
EP 0 391 598 B1 Description Technical Field 5      The present invention
relates to a method and apparatus for fabrication of microlenses on optical
fibers. Background of the Invention Optical fiber communication Is a
rapidly developing and maturing technology. Currently, optical fiber tech-
10  nology is being implemented In local area networks, long distance
terrestrial systems and even longer distance submarine systems. As the area
serviced by these communication systems expands, the number of fiber con-
nections is also increasing, thus creating the need for improved fiber
connections and couplers having low loss and minimal distortn. It is
especially desirable to attain a maximum coupling efficiency of light from
trans- mitters, such as semiconductor lasers, to microlensed fibers and
from the microlensed fibers to detectors. 15  For example, see the article
by G. Wenke and Y. Zhu entitled "Comparison Efficiency and Feedback Charac-
teristics of Techniques for Coupling Semiconductor Lasers to Single-Mode
Fibers" In Applied Optics, Vol. 22, No. 23, 1 December 1983, pages
3837-3844. Small lenses with relatively high coupling efficiency may be
prepared by forming a tapered fiber and heat- ing the end of the taper, for
example, with an electric arc. Etched tapered fibers are prepared by
etching off 20  the cladding from an end portion of a fiber with buffered
HF resulting in a taper and subsequently forming the small lens at the end
of the taper. Drawn tapered fibers are prepared by simultaneous drawing and
heating of a section of a fiber in an electric arc. The length of the
tapered region can be controlled by the amount of heating and by the
drawing speed. After the constricted portion is melted off, electrode arc
heating produces a microlens at the end of the tapered fiber. In some
cases, the microlens is produced by dipping the end of 25 the tapered fiber
into a melt of high-index glass. An article by K. Mathyssek, J. Wittman and
R. Kell entitled "Fabrication and Investigation of Drawn Fiber Tapers with
Spherical Microlenses" in Journal of Optical Com- munications, Vol.
(December 1985) 4, pp. 142-148, as well as U. S. Patent 4,565,558 issued on
January 21, 1989 to R. Kell et al. and U.S. Patent 4,589,897 issued on May
20, 1986 to K. Mathyssek at al., discusses drawn tapered fibers with
microlenses. 30      However, while such lenses may possess relatively high
coupling efficiency, these two processes do not lead to truly reproducible
results due to a number of production inefficiencies. Among the
inefficiencies are the wear of arc electrodes as the period of their use
Increases and a difficulty In forming lenses on certain fibers which may
not be symmetrical. An example of such a fiber could be a so-called D-fiber
in which a seg- ment of the cladding Is removed on one side of the fiber.
Another example could be a polarization preserving 35  fibers for which
microlens formation presently is difficult if not impossible. It is
therefore the object of the invention to provide a method of and an
apparatus for producing microlenses at an end of an optical fiber with
improved efficiency and reproducibility. According to the present invention
there is provided a method as defined in claim 1 and an apparatus as
defined in claim 10. 40      This invention is a process and apparatus for
fabricating microlenses on optical fibers. In accordance with the
invention, an end portion of an optical fiber is subjected to the action of
a pulsed laser beam which in a single operation forms a taper on the end
portion of the fiber and a microlens at the end of the taper. The beam
ablates progressively the circumferential periphery of the end portion of
the fiber into a taper with si- multaneous formation of the lens. The laser
and the end portion of the fiber are arranged relative each to an- 45 other
so that the laser beam is incident on the end portion of the fiber at an
acute angle [err] to the longitudinal axis of the fiber. The angle is
selected to attain a desired curvature of the lens and to avoid the
possibility of the lens drooping toward the laser. In the preferred
embodiment the fiber which Is rotated during the fabrica- tion, is
supported within a through-passage in a fiber holder, the diameter of the
passage being only sufficiently greater than the diameter of the fiber to
permit rotation of the fiber without either undue friction or undue per- 50
ipheral movement of the fiber radially of the passage. The fiber holder is
secured on a micropositioner which may be suitably controlled for moving
the fiber into and through the laser beam. For precise repeatability of
lens formation the micropositioner may be conveniently controlled by a
computer, such as a Personal Com- puter (PC). The process and apparatus
permits precise shaping of microlenses In a reproducible fashion. 55
Brief Description of the Drawing FIG. I discloses a laser micromachining
apparatus for producing microlenses on the end of an optical fiber. FIG. 2
discloses an enlarged view of a portion of the apparatus shown in FIG. 1. 2



EP 0 391 598 B1 FIG. 3 dicloses a three-dimensional temperature
distribution in a fiber after a laser pulse for various pulse lengths. FIG.
4 discloses a schematic representation of a photograph of a [err] laser
micromachined taper and mi- 5   crolens. FIG. 5 discloses a schematic
representation of a photograph of an etched tapered fiber and a laser
melted lens. FIG. 6 discloses a comparison of measured microlens coupling
loss (in dB) for three variants of microlens formation on a 5DSM Optical
fiber when coupled to a 1.3 [err] DCPBH Laser. 10 Detailed Description
FIGS. I and 2 show an exemplary embodiment of an apparatus 10 for
fabrication of a microlens at the end of a single-mode optical fiber 11. 15
Apparatus 10 includes a micropositioner 12 with precision stepping
arangement, e.g. on the orderof 0.1 [err], and fiber holder 13 secured to
the micropositioner and provided with a through-aperture 14 having circular
cross-section. The micropositioner enables movement of holder 13 and, thus,
of aperture 14, In a horizontal, vertical or suitably compounded, such as
diagonal, direction. The micropositioner may be controlled manually or via
a controller 15. 20      To provide for rotation of optical fiber 11 about
its longitudinal axis, the fiber Is mounted in a suitable spin- ning device
schematically shown as a block 9. Block 9 Is representative of any suitable
means known per as which would Impart rotation to fiber 11 about its
longitudinal axis, for example, a microlathe driven chuck, a small motor
driven collet, etc. The fiber may be rotated within a range of from 100 to
1000 rpm. Free end portion 17 of optical fiber 11 passes through aperture
14 arranged longitudinally of holder 13 so that only a relatively 25  short
portion of the free end portion of the fiber projects from of the holder.
The length of the free end portion projecting from the holder should be
sufficiently long to permit formation of a microlens at the end thereof,
but not so long as to result in a possible eccentricity of rotation of the
portion being micromachined. To avoid twisting of the fiber during
rotation, the diameter of aperture 14 is selected to permit free rotation
of the fiber within the aperture without undue friction between the fiber
and the walls of the aperture. For 30  example, the diameter of aperture 14
may be up to 2[err] greater than the diameter of fiber 11. This permits the
fiber to be spun around its own axis with up to 1 [err] accuracy without
requiring great precision In the spin- ning device. Holder 13 is shown as
having only one through aperture 14. However, the holder may be provided
with more than one such aperture. For example, each aperture may be of a
different diameter to accommodate 35  fibers of correspondingly different
outer diameters. Alternatively, the apertures may be of the same diameter
permitting loading of a plurality of fibers into the holder so that the
laser micromachining may proceed from one fiber to another with a minimum
loss of down time. A pulsed laser 16, arranged in a spatial relationship to
the fiber, is used for micromachining a microlens on free end portion 17 of
fiber 11. Laser 16 is provided with suitable optical means 18 and 19 for
focusing a 40  laser beam 20 onto the fiber. Holder 13 and laser 16 are
positioned relative each to another so that the laser beam 20 engages the
fiber at an acute angle [err] to the longitudinal axis of the fiber wherein
generally 0 < [err] < [err] irrespectively whether the beam is directed
toward the face of the end portion of the fiber or from the opposite
direction, toward the periphery adjacent to the end portion. The
micromachining of microlenses is carried out in this exemplary embodiment
using a sealed-cavity, 45   RF wavegulde [err] laser emitting 25 watts.
Using radio frequency excitation, rather than spark discharge ex- citation,
this type of laser requires no external gas source, and requires cooling
only by an air-cooled heat sink (not shown) attached to the waveguide tube.
The entire laser, Including heat sink, is roughly 10 cm. x 15 cm. x 92 cm
(4"x6"x36") in dimension, weighs < 6.8 kg. (15 lbs.) and can be mounted
directly on an optical bench. The laser is driven with an external power
supply (not shown) generating the radio frequency excitation. The 50
excitation radiation is linked in a known manner to an external modulator
(not shown), enabling the laser output to be pulsed under external control
with pulse times as short as ten [err]. The laser output, at 10.6 [err]
wavelength, goes through a 4X beam expansion, is deflected 90 degrees at
18, and passes through focusing lens 19, such as a 7.6 cm. (2.5 Inch) focal
length zinc selenide lens. The fo- cused spot radius is ~ 15 [err], with
the greatest energy density concentrated within a 5 [err] radius spot. The
55  focused power density is 7.1x[err]W / [err] at the center of the
focused spot. U. S. Patent 4, 710,605 issued on December 1, 1987 to H. M.
Presby teaches the use of a pulsed laser 



beam forflash evaporating portions of the periphery of optical fibers so as
to prepare taps, couplers and mode mixers directly on the fiber. Asegment
of the laser beam engages an outer periphery of the fiber In a direction
perpendicular to the longitudinal axis of the fiber with an intensity and
duration of pulses selected to progres- 3    EP 0 391 598 B1 sively ablate
and remove the material of the fiber without redeposition. The primary
purpose of the patented process is the removal of elongated sections of the
periphery of the fiber and not the forming and melting of an end of a fiber
into a lens. An attempt to utilize the teachings of this patent for
reproducibly manufacturing 5   microlenses would be unsuccessful, at least
due to an inability to precisely control the eccentricity of the lens
position on the fiber and drooping of the lenses toward the laser. Laser 16
Is pulsed using external pulses of 30 [err] duration, at a repetition rate
of 333 Hz. The duty cycle of the modulating pulses Is therefore 1:100, but
the time constant for turning on of the laser is roughly 30 [err], so the
time averaged power output of the laser is roughly 200 mW. The fiber is
rotated within a range of from 10  400 to 800 rpm, preferably atabout 500
rpm. These parameters yield good results with the beam characteristics
used. For some other beam characteristics, suitable operating parameters
may be determined by a simple trial-and-error experiment. Optical fibers
generally include a core, a cladding and an insulation. Typically, the core
and the cladding comprise silica. In a single-mode or in a multi-mode
optical fiber the outer diameter of the insulation Is about 15 225
micrometers and of the cladding about 125 micrometers. The diameter of the
core in a single-mode fiber is about 10 micrometers and in a multi-mode
fiber about 50 micrometers. A convenient manner of positioning fiber 11 in
the aperture 14 so that only a predetermined length of the fiber projects
from holder 13, is by making the diameter of the aperture 14 only up to 2
pm greater than the diameter of the cladding of the fiber. In op- eration,
the insulation of the fiber is stripped from the end portion of the fiber
and the portion of the fiber 20 without the Insulation Is Inserted into
aperture 14 so that the Insulation abuts the holder and a predetermined
length of the free end portion projects from the holder. The fiber may
project for a distance greater than that needed for the formation of the
taper with a lens thereon. Any excess length may be cut-off by means of the
laser beam priorto the formation of the lens. The edge of the cladding not
only limits the length of the insertion of the stripped portion of the
fiber into and through the holder, but also acts as a stop against any
forward 25  movement (toward the laser beam) of the fiber in the
longitudinal direction during rotation. The reverse move- ment of the fiber
during rotation is prevented by the spinning fiber itself. The fiber Is
provided with a slack be- tween the holder and the spinning device so that
during rotation any tendency of the fiber for moving in the reverse
direction is avoided. Numerous other ways for limiting longitudinal
movement of the fiber relative to the holder may be devised. In cases where
it is desired to retain the cladding, the forward movement may be 30
restricted by means of a collar positioned on the fiber so as to
predetermine the length of the fiber projecting from the holder.
Alternatively, the fiber may be inserted into a tightly fitted sleeve which
is rotatively positioned in the holder, while being restricted from any
movement longitudinally of the holder. In preparing a microlens at the end
of a fiber, an operator strips the jacket Insulation from the free end
portion of the fiber to be lensed, inserts the stripped portion of the
fiber into holder 13, aligns free end portion 35  17 of the fiber with the
laser beam 20 and initiates the movement of the holder 13 so as to move the
free end portion into and through the laser beam. The direction and speed
of the movement of the fiber and the angle of incidence of the laser beam
onto the fiber are preselected to result in a desired taper at the free end
portion of the fiber and curvature of the lens being formed at the end of
the taper. Although with manual or servomotor control the reproducibility
of the microlenses is Improved by the method and apparatus of the
invention, pre- 40 cise repeatability of the machining operations may be
obtained by computer control over, and recording of, the movement sequence.
For this purpose, controller 15 Is linked to a PC, denoted generally as 21,
such as an AT&T PC 6300, via an RS-232 interface, over which movement
control commands could be sent. A con- trolling program, written in
GW-BASIC, allows direct operator control over the controller, direct
operator control with simultaneous recording of the specified command
sequence, or execution of a pre-recorded sequence 45  of movement commands.
Using this system, series of commands required for the formation of a given
radius of microlenses could be stored in a data file, recalled, and
executed at any time. Therefore, an operator's in- volvement In the
microlens fabrication is reduced to stripping the insulation from the end
portion of the fiber to be lensed, Inserting the stripped portion of the
fiber into holder 13, aligning the free end portion 17 of the fiberwith
laser beam 20, and running the program. The program executes the movement
command sequence, 



50 and, at the end of the program execution, the microlensed fiber is
removed from the holder. Total fabrication time is short, on the order of 2
minutes, limited by the transfer speed of micropositioner 12. A
particularly useful characteristic of the micromachining process is that
the process simultaneously in- duces both ablation of the surface and
heating of the underlying material. Heating is decreased by the use of
shorter, more Intense pulses, but is never entirely insignificant. The
characteristics are beneficial, since for- 55   mation of fiber microlenses
requires both cutting away of cladding material and melting of the core
end-face for lens curvature formation. Upon contact with silica glass, such
as that used in optical fibers fabrication, the 10.6 [err] radiation of the
[err] laser is absorbed essentially at the surface of the fiber. Beyond
this point, two effects occur glass at the surface is raised above its
vaporization temperature [err], evaporating away, and heat is conducted
into the 4    EP 0 391 598 B1 material of the fiber. The longer the surface
of the fiber Is maintained at [err], the greater is the depth of the
material within the fiber which is raised above the melting temperature
[err] of the glass material. Sufficiently Intense, short pulses can cause
ablation of the surface with minimal melting of the underlying material. 5
FIG. 3 represents a three-dimensional chart of a temperature distribution
In an optical fiber after a laser pulse for various pulse lengths. The
chart was prepared assuming the following parameters for the beam and glass
Beam Power               [err] =25W Focused Beam Radius      [err] =15
[err] 10  Glass Density             [err] =2.2 gm/[err] Thermal
Conductivity     [err] =1.47X[err] J/sec.cm. [err] Specific Heat
[err] =1.05 J/gm. [err] Vaporization Temperature    [err] = [err] Melting
Temperature      [err] = [err] 15      For the 25W laser used In the
illustrative embodiment, which was focused to a Gaussian beam 15 [err] spot
radius, the maximum intensity [err] incident upon an area of the glass
surface with a single intense [err] laser pulse is given by [ERR] 20
At this intensity, the time required to bring a section of glass 1 pm deep
from room temperature to the evaporation temperature (from 20 degrees C to
2000 degrees C), is less than 0.1 [err], so that conductive and convective
heat transfer have little time to operate. However, as the pulse goes on,
heat is conducted into the fiber, causing deformation of the fiber due to
surface tension acting on the liquefied glass. This shows the necessityfor
selecting pulses which are sufficiently Intense forcausing ablation of the
material of the fiber 25   and yet sufficiently short to produce the lens
by heating the end portion of the fiber with minimum material deformation.
The laser lens-forming technique may alternatively be adapted for forming
lenses at an end of an etched tapered fiber or a drawn tapered fiber. To
form a lens at an end of a fiber tapered by such prior art technique, the
tapered fiber is inserted into aperture 14 of holder 13, and, while the
fiber is being rotated, the lens Is 30  formed by applying the pulsed laser
beam to the end of the etched tapered fiber in the manner described with
reference to the illustrative embodiment. The use of laser heating rather
than electric arc heating for etched tapered fibers or drawn tapered fibers
can yield significantly more consistent microlens curvature, with mini- mal
change in current fabrication techniques. Microlenses fabricated using the
laser micromachining show ex- cellent laser-fiber coupling, and may be more
circularly symmetric than lenses formed by other techniques. 35  For
microlenses formed using the laser-melting technique of etched or drawn
tapers, the laser provides a sta- ble and consistent heat source for
melting the fiber tips, resulting in greater repeatability in lens
fabrication than with the electric arc-melting commonly used. Typical
structures of laser micromachined lenses and etched-tapered laser-melted
lenses are shown In FIGs 4 and 5, respectively. Assuming that the lens is
centered on the fiber core and that the core is not other- 40  wise
deformed, the coupling performance for microlenses is dependent solely on
the curvature at the face of the fibersurface. While the tapers shown have
very different structures, the end-face curvatures of the lenses and thus
their performances are nearly equivalent. The tapering of the laser
machined fiber, FIG. 4, is a result of specified machining commands and
could be tailored to other requirements. The long tapered section for 



the etched fiber shown in FIG. 5 Is a result of the taper etching process
and serves no useful function. It may 45  even prove detrimental in terms
of fiber strength in the tapered section. If the rotating fiber is moved
simultaneously into and through the beam, the heating that occurs In the
last stages of stripping away the cladding material Is sufficient to melt
the fiber end, forming the type of mi- crolens seen in FIG. 4. Thus, lens
formation occurs in one sweep of the fiber through the beam, providing the
sweep occurs diagonally into and through the beam. This eliminates the step
of alignment of the fiber center 50  relative to the beam center, and
should make lens formation very rapid. In addition, the final microlens
cur- vature radius formed with this method is determined by the angle of
the diagonal sweep through the beam. If the sweep is perpendicular to the
fiber axis, the lens formed has a very small radius of curvature, while
sweeps at angles Increasingly closer to the fiber axis cause increasingly
large curvature radii. Once the beam parameters are determined (such as
pulse length, pulse rate, power, intensity) the microlens curvature radius
55    could be selected by merely specifying the required sweep angle and
sweeping the fiber through the laser beam. Such a technique would maximally
exploit the operating characteristics of laser micromachining, while
decreasing the time and operator skill required for microlens fabrication.
Evaluation of lens performance was conducted by aligning the lensed fibers
with a calibrated Double    EP 0 391 598 B1 Channel Planar Buried
Heterostructure (DCPBH) semiconductor laser being used as an "injection"
laser, op- erating at 1.3 [err], and measuring the fiber-coupled power.
Three types of lenses were measured: laser micro- machined lenses, etched
tapered-electric arc-melted lenses and etched tapered-laser-melted lenses.
Results 5   of the evaluation are shown in Figure 6 (a, b, and c,
respectively). Comparison of laser-micromachined lenses [FIG. 6(a)] with
etched tapered-electric arc-melted lenses [FIG. 6(b)] shows roughly similar
variation magnitude, but with significantly better absolute coupling
efficien- cies for the laser-micromachined lenses. This effect is partially
due to the electric arc-melted lenses not having their radii of curvature
correctly matched to the injection being coupled to the laser. Also, it is
common in ml- 10   crolens manufacture to increase slightly the microlens
curvature radius to make the Injection laser to fiber cou- pling less
sensitive to optical misalignments. However, it may more likely be due to
the fact that electric arc- melting of microlenses Is Inherently an
asymmetric process, since only two electrodes are used, while the laser
micromachining as described herein is Inherently circularly symmetric.
Asymmetric heating of the etched ta- pered fiber tip has been observed to
cause "drooping" of the tip as surface tension acts differently on the 15
parts of the fiber tip being melted differently. In the formation of the
laser-micromachined lenses the fiber axis is not aligned perpendicularly to
the laser beam, but rather at an acute angle, [err], to the beam, the angle
being generally [err] < [err] < [err] to prevent the tendency of the lenses
to "droop" towards the laser. The fact that the laser micromachining is
immune to this "drooping" of microlens tips may account for the resultant
increased laser-fiber coupling efficiency. In the exemplary embodiment the
lens, shown In Fig. 4, was fabricated with 20 an angle of incidence, [err],
of the laser beam (which may also be denoted as a sweep angle) within a
range of 60 < [err] < [err]. Other angles may be selected to suit a desired
lens curvature. As seen in FIG. 6(b) and 6(c), comparison of the etched
tapered-electric arc-melted lenses with etched tapered-laser-melted lenses
shows a much smallervariation magnitude for the latter lenses than for the
etched tapered-electric arc-melted lenses. This is due primarily to the
greater consistency of position and intensity 25 of the heat output of the
laser relative to the electric arc. Variation in the electric arc heating
is caused by wear- ing away of the electrodes as the arc occurs. As the
electrodes wear away, the position and Intensity of the arc heating varies
accordingly. In contrast, in laser heating, the position and Intensity of
the heating zone are significantly more consistent, especially in the long
term. The use of a [err] laser in a fiber micromachining arrangement, with
movement sequences programmed 30 under computer control, allows formation
of lenses In an inherently repeatable, circularly symmetric manner.
Microlens shape can be modified quickly and easily by means of the
modification of a series of movement commands In a data file. Diagonal
sweeping of a spinning fiber through a fixed; pulsed [err] laser beam
allows simultaneous removal of cladding material and microlens formation,
with the microlens curvature radius being determined by the sweep angle. Of
course, the holder with the spinning fiber may be kept stationary and the
35 laser may be moved relative to the end portion of the fiber in the
similar manner and under the similar move- ment control as were described
above with reference to the movement of the fiber. The above-described
laser micromachining technique is useful for increasing consistency,
rapidity and ease of fabrication of microlenses on single-mode optical
fiber. Lens radius can be controlled by controling 



the angle of incidence of a laser beam on the fiber, as well as the
intensity and duration of the laser pulses 40  used for heating. In
addition, it may allow for a convenient microlens fabrication on specialty
fibers, such as polarization preserving fibers, for which microlens
formation is presently difficult and for some structures is even
impossible. In the foregoing discussion, it is to be understood that the
above-desired embodiment and method of op- eration are simply Illustrative
of an apparatus and a method for fabricating a microlens on an optical
fiber. 45 Other suitable variations and modification could be made to the
method and apparatus described herein, and still remain within the scope of
the claims. For example, an excimer laser such as an ultraviolet (UV)
excimer laser may be used in place of [err] laser operating at 10.6 [err].
50 Claims 1. A method of micromachining lenses on an end portion of an
optical fiber, which includes the steps of: Inserting an end portion of an
optical fiber (11) into and through an aperture (14) in a holder (13)
permitting a free end (17) of the fiber to project from the holder a
distance at least sufficient for the for- 55       mation of the lens
thereon, aligning the free end portion of the fiber and a focused laser
beam (20) such that said laser beam Is at angle [err] to the longitudinal
axis of the end portion of the fiber, wherein 0<[err]<[err], causing rotary
motion of said optical fiber about said longitudinal axis, with any
peripheral move- ment of the end portion of the fiber radially of said axis
being restricted to less than 2 [err], or less than 1 6    EP 0391 598 B1
Channel Planar Buried Heterostructure (DCPBH) semiconductor laser being
used as an "injection" laser, op- erating at 1.3 [err], and measuring the
fiber-coupled power. Three types of lenses were measured: laser micro-
machined lenses, etched tapered-electric arc-melted lenses and etched
tapered-laser-melted lenses. Results 5   of the evaluation are shown in
Figure 6 (a, b, and c, respectively). Comparison of laser-micromachined
lenses [FIG. 6(a)] with etched tapered-electric arc-melted lenses [FIG.
6(b)] shows roughly similar variation magnitude, but with significantly
better absolute coupling efficien- cles for the laser-micromachined lenses.
This effect is partially due to the electric arc-melted lenses not having
their radii of curvature correctly matched to the injection being coupled
to the laser. Also, it Is common In ml- 10  crolens manufacture to Increase
slightly the microlens curvature radius to make the Injection laser to
fiber cou- pling less sensitive to optical misalignments. However, it may
more likely be due to the fact that electric arc- melting of microlenses is
inherently an asymmetric process, since only two electrodes are used, while
the laser micromachining as described herein is inherently circularly
symmetric. Asymmetric heating of the etched ta- pered fiber tip has been
observed to cause "drooping" of the tip as surface tension acts differently
on the 15  parts of the fiber tip being melted differently. In the
formation of the laser-micromachined lenses the fiber axis is not aligned
perpendicularly to the laser beam, but rather at an acute angle, [err], to
the beam, the angle being generally [err] <  [err] < [err] to prevent the
tendency of the lenses to "droop" towards the laser. The fact that the
laser micromachining Is Immune to this "drooping" of microlens tips may
accountforthe resultant increased laser-fiber coupling efficiency. In the
exemplary embodiment the lens, shown in Fig. 4, was fabricated with 20  an
angle of Incidence, [err], of the laser beam (which may also be denoted as
a sweep angle) within a range of 60 < [err] < [err]. Other angles may be
selected to suit a desired lens curvature. As seen in FIG. 6(b) and 6(c),
comparison of the etched tapered-electric arc-melted lenses with etched
tapered-laser-melted lenses shows a much smaller variation magnitude for
the latterlenses than for the etched tapered-electric arc-melted lenses.
This is due primarily to the greater consistency of position and intensity
25  of the heat output of the laser relative to the electric arc. Variation
in the electric arc heating is caused by wear- ing away of the electrodes
as the arc occurs. As the electrodes wear away, the position and intensity
of the arc heating varies accordingly. In contrast, in laser heating, the
position and Intensity of the heating zone are significantly more
consistent, especially in the long term. The use of a [err] laser in a
fiber micromachining arrangement, with movement sequences programmed 30
under computer control, allows formation of lenses in an Inherently
repeatable, circularly symmetric manner. Microlens shape can be modified
quickly and easily by means of the modification of a series of movement
commands in a data file. Diagonal sweeping of a spinning fiber through a
fixed; pulsed [err] laser beam allows simultaneous removal of cladding
material and microlens formation, with the microlens curvature radius being
determined by the sweep angle. Of course, the holder with the spinning
fiber may be kept stationary and the 



35  laser may be moved relative to the end portion of the fiber in the
similar manner and under the similar move- ment control as were described
above with reference to the movement of the fiber. The above-described
laser micromachining technique Is useful for increasing consistency,
rapidity and ease of fabrication of microlenses on single-mode optical
fiber. Lens radius can be controlled by controlling the angle of incidence
of a laser beam on the fiber, as well as the Intensity and duration of the
laser pulses 40   used for heating. In addition, it may allow for a
convenient microlens fabrication on specialty fibers, such as polarization
preserving fibers, for which microlens formation is presently difficult and
for some structures Is even impossible. In the foregoing discussion, it Is
to be understood that the above-desired embodiment and method of op-
eration are simply illustrative of an apparatus and a method for
fabricating a microlens on an optical fiber. 45   Other suitable variations
and modification could be made to the method and apparatus described
herein, and still remain within the scope of the claims. For example, an
excimer laser such as an ultraviolet (UV) excimer laser may be used in
place of [err] laser operating at 10.6 [err]. 50   Claims 1. A method of
micromachining lenses on an end portion of an optical fiber, which includes
the steps of: inserting an end portion of an optical fiber (11) into and
through an aperture (14) in a holder (13) permitting a free end (17) of the
fiber to project from the holder a distance at least sufficient for the
for- 55       mation of the lens thereon, aligning the free end portion of
the fiber and a focused laser beam (20) such that said laser beam is at
angle [err] to the longitudinal axis of the end portion of the fiber,
wherein 0<[err]<[err], causing rotary motion of said optical fiber about
said longitudinal axis, with any peripheral move- ment of the end portion
of the fiber radially of said axis being restricted to less than 2 [err],
or less than 1 6    EP 0 391 598 B1 [err], pulsing said laser beam at a
pulse rate and for a pulse duration sufficient to result In ablation of
surface material of the fiber by the laser beam incident thereon and
heating of the material of said end 5       portion to cause formation of a
lens at the free end of the fiber, and moving the laser beam and the free
end portion of the fiber relative each to another so that the laser beam
engages the fiber and forms a microlens at the free end portion thereof. 2.
The method of claim 1 In which said angle [err] is [err]<[err]<[err]. 10 3.
The method of claim 1 In which said laser beam is produced by a [err] laser
or an excimer laser. 4.  The method of claim 1 in which said fiber is
rotated about its longitudinal axis at a speed within a range of from 100
to 1000 rpm, preferably from 400 to 600 rpm. 5.  The method of claim 1 In
which said pulse duration is about ten microseconds. 6. The method of claim
1 In which, prior to the inserting step, Insulation is stripped from a
preselected length of the end portion of the fiber, and the stripped
portion of the fiber is Inserted into and through the aper- ture In the
holder. 20 7.  The method of any one preceding claim 1-6, in which said
optical fiber is a single-mode fiber. 8. The method of any one preceding
claim 1-7, in which said positioning and moving steps and the rate and
duration of pulses are subject to computer control. 25 9. A method of any
one preceding claim, in which the lens is formed on the end of a tapered
fiber. 10. An apparatus for producing microlenses at an end of an optical
fiber, which includes: a laser device (16, 18, 19) for producing a focused
pulsed laser beam (20), a holder (13) having at least one through aperture
(14) for receiving an optical fiber (11) therein so that the free end
portion (17) of the fiber projects from one face of said holder a distance
at least suf- ficient for producing a microlens with a microlens thereon,
the diameter of said aperture (14) In the holder (13) is up to 2 [err]
greater than the diameter of said fiber, the holder and the laser device
being positioned relative each to another so that said laser beam is at an
angle [err] to the longitudinal axis of said end portion of the optical
fiber wherein [err]<[err]<[err], 



rotating means (9) for causing rotary motion of said optical fiber about
said longitudinal axis, and a positioning device (12) for positioning and
moving each to another the holder (13) and the laser beam (20) so as to
engage the free end portion (17) of the fiber (11) with the pulsed laser
beam and to pass the said end portion into and through the pulsed laser
beam, said laser beam capable of being pulsed 40      at a rate and for a
duration of pulses sufficient to cause ablation of surface material of the
fiber and si- multaneous heating of the material of the end portion of the
fiber so as to form a microlens at the end thereon. 11. The apparatus of
claim 10 in which said angle [err] is [err]<[err]<80. 45  12  The apparatus
of claim 10 in which means (11) is provided for causing rotation of the
fiber about its axis at a speed within a range of from 100 to 1000 rpm. 13.
The apparatus of claim 10, 11 or 12 In which said laser beam is produced by
a [err] laser or an excimer laser. 50 14 The apparatus of any one preceding
claim 10 to 13, in which said positioning and rotary motion causing means
and means for controlling the rate and duration of pulses are subject to
computer control. u5   Patentansprfche 1. Verfahren zur Mikrobearbeitung
von Unsen an1 elnem Endabechnitt elner optischen Faser, welches die
Schritte umfaft Elnsetzen sines Endabschnitts eineroptischen Faser(11) In
mne 6ffnung (14) und durch sine 6ff- 7    EP 0 391 S98 i31         1111111
1L1111 11111 111 11 111111 nung (14) In olnen Halter (13), wobel es olnem
frelen Ends (17) der Faser gestattet wird, von dem Halter fiber esne
Strecke, die wenigatens zur Ausbildung der Lines damn ausreichend Ist,
hervorzustehen, Auerichten des frelen Endabschnitts der Faser und sines
fokussberten Laserstrahie (20), so dell s       der Laserstrahi unter lneim
Winkel (0) zur I-ngeachas des Endabschnitte der Faser verlauft, wobel 0 < 0
<900, iewirken der Drehbmwegung der optischen Faser um die I-ngeaches,
wobel sine beilebige krels- umflingliche Bewegung des Endabschnitts der
Faser radial zur Aches auf weniger alb 2 pim odsr weniger ale 1 pm
beschrankt lt, 10            Richton van Laserstrahipuison bei miner
Pularats und Ober sine Puidauer, die ausrelchend sind, die Ablation von
Oberfiachenmetiriai dir Fauer durch den darsuf einfallonden Laserstrahl zu
biwirken, und Erhltzen des Materials des Endabschnitts, um dim Ausbildung
siner Une arnfrelen Ende der Faser zu bewirken, und is            Biwegen
des Laserstrahis und des frelen Endabschnitts der Faser rdlativ zueinander,
so dat der Laserstrahl die Faser errilcht und mine Mikrolinse an doren
frelem Endabschnitt bildit. 2. Vsrfahren nach Anspruch 1. bel wiichem der
Winkel 600 < 0 c 80 bt. 20 3.  Verfahren nach Anspruch 1, bel weichem der
Laserstrahl durch einen COrLaser odsr elnen Excimer-Laser erzeugt wird. 4.
Verfahren nach Anspruch 1, 25      In welchern die Faser beil iner
Goschwindlgkit Im Bereich von 100 bis 1000 Umdrehungen/min, vorzugs- wiles
von 400 ble 00 Urndrehungen/min. um Ihre UIngsachse gedreht wird. 5.
Verfahren nach Anspruch 1, In wechemn dim Pulsdauer ungifghr 10
Mikrosekunden betrlgt. 30  6. Verfahren nach Anspruch 1, In welchem vor den
Schritt des Einsetzens die Isolibrung von mlner vorbestimmten Unge des
Endab- schnitts der Fes abgezogen wird und der vom Abzishhn betroffene
Abschnktt der Faser In und durch die 6ffnung in din Halter elngesetzt ilt.
3s  7. Verfahren nach lneim der vorstehenden Ansprfohe 1 bba 6, In welchem
die opt iche Faser mine Mono- Mode-Faser lot. 1. Verfahren nach elnern der
vorstehmnden Ansprfche 1 bie 7, In weichem die PositIanlerungs- und Bewi- 



gungsschrittb und dim Rate und Dauer der Pulse der Computerstmuerung
unterilbgen. 40 9. Verfahren nach lneim der vorstmhenden Ansprfiche, in
welchem die Lines am Endo slner koniechen Fiber ausgebildet beL 10.
Vorrikhtung zur Erzeugung von Mlkrolinsen an lneim Ends elner optiachen
Faser, umnfausend sine Lasereinrichtung (16. 18, 19) zum Erzeugen mines
gepulsten, fokueshlrten Laserstrahis (20), 6            elnen Halter (13)
mit winigatens einer Durchgangedffnung (14) zum Aufnehmen einer optiechen
Faser (11) darin, so dell der frehs Endabschnitt (17) der Faser von nser
Fliache des Halbtrs fber elnen Abstand vorsteht, der wenigetens zur
Erzeugung elner Mlkroilnse mit elner Mikroilnes darmn ausrelchend let,
wobel der Durchmesser der 6ffnung (14) Im Halter (13) bbs zu 2 pm gr8oir
als der Durchmesaer der so      Faser let, der Halter und die
Lasereinrichtung relativ zusinander so positionlert sind. dao der
Laserdtrahl sich unter elnem Winkel 0 zur I-ngesches des Endabschnitts der
Faser befindet, wobei 00 < 0 < 900 lst, mine Dreheinrichtung (9) zum
Bewirken siner Drshbewegung der optischon Fee um die UAngs- aches und line
Posti onierungseinrichtung (12) zum Positlonleren und Bewegen des Halters
(13) und des La- sers (20) sozuelnander, dao derfrole Endabschnitt (1 7)
der Faser (11) den gepulsten Laserstrahl errelcht und dag der Endabschnitt
In und durch den gepulaten Laserstrahl gefihrt wird, wobel der Laserdtrahl
bel elner Pulsate und fiber mine Puladauer gepuist werden kann, die
ausreichend lot. um die Ablation von Oberflachenmaterial der Faser zu
bewirken und ghbichzeltbg das Material des Endabschnitts der Faser    * C
L       S* zu erhitzen, um so sine Mlkrolinse an deren Ende auszubilden.
11. Vorrichtung nach Anspruch 10, 8       in weicher der Winkel 600 - O <
800 let 12 Vorrichtung nach Anspruch 10, In weicher die Ehnrichtung (9) zum
Bewirken der Drehung der Faser um Ihr. Ache. bel mlner Geschwin- digkoit
Innerhalb sines Berelchs von 100 bis 1000 Umdrehungen/min bermitgestellt
let 10  13. Vorrichtung nach Anspruch 10, 11 odor 12, In welcher der
Laserstrahl durch olnen C02-Laser odor oeen Excimer-Laser erzeugt let. 14.
Vorrlhtung nach olnem der vorstehenden AnsprOche 10 bib 13, In weicher die
die Posltionberungs- und Drehbewegung bewirkendo Elnrichtung und dle
Einrichtung zum Stbuorn der Pulsrate und Pulsdauer der 15
Computersbtuerung unterilegen. Revendlcatlons 20   1  Proc6d6 de
micro-usinage de lentilies sur une partle d'extr6mit d'une fibre optique
qul comprend les etapes suivantes: Inserer une partti d'extr6mit6 d'une
fibre optique (11) dens at b travers une ouverture (14) dens un support
(13) en permettantA une extr6mite llbre (17) de lafibre de d6passerdu
support d'une distance au moins suffisantb pour la formation de la lentille
sur celle-cl; 25            aligner la parthm d'extr6nIt6 libre de Ia fibre
et un faibceau laser focaibe (20), de sortb quo ledit faiscoeau laser forme
un angle 9 avec l'axe longitudinal de la partlb d'extr6mRe de la fibre, ob
0<0<90;; faire tourner ladite fibre optique autour dudit axe longitudinal,
tout depiacement priph6riqu de la partle d'extremite de la fibre
radlalement par rapport audit axe etant IlmIte A moins de 2 pm ou a molns
de 1 lpm; J            pulser ledi faisceau laser A une vitesse et une
duree d'impulsion suffbsantes pour entratner i'abla- tIon de Is matlre
superfcMoilo de la fibre par le faisceau laser Incident et chauffer la
mat-ure de ladite partth d'extr6mte pour provoquer la formation d'une
lontille A I'extremH6 libre de Is fibre, et depiacer le faisceau laser et
Ia partle d'extremie libre de la fibre I'un par rapport A I'autre, de tale
sorta quo le falbceau laser attaque la fibre et forrme une microlentille A
sa parth d'extr6mit6 libre. 2.  Procd6 salon la revendication 1, dens
lequel ledH angloe 0 est 80040. 3.  Procde selon la revondlcation 1, dons
loqudl ledKt falsceau laser *st prodult par un laser A CO2 ou un laser A
excimeres. 40 4.  Proced6 solon la revendlcation 1, dens loquel ladita
fibre tourne autour de son axe longitudinal A une vi- 



tase de l'ordre de 100 A 1000 tours par minute, de preference de 400 a 600
tours par minuta. 5. Procede solon Ia revendication 1, dans lequel Wndite
duree d'impulslon est d'environ 10 mlcrosecondes. 6.  Procbd6 salon Ia
revendieation 1, dans lequel, avant I'Mtape dinsertlon, I'beolatbon oat
6liminea d'une lon- quour preseecthonnee dola partle d'extr~miti de la
fibre et is partle de In fibre ainsl denudee oet Ins6r6e dens et A travers
l'ouverture du support. 7. Proc~dd solon l'une quelconque des
revendlcatlons prec6dentbs I A 6, dens lequel ladita fibre optique 50
est une fibre monomode. S. Proced6 solon l'une quelconque des
revendicatlons pr6ocdentes I A 7, dens lequel leedits 6tapes de
poslitonnement et de deplacoment et la vitesse alnsl quo la dur6e des
Impuislona font l'obJet d'un controle Informatique. 9. Proced6 selon l'une
quelconque des revendications precdentes, dens lequel la lontille estformee
A l'ex- tremit6 d'une fibre effil6e. 10. Apparell de production de
microlentilles A une extr6mie d'une fibre optique qul comprend 9
59831~~~~  I IIIIj HI 11111 1l11 11|1111 I IH EP O 391 598 i31         * c
L   M   S * un dispositif laser (16, 18, 19) pour la production d'un
fahbcoau laser pube6 focailse (20); un support (13) comportant au moins uno
ouverturs do traversee (14) destin6e A recovoir uno fibre optique (11), de
sorts quo la partle d'extr~mltA libre (17) de la fibre depasse d'une face
dudit support d'uns 5       distance au molns muff sante pour produire une
microlentille sur coile-cl, is dlametre de ladite ouverture (14) dons le
support (13) etant jusqu'A 2 pmn plus grand quo Io dbsmetro d ladite fibre,
le support ot le dispositif laser etant positionnea l'un par rapport A
l'autro, de sors quo leditfalsceau laser forms un angle 0 par rapport A
l'axe longitudinal de ledite partle d'extr6rnlt6 de Is fibre optlque, ob
00O<90; un moyon de rotation (9) pour faire tourner ladits fibre optlquo
autour dudit axe longitudinal, et 10            un dispositif de
positlonnement (12) pour poaltionner et deplacer l'un par rapport a l'autre
le sup- port (13) et le faisceau laser (20) de maniere a attaquer Ia partbs
d'extremltl libre (17) de la fibre (11) avoc le falhceau laser pulse et A
faire passer ladite partle d'extremte dans et A travers le lboeau laser
pulbe, ledit falseau lser etant capable d'tre pulia a une vitesse et une
dur6e d'lmpulsion suff Ioantes pour entratherl'ablation de Ia mature
suporficlelle dela fibre otsimultandmentle chauffego d I matlere is      de
la partle d'extr6mitt de la fibre de manire A former une microlentille A
son extremetd. 11. Apparell sclon la revendicathon 10, dens loquel lodK
anglo 0 et 60'0<80. 12 Apparell sclon la revendication 10, dans hoquel le
moyon (11) ost pr6vu pour fairs tourner la fibre autour 20      de son axe
A une vitesse de l'ordre de 100 A 1000 tours par minute. 13. Apparell selon
la revendication 10, 11 ou 12, dons loquel ledit falsoeau laser eat prodult
par un laser A CO2 ou un laser A excimbres. 14. Apparell colon l'une
quelconque des revendicathons precedentes 10 A 13, dans lequel ledit moyen
entrat- 25      nant le positionnoment et le mouvement de rotation ot l
moyen de contiois de l vitosse et de la duree des Impulslons font l'objot
d'un controle informatique. 30 35 40 45 50 55 10    


