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57 ABSTRACT 

Optical fibers, for propagating optical radiation in 
guided modes, are fabricated in an integral structure. 
Advantageously, the fiber structure is made of a single 
filamentary material, such as fused silica, with a rela 
tively large cross section at the central portion of the 
fiber and with a relatively thin film portion at the ex 
tremities of the fiber. The thin film portion has a thick 
ness larger than the wavelength of the optical radiation 
to be propagated and serves as a supporting member 
for the central portion of the fiber. Such optical fiber 
structures are capable of propagating either single 
mode or multimode guided optical waves. In addition, 
the exposed surface of the central portion (which is 
not contacted by the thin film supporting member por 
tion) can be contacted with an optically nonlinear ma 
terial, in order to provide suitable interactions with 
the propagating signal wave energy and thereby to 
produce electrooptic effects such as amplification, 
modulation, or laser action. 

10 Claims, 5 Drawing Figures 
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SNGLE MATERAL OPTICAL FIBER 
STRUCTURES INCLUDING THN FILM 

SUPPORTNG MEMBERS 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

FIELD OF THE INVENTION 

This invention relates to the field of optical commu 
nications systems and, more particularly, to optical 
fiber structures for the propagation of electromagnetic 
wave enen rgy. 

BACKGROUND OF THE INVENTION 

in the prior art, optical waveguides in the form of 
optical fibers have been utilized for the propagation of 
optical wave energy in a single mode or in multimodes 
from one location to another. A basic problem arises in 
these optical fibers in connection with the attachment 
of supporting members which are required for mechan 
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ical support uniformly along the whole length of the 
optical fibers. In particular, at the juncture of the sup 
porting member with the optical fiber, an optical dis 
turbance or perturbation is introduced in the modes of 
wave energy being transmitted through the fiber. This 
perturbation causes various problems in the propaga 
tion of the electromagnetic signal wave energy, such as 
the unwarranted conversion of signal energy from one 
mode to another mode with consequent distortion 
problems. Another problem arises from the need for 
"cladding" material surrounding the central core of 
optical fibers, in order to keep foreign materials (such 
as dust) from contacting the central core and thereby 
causing further undesired perturbations of the optical 
nodes propagating through the core. Such cladding 
must ordinarily be made of a material having a lower 
optical refractive index than that of the core. For such 
desirable core materials as fused silica, it is difficult to 
find such suitable cladding which has a lower refractive 
index than the core and, at the same time, presents 
sufficiently low optical absorption loss to make it com 
mercially attractive. Moreover, ordinarily this “clad 
ding" material obstructs any coating of the optical fiber 
core with various optical materials which could serve to 
provide interaction with the signal wave energy propa 
gating through the optical fiber, it would, therefore, be 
desirable to have available ana optical transmission 
fiber which is supported in such a way that the cladding 
of the fiber does not introduce the losses and obstruc 
tions of the prior art. 

SUMMARY OF THE INVENTION 

In accordance with this invention, an optical fiber, 
together with transparent supporting members, is made 
in a unitary integral structure, advantageously formed 
of a single material. The central portion of the fiber is 
relatively thick, and is joined at two or more edges by 
thin film supporting members of the same material as 
that of the central portion. Such a structure can be 
designed to operate in either single mode or multimode 
propagation of the optical waves through the fiber. In 
addition, the exposed periphery of relatively thick cen 
tral portion can be contacted in whole, or at any de 
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2 
sired part, by various linear or nonlinear optical materi 
als, in order to afford linear or nonlinear interaction 
with the optical wave energy propagating through the 
fiber. In this way. further mode control can be pro 
vided, or various devices such as lasers, amplifiers and 
modulators can be integrated into the optical fiber 
structure. 

In a particular embodiment of this invention, a fused 
silica optical fiber is fabricated with a rectangular cross 
section in the central region together with a pair of thin 
film fused silica portions contiguous with two opposite 
surfaces of the rectangular cross section. The thickness 
of the thin film portions of the optical fiber, which 
furnish mechanical support for the central portion, is 
made relatively large compared with the propagating 
optical wavelength, in order to provide sufficient me 
chanical strength for supporting the central portion of 
the optical waveguide fiber. On the other hand, the 
dimensions of the rectangular cross section of the cen 
tral portion of the fiber are made larger than the thick 
ness of thin film supporting members, in order that the 
optical signal wave energy propagating through the 
overall optical fiber structure is confined to the central 
portion thereof by reason of waveguiding properties of 
the structure. The exposed extreme edges of the thin 
film supporting members are advantageously fused to a 
fused silica glass cylinder which, in turn, is coated with 
optically absorbing material. In this way, unwanted 
"slab guide" modes, which are not exponentially de 
creasing in intensity in the thin films (going away from 
the central portion) and which thereby “leak' through 
the supporting members to these edges, are absorbed 
by the coating. 

Fiber structures of this invention can be fabricated 
from an original fused silica fiber of geometrically simi 
lar but much larger cross section than the final desired 
structure. The original fiber is cleaned, heated and 
drawn (stretched) in the longitudinal direction, in 
order to reduce the dimensions of the original cross 
section to the desired relatively small final cross sec 
tion. The exposed portion of the periphery of the cen 
tral region of the final optical structure can be, if de 
sired, then contacted at various locations, uniformly or 
(spatially) periodic or nonperiodic, with various opti 
cally linear or nonlinear materials. Thereby, these ma 
terials can provide suitable linear or nonlinear interac 
tion phenomena along the fiber between the optical 
wave energy propagating through the central portion of 
the fiber and the linear or nonlinear material. In this 
way, the useful electromagnetic signal wave energy 
propagating through the optical fiber is confined to the 
central rectangular portion of the fiber; and, at the 
same time, access for optically linear or nonlinear ma 
terials, to interact with the propagating signal wave 
energy, is afforded in the optical fiber structure of this 
invention. 

BRIEF DESCRIPTION OF DRAWING 

This invention together with its features, advantages 
and objects can be better understood from the follow 
ing detailed description when read in conjunction with 
the drawing, in which: 
FIG. 1 is a longitudinal diagram, partly in cross sec 

tion, of an optical fiber structure in accordance with a 
specific embodiment of the invention. 
FIG. 2 is a cross-sectional view of the optical fiber 

structure shown in FIG. 1; 
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FIG. 3 is a cross-sectional view of the optical fiber 
tructure shown in FIG. 2 in an initial stage of its manu 
acture; and 
FIG. 4 is a cross-sectional view of an optical fiber 
ructure in accordance with another specific embodi 
ent of the invention; and 
FIG. 5 is a cross-sectional view of an optical fiber 
ructure having a circular central portion, in accor 
ance with yet another specific embodiment of this 
wention. 

DETALED DESCRIPTION 

An optical fiber filament structure 10 (FIG. 1) in 
ludes a transparent central portion 11, and a pair of 
Ipporting transparent thin film portions 12.1 and 12.2 
FIG. 2). The central portion 11 together with the 
upporting films 12.1 and 12.2 are located in a cavity 
rovided by a peripheral hollow cylindrical portion 13. 
in optically lossy jacket 14 advantageously encases the 
ylindrical portion 13. Advantageously, the central 
ortion 11 and the thin films 12.1 and 12.2 are all made 
f the same optically transmitting material. The periph 
ral portions 13 typically is likewise made of the same 
laterial as the central portions of the thin film support 
Ig members 12.1 and 12.2. An optical source 21 and 
n optical utilization means 22 are located at opposite 
ngitudinal ends of the optical fiber structure 10 (FIG. 
). 
lf desired for nonlinear optical interaction with the 
ptical waves propagating through the fiber structure 
0, the space cavity region 15 between the peripheral 
ortion 13 and the central portion 11 may be filled with 
n optically nonlinear material, typically a liquid. In the 
|ternative, the entire exposed surface of the central 
ortion 11, or various portions of said surface, may be 
pated with optically nonlinear material as desired. In 
his way, the optical wave energy, propagated from the 
ource 21 to the utilization means 22 through the opti 
al fiber structure 10, will advantageously interact with 
his nonlinear material. In addition or as an alternative, 
he entire surface, or various portions thereof, of the 
2ntral portion 11 may be coated with a linear optical 
laterial, in order to furnish further waveguiding of the 
ptical wave energy propagating through the central 
ortion 1. 
The thickness of the supporting thin films 12.1 and 
2.2, indicated by b in FIG. 2, is fabricated advanta 
eously to be larger than the propagating optical wave 
:ngth furnished by the source 21, in order to provide 
echanical support for the central portion 11. In addi 
on, the width of the supporting thin films 12.1 and 
2.2 in the X direction is at least an order of magnitude 
irger than the wavelength, in order to provide suffi 
ient space for the exponential decrease of the ampli 
ide of the optical modes in direction in the X direc 
on going away from the central portion 11. Moreover, 
is important that the thickness B of the central por 
on 11 should be larger than the thickness b of thc thin 
lm portions, in order to provide the desired optical 
aveguiding. In this way the useful modes propagating 
hrough the optical structure 10 will be exponentially 
ecreasing with distance in the -X direction in the 
upporting member 12.1, and also exponentially de 
reasing in the +X direction in member 12.2 (i.e., in 
he directions going away from the central portion 11). 
he other optical modes, which are exponentially in 
reasing or periodic in these respective directions in 
he supporting members 12.1 and 12.2 ("slab guide 
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4 
modes'), are not useful in this invention, and these 
"slab guide' modes are quickly absorbed by the opti 
cally absorbing material of the outer jacket 14 upon 
their propagation through the optical fiber 10 in the Z 
direction. 

In order to fabricate the optical fiber structure 10 
shown in FIGS. 1 and 2, it is convenient to start with 
optically polished fiber optic segments 31.1, 31.2, 32 
and 33 in the fiber structure 30, as shown in FIG. 3. 
Typically, all of these segments are made of the same 
optically transmitting material such as a fused silica. In 
order to have clean optical surfaces, the exposed sur 
faces of these segments are cleaned successively with 
solutions of trichlorethylene, acetone, nitric acid (1:1 
diluted with deionized water) and deionized water. 
Alternatively, the known hot fire flame cleaning tech 
nique may be used to clean the surface. Advanta 
geously, the overall cross section of the segments in the 
structure 30 as initially arranged (FIG. 3) constitutes a 
geometrically similar, but greatly enlarged, cross sec 
tion of the finally desired cross section shown in FIG. 2. 
These segments 31.1, 31.2, 32 and 33 are heated to a 
temperature sufficient to fuse them together and to 
enable them to be drawn (stretched) in the longitudinal 
Z direction, in order to reduce their cross sections to 
the finally desired value for the optical fiber 10. Thus, 
it is to be understood that FIG. 3 is not drawn to scale 
with respect to FIG. 2, but that ordinarily the structure 
30 is many times larger in cross section than the struc 
ture 10. 

It should be understood that the relative values of A, 
B, and b determine the number of modes which can be 
guided by the optical fiber structure 10 (substantially 
independent of optical wavelength). The mode sup 
porting efficiency e of guidance of the optical fiber 
structure 10 is defined as the ratio of this number of 
possible guided modes to the number of possible modes 
which can be guided by a similar optical fiber structure 
but with b = 0. 

EXAMPLE 1 

(Multimode Fiber): 
An optical fiber structure, with a mode efficiency e of 

about 10 percent or more, can be afforded by the fol 
lowing choices of parameters. The material for the 
optical fiber members 11, 12.1, 12.2 and 13 is selected 
to be of used silica (refractive inded index, n = 
1.46), for propagating optical radiation from the 
source 21 (wavelength of about one micron) to the 
optical detector 22. The space 15 is filled with air or 
vacuum (n = 1.00) and the thickness b is selected to be 
about 1.4 micron or less. For propagating a suit 
able number of optical modes (multimodes), the di 
mensions of A and B are typically selected to be at least 
several times larger than b, but are otherwise arbitrary. 
For example, A and B can be selected in the range of 
about 5 to 25 micron. It should be remarked, however, 
that there is an advantage of using a square cross sec 
tion (A = B), namely, that splicing is made easier in 
that the unavoidable minor alignment errors in any 
splicing procedures are not so crucial as for other cross 
sections (in which A and B are not equal). 

EXAMPLE 2 

(Multimode Fiber): 
For an optical fiber structure 10 with an optical dis 

persion of no more than 10 manoseconds per kilome 
ter, the following design can be used. Again, as in Ex 
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ample l, the optical fibers 11, 12.1 and 12.2 are all 
made of fused silica (n = 1.46); the space 15 is filled 
with air or vacuum (n = 1.00); and the optical source 
21 provides a beam of radiation having a wavelength of 
about 1 micron. For this case, b is selected to about 5.4 
microns, in order to achieve the desired multimode 
operation with the desired dispersion. This choice of 
parameters will then also provide a numerical aperture 
("N.A.') of 0.065 radians in the optical fiber structure 
10, and a tolerable radius of curvature (“R”) of ap 
proximately 19 millimeters. By “numerical aperture" is 
meant the maximum angle of obliqueness in the optical 
propagation vector which will be radiated from the 
output end of the fiber, or which will be accepted by 
the fiber at the input end; and by “tolerable radius of 
curvature' is meant the minimum radius of curvature 
for the fiber (going around bends for example) consis 
tent with losses below one percent per centimeter of 
length. Typically, for optical propagation in a suitable 
number of multimodes, both A and B are selected to be 
at least several times larger than b, for example, in the 
range of about 25 to 50 micron. 

In this multimode case (for which b = 5.4 micron) 
moreover, the cross section of the central portion alter 
natively can be circular as indicated in FIG. 5, thereby 
providing a cross section which is easier and less criti 
cal for splicing one longitudinal section of the optical 
fiber with the next adjacent section. The diameter of 
this central portion 51 can be about 75 micron, and the 
periphery portion 53 can have an inner diameter of 100 
micron and an outer diameter of about 150 micron. 
Supporting films 52.1 and 52.2, as well as an optically 
lossy jacket 54, serve the same function as the films 
12.1 and 12.2 and the lossy jacket 14 in FIG. 2. A 
portion of the exposed surface of this central portion 
can be coated with an optically linear material 56 in 
order to provide further waveguiding of the optical 
radiation propagating through the fiber. In addition, or 
alternatively, a portion of the exposed surface of this 
central portion can be coated with an optically nonlin 
ear material for interaction with the optical radiation 
propagating through the fiber. 

It should be emphasized that the above Examples 1 
and 2 provide multimode optical propagation. For 
some fiber optical system applications, however, single 
mode propagation may be desired. In single mode oper 
ation, as known in the art, only the fundamental modes 
(with both polarizations) are propagated by the optical 
waveguide, which just cuts off for the next ('second') 
higher order mode. A further desirable, though not 
necessary, condition for single mode operation is that 
the thickness b (in the Y direction) is much greater 
than the wavelength of the fundamental wave energy, 
just as for multimode operation as described in Exam 
ples 1 and 2. The cutoff condition, that is the require 
ment for single mode, is given by the relation 

1) 

where the quantity g, refers to g for the 'second" 
order mode, in which B is zero outside the range x = - 
Af2, and in which (3 inside this rang is given by the 
solution of the following simultaneous equations with 
'unknowns' 3, k, and ki. 
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6 
2 2. k' + k = (e-1)(3, (2) 
tan(kaaf2) Fe, k.k. (3) 

k = 3 - 3 + g'. (4) 
In Equations (2) - (4), A and g are given by 

(3 = 27tfM (5) 
g = n 6 (6) 

where A is the vacuum wavelength of the optical radia 
tion and where e is the corresponding dielectric con 
stant of the optical fiber portion 11 relative to the re 
gion 15. 
Whereas Equations (2) - (6) apply only to the rect 

angular cross section in the range x = t A12, Equation 
(1) is perfectly general for any cross section provided 
the contour in the region x = A/2 is sufficiently slowly 
varying so that substantially no optical reflection oc 
curs whithin this region (except at the extremities). In 
this general case, the 6 in Equation (1) is the trans 
verse wave number of the 'second' order mode. 

It should be noted that for single mode operation, 
asymmetrical configurations (in they direction) for the 
optical fibers in this invention are preferred. As illus 
trated in FIG. 4, an asymmetrical optical fiber 40 is 
illustrated which can advantageously be produced, as 
previously indicated in connection with FIG. 3, except 
that central segment 31.2 is omitted entirely. In the 
embodiment illustrated in FIG. 4, it should be noted 
that the bottom surface of the optical fiber 40 is com 
pletely planar and has the advantage of fewer intial 
segments in the fabrication process, as well as the ad 
vantage of simpler calculations for predicting the opti 
cal modes which can be supported in the fiber. In the 
optical fiber 40, as finally produced, the central portion 
41 has a total thickness in they direction denoted by D. 
The central portion is supported by the relatively thin 
film members 42.1 and 42.2, both of thickness b, on 
either side thereof, respectively. 

EXAMPLE 3 

(Single Mode Fiber): 
Again assuming that the rectangular optical fiber 40 

is selected to be made of fused silica, and that the opti 
cal radiation to be propagated therethrough has a 
wavelength of approximately 1 micron, and selecting a 
width A which is equal to the thickness D, it follows 
from Equation (1) that b = A/ v2. approximately, for 
the case where b is at least several times greater than 
the optical wavelength. While this latter condition sim 
plifies the calculation, it is not essential to the inven 
tion. In an illustrative case, b is selected to be about 5 
micron, with A and D selected to be about 7 micron. 

EXAMPLE 4 

(Single Mode Fiber): 
Referring to FIG. 4, a single-mode, single-material 

fiber 40 can support propagating optical energy of 
wavelength approximately 1 micron. In an illustrative 
case, the thicknesses of the thin portions 42.1 and 42.2 
are both about 7 micron, whereas the thickness D of 
the central portion 41 in the Y direction is about 10 
micron. Likewise, the width A in the X direction of the 
central portion 41 is also about 10 micron. Finally the 
inner diameter of the periphery portion 43 is about 60 
micron, and the outer diameter thereof is about 100 
micron. 
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It should be understood that although the invention 
has been described in terms of detailed embodiments, 
various modifications can be made by the worker of 
ordinary skill in the art without departing from the 
scope of the invention X range. For example, vari 
ous glass materials, in addition to fused silica, can be 
used for the transparent materials in the portions 11, 
12.1, 12.2 of optical fiber structure 10. These portions 
need not all be of the same transparent material, so 
long as they can be fused together. Moreover, to fur 
nish optical interaction wiwth the propagated modes, 

O 

suitably optically nonlinear material to be placed in 
contact with the central portion 11 can be selected 
from such well-known materials as Rhodamine 6-G in 
water, Rhodamine 6-G in methanol, ethyl alcohol, 
chlorobenzene, and carbon disulphide. Alternatively, 
Dr in addition, optically linear material for cladding the 
central portion 11 can be selected of known optically 
inear dielectric materials. Also, the cross section of the 
central portion of the optical fiber need not be rectan 
gular, but other contours can be used, such as circu 
larly or semicircularly cylindrical, for both single and 
multimode operation. 
Finally, an optical cable, containing many similar 

optical fibers of this invention, can be fabricated by 
Incorporating these fibers in a single peripheral struc 
ture having a circular, elliptical or rectangular cavity 
for containing these fibers (all of which are joined to 
the peripheral structure at the tips of the tin film sup 
porting members). 

THEORY 

Assuming, in the structure shown in FIG. 2, that both 
A, B and b are all much larger than the propagating 
optical wavelength, by at least an order of mangitude, 
the mathematical solution of the optical boundary 
value problem presented by this cross section shows 
that the modes which are exponentially decreasing in 
intensity in the X direction, going away from the 
central portion, can be supported by the structure. 
Moreover, in discussing these modes, it is convenient to 
introduce a quantity V defined as 

wherein n is the common refractive index of the cen 
tral portion 11 and its members 12.1 and 12, at wave 
length A where n is the refractive index of the space 15 
contacting the exposed surfaces thereof. In terms of 
this quantity V, it can be shown that the number of 
guided modes is equal to N given approximately by (for 
large numbers thereof only): 

The mode supporting efficiency e (the ratio of the 
number of modes guided by this structure to the same 
structure except with b = 0) is given by 

e = 1 / 1 + (2V11t). (9) 
It is further convenient to define quantity 8 as follows: 

8 = (ef2)(1-n/n). (10) 
It should be noted that the electromagnetic boundary 
value problem presented by the structure shown in 
FIG. 2 can be approximated as a one-dimensional opti 
cal fiber problem with a central rectangular slab por 
tion, of refractive index n, contacted at only two oppo 
site sides by rectangular slabs of refracted index n and 
by vacuum on the other two sides in which 
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8 
n = n(1-6) (11) 

and in which n is the refractive index of the material in 
the central portion 11 in FIG. 2. It can be further shown 
that in terms of this equivalent problem: 

8 = n nefn. (12) 
Furthermore, the numerical aperture, (N.A.'), that 

is, the maximum acceptance angle with respect to the 
axis of the filament in FIG. 2, at which obliquely di 
rected optical radiation can be propagated through the 
fiber, is given by: 

N.A. = n V28. (13) 
Also, for this structure, the tolerable radius of curva 
ture, R (for one percent loss per centimeter), is given 
by: 

R = A126. (14) 
And the dispersion, in terms of time delay between 
lowest and highest order modes per unit longitudinal 
length of the optical filter, is given by 

T = n.8/c (15) 
where c is the speed light in vacuo. The important 
operating parameters given by Equations (8) through 
(15) are thus simply calculated in advance, in order to 
design and obtain the structure's desired operational 
characteristics. 
What is claimed is: 
1. An optical fiber structure for waveguiding optical 

radiation which comprises a filament of a unitary opti 
cally transparent structure whose cross section is char 
acterized by a relatively thick cross section cross 
sectional area portion of a fiber optical material at a 
central portion thereof and by relatively thin cross-sec 
tional area portions of the same material contacting at 
least two extremities of the central portion, said thin 
portions having thicknesses larger than the wavelength 
of the optical radiation and providing mechanical sup 
port for the central portion, and said thin portions 
extending in a direction away from the central portion 
for distances which are at least an order of magnitude 
larger than the wavelength of the optical radiation, 
whereby the optical radiation can be propagated in at 
least one mode through the optical fiber. 

2. An optical fiber structure according to claim 1 in 
which the central portion has a rectangular cross sec 
tion. 

3. An optical fiber structure according to claim 1 in 
which the central portion has a circular cross section. 

4. An optical fiber structure according to claim 1 in 
which the filament ismade of a single transparent mate 
rial. 

5. An optical fiber structure according to claim 1 in 
which the exposed edges of the filament, located dis 
tally from the central portion, are attached to a periph 
eral cylindrical hollow second filament which is trans 
parent to the optical radiation. 

6. The optical fiber structure recited in claim 5 in 
which the cylindrical portion is encased in an optically 
lossy jacket. 

7. The optical fiber structure recited in claim 5 in 
which at least a portion of the space between the pe 
ripheral cylindrical portion and the central portion is 
occupied by an optically nonlinear material for interac 
tion with the optical radiation propagating through the 
optical fibcr. 
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8. The optical fiber structure recited in claim 1 in 

which at least a portion of the exposed surface of the 
central portion is coated with an optical nonlinear ma 
terial for interaction with the optical radiation propa 
gating through the optical fiber. 

9. The optical fiber structure recited in claim 1 in 
which at least a portion of the exposed surface of the 
central portion is coated with an optically linear mate 
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10 
rial in order to provide further waveguiding of the opti 
cal radiation propagating through the fiber. 

10. An optical fiber structure according to claim 1 in 
which the central portion has a rectangularly shaped 
cross section, and in which one major surface of each 
of the thin portions together with the one major surface 
of the central portion form a single planar surface. 

st ck ck xk k 


