Schlieren technique that visualizes temperature gradients in a transparent tissue model (4).  
Fiber tips of 400 µm and 600 µm core diameter were modified to various shapes and imaged: 
• Bare tip:  
• Ball tip: modification by melting the fiber core to a ball between 1.3 and 2 times the diameter of the fiber 
• Angled tip: several tips were polished to an angle between 30 and 60 degree 
• Chisel shape: the fiber tip is polished from two opposite sides at a angle between 40 to 50 degree 
• Tapered tip: the fiber tip is either polished or smelted to a taper shape with a point of 10 to 40 degree 
The tips were exposed under water connected to either a ~350 µs pulsed 2.1 µm Holmium laser (Coherent Versapulse, 
Lumenis, Ca, USA) or a ~150 µs pulsed 2.78 µm Er:Cd:YSGG laser (Waterlase, Biolase). 
 
Ray-tracing 
The optical characteristics of the specific fiber shapes were calculated using a special developed ray-trace program code. 
The unique characteristics of laser light in optical fibers like Gaussian distribution and divergence are accounted for in 
the ray-tracing. The program produces images of the beam profile and 3D intensity distribution graphs in preset planes 
around the fiber tip monitoring refracted and reflected light (1,2).  
 
Simulation of clinical applications 
To test the effects for real clinical situations, the fiber tips were positioned near transparent tissue (polyacrylamide gel) 
to visualize the mechanical and thermal effects simulating the clinical setting.   
1. effect of fiber damage during lithotripy 
The fiber tip was placed between two gel layers representing the ureter wall in case of lithotripsy with the holmium 
laser. 
2. side firing tips for root channel treatment  
Various shapes of tips were tested to obtain a uniform beam profile in all directions to irradiate the wall of a small 
channel in a tooth.  
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RESULTS 
3.1 effect of fiber damage during lithotripy 
During clinical procedures performing lithotripsy, the fiber tip can be damaged due to chips breaking of the rim of the 
fiber tip as illustrated in figure 5. The tip of the fiber is starting to act as a angled fiber. Depending on the angle, an 
forward refracted and/or side emitting reflecting beam will be present. Using ray-tracing the optical behaviour of angled 
or side-firing fiber tips can be calculated in water and air. Especially, the range of angles where the beam shifts from a 
refracted beam to a reflected beam is of interest. In water there will be two beam present if the angle of the tip is 
between 15 and 25 degree which is a rather steep angle. In air, dual beams will be present between 40 and 50 degrees 
which is an angle what can be formed by damage in reality (figure 5, right). These beam properties are calculated by ray 
tracing and presented in figure 6 
 

 
 
 

Figure 6: calculations of the angles of refraction and reflection of angled fiber tips based on ray tracing. 
 

Figure 5: fiber tips becoming 
angled or side firing tips after 
being damaged during a 
lithotripsy procedure 
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The change of the optical behaviour of the tip can be appreciated by performing high speed imaging. While normally in 
water the angled tip would not have a major effect on the forward directed beam, the phase change to vapour when 
exposed with a microsecond pulsed laser has a major impact on the beam profile. During bubble expansion, three beam 
can be appreciated deforming the bubble. The positions of deformation can properly calculated by the ray-trace program 
as shown in figure 7. 
 

 
Figure 7: deformation of bubble exposing a damage fiber tip, showing the deflection of three beam. Ray tracing shown 
a similarity with the beam profile from a ~45 degree angled fiber tip. 
 
The impact of this change in optical behaviour can be illustrated by imaging the thermal effects in our ureter simulation 
model. In figure 8 is shown how the fiber tip becomes side firing and directly irradiates and heats up the ureter wall. In a 
clinical setting, this would seriously damage to the ureter wall and potentially create a stricture. 

 
Figure 8: impact of tip damage on effectiveness of lithotripsy procedure simulated in tissue model. Left frames show 
vapour bubble from a normal fiber tip between ureter wall and an moderate thermal effect along the wall. The right 
frames show the effect of a damages tip. The beam is directed to the ureter wall creating a hot spot and cracks in the 
model tissue.  
 
3.2 modification of tips for root channel treatment  
Various shapes of tips were tested to obtain a uniform beam profile in all directions to irradiate the wall of a small 
channel in a tooth. The resulting bubble shapes and corresponding beam profiles are presented in the following figures. 
A subtle change in the degree of a angled fiber makes the difference between side-firing and forward firing as 
demonstrated in figure 9.  
A chisel shape results in multi beams providing a more uniform irradiation of the wall of the root canal (figure 10). 
However the optimal uniform irradiation in all directions can be obtained making the fiber tip tapered.    
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4. 

Figure 9: A minimal change in the degree of the angled tip results in other beam profile. The left panel 
shows the vapour bubble shape and calculated beam profile for a ~46 degree angled tip versus a ~50 
degree angles on the right panel. These vapour bubbles were created by water interaction with an Erbium 
laser at 50 mJ. 

Figure 10: Resulting bubble and beam for a chisel shaped fiber tip, showing 4 discrete beams 
which create extension on four sides of the bubble.   

Figure 11: a short tapered tip will 
created a perfect spherical bubble 
and provide an uniform 
irradiation to all directions 
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5. DISCUSSION 
Spontaneous fiber tip modification or damage can have adverse effects as show with the fibers used in urology for 
lithotripsy. The fiber tip can chips randomly during application which can have major influence on beam properties. 
This can induce serious damage to the ureter wall or other structure while the mechanism of lithotripsy becomes 
ineffective. The urologist should be aware of the phenomenon and inspect the tip of the fiber either by the image from 
the endoscope of by eye taking out the fiber. If the lithotripsy is not going effectively, he might suspect that the fiber tip 
is damaged and inspect it before continuing the procedure.  
Although not yet proven in this study, ball shaped fiber tips might be more resistant from damage during lithotripsy. 
However, the neck of the ball tip is more vulnerable for breaking  
 
Knowing how to shape the fiber based on ray-tracing models, particular beam profiles can be made in a controlled way. 
Since the microsecond lasers provide an air interface by themselves, there is no need for special interfaces like glass 
dome on top of the fiber which make the tip diameter larger.  
For the application in dentistry, applying small 200 µm fiber tips, the direct shaping of the fiber tip is practical. Tapered 
fiber, at particular angles, show to provide an uniform distribution to irradiate the wall of the root canal for effective 
sterilization of the dental tissue during root canal disinfection. . 
 

6. CONCLUSIONS 
Using microsecond pulsed laser systems, the change in optical action of the fiber tip in liquid can influence the 
effectiveness and safety of the procedure  
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