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Abstract. Compact sapphire capillary needles for laser-assisted therapy
connected to optical fibers by the means of internal channel closed from one
side transmit laser radiation to the tissues with minimal loss of energy and
simultaneously protect the fibers. The geometry of the internal capillary
channel with the curved bottom is a key factor in the formation of the output
beam’s shape. Various curvatures of the bottom in combination with the
different angle of conical needle’s tip are studied in detail. When the tissue is
covered in a liquid, we have observed forming the ring radiation pattern with
a sharp axial peak without additional diaphragms or spatial light modulators.
Coagulation of ex vivo liver tissue samples using continuous laser source with
1.06 pm wavelength, offered opportunity to obtain small coagulated spots
without carbonization with the diameter of at least 0.8 mm and to enlarge
them evenly by tuning the source output power. © 2024 Journal of Biomedical
Photonics & Engineering.
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1 Introduction

The extensive development of laser medicine, both
therapy and diagnosis, is accompanied by the search of
methods and instruments for the delivering of light to
tissues, which should be characterized by high efficiency
and ease of use [1-6]. The instruments, based on fiber
optics, have become widespread in clinics, since they
allow for compact design, low losses of light propagation
and the ability to access hard-to-reach tissues. Different
fiber-based probes are applied for intravascular
evaluation of plaques, angioplasty, lithotripsy,
endoscopy, optical coherence tomography,
intraoperative fluorescence diagnosis and other clinical
purposes [7—11]. Among them, laser photodynamic and
thermal therapy [4, 12—14] also need fiber-based light
delivering instruments, which should enable predictable
and reproducible exposure, mechanical and chemical
stability, as well as to have a compact size. Such
instruments can provide either diffused or localized light
beams [15-17] and be made of single quartz fiber or
special needles/sheaths combined with fibers. Their
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design varies significantly depending on the required
radiation patterns and output beam shape applied for non-
contact, contact and interstitial laser surgery and therapy.
Localized irradiation is achieved by using conical distal
end of a fiber with a small angle of sharpening; other
devices include spheres, micro-lenses, domes, faceted
shapes, gradient index lenses and tapered fibers [18—21].
The diffused beam is obtained by partial destruction of
the fiber cladding, its structuring, application of diffusing
sheaths, etc. [13, 14, 22—-25].

Routine use of protective sheathes is due to (1) the
rapid degradation of quartz during tissue ablation and
coagulation, when bare fiber is in contact with tissue, and
(2) the fragility of fiber tip, applied for interstitial
therapy. Additional liquid or gas cooling helps to avoid
carbonization of tissue, which limits further light
propagation, and prevents adhering of the instrument to
tissue [26—28]. Thus, with the use of increased radiation
power, cooled instruments yields higher coagulation
volume. Moreover, such probes, either cooled or
uncooled, may provide diagnostic puncture or imaging of
tissue.
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It is quite attractive to assist the laser therapy and
ablation with sapphire capillaries for fiber placement.
Sapphire has a complex of unique properties that
guarantees the absence of any degradation of the optical
and mechanical properties under hard physical exposure
and in chemically non-neutral environments [29-37].
Besides, it possesses high transparency in visible and
near infrared ranges, which makes it suitable for light
delivering and implementation of wvarious optical
diagnostic and exposure techniques. The application of
sapphire for medical purposes was considered
previously and has demonstrated high prospective for
manufacturing of scalpels, cryosurgical and aspiration
probes, along with the capillary needles for laser
therapy and ablation [38—44]. Such instruments are
characterized by complex shape, which can be achieved
by the use of shaped crystal growth techniques [45—50].
Moreover, Stepanov/ Edge-defined Film-fed Growth
(EFG) technique is the only method applicable for the
manufacturing of sapphire elements with long internal
channels with the diameter of 0.5-0.8 mm for fiber
accommodation. These channels possess high quality of
as-grown surfaces. Additionally, the closed end of the
channel protects the inserted fiber from direct contact
with tissues during exposure.

The closed-channel design of sapphire crystals
applied for medical instruments mainly determines the
radiation pattern formed by the instrument in the tissue
or on its surface. The external shape of the crystal plays
a significant role. Previously, it was demonstrated that a
different geometry of the sapphire capillary’s tip, formed
either by a growing process or by additional mechanical
shaping, enables changing the outer beam shape [51, 52].
In particular, it is possible to obtain sub-millimeter
focusing of the radiation beam in contact with water
medium using micro-focusing sapphire capillary
needle [52]. However, the shape of channel bottom
formed completely during the process of crystal growth
also affects the radiation pattern due to its significant
negative curvature.

In this paper, the impact of the channel’s form on the
radiation pattern is studied in details. We consider the
case of a thin capillary needle for surface and interstitial
laser ablation combined with quartz fiber with routine
numerical  aperture.  Both  numerically and
experimentally, we observe the light propagation in
tissue caused by this kind of needle with different
shapes of the channel bottom. The results show the
possibility of forming diffusing light beams as well as
narrow collimated beams in the axial direction by
choosing particular combinations of the channel’s
curvature and the tip’s angle. Moreover, we have
demonstrated the capability for forming the ring pattern
with a sharp axial peak without additional diaphragms
or spatial light modulators. Our findings are important
for further design of sapphire capillary medical
instruments and allow for effective application of the
sapphire capillary needles for laser therapy and
ablation.
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2 Materials and Methods

2.1 Fabrication of Sapphire Needles

Sapphire capillary needles were produced by the EFG
technique [33, 53—58], which relates to methods of
growing shaped crystals from a melt. Sapphire needle has
the form of a thin tube with monolithic end. The internal
channel is completely formed during the growth process,
while the end of such crystal can be additionally
processed by grinding and polishing to obtain conical
shape. The channel is then used for placing optical fiber
connected to the light source [34, 52].

The schematic of the growing process is shown in
Fig. 1A. The setup includes a growing chamber with a
high purity atmosphere of argon. Temperature gradient in
crystallization zone was insured by a 22-kHz induction
heated graphite susceptor. A crystal shape is determined
by the design of a die immersed in the Al.Os-melt with a
temperature of over 2053 °C. Due to the capillary force,
the melt rises up through the ring gap with 0.1 mm
thickness inside the die. On the top, the melt forms a
meniscus, locked by the edges of the die. Thus, the lateral
dimensions of a crystal could only vary within a
narrow range determined by the volume of the melt
meniscus [54, 55]. A sapphire crystal of relatively small
cross-section (with outer diameter of ~1-3 mm) grows
with the pulling rate 50—150 mm/h.

The pressure inside of the melt meniscus and its height
depends on growth conditions in the crystallization zone.
Their changes, both abrupt and continuous, together with
the specific design of the die result in the crystal’s shape
transition. In particular, an increase of temperature and/or
pulling rate, a break and reverse of pulling, may cause
closing of the channel inside the capillary needle (Fig. 1B),
while its opening occurs due to the overcooling in melt
meniscus, which leads to the pull-off of melt excesses and
melt hooking on internal edge of the die (Fig. 1C). Thus,
the actual shape of the channel’s bottom depends on the
combination of technological conditions and their
alteration within a short time period along with the
particular shape of the die.

To study the possible channel shapes, we
manufactured several capillary needles with the same
external and internal diameters, i.e. 1.2 and 0.5 mm,
respectively. The representative images of the needle and
its cross section are shown in Fig. 1D and E. The bottom
of the channel has a regular geometry of an axially
symmetrical body, whose form may vary from a near-to-
flat surface to approximately spherical and even ellipsoidal
one. For our further considerations, we choose several
cases (see Fig. 1F) between the maximum and minimum
possible curvatures, namely — flat bottom, spherical
surfaces with the radiuses r = 1.25,0.5,0.25 mm and
ellipsoidal surface with semi-axes a. = 0.25 and
be; = 0.5 mm. We should note that we leave for our future
studies the detailed analysis of the technical
aspects and their impact on the channel shape.
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Fig. 1 (A) A schematic of EFG growth of a sapphire capillary needle; (B) “capillary to rod” transition; (C) “rod to
capillary” transition; (D) image of a needle with closed channel; (E) the needle’s cross section; diameters of the needle
and the channel are 1.2 mm and 0.5 mm, respectively; (F) the curvature of channel bottom considered in this work;
r stands for the radius of the related sphere, a.; and b, stand for semi-axes of the related ellipsoid.

In this work, we only observe different curvature of the
channel bottom and use it in numerical simulations of
radiation patterns to investigate its impact on the output
beam shapes.

2.2 Numerical Simulations of Radiation
Patterns

The radiation patterns formed at the output end of the
sapphire needles were studied numerically by means of
the ray tracing approach. Namely, we use the TracePro
package for the 3D numerical simulation of photons’
migration. We assume that the approximations of
geometrical optics are relevant, since the analysis of
light-needle interaction is implemented at the scales
much larger than the wavelength. In this study, the
radiation wavelength A4 is set to 1.06 um, which
corresponds to one of the most applicable laser sources
for tissue coagulation; therefore, the refractive index ng
and the absorption coefficient (by power) pu, s of sapphire
are considered to be 1.76 (for ordinary ray) and
10® mm™?, respectively. The cylindrical part of the
needle has the outer diameter d,, = 1.2 mm, while its
conical part is characterized by the angle of sharpening
2y , which varies in the performed numerical
simulations. The channel has the diameter d. = 0.5 mm
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and the position [, inside the needle (see Fig. 2). It is
filled with air (n = 1). The curvature of its closed end
corresponds to the above-mentioned values r, a.; and
b - In this work, multimode optical fiber with the
diameter df = 200 um, refractive index n; = 1.54
and p,¢ = 3-107¢ mm™ is considered; parameters z
and 2w denote its position inside the channel and the
numerical aperture (NA), respectively. The output beams
have the Gaussian shape. The radiation patterns are
analyzed either in free space or in water medium
featuring ny = 1.33 and p,,, = 0.015 mm™, in the
plane removed from the needle at a distance L,y 1. The
quantitative evaluation of the laser beams in this plane is
performed by means of the reduced axial energy I, and
full width at half maximum (FWHM) for Gaussian
spatial profile, as it is illustrated in Fig. 2. The grid of
rays that set Gaussian spatial profile is represented by a
spatial weighting, where each ray has uniform flux and
weighted position.

2.3 Tissue Samples

To study the coagulation regions in living tissues
performed by the sapphire needles with a specific
combination of the needle’s tip and the shape of its
channel, we have used the ex vivo samples of turkey liver.
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Fig. 2 The scheme of a needle and the parameters used in the numerical simulations.

Such type of tissue effectively absorbs laser radiation of
the near infrared range. Before the measurements, the
tissue samples with lateral dimensions 40 x 40 mm and
15 mm height were placed in a cuvette then the cuvette
was filled with distilled water, covering the surface of
the samples by 10 mm. The initial temperature of the
samples and water was ambient (24 °C). After
performing coagulation, the samples were extracted
from the cuvette. The sizes of the coagulated regions
were analyzed using digital camera and threshold
filtering of the tissue images.

3 Results

3.1 Beam Shape in Case of Flat Needle’s Tip

To analyze the output beam shapes formed by the
described sapphire needles, we start with the case of the
flat needle’s tip (2y = 180°) in a free space. Fig. 3
demonstrates the changes of I,,,,, and FWHM right at a
needle’s distal end (L,, p1 = 0), When a common quartz
fiber with 2w = 40° is placed inside the needle’s
channel at z; = 0.1 mm. It is clear that the curved
bottom of the channel acts as an additional refractive
interface between air and sapphire with rather high
refractive index ng = 1.76. It results in the nonlinear
decrease of I, and blurring of FWHM when the
curvature of this interface changes from flat, with r
tends to infinity, to ellipsoidal shape (graph point
corresponded to r = 0.125). The equivalent radius
r = 0.125 is valid for the referred ellipsoidal shape as
all the beam’s rays fall on the inner surface in the close
vicinity of optical axis.

The most common case of the channel’s shape
obtained by the EFG technique corresponds to
r = d /2. Therefore, for the considered geometry of the
needle, we should pay special attention to the area near
r = 0.25 mm. In its vicinity, the change of the beam
parameters strongly depends on even small deviation of
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r, which confirms the need to consider the internal
shape of the needle for appropriate planning of the
tissue exposure.

Fig. 4(A—-D) demonstrates the radiation patterns
formed by the needle with flat end in the free space.
When the bottom of the capillary channel is also flat or
features slight curvature (see panels A and B), the light
beam is entirely projected on the output surface of the
needle and the beam shape has a regular form. The
increase of the bottom’s curvature leads to blurring of
the beam. At the same time, the more curved channels
yield the formation of the ring-like shape of the output
beam due to the total internal reflection of the extreme
rays from the cylindrical surface of the needle (panels
C and D). Such beams are characterized by the
appearance of high energy density in the axial direction.
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Fig. 3 (A) The change of laser beam parameters
(reduced axial energy I,,,.x and FWHM) depending on
the curvature r of the channel; numerical simulations
performed for a specific needle’s form (B) and
parameters [ =1 mm, z; = 0.1 mm, Ly, =0 mm,
2w = 40°.
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Fig. 4 Numerical simulations of the beam shapes, represented by the transmitted intensity Iy, formed by the capillary
needles with different curvature of channel’s bottom and the quartz fiber with 2w = 40°. (A)—(D) The needle with flat
tip is placed in a free space. (E)—(H) The needle with conical tip 2y = 45° is placed in a free space. (1)—(L) The needle

with conical tip 2y = 45° is placed in a water medium.

Despite the flat end of the needle is rarely used for laser
therapy, it may be applied for diagnostic sapphire
probes [39, 59]. In that case, the channel’s curvature may
change the diagnostic precision. This fact deserves
additional experimental studies, but we leave it for our
future work. We account the shape of the needle’s conical
tip and observe the joint impact of the needle’s inner and
outer geometry on the beam shape in the following
subsections.

3.2 Beam Shape in Case of Conical
Needle’s Tip

When the needle has conical tip, it can be applied for
local high energy concentration of light coming out
from the fiber [56, 57]. The multiple total internal
reflection of beams in the cone leads to redistribution
of energy and the grouping of rays in portions
exceeding at different angles to the needle axis. Panels
(E-L) in Fig. 4 demonstrate a representative case,
when the conical tip has the angle 2y = 45°. The
formation of a ring structure of the output beam shape
is clearly observed. Moreover, it depends on the
curvature of the channel’s bottom. When the latter is
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flat, the axial part of the output beam is almost absent,
and the beam has an obvious annular shape (see panels
E and | for distribution of transmitted intensity Iy in a
free space and water, respectively). The appearance
and further increase of the curvature enlarge the
portion of rays unreflected in the cone; thus, it
enhances the beam divergence and blurs the rings in
the beam shape (see Fig. 5A). Moreover, it leads to the
formation of collimated and focused rays transmitted
in the outer environment. One can clearly observe the
central peak in the beam shapes in panels H and J-L.
Obviously, this process is stronger in the medium with
a higher refractive index.

The condition for the appearance of the collimated
and the focused rays depends on the combination of
the aperture angle 2w’ of the ray refracted at the
channel’s bottom and the tip’s angle 2y (Fig. 5B). The
aperture angle w’ depends on both the fiber NA and
the curvature of the channel. It is clear that for a
sharper needle the fiber should have larger NA for the
same curvature of the channel. Thus, to obtain an axial
beam spot for the focused tissue exposure, the
particular combination of the needle and fiber should
be chosen.
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Fig. 5 Appearance of the ring-like, collimated and diffused parts of the beam shape due to different combination of the
tip’s angle y and the aperture angle w' of the ray refracted at the channel’s bottom. (A) Change of the direction of the
output beam due to an increase of w'. (B) The condition for the appearance of a collimated and focused part of the
beam; the needle in water environment is considered. The parameters [. = 1 mm, z; = 0.1 mm are considered.

3.2.1 Impact of Different Cone Angle on the
Beam Shape

Fig. 6 compares the beam shapes formed by the
needles with different cone angles in water medium.
While rather sharp tip yields the diffuse beams (A, B)
regardless of the shape of the channel bottom, large
angle 2y leads to beam focusing near the tip end
(C, D). However, the ellipsoidal and flat bottoms are
rarely expected during the crystal growth. Despite the
analysis of beams in such extreme cases is useful, the
most common hemispherical channel shape deserves
special attention (Fig. 6(E—1)). Near the tip, one can
observe the significant impact of the cone angle on the
light distribution and, in particular, on the ability of
focusing a part of the beam, which is in accordance
with Fig. 5B.

Fig. 6J shows the reduced axial energy I,.x in the
representative case of the needle with 2y = 45° and
hemispherical bottom of the channel. As it is illustrated
in Fig. 6G, such needle forms the collimated and
focused part of the output beam. The maximal intensity
in the focused part rapidly reduced with the distance
Lan pi- Moreover, to obtain the highest I,,, in the beam
spot, one should choose the fibers with 2w from the
range of 24°-34°. The beam parameters for this needle
and 2w = 34° are shown in Fig. 6K. Within the
distance L,y p from 1 to 5 mm, I, decreases by about
5 times and FWHM of the spot size increases from 80
to 500 pm.

The above analysis is valid for the environments
with no scattering or when the needle is slightly
removed from the tissue sample. Nevertheless, when the
interstitial application is considered, the tissue
scattering properties should be accounted. Fig. 7 shows
the impact of increased scattering coefficient in the
outer environment on the blurring of the focusing beam
part. Therefore, a sapphire needle is more likely to form
in a tissue a diffuse isotropic-like light distribution
concentrated on the needle’s end.
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3.3 Micro-Coagulation of Tissue by Conical
Needle

A complex beam shape formed by a sapphire capillary
needle gives an opportunity of micro-coagulation of
tissues. Since an impact of light scattering in soft tissues
is significant, a small distance between the needle’s tip
and tissue surface should be remained to concentrate
most of the beam in a small spot. We have compared
experimentally the results of two positions of the needle
with angle 2y = 45° and hemispherical bottom of the
channel (Fig. 8). For this aim, we prepared samples of
ex vivo liver tissue and placed them in a cuvette filled
with water. The water prevents from the dehydration of
samples during experiments and also contributes to
formation of strong focusing beam part. In the first
position, the needle tip touched the sample surface and
slightly inserted in it (Fig. 8A). In the second position,
the distance between the needle and the sample was
0.5 mm. As it is shown in Fig. 8B, where alignment
green beam was used, it allowed us to make a small
central spot surrounded by a ring-like beam part.
However, the results of numerical simulations
demonstrate the blurring of this ring in the tissue
volume (Fig. 8D). But the observed localization of
beam power inside the tissue in these two cases (C and
D) allows us to expect the possibility to perform micro-
coagulation.

To study this effect experimentally, the continuous-
wave laser source (LAKHTA-MILON, Milon Group,
Russia) with the wavelength A =1.06 pum and tunable
output power was used. The liver tissues were exposed
by this laser for 30 s using uncovered fiber with
d¢ = 300 um and NA = 0.14 and the combination of
the fiber with the sapphire needle. Contact and
contactless positions were considered as stated above.
Panels (E-H) in Fig. 8 demonstrate the representative
images of tissue samples after exposure.
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Fig. 6 Numerical simulations of the output beam shapes in water, represented by the transmitted intensity I, formed
by the capillary conical needles and the quartz fiber with 2w = 40°. On the left, the extreme cases of cone angles
2y = 15° (A, B) and 90° (C, D) and ellipsoidal (A, C) or flat (B, D) bottom of the channel are shown. (E—I) Beam
shapes produced by the needle with hemispherical bottom of the channel and various cone angles. In panels A—I,
Lanpi = 0.5mm,zg=0.1mm. (J, K) Output beam parameters in case of 2y = 45° and r = d./2 = 0.25 mm.
(J) reduced axial energy I,,x depending on different fiber NA, (K) beam parameters for 2w = 34°.
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Fig. 7 Numerical simulations of the output beam shapes in the tissue (no=1.37) with increasing of scattering coefficient
us and decreasing of anisotropy parameter g: (A) g =1, ms =1 mm™; (B) g = 0.9, ms = 1.5 mm?; (C) g = 0.72,
ms = 3.7 mm™?; the needle with cone angle 2y = 45° and hemispherical channel’s bottom is considered, 20w=40°.

Absorption is neglected in tissue.

When the uncovered fiber is used, it can lead to the
carbonization (panels G and H), which was started at
8 W of laser output power for contactless position and
3 W, when the fiber is in contact with tissue. In contrast,
the application of the sapphire needle prevents from
tissue carbonization in the observed range of laser
power, up to 10 W (panels E and F). But unlike the
commonly used diffusers, which are also applied for the
same purpose, the coagulation spot remains very narrow
and does not exceed 1.5 mm for contactless position. In
Fig. 81, one can compare the diameters of coagulation
area. Itis clear that choosing the position of the sapphire
needle, a rather wide range of coagulation spots from
0.8 up to 3 mm can be achieved without carbonization,
including extremely small ones less than 1 mm.

4 Discussion

Sapphire capillary needles are unique instruments for
surface and interstitial laser therapy. They can be
combined with a wide range of light sources and fibers.
Despite their small external dimensions of less than 2 mm
in diameter, it is possible to manufacture such needles
with different shape of their tips. In addition, the capillary
channel inside the needle, which is made during the
crystal growth process, may possess different bottom
curvature. Therefore, the radiation patterns formed by the
needles are rather different. Since sapphire has a higher
refractive index than quartz, small changes of the
needle’s shape alter the output beam distribution more
noticeably. The condition for total internal reflection
inside the conical tip is satisfied for a larger number of
rays. The results of this study demonstrate that for these
reasons, it is possible to observe diffusing, collimated,
focusing or ring-like beams formed by the sapphire
needles.

While the diffusing beams are rather common in
laser therapy and there are several solutions and
instruments for their formation, the focusing needles are
of particular interest. As we have shown, in the case of
sapphire needles, partial focusing of the output beam
can be achieved for a simple conical geometry of the
tip, when the angle y is chosen appropriately. In aqueous
environment, this effect is more pronounced.
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It permits using these needles for local exposure of
small tissue area, for example, for coagulation of small
metastasis and cysts [16,60-65]. The point
concentration of light near the needle’s tip in aqueous
solutions can be useful for optogenetics [66, 67], when
local stimulation of cells and tissue areas is caused by
optical radiation [8,9]. Application of various gels,
including cooling ones, in combination with needle-
assisted laser therapy can reduce the localization of tissue
destruction even more, when it is important to prevent
damage and overheating of surrounding intact tissues.
The same effect of local therapy can be achieved in low
scattering tissues or hollow organs filled with saline
solution.

The principal difference between glass tips, quartz
fibers and sapphire needles is the significantly higher
thermal conductivity of the latters, which is probably
the main reason for the absence of tissue carbonization
for contact mode. While coagulation of very small
volumes in tissues using uncovered fiber requires
exposure of laser power density at much more reduced
level in comparison with the combination of the fiber
with the sapphire needle, there is still a risk of
spontaneous rapid accumulated overheating of fiber.
The small changes in thermal conducing properties of
irradiator or tissue can cause carbonization hindering
the planned growth of coagulated volume. It should be
mentioned that carbonization prevents from light
penetration in deeper tissues; therefore, laser exposure
becomes uneven and unpredictable. Additionally, it can
cause damage to glass instruments or unprotected quartz
fibers. The sapphire needle removes heat from the tissue
more efficiently.

It is essential that the shape of the internal capillary
channel plays the same important role as the tip’s
geometry for the formation of the complex output
radiation pattern. The curvature of the channel’s bottom
should be taken into account, as shown by the
demonstrated numerical results. In general, it increases
the beam divergence before transmitting the
needle’s tip, and the output beam includes ring-like
diffused radiation and collimated and focused rays.
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Fig. 8. Experimental study of tissue coagulation by the conical sapphire needle and continuous-wave laser source at
1.06 um. (A) Positions of the needle during exposure. (B) The beam shape formed contactlessly by the conical needle.
(C), (D) The results of numerical simulation of light transport in tissue with parameters n, = 1.37, u, = 4.0cm™?,
Us = 52.13cm™, g = 0.77, by the needle in two considered positions. (E—H) The representative examples of
coagulation of liver tissue by 8 W output power during 30 s, performed by a combination of conical needle with quartz
fiber in contact with tissue (E) and remoted from the tissue surface at 0.5 mm (F); (G), (H) — the same for the single
fiber. (1) The diameters of coagulation spot d,,s Obtained in the considered cases during 30 s of exposure; errorbars

denote +o for the set of 5 measurements.

Since the bottom is produced during the crystal growth
process, no additional resources are needed for shaping
its curvature. Although the hemispherical shape is the
most common, small deviations of the curvature can
appear due to alterations of the technological growth
parameters. As we have shown in the numerical
simulations, the increase of the curvature results in the
illumination of the larger tip’s surface and in a larger
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coagulation region in the tissue. Therefore, it is important
to estimate the channel shape before applying the needle
for laser thermal therapy.

The demonstrated impact of the channel form on the
beam shape is of high importance for other types of
sapphire crystals with internal capillary channels,
manufactured by the EFG technique, such as diagnostic
probes and scalpels. For these instruments, the aperture
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of the output and the detected light beams is one of the
key factors for estimating their sensitivity and precision.
In this regard, the channel curvature should be considered
during the theoretical description of the analyzed optical
response from tissues and further signal processing.

Finally, we should mention the capability of growing
rather long sapphire needles up to tens of centimeters
along with short compact tips. While the former can be
used solely for surface or interstitial laser therapy, small
cut-off tips can be integrated with endoscopes and other
surgical instruments, granting the possibility to use
flexible medical tools.

5 Conclusion

In this work, the formation of different beam shapes by
applying conical sapphire capillary needles for laser
thermal therapy was studied numerically and
experimentally. The main focus was on the capillary
channel inside the needles, grown by the EFG technique.
We have analyzed the possible range of the curvature that
can be produced in the channel’s bottom during the
crystal growth process. It was observed that even slight
alteration of the curvature dramatically changes the
output beam divergence and radiation pattern.
Completely different radiation patterns can be obtained
by changing the combination of the channel’s curvature
and the conical angle of the tip. In particular cases of the
needle’s geometry, the beam can possess strong
collimated and focused components as well as a ring-like
structure. It can be used effectively for localized
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The results of this work revealed the need for
accounting the channel shape inside the sapphire
capillary needles and posed the question for further
research on the crystal growth technological parameters,
which have the strongest influence on the final channel’s
geometry.
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