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(57) Abstract: The present invention provides improved collimating lens assemblies (32), improved methods of reducing the opti-
cal power density in collimating lens assemblies, and to improved fiber optic rotary joints (31) incorporating such improved colli-
mating lens assemblies. The improved collimating lens assembly broadly includes: a singlemode fiber (38) terminating in a distal
end; a step-index multimode fiber (44) having a proximal end abutting to the singlemode fiber distal end, and having a distal end;
a graded-index multimode fiber (45) having a proximal end abutting the step-index multimode fiber distal end, and having a distal
end; and a collimating lens (34) longitudinally spaced from the graded-index multimode fiber distal end by an intermediate air gap
(43), and operatively arranged to collimate light rays emanating from the graded-index multimode fiber distal end. The improved
collimating lens assembly is characterized by the fact that there is no epoxy, silicone gel or index-matching material between the
graded-index multimode fiber distal end and the collimating lens. Rather, these various elements are fusion-spliced together. The
improved collimating lens assembly is capable of handling energy levels that are typically used in various wavelength division
multiplexing techniques.
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HIGH-POWER COLLIMATING LENS ASSEMBLIES,
AND METHODS OF REDUCING THE OPTICAL
POWER DENSITY IN COLLIMATING LENS ASSEMBLIES

Technical Field

[0001] The present invention relates generally to fiber optic rotary joints and colli-
mating lens assemblies, and, more particularly, to improved high-power collimating
lens assemblies for use in such fiber optic rotary joints that may employ various
wave division mﬁltiplexing techniques; to improved fiber optic rotary joints that incor-
porate such improved collimating lens assemblies; and to improved methods of re-

ducing the optical power density in such collimating lens assemblies.

Background Art

[0002] Fiber optic collimating and focusing assemblies, sometimes known as col-

limators, are used to launch a beam of light from one optical fiber into free space,
and then to capture such light and redirect it into another fiber. Collimators (i.e., op-
tical devices for emitting parallel rays of light) are usually necessary whenever the
free space propagation exceeds several hundred microns ("pm"; 1 um = 0.001 mm).
For this reason, collimators are commonly used in fiber optic rotary joints ("FORJs"),
such as shown and described in U.S. Pats. No. 6,301,405 B1, 7,142,747 B2 and
7,239,776 B2, the aggregate disclosures of each of which are hereby incorporated
by reference. In a FORJ, the free space distance between the fiber optic collimating
and focusing assemblies can be on the order of three to four inches [i.e., about 7.62
to about 10.16 cm].

[0003] In the past, collimator designs, such as shown and described in the afore-
said patents, have been selected for their simplicity, high pointing accuracy and rea-
sonable optical performance. While such collimator designs have been sufficient for
many conventional FORJs presently in use, there exists a desire to pass more and
more data through existing FORJs.

[0004] Wavelength division muitiplexing is a known technique for increasing the
amount of data transmitted along an optical fiber. Basically, a plurality of input data
signals are superimposed on a plurality of wavelength-separated optical carrier sig-
nals. The various optical signals are multiplexed, and are provided to the input end
of an optical fiber. The multiplexed signals are transmitted along the fiber, and are
demultiplexed at the exit end of the fiber, back into the various component data sig-
nals. Wavelength division multiplexing is attractive because it allows a large amount
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of data to be transmitted along a single fiber by utilizing the bandwidth capability of
the fiber. There are a number of known techniques. These include, but are not lim-
ited to: (1) conventional wavelength division multiplexing (“WDM"), (2) dense wave-
length division multiplexing ("DWDM"), and (3) coarse wavelength division muitiplex-
ing ("CWDM?"). Conventional WDM systems typically provide for up to sixteen chan-
- nels in the third transmission window (C-band) of silica fibers at various wavelengths
around 1550 nanometers ("nm"). DWDM systems typically use the same transmis-
sion window, but with denser channel spacing. CWDM systems, in contrast with
conventional WDM and DWDM systems, use increased channel spacing to allow
less-sophisticated and less-expensive optical multiplexer and transceiver designs.
Thus, conventional WDM, DWDM and CWDM systems are based on the concept of
using multiple wavelengths of light on a single fiber, but differ in the frequency of the
wavelengths, the number of channels, and the ability to amplify the multiplexed sig-
nals in optical space. As used herein, the expression "wavelength division multiplex-
ing" includes conventional WDM, DWDM, CWDM and similar techniques.

[0005] It is known to utilize wavelength division multiplexing to transmit data
across fiber optic rotary joints. See, e.g., U.S. Pats. No. 5,991,478, 6,385,367 B1,
6,453,088 B1, 6,980,714 B2 and International Pat. Application No. PCT/US2006/
016377 (published as Int. Pub. No. WO 2007/130016 A1), the aggregate disclosures
of which are hereby incorporated by reference.

[0006] However, problems develop when high levels of optical power are transmit-
ted through epoxy, silicone gel and/or index-matching media. For example, such
epoxy and/or media will have a variable coefficient of thermal expansion, or a tem-
perature-dependent refractive index that may adversely affect collimator perform-
ance. Moreover, exposure to high optical power densities can irreversibly darken the
epoxy and/or the index-matching material. These detrimental effects have been ob-
served at nominal power levels of about 256 milliwatts ("mW"). This represents a
nominal energy density of about 3.41 gigawatts per square meter ("GW/m?’), based
on a 10 ym diameter singlemode fiber. Since about ninety percent of the energy in a
single-mode fiber is carried in a mode field having a diameter of about 5.8 pm, the
resultant energy density in this reduced-diameter field is about 8.6 GW/m?2. Testing
has demonstrated that the maximum optical power capability of conventional collima-
tors is approximately +15 dBm (i.e., about 30 mW). The typical requirements for
WDM systems are well above this level.
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[0007] In addition to volume effects (i.e., changes occurring within the optical path
of the collimator), detrimental effects may occur on the surface of the singlemode fi-
ber. This is particularly the case because the index-matching materials that would
normally be in the interface between the singlemode fiber and the collimating ball
lens, cannot be used. Because of the high energy density that exists on the surface
of a singlemode fiber when a high power level is transmitted, contaminants (e.g., ce-
ramic particles from ferrules and alignment sleeves, dust, and other contaminants)
can be heated to temperatures higher than the melting point of silica, which may re-
sult in cracking and pitting of the fiber surface.

[0008] The high power transmission issue has been solved with the development
of fusion-joint collimators where an end face of the singlemode optical fiber is fused
directly to an abutting facing end face of a graded-index multimode lens, rather than
being adhesively secured thereto, as by the use of an optical epoxy. However, there
are inherent pointing accuracy issues with this type of design that precludes their use
in a FORJ, where pointing accuracy is important.

[0009] Accordingly, it would be highly desirable to provide improved collimating
lens assemblies that are suitable for use in FORJs and other applications, that can
handle high power requirements, such as on the order of magnitude typically used
for WDM, while still having a high degree of pointing accuracy, particularly when the
optical signal will have to be propagated over several inches of free space from one
fiber to another.

Disclosure of the Invention

[0010] With parenthetical reference to the corresponding parts, portions or sur-
faces of the disclosed embodiments, merely for purposes of illustration and not by
way of limitation, the present invention provides improved collimating lens assem-
blies, such as for use in (but not limited to) FORJs, to improved methods of reducing
the optical power density in collimating lens assemblies, and to improved FORJs in-
corporating such improved collimating lens assemblies.

[0011] In one aspect, the invention provides an improved collimating lens assem-
bly (32) having a longitudinal axis (x-x), which broadly includes: a singlemode fiber
(38) that terminates in a distal end; a step-index multimode fiber (44) having a
proximal end abutting to the singlemode fiber distal end, and having a distal end; a
graded-index multimode fiber (45) having a proximal end abutting the step-index

multimode fiber distal end, and having a distal end; and a collimating lens (34) longi-
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tudinally spaced from the graded-index multimode fiber distal end, and operatively
arranged to collimate light rays emanating from the graded-index multimode fiber
distal end. '

[0012] The step-index multimode fiber proximal end may be fusion-spliced to the
singlemode fiber distal end.

[0013] The graded-index multimode fiber proximal end may be fusion-spliced to
the step-index multimode fiber distal end.

[0014] The collimating lens is preferably spaced from the graded-index multimode
fiber distal end by an air gap (43).

[0015] The improved lens assembly may further include: a cylindrical ferrule (36)
surrounding a marginal end portion of the singlemode fiber, the step-index muilti-
mode fiber (44), and the graded-index multimode fiber (45). A sleeve (40) may sur-
round the ferrule. The axial length of the ferrule may be about 10.5 mm; the axial
length of the singlemode fiber within the ferrule may be about 10.4 + 0.1 mm; the ax-
ial length of the step-index multimode fiber may be about 0.400 + 0.01 mm; the axial
length of the graded-index multimode fiber may be about 0.500 + 0.01 mm; and the
collimating lens may be spaced from the graded-index multimode fiber distal end by
an axial distance of about 0.48 + 0.01 mm. .
[0016] The improved collimating lens assembly is characterized by the fact that
there is no epoxy, silicone gel or index-matching material in the optical path between
the distal end of the singlemode fiber and the collimating lens.

[0017] In the improved collimating lens assembly, the step-index multimode fiber
reduces the optical energy at the step-index multimode fiber distal end from that at
the step-index multimode fiber proximal end, and the graded-index multimode fiber
reduces the optical energy at the graded-index distal end from that at the graded-
index multimode fiber proximal end.

[0018] The improved collimating lens assembly is capable of handling energy lev-
els in the singlemode fiber that are typically used for wavelength division multiplex-
ing. For example, the energy density in the expanded beam at the output of one par-
ticular collimating lens assembly is approximately twenty times lower than that at the
singlemode fiber distal end. The reduction in energy density is not limited to this par-
ticular amount, as multimode fibers with larger-diameter cores could also be used.
[0019] In another aspect, the invention provides an improved method of reducing
the optical power density in a collimating lens assembly (32) having a longitudinal
axis (x-x). This method broadly includes the steps of: providing a singlemode fiber
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(38) terminating in a distal end; providing a step-index multimode fiber (44) having a
proximal end and having a distal end; and positioning the singlemode fiber distal end
to abut the step-index multimode fiber proximal end; providing a graded-index multi-
mode fiber (45) having a proximal end and having a distal end; positioning the
graded-index multimode fiber proximal end to abut the step-index multimode fiber
distal end; providing a collimating lens (34); positioning the collimating lens in axially-
spaced relation to the graded-index multimode fiber distal end; supplying optical
power to the singlemode fiber at a density on the order of magnitude of that needed
for one of wavelength division multiplexing and dense wavelength division multiplex-
ing; reducing the optical power density at the graded-index multimode fiber distal end
from that at the graded-index multimode fiber proximal end; and further reducing the
optical power density at the step-index multimode fiber distal end from that at the
step-index multimode fiber proximal end; thereby to cause collimated light of reduced
optical power density to exit from the collimating lens assembly.

[0020] The singlemode fiber distal end may be fusion-spliced to the step-index
multimode fiber proximal end, and the graded-index multimode fiber proximal end
may be fusion-spliced the step-index muitimode fiber distal end

[0021] In still another aspect, the invention provides an improved FORJ (31),
which is shown with arrayed waveguides for optical multiplexing and demultiplexing,
that incorporates an improved collimating lens assembly (32). In this case, the
FORJ has a first collimating lens assembly (25) spaced from, but optically aligned
with, a second collimating lens assembly (25). The improvement broadly includes:
each collimating lens assembly having an axis of elongation (x-x) and includes: a
singlemode fiber (38) terminating in a distal end; a step-index multimode fiber (44)
having a proximal end abutting the singlemode fiber distal end, and having a distal
end; a graded-index multimode fiber (45) having a proximal end abutting the step-
index multimode fiber distal end, and having a distal end; and a collimating lens (34)
spaced from the graded-index multimode fiber distal end, and operatively arranged
to collimate light rays emanating from the graded-index multimode fiber distal end;
and wherein the collimating lens assemblies are arranged to face toward one an-
other.

[0022] One of the lens assemblies may be angularly displaced with respect to the
other of the lens assemblies about axis x-x, and the improved FORJ may further in-
clude a prism (28) arranged between the lens assemblies for optically aligning the
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lens assemblies such that light exiting one of the lens assemblies will be directed to
enter a desired one of the other of the lens assembles.

[0023] These two collimating lens assemblies may be separated by a distance of
from about three to four inches [i.e., about 7.62 cm to about 10.16 cm].

[0024] The method may further include at least one of an arrayed waveguide, an
interference filter and a fiber Bragg grating, in connection with said one of said wave-
length division multiplexing and said dense wavelength division multiplexing.

[0025] Accordingly, the general object of the invention is to provide improved col-
limating lens assembles.

[0026] Another object is to provide an improved method of reducing the optical
power density in collimating lens assemblies.

[0027] Still another object is to provide improved FORJs that incorporate such im-
proved collimating lens assembles.

[0028] These and other objects and advantages will become apparent from the

foregoing and ongoing written specification, the drawings, and the appended claims.

Brief Description of the Drawings

[0029] Fig. 1 is a fragmentary longitudinal vertical sectional view of a prior art fiber
optic rotary joint, showing the presence of an intermediate dove prism that is ar-
ranged to rotate at half the relative rate of rotation of the opposing collimating lens
assemblies, to maintain the optical alignment between respective opposing lens as-
sembles at all relative angular positions therebetween.

[0030] Fig. 2 is a reduced-scale fragmentary longitudinal vertical sectional view of
an improved fiber optic rotary joint, generally similar to that shown in Fig. 1, but that
incorporates improved collimator lens assemblies according to the present invention,
and is shown with arrayed waveguides which is one technique used with DWDM.
[0031] Fig. 3 is an enlarged fragmentary longitudinal vertical sectional view of a
prior art collimating lens assembly that incorporates an index-matching media be-
tween the ferrule and ball lens.

[0032] Fig. 4 is a fragmentary longitudinal vertical outline view of a prior art fiber
optic lens assembly used in a singlemode optical switch that can be used fro DWDM
applications.

[0033] Fig. 5 is an enlarged fragmentary longitudinal vertical sectional view of an

improved collimating lens assembly that omits any index-matching element or use of
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epoxy in the optical path, and that has an air gap between the distal end of the fer-
rule and the ball lens.

[0034] Fig. 6 is a greatly-enlarged fragmentary longitudinal sectional view of a por-
tion of the improved collimating lens assembly, this view showing the step-index mul-
timode fiber as having been fusion-spliced to the distal end of the singlemode fiber,
and showing the graded-index multimode fiber as having been fusion-spliced to the
distal end of the step-index multimode fiber, to create a diverging ray trace for suc-
cessively reducing the optical power density transmitted through the improved colli-

mating lens.

Description of the Preferred Embodiments

[0035] At the outset, it should be clearly understood that like reference numerals
are intended to identify the same structural elements, portions or surfaces consis-
tently throughout the several drawing figures, as such elements, portions or surfaces
may be further described or explained by the entire written specification, of which
this detailed description is an integral part. Unless otherwise indicated, the drawings
are intended to be read (e.g., cross-hatching, arrangement of parts, proportion, de-
gree, etc.) together with the specification, and are to be considered a portion of the
entire written description of this invention. As used in the following description, the
terms "horizontal”, "vertical", "left", "right”, "up" and "down", as well as adjectival and
adverbial derivatives thereof (e.g., "horizontally”, “rightwardly”, "upwardly”, etc.),
simply refer to the orientation of the illustrated structure as the particular drawing fig-
ure faces the reader. Similarly, the terms "inwardly" and "outwardly" generally refer
to the orientation of a surface relative to its axis of elongation, or axis of rotation, as
appropriate.

[0036] Referring now to the drawings, and, more particularly, to Fig. 1 thereof, a
prior art fiber optic rotary joint is generally indicated at 20. In fact, Fig. 1 is a sub-
stantial duplicate of Fig. 1 of U.S. Pat. No. 7,142,747 B2, which is assigned to the
assignee of the present application. Since this FORJ has been fully described in the
aforesaid '747 patent, a detailed description of such device will be omitted in favor of
an abbreviated description herein. However, the reader is referred to the aforesaid
'747 patent for a fuller and more complete written description of the structure and
operation of such FORJ.

[0037] Suffice it to say that the FORJ shown in Fig. 1 is used to optically connect
axially-spaced first and second bundles 21, 22 of optical fibers, while permitting at
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least one of the bundles to rotate about horizontal axis x-x relative to the other bun-
dle. The FORJ includes a housing, generally indicated at 23, having a cavity 24
therewithin. For sub-sea applications, this cavity may be filled with an inert fluid,
such as a halogenated hydrocarbon oil. However, this particular fluid is not required
for all applications, and cavity 24 may, in some applications, be filled with other
fluid(s), or even air.

[0038] The FORJ also includes first and second collimating lens assemblies, gen-
erally indicated at 25, 26, respectively. These collimating lens assemblies are gen-
erally positioned at the opposite longitudinal ends of internal cavity 24, for transmit-
ting optical signals therethrough. A reversion prism, such as a dove prism 28, is
operatively arranged within the cavity 24, and is mechanically coupled by suitable
means (not shown) to rotate at half of the rate of relative rotation between the lens
assemblies 25, 26 so as to keep the various collimating lens assemblies of each ar-
ray optically aligned with their respective mates at the opposite end of cavity 24, not-
withstanding relative rotation of bundles 21, 22 about axis x-x. One mechanism for
causing the dove prism to rotate at half of the rate of relative rotation of the first and
second arrays is more fully shown in U.S. Pat. No. 6,301,405, the aggregate disclo-
sure of which is hereby incorporated by reference.

[0039] Fig. 1 shows ray traces of the paths of light from three of the first lens as-
semblies 25 through the dove prism 28 to their respective counterparts 26 in the
second array. Thus, light exiting the uppermost lens assembly of the first group
passes through the dove prism, and is directed into the lowermost lens assembly of
the second array. Light exiting the middle lens assembly of the first array passes
through the dove prism, and is directed into the middle lens assembly of the second
array. Finally, light exiting the lowermost lens assembly of the first array passes
through the dove prism, and is directed into the uppermost fiber of the second array.
[0040] The dove prism is shown as having interface optical elements 29, 30, se-
cured to its inclined faces. These interface optical elements have planar vertical sur-
faces that are arranged to face toward the proximate collimating lens assemblies,
and are arranged perpendicularly to the various ray traces in cavity 24. The reason
for this is to enable the optical signals to be transmitted along the various ray traces
and to minimize the effect of variations in the index of refraction of any fluid within
chamber 24. Such interface optical elements are more fully shown and described in
the aforesaid U.S. Pat. No. 7,142,747 B2.
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[0041] Thus, the FORJ depicted in Fig. 1 allows relative rotation of the collimating
lens assemblies 25, 26 about horizontal axis x-x. The dove prism maintains the opti-
cal communication between the respective emitting collimating lens assemblies and
the respective receiving collimating lens assemblies at all permissible relative rota-
tional positions of the opposed collimating lens assemblies 25, 26.

[0042] In this arrangement, the distance between the first and second arrays is
typically on the order of about three to four inches [i.e., about 7.62 cm to about 10.16
cm]. Thus, each optical signal has to be propagated from an emitting lens assembly
through free space to enter the reversion prism, be reflected therein and emitted
therefrom, again through free space, toward a cooperative receiving lens assembly.
[0043] Fig. 2 is a view generally similar to Fig. 1, of an improved fiber optic rotary
joint, generally indicated at 31. The device shown in Fig. 2 is substantially the same
as that shown in Fig. 1, except that the improved device uses improved collimating
lens assemblies 32, 33, in lieu of those (25, 26) shown in Fig. 1. However, the de-
vice is still used to optically couple a first optical fiber bundle 21 to a relatively-
rotatable second optical fiber bundle 22. The device is otherwise the same. It in-
cludes a housing 23, and a reversion prism, such as a dove prism 28, with interface
optical elements 29, 30 affixed to its inclined faces. The ray traces shown in Fig. 2
are the same as those shown in Fig. 1. As previously indicated, the salient differ-
ence between the improved FORJ (shown in Fig. 2), and the prior art FORJ (shown
in Fig. 1) lies in the fact that the improved FORJ uses improved collimating lens as-
semblies 32, 33. These improved collimating lens assemblies are structurally identi-
cal, although one is arranged as a mirror image of the other. Light may be transmit-
ted from left lens assembly 32 to right lens assembly 33, or vice versa. The FORJ is
also shown with a DWDM capability utilizing an ‘arrayed waveguide grating at its en-
trance and exit end, which will allow the device to transmit multiple signals of high
bandwidth, and, thus, be an integral part of a variety of mobile platform applications.
This type of arrayed waveguide grating is shown in a publication, "Fundamentals of
DWDM Technology", which is accessible at http://cisco.com/univercd/cc/td/doc/
product/mels/cm1500/dwdm/dwdm_ovr.pdf.

[0044] Fig. 3 is a schematic longitudinal vertical sectional view of a prior art lens
assembly 25, such as used in Fig. 1. The lens assembly shown in Fig. 3 is not com-
pletely identical with that shown in Fig. 1, but illustrates a form of lens that was actu-
ally used in such prior art FORJs. A variant form of this prior art lens assembly is
shown in Fig. 3 of U.S. Pat. No. 7,142,747 B2, the aggregate disclosure of which is
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hereby incorporated by reference. The prior art lens assembly 25 illustrated herein
has a collimating ball lens 34, an index-matching media 35 to the immediate left of
the ball lens, and a horizontally-elongated cylindrical ferrule 36. A singlemode fiber
38 extends into the through-bore of ferrule 36. The rightward marginal end portion of
this assembly is received in an outermost ceramic split sleeve 40. An epoxy or pot-
ting compound 41 holds the single-mode buffer 39 within outermost shrink tubing 42.
In some cases, a clear epoxy or silicone gel 35 was used in the optical path that ex-
tends between the exit end of singlemode fiber 38 and ball lens 34.

[0045] As mentioned in the background of the invention, it is generally desired to
use optical signals of increased power levels, such as would be necessary for vari-
ous WDM applications. With the prior art arrangement shown in Fig. 3, such high
power levels had the prospect of darkening, as well as changing the refractive index
of, the epoxy, silicone gel and/or the index-matching material in the optical path be-
tween the exit end of the singlemode fiber and the collimating ball lens, with a sub-
sequent concomitant decrease in optical performance. Moreover, contaminants
could always be present that might ignite under the influence of such high power op-
tical signals.

[0046] To solve this problem, Applicants have developed high-power collimating
lens assemblies, of which one preferred embodiment is generally indicated at 32 in
Fig. 5. The structure shown in Fig. 5 is similar to that shown in Fig. 3, and includes a
collimating ball lens 34, and a horizontally-elongated cylindrical ferrule 36. A
singlemode fiber 38 extends into the through-bore of ferrule 36. The rightward mar-
ginal end portion of this assembly is again received in an outermost ceramic split
sleeve 40. An epoxy or potting compound 41 holds the singlemode buffer 39 within
outermost shrink tubing 42.

[0047] The salient difference between the improved collimator lens assembly
shown in Fig. 5 in the prior art lens assembly shown in Fig. 3 is that the index-
matching element 35 and all optical epoxy and/or silicone gel has been omitted from
the optical path between the distal end of the singlemode fiber 38 and ball lens 34.
Rather, an air gap 43 exists in the improved lens assembly between the right mar-
ginal end of the ferrule 36 and the distal end of singlemode fiber 38 and the collimat-
ing ball lens 34. More importantly, as best shown in Fig. 6, the left or proximal end
face of a cylindrical step-index multimode fiber 44 is fusion-spliced to the right or dis-
tal end face of singlemode fiber 38, and the left or proximal end face of a cylindrical
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graded-index multimode fiber 45 is fusion-spliced to the right or distal end face of
step-index multimode fiber 44.

[0048] Fig. 6 is an enlarged fragmentary longitudinal vertical sectional view of a
portion of the fiber lens assembly, with the ferrule, ceramic sleeve, potting compound
and shrink tubing removed for clarity. Light discharged from the singlemode fiber 38
is directed first into the step-index multimode fiber 44, and then into the graded-index
multimode fiber 45. It is then directed through air space 43 to collimating ball lens
34. Light exiting the singlemode fiber is shown as diverging as it passes through the
step-index multimode fiber 44, and focusing and further diverging as it thereafter
passes through the graded-index muiltimode fiber 45. Thus, the optical power den-
sity (i.e., optical power divided by transverse cross-sectional area) progressively de-
creases as the light proceeds rightwardly through the step-index and graded-index
multimode fibers because the cross-sectional area through which the light passes
progressively increases. Ultimately, light exiting the rightward end of the graded-
index multimode fiber 45 passes through free space 43 to collimating ball lens 34.
[0049] U.S. Pat. No. 6,751,369 B1 discloses a fiber lens assembly for singlemode
optical switches. Fig. 4 is a substantial reproduction of Fig. 4 of the '369 patent, and
depicts a prior art arrangement discussed in the '369 patent in which light in the
singlemode fiber 46 passes first through a step-index multimode fiber 48 and then
through a graded-index multimode fiber 49. The beam waist of light exiting fiber 49
through its rightward end is represented by symbol 50. The light is then directed to-
ward the entrance end of a second fiber 46, that is arranged as a mirror image of the
left. Thus, light first passes through a graded-index multimode fiber 49 and then a
step-index multimode fiber 48, and then into a receiving singlemode fiber 46. The
distance between the two facing ends of these fibers was limited to a distance of
about 0 to 2,000 microns, or about 0-2.0 millimeters. Thus, this type of arrangement
is usable when the distance between the opposing lens assemblies is small. The
'369 patent also discloses that the various multimode fibers are fused to one another.
In the preferred embodiment of the present invention, the index-matching element 35
has been omitted, and the various facing surfaces of singlemode fiber 38, and mul-
timode fibers, 44, 45, are fusion-spliced together. Suffice it to say that the absence
of all such power-discolorable elements (i.e., the index-matching media, epoxy, sili-
cone gel, etc.) in the optical path, removes the past impediments to the transmission
of increased power through the improved lens assemblies.



WO 2010/050922 PCT/US2008/013614
12

[0050] Thus, the present invention broadly provides improved collimating lens as-
semblies, improved fiber optic rotary joints incorporating such improved lens assem-
blies, an improved methods of reducing the optical power density passes through the

collimating light assemblies.

Modifications

[0051] The present application contemplates that many changes and modifica-
tions may be made without departing from the spirit of the invention. For example, it
is presently preferred that the various optical elements (i.e., singlemode fiber 38, and
step-index and graded-index multimode fibers 44, 45, respectively), all be fusion-
spliced together. The salient point here is that all optical epoxy and/or silicone gel
have been eliminated. Similarly, the present invention also omits the index-matching
element, such as indicated at 35 in Fig. 3. As previously noted, these various mem-
bers (i.e., the epoxy, the silicone gel, and the index-matching element) have been
known to permanently discolor and change refractive index when high power levels,
such as those required for wavelength division multiplexing, are used with a FORJ.
Thus, by eliminating these members, Applicants have eliminated the principal im-
pediment to use of higher optical densities and increased powers through the FORJ.
[0052] Therefore, while several embodiments of the invention have been shown
and described, and various modifications thereof discussed, persons skilled in this
art will readily appreciate that various additional changes and modifications may be
made without departing from the spirit of the invention, as defined and differentiated

in the following claims.
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Claims
What is claimed is:
1. A collimating lens assembly having a longitudinal axis, comprising:

a singlemode fiber terminating in a distal end;

a step-index multimode fiber having a proximal end abutting said singlemode
fiber distal end, and having a distal end;

a graded-index multimode fiber having a proximal end abutting said step-
index multimode fiber distal end, and having a distal end; and

.a collimating lens longitudinally spaced from said graded-index multimode fi-
ber distal end, and operatively arranged to collimate light rays emanating from said

graded-index multimode fiber distal end.

2. A collimating lens assembly as set forth in claim 1 wherein said step-index

multimode fiber proximal end is fusion-spliced to said singlemode fiber distal end.

3. A collimating lens assembly as set forth in claim 1 wherein said graded-index
multimode fiber proximal end is fusion-spliced to said step-index muitimode fiber dis-
tal end.

4. A collimating lens assembly as set forth in claim 1 wherein said collimating

lens is spaced from said graded-index multimode fiber distal end by an air gap.

5. A collimating lens assembly as set forth in claim 1, and further comprising:
a ferrule surrounding said singlemode fiber, said step-index multimode fiber,

and said graded-index multimode fiber.

6. A collimating lens assembly as set forth in claim 5, and further comprising:

a sleeve surrounding said ferrule.

7. A collimating lens assembly as set forth in claim 5 wherein the axial length of

said ferrule is about 10.5 mm.
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8. A collimating lens assembly as set forth in claim 1 wherein the axial length of

said singlemode fiber in said ferrule is about 10.4 £ 0.1 mm.

9. A collimating lens assembly as set forth in claim 1 wherein the axial length of

said step-index multimode fiber is about 0.400 + 0.01 mm.

10. A collimating lens assembly as set forth in claim 1 wherein the axial length of
said graded-index multimode fiber is about 0.500 £ 0.01 mm.

11. A collimating lens assembly as set forth in claim 1 wherein said collimating
lens is spaced from said graded-index multimode fiber distal end by an axial distance
of about 0.48 + 0.01 mm.

12. A collimating lens assembly as set forth in claim 1 wherein there is no epoxy,
silicone gel or index-matching material between said graded-index multimode fiber

distal end and said collimating lens.

13. A collimating lens assembly as set forth in claim 1 wherein said step-index
multimode fiber reduces the optical energy at said step-index multimode fiber distal

end from that at said step-index multimode fiber proximal end. .

14. A collimating lens assembly as set forth in claim 1 wherein said graded-index
multimode fiber reduces the optical energy at said graded-index multimode fiber dis-
tal end from that at said graded-index multimode fiber proximal end.

15. A collimating lens assembly as set forth in claim 1 wherein said lens assembly
is capable of handling energy levels in said singlemode fiber that are typically used

for wavelength division multiplexing.

16. A collimating lens assembly as set forth in claim 15 wherein said energy den-
sity and the output of said lens assembly is approximately twenty times lower than
that at the exit end of the singlemode fiber distal end.

17. The method of reducing the optical power density in a collimating lens as-

sembly having a longitudinal axis, comprising the steps of:
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providing a singlemode fiber terminating in a distal end;

providing a step-index multimode fiber having a proximal end and having a
distal end; and

positioning said singlemode fiber distal end to abut said step-index multimode
fiber proximal end;

providing a graded-index multimode fiber having a proximal end and having a
distal end;

positioning said graded-index multimode fiber proximal end to abut said step-
index multimode fiber distal end;

providing a collimating lens;

positioning said collimating lens in axially spaced relation to said graded-index
multimode fiber distal end;

supplying optical power to said singlemode fiber at a density on the order of
magnitude of that needed for wavelength division multiplexing;

reducing the optical power density at said graded-index multimode fiber distal
end from that at said graded-index multimode fiber proximal end; and

further reducing the optical power density at said step-index multimode fiber
distal end from that at said step-index multimode fiber proximal end;

thereby to cause collimated light of reduced optical power density to exit from

said collimating lens.

18. The method as set forth in claim 17 wherein said singlemode fiber distal end

is fusion-spliced to said step-index multimode fiber proximal end.

19.  The method as set forth in claim 17 wherein said graded-index multimode fi-
ber proximal end is fusion-spliced said step-index muitimode fiber distal end.

20. The method as set forth in claim 17 wherein optical signals are transmitted

along said fiber using a wavelength division multiplexing technique.

21. In a fiber optic rotary joint having a first collimating lens assembly spaced
from, but optically aligned with, a second collimating lens assembly, the improve-
ment which comprises:

each collimating lens assembly having an axis of elongation and includes:

a singlemode fiber terminating in a distal end;
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a step-index multimode fiber having a proximal end abutting said
singlemode fiber distal end, and having a distal end,;

a graded-index multimode fiber having a proximal end abutting said
step-index multimode fiber distal end, and having a distal end; and

a collimating lens spaced from said graded-index multimode fiber distal
end, and operatively arranged to collimate light rays emanating from said graded-
index multimode fiber distal end; and

wherein said collimating lens assemblies are arranged to face toward one an-

other.

22.  The improvement as set forth in claim 21 wherein one of said lens assemblies
is angularly displaced with respect to the other of said lens assemblies, and further
comprising a prism arranged between said lens assemblies for optically aligning said
lens assemblies such that light exiting one of said lens assemblies will be directed to

enter the other of said lens assembles.

23. The improvement as set forth in claim 21 wherein said collimating lens as-
semblies are separated by a distance of from about three to about four inches.

24. The improvement as set forth in claim 21 wherein optical signals are transmit-

ted along said fiber using a wavelength division multiplexing technique.
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