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Abstract.  The physical properties of sapphire contact probes were examined with respect to their 
use in laser angioplasty. The rounded and bullet-shaped probes are mechanically atraumatic  and 
provide tactile feedback during laser angioplasty. The optical transmission characteristics of the flat, 
rounded and bullet-shaped probes were measured and the propagated laser beam profiles photo- 
graphed in air and water. These properties are largely wavelength independent in the small part  of 
the spectrum currently used for laser angioplasty. Sapphire contact probes may heat up from direct 
absorption of laser light at the interfaces, but  they probably aiso heat up by conduction from the 
heated tissue with which they are in contact. The rounded and bullet shaped probes focus light to a 
rather diffuse waist in air, but in water this focusing effect is lost. The divergence angle of the bare 
fibre is reduced in water. Transmittance characteristics depend on surface reflection, absorption, 
probe shape and surface smoothness. The flat probes transmitted 85% of the incident light, but  the 
rounded and bullet probes absorbed and scattered almost half of the light. 

INTRODUCTION 

Percutaneous recanalization of occluded arter- 
ies by means of intravascular bare fibre deliv- 
ery of laser energy is associated with a number  
of problems (1, 2): 

(a) Mechanical perforation, because of the 
sharp edges of the fibretip; 

(b) Inability to maintain axial positioning of 
the fibre within the vessel; 

(c) Blood and diluted blood, through which the 
laser light has to pass to reach its target, tends 
to absorb and scatter laser light. Touching the 
tissue with the fibre eliminates this problem 
but  leads to contamination of the fibre end. Its 
temperature rises and it becomes degraded, 
particularly when a continuous wave laser is 
used (2). 

One possible solution to these problems is the 
use of contact fibretips, and this paper examines 
the physical properties of artificial sapphire 
contact probes designed for use in various 
medical applications (Fig. 1) (3). Of the many 
probe designs available, only those suitable for 
laser angioplasty are considered here (4, 5). 
Early reported clinical work with these probes 
appears promising (6-8). 
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Physical properties of sapphire 

Artificial sapphire is a monocrystalline form of 
aluminium oxide (A1203). Unlike the natural ly 
occurring gemstone, it is completely colourless. 
Table 1 lists the physical constants of the mate- 

Table 1. Properties of artificial sapphire (11) 

Density at 25 ~ 3.98 gcm -:~ 
Moh hardness 9 scale of 10 
Compressive strength 2.07 x 101~ Pa 
Tensile strength 3.1 x 109 Pa 
Specific heat at 25 ~ 753,12 J kg- 1 o K- l 
(Compare water 5.86 j m-1 o K -1 s--l/ 
Thermal conductivity 

at 100~ 251.04 Jm- l~  -1 s -1 
(Compare water 4186 J kg -I ~ ~) 
Melting point 2040 ~ 

rial. At the laser wavelengths used for most 
medical applications, transmittance can be 
assumed to be wavelength independent. 
Absorption and reflection are taken into 
account in this data. 

Fibretip design 

Sapphires of several different shapes are avail- 
able and these can be mounted onto a metal 

Lasers in Medical Science Vol 2:183 1987 ~ Bailliere Tindall 



184 R.M. Verdaasdonk, F.W. Cross, C. Borst 

Fig. 1. Sapphire contact probes of various shapes. Probe 
diameter 2.2 mm, photo courtesy Medicor Holland. 

It is clear from their design that the probes 
will have an effect on the laser tissue interac- 
tion in two ways. The first is by modifying the 
shape of the beam; the rounded, bullet and flat 
probes do this by virtue of refraction at the dis- 
tal surface. The second is by the absorption of 
laser light within the probe; although sapphire 
itself is highly transparent, internal reflection 
within the probes and scattering at the surface 
probably leads to absorption of energy within 
the probe assembly and thus to transmission 
losses. This may in turn result in heating of the 
probe. These experiments have been designed 
to investigate both these physical processes. 

holder which is in turn screwed into a universal 
connector placed at the fibretip. The arrange- 
ment is shown in Fig. 2. An outer tube around 
the fibre, connected to the sapphire tip mount- 
ing, allows the passage of gas or saline solution 
both for cooling and for preventing the fibre end 
from becoming contaminated with blood. Of the 
20 different tips available, we have selected 
three for possible use in angioplasty procedures 
and examined their physical properties with re- 
spect to beam characteristics and light trans- 
mission. These are the rounded probe, the bullet 
probe and the flat probe. Different tip shapes 
are shown in Fig. 3. 

Fig. 2. Diagram of the sapphire contact probe. 
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Fig. 3. Sapphire contact probes which are appropriate for 
use in laser angioplasty. From left to right: bullet 1.5 mm, 
bullet 2.5 ram, rounded 1.5 mm. 

EXPERIMENTAL METHODS 

Two experiments have been performed to deter- 
mine beam profiles and optical transmission. 

Beam profiles 

The optical behaviour of the probes was deter- 
mined by photographing argon laser light 
(Coherent Innova 90-6) directed through the 
probes, first in air using smoke to outline the 
beam profile, and second in water  to which a few 
drops of ink had been added. Beam profiles, 
part icularly angles of divergence and focal 
lengths, were measured directly from photo- 
graphs taken during the experiments. The scale 
was determined from the known length and dia- 
meter  of the sapphire probes. 

Optical transmission 

Transmission of argon laser light (A = 488 and 
514.5nm) and continuous wave neodymium- 
doped y t t r ium aluminium garnet  (Nd-YAG) 
laser light (A = 1064 nm) was measured through 
the probes using a thermopile power meter  
(Laser instrumentat ion,  model 5104/16). The 

entire spot of forward-projected laser light fell 
on the calorimeter absorption surface and the 
spot size covered about one third of the available 
area of the calorimeter. An integrat ing sphere 
power meter  was not used for this experiment  as 
it was likely to measure light scattered side- 
ways out of the probe which would not take part  
in a Contact probe clinical tissue interaction. 
This data therefore gives a guide as to how 
much light is ei ther  absorbed within the probe 
assembly, scattered outside the probe, or re- 
flected back up the optical fibre. Power output 
was measured at one level (1 W) assuming that  
the physical properties are unaffected by the 
amount  of light t ransmit ted  through the crystal 
at these power levels and at exposure times of 
up to 1 min. 

RESULTS 

Beam characteristics 

These results are summarized in Fig. 4, which 
shows the propagated beam characteristics of a 
bare fibre (left, 0.6 mm diameter) and the va- 
rious 2.2 mm diameter  tips in air  (top) and in 
water  (bottom). Table 2 lists the smallest dia- 
meter  of the beam at its waist, the distance of 

Table 2. Beam characteristics of sapphire probes 

Length Distance from waist Diameter of waist 
Shape (ram) Medium (mm) (mm) Divergence angle SLT model 

Fibre - -  Air 0 0.6 13 ~ - -  
Fibre - -  Water 0 0.6 10 ~ - -  
Flat 1.5 Air 0 0.8 13 ~ MT 1.5 
Flat 1.5 Water 0 0.8 10 ~ MT 1.5 
Round 1.5 Air 1.7 0.4 17 ~ MTR 1.5 
Round 1.5 Water 0 0.8 8 ~ MTR 1.5 
Bullet 3.5 Air 1.2 0.3 22 ~ MTRG 3.5 
Bullet 3.5 Water 0 0.8 6 ~ MTRG 3.5 
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Fig. 4. Beam profiles of different sapphire contact probes in air (top) and water (bottom). From left to right: bare fibre 0.6 mm core 
diameter, flat probe 1.5 mm, rounded probe 1.5 ram, bullet probe 3.5 ram. All probes are of 2.2 mm diameter. Additional dimensions 
are summarized in Table 2. 

Table 3. Transmittance characteristics of sapphire 
probes 

Transmittance 
Probe Diameter Length SLT at 488/514 nm 
shape (mm) (ram) Model (%) 

Flat 2.2 1.5 MT 1.5 84, 86 
Flat 1.8 1.5 SMT 1.5 89 
Round 2.2 1.5 MTR 1.5 63, 58, 54 
Round 2.2 3.5 MTR 3.5 53 
Round 1.8 !.5 SMTR 1.5 61 
Bullet 2.2 2.5 MTRG 2.5 33 '~ 
Bullet 2.2 3.5 MTRG 3.5 56, 53 
Bullet 1.8 2.5 SMTRG2.5 45,37,47,51 
Bullet 1.8 3.5 SMTRG3.5 51 

t h a t  wais t  f rom the probe  tip, and  the  d iverg-  
ence angle  beyond the  m i n i m u m  b e a m  waist .  
All these  p a r a m e t e r s  we re  m e a s u r e d  f rom Fig. 
4. 

Optical transmission 

Optical  t r a n s m i s s i o n  of a rgon  laser  l igh t  was  
m e a s u r e d  us ing  all t h ree  p robes  and  the  r e su l t s  
a re  given in Tab le  3. 

DISCUSSION 

"Probe exhibiting fluorescence Physical properties 

The  physica l  p roper t i es  of  s apph i re  as l is ted in 

Lasers in Medical Science 1987(~) Batfliere Tinclall 



Physical Properties of Sapphire Fibretips 

Table 1 show that  sapphire has a better heat 
conduction rate than that  of water. This means 
that  any heat absorbed within the sapphire 
whilst the laser is turned on is quickly transfer- 
red to the tissue. Once the laser is turned off 
again, the sapphire temperature equilibrates 
with that  of the surroundings. It is possible that  
the tip may actually be heated by the tissue. 
Both its high thermal conductivity and its high 
melting point prevent the sort of tip damage 
that  is seen with a bare fibre when tissue con- 
tact is made. 

Mechanical properties 

The rounded and bullet shaped sapphire probes 
tend to pass atraumatically through the lumen 
of a blood vessel. Because there is tissue contact, 
they allow tactile feedback during catheteriza- 
tion and recanalization. Any heating of the tips 
may contribute to the recanalization process by 
melting and remodelling of the fatty atheroma 
as well as by direct vaporization of the tissue, 
but at present it is not clear how much of the 
process can be attributed to the former effect (9). 

Optical properties: beamshapes 

The beam geometry experiments show that  
there is a change in beam behaviour when the 
probe is immersed in water. The rounded and 
bullet probes in particular lose their ability to 
focus the light at a point a few millimetres 
beyond the sapphire surface. If this occurs in 
water then it is also likely to occur in tissue, 
because this behaviour relies on the change in 
refractive index between the sapphire and the 
surrounding medium. Assuming that  the re- 
fractive index of tissue is the same as that  of 
water (n = 1.33), then the beam will diverge at 
an angle of 8 ~ from the rounded probes and 6 ~ 
from the bullet probes rather than being fo- 
cused, and in this respect the light behaves in 
much the same way as that  propagated by a 
bare fibre. Depending on the amount of scatter- 
ing present, the beam will lose its characteris- 
tics altogether as it penetrates more and more 
deeply into the tissue (10). 
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( b )  absorption of laser light within the sapphire, 
[c) surface scattering, (d) fluorescence within 
the sapphire and le) surface geometry. 

R e ~ c ~ n  

Reflection is least when the surface is flat and 
the incident beam perpendicular to it, the 
actual amount depending on the change in re- 
fractive index at the interface. In Table 4, cal- 

Table 4. Reflection characteristics of physical 
interfaces 

Reflection Critical angle for 
Boundary (%) total reflection 

Air-sapphire 8 35 ~ 
Air-glass 4 42 ~ 
Water-sapphire 2 49 ~ 
Water-glass 0.4 62 ~ 

culations of the amount of reflection at the sur- 
face are presented, given that  the refractive 
index for air is l, sapphire is 1.76, water is 1.33 
and glass is 1.5. Reflection at an air/sapphire 
interface can be reduced to 2% by the use of an 
anti-reflection coating (11) such as magnesium 
fluoride. Whether the input surface of the sap- 
phire is coated, and with what substance, is not 

�9 known. 

Absorption 

Assuming a surface reflection of 8%, the max- 
imum transmittance of a sapphire flat of 1 mm 
diameter must be 84% in the absence of any 
absorption at all, and the figure given is so close 
to this that  absorption within the sapphire can- 
not account for more than 1% of the losses. As 
expected, the flat probes showed the best trans- 
mittance (see Table 3). Some of them have a 
t ransmit tance higher than the theoretical max- 
imum and this result strongly suggests the use 
of anti-reflection coating. The transmit tance of 
sapphire is largely wavelength independent. 
This was confirmed experimentally at 1.064 p.m 
wavelength. A small difference due to surface 
scattering (which is wavelength dependent) 
might be expected. 

Optical properties: transmittance 

The transmittance of sapphire probes depends 
o n  (a) reflection at the front and back surfaces, 

Surface scattering 

The smoothness of the surface of the probes in- 
fluences their transmission characteristics. If 
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the surface is rough, some of the light will be 
reflected back into the probe and some will be 
refracted away from the main beam, never 
reaching the absorbing surface of the power 
meter. The latter artefact can be corrected for 
by the use of an integrating sphere power meter, 
but it does mean a loss of power density within 
the forward-projected beam and therefore a re- 
duction in tissue effect. The variations in trans- 
mittance between individual probes of the same 
shape shown in Table 3 may be due to variations 
in the amount of damage to either or both sur- 
faces. 

Fluorescence 

During the experiments a faint red glow could 
be seen within one of the sapphires through the 
safety goggles. This appeared immediately the 
laser was turned on and did not increase in 
intensity with time, so was unlikely to be due to 
heating. It is at t r ibuted to fluorescence of im- 
purities within the sapphire and this may con- 
tribute to the loss of transmittance seen with 
this probe (Table 3). 

Surface geometry 

The angle of incidence at the sapphire surface 
varies according to the geometry of that  surface. 
If this angle is larger than the critical angle, 
then light will be totally reflected back into the 
sapphire rather than passing forward in the 
beam. In Table 4 the critical angles for total 
reflection in sapphire and glass are given. The 
possibility that part  of the laser beam exceeds 
the critical angle in the rounded and bullet 
probes cannot be overlooked, and this together 
with the effect described in 'surface scattering' 
could explain the low transmittance figures for 
these probes. 

CONCLUSIONS 

The rounded and bullet shaped sapphire contact 
probes are mechanically atraumatic and pro- 
vide tactile feedback during laser angioplasty. 
The thermal properties and transmittance of 
sapphire suggest that  the probes do not only 
heat  up by direct absorption of laser light but 
also by thermal transfer from surrounding 
heated tissue. Both the Shape of the tips and an 
increase in their temperature may contribute to 
the recanalization process. The shape of the 
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beam leaving the probe depends on the refrac- 
tive index of the surrounding medium. The 
focusing properties of the rounded and bullet 
probes are lost in water and presumably also in 
tissue. The transmittance of the probes depends 
on surface reflection, absorption, surface 
geometry and surface smoothness. 

The physical properties of sapphire contact 
probes as outlined here confirm their suitabili ty 
for use in clinical laser angioplasty. 
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