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_ An ellipsoidal solid immersion lens (ESIL) for use as a 
gqclirlisé?ngilgzgicgfs' collimator for a Waveguide. The ESIL has a refractive index 
LUMEN INTELLECTUAL PROPERTY n, an ellipsoidal surface portion de?ning a geometrical 
SERVICES ellipsoid With geometrical foci F1, F2 along a major axis of 
SUITE 110 length M. The ESIL has an attachment surface portion for 
45 C ABOT AVENUE joining to the Waveguide. The attachment surface portion 
SANTA CLARA CA 95051 (Us) passes near or through the second geometrical focus F2. The 

’ geometrical foci F1, F2 are separated by a distance S=M/n, 
(21) APPL NO: 09 /792’383 such that a substantially collimated light beam exhibiting a 

Gaussian type intensity pro?le propagating along the major 
(22) Filed; Feb 21, 2001 axis M and entering the ESIL through the ellipsoidal surface 

portion converges to a Gaussian beam Waist substantially at 
Related US, Application Data the second geometrical focus F2. The ESIL, or more gen 

erally any SIL, may be incorporated into a collimated array 
(63) Continuation-in-part of application No. 09/698,993, of lenses Within a monolithic body having a substrate With 

?led on Oct. 27, 2000, Which is a continuation-in-part a substantially uniform index of refraction and a pedestal 
of application No. 09/354,841, ?led on Jul. 16, 1999, comprising an attachment surface portion for attaching 
noW Pat. No. 6,181,478. Waveguides to the SIL. 
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COLLIMATORS AND COLLIMATOR ARRAYS 
EMPLOYING ELLIPSOIDAL SOLID IMMERSION 

LENSES 

RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of appli 
cation Ser. No. 09/698,993 ?led on Oct. 27, 2000. Applica 
tion Ser. No. 09/698,993 ?led on Oct. 27, 2000 is a con 
tinuation-in-part of application Ser. No. 09/354,841 ?led on 
Jul. 16, 1999. 

FIELD OF INVENTION 

[0002] This invention generally relates to solid immersion 
lenses and collimators using such solid immersion lenses. 

BACKGROUND OF THE INVENTION 

[0003] In many optical systems and applications, such as 
near-?eld microscopy, imaging, photolithography and opti 
cal storage it is important to reduce the spot siZe and thus 
obtain higher de?nition or resolution. The spot siZe of an 
optical system, e.g., an optical storage system, is commonly 
de?ned as the distance betWeen half poWer points. This 
distance is determined by diffraction to be approximately 
)L/(Z'NA), Where )L is the free space Wavelength of the light 
used and NA is the numerical aperture of the objective lens 
focusing the light beam. NA is de?ned as NA=nsin(0), 
Where 0 is the half cone angle of the focused light rays and 
n is the index of refraction of the medium in Which 0 is 
measured. 

[0004] One Way to improve the de?nition is to Work at 
shorter Wavelengths X, e.g., in the green or blue range, and 
to increase the numerical aperture to be as close to one as 
possible. A further possibility is to employ near-?eld optics 
in the manner described by BetZig et al. in Applied Physics 
Letters, Vol. 62, pp. 142 (1992), using a tapered ?ber With 
a metal ?lm With a small pinhole at the end. The de?nition 
of the system is determined by the siZe of the pinhole, and 
can be 50 nm or less. The advantages of the ?ber probe 
system are its excellent de?nition and its polariZation pre 
serving capability Which is particularly useful in magneto 
optic storage applications. The disadvantages of the system 
are its poor light ef?ciency and the fact that it can only 
observe a single spot at a time, thus limiting its tracking 
ability When used for optical storage. 

[0005] Another alternative is to use a solid immersion lens 
(SIL) betWeen the objective lens and the illuminated object, 
e.g., an optical recording medium or sample under investi 
gation. The SIL is placed Within a wavelength A or less (in 
the near-?eld) of the object. Optical systems taking advan 
tage of appropriate SILs are described, e.g., by S. M. 
Mans?eld et al. “Solid Immersion Microscope”, Applied 
Physics Letters, Vol. 57, pp. 2615-6 (1990); S. M. Mans?eld 
et al. “High Numerical Aperture Lens System for Optical 
Storage”, Optics Letters, Vol. 18, pp. 305-7 (1993) and in 
US. Pat. No. 5,004,307 issued to G. S. Kino et al. In this 
patent Kino et al. teach the use of a high refractive index SIL 
having a spherical surface facing the objective lens and a ?at 
front surface facing an object to be examined. The use of this 
SIL enables one to go beyond the Rayleigh diffraction limit 
in air. In one embodiment, the SIL is employed in a 
near-?eld application in a re?ection optical microscope to 
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increase the resolution of the microscope by the factor of 
1/n, Where n is the index of refraction of the SIL. 

[0006] A paper by G. S. Kino presented at the SPIE 
Conference on Far- and Near-Field Optics, “Fields Associ 
ated With the Solid Immersion Lens”, SPIE, Vol. 3467, pp. 
128-37 (1998) describes in more detail the principles of 
operation of tWo particular SILs. The ?rst is a hemispherical 
SIL and the second is a supersphere SIL or a stigmatic SIL. 
The hemispherical SIL improves the effective NA of the 
objective lens by the refractive index n of the SIL and 
decreases the spot siZe by 1/n. The supersphere SIL 
increases the effective NA of the objective lens by the square 
of the refractive index n2 and obtains a focus at a distance a/n 
from the center of the supersphere, Where a is the sphere’s 
radius. The spot siZe is reduced by a factor of n2. The 
performance characteristics and theoretical limitations of 
both types of SILs are also discussed. 

[0007] SILs have found multiple applications. For 
example, Corle et al. in US. Pat. No. 5,125,750 teach the use 
of a SIL in an optical recording system to reduce the spot 
siZe in an optical recording medium. These SILs typically 
have a spherical surface facing the objective lens and a ?at 
surface facing an optical recording medium. The ?at surface 
is in close proximity to the medium. 

[0008] In US. Pat. No. 5,497,359 Mamin et al. teach the 
use of a superhemisphere SIL in a radiation-transparent air 
bearing slider employed in an optical disk data storage 
system. Lee et al. in US. Pat. No. 5,729,393 also teach an 
optical storage system utilizing a ?ying head using a SIL 
With a raised central surface facing the medium. In US. Pat. 
No. 5,881,042 Knight teaches a ?ying head With a SIL 
partially mounted on a slider in an optical recording system. 
This slider incorporates the objective lens and it can be used 
in a magneto-optic storage system. Finally, in US. Pat. No. 
5,883,872 Kino teaches the use a SIL With a mask having a 
slit for further reducing the spot siZe and thus increasing the 
optical recording density in an optical storage system, e.g., 
a magneto-optic storage system. 

[0009] The prior art SILs as Well as the optical systems 
using them have a number of shortcomings. Hemispherical 
SILs suffer from back re?ection problems. These degrade 
system performance, especially When the light source is a 
laser, e.g., a laser diode, and the back re?ection is coupled 
back into the laser. Also, the ray re?ected from the spherical 
surface and the ray re?ected from the ?at surface or from an 
object just beloW the ?at surface are coincident. This gives 
rise to undesirable interference effects. 

[0010] Superhemispherical SILs have reduced back 
re?ection. HoWever, they demagnify the image of the object 
by a larger factor than hemispherical SILs. For example, the 
demagni?cation of superhemispherical SILs in the axial 
direction is 1/n3. Because of this, the length tolerance for the 
superhemispherical SIL is very tight. Both the hemispherical 
and superhemispherical SILs increase the effective NA 
(NASEE) of the objective lens (for hemispherical SIL NAe?E= 
NA n; and for superhemispherical SIL NAe?E= objective~ 
NA ~n2 . The maximum NA that can be obtained b e?f y objective 
either type of SIL is NAeE=n. 

[0011] Hemispherical, superhemispherical and related 
SILs experience alignment problems because optical sys 
tems employing them require the use of a separate objective 
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lens. This separate lens has to be accurately aligned With the 
SIL. In many optical systems alignment betWeen these tWo 
lenses cannot be easily preserved due to eXternal in?uences 
(vibrations, stresses, thermal effects etc.). In addition, in 
systems Where the number of parts is to be small, e.g., for 
Weight and siZe reasons the objective lens is cumbersome. 

[0012] Also it is Well knoWn in the art that a plurality of 
lenses (or micro-lenses)can be fabricated Within a mono 
lithic body in an ordered arrangement to comprise a lens 
array (or micro-lens array). Such lens arrays may be formed 
by processes that include photolithography, etching, ion 
milling, re?oWed photoresist method, molding, and thermal 
bonding methods as described in Optics & Photonics NeWs, 
September 1999, pp. 19-22, and in “Microoptics”, by Stefan 
SinZinger and Jurgen Jahns, Wiley-VCH, 1999. Unfortu 
nately, the arrays disclosed in the prior art do not effectively 
overcome the dif?culties associated With attaching multiple 
Waveguides to a monolithic body in precise alignment With 
the corresponding lenses. 

[0013] In addition, there is a need in the industry to 
develop effective, light-Weight and easy to use collimators 
for Waveguides such as optical ?bers. The fusing of lenses, 
e.g., graded indeX lenses (GRINs), to the ends of ?bers is 
knoWn and described, e.g., in US. Pat. No. 4,737,006 to 
Warbrick, US. Pat. No. 4,962,988 to SWann and US. Pat. 
No. 6,033,515 to Walters et al. These patents also teach 
techniques for performing fusion splicing of a lens to the 
?ber. Additional fusion splicing techniques are described, 
e.g., in US. Pat. No. 5,299,274 to Wysocki et al. and US. 
Pat. No. 5,745,311 to Fukuoka et al. These and other prior 
art fusion spliced parts and splicers attempt to overcome 
alignment problems encountered in these techniques. 

[0014] Unfortunately, prior art SILs require additional 
objective lenses, as mentioned above, and require precise 
alignment With those. Hence proper splicing With a 
Waveguide, e.g., a ?ber, is only one of the problems. 
Monolithic arrays further increase the difficulties associated 
With proper alignment as multiple Waveguides must noW be 
precisely aligned With each SIL. It Would be an advance in 
the art if SILs and SIL arrays Which are less tolerant to 
alignment problems could be developed for fusion splicing 
With Waveguides and advantageously used to collimate the 
respective diverging beams of light emerging from the 
Waveguides. It Would also be an advance in the art to 
develop micro-SIL arrays for respectively collimating the 
diffraction-limited Gaussian beams emerging from a large 
number of single-mode optical ?bers arranged in a high 
density packaging con?guration (?ber array). 

OBJECTS AND ADVANTAGES 

[0015] Accordingly, it is a primary object of the present 
invention to provide a solid immersion lens (SIL) Which 
overcomes the prior art limitations and ensures a smallspot 
siZe. It is a speci?c object of the invention to integrate the 
objective lens and the solid immersion lens into a single 
collimator. 

[0016] It is a further object of the invention to provide 
such an integrated SIL for fusion splicing applications With 
Waveguides such as optical ?bers. Additionally, it is a 
speci?c object of the invention to provide means for rein 
forcing the attachment of Waveguides to the SILs. 
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[0017] It is another primary object of the invention to 
provide a monolithic array Which overcomes the prior art 
shortcomings in precisely aligning attached Waveguides. 

[0018] Further objects and advantages Will become appar 
ent upon reading the detailed description. 

SUMMARY 

[0019] The objects and advantages of the invention are 
secured by a collimator integrated With a Waveguide and 
employing an ellipsoidal solid immersion lens (ESIL). The 
ESIL has a substantially uniform indeX of refraction n, an 
ellipsoidal surface portion de?ning a geometrical ellipsoid 
With a major aXis M, a ?rst geometrical focus F1 and a 
second geometrical focus F2 separated from ?rst geometrical 
focus F1 by a separation S=M/n. The collimator has an 
attachment surface portion passing substantially through 
second geometrical focus F2. The attachment surface portion 
is for attaching the ESIL to the Waveguide such that a 
collimated light beam propagating along major aXis M 
through the ellipsoidal surface portion converges to a focus 
substantially at second geometrical focus F2 or at the 
Waveguide. 
[0020] The attachment of the attachment surface to the 
Waveguide can be performed in many Ways. The manner in 
Which the Waveguide and ESIL are joined can be adapted to 
the type of Waveguide, e.g., an optical ?ber or a buried 
Waveguide. In one embodiment the attachment surface is 
attached to the Waveguide by a fused butt joint. 

[0021] In one convenient embodiment of the invention the 
ESIL has a body and a pedestal. The body has the ellipsoidal 
surface portion through Which light passes. The pedestal has 
the attachment surface portion by Which the ESIL is attached 
to the Waveguide. The pedestal can have a pedestal cross 
section dimensioned to match the Waveguide. For eXample, 
When the Waveguide is an optical ?ber the pedestal cross 
section can equal that of the optical ?ber. The pedestal cross 
section can also be tapered, e.g., it can be tapered doWn from 
a larger cross section to the cross section of the Waveguide 
at the attachment surface portion. In another embodiment 
the ESIL has a cross section matched to the Waveguide. 

[0022] The ESIL, or more generally any SIL, can further 
be integrated into a monolithic body. The substrate of this 
monolithic body alloWs for multiple SILs to be combined in 
one body. A monolithic body incorporating an array of SILs 
can be formed using photolithography, etching, ion milling, 
re?oWed photoresist methods, molding, or other common 
processes. A useful embodiment of the invention has ped 
estals on the attachment surface portion of the substrate to 
provide for loW-loss coupling and increased precision in 
attaching Waveguides, resulting in improved pointing accu 
racy of the collimator. A reinforcing structure may also be 
employed to stabiliZe the attachment of Waveguides to the 
monolithic body. 

[0023] The ESIL can be made of one or more sections, 
depending on the application of the collimator and design 
requirements. HoWever, it is preferable that the attachment 
surface portion be ?at for easier attachment, e.g., by fusion 
bonding to the Waveguide. 

[0024] The details of the invention are explained in the 
detailed description in reference to the attached draWing 
?gures. 
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BRIEF DESCRIPTION OF THE FIGURES 

[0025] FIG. 1 is a cross sectional side vieW of an optical 
system employing an ESIL according to the invention. 

[0026] FIG. 2 is a detailed schematic vieW of the ESIL of 
FIG. 1. 

[0027] FIGS. 3A-D are cross sectional side vieWs illus 
trating various collimators employing ESILs according to 
the invention. 

[0028] FIG. 4 is a cross sectional side vieW of an optical 
system employing tWo ESILs With a collimated Gaussian 
beam as described by the invention. 

[0029] FIG. 5 is an orthographic vieW of multiple SILs 
arranged in a monolithic body. 

[0030] FIGS. 6A-D are cross sectional side vieWs illus 
trating collimators employing multiple SILs according to the 
invention. 

[0031] FIGS. 7A-B are cross sectional side vieWs of 
reinforcing structures as described by the invention. 

DETAILED DESCRIPTION 

[0032] FIG. 1 illustrates in a cross-sectional side vieW a 
general optical system 10 employing an elliptical solid 
immersion lens (ESIL) 12 With an ellipsoidal surface portion 
14. System 10 has a light source 16 Which delivers a 
diverging light beam 18. A collimating lens 20 is placed in 
the path of beam 18 to form a collimated light beam 22. 

[0033] Collimated beam 22 passes through a beam splitter 
24 and is incident on the ellipsoidal surface portion 14 of 
ESIL 12. ESIL 12 is made of a suitable refractive material, 
e.g., glass or plastic, having a substantially uniform index of 
refraction n. ESIL 12 is mounted in a support plate 28. Plate 
28 can be made of the same material as ESIL 12 or a 
different material. 

[0034] In fact, ellipsoidal surface portion 14 de?nes an 
entire geometrical ellipsoid 26. The remaining portion of 
geometrical ellipsoid 26 beyond actual ESIL 12 is draWn in 
dashed lines. Ellipsoid 26 has a major axis M as Well as a 
?rst geometrical focus F1 and a second geometrical focus F2. 
Both geometrical foci F1, F2 lie on major axis M. 

[0035] ESIL 12 has a ?at interface surface 30 Which passes 
through second geometrical focus F2 of ellipsoid 26 such 
that geometrical focus F2 itself is contained inside ESIL 12. 
Interface surface 30 should be as close as possible to F2 for 
best performance. A height h of ESIL 12 is thus de?ned 
betWeen interface surface 30 or geometrical focus F2 and a 
vertex V1, at the top of ellipsoidal surface portion 14. 

[0036] Interface surface 30 of ESIL 12 is positioned a 
distance g above an object 32. Distance g is set at less than 
a wavelength 9» of light making up beam 22. In other Words, 
object 32 is placed in the near-?eld region of ESIL 12. 

[0037] In this embodiment, object 32 is a sample to be 
examined optically in region 33 of interest. Optical system 
10 is a microscope set up to receive a light beam 34 
back-scattered or re?ected by object 32 upon illumination 
With beam 22. Back-scattered or re?ected beam 34 passes 
back through ESIL 12 and is de?ected by beam splitter 24 
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and focused by a lens 36 to a detector 38. Advantageously, 
system 10 employs the principles of confocal microscopy 
Well-knoWn in the art. 

[0038] The operation of ESIL 12 Will be better understood 
by examining FIG. 2 in Which geometrical ellipsoid 26 is 
shoWn in cross section along major axis M. The cross section 
of ellipsoid 26 is an ellipse 40; ellipsoid 26 is generated by 
revolving ellipse 40 around major axis M. Ellipse 40 is 
de?ned in accordance With standard geometrical conven 
tions. In particular, ellipse 40 is de?ned With the aid of a ?rst 
directrix D1 and a second directrix D2 as folloWs: 

IFF1=eIFD1 

[0039] and 

PF2=ePD2 

[0040] Where PFl, PDl, PF2 and PD2 represent the dis 
tances shoWn in FIG. 2 betWeen point P and focus F1, 
directrix D1, focus F2 and directrix D2, respectively, and 
Where e is the eccentricity of ellipse 40. Eccentricity e is 
de?ned as: 

[0041] The distance from the center O of ellipse 40 to 
either focus F1, F2 is c and a separation S betWeen foci F1, 
F2 is thus equal to 2c (S=2c). The length of major axis M is 
equal to 2a and the distance betWeen directrices D1, D2 is 
equal to M/e. 

[0042] In accordance With the invention, refractive index 
n of ESIL 12 is selected such that separation S betWeen foci 
F1, F2 is equal to the length of major axis M divided by 
refractive index n, in other Words S=2c=M/n. Under this 
condition collimated light beam 22 propagating parallel to 
major axis M and entering ESIL 12 through ellipsoidal 
surface portion 14 is focused at second geometrical focus F2. 
Also, light 34 back-scattered at geometrical focus F2 returns 
through SIL 12 along the path traversed by beam 22. In fact, 
light 34 back-scattered in near-?eld region 33 of geometrical 
focus F2 returns substantially along the same path as beam 
22 and is used for imaging object 32. Both evanescent and 
plane Waves can be involved in the back-scattering process. 
For a theoretical description of the ?elds in the near-?eld 
region of a SIL see G. S. Kino, SPIE Conference on Far- and 
Near-Field Optics, “Fields Associated With the Solid Immer 
sion Lens”, SPIE, Vol. 3467, pp. 128-37 (1998). 

[0043] It Will be appreciated by a person skilled in the art 
that the present design of ESIL 12 integrates the function of 
objective lens and the SIL as used in prior art systems. In 
other Words, ESIL 12 is actually an integrated objective and 
SIL lens. The effective NA, NASE, and the maximum 
effective NA, max. NASH, can both be expressed in terms of 
index n of ESIL 12 as folloWs: 

NA Eff : nsinO 

max-NAZI; : nsinOM : n2 — l 
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[0044] The design parameters of ESIL 12 are advanta 
geously expressed in terms of refractive index n. Table 1 
gives the design parameters for several particular choices of 
index n of ESIL 12. The design parameters are expressed in 
terms of n as Well as in terms of lengths a, b and eccentricity 
e. 

TABLE 1 

x/‘fnz—l vVnz-i/n 1/n M2 - NAe?E 
n max. NAEE b/a e spot size at 7» = 400 nm 

1.5 1.118 .745 .667 170 nm 
2.0 1.732 .866 .500 115 nm 
2.5 2.291 .917 .400 87 nm 
3.0 2.828 .943 .333 70 nm 
3.5 3.354 .958 .286 59 nm 

[0045] Although in the above embodiment ESIL 12 is used 
in microscope 10 it can be implemented in any other optical 
system requiring small spot siZe, high resolution and 
mechanical stability obtained by virtue of eliminating the 
objective lens. Speci?cally, ESIL 12 can be used as a 
collimator for Waveguides such as optical ?bers or buried 
Waveguides. 

[0046] FIG. 3A illustrates an ESIL 50 according to the 
invention With an attachment surface portion 52, Which is 
also the interface surface portion passing through or very 
near second geometrical focus P2 of ESIL 50. ESIL 50 has 
an ellipsoidal surface portion 58, Which is smaller than in the 
previous embodiment, and de?nes a geometrical ellipsoid 
60. As before, ellipsoid 60 has a major axis M along Which 
lie the tWo foci F1, F2 at the separation governed by S=M/n. 

[0047] In this embodiment ESIL 50 is a collimator inte 
grated With a Waveguide 54, in this case an optical ?ber, by 
a fused butt joint 56 at attachment surface portion 52. ESIL 
50 has a body 62 Which terminates at ellipsoidal surface 
portion 58. Body 62 has a side Wall 66 and a ?at bottom 64 
opposite ellipsoidal surface portion 58. It Will be appreciated 
by a person skilled in the art that the exact shape of side Wall 
66 and bottom 64 are a matter of the designer’s choice as 
long as a collimated light beam 68 propagating along major 
axis M through ellipsoidal surface portion 58 converges to 
an optical focus at second geometrical focus F2. In other 
Words, the design of body 62 should not interfere With the 
propagation of light 68 through body 62. 

[0048] A cylindrical protrusion or pedestal 70 extends 
from bottom 64 of body 62. It is important that the region 
betWeen body 62 and pedestal 70 preserve a uniform refrac 
tive index n. To ensure this body 62 and pedestal 70 can be 
molded as one part out of moldable glass or plastic or 
produced at the same time by a photolithographic technique. 
For further information on photolithographic and other 
fabrication techniques Which can be used in the manufacture 
of ESIL 50, e.g., Optics & Photonics NeWs, September 
1999, pp. 19-22, and in “Microoptics”, by Stefan SinZinger 
and Jurgen J ahns, Wiley-VCH, 1999. 

[0049] Pedestal 70 has a cross section 72 Which closely 
matches a cross section 74 of optical ?ber 54. This matching 
of cross sections provides for both parts having a similar 
thermal mass, and thus enables better splicing and alignment 
of ESIL 50 With optical ?ber 54. Proper alignment should 
position the center of the core of optical ?ber 54 as close as 
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possible to second geometrical focus F2. Optical ?ber 54 can 
be a single mode or multimode ?ber. In this manner ef?cient 
in-coupling of collimated light 68 into ?ber 54 as Well as 
collimation of light exiting ?ber 54 is achieved. The method 
of fusing ?ber 54 to attachment surface portion 52 to obtain 
good alignment and reliable joint 56 is knoWn in the art. 
Further information on this technique can be found in the 
patent references listed in the background section of this 
patent such as US. Pat. Nos. 4,962,988; 5,299,274. It should 
be noted that it is possible that attachment surface portion 52 
for splicing the ESIL 50 to Waveguide 54 exhibit a mechani 
cal feature, e.g., a protrusion or circumferential ridge to 
further improve alignment. HoWever, When using existing 
fusion splicing techniques it is preferable that the attachment 
surface portion be substantially ?at. 

[0050] Since cross section 72 of pedestal 70 is substan 
tially matched to cross section 74 of optical ?ber 54, existing 
?ber optic fusion splicing methods using electric arc or laser 
heat sources can be used. For example, in some techniques 
for fusion splicing of single mode ?bers, ?rst the alignment 
is done by video camera keeping a small gap betWeen the 
?bers during heating by an electric arc, then the gap is closed 
once the glass at the ends is heated just beloW the melting 
temperature. This method, as Well as other methods may not 
require a gap to accomplish uniform heating depending on 
the type of heat source used and hoW the heat is supplied. 

[0051] In a particular embodiment of ESIL 50 the material 
is fused silica With a refractive index of n=1.46 at a Wave 
length of 550 nm to match the fused silica of ?ber 54 Which 
has a refractive index of n=1.46 at 550 nm as Well. The total 
thickness of ESIL 50 is 2.5 mm. Pedestal 70 is 0.5 mm long 
and has a diameter of 125 microns While body 62 has a 
diameter of 500 microns and is 2.0 mm long. The ellipsoidal 
eccentricity e=1/n=0.6849; Major axis M=2.968 mm; sepa 
ration betWeen foci S=2.033 mm and the numerical aperture 
of ESIL 50 NA1enS=nsin0=0.146. The last exceeds the 
numerical aperture of ?ber 54 Which is NA?beI=0.13. The 
beam diameter of collimated light 68 is 0.446 mm. It Will be 
appreciated that these values are merely exemplary of one 
particular design of ESIL 50. For example, infrared Wave 
lengths are used in telecommunications systems and require 
single mode optical ?bers having a typical core 8 microns 
diameter and a cladding of 125 microns diameter. Here, 
ESIL 50 collimator design Will be determined mainly by the 
desired diameter of collimated beam of light 68 and index of 
refraction n of the material of ESIL 50 at the particular 
Wavelength of operation. 
[0052] FIG. 3B illustrates another embodiment of ESIL 
50 collimator in Which like reference numbers are used to 
designate corresponding parts from FIG. 3A. In contrast to 
the embodiment of FIG. 3A, ESIL 50 has a tapered pedestal 
80. In particular, a cross section 82 of pedestal 80 is matched 
to the cross section of body 62 at bottom 64. The taper 
decreases from this larger cross section at bottom 64 to cross 
section 74 of ?ber 54 at attachment surface portion 52. In 
this embodiment ESIL 50 can also be fabricated as one part 
or it can be made of tWo parts or sections, e.g., body 62 and 
tapered pedestal 80 separately. The taper of pedestal 80 
enables good alignment and ensures reliable bonding With 
body 62. In fact, pedestal 80 could ?rst be spliced With ?ber 
54 and then spliced or bonded by other means to body 62. 

[0053] FIG. 3C illustrates an ESIL 100 collimator Which 
is made of one section. ESIL 100 has an ellipsoidal surface 
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portion 104 and cross section 102 matched to cross section 
74 of ?ber 54. This permits splicing ESIL 100 directly to 
?ber 54 Without the use of pedestals. In this embodiment the 
reduced cross section of ESIL 100 at ellipsoidal surface 
portion 104 Will reduce the collimated beam diameter of 
light 68. 

[0054] FIG. 3D illustrates an ESIL 110 collimator 
attached to a Waveguide 112 buried in a structure 114. In this 
case, Where the cross section of ESIL 110 is substantially 
smaller than the cross section of Waveguide 112 then attach 
ment can be accomplished by a laser fusion splice method as 
disclosed in US. Pat. No. 6,033,515, or by use of adhesives 
or other methods. 

[0055] FIG. 4 illustrates in a cross sectional side vieW of 
an optical system 140 employing tWo ESIL collimators for 
use in a loW-loss optical relay of diffraction-limited Gaus 
sian beams. 

[0056] The ESIL collimators 142 and 144 have similar 
properties to ESIL 12 of FIG. 1. Single-mode Waveguide 
150 is attached to surface portion 152 of ESIL 142. A 
Gaussian beam is shoWn propagating from single-mode 
Waveguide 150, through ESIL 142, and exiting the ellipsoi 
dal surface portion 143 as substantially collimated Gaussian 
beam 170. 

[0057] ESIL 144 and single-mode Waveguide 154 com 
prise the second half of the optical relay. Substantially 
collimated Gaussian beam 170 is incident on ESIL 144 at 
ellipsoidal surface portion 145 and focused to a Gaussian 
beam Waist substantially at point 162 on the attachment 
surface portion 156 Where it propagates through single 
mode Waveguide 154. 

[0058] A person skilled in the art Will recogniZe that a 
substantially collimated diffraction-limited Gaussian beam 
Will eXperience diffraction spreading as it propagates aWay 
from the Waist region. In this ?gure the Gaussian beam Waist 
region is located at 180. The Gaussian beam Waist diameter 
is de?ned as 2000 Where (no is the radius of the Gaussian 
beam Waist under consideration Where the ?eld amplitude of 
the intensity pro?le drops to 1/e of its peak value at the 
center of the beam. A further property of Gaussian beams is 
that as the input spot size 000‘ is made smaller, the beam 
eXpands more rapidly due to diffraction; remains collimated 
over a shorter distance in the near ?eld; and diverges at a 
larger beam angle in the far ?eld. 

[0059] The distance a collimated Gaussian beam travels 
from the Waist before the beam diameter increases by \/2 is 
denoted as the “Rayleigh Range” and de?ned as: 

[0060] Where )L is the Wavelength of the beam in a 
vacuum. 

[0061] Placing surface portion 152 at or near F2 Would 
result in a Gaussian beam Waist (no at or near the ellipsoidal 
surface portion 143 after Which point the beam Would 
continually eXpand and diverge. 

[0062] In the eXample shoWn, attachment surface portion 
152 is offset from F2, aWay from F1, at a distance ZR‘. ZR‘ 
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is the Rayleigh Range de?ned by the Gaussian beam Waist 
000‘ at the interface betWeen surface portion 152 and 
Waveguide 150. The Gaussian beam Waist 000‘ is de?ned by 
the mode-?eld diameter 151 of Waveguide 150. In the case 
of telecom type single-mode optical ?ber (e.g., Corning 
SMF-28) at a Wavelength of 1550 nm, the mode-?eld 
diameter is typically 25% larger than its core diameter of 8 
microns. Thus: 

SIP 

[0063] Where n is the indeX of refraction of ESIL 142 and 
)L s the Wavelength in vacuum. 

[0064] As a speci?c eXample We Will assume Waveguide 
150 is a Corning SMF-28 ?ber, Which has a core diameter 
m8 pm and a mode-?eld diameter z10 pm Therefore uuO=5 
pm, and if We assume a standard Wavelength >\.=1550 nm, 
and n=1.44 for ESIL 142, then ZR‘z75 pm. 

[0065] The previous eXample shoWs an optimiZed case for 
the described system. In this case, the second ellipsoidal 
surface portion 145 of ESIL 144 placed at a distance 2ZI Will 
have the substantially collimated Gaussian beam 170 inci 
dent on ellipsoidal surface portion 145 having a diameter 
146 of V2><2uuo). Accordingly, a Gaussian beam Waist is 
formed at attachment surface portion 156 Where it propa 
gates through single-mode Waveguide 154. 

[0066] FIG. 5 is an orthographic vieW of monolithic body 
190 comprised of substrate 192. Substrate 192 should have 
a substantially uniform indeX of refraction n and could be 
made of silicon, Zinc selenide, fused silica, moldable glass, 
plastic, or any other suitable optical material. 

[0067] Multiple solid immersion lenses similar to SIL 194 
form collimator array 198 on the planar surface 196 of 
substrate 192. The SILs of collimator array 198 are inte 
grated With substrate 192 of monolithic body 190. Prior art 
discusses hoW lenses can be formed from a monolithic body 
having a substrate With uniform indeX of refraction using 
processes such as photolithography, etching, ion milling, 
re?oWed photoresist methods, molding, and others. 

[0068] The SILs of collimator array 198 could be formed 
With a variety of surface pro?les as per design preference. 
Prior art discloses lens arrays With lens pro?les such as 
spherical, hemispherical, aspherical, and others. HoWever, 
there is no speci?c mention of any use of an array of SILs 
in the prior art, and further, there is no knoWn disclosure of 
using an array of SILs to collimate beams from an array of 
optical Waveguides. Thus, a collimator array having a plu 
rality of SILs arranged in a speci?c pattern, such as colli 
mator array 198, can be used to provide a plurality of 
collimated beams from an optical Waveguide array having a 
plurality of optical Waveguides arranged in a matching 
pattern. 

[0069] The SILs of collimator array 198 are preferably of 
the ESIL design as described in FIGS. 1-4, and may be 
further be arranged to form collimator array 198 in various 
con?gurations on planar surface 196 of monolithic body 
190. An eXample of an advantageous con?guration Would be 
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to arrange multiple SILs to form a tWo-dimensional N><M 
matrix, Where N represents the number of roWs of SILs, and 
M represents the number of columns of SILs. 

[0070] A speci?c example of an array con?guration Would 
comprise the monolithic body having an array comprised of 
64 SILs arranged in an 8x8 matrix. This monolithic body 
Would have bene?cial use in a loW loss optical relay for ?ber 
optic applications such as in ?ber optic sWitches, Add/Drop 
multiplexers, Wavelength multiplexers, Wavelength demul 
tiplexers, optical cross-connects, and other building blocks 
of photonic netWorks. 

[0071] FIG. 6A illustrates a monolithic body 200 accord 
ing to the invention integrating an array 213 of SIL 210 and 
SIL 212 With monolithic body 200 on planar surface 201. 
Collimated Gaussian beam 199 passes through SIL 210 and 
SIL 212 to focus at or near point 214 and point 216 
respectively. Parallel to planar surface portion 201 is surface 
portion 270 passing through points 214 and 216. The mono 
lithic body is comprises of a substrate Which should have a 
substantially uniform index of refraction. Waveguide 220 is 
attached to surface portion 270 at attachment surface portion 
202 in alignment With focus 214. Waveguide 222 is likeWise 
attached to surface portion 270 at attachment surface portion 
204 in alignment With focus 216. Possible methods of 
attachment discussed in the prior art include laser fusion 
splicing and thermal bonding. 

[0072] FIG. 6B illustrates another embodiment of mono 
lithic body 200 in Which like reference numbers are used to 
designate corresponding parts from FIG. 6A. In contrast to 
the embodiment of FIG. 6A, monolithic body 200 has the 
addition of cylindrical protrusions or pedestals 234 and 236 
extending from surface portion 270 With attachment surface 
portions 202 and 204. 

[0073] It is important that the region betWeen monolithic 
body 200 and pedestals 234 and 236 preserve a uniform 
refractive index n. To ensure this monolithic body 200 and 
pedestals 234 and 236 can be molded as one part out of 
moldable glass or plastic or produced at the same time by a 
photolithographic technique. For further information on 
photolithographic and other fabrication techniques Which 
can be used in the manufacture of monolithic body 200, e. g., 
Optics & Photonics NeWs, September 1999, pp. 19-22. 

[0074] Pedestal 234 has a cross section 238 Which sub 
stantially matches a cross section 221 of optical ?ber 220. 
This matching of cross sections enables better splicing and 
alignment of monolithic body 200 With optical ?ber 220. 
Proper alignment should position the center of the core of 
optical ?ber 220 as close as possible to the centerline of SIL 
210. Optical ?ber 220 can be a single mode or multimode 
?ber. In the case Where optical ?ber 220 is a single-mode 
?ber, then ef?cient in-coupling of collimated Gaussian beam 
199 into ?ber 220 as Well as collimation of light exiting ?ber 
242 is achieved. The method of fusing ?ber 220 to attach 
ment surface portion 202 to obtain good alignment and a 
reliable joint is knoWn in the art. Further information on this 
technique can be found in the patent references listed in the 
background section of this patent such as US. Pat. Nos. 
4,962,988; 5,299,274; 4,737,006; 6,033,515. It should be 
noted that it is possible that attachment surface portion 202 
for splicing the monolithic body 200 to Waveguide 220 
exhibit a mechanical feature, e.g., a protrusion or circum 
ferential ridge to further improve alignment. HoWever, When 
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using existing fusion splicing techniques it is preferable that 
the attachment surface portion be substantially ?at. 

[0075] Since cross section 238 of pedestal 234 is substan 
tially matched to cross section 221 of optical ?ber 220, 
existing ?ber optic fusion splicing methods using electric arc 
or laser heat sources can be used. For example, in some 
techniques for fusion splicing of single mode ?bers, ?rst the 
alignment is done by video camera keeping a small gap 
betWeen the ?bers during heating by an electric arc, then the 
gap is closed once the glass at the ends is heated just beloW 
the melting temperature. This method, as Well as other 
methods may not require a gap to accomplish uniform 
heating depending on the type of heat source used and hoW 
the heat is supplied. 

[0076] FIG. 6C illustrates a further embodiment of mono 
lithic part 200 illustrated in FIG. 6A. In contrast to the 
embodiment of FIG. 6B, monolithic body 200 has tapered 
pedestals 260 and 262. In particular, a cross section 264 of 
pedestal 260 is larger than cross section 221 of Waveguide 
220 at attachment surface portion 266. The taper decreases 
from a larger cross section at surface portion 270 to cross 
section 221 of ?ber 220 at attachment surface portion 266. 
In this embodiment monolithic body 200 can also be fabri 
cated as one part or it can be made of tWo parts or sections, 
e.g., monolithic body 200 and tapered pedestal 260 sepa 
rately. The taper of pedestal 260 enables good alignment and 
ensures reliable bonding With body 200. In fact, pedestal 260 
could ?rst be spliced With ?ber 220 and then spliced or 
bonded by other means to monolithic body 200. 

[0077] FIG. 6D illustrates a monolithic body 200 attached 
to a Waveguide 284 buried in a structure 282. In this case, 
Where the cross section of monolithic body 200 is substan 
tially smaller than the cross section of Waveguide 284 then 
attachment can be accomplished by a laser fusion splice 
method as disclosed in US. Pat. No. 6,033,515, or by use of 
adhesives or other bonding methods. 

[0078] Illustrated in FIG. 7A is monolithic body 300 
similar to that described in FIG. 6A-D. Pedestals 306 and 
308 are integrated With monolithic body 300 on surface 
portion 302. Waveguides 310 and 312 are attached to 
pedestals 306 and 308 respectively. In instances Where 
Waveguides 310 and 312 may be very fragile (e.g., single 
mode optical ?bers typically have a cladding diameter of 
125 microns and a core diameter of 8 microns), then a 
reinforcing structure may be required to prevent a failure. 
Supporting the attachment of Waveguide 310 to pedestal 306 
is reinforcing structure 316. Reinforcing structure 316 is in 
contact With Waveguide 310 along surface 318 and is 
attached at joint 320. Reinforcement structure 316 is also 
attached to monolithic body 300 at joint 322. In this embodi 
ment, the reinforcing structure is shoWn as a holloW tubular 
member. A person skilled in the art Will recogniZe that the 
material chosen for the reinforcing structure is a matter of 
design preference. This material may be comprised of glass, 
plastic, metal, silicon, or a variety of other suitable options. 
The method of attachment of reinforcing structure 316 to 
Waveguide 310 and monolithic body 300 Will be determined 
by the materials chosen. Prior art discusses hoW this attach 
ment can be made using adhesives and thermal bonding 
processes such as soldering or thermal-anodic bonding 
methods. 

[0079] It should be recogniZed by one skilled in the art that 
reinforcing structure 316 not only supports the attachment of 
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Waveguide 310 to monolithic body 300, an appropriate 
bonding material at attachment joints 320 and 322 Will also 
absorb stress and strain put on the system, thus making the 
system more robust and stable. 

[0080] FIG. 7B illustrates a further embodiment of FIG. 
7A. In contrast to tubular reinforcing structure 316 of FIG. 
7A, the reinforcing structure comprises block 330 having 
holloWed portions 332 and 334 to accommodate 
Waveguides. Block 330 is attached to Waveguides 310 and 
312 at joints 336, and to monolithic body 300 at joints 338. 

[0081] The above embodiments are presented to illustrate 
the present invention and are not to be construed as limita 
tions thereof. Accordingly, the scope of the invention should 
be determined by the folloWing claims and their legal 
equivalents: 

What is claimed is: 
1. A collimator integrated With a Waveguide, said colli 

mator comprising: 

a) an ellipsoidal solid immersion lens having a substan 
tially uniform indeX of refraction n, an ellipsoidal 
surface portion de?ning a geometrical ellipsoid having 
a major aXis M, a ?rst geometrical focus F1, a second 
geometrical focus F2 separated from said ?rst geometri 
cal focus F1 by a separation S=M/n; 

b) an attachment surface portion passing substantially 
through said second geometrical focus F2 for attaching 
said ellipsoidal solid immersion lens to said Waveguide 
such that a substantially collimated light beam eXhib 
iting a Gaussian type intensity pro?le propagating 
along said major aXis M through said ellipsoidal sur 
face portion converges to a Gaussian beam Waist sub 
stantially at said attachment surface portion. 

2. The collimator of claim 1, Wherein said attachment 
surface portion passes through said geometric focus F2 at an 
offset no greater than the corresponding Rayleigh Range of 
said Gaussian beam Waist. 

3. The collimator of claim 1, Wherein said attachment 
surface portion passes through said geometric focus F2 at an 
offset no greater than 75 microns. 

4. The collimator of claim 1, Wherein said attachment 
surface portion is attached to said Waveguide by a fused butt 
joint. 

5. The collimator of claim 1, Wherein said Waveguide is 
selected from the group consisting of optical ?bers and 
buried Waveguides. 

6. The collimator of claim 1, Wherein said ellipsoidal solid 
immersion lens comprises a body comprising said ellipsoi 
dal surface portion and a pedestal comprising said attach 
ment surface portion. 

7. The collimator of claim 6, Wherein said pedestal has a 
pedestal cross section substantially matched to said 
Waveguide. 

8. The collimator of claim 7, Wherein said Waveguide is 
an optical ?ber. 

9. The collimator of claim 6, Wherein said pedestal has a 
tapered pedestal cross section. 

10. The collimator of claim 1, Wherein said ellipsoidal 
solid immersion lens has a cross section substantially 
matched to said Waveguide. 

11. The collimator of claim 10, Wherein said Waveguide is 
an optical ?ber. 
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12. The collimator of claim 1, Wherein said ellipsoidal 
solid immersion lens comprises at least tWo sections. 

13. The collimator of claim 1, Wherein said attachment 
surface portion is substantially ?at. 

14. The collimator of claim 1, Wherein said Waveguide is 
a single mode optical ?ber. 

15. The collimator of claim 14, Wherein said ellipsoidal 
solid immersion lens is made of a material consisting from 
the group of fused silica and moldable glass. 

16. The collimator of claim 1, Wherein said attachment 
surface portion is attached to said Waveguide by an adhesive. 

17. The collimator of claim 1, Wherein said attachment 
surface portion is attached to said Waveguide by a laser 
fusion-splice method. 

18. The collimator of claim 1, Wherein said attachment of 
said ellipsoidal solid immersion lens to said Waveguide is 
supported by a reinforcing structure. 

19. The collimator of claim 18, Wherein said reinforcing 
structure comprises a holloW tube. 

20. The collimator of claim 18, Wherein said reinforcing 
structure comprises a reinforcement block having a holloW 
portion. 

21. The collimator of claim 18, Wherein said reinforcing 
structure is attached to said Waveguide. 

22. The collimator of claim 21, Wherein said reinforcing 
structure is attached to said Waveguide by a method from the 
group consisting of adhesives and thermal bonding. 

23. The collimator of claim 18, Wherein said reinforcing 
structure is attached to said ellipsoidal solid immersion lens. 

24. The collimator of claim 23, Wherein said reinforcing 
structure is attached to said ellipsoidal solid immersion lens 
by a method from the group consisting of adhesives and 
thermal bonding. 

25. The collimator of claim 1, Wherein said collimator 
comprises a plurality of collimators as part of an array. 

26. A collimator array integrated With a Waveguide array, 
said collimator array comprising a monolithic body com 
prised of a substrate having a substantially uniform indeX of 
refraction n, a lens array having a plurality of solid immer 
sion lenses (SILs), and a plurality of pedestals comprising a 
plurality of attachment surface portions for attaching said 
SILs to said Waveguides. 

27. The collimator array of claim 26, Wherein said solid 
immersion lenses are ellipsoidal solid immersion lenses. 
Wherein each of said ellipsoidal solid immersion lenses 
comprises: 

a) a substantially uniform indeX of refraction n, an ellip 
soidal surface portion de?ning a geometrical ellipsoid 
having a major aXis M, a ?rst geometrical focus F1, a 
second geometrical focus F2 separated from said ?rst 
geometrical focus F1 by a separation S=M/n; 

b) an attachment surface portion passing substantially 
through said second geometrical focus F2 for attaching 
said ellipsoidal solid immersion lens to said Waveguide 
such that a substantially collimated light beam eXhib 
iting a Gaussian type intensity pro?le propagating 
along said major aXis M through said ellipsoidal sur 
face portion converges to a Gaussian beam Waist sub 
stantially at said attachment surface portion. 

28. The collimator array of claim 26, Wherein said attach 
ment surface portions are attached to said Waveguides by a 
fused butt joint means. 



US 2002/0021868 A1 

29. The collimator array of claim 26, wherein said 
Waveguides are selected from the group consisting of optical 
?bers and buried Waveguides. 

30. The collimator array of claim 26, Wherein said ped 
estals have a pedestal cross section substantially matched to 
said Waveguides. 

31. The collimator array of claim 30, Wherein said 
Waveguides are optical ?bers. 

32. The collimator array of claim 26, Wherein said ped 
estals have a tapered pedestal cross section. 

33. The collimator array of claim 26, Wherein said attach 
ment surface portions are substantially ?at. 

34. The collimator array of claim 26, Wherein said 
Waveguides are single mode optical ?bers. 

35. The collimator array of claim 34, Wherein said sub 
strate is comprises of a material from the group consisting of 
fused silica and moldable glass. 

36. The collimator array of claim 26, Wherein said attach 
ment surface portions are attached to said Waveguides by a 
means from the group consisting of adhesives and laser 
fusion-splicing. 

37. The collimator array of claim 26, Wherein said attach 
ment of said monolithic body to said Waveguides is sup 
ported by a reinforcing structure. 

38. The collimator array of claim 37, Wherein said rein 
forcing structure comprises a plurality of holloW tubes. 

39. The collimator array of claim 37, Wherein said rein 
forcing structure comprises a reinforcement block having a 
plurality of holloW portions. 
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40. The collimator array of claim 37, Wherein said rein 
forcing structure is attached to said Waveguides. 

41. The collimator array of claim 40, Wherein said rein 
forcing structure is attached to said Waveguides by a means 
from the group consisting of adhesives and thermal bonding. 

42. The collimator array of claim 37, Wherein said rein 
forcing structure is attached to said monolithic body. 

43. The collimator array of claim 42, Wherein said rein 
forcing structure is attached to said monolithic body by a 
means from the group consisting of adhesives and thermal 
bonding. 

44. The collimator array of claim 26, Wherein said lens 
array comprises a pattern of said plurality of solid immer 
sion lenses. 

45. The collimator array of claim 26, Wherein said lens 
array comprises a one-dimensional matrix of said plurality 
of solid immersion lenses. 

46. The collimator array of claim 26, Wherein said lens 
array comprises a tWo-dimensional matrix of said plurality 
of solid immersion lenses. 

47. The collimator array of claim 26, Wherein said lens 
array is formed by a processing from the group consisting of 
etching, ion milling, molding, re?oWed photoresist process, 
and photolithography. 

48. The collimator array of claim 26, Wherein said mono 
lithic body is comprised of a material from the group 
consisting of fused silica, moldable glass, and silicon. 

* * * * * 


