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Abstract. An idea of an equivalent refractive index for the
ray tracing calculation of hollow core waveguides is pro-
posed. A virtual, complex refractive index is uniquely found
by minimizing the difference between reflectivity of a virtual
monolayer material and a metal substrate coated with a di-
electric film. By using this technique, transmission losses of
a delivery system consisting of a hollow fiber and a tapered
hollow waveguide are calculated. © 2002 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1485090]
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To suppress the leaky loss of hollow fibers for infrared
lasers, a metal hollow fiber with an inner dielectric coating
has been developéd.In this fiber, the dielectric film en-
hances the reflection, owing to the interference effect when
the optical thickness is properly designed for the target
wavelength. However, the two-layered structure with a di-

electric film and a metal substrate complicates the calcula- _

tion using a ray-tracing method, which is useful for the
design and evaluation of hollow fiber devices having rela-
tively complicated shapes such as a tapered*Grie. this

letter, we introduce a concept of equivalent refractive in-

whereR(0) is the power reflectivity at the inner wall of the
waveguide. Assuming random polarization, it is expressed
as

[rs(O)+]rp(0)]?

R(0)= e

2

wherer¢(6) andr(6) are reflection coefficients of s- and
p-polarized light, respectively.

We assume a metal surface coated with a dielectric film
having a thickness adl. The refractive index of metal is a
complex numbew=n—jk and the index of the dielectric
film is a. The reflection coefficientsy(#) andr,(6) of the
coated metal surface are usually calculated considering the
interference effect of the coating, which increases calcula-
tion time in ray-tracing evaluation. Therefore, here we con-
sider a virtual monolayer material with a refractive index of
ve=ne—jKo having the same reflectivityR(6) of the
coated metal surface. The reflection coefficierits(6) of
the virtual materials are similar to those of the metal
surfacé:

cosf—\/vi—sir? 6
cosf+ \/m
v2cosf— \vi—sirf 6
v2cosf+ \v2—sirf 6

rLo(0)= ®

We first apply this idea to a silver substrate coated with a
cyclic olefin polymer(COP film. The refractive indices at
the CG-laser wavelength of 10.am arev=13.5-]75.2

for silver anda=1.53 for COP. The optimum thickness of
the COP film for 10.6um wavelength is 1.37m.

At the inner wall of the hollow fibers, the incident angle
of transmitted light is usually very larg&0 to 90 deg and
even in tapered waveguides, the incident angle is larger
than 60 deg. Therefore, to fing,=ne—jke, we minimize
the differences between reflectivity of the real mod&,
and the virtual modeRy:

90°

= 2 |R—Ry~
6=60°

4

Figure 1 shows a plot of calculatefifor various com-
binations ofn, andk,. The smallest’ value is uniquely

dex. We assume a virtual monolayered material having the ¢5,nd and in this case. it ig,=0.0158 ] 1.71, which gives

same reflection coefficient as a dielectric-coated metal sur-

face and use its refractive index in ray-tracing calculation.
We apply this technique for the design of a tapered input
coupler for hollow fibers.

Transmission losses of a hollow waveguide with an in-
ner diameter of Z, which is sufficiently larger than the
wavelength\, are analyzed by using a simple ray-optic
model. When the incident angle of the ray at the inner
surface of the hollow waveguide & the power attenuation
coefficient 2v of the waveguide 5

1-R(0) .
© 2Ttané’ @
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5=8x10"8. Figure 2 shows reflectivity versus incident
angle for the Ag substrate coated with the COP film. Curve
(a) shows an exact calculation and curi® is calculated
by using the virtual model. It is shown that these two plots
agree very well for the incident angles larger than 60 deg.
We apply the equivalent refractive-index method to the
ray-tracing calculation of transmission losses of a hollow-
waveguide delivery system that includes a tapered input
coupler. The system consists of a 1-m-long, hollow-core
fiber with an inner diameter of 0.7 mm and a tapered hol-
low waveguide with a length df and an inner diameter of
0.7 mm at the output end. The fiber is butt-coupled to the
output end of the tapered waveguide. We consider a linear
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Fig. 1 Contour plot of reflectivity difference & between the real and Fig. 3 Plot of calculated losses of the delivery system composed of
the virtual models of the Ag substrate coated with the COP film. a hollow fiber and a tapered hollow waveguide.

tapered waveguide having a silver inner layer coated with a
COP film whose thickness is optimized at a 1@ wave- . S
length, which is 1.37um. As an input beam, we assume a faster calculation, we compared the calculation time of the

focused beam that has a Gaussian profile with a spot diam-gi?]lq"'\@lgﬂt3 :gooifé(;?] th‘?:\eoie?lﬁt rsehaglwrgczﬁgtlihgy Eesslré%t: d
eter of 0.3um. For the calculation, we used a commercial p Y 9- P

software program, OptiCAD model shortens the calculation time by more than a factor

. . .. of three.
Figure 3 shows the losses of the delivery system, which : . .
; . .~ In conclusion, we proposed the idea of an equivalent
are calculat.ed by changing the length and the inner diam refractive index for ray tracing calculation of hollow-core
eter of the input end of the taper waveguidg,. We find

. . ) J waveguides. A virtual, complex refractive index is uniquely
that the optimum taper shape is obtained with the param-¢,,nq"hy minimizing the difference between reflectivity of

etersDj,=1.1 mm and. =90 mm. For the fastest taper in 5 \;irtyal monolayer material and a metal substrate coated

this figure(Dj,=1.2 andL = 10 mm), our ray tracing shows  jth a dielectric film. By using this technique, we calcu-

that the minimum incident angle is around 87 deg where |ated transmission losses of a delivery system composed of

discrepancy of reflectivity between the real and equivalent 3 hollow fiber and a tapered hollow waveguide. Evaluation

models is as small as 2410 °. To check the advantage of  of hollow waveguides having an inner multilayer film and a
complex shape is easily performed by employing this
method.
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