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TRISULFIDE FIBER CROSS SECTION

FIG. 1. ARSENIC
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< of merges with the axial maximum, giving rise to distn-

at in Fig. 4(a), where m=3 and

modes of intermediate m in
diameter > 10\ and large N
indicates that it may be a

ibers in a bundle. Tt

1, the distributions
4(c)

occurring i as A approaches

approach circular symmetry, as illustrated by [

,,7

the fact that the quantity A/, !
small changes in eigenvalues. Such changes in the where n=1 and m=2. It should be noted t

of the patterns of Fig. 4, w

eigenvalues of an isolated fibe different
b\ the Proxi mu\ of other

Even when 4,,,
tions of intensity
to describe generall
proceed as follows:

¢ possible, since the value of 4,., for fibers

» is not kno

D. Coupled Fibers

F\\q'»t for the HLE de ¢ basi ern of a Up 1o this j the discussion has been confined

‘nm” mode, as gi 11 o the isolated fiber. A rigorons formulation of problems
in which 4,,, is a S0 g close-packed arrays of arbitrary cross-section
“maximum” ( s of s considerably complex. Given a periodic array
“minimum’ intensity 0 fibers, of « ?:\ ular cross section, each characteristic
each of the circles of “maximum” intensity, which occur  angle of tl ited fiber is split into p angles centered
approximately at t i ) sity ut that characteristic angle. With sufficient index
varies as cosng, giv and difference and >cpur.ximn of fibers, the splitting will be

is slight. The over-all system hus have p times as
nodes (permissible angles mf rays) as the isolated
If only one of '”{\L modes is c\u,.gd in each of
ich he fibers of the bJ 1dle, the amplitude and pl"’~c must
here be the same in each fiber. In order to describe a situation

minima. On

relatively weak. It is strongest on the se

decreases on succet
On the cir

separate the circle

occur azimu v sinfng. W whi the incident energy is li 1o one fiber
the exception of the e intensity  at the entrance end of a bundle, thin-film
is relatively weak at al the analog is drawn

amplitude on such circles decreases as 1 7. On the first I"he n analysis will lend considerable insight
circle of “minimum” intensity, how the maxima into the mechanism of energy transfer in a periodic
which occur at a ths where sir re intense, array of fibers. A waveguide mode in an isolated thin

1 slab waveguide) is a combination of one incident
reflected uniform ;vfum wave, traveling at a
ngle of incidence f,,. {Se \mnnlh\ ) Custom-
photo in Fig. 4, where m=1 and n=4, ary thin-film analysis is entirely Auiu;ua‘ : in explaining
Eight maxima at azimuths such that sin2¢=1 are how any combination of such slab waveguides will
apparent. The first circle of “maximum” intensity is interact. A stack of p slabs of the same refractive index
too weak to be distinguished. 1 second circle of and thickness, separated by (p—1) films of lesser
“maximum’ intensity, the maxima would be index, constitutes a periodic array of p slabs. Consider
#/2 out of phase with these eight, does not appear, the
since m= 1. total reflection filter (Fig. 5) by this stack of p slabs.

] 1 of the customary 7 vs A plot, the trans-

generally much greater than those
“maximum’” intensity and of the order of
second ring of “maximum” intensit

ilustrates

er formed by replacing the spacer in a {rustrated

For HE;, modes, a similar rough description is

applicable, with the exception that the distribution has

tance for a )Ji\'rl: wavelength is ])lnll(“i as a function
a maximum on axis, the first “circle” of 1 of incidence, M transmission bands (in angle)
ie axis. The first circle  between /2 and critical angle will be observed, the mth
b azimuthal variations, peak centered on the mth characteristic angle of the

intensity being coincident with
of minimum intensity, with sin®







October 1961 FIBER OPTICS
various bands of the spectrum results in a uniform
appearance; accordingly, the total flux
fiber is at least an order of magnitude greater than that
of the nearest fibers

By the same resonance mechanism, the energy in the

from this

fibers nearest the excited fiber is transferred to their

neighbors. Since almost all of its energy is in modes
near critical angle, however, much greater fractions of
the total energy of a secondarily excited fiber may be
transferred to a third,
leading to flux levels of the same order of magnitude in
Ihe
energy transfer within a bundle is, of
i L,.‘, ‘.

of small numerical aperture, an

and then to a fourth, and so on,

successive fibers removed from the excited fiber
full

course, dependent on its len

extent ol
1s possible that, 1n a

long bundle or In

one

oscillation of energy in the mode or modes very close to

1

critical angle could be established; expressible in terms

of the z-dependent modulation mentioned earlier

transfer should

excited

A wave

aiso  De

gth-dependent

expected, since, in the fiber, a greater

of the total energy at the red end of the spectrum

be in modes propagating at charact es In
the vicinity of the critical angl fit
should therefore lose a greater percentage of ng
wavelength radiation. ( €] \ e less energy a
short wavelengths escape € CX¢ and, since
greater lengths are required for fer, a co
gradient from the ed fiber fib hou
be visible at the exit end of the bundle. This
observed

As the ray-summation method ¢ the lengt
of the fiber bundle is parameter when resor
geometry is prevale From ca | based on a
stack of slabs, the wer mits lor eng S ol
} ¢ v be ol ed. Becar fibers are resot
only over portions heir leng r be ¢
energy sfer pid tha t se, th
lengths of fiber | can, no dout ANy
these lower limits. In order to obtain a better quantit
tive description of energy transfer in a fiber bundle, the
possibility of adapting quantum mechanical perturba
tion theory to this problem is being Investigated

Such an adaptation to the problem
has apparently been made," but this work is as y¢
unreported in the literature

IV. EXPERIMENTAL

This section describes the experiments conducted in

order 1o ve nf_\' the conclusions derived from the theory.

embly of fibers by the evanes
observed. As discussed
of coupling between close-packed fibers is

R and the

Mode excitation in an as
cent boundary wave i earlier

the degree

v}n‘plw‘t:' on the hber-charactenistic term

fiber spacing I'his coupling phenomenon sets the
ywer to the fiber diameter i1 image-conveying
fiber mbly 1 order to evaluate the influence of

Snitzer, J. O Soc. Am. 49, 1128(A

1959
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Fic. 6. Optical setup for investigating waveguide effects ir
lated fibers and assemblies of fibers
oupiing or L mage-transmit 4 ;'T"IHT"\ ot I‘(!N s,

the flux passing through holes of different diameter is

tion of fiber assemblies

measured in the point-spread fu
of different R and ¢ value

The optical

arrangement employed to study «
\ -disk image

shown in Fig. 6. The A

pbetween noers 1s

-

of a 50 is formed at the ent

single fiber using a 90X apochromatic obje

N.A.=0.95. The exit end of fibers is viewed with the

aid of 1 oil-immersion microscope of N.A.=1.2

Use nade of two small-angle rotatory prisms 11

between the le and the microscope objective In

order [ ¢ ge motion. This 1s necessary In

rder ¢ only a single fiber of micron or submicron

lime An aux microscope using a beam

splitter made use of in order to view the

of fiber I'he wavelengti of incident

selecte sing a monochromator

AIrTAnge providing means for taking either photo-
rographs or p flux measurements by
gas ning me is also shown
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ind some

With the same experimental arrangement the average

relative flux from an excited fiber (with monochro

{ f matic radiatio nd the adiacent fibers was determined

| oelectr I'he curves of Fig. 8 give the results of

pi I
o 42 2 ' 45y ¢ 3
: such measuremer for circular fibers of different
| L / riure 'he amount ot
3
! NA / flux p g throug ole « riable diameter in the
([ fiber spread f e 1o ) s plotted loi
| 12 d=4y » < NA =.49 : » '

5 different fiber bundle I'he curve for the incident
~ 2l s nditior 1so included gure 9 is a photomicrograp!
T I
. o RCULAR FIBERS of a portion of a 1.5-g fiber bundle ol N A 1.15 used

NA SIS (ns L9 a3 this experiment. 1 een that this bundle provided
most e tly hexagor rray of nominally
N.A +0. 49 " 864, n,t | 484 ’

»

4 6 a 8
-] roug he it bur ¢ under considera
r microns roug
| eCo t t 1 roug! n
Fic. 8 “Flux p g ough a A . | . e = s Bl irrounding
ions
() ! I the fierel ) Ve these LwWo

meas ¢ r les the verage flux m a
A typical photon h of ‘ ; wdjacent fiber. The t nt represents the total flux
lemonstrating the mode ¢ n d %
shown in Fig. 7. 1 fiber bundle 1
$-u ameter (r 1.61 1
. large number g
u ¢ A r repr Fig
the theoret lescript I energ ter g
Sec. TTT1(d). i.e e ‘ en ear
with white lhight 1ber £ i I
wre bluish (for shorter wavelength leakage t
farther out s} Drogr ! o e o
predom e. 1 oupling . i g ra¢
rs receive
! ring
i 1X 1ron 1
’ ’ cakage fror ¢
W ¢ ar £ I ber bundle nade up

4 { ] t ] T irements \
! i ¢ N the plots of Fig. 8
In a ( ear hguration on tne
mod i " the ex d one
Fig. 10,71 ) seen 1o be consist
of reinforcement o1
d near ] ndles used in these
| nd per
Q T ¢
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(a) b

Fic. 11, Illustrating the imaging ¢
N.A.=1.15) (a) test object and (b) in

has been observed in the laboratory in long lengths of
isolated fibers less than 0.1 x in diameter, their optical
diameter is considerably larger. Therefore, they are not
efficient image transmitters. It has been possit
fabricate aligned fiber bundles of 1-u-diameter fibers of
N.A. 1.15 and they have demonstrated

e to

{ a high degree of

optical insulation. Figure 11 shows an image of a test
object “A”, [Fig. 11(a)] formed by the 1-u-diameter
fiber bundle. A static resolution of 400 lines' mm and
dynamic resolution of 800 lines 'mm is achieved through
these fiber bundles. It is concluded that the lower limit

is not yet reac hed in the laboratory and even higher

resolution, fiber bundles are achievable with the
availability of higher N.A. fibers
V. CONCLUSION

In order to describe completely the phenomenon of
light conduction in small-diameter fibers, an extension
of existing waveguide theory is required. The literature
on waveguide theory, though extensive for conducting
waveguides, is limited, for tric waveguides, to
treatments of only a few, lower-order mq rther
more, in the optical region where rs are generally

excited with an incoherent polychromatic convergent

wave, the problem is even more complex. We have
treated the problem from the conventional optical
viewpoint of interference and frustrated total reflection
It is seen that the “characteristic waves” or modes are

made up of elementary plane wave are propa-

gated at discrete angles (greater than the critical angle)

down the fiber and that these angles are determined
by the characteristic equations of the waveguides
Methods for solving these equations are evolved and
expressions are derived for the energy distribution
inside and outside the fiber. From these the "u])Hn.H
diameter’ of fibers is calculated. It is shown that both
the number of allowed characteristic angles and the
11[vli4 al diameter are 41_- P ndent on the “fiber-character
istic term” R which is simply the fiber numerical

aperture times its diameter-to-wavelength ratio times
The larger the value of R, the r of

. larger the numl

[
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permissible angles and smaller the optical diameter for
a given mode.

In order to eliminate significant coupling between
fibers in a bundle it is evidently desired that the
optical diameters of adjacent fibers do not overlap.
For close-packed fibers, substantial coupling occurs
and the mode excitation in adjacent fibers is wave-
length-dependent. A rigorous formulation of the theory
of coupling in experimental fiber assemblies is prohibi-
tively complex. It nevertheless apparent that
considerable insight to the coupling phenomenon may
be gained from multilayer, frustrated-total-reflection
theory. It is deduced that circular-cross-section fibers
are preferable because resonance transfer increases as
adjacent fiber surfaces approach a plane parallel
configuration. The lower limit to the fiber diameter for
an image-conveying system is determined by the term
R and the fiber spacing.

This paper also describes experimental techniques
for mode excitation by the evanescent boundary wave
in an assembly of fibers. Various simple modes and
combinations of modes are excited under these condi-
tions and substantial agreement with theory is achieved.
A method is developed for measurement of flux passing
through a hole through the point spread function of
various fiber assemblies. The experimental results

icate that fibers of high numerical aperture down to
1 u in diameter can yield high image quality. Such
fiber bundles have yielded resolutions of 400-800 lines
per mm. Whereas long isolated fibers down to 0.1-x
diameter have conducted light, they are not efficient
for image transmission because their optical diameter
is large. With the availability of higher numerical
aperture fibers of circular cross section and development
of techniques for fabricating aligned assemblies oi
them, it seems possible to achieve substantially higher
resolution in fiber optics.

is

APPENDIX. WAVE ANALOGS IN PLANE AND
CYLINDRICAL GEOMETRY

The incident and reflected wave interpretation of
guided waves in a fiber may be further elucidated
hrough its analog in a slab (a thin-film guide). Consider
a thin film of infinite extent in the y and z d i

bounded above and below by the planes x=d and
x=0. Let its index of refraction be n, and let it be
embedded in an infinite medium of index n,<n;. We
know intuitively that the particular solutions to the
wave equation which will satisfy the boundary condi-
tions at plane parallel boundaries are plane waves,
incident upon, reflected from, and transmitted through
the interface. Let subscripts I, R, and T designate
these waves and 6,,, and 8., the angles of incidence and
refraction respectively. Since the slab is not infinitely

thick, not all angles of incidence, but only certain

angles #,,, vield valid solutions. For the
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mth allowed pa‘pendiculu.ﬂy polarized waves we have:

E[-- 944' exp(t'h. CO”I-J) exp(ih Siml-""'“‘)
Erm=904 gexp(—i'hmuﬁ) exp(ikisind mz—iwt) (A1)
Erm= A7 exp(ik; cosfsmx) exp(iks sinfsyms—iwt),

where the A’s are constant amplitude factors.

If the tangential components of E and H are matched
at the boundary, a transcendental equation whose
. roots give the characteristic angles 6, will result.
These angles may also be found from the customary,
thin-film approach which determines the conditions of
ray reinforcement. For one-half of these angles, it is
found that A g= —A;. We examine these waves further
by finding, from the curl relations, the corresponding 2
components of H. These are given in Eq. (A2).

kicosfim -
H.(-A' CX'p(ibl cosﬂl.x)
wp
X exp(iky sinfyus— iwt)
kl (.‘0801-

H,rp=A———— exp(—ik; cos8) mx)

wy
Xexp(ik, sinfy ms—iwt) (A2)
k! Co”lu .
H,r=Ar—— exp(iks cosfsmx)
wp

X exp (iky Sinfzms—iwt).
Snell’s law gives
k| SiM|.= kg Sir-ﬂ:-- h--

To find H, in medium 1, we merely add H,r and H,xs.
Thus, for one-half of the characteristic plane waves,
the fields are of the form

Hom=A cosB1mx exp(iwl—ihinz)

H 2= B exp(iks cosfsmx) exp(iwt—ihn3)
— B exp(—Bzmx) exp(iwt—ikaz) for 6,>0..

(A3)

N. S. KAPANY AND J. J.

BURKE Vi

A similar analysis in the cylindrical geometry of
fiber leads to Eqs. (A2’) and (A3’).

k 1 Mu-

Ho=Ar————H (k) cosfyonr)
. Wi
Xexp(ik; sindoms— fw!)
ky cosfiom

H,p=A g———Ho® (ky cosBiomr)

wp . . >
Xexp(ik, sinfroms—iw!) (
kl Coﬂ”. p
Hp=Ar————H (ks cosBsomr)
wp ;
Xexp(iks sinfzoms— icwt) *
”llQ--HrI-+HlR-
=AJo(Brom?) exp(iwt—ikom3)

Hos0m= BH (ks costar) exp (it —ikoms) (A
— BK(Baowr) exp(iwt—iko,uz) for 6,>6 '

where Ho® and H,® are the Hankel functions of ;'
first and second kind, respectively. It should b not,
that (A2’) and (A3’) may be gencrated from (A
and (A3) by the substitutions

Ho® (ky cosbionr) — exp(iky cosfx)
H® (ky cosBiomr) — exp(— ik, cosfix)
Jo(Browr) = c0s(B1mx)

Ko(Bowr) = exp(—Bzmx).

The similarities implied by these substitutions arc
accidental, for the asymptotic behavior of the cyli
drical functions is, except for a factor 1/(r)} ax
constant phase factors, directly proportionzi to t]
exponential and trigonometric functions for which thy
have been substituted. Thus, both physically as incid

and reflected waves, and mathematically as forn
solutions to the wave equation, these functions g
the analogs of one another in plane and cylindrig
geometry.
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